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ABSTRACT 29 

30 

Reelin (RELN) is a secreted glycoprotein essential for cerebral cortex development. In humans, 31 

recessive RELN variants cause cortical and cerebellar malformations, while heterozygous 32 

variants were associated to epilepsy, autism and mild cortical abnormalities. However, their 33 

functional effects remain unknown. We identified inherited and de novo RELN missense 34 

variants in heterozygous patients with neuronal migration disorders (NMDs) as diverse as 35 

pachygyria and polymicrogyria. We investigated in culture and in the developing mouse 36 

cerebral cortex how different variants impacted RELN function. Polymicrogyria-associated 37 

variants behaved as gain-of-function showing an enhanced ability to induce neuronal 38 

aggregation, while those linked to pachygyria as loss-of-function leading to defective neuronal 39 

aggregation/migration. The pachygyria-associated de novo heterozygous RELN variants acted 40 

as dominant-negative by preventing wild-type RELN secretion in culture, animal models and 41 

patients, thereby causing dominant NMDs. We demonstrated how mutant RELN proteins in 42 

vitro and in vivo predict cortical malformation phenotypes, providing valuable insights into the 43 

pathogenesis of such disorders. 44 
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INTRODUCTION 45 

 46 

The neocortex is composed of six layers that are built during embryonic development through 47 

highly orchestrated processes of successive generation of cohorts of glutamatergic neurons in 48 

the proliferative zones and their radial migration to form distinct layers (1). The inside-out 49 

sequence in the formation of these layers, whereby later-born neurons bypass earlier-born ones 50 

to position more superficially, is a unique characteristic of the mammalian neocortex (2). This 51 

process relies on the first generated neurons, Cajal-Retzius cells (CRs), which from the cortical 52 

surface orchestrate the radial migration, through the secretion of the Reelin (RELN) protein (3, 53 

4). RELN is a large secreted glycoprotein, which is cleaved in the extracellular environment at 54 

two main specific sites, between repeats 2-3 (N-t site) and repeats 6-7 (C-t site) (5-8), by 55 

cleaving enzymes such as matrix metalloproteinases (6, 9-11). Studies on RELN proteolysis 56 

have identified three key domains. The N-terminal (N-t) domain is necessary for 57 

multimerization (12, 13), while the central region (R3-6) binds to RELN receptors, 58 

apolipoprotein E receptor 2 (ApoER2) and very low density lipoprotein receptor (VLDLR) (5, 59 

14-16). The C-terminus (C-t) contains a small carboxy-terminal region (CTR) and is required 60 

for downstream signaling activation (17, 18) but its role in secretion is not fully elucidated yet 61 

(18, 19). The full-length protein is generally more efficient in activating the transduction 62 

cascade probably due to the N-t region that promotes homodimerization through disulfide 63 

linkage, and the CTR that mediates proper folding (12, 13, 18, 20). Although RELN has been 64 

studied for almost three decades, its functions are still unclear. On one hand, it is proposed that 65 

it acts as an attractant cue (21), and on the other hand it is thought to serve as a “detach and go” 66 

signal instructing migrating neurons close to the marginal zone (MZ) to disengage from the 67 

radial glia and switch from a locomotion mode of migration to terminal translocation (5, 22-68 

27). RELN has been initially studied via the characterization of the reeler (rl/rl) homozygous 69 

mouse mutant (4, 28), which shows a profound disorganization of cortical lamination, largely 70 

due to impaired migration of pyramidal neurons (3, 29). At the opposite, heterozygous reeler 71 

(rl/+) mice (haploinsufficient for RELN) show no defects in cortical layering but exhibit a 72 

spectrum of cognitive and behavioral abnormalities (30, 31), which emphasizes the relevance 73 

of RELN expression levels in higher brain functions.  74 

In humans, recessive RELN variants in the homozygous or compound heterozygous state are 75 

associated to different patterns of lissencephaly (LIS) with cerebellar hypoplasia (LCH), a 76 

severely disabling developmental disorder (32-39), often linked with epilepsy. Fifteen 77 

pathogenic or likely pathogenic RELN variants in twelve families with this condition have been 78 
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identified to date, including null alleles, splice-site and missense variants. In addition, one 79 

single patient with polymicrogyria, microcephaly and epilepsy was described with two 80 

missense variants (40). Several heterozygous RELN variants were identified as risk factors for 81 

multiple neuropsychiatric and neurodegenerative disorders, such as schizophrenia, bipolar 82 

disorders, Autism Spectrum Disorders (ASD) and Alzheimer’s disease (41-43) in the absence 83 

of cortical malformations. Moreover, heterozygous RELN variants account for 17.5% of 84 

familial cases of autosomal dominant lateral temporal lobe epilepsy (ADLTE) with relatively 85 

low penetrance (44, 45). These are mainly missense variants, which alter structurally important 86 

amino acids (aa) predicted to perturb protein folding (44, 45) but they do not lead to brain 87 

malformations. Only four ADLTE-causing missense RELN variants (46) and one de novo 88 

missense variant identified in an ASD patient (47) were functionally characterized in vitro 89 

showing reduced secretion of mutated RELN. Recently, monoallelic RELN variants were 90 

reported in eight families with frontotemporal or temporal-predominant LIS, but with normal 91 

cerebellum and these include splice-site and missense variants (37, 48). However, it is unknown 92 

whether the phenotypes arise from gain-of-function (GOF) or loss-of-function (LOF) and, 93 

importantly, which specific sub-function of RELN may be affected in order to cause such high 94 

variety of pathologies. 95 

Here we report six patients with inherited and de novo heterozygous missense RELN variants 96 

associated with a spectrum of malformations of cortical development (MCDs), namely 97 

polymicrogyria (excessive number of abnormally small gyri) or pachygyria (simplified cortical 98 

gyral pattern with shallow sulci and broad gyri) (49) without cerebellar hypoplasia. We 99 

functionally characterized each variant through a set of in vitro and in vivo assays to assess the 100 

secretion of the mutated proteins and their capacity to cause aggregates/rosettes and regulate 101 

neuronal migration upon their ectopic expression in the embryonic mouse cerebral cortex. We 102 

assessed their pathogenicity, demonstrating that all variants interfere with at least one of the 103 

studied processes, and characterizing to what extent that interference correlates with the 104 

pathological phenotype. We also provide what we believe to be the first evidence that 105 

monoallelic de novo RELN variants found in pachygyria patients can cause autosomal dominant 106 

NMDs by behaving as dominant-negative forms on wild-type (WT) RELN secretion in vitro, 107 

in animal models and in patients. Our findings indicate that defects of RELN secretion and 108 

function contributes to NMDs, shedding light on the involvement of RELN in the etiology of 109 

MCDs.  110 
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RESULTS  111 

 112 

Cortical malformations in patients carrying RELN variants 113 

 Seven missense RELN (NM_005045.4) variants were identified in six children with 114 

cortical malformations without cerebellar abnormalities (Figure 1, Table 1 and Supplemental 115 

Figure 1). One child (C1) carries two variants, and the other five have monoallelic variants: two 116 

brothers (MI1/2) bearing the same maternally-inherited variant, one child (DN*) with a 117 

paternally-inherited plus a de novo variant on the same allele, and lastly two unrelated children 118 

(DN1, DN2) with de novo variants. Affected children were diagnosed at 1-8 years of age with 119 

hypotonia and cognitive developmental delays. The first patient C1 exhibited bilateral fronto-120 

temporo-parietal polymicrogyria and periventricular nodular heterotopia at brain magnetic 121 

resonance imaging (MRI) (Figure 1A). Next Generation Sequencing (NGS) analysis of a 122 

dedicated panel of genes associated with MCDs revealed two missense RELN variants, 123 

c.5461T>C (p.Tyr1821His) in Reelin repeat (RR) 4 and c.3839G>A (p.Gly1280Glu) in RR3, 124 

denoted as Y1821H and G1280E, respectively (Figure 1B and Table 1). The G1280E 125 

substitution was maternally inherited whereas Y1821H was de novo, but given the 126 

unavailability of DNA samples from the trio during this study, the presence of the two variants 127 

on the same allele (as patient DN*) or on different alleles cannot be assessed. Patients MI1 and 128 

MI2, two brothers (hence referred as MI1/2), exhibited MRI imaging consistent with bilateral 129 

perisylvian polymicrogyria (Figure 1A). In these two patients, a NGS panel for genes associated 130 

with MCDs and intellectual disability revealed the c.2737C>T (p.Arg913Cys) missense 131 

substitution (R913C) in the RR2 of the RELN gene (Figure 1B and Table 1), which they both 132 

inherited from their apparently healthy, but unexamined, mother. No other variants of 133 

significance were identified by whole-exome sequencing (WES) in these brothers. The fourth 134 

patient (DN*), exhibiting bilateral pachygyria, which is part of the LIS spectrum, primarily 135 

manifested in the frontal regions (Figure 1A), underwent NGS analysis of MCDs genes. It 136 

revealed the c.1949T>G/c.1667A>T (p.Ile560Ser/p.Asp556Val) missense RELN variants 137 

(I650S/D556V) with the I650S localized in RR1 and the D556V in the N-terminus domain 138 

(Figure 1B and Table 1). Parental analysis revealed that both variants are in a cis configuration 139 

on the same paternal allele (see Supplemental Methods). The last two patients, hereafter DN1 140 

and DN2, as reported previously (37), presented at the brain MRI bilateral pachygyria with 141 

simplified gyral pattern, notably frontotemporal-predominant in the case of DN1 and frontal-142 

predominant for DN2, and becoming less severe posteriorly (Figure 1A). NGS analysis of a 143 

panel for MCDs genes identified in patient DN1 a de novo c.1615T>C (p.Cys539Arg) variant 144 



6 

(C539R) in the N-terminal of the RELN gene and a de novo c.9619C>T (p.Arg3207Cys) in 145 

DN2 (R3207C) located in RR8 (Figure 1B and Table 1). Most of the RELN variants were 146 

predicted to be damaging by two web-based programs (PolyPhen-2 and CADD scores) except 147 

the inherited I650S. The majority was also absent from a public reference population database 148 

(Genome Aggregation Database [gnomAD] v3.1.2 non-neuro), whereas the G1280E was 149 

present with a 1.2% frequency and the R913C with very low frequency (Table 1). According to 150 

the American College of Medical Genetics/Association of Molecular Pathology (ACMG/AMP) 151 

2015 guidelines (50), all de novo variants were assessed as likely pathogenic 152 

(PS2+PM1+PM2+PP3), the G1280E as benign (PM1+BS1+BS2+BP6) and the R913C 153 

(PM1+PM2+PP3) and I650S (PM1+PM2) as variants of unknown significance (VUS) (Table 154 

1). All patients had normal comparative genomic hybridization array (CGH-Array). With the 155 

exception of MI1/2, all patients were born from non-consanguineous healthy parents. Among 156 

all patients, only MI1 had epilepsy. All family pedigrees are shown in Supplemental Figure 1. 157 

These results suggest that heterozygous RELN variants are associated with a variety of 158 

cortical malformations, as diverse as pachygyria, which is a generalized transmantle migration 159 

abnormality, or polymicrogyria, which is still classified as a post-migrational disorder (51), in 160 

the absence of cerebellar hypoplasia, previously thought to be the hallmark of RELN-dependent 161 

autosomal recessive LIS. 162 

163 

RELN missense variants reduce its secretion 164 

We first investigated whether the missense variants identified in the six patients with 165 

MCDs could affect RELN expression and/or secretion. We introduced each of the seven 166 

missense variants into the mouse RELN sequence (affected residues are conserved but shifted 167 

+1aa compared to human; see Supplemental Methods). IRES-eGFP-expressing plasmids168 

carrying the mouse WT-RELN or the different variants were transfected into HEK293T cells, 169 

which lack endogenous RELN. RELN levels in both cell lysates and media were compared by 170 

immunoblotting using G10 (Figure 2) and 12/14 (Supplemental Figure 2) antibodies, 171 

recognizing epitopes in the N-t and C-t region, respectively (52). GFP-transfected cells showed 172 

no signal either in cell lysates or media (data not shown). Upon WT-RELN transfection, a single 173 

full-length (FL) 450 kDa band was observed in the cell fraction (Figure 2B), whereas the FL 174 

450 kDa, the two complementary fragments resulting from the N-t cleavage NR2 (150 kDa) 175 

and R3-8 (250 kDa), and those resulting from the C-t cleavage NR6 (340 kDa) and R7-8 (80 176 

kDa), were visible in the secreted fraction (Figures 2A, C and Supplemental Figure 2), 177 
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indicating that WT-RELN is efficiently secreted and processed as expected (53). In cell lysates, 178 

significantly increased levels of FL RELN (450 kDa) were observed for I650S-, D556V-, 179 

C539R- and R3207C-transfected cells compared to WT (Figure 2B). In contrast, we observed 180 

a 40% decrease of RELN in the media of R913C-transfected cells, and a 48% and 78% 181 

reduction in the media of I650S- and D556V-transfected cells, respectively (Figure 2C). A 182 

stronger effect was observed for the C539R and R3207C variants for which both FL and all 183 

RELN proteolytic fragments were undetectable in the culture media (Figure 2C). Similar 184 

changes in secreted RELN caused by the different variants were detected using the 12/14 185 

antibodies that recognize the C-terminal region of the protein (Supplemental Figure 2B). 186 

Taken together, these observations indicate that the de novo variants in the patients with 187 

pachygyria and the inherited variants in MI1/2 and DN* patients cause, respectively, strong and 188 

mild deficiency in RELN secretion. The significant accumulation of intracellular RELN 189 

detected for the I650S, D556V, C539R and R3207C variants is consistent with their pronounced 190 

deficit in RELN secretion. 191 

192 

RELN variants affect neuronal aggregation along the rostro-caudal axis of the developing 193 

cerebral cortex 194 

RELN is important to regulate neuronal migration and positioning of migrating neurons 195 

(3, 4). To test whether RELN variants affect its activity in vivo compared to their WT 196 

counterpart, we took advantage of a functional assay developed by Kubo et al. (54). Ectopic 197 

RELN expression in the developing cortex of mouse embryos drives the radial migration of 198 

glutamatergic neurons to form cell aggregates organized around a RELN-rich center mimicking 199 

its production by CRs in the MZ. We electroporated IRES-eGFP-expressing plasmids carrying 200 

WT-RELN or the different variants in the embryonic mouse cortex at E14.5 and collected the 201 

brains at postnatal day 1 (P1) (Figure 3A). As previously shown (54), we confirmed that WT-202 

RELN is capable to cause the formation of aggregates (Figure 3B). In addition, we found that 203 

these were not forming randomly along the rostro-caudal axis, but exclusively in intermediate 204 

and caudal regions along the rostro-caudal axis at hippocampal levels (n=6 WT) (Figure 3C). 205 

Different effects were obtained when RELN variants were electroporated. I650S and D556V, 206 

identified in the DN* patient with pachygyria, behaved as the WT with GFP+ aggregates 207 

forming caudally, although with a lower frequency (I650S: 3/9 and D556V: 3/5 brains with 208 

aggregates), while the Y1821H, G1280E and R913C variants associated to polymicrogyria 209 

promoted the formation of aggregates at both caudal and rostral levels (Figure 3B-C). 210 
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Interestingly, the C539R and R3207C variants, found in patients DN1 and DN2, failed to form 211 

cell aggregates, consistent with their severely impaired secretion (Figure 2B). All aggregates 212 

formed in the intermediate zone (IZ) just below the cortical plate (CP) labeled by TBR1, a 213 

marker of deep-layer neurons at this age (Supplemental Figure 3). 214 

Overall, these results allowed to conclude that: i) aggregates are mostly obtained in 215 

posterior regions, indicating that different areas of the developing cortex are not equally 216 

responsive to ectopic RELN; ii) variants from C1, MI1/2 and DN* patients lead to the formation 217 

of aggregates in the posterior cortex, indicating that they retain some of the activity of the WT 218 

protein; iii) polymicrogyria-associated variants from C1 and MI1/2 patients appear to gain the 219 

capacity to induce aggregate formation at rostral levels (>50% of brains) and thus represent a 220 

GOF in this assay; iv) the two de novo variants from DN1 and DN2 patients behave as complete 221 

LOF as shown by the absence of aggregate formation. 222 

223 

Pachygyria-associated RELN missense variants fail to form properly well-organized 224 

rosettes 225 

As previously detailed (54), upon WT-RELN electroporation into the developing mouse 226 

neocortex at E14.5, spheroid structures are observed at P1.5. These structures, which will be 227 

referred to as rosettes, feature electroporated cells projecting radially their processes towards a 228 

cell-body poor central region accumulating the RELN protein (Figures 4 and Supplemental  229 

Figure 4), analogously to the MZ of the developing cortex. Later-born neurons migrate through 230 

early-born neurons to reach the most internal part of this structure, recapitulating, even if 231 

ectopically, the inside-out development of the neocortex (54). About 44% of the WT aggregates 232 

(12/27) quantified along the rostro-caudal axis of the electroporated brains displayed a rosette 233 

structure (Table 2). We thus investigated whether the different missense variants driving the 234 

formation of aggregates could effectively generate well-structured rosettes. Our analysis 235 

focused on comparing the caudal aggregates obtained with the variants versus the ones induced 236 

by WT-RELN. The polymicrogyria-associated variants Y1821H, G1280E and R913C were the 237 

only variants generating rosettes with a cell body-poor center, respectively, 33%, 46% and 29% 238 

of the time (Figures 4, Table 2 and Supplemental Figure 4). Notably, these variants also 239 

exhibited a higher propensity for inducing neuronal aggregation compared to WT-RELN. This 240 

was evidenced not only by the rostral aggregation in over 50% of electroporated brains (Figure 241 

3C), not observed with the WT protein, but also by the strong increase in the average number 242 

of aggregates found per brain (Table 2). However, regarding the genetic context of patient C1, 243 
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we observed that the de novo Y1821H variant seems to have a more pronounced effect on 244 

RELN function compared to the G1280E variant. It induced a higher number of aggregates per 245 

brain (16.1 vs 12.0), but with a lower proportion of rosettes (33% vs 46%) (Table 2). 246 

Conversely, I650S and D556V variants identified in the DN* pachygyria patient drove the 247 

formation of cell structures in which the GFP+ cells were spread throughout with their processes 248 

clearly misoriented, and, although expressing RELN, the mutant protein failed to accumulate 249 

in a central region (Figure 4 and Supplemental Figure 4). This resulted in structures completely 250 

lacking organization and cell body-sparse centers, which we defined simply as aggregates. 251 

Moreover, these variants displayed a lower capacity to induce neuronal aggregates, as indicated 252 

by the reduced number of aggregates per brain (Table 2), and did not form aggregates rostrally. 253 

Finally, cells electroporated with the C539R and R3207C variants expressed RELN but they 254 

were unable to cause any sort of aggregate and some GFP+ cells appeared arrested in the VZ 255 

(Figures 4, Table 2 and Supplemental Figure 4). Some of these neurons exhibited abnormal 256 

high levels of RELN intracellularly (Figure 4, white arrows), confirming the impairment of 257 

secretion detected in vitro (Figure 2B). All cell aggregates, whether affected or not, primarily 258 

consisted of later-born neurons expressing BRN2 destined to superficial layers (Supplemental 259 

Figures 3 and 4), in accordance with the stage of electroporation and consistent with prior 260 

reports (54). 261 

We conclude that all polymicrogyria-associated variants (Y1821H, G1280E and R913C) 262 

can normally induce well-organized rosettes and are more prone to cause neuronal aggregation 263 

both caudally and rostrally. In contrast, variants associated with pachygyria (I650S, D556V, 264 

C539R and R3207C) behave as LOF by altering the formation of rosettes or even aggregates to 265 

different extents, ranging from structures lacking organization and cell body-poor centers 266 

(I650S and D556V in DN*) to the complete absence of neuronal aggregation (variants in DN1 267 

and DN2 patients). 268 

269 

RELN variants alter neuronal migration rostrally 270 

At rostral levels, where rosettes are not normally forming, WT-RELN-expressing GFP+ 271 

cells migrated to colonize the upper layers (UL) by P1, in particular layer (L)II/III, accordingly 272 

to the stage of electroporation (E14.5) (Figure 5A). Radially migrating neurons do not naturally 273 

express RELN, thus we used these electroporated principal neurons at rostral levels as a 274 

heterologous system to investigate the specific cell-autonomous effects of the different RELN 275 

variants on their migration. We divided the cortical wall in 10 equal bins and quantified the 276 
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percentage of GFP+ cells per bin. Bin 1 corresponded to the MZ/LI, bin 2-4 to the UL, bin 5-7 277 

to the deeper layers (DL), bin 8-9 to the IZ and bin 10 to the VZ. When WT-RELN was 278 

ectopically expressed, 90% of GFP+ pyramidal neurons were found within bin 2-3 (70% in bin 279 

2 and 20% in bin 3), corresponding approximately to LII/III as expected by the stage of 280 

electroporation. The remaining 10% of GFP+ cells were spread in the other bins (Figure 5A-B). 281 

When testing the Y1821H and I650S variants, defects were observed in the migration of the 282 

electroporated cells within the UL, with significantly less cells in bin 2 and more in bin 3. In 283 

contrast, the G1280E and R913C variants promoted an increase in the percentage of GFP+ cells 284 

trailing specifically in bin 6 and 7/10, respectively, corresponding to DL and VZ, despite no 285 

significant decrease in the percentage of neurons able to reach the UL (Figure 5A-B). These 286 

findings indicate that the G1280E and R913C variants had a relatively milder impact compared 287 

to the Y1821H and I650S variants. The D556V and R3207C variants did not affect the 288 

migration of the electroporated cells, thus behaving as the WT-RELN in this assay. The most 289 

striking effect was observed for the C539R variant, which strongly affected electroporated 290 

GFP+ cells with only 50% of them reaching the UL (bins 2-3) and the remaining being detected 291 

in deep locations, in particular in bins 7 to 10 (Figure 5A-B), corresponding to DL (layers V/VI), 292 

IZ and VZ.  293 

To study whether disturbed migration was accompanied by changes in morphological 294 

features or fate we analyzed both the cells that were displaced in the CP and those able to reach 295 

the correct position in the UL. Mislocalized cells for all variants displayed a morphology of 296 

migrating neurons with a long apical process accumulating RELN (Supplemental Figure 5A). 297 

De novo D556V, C539R and R3207C variants appeared to cause an increased accumulation of 298 

RELN inside the cytoplasm of GFP+ cells (Supplemental Figure 5A white arrows) correlating 299 

with the in vitro observations (Figure 2B). Cells that were able to reach the UL for both WT-300 

RELN and the different variants appeared to differentiate normally into pyramidal neurons 301 

having their dendrites in LI and accumulating RELN mainly in the primary apical dendrite 302 

(Supplemental Figure 5C). Both mislocalized GFP+ cells in the CP (Supplemental Figure 5B) 303 

and those arrived in the upper CP (Supplemental Figure 5D) maintained the identity of BRN2+ 304 

upper-layer neurons for every variant as for the WT-RELN showing that, even when 305 

mispositioned, electroporated cells maintained the correct upper-layer fate.  306 

We conclude that the majority of variants alter cell-autonomously the migration of 307 

electroporated cells at rostral levels, although to different degrees, with the de novo C539R 308 

variant of DN1 being the most severely impaired.  309 

310 
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Pachygyria-associated de novo heterozygous RELN variants behave as dominant-negative 311 

forms in vitro 312 

To assess how RELN generated from mutant alleles might influence total RELN levels 313 

within the genetic context of the patients, we conducted in vitro co-transfections experiments 314 

using HEK293T cells. We replicated the heterozygous patients’ genotype by co-transfecting 315 

WT-RELN with either the R913C, I650S/D556V (as carrying two variants in cis), C539R or 316 

R3207C variants for patients MI1/2, DN*, DN1 and DN2, respectively. For C1’s two variants, 317 

we co-transfected Y1821H and G1280E to ascertain eventual combined effects on two different 318 

alleles. Western blot analysis of co-transfections mimicking C1 and MI1/2 genotypes showed 319 

unchanged amounts of RELN in both lysates and media (Figure 6A-B), while DN*, DN1 or 320 

DN2 variants displayed at least a 1.5 to 2-fold increase in intracellular levels (Figure 6A) and a 321 

strong reduction of more than 70% of total secreted RELN (Figure 6B) compared to WT 322 

controls. These results indicate that Y1821H and G1280E mutant proteins, when both present, 323 

are secreted as efficiently as WT proteins. As for the monoallelic heterozygous variants, the co-324 

existence of the MI1/2 variant form with the WT-RELN protein did not change RELN secretion 325 

or its lysate levels, suggesting that this variant does not interfere with the WT protein. In 326 

contrast, the mutant carrying both I650S and D556V variants (I650S/D556V), and the C539R 327 

and R3207C variants seemed to strongly impair WT-RELN secretion while raising the amount 328 

of intracellular RELN (Figure 6A-B), suggesting a dominant-negative effect. To further address 329 

whether these secretion-defective RELN variants have a dominant-negative effect on the WT 330 

protein, a C-t Flag-tagged WT-RELN (20) (henceforth Flag-WT-RELN) was co-transfected 331 

with either unflagged WT-RELN or RELN-variants from the monoallelic heterozygous patients 332 

(MI1/2, DN*, DN1 and DN2). Western blotting with anti-Flag antibodies showed that the 333 

I650S/D556V, C539R and R3207C variants promoted a 80% decrease in secretion of Flag-WT-334 

RELN (Figure 6D), consistent with a 2-fold accumulation of intracellular RELN (Figure 6C). 335 

The Flag-WT-RELN was identically secreted either when co-expressed with WT-RELN or the 336 

R913C variant (Figure 6D). Similar results were obtained when total RELN was detected using 337 

N-t anti-RELN G10 antibodies (Figure 6E-F). Altogether, these data demonstrate that the338 

pachygyria-related variants generate secretion-defective RELN proteins that additionally act as 339 

effective dominant-negative in vitro.  340 

To go further in the molecular mechanisms, we performed blots in non-reducing 341 

conditions to identify dimerized forms of RELN in co-expression experiments of Flag-WT-342 

RELN and monoallelic variants. As expected (12), a high proportion of RELN proteins in the 343 
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media are present as dimers of around 900 kDa (Supplemental Figure 6A) and all monoallelic 344 

variants are capable to form dimers with WT-RELN extracellularly. Additionally, in all 345 

conditions, we observed the presence of what it seems to be RELN multimers in the cellular 346 

fraction unable to enter the SDS-PAGE gel (Supplemental Figure 6B). This indicates that 347 

RELN assembles into large protein complexes also intracellularly, suggesting a possible 348 

mechanism through which the pachygyria-associated variants I650S/D556V, C539R and 349 

R3207C retained the WT protein intracellularly (Figure 6C) and hindered its secretion (Figure 350 

6D).  351 

352 

Pachygyria-associated de novo monoallelic RELN variants behave as dominant-negative 353 

in vivo in both animal models and patients 354 

To assess the effect of RELN variants on its secretion in vivo we turned to animal models 355 

and focused on the variants acting as dominant-negative in vitro. Previous reports revealed the 356 

gradient distribution of the RELN protein in the zebrafish optic tectum and its critical role for 357 

lamina-specific axonal targeting (55). Thus, we generated a zebrafish model recapitulating the 358 

genotype of the DN2 patient. Upon introduction of the R3215C point mutation, corresponding 359 

to human RELN R3207C in DN2, RELN spatial distribution was analysed in 5 days post-360 

fertilization embryos (Figure 7A-B). Anti-RELN immunostaining on tectal sections of R3215C 361 

wild-type siblings zebrafish embryos (reln+/+) revealed the local enrichment of RELN at the 362 

basement membrane and a gradual decrease towards the periventricular (PV) zone of the 363 

neuropil (Figure 7A-B), similar as previously reported (55). In contrast, in reln+/R3215C and 364 

relnR3215C/R3215C mutants the RELN protein was detected in superficial interneurons (SINs), but 365 

a very weak or no clear extracellular localization of RELN could be detected in the 366 

heterozygotes and homozygotes, respectively, resulting in the abolishment of the gradient 367 

distribution of the protein (Figure 7A-B). This suggests a strong reduction of its secretion within 368 

the neuropil due to the introduction of the R3215C mutation. More importantly, the substantial 369 

~80% decrease of RELN in the heterozygous reln+/R3215C aligns with the previous results 370 

obtained from the in vitro secretion assay (Figure 6B, D and F) and, thus, supports the dominant-371 

negative effect of the human de novo R3207C variant also in vivo. 372 

We were intrigued by the fact that, despite presenting pachygyria phenotypes, the single 373 

variants of the DN* patient did not exhibit defects in aggregate formation and secretion as 374 

severe as the two variants of DN1 and DN2 patients. We thus decided to model in mouse the 375 

de novo RELN D556V variant that was seen as the most defective based on the in vitro secretion 376 
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and in vivo aggregation assays compared to the coexisting I650S variant. We generated 377 

heterozygous knock-in (KI) mice carrying the point Reln mutation D557V, corresponding to 378 

the human D556V, and we found reduced extracellular RELN levels in the LI of Reln+/D557V P0 379 

cerebral cortices (Figure 7C-D right graph). Consistently, the amount of intracellular RELN 380 

was increased in the somata of p73+ CRs (Figure 7C-D left graph), known to produce RELN in 381 

the developing neocortex (3, 4). This in vivo model thus reaffirms the human D556V variant 382 

as deleterious for RELN secretion in the cerebral neocortex. Given the co-occurrence of the de 383 

novo D556V variant with the inherited I650S variant in cis on the same allele, which produced 384 

a dominant-negative RELN variant in vitro (Figure 6), we sought to investigate whether the 385 

I650S/D556V variant worsened the effect on RELN secretion and function. Indeed, its amount 386 

was significantly raised in lysates of transfected HEK293T cells (Figure 7E) and totally absent 387 

in the culture media (Figure 7F) compared to WT-RELN, aggravating secretion defects with 388 

respect to each single variant alone (Supplemental Figure 7A-B). We next assessed whether the 389 

I650S/D556V variant could prevent the capacity of RELN to form neuronal aggregates in vivo 390 

when ectopically expressed in the developing mouse neocortex. We showed that electroporated 391 

neurons with the I650S/D556V variant failed to cause neuronal aggregation in the IZ (Figure 392 

7G-I) contrary to either the WT-RELN or even its single variants I650S and D556V, like what 393 

observed for the C539R and R3207C variants (Figures 3 and 4). These results demonstrate that 394 

RELN-dependent neuronal aggregation is abolished when both variants I650S and D556V co-395 

exist on the same protein, consistently with the strong dominant-negative behavior of the 396 

I650S/D556V variant observed in vitro (Figure 6). 397 

Finally, to analyze RELN secretion in humans we examined blood-serum RELN levels, 398 

which is mostly secreted from the liver (56), from the DN* patient, the unaffected mother and 399 

an unrelated control. The amount of the RELN fragment NR6, which is the most predominant 400 

form in human (Supplemental Figure 7C), rat and mouse sera (56), was remarkably lower in 401 

the serum of the DN* patient than in the sera from the healthy mother and control (Figures 7J 402 

and Supplemental Figure 7D). In samples prior to several freeze-thaw cycles, full-length RELN 403 

was also reduced in the affected child compared to the mother (Supplemental Figure 7D). The 404 

lower levels of serum RELN indicate impaired liver secretion of the altered proteins, and 405 

possibly reflects deficiency of secreted RELN in the brain of the DN* patient. We thus conclude 406 

that the I650S/D556V variant is both a secretion-defective protein (Figure 7F) and a dominant-407 

negative RELN form (Figures 6B, D, F) in vitro and in vivo. 408 

409 
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 Collectively, these results show that RELN missense variants alter different aspects of 410 

RELN secretion and function (Table 3). In particular, defects of in vitro/in vivo secretion and 411 

in vivo regulation of neuronal aggregation and/or migration align with the phenotypic features 412 

of the patients’ malformations, providing molecular insights on the cause of a broad spectrum 413 

of RELN-dependent NMDs. This functional characterization has contributed to improve the 414 

pathogenicity score of all variants, according to the ACMG 2015 guidelines, as proposed and 415 

summarized in Table 3.  416 
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DISCUSSION 417 

418 

RELN variants have been associated to a wide spectrum of neurodevelopmental disorders 419 

ranging from recessive forms of NMDs, namely LCH (57) with severe cerebral cortex and 420 

cerebellum malformations, to dominant ADLTE (44, 45), or psychiatric disorders such as 421 

autism and schizophrenia (41) with no apparent morphological brain abnormalities. 422 

Heterozygous RELN variants were also recently reported in individuals with mild LIS (37, 48), 423 

yet the underlying molecular mechanisms of such distinct pathological conditions remains 424 

unexplored. Here, we report six patients with heterozygous missense RELN variants, which 425 

expand the phenotypic spectrum of RELN-related cortical malformations to include pachygyria 426 

and polymicrogyria. Using complementary in vitro and in vivo assessments, we demonstrated 427 

that all heterozygous RELN missense variants linked to pachygyria severely prevented its 428 

secretion and neuronal aggregation activity, serving as causal to the disorder through a 429 

dominant-negative mechanism. Our findings also revealed that all tested polymicrogyria-430 

associated variants maintained overall secreted RELN levels but presented an enhanced 431 

capacity to induce neuronal aggregation, suggesting their potential contribution to the 432 

pathology. 433 

434 

Among the six MCDs patients, three patients (DN*, DN1 and DN2) share a similar 435 

phenotype consisting of frontal-predominant pachygyria, characterized by a simplified gyral 436 

pattern with broad gyri due to incomplete transmantle migration (51). Our functional studies 437 

demonstrated that all RELN variants associated with pachygyria (I650S/D556V, C539R and 438 

R3207C) homogeneously behaved as LOF in the neuronal aggregation assay due to the severe 439 

impairment of their secretion. Indeed, high levels of secreted and functional RELN are required 440 

to induce ectopic rosettes with cell-body-sparse centers composed of leading processes and 441 

abundant extracellular RELN, similar to the MZ in vivo (54). These “mini-cortex”-like 442 

structures closely resemble the characteristic inside-out cell arrangement of the neocortex (54), 443 

which is determined by CRs secreting RELN in the MZ to control radial neuronal migration 444 

(3). The secretion analysis in vitro and in vivo further revealed a dominant-negative effect on 445 

the WT protein, supporting a pathogenic role of I650S/D556V, C539R and R3207C variants in 446 

causing a dominant form of pachygyria. The precise mechanism through which the mutant 447 

RELN proteins interfere with the WT protein remains undetermined. However, our 448 

immunoblotting results suggest that the presence of the mutant variants causes RELN retention 449 

in the intracellular compartment, possibly by “poisoning” the assembly of RELN multimers 450 
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inside the cells. This assembly-mediated dominant-negative effect is frequently observed for 451 

proteins that form homomeric complexes (58), as reported for secreted RELN (12). This 452 

negative dominance can particularly explain the difference between the DN* patient and the 453 

father, who carries the heterozygous I650S variant without any brain malformations. On one 454 

hand, the I650S variant alone, whose secretion was reduced to 50% in vitro, seems to be a 455 

benign variant concerning cortical malformations. Moreover, cortical layering in the 456 

heterozygous Reln+/D557V mouse (modeling the human de novo D556V) seemed typically 457 

normal despite the reduced levels of secreted RELN (70% secretion vs control) in the LI. This 458 

aligns with 50% of RELN being sufficient for a proper inside-out cortical lamination as 459 

observed in the heterozygous reeler mouse (30) and ADLTE (44, 46) or ASD individuals (47) 460 

carrying heterozygous RELN variants. On the other hand, both variants I650S and D556V 461 

showed partial LOF in the in vivo aggregation assay by resembling to the disorganized RELN-462 

induced aggregates previously described in a knockdown model for Nrp1, a transmembrane 463 

protein that forms a complex with VLDLR to which RELN strongly binds (59). Taking all into 464 

account, it suggests that each individual variant could bind less efficiently to the Nrp1/VLDLR 465 

complex due to protein misfolding, but in isolation are insufficient to develop cortical 466 

malformations. Notably, we showed that the occurrence of pachygyria in the DN* child is 467 

caused by the dominant-negative effect of the I650S/D556V variant resulting from the 468 

synergistic interaction of the two variants that severely hampers RELN secretion to 20% when 469 

both present on the same allele as compared to their individual effects. This is indeed supported 470 

by the reduction of circulating RELN in the blood of the DN* patient. Lastly, this is what we 471 

believe to be the first study replicating human RELN variants related to pathology in animal 472 

models. Both the KI Reln+/D557V mouse and reln+/R3215C zebrafish models showed in vivo 473 

alterations recapitulating the observed secretion deficiency of RELN in vitro and, more 474 

importantly, the mutant zebrafish, modeling the DN2 genotype (R3207C), revealed the 475 

damaging dominant-negative phenomenon of heterozygous variants in vivo, which severely 476 

drop RELN levels to 20%. Over the years, accumulating evidence has shown that RELN 477 

secreted by CRs concentrate in the MZ and is necessary in various developmental events during 478 

cortical lamination, beginning with the initial preplate splitting (60), and extending through 479 

multiple steps of radial glial-independent neuronal migration. The latter include somal 480 

translocation for early-born neurons (27), followed by multipolar migration (61, 62) and 481 

terminal translocation for late-born neurons (63). Disruptions at any RELN-dependent steps can 482 

result in cortical malformations (64). Hence, all evidences supporting the pathogenicity of 483 

RELN variants identified in the pachygyria patients reflect deficient levels of functional RELN 484 
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in their developing neocortex that potentially disrupts RELN-dependent neuronal migration 485 

from its early steps.  486 

 487 

The other three patients (C1 and MI1/2) presented different forms of bilateral 488 

polymicrogyria. Polymicrogyria is an etiologically heterogeneous malformation characterized 489 

by overfolding and dyslamination of the neocortex thought to arise from late migration deficits 490 

and/or post-migrational abnormalities (64). In contrast to pachygyria patients, the 491 

polymicrogyria-related variants Y1821H, G1280E and R913C revealed a GOF effect in our in 492 

vivo aggregation assay, firstly by promoting ectopic neuronal aggregation unusually in rostral 493 

brain regions, and secondly, by increasing aggregation caudally. These functional alterations 494 

seem unrelated to their secretion levels, as both Y1821H and G1280E variants with normal 495 

secretion, and the variant R913C with lower secretion levels (60%), similarly enhanced 496 

aggregation in vivo. Furthermore, they successfully induced well-structured rosettes with a 497 

central cell body-free MZ-like region. In the developing neocortex, RELN signals to late-born 498 

migrating cortical neurons when arrive beneath the MZ  to organize the inside-out lamination 499 

(25) via an ApoER2-mediated mechanism regulating cell adhesion (61, 63, 65, 66), and to 500 

suppress neuronal invasion into the MZ via VLDLR (66, 67). These late developmental events 501 

are actually recapitulated in the RELN-induced aggregates, which involve both RELN receptors 502 

(54). This indicates that the binding to and signal transducing through ApoER2 and VLDLR 503 

receptors for all polymicrogyria-related variants should be intact. Nevertheless, all RELN 504 

variants displayed an enhanced rostro-caudal aggregation, shown to be facilitated by the direct 505 

promotion of N-cadherin-mediated cell adhesion of migrating neurons both during multipolar-506 

bipolar transition and terminal translocation (65). This could suggest that the polymicrogyria-507 

associated variants affect the adhesive properties of migrating neurons during possibly different 508 

steps of migration. 509 

The R913C variant inherited from the mother, who has normal brain MRI but had 510 

epilepsy during childhood, was rare in gnomAD (~0.003%). Since WGS has yet to be 511 

performed for all polymicrogryria patients, the contribution of a deep intronic or regulatory 512 

variant in trans of the RELN variant or in another gene cannot be formally ruled out. However, 513 

NGS and WES did not identify additional variants in the MI1/2 brothers, which strongly 514 

reduces its probability. Concerning the Y1821H and G1280E variants in patient C1, the de novo 515 

occurrence of the Y1821H variant and its stronger associated effects in neuronal aggregation 516 

and migration compared to the G1280E variant allows the re-classification of Y1821H as 517 

pathogenic (Table 3) and suggests that it likely plays a critical role in the patient’s phenotype. 518 
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Notably, the G1280E variant is proposed as VUS (Table 3) despite its functional alterations, 519 

due to its prevalence in around 1.2% of the normal population, with 11 reported homozygous 520 

individuals in the gnomAD (non-neuro) database (68), indicating that alone it is not sufficient 521 

to develop a pathological condition. However, we cannot exclude the possibility that the 522 

combined effect of the de novo Y1821H and inherited G1280E variants may contribute to the 523 

phenotype, irrespective of the allelic configuration of both variants. Nevertheless, our data 524 

showed that the variants found in patients with polymicrogyria function differently from the 525 

WT, likely by promoting excessive neuronal adhesion, but are not dominant negative, 526 

suggesting a contribution or predisposition to the manifestation of polymicrogyria in the 527 

patients rather than causality. 528 

529 

Many missense variants cause structural perturbations that may disrupt signal 530 

transduction through altered protein folding, protein-protein interactions, or receptor binding. 531 

In RELN, cysteine (Cys) residues are particularly important for both intramolecular disulfide 532 

bridges (69, 70) and homodimerization (13, 70), and three of the variants in this study involve 533 

cysteine-arginine interchanges. At the N-terminal region, which directs RELN non-covalent 534 

dimerization essential for its full biological activity, the C539R variant disrupts an 535 

intramolecular disulfide bond formed between the pair Cys462-Cys539 (69), thus impairing this 536 

bridge and RELN’s tertiary structure. Cys462 is left free to form new disulfide bonds and could 537 

interact with other Cys, including of the WT protein. The R913C and R3207C variants 538 

introduce new Cys in opposite domains of the protein, which could again affect correct folding 539 

and create new binding interfaces, such as intermolecular interactions with the WT protein. 540 

Nonetheless, the distinct phenotypes associated with R913C and R3207C variants pinpoint that 541 

an introduced Cys can actually generate opposite functional alterations, GOF or complete LOF, 542 

depending on protein domains, as demonstrated in this study. Regardless of their level of 543 

secretion, these aspects are crucial when exploring what is the significance of their intracellular 544 

and extracellular mechanisms of action to the associated pathology. 545 

546 

Our heterologous RELN expression assay in the developing mouse neocortex provided 547 

temporal and spatial control to assess the impact of all RELN variants on the radial migration 548 

of projection neurons without much interference from endogenous RELN. This assessment also 549 

allowed to track the migration of electroporated neurons from their birth in the VZ/SVZ to their 550 

final target position in the CP at rostral levels, in comparison to the WT counterpart. Our results 551 

showed that certain RELN variants led to the misplacement of electroporated neurons across 552 
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specific layers of the cortical wall. These observations suggest that missense variants can alter 553 

RELN function in neuronal migration in a cell-autonomous manner, a mechanism yet to be 554 

assessed in vivo within the naturally RELN-expressing neurons, notably CRs in the MZ and 555 

interneurons in the MZ, IZ and CP. The multiple roles of RELN signaling in neuronal migration 556 

seems to rely on the distinct expression patterns (71) and function of its ApoER2 and VLDLR 557 

receptors (61, 66, 67). However, in the case of polymicrogyria-associated variants, the 558 

canonical RELN signaling cascade involving ApoER2/VLDLR appears to be unaffected based 559 

on the well-organized rosettes formed. Consequently, misplacement of electroporated neurons 560 

within the cortical layers suggests that alternative signaling pathways could be impacted, 561 

involving other RELN-binding transmembrane proteins that have been proposed to participate 562 

in the regulation of RELN-dependent neuronal migration steps and cortical layering (72). These 563 

include β1-containing integrins (23), and ephrins-B/EphB tyrosine kinase receptors (73, 74), 564 

which are differentially distributed along the migratory route (75-77). Further investigation is 565 

necessary to explore the effect of these pathology-associated variants on non-canonical RELN 566 

signaling that could be responsible for the mispositioning of the migrating neurons. Notably, 567 

our data revealed that the dominant-negative C539R variant (DN1) significantly affected the 568 

migration of electroporated cells rostrally, but the R3207C (DN2) did not. This disparity in 569 

effect appears to be independent of secretion, as both variants presented similar impairments in 570 

secreted levels, suggesting that their distinct effects on migration mostly occur in the 571 

intracellular milieu upon their expression. However, in case a small amount of protein is still 572 

secreted, we must also consider disparities in protein signaling due to the conformational 573 

differences caused by each amino acid substitution. Altogether, our observations highlight 574 

possible, yet unknown, protein-protein interactions between RELN and the migration 575 

machinery, and a potential cell-autonomous role in the distribution of RELN-producing cells, 576 

for instance for CRs, whose migration speed and consequent repartition in the developing 577 

neocortex are crucial for the patterning of higher-order cortical areas (78, 79). 578 

579 

None of the patients exhibited cerebellar anomalies previously shown as a hallmark of 580 

the RELN-associated LCH (57). Like in the homozygous reeler mouse (4), the majority of 581 

previously reported NMD patients with RELN variants (32-34) exhibit a severely hypoplastic 582 

cerebellum that is associated with complete absence of RELN caused by protein truncation or 583 

a null allele. We describe here missense variants with a full-length protein generated but with 584 

negative dominance in vitro and in vivo, which do not affect the cerebellum, thus suggesting 585 

that RELN levels around 20% are sufficient for cerebellar but not cerebral cortex development. 586 
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Notably, the heterozygous reeler mouse that has 50% reduction of RELN protein exhibits 587 

altered cortical circuits without disturbed layering and is considered a model for schizophrenia 588 

(30). Consistent with this observation, it was recently shown that half reduction of DAB1, an 589 

essential downstream signaling molecule in RELN signaling, reduces the neocortical LI 590 

thickness without defects in layer formation (80). Moreover, monoallelic missense RELN 591 

variants with hampered secretion in heterologous cells in vitro were associated with ADLTE 592 

(46) or ASD (47) without cortical malformations. Notably, ADLTE-linked variants impaired593 

trafficking of mutant RELN towards the secretory pathway, being degraded instead (46), but 594 

the patients bearing the variants still showed significant levels of circulating RELN (44), which 595 

does not support a dominant-negative effect. The ASD-related RELN variants also exhibited 596 

decreased secretion without exerting a dominant negative effect on WT RELN secretion or 597 

affecting the downstream RELN signaling cascade (47). A common mechanism was suggested 598 

to underlie both RELN-dependent epilepsy and ASD and correlates with RELN 599 

haploinsufficiency reducing protein levels to 50%, possibly explaining the insurgence of 600 

ADLTE or psychiatric disorders in the absence of cortical morphological abnormalities. Our 601 

work now shows that heterozygous RELN variants can lead to more severe phenotypes 602 

accompanied by altered cortical organization, as observed in our patient cohort. This is 603 

attributed to the dominant-negative effect of heterozygous RELN variants here observed that 604 

will reduce secreted RELN levels to 20% in individuals with pachygyria (DN*, DN1 and DN2). 605 

Finally, RELN secretion and thus overall WT RELN and mutant RELN levels are not perturbed 606 

or mildly impaired (for the R913C variant) in polymicrogyria patients suggesting that proteins 607 

levels are not contributing to the pathology. Together these results indicate that the occurrence 608 

of pachygyria or polymicrogyria, epileptic and psychiatric conditions, depends on the 609 

remaining distinct WT RELN levels as well as on the role of specific variants on protein 610 

function. 611 

612 

In conclusion, we provide what we believe to be the first in vitro and in vivo functional 613 

characterization of RELN missense variants associated with NMDs. The outcomes of our 614 

functional studies allowed us to improve the pathogenicity scores for all tested variants, 615 

proposing that all patients may carry either pathogenic or likely pathogenic RELN variants (see 616 

Table 3) and further highlighted the relevance of circulating RELN levels for diagnosis. This 617 

study paves the road for important functional assays for genotype-phenotype diagnostics to 618 

understand the mechanistic involvement of future identified RELN variants in NMDs. We 619 

correlate patients’ phenotypes in the described polymicrogyria and pachygyria patients with 620 



21 

specific functional alterations of the RELN protein. Lastly, in addition to causing autosomal 621 

recessive NMDs (32), our results demonstrate that RELN variants cause cortical malformations 622 

also through dominant inheritance. 623 
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METHODS 624 

625 

Complete information on Methods is provided in Supplemental Methods. 626 

627 

Sex as a biological variable 628 

Sex was not considered a biological variable. Both male and females animals were used in this 629 

study. 630 

631 

Statistics 632 

Data are presented as mean ± SEM. Two-tailed one sample t test (hypothetical value of 1) after 633 

passing the Shapiro-Wilk normality test was used for statistical comparison of RELN levels 634 

obtained by western blotting. For the migration assay, the non-parametric Kolmogrov-Smirnov 635 

test to compare cumulative distributions was performed. RELN intensity in the KI mouse was 636 

evaluated using unpaired parametric 2-tailed Welch’s t test, while the RELN gradient analysis 637 

in the larvae tectum used one-way ANOVA with Dunnett multiple comparisons as post-hoc 638 

test. Analyses were performed using GraphPad Prism 7.0 software. P values less than 0.05 were 639 

considered significant (p<0.05,p<0.01, p<0.001). 640 

641 

Study approval 642 

Written and informed consent was obtained from all families prior to sample collection and 643 

processing. Animal procedures were performed in accordance with French and European Union 644 

animal welfare guidelines. In utero electroporation work was approved by the French Ministry 645 

of Higher Education, Research and Innovation as well as the Animal Experimentation Ethical 646 

Committee of Paris Descartes University (CEEA-34, licence numbers: 18011-647 

2018012612027541 and 19319-2018020717269338), and zebrafish experiments were 648 

approved by committee on ethics of animal experimentation of Sorbonne Université 649 

(APAFIS#21323-2019062416186982). The mouse studies using the Reln D557V KI model 650 

were performed under the control of the Keio University Institutional Animal Care and Use 651 

Committee in accordance with the Institutional Guidelines on Animal Experimentation at the 652 

Keio University.  653 

654 

Data availability 655 

All data are included in the article and supplemental material, and values for all data points are 656 

provided in the Supporting Data Values file. NGS data of two patients were deposited in the 657 
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Zenodo public database (accession: https://zenodo.org/records/11381515). Additional 658 

information is available upon request from the corresponding clinician. 659 
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Table 1.  Recapitulative table of patients' genotype and phenotype with inheritance and pathogenicity score 1009 

Patient 
Nucleotide 

change 
Variant Segregation Polyphen-2 CADD 

ACMG 
class 

gnomAD (non-neuro) Published 
Age of first 
assessment 

Pathology 

C1 
c.5461T>C Y1821H de novo 0.983 PD 27.3 LP 0 No 

13 months 
Bilateral polymicrogyria, 

nodular heterotopia c.3839G>A G1280E maternal 0.997 PD 26.2 B 1617/134746 (11 Hom) No 

MI1 
c.2737C>T R913C maternal 0.988 PD 32 VUS 4/134700 No 

4 years Bilateral perisylvian 
polymicrogyria MI2 14 months 

DN* 
c.1949T>G I650S paternal 0.261 B 24.7 VUS 0 No 

16 months Bilateral pachygyria 
c.1667A>T D556V de novo 0.994 PD 28.3 LP 0 No 

DN1 c.1615T>C C539R de novo 0.986 PD 24.9 LP 0 Yes 2 years Bilateral pachygyria 

DN2 c.9619C>T R3207C de novo 0.776 PsD 32 LP 0 Yes 2 years Bilateral pachygyria 

CADD, Combined Annotation Dependent Depletion; ACMG, American College of Medical Genetics and Genomics; gnomAD, Genome 1010 

Aggregation Database; PD, probably damaging; B, benign; PsD, possibly damaging; LP, likely pathogenic; VUS, variant of uncertain significance; 1011 

Hom, homozygous. 1012 

1013 

Table 2. Analysis of RELN-induced aggregates upon electroporation of WT-RELN and the different variants 1014 

WT Y1821H G1280E R913C I650S D556V C539R R3208C 

No. of brains 6 17 12 7 9 5 5 7 

Total no. aggregates 27 224 129 75 7 11 0 0 

No. aggregates/brain 4.5 16.1 12.0 12.0 0.8 2.2 0 0 

With center (rosette) 44% 33% 46% 29% 14% 0% NA NA 

Quantification of the total number of aggregates, including per brain, and the percentage with a proper center (rosette structure). NA, not applicable. 1015 

1016 

1017 

1018 

1019 
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Table 3.  Summary of the performed assays 1020 

Patient Variant Secretion Dominant neg. Aggregate position Structure Migration New ACMG class Pathology 

WT + Caudal 

C1 
Y1821H + - Rostral/Caudal ≠ (UL) P Bilateral polymicrogyria, 

nodular heterotopia G1280E + - Rostral/Caudal ≠ (DL) VUS 

MI1/2 R913C - Rostral/Caudal ≠ (VZ/DL) LP Bilateral perisylvian polymicrogyria 

DN* 

I650S - Caudal ≠ (UL) LP 

Bilateral pachygyria D556V - Caudal = P 

I650S/D556V + ✖ ✖ NA  P* 

DN1 C539R + ✖ ✖ ≠ (VZ/IZ/DL) P Bilateral pachygyria 

DN2 R3207C + ✖ ✖ = P Bilateral pachygyria 

In vitro and in vivo assay results and correlation with patients' phenotypes. + Yes; ꟷ No;      reduced;  very reduced;      severely reduced;        1021 

       rosette;   aggregate; X no aggregation; = not altered; ≠ altered; NA, not analyzed; UL, upper layers; DL, deeper layers; IZ, intermediate 1022 

zone; VZ, ventricular zone; ACMG, The American College of Medical Genetics and Genomics; P, pathogenic; LP, likely pathogenic; VUS, variant 1023 

of unknown significance. *authors’ pathogenicity interpretation, as ACMG guidelines do not provide interpretation for monoallelic variants with 1024 

two mutations in cis. 1025 
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