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Communicating by Maria-Jesus Sobrido

mechanisms.
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1 | IQSEC2 GENE

IQSEC2 encodes the 1Q motif and SEC7 domain containing protein 2
(IQSEC2) [NM_001111125] (MIM# 300522), which spans a 93.7 kb
genomic region on chromosome X at Xp11.22. There are two major
mMRNA isoforms expressed from IQSEC2: the longer isoform contains
15 exons [GenBank: NM_001111125.2] and encodes a 1,488-residue
protein (NP_001104595), whereas the shorter isoform contains 14
exons [GenBank: NM_015075.1] and encodes a 949-residue protein
(NP_055890). These IQSEC2 isoforms have 906 amino acids in com-
mon, which include a coiled-coiled domain (CC), a regulatory 1Q-like
motif, a catalytic Sec7 domain, and a pleckstrin homology (PH) domain,
but vary at both the N- and C- termini (Figure 1). Some isoforms
contain a C-terminal motif that can bind to type | PDZ domains. An
alternative transcript for the longer IQSEC2 isoform, resulting in a
1,478-residue protein, has also been proposed. A third isoform has
been reported [GenBank:NM_001243197.1] that does not share any
exons with the longest isoform, encodes a distinct, short 73-residue

The IQSEC2- related disorders represent a spectrum of X-chromosome phenotypes with intellec-
tual disability (ID) as the cardinal feature. Here, we review the increasing number of reported fam-
ilies and isolated cases have been reported with a variety of different pathogenic variants. The
spectrum of clinical features is expanding with early-onset seizures as a frequent comorbidity in
both affected male and female patients. There is a growing number of female patients with de
novo loss-of-function variants in IQSEC2 have a more severe phenotype than the heterozygous
state would predict, particularly if IQSEC2 is thought to escape X-inactivation. Interestingly, these
findings highlight that the classical understanding of X-linked inheritance does not readily explain

the emergence of these affected females, warranting further investigations into the underlying

affected females, escape X-inactivation, intellectual disability, IQSEC2, seizures

protein (NP_001230126.1), and as such is likely to have a distinct
function and localization (Mignot et al., 2018). IQSEC2, also known as
BRAG1 and IQ-ArfGEF, is a neuronally expressed ARFGEF for the small
GTPase ARF6 (Murphy, Jensen, & Walikonis, 2006; Sakagami et al.,
2008; Shoubridge et al., 2010) and is located at excitatory glutamater-
gic synapses in the forebrain. IQSEC2 interacts with postsynaptic den-
sity (PSD) proteins such as BAIAP2 (MIM# 605475) (Sanda et al., 2009)
and the scaffolding protein known as DLG4 (MIM# 602887) via a C-
terminal PDZ binding motif (Sakagami et al., 2008), forming a complex
with N-methyl-D-aspartate (NMDA) receptors (recently reviewed in
Um, 2017). The exact role IQSEC2 plays at excitatory synapses remains
unclear, although the C-terminus of IQSEC2, which contains a PDZ-
domain binding motif, appears to be involved in the activity-dependent
removal of AMPARs (Brown et al., 2016). Certainly, both Igsec2 mRNA
and protein have been identified in dendrites, suggesting that Igsec2
mRNA might be locally translated in an activity-dependent manner
and contribute to synaptic plasticity (Sanda et al., 2009). However, our
own studies have demonstrated that a reduction in Igsec2 leads to
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FIGURE 1 Schematic of the two isoforms of IQSEC2. The exon-intron structure of the longest isoform of IQSEC2 gene [NM_0011111125.2]
has 15 exons, with the ATG, open reading frame and stop codon positions in black and 5’ and 3’ untranslated regions in light grey. The shorter
isoform contains 14 exons [GenBank: NM_015075.1]. The sequences of exon 3 to exon 13 are identical between the two isoforms (boxed with red
line). Below is the predicted protein structure of the 1,488-residue protein (NP_001104595) with known functional domains highlighted;
coiled-coiled (CC, red), IQ-like (orange), Sec 7 enzyme domain (Sec 7, green), PH domain (purple), and the PDZ-binding motif (blue). The
corresponding amino acids are listed below each domain. Next is the 949-residue IQSEC2 isoform (NP_055890), containing three of the
functional domains of the longer form. In comparison to the longer form of IQSEC2, the shorter isoform lacks 205 amino acids at the N-terminus,
but contains 40 unique residues prior to the start of a region of identical sequence (boxed with red line) containing the 1Q-like, Sec7 and PH
domains, terminating three amino acids after the region of identical sequence, and lacks 334 amino acids from the C-terminal region compared to
the longer protein form. This shorter protein therefore lacks both the N-terminal CC domain and the very C-terminal PDZ-binding motif

disturbed growth and morphology of developing neuronsin cell culture
(Hinze et al., 2017). There is currently no published research investi-
gating the impact of loss or altered Igsec2 function on the development
and resulting cognitive outcomes in any animal model.

2 | PATHOGENIC VARIANTS IN IQSEC2

The IQSEC2 gene was first considered a candidate for X-linked
neurologic disorders due to the identification of a de novo chro-
mosomal translocation t (X; 20) (p11.2;q11.2) disrupting IQSEC2
in a female patient with epileptic encephalopathy (EE) (Morleo &
Franco, 2008). Disease-causing variants within IQSEC2 were then
identified in a large-scale X-exome re-sequencing study of non-
syndromic intellectual disability (Tarpey et al., 2009). Functional
validation of pathogenicity was required, as the reported variants
were non-recurrent, non-synonymous SNPs. In four separate families
with X-linked intellectual disability (XLID), we demonstrated that
four different non-synonymous changes in the IQSEC2 1Q-like and
Sec7 domains caused a reduction in ARFGEF activity (Shoubridge
et al, 2010). Clinical features within these non-syndromic XLID
families were moderate to severe intellectual disability in all affected
males, with variable seizures, autistic traits and psychiatric problems
(Shoubridge et al., 2010). Since this time, a total of 85 cases/families
have been reported, including 37 novel variants in a recent report
by Mignot and colleagues (Mignot et al., 2018). Overall, there are 70
different pathogenic variants arising from nine distinct variant types

(Table 1), encompassing missense, nonsense, splice-site, deletions,

indels, duplications, and several structural variations (SV). There are
10 cases of recurring pathogenic variants in nonrelated individuals,
with each variant in only one additional case, with exception of two
variants with four and five recurrent cases each.

The growing number of reported cases and families with IQSEC2
pathogenic variants has seen an expansion in the spectrum of associ-
ated phenotypes. The inheritance patterns and the impact of differ-
ent pathogenic variants on the clinical phenotypes in affected patients
highlight several interesting trends. Of the 10 of 14 cases, half present
with non-syndromic (NS) intellectual disability without seizures, with
a preponderance of affected males (n = 49) compared to females
(n=22; Table 2). Females within these families are either asymptomatic
carriers or mildly affected. This is in sharp contrast to the 65 cases
due to de novo pathogenic variants where the reported frequency
is similar in both males and females, and 81% of individuals have a
phenotype that includes both intellectual disability and/or seizures
(Table 2). In many cases, these de novo pathogenic variants have been
identified due to unbiased high-throughput sequencing in cohorts of
individuals with intellectual disability and/or epilepsy. Interestingly,
several cases of affected females reported with de novo variants in
IQSEC2 were found in females included in studies based on a seizure
phenotype, with limited clinical information on other comorbidities,
including cognitive deficits. This highlights that pathogenic variants in
IQSEC2 may be an under-appreciated genetic cause of intellectual dis-
ability and, particularly, seizures in females. In addition to the comor-
bidity of seizures, there is a high prevalence of deficits to speech devel-
opment and psychiatric features including autistic spectrum disorder
(ASD) in both genders.
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TABLE 1 Distribution of the type and frequency of pathogenic
variants in IQSEC2

Recurrent
mutations
Number of Number of (Variants/
Variant Type variants families families)
n=9 n=70 n=285 n=10n=25
Intragenic Variants
Splice site 6 8 €.738-1G>C (2x)
¢.2582G>C (2x)
Nonsense 20 27 €.2272C>T (2x)
c.2317C>T (2x)
c.2776C>T (2x)
¢c.3163C>T (4x)
¢.3433C>T (2x)
Missense 14 14 -
Deletions 17 22 c.804delC (5x)
¢.2052_2053
delCG (2x)
Insertions/deletions 3 3 -
Duplication 4 5 ¢.4039dupG (2x)
Structural Variants
Balanced 1 1 -
Translocation
SV(in-frame 1 1 -
IQSEC2-TENM3
gene fusion)
WholegeneCNV 4 4 -

Nucleotide numbering reflects cDONA numbering with +1 corresponding to
the A of the ATG translation initiation codon in the reference sequence for
the IQSEC2 [GenBank: NM_001111125.2]

(#x) Number of families with each recurrent variation.

3 | GENOTYPE-PHENOTYPE
RELATIONSHIPS OF PATHOGENIC
VARIANTS IN IQSEC2

Despite the growing number of cases, the genotype-phenotype rela-
tionship for IQSEC2 remains complex. The phenotype is influenced
not only by the type of variant and how it is inherited, but also by
the impact of a given variant on IQSEC2 function and the gender of

WILEY L

the individual with the variant. Of the 64 distinct intragenic (coding)
variants in 79 cases, there are 15 non-synonymous missense changes,
one of which is also predicted to lead to a splice-site disruption (in
two recurrent cases). Of these 15 missense variants, there are nine
familial cases and seven cases arising de novo in patients (Table 3)
and all disease-causing missense changes occur within specific func-
tional domains of IQSEC2 (with only one exception). Pathogenic vari-
ants are located within the IQ-like domain (Shoubridge et al., 2010;
Zerem et al.,, 2016; Zhang et al., 2015), Sec7 domain (de Kovel et al.,
2016; Gandomi et al., 2014; Helbig, et al., 2016; Helm et al., 2017;
Kalscheuer et al., 2015; Mignot et al., 2018; Shoubridge et al., 2010),
or PH domain (Helm et al., 2017; Mignot et al., 2018). The IQ-like and
Sec? functional domains are both involved in catalytic activity of gua-
nine nucleotide exchange and activation of the substrate ARF6, while
the PH domain may be involved in IQSEC2-accessory protein inter-
actions, increasing the association of substrates (ARFGDP) with the
catalytic Sec7 domain or recruiting IQSEC2 and associated signaling
pathways to different subcellular compartments via interactions with
phosphoinositides (Roy, Yohe, Randazzo, & Gruschus, 2016). Hence,
the consequences of missense changes in these domains may cause
a partial loss of IQSEC2 function either by impaired ARFGEF activ-
ity or mislocalization of IQSEC2 (Kalscheuer et al., 2015; Shoubridge
et al., 2010). In general, affected male patients with missense vari-
ants present mild-severe non-syndromic XLID with variable pene-
trance of seizures and ASD traits (~24%) and less frequently with
speech deficits. Most females with missense variants in the heterozy-
gous state belong to families with affected males and are generally
either asymptomatic carriers, or mildly affected with learning diffi-
culties or borderline intellectual disability (ID; Table 3). There are at
least three cases in which females with missense variants in IQSEC2
were ascertained due to their seizure phenotype (de Kovel et al.,
2016; Helbig, et al., 2016, Mignot et al., 2018) (Table 3). The only non-
synonymous missense change found outside of any known functional
domain was identified in an affected male with a phenotype of ASD,
but no intellectual disability or seizures (Piton et al., 2011), repre-
senting the mildest reported phenotype within the IQSEC2 related
disorders.

The remaining 49 coding pathogenic variants in 63 cases are due to
nonsense variants, intragenic deletions, insertions, or duplications and

splice-site variants, with the majority of cases being de novo in origin

TABLE 2 Inheritance and phenotype of intragenic coding variants in IQSEC2

Females (often limited information)

Phenotype Males
Number of ID +
Inheritance families/cases ID Seizures Seizures
Familial 14 7 7 49 15
30%
De novo* 65 12 53 32 29
90%
79 19 60 81 47
~136 Affected individuals 58%

Speech ASD Speech ASD
deficits traits Seizures  deficits traits
10 14 22 6 7 2
20% 28% 27% 22% 9%
28 11 33 24 22 12
87% 34% 72% 66% 36%
38 25 55 30 29 14
46% 30% 54% 52% 25%

Does not include families with balanced translocations, structural variants (SV) or whole gene copy number variants (CNV) impacting IQSEC2.
*Includes 8 cases with “Unknown” or “not detected in mother, father unavailable” inheritance.

85U8017 SUOWWID aAIIs1D) 3|qeotjdde ays Aq peusenob a1e 9ol VO ‘88N JO S9INJ 10§ A%Iq1T 8UIIUO AB|IM UO (SUONIPUOD-PUR-SWRIALI0Y A 1M AlRIq 1 pUl|uo//ScY) SUONIPUOD PUe SWB | 8L 88S *[2202/0T/52] Uo ARiqiqauliuo A(im ‘ABojouyoe | JO uonmisu| [pes|-uoluyse | Aq 029€Z NWNLY/ZO0T OT/10p/LI0d" A8 1M Aiq1jeuljuo//sdiy wo.j pepeojumod ‘T ‘6T0Z ‘00TS60T



10981004, 2019, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/humu.23670 by Technion-Israel Institution Of Technology, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

SHOUBRIDGE ET AL.

ﬂ—Wl LEY

(sanunuo))

L10T “[B 1@ WiaH

otoz
“|e 33 a8plignoys

910C
“Ip 32 JN3YdS|EY

810C
“le 12 J0usiN

8T0Z “1e¥®
J0usIN 9T0Z
“|e 19 |9A0) ap

810C
“le 32 JousiN

010Z
“|e 32 98pHignoys

(S)TT0C
“le32 uold

010Z
“|e 32 38plIgnoys

GTOC “le 32 8ueyz

9T0T " 19 Wa.97

ERITEYETEN]

SJUDAS JuUd|ISues}
[4IN ‘squi| jo Aydiaseds
‘uoljoe.alul |e120S 100d

(T) s24n1ea) d1u3eIYdASH

(¥) syesy asy

(€) sHes3asv ‘(e) 8v

Jolneyaq d13siane pliiN

AJiADeIadAH
pajsodau adAjousyd oN

S}Hed} dsv oN

syen dsv

(T) syeny asy

punos
pue uied 03 AJAI}ISUSS
paJay|e Joineyaq

(s4A
€) [eqJaA-UON

|eqJaA-UON

(1A 1) spaom
€-7 92uajuss

SUoN

SUoN

(T)s4h9
|13un yoaads oN

a3en3ue|

a|qe3oesul
- sanziag

(2) saanzias

(T) @1qe3oe3u]

(z) saunzias

SUON

(owyT)

S2J4NZ|ISS |ed04

QUON

auoN

SUON

(2) sa4nzias

(2) sa4nziag

(ow9)
a|1qa ‘[e1ed

aaieqoln
(€)
alauipsplog

| 219A3s-pojn|

(@
al‘y)arpin

(T) Al poN
‘() Al 249n95

EIEES

EIEES

dl PoN

dlPIlIN

(@)
alauyseplog

(T)aipi

dl pow-pjiN

Q| 24an98

dAI}3adad pue ASY ‘YARQ Ul uoIssa48ay 33 | 249A3S-pon
|eaisAyd s3I Yooads $9.Nnz19g aryaa

/a143e1YdAsd/|eoineyag
adAjouayd

(+29) 4

(8N

(+29) 4

(9N

(+29) 4

I

Xag

Td

ST XA

8LXIN

G¢d

¢ed

1961d3

Tcd

991SN

0600S

8¢INV

709¢

1d
Ajwey

[lwed

[eljiwed

[eljiwed

onou Qg

oAou

onou 3

[eljiwed

[etjiwey

[eljiwed

leljiuies

onou 3

2oueIRyu|

leA9cgelvd

oldT08u|9d

len68.elvd

na768/0.4dd

dsy1/LA1Dd

13509/A10d

1995 u|9gs/38iyd

= uj9g9s8ayd

sAD6GE3yd

dsyosee|yd

leAoseelyd

ujojouad
jueLiep

MII-0I
ujewo(

x3

1<2/05¢?

J<veovre?

1<299€¢?

el <D¥GECW

eV<OCTECD

eV<D8/CC

V<9€/LTCD

V<9889T"

1<26/0172

V<26%0172

1<26v0172

VNQ?
jueLiep

23S 40 Ssulewop [euoi3duny uj JNdJ0 S4NZI3S pue A}|Iges]p [en3od||93ul 03 SuIpes| SjuelleA 3sUassiin € 319VL



SHOUBRIDGE ET AL. Wl LEY J_9

(Table 4). There are two de novo in-frame deletions, each removing

© . 3
e § s g & one amino acid within the coiled-coiled domain. The female case was
© T 7] B © . . . . .
g r - g :; :v g’ reported with a Rett-like syndrome phenotype, including typical loss
= + kel . :
= g s o £9 ° % @ % of language (Sajan et al., 2017). In the male case, severe ID, and partial
S5 = = e o . . .
% S & % E Q T .%08 a seizures were reported (Zhang et al., 2015). There is an in-frame
x O T ) a5 —
= - deletion/insertion leading to a predicted loss of 210 amino acids and
= N . . . . . .
= -2 n 5 T insertion of a glycine between the |Q-like and Sec7 domains, in a male
S £ g 2 3 9
E @ = - S 5 h patient with severe ID, infantile spasms, and nonverbal and autistic
= 2ag 9 S o s © . . . .
'§ T 5 QZ‘ IS E 5 3 5 § g behavior (Mignot et al., 2018). The remaining cases lead to predicted
. O = - - oy = 5]
§ % 42 232 g 249 § % E £:>“ % ;. premature termination codons either at the site of the variant or due
© 59 & E T v L cE © = . - .
g = s £ 23 i‘} £ 2L 5128 8 £ z to frameshifts of the codon sequence arising from nonsense variants
= %2956 S 2 2 =25 5 a X . . . . . ——
_§ i § ég% g o 2 54 -§ QE kG = S and intragenic deletions, insertions, or duplications. However, the
oz 2 © E- ovw IS Q N . .
as & 35 z g & < é é% genotype-phenotype relationship is complicated by the impact of
© ~ these variants on protein function and the gender in which the variant

c Q
2 = % g = is expressed. Specifically, several variants lead to the premature ter-
S =R 2 a o L. . s .

& § & = % ° mination codon being located within 50 nucleotides of the subsequent
(=} = = e . . .
£ =:g g __ é 5 exon junction. In these cases, we cannot rule out that the resulting
2% ¢ & = . . )
5;) £ g 5% 8 ol mutant transcripts may escape nonsense-mediated RNA decay. If this
() > z - =
5 g occurs, there is the potential for a partial protein that is C-terminally
b o
~ = ﬁ b truncated to be produced from these mutant alleles. Interestingly, the
fe. i (]
= z & e six variants in this category would truncate the IQSEC2 protein after
T = S = o
. " S'V; 2 g . g .% a residue that is critical for Sec7 catalytic activity (p.E849) (Beraud-
[ B~ 9} 0] S bl . . . .
E £% E, § © i % i qu_ @ Dufour et al., 1998). In this setting, an affected male in the hemizygous
= S N o = o - =}
o & 8 S = o % c state might escape complete loss of IQSEC2 function resulting in an
> c
-‘é" .§ attenuated phenotype. The impact on females is less easy to predict.
® > or example, there are two variants in males presenting with severe
s S ° F le, th t iants in mal ting with
o) o .
= 3 = = ut no seizures (Rauch et al., ; Tran Mau-Them et al,, ;
o 2 3 < = ID but (Rauch et al., 2012; Tran Mau-Them et al.,, 2014
Qo o = =t
%‘ a a % % % g c Tzschach et al.,, 2015). Similarly, a splice-site variant in the PH domain
—_ [ pul Y=
] S o s <L g o .5 presents with moderate to severe ID in males and mild ID in carrier
L= 8 (@) § s O > 2 £=
o e Ll < @ £ 4 ° females, with no history of seizures (Madrigal et al., 2016). The variant
D ©
o~ — >é ¢ £ activates an exonic splice acceptor site, producing a deletion span-
Q < o . . . . . .
3 - §~ el = = g ; 2 ning 70 nucleotides in exon 12. This results in the loss of 26 amino
m b L -~ . . . .

% F § acids from the PH domain and a premature termination codon after
> - E é 2 another 36 amino acids. PCR analysis from exon 9 to 12 in this family
= < C -
§ © ozc o 2 2 = indicated that two separate products were made: a normal product
w o < a = o *x

8 o and a truncated version due to the variant. Hence, only a proportion

§ e2 dat ted due to th t. H [ t

P
g o S -% of IQSEC2 transcripts were mis-spliced, and the ratio of the normal
c o S <
8 g ks g ks 'qé = ua versus mutant product was suggested to underpin the severity of
= = =] o o
% S £ S E 2 = % phenotype in this family. Two other variants that could be considered
B - e = E 53 in this categor: ted in patients with ID, sei

s S o gory were reported in patients with severe ID, seizures,

=t L+ s
c 9 %< S and severe language deficits, in affected females (Ewans et al., 2017)
o— Q =Y
[ BT - . .

g - J ; E,Tu' and affected males (Redin et al., 2014). Interestingly, one of these

=] C
= o é 2 5 g cases was inherited in four affected sisters, all with moderate-severe

j= )
o g S g Eo ID, epilepsy, and deficits to speech with variable penetrance of some
. =X (0] = <
= g o % 2 o é E behavioral disturbances (Ewans et al., 2017). This variant was not
== o~ e = Z
k= .% 3 é o§o X % ,§ 3 Q2 detectable in genomic DNA from blood in either parent, consistent
& s a e > 20 el
& § a% i < 9 < § E *§ gﬂ with inheritance as a consequence of gonadal mosaicism (Ewans et al.,
_,g > a o a a a g‘? 4%3. @ g 2017).
oo
i’ o o~ < . g .ED = The majority of pathogenic variants are predicted to lead to pre-
= W~ ¢} — — s 8-t ¢
S § g = é 5 mature termination that is subject to the RNA surveillance process
w
= L/)\ = N f/)\ g -é 5 =i of nonsense-mediated decay, leading to a complete loss of mutant

2 S o8 . . .

: = . 3 1’ g Q ® -g n T e IQSEC2 protein (Table 4). These variants occur across all regions of
8 o) @ o =] > [T . . . .

E::l ,;, % % % % % % % g § % IQSEC2 and are not constrained to particular functional domains. Male

- <:2zz¥ patients with loss of function variants invariably present with severe
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ID, seizures, and are essentially nonverbal (Gandomi et al., 2014; Hel-
big et al., 2016; Helm et al., 2017; Mignot et al., 2018; Tran Mau-Them
et al.,, 2014; Zerem et al., 2016). Female patients with loss of function
variants in the heterozygous state present with a spectrum of sever-
ity in intellectual disability spanning from global developmental delay
(in younger patients) through to mild ID and in a few cases, severe ID
(Allou et al., 2017; Berger et al., 2017; Epi et al., 2013; Epi4K Consor-
tium, 2016; Helbig et al., 2016; Helm et al.,, 2017; Mignot et al., 2018;
Olson et al., 2015; Parrini et al., 2017; Tzschach et al., 2015; Zerem
etal., 2016). Seizures were reported in 20 of 29 cases of these affected
females, with 19 females reported to have speech delay or loss of spo-
ken language, and eight with ASD. Unsurprisingly, these variants all
occur in a de novo manner, which likely reflects reduced reproductive
fitness in affected females.

4 | STRUCTURAL VARIANTS OF IQSEC2

IQSEC2 was first considered a candidate gene for X-linked neurologic
disorders due to the identification of a de novo chromosomal translo-
cation t(X;20)(p11.2;q11.2) disrupting IQSEC2 in a female patient with
epileptic encephalopathy (EE) (Morleo & Franco, 2008). An unusual
structural variant identified using whole-genome sequencing resulted
in a partial duplication of TENM3 (MIM# 610083) exons 22 to 27 on
chromosome 4 that was inserted into IQSEC2 (Gilissen et al., 2014).
This resulted in the formation of a stable in-frame IQSEC2-TENM3 gene
fusion that disrupts IQSEC2, contributing to the patient's phenotype of
severe ID (Table 5). Copy number variants impacting Xp11.22 include
submicroscopic duplications at Xp11.22 containing the known ID
genes IQSEC2, KDM5C (MIM# 314690), and TSPYL2 (MIM# 300564)
in four male patients with ID (Moey et al., 2016) and microdeletions
of KDM5C and IQSEC2 in a female patient (Fieremans et al., 2015)
(Table 5).

The identification of variants in known intellectual disability genes
that are novel and potentially pathogenic are increasingly being
reported in large-scale screening studies or reports from diagnostic
and clinical laboratories. In some cases, these variants are published
with very limited clinical phenotype data. For IQSEC2, there are at least
10 additional variants from a range of such studies (listed on Support-
ing Information Table 1) for which phenotypic data, often including
gender of the patient, is not stated. For large-scale genomic studies,
this highlights the need for a minimal amount of clinical data to be avail-
able for all patients within a cohort.

Considering the current pathogenic variants collectively, it is clear
that a complete loss of IQSEC2 in the hemizygous male state may
not be lethal but leads to the most severe clinical presentations of
severe ID, invariable seizures in patients that are essentially nonver-
bal (Figure 2). In comparison, affected females particularly with mis-
sense variants inherited across families are generally less severely
affected than males. However, the high prevalence of intellectual
disability and early onset-seizures in females with de novo loss
of function varaints is still more severe than would be expected
from variants found in the heterozygous state in a gene on the

X-chromosome.

5 | TOLERATED VARIATION IN IQSEC2

The wealth of publicly available data cataloging population-level vari-
ation in individual genes has been a welcome and necessary response
to the exponential capacity to screen the human genome at increas-
ing levels of resolution. Resources such as the Exome Aggregation
Consortium (ExAC) and the Genome Aggregation database (gnomAD)
consist of 123,136 exome sequences and 15,496 whole-genome
sequences from unrelated individuals sequenced as part of various
disease-specific and population genetic studies (Hu et al., 2016). Vari-
ation within individual genes examined at a population level provides
pivotal information that can help identify which variants detected
in patients are likely to be tolerated versus those that are likely to
contribute to disease. The levels of variation and types of predicted
impact on the resulting gene/protein function that are observed in
the population, compared to what would be expected based on the
size and complexity of each gene, highlights that some genes and gene
regions are less tolerant of variation. In the case of IQSEC2, the number
of observed synonymous variants are as expected (87.6 expected ver-
sus 94 observed; Table 6). However, there is a significant reduction in
the observed number of LoF (expected 15.5, observed 1) and missense
variants (expected 221.9, versus 86 observed with an allele frequency
of <0.0001) than would otherwise be expected based on size and com-
plexity of the gene (Table 6, top panel). In an attempt to identify regions
of the gene/protein that have different thresholds of tolerated varia-
tion, the type and frequency of variation across each of the genotype
states (hemizygote males, and homozygote or heterozygote females)
is summarized in Table 6, bottom panel. The more severe stop-gained
and LoF variants each have a single case from over 60,000 individuals
sequenced, with no cases reported in hemizygous males or homozy-
gous females. Similarly, there is only one case of a splice donor and
in-frame insertion reported, each in a single hemizygous male. Even
missense variation is limited in this gene, and there are no missense
variants reported in the homozygous state in females. There are eight
missense variants reported in more than two (but no more than 15)
hemizygous males, and 36 variants each with only a single hemizygous
case. Each of the missense variants are depicted in Figure 2 under-
neath a protein schematic at the location of the amino acid impacted,
and are stratified by the allele frequency and number of hemizygous
males. Analysis of the larger data set (Supporting Information Table 2)
capturing both the combined exomes and genomes sequenced as part
of EXAC and gnomAD highlights a frequent missense variant in over
440 alleles, including 89 hemizygote males and three homozygote
females at p.Alal470Thr. Apart from this exception, a restricted
level of tolerated variation (particularly in hemizygote males) is
also observed in this broader data set (Supporting Information
Table 2).

6 | MOLECULAR PATHOLOGY OF
PATHOGENIC VARIANTS IN IQSEC2

To understand how variants in IQSEC2 contribute to disease, we need
to consider not only the role of IQSEC2 in activating the ARFs (ADP
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FIGURE 2 Summary of the type, location, and phenotypes due to pathogenic variants in IQSEC2. Predicted protein structure of the
1,488-residue protein with coiled-coiled (CC, red), 1Q-like motif (orange), catalytic ArfGEF/Sec7 domain (green), PH domain (purple), and
PDZ-binding motif (blue). The variants are depicted above the region of impact on the predicted protein structure. Nonsense (square), missense
(circle), and splice (triangle) variants in affected males (blue) and females (pink) with de novo cases in dark colors and familial cases in pale colors.

Variants are ranked against severity of clinical phenotype

TABLE 6 Tolerated variation in IQSEC2 from the EXAC

Constraint from EXAC Expected no. variants

Observed no. variants (AF <0.001) Constraint Metric

Synonymous 87.6 94 z=-0.42
Missense 221.9 86 z=4.46
LoF 15.5 1 pLi=0.98
Variation listed in EXAC Total No. Allele count Allele Freq No. Homozygotes No. Hemizygotes
LoF 1 1 0.00002316 0 0
In frame deletion 1 42 0.003241 0 0
In frame insertion 1 2 0.0001544 0 1
Stop gained 1 1 0.00001258 0 0
Splice donor 1 1 0.00001366 0 1
Missense 8 2-49 0.01125 to 0.00002976 0 2-15

36 1-4 0.0003162 to 0.00001148 0 1

61 1-4 0.0003067 to 0.00001143 0 0

a.Mean coverage of 23.45 of canonical transcript: ENSTO0000396435.
b. UCSC browser X:53260258-53350522.

ribosylation factors) family GTPases, but also how diminished activa-
tion of ARFs may in turn contribute to dysfunction. ARFs are mem-
bers of the Ras superfamily of small G proteins and despite their
name, are not involved in ADP-ribosylation or regulation of het-
erotrimeric G proteins. ARFs have a primary role in the regulation of
vesicular transport, organelle structure and participate in membrane
traffic and organization of the cytoskeleton (reviewed in Casanova,
2007; Gillingham & Munro, 2007; Kahn et al., 2006). Mammals have
six ubiquitously expressed genes/paralogs, divided into three classes
based on sequence similarity (Class I: Arf1-3, Class Il: Arf4-5, Class
I1l: Arf6). Class | and Il ARFs are localized to the Golgi and endoso-
mal compartments, whereas ARF6 (MIM# 600464) is associated with
the plasma membrane and a subset of endosomes at the cell periph-
ery (D'Souza-Schorey & Chavrier, 2006). The ARF proteins switch
between GTP-bound active and GDP-bound inactive conformations.
GTP-activating proteins (GAPs) mediate the hydrolysis of bound GTP
while the exchange of GDP for GTP nucleotide is mediated by guanine

nucleotide exchange factors (GEFs).

There are 15 ARFGEFs in the human genome which all share an
approximately 200 amino acid Sec7 domain responsible for catalyz-
ing nucleotide exchange. These ARFGEFs include the GBF/BIG, Cyto-
hesins, EFA6, Fbox, and the IQSEC proteins, generally with multiple
family members (Casanova, 2007; Gillingham & Munro, 2007; Kahn
et al., 2006). The catalytic mechanism of this domain revolves around
aninvariant glutamate residue located at the tip of the hydrophilic loop
between the sixth and seventh of 10 transverse a-helices, referred
to as a glutamic finger. It is this glutamate that is inserted into the
nucleotide-binding fold of the ARF protein to compete electrostatically
with the g-phosphate of the bound nucleotide (Beraud-Dufour et al.,
1998).

ARF proteins operate by the classical GDP/GTP exchange common
to all G proteins (Vetter & Wittinghofer, 2001), which they couple
to a cytosol-membrane translocation (Pasqualato, Renault, & Cherfils,
2002). This mechanism is based on an extended switch region encom-
passing the switch 1 and 2 regions (residues 38-52 and 69-84in ARF1)

and the intervening interswitch region comprising strands 2 to 3
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(Renault, Christova, Guibert, Pasqualato, & Cherfils, 2002). When the
ARF protein is located in the cytosol, the interswitch is locked in a
retracted conformation that blocks nucleotide exchange and the bind-
ing of GTP (Amor, Harrison, Kahn, & Ringe, 1994; Menetrey, Macia,
Pasqualato, Franco, & Cherfils, 2000). Binding of ARF reversibly to
membranes leads to an ‘interswitch toggle) initiating a conformation
that can bind GTP (Goldberg, 1998). It is this step that is stimulated by
the GEFs that contain a Sec7 domain with the invariant glutamate. The
process of nucleotide exchange on ARF proteins occurs in an ordered
series of steps. First, the switch 1 and 2 domains of the ARF protein
are prised open by Sec7 domain, and this induces a rotation of the ARF
protein core such that the nucleotide-biding fold is driven onto the glu-
tamic finger. This displaces the bound GDP and leads to an ‘interswitch
toggle’ ejecting and extending the N-terminal helix away from the pro-
tein core (Gillingham & Munro, 2007). Unlike other small G proteins
of the Ras superfamily, the ARF family of proteins has a N-terminal
amphipathic helix. Following removal of the initiator methionine and
exposure of a glycine at position 2, a myristoyl group is attached to the
N-terminus. The movement of the interswitch displaces the N-terminal
amphipathic helix from the hydrophobic pocket and promotes inser-
tion of the helix into an adjacent bilayer leading to tight membrane
association (Antonny, BeraudDufour, Chardin, & Chabre, 1997). This
means that ARFGEFs determine both the amount and location of the

active ARF G protein.

7 | MOLECULAR PATHOLOGY OF IQSEC2
ARFGEF DOMAIN VARIANTS—DISRUPTION
OF SEC7 ACTIVITY LEADING TO
DIMINISHED ACTIVATION OF ARFGTPASES

The ARFGEF activity of several IQSEC2 variants has been tested in
vitro, using full-length wild-type and mutant IQSEC2 expressed in
cellular models in a biochemical pull-down assay using the adaptor
protein Golgi-localized, ear-containing ARF-binding protein 3 (GGA3)
(Kalscheuer et al., 2015; Shoubridge et al., 2010). GGAs specifically
interact with active, GTP-bound ARF but do not interact with inac-
tive ARF GTPases. This means that the degree of FLAG-tagged IQSEC2
ArfGEF activity will be reflected in the amount of GTP-bound HA-
tagged ARF6 in cell lysates. After incubation with GST-tagged GGA3
coupled to glutathione beads and Western blotting, the ratio of ARFé6-
GTP to total ARF6 expression can be calculated, giving a measure
of wild-type versus mutant IQSEC2 ARFGEF activity (Shoubridge
et al, 2010). Importantly, for the Sec7 domain variants p.R758Q,
p.Q801P, p.E849K, and p.R863Q, this analysis revealed that ARFGEF
activity was reduced, but not abolished (Kalscheuer et al., 2015;
Shoubridge et al., 2010). An important control for these experiments
was the artificial p.E849K dominant negative variant, which abolishes
ARFGEF activity of the IQSEC2 Sec7 domain (Beraud-Dufour et al.,
1998). Molecular modeling of IQSEC2 Sec7 and PH domains has also
been used to study the consequences of ARFGEF domain variants
(Kalscheuer et al., 2015). The resulting model revealed that p.A789
did not interact with ARF GTPases, GDP, or ZnZ, but that the p.A789V

variant was predicted to cause numerous clashes with surrounding

WILEY 1w

side-chains and/or backbones of neighboring residues, so interfering

with proper folding of the Sec7 domain (Kalscheuer et al., 2015).

8 | MOLECULAR PATHOLOGY OF IQSEC2
IQ-LIKE DOMAIN VARIANTS—LOSS OF
Ca2?*-INDEPENDENT CALMODULIN
BINDING?

The 1Q-like motif in IQSEC2 (IQTAFRQYRMNKNF) lacks the G
and second basic residue of a complete motif [FILV]Qxxx[RK]
Gxxx[RKIxX[FILVWY], which would typically confer “Ca2*-independ-
ent” calmodulin binding. However, this sequence conforms more
closely to the consensus of 1Q-like domains [FILV]Qxxx[RK]Gxxxxxxx
that lack a second basic residue and final anchor in the motif, or
unconventional 1Q motifs [FILV]Qxxx[RK]xxxx[RK]xx[FILVWY], which
lack the glycine at position 7. IQ-like domains typically bind calmod-
ulin in a “Ca2*-dependent” manner (Munshi, Burks, Joyal, White, &
Sacks, 1996). However, experimentally, the IQSEC2 1Q-like domain
appears to bind calmodulin in a “Ca2*-independent” manner (Myers
et al, 2012), which in turn is likely to accelerate ARFGEF activity
(Shoubridge et al., 2010). Currently, we know of three variants in this
domain, p.R359C associated with non-syndromic intellectual disabil-
ity in family AU128 (Shoubridge et al., 2010) and two variants both
affecting p.A350; p.A350V associated with seizures, moderate-severe
intellectual disability and ASD (Zerem, 2016), and the p.A350D vari-
ant associated with seizures, severe intellectual disability (Zhang et al.,
2015). The substitution p.R359C disrupts the conserved basic residue
in the 1Q-like domain consensus motif (FILV)Qxxx(RK)xxxxxx, which
leads to a decrease in GTP-bound ARF6 in the GGA pull-down assay
(Shoubridge et al., 2010). Despite this, there is currently little direct
proof that variants p.R359C and p.A350 variants actually disrupt
IQSEC2-calmodulin interactions. However, substitution of three con-
served residues within the 1Q-like motif (IQTAFR to AATAFA, BRAG-
IQ variant) has been shown to completely abrogate calmodulin binding
without affecting synaptic targeting of recombinant IQSEC2 (Myers
etal., 2012).

9 | MOLECULAR PATHOLOGY OF IQSEC2
PH DOMAIN VARIANTS - EFFECTS ON
SYNAPTIC LOCALIZATION OR
INTERACTIONS WITH MEMBRANE
PHOSPHOINOSITIDES?

Several IQSEC2 pathogenic variants also affect the PH domain, which
in other GEFs implicated in intellectual disability, such as collybistin,
impact binding of membrane phosphoinositides (Kalscheuer et al.,
2009; Long et al., 2015; Papadopoulos, Schemm, Grubmuller, & Brose,
2015). Although the phosphoinositide binding specificity of IQSEC2
remains unknown, a related ARFGEF, IQSEC1/Brag2 binds phos-
phatidylinositol 4,5-bisphosphate with high affinity, which enhances
intrinsic GEF activity toward Arfé (Sakurai et al., 2011). PH domain
variants affecting IQSEC2 include both missense p.L999F (Helm et al.,
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2017) and seven nonsense variants. The p.Q1033* nonsense variant
is predicted to result in C-terminally truncated protein that escapes
degradation via nonsense-mediated RNA decay, since the premature
termination codon is very close to exon-junction. Although the Sec7
and 1Q-like domains are predicted to remain intact, the PH domain
would be truncated. The p.R1055* is likely degraded by NMD lead-
ing to a loss of IQSEC2, but in a heterozygous state as this patient is
a female. Consistent across all cases is a phenotype of severe intellec-
tual disability and a high proportion of seizures, although there is vari-
ability in the age of seizure onset and presence of additional features
such as autism spectrum disorder, speech impairments, and deficits in
ambulation. The severity of phenotype highlights the importance of an
intact PH domain for IQSEC2 function, while the spectrum of features
indicates that these variants may differentially impact on the function

of this domain.

10 | X-LINKED INHERITANCE AND
CONSEQUENCES OF GENE DOSAGE
DUE TO PATHOGENIC VARIANTS IN IQSEC2

Although historically subcategorized as X-linked recessive and X-
linked dominant, X-linked inheritance has proven to be more complex
than this simple scenario. The sex determination system used in
mammals is XX/XY, meaning the dosage of X-chromosomal genes is
different in XX females and XY males. In humans (and other mammals),
this discrepancy is circumvented by first upregulating genes on the X
to match levels of expression from autosomal genes, then to balance
the dosage of X chromosome genes between gender, compensation
in females is achieved due to random inactivation of one of the two X
chromosomes in every cell. As a consequence, when a male inherits an
X-chromosome from his mother containing a deleterious gene variant,
given he has no backup copy due to his XY status, the hemizygous male
will reveal the full effects of the genetic mutation and will present the
disease phenotype. If a female child inherits the X chromosome with a
deleterious gene variant from her mother but a normal X chromosome
from her father, half the cells expressing the deleterious gene will
be affected on average, while the other half have normal expression.
Therefore, heterozygous females will typically have a milder disease
phenotype or be phenotypically normal depending upon the function
of the gene involved and skewing of X-inactivation. However, some
genes on the X-chromosome escape this X-inactivation resulting in
differences in dosage between males and females.

The capacity of genes on the X-chromosome to be silenced, or to
escape X-inactivation is not fully understood. Some genes are always
inactivated or always escape inactivation across all tissues tested, with
estimates of one-third of all X-chromosome genes being expressed
from both active and inactive chromosome in female cells, essentially
escaping inactivation (Cotton et al., 2015; Prothero, Stahl, & Carrel,
2009). This reflects ~15% of X-chromosome genes escaping inacti-
vation, with a further ~10% displaying variable escape. Some escape
genes that reside outside of the PAR have retained a Y-linked par-
alogue (Lahn & Page, 1997). However, escape genes that lack a func-

tionally equivalent Y paralogue are a potential source of sex-specific

differences in gene expression and thus, candidates for sex-specific
phenotypes (Berletch, Yang, Xu, Carrel, & Disteche, 2011). Recent
endeavors comparing four different data sets across 639 genes with
X-chromosome inactivation (XCI) status calls demonstrate that XClI
status is robustly called using a variety of methodologies and plat-
forms, particularly for genes determined to be “inactivated” (n = 462)
or “escape” (n = 52) across multiple tissues (Balaton, Cotton, & Brown,
2015). Although most genes display a consistent X-inactivation sta-
tus across multiple tissues, there are a substantial number of genes
that show variable inactivation status (n = 47) or give discordant sta-
tus (n = 47) calls across different methodologies (not including those
genes in the PAR regions). These variably inactivated genes are often
at the boundary regions between genes that are inactive and those
that escape inactivation. The chromosomal region containing IQSEC2
is an example of this patterning of inactivation status. Escape from X-
inactivation for IQSEC2 in humans has long been the prevailing view
as demonstrated by evidence measuring DNA methylation as a pre-
dictor of inactivation status across a panel of 27 tissues from 1875
females (Cotton et al., 2015). Several genes flanking IQSEC2 at Xp11.2
are also shown to escape X-inactivation across most tissues. These
genes include KDM5C, SMC1A (MIM# 300040), and RIBC1. In turn,
these genes are flanked by TSPYL2 (MIM# 300564) and PHF8 (MIM#
300560), both of which are subject to inactivation in all tissues tested
in these same samples (Cotton et al., 2015) (Figure 3, left hand panel).
Between the escapee RIBC1 and the inactivated PHF8 are HSD17B10
(MIM# 300256) and HUWE1 (MIM# 300697) that both display vari-
able expression across different tissues.

Despite the relatively high proportion of X-linked genes potentially
escaping X-inactivation, the degree by which incomplete XCI mani-
fests as detectable sex differences in gene expression and phenotypic
traits remains poorly understood (Cotton et al., 2015; Schultz et al.,
2015). Interestingly, the phenotype of female patients with de novo
loss of function variants in IQSEC2, as outlined in this review, are
often more severe than the heterozygous state would predict, partic-
ularly if IQSEC2 does escape X-inactivation. Investigating the male-
female differences in the expression of X-chromosomal genes and pre-
dicting higher female expression of genes that escape X-inactivation,
large-scale expression studies from the Genotype-Tissue Expression
(GTEX) project (Consortium, 2013) dataset (v6p release) based on high-
coverage RNASeq data from diverse human tissues (GTEX consor-
tia) demonstrate that IQSEC2 is expressed at higher levels in males
than females in 22 of the 29 tissues tested, including the brain cortex
(Tukiainen et al., 2017) (Figure 3, right hand panel).

The genotype-phenotype relationship of patients with CNVs in this
chromosomal region may provide some insights into the consequences
of X-linked inheritance, as variants impacting IQSEC2 dosage might
contribute to the resulting patient phenotypes. The smallest dupli-
cated region in patients outlined in Moey et al. (2016) contains several
genes known to escape X-inactivation, including KDM5C, IQSEC2, and
SMC1A. Insilico analysis of expression data from selected gene expres-
sion omnibus series (including expression sets in brain regions) indi-
cated that dosage of these genes, especially IQSEC2, is similar in males
and females (Moey et al., 2016). Hence, this agrees with the recently

reported sex-based differences in IQSEC2 expression (Tukiainen et al.,
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FIGURE 3 X-inactivation status and the differences in expression of IQSEC2 in males and females. (a) Data in left hand panel is adapted from
Cotton et al. (2015). Tissue sources are listed in the first column (see original paper for full listing of tissues and abbreviations used) and the DNA
methylation status at novel transcription start sites is provided for each of the genes at Xp11.2 listed across the bottom of the panel. For each of
the 27 tissues tested, escape from X-inactivation is indicated in green, genes subject to X-inactivation are highlighted in red, with variable
inactivation given in purple. (b) Data in right hand panel is adapted from Tukiainen et al. (2017). The male and female expression differences across
the 29 tissues analyzed as part of the GTEx resource are shown for genes reported to escape X-inactivation, with the right-hand panel focusing on
the genes in the Xp11.2 region. The log fold change between expression levels in males and females is indicated based on the color map (right hand

side), with expression higher in males than females indicated in blue

2017). However, if the IQSEC2 gene is inactivated across all tissues
tested, as suggested by a wide range of studies (Cotton et al., 2015),
we hypothesize that the expression of IQSEC2 in females may be reg-
ulated, by mechanisms unknown, to achieve a similar dosage to that of
males. In support, the mother of an affected boy with a microduplica-
tion of Xp11.2 encompassing the TSPYL2, KDM5C, IQSEC2, and SMC1A
genes was asymptomatic despite also carrying the microduplication
(Moey et al., 2016), making it attractive to speculate that females may
have adequate capacity to regulate IQSEC2 expression even in the case
of increased gene dosage. As males normally only have one copy of
IQSEC2, the capacity to regulate increased dosage of this gene may
be lacking. In this setting, an increased dosage of IQSEC2 in males due
to CNV gain may be pathogenic. It remains unclear how variants in
the coding region of IQSEC2 leading to loss-of-function of one allele in
females have phenotypes in heterozygote females that are of similar

severity when compared to that of hemizygous males. Taken together
these recent analyses demonstrate that escape from XCl results in sex-
bias in gene expression and lends weight to the hypothesis that incom-
plete XClI is a mechanism contributing to phenotypic diversity. The
X-inactivation status in the brain and subsequent mechanisms con-
tributing to dosage compensation of IQSEC2 expression in females is
poorly understood and requires investigation.

11 | MOLECULAR PATHOLOGY OF ALTERED
DOSAGE OF IQSEC2

The biological importance in adequately regulating the dosage of
IQSEC2 expression has recently been highlighted by the findings of an
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elegant study on fragile X syndrome knockout mice (Tang et al., 2015).
Investigation into the proteomic profile of neocortical synaptic frac-
tions from Fmr1 knockout (KO) versus wild-type mice was undertaken
to determine the impact of the loss of FMRI activity on de novo pro-
tein synthesis in primary cortical neurons. Interestingly, one of the
most highly upregulated proteins in the synaptic fraction from frag-
ile X mouse neurons was Igsec2. These mice display phenotypic hall-
marks seen in fragile X patients including impaired learning or mem-
ory, anxiety and hyperactive behavior with variable penetrance of
seizures. Hence, there are clear overlaps in the phenotypes observed
in patients with disturbances to IQSEC2 expression, particularly those
with duplications at Xp11.2 predicted to duplicate IQSEC2, i.e., poten-
tially increase gene dosage of IQSEC2, among others (Moey et al.,
2016). All the other patients reviewed as part of the present report
have deficits in IQSEC2 activity or loss of IQSEC2 protein in either the
hemizygous or heterozygous state. Hence, either an excess or lack of

IQSEC2 activity contributes to similar phenotypic outcomes.
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