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 32 

Abstract 33 

Sulfotransferase 4A1 (SULT4A1) is a cytosolic sulfotransferase, that is highly conserved across 34 

species and extensively expressed in the brain. However, the biological function of SULT4A1 is 35 

unclear. SULT4A1 has been implicated in several neuropsychiatric disorders, such as Phelan-36 

McDermid Syndrome and schizophrenia. Here, we investigate the role of SULT4A1 within neurons 37 

development and function. Our data demonstrates that SULT4A1 modulates neuronal branching 38 

complexity and dendritic spines formation. Moreover, we show that SULT4A1, by negatively 39 

regulating the catalytic activity of Pin1 towards PSD-95, facilitates NMDAR synaptic expression 40 

and function. Finally, we demonstrate that the pharmacological inhibition of Pin1 reverses the 41 

pathological phenotypes of SULT4A1- knocked down neurons by specifically restoring dendritic 42 

spine density and rescuing NMDAR-mediated synaptic transmission. Together, these findings 43 

identify SULT4A1 as a novel player in neuron development and function by modulating dendritic 44 

morphology and synaptic activity. 45 

 46 

SIGNIFICANCE STATEMENT 47 

Sulfotransferase 4A1 (SULT4A1) is a brain-specific sulfotransferase highly expressed in neurons.  48 

Different evidences suggested that SULT4A1 has an important role in neuronal function and that 49 

SULT4A1 altered expression might represent a contributing factor in multiple neurodevelopmental 50 

disorders. However, the function of SULT4A1 in the mammalian brain is still unclear. Here, we 51 

demonstrate that SULT4A1 is highly expressed at postsynaptic sites where it sequesters Pin1, 52 

preventing its negative action on synaptic transmission. This study reveals a novel role of 53 

SULT4A1 in the modulation of NMDA receptor activity and strongly contributes to explaining the 54 

neuronal dysfunction observed in patients carrying deletions of SULTA41 gene. 55 

 56 

Introduction 57 

Cytosolic Sulfotransferase 4A1 is member of the cytosolic sulfotransferases (SULT) superfamily, a 58 

class of enzymes that catalyze sulfonation reactions by transferring the sulfonate group from 3’-59 

phosphoadenosine 5’-phosphosulfate (PAPS) to different endogenous and exogenous substrates 60 

(Falany et al., 2000; Negishi et al., 2001). SULT4A1 shows a remarkable degree of cross-species 61 

similarity, suggesting highly conserved biological function (Blanchard et al., 2004; Minchin et al., 62 

2008). Of note, SULT4A1 has an atypical enzymatic domain structure, as revealed by a recent 63 

crystal structure (Allali-Hassani et al., 2007), that may affect PAPS binding and substrate 64 

specificity: in fact, no sulfonation activity has been detected with potential sulfate donors or 65 
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substrates (Falany et al., 2000; Allali-Hassani et al., 2007), suggesting SULT4A1 may not exhibit 66 

classical catalytic activity in vivo or that the functional enzyme may be active as a component of a 67 

multi-enzyme complex (Falany et al., 2000). Thus, in absence of any known substrate, the 68 

biological function of SULT4A1 remains unclear.  69 

SULT4A1 tissue distribution has been examined in both humans and rodents and has been 70 

demonstrated to be predominantly expressed within the brain, although limited expression of 71 

mRNA and protein is detectable in other organs, such as kidney, lung, liver and heart tissues 72 

(Alnouti et al., 2006; Sidharthan et al., 2014). In particular, the strongest protein expression has 73 

been detected in cerebral cortex, thalamus, cerebellum, and hippocampus (Liyou et al., 2003). In 74 

mouse, Sult4a1 mRNA expression is low in fetal brains and remains nearly unchanged until 75 

postnatal day 30, after which a marked increase in expression has been observed (Alnouti et al., 76 

2006). Consistent with this, SULT4A1 protein expression was found to increase during neuronal 77 

differentiation (Idris et al., 2019). Notably, Sult4a1-KO mice display severe neurological defects 78 

including tremor, rigidity and seizure and the survival of pups during postnatal development is 79 

strongly affected by loss of Sult4a1 (Garcia et al., 2018).  80 

A growing body of evidence supports SULT4A1 as a key player in neuronal maturation, and that 81 

loss of SULT4A1 function can contribute towards neurodevelopmental disorders. For instance, 82 

SULT4A1 haploinsufficiency has been linked to neurological symptoms of patients with Phelan-83 

McDermid Syndrome (PMS) (Disciglio et al., 2014; Mitz et al., 2018; Ziats et al., 2019), with 84 

SULT4A1 deletion strongly correlated to lower developmental quotient (Zwanenburg et al., 2016). 85 

In addition, single nucleotide polymorphisms (SNP) in SULT4A1 gene have been linked to 86 

schizophrenia susceptibility as well as severity of both psychotic and intellectual impairment, and 87 

antipsychotic treatment response (Brennan and Condra, 2005; Meltzer et al., 2008; Ramsey et al., 88 

2011). Altogether, these findings suggest a role of SULT4A1 in neuronal development and function 89 

and altered expression as a potential contributing factor in multiple neurodevelopmental disorders.  90 

Despite this body of supporting literature, the role of SULT4A1 within neuronal development and 91 

function remains unassessed. Our results provide evidence that SULT4A1 has a pivotal role in the 92 

regulation of neuronal morphology and synaptic activity. Our data suggests that this effect is 93 

achieved through regulation, by direct protein-protein interaction, of the peptidyl-prolyl cis-trans 94 

isomerase Pin1 at the synaptic level. Pin1 is an enzyme that binds to phosphorylated 95 

serine/threonine-proline motifs and catalyzes cis-to-trans isomerization of prolines (Ranganathan et 96 

al., 1997; Shen et al., 1998), notably acting to regulate synaptic strength through regulation of post-97 

synaptic scaffolds: for instance, in excitatory synapses Pin1 has been found to downregulate 98 

glutamatergic synaptic transmission by negatively modulating PSD-95/NMDAR complex 99 
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formation (Antonelli et al., 2016). Here we demonstrate that, by sequestering Pin1, SULT4A1 100 

facilitates the formation of the PSD-95/NMDAR complex in excitatory synapses, which is essential 101 

for NMDAR-mediated synaptic transmission and spines formation. 102 

 103 

Materials and Methods 104 

Constructs and virus generation 105 

For RNA interference, a siRNA sequence targeting the Sult4a1 C-terminus was designed following 106 

GenScript siRNA Target Finder instructions (GenScript). Nucleotide sequence: 107 

AAGTGTGACCTCACGTTTGAC. The sequence was used to generate a short hairpin RNA 108 

(indicated as shSult4a1 or shSULT) which was cloned into the pLVTHM-GFP vector (Wiznerowicz 109 

and Trono, 2003) using EcoRI and ClaI restriction sites. A scrambled form of shRNA was cloned 110 

into pLVTHM-GFP so to generate the control shRNA (indicated as shCtrl): nucleotide sequence 111 

GCTGAGCGAAGGAGAGAT. Previously described pFlag-SULT4A1(Mitchell and Minchin, 112 

2009) was used for the overexpression experiments alongside pLVTHM-GFP vector as an 113 

overexpression control. Site directed mutagenesis was performed using QuikChange Lightning Site-114 

Directed Mutagenesis Kit (Agilent Technologies) to generate a construct resistant to interference by 115 

shSult4a1 (indicated as Sult4a1r or Sultr). In this construct three nucleotides (G825A, T828C, 116 

C831T) of the shSult4a1 target site were altered, without changing the amino acid sequence of the 117 

resultant protein.  118 

For viral transduction, genetically modified lentiviruses were produced as previously described 119 

(Naldini et al., 1996; Lois et al., 2002) and the production was carried out with 2
nd

 and 3
rd

 120 

generation lentiviral transfer vectors.  121 

 122 

Animals 123 

To prepare primary neuronal rat cultures, pregnant female rats (Rattus norvegicus) of the phylum 124 

Wistar strain were purchased from Charles River (Charles River Laboratories, Calco, Italy). 125 

C57BL/6 wild-type mice were purchased from Charles River. Mice and rats were housed under 126 

constant temperature (22 ± 1°C) and humidity (50%) conditions with a 12-hour light/dark cycle and 127 

were provided with food and water ad libitum. All experiments involving animals followed 128 

protocols in accordance with the guidelines established by the European Communities Council and 129 

the Italian Ministry of Health (Rome, Italy).  130 

 131 

Cell lines and transfections 132 
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HEK293T cells were cultured at 37°C and 5% CO2 atmosphere in DMEM (ThermoFisher) 133 

supplemented with fetal bovine serum (10%, ThermoFisher), L-Glutamine (2 mM, Euroclone), 134 

PenStrep (1%, ThermoFisher). Cells were transfected using Lipofectamine 2000 (ThermoFisher) 135 

and collected 24–48 hours after transfection. 136 

 137 

Primary neuronal cell culture 138 

Low density rat cortical neuronal cultures were prepared from embryonic day (E) 18 rat embryos 139 

(Charles River) as previously described (Verpelli et al., 2010). Neurons were plated at 150-200 140 

cells/mm² density on 6- or 12-well plates (Euroclone) coated with 0.01 mg/ml poly-L-Lysine 141 

(Sigma-Aldrich). Neurons were cultured in Neurobasal (ThermoFisher) supplemented with the 142 

previously described B27 (Chen et al., 2008). Cells were cultured on 6- and 12-well plates for 143 

protein biochemical analysis, whereas 12-well plates with acid-treated coverslips (VWR) were used 144 

for immunocytochemical or electrophysiological analysis. At day-in-vitro 7 (DIV7), neurons were 145 

lentivirally transduced or transfected using Lipofectamine 2000 (ThermoFisher). Biochemical, 146 

electrophysiological and morphological experiments were performed at DIV14.  147 

PiB treatment. In order to inhibit Pin1 catalytic activity, cortical neurons were treated with PiB 148 

(diethyl-1,3,6,8-tetrahydro-1,3,6,8-tetraoxobenzol-phenanthroline-2,7-diacetate). PiB (Calbiochem) 149 

was resuspended in DMSO. As acute treatment, neurons were treated for 48h with 2.5 µM PiB and 150 

analyzed at DIV14; as chronic treatment, neurons were treated with 1 µM PiB every other day, 151 

from DIV7 to DIV14. DTM treatment. DTM (Calbiochem), the pharmacological inhibitor of Pin1 152 

catalytic activity, was resuspended in DMSO. As acute treatment, cortical neurons were treated for 153 

48h with 4 µM DTM and analyzed at DIV14. 154 

 155 

Derivation of human iPSCs and neuronal differentiation 156 

Human blood samples were collected according to a clinical protocol approved by the local 157 

Bioethical Committees of different medical centers. Participating individuals have been informed of 158 

the objectives of the study and signed an informed consent before inclusion in the study. Peripheral 159 

blood mononuclear cells (PBMCs) were isolated using Ficoll and growth in StemPro-34 SFM 160 

Medium (ThermoFisher), supplemented with L-Glutamine (2 mM, Euroclone), PenStrep (1%, 161 

ThermoFisher), SCF (100 ng/mL, ThermoFisher), FLT-3 (100 ng/mL, ThermoFisher), IL-3 (20 162 

ng/mL, ThermoFisher), IL-6 (20 ng/mL, ThermoFisher). To generate human induced pluripotent 163 

stem cells (iPSCs), PBMCs were transduced with 2.0 Sendai virus particles containing four 164 

Yamanaka factors using the CytoTune-iPS Sendai Reprogramming Kit (ThermoFisher). After seven 165 

days, transduced cells were plated on cultures dishes coated with hESC-qualified matrigel 166 
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(Corning) and grown in feeder-free conditions with Essential 8 medium (ThermoFisher). Three to 167 

four weeks after transduction, iPSCs colonies were manually picked for further expansion or 168 

analysis. 169 

For neural stem cells (NSCs) derivation, iPSCs were detached with UltraPure EDTA 170 

(ThermoFisher) and plated on matrigel-coated 6-well plates in Essential 8 medium. After 24 hours, 171 

the spent medium was replaced with PSC Neural Induction Medium (ThermoFisher) and 172 

subsequently changed every other day following manufacturer’s instructions. On day 7 of neuronal 173 

induction, NSCs (P0) were harvested with StemPro Accutase (ThermoFisher) and plated on 174 

matrigel-coated plates for further expansion.  175 

To obtain terminally differentiated neurons, proliferating NSCs were plated on matrigel-coated 6- 176 

or 12-well plates and cultured in Neurobasal medium supplemented with B27 without vitamin A 177 

(2%, ThermoFisher), PenStrep (1%, ThermoFisher), Glutamax (2mM, ThermoFisher), NT-3 178 

(10ng/mL, Miltenyi Biotec), BDNF (10ng/mL, Miltenyi Biotec), GDNF (10ng/ml, Miltenyi 179 

Biotec), Retinoic Acid (1µM, Sigma-Aldrich) and growth for at least 40 days (Borroni et al., 2017). 180 

Half media changes were performed every 2–3 days thereafter.  181 

 182 

Biochemical analysis  183 

Cells or brain were lysed in pre-chilled buffered sucrose [0.32 M sucrose (Sigma-Aldrich)/ 4 mM 184 

HEPES-NaOH buffer (Sigma-Aldrich), pH 7.3, protease inhibitors (Sigma-Aldrich), phosphatase 185 

inhibitors (Roche)] and analyzed via Bradford protein assay (Bio-Rad) to assess protein 186 

concentration. For total lysate, proteins were directly solubilized in 4X loading buffer [(250 mM 187 

Tris, 40% glycerol, 0.008% bromophenol blue (all Sigma-Aldrich)]. In other cases, fractionation 188 

took place prior to solubilization to obtain a synaptosome-enriched fraction (P2), as previously 189 

published (Vicidomini et al., 2017). 190 

For immunoblotting, primary antibodies and HRP-conjugated secondary antibodies were applied 191 

overnight (o/n) and for 1 hour, respectively. Chemiluminescence was induced using an ECL kit (GE 192 

Healthcare) and densitometry was performed using Fiji/ImageJ (US National Institutes of Health).  193 

 194 

Immunoprecipitation assay 195 

To evaluate the interaction between Pin1, SULT4A1 and PSD-95, primary neurons were lysed in 196 

NP-40 lysis buffer [1% NP-40, 50mM Tris pH 8.0, 150mM NaCl and protease inhibitor cocktail 197 

(all Sigma-Aldrich)] and subjected to synaptosomal fractionation as previously described 198 

(Vicidomini et al., 2017). P2 fractions were pre-cleared in NP-40 buffer for 4 hours and then 199 

incubated o/n at 4 °C with protein A-Sepharose beads (GE Healthcare, Milan, Italy) conjugated to 200 
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10 μg/ml of anti-Pin1 antibody (Santa Cruz Biotechnology) or matched control IgG (Sigma-201 

Aldrich). The beads were then washed with 0.5% NP-40 buffer, resuspended in loading buffer, 202 

warmed at 65 °C for 10 minutes and analyzed using SDS-PAGE. Samples of pre-cleared P2 203 

fractions were collected before immunoprecipitation and used as input signals.  204 

 205 

Electrophysiological recordings 206 

Whole-cell patch-clamp recordings in voltage-clamp configuration were performed at room 207 

temperature (∼25 °C) on DIV14 neurons using a Multiclamp 700A amplifier and pClamp 10.5 208 

software (Molecular Devices, Sunnyvale, CA, USA). Signals were filtered at 1 kHz and sampled at 209 

10 kHz. Postsynaptic currents were recorded at -70 mV in an external bath solution containing 210 

(mM): 129 NaCl, 1.25 NaH2PO4, 35 glucose, 1.8 MgSO4, 1.6 CaCl2, 3 KCl and 10 HEPES, pH 7.4 211 

with NaOH. Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded in the presence 212 

of gabazine (125 µM) with an intracellular pipette solution containing (mM): 120 K-gluconate, 213 

15 KCl, 2 MgCl2, 0.2 EGTA, 10 HEPES, 20 phosphocreatine-tris, 2 ATP-Na2, 0.2 mM GTP-Na2, 214 

0.1 leupeptin and 3 lidocaine N-ethyl bromide, pH 7.2 with KOH. Spontaneous inhibitory 215 

postsynaptic currents (sIPSCs) were recorded in the presence of kynurenic acid (3 mM) with an 216 

intracellular pipette solution containing (mM): 135 CsCl, 2 MgCl2, 0.2 EGTA, 10 HEPES, 20 217 

phosphocreatine-tris, 2  ATP-Na2, 0.2 mM GTP-Na2 and 0.1 leupeptin, 3 lidocaine N-ethyl bromide, 218 

pH 7.2 with KOH; in these conditions, the Cl
-
 reversal potential was 0 mV, thus allowing to record 219 

at hyperpolarized potentials (-70 mV). Signals were filtered at 1 kHz and sampled at 10 kHz. The 220 

quantification of the instantaneous frequency, the inverse of the inter-event interval, and of the 221 

amplitude of postsynaptic currents was performed on 2 minutes-long recordings with Clampfit 10.5 222 

using a threshold search (threshold set at four times the baseline root mean square, RMS, noise).  223 

NMDA-mediated currents (INMDA) were elicited by the perfusion of 100 µM NMDA and recorded 224 

at -70 mV with an external bath solution containing (mM): 150 NaCl, 3 KCl, 3 CaCl2, 10 HEPES, 8 225 

glucose, 0.1 D-Serine, 0.001 tetrodotoxin, 0.01 DNQX, 0.01 picrotoxin and 0.001 CGP 55845, pH 226 

7.4 with NaOH. AMPA-mediated currents (IAMPA) were elicited by the perfusion of 100 µM AMPA 227 

and recorded at -70 mV with an external bath solution containing (mM): 150 NaCl, 3 KCl, 3 CaCl2, 228 

2 MgCl2, 10 HEPES, 8 glucose, 0.1, 0.001 tetrodotoxin, 0.01 D-CPP, 0.01 picrotoxin and 0.001 229 

CGP 55845, pH 7.4 with NaOH. Internal pipette solution containing (mM): 135 CH3O3SCs, 8 230 

NaCl, 0.5 EGTA, 10 HEPES, 0.3 GTP-Na2 and 4 ATP-Mg, pH 7.2 with CsOH. NMDA and AMPA 231 

application was performed with a local fast perfusion system controlled by electronic valves (RSC-232 

200 Rapid Solution Changer, Bio-Logic Science Instruments); the tip of a multichannel manifold 233 

was placed at a distance of 0.2 mm from the patched neuron, allowing a fast solution exchange. To 234 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/perfusion
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avoid drug accumulation, 10 minutes of wash out was applied after each recording. Peak INMDA and 235 

IAMPA were normalized to the membrane capacitance to obtain the current densities for statistical 236 

analysis. 237 

 238 

In utero electroporation, section preparation and immunohistochemistry 239 

In utero electroporation was employed to deliver shCtrl- and shSult4a1-expressing vectors to the 240 

ventricular RGCs of CD1 mouse embryos as previously described (Sessa et al., 2008). Briefly, 241 

uterine horns of E 13.5 pregnant dams were exposed by midline laparotomy after anesthetization 242 

with Avertin (312 mg/kg, Sigma-Aldrich). 1 µl of DNA plasmid(s) corresponding to 3 µg mixed 243 

with 0.03% fast-green dye in PBS was injected in the telencephalic vesicle using a pulled 244 

micropipette through the uterine wall and amniotic sac. 7 mm platinum tweezer-style electrodes 245 

were placed outside the uterus over the telencephalon and 5 pulses of 40 V, 50 ms in length, were 246 

applied at 950 ms intervals by using a BTX square wave electroporator. The uterus was then 247 

replaced in the abdomen, the cavity was filled with warm sterile PBS and the abdominal muscle and 248 

skin incisions were closed with silk sutures.  249 

At post-natal day 30, GFP-positive brains were dissected for subsequent analyses. To this purpose, 250 

animals were anesthetized with an intraperitoneal injection of Avertin and perfused with 5% 251 

sucrose and 4% paraformaldehyde. Then, brains were left overnight in 4% paraformaldehyde, 252 

followed by incubation in 30% sucrose. Finally, brains were included in cryomolds with Tissue-Tek 253 

OCT compound (Sakura) and stored at −80°C until cryostat sectioning. 50 μm-thick slices were 254 

collected on polysine microscope adhesion slides (ThermoFisher) and then incubated in blocking 255 

solution (3% BSA, 10% goat serum, 0.4% Triton-X-100, diluted in PBS). Primary and fluorophore-256 

conjugated secondary antibodies were diluted in blocking solution and applied respectively o/n at 257 

4°C and 1 hour at room temperature. Glass coverslips were mounted on slides with Mounting 258 

Medium (VectaShield). 259 

All procedures were approved by the Italian Ministry of Health and the San Raffaele Scientific 260 

Institute Animal Care and Use Committee in accordance with the relevant guidelines and 261 

regulations. 262 

 263 

Immunocytochemistry 264 

Cells were fixed in 4% paraformaldehyde, 4% sucrose in PBS [136.8 mM NaCl, 2.68 mM KCl, 265 

10.1 mM Na2HPO4 and 1.76 mM KH2PO4, pH 7.4 (all Sigma-Aldrich)] at room temperature for 10 266 

minutes. For colocalization analysis, neurons were fixed in 4% paraformaldehyde, 4% sucrose in 267 

PBS at room temperature for 5 minutes and then in cold methanol at -20°C for 10 minutes. Primary 268 
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antibodies were diluted in homemade gelatin detergent buffer (GDB) [30 mM phosphate buffer, pH 269 

7.4, 0.2% gelatin, 0.5% Triton X-100, 0.8 M NaCl (all Sigma-Aldrich)] and applied o/n at 4°C. 270 

Secondary antibodies conjugate with fluorophores (Jackson ImmunoResearch Laboratories) were 271 

also diluted in GDB buffer and applied for 1h. DAPI staining (ThermoFisher) was carried out at a 272 

final concentration of 0.5 μg/ml. Coverslips were mounted on pre-cleaned microscope slides using 273 

Mowiol mounting medium (Osborn and Weber, 1982).  274 

 275 

Image acquisition and processing 276 

Confocal images were obtained using LSM 510 Meta confocal microscope (Carl Zeiss) with Zeiss 277 

63X, 40X or 20X objectives at a resolution of 1024x1024 pixels. Images represent averaged 278 

intensity Z-series projections of 2-7 individual images taken at depth intervals of around 0.45 μm.  279 

Secondary and tertiary dendrites with comparable length and width were selected for dendritic spine 280 

analyses. Dendritic spine analysis was performed as described in Verpelli et al (Verpelli et al., 281 

2011a) but using Fiji/ImageJ software (US National Institutes of Health) for the quantification. 282 

For colocalization analysis, measurements were performed using MetaMorph software (Universal 283 

Imaging, West Chester, PA). For neuronal arborization analysis, primary and secondary dendrites 284 

were measured manually after identifying the points of intersection. The dendrites originating from 285 

the cell body were considered as primary dendrites, while all the dendrites originating from the 286 

primary dendrites at the point of intersection were considered as secondary dendrites. Sholl analysis 287 

and total dendrites length quantification were performed using Fiji/ImageJ software. Branching 288 

points intersections were counted and plotted against distance from the soma. 289 

 290 

Antibodies 291 

The following primary antibodies were used: mouse anti-β-actin (Sigma-Aldrich, A5316), mouse 292 

anti- βIII-tubulin (Sigma-Aldrich, MAB1637), mouse anti-GABAARα1 (NeuroMab, 75-136),  293 

mouse anti-GAD65 (Synaptic System, 198 111), mouse anti-GAD67 (Santa Cruz Biotechnology, 294 

sc-28376), mouse anti-GFP (Roche, 11814460001), rabbit anti-GluA1 (Millipore, AB1504), mouse 295 

anti-GluA2 (NeuroMab, 75-002), mouse anti-GluN1 (BD, 556308), mouse anti-GluN2A 296 

(NeuroMab, 75-288), rabbit anti-GluN2B (Millipore, 06-600), mouse anti-MAP2 (Abcam, 297 

ab11268), rabbit anti-mGlu5 (Millipore, AB5675), mouse anti-Nestin (Millipore, MAB5326), 298 

mouse anti-NLGN1 (NeuroMab, 75-160), mouse anti-Oct4 (Santa Cruz Biotechnology, sc-5279), 299 

mouse anti-Pin1 (Santa Cruz Biotechnology, sc-46660), mouse anti-PSD-95 (NeuroMab, 75-028), 300 

rabbit anti-PSD-95 (Cell Signaling, D27E11), rabbit anti-Sox2 (Proteintech, 11064-1-AP), rabbit 301 

anti-SULT4A1 (Proteintech, 12578-1-AP), rabbit anti-VGAT (Synaptic System, 131 003). 302 
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All HRP- and fluorophore-conjugated secondary antibodies were purchased from Jackson 303 

ImmunoResearch Laboratories.  304 

 305 

Experimental Design and Statistical Analysis 306 

Data are expressed as Mean ± SEM or percentage, analyzed for statistical significance, and 307 

displayed by Prism 7 software (GraphPad, San Diego, CA). Shapiro-Wilk test or D’Agostino-308 

Pearson tests were applied to test the normal distribution of experimental data. Normal distributions 309 

were compared with t-test or ANOVA with appropriate post-hoc test. Non-normal distributions 310 

were compared with the non-parametric Mann-Whitney test or Kruskal-Wallis test with appropriate 311 

post-hoc test, as indicated. The accepted level of significance was P ≤ 0.05.  312 

Statistical analyses for electrophysiological experiments were performed with OriginPro software. 313 

Distributions of cumulative probabilities were compared with the Kolmogorov-Smirnov test.  314 

No statistical methods were used to predetermine sample sizes, but sample sizes were chosen to be 315 

similar to those reported in previous publications. 316 

In the figures, we show the mean as estimator of central tendency also when we have used a non-317 

parametric test, for consistency with other figures in the paper and because it is more intuitive to 318 

compare the mean values. 319 

 320 

 321 

Results 322 

Sulfotransferase 4A1 expression is increased during brain maturation 323 

SULT4A1 is a brain-specific sulfotransferase highly conserved among vertebrate, that appears to 324 

have a particularly strong expression in distinct areas of the cerebral cortex (e.g. prefrontal cortex), 325 

cerebellum (e.g. neuronal stroma) and brainstem (e.g. hypoglossal nucleus) (Liyou et al., 2003). To 326 

investigate SULT4A1 expression during neuronal maturation, we analyzed protein lysates harvested 327 

from rat cortical neurons at 1, 7, and 14 days in vitro (DIV1, 7 and 14). SULT4A1 expression was 328 

almost undetectable at DIV1 and increased during the neuronal maturation (Fig. 1A; DIV1: 329 

0.03±0.01; DIV7: 0.18±0.02; DIV14: 0.38±0.03). Then, SULT4A1 expression was evaluated in 330 

vivo during mouse brain development. Western blot (WB) analysis showed that SULT4A1 protein 331 

levels increased from post-natal day (P) 0 to P30. Moreover, high levels of SULT4A1 were 332 

maintained also in adult mice (P60), suggesting an important role of SULT4A1 both during brain 333 

maturation and adulthood (Fig. 1B P0: 0.12±0.03; P7: 0.48±0.09; P14: 0.66±0.11; P21:0.91±0.23; 334 

P30: 0.79±0.15; P60: 1.0±0.3). SULT4A1 is known to have particularly strong expression in the 335 

brain but, to date, the current knowledge of SULT4A1 area-specific expression is restricted to 336 
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human and rat tissues (Liyou et al., 2003).  In order to assess the tissue distribution in adult mouse 337 

brain, WB analysis of total lysates of hippocampus (H), striatum (S), cerebral cortex (Cx) and 338 

cerebellum (Cb) was performed on 2-month-old male mice. SULT4A1 was found to be highly 339 

expressed in all analyzed areas (Fig. 1C; H: 0.71±0.05; S: 0.93±0.06; Cx: 1.19±0.03; Cb: 340 

1.33±0.10). Finally, no significant difference in area-specific protein expression was observed 341 

between male and female animals (Fig. 1D; H: M 0.69±0.12, F 0.67±0.12; S: M 0.80±0.12, F 342 

0.85±0.13; Cx: M 0.87±0.10, F 1.05±0.14; Cb: M 1.16±0.20, F 1.07±0.24). The immunostaining of 343 

cortical neurons revealed a localization of SULT4A1 to neuronal cell bodies and dendrites (Fig. 344 

1E).  345 

To determine SULT4A1 protein expression in human neurons, human induced pluripotent stem 346 

cells (iPSCs) were differentiated into Nestin-positive Neural Stem Cells (NSCs) and subsequently 347 

into neurons (Fig. 1F) and analyzed for SULT4A1 protein levels during differentiation. Human 348 

SULT4A1 expression was found to be increased during differentiation from NSCs (day 0) to 349 

mature neurons (day 40) (Fig.1G day 0: 0.23±0.08; day 10: 0.14±0.06; day 20: 0.63±0.02; day 30: 350 

1.57±0.1; day 40: 2.04±0.17).  351 

 352 

SULT4A1 silencing reduces neuronal arborization and dendritic spine density 353 

In order to evaluate the impact of SULT4A1 on neuronal morphogenesis, specific shRNAs for 354 

Sult4a1 (shSult4a1) were designed and validated in Sult4a1-transfected HEK cells (Extended data: 355 

Figure 2-1 A). shRNA #1 was chosen for further analysis due to its stronger effect on Sult4a1 356 

protein level, and therefore indicated as shSult4a1. To confirm the specificity of shSult4a1 silencing 357 

activity, shSult4a1 was expressed together with a construct resistant to interference (Sult4a1r) and 358 

restoration of Sult4a1 protein level was verified (Extended data: Figure 2-1 B).  359 

To assess the role of SULT4A1 in early neuronal development, cortical neurons were transfected at 360 

DIV7 with shSult4a1 or control scrambled shRNA (shCtrl) (Fig. 2A). Dendrite morphology of 361 

transfected neurons was then evaluated by Sholl analysis at DIV14 (Fig. 2B). Sult4a1 silencing 362 

resulted in a simplification of neuronal branching, indicated by the reduction of branching points, 363 

primary dendrites, secondary dendrites and total dendrites length (Fig. 2B-E). These morphological 364 

alterations were prevented by co-transfection of shSult4a1 with Sult4a1r (Fig 2A-E) (Branching 365 

points, condition factor: P<0.0001; condition by distance interaction: P<0.0001. Primary dendrites, 366 

shCtrl: 7.30±0.39, shSult4a1: 4.70±0.43, Sult4a1r: 7.3±0.45. Secondary dendrites, shCtrl: 367 

11.60±0.94, shSult4a1: 6.26±0.51, Sult4a1r: 9.55±0.65. Total dendrites length, shCtrl: 368 

1430.21±132.93, shSult4a1: 644.78±61.86, Sult4a1r: 1429.04±140.90).  369 
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The analysis of dendritic spine morphology revealed that Sult4a1-knocked down neurons exhibit a 370 

significant decrease in spines number (Fig. 2I) (Spines number shCtrl: 4.07±0.18, shSult4a1: 371 

2.96±0.24, Sult4a1r: 4.05±0.36), but the morphology of the remaining spines is unchanged (Fig. 372 

2G-H) (Spines length, shCtrl: 1.97±0.10, shSult4a1: 1.90±0.10, Sult4a1r: 1.86±0.09; Spines width: 373 

shCtrl: 1.03±0.05, shSult4a1: 1.04±0.05, Sult4a1r: 1±0.03). A slight increase of the number of 374 

spines with filopodia-like morphology was observed in Sult4a1-knocked down neurons (Fig. 2J). 375 

Co-transfection of shSult4a1 with Sult4a1r prevented these morphological alterations (Fig. 2A-J).  376 

To further confirm the role of SULT4A1 in modulating dendritic arborization and spine 377 

morphology in vivo, in utero electroporation was performed on wild type mouse cortical neurons 378 

with shSult4a1 or shCtrl. Brain slices from 1-month-old electroporated animals were analyzed by 379 

confocal microscopy to measure dendritic complexity (Fig. 2K). Sholl analysis showed that, as in 380 

vitro, the number of branching points is decreased in cortical neurons following Sult4a1 knockdown 381 

(Fig. 2L; condition factor: P=0.0112, condition by distance interaction: P=0.0629). Moreover, 382 

Sult4a1 knockdown caused a significant reduction of total dendrites length (Fig. 2M shCtrl: 383 

421.4±28,35, shSult4a1:292.86±40.42). 384 

The reduction in spines number was confirmed, in vivo, in shSult4a1 electroporated cortical neurons 385 

(Fig. 2N-R) (Spines number shCtrl:12±0.37, shSult4a1:10.81±0.5; Spines length, shCtrl:1.23±0.12, 386 

shSult4a1: 1.33±0.04; Spines width: shCtrl: 0.7±0.1, shSult4a1: 0.56±0.01). 387 

To assess the role of SULTA4A1 dosage in modulating neuronal morphology, neurons were 388 

transfected at DIV7 with GFP or GFP plus Sult4a1 and stained at DIV14 with anti-SULT4A1 389 

antibody to identify Sult4a1-overexpressing neurons (Fig. 3A). Sult4a1 overexpression led to an 390 

overall redistribution of the branching points along the dendritic tree compared to wild type 391 

neurons: neurons overexpressing Sult4a1 presented fewer branching points close to the soma (<50 392 

μm from soma) and an increased number of distal branching points (>100 μm from soma) 393 

(condition by distance interaction: P=0.0005) (Fig. 3B), suggesting a reorganization of neuronal 394 

arborization. However, the number of primary dendrites (GFP: 7.7±0.36, Overexpression: 395 

8.38±0.43), secondary dendrites (GFP: 11.7±0.76, Overexpression: 13.05±0.86) and the total 396 

dendrites length (GFP: 1513.0±70.64, Overexpression: 1753.32±139.04) were equal in the two 397 

conditions (Fig. 3C-E). Interestingly, cortical neurons overexpressing Sult4a1 displayed a 398 

significant decrease in dendritic spine density (Fig. 3I, Spines number: GFP 4.26±0.22, 399 

Overexpression 3.61±0.18), correlated to considerably longer spine morphology, as compared to 400 

wild type neurons, suggesting an immature phenotype (Fig. 3G, spine length, µm: GFP 1.95±0.08, 401 

Overexpression 2.71±0.19; Fig.3H, spine width, µm: GFP 1±0.03, Overexpression: 1.02±0.03) 402 
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(Fig. 3F-I). Indeed, we found an increase in spines with filopodia-like morphology in neurons 403 

overexpressing Sult4a1 (Fig 3J). 404 

These data demonstrate an important role for SULT4A1 in the regulation of both dendritic 405 

complexity and dendritic spine morphology.  406 

 407 

Functional modifications induced by SULT4A1 knockdown. 408 

Considering that SULT4A1 knockdown affected dendritic arborization and spine density, the effect 409 

of SULT4A1 silencing on the expression of relevant synaptic proteins was further investigated.  410 

First, a lentiviral plasmid expressing shSult4a1 was validated as effective in reducing the levels of 411 

endogenous SULT4A1 protein in cortical neurons (Fig. 4A; Ni: 1; shCtrl: 0.94±0.02, shSult4a1: 412 

0.08±0.02). Immunoblotting analysis of total lysates showed a significant decrease in NMDA 413 

receptor subunit GluN1 expression (shCtrl: 1, shSult4a1: 0.81±0.06) and, simultaneously, a 414 

considerable increase of GAD65 protein level (shCtrl: 1, shSult4a1: 1.38±0.16) in shSult4a1-415 

infected neurons (Fig. 4B).  416 

To explore whether SULT4A1 silencing functionally affected glutamatergic and GABAergic 417 

activity, spontaneous post-synaptic currents (sPSCs) were recorded from shCtrl or shSult4a1 418 

transfected neurons. SULT4A1 knockdown neurons displayed a significant reduction of 419 

spontaneous excitatory postsynaptic currents (sEPSC) frequency and amplitude, reflected by the 420 

leftward shift of the cumulative probability curves and by the reduction of the median value 421 

(Instantaneous frequency: shCtrl: median 30.0 Hz, mean±SEM, 69.6±1.3 Hz, shSult4a1: 16.9 Hz, 422 

62.9±1.6 Hz; Amplitude shCtrl 16.1 pA, 18.6±0.2pA; shSult4a1: 12.9 pA, 16.5±0.4 pA) (Fig. 4C). 423 

Moreover, an increase of the frequency of spontaneous inhibitory postsynaptic current (sIPSC) was 424 

observed as a reduction of low frequency events (0.5-5Hz range), reflected by the rightward shift of 425 

the lower part of the cumulative probability curve, whereas the median value displayed a non-426 

significant trend toward increased frequency (shCtrl: 7.0 Hz, 16.8±0.6 Hz; shSult4a1: 5.5 Hz, 427 

17.3±0.5 Hz) (Fig. 4D). Amplitude of sIPSC was instead significantly increased, reflected by the 428 

rightward shift of the cumulative probability curve and by the increase of the median value sIPSCs 429 

(shCtrl: 31.8 pA, 38.7±0.7pA, shSult4a1: 35.5 pA, 41.8±0.7 pA). Consistently with data of 430 

expression levels, the results of the analysis of sPSCs suggest that SULT4A1 knockdown induces a 431 

decrease of glutamatergic synaptic activity and an increase of GABAergic synaptic activity.  432 

 433 

SULT4A1 modulates NMDAR activity preventing Pin1-PSD-95 interaction 434 

Our biochemical data indicate that the knockdown of SULT4A1 in neurons causes a significant 435 

decrease of GluN1. Therefore, total NMDAR-mediated currents (INMDA) in neurons transfected with 436 
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shSult4a1 were assessed. A specific reduction of INMDA was observed, quantified as peak current 437 

density. This reduction was prevented by co-transfecting the shSult4a1 with the Sult4a1r (shCtrl, 438 

pA/pF: 28.3±1.9; shSult4a1: 20.7±1.4 Sult4a1r: 28.9±2.7) (Fig. 5A). Moreover, we measured total 439 

AMPAR-mediated currents (IAMPA). Our results showed a slight but not significant reduction in 440 

neurons transfected with shSult4a1 (shCtrl, pA/pF: 15.3±1.1; shSult4a1: 12.8±2.4 Sult4a1r: 441 

18.9±3.5) (Fig. 5B), suggesting that SULT4A1 knockdown caused a specific NMDARs impairment 442 

in synapses. 443 

To elucidate whether the decreased INMDA was associated with a reduced recruitment of NMDARs 444 

clusters at synapses, immunocytochemical experiments were performed on cortical neurons co-445 

labeled for PSD-95 and GluN1 (Fig.5C). We found a significant reduction of the number of GluN1 446 

clusters per 10 µm of dendrite (shCtrl: 7.23±0.33, shSult4a1: 5.22±0.33) and a reduction of 447 

GluN1/PSD-95 colocalization (% of colocalization, shCtrl: 78.7±3.41, shSult4a1: 55.88±3.90) in 448 

Sult4a1 knockdown neurons (Fig. 5E-F). No difference in the number of PSD-95 clusters was 449 

detected (shCtrl: 8.04±0.41, shSult4a1: 7.06±0.47) (Fig. 5D). 450 

Immunoblot analysis confirmed lower levels of GluN1 (shCtrl: 1; shSult4a1: 0.83±0.02) and, albeit 451 

not statistically significant, a trend towards a reduction of GluN2B (p=0.1084, shCtrl: 1; shSult4a1: 452 

0.7852±0.10) in synaptosomal preparations derived from Sult4a1-deficient neurons (Fig. 5G).  453 

Peptidyl-prolyl cis-trans isomerase Pin1 is highly expressed at excitatory synapses, where it exerts 454 

a negative action on synaptic transmission by interfering with the PSD-95/GluN2B complex 455 

formation (Antonelli et al., 2016). Since it has been demonstrated that SULT4A1 is able to 456 

specifically interact with Pin1 with the phosphoserine/threonine-proline motifs in its N-terminus 457 

(Mitchell and Minchin, 2009), the effects of SULT4A1 knockdown on synaptic expression of Pin1 458 

was analyzed. A significant increase in Pin1 synaptic levels was evidenced by immunoblot analysis 459 

of synaptosomal preparations derived from SULT4A1-deficient neurons (shCtrl: 1; shSult4a1: 460 

1.17±0.02) (Fig. 5G).  461 

To test if SULT4A1 directly affects the Pin1-PSD-95 interaction at synaptic levels, endogenous 462 

Pin1 was immunoprecipitated from synaptosomal preparations using an anti-Pin1 antibody, and the 463 

co-precipitated PSD-95 was visualized using an anti-PSD-95 antibody (Fig. 5H). With SULT4A1 464 

silencing, the amount of PSD-95 co-precipitated by Pin1 was increased by 40% as compared to 465 

SULT4A1 expressing neurons (shCtrl: 0.83±0.10; shSult4a1: 1.19±0.10). Thus, these results 466 

suggest that SULT4A1 is able to recruit Pin1 and, preventing its interaction with PSD-95, facilitates 467 

the formation of PSD-95/NMDAR complex. In conclusion, our data suggest that the reduction of 468 

NMDAR-mediated currents in SULT4A1-knocked down neurons is mediated by the increased 469 

interaction of Pin1 with PSD-95 in excitatory synapses.  470 
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 471 

Reversal of morphological and functional deficits via Pin1 inhibition. 472 

As synaptic level of Pin1 was found to be significantly increased following SULT4A1 knockdown, 473 

the role of Pin1 catalytic activity was assessed as a potential mechanism underlying altered 474 

glutamatergic transmission. The selective Pin1 inhibitor, PiB, was employed to inhibit Pin1 activity 475 

in SULT4A1 knockdown neurons.  476 

Cortical neurons transfected with shSult4a1 or shCtrl at DIV7 were acutely treated with 2.5 µM PiB 477 

or vehicle (DMSO) at DIV12 for 48 hours. Acute treatment with PiB resulted in an increase in peak 478 

current density in SULT4A1-knocked down neurons, while no significant effect was observed in 479 

neurons transfected with shCtrl. (pA/pF, shCtrl vehicle: 33.1±3.3; shCtrl PiB: 29.8±3.5; shSult4a1 480 

vehicle: 22.2±1.2; shSult4a1 PiB: 32±2.6) (Fig. 6A).  A similar result was observed by acute 481 

treatment with 4 µM DTM, an additional Pin1 chemical inhibitor (Tatara et al., 2010) (pA/pF, 482 

shCtrl vehicle: 29.0±4.7; shCtrl DTM: 30.8±7.1; shSult4a1 vehicle: 22.2±3.5; shSult4a1 DTM: 483 

42.7±7.7) (Fig. 6B). Thus, Pin1 inhibition can revert NMDA currents alteration induced by 484 

SULT4A1 loss of function. 485 

Additionally, the effect of Pin1 inhibition on dendritic spine density was investigated. Acute 486 

treatment with PiB was able to restore the number of dendritic spines in SULT4A1-knocked down 487 

neurons to levels comparable to that of control neurons (Spines number, shCtrl vehicle: 5.67±0.30; 488 

shCtrl PiB: 6.12±0.42; shSult4a1 vehicle: 4.33±0.20; shSult4a1 PiB: 5.82±0.30) (Fig. 6C). Spines 489 

number was also rescued by acute treatment with the second Pin1 inhibitor, DTM  (Spines number, 490 

shCtrl vehicle:6.78±0.25; shCtrl DTM: 7.6±0.5; shSult4a1 vehicle: 4.8±0.37; shSult4a1 DTM: 491 

7.8±0.7) (Fig. 6D).  492 

To revert dendritic arborization deficits, shSult4a1- and shCtrl- transfected neurons were treated 493 

every other day with 1 µM PiB or 4 µM DTM or vehicle, starting at DIV7. However, chronic 494 

treatment with PiB nor DTM had any significant effect on neuronal branching (PiB treatment: 495 

shCtrl vehicle vs PiB: treatment factor P=0.4881, treatment by distance interaction P=0.9999; 496 

shSult4a1 vehicle vs PiB: treatment factor P=0.3740, treatment by distance interaction: P=0.9671. 497 

DTM treatment: shCtrl vehicle vs DTM: treatment factor P=0.0743, treatment by distance 498 

interaction P=0.9021; shSult4a1 vehicle vs DTM: treatment factor P=0.6666, treatment by distance 499 

interaction: P=0.0886) (Fig. 7A-F). 500 

These results suggest that SULT4A1, through direct interaction with Pin1 in dendritic spines, plays 501 

a novel role in regulating dendritic spine maturation and synaptic transmission.  502 

 503 

Discussion 504 
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SULT4A1 is a cytosolic sulfotransferase predominantly expressed in the brain and emerging as a 505 

genetic factor in a variety of neurodevelopmental diseases. However, the functional role of 506 

SULT4A1 within neuronal development is largely unknown since no substrate nor biological 507 

functions have been identified yet. SULT4A1 mRNA and protein expression were found to increase 508 

during mouse neuron and brain development (Alnouti et al., 2006; Hashiguchi et al., 2018; Idris et 509 

al., 2019), supporting a role for SULT4A1 in neuronal maturation. Notably, we found that 510 

SULT4A1 is not only express in cytosol, mitochondrial and microsomal fractions (Garcia et al., 511 

2018), but is also highly expressed in synaptosomal preparation, obtained from mouse cortical 512 

neurons (Fig. 5G).  513 

Sult4a1-KO mice present with a severe and progressive neurological phenotype, including tremor, 514 

absence seizures and ataxia, resulting in postnatal death (Garcia et al., 2018). In humans, 515 

polymorphisms in the SULT4A1 gene have been associated with susceptibility to schizophrenia 516 

(Brennan and Condra, 2005) and several intronic polymorphism were found in patients with worse 517 

cognitive performance (Meltzer et al., 2008). Interestingly, these SULT4A1 polymorphisms are 518 

believed to lead to a reduction of mRNA translatability (Brennan and Condra, 2005). Phelan-519 

McDermid Syndrome (PMS) is a neurological disorder characterized by global developmental 520 

delay and autistic like behavior (Phelan and McDermid, 2012), due to deletions of the distal long 521 

arm of chromosome 22. Although it is widely recognized that deletion of SHANK3 gene, encoding a 522 

scaffold protein of the post-synaptic density (Naisbitt et al., 1999), is the main cause of the PMS 523 

neurological phenotypes (Durand et al., 2007), the wide clinical heterogeneity among PMS patients 524 

suggests that the haploinsufficiency of other genes in the 22q13 region, beside SHANK3, might 525 

contribute to cognitive and speech deficits associated with PMS. Approximately 30% of patients 526 

with PMS have a deletion encompassing SULT4A1 (Sarasua et al., 2014) and infants with SULT4A1 527 

deletion displayed a developmental quotient lower than patients showing two intact SULT4A1 528 

alleles (Zwanenburg et al., 2016). Moreover, Disciglio et al. proposed SULT4A1 as a gene related to 529 

neurological symptoms of PMS patients (Disciglio et al., 2014). All these evidences and the high 530 

evolutionary conserved sequence in vertebrate brains (Allali-Hassani et al., 2007), strengthen the 531 

hypothesis that SULT4A1 plays a pivotal role in central nervous system development and function. 532 

Garcia et al. showed that SULT4A1 is expressed in the neurite projections of primary cortical 533 

neurons (Garcia et al., 2018). Our morphological data show that, in cultured neurons and in vivo, 534 

SULT4A1 modulates neuronal branching complexity and dendritic spine density, suggesting a role 535 

of SULT4A1 in neuronal maturation and synaptic plasticity. Deficits in dendritic arborization and 536 

spine density have been characterized in Shank3 KO mice model of PMS and in mouse models of 537 

schizophrenia (Peca et al., 2011; Verpelli et al., 2011b; Glausier and Lewis, 2013; Sala and Segal, 538 
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2014; Russell et al., 2018; Gouder et al., 2019). Interestingly, we reported alteration in dendritic 539 

arborization and spine density both when we silence or overexpress SULT4A1 (Fig. 2 and 3). These 540 

observations support expression of SULT4A1 at the appropriate level as crucial to ensure proper 541 

neuronal development and function. Thus, deficits in SULT4A1 expression, and the resulting 542 

decrease in arborization and spine density, may confer developmental deficits that contribute to the 543 

presentation or severity of PMS and schizophrenia. 544 

Electrophysiological recordings in primary neurons showed that SULT4A1 modulates NMDAR-545 

mediated synaptic transmission. SULT4A1 silencing induced a decrease in NMDA receptor subunit 546 

GluN1 expression (Fig. 4B and Fig. 5G) and synaptic localization (Fig. 5C-G), which were 547 

associated with a significant reduction in NMDA current amplitude (Fig. 5A).  548 

The peptidyl-prolyl cis-trans isomerase Pin1, highly expressed in neuronal cells, has been identified 549 

as an interactor of SULT4A1 (Smet et al., 2005; Mitchell and Minchin, 2009). However, the 550 

physiological role of this interaction is still unknown. Pin1 is a key regulator of synaptic plasticity 551 

(Antonelli et al., 2016), playing a central role in the prolyl isomerization of PSD-95. This function 552 

has been shown to negatively affect the formation of the PSD-95/NMDAR complex, that is 553 

essential for targeting NMDARs to synapses (Antonelli et al., 2016). This role is supported by the 554 

observation that neurons derived from Pin1
-/-

 mice exhibit increased spine density and synaptic 555 

GluN1 and GluN2B content (Antonelli et al., 2016). In the absence of SULT4A1, we found a 556 

higher amount of Pin1 at synaptic sites associated with lower levels of GluN1 and GluN2B (Fig. 557 

5G), as well as a decreased GluN1/PSD-95 colocalization (Fig. 5C-F). Considering the known 558 

catalytic activity of Pin1 towards PSD-95 (Antonelli et al., 2016), it is compelling to note that in co-559 

immunoprecipitation experiments from SULT4A1-knocked down cortical neurons we detected an 560 

enhanced Pin1/PSD-95 complex formation (Fig. 5H). These results suggest that PSD-95-targeted 561 

prolyl isomerization mediated by Pin1 may be enhanced by SULT4A1 knockdown.  562 

Notably, reduced NMDAR-mediated synaptic transmission caused by the absence of SULT4A1 563 

expression can be rescued through pharmacological inhibition of Pin1 catalytic activity (Fig. 6A-B). 564 

In line with these results, Pin1 inhibition rescues the dendritic spines deficits in SULT4A1-knocked 565 

down neurons (Fig. 6C-D). These results support a role for SULT4A1 in the regulation of PSD-95-566 

targeted Pin1 activity, which in turn controls GluN1 synaptic levels and the formation or stability of 567 

dendritic spines. As NMDAR function is intricately linked to synaptic maturation and activity, it is 568 

compelling to hypothesize a direct link between GluN1 synaptic levels, dendritic spine density and 569 

the well characterized behavioral deficits within SULT4A1 knockout models (Crittenden et al., 570 

2015; Garcia et al., 2018). 571 
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In conclusion, the present study reveals a novel role for SULT4A1 in modulating neuronal 572 

morphology and synaptic activity. We propose a model in which SULT4A1 acts to sequester Pin1 573 

from the synapse, preventing its isomerase activity towards PSD-95. As PSD-95 prolyl-574 

isomerization has been characterized to negatively modulate the synaptic content of NMDA 575 

receptors (Antonelli et al., 2016), this sequestration facilitates the formation of PSD-95/NMDAR 576 

complexes within dendritic spines, resulting in increased NMDAR-mediated synaptic activity and 577 

dendritic spine maturation (Fig. 6E).  578 
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Figure legends 

 

 

 

Figure 1 │Physiological expression of SULT4A1 protein during neuronal development. A 709 

Representative western blots of total cell lysates derived from rat cortical neurons at different days 710 

in-vitro (n=4 independent cultures for all conditions; One-way ANOVA test, P<0.0001; Tukey’s 711 

post-hoc test, ** P=0.0011, *** P=0.0001, **** P<0.0001). B Biochemical analysis of total brain 712 

lysates derived from wild type male mice at different post-natal days (n=3 animals for all 713 

conditions). C Representative western blots of protein lysates from hippocampus (H), striatum (S), 714 

cerebral cortex (Cx) and cerebellum (Cb) derived from adult (P60) wild type mice (n=4 animals for 715 

all conditions; Kruskal-Wallis test, P<0.0001; Dunn’s post-hoc test, * P=0.0451; ** P=0.0065). D 716 

Area-specific expression of SULT4A1 was also compared between adult male (M) and female (F) 717 

mice (n=3 animals for all conditions; Two-way ANOVA, P=0.8362; Sidak’s post-hoc test). E 718 

Representative immunocytochemical staining for SULT4A1 (green), βIII-Tubulin (red) and DAPI 719 

(blue), in rat cortical neurons at day-in-vitro (DIV) 1, 7 and 14. Scale bar = 50μm. F Left: 720 

representative immunocytochemical staining of Oct4 (green), Sox2 (red) and DAPI (blue) of 721 

induced pluripotent stem cells (iPSCs) obtained from healthy control individuals. Center: iPSC-722 

derived neural stem cells (NSCs) stained for Nestin (green), Sox2 (red) and DAPI (blue). Right: 723 

representative immunostaining for MAP2 (green) and DAPI (blue) of NSC-derived neurons after 40 724 

days of differentiation. Scale bar = 50μm. G Representative immunoblots of total cell lysates 725 

obtained from human neurons, sampled during differentiation from day 0 (NSC stage) until day 40 726 

(mature neuron stage) (n=3 independent cultures for all conditions; One-way ANOVA test, 727 

P<0.0001; Tukey’s post-hoc test, 0 vs 30: P<0.0001, 0 vs 40: P<0.0001, 10 vs 20: P=0.0371, 10 vs 728 

30: P<0.0001, 10 vs 40: P<0.0001, 20 vs 30: P=0.0003, 20 vs 40: P<0.0001, 30 vs 40: P=0.0411). 729 

Data represent Mean ± SEM. 730 

 731 

Figure 2 │Sult4a1 silencing reduces neuronal branching and dendritic spine density. A 732 

Representative immunofluorescence images and relative traces of rat cortical neurons transfected 733 

with the scrambled shRNA (shCtrl), the Sult4a1-specific shRNA (shSult4a1) or shSult4a1 together 734 

with the resistant construct (Sult4a1r). Neurons were stained for SULT4A1 (red) to assess protein 735 

expression. Scale bar= 100 μm. B Results of Sholl analysis and quantification of the number of 736 

intersections, plotted against the distance from the soma (shCtrl n=13 individual neurons, shSult4a1 737 

n=15 individual neurons, Sult4a1r n=19 individual neurons; Two-way ANOVA, P<0.0001; 738 

Tukey’s post-hoc test, * shSult4a1 vs shCtrl, # shSult4a1 vs Sult4a1r; 30µm: ****P<0.0001, ## 739 

P<0.0001; 40µm: ****P<0.0001, ####P<0.0001; 50µm: ****P<0.0001, ###P=0.0001; 60µm: 740 
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***P=0.0007). C Quantification of total dendrites length (shCtrl n=10 individual neurons, 741 

shSult4a1 n=13 individual neurons, Sult4a1r n=13 individual neurons; One-way ANOVA, 742 

P<0.0001, Tukey’s post-hoc test, shCtrl vs shSult4a1: P=0.0001, shSult4a1 vs Sult4a1r: P=0.0001, 743 

ns= not significant). D-E Quantification of the number of primary (D) and secondary (E) dendrites 744 

(shCtrl n=21 individual neurons, shSult4a1 n=18 individual neurons, Sult4a1r n=20 individual 745 

neurons; (D): One-way ANOVA, P<0.0001, Tukey’s post-hoc test, shCtrl vs shSult4a1: P=0.0002, 746 

shSult4a1 vs Sult4a1r: P=0.0002, ns= not significant; (E): One-way ANOVA, P<0.0001, Tukey’s 747 

post-hoc test, shCtrl vs shSult4a1: P<0.0001, shSult4a1 vs Sult4a1r: P=0.0079, ns= not significant). 748 

F Representative immunofluorescence images showing dendritic spines of rat cortical neurons 749 

transfected with shCtrl, shSult4a1 or shSult4a1 together with the resistant plasmid. Neurons were 750 

stained for SULT4A1 (red) to assess protein expression. Scale bar= 10 μm. G-I Quantification of 751 

dendritic spines length (G), width (H) and number of spines per 10 μm of dendrite (I) (shCtrl n=10 752 

individual dendrites, shSult4a1 n=10 individual dendrites, Sult4a1r n=14 individual dendrites; 753 

Kruskal-Wallis test, P=0.6092 for (G), P=0.8472 for (H), P=0.0081 for (I); (I): Dunn’s post-hoc 754 

test, shCtrl vs shSult4a1: P=0.0105, shSult4a1 vs Sult4a1r: P=0.0417, ns= not significant). J 755 

Quantification of filopodia, long thin and mushroom spines distribution. K Representative 756 

immunohistochemistry images from brain slices obtained from 30-day-old in utero electroporated 757 

mice, showing cortical neurons expressing shCtrl or shSult4a1 and their relative traces. Scale bar= 758 

100 μm. L Results of Sholl analysis and quantification of the number of intersections, plotted 759 

against the distance from the soma (shCtrl n=10 individual neurons, shSult4a1 n=13 individual 760 

neurons; Two-way ANOVA, P=0.0629; Sidak’s post-hoc test, 60µm: *P=0.0162; 70µm: 761 

****P<0.0001). M Quantification of total dendrites length (shCtrl n=10 individual neurons, 762 

shSult4a1 n=13 individual neurons, Unpaired t test *** P=0.0002). N Representative 763 

immunofluorescence images showing dendritic spines of shCtrl- or shSult4a1-expressing cortical 764 

neurons from 30-day-old in utero electroporated mice. Scale bar= 10 μm. O-Q Quantification of 765 

dendritic spines length (O), width (P) and number of spines per 10 μm of dendrite (Q) (shCtrl n= 12 766 

individual dendrites, shSult4a1 n= 9 individual dendrites; Unpaired t test P=0.0490). R 767 

Quantification of thin, stubby and mushroom spines distribution. Data represent Mean ± SEM. 768 

 769 

Figure 3│ Sult4a1 overexpression impairs dendritic arborization and spines.  A Representative 770 

immunofluorescence images and relative traces of rat cortical neurons transfected with pLVTHM 771 

alone (GFP) or together with pFlag-SULT4A1 (overexpression). Neurons were stained for 772 

SULT4A1 (red) to assess protein (over)expression. Scale bar= 100 μm. B Results of Sholl analysis 773 

and quantification of the number of intersections, plotted against the distance from the soma (GFP 774 
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n=21 individual neurons, Overexpression n=15 individual neurons; Two-way ANOVA, P<0.0001; 775 

Sidak’s post-hoc test,  10µm: *P=0.0126; 20µm: *P=0.0444). C-D Quantification of the number of 776 

primary (C) and secondary (D) dendrites (GFP n=20 individual neurons, Overexpression (OV) 777 

n=21 individual neurons; for (C) Mann-Whitney test, P=0.3511; for (D) Unpaired t test, P=0.2496). 778 

E Quantification of total dendrites length (GFP n=20 individual neurons, Overexpression (OV) 779 

n=21 individual neurons; Unpaired t test, P=0.2387). F Representative immunofluorescence images 780 

showing dendritic spines of rat cortical neurons transfected with pLVTHM alone (GFP) or together 781 

with pFlag-SULT4A1 (OV). Neurons were stained for SULT4A1 (red) to assess protein 782 

(over)expression. Scale bar= 10 μm. G-I Quantification of dendritic spines length (G), width (H) 783 

and number of spines per 10 μm of dendrite (I) (GFP n=15 individual dendrites, OV n=23 784 

individual dendrites; Unpaired t test (G):**P=0.0126; (I): ):*P=0.0303). J Quantification of 785 

filopodia, long thin and mushroom spines distribution. Data represent Mean ± SEM. 786 

 787 

Figure 4 │Sult4a1 knockdown alters synaptic transmission. A Representative immunoblots of 788 

total protein lysates derived from day-in-vitro 14 rat cortical neurons transduced with a lentivirus 789 

expressing shCtrl or shSult4a1. Both conditions were compared with not infected condition (Ni) so 790 

to verify whether the infection itself could cause any alteration of Sult4a1 protein expression. 791 

Sult4a1 protein levels were normalized against the level of the not infected neurons (Ni n=7 792 

independent cultures, shCtrl n=4 independent cultures, shSult4a1 n=7 independent cultures; One-793 

sample t test, Ni vs shSult4a1:****P<0.0001, shCtrl vs shSult4a1:****P<0.0001, ns= not 794 

significant). B Representative western blots of total lysates from shCtrl- or shSult4a1-transduced 795 

cortical neurons. Protein levels were normalized against the level of the shCtrl-transduced neurons. 796 

(shCtrl n≥3 independent cultures, shSult4a1 n≥3 independent cultures; One-sample t test, 797 

GAD65:*P=0.0396, GluN1:*P=0.0186). C Upper panels: representative spontaneous excitatory 798 

postsynaptic currents (sEPSCs) recorded from shCtrl- (blue) or shSult4a1- (red) transfected 799 

neurons. Middle panels: left, plot of cumulative probability of sEPSC frequencies (shCtrl n=5 800 

individual neurons, shSult4a1 n=5 individual neurons; Kolmogorov-Smirnov test, P=4x10
-18

); right, 801 

mean instantaneous frequencies plot (shCtrl n=5 individual neurons, shSult4a1 n=5 individual 802 

neurons; Mann-Whitney test, * P<0.05; data are shown as Mean ± SEM). Bottom panels: left, plot 803 

of cumulative probability of sEPSC amplitudes (Kolmogorov-Smirnov test, P=10
-11

); right, plot of 804 

mean sEPSC amplitudes (shCtrl n=5 individual neurons, shSult4a1 n=5 individual neurons; Mann-805 

Whitney test, P=10
-12

; data are shown as Mean ± SEM). D Upper panels: representative 806 

spontaneous inhibitory postsynaptic currents (sIPSCs) recorded from shCtrl- (blue) or shSult4a1- 807 

(red) transfected neurons. Middle panels: left, plot of cumulative probability of sIPSC frequencies 808 
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(shCtrl n=5 individual neurons, shSult4a1 n=6 individual neurons; Kolmogorov-Smirnov test, 809 

P=5x10
-8

): right: plot of mean instantaneous frequencies (shCtrl n=5 individual neurons, shSult4a1 810 

n=6 individual neurons; Mann-Whitney test; data are shown as Mean ± SEM). Bottom panels: left, 811 

plot of cumulative probability of sIPSC amplitudes (Kolmogorov-Smirnov test, P=10
-12

); right, plot 812 

of mean sIPSC amplitudes (shCtrl n=5 individual neurons, shSult4a1 n=5 individual neurons; 813 

Mann-Whitney test, P=10
-8

; data are shown as Mean ± SEM).  814 

 815 

Figure 5 │SULT4A1 interaction with Pin1 and its role in excitatory synapses. A Left: 816 

representative NMDA-mediated current (INMDA) traces elicited by the perfusion of 100 μM NMDA 817 

from neurons transfected with shCtrl (blue), shSult4a1 (red) or shSult4a1 together with the resistant 818 

plasmid Sult4a1r (orange). Right: analysis of mean peak INMDA current densities in neurons 819 

transfected with shCtrl, shSult4a1 or shSult4a1 together with the resistant plasmid Sult4a1r (shCtrl 820 

n=30 individual neurons, shSult4a1 n=34 individual neurons; Sult4a1r n=10; One-way ANOVA, 821 

P=0.0028, Tukey’s post-hoc test, shCtrl vs shSult4a1: P=0.0048, shSult4a1 vs Sult4a1r: P=0.0423, 822 

ns= not significant). B Left: representative AMPA-mediated current (IAMPA) traces elicited by the 823 

perfusion of 100 μM AMPA from neurons transfected with shCtrl (blue), shSult4a1 (red) or 824 

shSult4a1 together with the resistant plasmid Sult4a1r (orange). Right: analysis of mean peak IAMPA 825 

current densities in neurons transfected with shCtrl, shSult4a1 or shSult4a1 together with the 826 

resistant plasmid Sult4a1r (shCtrl n=11 individual neurons, shSult4a1 n=8 individual neurons; 827 

Sult4a1r n=7 individual neurons; One-way ANOVA, P=0.2133). C Representative 828 

immunofluorescence images showing dendritic spines of rat cortical neurons transfected with shCtrl 829 

or shSult4a1. Neurons were stained for PSD-95 (blue) and GluN1 (red). Scale bar= 10 μm. D-E 830 

Quantification of the number of PSD-95 (D) and GluN1 (E) clusters per 10 μm of dendrite (shCtrl 831 

n=11 individual dendrites, shSult4a1 n=11 individual dendrites; Unpaired t test, (E): P=0.0003). F 832 

Quantification of GluN1 and PSD-95 clusters colocalization (shCtrl n=11 individual dendrites, 833 

shSult4a1 n=11 individual dendrites; Unpaired t test, *** P=0.0004). G Representative western 834 

blots of synaptosomal fractions obtained from cortical neurons transduced with shCtrl or shSult4a1. 835 

Protein levels were normalized against the levels of the shCtrl-transduced neurons (shCtrl n≥3 836 

independent cultures, shSult4a1 n≥3 independent cultures; One-sample t test, SULT4A1: P<0.0001, 837 

GluN1: P=0.0032, Pin1: P=0.0206). H Left: representative images of immunoprecipitation (IP) 838 

assay performed on synaptosomal fractions derived from neurons transduced with shCtrl or 839 

shSult4a1. Proteins were precipitated using mouse anti-Pin1 or mouse IgG antibodies and 840 

nitrocellulose membranes were probed with anti-Pin1, anti-SULT4A1 and anti-PSD-95 antibodies 841 

(WB). Right: histogram showing the ratio between PSD-95 and Pin1 signals (PSD-95/Pin1) (shCtrl 842 
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n=4 independent experiments, shSult4a1 n=4 independent experiments; Unpaired t test, P=0.0464). 843 

Data represent Mean ± SEM. 844 

 845 

Figure 6 │ Rescue of shSult4a1-dependent phenotypes via Pin1 pharmacological inhibition. A 846 

Left: representative NMDA-mediated current (INMDA) traces from shCtrl- (blue) and shSult4a1- 847 

(red) transfected neurons, treated for 48h with 2.5 μM PiB or vehicle. Right: analysis of mean peak 848 

INMDA current densities (shCtrl + vehicle n=12 individual neurons, shCtrl + PiB n=16 individual 849 

neurons, shSult4a1 + vehicle n=6 individual neurons, shSult4a1 + PiB n=16 individual neurons; 850 

One-way ANOVA, P=0.0082; Tukey’s post-hoc test, shCtrl vehicle vs shSult4a1 vehicle: 851 

P=0.0146, shSult4a1 vehicle vs shSult4a1 PiB: P=0.0186). B Left: representative NMDA-mediated 852 

current (INMDA) traces from shCtrl- (blue) and shSult4a1- (red) transfected neurons, treated for 48h 853 

with 4 μM DTM or vehicle. Right: analysis of mean peak INMDA current densities (shCtrl + vehicle 854 

n= 16 individual neurons, shCtrl + DTM n= 7 individual neurons, shSult4a1 + vehicle n= 21 855 

individual neurons, shSult4a1 + DTM n= 10 individual neurons; One-way ANOVA, P=0,0008, 856 

Tukey’s post-hoc test, shCtrl+vehicle vs shSult4a1+vehicle: P=0.0455, shSult4a1+vehicle vs 857 

shSult4a1+DTM: P=0.0006). C Left: representative immunofluorescence images showing dendritic 858 

spines of rat cortical neurons transfected with shCtrl or shSult4a1 and treated for 48h with 2.5 μM 859 

PiB, a pharmacological inhibitor of Pin1 catalytic activity, or vehicle (DMSO). Scale bar=10μm. 860 

Right: quantification of the number of dendritic spines per 10 μm of dendrite (shCtrl + vehicle n=19 861 

individual dendrites, shCtrl + PiB n=16 individual dendrites, shSult4a1 + vehicle n=19 individual 862 

dendrites, shSult4a1 + PiB n=17 individual dendrites; One-way ANOVA, P=0.0003; Tukey’s post-863 

hoc test, shCtrl+vehicle vs shSult4a1+vehicle: P=0.0096,  shCtrl+PiB vs shSult4a1 vehicle: 864 

P=0.0005, shSult4a1+vehicle vs shSult4a1+PiB: P=0.0044). D Left: representative 865 

immunofluorescence images showing dendritic spines of rat cortical neurons transfected with shCtrl 866 

or shSult4a1 and treated at DIV12 for 48h with 4 µM DTM, a pharmacological inhibitor of Pin1 867 

catalytic activity, or vehicle (DMSO); scale bar=10 µm. Right: quantification of the number of 868 

dendritic spines per 10 μm of dendrite (shCtrl + vehicle n=10 individual dendrites, shCtrl + DTM 869 

n=10 individual dendrites, shSult4a1 + vehicle n=11 individual dendrites, shSult4a1 + DTM n=10 870 

individual dendrites; Kruskal-Wallis test P=0.0006; Dunn’s post-hoc test, shCtrl+vehicle vs 871 

shSult4a1+vehicle: P=0.0301,  shCtrl+DTM vs shSult4a1 vehicle: P=0.0012, shSult4a1+vehicle vs 872 

shSult4a1+DTM: P=0.0005). E Cartoon showing the hypothesized mechanism. SULT4A1 interacts 873 

with Pin1 promoting the formation of the PSD-95/NMDAR complex in excitatory synapses. In 874 

absence of SULT4A1, Pin1 is free to interact with PSD-95, reducing NMDAR expression in 875 

synapses. Data represents Mean ± SEM. 876 
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 877 

 Figure 7 │ Pin1 pharmacological inhibition does not rescue dendritic arborization after 878 

shSult4a1 knockdown.  A Representative immunofluorescence images and relative traces of rat 879 

cortical neurons transfected with shCtrl or shSult4a1 and treated every other day with 1 μM PiB or 880 

vehicle, starting at DIV7. Scale bar= 100 μm. B-C Results of Sholl analysis and quantification of 881 

the number of intersections, plotted against the distance from the soma. shCtrl (B) and shSult4a1 882 

(C) conditions are displayed separately to clearly illustrate the effect of PiB treatment (B: shCtrl + 883 

vehicle n= 10 individual neurons, shCtrl + PiB n= 11 individual neurons; Two-way RM ANOVA, 884 

P=0.9999; Sidak’s post-hoc test) (C: shSult4a1 + vehicle n= 5 individual neurons, shSult4a1 + PiB 885 

n= 11 individual neurons; Two-way RM ANOVA, P=0.9671; Sidak’s post-hoc test). D 886 

Representative immunofluorescence images and relative traces of rat cortical neurons transfected 887 

with shCtrl or shSult4a1 and treated every other day with 4 μM DTM or vehicle, starting at DIV7. 888 

Scale bar= 100 μm.  E-F Results of Sholl analysis and quantification of the number of intersections, 889 

plotted against the distance from the soma. shCtrl (E) and shSult4a1 (F) conditions are displayed 890 

separately to clearly illustrate the effect of DTM treatment (E: shCtrl + vehicle n= 9 individual 891 

neurons, shCtrl + DTM n= 9 individual neurons; Two-way RM ANOVA, P=0.9021; Sidak’s post-892 

hoc test) (F: shSult4a1 + vehicle n= 6 individual neurons, shSult4a1 + DTM n= 6 individual 893 

neurons; Two-way RM ANOVA, P=0.0886; Sidak’s post-hoc test). Data represents Mean ± SEM. 894 

 

Extended data legend 895 

Extended data Figure 2-1 │ Sult4a1-specific shRNA validation. A Western blot from HEK293T 896 

cells transfected with a plasmid expressing pLVTHM (Ctrl) or one of the two shRNA specific for 897 

Sult4a1 (shRNA #1 or shRNA #2). All constructs express GFP. Sult4a1 protein level is graphed as 898 

percentage compared to the control condition (Ctrl) (n=3 independent experiments for all 899 

conditions; One-sample t test, Ctrl vs shRNA#1: P=0.0002; Ctrl vs shRNA#2: P=0.0003). B 900 

Western blot from HEK293T cells transfected with a plasmid expressing the scrambled form of the 901 

shRNA (shCtrl), the shRNA #1 (now indicated as shSult4a1) alone or together with the construct 902 

resistant to interference by shSult4a1 (Sult4a1r). Both shCtrl and shSult4a1 constructs also express 903 

GFP. Sult4a1 protein level is graphed as percentage compared to the control condition (shCtrl) (n=3 904 

independent experiments for all conditions; One-sample t test, shCtrl vs shSult4a1: P=0.0024; 905 

shCtrl vs shSult4a1+Sult4a1r: P=0.0006). Data represent Mean ± SEM. 906 
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