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Abstract

Germ cell development and primordial follicle formation during fetal life is critical in estab-
lishing the pool of oocytes that subsequently determines the reproductive lifespan of
women. Fragile X-associated primary ovarian insufficiency (FXPOI) is caused by inheri-
tance of the FMR1 premutation allele and approximately 20% of women with the premuta-
tion allele develop ovarian dysfunction and premature ovarian insufficiency. However, the
underlying disease mechanism remains obscure, and a potential role of FMRP in human
ovarian development has not been explored. We have characterised the expression of
FMR1and FMRP in the human fetal ovary at the time of germ cell entry into meiosis
through to primordial follicle formation. FMRP expression is exclusively in germ cells in the
human fetal ovary. Increased FMRP expression in germ cells coincides with the loss of
pluripotency-associated protein expression, and entry into meiosis is associated with
FMRP granulation. In addition, we have uncovered FMRP association with components of
P-bodies and stress granules, suggesting it may have a role in mRNA metabolism at the
time of onset of meiosis. Therefore, this data support the hypothesis that FMRP plays a
role regulating mRNAs during pivotal maturational processes in fetal germ cells, and ovar-
ian dysfunction resulting from FMR1 premutation may have its origins during these stages
of oocyte development.

Introduction

Female reproductive senescence largely results from the depletion of a finite ovarian follicle
pool that is established during fetal life. In humans, these follicles are produced from primor-
dial germ cells, which migrate to the gonadal ridge by the 5™ week of gestation, proliferate and
develop into oocytes [1]. The transition from primordial germ cells to oocytes occurs from the
11™ week of gestation and is marked by a loss of pluripotency markers including OCT4 and
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LIN28 [2], incomplete cytokinesis with formation of germ cell nests and entry into meiosis [3,
4]. Oocytes progress through the first few stages of meiotic prophase I before arresting at diplo-
tene, and following germ cell nest breakdown, are subsequently enclosed by a layer of pregra-
nulosa cells, thus forming primordial follicles, from around 17 weeks gestation onwards [5].
Oocyte development in the human fetal ovary is relatively asynchronous, with a developmental
gradient forming: pre-meiotic oogonia mainly reside in the more superficial ovarian cortex
while differentiated oocytes and newly formed primordial follicles are located towards the
ovarian medulla [6]. These follicles are then activated into the growth phase over the reproduc-
tive lifespan, culminating in their depletion which signals the menopause.

Premature (also termed primary) ovarian insufficiency (POI) is defined as the cessation of
menses with evidence of follicle depletion before the age of 40, and has both environmental
and genetic causes (reviewed in [7]). One such genetic cause is the expansion of a CGG trinu-
cleotide repeat in the 5’ untranslated region (UTR) of the FMRI gene, resulting in the disorder
known as fragile X-associated primary ovarian insufficiency (FXPOI) [8]. The FMRI allele is
susceptible to expansion during germline transmission [9]; a full mutation (defined as >200
CGG repeats) of FMRI leads to an absence or deficiency of the FMR1 protein (FMRP) through
epigenetic silencing of the gene, and is the prime cause of fragile X syndrome, while a premuta-
tion (55-200 CGG repeats) is characterised by elevated FMRI transcript expression [10].
Approximately 20% of women who carry the premutation allele have FXPOI [11, 12]. Prior to
the onset of POI, premutation carriers have abnormal ovarian reserve biomarkers and a
reduced response to controlled ovarian stimulation [13], indicating a depleted follicle pool.

The origins and onset of ovarian dysfunction in women with FXPOI are unknown, and no
extended expression analysis of FMRP has been performed in the human fetal ovary. However,
FMRP expression has been reported in ovarian germ cells of a 19 week old fetus carrying the
full mutation and a miscarried 24 week old human fetus without fragile X syndrome; from neo-
natal to adult the protein has only been observed in granulosa cells [14, 15]. In mice, FMRP is
present in both oocytes and granulosa cells of adult ovaries [16-18]. Two knock-in mouse
models for the FMRI premutation have demonstrated that an intermediate length of CGG
repeats is sufficient to impair female fertility [16, 19]. These mice showed an increased rate of
follicular atresia indicating increased follicle activation and loss, and exhibit increased and
decreased serum concentrations of FSH and 17B-estradiol respectively, which reflect the hor-
monal changes seen in human POI patients. Fmrl null mice have enlarged ovaries and exhibit
precocious follicular activation [20]. Although Fmrl mRNA is expressed in the fetal ovary,
mice with the premutation are reported to have a normal primordial follicle pool, though this
is depleted more quickly than in wildtype mice, leading to ovarian insufficiency. Whether this
is due to an intrinsic abnormality within the oocytes or pre-granulosa cells of primordial folli-
cles, or in the pathways that control follicle activation is unclear, as is its possible relevance to
human primordial follicle formation and oocyte development [21].

FMRP is an RNA binding protein that regulates mRNA translation as well as the transport
and stability of its mRNA targets in neurons [17, 22]. In these cells, FMRP is a component of
several different mRNA ribonucleotide particles (nRNP) containing granules: namely, stress
granules [23], processing bodies (P-bodies) [24] and neuronal granules [25]. These granules
are thought to play key roles in mRNA storage, turnover and localisation. A fourth type of
RNA granule, the germ cell granule, is an evolutionary conserved feature of germ cell cyto-
plasm and critical for gametogenesis [26]. Within these granules, target mRNAs are associated
with RNA binding proteins that control whether mRNAs are stored, translated and/or
degraded [27]. This is particularly important for growing oocytes in mammals, as de novo syn-
thesis of transcripts ceases as they enter meiosis, and subsequent changes in protein production
is highly dependent on regulated translation of stored mRNAs [28-30].
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As germ cell development and primordial follicle formation are critical in establishing life-
long reproductive potential, and the potential importance of FMRP in this process, we have
explored the expression of FMRI mRNA and of its two paralogues FXRI and FXR2, and FMRP
in the human fetal ovary at these developmental stages. By characterising the expression and
localisation of FMRP in developing germ cells, and its relationship to markers of these various
granule types, we hoped to gain insight into how the FMR1I premutation may affect human
oocyte development and/or folliculogenesis.

Results

Expression of FMR1 and FMRP increases during human fetal ovarian
development

Expression of FMRI and its two paralogues FXR1 and FXR2 was assessed in 8-11 weeks gesta-
tional age (wga), 14-16wga and 18-20wga human fetal ovaries using RT-qPCR, as these stages
encompass key stages of germ cell development, specifically primordial germ cell proliferation,
entry into meiosis and initiation of primordial follicle formation, respectively. FMRI transcript
levels increased between 8-11wga and 14-16wga (p<0.05) and this expression continued to
increase at 18-20wga (p<0.0001; Fig 1A). This change in expression across gestation was also
shown for FXR2, however transcript levels were only significantly different between 8-11wga
and 18-20wga (p<0.05). No changes were seen in the expression of FXRI across development.
Examination of FMRP expression using immunohistochemistry revealed abundant staining in
14wga and 17wga tissue compared to 9wga tissue (Fig 1B-1D), consistent with increasing
FMRI transcript levels during this period. FMRP expression was observed exclusively in the
germ cell cytoplasm across the range of gestations examined and was maintained after germ
cell nest breakdown and follicle formation (Fig 1D insert). No FMRP expression was observed
in granulosa or other ovarian somatic cells, or the negative control (data not shown).

Changes in FMRP expression and distribution coincides with the
developmental progression of primordial germ cells

Double immunofluorescence was used to further characterise FMRP expression in relation to
germ cell development from mitotic proliferation through to entry into meiosis. There was lim-
ited overlap between the expression of primordial germ cell/pluripotency-associated markers
OCT4 or LIN28 with FMRP (Fig 2A and 2B), indicating little FMRP expression in premeiotic
germ cells. At 14-16 wga, approximately 17% of OCT4 positive cells and 9% of LIN28 cells also
expressed FMRP, and in these instances FMRP staining was weak and diffuse. Consistent with
increased expression in more mature germ cells, FMRP-expressing germ cells were predomi-
nantly located towards the medulla of the fetal ovary. This was confirmed by co-expression of
FMRP with the meiotic marker SYCP3 (Fig 2C). Strikingly, the cytoplasmic distribution of
FMRP changed from diffuse to granular in SYCP3 positive germ cells. Less than 0.1% of
SYCP3 positive cells had diffuse FMRP staining. Therefore, the developmental transition from
primordial germ cells expressing OCT4 and/or LIN28 to meiotic germ cells coincided with
increased expression of FMRP and formation of FMRP-rich foci (Fig 2D).

FMRP granules in fetal ovary show variable degrees of co-localisation
with stress granule and P-body markers
Given that FMRP could be localised to a range of mRNP granules in somatic cells, we

attempted to directly visualise RNA granules by in situ hybridisation, but this did not provide
the necessary resolution (data not shown). Therefore, the FMRP-rich foci observed in human
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Fig 1. Expression of FMR1, FXR1, FXR2 and FMRP in human fetal ovaries. A. mean ovarian mRNA levels of FMR1 and its paralogues
FXR1and FXR2among 8-10 (n=>5), 14—16 (n=5) and 17-20 (n = 5) weeks of gestation. Error bars in histograms represent +£SEM. B-D.
Immunohistochemical localisation of FMRP in human fetal ovaries at 9, 14 and 17 wga. FMRP is expressed in the cytoplasm of germ cells at all
gestations examined, with its expression maintained in newly formed primordial follicles (D, insert). Black arrowheads indicate germ cell nests.
Black arrow indicates primordial follicle. Scale bars: 50pm

doi:10.1371/journal.pone.0163987.g001

fetal germ cells were further characterised with double immunofluorescence using an array of
known stress granule or P-body protein components. Although these granules are distinct and
can be identified by specific markers, they are also dynamic and share some mRNA and protein
components [31]. The P-body marker DCP1a was diffuse in the cytoplasm of both germ and
somatic cells and its distribution did not overlap with FMRP (Fig 3A). DDX6, another P-body
marker, was only found in germs cells. There was limited overlap between FMRP granules and
DDX6, which may reflect the diffuse nature of the DDX6 staining (Fig 3B). Similarly, partial over-
lap in expression with FMRP granules was observed with the stress granule marker PABP1, as its
expression was detected in the germ cell cytoplasm where its staining too was diffuse (Fig 3D). In
contrast, the P-body marker GW182 was distinctly granular in the majority of germ cells and co-
localised with a small proportion of FMRP granules (Fig 3C), as did that of G3BP, another stress
granule marker, which also demonstrated granular expression in the germ cell cytoplasm (Fig 3E).
Triple immunofluorescence against FMRP, GW182 and G3BP was therefore performed to
investigate further the distribution of FMRP in foci containing P-body and stress granules
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Fig 2. Inmunohistochemical co-localisation of FMRP and primordial germ cell or meiosis markers in fetal ovaries at 14-16wga. A. FMRP
and the pluripotency marker OCT4 are expressed in distinct germ cell subpopulations with only few germ cells co-expressing OCT4 and FMRP.
OCT4-positive cells are located closer to the cortex and FMRP-positive cells are closer to the medulla. Note the granular distribution of FMRP (white
arrowheads). B. As with OCT4, there is limited overlap between FMRP and the primordial germ cell-specific marker LIN28. Note that in germ cells co-
expressing FMRP and LIN28, FMRP distribution is not granular (white arrow). C. Expression of the meiosis marker SYCP3 correlates with FMRP
granulation (white arrowheads) in most but all of germ cells, suggesting that FMRP granulation precedes SYCP3 expression. D. Diagram outlining
FMRP expression and granulation in germ cell development from primordial germ cells (PGCs) to meiotic oocytes. Abbreviations: ct, cortex; md,
medulla. Scale bars: 50um. Pictures are representatives from at least five different ovaries.

doi:10.1371/journal.pone.0163987.9002

markers (Fig 4A). The relationship between granule components is depicted in Fig 4B. 16.6%
and 15.5% of FMRP foci co-expressed either G3BP or GW 182, respectively, while 9.4% of
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Fig 3. Inmunohistochemical co-localisation of FMRP and P-body or stress granule markers in 2" trimester human fetal ovaries. Yellow
signal indicates co-localisation. A. FMRP and the P-body marker DCP1a are expressed in distinct compartments within germ cells and no expression
overlap is evident. B. The distribution of the P-body marker DDX6 is generally diffuse; some degree of co-localisation between FMRP granules and
DDX6 is evident, possibly the result of random association of DDX6 with FMRP. C. The distribution of the P-body marker GW182 is distinctly granular
in the human fetal ovary and there is a degree of association of GW182 and FMRP granules (white arrowheads). D. The distribution of the stress
granule marker PABP1 is more diffuse towards the cortex and more granular towards the medulla; as with GW182, some PABP1 granules co-
localise with FMRP granules. E. The distribution of the stress granule marker G3BP is distinctly granular. A portion of FMRP granules co-localise with
G3BP Abbreviations: ct, cortex; md, medulla. Scale bars: 50um. Pictures are representatives from at least five different ovaries.

doi:10.1371/journal.pone.0163987.9003
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FMRP granules co-localised with both granule components. GW182 granules showed a limited
degree of co-localisation with G3BP granules (Fig 4B) and in those instances, FMRP was also
present in a majority (75.5%), suggesting that FMRP may not only be a dynamic component of
a subset of P-body and S-granules but may also be exchanged between them or play a role in
promoting their fusion.

Discussion

Establishment of the primordial follicle pool during fetal life is key in underpinning women’s
reproductive potential. Factors affecting both the quality and quantity of the ovarian reserve
may significantly impact a woman’s fertility and her ability to conceive. Premutation of FMRI
is implicated in human FXPOI, and female transgenic mice harbouring the premutation allele
have impaired fertility [16, 19]. However, the timing of onset of ovarian dysfunction in FXPOI,
and the stage(s) of follicle development it perturbs are unknown. We therefore sought to
extend the present knowledge of FMRP expression to an earlier stage of ovarian development,
thus providing insight into how disruption of FMRP expression prior to, or during the estab-
lishment of the ovarian reserve may contribute to FXPOL

We studied the expression of FMRI, and its protein product FMRP, in the ovaries of human
fetuses, from primordial germ cell proliferation through onset of meiosis to primordial follicle
formation. FMRP expression was widespread in oocytes in ovaries at 14-17 weeks gestation,
including in those within newly formed primordial follicles at the latest gestations examined.
The increase in both FMRI1 mRNA and FMRP across gestation, the specific expression of
FMRP in germ cells, and the marked change in expression within germ cells at the onset of
meiosis suggest that FMRP is associated with processes relating to germ cell differentiation at
this critical stage of human ovarian development. Furthermore, the specificlocalisation of
FMRP to the germ cell cytoplasm is consistent with roles in mRNA translation/stability/locali-
sation. We also demonstrated expression of the FMRI paralogues FXR1 and FXR2, the former
of which also showed increasing expression with gestation; a pattern not seen for FXR2. The
proteins expressed by FXRI and FXR2 show variable co-localisation with FMRP [32], and are
also thought to be involved in RNA binding and processing.

The primary function of FMRP is to repress the translation of specific RNAs. Indeed, in
neuronal tissues the majority of FMRP is found in complexes that contain stalled ribosomes in
addition to its target RNAs [33]. In support of a role for FMRP in regulating translation in the
human fetal ovary, we identified a novel, stage-specific relocalisation of FMRP to distinct cyto-
plasmic granules during germ cell differentiation. We found FMRP to be diffusely distributed
in the cytoplasm of premeiotic germ cells (identified by OCT4 and LIN28 expression), but
observed a redistribution of the protein to distinct granules in meiotic germ cells (indicated by
SYCP3 expression). As no SYCP3-positive germ cells with diffuse FMRP were observed, but
SYCP3-negative germ cells with granular FMRP were evident, it seems likely that the transition
from diffuse to granular FMRP occurs before or during the initiation of meiosis.

The composition of these FMRP-containing granules was further characterised to provide
initial insight into the biological pathways they might participate in during germ cell matura-
tion. Of the markers employed, G3BP and GW182 were the most informative and showed var-
ied degrees of co-localisation with FMRP granules. G3BP is typically found in stress granules,
which are thought to act as repositories for mRNA storage [34]. GW182 is observed in P-bod-
ies, which are associated with miRNA-mediated gene silencing pathways that culminate in
both translational repression and mRNA degradation [35, 36]. Given that GW182-mediated
mRNA decay requires DCP1 [37], whose expression we found did not overlap with FMRP (Fig
3A), it seems likely that GW182-containing FMRP granules are not sites of miRNA-mediated
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Fig 4. Inmunohistochemical co-localisation of FMRP, GW182 and G3BP in human fetal ovaries at 15 wga. A. Yellow signal indicates co-
expression of G3BP and GW182. Cyan signal indicates co-expression of GW182 and FMRP. Magenta signal indicates co-expression of G3BP and
FMRP. White signal indicates co-expression of G3BP, GW182 and FMRP. B. Venn diagram depicting the relationship between granule
components. The majority of granules positive for both G3BP and GW182 contained FMRP (75.5%).

doi:10.1371/journal.pone.0163987.9004

PLOS ONE | DOI:10.1371/journal.pone.0163987 October 3, 2016 8/14



®PLOS | on

FMRP in the Human Oocyte

degradation but rather foci of miRNA-mediated translational repression. The appearance of
these granules at the onset of meiosis raises the possibility that FMRP is repressing mRNAs
whose translation must be silenced to allow the mitosis-meiosis transition. Moreover, the
observation of granules that contained both G3BP and GW 182 may reflect the dynamic nature
of stress granules and P-bodies, which can physically interact with each other, leading to the
speculation that repressed FMRP-bound mRNAs can be transferred from stress granules to P-
bodies for storage or degradation [31, 38]. As FMRP was found in the majority of granules con-
taining both G3BP and GW 182, it may have a role in the association of stress granules and P-
bodies in human ovarian germ cells or even the co-ordination of the movement of some of its
target mRNAs between these granules, as it does in hippocampal neurons [39]. Determining
the functional significance of these granules in meiosis will require the identification of relevant
target mRNAs, as no RNA targets of FMRP in the fetal ovary have been described.

The localisation of FMRP granules to germ cell cytoplasm leads to the hypothesis that these
structures are in fact, a class of germ cell granule, as these share many components with stress
granules and P-bodies, including GW182 [40]. Loss of RNAs found in these granules causes
failure of primordial germ cell migration, reduced germ cell proliferation, pre-meiotic germ
cell death, and meiotic defects [41-46]. However the molecular mechanisms that underlie
germ cell granule involvement in these phenotypes is unclear and mammalian germ cell gran-
ules remain poorly understood.

Translational control of mRNA plays a central role in regulating gene expression during
oogenesis: during their growth phase, mammalian oocytes are transcriptionally active but
mRNA synthesis drops to very low or undetectable levels at the onset of meiosis [47]. Loss of
this translational control, which may occur in FXPOI patients, may have more global effects
and secondary consequences through the dysregulation of primary mRNA targets of FMRP.
These results provide a basis for this occuring during fetal life, with consequences for the qual-
ity and quantity of the follicular reserve.

In conclusion, the changes in FMR1 mRNA expression and FMRP localisation at the time
of transition from mitosis to meiosis in the human fetal ovary, suggests that FMRP is associated
with important maturational processes in germ cells, and dysfunction resulting from FMRI
premutation may have its origins at this stage of oocyte development. The biological function
of FMRP granules in human fetal oocytes is unclear, yet since they associate with components
of P-bodies and stress granules it is likely that they are involved in mRNA metabolism at the
time of onset of meiosis, such as the repression and/or destruction of mRNAs required for the
mitosis-meiosis transition.

Materials and Methods
Ethics statement

Ethical approval for this study was obtained from Lothian Research Ethics Committee (study
code LREC 08/51101/1) which oversees research in Edinburgh, and women gave informed
written consent.

Collection of human fetal ovaries

Human fetuses (8-20 weeks gestational age (wga)) were obtained directly from patients at local
hospitals after elective termination of pregnancy, and all fetuses used in this study were mor-
phologically normal. Gestational age was determined by ultrasound scan, and confirmed (for
second trimester fetuses) by direct measurement of foot length. The sex of first trimester fetal
gonads was determined by PCR for the SRY gene [48]. Extra-ovarian tissue was removed from
dissected ovaries, which were then either snap frozen on dry ice and stored at -80°C for
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Table 1. Sequences of forward and reverse primers for real time PCR.

Gene Forward Reverse
FMR1 CAGGGCTGAAGAGAAGATGG ACAGGAGGTGGGAATCTGA
FXR1 GGTTGGCTAAAGTTCGGATG TAGCACACGCCTCTCTCAAA
FXR2 AGGGGATGAAGTGGAGGTTT GAAGAAGCTGCCTTTGGTTG
RPL32 CATCTCCTTCTCGGCATCA AACCCTGTTGTCAATGCCTC

doi:10.1371/journal.pone.0163987.1001

subsequent RNA extraction, or fixed in Bouins or 4% neutral buffered formalin (NBF) for 2-3
hours before processing into paraffin blocks for immunohistochemical analysis.

RNA extraction, cDNA synthesis and RT-qPCR

RNA was extracted with the RNeasy Micro Kit (Qiagen, Crawley, UK; Cat #74004). cDNA was
prepared using the Maxima®™ First Strand cDNA Synthesis Kit (Fermentas, Loughborough,
UK; #K1642) according to the manufacturer’s specifications. RT-qPCRs were performed using
the Brilliant ITI Ultra-Fast QRT-PCR (Agilent Technologies, Stockport, UK; #600880) in 10yl
volumes according to the manufacturer’s instructions. Primers are outlined in Table 1. Primer
pair efficiencies were calculated with the LinReg PCR applet [49]. Each reaction was performed
in a final volume of 10 pL, with 1x Brilliant III SYBR Green qPCR Master Mix (Agilent Tech-
nologies, Santa Clara, CA, USA), 20pmol of each primer and 2 L of diluted cDNA. Each
cDNA sample was analysed in triplicate. Target genes were normalised to the expression of
RPL32. Data analysis for relative quantification of gene expression and calculation of standard
deviations was performed as outlined by [50].

Immunohistochemistry

All antibodies, visualisation dyes, their dilutions and source information are given in Table 2.
5 um thick fetal ovary tissue sections were de-waxed and antigen retrieval was performed in
10mM sodium citrate buffer using pressure cooker (125°C for 30s, then 90°C for 10s). In each
case, peroxidase block was performed using DAKO REAL Peroxidase block (DAKO, Cam-
bridge, UK; #5203) for 10min, followed by a biotin/streptavidin block (Vector Laboratories,
Peterborough, UK; #SP2002) according to the manufacturer’s guidelines.

For 3,3'-Diaminobenzidine tetrahydrochloride (DAB) detection, sections were rinsed in
Tris-buffered saline (TBS), blocked in 20% normal goat serum + 5% bovine serum albumin
(BSA) (Sigma-Aldrich, Poole, UK) in TBS (NGS/BSA/TBS) for 30min, and incubated with
anti-FMRP antibody diluted in NGS/BSA/TBS overnight. The following day sections were
washed 1 x 5min in TBS + 0.05% Triton X-100 (Sigma-Aldrich), followed by 1 x 5min in TBS.
The appropriate biotin-conjugated secondary antibody was diluted in NGS/BSA/TBS, applied
to the section for 30min and washed as above. Streptavidin-conjugate horseradish peroxidase
(HRP) was diluted in TBS and applied on the sections for 30min and again washed as above.
DAB detection was then carried using the Liquid DAB + Substrate Chromogen System accord-
ing to the manufacturer’s instructions. Staining was examined under a microscope and the
reaction stopped by transferring to TBS when staining reached desired intensity. Sections were
counterstained with haematoxylin, dehydrated and mounted using Pertex (CellPath Ltd, New-
town Powys, UK).

For double immunofluorescence, the first primary antibody used was either anti-OCT4,
anti-LIN28, anti-SYCP3, anti-DCP1a, anti-DDX6, anti-GW182 or anti-PABP1, and the second
primary applied was anti-FMRP. Sections were rinsed in phosphate-buffered saline (PBS),
blocked in 20% goat serum + 5% BSA in PBS (NGS/BSA/PBS) for 30min and incubated with
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Table 2. Primary antibodies, secondary antibodies and fluorescent dyes used.

Primary Antibodies

rabbit anti-FMRP

mouse anti-OCT4

rabbit anti-LIN28

rabbit anti-SYCP3

rabbit anti-DCP1a

rabbit anti-DDX6

mouse anti-G3BP

mouse anti-GW182

rabbit anti-PABP1

Secondary Antibodies

biotinylated goat anti-rabbit

biotinylated goat anti-mouse
Peroxidase-conjugated goat anti rabbit
Peroxidase-conjugated goat anti-mouse
Streptavidin-conjugated HRP
Visualisation Dyes
streptavidin-conjugated Alexa Fluor 488
Cy3-conjugated Tyramide
Cy5-conjugated Tyramide

Liquid DAB + Substrate Chromogen System
DAPI

doi:10.1371/journal.pone.0163987.t002

Dilutions Catalogue # Company
DAB fluorescence
1in 2000 1in 250 ab17722 Abcam, Cambridge, UK
1in 700 sc-5279 Santa Cruz Biotechnology, SantaCruz, USA
1in 10,000 ab46020 Abcam Cambridge, UK
1in 50,000 ab150292 Abcam Cambridge, UK
1in 6,000 ab47811 Abcam Cambridge, UK
1in 8,000 A300-461A Cambridge Bioscience, Cambridge, UK
1in 16,000 611126 BD Biosciences, Erembodegem, Belgium
1in 500 sc-56314 Santa Cruz Biotechnology, Santa Cruz, USA
1in 6,000 N/A from Prof. Nicola Gray
1in 500 1in 500 E0432 Dako, Cambridge, UK
1in 500 BA-9200 Vector, Peterborough, UK
1in 500 P0448 Dako, Cambridge, UK
1in 500 P0447 Dako, Cambridge, UK
1in 1000 SA-5004 Vector, Peterborough, UK
1in 500 S-11223 Life Technologies Ltd, Paisley, UK
1in 50 NEL744B001KT Perkin EImer, Cambridge, UK
1in 50 NEL745B001KT Perkin EImer, Cambridge, UK
N/A K3468 Dako, Cambridge, UK
1in 1000 D9542 Sigma-Aldrich, Dorset, UK

the first primary antibody diluted as indicated in Table 2 in NGS/BSA/PBS overnight. The fol-
lowing day sections were washed 1 x 5min in PBS + 0.05% Triton X-100, followed by 1 x 5min in
PBS. The appropriate peroxidase-conjugated secondary antibody was diluted in NGS/BSA/PBS,
applied to the section for 30min and washed as above. Cy3-conjugated tyramide was applied on
the sections according to the manufacturer’s specifications for 10min, after which time sections
were washed as above. Tissue-bound antibodies were denatured by microwaving sections in
10mM sodium citrate buffer for 4min at high-power, followed by 4min at medium power and
left to cool for 20-30min. Sections were blocked, incubated overnight with the second primary
(anti-FMRP) diluted in NGS/BSA/PBS and washed in the same manner as the first primary. Bio-
tinylated Goat anti-rabbit was diluted in NGS/BSA/PBS and applied to the sections for 30min,
followed by washes as above. Alexa Fluor488-streptavidin conjugate was diluted in NGS/BSA/
PBS, applied to the sections for 60min and rinsed as above. Nuclei were counter stained with
DAPI (diluted in PBS) for 10-20min, and sections were washed as above and mounted in Perma-
fluor (Thermo Scientific, Asheville, North Carolina, USA). Triple immunofluorescence was con-
ducted as above probing sections sequentially with anti-GW182, anti-G3BP and anti-FMRP
primaries. Each primary was detected using Cy3-conjugated tyramide, Cy5-conjugated tyramide
and Alexa Fluor488-conjugated streptavidin respectively. FMRP, G3BP and GW182 granules
and their double and triple combinations were counted in a field of view of 0.05mm? from three
stained ovarian sections spanning 14-16 wga using Image].

Acknowledgments

We are grateful to Anne Saunderson and the staff of the Bruntsfield Suite, Royal Infirmary of
Edinburgh for recruitment.

PLOS ONE | DOI:10.1371/journal.pone.0163987 October 3, 2016

11/14



®PLOS | on

FMRP in the Human Oocyte

Author Contributions

Conceptualization: PF AJC RAA.

Funding acquisition: RAA.

Investigation: RR PF VT HK.

Methodology: PF AJC NKG RAA.

Resources: NKG RAA.

Supervision: AJC RAA.

Visualization: RR PF.

Writing - original draft: RR.

Writing - review & editing: RR AJC NKG RAA.

References

1.

10.

1.

12.

13.

Byskov AG. Differentiation of mammalian embryonic gonad. Physiol Rev. 1986; 66(1):71-117. Epub
1986/01/01. PMID: 3511481.

Childs AJ, Kinnell HL, He J, Anderson RA. LIN28 is selectively expressed by primordial and pre-meiotic
germ cells in the human fetal ovary. Stem Cells Dev. 2012; 21(13):2343-9. Epub 2012/02/03. doi: 10.
1089/scd.2011.0730 PMID: 22296229; PubMed Central PMCID: PMCPMC3424972.

Sasaki H, Matsui Y. Epigenetic events in mammalian germ-cell development: reprogramming and
beyond. Nat Rev Genet. 2008; 9(2):129—40. Epub 2008/01/17. doi: 10.1038/nrg2295 PMID:
18197165.

Bendsen E, Byskov AG, Andersen CY, Westergaard LG. Number of germ cells and somatic cells in
human fetal ovaries during the first weeks after sex differentiation. Hum Reprod. 2006; 21(1):30-5.
Epub 2005/09/13. doi: 10.1093/humrep/dei280 PMID: 16155081.

Fulton N, Martins da Silva SJ, Bayne RA, Anderson RA. Germ cell proliferation and apoptosis in the
developing human ovary. J Clin Endocrinol Metab. 2005; 90(8):4664—70. Epub 2005/05/26. doi: 10.
1210/jc.2005-0219 PMID: 15914527.

Anderson RA, Fulton N, Cowan G, Coutts S, Saunders PT. Conserved and divergent patterns of
expression of DAZL, VASA and OCT4 in the germ cells of the human fetal ovary and testis. BMC Dev
Biol. 2007; 7:136. Epub 2007/12/20. doi: 10.1186/1471-213x-7-136 PMID: 18088417; PubMed Central
PMCID: PMCPMC2211489.

Webber L, Davies M, Anderson R, Bartlett J, Braat D, Cartwright B, et al. ESHRE Guideline: manage-
ment of women with premature ovarian insufficiency. Hum Reprod. 2016; 31(5):926-37. Epub 2016/
03/25. doi: 10.1093/humrep/dew027 PMID: 27008889.

Sherman SL, Curnow EC, Easley CA, Jin P, Hukema RK, Tejada M, et al. Use of model systems to
understand the etiology of fragile X-associated primary ovarian insufficiency (FXPOI). J Neurodev Dis-
ord. 2014; 6(1):26. Epub 2014/08/26. doi: 10.1186/1866-1955-6-26 PMID: 25147583; PubMed Central
PMCID: PMCPmc4139715.

Hagerman RJ, Hagerman PJ. The fragile X premutation: into the phenotypic fold. Curr Opin Genet
Dev. 2002; 12(3):278-83. Epub 2002/06/22. doi: 10.1016/s0959-437x(02)00299-x PMID: 12076670.

Tassone F, Hagerman PJ, Hagerman RJ. Fragile x premutation. J Neurodev Disord. 2014; 6(1):22.
Epub 2014/08/30. doi: 10.1186/1866-1955-6-22 PMID: 25170346; PubMed Central PMCID:
PMCPmc4147873.

Mailick MR, Hong J, Greenberg J, Smith L, Sherman S. Curvilinear association of CGG repeats and
age at menopause in women with FMR1 premutation expansions. Am J Med Genet B Neuropsychiatr
Genet. 2014;165b(8):705—11. Epub 2014/10/28. doi: 10.1002/ajmg.b.32277 PMID: 25346430;
PubMed Central PMCID: PMCPmc4410868.

Sherman SL. Premature ovarian failure in the fragile X syndrome. Am J Med Genet. 2000; 97(3):189—
94. Epub 2001/07/14. doi: 10.1002/1096-8628(200023)97:3<189::aid-ajmg1036>3.0.c0;2-j PMID:
11449487.

Bibi G, Malcov M, Yuval Y, Reches A, Ben-Yosef D, Almog B, et al. The effect of CGG repeat number
on ovarian response among fragile X premutation carriers undergoing preimplantation genetic

PLOS ONE | DOI:10.1371/journal.pone.0163987 October 3, 2016 12/14


http://www.ncbi.nlm.nih.gov/pubmed/3511481
http://dx.doi.org/10.1089/scd.2011.0730
http://dx.doi.org/10.1089/scd.2011.0730
http://www.ncbi.nlm.nih.gov/pubmed/22296229
http://dx.doi.org/10.1038/nrg2295
http://www.ncbi.nlm.nih.gov/pubmed/18197165
http://dx.doi.org/10.1093/humrep/dei280
http://www.ncbi.nlm.nih.gov/pubmed/16155081
http://dx.doi.org/10.1210/jc.2005-0219
http://dx.doi.org/10.1210/jc.2005-0219
http://www.ncbi.nlm.nih.gov/pubmed/15914527
http://dx.doi.org/10.1186/1471-213x-7-136
http://www.ncbi.nlm.nih.gov/pubmed/18088417
http://dx.doi.org/10.1093/humrep/dew027
http://www.ncbi.nlm.nih.gov/pubmed/27008889
http://dx.doi.org/10.1186/1866-1955-6-26
http://www.ncbi.nlm.nih.gov/pubmed/25147583
http://dx.doi.org/10.1016/s0959-437x(02)00299-x
http://www.ncbi.nlm.nih.gov/pubmed/12076670
http://dx.doi.org/10.1186/1866-1955-6-22
http://www.ncbi.nlm.nih.gov/pubmed/25170346
http://dx.doi.org/10.1002/ajmg.b.32277
http://www.ncbi.nlm.nih.gov/pubmed/25346430
http://dx.doi.org/10.1002/1096-8628(200023)97:3&lt;189::aid-ajmg1036&gt;3.0.co;2-j
http://www.ncbi.nlm.nih.gov/pubmed/11449487

®PLOS | on

FMRP in the Human Oocyte

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

diagnosis. Fertil Steril. 2010; 94(3):869-74. Epub 2009/06/02. doi: 10.1016/j.fertnstert.2009.04.047
PMID: 19481741.

Schuettler J, Peng Z, Zimmer J, Sinn P, von Hagens C, Strowitzki T, et al. Variable expression of the
Fragile X Mental Retardation 1 (FMR1) gene in patients with premature ovarian failure syndrome is not
dependent on number of (CGG)n triplets in exon 1. Hum Reprod. 2011; 26(5):1241-51. Epub 2011/02/
22. doi: 10.1093/humrep/der018 PMID: 21335413.

Rife M, Nadal A, Mila M, Willemsen R. Immunohistochemical FMRP studies in a full mutated female
fetus. Am J Med Genet A. 2004; 124a(2):129-32. Epub 2003/12/31. doi: 10.1002/ajmg.a.20342 PMID:
14699609.

Hoffman GE, Le WW, Entezam A, Otsuka N, Tong ZB, Nelson L, et al. Ovarian abnormalities in a
mouse model of fragile X primary ovarian insufficiency. J Histochem Cytochem. 2012; 60(6):439-56.
Epub 2012/04/04. doi: 10.1369/0022155412441002 PMID: 22470123; PubMed Central PMCID:
PMCPmc3393073.

Hinds HL, Ashley CT, Sutcliffe JS, Nelson DL, Warren ST, Housman DE, et al. Tissue specific expres-
sion of FMR-1 provides evidence for a functional role in fragile X syndrome. Nat Genet. 1993; 3(1):36—
43. Epub 1993/01/01. doi: 10.1038/ng0193-36 PMID: 8490651.

Bachner D, Manca A, Steinbach P, Wohrle D, Just W, Vogel W, et al. Enhanced expression of the
murine FMR1 gene during germ cell proliferation suggests a special function in both the male and the
female gonad. Hum Mol Genet. 1993; 2(12):2043-50. Epub 1993/12/01. doi: 10.1093/hmg/2.12.2043
PMID: 8111372.

LuC, LinL, Tan H, Wu H, Sherman SL, Gao F, et al. Fragile X premutation RNA is sufficient to cause
primary ovarian insufficiency in mice. Hum Mol Genet. 2012; 21(23):5039—47. Epub 2012/08/24. doi:
10.1093/hmg/dds348 PMID: 22914733; PubMed Central PMCID: PMCPmc3490511.

Ascano M, Mukherjee N, Bandaru P, Miller JB, Nusbaum J, Corcoran DL, et al. FMR1 targets distinct
mRNA sequence elements to regulate protein expression. Nature. 2012; 492(7429):382—6. doi: 10.
1038/nature11737 PMID: PMC3528815.

Alvarez-Mora MI, Rodriguez-Revenga L, Madrigal |, Garcia-Garcia F, Duran M, Dopazo J, et al. Dereg-
ulation of key signaling pathways involved in oocyte maturation in FMR1 premutation carriers with
Fragile X-associated primary ovarian insufficiency. Gene. 2015; 571(1):52—7. Epub 2015/06/23. doi:
10.1016/j.gene.2015.06.039 PMID: 26095811.

Siomi H, Siomi MC, Nussbaum RL, Dreyfuss G. The protein product of the fragile X gene, FMR1, has
characteristics of an RNA-binding protein. Cell. 1993; 74(2):291-8. Epub 1993/07/30. doi: 10.1016/
0092-8674(93)90420-u PMID: 7688265.

Linder B, Plottner O, Kroiss M, Hartmann E, Laggerbauer B, Meister G, et al. Tdrd3 is a novel stress
granule-associated protein interacting with the Fragile-X syndrome protein FMRP. Hum Mol Genet.
2008; 17(20):3236—46. Epub 2008/07/31. doi: 10.1093/hmg/ddn219 PMID: 18664458.

Lee EK, Kim HH, Kuwano Y, Abdelmohsen K, Srikantan S, Subaran SS, et al. hnRNP C promotes
APP translation by competing with FMRP for APP mRNA recruitment to P bodies. Nat Struct Mol Biol.
2010; 17(6):732-9. Epub 2010/05/18. doi: 10.1038/nsmb.1815 PMID: 20473314; PubMed Central
PMCID: PMCPmc2908492.

Barbee SA, Estes PS, Cziko AM, Hillebrand J, Luedeman RA, Coller JM, et al. Staufen- and FMRP-
containing neuronal RNPs are structurally and functionally related to somatic P bodies. Neuron. 2006;
52(6):997-1009. Epub 2006/12/21. doi: 10.1016/j.neuron.2006.10.028 PMID: 17178403; PubMed
Central PMCID: PMCPmc1955741.

Sengupta MS, Boag PR. Germ granules and the control of mMRNA translation. [IUBMB Life. 2012; 64
(7):586-94. Epub 2012/05/29. doi: 10.1002/iub.1039 PMID: 22639345.

Nguyen-Chi M, Morello D. RNA-binding proteins, RNA granules, and gametes: is unity strength?
Reproduction. 2011; 142(6):803—-17. Epub 2011/10/07. doi: 10.1530/rep-11-0257 PMID: 21976618.

Radford HE, Meijer HA, de Moor CH. Translational control by cytoplasmic polyadenylation in Xenopus
oocytes. Biochim Biophys Acta. 2008; 1779(4):217-29. Epub 2008/03/05. doi: 10.1016/j.bbagrm.
2008.02.002 PMID: 18316045; PubMed Central PMCID: PMCPmc2323027.

Seydoux G, Braun RE. Pathway to totipotency: lessons from germ cells. Cell. 2006; 127(5):891-904.
Epub 2006/11/30. doi: 10.1016/j.cell.2006.11.016 PMID: 17129777.

Oh B, Hwang S, McLaughlin J, Solter D, Knowles BB. Timely translation during the mouse oocyte-to-
embryo transition. Development. 2000; 127(17):3795-803. Epub 2000/08/10. PMID: 10934024.

Kedersha N, Anderson P. Mammalian stress granules and processing bodies. Methods Enzymol.
2007; 431:61-81. Epub 2007/10/10. doi: 10.1016/s0076-6879(07)31005-7 PMID: 17923231.

PLOS ONE | DOI:10.1371/journal.pone.0163987 October 3, 2016 13/14


http://dx.doi.org/10.1016/j.fertnstert.2009.04.047
http://www.ncbi.nlm.nih.gov/pubmed/19481741
http://dx.doi.org/10.1093/humrep/der018
http://www.ncbi.nlm.nih.gov/pubmed/21335413
http://dx.doi.org/10.1002/ajmg.a.20342
http://www.ncbi.nlm.nih.gov/pubmed/14699609
http://dx.doi.org/10.1369/0022155412441002
http://www.ncbi.nlm.nih.gov/pubmed/22470123
http://dx.doi.org/10.1038/ng0193-36
http://www.ncbi.nlm.nih.gov/pubmed/8490651
http://dx.doi.org/10.1093/hmg/2.12.2043
http://www.ncbi.nlm.nih.gov/pubmed/8111372
http://dx.doi.org/10.1093/hmg/dds348
http://www.ncbi.nlm.nih.gov/pubmed/22914733
http://dx.doi.org/10.1038/nature11737
http://dx.doi.org/10.1038/nature11737
http://www.ncbi.nlm.nih.gov/pubmed/PMC3528815
http://dx.doi.org/10.1016/j.gene.2015.06.039
http://www.ncbi.nlm.nih.gov/pubmed/26095811
http://dx.doi.org/10.1016/0092-8674(93)90420-u
http://dx.doi.org/10.1016/0092-8674(93)90420-u
http://www.ncbi.nlm.nih.gov/pubmed/7688265
http://dx.doi.org/10.1093/hmg/ddn219
http://www.ncbi.nlm.nih.gov/pubmed/18664458
http://dx.doi.org/10.1038/nsmb.1815
http://www.ncbi.nlm.nih.gov/pubmed/20473314
http://dx.doi.org/10.1016/j.neuron.2006.10.028
http://www.ncbi.nlm.nih.gov/pubmed/17178403
http://dx.doi.org/10.1002/iub.1039
http://www.ncbi.nlm.nih.gov/pubmed/22639345
http://dx.doi.org/10.1530/rep-11-0257
http://www.ncbi.nlm.nih.gov/pubmed/21976618
http://dx.doi.org/10.1016/j.bbagrm.2008.02.002
http://dx.doi.org/10.1016/j.bbagrm.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18316045
http://dx.doi.org/10.1016/j.cell.2006.11.016
http://www.ncbi.nlm.nih.gov/pubmed/17129777
http://www.ncbi.nlm.nih.gov/pubmed/10934024
http://dx.doi.org/10.1016/s0076-6879(07)31005-7
http://www.ncbi.nlm.nih.gov/pubmed/17923231

®PLOS | on

FMRP in the Human Oocyte

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Bakker CE, de Diego Otero Y, Bontekoe C, Raghoe P, Luteijn T, Hoogeveen AT, et al. Immunocyto-
chemical and biochemical characterization of FMRP, FXR1P, and FXR2P in the mouse. Exp Cell Res.
2000; 258(1):162—70. Epub 2000/07/27. doi: 10.1006/excr.2000.4932 PMID: 10912798.

Darnell JC, Van Driesche SJ, Zhang C, Hung KY, Mele A, Fraser CE, et al. FMRP stalls ribosomal
translocation on mRNAs linked to synaptic function and autism. Cell. 2011; 146(2):247-61. Epub
2011/07/26. doi: 10.1016/j.cell.2011.06.013 PMID: 21784246; PubMed Central PMCID:
PMCPmc3232425.

Tourriere H, Chebli K, Zekri L, Courselaud B, Blanchard JM, Bertrand E, et al. The RasGAP-associ-
ated endoribonuclease G3BP assembles stress granules. J Cell Biol. 2003; 160(6):823-31. Epub
2003/03/19. doi: 10.1083/jcb.200212128 PMID: 12642610; PubMed Central PMCID:
PMCPmc2173781.

Filipowicz W. RNAI: the nuts and bolts of the RISC machine. Cell. 2005; 122(1):17-20. Epub 2005/07/
13. doi: 10.1016/j.cell.2005.06.023 PMID: 16009129.

Liu J, Rivas FV, Wohlschlegel J, Yates JR 3rd, Parker R, Hannon GJ. A role for the P-body component
GW182 in microRNA function. Nat Cell Biol. 2005; 7(12):1261-6. Epub 2005/11/15. doi: 10.1038/
ncb1333 PMID: 16284623; PubMed Central PMCID: PMCPmc1804202.

Behm-Ansmant |, Rehwinkel J, Doerks T, Stark A, Bork P, Izaurralde E. mRNA degradation by miR-
NAs and GW182 requires both CCR4:NOT deadenylase and DCP1:DCP2 decapping complexes.
Genes Dev. 2006; 20(14):1885-98. Epub 2006/07/04. doi: 10.1101/gad. 1424106 PMID: 16815998;
PubMed Central PMCID: PMCPmc1522082.

Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen J, Fritzler MJ, et al. Stress granules
and processing bodies are dynamically linked sites of mMRNP remodeling. J Cell Biol. 2005; 169
(6):871-84. Epub 2005/06/22. doi: 10.1083/jcb.200502088 PMID: 15967811; PubMed Central
PMCID: PMCPmc2171635.

Antar LN, Dictenberg JB, Plociniak M, Afroz R, Bassell GJ. Localization of FMRP-associated mRNA
granules and requirement of microtubules for activity-dependent trafficking in hippocampal neurons.
Genes Brain Behav. 2005; 4(6):350-9. Epub 2005/08/16. doi: 10.1111/j.1601-183X.2005.00128.x
PMID: 16098134.

Kotaja N, Bhattacharyya SN, Jaskiewicz L, Kimmins S, Parvinen M, Filipowicz W, et al. The chroma-
toid body of male germ cells: similarity with processing bodies and presence of Dicer and microRNA
pathway components. Proc Natl Acad Sci U S A. 2006; 103(8):2647-52. Epub 2006/02/16. doi: 10.
1073/pnas.0509333103 PMID: 16477042; PubMed Central PMCID: PMCPmc1413789.

Kobayashi S, Yamada M, Asaoka M, Kitamura T. Essential role of the posterior morphogen nanos for
germline development in Drosophila. Nature. 1996; 380(6576):708—11. Epub 1996/04/25. doi: 10.
1038/380708a0 PMID: 8614464.

Subramaniam K, Seydoux G. nos-1 and nos-2, two genes related to Drosophila nanos, regulate pri-
mordial germ cell development and survival in Caenorhabditis elegans. Development. 1999; 126
(21):4861-71. Epub 1999/10/16. PMID: 10518502.

Koprunner M, Thisse C, Thisse B, Raz E. A zebrafish nanos-related gene is essential for the develop-
ment of primordial germ cells. Genes Dev. 2001; 15(21):2877—-85. Epub 2001/11/03. doi: 10.1101/gad.
212401 PMID: 11691838; PubMed Central PMCID: PMCPmc312811.

Carmell MA, Girard A, van de Kant HJ, Bourc’his D, Bestor TH, de Rooij DG, et al. MIWI2 is essential
for spermatogenesis and repression of transposons in the mouse male germline. Dev Cell. 2007; 12
(4):503-14. Epub 2007/03/31. doi: 10.1016/j.devcel.2007.03.001 PMID: 17395546.

Deng W, Lin H. miwi, a murine homolog of piwi, encodes a cytoplasmic protein essential for spermato-
genesis. Dev Cell. 2002; 2(6):819-30. Epub 2002/06/14. doi: 10.1016/s1534-5807(02)00165-x PMID:
12062093.

Tanaka SS, Toyooka Y, Akasu R, Katoh-Fukui Y, Nakahara Y, Suzuki R, et al. The mouse homolog of
Drosophila Vasa is required for the development of male germ cells. Genes Dev. 2000; 14(7):841-53.
Epub 2000/04/15. PMID: 10766740; PubMed Central PMCID: PMCPmc316497.

Clarke HJ. Post-transcriptional control of gene expression during mouse oogenesis. Results Probl Cell
Differ. 2012; 55:1-21. Epub 2012/08/25. doi: 10.1007/978-3-642-30406-4_1 PMID: 22918798.

Childs AJ, Anderson RA. Experimental approaches to the study of human primordial germ cells. Methods
Mol Biol. 2012; 825:199-210. Epub 2011/12/07. doi: 10.1007/978-1-61779-436-0_15 PMID: 22144246.

Ramakers C, Ruijter J, Deprez R, Moorman A. Assumption-free analysis of quantitative real-time poly-
merase chain reaction (PCR) data. Neurosci Lett. 2003; 339(1):62—6. doi: 10.1016/s0304-3940(02)
01423-4 PMID: 12618301

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol. 2002; 3(7):1-12.

PLOS ONE | DOI:10.1371/journal.pone.0163987 October 3, 2016 14/14


http://dx.doi.org/10.1006/excr.2000.4932
http://www.ncbi.nlm.nih.gov/pubmed/10912798
http://dx.doi.org/10.1016/j.cell.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21784246
http://dx.doi.org/10.1083/jcb.200212128
http://www.ncbi.nlm.nih.gov/pubmed/12642610
http://dx.doi.org/10.1016/j.cell.2005.06.023
http://www.ncbi.nlm.nih.gov/pubmed/16009129
http://dx.doi.org/10.1038/ncb1333
http://dx.doi.org/10.1038/ncb1333
http://www.ncbi.nlm.nih.gov/pubmed/16284623
http://dx.doi.org/10.1101/gad.1424106
http://www.ncbi.nlm.nih.gov/pubmed/16815998
http://dx.doi.org/10.1083/jcb.200502088
http://www.ncbi.nlm.nih.gov/pubmed/15967811
http://dx.doi.org/10.1111/j.1601-183X.2005.00128.x
http://www.ncbi.nlm.nih.gov/pubmed/16098134
http://dx.doi.org/10.1073/pnas.0509333103
http://dx.doi.org/10.1073/pnas.0509333103
http://www.ncbi.nlm.nih.gov/pubmed/16477042
http://dx.doi.org/10.1038/380708a0
http://dx.doi.org/10.1038/380708a0
http://www.ncbi.nlm.nih.gov/pubmed/8614464
http://www.ncbi.nlm.nih.gov/pubmed/10518502
http://dx.doi.org/10.1101/gad.212401
http://dx.doi.org/10.1101/gad.212401
http://www.ncbi.nlm.nih.gov/pubmed/11691838
http://dx.doi.org/10.1016/j.devcel.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17395546
http://dx.doi.org/10.1016/s1534-5807(02)00165-x
http://www.ncbi.nlm.nih.gov/pubmed/12062093
http://www.ncbi.nlm.nih.gov/pubmed/10766740
http://dx.doi.org/10.1007/978-3-642-30406-4_1
http://www.ncbi.nlm.nih.gov/pubmed/22918798
http://dx.doi.org/10.1007/978-1-61779-436-0_15
http://www.ncbi.nlm.nih.gov/pubmed/22144246
http://dx.doi.org/10.1016/s0304-3940(02)01423-4
http://dx.doi.org/10.1016/s0304-3940(02)01423-4
http://www.ncbi.nlm.nih.gov/pubmed/12618301

