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ABSTRACT

Background A neurodevelopmental syndrome was recently
reported in four patients with SOX4 heterozygous missense
variants in the high-mobility-group (HMG) DNA-binding
domain. The present study aimed to consolidate clinical and
genetic knowledge of this syndrome.

Methods We newly identified 17 patients with SOX4
variants, predicted variant pathogenicity using in silico tests
and in vitro functional assays and analysed the patients’
phenotypes.

Results All variants were novel, distinct and heterozygous.
Seven HMG-domain missense and five stop-gain variants
were classified as pathogenic or likely pathogenic variant
(L/PV) as they precluded SOX4 transcriptional activity in
vitro. Five HMG-domain and non-HMG-domain missense
variants were classified as of uncertain significance (VUS)
due to negative results from functional tests. When known,
inheritance was de novo or from a mosaic unaffected or
non-mosaic affected parent for patients with L/PV, and from
a non-mosaic asymptomatic or affected parent for patients
with VUS. All patients had neurodevelopmental, neurological
and dysmorphic features, and at least one cardiovascular,
ophthalmological, musculoskeletal or other somatic
anomaly. Patients with L/PV were overall more affected
than patients with VUS. They resembled patients with other
neurodevelopmental diseases, including the SOX17-related
and Coffin-Siris (CSS) syndromes, but lacked the most specific
features of CSS.

Conclusion These findings consolidate evidence of a
fairly non-specific neurodevelopmental syndrome due to
S0X4 haploinsufficiency in neurogenesis and multiple other
developmental processes.

INTRODUCTION
SOX4 belongs to a family of transcription factors
harbouring a Sex-determining Region on the Y

29,30,31,32
29,30,31,32,33
1

chromosome (SRY)-related high-mobility-group
(HMG) DNA-binding domain.' In humans and
most mammals, this SOX family comprises 20
members distributed into 8 groups (SOXA to
SOXH) based on sequence conservation. As a
whole, the family specifies cell fate and differen-
tiation in most cell lineages and controls nearly
every biological process. Loss-of-function variants
in 12 SOX genes have been linked to date to devel-
opmental disorders termed SOXopathies.> Vari-
ants include missense changes, most often located
within the HMG domain, stop-gain alterations and
microdeletions. For instance, SRY (SOXA) variants
cause disorders of sex development (MIM 400044
and 400045)’ *; SOX9 (SOXE) variants cause
campomelic dysplasia and XY sex reversal (MIM
114290)° © and SOXS and SOX6 (SOXD) variants
cause the neurodevelopmental Lamb-Shaffer (MIM
616803) and Tolchin-Le Caignec (MIM 618971)
syndromes, respectively.” ®

SOX4 and SOX11 (SOXC) heterozygous variants
have been described in patients with neurodevelop-
mental syndromes, mild dysmorphisms and various
other inconstant anomalies.””"” The two disease
phenotypes are similar, an observation consistent
with findings in animal models that SOX4 and
SOX11 are co-expressed in various progenitor cell
types and have additive or redundant roles in many
developing organs, including the brain, skeleton,
heart and eye.'®™* These SOXC-related diseases
share features with Coffin-Siris syndrome (CSS,
MIM 135900), often called BAFopathy because
causal variants occur in genes encoding chromatin-
remodelling BAF-complex components, such as
ARID1B and SMARCBI1. CSS is characterised by
hypotonia, global developmental delay, intellectual
disability, craniofacial dysmorphism, hypoplastic
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or absent fifth distal phalanges, hypertrichosis and sparse scalp
hair.”® Inconstant features include poor growth and various
somatic defects. Based on phenotype overlap with CSS and
evidence that SOX4 and SOX11 are BAF-complex targets,* the
SOX4-related and SOX11-related syndromes have been assigned
CSS family acronyms (CSS10, MIM 618506 and CSS9, MIM
615866, respectively). The diseases, however, remain incom-
pletely defined, especially the SOX4-related syndrome, which
was described in only four patients, each with an HMG-domain
missense variant. Recently, a similar disease was associated
with a bi-allelic in-frame microdeletion within a functionally
unknown SOX4 domain, suggesting that sequences outside the
DNA-binding and transactivation domains (TADs) could modu-
late SOX4 activity and thus undergo pathogenic alterations.”
Here, we aimed to consolidate and expand the definition of the
SOX4-related syndrome. We describe 17 unrelated patients with
novel SOX4 heterozygous variants within and outside the HMG
domain, predict variant pathogenicity in silico and in vitro, and
discuss findings relative to other neurodevelopmental syndromes.

PATIENTS AND METHODS

Human subjects and genetic studies

This is a retrospective analysis of individuals with syndromic intel-
lectual disability, whose exome or genome sequencing revealed a
SOX4 heterozygous variant. Two children were enrolled in the CSS/
BAF pathway international registry.”® Others were referred by their
physicians or GeneMatcher.” Patients were assessed using stan-
dard developmental scales for neurological, behavioural and other
systems’ anomalies, and familial, gestational and developmental
history. Data were de-identified and consent for publication was
obtained per local institutional review board policies. SOX4 vari-
ants are described based on the GRCh37/Hg19 genome build and
ENSG00000124766.4 Ensembl SOX4 transcript. They were clas-
sified using InterVar and criteria adjusted according to American
College of Medical Genetics and Genomics (ACMG)-Association
of Molecular Pathologists guidelines®® and functional test results.
Combined annotation-dependent depletion scores were calculated.

In silico assessment of variant pathogenicity

Evolutionary conservation of SOX4 sequences was assessed with
Clustal W (MacVector16 software) using The National Center for
Biotechnology Information sequences (online supplemental tables
S1 and S2). The mutation tolerance of SOX4 residues was assessed
using MetaDome.*" SOX4 variants were queried in control individ-
uals using gnomAD (V.2.1.1 and V.3.1).* Effects of missense variants
on protein structure and function were predicted using SWISS-
MODEL,* PEP-FOLD3** and PolyPhen-2.>* HMG-domain vari-
ants are numbered in sequence analyses as previously described.*®

In vitro assessment of variant functionality

The stability, intracellular distribution and transcriptional ability of
SOX4 variant proteins were tested in Neuro-2a mouse neuroblasts
(ATCC CCL-131) and COS-1 monkey kidney fibroblasts (ATCC
CRL-1650) following transfection with plasmids encoding human
SOX4 wild-type and variant proteins. Details are provided in online
supplemental methods.

RESULTS

Patient recruitment

We collected genetic and clinical information from 17 unrelated
patients, aged 28 months to 20 years, and having a neurode-
velopmental syndrome and distinct SOX4 heterozygous variants
(online supplemental table S4). Nine missense variants within the

HMG domain, three missense variants outside this domain and
five stop-gain variants were identified (figure 1A). All missense
variants affected residues highly intolerant to mutations, except
p.Ala316Ser (figure 1B). All were different from those reported
in previous patients'” (figure 1D-F). One—p.Asp461Glu—was
reported in a gnomAD individual, for which mild disease cannot

be excluded.

In silico analyses predict pathogenicity of most SOX4 variants
As explained below, in silico analyses supported pathogenicity
for 8 of the 12 SOX4 missense variants and for all truncating
variants.

Pathogenic and likely pathogenic variants

Five missense variants—p.Asn64Lys, p.Met67Val, p.Trp69Gly
and p.Trp97Gly or Cys—occurred at HMG-domain positions
that are directly involved in DNA binding (8, 11, 13 and 41,
respectively)’” ™ and are fully conserved in SOX4 verte-
brate orthologues and other human SOX proteins, except that
isoleucine fills the position 11 in SRY (figure 1C,D,G). Asn64
precedes the H1-H3 o-helices that give the domain its charac-
teristic L-shape (figure 1C,D). Its carboxyamide group facilitates
DNA binding and bending by establishing a H bond with the
fourth base of the CATTGT SOX motif’” (online supplemental
figure S1A). Having a longer side chain than asparagine and no
carboxyamide group, lysine would likely dislodge the HMG
domain from the minor groove. Met67, located in H1, and
Trp97, located in H2, belong to a hydrophobic core of residues
whose side chains insert into the DNA minor groove and pry it
open.’” The replacement of the long, sulfur-containing chain of
Met67 by the shorter hydrophobic chain of valine should thus
be detrimental (online supplemental figure S1B), as should be
the replacement of the large aromatic Trp97 chain with a short,
aliphatic (glycine) or sulfur-containing (cysteine) chain (online
supplemental ¢). As Trp69 serves a buttress role for the hydro-
phobic wedge®® and is conserved among all SOX proteins, its
replacement with glycine should be highly destabilising (online
supplemental figure S1C). According to these considerations,
PolyPhen-2 predicted that p.Asn64Lys, p.Met67Val, p. Trp69Gly,
p.Trp97Gly and p.Trp97Cys were probably damaging (online
supplemental figure STA-D). Noticeably, variants in these resi-
dues in other SOX proteins were linked to SOXopathies (online
supplemental table S3). They include asparagine-to-lysine and
tryptophan-to-cysteine substitutions, as in our patients.

Other HMG missense variants affected residues not involved
in DNA binding. A p.Leu99Pro variant (HMG-domain posi-
tion 43) affected a residue conserved in many SOX4 vertebrate
orthologues and human SOX proteins (figure 1D,G). Leu99 has
a solvent-exposed aliphatic chain, is located at the H2 end and
lies in a nuclear export signal (online supplemental figure S1D).
Lacking a similar side chain, proline would unlikely function-
ally replace Leu99.*’ PolyPhen-2 predicted that p.Leu99Pro was
probably damaging. Accordingly, an equivalent SOXS5 variant
was linked to Lamb-Shaffer syndrome (online supplemental
table S3).

Two other HMG missense variants—p.Alal12Gly and
p.Alal12Val (position 56)—impacted the same residue as in
a previous patient'” (p.Alal112Pro) and a gnomAD individual
(p-Ala112Thr). Ala112 stabilises H3 through hydrogen bonds
(online supplemental figure S1E) and is adjacent to a Glu
residue interacting with POU domain-containing partners of
SOX proteins in neuronal cells.* The one-hydrogen side chain
of glycine has poor helix-forming propensity, and valine has
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Figure 1 Insilico analysis of SOX4 variants at the protein level. (A) Schematic of the human SOX4 protein showing the location of the patients’ variants.
Numbers below the schematic indicate amino acid numbers. Frameshift and nonsense variants (blue) and missense variants (red) are indicated with
superscripts referring to the numbers assigned to patients in the online supplemental table 4. (B) MetaDome plot showing the tolerance of SOX4 protein
residues to missense mutations. Red arrows, location of the patients’ missense variants. (C) Swiss-Model rendering of the human SOX4 high-mobility-group
(HMG) domain-DNA complex (template 3u2b).*® The HMG domain (coloured) forms three ar-helices (H1, H2 and H3) that interact with DNA (grey shade)
in the minor groove and induce a strong bend of the DNA helix. The N-terminus and C-terminus of the HMG domain are indicated (N and C, respectively).
The residues altered in patients are indicated, with their side chains depicted in grey (carbons), red (oxygen) and blue (amine group). (D) Alignment of the
HMG-domain sequences of various SOX4 vertebrate orthologues. SOX4 missense variants described in this study (red), described previously' (pink) and
reported in gnomAD (purple) are shown above sequences. Amino acids matching variants are similarly coloured in the sequences. Above the sequences,
symbols denote fully conserved (asterisks) and semi-conserved (dots) amino acids. Below the sequences, residues important for DNA binding and bending
are shown with open blue triangles and green-coloured triangles, respectively. Brown brackets demarcate the H1, H2 and H3 o-helices. Key amino acids
in the N-terminal and C-terminal nuclear localisation signal sequences (NLS) and nuclear export signal sequence (NES) are shown with continued lines
and linked with dotted lines. (E) Alignment of the sequences encompassing Ala316 in SOX4 vertebrate orthologues. (F) Alignment of the C-terminal TAD
sequences of SOX4 vertebrate orthologues. (G) Alignment of the HMG-domain sequences of all human SOX proteins. Proteins are listed based on group
(A-H) classification. (H) Alignment of the sequences encompassing Ala316 in the human SOXC proteins. (I) Number of missense variants in the Ala316
region reported in gnomAD. (J) Alignment of the C-terminal TAD sequences of the human SOXC proteins. (K) Number of missense variants in the TAD C-
terminus reported in gnomAD.

locations caused SOXopathies (online supplemental table
S3), but no Ala-to-Gly substitution has yet been linked to a
SOXopathy.

a longer aliphatic chain than alanine. PolyPhen-2 predicted
that both variants were probably damaging. Accordingly, Ala-
to-Val substitutions in equivalent SOX9, SOX10 and SOX11
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The five stop-gain variants truncated SOX4 in distinct regions
(figure 1A). The p.Gly44Argfs*2 variant encoded a peptide of
unknown function. The p.Tyr325%, p.Ser333* and p.Ser347*
variants removed 128-150 residues, including the functionally
essential TAD, and p.Glu445* deprived TAD of its pivotal C-ter-
minal segment.*

Variants of uncertain significance

A p.Lys132Arg variant occurred in the HMG-domain C-ter-
minus (position 76), which stabilises the L-shaped structure and
features a nuclear import signal (figure 1A,D and online supple-
mental figure S1F). The lysine residue is conserved in SOX4
vertebrate orthologues and human SOXC relatives, but replaced
by proline or arginine, as in this variant, in other human SOX
proteins (figure 1D,G). Both lysine and arginine are positively
charged, but lysine is slightly shorter and less hydrophilic. It
undergoes more post-translational modifications than arginine,
but it is unknown whether either residue is modified in SOX
proteins. Lysine and arginine might thus have differential func-
tions and regulations. While PolyPhen-2 predicted that p.Ly-
s132Arg was possibly damaging, it is noteworthy that Arg-to-Trp
and Arg-to-Gly substitutions in SRY caused sex reversal (online
supplemental table S3), suggesting that arginine is functional, at
least in SRY.

A p.Ala316Ser variant occurred in a SOX4 region neutral
to missense mutations (figure 1B), unstructured and function-
ally uncharacterised (figure 1A and online supplemental figure
S1G). Ala316 and flanking residues are well conserved in SOX4
placental orthologues, but not in lower vertebrates and human
SOX11 and SOX12 (figure 1E,H). Two p.Ala316Gly and 1494
p.Ala316Val variants occurred in gnomAD individuals (figure 11I).
Alanine is short and hydrophobic, while serine is slightly longer
and polar. Thus, although p.Ala316Ser was not predicted by
PEP-FOLD3 to affect the protein structure, a harmful effect
cannot be excluded, and PolyPhen-2 foresaw p.Ala316Ser as
probably damaging (online supplemental figure S1G).

Two variants—p.Asp461Glu and p.Ser466Gly—targeted the
SOX4 TAD (figure 1A). Asp461, Ser466 and most neighbouring
residues are conserved or semi-conserved in SOX4 vertebrate
orthologues (figure 1F), and while Asp461 and neighbours
are well conserved in human SOX11 and SOX12, Ser466 and
neighbours are not (figure 1]). A gnomAD individual had a p.As-
p461Glu variant, but none had a Ser466 variant (figure 1K).
PEP-FOLD3 predicted that an o-helix harbouring Asp461 and
Ser466 could be partially destabilised by p.Asp461Glu, but
not by p.Ser466Gly (online supplemental figure STH,I). Both
aspartate and glutamate are negatively charged. Their recip-
rocal substitutions are common and generally non-pathogenic,
even though the shorter aspartate chain generates more rigid
interactions with positively charged residues than the glutamate
chain. Serine and glycine are small but, unlike glycine, serine
has a polar, hydroxyl-containing chain allowing hydrogen-bond
formation. PolyPhen-2 predicted that p.Asp461Glu was possibly
damaging or benign, and p.Ser466Gly was probably or possibly
damaging.

Functional assays consolidate pathogenicity predictions of
most SOX4 variants

Since in silico predictions of pathogenicity rely on knowledge
of proteins and similar, but not necessarily identical, variants to
those of interest, we further investigated the pathogenic like-
lihood of SOX4 variants through functional tests. For this, we
constructed mammalian expression plasmids for 3FLAG-tagged

human SOX4 wild-type and variant proteins. We included all
missense variants, except p.Met67Val (identified late in the
study). We also included two previously identified Ala112 vari-
ants to compare them with those also impacting Ala112 in our
cohort, and selected p.Gly44Argfs*2, p. Tyr325* and p.Glu445*
as representative truncating variants.

Protein stability and intracellular distribution assays

To assess variant protein stability and intracellular distribution,
we transfected Neuro-2a cells with SOX expression plasmids,
treated them with or without lactacystin and analysed SOX4
cytoplasmic and nuclear levels. Lactacystin is a highly specific
inhibitor of proteasome activity,” a prevalent mode of intra-
cellular protein degradation. Without lactacystin, all HMG
missense variants predicted in silico to be pathogenic, that is,
p-Asn64Lys, p. Trp69Gly, p. Trp97Gly, p. Trp97Cys, p.Alal12Val
and the previously reported p.Alal12Pro, were severely under-
represented in the nucleus compared with wild-type SOX4, and
the p.Leu99Pro, p.Ala112Gly and p.Lys132Arg variants were
slightly or insignificantly under-represented (figure 2A,B). As all
variants were or tended to be over-represented in the cytoplasm,
the nuclear/cytoplasmic ratios of all variants, but p.Lys132Arg,
were significantly reduced compared with that of wild-type
SOX4. While lactacystin treatment insignificantly affected wild-
type SOX4, it allowed most variants to reach wild-type nuclear
levels. The non-HMG missense variants were as abundant as
wild-type SOX4, whereas the p.Gly44Argfs*2 peptide was unde-
tectable, and the p.Tyr325* and p.Glu445* proteins were several
times over-represented, especially in the nucleus. These results
strongly suggested that the pathogenic HMG-missense variant
proteins were highly susceptible to proteasomal degradation in
the nucleus, whereas truncation facilitated SOX4 accumulation.

DNA binding assays

We tested whether HMG missense variants could bind DNA in
an electrophoretic mobility shift assay. As DNA probe, we used
a Tubb3 (tubulin-B3) promoter sequence containing a validated
SOXC motif.** As protein source, we used extracts from COS1
cells transfected with plasmids encoding SOX4 proteins trun-
cated at residue 284 to increase their stability. While the wild-
type, p-Ala112Gly and p.Lys132Arg proteins avidly bound DNA,
the p.Leu99Pro and p.Alal12Thr variants weakly did, and the
other variants did not (figure 3A and online supplemental figure
S2A). Thus, most HMG missense variants were both unstable
and functionally impaired.

Transactivation assays

To functionally test the variants in intact cells, we transfected
Neuro-2a cells with SOX4 wild-type and variants plasmids and
a pTubb3-Luc reporter featuring a —215/+54 Tubb3 promoter
containing several SOXC sites,** or a 6FXO-p89-Luc reporter
featuring six copies of an Fgf4 enhancer containing SOX and
POU-domain binding sites. This enhancer is directly targeted by
SOX2 and OCT4 in pluripotent stem cells*’ and is synergistically
activated by SOXC proteins and the POU-domain protein BRN2
in vitro.*” No HMG-domain variants activated pTubb3-Luc,
except p.Ala112Gly and p.Lys132Arg, which were partially and
fully active, respectively (figure 3B and online supplemental
figure S2B). Wild-type SOX4, p.Ala112Gly and p.Lys132Arg
powerfully synergised with BRN2 to activate 6FXO-p89-Luc,
whereas p.Leu99Pro and p.Ala112Thr were weak, and the other
variants inactive (figure 3C). The non-HMG missense variants
showed wild-type activity on either reporter (figure 3D,E),
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Figure 2 Tests of the stability and intracellular distribution of SOX4 variant proteins. (A) Western blot analyses of cytoplasmic and nuclear extracts from
Neuro-2a cells transfected with plasmids encoding 3FLAG-tagged SOX4 wild-type (WT) and variant proteins. Cells were treated without or with lactacystin
for the last 6 hours of a 20-hour to 24-hour transfection period. SOX4 proteins were detected using a FLAG antibody. Signals obtained for P84 (nuclear)
and GAPDH (cytoplasmic) demonstrate the quality of samples and their fairly even loading amounts. The molecular weight of protein standards is indicated.
Images are representative of duplicate samples tested in each of at least two independent experiments. Variants are designated with numbers or letters
according to the patients i (online supplemental table S4) or gnomAD individuals, in which they were detected. (B) Quantification of SOX4 protein levels
visualised in western blots prepared as in panel A. The top and middle graphs show the nuclear and cytoplasmic levels of the various SOX4 protein types
relative to wild-type SOX4 in the absence of lactacystin. Bottom graphs show the ratios of nuclear versus cytoplasmic SOX4 protein levels. Individual values
are shown for four samples corresponding to duplicate cultures (same symbols) in two independent experiments (circles and triangles). The bars show the
mean=SD for all four values. Two-tailed paired Student’s t-tests were used to calculate the statistical significance of differences recorded between wild-type
SOX4 and each variant, and between values obtained without and with lactacystin treatment for each protein type, as indicated with brackets (*p<0.05; **
p<0.01; ***p=<0.001; ns, not significant).
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Figure 3  Functional tests of SOX4 variant proteins. (A) Electrophoretic mobility shift assay using a Tubb3 DNA probe and whole-cell extracts from COS-

1 cells transfected with expression plasmids for SOX4 wild-type and high-mobility-group (HMG) missense variants. Top panel, picture of the gel showing
the formation of complexes between the probe and SOX4 or a non-specific (ns) protein (the entire gel is shown in the online supplemental figure S2A).
Bottom panel, western blot analysis showing that the extracts contained fairly even amounts of SOX4 wild-type (WT) and variant proteins. The proteins
were truncated at residue 214 and thus ran with an apparent molecular weight of 45 000. Images are representative of data obtained with protein
extracts from three independent experiments. Variants are designated with numbers or letters according to the patients (online supplemental table S4) or
gnomAD individuals in which they were detected. (B—G) Tests of the abilities of SOX4 WT and variant proteins to transactivate pTubb3-Luc or 6FX0-p89-
Luc reporters. Neuro-2a cells were transfected with either reporter, a Nanoluc control reporter and empty (-), SOX4 and/or BRN2 expression plasmids, as
indicated. Reporter activities were normalised for transfection efficiency and are presented as fold change increase relative to the activity of the reporter
tested with the empty expression plasmid. Individual values are shown for triplicate cultures in three experiments (with squares, circles and triangles used
to differentiate the experiments). The mean+SD of all data points are shown as bars and brackets. Average values are written. Asterisks indicate that a p
value <0.05 was obtained in a Student's t-test comparing values for the SOX4 WT and variant proteins. (H) Test of the abilities of SOX4 variants to interfere
with WT SOX4 activity. Neuro-2a cells were transfected with 6FX0-p89-Luc, Nanoluc and either 200 ng of empty expression plasmid (-) or 100 ng of SOX4
expression plasmid and 100 ng of SOX4 WT or variant expression plasmid, as indicated. Reporter activities were calculated and are presented as in (B

to G). Asterisks indicate p values <0.05 in a Student's t-test comparing values obtained when the SOX4 WT plasmid was tested in one dose and when it
was tested along with another dose of itself or a SOX4 variant expression plasmid. (1) Test of the abilities of SOX4 WT and variant proteins to enhance the
expression of neuronal markers in Neuro-2a cells. Cells were transfected with empty or SOX4 expression plasmids, as indicated. Total RNA was extracted the
next day and used in qRT-PCR to measure the expression levels of Tubb3 and Hes5 relative to that of Gapdh. Data are presented as fold change increases
obtained in cells transfected with a SOX4 plasmid compared with cells transfected with an empty plasmid. Individual values are shown for duplicate cultures
in two independent experiments (with light and dark circles differentiating the experiments). The mean=+SD obtained for all four values are shown as bars
and brackets. Average values are written. Asterisks indicate p values <0.05 in a Student's t-test comparing values obtained for SOX4 WT or variant proteins
with values obtained without protein.

whereas p.Gly44Argfs*2 and p.Tyr325* were inactive, and
p.Glu445* weakly activated pTubb3-Luc (figure 3F,G). These
results asserted pathogenicity to all HMG missense variants, but
p.Ala112Gly and p.Lys132Arg, and to all nonsense variants, but
not to the non-HMG missense variants.

Since several HMG missense and nonsense variants were not
just inactive, but reduced the pTubb3-Luc intrinsic activity and

6FXO-p89-Luc activation by BRN2, we presumed that they were
perhaps interfering with the activity of endogenous proteins.
Since patients were heterozygous for their SOX4 variant, we
explored the possibility of dominant-negative activity of variants
by transfecting Neuro-2a cells with 6FXO-p89-Luc, one dose of
near-saturating SOX4 wild-type plasmid and an additional dose
of SOX4 wild-type or variant plasmid (figure 3H). Two doses of
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Table 1 Summary of findings from in silico and functional tests of SOX4 variant pathogenicity
Patients  Variants PolyPhen-2/Domain Stability DNA binding  Transactivation DN effect SOXopathies Pathogenicity (ACMG)
1 p.Asn64lys Probably damaging/HMG Very low No No Yes Same L/PV (5)
2 p.Met67Val Probably damaging/HMG ND ND ND ND Same L/PV (5)
3 p.Trp69Gly Probably damaging/HMG Very low No No Yes Yes L/PV (5)
4 p.Trp97Gly Probably damaging/HMG Very low No No No Yes L/PV (5)
5 p.Trp97Cys Probably damaging/HMG Very low No No ND Same L/PV (5)
6 p.Leu99Pro Probably damaging/HMG Low Weak Weak Yes Yes L/PV (5)
7 p.Ala112Gly Probably damaging/HMG Low Yes Yes No Yes VUS (3)
8 p.Ala112Val Probably damaging/HMG Very low No No Yes Same L/PV (4)
9 p.Lys132Arg Possibly damaging/HMG Unchanged  Yes Yes No No VUS (3)
10 p.Ala316Ser Probably damaging/Unknown  Unchanged ~ ND Yes ND No VUS (3)
1" p.Asp461Glu Benign/Unknown Unchanged ND Yes ND No VUS (3)
12 p.Serd66Gly Possibly damaging/Unknown ~ Unchanged ~ ND Yes ND No VUS (3)
13 p.Gly44Argfs*2  ND/HMG and TAD deleted Undetected  ND No ND No L/PV (5)
14 p.Tyr325* ND/TAD deleted High ND No Yes No L/PV (5)
15 p.Ser333* ND/TAD deleted ND ND ND ND No L/PV (5)
16 p.Ser347* ND/TAD deleted ND ND ND ND No L/PV (5)
17 p.Glud4s5* ND/TAD truncated High ND No Yes No L/PV (5)

Same refers to identical missense change causing disease in the equivalent residue in another SOX protein; yes refers to missense change causing disease in the equivalent

residue in another SOX protein

DN, dominant-negative; HMG, high-mobility-group; L/PV, likely pathogenic variant; ND, not determined; TAD, transactivation domain; VUS, variants of uncertain significance.

wild-type SOX4 were slightly more potent than one dose in acti-
vating 6FXO-p89-Luc. One dose of p.Asn64Lys, p.Trp69Gly,
p.Trp97Gly, pAlal12Val, pTyr325* or p.Glu445* significantly
reduced the activity of wild-type SOX4, whereas one dose of
p.Ala112Gly and p.Lys132Arg did not. Thus, pathogenicity of
some variants may result from lack of intrinsic activity and from
interference with wild-type SOX4 activity.

Finally, we tested the ability of representative variants to
activate Tubb3 and HesS (HES-family transcription factor-5)
in Neuro-2a cells, as both genes are SOXC targets in neuronal
cells.** ** In agreement with other findings, both genes were
upregulated by wild-type SOX4, p.Ala112Gly and p.Lys132Arg,
but not by p.Trp97Gly and pAlal12Val, and were downregu-
lated by p.Tyr325* and p.Glu445™ (figure 31).

Together, functional and in silico assays supported pathoge-
nicity of many novel SOX4 variants, allowing upgrading of their
ACMG scores to 4 or 5. However, they left the p.Ala112Gly and
p.Lys132Arg HMG variants, and p.Ala316Ser, p.Asp461Glu
and p.Ser466Gly non-HMG variants as variants of uncertain
significance (VUS), with ACMG scores of 3 (table 1).

Patients with SOX4 L/PVs presented a phenotype overlapping
with CSS and other neurodevelopmental syndromes
Five new patients with SOX4 L/PVs (patients"™) were female
and the seven others were male (online supplemental table S4).
While the previous cohort had two female and two male patients,
all with a de novo L/PV,"” L/PVs of known inheritance in our
new cohort were de novo (8/11), transmitted by an unaffected
mosaic parent (2/11) or transmitted by a mildly affected father
(1/11). Two patients”"¥ had other genetic conditions beside a
neurodevelopmental disease (F11-related bleeding disorder and
TTN-related cardiomyopathy), and three others carried a VUS
in another gene (DYNCI1H1; PHFS, previously associated with
neurodevelopmental disease; or UBRS).

Most patients”?¥ had unremarkable gestation, except two,
born prematurely, and two others, born at term following
intrauterine growth retardation. The main phenotype of all

patients""" included a syndromic neurodevelopmental disorder

with hypotonia (7/12), borderline-to-mild intellectual disability
(8/8 old enough for assessment), behavioural issues (12/12),
speech delay (12/12) and fine (9/12) and gross (9/11) motor
delay (table 2 and online supplemental table S4). Occipitof-
rontal circumference and postnatal growth were mostly normal
(11/12 and 9/12, respectively). All patients”"Y exhibited dysmor-
phic features, such as a tall forehead possibly associated with
metopic suture anomalies (5/12), epicanthal folds (4/12) and a
wide mouth with full lips and marked philtrum (9/12). Various
other malformations were reported, including palatal anomalies
(5/12), retrognathia (3/12) and cardiac defects (6/12, excluding
the patient with a TTN variant). The latter included ventricular
septal defects (4) and vascular anomalies (6). Visual impair-
ment was frequent (10/12, mainly myopia and strabismus)
and hearing impairment was occasional (3/12). Most of these
features were fairly non-specific as they are common in CSS,
the SOX11-related syndrome and various other neurodevelop-
mental syndromes. The majority of the more specific features of
CSS (fifth-finger nail hypoplasia, corpus callosum agenesis and
hypertrichosis and hirsutism) were not reported in this cohort,
whereas some reported features (mouth shape (9/12), fifth ray
anomalies (4/12) and corpus callosum dysgenesis (2/5)) were
evocative of this disease.

Patients with SOX4 VUS exhibited a milder phenotype

Given that in silico and in vitro tests may not consider or reca-
pitulate the environment of the SOX4 protein in human devel-
opment, we also analysed the phenotype of patients'". All were
male patients, and when known (3/5), variant inheritance was
from a non-mosaic, asymptomatic or mildly affected mother
(table 2 and online supplemental table S4). One patient”"® had
a heterozygous L/PV in SLC39AS5, explaining his severe myopia.
Three others acquired a heterozygous variant in another gene,
independently of their SOX4 variant: a VUS in CHD4, linked to
intellectual disability with variable cardiac, skeletal and urogen-
ital defects; a microdeletion in MACROD?2, not linked to a
disease or developmental process; or a microdeletion including
SOBP, linked to an autosomal recessive form of intellectual
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Table 2 Summary of findings in individuals carrying SOX4 variants in this and a previous'’ study

HMG missense LIPV. HMG missense L/PV

Clinical manifestations (previous study) (this study)

HMG missense L/PV
(both studies)

Truncating L/PV (this
study)

All'VUS (this

All L/PV (both studies) study)

Known inheritance; 4, de novo;(0) 5, de novo or affected

9, de novo;(2)

5, de novo or mosaic 14, de novo or mosaic 3, asymptomatic

(unknown inheritance) parent; (2) parent; (0) parent; (2) or mildly affected
mother; (2)*
Gross/Fine motor delayt 3/4 (75%) 5/6% (83%) 8/10 (80%) 4/5% (80%) 12/15 (80%) 2/5 (40%)*
Speech delayt 4/4 (100%) 717 (100%) 11/11 (100%) 5/5 (100%) 16/16 (100%) 4/5 (80%)
Global developmental 4/4 (100%) 6/6 (100%) 10/10 (100%) 4/5 (80%) 14/15 (93%) 4/5 (80%)
delayt
Intellectual disabilityt 4/4 (100%) 4/4 (100%) 8/8 (100%) 4/4 (100%) 12/12 (100%) 4/4 (100%)
Behavioural concernst 0/0 (0%) 717 (100%) 717 (100%) 5/5 (100%) 12/12 (100%) 3/5 (60%)
Sensory concernst 0/0 (0%) 117 (14%) 1/7 (14%) 2/5 (40%) 3/12 (25%) 1/5 (20%)
Microcephalyt 2/4 (50%) 3/7 (43%) 5/11 (45%) 0/4 (0%) 515 (33%) 0/5 (0%)
Brain anomalies on MRI+ 2/2 (100%) 4/4 (100%) 6/6 (100%) 1/1 (100%) 717 (100%) 2/4 (50%)*
Seizurest 1/4 (25%) 217 (29%) 3/11 (27%) 0/5 (0%) 3/16 (19%) 113 (33%)
Hypotoniat 2/4 (50%) 4/7 (55%) 6/11 (55%) 3/5 (60%) 9/16 (56%) 4/4 (100%)
Ophthalmological findingst  1/4 (25%) 6/7 (86%) 7111 (64%) 4/5 (80%) 10/16 (63%) 2/58§ (40%)
Ear-nose-throat findingst 1/4 (25%) 6/7 (86%) 7111 (64%) 0/5 (0%)1 7116 (44%) 0/4 (0%)
Gastrointestinal findingst ~ 2/4 (50%) 3/5 (60%) 5/9 (56%) 3/5 (60%) 8/14 (57%) 114 (25%)
Genitourinary findingst 0/4 (0%) 3/6 (43%) 3/10 (30%) 2/5 (40%) 5/15 (33%) 1/5 (20%)
Musculoskeletal findingst  4/4 (100%) 5/6 (83%) 9/10 (90%) 3/5 (60%) 12/15 (80%) 3/5 (60%)
Fifth-finger/Toe 4/4 (100%) 2/6 (33%) 6/10 (60%) 1/5 (20%) 715 (47%) 2/5 (40%)
malformationst
Facial dysmorphismst 4/4 (100%) 6/7 (86%) 10/11 (91%) 5/5 (100%) 15/16 (94%) 5/5 (100%)
Cardiac anomaliest 1/4 (25%) 4/7 (57%) 5/11 (45%) 3/4** (75%) 8/15 (53%) 1/4 (25%)

Data are shown as numbers of subjects with feature over number of patients with available data. Percentages of patients with unknown inheritance (first data row) or with

finding (other rows) are shown in brackets.

*P<0.05 for differences between L/PV and VUS (Student's t-test).
tFeature shared with CSS.

$One patient presented fine, but no gross motor delay.

§The patient with SLC39A5-related myopia was excluded.

9P<0.05 for differences between HMG missense and truncating L/PV.
**The patient with TTN-related cardiomyopathy was excluded.

CSS, Coffin-Siris syndrome; HMG, high-mobility-group; L/PV, likely pathogenic variant; VUS, variants of uncertain significance.

disability. Most patients'"® exhibited the most constant features
of the SOX4-related syndrome, that is, global developmental
delay, intellectual disability and facial dysmorphisms, and all
had at least one inconstant feature of this syndrome. Most
defects were or tended to be less frequent in these patients than
in patients""Y, such that patients"” had an overall significantly
milder phenotype (table 2 and online supplemental figure S3).
Together, clinical and biochemical findings left open the ques-
tion of whether the phenotype of patients'”® was contributed by
their SOX4 VUS.

DISCUSSION

This study significantly consolidated the clinical and genetic
definition of a disease previously described in only four patients.
It revealed that both missense and truncating variants abolishing
SOX4 transcriptional activity in vitro likely cause global devel-
opmental delay, intellectual disability, facial dysmorphisms and
inconstant neurological and somatic anomalies in heterozygous
patients. The syndrome overlaps with many neurodevelop-
mental syndromes, including CSS. However, features specific
to CSS were either not reported or mild in our patients, such
that these patients would not prompt an obvious CSS diagnosis.
In contrast, the spectrum of our patients’ features was consis-
tent with evidence from animal models that SOX4 is critical in
many developmental processes. These observations should help
manage future patients carrying rare SOX4 variants in a concept
of reverse phenotyping and personalised medicine. Furthermore,

our work emphasises the usefulness of functional studies to
properly interpret genetic variations for diagnostic purposes and
to provide new insights into human pathology.

The SOX4-related phenotype closely resembles the SOX11-
related phenotype both genetically and in terms of develop-
mental, neurological and somatic findings. This resemblance
corroborates in humans the observations made in animal
models that Sox4 and Sox11 have greatly overlapping expres-
sion patterns and encode proteins that are closely related and
have essential, additive and redundant roles in such key devel-
opmental processes as cardiac outflow tract septation and skel-
eton patterning, beside neurogenesis. The two syndromes were
named CSS10 and CSS9, respectively, to reflect a possible link
to CSS. This link combines evidence that SOXC genes are targets
of the BAF complex, whose components are encoded by genes
mutated in CSS, and the observation that patients display some
CSS features. However, the legitimacy of this CSS-related classi-
fication of the SOXC-related diseases is questioned by evidence
from the current study and previous ones that most patients
with SOX4 or SOX11 variants did not exhibit the most specific
characteristics of CSS, by the sharing of many features between
SOXC-related, CSS and various other syndromes, and by the
fact that SOXC may be targets of, but not BAF components.
This argument is however softened when one acknowledges that
CSS is a clinically and genetically heterogenous disease, of which
even the most specific features (sparse scalp hair, fifth-digit hypo-
plasia, hypotonia, hypertrichosis and corpus callosum agenesis)
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are not always present and, therefore, the CSS diagnosis is often
made retrospectively, based on whole-genome or whole-exome
sequencing. Similarly, the identification of SOX4 variants in this
cohort was also made retrospectively. The globally non-specific
nature of these syndromes often raises the fundamental question
of their right interpretation in terms of pathogenicity and clinical
impact of the identified variants.

In silico assessment of variant pathogenicity relies on struc-
ture/function and disease knowledge. For SOX proteins, such
knowledge is only extensive for the family hallmark, the HMG
DNA-binding domain. Thus, pathogenicity could be predicted
with high confidence for most SOX4 missense variants occurring
within, but not outside, this domain. It is well established that the
C-terminus of SOX4 is an essential TAD, but knowledge of crit-
ical residues within this domain is still missing. Therefore, stop-
gain variants occurring upstream or within this domain could be
classified as L/PV, whereas missense variants within this domain
could only be classified as VUS at the present time. Our in vitro
functional tests, complemented by in silico predictions, facilitated
upgrading of ACMG scores for 11 variants (from 4 to 5 for 9
L/PV variants and from 3 (VUS) to 4 or 5 [L/PV] for 2 others).
In contrast, they led to downgrading of the p.Ala112Gly HMG-
missense variant from four to three. This variant was trans-
mitted by an apparently healthy mother to a male with a mild
non-specific neurodevelopmental disease. Previous structure/
function data and the existence of three other Ala112 L/PV were
supporting pathogenicity, but our in vitro tests detected mild or
no functional consequence. We therefore classified this variant
as VUS. It is nevertheless important to consider that failure to
support pathogenicity does not exclude pathogenicity. Indeed, in
vitro assays may not reproduce the human developmental envi-
ronment in vivo, where SOX4 may undergo important regulatory
post-translational modifications, interact with different partners
and target different sequences than in our in vitro tests.

Five variants whose pathogenicity was not supported by
in vitro tests were associated with an overall milder pheno-
type than in patients¥. While it is tempting to conclude that
this phenotype was caused by other variants, one should also
consider an oligogenic model. These patients could have genetic
modifiers of the SOX4-related disease. Such modifiers could
include the CHD4, DYNC1H1, PHFS or UBRS VUS detected
in some patients, as L/PV variants in these genes cause neurode-
velopmental diseases. Particularly, as CHD4 and PHFS8 encode
chromatin remodellers,*” genetic interaction between the SOX4
and PHF8/CHD4 variants might have caused or aggravated the
SOX4-related disease. Thus, even if their direct clinical utilisa-
tion remains questionable, SOX4 VUS should not be dismissed,
but should rather motivate investigations on patients’ genetic
make-up and on possibly critical, yet unknown in vivo mech-
anisms of SOX4 protein activity or regulation involving the
variants.

Finally, our functional data suggested that the SOX4-related
disease originates from SOX4 haploinsufficiency, but possibly
also from dominant-negative interference, for example, by
competition between the wild-type and variant proteins for DNA
or protein interaction. It remains unknown, however, whether
SOX4 is present in vivo in limiting or excess amount relative to
DNA targets and functional partners, under which SOX4 haplo-
insufficiency or dominant-negative interference would cause
disease, respectively. Both situations may exist in different cells
and developmental stages and explain why some processes are
more affected than others.

In conclusion, this study corroborated the existence of a
SOX4-related syndrome reflecting dependence of multiple

developmental processes on tightly controlled SOX4 activity.
It should stimulate comprehensive screening of patients with
similar phenotypes and new investigations to fully uncover
pathogenetic mechanisms and identify treatments for affected
patients.
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