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Purpose: LHX2 encodes the LIM homeobox 2 transcription factor (LHX2), which is highly
expressed in brain and well conserved across species, but it has not been clearly linked to
neurodevelopmental disorders (NDDs) to date.
Methods: Through international collaboration, we identified 19 individuals from 18 families
with variable neurodevelopmental phenotypes, carrying a small chromosomal deletion, likely
gene-disrupting or missense variants in LHX2. Functional consequences of missense variants
were investigated in cellular systems.
Results: Affected individuals presented with developmental and/or behavioral abnormalities,
autism spectrum disorder, variable intellectual disability, and microcephaly. We observed
nucleolar accumulation for 2 missense variants located within the DNA-binding HOX domain,
impaired interaction with co-factor LDB1 for another variant located in the protein-protein
interaction—mediating LIM domain, and impaired transcriptional activation by luciferase assay
for 4 missense variants.
Conclusion: We implicate LHX2 haploinsufficiency by deletion and likely gene-disrupting
variants as causative for a variable NDD. Our findings suggest a loss-of-function mechanism
also for likely pathogenic LHX2 missense variants. Together, our observations underscore the
importance of LHX2 in the nervous system and for variable neurodevelopmental phenotypes.
© 2023 American College of Medical Genetics and Genomics.
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Introduction

Neurodevelopmental disorders (NDDs) are clinically and
genetically extremely heterogeneous, with defects in more
than 1500 genes implicated to date (SysNDD database').
Many NDD genes/proteins are connected in molecularly and
functionally coherent modules, one of them being tran-
scriptional regulation.” A key transcriptional regulator is the
well-conserved LIM homeobox 2 transcription factor,
encoded by LHX2.> LHX2 is known to bind to enhancers of
numerous important developmental genes® and is involved
in regulating chromatin accessibility in various develop-
mental processes.”” As part of the LIM gene family, LHX2
contains 2 tandem cysteine-rich LIM domains, binding to
zinc, and a homeobox domain.” With the zinc-binding LIM
domains, LHX2 can form multimeric complexes,7 for
example, with the ubiquitously expressed co-factor LDB1 in
mammals.® As an active tetramer, it then binds to DNA via
the HOX domain to activate target genes.” LHX2 is
particularly relevant in early embryonic development, in
which its role in brain, eye, and erythrocyte development
was illustrated by in utero lethality of LHX2™~ mice."’
Additionally, several murine models have revealed that
LHX2 is centrally involved in hair follicle development,'’
olfactory receptor organization,” and liver regeneration.'”
LHX?2 has also been shown to be important for proper
spatial forebrain and hippocampal development,'” as well as
the formation of the corpus callosum.'* Variants in LHX2
have not been previously linked to any genetic disorder in
OMIM.

Through international collaboration, we identified
mostly de novo deletions, likely gene-disrupting (LGD) or
missense variants in LHX2 in 19 individuals from 18
families presenting with a variable neurodevelopmental
phenotype with global developmental delay, intellectual
disability, microcephaly, autism spectrum disorder, and
other behavioral anomalies. Alterations in subcellular
localization, impaired protein-protein interaction, or
impaired transcriptional activation indicate a loss-of-
function effect, as postulated for LGD variants, also for
missense variants.

Materials and Methods
Ascertainment of affected individuals

After identification of a de novo LGD LHX2 variant in 1
individual by trio-exome sequencing, clinical and genetic
variant details of 18 additional individuals from 17 families
with variants in LHX2 were assembled using Gene-
Matcher,'” the literature, and through personal communi-
cation. Genetic testing in various centers was performed
either in a clinical diagnostic setting (I1, 13-6, I8-I110, 13-
I18) or in a research setting (12, 17, Il11, 112, I19)

approved by the ethical review board of the respective
collaborating institutions (Supplemental Table 1). The
deletion in I1 was identified through chromosomal micro-
array analysis, and the variants in 12-119 were identified
through exome sequencing (either singleton, duo, or trio
exome, as listed in Supplemental Table 1). For publication
of genetic and clinical data (as well as publication of
affected individuals’ photographs), informed consent was
obtained from the individuals, their parents, or legal
guardians. For description of LHX2 variants, reference se-
quences NM_004789.4 and NP_004780.3 were used.

Structural modeling

The LHX2 LIM domains in complex with LDBI1 were
modeled using the crystal structure of the ISL1-LDBI1
complex as a template (PDB code: 4JCJ'®). The LHX2
HOX domain in complex with DNA was modeled using the
Homeobox protein aristaless in complex with DNA as a
template (PDB code: 3A01'"). Modeling of the variants was
performed with SwissModel,'® and RasMol'® was used for
structure analysis and visualization.

Immunofluorescence

Immunofluorescence was performed in HelLa cells. HelLa
cells were grown on coverslips and transfected with Myc-
tagged wild-type or mutant LHX2 using the jetPrime
(Polyplus-transfection) system according to manufacturer’s
instructions. Cells were fixated 48 hours after transfection in
4% paraformaldehyde in phosphate-buffered saline for 10
minutes at room temperature. Staining was performed with
antibodies against anti-c-Myc (M4439, Sigma-Aldrich),
GAPDH (2188, Cell Signaling) and Nucleolin (14574,
Cell Signaling). Secondary antibodies used were Alexa
Fluor 488 goat anti-mouse (A11001, Thermo Scientific) and
Alexa Fluor 546 donkey anti-rabbit (A10040, Thermo Sci-
entific). Nuclei were counterstained with DAPI (Serva).
Images were taken with a Zeiss Axio Imager Z2 Apotome
microscope (Zeiss) with a 63X objective and analyzed in
ImageJ. For quantification of the aggregation phenotype,
100 cells were analyzed for each variant tested. Aggregates
were defined as visually identified accumulations of LHX2
that were sharply set apart from the background measuring
at least 2 pm. Cells were counted as aggregate positive if
they contained at least one of these LHX2 aggregates.
Significance was calculated using a Fisher exact test.

Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and western blot

Sodium dodecyl sulfate (SDS)—polyacrylamide gel electro-
phoresis (PAGE) and western blotting are described in the
Supplemental Methods in more detail.
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Co-immunoprecipitation

For protein-protein interaction analysis of LHX2 and the
known interaction partner LDB1, HEK293 cells were
transfected with Myc-tagged wild-type or mutant LHX2 and
Flag-tagged LDBI or their respective negative controls us-
ing the jetPrime system. After cell lysis with RIPA lysis
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Igepal CA-
630, 0.1% SDS, 0.5% sodium-deoxycholate) with 1/100
protease inhibitor, samples were incubated with Protein A
Mag Sepharose bead suspension (GE Healthcare) and anti-
c-myc (M4439, Sigma-Aldrich) antibody at 4 °C over-
night. Subsequently, beads were washed in RIPA lysis
buffer, and TBS and samples were eluted with 1X Laemmli
buffer. SDS-PAGE and western blotting were performed as
described above. For quantification from 3 independent
replicates, bands for FLAG-tagged LDB1 IP and Myc-
tagged LHX2 IP were each normalized to their respective
inputs. The ratio of both normalizations was used for
quantification. Significance was calculated using a one-
sample ¢ test with theoretical value set to 1. Co-IP for
MSX1 (FLAG) and LSDI1 (FLAG) was performed as
described above.

Luciferase assay

To test transcriptional activation ability of wild-type and
mutant LHX?2, a dual-luciferase assay was conducted using
the pGL3 vector (Promega) in a neuroblastoma cell line,
SK-N-BE(2). LHX2 was found to show transactivation ac-
tivity already on the empty pGL3 vector, as has been re-
ported for several other genes before.”” This activation is
likely due to cryptic enhancer sites within the pGL3 that are
bound by LHX2. Addition of known LHX?2 responsive el-
ements (eg, CER1 enhancer and promoter,” GFAP pro-
moter, and TSHB promoter) to the pGL3 vector did not
result in increased or decreased transactivation (data not
shown). We also tested these constructs in different cell
lines (hIPSC, HEK293, HelLa, Jeg3, and SK-N-BE(2)) and
failed to see activation beyond activation of the empty pGL3
vector, which was strongest in SK-N-BE(2) cells. For the
assay, SK-N-BE(2) cells were transiently transfected using
the jetPrime system (Polyplus-transfection) with wild-type
or mutant LHX2 constructs and the pGL3 vector (Prom-
ega) or their negative controls, respectively. To normalize
for differences in transfection efficiency, a renilla luciferase
vector was co-transfected. Preparation of samples and
luminescence measurements were performed with the Dual-
Luciferase Kit (Promega) according to manufacturer’s in-
structions. Luminescence was measured on a SpectraMax
iD3 Luminometer (Molecular Devices). Analysis was per-
formed in 3 independent experiments, and each experiment
was performed in triplicate. P values were calculated using
the 7 test.

Results

Variant spectrum encompasses LGD and missense
variants

We assembled 1 small chromosomal deletion, 10 LGD, and
7 missense variants in LHX2 (Figure 1A, Supplemental
Figure 1, Supplemental Table 1). Five of the variants were
previously included in large studies on de novo variants in
developmental disorders or congenital heart disorders, but
without detailed clinical information,”'*>> and 3 variants are
from the SPARK autism cohort™ (Supplemental Table 1).
Thirteen of the variants were de novo; for 5 cases, parental
samples were not available, and 1 variant (p.(Arg318Leu))
was inherited from a mildly affected mother (I15 and 116).

The chromosomal deletion encompasses the complete
LHX2 coding sequence and the first exon of DENNDIA.
Seven of the LGD variants are located upstream of the last
exon and are likely to lead to nonsense-mediated messenger
RNA decay (NMD). Three variants are located in the ulti-
mate exon and may therefore escape NMD. Two of them
(p-(Trp313Ter) and p.(Leu326PhefsTer41)) localize to the
DNA-binding HOX domain, and the third (p.(Gly332Alaf-
sTer45)) resides downstream of any annotated domain. For
the 2 variants located in the HOX domain, we confirmed
expression of truncated LHX2 protein by western blot
(Supplemental Figure 2A), indicating that these variants
may lead to stable expression of shortened proteins lacking
part of the HOX domain and more than one-fifth of the
original protein sequence, if escaping NMD. Two of the 7
missense variants are located in one of the 2 LIM domains
each (LIM1: p.(Cys80Ser) and LIM2: p.(Cys146Tyr)), and
3 reside in the HOX domain (p.(Lys294Glu), p.(Asn316-
Lys), and p.(Arg318Leu)). All 5 identified missense variants
located to annotated domains are predicted to be pathogenic
by at least 3 prediction programs (Supplemental Table 2).
None of them were reported in the Genome Aggregation
Database (gnomAD).24 All but 1 missense variant affect
highly conserved amino acid positions, whereas position
207 (p.(Asn207Lys)) is not conserved in zebrafish or
Drosophila melanogaster (Supplemental Figure 1). For the
variants p.(Asn207Lys) and p.(Asn215Ser), not localizing to
any of the annotated functional domains, another missense
variant affecting the same residue was found in gnomAD
once. The relevance of the 2 missense variants outside of
annotated domains remains currently unclear. After func-
tional testing of several missense variants (see section
“Altered transactivation activity of LHX2 missense
variants”, Supplemental Table 3), we also consider the
relevance of p.(Lys294Glu) to be unclear. Of note, 1 indi-
vidual (I13) also carries a likely pathogenic variant in
RUNX2, associated with cleidocranial dysplasia (MIM
119600), which may explain his short stature and his skel-
etal anomalies (Supplemental Table 1). Another individual
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A CusB0S Cys146Tyr _ Asn207Lys Lys294Glu

Cys80Ser Asn215Ser Asn316Lys

E— Arg318Leu
missense
1 175 264 28 406
GIn113Leufs*30 k Gly332Alafs*45
Misly gerio Asp97* Leu326Phefs*41
isrupting Thro2Hisfs*8 Asp236llefs*9 Trp313*
Arg63Alafs*66 Tyr213*
Lys197*

Figure 1 LHX2 variants identified in individuals with NDDs. A. Schematic drawing of the protein structure of LHX2 (NM_ 004789.4,
NP_004780.3) with identified variants. Missense variants are displayed above the scheme, likely gene-disrupting variants below. Not dis-
played here is an additional chromosomal deletion, which affects the complete LHX2 gene (I1). Eight variants previously published are
underlined.”'** Domains are color coded according to InterPro. B. Clinical images with pictures of frontal and lateral face (I3, 113, 117) and
hands and feet (I3, I17). Note minor unspecific facial dysmorphism in all individuals and short fingernails and toenails in individuals I3 and
117. Magnetic resonance imaging of axial T2 of 14 showing diffuse white matter loss and ventriculomegaly.

(I18) carries an additional de novo variant in another constraint scores, LHX?2 is highly intolerant of LoF vari-
candidate disease gene (PSMA7), which may possibly ants (PII = 0.99, observed/expected = 0, LOEUF = 0.22)
contribute to her phenotype. According to gnomAD” and carries fewer missense variants than expected
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(Z score = 2.27, observed/expected = 0.59 [0.51-0.68]).
Variants are described based on reference NP_004780.3.

Variable clinical spectrum associated with LHX2
variants

For description of the clinical phenotype, we did not include
the 3 affected individuals with missense variants whose
relevance we consider uncertain at the moment (I17-119)
and instead focused on the 16 individuals with a deletion,
LGD variants, or missense variants, which we consider
(likely) pathogenic. Most affected individuals with variants
for whom detailed clinical data were available showed
variable degrees of intellectual disability (ID), develop-
mental delay, and/or autism spectrum disorder (ASD) (14 of
16). Behavioral anomalies were commonly described (10
individuals), including attention deficit, hyperactivity,
aggressive and self-injurious behavior, as well as autism
spectrum disorders. Delay in speech development was re-
ported in 10 individuals, with variably impaired speech
abilities, ranging from being nonverbal to mild speech im-
pediments. Five individuals had sleeping difficulties. Mag-
netic resonance imaging anomalies included dysgenesis of
the corpus callosum, enlarged ventricles, and white matter
lesions and were relatively frequent (5 of 7) (Figure 1B).
Hypotonia was noted in 3 individuals, and febrile seizures
occurred in 1 individual. Seven of 10 individuals were noted
to be microcephalic postnatally (z scores of —2.6 to —4.1),
and 1 was macrocephalic (z score 3.6). Short stature was
observed in 3 individuals (z scores of —2.1 to —3.4).
Ophthalmologic abnormalities were common (9 of 13),
including macular degeneration, optic neuropathy, and
esotropia. Variable and infrequent other abnormalities, such
as feeding difficulties, congenital heart disease, or minor
skeletal anomalies, were observed in 2 to 3 individuals each.
Subtle facial dysmorphisms were noted in most of the in-
dividuals but were nonspecific without a recognizable facial
gestalt (Figure 1B). No obvious differences in clinical
phenotypes regarding LGD or missense variants were noted
(Table 1). Detailed clinical information on the individuals
with clear variants summarized here and additionally in-
dividuals with uncertain variants is provided in
Supplemental Table 1.

Structural modeling of LHX2 missense variants

The cysteines affected by variants p.(Cys80Ser) and
p.(Cys146Tyr) are located in the first and second LIM do-
mains, respectively (Figure 2A). Both cysteines are highly
conserved in LIM domains because they are involved in
zinc ion binding. A replacement of cysteine by serine or
tyrosine is predicted to result in a loss of the zinc ion,
thereby disturbing the domain structure. The first and sec-
ond LIM domains are both involved in LDB1 binding
(Figure 2A). Unfolding of one of the LIM domains by the

5

Table 1  Clinical data summary of likely pathogenic variants

Likely Gene

Disrupting Missense Al
Variant Type (n=11) (n=05) (N = 16)
1D/DD/ASD 9/11 5/5 14/16
Behavioral anomalies 6/8 4/4 10/12

(including ASD)

Speech impairment 6/7 4/4 10/11
Seizures/abnormal EEG 1/5 0/3 1/8
Hypotonia 2/6 1/3 3/9
Facial dysmorphism 6/7 3/3 9/10
Microcephaly 4/7 3/3 7/10
Macrocephaly 1/7 0/4 1/10
Feeding difficulties 2/5 0/3 2/8
Sleeping difficulties 3/5 2/4 5/9
Vision impairment 6/9 3/4 9/13
MRI anomalies 4/5 1/2 5/7
Cardiac defects 3/8 0/3 3/11
Skeletal anomalies 2/8 1/3 3/11

Only cases with likely disease-causing variants are included (I1 — I16);
numbers take into account individuals displaying specific symptoms/in-
dividuals with phenotypic information available for this symptom.

ASD, autism spectrum disorder; DD, developmental delay; EEG, elec-
troencephalography; ID, intellectual disability; MRI, magnetic resonance
imaging.

variant is therefore expected to decrease binding affinity for
LDBI.

The wvariants p.(Lys294Glu), p.(Asn316Lys), and
p.(Arg318Leu) are located in the DNA-binding HOX
domain (Figure 2B). A closer inspection of the structure
reveals that Asn316 and Arg318 form tight polar in-
teractions with the DNA (Figure 2C), which play an
important role for the specificity and affinity of complex
formation. These interactions are lost in the p.(Asn316Lys)
and p.(Arg318Leu) variants (Figure 2D and E), which is
expected to severely impair DNA binding.

In contrast, p.(Lys294Glu) is not directly involved in
DNA binding (Figure 2B). In homologous HOX domains,
the respective sequence position was reported to interact
with a second HOX domain, thereby causing cooperative
DNA binding.'” Such a mechanism might also be feasible
for LDB1 but cannot be further addressed by molecular
modeling because of the lack of structural information.

The remaining 2 variants, p.(Asn207Lys) and
p-(Asn215Ser), are located in a protein region for which no
three-dimensional structural information exists. According
to the predictions, this region is nonglobular and does not
adopt a defined domain structure.

Altered localization of LHX2 missense variants

To evaluate effects of LHX2 missense variants, we per-
formed in vitro assays for 6 of the 7 missense variants.
Analysis of protein expression levels upon overexpression
of wild-type-type and/or mutant Myc-tagged LHX2 in
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Figure 2  Structural modeling of LHX2. A. Structure of the LIM domain pair in complex with LDB1 (LIMI in blue; LIM2 in cyan,
LDBI1 in red). Residues involved in the coordination of zinc ions are shown in stick presentation and those cysteines affected by the variants
(Cys80, Cys146) are labeled (zinc ions shown as brown balls). LDB1 exhibits a bipartite interaction site (residues Asp336-Met346 and
Asp352-Asn363) and binds both to the LIM1 and the LIM2 domain. B. Structure of the HOX domain (blue ribbon) in complex with DNA
(stick presentation). Residues affected by the variants are shown in ball-and-stick presentation and are labeled. C. Enlargement of the binding
site showing the interactions of Asn316 and Arg318 in detail. Asn316 and Arg318 form polar interactions (green lines) to an adenosine ring
and a phosphoryl group, respectively. D. In the Asn316Lys variant, the longer lysine sidechain adopts a different orientation, leading to the
loss of interactions with the adenosine ring. E. In the Arg318Leu variant, the nonpolar leucine sidechain cannot form the polar interactions
with the phosphoryl group observed in the wild type.

HEK?293 cells showed that LHX2 expression levels are Immunofluorescence after transfection of HelLa cells with
unaffected by the tested missense variants regardless of constructs containing 6 of the missense variants confirmed
whether missense variants are expressed alone or together nuclear localization of wild-type LHX2 with slightly

with wild-type LHX2 (Supplemental Figure 2B-E). stronger signal toward the perimeter of the nucleus
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Figure 3 LHX2 missense variants impair subcellular localization and protein-protein interaction. A. Schematic overview of local-
ization of tested missense variants. B. Immunofluorescence on HeLa cells transiently transfected with Myc-tagged WT or mutant LHX?2 and
costained with anti-Myc (green) and anti-Nucleolin (magenta) antibodies showed nuclear localization for the WT and all tested variants.
Variants p.(Asn316Lys) and p.(Arg318Leu) resulted in formation of aggregates (magenta arrows), which mostly colocalize with nucleolin.
Scale bar depicts 20 pm. C. We quantified the formation of nuclear aggregates for WT LHX2 and all 3 variants localized to the HOX domain
(p-(Lys294Glu), p.(Asn316Lys), and p.(Arg318Leu)) for 100 cells per condition. Two of the variants (p.(Asn316Lys) and p.(Arg318Leu))
showed a significant increase in aggregate formation. P values were obtained using a Fisher exact test, ***P < .001. D. Coimmunopreci-
pitation of Myc-tagged WT or mutant LHX?2 and Flag-tagged LDB1 or their respective negative controls showed reduced co-precipitation for
a variant in the LIM domain (p.(Cys80Ser)). Co-immunoprecipitation was performed with an antibody against Myc and IgG as a negative
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compared with the center (Figure 3B, Supplemental
Figures 3 and 4). Four of the mutants behaved similar to
the wild type, whereas 2 missense variants located in the
HOX domain (p.(Asn316Lys) and p.(Arg318Leu)) resulted
in formation of aggregates within the nucleus that were
present in 94% and 28% of cells, respectively (Figure 3B
and C, Supplemental Figures 3 and 4, Supplemental
Table 3). The number of aggregates per cell ranged from
1 to 5. By co-staining with nucleolar marker nucleolin, most
of these aggregates were confirmed to be in the nucleolus
(Figure 3B, Supplemental Figure 4). Nucleoli were com-
parable between untransfected cells and cells overexpressing
LHX2, suggesting that overexpression per se does not affect
morphology of nucleoli (Figure 3B, Supplemental Figure 4).
Computational predictions suggest that nuclear import of
LHX?2 still works for these 2 variants; however, DNA
binding is predicted to be hampered (Figure 2D and E). This
would be in line with the observed nucleolar aggregates.

A missense variant in the LIM domain impairs
binding of LHX2 to LBD1

LHX2 is known to interact with LDB1 to form hetero-
tetramers.” To analyze whether the ability of LHX2 to bind
LDBI is impaired by the 6 tested missense variants, we
performed a co-immunoprecipitation assay. Mutant LHX2,
carrying the missense variant p.(Cys80Ser), localizing to the
first protein-binding LIM domain, showed a reduced bind-
ing ability to LDB1. The missense variant located in the
second LIM domain, p.(Cys146Tyr), and the other 4 tested
missense variants resulted in similar binding abilities to the
wild type (Figure 3D and E, Supplemental Figure 5,
Supplemental Table 3). This binding behavior did not
change when mixing mutant LHX?2 equimolarly with wild-
type LHX2, although more LDB1 could be bound likely due
to the presence WT LHX2 (Supplemental Figure 6). Phys-
ical interaction with MSX1 or the NuRD complex subunit
LSD1 is not impaired by any of the tested missense variants
(Supplemental Figure 7).

Altered transactivation activity of LHX2 missense
variants

To evaluate effects of missense variants on the ability of
LHX?2 to induce transcriptional activation, we performed a
dual luciferase assay. We found impaired transactivation for
both missense variants located in the LIM domains
(p-(Cys80Ser) and p.(Cys146Tyr)) and the 2 missense var-
iants located in the HOX domain that were predicted to
impair DNA binding directly and were shown to aggregate
in the nucleolus (p.(Asn316Lys) and p.(Arg318Leu))
(Figure 3F, Supplemental Table 3). The third missense
variant located in the HOX domain and not predicted to
impair DNA binding directly (p.(Lys294Glu) as well as the
variant located outside of annotated domains (p.(Asn207-
Lys)) showed no impairment of transactivation capabilities
and similar luciferase activity levels as wild-type LHX2
(Figure 3F, Supplemental Table 3).

Discussion

Although a few variants were described in a large study on
developmental disorders®! or in an autism cohort,”> LHX?
defects have previously not been established as a cause of
NDDs. By assembling variant and clinical data on 16 in-
dividuals with neurodevelopmental phenotypes and mostly
de novo likely pathogenic variants in LHX2, we now iden-
tify it as an NDD-associated gene.

The LHX2-related neurodevelopmental phenotype is
nonspecific and includes variable intellectual disability;
speech impairment; autism spectrum disorder; behavioral,
sleep, and brain magnetic resonance imaging abnormalities;
and microcephaly. Additionally, nonspecific minor facial
dysmorphism are observed. Although detailed clinical in-
formation was not available for all cases (including several
of the previously reported individuals), the available
detailed clinical information shows that the phenotypic
spectrum associated with LHX2 defects is highly variable.

control. A representative image is shown, and the experiment was repeated 3 times. Uncropped blots can be found in Supplemental Figure 5.
E. Quantification of co-immunoprecipitation from 3 independent replicates showed significantly reduced LDB1 co-precipitation for variant
p.(Cys80Ser). Binding for all other variants was not altered. For quantification, LDB1 and LHX2 IP bands were normalized to their
respective inputs, and then the ratio of normalized LDB1-IP to normalized LHX2-IP was calculated. Averages from all experiments are
shown with standard deviation. Significance was calculated using a one-sample ¢ test with theoretical value set to 1, ***P < .001. F. WT
LHX2 showed increased transcriptional activation in a dual-luciferase assay compared with the EV. Four of the 6 tested missense variants
(p.(Cys80Ser), p.(Cys146Tyr), p.(Asn316Lys), and p.(Arg318Leu)) showed impaired transcriptional activation. For 2 variants
(p-(Asn207Lys) and p.(Lys294Glu)), transcriptional activity was comparable to WT levels. As a reporter construct the pGL3 vector was used,
which already showed specific transactivation, possibly due to cryptic enhancer sites as has been shown for other genes.”” SK-N-BE(2) cells
were transiently co-transfected with PGL3 reporter plasmid, an empty pcDNA3.1-Myc vector, WT or mutant LHX?2, and a Renilla luciferase
vector as a normalization control. Experiments were performed in triplicates and repeated independently 3 times. Averages from all
experiments are shown with standard deviation. P values were obtained using a 7 test, *P < .05, **P < .01, ***P < .001. EV, empty vector;
n.s., not significant; UT, untransfected cell; WT, wild-type.
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Furthermore, the phenotypes observed in individuals with
LGD and missense variants are comparable, and no
genotype-phenotype correlations could be delineated.
Additionally, no correlations between predicted or tested
functional effects of variants and associated clinical phe-
notypes can be found, as, for example, the mildest and most
severely affected cases carry frameshift variants likely to
lead to a complete loss of 1 allele. Phenotypes associated
with missense variants fall well within the phenotypic
spectrum of our cohort. Organ or other structural abnor-
malities are only rarely reported; in accordance, LHX?2 is
predominantly expressed in the nervous system according to
the GTEx portal. Liver fibrosis,'” alopecia,'' or olfactory
phenotypes” found in murine models were not observed in
any of the individuals described herein. An important role of
LHX2 in nervous system development has been previously
suggested.”'*?*** Conditional knockout mice have an
altered position of the hippocampus, probably based on the
function of LHX?2 as a suppressor of the hem and antihem
(2 secondary organizers) in early embryogenesis.'”*’
Furthermore, a guidance function for proper formation of
the corpus callosum was demonstrated. 1428 Lhx2 knockout
in glial cells in the critical development period of the mouse
(embryonic days 8.5-10.5) led to complete agenesis of the
corpus callosum.”® In our series, dysgenesis of the corpus
callosum was observed in 5 individuals.

All but one of the variants with parental genetic infor-
mation in this study occurred de novo. One individual
inherited the variant from a mildly affected mother (I15 and
116). The phenomenon of autosomal-dominant variants be-
ing largely de novo and less frequently inherited from a
mildly affected or even asymptomatic parent has been
increasingly observed.””*" This is especially common for
NDDs with nonspecific phenotypes and may be missed with
the interpretation of (trio) exome data if the analysis focuses
on de novo variants.”’ In accordance with the increasing
awareness for multilocus genomic variation’” and effects on
phenotypic delineations,” we observed 1 definitive and 1
possible dual diagnosis in our cohort, possibly contributing
to a more complex phenotype in these 2 cases.

Another challenge is the interpretation of missense var-
iants. Although LGD variants frequently are classified as
pathogenic or likely pathogenic, the relevance of missense
variants often remains unclear. This emphasizes the
importance of functional assays. However, the accessibility
to experimental testing is dependent on the function of the
protein and its domains. Of the 7 missense variants identi-
fied in this study, 5 were located in either one of the LIM or
in the HOX domain. Indeed, we observed reduced binding
to the known interaction partner LDBI1® for the variant
located in the first LIM domain (p.(Cys80Ser)). The
impaired interaction apparently was not caused by a change
in stoichiometry because protein levels of LHX2 with this
variant were similar to the wild type. The LHX2-LDB1
heterotetramer, consisting of an LHX?2 dimer bridged by an
LDB1 dimer via the LIM domains, has been shown to be
essential for normal function of LHX2 as a transcriptional

regulator.®”**?> Although we saw less impaired interaction

of variant p.(Cys80Ser) when co-expressing wild-type
LHX2 in our in vitro assay, we cannot rule out that this
abrogated interaction from p.(Cys80Ser) may affect com-
plex formation in a dominant negative fashion in vivo.

The importance of this interaction mechanism has been
previously demonstrated in Drosophila melanogaster, in
which the interaction of LDBI ortholog CHIP and LHX2
ortholog apterous was found to be indispensable for the
axonal guidance in the ventral nerve cord as well as
dorsoventral wing development.”*****  Furthermore,
impaired LDB I/LHX?2 interaction in mice resulted in a lack
of specification in early stages of hippocampus develop-
ment.” Of note, for p.(Cys146Tyr), the variant located in the
second LIM domain, we did not observe any impaired
interaction with LDB1. One might speculate whether there
are subtle differences in specificity of the 2 LIM domains for
interaction with LDB1 and LHX2 itself, which could
possibly explain the observed differences. A slightly weaker
interaction that is not detectable in this binding assay may
possibly already be functionally relevant in vivo. In line
with this, we found impaired transactivation capabilities for
both variants located in the LIM domains in the luciferase
assay, suggesting that both variants indeed impair LHX?2
function. LHX2 interacts also with other proteins or com-
plexes, such as the NuRD complex’® and MSX1.”” For
MSX1, this interaction is mediated via the HOX domain,”’
whereas the interaction domain is unknown for the NuRD
complex. Although physical interaction with MSX1 or
NuRD complex component LSD1 was not impaired by any
of the tested missense variants in vitro, it currently remains
elusive whether any of the variants affect NuRD complex or
MSX1 interaction in vivo.

For 2 of the 3 missense variants located in the HOX
domain (p.(Asn316Lys) and p.(Arg318Leu)), we observed
formation of nucleolar aggregates in vitro. Similar nucleolar
aggregates, so called aggresomes, have been previously
described as intranuclear detention centers for proteins
meant for degradation.”®*” Structural modeling indicated
that these 2 variants affect a DNA-binding site and thus
might indeed compromise normal function and result in
aggregation in the nucleolus. In accordance, we found
impaired transactivation in the luciferase assay for both
variants. The third variant (p.(Lys294Glu)) in the HOX
domain did not result in aggregate formation and is not
predicted to affect direct DNA binding. However, as has
been shown for other HOX domains, one may speculate that
this position might be involved in cooperative DNA binding
due to interaction with a second HOX domain.'” We did not
observe impaired transactivation for this variant in a lucif-
erase assay. It is possible that this variant may only be
involved in transactivation of specific targets that we could
not pick up with this assay. This highlights the difficulties to
identify suitable functional assays to assess all the poten-
tially diverse effects of missense variants on various protein
functions. With these in vitro assays, we are unable to rule
out possible dominant negative effects in vivo. However,
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lack of transcriptional activation of LHX2 harboring the
tested variants and the clinical phenotype of the individuals
that is comparable to the other cases with LGD variants still
support a loss-of-function mechanism for the missense
variants. Of note, as different functional assays were per-
formed in different cell lines, we cannot rule out masking of
specific phenotypes in certain assays because of the different
cell lines used. In total, we demonstrate a functional
consequence for 4 of the 6 missense variants assessed,
supporting their pathogenic relevance. In vitro impairment
of LHX?2 function by missense variants in combination with
a phenotype indistinguishable from that associated with
LGD variants points to LHX2 loss of function or hap-
loinsufficiency as the underlying mechanism of this NDD.

In conclusion, we establish LHX2 as an NDD gene by
identifying largely de novo missense and LGD variants in
19 individuals from 18 families with a variable ID and/or
behavioral anomalies and by confirming a functional
consequence of several missense variants.

Data Availability
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