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Abstract 

Fragile X syndrome (FXS) is the most common inherited cause of intellectual disability. 

There is no specific treatment for FXS due to the lack of therapeutic targets. We report here that 

Elongation Factor 1α (EF1α) forms a complex with two other proteins: Tripartite motif-containing 

protein 3 (TRIM3) and Murine double minute (Mdm2). Both EF1α-Mdm2 and EF1α-TRIM3 

protein complexes are increased in the brain of Fmr1 knockout mice as a result of FMRP 

deficiency, which releases the normal translational suppression of EF1α mRNA and increases 

EF1α protein levels. Increased EF1α-Mdm2 complex decreases PSD-95 ubiquitination (Ub-PSD-

95) and Ub-PSD-95-C1q interaction. The elevated level of TRIM3-EF1α complex is associated 

with decreased TRIM3-Complement Component 3 (C3) complex that inhibits the activation of C3. 

Both protein complexes thereby contribute to a reduction in microglia-mediated phagocytosis and 

dendritic spine pruning. Finally, we created a peptide that disrupts both protein complexes and 

restores dendritic spine plasticity and behavioural deficits in Fmr1 knockout mice. The EF1α-

Mdm2 and EF1α-TRIM3 complexes could thus be new therapeutic targets for FXS.   
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Introduction 

FXS results from a mutation in the fragile x mental retardation (FMR1) gene, leading to 

insufficiency of the fragile x mental retardation protein (FMRP) 1, 2. FXS includes a spectrum of 

clinical manifestations, from learning disabilities to severe intellectual disability. Current 

treatment for FXS consists of special education programs and therapy for speech, physical, 

or behavioural problems 3. Medications are used to treat FXS-associated conditions such as 

seizures, mood dysregulation, hyperactivity, and attention deficits, but there is currently no 

specific molecular target for pharmacological treatment of FXS 4, 5.  

Neuron dendritic spine density is increased in both patients with FXS and Fmr1 knock-out 

(KO) mice 6-8 as well as some types of Autistic Spectrum Disorder (ASD) 9. Most spines have an 

elongated immature morphology, suggesting a deficit in excitatory synapse elimination 10. FMRP 

has a central role in synapse structure and function, interacting with almost one third of synaptic 

mRNAs 11. In this paper, we investigate protein-protein interactions with FMRP that regulate 

dendritic spine density and affect behaviours relevant to the clinical manifestations of FXS in 

humans. 

FMRP is an RNA-binding protein that regulates the translation of target mRNAs 11, 12. 

FMRP binds to eukaryotic translation elongation factor 1-α (EF1α) mRNA and suppresses its 

translation 13. In Fmr1 KO mice, loss of FMRP releases the normal translational suppression of 

EF1α mRNA, thereby increasing EF1α protein levels 11, 13. EF1α channels aminoacyl tRNAs to 

the ribosome for peptide chain elongation 14, 15. EF1α mRNA is localized in dendrites and 

translated in conjunction with long-term depression 16. EF1α is expressed in many tissues outside 

of the brain, functioning as a transcription elongation factor, a GTPase, and an actin bundling 

protein that is involved in cancer, muscle disorders, cardiovascular disease and development 17-20. 
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Excess EF1α binds to and sequesters murine double minute2 (Mdm2), a ubiquitin E3 ligase 21. 

This sequestration of Mdm2 plays a role in MEF2 (myocyte enhancer factor 2)-induced functional 

synapse elimination through inhibiting PSD95 ubiquitination and dephosphorylation of Mdm2, 

both of which contribute to aberrant synapse density 22, 23.  

 TRIM3 (Tripartite motif-containing protein 3) is a predominantly neural member of the 

TRIM-NHL family of proteins that regulates aspects of development including cell growth, 

proliferation and differentiation 24. As the name implies, TRIM3 contains three interacting 

domains that form the basis of its function: Really Interesting New Gene (RING) finger, B-Box-

type zinc fingers (BB1 and BB2) and a Coiled-Coil (CC) region. The RING domain can act as an 

ubiquitin E3 ligase, and there are also similarities between the BB domains and the structure of 

ubiquitin E3 ligases 25. TRIM3 interacts with neuronal myosin V as part of the CART 

(Cytoskeleton-Associated Recycling or Transport) complex involved in membrane receptor 

recycling, specifically the GABAA receptor 26. TRIM3 is also a tumor suppressor 27, including for 

gliomas 28, and has previously been implicated in modulating dendritic spine morphology 29. 

Increased TRIM3 protein levels have been observed in post-mortem brain tissue from patients with 

schizophrenia 30. 

The C3 protein is a core component of the complement cascade, a molecular effector of 

the immune system for inflammation and cellular destruction. C3 is cleaved by C3-convertase into 

C3a and C3b, then C3b binds to pathogens marking them for phagocytosis 31. In addition to this 

classical function in combating infection, the complement cascade and microglia also perform 

analogous functions in normal development, consuming and removing unwanted dendritic spines 

32, 33.  Another key player in synaptic spine elimination is Protocadherin-10 (Pcdh10), a member 

of the cadherin superfamily of calcium-dependent cell adhesion molecules. Ub-PSD-95 is 

https://en.wikipedia.org/wiki/Phagocyte
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delivered by Pdch10 to the proteasome, which then acts to degrade PSD-95 22, 23. MEF2 activation 

promotes the association of Pcdh10 with PSD-95, which is deficient in cultured neurons derived 

from Fmr1 KO mice 22, 34. Thus, we predict that Ub-PSD-95 binding with Pcdh10 will be lower in 

Fmr1 KO mice compared to wild-type (WT) mice. 

In this paper, we sought to investigate protein-protein interactions between TRIM3, EF1α 

and Mdm2, and their impact on dendritic spine dynamics and behaviour in the Fmr1 KO mouse. 

The literature reviewed above suggests potential functional links between these proteins that could 

be exploited to develop new drugs that target the underlying molecular pathophysiology of FXS. 

In the sections that follow, we present evidence for the existence of a three-way TRIM3-EF1α-

Mdm2 protein interaction. We have identified the binding regions for these interactions and 

developed a small peptide that can block these interactions and rescue molecular, cellular and 

behavioural abnormalities in Fmr1 KO mice.  

 

Materials and Methods 

Study design 

The aim of this project was to investigate the mechanisms that the identified EF1α-

associated protein complex affects dendritic spine plasticity in Fmr1 knock-out mice. Biological 

triplicates or quadruplicates were used for in vitro experiments, co-immunoprecipitation, GST 

pull-down, western blot, Glogi-Cox staining, immunohistochemistry (n =3-4 mice per group). In 

vivo dendritic spine imaging was performed using a two-photon microscope (n=5-6 mice per 

group) (detailed methods below). Animals were treated from P14 to P20 via intraperitoneal (i.p.) 

injections, and behaviors were tested at 8 weeks-of-age (please find detailed timeline in 

supplementary information). Mice of both sexes were randomized to each group before injection 
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(n = 8 mice per group). Sample sizes (both in vitro and in vivo) were chosen according to similar 

tests in our previous publications. No data were excluded in all experiments. Treatment groups 

were blinded for Golgi-Cox staining and animal behavioural analyses. All animal procedures were 

performed with approval from Animal Care Committee at the Centre for Addiction and Mental 

Health or Columbia University. 

Peptides and drugs 

TAT-EF1α or TAT peptide was dissolved in ddH2O to a stock solution of 10 mM. Mice 

were injected with 3 nmol/g of TAT-EF1α or TAT peptide diluted in 0.9% saline to make a final 

injection volume of 50 μl per mouse. Nutlin-3 (Selleck Chemicals, Houston, TX, Cat# S1061) was 

dissolved in ethanol to a stock solution of 5 mM.  

GST fusion protein constructs 

GST-fusion proteins encoding truncated EF1α fragments were amplified by PCR from full-

length human cDNA clones (Origene Technologies). All constructs were sequenced to screen for 

PCR-generated nucleotide errors. GST-fusion proteins were prepared from bacterial lysates with 

Glutathione Sepharose 4B beads following manufacturer instructions (Amersham). To construct 

GST-fusion proteins encoding truncated EF1α, cDNA fragments were amplified by PCR with 

specific primers. Except where specified, all 5’ and 3’ oligonucleotides incorporated BamHI sites 

(GGATCC) and XhoI sites (CTCGAG) (New England Biolabs), respectively, to facilitate sub-

cloning into the pGEX-4T3 vector. All constructs were re-sequenced to confirm appropriate splice 

fusion and the absence of spurious PCR generated nucleotide errors.  

Co-immunoprecipitation, protein affinity purification and Western Blot 

Co-immunoprecipitation, protein affinity purification, and Western Blot analyses were 

performed as previously described 35-37. For co-immunoprecipitation experiments, 500~700 μg of 



7 
 

solubilized protein extracted from mouse brain tissue was incubated in the presence of protein A/G 

plus agarose (Santa Cruz Biotechnology) for 12 hrs. Pellets were washed, boiled for 5 min in SDS 

sample buffer (Bio-Rad) and subjected to SDS-PAGE. 10~50 μg of protein extracted from tissue 

was used as a control in each experiment. For protein affinity purification experiments, 500~700 

μg of protein was incubated with glutathione-sepharose beads (Amersham) bound to the indicated 

GST-fusion proteins (50~100 μg) at 4°C overnight. Beads were washed, boiled for 5 min in SDS 

sample buffer, and subjected to SDS-PAGE. After transfer of proteins onto nitrocellulose, 

membranes were Western blotted with the primary antibodies specified below. The intensity of 

protein level was quantified by densitometry (software: Image J, NIH). 

The antibodies used were anti-EF1α (Abcam, rabbit, catalog #ab157455), anti-Mdm2 (Novus 

Biologicals, rabbit, catalog #NBP2-17247), anti-PSD95 (Abcam, rabbit, catalog #ab238135), anti-

TRIM3 (Santa Cruz Biotechnology, mouse, catalog #sc-136363), normal rabbit IgG (Millipore, 

rabbit, catalog #12-370), and normal mouse IgG (Santa Cruz Biotechnology, mouse, catalog #sc-

2025) for immunoprecipitation; anti-EF1α (Millipore, mouse, catalog #05-235), anti-Mdm2 (Santa 

Cruz Biotechnology, mouse, catalog #sc-965), anti-TRIM3 (Santa Cruz Biotechnology, mouse, 

catalog #sc-136363), anti-PSD95 (Abcam, rabbit, catalog #ab238135), anti-Ub (Millipore, rabbit, 

catalog #07-2130), anti-C1q (Abcam, rabbit, catalog #ab155052), anti-C3 (Abcam, rabbit, catalog 

#200999), anti-α-Tubulin (Sigma-Aldrich, mouse, catalog #T8203) for Western blot. 

Cortical neuron primary cultures 

Primary cultures of cortical neurons were generated as previously described 38. Briefly, P0 

C57BL/6 mice (both male and female mice) were anaesthetized by being placed on ice. After 

disinfection with 75% alcohol, mice were sacrificed by decapitation. The cerebral hemispheres 

were isolated and transferred to ice-cold Hank’s buffer. The meninges and blood vessels were 
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removed and the cortex was dissected out. The cortex was then minced into approximately 1-mm 

pieces with curved scissors. The cortical tissues were digested in 2-3 ml 0.125% trypsin for 5 min, 

and then the trypsin was inactivated by adding cell culture medium (twice the volume of trypsin). 

Cells were dispersed by serial pipetting, then counted and seeded onto culture plates. Half the 

volume of the cell culture medium was replaced with new media every 3 days.  

Trim3 siRNA treatment 

Mouse Trim3 siRNA including a mixture of 4 siRNA (Accell mouse Trim3 siRNA 

SMARTpool, Dharmacon, catalog E-046341-00-005) and control siRNA (catalog D-001950-01) 

were purchased from Horizon Discovery (Lafayette, CO, USA). The 4 siRNA in the Accell mouse 

Trim3 siRNA are: Accell SMARTpool siRNA A-046341-13, Target sequence: 

GGUUGCACUUUAUUUAUUC; Accell SMARTpool siRNA A-046341-14, Target sequence: 

GUAUCAGCAACAAGUAGUG; Accell SMARTpool siRNA A-046341-15, Target sequence: 

CCAAUGUAUUCAGGUUUUC; Accell SMARTpool siRNA A-046341-16, Target sequence: 

GCUUUAAGGCCUAUCGAUA. Briefly, siRNA stock solution was diluted with Accell siRNA 

delivery media and added directly to primary cortical neuron cultures (1 nmol stock into 20 µl 

media for one well in a 12-well plate), and incubated for 72 hours.  

Golgi-Cox staining  

Golgi-Cox staining was performed as previously described 39. Briefly, P21 mice were 

anesthetized with isoflurane and intracardially perfused with 0.9% saline. Brains were dissected 

and immersed in Golgi-Cox solution in the dark for 14 d before transfer to 30% sucrose solution 

for 5 d. Sections of 200 µm thick were sliced using a microtome (Leica VT1000S) and placed on 

2% gelatinized microscope slides. The slides were stored in a humidified chamber before further 

staining and fixation.  
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Analysis of dendritic spine density in Golgi-Cox staining 

Spine density was calculated from Golgi-Cox stained images captured at 100 × 

magnification (Nikon Eclipse E600). Only spines on the apical dendrites of pyramidal neurons in 

layers III and V of frontal cortex were counted. Spine density was defined as the number of spines 

per 10 µm of dendritic length. All image analysis was conducted blind to the treatment groups.  

In vivo transcranial two-photon imaging of dendritic spines 

Mice 

Thy1-YFP-H mice (stock 003782) and Fmr1 KO mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA). To facilitate imaging of dendritic spine plasticity in Fmr1 

KO mice, these mice were crossed with Thy1-YFP-H mice. Both male and female mice were used, 

and were injected from P14 to P20. All mice were maintained at the Columbia University animal 

facility and handled in accordance with the institutional guidelines for animal care and use (In vivo 

studies of neural plasticity AC-AABN7553).  

In vivo transcranial two-photon imaging 

Dendritic spines in the frontal cortex were imaged through a thinned-skull window using a 

two-photon microscope. Briefly, surgical anesthesia was achieved using an intraperitoneal 

injection of 100 mg/kg ketamine and 15 mg/kg xylazine. A midline scalp incision exposed the 

skull. The area to be imaged was identified based on stereotaxic coordinates for the frontal 

association cortex (1.1 mm lateral from midline, 2.8 mm anterior from bregma). The head was 

immobilized, and a cranial window was created by thinning a circular area (~200 μm in diameter) 

of the skull to ~20 μm in thickness by using a high-speed drill and/or a microsurgical blade. After 

completion of the skull thinning, the animal was placed under a two-photon microscope while still 
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under anesthesia. The two-photon laser was tuned to 920 nm. All experiments were performed 

using a 1.1–numerical aperture (NA) 60× objective lens immersed in artificial cerebrospinal fluid 

to obtain high-magnification (66.7 μm × 66.7 μm; 512 × 512 pixels; 0.75-μm step) images for 

dendritic spine analysis. After imaging, the scalp was sutured with 6-0 silk, and the animal was 

returned to the home cage until the next viewing. 

Imaging data analysis.  

Analysis of dendritic spine plasticity was performed using the NIH ImageJ software, as 

described previously 40, 41. Briefly, for each dendritic segment, filopodia were identified as long, 

thin protrusions without bulbous heads, and the remaining protrusions were classified as spines. 

Images of the same dendritic segments identified from two views were compared. Spines were 

considered stable if they were present in both views, eliminated if they were present in the first 

view but not in the second view, or were considered to be newly formed if they were present in 

the second view but not in the first view. The elimination and formation rates were measured as 

the number of spines eliminated or formed in the second view divided by the number of spines 

existing in the first view.  

In vivo spine statistical analysis 

Prism software (GraphPad 7.05, La Jolla, CA) was used to conduct the statistical analysis. 

Summary data are presented as mean ± s.e.m. Tests for differences among multiple groups were 

performed with one-way ANOVA followed by a Bonferroni’s post hoc test as specified in the 

figure legends. No data points were excluded from the statistical analysis, and variance was similar 

between the groups being statistically compared. Significance was set at P < 0.05. 

Animal behaviour test 
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Animals 

Except mice used for in vivo dendritic spines imaging, both male and female adult wild-

type mice were obtained from Charles River Farms (St. Constant, QC, Canada), and Fmr1 KO 

mice were purchased from the Jackson Laboratory (stock number 003025) with each experiment 

performed on separate groups. Both male and female mice were used for injection from P14-P20, 

and littermates of the same sex were randomly assigned to experimental groups. A 12:12 h light–

dark cycle was maintained with artificial light. All procedures were approved by the Centre for 

Addiction and Mental Health Animal Care Committee (protocol #705, #778, and #813).  

Elevated Plus-Maze test 

The elevated plus-maze consists of two open arms and two closed arms situated opposite 

each other, separated by a central platform. Animals were individually placed in the center square 

and allowed to move freely for 5 minutes. Arm entries were be defined as the mouse having all 

four paws within an arm. A digital video camera was used to record the movement of the animals 

in the maze. The number of entries and time spent in each arm were analyzed using Ethovision 

XT10 (Noldus Information Technology, Toronto, Canada).  

Novel object recognition test 

The novel object recognition test was conducted in a transparent acrylic chamber (31 x 31 

cm), and the objects used during the task were different in shape, color, size, and material. On the 

first day, mice were habituated to the empty arena for two 10-minute sessions, 6 hours apart. On 

the second day, mice were put back in the arena for 10 minutes, and two identical objects were 

presented. After 6 hours, one of the familiar objects was replaced with a novel object before 

allowing the mouse to explore the arena and objects for 10 minutes. The total time spent exploring 

each of the two objects (novel and familiar) was recorded and analyzed using Ethovision XT10 
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(Noldus Information Technology, Toronto, Canada). Object exploration was defined as the 

orientation of the nose to the object at a distance of less than 2 cm 42, 43. The discrimination index 

was calculated as the percentage of time spent investigating the novel object vs. the total object 

exploration time: discrimination index = novel object exploration time/(novel object exploration 

time + familiar object exploration time) ×100. All experiments were scored by scientists blind to 

the experimental groups. The objects were cleaned with 70% ethanol after each trial.  

Displaced object test 

The displaced object test was conducted in a transparent acrylic chamber (44 x 44 cm) with 

a black and white striped pattern on one wall. On the first day, mice were habituated to the empty 

chamber for two 10-minute sessions, 6 hours apart. On the second day, the mice were exposed to 

identical objects for 10 min during the acquisition phase. Six hours later, one of the objects was 

moved, and the mouse was allowed to explore for 10 minutes. The total time spent exploring each 

object was recorded and analyzed using Ethovision XT10 (Noldus Information Technology, 

Toronto, Canada). Exploration was considered as any head orientation and sniffing  < 1.0 cm from 

the object or deliberate contact with the object 42, 44. The discrimination index was calculated as 

the percentage of time spent investigating the displaced object  vs. total object exploration time: 

discrimination index = displaced object exploration time/ (displaced object exploration time + non-

displaced object exploration time) × 100. All experiments were video recorded and scored by 

scientists blind to the experimental groups.  

Sociability Test 

The sociability test was conducted in a rectangular, three-chambered apparatus (56 inch × 10 

inch × 12 inch). The dividing walls among the three chambers were made from clear Plexiglas, 

with an open doorway to allow access across chambers. One day prior to the test, animals were 
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given 10 minutes to acclimatize to the apparatus where they moved freely across the three empty 

chambers. On the experimental day, all three compartments were isolated. Animals were placed 

in the middle chamber for 5 minutes. Next, a control mouse (i.e. stranger 1, S1) was placed inside 

an upside-down wire cup that served as a temporary cage located in one of the side chambers. The 

other side chamber contained an empty wire cup. At the start of the test, the doors between 

compartments were opened to allow the test animal to freely explore the three chambers for 10 

minutes. In the final phase of the experiment, a second control mouse (stranger 2, S2) was placed 

inside the previously empty wire cup in the other side chamber.  Again, the test mouse was 

observed while exploring all three chambers for another 10 minutes. All behaviour was recorded 

and analyzed using Ethovision XT10 (Noldus Information Technology, Toronto, Canada). 

Immunohistochemistry 

Mouse brains were fixed in 4% paraformaldehyde overnight, then put in 30% sucrose. 

After dehydration, frozen coronal sections of 25-μm thickness were cut using cryostat for 

immunofluorescence staining. All sections were permeabilized with 0.3% Triton X-100 in PBS 

for 30 minutes, and blocked with 2% bovine serum albumin in PBS at room temperature for 1 

hour. Sections were incubated with anti-Iba1 (1:200, Novus Biologicals, catalog #NB100-1028), 

anti-PSD95 (1:300, SYSY, catalog #124008 for colocalization with Iba1), anti-C1q (1:200, 

Abcam, catalog #ab182451), and anti-PSD95 (1:200, SYSY, catalog #124011 for colocalization 

with C1q), anti-NeuN (1:200, Millipore, catalog #MAB377), anti-Ctip2 (1:50, Abcam, catalog 

#ab18465) for colocalization with anti-TAT (1:300, Abcam, catalog #ab43014) at 4°C overnight. 

Secondary antibody was probed for 1.5 hours at room temperature.  

For 2D analysis of Iba1 and PSD95 colocalization, images were acquired using an 

Olympus FluoView FV1200 confocal microscope at ×60 magnification with 1 μm z-steps. To 
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quantify fraction of Iba1 overlapping PSD95, signals outside of the microglia were filtered from 

the image by Threshold Color in ImageJ, then analyzed by M1 & M2 coefficients using the JACoP 

plugin in ImageJ. 

For 3D analysis of Iba1 and PSD95 colocalization, images were captured with a Zeiss LSM 

880 Super Resolution confocal microscope at ×63 magnification using 0.2 μm z-steps, then 

structured illumination processing by Zen software (Zeiss). 3D-surface rendered images were 

created by Imaris software (Bitplane 9.8). To calculate the engulfed PSD95 within microglia, 

signals outside of the microglia were processed by using the mask function in Imaris. The 

engulfment metric was calculated as the total volume of masked PSD95 volume (μm3)/volume of 

microglia (μm3).  

For analysis of C1q and PSD95 colocalization, images were acquired using an Olympus 

FluoView FV1200 confocal microscope at ×63 magnification with 2 μm z-steps. Colocalizations 

were quantified using ImageJ software as previously described 45, 46 in four random regions of 

interest (ROIs) in the cortex. 

General statistical analysis 

Data were analyzed by two-tailed unpaired t-test, or a one-, or two-way analysis of variance 

(ANOVA) followed by post hoc Tukey’s test as specified in the figure legend (GraphPad Prism 

9.0, GraphPad Software, CA, USA). Data satisfied parametric assumptions of equal variance and 

normality, and no data points were excluded as outliers. All data were expressed as mean ± 

standard error of mean (S.E.M.). The significance levels of p< 0.05, p<0.01, or p<0.001 were used 

for all analyses. 

 



15 
 

Results  

EF1α-Mdm2, EF1α-TRIM3 complexes are increased in the brain of Fmr1 KO mice. 

 To identify potential EF1α-associated protein complexes involved in the pathophysiology of 

FXS, we used EF1α antibody to co-immunoprecipitate proteins from whole brain tissue of Fmr1 

KO mice. The precipitated proteins were analyzed with mass spectrometry, which identified 

Mdm2 and TRIM3 as EF1α interacting proteins. We focused on Mdm2 and TRIM3 because both 

are members of the E3 ubiquitin ligase family previously implicated in the pathology of 

neurodevelopmental disorders such as autism spectrum disorder (ASD) and FXS 23, 29, 42. Mdm2 

has been shown to ubiquitinate PSD-95, and this process is an important part of the molecular 

regulation of dendritic spine pruning by microglia 23. 

  We first confirmed the existence of the EF1α-Mdm2 and EF1α-TRIM3 protein complexes in 

normal wild-type (C57BL/6) mouse brain with co-immunoprecipitation. As depicted in Fig. 1A, 

primary antibodies against Mdm2 co-immunoprecipitated EF1α (top panel), and vice versa 

(bottom panel), in mouse brain protein extracts, confirming the existence of the EF1α-Mdm2 

complex in mouse brain. The same experiment with Fmr1 KO mice showed significantly higher 

levels of EF1α-Mdm2 complex compared to wild-type control mice (p < 0.05, t4 = 2.862) (Fig. 

1B-C). The amount of directly immunoprecipitated EF1α was not significantly different between 

wild-type and Fmr1 KO mice. Using the same strategy, we also confirmed that TRIM3 formed a 

complex with EF1α in mouse brain (Fig. 1D), and that the EF1α-TRIM3 complex significantly 

increased in Fmr1 KO mice compared to wild-type controls (p < 0.05, t4 = 3.053) (Fig. 1E-F).    

 We then measured the ratio of the amount of Mdm2-EF1α and EF1α-TRIM3 complexes to the 

total expression level of EF1α. As shown in Fig. 1G-J, about 15.48% ± 0.94% of EF1α forms 

complex with Mdm2 and 2.25% ± 0.15% forms a complex with TRIM3 in wild-type mice. In 
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Fmr1 KO mice, about 20.31% ± 0.92% of the EF1α forms a complex with Mdm2 and 3.30% ± 

0.09% with TRIM3. Evidently, there is a much greater quantity of Mdm2-EF1α complex than 

EF1α-TRIM3 complex in both wild-type and Fmr1 KO mice. 

Development of an interfering peptide (TAT-EF1α) that disrupts the EF1α-Mdm2 and 

EF1α-TRIM3 complexes. 

If increased amounts of the EF1α-Mdm2 and EF1α-TRIM3 protein complexes in Fmr1 KO 

mouse brain are part of the pathway leading to abnormal dendritic morphology and behaviour, 

disruption of these complexes should rescue these deficits. To develop a peptide capable of 

disrupting EF1α-Mdm2 and EF1α-TRIM3 complexes, we first sought to identify the protein 

domains necessary for these proteins to bind each other. As in our previous work, we accomplished 

this by a series of affinity purification assays with GST fusion proteins containing various 

fragments of EF1α. As shown in Fig. 2A, GST-EF1α1 (M1-P241) precipitated Mdm2 from 

solubilized mouse brain tissue, indicating that Mdm2 can interact with EF1α via the EF1α-1 

fragment. Using the same strategy, we examined parts of the EF1α1 region (Supplementary 

Figure 1) and concluded that the EF1α-1-2-2 (L77-D91: LWKFETSKYYVTIID) fragment 

contains the region that specifically interacts with Mdm2 (Fig. 2B-C). We synthesized a peptide 

named TAT-EF1α based on the amino acid sequence of this fragment. We also fused this peptide 

with the cell-membrane transduction domain of the human immunodeficiency virus-type 1 TAT 

protein to facilitate transport across target cell membranes 35, 36. If the EF1α-1-2-2 region is 

essential for EF1α-Mdm2 binding, TAT-EF1α should disrupt the EF1α-Mdm2 complex by 

competing with EF1α for Mdm2. As expected, TAT-EF1α but not the control TAT peptide reduced 

EF1α-Mdm2 complex levels in mouse brain extracts (Fig. 2D).  
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We used the same strategy to identify the region of EF1α that is necessary for EF1α-TRIM3 

complex formation and surprisingly found that TRIM3 binds to the same region as Mdm2, EF1α-

1-2-2 (L77-D91) (Fig. 2E-G).  Consistent with this finding, TAT-EF1α, but not the control TAT 

peptide, reduced EF1α-TRIM3 complex levels in mouse brain extracts (Fig. 2H). Thus, we 

conclude that the EF1α-1-2-2 region is necessary for both EF1α-Mdm2 complex and EF1α-TRIM3 

complex formation, and that the TAT-EF1α peptide disrupts both the EF1α-Mdm2 and EF1α-

TRIM3 complexes. 

To confirm that TAT-EF1α disrupts these two protein complexes, EF1α-Mdm2 and EF1α-

TRIM3, we performed i.p. injections of TAT-EF1α or control peptide (TAT) in Fmr1 KO mice 

from P14 to P20, a period of active spine pruning. In Fmr1 KO mice, the higher levels of both 

EF1α-Mdm2 (Fig. 2I-J) and EF1α-TRIM3 (Fig. 2K-L) protein complexes were significantly 

reduced by TAT-EF1α peptide (EF1α-Mdm2: p < 0.0001, F3,8 = 0.2250; EF1α-TRIM3: p < 0.001, 

F2,9 = 0.8476). In summary, we discovered that the EF1α-1-2-2 region is responsible for binding 

to Mdm2 and TRIM3, and verified that our synthetic peptide TAT-EF1α disrupts the EF1α-Mdm2 

and EF1α-TRIM3 complexes in vivo. 

TAT-EF1α restores dendritic spine plasticity in Fmr1 KO mice 

Previous studies have shown elevated dendritic spine density in Fmr1 KO mice 47-50. We 

hypothesized that TAT-EF1α would reduce dendritic spine density to wild-type levels in Fmr1 

KO mice. We first verified the brain penetration of TAT-EF1α peptide 1 h post i.p. injection (3 

nmol/g) in Fmr1 KO mice. We used antibodies against TAT to visualize TAT peptide in the brain, 

and co-stained for either NeuN or Ctip2 to detect neurons and layer 5 neurons, respectively. We found 

41.36% [95% CI: 37.8-44.9] of cortical NeuN+ neurons contained TAT staining and 41.40% [95% CI: 

37.7-45.1] of Ctip2+ L5 neurons contained TAT staining 1 h after TAT-EF1α injection 
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(Supplementary Figure 2A-D). To test the effects of TAT-EF1α peptide on dendritic spine density, 

we injected Fmr1 KO mice with TAT-EF1α, control TAT peptide or saline (i.p.) from P14 to P20 

(3 nmol/g per day) (Supplementary Figure 2E). As shown in Fig. 3A-B, dendritic spine density 

in frontal cortex visualized by Golgi-Cox staining was significantly higher in brain slices from 

Fmr1 KO mice compared to WT mice. TAT-EF1α peptide treatment decreased dendritic spine 

density in Fmr1 KO mice to WT levels. This rescue of dendritic spine density is important because 

dendritic spines are the main site of excitatory synaptic transmission in the brain. However, Golgi 

staining provides only a single cross-sectional post mortem sampling of dendritic spine density. 

Hence, we also used live in vivo microscopy to visualize dynamic changes in dendritic spine 

morphology and number. 

Impaired structural plasticity of dendritic spines has been reported in the cerebral cortex of 

Fmr1 KO mice 51-54. To further investigate the effects of TAT-EF1α treatment on dendritic spine 

development, we crossed Fmr1 KO mice with Thy1-YFP mice expressing yellow fluorescent 

protein (YFP) in layer 5 pyramidal neurons, and visualized postsynaptic dendritic spines in the 

frontal association cortex of living mice with transcranial two-photon microscopy (Fig. 3C-D). 

Consistent with previous studies 51-54, we found that Fmr1 KO mice had a delayed stabilization of 

dendritic spine dynamics. The rates of dendritic spine elimination and formation over 2 days (Fig. 

3E) or 10 days (Fig. 3F) in Fmr1 KO mice were significantly higher than those in WT mice. From 

postnatal day (P) 21 to P23 in WT mice, 17.0 ± 0.9% of dendritic spines were eliminated and 11.0 

± 0.6% were formed. In contrast, for Fmr1 KO mice, 22.9 ± 1.0% and 19.3 ± 1.0% of dendritic 

spines were eliminated and formed, respectively. Fmr1 KO mice pre-treated with TAT-EF1α 

showed a significant decrease in spine elimination and formation compared to Fmr1 KO mice 

injected with saline. The TAT control peptide had no effect on spine dynamics in Fmr1 KO mice. 
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Additionally, we observed no significant difference in cortical spine density on P31 between WT 

mice and Fmr1 KO mice pre-treated with TAT-EF1α (Fig. 3G). Together, these experiments 

indicate that dendritic spine plasticity is impaired in the frontal cortex of developing Fmr1 KO 

mice. TAT-EF1α treatment during the early postnatal period rescues spine plasticity and density 

in Fmr1 KO mice, further supporting therapeutic potential in FXS. 

TAT-EF1α restores behavioural deficits in Fmr1 KO mice 

We have shown the TAT-EF1α peptide is able to rescue abnormalities in spine density and 

plasticity in Fmr1 KO mice. We then sought to determine whether behavioural deficits in Fmr1 

KO mice would also be rescued by TAT-EF1α peptide treatment. We examined common animal 

behaviours relevant to FXS symptoms in humans: anxiety, learning and memory deficits, and 

sociability 42, 55. Fmr1 KO mice were injected (i.p.) with either TAT-EF1α, control peptide (TAT) 

or saline from P14 to P20 for all behavioural tests, and immunoprecipitation confirmed that TAT-

EF1α disrupted the EF1α-Mdm2 and EF1α-TRIM3 complexes (Fig. 2I-L). All behavioural 

analyses were carried out at 8-weeks of age (Supplementary Figure 2F). Anxiety-like behaviour 

was assessed with the elevated plus-maze, and we found that Fmr1 KO mice injected with TAT-

EF1α had less anxiety-like behaviour (p < 0.0001, F3, 20 = 4.546) (Fig. 3H). We also examined 

whether TAT-EF1α could rescue learning and memory abnormalities using the displaced object 

and novel object tests. TAT-EF1α treatment rescued deficits in both tests in Fmr1 KO mice (Fig. 

3I-J) (Fig. 4B: p < 0.01, F3, 22 = 1.517; Fig. 4C: p < 0.001, F3, 22 = 0.5517). Social interaction was 

tested using Crawley’s three-chamber test, in which saline-injected Fmr1 KO mice showed an 

abnormal lack of interest in a novel mouse (S2) over a familiar mouse (S1). TAT-EF1α rescued 

this abnormal social behaviour in Fmr1 KO mice (Fig. 3K).  

TAT-EF1α rescues impaired synaptic pruning in Fmr1 KO mice  
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Previous studies have reported there is reduced microglial synaptic pruning in Fmr1 KO 

mouse brains 8. We confirmed increased spine density in Fmr1 KO mice, which could arise from 

impaired synaptic pruning. To test this hypothesized cellular mechanism, we performed 

immunohistochemistry with antibodies against Iba1 (ionized calcium-binding adapter molecule 

1), which is encoded by a major histocompatibility complex class III gene, and often used as an 

immunohistochemical marker for microglia 56. Consistent with previous reports, we observed 

significantly decreased co-localization of Iba1 and PSD-95 in the Fmr1 KO mouse cortex, 

suggesting reduced microglia-mediated synaptic pruning. TAT-EF1α peptide normalizes the co-

localization of Iba1 and PSD-95 in Fmr1 KO mice to that of WT mice (Fig. 4A-B).  

To directly visualize synaptic engulfment by microglia, we performed super-resolution 

structured illumination microscopy (SIM) with a Leica LSM 880 Elyra machine as previously 

described 57. To observe the phagocytosis of synaptic proteins, we stained with fluorescent 

antibodies against the synaptic protein PSD-95 and the microglial marker Iba1 58. We found that 

Iba1+ microglia have fewer PSD95+ puncta in Fmr1 KO mice compared to WT mice. To visualize 

the engulfed PSD95+ puncta within microglia, any fluorescence that is outside of the microglia 

was subtracted from the image using Imaris software 57 (Fig. 4C-D). 

The molecular regulation of synaptic pruning by microglia is complex 59, 60, and includes 

components of the complement cascade 46, 60-63. The initial signal from neurons to microglia for 

synaptic pruning begins with C1q, which forms a complex with PSD-95 that tags synapses for 

elimination 64, 65. In Fmr1 KO mice, we observed an increased Mdm2 interaction with EF1α that 

may decrease Mdm2 coupling with PSD-95 (p < 0.001, F3, 8 = 0.5327) (Fig. 4E-F).  Since Mdm2 

couples to PSD-95 and increases PSD-95 ubiquitination, a decrease in the Mdm2-PSD-95 complex 

should lead to less PSD-95 ubiquitination. As shown in Fig. 4G-H, the amount of Ub-PSD-95 is 
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significantly decreased in Fmr1 KO mice, and injection of TAT-EF1α normalizes Ub-PSD-95 

levels to that of WT mice (p < 0.0001, F3, 8 = 0.8914).  

The binding of C1q with PSD-95 initiates synapse elimination, so we then investigated 

whether C1q-PSD-95 complex levels are altered in Fmr1 KO mice. As shown in Fig. 4I-J, 

confocal microscopy revealed less C1q-PSD-95 co-localization in Fmr1 KO mice compared to 

WT mice. Injection of TAT-EF1α into Fmr1 KO mice restored C1q-PSD-95 co-localization to the 

normal level seen in WT mice, but the control peptide TAT had no effect. One possible confound 

that could lower the level of C1q-PSD-95 co-localization in Fmr1 KO mice is the degree to which 

PSD-95 is ubiquitinated. Since we observed decreased Ub-PSD-95 levels, we hypothesized that 

C1q preferentially complexes with Ub-PSD-95 over non-ubiquitinated PSD-95. Consistent with 

this hypothesis, the level of C1q-PSD-95 complex is significantly lower in protein extracted from 

brain slices treated with the Mdm2 inhibitor Nutlin-3 (5 µM, 1 hour) vs. saline control (p < 0.01, 

t6 = 4.603) (Fig. 4K-L).  These data suggest that TAT-EF1α peptide regulates synaptic pruning 

and spine plasticity through Ub-PSD-95, which is a molecular tag for spines to be eliminated.  

TAT-EF1α facilitates C3 activation in Fmr1 KO mice  

The role of the classical complement cascade in synaptic pruning has only recently been 

demonstrated. Microglial cells recognize activated C3 bound to synapses targeted for elimination, 

triggering their engulfment. An interesting connection to our results above is that a previous study 

identified C3 as a potential TRIM3 substrate 66, but not PSD-95 29. We showed increased EF1α-

TRIM3 complex in Fmr1 KO mice, suggesting that excessive EF1α in Fmr1 KO might bind and 

sequester TRIM3, thereby decreasing TRIM3-C3 interaction and C3 activation.  

We confirmed our hypothesis by observing decreased TRIM3-C3 complex in Fmr1 KO 

mice (p < 0.05, t4 = 3.036) (Fig. 5A-B), which was rescued by TAT-EF1α peptide injection from 
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P14–P20 (p < 0.01, F2, 9 = 1.015) (Fig. 5C-D). We then examined whether TAT-EF1α released 

TRIM3 from EF1α sequestration, allowing TRIM3 to facilitate C3 activation. As shown in Fig. 

5E-G, C3b is significantly decreased in Fmr1 KO mice while C3 is increased, but TAT-EF1α 

injection normalizes both C3b and C3 levels in Fmr1 KO mice (Fig. 5F: p < 0.01, F3, 8 = 0.3286; 

Fig. 5G: p < 0.001, F3, 8 = 0.459). These data suggest that TAT-EF1α facilitates C3 activation. 

Since TAT-EF1α disrupts both the EF1α-Mdm2 and EF1α-TRIM3 complexes, we sought to 

demonstrate that TRIM3 is necessary for C3b upregulation by knocking-down TRIM3 with 

siRNA. As shown in Fig 5H-K, Trim3 siRNA successfully reduced TRIM3 levels (p < 0.05, t4 = 

4.204) (Fig. 5H bottom) and decreased C3b (p < 0.01, t4 = 6.375) without significantly altering 

total expression of C3. These data suggest that TRIM3 is necessary for TAT-EF1α induced C3 

activation.  

 

Discussion 

The results presented above demonstrate that EF1α interacts with and forms a protein 

complex with Mdm2 and TRIM3, which both bind to EF1α at the same region. By deciphering the 

amino acid sequence in this binding region, we were able to create a small peptide, TAT-EF1α, 

that can disrupt both protein complexes. Both the EF1α-Mdm2 and EF1α-TRIM3 complexes are 

found at higher levels in the Fmr1 KO mouse, which has excess spines on neuronal dendrites, and 

behavioural abnormalities relevant to FXS in humans: increased anxiety, impaired object memory 

and decreased social interaction. The TAT-EF1α peptide rescues these broad phenotypes, and also 

normalizes a series of molecular abnormalities in the Fmr1 KO mouse that illuminate the 

mechanism for impaired dendritic spine dynamics. 
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Dendritic spines are the post-synaptic structure that receives inputs from upstream neurons, 

and changes in dendritic spines are a visible structural manifestation of synaptic plasticity. Spine 

density also follows a stereotypical developmental trajectory, with a peak in early childhood, 

pruning during adolescence and stability during adulthood until decline in senescence 67. Pruning 

of dendritic spines is the result of a complex cellular process that is regulated at many levels. Here 

we report new insights into some of the molecular mechanisms that control dendritic spine 

dynamics, with specific relevance to FXS but also more broadly for understanding 

neurodevelopmental disorders. 

Our hypothetical model is shown in Fig. 6. Conditions favouring synapse elimination in 

control mice are shown in the top panel. Briefly, Mdm2 is functioning here as a ubiquitin E3 ligase, 

binding and ubiquitinating PSD-95 in the dendritic spine, which complexes further with Pchd10 

and the proteosome to degrade that spine. At the same time, ubiquitinated PSD-95 (Ub-PSD-95) 

binds C1q, the initial component of the complement cascade that signals through C3 and the CR3 

receptor on microglia to trigger phagocytosis. TRIM3 also binds to C3 and contributes to activation 

of the complement cascade, acting synergistically with the Ub-PSD-95-C1q complex to drive 

phagocytosis and degradation of the dendritic spine. Conversely, the conditions that inhibit 

synaptic pruning in Fmr1 KO mice and stabilize dendritic spines are shown in the bottom panel. 

Loss of FMRP removes translational suppression of eukaryotic translation elongation factor 1-α 

(EF1α). The increased amounts of EF1α bind to and sequester both Mdm2 and TRIM3, preventing 

them from binding with PSD-95 or C3, thus inhibiting spine degradation and phagocytosis by 

microglia 22, 23, 68. 

There are a number of important limitations to discuss. The first is that we focused on a 

specific molecular cascade surrounding the EF1α protein because it is significantly increased by 
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the lack of FMRP protein in FXS. This does not diminish the importance of many other pathways 

regulating synaptic structure and plasticity. Our focus was also on the pruning of synapses rather 

than the genesis and maintenance of spines, which is of course equally important in the eventual 

equilibrium that is visible through the microscope. Our traditional histology data obtained with 

Golgi staining confirm elevated spine density in Fmr1 KO mice from a single cross-sectional post 

mortem examination. In vivo transcranial two-photon microscopy reveals a more complex picture, 

with higher formation and elimination of dendritic spines in the Fmr1 KO mouse between P21-23. 

Our hypothetical model provides a framework for connecting the varied abnormal protein 

interactions that we studied in this paper. We were selective in the choice of protein interactions 

to study and were guided by previous data suggesting relevance to synaptic pruning, but these 

specific interactions are not necessarily as important for regulating spine formation. 

An important question arising from our data is the relationship between the EF1α-Mdm2 

and EF1α-TRIM3 protein complexes. In Fig. 1G-I, it is apparent that under normal conditions, the 

EF1α-Mdm2 complex occupies ~15% of total EF1α, while only ~2% of EF1α forms complex with 

TRIM3. Because EF1α interacts with both Mdm2 and TRIM3 at the same site, it is likely that the 

two complexes are in competition, similar to two different ligands competitively binding to the 

same site on a receptor. Like receptor-ligand interactions, these protein interactions are likely to 

be transient, with binding and dissociation events occurring simultaneously that result in an 

equilibrium.  One could hypothesize that Mdm2 has higher affinity for EF1α than TRIM3, but our 

data do not provide direct information about this possibility. A future experiment using 

BRET/FRET could help to determine relative binding affinity of Mdm2 and TRIM3 for EF1α.  

It is theoretically possible that Mdm2 and TRIM3 bind to different parts of the EF1α 

binding domain, and that our GST fusion protein fragments were too large to resolve this 
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separation. If Mdm2 and TRIM3 have distinct binding regions on EF1α, this could enable the three 

proteins to form a triple complex, and this possibility could be investigated with X-ray 

crystallography to illuminate the bound configuration of these proteins. Targeted mutations to alter 

the binding regions of the three proteins could be an alternative strategy to investigate the 

possibility of a triple protein complex. Nevertheless, in our hypothetical model, the critical event 

in the pathophysiology of disturbed spine regulation in Fmr1 KO mice is increased EF1α protein 

that sequesters both Mdm2 and TRIM3. The EF1α-Mdm2 and EF1α-TRIM3 protein complexes 

have related but distinct functions in promoting the phagocytosis and degradation of spines, and 

act synergistically on different parts of the cellular pruning pathway.  

We observed decreased levels of both Ub-PSD-95 and C1q-PSD-95 complex in Fmr1 KO 

mice. The Mdm2 inhibitor Nutlin-3 (5 µM, 1 hour) also decreased Ub-PSD-95 levels, which is 

consistent with what we observed in Fmr1 KO mice, in which higher levels of EF1α lowers Mdm2 

through sequestration in the EF1α-Mdm2 complex. It is likely that C1q has higher affinity for Ub-

PSD-95 than non-ubiquinated PSD-95, since this would lead to greater activation of the 

complement cascade through C3b and beyond. However, we did not directly test this possibility, 

and this could be the subject of future experiments. 

Current treatments for FXS and ASD only address symptoms and their efficacy is limited, 

as would be expected for treatments that do not modify the underlying cause, nor alter the abnormal 

synaptic development in these disorders. An obvious but technically challenging way to treat the 

underlying cause of genetic disorders like FXS is with gene therapy 69. Molecular biology tools 

used routinely in the lab and in model organisms could potentially be translated into clinical 

treatments to express exogeneous genes, increase the expression of deficient proteins such as 

FMRP, or supressing the expression of deleterious mutations 70. Recombinant adeno-associated 
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viral vectors have been used successfully in neonates to correct spinal muscular atrophy, which is 

caused by a deficiency in the protein encoded by the survival motor neuron 1 (SMN1) gene 71. 

Without diminishing the significance of these types of advances in gene therapy for brain 

disorders, there remain significant obstacles and challenges. Viral vectors have the potential for 

immunological side effects, and while they have high specificity for the target DNA sequence, 

calibration of gene dosage and modulation of expression is not trivial. The regulation of gene 

expression remains to be fully deciphered 72, and this broad biological issue is of particular 

importance when attempting to rectify aberrant gene expression to the proper physiological level 

in a particular region of the brain during a critical period of development. 

A complementary and alternative strategy for the treatment of developmental brain 

disorders with genetic origins could be to disrupt abnormally elevated protein-protein interactions. 

In our previous work we identified protein complexes, often involving neurotransmitter receptors, 

that are elevated in a variety of adult brain disorders such as schizophrenia, PTSD and multiple 

sclerosis, and that could be normalized with a therapeutic interfering peptide 35, 37, 73. Our current 

work is novel in being relevant to a developmental brain disorder, which offers the possibility of 

early intervention before the disease process has consolidated the pathology. Here we have 

identified the potential of the EF1α-Mdm2 and EF1α-TRIM3 interactions as therapeutic targets 

for early intervention in FXS and possibly for other forms of ASD with dendritic spine pruning 

deficits. TAT-EF1α could be given during childhood or adolescence to potentially rectify spine 

pruning. This approach could revolutionize clinical management of these disorders by correcting 

aberrant brain development during a critical window, preventing disease pathology rather than 

treating the results. Another advantage of our therapeutic peptide would be that a time-limited 

burst of treatment could be potentially curative, unlike the chronic medication treatments currently 
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required for almost all neuropsychiatric disorders. Of course, much more work is required to 

realize this potential treatment, but the data presented here are the first step: identifying a novel 

molecular treatment target that could correct the abnormal neurodevelopmental trajectory in a 

genetic syndrome causing significant morbidity and intellectual disability. 
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Figure Legends 

Figure 1. Molecular characterization of Mdm2-EF1α and TRIM3- EF1α complexes.  

A. In mouse brain lysate, Mdm2 antibody, but not IgG (negative control), co-immunoprecipitated 

with EF1α (top), while EF1α antibody co-immunoprecipitated with Mdm2 (bottom). Blots 

represent 3 independent experiments performed. 

B. Co-immunoprecipitation showed that the level of Mdm2-EF1α complex increased in Fmr1 KO 

mice as compared to levels in wild-type (WT) mice.  

C. Densitometric analysis of Mdm2 co-immunoprecipitated by EF1α from brain lysates of WT or 

Fmr1 KO mice. The level of co-immunoprecipitated Mdm2 (Mdm2 CO-IP) was normalized to 
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the level of immunoprecipitated EF1α (EF1α IP). Results for each sample are presented as the 

percentage of the wild-type (WT) sample. Data were analyzed by t-test, *p < 0.05, n = 3 mice 

per group. Data are shown as mean ± S.E.M.  

D. In mouse brain lysate, TRIM3 antibody, but not IgG (negative control), co-immunoprecipitated 

with EF1α (top); while EF1α antibody co-immunoprecipitated with TRIM3 (bottom). Blots 

represent 3 independent experiments performed. 

E. Co-immunoprecipitation showed that the level of TRIM3-EF1α complex is increased in Fmr1 

KO mice as compared to wild-type (WT) mice. 

F. Densitometric analysis of EF1α co-immunoprecipitated by TRIM3 from brain lysates of WT or 

Fmr1 KO mice. The level of co-immunoprecipitated EF1α (EF1α CO-IP) was normalized to 

the level of immunoprecipitated TRIM3 (TRIM3 IP). Results for each sample are presented as 

the percentage of the wild-type (WT) sample. Data were analyzed by t-test, *p < 0.05, n = 3 

mice per group. Data are shown as mean ± S.E.M.  

G. Representative images of TRIM3-EF1α (top) and Mdm2-EF1α (middle) complexes in the same 

amount of protein extracted from the same samples of WT and Fmr1 KO mouse brain tissue. 

The total expression levels of EF1α (bottom) in each sample are also shown.  

H. Densitometric analysis of the ratio of EF1α-TRIM3 complex vs. total expression level of EF1α 

in brain lysates of WT and Fmr1 KO mice. The level of EF1α co-immunoprecipitated by 

TRIM3 (EF1α-Trim3 complex) was divided by the total amount of EF1α (Total EF1α). Results 

for each sample are presented as the percentage of the wild-type (WT) samples. Data were 

analyzed by t-test, **p < 0.01, n = 3 mice per group. Data are shown as mean ± S.E.M. 

I. Densitometric analysis of the ratio of EF1α-Mdm2 complex vs total expression level of EF1α 

in brain lysate of WT and Fmr1 KO mice. The level of EF1α co-immunoprecipitated by Mdm2 
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(EF1α-Mdm2 complex) was divided by the total level of EF1α (Total EF1α). Results for each 

sample are presented as the percentage of the wild-type (WT) samples. Data were analyzed by 

t-test, *p < 0.05, n = 3 mice in each group. Data are shown as mean ± S.E.M. 

Figure 2. Both Mdm2 and TRIM3 form protein complexes with EF1α via the L77-D91 region 

of EF1α. 

A. Western blot showing that GST-EF1α-1, but not GST, GST-EF1α-2, GST-EF1α-3, or GST-

EF1α-4, was able to “pull down” Mdm2 from mouse brain lysate. Blots represent 3 

independent experiments performed. 

B. Western blot showing that GST-EF1α-1-2, but not GST, GST-EF1α-1-1, GST-EF1α-1-3, or 

GST-EF1α-1-4, was able to “pull down” Mdm2 from mouse brain lysate. Blots represent 3 

independent experiments performed. 

C. Western blot showing that GST-EF1α-1-2-2, but not GST, GST-EF1α-1-2-1, GST-EF1α-1-2-

3, or GST-EF1α-1-2-4, was able to “pull down” Mdm2 from mouse brain lysate. Blots 

represent 3 independent experiments performed. 

D. Western blot analysis of Mdm2 co-immunoprecipitated by EF1α-specific antibody from wild-

type mouse brain lysate in the presence or absence of TAT-EF1α. Blots represent 3 

independent experiments performed. 

E. Western blot showing that GST-EF1α-1, but not GST, GST-EF1α-2, GST-EF1α-3, or GST-

EF1α-4, was able to “pull down” TRIM3 from mouse brain lysate. Blots represent 3 

independent experiments performed. 

F. Western blot showing that GST-EF1α-1-2, but not GST, GST-EF1α-1-1, GST-EF1α-1-3, or 

GST-EF1α-1-4, was able to “pull down” TRIM3 from mouse brain lysate. Blots represent 3 

independent experiments performed. 
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G. Western blot showing that GST-EF1α-1-2-2, but not GST, GST-EF1α-1-2-1, GST-EF1α-1-2-

3, or GST-EF1α-1-2-4, was able to “pull down” TRIM3 from mouse brain lysate. Blots 

represent 3 independent experiments performed. 

H. Western blot analysis of EF1α co-immunoprecipitated by TRIM3-specific antibody from wild-

type mouse brain lysate in the presence or absence of TAT-EF1α. Blots represent 3 

independent experiments performed. 

I. Co-immunoprecipitation showed that TAT-EF1α is able to disrupt the Mdm2-EF1α complex 

in Fmr1 KO mice as compared to control treatment with saline or TAT. 

J. Densitometric analysis of Mdm2 co-immunoprecipitated by EF1α from brain lysate of Fmr1 

KO mice injected with saline, TAT, or TAT-EF1α peptide. The level of co-

immunoprecipitated Mdm2 (Mdm2 Co-IP) was normalized after being divided by the level of 

directly immunoprecipitated EF1α (EF1α IP). Results for each sample are presented as the 

percentage of the wild-type (WT) samples. Data were analyzed by one-way ANOVA, ***p < 

0.001 as compared to WT group, #p < 0.05 as compared to KO + Saline group, n = 3 mice in 

each group. Data are shown as mean ± S.E.M. 

K. Co-immunoprecipitation showed that TAT-EF1α disrupts the TRIM3-EF1α complex in Fmr1 

KO mice as compared to control treatment with saline or TAT. 

L. Densitometric analysis of EF1α co-immunoprecipitated by TRIM3 from brain lysate of Fmr1 

KO mice injected with saline, TAT, or TAT-EF1α peptide. The level of co-immunoprecipitated 

EF1α (EF1α Co-IP) was normalized after being divided by the level of immunoprecipitated 

TRIM3 (TRIM3 IP). Results for each sample are presented as the percentage of the WT 

samples in Figure 1E-F. Data were analyzed by one-way ANOVA, ***p < 0.001 as compared 

to KO + Saline group, n = 4 mice per group. Data are shown as mean ± S.E.M. 
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Figure 3. TAT-EF1α peptide restores dendritic spine density and plasticity, and reverses 

behavioural deficits in Fmr1 KO mice.  

A. Representative images of dendritic spines in the frontal cortex visualized with Golgi-Cox 

staining. Scale bar: 2 µm. 100 × magnification. 

B. Quantification of dendritic spine density, measured as the number of spines per 10 µm of 

dendrite length. Results for each sample are presented as the percentage of the wild-type (WT) 

samples. Data were analyzed by one-way ANOVA, ***p < 0.001 as compared to WT group, 

### p < 0.001 as compared to KO + Saline group. n = 26–35 images from 3 mice per group. 

Data are shown as mean ± S.E.M.  

C. Schematic showing the timeline of peptide administration and in vivo longitudinal imaging of 

synaptic structural plasticity in Thy1-YFP transgenic mice, which express yellow fluorescent 

protein (YFP) in L5 pyramidal neurons. Fmr1 KO mice received daily intraperitoneal (i.p.) 

injections of saline, TAT-EF1α or TAT from P14 to P20.  

D. Representative images of transcranial two-photon imaging of dendritic spines on apical 

dendritic segments of L5 pyramidal neurons in the frontal association cortex of WT and Fmr1 

KO mice with various treatments. Empty and filled arrowheads indicate individual spines that 

were eliminated or newly formed, respectively, on the same dendritic segment over 2 days. 

Asterisks indicate dendritic filopodia. Scale bar, 2 μm.  

E. Summary quantification of dendritic spine elimination and formation from P21 to P23 in WT 

and Fmr1 KO mice with various treatments. n = 5–6 mice per group.  

F. Spine elimination and formation from P21 to P31 in WT and Fmr1 KO mice with various 

treatments. n = 5–6 mice per group.  

G. Apical dendritic spine density in the frontal cortex on P31. n = 5–6 mice per group.  
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Data are presented as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA 

followed by Bonferroni’s multiple comparisons test. 

H. TAT-EF1α injection increased the time Fmr1 KO mice spent in open maze arms per entry in 

the elevated plus-maze as compared to control treatment with either TAT or saline. Data were 

analyzed by one-way ANOVA, *p < 0.05, ****p < 0.0001 as compared to WT group,  ### p < 

0.001 as compared to KO + Saline group. n = 8 mice per group. Data are shown as mean ± 

S.E.M. 

I. TAT-EF1α peptide treatment rescued deficits in the novel object recognition test in Fmr1 KO 

mice as compared to those injected with either TAT or saline. Data were analyzed by one-way 

ANOVA, *p < 0.05, **p < 0.01 as compared to WT group, # p < 0.05 as compared to KO + 

Saline group. n = 8 mice per group. Data are shown as mean ± S.E.M. 

J. TAT-EF1α peptide treatment rescued spatial learning deficits in Fmr1 KO mice in the 

displaced object test, as compared to those injected with either TAT or saline. Data were 

analyzed by one-way ANOVA, *p < 0.05, ****p < 0.0001 as compared to WT group, ### p < 

0.001 as compared to KO + Saline group. n = 8 mice per group. Data are shown as mean ± 

S.E.M. 

K. Preference for social novelty was assessed in the three-chamber social interaction test by 

measuring the time the test mouse spent with the second stranger mouse (stranger 2, S2) or the 

previously encountered mouse (Stranger 1, S1). TAT-EF1α peptide treatment rescued deficits 

in social behaviour as compared to those injected with either TAT or saline. Data were 

analyzed by two-way ANOVA, **p < 0.01, ***p < 0.001 as compared to WT group, n = 8 mice 

per group. Data are shown as mean ± S.E.M. 
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Figure 4. TAT-EF1α-pep rescued microglial synaptic pruning deficiency in cortex of Fmr1 

KO mice at postnatal day 21 and normalizes the amount of Mdm2-PSD95 complex, 

ubiquitination of PSD95 and PSD95-C1q interaction in Fmr1 KO mice. 

A. Representative confocal images of staining with antibody against Iba1 (red) and PSD95 (green) 

in P21 WT, Fmr1-KO, KO+TAT, KO+TAT-EF1α treated mice. Images show higher 

magnification of the inset images in the right corner. Scale bar:  20 μm. 

B. Quantification shows the fraction of Iba1 overlapping PSD95. N = 26 / 22 / 23 / 29 views from 

3 mice per group, ****p < 0.0001 compared to WT, #### p < 0.0001 compared to KO + Saline, 

$$p = 0.0014 compared to KO + TAT, F3,96 = 3.997, one-way ANOVA. 

C. Representative 3D reconstruction of super-resolution images showing PSD95 (green) engulfed 

within microglia in P21 WT, KO + Saline, KO + TAT, KO + TAT-EF1α treated mice. Scale 

bar: 5 μm. 

D. Quantification of the percentage of total microglial volume occupied by PSD95 . n =13 / 11 / 

11 / 15 views from 2-3 mice per group, *p = 0.015 compare to WT, **p = 0.0051 compared to 

WT, #p = 0.0192 compared to KO + Saline, $$p = 0.0064 compared to KO + TAT, F3,46 = 

1.590, one-way ANOVA. 

E. Co-immunoprecipitation showing that TAT-EF1α increases the Mdm2-PSD95 interaction in 

Fmr1 KO mice as compared to levels in saline or TAT-injected control groups. 

F. Densitometric analysis of Mdm2 co-immunoprecipitated by PSD95 from brain lysates of Fmr1 

KO mice injected with saline, TAT, or TAT-EF1α peptide. The level of co-

immunoprecipitated Mdm2 (Mdm2 Co-IP) was normalized to the level of immunoprecipitated 

PSD95 (PSD95 IP). Results for each sample are presented as the percentage of the WT 

samples. Data were analyzed by one-way ANOVA, *p < 0.05, **p < 0.01 as compared to WT 
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group, ###p < 0.001 as compared to KO + Saline group, n = 3 mice per group. Data are shown 

as mean ± S.E.M. 

G. Immunoprecipitation showed that TAT-EF1α increases the ubiquitination of PSD95 in Fmr1 

KO mice as compared to control treatment with saline or TAT. 

H. Densitometric analysis of the levels of ubiquitinated PSD95 in brain lysates of Fmr1 KO mice 

injected with saline, TAT, or TAT-EF1α peptide. Results for each sample are presented as the 

percentage of the WT samples. Data were analyzed by one-way ANOVA, *p < 0.05, **p < 0.01 

as compared to WT group, ###p < 0.001 as compared to KO + Saline group, n = 3 mice per 

group. Data are shown as mean ± S.E.M. 

I. Representative high-resolution confocal imaging shows colocalization of PSD95 (red) and C1q 

(green) in the cortex of P21 Fmr1 KO mice injected with either saline, TAT, or TAT-EF1α 

peptide, as well as in WT mice. Scale bar: 4 μm. 

J. Quantification of overlapping puncta between C1q and the synaptic markers PSD-95 (n = 4 

mice per group, four sections per mouse. Scale bar = 4 μm; *p < 0.05, ***p < 0.001 compared 

to WT, F3,96=6.82, one-way ANOVA). Data are shown as mean ± S.E.M. 

K. Co-immunoprecipitation showed that Nutlin-3 treatment (5 µM, 1 hour) decreases the PSD95-

C1q interaction in mouse brain slices. 

L. Densitometric analysis of C1q co-immunoprecipitated by PSD95 from lysate of mouse brain 

slices treated with vehicle (control) or Nutlin-3. Results for each sample are presented as the 

percentage of the control samples. Data were analyzed by t-test, **p < 0.01 as compared to 

control group, n = 4 mice per group. Data are shown as mean ± S.E.M. 

Figure 5. TAT-EF1α peptide facilitates C3 cleavage through regulating the TRIM3-C3 

complex in Fmr1 KO mice. 



41 
 

A. Co-immunoprecipitation shows decreased levels of TRIM3-C3 complex in Fmr1 KO mice. 

B. Densitometric analysis of C3 co-immunoprecipitated by TRIM3 from brain lysates of WT or 

Fmr1 KO mice. The level of co-immunoprecipitated C3 (C3 CO-IP) was normalized to the 

level of immunoprecipitated TRIM3 (Trim3 IP). Results for each sample are presented as the 

percentage of the wild-type (WT) samples. Data were analyzed by t-test, *p < 0.05, n = 3 mice 

per group. Data are shown as mean ± S.E.M.  

C. Co-immunoprecipitation showed that TAT-EF1α increases the levels of TRIM3-C3 complex 

in Fmr1 KO mice as compared to control treatment with saline or TAT. 

D. Densitometric analysis of C3 co-immunoprecipitated by TRIM3 from brain lysates of Fmr1 

KO mice injected with saline, TAT, or TAT-EF1α peptide. The level of co-

immunoprecipitated C3 (C3 Co-IP) was normalized to the level of immunoprecipitated TRIM3 

(TRIM3 IP). Results for each sample are presented as the percentage of the WT samples in 

Figure 5A-B. Data were analyzed by one-way ANOVA, ***p < 0.001 as compared to KO + 

Saline group, n = 4 mice per group. Data are shown as mean ± S.E.M. 

E. Western blot analysis showed that TAT-EF1α decreases the levels of full-length C3, but 

increases the levels of C3 cleavage in Fmr1 KO mice, as compared to control treatment with  

saline or TAT. α-Tubulin was used as a loading control. 

F. Densitometric analysis of the levels of full-length C3 in brain lysates of Fmr1 KO mice injected 

with saline, TAT, or TAT-EF1α peptide, as well as WT mice. The level of full-length C3 was 

normalized to the level of α-Tubulin. Results for each sample are presented as the percentage 

of the WT samples. Data were analyzed by one-way ANOVA, *p < 0.05 as compared to WT 

group, #p < 0.05 as compared to KO + Saline group, n = 3 mice per group. Data are shown as 

mean ± S.E.M. 
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G. Densitometric analysis of the levels of C3 cleaved fragment in brain lysates of Fmr1 KO mice 

injected with saline, TAT, or TAT-EF1α peptide, as well as WT mice. The level of C3 cleaved 

fragment was normalized after being divided by the level of α-Tubulin. Results for each sample 

are presented as the percentage of the WT samples. Data were analyzed by one-way ANOVA, 

*p < 0.05 as compared to WT group, ###p < 0.001 as compared to KO + Saline group, n = 3 

mice per group. Data are shown as mean ± S.E.M. 

H. Western blot analysis showing that knockdown of TRIM3 expression with Trim3 siRNA 

decreases C3 cleavage in primarily cultured cortical neurons. α-Tubulin was used as a loading 

control. 

I. Densitometric analysis of the levels of iC3b in primary cortical neuron cultures treated with 

control siRNA or Trim3 siRNA. The level of iC3b was normalized to the level of α-Tubulin. 

Results for each sample are presented as the percentage of the control siRNA (CTRL siRNA) 

samples. Data were analyzed by t-test, **p < 0.01 as compared to CTRL siRNA group, n = 3 

biological repeats per group. Data are shown as mean ± S.E.M. 

J. Densitometric analysis of the levels of C3 cleaved fragment in primary cortical neuron cultures 

treated with control siRNA or Trim3 siRNA. The level of C3 cleaved fragment was normalized 

to the level of α-Tubulin. Results for each sample are presented as the percentage of the control 

siRNA (CTRL siRNA) samples. Data were analyzed by t-test, *p < 0.05 as compared to CTRL 

siRNA group, n = 3 biological repeats per group. Data are shown as mean ± S.E.M. 

K. Densitometric analysis of the expression levels of TRIM3 in primary cortical neuron cultures 

treated with control siRNA or Trim3 siRNA. The level of Trim3 was normalized to the level 

of α-Tubulin. Results for each sample are presented as the percentage of the control siRNA 
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(CTRL siRNA) samples. Data were analyzed by t-test, *p < 0.05 as compared to CTRL siRNA 

group, n = 3 biological repeats per group. Data are shown as mean ± S.E.M. 

Figure 6. Schematic model showing the hypothesized pathway by which Mdm2-EF1α and 

TRIM3-EF1α regulate dendritic spine density and plasticity. 

Conditions favouring synapse elimination in control mice are shown in the top panel. 

Briefly, Mdm2 functions as a ubiquitin E3 ligase, binding with ubiquitinated (Ub) PSD-95 in the 

dendritic spine, which complexes further with Pchd10 and the proteosome to degrade that spine. 

At the same time, Ub-PSD-95 binds C1q, the initial component of the complement cascade that 

signals through C3 and the CR3 receptor on microglia to trigger phagocytosis. TRIM3 also binds 

to C3 and contributes to activation of the complement cascade, acting synergistically with the Ub-

PSD-95-C1q complex to drive phagocytosis and degradation of the dendritic spine. Conversely, 

the conditions that inhibit synaptic pruning in Fmr1 KO mice and stabilize dendritic spines are 

shown in the bottom panel. Loss of FMRP removes translational suppression of eukaryotic 

translation elongation factor 1-α (EF1α). The increased amounts of EF1α bind to and sequester 

both Mdm2 and TRIM3, preventing them from binding with PSD-95 or C3, thus inhibiting spine 

degradation and phagocytosis by microglia. 
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