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ABSTRACT 

The Ring Finger Protein 10 [RNF10] is a novel synapse-to-nucleus signaling protein that specifically 

links activation of synaptic NMDA receptors to modulation of gene expression. RNF10 dissociation from 

the GluN2A subunit of the NMDA receptor represents the first step of its synaptonuclear transport and 

it is followed by an importin-dependent translocation into the nucleus. Here we have identified protein 

kinase C [PKC]-dependent phosphorylation of RNF10 Ser31 as a key step for RNF10 detachment from 

NMDA receptor and its subsequent trafficking to the nucleus. We show that pSer31-RNF10 plays a role 

both in synaptonuclear signaling and in neuronal morphology. In particular, the prevention of Ser31 

RNF10 phosphorylation induces a decrease in spine density, neuronal branching and CREB signaling, 

while opposite effects are obtained by mimicking a stable RNF10 phosphorylation at Ser31. Overall, 

these results add novel information about the functional and structural role of synaptonuclear protein 

messengers in shaping dendritic architecture in hippocampal neurons. 
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INTRODUCTION 

The active communication between synapses and the nucleus is needed for long-term functional 

regulation of neuronal activity as well as for shaping neuronal morphology [1]. In the last decade an 

increasing number of synaptonuclear protein messengers have been identified and characterized [2-5]. 

Overall these studies have clearly demonstrated that a correct functioning of synaptonuclear messengers 

represents a key element in the modulation of synaptic transmission at excitatory synapses [3,6]. On the 

other hand, alterations of synaptonuclear messengers’ activity have been correlated to synaptic failure as 

observed in different synaptopathies, including both neurodevelopmental disorders and 

neurodegenerative diseases [6]. 

The activation of NMDA-type glutamate receptors (NMDARs) is of primary importance in these events 

[4]. On this line, we have recently identified Ring Finger Protein 10 (RNF10) as a novel synaptonuclear 

signaling protein that specifically links activation of synaptic GluN2A-containing NMDARs to nuclear 

gene expression [7]. RNF10 moves to the nucleus after synaptic GluN2A-containing NMDARs 

activation and induction of long-term potentiation (LTP), regulating the expression of specific target 

genes, as p21WAF1/cip1 [8,9]. Conversely, induction of long-term depression (LTD) does not modify 

RNF10/GluN2A interaction and RNF10 nuclear trafficking [7]. Notably, RNF10 is responsible for long-

lasting re-shaping of dendritic spines as required to convey LTP expression [7]. RNF10 dissociates from 

the GluN2A subunit of the NMDAR complex in an activity-dependent manner and we provided 

compelling evidence for importin-dependent long-distance transport from synapto-dendritic 

compartments to the nucleus [7]. However, the molecular mechanism/s leading to NMDAR/RNF10 

complex disruption and for initiating the importin-mediated trafficking of RNF10 to the nucleus remain 

unclear.  

Here, we describe a protein kinase C (PKC)-dependent phosphorylation event on RNF10 (Ser31) which 

drives RNF10 synaptonuclear trafficking. Moreover, we provide compelling evidence that pSer31-

RNF10 plays a key role in activation of plasticity-related signaling pathways, as pCREB induction, 

neuronal arborization and dendritic spines density in hippocampal neurons.  

 

MATHERIALS AND METHODS 

Primary hippocampal neurons and COS-7 cells 

Hippocampal neuronal cultures were prepared from embryonic day 18-19 (E18-E19) rat hippocampi as 

described previously [8]. Neurons were transfected between DIV7-DIV10 using the calcium phosphate 

method. COS-7 cells were maintained in DMEM + Glutamax medium (GIBCO-BRL) supplemented 

with 10% Fetal Bovine Serum (FBS; GIBCO-BRL) and Pen/Strep (GIBCO-BRL). The day prior to 
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transfection, the cells were plated in 6 wells multiwell plates (for biochemistry) or on coverslips in 12 

wells multiwell plates (for immunostaining). Cells were transfected using the lipofectamine method 

(Invitrogen; Carlsbad, CA, USA). Cells were lysed or fixed for immunostaining after 36h.The procedures 

on rats were carried out according to the European Communities Council Directive 2010/63/EU and the 

current Italian Law on the welfare of the laboratory animal (D.Lgs. n.26/2014). Institutional Animal Care 

and Use Committee of University of Milan and by the Italian Ministry of Health (#326/2015) approved 

all the experiments involving primary neuronal cultures preparation. 

Subcellular fractionation 

Neurons were lysed in a buffer containing 0.32 M Sucrose, 1 mM Hepes, 1 mM NaF, 0.1 mM PMSF, 1 

mM MgCl using a glass-glass homogenizer. To purify post-synaptic triton insoluble fractions (TIF) [9], 

lysates were centrifuged at 1,000 g for 5 min at 4°C. The supernatant was centrifuged at 13,000 g for 15 

min at 4qC. The pellet was dissolved in a buffer containing 0.5% Triton and 150 mM KCl, incubated on 

ice for 15 min and centrifuged at 100,000 g for 1 h at 4qC. The resulting pellet (TIF) was homogenized 

by passing through a 1ml hypodermic syringe in 20mM HEPES buffer. To prepare a crude nuclear 

fraction, the lysates were centrifuged at 1,000 g for 10 min and the pellet was dissolved in 20mM HEPES 

buffer. Crude membrane fractions were tested for the almost complete absence of synaptic proteins 

(GluN2A, GluA1, PSD-95) and the enrichment in nuclear proteins (Histone H3; see Fig. A1). All steps 

were done in presence of protease inhibitors (CompleteTM, GE Healthcare, Mannheim, Germany) and 

phosphatase inhibitors (PhosSTOPTM, Roche Diagnostics GmbH, Mannheim, Germany). Protein content 

of the samples has been quantified by using the Bio-Rad protein assay reagent (Hercules, CA, USA) and 

equivalent amounts of proteins loaded in individual lanes for western blot analysis. 

Cloning, expression, and purification of glutathione S-transferase [GST] fusion protein 

Point mutations were generated in the RNF10 sequence either in the pGEX-KG, dtEOS, GFP-tag or Myc-

tag vectors, using primers designed to create a missense mutation in a PCR reaction using Pfu polymerase 

(Stratagene). GST-RNF10 fusion proteins containing wild-type or mutated RNF10 were expressed in 

Escherichia coli and purified on glutathione agarose beads (Sigma Aldrich, St. Louis, MO) as previously 

described [12].  

The p21prom-Luc2-T2A-tdTomato reporter system was created by cloning 4.5 Kb promoter region of 

the mouse p21waf1/cip1 gene upstream a bicistronic reporter system containing the luc2 [10] and td-

Tomato [11] genes joined by the T2A self-cleaving peptide sequence.  The 4.5 Kb promoter region was 

amplified with Platinum™ Pfx DNA Polymerase (Thermo Fisher Scientific) from genomic DNA using 

the following primers:  

m_p21_3b_for   5'-GGATTCGCATATGGCAGATCCACAGCGATATCC-3' 
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m_p21_4530a_rev 5'-CTGGTCAGTCGACCATGGTGCCTGTGGCTGAAA-3' 

Co-immunoprecipitation assays [co-i.p.] 

Homogenate/TIF aliquots containing 150 Pg/50 Pg of proteins were incubated overnight at 4qC with 

primary antibody in RIPA buffer containing 50 mM Tris HCl (pH 7.2), 150 mM NaCl, 1% NP-40, 0.5% 

deoxycholic acid, 0.2% sodium dodecyl sulphate (SDS). As control, one sample was incubated in the 

same experimental conditions without the antibody or without any homogenate/TIF added. Protein A/G-

sepharose beads (Sigma-Aldrich) were added and incubated for additional 2 h, at room temperature, on 

a rotator. Beads were precipitated by mild centrifugation, washed three times with RIPA buffer 

containing 0.1% SDS and boiled for 10 min in SDS-PAGE sample buffer. Beads were precipitated using 

centrifugation and the supernatant loaded onto SDS-PAGE gels. For the input lane, 10% of the 

Homogenate/TIF aliquot used for the co-i.p. experiment was loaded onto the SDS-PAGE.  

Pull-down assay 

Neuronal homogenates containing 250 Pg of proteins were incubated at room temperature with GST-

beads to a final volume of 1 ml with Tris Buffered Saline (TBS) solution for 1h on an eppendorf rotator. 

The GST-beads were precipitated by centrifugation and the supernatant re-incubated at room temperature 

with GST fusion proteins or GST alone, for an additional 2h on a rotator. Beads were precipitated and 

washed three times with TBS containing 0.1% Triton X-100. Beads were boiled in SDS-PAGE sample 

buffer, loaded onto SDS-PAGE gels and analyzed by western blotting. 

Luciferase assays 

The 5HRp21_Luc2_T2A_TdTomato luciferase reporter plasmid was co-transfected in primary 

hippocampal neurons with a plasmid containing an expression cassette for Renilla luciferase for 

normalization with or without either RNF10wt, RNF10S31D or RNF31S31A. Neurons were harvested 

4 days post-transfection. Luciferase activities were measured with the Dual-Glo Luciferase assay kit 

(Promega) following manufacturer's instructions. Data derive from three independent experiments, each 

performed with technical duplicates. 

Confocal imaging  

Primary hippocampal neurons were treated at DIV14 and fixed with 4% PFA- 4% sucrose at 4qC for 5 

mins followed by washes with PBS. The cells were next permeabilized with 0.2% Triton-X100 in PBS 

and blocked with 5% BSA in PBS for 1 h at room temperature. Primary antibodies in 3 % BSA in PBS 

was used to incubated overnight at 4qC chamber in a humidified chamber followed by extensive washing 

with PBS at room temperature. Secondary antibodies were applied in 3% BSA in PBS, washed in PBS 

and mounted on slides with Fluoroshield mounting medium (Sigma). Fluorescence images were acquired 
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by using Zeiss Confocal LSM510 system or Nikon A1 Ti2 system with a sequential acquisition setting 

at 1024x1024 pixels resolution; cells were selected from different coverslips at random for quantification. 

For co-localization studies the signals for each image were kept within the linear range and settings were 

consistent between different experimental conditions for an unbiased comparison. Proximity Ligation 

Assay (PLA) was performed as previously described [7]. After fixation, incubation with blocking 

solution and permeabilization, cells were incubated with mouse monoclonal anti-Myc antibody (1:2000; 

Millipore) and rabbit polyclonal anti- GluN2A antibody (1:200; Lifetechnologies) or anti-RNF10 

antibody (1:200; Proteintech) and anti-GluN2A antibody (1:200; Neuromab) overnight at 4qC in a 

humidified chamber. After washes with PBS, cells were incubated for 1h with the PLA secondary probes 

anti-mouse Plus and anti-rabbit Minus (Olink Bioscience) at 37qC. Cells were washed thrice with 

Duolink II Wash Buffer A (Olink Bioscience) and incubated with the ligation in ligase buffer [Olink 

Bioscience] for 30 min at 37qC. After two additional rinsing with Wash Buffer A, cells were incubated 

with DNA polymerase (1:80; Olink Bioscience) in the amplification buffer (Olink Bioscience) for 100 

min at 37qC in dark. Cells were next washed with Duolink II Wash Buffer B (Olink Bioscience) and 

then, if necessary, incubated with chicken polyclonal anti-GFP (1:400; Milipore) overnight at 4qC. After 

washing with PBS, cells were incubated with secondary goat anti-chicken-AlexaFluor 488 for 1h at room 

temperature. The cells were washed in PBS and mounted on slides with Fluoroshield mounting medium 

(Sigma).  

Zeiss Confocal LSM510 system was used for time-lapse imaging of RNF10 fused to tdEOS. For the 

photoconversion of tdEOS, ROIs were selected along distal dendrites and then 405 nm stimulation at 

50% laser power was applied. Along the z-axis at list 10 optical sections with focus depth of 300-400 nm 

were taken in order to cover the complete volume of imaged neurons. Neurons were imaged for 42 

minutes under controlled temperature and CO2 levels.  

For three-dimensional morphological Sholl analysis, total dendritic length and dendrite morphology were 

calculated by using Fiji freeware software with the Simple Neurite Tracer plug-in. Briefly, a z-stack 

acquisition was imported, calibrated in Fiji, and semi-automatically traced. Total dendritic length was 

then computed. The shell interval was set at 5 μm. All analyses were performed blind. In all the 

experiments, for each condition, a minimum of 5 neurons from 3 independent preparations was analyzed. 

For spine density analysis, Fiji freeware software was used. Stacks were projected along the z axis to 

obtain an image with all the spines in focus. Spines were counted and then dendrite length measured with 

the segmented line function of FIJI. 

Drug treatments 
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Synaptic stimulation (SynStim) was performed treating neurons at DIV14 with bicuculline (50 PM; 

Tocris), 2,5 mM 4-aminopyridine (4-AP; Tocris) and 5 PM ifenprodil in Neurobasal medium 

supplemented with B27 for 30 min as previously reported [7]. Chemical LTP (cLTP) protocol was 

performed as previously reported [7,12]. Briefly, neurons were incubated in artificial cerebrospinal fluid 

(ACSF, 125mM NaCl, 25mM KCl, 2 mM CaCl2, 33 mM Glucose and 25 mM HEPES) + 1 mM MgCl2 

for 30 minutes at 37°C, then cLTP induction was performed in ACSF without MgCl2, plus 50 µM 

Forskolin (Tocris), 0.1 µM Rolipram (Tocris) and 100 µM Picrotoxin (Tocris) for 16 minutes. Control 

groups were kept in normal ACSF.  Bisindolylmaleimide I (BIM, 10 PM; Tocris) or Autocamtide II-

related inhibitory peptide (10 nM, Calbiochem) were incubated for 10 min followed by the SynStim 

protocol for 30 min (post-translational effect) or 2h (transcriptional effect). Phorbol 12-myristate 13-

acetate (PMA, 10 PM; Tocris) was incubated in Neurobasal medium supplemented with B27 for 15 

minutes at 37°C.               

Antibodies 

The following antibodies were used: monoclonal antibody (mAb) anti-α-calcium/calmodulin-dependent 

kinase II (αCaMKII), polyclonal antibody (pAb) anti-GluN2A, pAb anti-CREB, pAb anti-p-CREB (Ser-

133) and mAb anti-Myc were purchased from Millipore (Billenca, MA, USA); mAb anti-Meox2 was 

purchased from Abcam (Cambridge, MA, USA); pAb anti-p44/42 MAPK, pAb anti-p-p44/42 MAPK 

(Thr202/Tyr204) were purchased from Cell Signalling (Danvers, MA, USA); mAb anti-GFP, mAb anti-

GST and anti-PSD-95 were purchased from NeuroMab (Davis, CA, USA); mAb anti-alpha-Tubulin and 

mAb anti-Flag were purchased from Sigma-Aldrich (St. Louis, MO, USA); mAb anti-p21 were 

purchased from BD Biosciences (NJ); pAb anti-histone H3 and pAb anti-RNF10 were purchased from 

Proteintech (Chicago, MI, USA, USA); mAb anti-JL8 was purchased from Clontech (Mountain View, 

CA, USA); pAb anti-HA was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) p-

RNF10(S31) was custom generated from Primm (Cambridge, MA, USA). Peroxidase-conjugated 

secondary anti-mouse Ab and peroxidase-conjugated secondary anti-rabbit Ab was purchased from Bio-

Rad (Hercules, CA, USA). AlexaFluor secondary Abs were purchased from Invitrogen (Carlsbad, CA, 

USA). 

Statistical analysis 

Statistical analysis was performed with GraphPad Prism6 software. The tests used to assess data 

significance are indicated in the figure legends. For WB, IP and GST-pulldown assay, at least 3 

independent experiments were performed. For confocal studies, at least 10 neurons coming from 3 

different experiments were analyzed. Data are presented as mean ± SEM. 
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RESULTS 

PKC activation regulates RNF10 translocation to the nucleus 

RNF10 association with the NMDAR complex is strictly dependent on the interaction between RNF10 

N-terminal domain (aa 1-74) and the C-tail of the GluN2A subunit [7]. Of note, calcium significantly 

reduces the formation of GluN2A/RNF10 complex by promoting the association of calmodulin (CaM) 

at the same GluN2A binding site [7]. Bioinformatic tools (NetPhos 3.1, KinasePhos 2.0, phosphosite.org) 

indicated the presence of several putative PKC-dependent phosphosites within the RNF10 sequence aa 

1-74 (Fig A2). Thus, we sought to investigate the possible role of PKC in the disruption of 

RNF10/NMDAR complex and RNF10 trafficking to the nucleus. We have previously demonstrated that 

stimulation of synaptic NMDARs induces RNF10 synaptonuclear trafficking leading to its nuclear 

accumulation [7]. To characterize the role of PKC in the modulation of RNF10 trafficking induced by 

activation of the excitatory synapse, NMDAR synaptic stimulation was applied in primary hippocampal 

cultures in presence or absence of a highly selective, cell-permeable and reversible PKC inhibitor 

(Bisindolylmaleimid; BIM) [13]. Proximity Ligation Assay (PLA) experiments revealed that synaptic 

stimulation of NMDAR induces a significant reduction of the interaction between RNF10 and GluN2A, 

as a lower number of PLA clusters was detected compared to the control (Fig 1a). BIM co-incubation 

fully prevented the synaptic stimulation-induced loss of interaction between RNF10 and GluN2A (Fig 

1a). Moreover, confocal imaging (Fig 1b) and western blotting analyses performed in crude nuclear 

extracts (Fig 1c) indicate that BIM completely prevented the expected RNF10 nuclear accumulation 

induced by activation of synaptic NMDARs. Further, PKC inhibitor also blocked the synaptic 

stimulation-mediated up-regulation of p21WAF1/Cip1 protein levels (Fig 1d), a well-validated target gene 

of the RNF10 pathway [7,14,15]. Conversely, inhibition of another NMDAR-associated kinase such as 

CaMKII [16], did not block RNF10 nuclear accumulation induced by synaptic stimulation of NMDAR 

(Fig A3).  

In addition, treatment of primary hippocampal neurons with the PKC activator phorbol 12-myristate 13-

acetate (PMA; 10 μM) [17] led to an increase of RNF10 nuclear levels measured by confocal imaging 

(Fig 1e) and western blotting analyses of crude nuclear fractions (Fig 1f). Taken together, these results 

indicate that PKC activation is essential for the induction of RNF10 translocation to the nucleus and 

modulation of the expression of RNF10 target genes. 

 

RNF10 phosphorylation by PKC modulates RNF10/NMDAR complex dissociation and nuclear 

localization 

http://phosphosite.org/
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In order to confirm that PKC-dependent modulation of RNF10 trafficking is directly correlated to a 

kinase-substrate event, we analyzed RNF10 phosphorylation in primary hippocampal neurons following 

synaptic stimulation in presence or absence of the PKC inhibitor. Neuronal homogenates were 

immunoprecipitated using an anti-phospho-serine antibody. Western blotting analysis of RNF10 revealed 

an increase of RNF10 phosphorylation on serine residues following stimulation of synaptic NMDARs in 

the immunocomplex (Fig 2a). The PKC inhibitor fully prevented RNF10 serine phosphorylation, 

suggesting that PKC is the main kinase involved in the process (Fig 2a). Analysis of RNF10(1-74) 

domain (see Fig A2) revealed the presence of at least four serine residues (Ser5, Ser31, Ser39, Ser70) 

that might represent a putative phosphate acceptor site for PKC and possibly involved in the regulation 

of RNF10 binding to GluN2A. A point mutation strategy was used to determine the effects of PKC site-

specific phosphorylation of RNF10. GST fusion proteins of RNF10(1-74) wild-type (wt) and with single 

Ser/Asp mutation, mimicking the phosphorylation, were generated and used in an in vitro pull-down 

assay from rat hippocampal homogenates. As shown in Fig 2b, Ser31Asp (S31D) mutation completely 

abolished the capability of GST-RNF10 fusion protein to bind the GluN2A subunit. No significant 

difference in RNF10’s ability to form the GluN2A/RNF10 complex was observed by using S5D, S39D 

and S70D constructs compared to the wild type counterpart (Fig 2b).   

We then transfected COS-7 cells with GFP-GluN2A and Myc-RNF10wt, Myc-RNF10S31D (mimicking 

phosphorylation) or Myc-RNF10S31A [not permissive of phosphorylation as control). A co-

immunoprecipitation assay was performed in cell lysates to confirm the role of RNF10 Ser31 

phosphorylation in the modulation of RNF10 interaction with the NMDAR subunit. No effect was 

observed by the S31A mutation (Fig 2c). Conversely, S31D mutation induced a significant reduction of 

RNF10 binding to GluN2A (Fig 2c). These results confirm that also in a heterologous system the 

phosphorylation of Ser 31 residue interferes with the formation of GluN2A/RNF10 complex (Fig 2c). In 

addition, no effect of S31D and S31A mutations on RNF10 interaction with importin1D was observed 

(Fig A4) [7], thus suggesting that Ser31 phosphorylation does not affect importin-mediated trafficking 

of RNF10 to the nucleus [7]. 

To unravel the functional significance of PKC-dependent phosphorylation of RNF10 in hippocampal 

neurons, a phosphospecific antibody – RNF10S31P – was produced, affinity purified and characterized 

(see Fig A5). RNF10S31P antibody recognized with higher affinity the purified GST-RNF10S31D 

mutated fusion protein, mimicking the phosphorylation, compared to GST-RNF10WT (Fig A5a). 

Further, the RNF10S31P antibody detected myc-RNF10S31D but not myc-RNF10S31A in lysates 

derived from transfected COS-7 cells (Fig A5b). Finally, we infected primary hippocampal neurons with 

either the LKO-shRNF10 lentivirus targeting RNF10 expression or scrambled sequence as a control. 
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RNF10 silencing via shRNF10 lentivirus significantly reduced the RNF10 protein level compared to 

scramble construct as previously demonstrated [7]. No signal was detected in the shRNF10 sample both 

using the commercial RNF10 antibody and the custom made RNF10S31P (Fig A5c). 

Western blotting analysis for RNF10S31P in primary hippocampal neurons revealed an increase of 

RNF10 Ser31 phosphorylation in postsynaptic membrane fractions (triton insoluble fractions – TIF) 

following synaptic stimulation of NMDAR (Fig 2d) in agreement with the results observed using the 

pan-phosphoserine antibody (Fig 2a). PKC inhibitor completely prevented Ser31 phosphorylation (Fig 

2d). Similarly, also a highly validated protocol to induce cLTP [7,12] was sufficient to increase RNF10 

Ser31 phosphorylation as measured 15 minutes after cLTP induction (Fig 2e). We used two different 

experimental approaches to monitor if RNF10 accumulated in the nucleus after synaptic stimulation 

remains phosphorylated on Ser31. Western blotting analysis for RNF10S31P revealed an increase of 

RNF10 Ser31 phosphorylation in the crude nuclear fraction following synaptic stimulation of NMDAR 

(Fig. 2f, left graph). However, considering the above-described accumulation of RNF10 in the nucleus 

after synaptic stimulation (see Fig. 1b,c), we didn’t observe any increase of the PSer31-RNF10/total 

RNF10 ratio (Fig. 2f, right graph). To better address this issue, we performed PLA experiments using 

the RNF10S31P antibody and total RNF10 antibody for the assay. As shown in Fig. 2g, we found a 

significant increase of nuclear PLA clusters indicating Ser31 phosphorylation following stimulation of 

synaptic NMDARs (Fig. 2g).  

To demonstrate that Ser31 phosphorylation controls the synaptic stimulation-induced RNF10 

translocation from the synapse to the nucleus, we used a live imaging approach based on TdEOS plasmid. 

TdEOS is a bright and photostable photoconvertible fluorescent tag that after stimulation changes its 

emission wavelength from green to red allowing the tracking of the movement of the labeled protein into 

biological systems [5,7]. We monitored the nuclear translocation of RNF10 WT-tdEOS and the RNF10 

S31A-tdEOS mutant by confocal imaging following synaptic stimulation. As expected [7], after 

photoconversion in distal dendrites, RNF10 WT moved from the synapse to the nucleus in synaptic 

stimulation conditions (Fig 3a). Photoconverted RNF10S31A mutant did not accumulate into the nucleus 

(Fig 3a), confirming that RNF10 Ser31 phosphorylation is key for the dissociation from GluN2A and the 

subsequent nuclear trafficking. We confirmed the specific role of Ser31 phosphorylation in the 

modulation of RNF10 clustering with GluN2A by PLA in primary hippocampal neurons transfected with 

GFP-GluN2A and either Myc-RNF10WT or Myc-RNF10S31D. A significant lower number of PLA 

signals were detected for the S31D construct indicating a decreased number of RNF10 molecules in close 

proximity (<40 nm) to the receptor subunit (Fig 3b). In addition, immunofluorescence on primary 

hippocampal neurons transfected with Myc-RNF10WT or Myc-RNF10S31D revealed that Myc-
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RNF10S31D spontaneously accumulated in the nucleus in absence of any stimulation (Fig 3c), compared 

to Myc-RNF10WT that localized more in the cytosolic compartment, as previously reported [7].  

To assess whether the Ser31 phosphorylation-triggered RNF10 translocation to the nucleus affects gene 

expression, we performed a luciferase assay on primary hippocampal neurons transfected with a reporter 

construct expressing the firefly luciferase under the promoter of the validated RNF10 target p21WAF1/cip1 

(5HRp21_Luc2_T2A_TdTomato, see methods) [7,15]. Neurons were transfected with RNF10WT, 

RNF10S31A or RNF10S31D together with the luciferase reporter and normalizer (Renilla luciferase) 

constructs. As expected, RNF10S31D expression was associated to a higher firefly luciferase activity 

(Fig 3d), indicative of a higher transcriptional activity induced by the mutant. RNF10S31A did not show 

difference in comparison to control (Fig 3d). 

 

The modulation of RNF10 activity results in the alteration of neuronal morphology 

We previously reported the role of RNF10 in implementing LTP-mediated cellular effects and LTP 

maintenance [7]. Since Ser31-mediated nuclear accumulation affects the functionality of RNF10, we 

investigated whether manipulations of Ser31 phosphorylation could affect the capacity of RNF10 to 

convey LTP signaling pathways. We used CREB phosphorylation as a marker for the synaptic activation 

of NMDAR and plasticity [18-24]. RNF10S31A transfected neurons had a decreased amount of pCREB 

levels compared to control, while RNF10S31D was able to induce pCREB expression (Fig 4a). Taken 

together, our results suggest that the phosphorylation state of Ser31 on RNF10 is key for its nuclear 

accumulation and for signaling events downstream of NMDAR activation. 

We previously found that RNF10 downregulation was associated to a decreased number of dendritic 

spines in hippocampal neurons [7]. Interfering with the expression of RNF10 via shRNA-mediated 

silencing (shRNF10), induced a significant simplification of dendrite arborization in primary 

hippocampal neuronal cultures in comparison to controls suggesting that RNF10 might have a global 

effect on dendritic architecture (Fig 4c). We analyzed if RNF10 Ser31 phosphorylation state could 

regulate spine density and dendritic geometry. Morphometric analyses of primary hippocampal neurons 

transfected with RNF10WT, RNF10S31A and RNF10S31D showed that RNF10S31A mutant induced a 

severe reduction of spine number (Fig 4b) thus acting as a dominant negative protein. RNF10S31D had 

the opposite effect (Fig 4b). No effect on spine density was observed following overexpression of 

RNF10WT, suggesting that a strong activation of a PKC-RNF10Ser31 dependent pathway, as for 

RNF10S31D, is needed for an increase of spine density (Fig 4b). Notably, RNF10S31A expression 

reduced also dendritic arbor complexity compared to control (Fig 4d). RNF10WT and RNF10S31D, on 

the contrary, did not alter neuronal geometry.   
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Taken together these results show that RNF10 functioning, encoded by its Ser31 phosphorylation, is 

necessary for the regulation of dendritic spines number and dendritic arborization. 

 

DISCUSSION 

Synaptonuclear protein messengers (i.e. Jakob, Abi-1 and CRTC1) represent a fundamental player for 

the regulation of neuronal morphology both in health and diseases [6]. Accordingly, Jacob KO mice 

show hippocampal dysplasia with a reduced number of synapses and dendritic branching [25], Abi-1 

silencing leads to aberrant dendrite branching and decreased spine density, whereas Abi-1 overexpression 

shows opposite effects [26]. Finally, CRTC1 plays a key role BDNF-induced dendritic development 

[27,28]. Elaborated branched structures are indeed a key requirement to maintain a correct synaptic 

capacity; on the other hand, the transcriptional regulation of gene expression has been proven as an asset 

in dictating neuronal architecture in an activity dependent manner.  

Here, we demonstrate that RNF10 silencing as well as inhibition of RNF10 nuclear trafficking lead to a 

dramatic alteration of neuronal morphology and function with reduced dendritic branching, spine loss 

and a decrease in pCREB signaling. This effect is specifically linked to activation of the synaptic pool of 

NMDARs. In particular, we demonstrate that activation of synaptic NMDARs or induction of cLTP lead 

to RNF10 phosphorylation by PKC and its translocation to the nucleus and that this event is involved in 

neuronal branching.  

We identified a specific PKC-dependent mechanism, namely RNF10 phosphorylation in Ser31, as the 

key driver needed for RNF10 dissociation from synaptic NMDARs and consequent trafficking to the 

nucleus. Previous studies demonstrated that NMDAR-mediated activity enhances dendritic arborization 

by modulating among others RhoA, Rac and Cdc42 activity [29,30] and it is key for the maintenance of 

established dendritic trees [31]. More recent evidences correlated NMDAR activity to the induction of 

neuronal branching [32] addressing also the putative role of each regulatory GluN2-type subunits in these 

events [33,34]. GluN2A silencing reduces branch clusters [33] and decreased total dendritic length and 

dendritic complexity in hippocampal neurons [34].  

Several publications demonstrated that NMDAR functions are strictly regulated by PKC [35-38]. Early 

reports demonstrated that PKC phosphorylates NMDARs at different sites [35,36] and clearly indicated 

the existence of a PKC-dependent potentiation of NMDAR activity playing a role in NMDAR-dependent 

plasticity [37,38]. However, PKC-induced potentiation of NMDAR activity does not probably occur by 

direct phosphorylation of the receptor protein but rather of associated signaling proteins [39]. Here we 

show that activation of synaptic NMDARs leads to PKC-dependent phosphorylation of RNF10 Ser31 

and that this event plays a key role in synapse-to-nucleus associated signaling events. In particular, we 
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demonstrate that Ser31 phosphorylation drives CREB phosphorylation, transcription of RNF10 target 

genes and bidirectional modulation of dendritic spine density and neuronal branching. In particular, 

taking into account that CREB phosphorylation represents a highly validated molecular marker of 

NMDAR-dependent hippocampal LTP (18-24), the reduction of CREB phosphorylation observed in 

neurons transfected with Myc-RNF10Ser31Ala mutants confirms previous observations of our group 

showing an impairment of LTP following RNF10 silencing.  

Overall these results indicate that PKC-dependent trafficking of RNF10 to the nucleus represents an 

essential element for the induction of NMDAR-dependent modulation of dendritic arborization and spine 

density in hippocampal neurons, indicating the novel synaptonuclear messenger RNF10 as a key player 

in the regulation of neuronal architecture. Interestingly, RNF10 KO mice are characterized by gross 

morphological alterations of the hippocampus as well as of several other brain regions 

(https://www.komp.org/geneinfo.php?geneid=77189; unpublished observations), thus suggesting a role 

of this protein not confined to the hippocampus. 
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FIGURE CAPTIONS 

Figure 1. Synaptic NMDAR stimulation induces RNF10 trafficking through PKC activation 

a. In situ detection of proximity ligation assay (PLA) between RNF10 and GluN2A (red; left panels) 

along MAP2- (green; middle panels) in DIV14 hippocampal neurons treated with vehicle (Ctr), SS 

(2,5 mM 4-AP and 50 μM Bicuculline for 30 minutes) or SS+BIM (preincubation with 10 μM BIM 

for 10 minutes, then SS). The histogram shows the quantification of the number of PLA clusters along 

MAP2-positive dendrites expressed as % of control. Scale bar: 10 μm 

b. Representative confocal images and quantification of RNF10 (green) nuclear localization in 

hippocampal neurons treated at DIV14 with vehicle, SS or SS+BIM. DAPI (blue) and PSD-95 (red, 

see merge panels) were used to stain nuclei and dendritic spines, respectively. The histogram shows 

the quantification of RNF10 integrated density (i.d.) in the nucleus expressed as % of control. Scale 

bar: 20 μm 

c. Representative immunoblots and quantification of WB for RNF10 in nuclear extract from DIV14 

hippocampal neurons treated with vehicle, SS or SS+BIM. H3 was used as loading control. The 

histogram shows the quantification of RNF10 optical density (OD) normalized on Histone-H3 and 

expressed as % of control. 

d. Representative immunoblots and quantification of WB for p21WAF1/cip1   in nuclear extract from 

primary hippocampal neurons at DIV14 treated with vehicle, SS or SS+BIM. Tubulin was used as 

loading control. The histogram shows the quantification of p21WAF1/cip1 optical density (OD) 

normalized on tubulin and expressed as % of control. 
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e. Representative confocal images and quantification of RNF10 (green) nuclear localization in 

hippocampal neurons treated at DIV14 with vehicle or 10 μM PMA for 15 minutes. DAPI (blue) and 

PSD-95 (red) were used to stain nuclei and dendritic spines, respectively. The histogram shows the 

quantification of RNF10 integrated density (i.d.) in the nucleus expressed as % of control (ctr). Scale 

bar: 20 μm 

f. Representative immunoblots and quantification of WB for RNF10 in nuclear extract from DIV14 

hippocampal neurons treated with vehicle or PMA. The histogram shows the quantification of RNF10 

optical density (OD) normalized on Histone-H3 and expressed as % of control. 

Statistical analysis: One-way ANOVA; *p<0.05, **p<0.01, ***p<0.001 (vs Ctr); #p<0.05, ##p<0.01 (vs 

SS+BIM). 

 

Figure 2. PKC dependent phosphorylation on Ser31.  

a. Representative immunoblots and quantification of an immunoprecipitation (IP) experiment on 

homogenates of DIV14 hippocampal neurons treated with vehicle, SS or SS+BIM. Phospho-Ser 

proteins were immunoprecipitated and RNF10 revealed by western blotting in the 

immunoprecipitated material. The histogram shows the quantification of the phosphorylated RNF10 

(pRNF10) optical density (OD) expressed as % of control. 

b. GST and GST-RNF10WT, GST-RNF10S5D, GST-RNF10S31D, GST-RNF10S39D, GST-

RNF10S70D fusion proteins were incubated in a pull-down assay with rat hippocampal extracts. 

GluN2A was revealed by western blotting analysis. The histogram shows the quantification of 

GluN2A optical density (OD) expressed as % of pull-down assay performed with RNF10WT. 

c. Representative immunoblots and quantification of Co-IP experiment on homogenates of COS-7 cells 

transfected with Myc-RNF10WT, Myc-RNF10S31D or Myc-RNF10S31A. GluN2A was 

immunoprecipitated and RNF10 revealed. GluN2A was used as loading control. The histogram 

shows the quantification of RNF10 interaction with GluN2A (RNF10/GluN2A optical density, OD) 

expressed as % of the sample transfected with RNF10WT. 

d. Representative immunoblots and quantification of western blotting for PSer31-RNF10, RNF10 and 

tubulin in Triton Insoluble Fractions of primary hippocampal neurons treated at DIV14 with vehicle, 

SS or SS+BIM. Tubulin was used as loading control. The histogram shows the quantification of 

PSer31-RNF10/RNF10 ratio optical density (OD) after normalization on tubulin and expressed as % 

of control. 

e. Representative immunoblots and quantification of western blotting for PSer31-RNF10, RNF10 and 

tubulin in Triton Insoluble Fractions of primary hippocampal neurons treated at DIV14 with vehicle 
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or cLTP. Tubulin was used as loading control. The histogram shows the quantification of PSer31-

RNF10/RNF10 ratio optical density (OD) after normalization on tubulin and expressed as % of 

control 

f. Representative immunoblots and quantification of western blotting for PSer31-RNF10, RNF10 and 

H3 in crude nuclear fractions of primary hippocampal neurons treated at DIV14 with vehicle (Ctr) or 

SS protocol. H3 was used as loading control. The histograms show the quantification of PSer31-

RNF10 optical density (OD) after normalization on H3 (left graph) or on total RNF10 (right graph) 

and expressed as % of control. 

g. In situ detection of PLA assay with RNF10S31P and total RNF10 antibodies (red; left panels) in the 

nucleus (DAPI, blue) in DIV14 hippocampal neurons treated with vehicle (Ctr) or SS protocol. Map2 

staining is shown in green. The histogram shows the quantification of the number of nuclear PLA 

clusters. Scale bar: 10 μm. 

 

Statistical Analysis: (a-d) One-way ANOVA; *p<0.05, **p<0.01 (vs Ctr); #p<0.05 (vs RNF10S31D), 

##p<0.01 (vs SS+BIM); (e-g) Student T-test; *p<0.05, ***p<0.001 (vs, Ctr).   

 

Fig 3 PKC dependent phosphorylation on Ser31 modulates RNF10 trafficking  

a. Synaptic stimulation treatment induces RNF10WT-tdEOS but not RNF10S31A-tdEOS translocation 

from distal dendrites to the nucleus in hippocampal neurons. Left panels: baseline confocal image of 

RNF10WT-tdEOS and RNF10S31A-tdEOS expressing hippocampal neuron illuminated 

sequentially with 488 nm (green panels) and 555 nm laser excitation wavelengths showing no emitted 

signal in the red spectra (0 min panels). Distal dendrite selected for photoconversion was illuminated 

with UV laser (405 nm wavelengths) repetitively through the image z-stack. Right panels: depicted 

are confocal max intensity projection images at respective time points (6, 12, 18, 24 and 30 minutes) 

after synaptic stimulation protocol. The histogram shows a significant increase in RNF10WT-tdEOS 

but not RNF10S31A-tdEOS photoconverted fluorescent intensities (red) in the nucleus following 

synaptic stimulation protocol. Scale bar: 30 μm  

b. Representative confocal images and quantification of PLA (GluN2A/Myc-RNF10 interaction; red, 

upper panels) in DIV14 primary hippocampal neurons transfected with Myc-RNF10WT or Myc-

RNF10S31D. The histogram shows the quantification of PLA clusters along GFP-positive dendrites 

expressed as number of clusters in 10 Pm of dendrite. PLA clusters outside GFP-positive dendrites 

were not considered for the quantification. Scale bar: 20 μm 
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c. Representative confocal images and quantification of Myc-RNF10 (green) nuclear localization in 

primary hippocampal neurons at DIV14 transfected with Myc-RNF10WT or Myc-RNF10S31D. 

DAPI (blue) was used to stain nuclei. The histogram shows the quantification of Myc-RNF10 

integrated density in the nucleus expressed as % of Myc-RNF10WT. Scale bar: 15 μm 

d. Histogram showing the quantification of Luciferase assay performed on lysates of neurons in which 

the p21prom-Luc2-T2A-tdTomato reporter plasmid was co-transfected in primary hippocampal 

neurons with a plasmid containing an expression cassette for Renilla luciferase for normalization 

with or without either RNF10WT, RNF10S31D or RNF31S31A. 

Statistical Analysis: (c) One-way ANOVA; *p<0.05, **p<0.01 (vs Ctr); #p<0.05 (vs RNF10S31D), 

##p<0.01 (vs SS+BIM). (a,b,d) Student T-test; ***p<0.001.  

 

Figure 4. Modulation of RNF10 levels or activity affects neuronal morphology 

a. Representative confocal images and quantification of pCREB (green) levels in DIV14 hippocampal 

neurons transfected with Myc-RNF10WT, Myc-RNF10S31A or Myc-RNF31S31D. DAPI (blue) was 

used to stain nuclei. Transfected neurons were recognized with anti-Myc antibody (red). The 

histogram shows the quantification of pCREB integrated density (i.d.) in the nucleus expressed as % 

of control. Scale bar: 10 μm 

b. Representative confocal images and quantification of dendritic spine density in DIV14 hippocampal 

neurons transfected with GFP alone (upper panel) or co-transfected with GFP and Myc-RNF10WT, 

Myc-RNF10S31A or Myc-RNF31S31D. The histogram shows the quantification of dendritic spine 

density expressed as number of spines in 10 Pm of dendrite. Scale bar: 5 μm 

c. Representative confocal images (left panels) and Sholl analysis (right graph) of DIV14 hippocampal 

neurons transfected with scr-RNF10, sh-RNF10 or controls. The histogram in the middle shows the 

quantification of total dendritic length. Scale bar: 40 μm 

d. Representative confocal images (left panels) and Sholl analysis (right graph) of DIV14 hippocampal 

neurons transfected with Myc-RNF10WT, Myc-RNF10S31A or Myc-RNF31S31D. The histogram 

in the middle shows the quantification of total dendritic length. Scale bar: 40 μm  

Statistical Analysis: One-way ANOVA; *p<0.05, **p<0.01, ***p<0.001 (vs Ctrl);  

#p<0.05 (vs Myc-RNF10WT), ##p<0.01 (vs scr-RNF10), ###p<0.001 (vs Myc-RNF10S31D);  

$p<0.05 (vs Myc-RNF10S31D). 
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