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ARTICLE

Loss-of-function variants in TIAM1
are associated with developmental delay,
intellectual disability, and seizures

Shenzhao Lu,!23 Rebecca Hernan,* Paul C. Marcogliese,!-2 Yan Huang,!.2 Tracy S. Gertler,®

Meltem Akcaboy,® Shiyong Liu,” Hyung-lok Chung,'-? Xueyang Pan,!.? Xiaogin Sun,”

Melahat Melek Oguz,® Ulkithan Oztoprak,® Jeroen H.F. de Baaij,® Jelena Ivanisevic,> Erin McGinnis,>
Maria J. Guillen Sacoto,'® Wendy K. Chung,+!1.* and Hugo ]J. Bellen!.2*

Summary

TIAM Racl-associated GEF 1 (TIAM1) regulates RAC1 signaling pathways that affect the control of neuronal morphogenesis and neurite
outgrowth by modulating the actin cytoskeletal network. To date, TIAM1 has not been associated with a Mendelian disorder. Here, we
describe five individuals with bi-allelic TIAM1 missense variants who have developmental delay, intellectual disability, speech delay, and
seizures. Bioinformatic analyses demonstrate that these variants are rare and likely pathogenic. We found that the Drosophila ortholog of
TIAM]1, still life (sif), is expressed in larval and adult central nervous system (CNS) and is mainly expressed in a subset of neurons, but not
in glia. Loss of sif reduces the survival rate, and the surviving adults exhibit climbing defects, are prone to severe seizures, and have a
short lifespan. The TIAM1 reference (Ref) cDNA partially rescues the sifloss-of-function (LoF) phenotypes. We also assessed the function
associated with three TIAM1 variants carried by two of the probands and compared them to the TIAM1 Ref cDNA function in vivo. TIAM1
p-Arg23Cys has reduced rescue ability when compared to TIAM1 Ref, suggesting that it is a partial LoF variant. In ectopic expression
studies, both wild-type sif and TIAM1 Ref are toxic, whereas the three variants (p.Leu862Phe, p.Arg23Cys, and p.Gly328Val) show
reduced toxicity, suggesting that they are partial LoF variants. In summary, we provide evidence that sifis important for appropriate neu-
ral function and that TIAM1 variants observed in the probands are disruptive, thus implicating loss of TIAM1 in neurological phenotypes
in humans.

Introduction

Many patients with rare diseases undergo a long and
frustrating journey to obtain an accurate diagnosis, often
referred to as the diagnostic odyssey. Whole-exome
sequencing (WES) and whole-genome sequencing
(WGS) are effective approaches to identify diagnoses, as
80% or more of rare diseases are estimated to be caused
by genomic abnormalities.'”” However, these compre-
hensive sequencing methods also uncover many variants
of uncertain significance (VUSs) with unknown clinical
impact.® Drosophila melanogaster allows effective ap-
proaches to probe the functional impacts of these vari-
ants.”

Here, we argue that bi-allelic loss-of-function (LoF) vari-
ants of TIAM Racl-associated GEF 1 (TIAM1 [MIM:
600687]) cause a disease associated with developmental
delay, intellectual disability, speech delay, and seizures.
TIAMI is a guanine nucleotide exchange factor (GEF).>™
GEFs are positive regulators of small GTPases that promote
their activation. Each individual GEF has a specificity pro-

file,® and TIAM1 is a Ras-related C3 botulinum toxin sub-
strate 1 (RAC1)-specific GEE® RAC1 stimulates signaling
pathways that regulate actin cytoskeleton organization,
cell movement, differentiation, and proliferation.S

TIAM1 is enriched in the brain.'”'! The rodent ortholog,
Tiam1, is also expressed in the brain, is present in dendrites
and spines, and is required to maintain proper outgrowth
during development.” When activated by neurotrophins
such as brain-derived neurotrophic factor (BDNF), the
TRKB receptor binds and activates TIAM1, which in turn ac-
tivates RAC1, causing morphological changes by increasing
neurite outgrowth.'”'? Similarly, when glutamate activates
N-methyl-D-aspartate (NMDA) receptors, TIAM1 is also acti-
vated to control actin remodeling by inducing RAC1-depen-
dent pathways.”'? The localization of TIAM1 to spines is
regulated by par-3 family cell polarity regulator and thereby
controls proper spine formation.'* Mice lacking Tiam1 have
simplified dendritic arbors, reduced dendritic spine density,
and diminished excitatory synaptic transmission in the
dentate gyrus.'® Taken together, TIAM1 controls neuronal
morphogenesis and neurite outgrowth by RAC1-dependent
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actin cytoskeletal remodeling in rodents. However, alter-
ations in TIAM1 have not yet been reported in the Online
Mendelian Inheritance in Man (OMIM) database or the liter-
ature as causing human disease."®

still life (sif) encodes the ortholog of TIAMI in
Drosophila.'*"'” Previous studies showed that loss of sif
leads to reduced locomotor activity.'®'? Sif was reported
to be localized presynaptically and shown to genetically
interact with Fasciclin II, a neural cell-adhesion molecule
localized pre- and postsynaptially that controls synaptic
growth, stabilization, and presynaptic structural plas-
ticity.'~?! Its partial loss causes loss of some boutons at
neuromuscular junctions.'” Also, Sif is highly enriched in
lens-secreting cells in fly eyes and affects the distribution
pattern of E-cadherin in pupal eyes.””

Here, we identified bi-allelic TIAM1 missense variants in
five individuals from four families with developmental
delay, intellectual disability, speech delay, and seizures.
Functional studies in Drosophila revealed that the loss of
sif reduces the survival rate of flies, and the surviving adult
flies have a remarkably reduced lifespan and exhibit severe
climbing defects. In addition, sif LoF mutants display se-
vere seizure-like behaviors when stressed. Expression of
the human TIAM]1 reference (TIAM1 Ref) cDNA partially
rescues the lethality of sif LoF mutants, whereas the vari-
ants observed in probands behave as partial LoF mutations
in different phenotypic assays. Our data support the hy-
pothesis that the variants observed in the probands are
the cause of the observed phenotypes.

Material and methods

Human genetics

This study was approved by the institutional review board at
Columbia University. Legal guardians of affected individuals pro-
vided informed consent. Five individuals, including a pair of
monozygotic (MZ) twins, with developmental delay/intellectual
disabilities from four independent families had trio clinical exome
sequencing.

Exome sequencing

Using genomic DNA from the proband and parents, the exonic re-
gions and flanking splice junctions of the genome were captured
using the IDT xGen Exome Research Panel v1.0 (Integrated DNA
Technologies, Coralville, IA). Massively parallel (next-generation)
sequencing was done on an Illumina sequencer with 100 bp or
greater paired-end reads. Reads were aligned to human genome
build GRCh37/UCSC hg19 and analyzed for sequence variants us-
ing a custom-developed analysis tool. Additional sequencing tech-
nology and variant interpretation protocol have been previously
described.?® The general assertion criteria for variant classification
are publicly available on the GeneDx ClinVar submission page (see
web resources). Trio WES of proband 4 and parents was done and
analyzed at Chigene, Beijing, China.

Drosophila stocks and maintenance
All fly strains used in this study were generated in house or obtained
from the Bloomington Drosophila Stock Center (BDSC). The

sif2A-9AL4 allele was created by conversion of a MiMIC (Minos-

mediated integration cassette)’>? insertion line, y[1] w[*]; Mify
[+mDint2] = MIC}sifMI02376] (BDSC, 35834) via recombination-
mediated cassette exchange (RMCE) as described.?>?® siff 24-GAL#
LoF mutants were rescued with fly sif cDNA P{w[+mC] = UAS-sif.S}
2.1 (BDSC, 9128). For complementation tests, immunostaining,
and RNAi assays, see genotypes in Table S1. elav-GAL4, UAS-Empty,
and UAS-lacZ were published previously.?’*®

Drosophila behavioral assays

For the climbing assay,”’ flies were transferred to an empty vial,
the flies were tapped to the bottom of the vial, and their climbing
ability (negative geotaxis) was measured. Climbing distance was
measured (15 cm as maximum). Flies were allowed to climb for
20 s. If some of the fly groups did not show obvious climbing de-
fects, another unbiased method was used by assessing the time for
flies to climb vertically to 4 cm.*"

For the bang-sensitivity assay,’' flies were transferred to an
empty vial and vortexed at maximum speed for 10 s, and the
time to recovery to freely moving status (without abnormal falling
or flipping) was measured. For the heat shock assay,*” flies were
transferred to an empty vial and submerged in a 42°C water
bath for 30 s. We measured the percentage of flies that were unable
to keep an upright position. We then measured the time to recov-
ery to a freely moving status. In these assays, we record for only 30
s. Flies that do not recover within 30 s are recorded at the 30 s time
point even if they require many more seconds or minutes to
Tecover.

For survival rate, the surviving adult flies within 1 day of eclo-
sion were counted, and each genotype was identified to assess
Mendelian ratios. For lifespan, freshly eclosed flies were separated
and maintained at 18°C, and survival was determined every other
day.

Generation of human UAS-TIAM1 transgenic lines

Human UAS-TIAMI lines were generated as described.’*** The
TIAM1 cDNA clone corresponds to GenBank: NM_001353694,
which encodes the full-length TIAM1 isoform 1 and is defined
as the reference here. TIAM1 variants were generated by QS
site-directed mutagenesis (New England Biolabs). Primers for
mutagenesis are listed in Table S2. All the human cDNAs
were cloned into pGW-UAS-HA.attB plasmid transgenic vec-
tor’> and Sanger validated. The vectors were inserted into the
VK37 (BDSC #24872) docking site by ¢C31-mediated transgen-

esis.®®

Immunostaining

Immunostaining of fly larval and adult brains was performed as
described.?” Briefly, the dissected samples were fixed with 4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) followed
by blocking in 0.2% PBS Triton X-100 (PBST) with 5% normal
goat serum. Primary antibodies used were rat anti-Drosophila
Elav (DSHB: 7E8A10) 1:500 and mouse anti-Drosophila Repo
(DSHB: 8D12) 1:50. Secondary antibodies used were goat anti-
rat-647 (Jackson ImmunoResearch, 112-605-003) 1:1,000 and
goat anti-mouse-488 (Jackson ImmunoResearch, 115-545-062)
1:1,000. Samples were washed three times for 15 min with 0.2%
PBST and mounted on a glass slide using Fluoromount-G (South-
ernBiotech, 0100-20). Confocal microscopy (Zeiss LSM 880) was
used for sample scanning, and images were processed using
Image].
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Table 1. Clinical features of affected individuals with TIAM1 variants
Proband 1 MZ twin of proband 1 Proband 2 Proband 3 Proband 4
TIAM1 variant c.67C>T (p.Arg23Cys); ¢.67C>T (p.Arg23Cys); ¢.983G>T €.4640C>A c.1144G>C
(GenBank: c.2584C>T c.2584C>T (p.Gly328Val) (p-Ala1547Glu) (p-Gly382Arg);
NM_001353694.2) (p.Leu862Phe) (p.Leu862Phe) c.4016C>T
(p.Ala1339Val)

Genomic DNA,
GRCh38

CADD score

Allele frequency
(gnomAD)

Zygosity

Sex

Current age
Developmental delay
Intellectual disability
Delayed speech
Autism

ADD/ADHD

Seizures

Brain MRI

Other neurological
symptoms

Endocrine symptoms

Other

Consanguinity

21:31266906 G>A;
21:31187079 G>A

29.1; 23.7
4.04e—4; 3.98e—6
compound
heterozygous

M

35 years

o+

N/A

none

hypothyroidism;
Addison’s disease

none

none

21:31266906 G>A;
21:31187079 G>A

29.1; 23.7
4.04e—4; 3.98e—6
compound
heterozygous

M

35 years

+l+ |+ |+ |+ ]+

N/A

impulsive, obsessive
behavior

hypothyroidism

none

none

21:31252170 C>A

21:31120504 G>T

21:31252009 C>G;
21:31130242 G>A

25.4 18.1 23.9; 26.7

8.18e—6 0 5.66e—5; 3.98e—6

homozygous homozygous compound
heterozygous

M M F

3 years 7 years 6 years

+ + +

N/A + (severe) + (severe)

+ + (non-verbal) + (severe)

N/A N/A N/A

N/A N/A N/A

+, complex febrile + + (severe)

seizures (abnormal

EEGs)

progressive diffuse cerebral atrophy; hypothalamic

macrocephaly thin corpus callosum; hamartoma

(secondary to chronic hypomyelination; deep

subdural hematoma cortical sulcus

and extra-axial fluid)

axial hypotonia; none N/A

appendicular

hypertonia

subclinical hypomagnesemia N/A

hypothyroidism

dysmorphic features;  poor growth (difficulty none

congenital heart defect in gaining weight);

(atrial and ventricular undescended testis;

septal defects); hirsutism

undescended testes

+ + none

MZ, monozygotic; CADD, combined annotation dependent depletion; M, male; N/A, not available; ADD, attention deficit disorder; ADHD, attention deficit hy-

peractivity disorder; EEG, electroencephalography.

Real-time PCR

Real-time PCR was performed as previously described®® with the
following changes: All-In-One 5X RT MasterMix (abm, G592),
iTaq Universal SYBR Green Master Mix (BioRad, 1725120), and
a BioRad C1000 Touch Cycler were used. Primers are listed in
Table S2.

Statistical analysis

Statistical analysis was performed using GraphPad software
(GraphPad Prism v9.0; GraphPad Software, USA). The statistical
analyses of the lifespan assay were with log-rank (Mantel-Cox)
and Gehan-Breslow-Wilcoxon tests, and analyses of the other as-
says were with two-tailed unpaired t tests. Data are represented
as mean = SEM, and n.s. (no significance) indicates p > 0.05; *
p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

Results

Summary of clinical findings

The affected individuals all have neurodevelopmental
symptoms, mainly developmental delay, intellectual
disability, speech delay, and seizures, and some have
autism (supplemental note provides a summary of the clin-
ical data). We first identified MZ twins similarly affected
with these phenotypes carrying bi-allelic missense variants
in TIAM1 (proband 1). Using GeneMatcher,*® we identified
three other individuals with rare bi-allelic missense vari-
ants in TIAMI1. Comprehensive clinical information
including nucleotide changes and pedigrees can be found
in Table 1, Figure S1, and supplemental note.
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Proband 2

All probands are currently between the ages of 3 and 35
years. In two families (probands 2 and 3), the parents are
consanguineous. All probands have neurodevelopmental
disabilities with deficits especially noted in speech, including
two probands who are non-verbal at 7 years of age. Seizures
were reported in five individuals, with onset ranging from
2 months to 13 years of age. Three of the five individuals
have abnormal brain MRIs, but the abnormalities are not
consistent. Among them, proband 2 exhibited progressive
macrocephaly thought to be secondary to chronic subdural
hematoma or extra-axial fluid and diffuse cerebral atrophy
(Figure 1), but it is unclear if these MRI features are primary
to the condition or potentially due to another cause. Proband
2 had additional rare de novo or homozygous variants in
ALX4 (MIM: 605420) and CYP27B1 (MIM: 609506), respec-
tively, and proband 3 had rare homozygous variants in PNLIP
(MIM: 246600), SP4 (MIM: 600540), WDR75, and ZGRF1 (Ta-
ble S3), but none of these genes is known to contribute to the
brain anatomy or neurocognition.

Figure 1. Brain MRI images of proband 2
(A-D) Brain MRI for proband 2 was obtained
to document the acquired macrocephaly
(Z = 2) at 14 months of age. 3T coronal T1
images (A and B) show prominence of the
extra-axial fluid spaces involving both
hemispheres, left greater than right, with
prominence of the cortical sulci for age,
enlargement of the lateral and third ventri-
cles, and cavum septum pellucidum and
cavum vergae. The brain parenchyma items
show preservation of the gray-white matter
differentiation with a myelination pattern
appropriate for age. Axial T2 (C) and T2
FLAIR (D) images demonstrate intact and
symmetric subcortical structures without ev-
idence of heterotopia or other migrational
defects. Also visible are prominent subarach-
noid spaces with superimposed subdural
collections most consistent on susceptibil-
ity-weighted imaging (not shown) as
chronic subdural hemorrhage.

Other medical features observed in
one or two probands include hypothy-
roidism, Addison’s disease, congenital
heart disease with septal defects, hypo-
magnesemia, and difficulty in gaining
weight. Hypothyroidism was diag-
nosed in both MZ twins and required
treatment with Synthroid, while an un-
related proband was found to have sub-
clinical hypothyroidism.

To gather information about the vari-
ants, we queried MARRVEL (model or-
ganism aggregated resources for rare
variant exploration, a resource for inves-
tigating human gene variants and
model organism information).'® The
LoF observed/expected (o/e) score for
TIAM1 is 0.20, and the probability of being loss-of-function
intolerant (pLI) score is 0.96, suggesting that TIAM1 is intol-
erant to LoF alleles.”” By querying the allele frequency in the
Genome Aggregation Database (gnomAD),”” the p.Ala1547-
Glu (c.4640C>A) variant is absent, while the p.Leu862Phe
(c.2584C>T), p.Gly328Vval (c.983G>T), p.Gly382Arg
(c.1144G>C), and p.Alal339Val (c.4016C>T) variants are
observed in heterozygous individuals at extremely low fre-
quencies (minor allele frequency [MAF] < 0.00006). The
p-Arg23Cys (c.67C>T) variant is carried by heterozygous
individuals at low frequency (MAF < 0.0005) based on
gnomAD. Five of the six variants have combined annota-
tion-dependent depletion (CADD)***! scores higher than
20 (Table 1). Taken together, these variants with rare fre-
quencies are likely to be disruptive.

sifis the TIAM1 ortholog of Drosophila
To assess the impact of the TIAM1 variants in vivo, we pur-
sued experiments in Drosophila. The fly ortholog of TIAM1
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A Prediction of sif human homologs

Best Score
Fly Gene Human Gene DIOPT Score Best Score
Reverse
sif TIAM1 11 Yes Yes
sif TIAM?2 No Yes
B Domain conservation of Sif with TIAM1
p.Arg23Cys p.Gly328Val p.Gly382Arg p.Leu862Phe p.Ala1339Val p.Ala1547Glu
o e A il — ()
434 549 765 1040 1234 1261 1397
(@) ) P ()
35 144 843 957 1121 1292 1440 1629 1672 1795
C sifreagents
5660 K 5670K 5680 K 5690 K 5700K 5710K 5720K 5730K 5740K 5750K
sif-all sif-1
. F=> <R -> <R
sif > -
- HHEI il
- -HHE— il
- TIE i
[ LRl i
———— HH OB
b HEaE-i {1 —
s Lo 1
il
UAS-sif —» —— == = 1
- = + ik
- H— + —ilH
A A
<+ 1112fs4* —>
sifMiMIC-1 s”ES11 sifMiMIC-Z
= m Df
Df(3L)BSC884
D generation of sifT2A-GAL4 E sif7?A-GAL4 js a severe LoF mutant
2.04 = W1118/W1118
sowes [T v s @< i [PIRC
¥ RMCE 'ﬁ 1 °
23
T24 | GAL4 >| Poly-A % @ 1.0
25
">
SifT2A-GAL4 | truncated sif | T2A | GAL4 > §v0.5- °
0.0-
| truncated Sif | + GAL4 > sif-all sif-1

Figure 2. sifis the TIAM1 ortholog in fly

(A) Prediction of sif human homologs using DIOPT (DRSC integrative ortholog prediction tool).

(B) Protein domain structure of TIAM1 and Sif.

(C) Genomic structure of siflocus and reagents used in this study. For detailed information on these reagents, please see Tables S1 and S2.
(D) Schematic of siff24"L4 generation by RMCE using sif ™1 (5ifM02376 BDSC #35834). SA, splice acceptor; P, attD; B, attB; y+, yellow+

gene as a marker.

(E) Relative sif mRNA expression levels are lower than 20% in sif >4"4L4 mutant larvae when compared to controls (w'’!8) based on real-
time PCR using primers shown in (C). “sif-all” targets all of the 13 sif transcripts, while “sif-1” targets 8 of the 13 transcripts (sif-RA, RB,

RC, RI, RL, RM, RN, and RO).

Each sample contains 3-5 L3 larvae. Data are represented as mean = SEM. Unpaired t tests.

is sif with a DIOPT (DRSC integrative ortholog prediction
tool) score of 11/16."7 sif is also the ortholog of TIAM2
(MIM: 604709) with a DIOPT score of 8/16'7 (Figure 2A).
Sif and TIAM1 share 31% identity and 46% similarity,"’
and nearly all protein domains are shared between the
two proteins (Figure 2B). In addition, three of the six

*p < 0.0S.

TIAM]1 variants carried by the probands affect conserved
amino acid residues (Figure S2).

The available sif reagents and tools are shown
(Figure 2C and Table S1). They include sif™“1 a MiMIC
insertion in an early intron shared by all transcripts.
MiMICs**?**? allow us to replace the content between
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SifT2A-GAL4>(JAS-mCherry.NLS

SifT2A-GAL4>(JAS-mCD8::RFP

Figure 3.

sifis expressed primarily in neurons of the fly CNS
(A-D) The L3 larval CNS (A, C) and adult brains (B, D) of sif' >4 allele-driven expression of UAS-mCherry.NLS (nuclear mCherry) were
stained with markers for neurons (Elav, A and B) or glia (Repo, C and D). Single-slice confocal images are shown. (A’-D’) Images are from
dashed squares of indicated regions to visualize the cellular co-localizations with Elav (A’ and B) or Repo (C' and D’). Scale bars: 100 pm.
Note that sif is expressed in neurons.
(E and F) The sif"?4-G4 allele-driven expression of UAS-mCD8::RFP (membrane-bound RFP) shows that sifis broadly detected in the CNS
of L3 larvae (E) and adult flies (F). Scale bars: 100 um.

the attP sites with the splice acceptor (SA)-T2A-GAL4-polyA
(T2A-GAL4) cassette*® via recombination-mediated cass
ette exchange (RMCE)*>** (Figure 2D). The sif 24-¢AL4
allele is predicted to be a null allele or severe LoF allele
because the splice acceptor allows the artificial exon to
be integrated into the mRNA, and the presence of the
poly(A) tail leads to early transcription termination.*?
Based on real-time PCR, the total sif transcript levels are
severely decreased when compared to wild-type (WT) con-
trol levels (w!?18) (Figure 2E). Furthermore, the viral T2A
sequence allows ribosomal skipping and re-initiation of
translation to produce GAL4** (Figure 2D). The GAL4 pro-
tein is therefore produced under the endogenous sif regu-
latory elements, and the sif'?4"“:# allele allows us to drive
expression of any UAS-cDNA in the same spatial and tem-

poral pattern as the sif gene. The cDNA can be a fluores-
cent protein-encoding gene to reflect the endogenous
expression, a human reference, or proband-specific
cDNA to compare rescue ability of the sif' ?4““4** mutants
and assess if variants carried by the probands affect the
protein function.***%¢

sif is expressed primarily in neurons of the fly CNS

Given that the probands carrying TIAM1 variants have
neurological defects and TIAM1 is enriched in the
mammalian brain,” we explored the expression pattern
of sif in the fly CNS. To determine the expression pattern,
we crossed the sifl 24644 mutants to UAS-mCherry.NLS
(nuclear localized mCherry fluorescent protein) to label
the nuclei of the cells that express sif. By co-staining
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with the nuclear pan-neuronal marker Elav or nuclear pan-
glial marker Repo, we found that mCherry (sif) is colocal-
ized with a subset of Elav signals in the developing larval
(Figure 3A) and adult CNS (Figure 3B). There is no obvious
overlap of mCherry and Repo (glia) in both larval (Figures
3C) and adult brains (Figure 3D). The data are in agreement
with the single-cell transcriptome atlas, SCope.*”"*® These
data indicate that sifis mainly expressed in a subset of neu-
rons but not in glia. To reveal the projections of cells that
express sif, we used the sif’ 2“4 allele to express UAS-
mCD8::RFP (membrane-bound red fluorescent protein).
As shown in Figure 3E, third instar larvae exhibit sif expres-
sion in the neuropil of the CNS, especially in the central
brain and ventral nerve cord. In the adults, sifis enriched
in the optic lobe, antennal lobe, and other brain regions
(Figure 3F). The expression pattern of sif in the CNS sug-
gested that sif may play a role during development and
in adult stages.

Loss of sifimpairs viability, and the surviving flies exhibit
climbing defects and seizure-like behaviors

To investigate loss of sif phenotypes in flies, we assessed the
survival rate associated with different sif LoF mutant flies.
These include a sif™>'? allele,'” a truncating sifallele induced
by ethyl methanesulfonate; sif™"“-2 (Mi{MIC}sif*""*73%%), a
MIMIC inserted in a late common intron of sif tran-
scripts;*” and a deletion that lacks sif, Df(3L)BSC884 (Df).
Based on complementation tests shown in Figure 4A, the
sif1 240414 allele is the most severe LoF allele if not a null
allele. The sif 2“1 allele causes semi-lethality, as only
~28% of the homozygous mutants eclose. The surviving
adult flies exhibit very severe climbing defects. A similar
number of survivors are observed in trans-heterozygous flies
(sif ?4G44/Df) that also exhibit severe climbing defects
when they are 3-5 days old (Figures 4A and 4B and Video
S1). The sif'?4“AL* chromosome is unlikely to carry sec-
ond-site mutations that affect the survival rate, as the sur-
vival rates of sifl 24CALYDf and sif! 2A-0ALY5if12A-CALY are
comparable, and both are fully rescued by UAS-sif fly cDNA
expression'’ (see below). While sif*>!!/Dfflies do not display
decreased viability, they do exhibit severe climbing defects
(Figure 4A). Finally, sif™“-2/Df flies are viable and exhibit
mild climbing defects (Figure 4A). Therefore, the lethality
associated with sif®!! and sif™“?2 homozygotes is likely
caused by second-site mutations, and these alleles are hypo-
morphic for sif. These data suggest the allelic series from
most severe to less severe is sif! 24 GAL% > gifS1 g MMIC2
Note that the climbing defects are significantly rescued in
the sif ?A"“AL4/Df flies when GAL4 drives UAS-sif expression
(Figure 4B).

Given that the four probands exhibit seizures, we em-
ployed well-established protocols to induce seizure-like
behaviors in sif LoF mutants. A seizure is a burst of uncon-
trolled electrical activity that causes abnormalities in
muscle tone and even loss of consciousness. Owing to
the similarities at the cellular and subcellular levels be-
tween fly and mammalian nervous systems, the fly has

been used as a model for human seizures, or epilepsy.*’
Seizure-like behaviors in flies are characterized by aberrant
posture with wing fluttering, leg twitching, and abdo-
minal muscle contraction.”’>* Seizures can be induced
by mechanical stimulation®' or hyperthermia.’*** The sif
LoF mutants (sif 26AH/Df and sifl 24044 /5iffS11)  are
extremely sensitive to seizures, as just a few knockdowns
of vials containing these flies led to aberrant posture,
wing fluttering, and leg twitching in 20%-30% of the flies
(Video S1). We therefore tested the flies in a bang-sensi-
tivity assay as well as heat-induced seizure assay. sif LoF
mutants (sif ?"“AL4/Df) show a severe bang-sensitive
phenotype and are slow to recover to an upright position
after vortexing for 10 s (Figure 4C). Similarly, ~88% of
the mutants show seizure-like behaviors when shifted
from room temperature to 42°C for 30 s (Figure 4D), and
they require more than 20 s on average to recover to an up-
right posture (Figure 4E). Again, the seizure-like behaviors
are partially but significantly rescued by UAS-sif expression
in sif 24%4L%/Df flies (Figures 4C-4E), showing that the
phenotype is specifically due to loss of sif activity.

Climbing defects and seizure-like behaviors associated
with sif LoF are mainly caused by neuronal loss of sif

To investigate the role of sif in different cell types, we tested
climbing behaviors and seizure-like behaviors using sif
RNAI lines driven by tissue-specific GAL4s. Two RNAi lines
were used, sif RNAi-1 and sif RNAi-2 (Table S1). When
driven by ubiquitous daughterless-GAL4 (da-GAL4), the sif
mRNA levels decreased by ~88% and ~76%, respectively
(Figure 5A). Interestingly, da-GAL4-driven UAS- (da >) sif
RNAi-1 cause semi-lethality with a severe drop in survival
rate to ~40% when compared to control flies (da > lucif-
erase RNAi), whereas da > sif RNAi-2 flies are fully viable
(Figure 5B). The da > sif RNAi-1 and sif RNAi-2 flies show
climbing defects and seizure-like behaviors (Figures 5C-
SE and Video S2). da > sif RNAi-1 flies are more severely
affected than da > sif RNAi-2, again highlighting a critical
role for sif dosage. Since sif is highly enriched in neurons
rather than glia in the CNS, we next used neuronal-specific
elav-GAL4 to knockdown sif in neurons.”* Neuronal sif
knockdowns show phenotypes similar to ubiquitous
knockdowns (Figures SF-SH and Video S3). We also tested
glial knockdown of sif using repo-GAL4 as controls: these
flies do not show climbing defects (Figure 5I). Together,
these data show that the neurological phenotypes,
including climbing defects and seizure-like behaviors, of
sif LoF mutants are mainly caused by neuronal loss of sif.

Human TIAM1 Ref partially rescues the semi-lethality
caused by sif loss, whereas the variants cause a variable
rescue

To test whether human TIAM1 can functionally replace the
loss of sif, we first examined whether expression of the
TIAM1 Ref cDNA rescues the phenotypes of sif LoF mu-
tants. We generated UAS-TIAM1 cDNA transgenic fly lines
expressing human TIAMI1 Ref, crossed the UAS-TIAM1
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Figure 4.

Loss of sif causes semi-lethality, and the surviving flies exhibit climbing defects and seizure-like behaviors

(A) Table summarizing complementation tests of sif LoF mutants. sif LoF mutants are semi-lethal and have severe (“¥”) or mild (“#”)
climbing defects. The lethality of “sif®!!” and “sif™!“-2" homozygotes is likely caused by second-site mutations.

(B) sif LoF mutants have severe climbing defects 3-5 days after eclosion. Flies were raised at 22°C.

(C) sif LoF mutants have a bang-sensitive phenotype, which can be rescued by UAS-sif expression.

Flies were raised at 22°C and tested at day 3-5.

(D and E) sif LoF mutants have heat-induced seizure-like behaviors. Flies in vials were immersed in a 42°C water bath for 30 s. The per-
centage of flies that are unable to keep an upright position in sif LoF mutant group is significantly higher than the control groups (D),
and the mutants could not recover 20 s after heat shock (E). The seizure-like behaviors can be rescued by UAS-sif expression.

Flies were raised at 22°C and tested at day 3-5. Data are represented as mean + SEM. Unpaired t tests. *p < 0.05; **p < 0.01; ****p <

0.0001; n.s., no significance.

cDNA into the sif' 2-%4L/Df background, and assessed sur-
vival rates. At 18°C, the TIAM1 Ref can partially rescue the
survival rate of sif “*“A4/Df, from 32.8% to 72.2%
(Figure 6A). Since the GAL4 activity increases with temper-
ature,”®>> we also tested the rescue ability of TIAMI Ref at
higher temperatures. However, the rescue ability of TIAM1
Ref decreased to 26.0% at 22°C and 19.9% at 25°C,
showing that overexpression of TIAMI is toxic

(Figure 6A). Consistent with this interpretation, when we
doubled the copy number of GAL4 at 18°C (sif!24-¢AL4
[sif PA4GAL%) the rescue ability of TIAM1 Ref decreased
from 72.2% to 42.1% (Figure 6B). These data indicate
that TIAM1 partially replaces the function of sif, but higher
expression levels of TIAM1 are toxic. Hence, the toxicity of
TIAM1 cDNA overexpression may limit its rescue ability.
Furthermore, the TIAM1 Ref and variants cannot rescue
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Figure 5. Neurological phenotypes of sif LoF mutants are mainly caused by neuronal loss of sif

(A) Real-time PCR analysis of sif mRNA levels in ubiquitous sif knockdown flies. Each sample contains 3-5 L3 larvae. sif-RNAi-1 causes a
higher knockdown efficiency than sif~-RNAi-2.

(B) Survival rates of ubiquitous expression of sif RNAi at 25°C. sif knockdown with RNAi-1 causes semi-lethality, while RNAi-2 knock-
down does not affect viability, indicating a strong dose dependency.

(C) Ubiquitous sif knockdown causes climbing defects in a dose-dependent manner. Flies were tested at day 3.

(D and E) Ubiquitous sif knockdown causes heat-induced seizure-like behaviors in a dose-dependent manner. The percentage of flies that
are unable to keep an upright position in the sif RNAi-1 group is significantly higher than controls (D), and the majority of flies are not
able to recover 20 s after heat shock (E). Similar but milder phenotypes were seen in the sif RNAi-2 group. Flies were tested at day 3.
(F) Neuronal sif knockdown causes climbing defects. Flies were allowed to climb for 5 s.

(G and H) Neuronal sif knockdown causes heat-induced seizures. The percentage of flies that are unable to keep an upright position in
the sif RNAi-1 group is significantly higher than controls (G), and the majority of flies in the sif RNAi-1 group did not recover in 20 s after
heat shock (H). Flies were tested at day S.

(I) Glial sif knockdown does not cause climbing defects. Flies were tested at day 15.

All the animals were raised at 25°C unless otherwise mentioned. Data are represented as mean = SEM. Unpaired t tests. *p < 0.05; **p <
0.01; ****p < 0.0001; n.s., no significance.

the neurological phenotypes associated with the sif LoF itislikely that there are two sources that reduce the viability
mutants (Figures S3A and S3B). in the rescue experiments: sif LoF and TIAM1 cDNA overex-
To investigate the rescue ability of the TIAM1I variants pression. This affects the interpretation of the data. Since
observed in the probands, we generated UAS-TIAM1 cDNA  TIAM1 Ref and variants may have different levels of toxicity
transgenic fly lines expressing human TIAM1 variants in  upon overexpression, the rescue ability of the TIAM1 cDNAs
the sif' 24“L4/Df background. Since we did not obtain the in sif LoF mutants may not be interpreted simply by
variant information of proband 3 and 4 until latein the proj-  viability. We therefore explored the function of TIAM1 var-
ect, we only tested the three variants carried by probands 1  iants in a variety of overexpression assays in a WT back-
and 2. The TIAM1 p.Arg23Cys variant shows significantly  ground rather than in a LoF background (see below).
reduced survival rates when compared to TIAM1 Ref
(Figure 6B), suggesting that this is a partial LoF variant. Ectopic expression of WT fly sif or human TIAM1 Ref is
The TIAM1 p.Leu862Phe and p.Gly328Val show survival toxic, and TIAMT variants are less toxic
rates comparable to those of the TIAM1 Ref, suggesting Besides the LoF study, ectopic expression is also a useful
that they may be functional proteins. Similar rescue abilities  tool to identify the function of a certain gene, since ectopic
were observed in the lifespan rescue assay (Figure 6C). How-  overexpression can sometimes induce phenotypes.>®*” To
ever, since TTAM1 overexpression is associated with toxicity, further investigate the functional consequences of the
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A TIAM1 Ref partially rescues the viability of sif LoF mutants at 18 °C
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Days after eclosion

sif LoF rescue studies show that TIAMT Ref has partial rescue ability, but the variants have variable rescue abilities

(A) The rescue ability of UAS-TIAM1 Ref decreases with increased temperature. UAS-lacZ was used as a negative control that doesn’t alter
the survival rate. Fly UAS-sif was used as a positive control, and it completely rescues the survival rate of sif LoF mutants.

(B) The semi-lethal phenotype of sif 2?41 mutants can be fully rescued by expression of fly sif cDNA and partially rescued by TIAM1
Ref cDNA. The TIAM1 variant p.Arg23Cys shows reduced rescue ability, while p.Leu862Phe and p.Gly328Val show similar rescue abil-
ities when compared to TIAM1 Ref. Similar but lower rescue abilities were seen in sif >4"“44 homozygous background, suggesting two
GAL4 copies cause higher TIAM1-induced toxicity. Flies were raised at 18°C.

(C) sif LoF mutants have significantly shorter lifespans, which can be rescued by UAS-sif and partially rescued by UAS-TIAM1 Ref, while
p-Arg23Cys shows reduced rescue ability. Flies were raised and kept at 18°C.

Data are represented as mean + SEM. Unpaired t tests (B) and log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests (C). *p < 0.05;

***p < 0.001; ***p < 0.0001; n.s., no significance.

TIAM1 variants, we overexpressed UAS-TIAMI in flies
using various GAL4 drivers. We also used the UAS-sif trans-
genic flies for comparison.'” Interestingly, ubiquitous over-
expression of sif or TIAM1 using da-GAL4 causes lethality
at 22°C and 25°C (Figure 7A, quantified in Figure 7B).
Further, wing-specific overexpression of sif or TIAM1 using
nub-GAL4 also causes a vein loss as well as blistery wings
(Figure 7C, quantified in Figures S4A-S4C). These data
indicate that sif and TIAM1 are similarly toxic when over-
expressed. We next tested whether the TIAM1 variants
alter the observed toxicity. We conducted these overex-
pression assays at different temperatures as this allows us
to assess dose-dependent toxicity effects. At 18°C, the
da > TIAM1 Ref flies are viable, and there are no significant
viability differences between TIAM1 Ref and variants, sug-
gesting that low expression levels of reference and variants
are not or mildly toxic (Figure 7A). At 22°C, da > TIAM1 Ref
flies are L2 and L3 lethal. However, the surviving adult flies
are observed with p.Leu862Phe, and a larger portion of an-
imals survive into L3 stage carrying the p.Arg23Cys and
p-Gly328Val variants than the Ref (Figure 7A, quantified
in Figure 7B). At 25°C, da > TIAM1 Ref flies are L2 lethal,
but some pupae are observed in the p.Leu862Phe group
(Figure 7A). Based on these experiments, the variants
from most severe to least severe with respect to toxicity

can be ordered as follows: TIAM1 Ref > p.Gly328Val >
p-Arg23Cys > p.Leu862Phe (Figure 7B). These data are
also consistent with the wing-specific expression assays
as documented in Figure 7C and Figures S4A-S4C. It is
worth noting that the survival rate of the wing-specific
expression at 29°C corroborates the order of this allelic
series as well (Figure S4D). Taken together, these ectopic
overexpression studies support the hypothesis that
p-Arg23Cys, p.Leu862Phe, and p.Gly328Val are partial
LoF variants.

Discussion

Exome or genome sequencing of probands and parents with
rare diseases combined with functional investigations in
model organisms has led to the discovery of numerous novel
Mendelian diseases.”*>® Here, we identify TIAM1 as a dis-
ease-associated gene. We present five individuals with com-
pound-heterozygous or homozygous coding variants in
TIAM1. The main phenotypes observed in the probands
are developmental delays, with severe deficits in speech
and language, intellectual disability, and seizures. Using
Drosophila, we found that loss of sif, the ortholog of
TIAM1, causes semi-lethality, and flies that eclose exhibit
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A Ubiquitous overexpression of TIAM1 causes lethality
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Figure 7.

Ectopic expression of WT fly sif or human TIAM1 Ref is toxic, but human TIAM1 variants are less toxic

(A) Table summarizing the lethality phenotypes of ubiquitous overexpression (da-GAL4) of sif, TIAM1 Ref, and variants.
(B) Quantification of survival stages of ubiquitous overexpression of sif, TIAM1 Ref, and variants at 22°C. Note that the variants are less

toxic. Data are represented as mean = SEM.

(C) Representative pictures showing that wing-specific overexpression (nub-GAL4) of sif and TIAM1 Ref causes similar vein loss and blis-
tery wing phenotypes. The defects are highlighted in red dashed circles. Flies were raised and kept at 25°C.

climbing defects and seizure-like behaviors and have a short
lifespan. The sif ?4“AL4 allele allowed us to determine the
expression pattern of the gene and show that sifis expressed
in neurons but not in glia. It also allowed us to “humanize”
the fly by replacing fly sif with human TIAM1. We show that
TIAM1 Ref can partially rescue the survival rate and lifespan
but not the climbing defects and seizure-like phenotypes of
sifLoF mutants. Thelack of rescueis likely due to the toxicity
of the overexpression of TIAM1 Refin flies. Alternatively, the
limited rescue ability is due to functional diversity of the hu-
man homologs, as there are four other orthologs of sifin hu-
mans besides TIAM1."”

The variant pathogenicity prediction algorithm
CADD*'*? indicates that these TIAM1 variants are rare
and likely pathogenic. Since the TIAM1 variants carried
by the probands reported here are bi-allelic, they are pre-
dicted to be LoF variants. To test this hypothesis, we as-
sessed three of the six variants in vivo using two-pronged
functional assays based on rescue and ectopic-expression
experiments. We show that TIAM1 p.Arg23Cys has
reduced rescue ability, suggesting that it is a partial LoF
variant. TIAM1 p.Leu862Phe and p.Gly328Val show

rescue ability comparable to that of TIAM1 Ref and did
not allow us to draw a conclusion based on this assay, since
TIAM1 cDNAs have different levels of toxicity that also
affect viability. Therefore, we used ectopic-expression ex-
periments in a WT background to further test the function
of the variants, given that WT sif and TIAM1 Ref induce
similar phenotypes, including wing defects, in ectopic-
expression assays. Since TIAM1 Ref and the variants are in-
serted in the same genomic site, we can perform functional
analyses of the variants by comparing ectopic-expression-
induced phenotypes. The three proband-associated vari-
ants exhibit reduced toxicity when compared to TIAM1
Ref. When the Ref causes a toxic phenotype and the vari-
ants are less toxic, the variants can typically be classified
as LoF variants.'**°%"%* Hence, our ectopic-expression
data support the hypothesis that TIAM1 p.Arg23Cys,
p-Leu862Phe, and p.Gly328Val are partial LoF variants.
Taken together, our data suggest that the TIAM1 variants
reported here result in a loss of function and are associated
with neurodevelopmental phenotypes and seizures.

The bioinformatic data show that the pLI of TIAM1 is
high (0.96), and the observed-to-expected ratio of LoF
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variants for TIAM1 is 0.20.%° However, there are 46 hetero-
zygous individuals with TIAM1 LoF alleles observed in
gnomAD, suggesting that loss of one copy of TIAMI is
tolerated. A possible reason why TIAM1 is associated with
a high pLI score is that it is a very large gene (>400 kb).
We previously also reported an autosomal-recessive disease
associated with bi-allelic LoF variants in OXR1,°> a large
gene (>400 kb) for which the observed-to-expected ratio
of LoF variants is 0.19 and the pLI is 0.84,'” very similar
to TIAM1.

Besides TIAM1, sif is also the ortholog of other GEF-en-
coding genes, including TIAM2, DNMBP (MIM: 611282),
ARHGEF37, and ARHGEF38."” TIAM2 activates RAC1 and
controls cell migration in neurons.®® DNMBP is a GEF for
cell division control protein 42 that controls the shaping
of cell junctions through binding to tight junction protein
Z0-1, and knockdown of DNMBP results in a disorganized
configuration of cell junctions.®” LoF variants of DNMBP
cause infantile-onset cataracts in humans.?” Similarly, sif
knockdown in the eye alters the distribution of septate
junctions in adjacent cone cells and affects the function
of the eye in young flies.”* Finally, ARHGEF37 and ARH-
GEF38 are Rho GEFs. ARHGEF37 assists dynamin 2 during
clathrin-mediated endocytosis,”® while ARHGEF38 is an
uncharacterized protein.

Tiam1 knockout mice have decreased spine density,
simplified dendritic arbors, and decreased miniature excit-
atory postsynaptic currents in the hippocampus, but they
exhibit only subtle behavior abnormalities,"> which may
be due to redundancy of other GEFs. The related TIAM2
shares 37% overall identity and 71% Dbl homology (DH)
domain identity with TIAM1.°°”! The expression levels
of Tiam2 correlate with the stages of neuronal morpholog-
ical development, and Tiam2 knockdown in neurons also
causes reduced neurite outgrowth.””? TIAM1 promotes
the formation and growth of spines and synapses by acti-
vating RAC1 signaling pathways that control the actin
cytoskeleton. Dysfunction of the neuronal cytoskeleton
has been implicated in a variety of diseases, including
neurological developmental disorders as well as neurode-
generative diseases.”*’> Moreover, dysregulation of the
neuronal cytoskeletal network also contributes to the path-
ogenesis of epilepsy.”®7®

Previous studies show that sif LoF mutants are viable and
have reduced locomotor activity.'®'? In this study, we
generated a more severe LoF allele, sif' “*"“*# which leads
to semi-lethality, a highly reduced lifespan, and a severe
sensitivity to seizure-like behaviors, in addition to the
climbing defects. It is worth noting that fly mutants
with such severe sensitivity to seizures are rarely
observed.®”°”* We also show that these phenotypes are
mainly caused by neuronal sif loss based on RNAi knock-
down assays. Interestingly, the sif RNAi-1 with ~12% of
the remaining sif transcripts based on real-time PCR
show much stronger phenotypes, including semi-lethality,
when compared to sif RNAi-2 with ~24% remaining sif
transcripts, indicating a threshold effect of sif expression

between these two values, similar to what has been docu-
mented for other genes, like fTower.*°

Finally, we would like to point out the limitations of our
study. The number of individuals described is small and
some of the phenotypic features differ. Two of the individ-
uals come from consanguineous families, and additional
recessive conditions could be contributing to the pheno-
type. Additionally, the analysis was based on exome
sequencing, and noncoding variants were not assessed
and could contribute to variation in the phenotype.
With additional identified individuals with bi-allelic
TIAM]1 variants, it should become more obvious which
clinical features are core to the condition.

In summary, we find that bi-allelic pathogenic TIAM1
variants are associated with a neurological disorder in hu-
mans. We provide functional analysis in flies that supports
an LoF model for TIAMI-associated variants. Further
studies of the underlying mechanism will be necessary to
provide a better understanding of the pathological mecha-
nisms and may provide therapeutic strategies.
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