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Abstract

Proteins from the NANOS family are conserved translational repressors with a well-known
role in gonad development in both vertebrates and invertebrates. In addition, Drosophila
Nanos controls neuron maturation and function, and rodent Nanos1 affects cortical neuron
differentiation. Here we show that rat Nanos1 is expressed in hippocampal neurons and that
the siRNA-mediated knockdown of Nanos1 impairs synaptogenesis. We found that both
dendritic spine size and number were affected by Nanos1 KD. Dendritic spines were smaller
and more numerous. Moreover, whereas in control neurons most dendritic PSD95 clusters
contact pre-synaptic structures, a larger proportion of PSD95 clusters lacked a synapsin
counterpart upon Nanos1 loss-of-function. Finally, Nanos1 KD impaired the induction of
ARC typically triggered by neuron depolarization. These results expand our knowledge on
the role of NANOS1 in CNS development and suggest that RNA regulation by NANOS1
governs hippocampal synaptogenesis.

Introduction

NANOS proteins are evolutionarily conserved RNA regulators mainly known for their signifi-
cance to gonad development. More incipient is our knowledge on their role in cancer progres-
sion or nervous system development. Only one nanos gene is present in Drosophila and several
orthologs are present in vertebrates. Mammalian genomes include three genes termed
NANOSI, NANOS2, and NANOS3. The domain organization and interaction motifs of NANOS
proteins have been recently reviewed [1]. In both insects and vertebrates, the NANOS N-termi-
nal region can recruit the CCR4-NOT deadenylase complex thus mediating mRNA destabiliza-
tion [2]. NANOS proteins interact with their target transcripts in multiple ways. A number of
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NANOS orthologs recruit proteins from the PUMILIO (PUM) and FBF family (PUF), which
recognize an 8-nt linear motif present in numerous transcripts (reviewed in [3]). Thus, NANOS
can be recruited to mRNAs in an indirect manner. In addition, mammalian NANOS2 and
NANOS3 can bind specific RNA consensus motifs and moreover, the interaction of Drosophila
Nanos with RNA can modulate the binding of Pumilio to the target transcripts [4-6].

PLOS ONE | https://doi.org/10.1371/journal.pone.0284589  April 14, 2023 1/11


https://orcid.org/0000-0002-5296-5678
https://doi.org/10.1371/journal.pone.0284589
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0284589&domain=pdf&date_stamp=2023-04-14
https://doi.org/10.1371/journal.pone.0284589
https://doi.org/10.1371/journal.pone.0284589
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Mammalian NANOS 1 affects synaptogenesis

Competing interests: No authors have competing
interest.

Vertebrate and invertebrate NANOS proteins are expressed in primordial and differenti-
ated germ cells, where they are critical for cell survival and pluripotency [1, 7]. The implicated
mechanisms are complex and involve multiple target mRNAs and diverse cellular pathways.
In Drosophila primordial germ cells, Nanos controls the translation of importin-o2 mRNA.
Reduced levels of importin-o2 limit the nuclear import of key transcription factors, thereby
contributing to the transcriptional repression of somatic genes and preserving pluripotency
[8]. Similarly, vertebrate NANOS proteins are required for stem cell maintenance in both male
and female gonads, where the three NANOS orthologs have non-redundant functions. Frog,
rodent and human NANOSI repress the translation of mRNAs that induce endoderm differ-
entiation or apoptosis. NANOS?2 is male-specific, represses female differentiation and regulates
key metabolic pathways, thus promoting the self-renewal of spermatogonial stem cells. In con-
trast, NANOS3 is important for gonad development in both males and females, where it pre-
vents germ cell apoptosis. NANOS proteins are also implicated in cancer, in connection with
their capacity to control cell proliferation, differentiation and apoptosis. Moreover, alterations
of NANOS 1, NANOS 2 or NANOS 3 expression levels correlate with tumorigenesis in a com-
plex pattern [1, 4, 9-17].

In addition, NANOS proteins have been implicated in neuronal development and function.
Drosophila Nanos affects the branching of a particular type of sensory neurons, termed class IV
dendritic arborization (C4da) neurons [18, 19]. Either overexpression or loss-of-function of
Drosophila Nanos reduces dendrite branching. Pumilio is as well implicated and the post-tran-
scriptional repression of the pro-apoptotic gene head involution defective (hid), followed by
downregulation of caspases is a key pathway in the control of dendrite branching downstream
of Nanos/Pumilio [18, 19]. In addition, fly Nanos affects larva neuromuscular junctions (NM]),
with specific effects at both the presynaptic and post-synaptic sides [20]. Loss-of-function of
neuronal Nanos correlates with a higher number of NM]J boutons. In the post-synaptic muscle
cells, fly Nanos represses the translation of the glutamate receptor IIB (GluRIIB) subunit, thus
leading to a larger proportion of receptors containing the GIuRIIA subunit. As a result, higher
current flows occur upon stimulation of muscular glutamate receptors [20]. Finally, the Nanos/
Pumilio repressor complex affects larval motoneurons, where it represses the expression of the
sodium channel termed Paralytic, with important physiological consequences [21].

The relevance of NANOS in the vertebrate nervous system is incipiently described, and our
current knowledge is largely limited to the role of NANOSI in the rodent cortex [22]. The
three murine orthologs are expressed in embryonic cortical precursors. Whereas the function
of NANOS2 and NANOS3 remains unknown, NANOS1 was reported to promote cortical
neurogenesis. The loss-of-function of murine NANOSI increases the number of precursor
cells and impairs their transition into neurons. NANOSI overexpression generates the oppo-
site phenotype [22]. The identity of the relevant mRNAs under NANOSI control, and whether
PUF proteins participate in their regulation remain unknown.

The significance of NANOSI in other brain areas or developmental stages is poorly
described. Nanosl mRNA is strongly expressed in the adult mice hippocampus [23]. Here, we
confirm the expression of NANOSI in rat hippocampal neurons in vitro and investigate the
consequences of Nanos1 loss-of-function. We found that the RNAi-mediated knockdown of
Nanosl affects dendritic spine maturation and impairs neuron stimulation.

Results

We first investigated the expression of NanosI mRNA by RT-PCR in the rat brain and in cul-
tured hippocampal neurons. As reported before by in situ hybridization analysis, we found
that Nanosl mRNA is strongly expressed in brain, with higher levels at early developmental
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stages, and very weakly expressed in ovary (Fig 1A) [23]. In developing neurons, Nanos1
mRNA was detected all along their differentiation in vitro, from day 4th to 14th after plating
(Fig 1B). In contrast, Nanos2 mRNA was faintly detected in brain as reported before, and was
not detected in developing neurons in vitro (Fig 1) [1]. The presence of NANOSI protein in
mature neurons was confirmed by western blot (Fig 1C). To investigate the role of NANOS1
in neuron maturation, we treated neurons that were allowed to differentiate for 7 days in vitro
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Fig 1. Nanos1 knockdown affects dendritic spines. (A, B) NanosI expression in rat tissues (A) and cultured hippocampal neurons (B).
RT-PCR for Nanos1, Nanos2, Tubb3, or Actb was performed, and PCR products were analyzed in agarose gels. A representative experiment
out of three is shown. Days in vitro (DIV) are indicated. (C) Protein extracts from 14-DIV cultured neurons were analyzed by western blot for
the indicated proteins. (D) Cultured hippocampal neurons were allowed to differentiate for 7 days and then exposed to a pool of four siRNA
against Nanos! (siNanos1) or a non-targeting siRNA (siNT) as indicated in Materials and Methods. NanosI mRNA levels normalized to Actb
mRNA levels were analyzed at 14 DIV by quantitative RT-PCR. Error bars, standard deviation from triplicate RT-PCRs, ** p<0.05, Student’s
t-test. (E-G) pECFP-N1 was transfected one day after plating and then neurons were treated with the indicated siRNAs as in (D). (E) Dendritic
arborization was evaluated by Sholl analysis as indicated in Materials and Methods in 26 siNT and 31 siNanos1-treated cells from six
independent cultures. A t-test was performed for each step. (F) Representative dendrite fragments are shown in each case. (G) The number of
dendritic spines, their length, and the maximum diameter of the spine heads were determined in three independent experiments (siNT: 91
spines from 7 neurons; siNanosl: 271 spines, 12 neurons), ** p< 0.01; *** p< 0.001, Student’s t-test (Error bars, standard error).

https://doi.org/10.1371/journal.pone.0284589.9001
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(7DIV) with a pool of four siRNAs against Nanosl. Quantitative RT-PCR indicated a reduc-
tion of Nanos] mRNA to about half the normal levels (Fig 1D).

Drosophila Nanos was shown to affect the dendritic branching of C4da larval neurons. To
evaluate potential effects of mammalian NANOSI in dendritic branching, we transfected neu-
rons with an ECFP plasmid vector, which facilitates the analysis of dendritic branches and
spines, previous to the treatment with either a non-relevant siRNA or the NanosI-specific pool
(Fig 1E-1G). Sholl analysis revealed no significant changes in branch complexity (Fig 1E). In
contrast, we found important differences in the number and size of dendritic spines (Fig 1F and
1G). Control cells showed 3.9 spines/ 10 pum, a value comparable to those reported previously
[24]. Remarkably, the number of spines increased to 7.9 /10 um upon NanosI KD. In addition,
the average size of the spine heads was reduced to about half its normal value (Fig 1G).

This phenotype with smaller and more numerous spines is indicative of defective synapto-
genesis. Then, we stained synapsin and post-synaptic density protein 95 (PSD95) to respec-
tively identify pre- and post-synaptic structures, and BIII-tubulin (TUBB3) to identify the
dendritic shaft (Fig 2A). We found significant alterations in the size and number of both
PSD95 and synapsin puncta. The number of PSD95 clusters increased from 4.7 /10 ym to 7.6
/10 um. The number of synapsin clusters also increased, although to a lesser extent (Fig 2B).
Remarkably, whereas in control neurons almost all PSD95 clusters are adjacent or colocalize
with a synapsin cluster, an important fraction (21%) of PSD95 puncta were free of synapsin
signal upon Nanosl KD (Fig 2C). In addition, we found a 50% reduction in the size of the
synapsin patches (Fig 2D).

To control for potential off-target effects, we treated cultured neurons with each one of the
four siRNAs against Nanos! present in the pool. We found that three of them, siNanosla;
siNanos1b and siNanoslc replicated the phenotype generated by the pool of the four
sequences. The number of synapsin clusters significantly increases upon exposure to these
individual siRNAs (Fig 2E and 2F). These results strongly support that the effect is elicited by
NanosI loss-of-function and not by downregulation of off-target genes. Collectively, the above
observations suggest that NANOSI is required for hippocampal synapse maturation.

Next, we investigated whether neuron activity is compromised upon Nanosl KD. We evalu-
ated potential changes in synapse excitability as previously performed [24]. Briefly, we stimu-
lated the neurons with repeated KCl pulses, which triggers a long-term potentiation (LTP)-like
response [25], and stained the cells for activity-regulated cytoskeleton-associated protein
(ARC), which is an early response gene. As expected, we found that ARC levels doubled in
siNT-treated cells (Fig 2G and 2H). In contrast, ARC levels remained unchanged in neurons
treated with siNanosl, indicating defective neuron excitability upon NanosI loss-of-function.

Discussion

Here we show that NANOSI is expressed during hippocampal neuron development and rele-
vantly, NANOSI affects synaptogenesis in vitro. NanosI loss-of-function provokes defective
spine pruning and impairs synapse maturation. Dendritic spines were smaller and more
numerous upon NanosI KD, a larger number of PSD95 puncta was observed, and moreover, a
significant proportion of them lacked presynaptic counterparts. Accompanying these alter-
ations, Nanosl loss-of-function dampened the response to a depolarizing stimulus.

Which mRNAs under NANOSI control are causative of defective synaptogenesis remains
unknown. Another open question is whether NANOSI regulation of synapse development
involves PUF proteins, which are frequently implicated in post-transcriptional regulation by
NANOS and play important roles in both vertebrate and invertebrate neurons. Specifically,
Drosophila Nanos together with Pumilio forms a repressor complex that regulates C4da
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Fig 2. Nanos1 knockdown affects hippocampal synapses and neuron excitability. (A-D) Neurons were treated with the pool of siRNAs against
Nanos1 (siNanosl) or with the non-targeting siRNA as in Fig 1, and stained for the indicated synapse markers and TUBB3. Three independent
experiments were performed. (A) Representative dendrite fragments. Size bar, 5um. The number of PSD95 or synapsin puncta (B) and the number of
PSD95 puncta with a cognate synapsin cluster (C) were analyzed in 10 randomly-selected neurons with a total dendritic length of 4389 um (siNT) and
5174 um (siNanosl). (D) The average volume of the synapsin clusters was determined as indicated in Materials and Methods. (E, F) Neurons were
treated with each one of the four dsRNA present in the pool used in Fig 2A-2D. (E) Representative dendrite fragments stained for synapsin and TUBB3
are shown. Size bar, 5pum. (F) The number of synapsin puncta was measured in randomly selected dendritic fragments from three independent cultures,
with a total dendritic length of 562um (siNT); 793pum (siNanosla); 642um (si Nanos1b); 590pum (si Nanoslc) and 739um (si Nanosld). * p< 0.05; ***
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p< 0.001 (ANOVA and Dunnett’s Multiple Comparison test). (G, H) Neurons were treated with the indicated siRNAs and exposed to a repeated
depolarizing stimulus as described in Materials and Methods. Immunofluorescence for ARC is depicted in glow scale (G). (H) ARC integrated intensity
was determined in the cell body from 100 neurons from duplicate coverslips in 20X micrographs. A representative experiment out of two is depicted, *
p< 0.05, Student’s t-test.

https://doi.org/10.1371/journal.pone.0284589.9002

neuron dendritic branching. Vertebrate NANOSI interacts with PUMILIO2 in germ cells, and
PUMILIO? is required for hippocampal neuron growth and synapse development [26-31].
Multiple PUMILIO2 targets are relevant to neuron function and whether these transcripts are
dysregulated upon NanosI KD is currently unknown. An interesting candidate for future anal-
ysis is the sodium voltage-gated channel alpha subunit 1 (Scnla) mRNA, which contains puta-
tive PUMILIO binding sites [32]. Supporting this speculation, the fly sodium channel
Paralytic, which is functionally related to mammalian Scnla, is under the control of Nanos
and Pumilio [21, 33]. The neuronal defects generated by mammalian NanosI loss-of-function
are compatible with altered excitability as expected to occur upon Scnla dysregulation.
Another putative target is eukaryotic initiation factor 4E (e[F4E) mRNA, which is regulated in
mammalian neurons by PUMILIO2 [29]. While future research will inform on the contribu-
tion of these and other transcripts, we speculate that multiple mRNAs are likely to be altered
upon NanosI loss-of-function [26, 28].

Whether the defective neuronal phenotype is the consequence of presynaptic or post-syn-
aptic alterations is unclear. In Drosophila neurons, Nanos function at several locations with
different consequences. Whereas neuron morphogenesis requires Nanos activity in dendrites,
synaptic function is less affected by loss of Nanos in the dendritic compartment [34]. Verte-
brate PUMILIO2 was proposed to prevent the localization of its target transcripts into devel-
oping axons [28]. Whether NANOSI is involved in the spatial restriction of mRNAs mediated
by PUMILIO2 remains unknown. In addition, mammalian NANOS1 might act in the control
of mRNAs in dendrites, as its partner PUMILIO2 was shown to form dendritic granules [35].
The condensation of granules containing RBPs is a common theme in post-transcriptional
regulation, particularly in neuronal dendrites, and whether NANOSI is present in PUMILO2
granules remains open [36]; reviewed in [37].

Finally, given the conserved role of NANOS proteins in neuron development across evolu-
tion, we speculate that their regulation is similarly conserved. In fly embryos and larval neu-
rons, Drosophila nanos mRNA is controlled by Smaug, a highly conserved RNA-binding
protein. The mammalian Smaug family includes two genes, termed sterile alpha motif domain
containing 4A (SMAUG1/SAMD4A), and sterile alpha motif domain containing 4b
(SMAUG2/SAMD4B). Drosophila and mammalian Smaug proteins bind to a common RNA
motif, termed Smaug recognition element (SRE) [36-38], which is present in both fly nanos
and mammalian NanosI mRNAs [22]. Relevantly, Smaug2 represses Nanos] mRNA during
cortical neuron differentiation [22]. The expression of both Smaugl and Smaug2 increases
during hippocampal neuron maturation and Smaugl promotes synapse consolidation [24,
37]. Thus, regulation of Nanos] mRNA by Smaug proteins in hippocampal neurons is likely
and worthy of future research. In summary, this work describes the relevance of Nanosl in
hippocampal neuron development, and we further propose that the neuronal Smaug-Nanos-
Pumilio axis is conserved in the animal kingdom.

Materials and methods
Neuron culture, transfection, and siRNA treatment

All experiments involving animals were conducted according to the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the Fundacion Instituto Leloir.
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Sprague Dawley pregnant rats were purchased from the Central Animal House at the Facultad
de Farmacia y Bioquimica, University of Buenos Aires. Pregnant rats were exposed to CO2 for
about one minute until the breathing stopped. Pregnant rats and E18 pups were euthanized by
rapid decapitation. Hippocampal neurons were prepared as previously described [24]. In brief,
for each preparation, hippocampi were dissected from 5 to 8 rats at embryonic day 18 and
digested with trypsin. Cells were seeded on poly-d-lysine (Sigma-Aldrich)-coated glass cover-
slips. Cultures were maintained in Neurobasal medium (NB; Invitrogen) supplemented with
B27 (Invitrogen) and glutamine (complete NB; Invitrogen) at 5% CO2. When required, cells
were transfected with pECFP-N1 (Clontech) one day after plating using Lipofectamine 2000
Transfection Reagent (Invitrogen) for 4 h according to the manufacturer’s instructions.

For treatment with siRNAs, hippocampal neurons were allowed to grow for 7 days in vitro,
incubated with 100 nM siRNA complexed with Lipofectamine 2000 Transfection Reagent
(Invitrogen) for 4 h, and analyzed at 15 d in vitro unless otherwise indicated. Either a pool
against rat Nanosl (Dharmacon ON-TARGETplusSMARTpool L-086349-01-0010) contain-
ing the sequences 5'-UCGCUGAGCUGAACCCAUU-3' (siNanosla), 5'~-GCGCAGCACCAGA
GACAAC-3’ (siNanoslb), 5'~ACGCUCAUCACCAGGGCUA-3' (siNanoslc), and 5'~-GCGACA
ACGCACACACCAU-3’ (siNanosld) at 25 nM each, or the individual sequences at 100 nM
were used. A non-targeting pool (Thermo Fisher Scientific D-001810-10) was used at 100 nM
as control.

Western blot

Whole cell lysates were prepared in RIPA buffer. Western blot was performed by standard pro-
cedures using polyvinylidene fluoride membranes (Immobilon-P polyvinylidene difluoride,
Millipore). The following antibodies were used: rabbit anti-NANOS1 (Abcam AB65203),
1:100; mouse monoclonal anti TUBB3 (Sigma-Aldrich T8660), 1:400; and HRP-conjugated
secondary antibodies (Jackson 715-035-150 and 111-035-144), 1:10,000. ECL Prime (GE
Healthcare) was used.

Neuron stimulation

Neuron stimulation by repeated depolarization was induced as described (Wu et al., 2001). In
brief, mature hippocampal neurons were treated with 1 uM Tetrodotoxin (TTX) for one day
to block spontaneous activity. Then, repeated depolarization stimuli with 90 mM KCl in iso-
tonic Tyrode’s solution for 3 min were applied four times at 10 min intervals. TTX was applied
during the resting intervals and after the stimulation phase. Neurons were analyzed one hour
after stimulation.

Immunofluorescence and image analysis

Immunofluorescence of cultured neurons was performed after fixation, permeabilization, and
blocking as previously described [24, 39]. Primary antibodies were diluted as follows: monoclo-
nal IgG2a anti-PSD95 (Millipore 05-494), 1:100; IgG2b anti-TUBB3 (Sigma-Aldrich T8660),
1:500; IgG1 anti-synapsin (Synaptic Systems 106001), 1:100; polyclonal anti-ARC (Synaptic
Systems 156003), 1:500; anti-GFP (Invitrogen A6455), 1:100. Secondary antibodies coupled to
Alexa Fluor 488 used at 1:1,000 were obtained from Invitrogen. Secondary antibodies coupled
to Cy2, Cy3, or Cy5, used at 1:300-1:500, were from Jackson ImmunoResearch Laboratories.
Images were acquired with an LSM510 Meta confocal microscope (Carl Zeiss), using Plan-
Apochromat 63X/1.4 NA oil objective lenses and LSM software (Carl Zeiss) unless otherwise
indicated. Pixel intensity was always lower than 250, with 255 being the level of saturation.
Equipment adjustment was assessed by using 1 pm FocalCheck fluorescent microspheres

PLOS ONE | https://doi.org/10.1371/journal.pone.0284589  April 14, 2023 7/11


https://doi.org/10.1371/journal.pone.0284589

PLOS ONE

Mammalian NANOS 1 affects synaptogenesis

(Invitrogen). No filters or gamma adjustments were used for the analysis of the object’s size,
number, or intensity, which were analyzed with the Image] software (https://imagej.net/ij/
index.html).

Sholl analysis: For each neuron, we retrieved the metrics calculated by the Sholl Analysis
Fiji plug-in (https://imagej.net/plugins/sholl-analysis) as described [40]. We quantified arbori-
zation in 10pm increments from 0 to 300 um from the soma. Dendritic spine parameters were
determined by combining Scientific Volume Imaging’s Huygens software for image deconvo-
lution and Imaris software for 3D rendering and quantification.

For the analysis of synapsin clusters, 10 confocal planes with an axial separation of 0.41pum,
which include the whole volume of the synapsin signal were used. The X and Y pixel size was
0.09um. Image deconvolution was performed using the Huygens software (SVI—Scientific
Volume Imaging) to improve lateral and axial resolution. Then, a 3D reconstruction was ren-
dered and the volume of the synapsin cluster was determined.

RT-PCR and qRT-PCR

For both RT-PCR and qRT-PCR, total RNA was isolated using TRIzol reagent (Invitrogen).
First-strand cDNA was synthesized from 1 pg of total RNA using a random hexamer and
expand reverse transcriptase (MMLV, Promega). The cDNA was used as a template for PCR
or quantitative PCR. Quantitative PCR was performed using Syber Green reagent (Roche).
Primers for endpoint PCR were as follows: Nanosl, Fw 5 ' -GGTATCAAGCCAGGATTGCT-
3',Rv5'-CTGGGGTTATAGGCGCATGAC-3"; Nanos2, Fw 5' ~ACATAAGTGTCATGGA
CCTGC-3',Rv5'-CATACGTAATGCCTCAGGATGG-3"; Tubb3 Fw 5' -CCTGGAACCAT
GGACAGCGTTCG3',Rv5'-CGTTGTAGGGCTCTACCACGGTG-3"; Acth: Fw 5'-ACTAT
CGGCAATGAGCGGTTCC3"' Rv 5'-GGACTCATCGTACTCCTGCT3". Primers for real time
PCR were as follows: Nanosl, Fw 5' ~CTCTTGGTTTTATGGAAGCCGCA-3",Rv5'-GCAC
TTAAAATAGGCTGACGT-3"; Actb, Fw 5' -TGTCACCAACTGGGACGATA3',Rv5' -
GGGGTGTTGAAGGTCTCAAA3".

Statistics

The number of PSD95 or synapsin puncta and dendritic spine parameters were determined
with the help of Image]. The number of PSD95 and synapsin puncta were statistically analyzed
with ANOVA and Dunnett’s Multiple Comparison test. For dendritic spine morphology, the
indicated number of images were analyzed by Student’s t-test. ARC intensity was determined
in cell bodies and statistically analyzed by Student’s t-test. Instat software (GraphPad Software,
Inc.) was used.
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