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Abstract

Sixteen Ga-subunits transduce hundreds of G
protein-coupled receptors and control countless
cellular activities. Mutations in respective GNA
genes underlie developmental, oncological,
metabolic, neurological, and other pathologies. In
addition to classical loss-of-function (LOF) and
gain-of-function (GOF) mutations (the former
represented by gene deletions/truncations, the
latter by specific GTP hydrolysis-deficient
mutations), multiple pathogenic dominant mis-
sense variants have been discovered in GNA
genes, and their numbers constantly increase
through advanced genetic diagnostics. While
these mutations often have confusing features
of hypomorphic, dominant-negative, and GOF
mutations, many of the pathogenic Gao (and by
inference, other Ga-subunit) variants have
recently emerged as neomorphic, i.e., leading to
the creation of novel dominant pathogenic func-
tions. Cross-family analysis of these missense
variants scattered across GNA genes permits
establishing mutational signatures underlying a
wide range of Ga-pathies. These mutation pat-
terns have a strong predictive power in the fol-
lowing aspects. First, new dominant mutations in
further GNA genes will be discovered in rare
diseases. Second, unifying mechanisms of
pathogenic dominance emerge in different Ga-
subunits. And third, drug(s) acting against some
Ga-pathies may prove effective against others.

Omnipresence of dominant—yet
distinct from the classical activating

—mutations across Ga-subunits in
diverse human diseases

eterotrimeric G proteins act as
immediate  transducers of G
protein-coupled receptors (GPCRs)
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—the largest receptor family in metazoans,
controlling developmental,
physiological, and pathological processes,
and the target of ca. 50% of all currently
marketed drugs. Heterotrimeric G proteins
consist of the a-, B-, and y-subunits, of
which the a-subunits determine the GPCR-
coupling and signaling effector specificity.
In humans, 16 genes encoding Ga-subunits
exist, producing proteins that are grouped
into four subclasses: Gai/o, Gas, Gaq, and
Gal2/13 (Pierce et al, 2002).

When bound to GDP, the G protein can
exist as a heterotrimer and is competent to
interact with the cognate GPCR. The activated
GPCR acts as a guanine nucleotide exchange
factor (GEF), catalyzing the exchange of GDP
for GTP on Ga-subunits. This triggers
dissociation of the G protein into Ga-GTP
and the GPy-heterodimer, both transmitting
the signal further downstream. When GTP on
Ga is hydrolyzed, the inactive Gafy hetero-
trimer re-associates for a new cycle of
activation by the GPCR (Fig. 1). The GTP
hydrolysis is strongly stimulated by a group of
GAP (GTPase activating protein) regulators,
most of which belong to the RGS (regulator
of G protein signaling) family (Ross and
Wilkie, 2000).

Ga-subunits are composed of three
distinct domains: a Ras-like domain (RD),
an adjacent a-helical domain (AHD), and
the N-terminal a-helix (aN) that projects
away from the other domains (Fig. 2A).
Mutations in the RD that kill the GTPase
activity of Ga-subunits render the proteins
constitutively active and can cause cancer
(Arang and Gutkind, 2020). Key amino acid
motifs
binding and hydrolysis are distributed
throughout the RD (Fig. 2A (Sprang,
1997)). The classical oncogenic mutations

innumerable

involved in guanine nucleotide

occur in the conserved Arg of the Switch I
region (R179 in Gao) or Gln of the Switch II
(Q205 in Gao) (boxed in Fig. 3); the former
is exemplified by Gai2 [R179C/H] in
endocrine tumors or Gas [R201C/Q] in
hepatocellular carcinoma and pituitary
tumors, and the latter by Gaq [Q209P] in
uveal melanoma (cBioPortal for Cancer
Genomics). These activating mutations have
historically dominated the field of disease-
related heterotrimeric G protein research.
However, scatterings of point mutations
with a dominant effect have emerged
through whole-genome/exome sequencing
throughout the amino acid sequences of
Ga-subunits in diverse diseases, from
pediatric encephalopathies to developmen-
tal abnormalities and immune system dys-
functions (Fig. 3). Interestingly, these
pathogenic mutations are much less fre-
quent in the AHD of the Ga-subunits. In
contrast, non-pathogenic amino acid sub-
stitutions (polymorphisms) are found in the
AHD of Gao to a higher degree than in
other regions of the protein (Fig. 2B) (Sun
et al, 2024). We provide below some key
and recent examples, using as reference the
encephalopathic mutations found in Gao,
that is slowly becoming, from the patho-
genic angle, one of the most studied
Ga-subunits.

GNAO1

The GNAOI gene encodes Gao, a member
of the inhibitory Gai/o subclass and the
major neuronal Ga-subunit across animal
species (Sternweis and Robishaw, 1984).
First described 12 years ago,
heterozygous de novo mutations in Gao
were associated with severe early-onset
epileptic encephalopathy and Ohtahara

dominant
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Fig. 1. Heterotrimeric G protein cycle.
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Ligand-activated GPCR acts as a GEF, catalyzing the exchange of GDP for GTP on the Ga-subunit of the heterotrimeric G protein. Resultingly, the heterotrimer dissociates
into Ga-GTP and Gy, both competent to transmit the signal further downstream. RGS proteins speed up GTP hydrolysis on Ga, switching the signaling off. Ga-GDP can

re-associate with Gpy.

syndrome (Nakamura et al, 2013). GNAOI
encephalopathy typically manifests itself
shortly after birth, and the patients present
severe symptoms including profound intel-
lectual disability, developmental delay,
movement disorders, and intractable sei-
Subsequently, additional patients
emerged presenting a movement disorder-
predominant phenotype linked to a subset
of recurrent GNAOI mutations (Menke
et al, 2016). Thus, GNAOI-related pathol-
ogies were promptly classified as two
distinct disorders in OMIM: “Developmen-
tal and Epileptic Encephalopathy 177
(DEE17; OMIM #615473) and “Neurodeve-
lopmental Disorder with Involuntary Move-
ments” (NEDIM; OMIM #617493). More
recent pathogenic GNAOI variants leading
to loss-of-function (LOF) and haploinsuffi-
ciency have been associated with milder
phenotypes such as adolescent/adult-onset
non-progressive dystonia,
and autism (Koval et al, 2023; Krenn et al,
2022; Lasa-Aranzasti et al, 2024a; Solis et al,
2025; Solis et al, 2024b; Wirth et al, 2022).
Hence, it has been recently proposed that
GNAOI-related disorders should be classi-
fied as a continuous phenotypic spectrum
instead of two distinct phenotypes (Thiel
et al, 2023). The distribution of some

zures.

parkinsonism,
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DEE17 and NEDIM mutations over the
structure of Gao is provided in Fig. 2C;
exclusion of the clinically severe mutations
from the AHD and aN domains, and their
clustering in the Ras-like domain, can be
observed.

To date, multiple additional studies (Lar-
asati et al, 2025b; Larasati et al, 2023; Lasa-
Aranzasti et al, 2024a; Sdez Gonzilez et al,
2023; Solis et al, 2021; Thiel et al, 2023) have
identified >80 point mutations in >50 codons
that lead to this dominant disease (Fig. 3).
Most patients carry missense mutations, and
only a few cases of deletions, frameshifts,
duplications and short indels are known.
Three different splice mutations in intron 6
have been described, of which c.724-8G>A
leads to the in-frame insertion of two amino
acids at the end of the Switch III region
(Gao [T241_N242insPQ], (Koval et al, 2023),
while ¢.7234+1G>A and ¢.723+2T>A—to an
in-frame deletion of eight amino acids within
the Switch IIT region (Gao [V234_T241del],
(Savitsky et al, 2025). Interestingly, the
ClinVar archive contains >200 distinct entries
just for missense GNAOI mutations, suggest-
ing that GNAOI-related disorders are widely
underreported.

While the amino acids highlighted in red
in Fig. 3 reflect the position that could be

mutated in GNAOI-related disorders, domi-
nant variants in this gene can also be found in
other diseases/syndromes: [T327R] in severe
pediatric speech deficiency (Hildebrand et al,
2020), [R243H] in triple-negative breast
cancer (Kan et al, 2010), or [N312S] in
diphtheria, pertussis
vaccination-associated seizures/epilepsy (Negi
et al, 2023). Further, the same amino acids
mutated in GNAOI encephalopathy can be
mutated to cause other conditions. For
instance, [R209C] has been characterized as
a second-hit mutation leading to acute
lymphoblastic leukemia in patients carrying
the ETV6-RUNXI1 gene fusion as the primary
cancer predisposition (Song et al, 2021), while
the [A227T] mutation is found in uterine
endometrioid carcinoma and colon adenocar-
cinoma (cBioPortal for Cancer Genomics).

tetanus and

GNAI

GNAII encodes Gail, a close relative of Gao
that also shows a prominent central nervous
system expression. In a further similarity to Gao,
de novo point mutations in GNAII have
recently been described to cause dominant
infantile neurological disorders jointly referred
to as “Neurodevelopmental Disorder with
Hypotonia, Impaired Speech, and Behavioral

© The Author(s)
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Fig. 2. Ga-subunits’ schematic structure and tolerance to non-pathogenic missense mutations.

(A) Schematic organization of a Ga-subunit showing the three domains (aN, a-helical, and Ras-like domains) and motifs involved in guanine nucleotide binding and

hydrolysis (P-loop, Switch I-lll regions, G4 and G5) according to (Sprang, 1997). Amino acid boundaries are given on the example of Gao. (B) Missense tolerance ratio
(MTR, defined as the ratio of the observed to the expected proportion of missense variants adjusted by synonymous variation) of Gao shows that the a-helical domain is
most tolerant to missense variants in the genomes of ca. 1 million individuals. Variants with MTR values in the top-15-percentile exome-wide threshold (MTR < 0.841)
have a higher probability to be deleterious. Data from https://rgc-research.regeneron.com (Sun et al, 2024). (C) Example of dominant mutations in Gao leading to DEE17
(red) and NEDIM (blue) (Larasati et al, 2022; Larasati et al, 2025b; Larasati et al, 2023; Lasa-Aranzasti et al, 2024a; Savitsky et al, 2025; Solis et al, 2025; Solis et al,
2024a3; Solis et al, 2021). Orange: DEE17-causing deletion of 8 amino acids. The homology model structure of Gao was generated by the SWISS-MODEL server using as a
template the crystallographic structure of GailB1ly2 (1gp2) available at RCSB (rcsb.org). The N-terminal a-helix (aN), Ras-like domain (RD) and a-helical domain (AHD)

are shown.

Abnormalities” (NEDHISB; OMIM #619854)
(Muir et al, 2021). Overall, 12 codons were so far
found mutated in GNAII, 8 of which are the
same as those found mutated in GNAOI-related
disorders (Fig. 3). These mutations include
[G40R], [G45D], [T48I/K], [Q52P], [D173V]
(corresponding to [D174G] in GNAOI), and
[D272G] ([D273V/Y] in GNAOI). Further, the
[C224Y] mutation in GNAII is mirrored by two
novel pathogenic Goo variants [C225Y/R]
(Larasati et al, 2025b). The GNAII variant

© The Author(s)

[P169R]—[P170R] in GNAOI (Larasati et al,
2023)—has been described in Prader-Willi-like
syndrome with hypothyroidism and multiple
pituitary hormone deficiency adding on top of
the standard neurological manifestations (AlAli
et al, 2024).

GNAI2

Gai2, the Ga-subunit encoded by the
GNAI2, is another member of the Gai/o

subfamily and displays a broad expression
profile. Recently, several de novo mutations
in GNAI2 have been associated with massive
developmental defects and immunological
abnormalities leading to immunodeficiency
and autoimmunity due to defective immune
cell activation and migration (Ham et al,
2024). Remarkably, a significant overlap in
the amino acids mutated in these dominant
conditions can be found with the sites
GNAOI GNAIlI

mutated  in and
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L L L 1 I 1 1 11
Gao 1 ————=-- MGCTLS--------— AEERAALERSKAIEKNLKEDGISAAKDVKLLLLGAGE SGKSTIVKQMK ITHEDGFSGEDVKQ 68
Gail 1 —————- MGCTLS--------- AEDKAAVERSKMIDRNLREDGEKAAREVKLLLLGAGESGKSTIVKQMKIIHEAGYSEEECKQ 68
Gai2 1 ————=-= MGCTVS----—--—-— AEDKAAAERSKMIDKNLREDGEKAAREVKLLLLGAGESGKSTIVKOMKIIHEDGYSEEECRQ 68
Gai3 1 ————=- MGCTLS------—--- AEDKAAVERSKMIDRNLREDGEKAAKEVKLLLLGAGESGKSTIVKQMKIIHEDGYSEDECKQ 68
Gat 1 -—---- MGAGAS--——--—--—-~- AEE----KHSRELEKKLKEDAEKDARTVKLLLLGAGESGKSTIVKQMKITIHQDGYSLEECLE 64
Gall 1 MTLESMMACCLS--------- DEVKESKRINAETIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRI THGAGYSEEDKRG 74
Gas 1 ————-=-- MGCLGNSK--TEDQRNEEKAQREANKKIEKQILQKDKQVYRATH LLGAGESGKSTIVKQMRILHVNGFNGEGGEE 75
Goolf 1 -—-—---- MGCLGGNSKTTEDQGVDEKERREANKKIEKQLQKERLAYKATHRLLLLGAGESGKSTIVKQMRILHVNGFNPEE——— 74
:*****.*******::***:*: H
0] o D D) A
P-loop
1 11 1
Ga.o 128 MMRLWGDSGIQECFNRSREYQLNDSAKYYLDSLDRIGAADYQPTEQDI LRTRVKTTGIVETHFTFKNLHFRLFDVGGE
Gail 127 IKRLWKDSGVQACFNRSREYQLNDSAAYYLNDLDRIAQPNYIPTQQODVLRTRVKTTGIVETHFTFKDLHFKMFDVGG
Gai2 128 IRRLWADHGVQACFGRSREYQLNDSAAYYLNDLERIAQSDYIPTQQDVLRTRVKTTGIVETHFTFKDLHFKMFDVGGORSER
Gai3 127 IKRLWRDGGVQACFSRSREYQLNDSASYYLNDLDRISQSNYIPTQQDVLRTRVKTTGIVETHFTFKDLYFKMFDVGG]
Gat 123 IQRLWKDSGIQACFERASEYQLNDSAGYYLSDLERLVTPGYVPTEQDVLRSRVKTTGIIETQFSFKDLNFRMFDVGGQRSER
Gall 132 IKTIWEDPGIQECYDRRREYQLSDSAKYYLTDVDRIATLGYLPTQQDVLRVIRVPTTGIIEYPFDLENIIFRMVDVGGOR
Gas 150 AKAIWEDE ACYERSNEYQIIDCAQYFIDKIDVIKQADYVPSDQILLRCIRVLTSGIFETKFQVDKVNFHMEDVGGORDE
Goolf 137 VKKLWDDEGVKACFERSNEHQLIDCAQYFLERIDSVSLVDYTPTDQDLLRCR LTSGIFETRFQVDKVNFHMFDVGCO
* Kk ok Kk * e ek koo Kk Kk * x * .
oC M) aD OIIIIISEIIIII 1L_oF )
L I 1 I 1 I I I L I I 1 I
Goo 210 KKWIHCFEDVTAIIFCVALSGYDQVLHEDETTNRMHES LMLEDSICNNKFFIDTSIILFLNKKDLFGEKIK--KSPLTICEP 289
Gail 209 KKWIHCFEGVTAIIFCVALSDYDLVLAEDEEMNRMHESMKLFDSICNNKWFTDTSIILFLNKKDLFEEKIK--KSPLTICYP 288
Gai2 210 KKWIHCFEGVTAIIFCVALSAYDLVLAEDEEMNRMHESMKLFDSICNNKWFTDTSIILFLNKKDLFEEKIT--HSPLTICFP 289
Gai3 209 KKWIHCFEGVTAIIFCVALSDYDLVLAEDEEMNRMHESMKLFDSICNNKWFTETSIILFLNKKDLFEEKIK--RSPLTICYP 288
Gat 205 KKWIHCFEGVTCIIFIAALSAYDMVLVEDDEVNRMHESLHLFNSICNHRYFATTSIVLFLNKKDVFFEKIK--KAHLSICFP 284
Gall 214 RKWIHCEFENVTSIMFLVALSEYDQVLVESDNENRMEESKALFRTIITYPWFQONSSVILFLNKKDLLEDKIL--YSHLVDYFP 293
Gas 232 RKWIQCEND IEVVASSSYNMVIREDNQTNRLQEALNLFKS IWN RTISVILFLNKQDLLAEKVLAGKSKIEDYFP 313
Gaolf 219 RKWIQCFNEVTAIIYVAACSSYNMVIREDNNTNRLRESLDLFESIWNNRWLRTISIILFLNKQDMLAEKVLAGKSKIEDYFP 300
***:**:.**'*- **:.*: * * : ::*****:*:
D S 7 S r—w > B >0 «® ) —
I L
Gao 290 EYTGPNTYEDA----—--—-—-—-—-- A-AYIQAQFESKNR---SPNKEIYCHMTCATDTNNIQVVFDAVTDIIIANNLRGCGLY 354

Gail 289 EYAGSNTYEEA----—------
Gai2 290 EYTGANKYDEA----------
Gai3 289 EYTGSNTYEEA----------—

Got 285 DYDGPNTYEDA---—---—--—-—---—
Gall 294 EFDGPQRDAQA---—-—----—-—--
Gas 314 EFARITTPEDATPLPGEDPRVTHAKYET

* o Kk Kk Kk

A-AYIQCQFEDLNKR--KDTKEIYTHFTCATDTKNVQFVFDAVTDVIIKNNLKDCGLF 354
A-SYIQSKFEDLNKR--KDTKEIYTHFTCATDTKNVQFVFDAVTDVIIKNNLKDCGLF 355
A-AYIQCQFEDLNRR--KDTKEIYTHFTCATDTKNVQFVFDAVTDVIIKNNLKECGLY 354
G-NYIKVQFLELNMR--RDVKEIYSHMTCATDTQONVKFVFDAVTDIIIKENLKDCGLFE 350
AREFILKMFVDLNP---DSDKIIYSHFTCATDTENIRFVEAAVKDTILQLNLKEYNLV 359
ESLRISTASGDGRHYCYPHFTCAVDTENIRRVENDCRDITIQHEMHLRQYELL 394

Gaolf 301 EYANYTVPEDATPDAGEDPKVTRAKFFIRDLFLRI STATGDGKHYCYPHFTCAVDTENIRRVFNDCRDI IQRMHLKQYELL 381

:*-

Fig. 3. Alignment of the amino acid sequences of Gu-subunits with disease-causing dominant mutations (color-coded) was generated using the Clustal Omega

server.

Large parts (aa 69 to 127 for Gao) of the a-helical domain are not shown, as this region rarely contains pathogenic mutations (see Fig. 2B,C). Mutations in the boxed Arg
and GIn residues (R179 and Q205 in Gao) lead to the GTPase-deficient pro-oncogenic forms of the G proteins. Conserved a-helixes and B-sheets, Switch regions, and
nucleotide binding P-loop, G4 and G5 domains are indicated according to (Sprang, 1997). Symbols above amino acids found mutated in GNAOT-related disorders highlight
the sites that lead to non-neomorphic disease (L) and the neomorphic disease characterized by dominant interaction with Ric8A only (lI) or both Ric8A and Ric8B (I)
(* indicates a deletion mutation of the amino acid). Data from (Larasati et al, 2022; Larasati et al, 2023; Lasa-Aranzasti et al, 2024a; Solis et al, 2025; Solis et al, 2024a;

Solis et al, 2021).

encephalopathies. Overall, nine codons in
GNAI2 have been identified to undergo
missense mutations (Fig. 3), five of which
have been equivalently reported mutated in
GNAOI-related disorders: [K46T], [R179H/
CJ, [T182A/1/P], [G203R], and [R209W].

GNAI3
Dominant missense mutations in Gai3,

the member of the Gai/o subclass encoded
by GNAI3, have been associated with

4 EMBO Molecular Medicine

“Auriculocondylar Syndrome-1” (ARCND1;
OMIM #602483). ARCNDI is an autosomal
dominant disorder of the first and second
pharyngeal arches characterized by mal-
formed ears (question mark ears), promi-
nent cheeks, microstomia, abnormal
temporomandibular joint, and mandibular
condyle hypoplasia (Masotti et al, 2008).
Notably, five codons in GNAI3 have
been linked to ARCNDI1 thus far (Fig. 3),
all echoed in GNAOI-related disorders:
[G40R], [G45A/V/S], [S47R/N], [T48N],

and [N269K/Y] ([N270D/H/K] in GNAOI)
(Vegas et al, 2022).

GNAT1

The missense mutations [G38D] ([G42R] in
GNAO1I), [I52N] ([I56T] in GNAOI), as
well as the variant [K273del] ([K278del] in
GNAOI) in GNATI encoding transducin
(Gat), a retina-specific member of the Gai/o
subfamily, lead to “Congenital Stationary
Night Blindness Autosomal Dominant-3”

© The Author(s)
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(CSNBAD3; OMIM #610444) (Dryja et al,
1996). CSNBAD3 patients have normal
daytime vision but are blind when light is
so dim that requires rod-photoreceptors for
vision. Alternative missense mutations in
GNATI have been associated with early-
and late-onset high myopia (Zhou et al,
2018): [T73M], [R138H], [V170M], [1218T]
— residues not described in GNAOI-related
disorders—and [K273N], amino acid that
has been found deleted ([K278del]) in
GNAOI patients (Sdez Gonzalez et al, 2023).

GNAS

The GNAS gene encodes Gas, the main Ga-
subunit of the stimulatory Gas subfamily and
one of the most well-characterized G proteins.
Canonical GTPase-deficient [R201C/Q] muta-
tions in Gas are recurrently found in hepato-
cellular carcinoma, lung adenocarcinoma,
adrenocortical carcinoma, esophageal squamous
cell carcinoma, and other tumors (cBioPortal for
Cancer Genomics). The same mutations also
underlie the McCune-Albright syndrome, which
is characterized by endocrine disorders, poly-
ostotic fibrous dysplasia, and café-au-lait skin
spots. Similarly, the canonical GTPase-deficient
Gas mutants [Q227R/H] are found in endocrine
tumors (Aldred and Trembath, 2000).
However, a long list of alternative dominant
missense mutations in GNAS has been identified
in a rare syndrome: Albright's hereditary
osteodystrophy (AHO), characterized by skeletal
and developmental abnormalities including
brachydactyly, short stature, obesity, and mental
deficits, with an accompanying parathyroid
hormone resistance (pseudohypoparathyroid-
ism type Ia (PHP1A; OMIM #103580) and Ic
(PHP1C; OMIM #612462)) or without it
(pseudopseudohypoparathyroidism (PPHP;
OMIM #612463)), determined by the maternal
vs. paternal inheritance of the pathogenic
variant, respectively (Lemos and Thakker,
2015). Overall, >80 codons in GNAS have been
found mutated in AHO, many of which
correspond to variants in GNAOI-related dis-
orders (Fig. 3): [L30P], [G47D], [G52D],
[T55A], [H64L], [L179P], [P192L], [D196N],
[R199G], [R201H/C/S/G/L], [T204I], [R228C],
[R231C/H], [A243V], [E259V], [N264H],
[E268K/G], [L272F], and [D295E] (Aldred and
Trembath, 2000; Lemos and Thakker, 2015).

GNAL
GNAL encodes Gaolf, the second member

of the stimulatory Gas subclass. Hetero-
zygous mutations in GNAL lead to the
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autosomal dominant torsion Dystonia (Dys-
tonia-25; OMIM #615073) with an onset in
adulthood. Overall, 29 codons in GNAL are
affected by missense mutations (Fuchs et al,
2013; Salamon et al, 2023), three of which
correspond to positions found mutated in
GNAOI1 patients (Fig. 3): [T57I] (Gao
[T481]), [G213S] (Gao [G204R/D]), and
[E255A] that corresponds to the recurrent
GNAOI mutations [E246K/G/R/V].

GNAT

Missense mutations in GNAII—the gene
encoding Gall, a member of the Gaq
subclass—have been associated with the
autosomal dominant “Hypocalcemia-2”
(HYPOC2; OMIM #615361) and “Hypocal-
ciuric Hypercalcemia type II” (HHC2;
OMIM #145981), both disorders of mineral
homeostasis (Howles et al, 2023; Mannstadt
et al, 2013). Of these mutations, several have
their counterparts in GNAOI-related dis-
orders (Fig. 3): [T54M] (Gao [T48I]),
[R181Q] (Gao [R177P]), [R183P] (Gao
[R179G]), and [S211W] (Gao [S207Y]).
Further, the GNAI1l [A231T] mutation,
equivalent to [A227V] in GNAOI encepha-
lopathy (Fig. 3), could be found in glio-
multiforme, prostate
adenocarcinoma, and other cancers (cBio-
Portal for Cancer Genomics).

This impressive and ever-expanding list
of dominant missense mutations in GNA

blastoma

genes shows a systematic pattern of emer-
gence across Ga-subunits (Fig. 3). This
repeatability brings us to predict that many
new pathogenic mutations will be discov-
ered in GNA-dependent diseases, falling on
the amino acid sites equivalent to the
mutations already known in e.g., GNAOI
encephalopathy (Fig. 3). The extent of such
discoveries will be particularly important
for the diseases, for which so far only a few
missense GNA mutations have been identi-
fied, such as autosomal dominant congenital
stationary night blindness (OMIM 610444:
GNATI), auriculocondylar syndrome-1
(OMIM 602483: GNAI3), autosomal domi-
nant hypocalcemia-2 (OMIM 615361:
GNA1I), or dystonia-25 (OMIM 615073:
GNAL). Furthermore, we predict that new
congenital disorders are waiting to be
discovered, which will be caused by domi-
nant mutations in GNA genes so far not
found in diseases: GNAQ, GNAZ, GNA12,
GNA13, and others. The organs/tissues to be
affected by these new congenital disorders
to emerge are those where the expression
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levels of the respective Ga-subunits are
high. Resources such as proteinatlas.org/
provide exhaustive information on expres-
sion patterns and abundances. Based on
this, we may expect new GNA12-dependent
deficiencies to be discovered that will affect
the placenta, GNAI3-dependent affecting
lymphoid tissues, and GNAZ-dependent
and GNAQ-dependent involving the cere-
bral cortex.

Other predictions emerging from the
mutational signatures found in pathogenic
missense GNA mutations relate to unifying
mechanisms of pathogenic dominance dri-
ven by these mutations in different Ga-
subunits, and to pharmacological avenues to
treat the diverse Ga-pathies, as elaborated
in the following sections.

Guanine nucleotide mishandling as
the unifying biochemical deficiency
of dominant GNA mutations

As a G protein, the Ga-subunit binds the
guanine nucleotides GDP and GTP. It
adopts an activated conformation able to
interact with and activate downstream
signaling partners when bound to GTP,
and it hydrolyzes GTP to GDP to become
inactive again (Fig. 1). These activities are
the biochemical basis of the Ga life cycle. A
group of proteins further regulates these
activities: GPy
containing proteins act as GDIs (guanine
nucleotide dissociation inhibitors), activated
GPCRs and certain non-receptor proteins
act as GEFs, and dedicated proteins, most
notably RGS proteins, act as GAPs.

Some of the first attempts to elucidate
the biochemical consequences of pathogenic
GNAOI mutations were performed using
recombinant Gao for the recurrent variants
[R203R], [R209C/H], and [E246K] (Larasati
et al, 2022; Larrivee et al, 2020). This
approach revealed a major disruption in
the GDP/GTP cycle, showing two emerging
defects: (i) a much faster GTP uptake
(which reflects faster GDP release), and
(ii) a strongly reduced GTP hydrolysis. This
evidence suggests that, biochemically,
GNAOI mutations lead to the constitutively
GTP-binding state of Gao. A similar pattern
was later reproduced in a large number of
Gao mutants (Knight et al, 2023; Lasa-
Aranzasti et al, 2024a; Solis et al, 2024a). A
strong perturbation in the GDP/GTP cycle
appears to be exclusively induced by
GNAOI mutations associated with DEE17
and NEDIM, while Gao mutants linked to

and GoLoco domain-
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milder phenotypes presented a near-normal
GDP/GTP cycle (Knight et al, 2023; Koval
et al, 2023; Solis et al, 2025; Solis et al,
2024b). Further, several Gao variants lead-
ing to the most severe DEE17 phenotype
were completely incapable of binding GTP
(and perhaps any nucleotide) (Knight et al,
2023; Larasati et al, 2025b; Larasati et al,
2023; Solis et al, 2024a; Solis et al, 2021).
Interestingly, some pathogenic muta-
tions in other members of the Gai/o
subfamily showed similar biochemical
defects. For instance, almost the entire set
of Gai2 mutants leading to impaired
immunity showed a faster GTP-uptake and
decreased hydrolysis (Ham et al, 2024). The
Gail [Q52P] and Gai3 [S47R] variants
associated with NEDHISB and ARCNDI,
respectively, were unable to bind to GTP
(Marivin et al, 2016; Solis et al, 2021). The
remaining ARCND1 mutants of Gai3 were
not properly expressed in bacteria (Marivin
et al, 2016); other pathological Gail variants
have not been analyzed biochemically. On
the other hand, the Gat [G38D] mutant
responsible for the Nougaret form of night
blindness showed a near-normal GTP-
binding, and a slight reduction in both
intrinsic and RGS9-stimulated GTPase
activity (Muradov and Artemyev, 2000),
although this study employed a Gat/Gail
chimera comprised of 94% of Gat residues.
While Gall and Goaolf mutants have not
been biochemically characterized yet, several
studies describing defects in the GDP/GTP
cycle of pathogenic Gas variants exist. Speci-
fically, an accelerated GTP-uptake was
described for Gas [R228C], [R265H],
[W281R], [A366S], and [A366_T369in-
sAVDT] (Hu and Shokat, 2018; Iiri et al,
1994; Jeong and Chung, 2023; Makita et al,
2007), although several other pathogenic Gas
variants display normal GTP binding (Jeong
and Chung, 2023). An abolished GTP-loading
was reported for [1106S], [D173N], [R231H],
and [R280G] (Iiri et al, 1997; Jeong and
Chung, 2023; Leyme et al, 2014). Several other
Gas variants—[L99P], [F246S], [S250R],
[R258W], [E259V], and [K338N]—were
expressed in aggregates in E. coli (Jeong and
Chung, 2023), suggesting defects in the proper
folding of the protein. In fact, three of these
variants ([S250R], [R258W], and [E259V])
were previously described as thermolabile, as
they aggregate at physiological temperature
(Warner et al, 1997; Warner et al, 1999;
Warner et al, 1998).
If nucleotide handling is strongly
affected in pathogenic Ga variants, their
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cellular interactions, that depend upon the
well-adopted and distinct for each bound
nucleotide (GDP vs. GTP) states, are
expected to be affected too. This is indeed
the case, and we will now discuss these
cellular deficiencies, grouping them into the
interactions with Gpy-heterodimers and
GPCRs (both recognize the GDP-bound
state of Ga) and with RGS proteins and
effectors (that recognize the GTP-bound
state).

Functional consequences of
dominant GNA mutations

Gpy-heterodimers are the main binding
partners of Ga-subunits (Pierce et al,
2002), and defects in the formation of the
heterotrimeric G protein are present in
most Gao variants connected to GNAOI-
related disorders. Particularly, Gao mutants
leading to DEE17 showed a very weak
association with Gy, which strongly corre-
lates with their poor localization at the
plasma membrane (Dominguez-Carral et al,
2023; Larasati et al, 2023; Lasa-Aranzasti
et al, 2024a; Solis et al, 2024a; Solis et al,
2021). Gao variants related to NEDIM and
milder phenotypes tend to interact with
Gpy to a near-normal level or even showed
a stronger binding. It was thus postulated
that the degree of impairment in hetero-
trimer formation serves as a predictor of
clinical severity in GNAOI mutations
(Dominguez-Carral et al, 2023; Solis et al,
2024a). GPy-binding, however, does not
fully account for disease severity, as muta-
tions targeting the aN domain of Gao lead
to a mild Parkinsonism phenotype despite
failing to form the heterotrimer (Solis et al,
2024b). Moreover, several DEE17 and
NEDIM variants appear to sequester Gfy
due to a failure in adopting the GTP-
induced conformational changes needed for
their dissociation upon GPCR activation
(Knight et al, 2023). Additional Gao
varjants associated with mild phenotypes
are also predicted to sequester GPy as
they exhibit a poor coupling with GPCRs
despite a near-normal formation of the
heterotrimer (Lasa-Aranzasti et al, 2024a;
Solis et al, 2025).

Albeit its relevance, only a few studies
have directly addressed the interaction with
Gpy for other pathogenic Ga-subunits. For
instance, mild to moderate defects in Gfy-
binding were reported for all Gai3 mutants
linked to ARCNDI1 (excepting [S47R] with
normal binding (Marivin et al, 2016)), and
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for some Gaolf variants leading to Dytonia-
25: [F133L], [V137M], [E155K], [G213S],
and [A353T] (Dos Santos et al, 2016; Fuchs
et al, 2013; Kumar et al, 2014). The
autosomal recessive Gaolf [R329W] also
displayed a mild reduction in GPy interac-
tion (Masuho et al, 2016). Lack of in vitro
association with GBy was shown for Gas
[S250R] and [E259V] (Warner et al, 1997;
Warner et al, 1999), whereas no binding
defect was described for [R231H] (Iiri et al,
1997). Finally, the Nougaret Gat [G38D]
variant also showed a normal interaction
with Gy (Muradov and Artemyev, 2000).

Gao variants were first reported as either
normal, LOF, or gain-of-function (GOF)
according to their ability to inhibit the
forskolin (FSK)-mediated production of
cAMP downstream of the a,,-adrenoceptor
(a24AR) (Feng et al, 2017). Conversely, later
analyses employing various biosensors to
monitor GPCR-mediated signaling via the
heterotrimeric Go protein—i.e. the splitting
of Gao and GPy—showed that the clinically
severe GNAOI mutations were impaired to
various degrees in their activation by
GPCRs, while milder mutations showed
minor to negligible effects (Dominguez-
Carral et al, 2023; Knight et al, 2023; Koval
et al, 2023; Muntean et al, 2021). The extent
of these defects, however, depends on the
exact GPCR as the recurrent Gao variants
[G203R], [R209C] and [E246K] showed
dissimilar LOF behaviors upon stimulation
by the a,, AR, dopamine D, (D,R), p-opioid
(MOR), and M, muscarinic acetylcholine
(M,R) receptors (Larasati et al, 2022).
Additional GNAOI mutations associated
with mild phenotypes lead to LOF by the
exclusion of the mutant Gao from GPCR-
signaling, due to the lack of heterotrimer
formation (Solis et al, 2024b), deficiency in
coupling with GPCRs (Lasa-Aranzasti et al,
2024a), or poor targeting to the plasma
membrane (Lasa-Aranzasti et al, 2024b).
Similar GNAI3 mutations
revealed that all tested pathogenic Gai3
variants were poorly activated by the
adenosine A; receptor (A;R) (Marivin
et al, 2016). Severe deficiencies in G protein
activation were also reported for Gas
[E268K] and Gaolf [F133L], [G213S], and
[A353T] downstream of the B,-adrenocep-
tor (B,AR) and dopamine D; receptor
(D4R), respectively, whereas Gaolf [E155K]
showed mild defects and Gaolf [V137M]
was normally activated (Dos Santos et al,
2016; Fuchs et al, 2013; Knight et al, 2021;
Kumar et al, 2014).

studies for
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Downstream functional analyses have
also been performed for pathogenic Ga-
subunits. For instance, the sole expression
of Gai2 mutants significantly reduced FSK-
mediated cAMP production in HEK293
cells, suggesting a GOF towards adenylate
cyclase inhibition. Although this effect was
not seen for Gai2 [R209W] and [G203R],
FSK-mediated cAMP production was
decreased in patients’ primary fibroblasts
carrying the [R209W] variant. When che-
mokines were used to counterbalance FSK-
mediated cAMP production, only a few
Gai2 variants slightly reduced cAMP levels,
suggesting that the remaining mutants
cannot engage with GPCRs. A strong
reduction in coupling to the CC-
chemokine receptor 7 (CCR7) was indeed
confirmed for Gai2 [T182A] using a biolu-
minescence resonance energy transfer
(BRET)-based assay (Ham et al, 2024). In
contrast, the active GTP-loaded form of Gat
[G38D] lost the ability to bind and activate
cGMP-specific phosphodiesterase 6, point-
ing to a LOF of this variant downstream of
GPCR stimulation (Moussaif et al, 2006;
Muradov and Artemyev, 2000). Various
extracellular calcium-sensing assays have
been employed to characterize pathogenic
Gall mutants, classifying the mutants
[L135Q)], [1200del] and [T347A] associated
with HHC2 as LOF and the HYPOC2-
variants [R60C/L], [R181Q], [S211W], and
[F341L] as GOF (Boisen et al, 2025;
Mannstadt et al, 2013; Nesbit et al, 2013).

Despite some contrasting biochemical
properties, all pathogenic Gas variants lead
to a LOF phenotype through distinct
molecular mechanisms. Specifically, a subset
of Gas mutants—[R258W], [F376V],
[R385H], [L388R], [Y391X], [E392K], and
[E392X]—are inefficient or totally excluded
from activation via the B,AR and/or para-
thyroid hormone type 1 receptor (PTHI1R),
although they retain the ability to stimulate
adenylate cyclases (Biebermann et al, 2019;
Schwindinger et al, 1994; Seven Menevse
et al, 2024; Thiele et al, 2011; Warner et al,
1998). Gas [I382del] was first reported as
partial LOF for PTHIR but not for other
receptors, including f,AR (Wu et al, 2001),
yet later it was shown to be insensitive for
both GPCRs (Linglart et al, 2006). For
another subset of variants—[R228C],
[R231H], [S250R], [E259V], [R265H],
[K338N], and [L388P]—the LOF phenotype
was due to their failure to activate adenylate
cyclases (Cleator et al, 2004; Farfel et al,
1996; Hu and Shokat, 2018; Iiri et al, 1997;
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Leyme et al, 2014; Pohlenz et al, 2003;
Thiele et al, 2011; Warner et al, 1997;
Warner et al, 1999). A few additional Gas
variants—[L99P], [R165C], [H362P],
[A366S], and [A366_T369insAVDT]|—were
described as thermolabile and/or poorly
expressed (Iiri et al, 1994; Linglart et al,
2006; Makita et al, 2007; Miric et al, 1993).

Probably one of the most striking aspects
of several GNAOI mutations is that they
lead to a dominant GPCR-coupling. Using a
BRET-based assay that directly monitors
GPCR engagement by the Ga-subunit, we
showed that many of the clinically severe
Gao mutants coupled normally or even
strongly with M,R despite a poor Gpy-
binding (Solis et al, 2024a). Many of these
variants were also shown to block the
activation of the wild-type Gao in a
different BRET-based assay that measures
Gpy-disengagement upon D,R stimulation
(Dominguez-Carral et al, 2023; Muntean
et al, 2021). A dominant GPCR-coupling
was recently confirmed for Gao [K46E] that
forms an inactive stable complex with D,R
and GPy as revealed by cryo-electron
microscopy (Knight et al, 2024), and
appears to be a phenomenon general for
severe variants (Larasati et al, 2025a).
Interestingly, all five ARCNDI-associated
Gai3 mutants were shown to block the
endothelin type A receptor (ET»R), exclud-
ing Gaq from signaling mediated by
endothelin-1 (Marivin et al, 2016). This
suggests that a dominant GPCR-coupling
might be prevalent among Ga-pathies, as
these Gao and Gai3 mutations affect highly
conserved residues often mutated in other
Ga-subunits (Fig. 3). Moreover, several
experimental, not derived from patients,
mutations in Gail, Gai2, Gas and Gat have
been shown to engage GPCRs in a similar
dominant fashion (Kaya et al, 2016; Liang
et al, 2018). The dominant GPCR-coupling
of pathogenic Gao variants, however, does
not correlate with the severity of the disease
(Dominguez-Carral et al, 2023; Solis et al,
2024a), implying that additional factors are
at play.

The examples above illustrate that dif-
ferent pathogenic Ga variants have varying
extents of deficiencies in the interactions
with GPy, GPCRs, and effectors, likely
reflecting their defects in nucleotide hand-
ling and adoption of proper conformations.
Perhaps the most telling, in this regard, is
the deficiency of the pathogenic variants’
interactions with RGS proteins - the
regulatory proteins that recognize the well-
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adopted activated, GTP-bound state of Ga
(Ross and Wilkie, 2000). Excluding only a
few variants associated with mild pheno-
types (Lasa-Aranzasti et al, 2024a; Solis
et al, 2025; Solis et al, 2024b), Gao mutants
showed a drastically reduced interaction
with RGS19, a major regulator of GTP
hydrolysis on Gao (Larasati et al, 2022;
Larasati et al, 2023; Lin et al, 2014; Solis
et al, 2024a; Solis et al, 2021). Similarly,
pathogenic Gao interactions with RGS4
(Koval et al, 2023), pathogenic Gai2 with
RGS16 (Ham et al, 2024), and pathogenic
Gat with RGS9 (Muradov and Artemyev,
2000) were defective. Thus, despite the
biochemically constitutive GTP loading by
many pathogenic variants, they fail to adopt
the proper activated conformation (Larasati
et al, 2022; Solis et al, 2024a).

The Neomorphic nature of the
dominant GNA mutations

When assessing the dominant phenotypes
emanating from the pathogenic GNAOI
variants, we were puzzled that the same
variant’s activities, in different systems,
could be (and were by different authors)
interpreted as LOF, dominant-negative
(DN), or GOF. For example, the Gao
[G203R], [E246K], and [R209C] variants
have reduced (to different extents) capacity
to transduce signals from neuronal GPCRs,
arguing for a partial LOF nature of these
mutants. Similarly, in the Drosophila model
of GNAO!1 encephalopathy,
Gao“"R/Gao%R homozygous mutant flies
die at the second larval stage, later than the
Gao™'~ null animals that do not survive past
the embryonic stage, also suggesting the
partial LOF genetics of the mutation
(Larasati et al, 2022). However, the same
mutation can be classified as GOF, due to its
massively increased rate of GTP uptake
accompanied by the loss of GTP hydrolysis
(Larasati et al, 2022) or its higher ability to
inhibit adenylyl cyclase (Feng et al, 2017).
Finally, the same mutation behaves in other
cellular assays, and also in diverse animal
models, as a DN (Di Rocco et al, 2021;
Larasati et al, 2022; Muntean et al, 2021;
Silachev et al, 2022; Wang et al, 2022).
Based on all the contrasting properties of
pathogenic Gao, we proposed that GNAOI
mutations are neomorphic in nature (Lar-
asati et al, 2022) as originally defined by the
Nobel laureate Hermann Muller: “neomorph
represents a change in the nature of the
gene... giving an effect not produced, or at
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least not produced to an appreciable extent,
by the original normal gene” (Muller, 1932).

While searching for the neomorphic
interactor/transducer of pathogenic Gao,
we took into consideration the following
observations: (i) several Gao mutants are
biochemically inactive at room temperature
after recombinant production (Solis et al,
2024a; Solis et al, 2021); (ii) most mutants
have decreased cellular expression levels
(Dominguez-Carral et al, 2023; Feng et al,
2017; Knight et al, 2023; Larasati et al,
2025b; Solis et al, 2024a); (iii) despite
constitutive GTP loading, the mutants
uniformly fail to interact with RGS proteins
that normally recognizes the GTP-bound
state of Ga-subunits (Ham et al, 2024; Koval
et al, 2023; Larasati et al, 2022; Larasati et al,
2023; Lasa-Aranzasti et al, 2024a; Solis et al,
2021). All these features hint at a potential
folding problem, which prompted us to
investigate Ric8 proteins.

Initially described as cytosolic GEFs,
Ric8A/B have also emerged as mandatory
chaperones for Ga-subunits (Gabay et al,
2011), with Ric8A responsible for the Gai/o,
Gagq, and Gal2/13 subfamilies and Ric8B
exclusively for Gas/olf. We discovered that
clinically severe GNAOI variants massively
sequester Ric8A and relocalize it to the
Golgi apparatus. Remarkably, the same was
also observed for Ric8B, the chaperone
“foreign” for the Gai/o subfamily. Further-
more, the strength of the neomorphic
binding to and Golgi-relocalization of Ric8B
correlates with the clinical severity of the
encephalopathy, emerging as the best mole-
cular biomarker of the disease (Katanaev
and Valnohova, 2025; Solis et al, 2024a).
Importantly, the neomorphic sequestration
of Ric8A/B by pathogenic Gao interferes
with the Ric8 chaperone activity over
several Ga-subunits, leading to a drop in
their expression (Solis et al, 2024a). This
revealed an unanticipated mechanism of
disease dominance in GNAOI-related dis-
orders: clinically severe variants, in addition
to the DN action towards the wild-type
copy of Gao itself, might infringe the entire
GPCR-signaling network in the brain, the
tissue in which Gao is most abundantly
expressed. Based on the strength of the
neomorphic Ric8 binding (Larasati et al,
2025b; Solis et al, 2025; Solis et al, 2024a;
Solis et al, 2024b), GNAOI mutations can be
broadly grouped in three main categories
(Fig. 3). Variants presenting a strong gain of
binding to both Ric8A and Ric8B define the
first category (I) that includes mutations
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associated almost exclusively with the most
severe DEE17 phenotype. The second cate-
gory (II) involves NEDIM mutations that
result in a strong binding to Ric8A but
intermediate to Ric8B. And Gao mutants
carrying a near-normal Ric8 association
define the third category (L) that contains
partial LOF GNAOI mutations leading to
mild phenotypes such as late-onset dystonia
and Parkinsonism.

Remarkably, an increased binding to
Ric8A was also detected for all five
ARCND1-associated Gai3 mutants in a yeast
two-hybrid assay (Marivin et al, 2016),
although the authors speculated that this
was related to Ric8 GEF activity. Additionally,
a failure in adopting the active conformation
was demonstrated for the recombinant Gai3
[S47R] due to its high susceptibility to
trypsinolysis when loaded with a non-
hydrolysable GTP analog (GTPYS). A similar
lack in acquiring the active conformation
upon GTPyS-loading and trypsinolysis was
long established for some pathogenic Gas
variants: [D173N], [S250R], [E259V], and
[R265H] (Leyme et al, 2014; Warner et al,
1997; Warner et al, 1999). Our ongoing
analysis of selected pathogenic variants of
Gas and Gail points to a gain of binding to
Ric8A/B by the mutant Ga-subunits (unpub-
lished). We thus postulate that a gain of
neomorphic Ric8 binding due to folding
defects might be at the core of many Ga-
pathies—particularly, in their most severe
Thus,
dominance seen for GNAOI-related disorders
may underlie other Ga-pathies, with the main
tissue/organ affected by the disease deter-
mined by where the given Ga-subunit is
expressed to the highest levels.

The features detailed in these chapters
point to our second major prediction: that
clinically severe variants across diverse Ga-
pathies—from neurological to metabolic, and
from immunological to developmental dis-
orders—share unifying molecular and cellular
mechanisms. These include deficient guanine
nucleotide handling, dominant GPCR-cou-
pling, and neomorphic sequestration of the
Ric8A/B chaperones. Together, these dysfunc-
tions may exert a dominant effect on the
whole GPCR-signaling network.

manifestations. the mechanism of

Unified drug discovery for
Ga-pathies

Ga-pathies are currently managed through
treatments that aim to control clinical

manifestations rather than correct the
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underlying genetic defect. For example,
patients with GNAOI and GNAII mutations
are treated with anti-seizure medications to
manage epilepsy and movement disorders
(Muir et al, 2021; Sdez Gonzélez et al, 2023),
and dystonia is treated pharmacologically in
GNAL patients (Salamon et al, 2023).
GNAI2-related symptoms are managed with
antibiotics, growth hormone and/or testos-
terone injections, depending on the clinical
presentation (Ham et al, 2024). GNAI3-
related malformations are addressed with
cosmetic and corrective procedures (Vegas
et al, 2022). GNAS mutations resulting in
hormone resistance syndromes are managed
with supplementation (e.g., calcium, vita-
min D, magnesium), dietary guidance, and
growth hormone therapy (Lemos and
Thakker, 2015). GNAII-associated disor-
ders are primarily treated by regulating
calcium levels (Howles et al, 2023).

Notably, the development of CRISPR-
Cas9 gene editing technology led to the first
FDA-approved gene therapy for sickle cell
disease and B-thalassemia (Yen et al, 2024).
This breakthrough paves the way for treat-
ing other genetic disorders, with GNAI2
mutations in T cells and GNATI mutations
in retinal photoreceptors emerging as pro-
mising candidates for targeted gene correc-
tion. Moreover, AAV-mediated delivery of
RNA interference (RNAI) is currently being
explored as a potential therapeutic strategy
for allele-specific silencing in GNAOI-
related disorders (Shomer et al, 2025).

Based on the idea of shared mechanisms
across pathogenic Ga-subunits, our third major
prediction states that a unifying drug discovery
paradigm can be expected, whereas drugs
discovered to be effective against one Ga-pathy
may turn out to be effective also against the
broad scope of Ga-diseases. As detailed in the
previous sections, the following molecular
aspects of pathogenic Go variants can be
identified as key to the molecular etiology of
the diseases they cause: (1) defective guanine
nucleotide handling (GTP uptake and hydro-
lysis); (2) neomorphic interactions with Ric8A/
B; (3) dominant non-productive interactions
with and sequestration of GPCRs.

Each of these features can be targeted
with drug discovery. Having established a
high-throughput screening (HTS) platform,
we screened a library of FDA-approved
drugs and identified zinc salts as the agent
capable of rescuing the GTPase deficiency of
pathogenic Gao mutants without affecting
Gao wild-type (Larasati et al, 2022). Sub-
sequent investigations uncovered the
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molecular mechanism of Zn**: substituting
Mg?" in the active center of pathogenic Gao,
zinc could bring back the GIn205 side chain,
otherwise swept away from the interaction
with the y-phosphate of GTP, needed for
the GTP hydrolysis reaction. Restoration of
deficient cellular interactions, and partial
rescue of the motor activities and life span
in the Drosophila model of GNAOI ence-
phalopathy was observed upon dietary zinc
supplementation (Larasati et al, 2022).
Demonstration of the safety of zinc supple-
mentation in mouse models of the disease—
and the approved nature of oral zinc
treatment for a number of pediatric condi-
tions, such as the Wilson disease—per-
mitted to swiftly pass to the first-in-
human application of the drug to a 3-year-
old patient with severe encephalopathy,
which resulted in strong improvements of
patient’s conditions (Larasati et al, 2025c).
Currently, larger-scale clinical applications
of zinc to treat GNAOI encephalopathy are
in place in Germany (ClinicalTrials.gov ID:
NCT06412653) and China. This is a rare
success story, with the drug to pass from
HTS-based discovery to clinical applications
in ca. 2 years (Larasati et al, 2022; Larasati
et al, 2025¢). Importantly, we now find that
zinc can similarly restore the defective
GTPase activity in pathogenic Gai2 variants
(unpublished observations),
ground for development of the zinc supple-
mentation therapy, first in animal models
and then hopefully in clinical trials, provid-
ing hope for this novel devastating pediatric
disease caused by dominant Gai2 mutations
(Ham et al, 2024). We expect that, similarly,
zinc may prove effective in other Ga-
pathies, which will provide a long-required
treatment option for a wide diversity of
these rare diseases.

We expect that other drugs may emerge
that could act at the defective guanine
nucleotide handling by pathogenic Ga
variants. Similarly, drug discovery platforms
can be designed to target the other two
identified molecular vulnerabilities in Ga-
pathies, i.e., neomorphic sequestration of
Ric8A/B and the dominant engagement of
GPCRs seen for some pathogenic variants.
And again, the drug candidates to emerge
from these discovery campaigns may prove
to be effective across diverse Ga-pathies.

laying the

Conclusions

By intention, in the sections above, we
streamlined the hypothesis of the unifying

© The Author(s)

mechanisms of Ga-pathies, from molecules
to patients, in a simplified manner. Five
unifying elements constitute these mechan-
isms. The first is a disruption of the guanine
nucleotide handling capacity by pathogenic
Ga variants. The second (as the basis of the
first one) is an increased structural flex-
ibility and decreased folding of the patho-
genic Ga variants. The third (as the cellular
consequence of the second one) is the
neomorphic binding of pathogenic Ga-
subunits to Ric8A/B proteins and the
dominant coupling with GPCRs, resulting
in the misconfiguration of the whole cellular
Ga- and GPCR-signaling network. The
fourth (as the consequence of the third
one at the organismal level) is the manifes-
tation of the disease in the specific organs
and tissues with high expression levels of
the given Ga. And the fifth element is that
despite the diversity of the clinical manifes-
tations, the same drugs can be applicable
across Ga-pathies. However, the complexity
of the 16 Ga-subunits,
pathogenic mutations scattered around
their sequences, and the diverse disease

the numerous

manifestations these mutations cause are
larger than this chain of mechanisms. Thus,
we consider these unifying mechanisms to
be the “backbone” of the complex
molecular-clinical picture of Ga-pathies.
We further expect that the many details of
(mys)functioning of the many pathogenic
variants generate a multiparametric matrix,
which populates the “meat” on top of this
unifying backbone, to ultimately compre-
hend the complexity of the many rare
diseases we overview here—and to provide
the basis for the translational breakthroughs
for the treatment of these diseases.

A deeper analysis of pathogenic Ga
mutations reveals unifying mechanisms—the
backbone of Ga-pathies—which may underlie
rare and complex disorders. These patterns
can help predict novel disease-causing var-
iants in GNA genes not previously linked to
any pathology. The shared features among
these mutations also shed light on common
mechanisms of pathogenic dominance and
open possibilities for therapeutic strategies
that could apply across different disease
phenotypes. These insights have the potential
to extend beyond heterotrimeric G proteins,
offering broader relevance to the study of their
homologs, such as the small Ras-like G
proteins. Thus, dominant Ga mutations share
common biochemical/cellular dysfunctions,
common mechanisms of dominance, and
common avenues of therapeutic correction

EMBO Molecular Medicine

in neurological, immune, metabolic, and
developmental diseases, caused by mutations
in the 16 genes encoding human Ga-subunits
—the major transducers of the main eukar-
yotic receptor family.

Peer review information

A peer review file is available at https://doi.org/
10.1038/544321-025-00274-8

References

AlAli FA, Drdir T, Yahya A, Al Amiri E (2024)
Variants of the GNAI1 gene manifest as Prader-
Willi-like syndrome: case report with literature
review. Clin Dysmorphol 33:69-74

Aldred MA, Trembath RC (2000) Activating and
inactivating mutations in the human GNAST1 gene.
Hum Mutat 16:183-189

Arang N, Gutkind JS (2020) G Protein-coupled
receptors and heterotrimeric G proteins as cancer
drivers. FEBS Lett 594:4201-4232

Biebermann H, Kleinau G, Schnabel D, Bockenhauer
D, Wilson LC, Tully I, Kiff S, Scheerer P, Reyes M,
Paisdzior S et al (2019) A new multisystem
disorder caused by the galphas mutation p.F376V.
J Clin Endocrinol Metab 104:1079-1089

Boisen IM, Du W, Juul A, Brduner-Osborne H, Jensen
AA, Blomberg Jensen M (2025) Loss-of-function
Thr347Ala variant in the G protein subunit-A11
causes familial hypocalciuric hypercalcemia 2. J
Clin Endocrinol Metab 110:1342-1349

Cleator JH, Ravenell R, Kurtz DT, Hildebrandt JD
(2004) A dominant negative Galphas mutant that
prevents thyroid-stimulating hormone receptor
activation of cAMP production and inositol 1,4,5-
trisphosphate turnover: competition by different
G proteins for activation by a common receptor. J
Biol Chem 279:36601-36607

Di Rocco M, Galosi S, Lanza E, Tosato F, Caprini D,
Folli V, Friedman J, Bocchinfuso G, Martire A, Di
Schiavi E et al (2021) Caenorhabditis elegans
provides an efficient drug screening platform for
GNAOi1-related disorders and highlights the
potential role of caffeine in controlling dyskinesia.
Hum Mol Genet 31(6):929-941

Dominguez-Carral J, Ludlam WG, Junyent Segarra M,
Fornaguera Marti M, Balsells S, Muchart J, Cokoli¢
Petrovi¢ D, Espinoza |, Ortigoza-Escobar JD,
Martemyanov KA (2023) Severity of GNAO1-
related disorder correlates with changes in
G-protein function. Ann Neurol 94:987-1004

Dos Santos CO, Masuho |, da Silva-Junior FP, Barbosa
ER, Silva SM, Borges V, Ferraz HB, Rocha MS,
Limongi JC, Martemyanov KA et al (2016)
Screening of GNAL variants in Brazilian patients
with isolated dystonia reveals a novel mutation
with partial loss of function. J Neurol
263:665-668

EMBO Molecular Medicine 9

/9::€:0TTS:009:029:T00Z d | W0l GZ0Z ‘TE ANt uo Bio'ssaidoguus mmm//sdny woly popeoumod


https://clinicaltrials.gov/ct2/show/NCT06412653
https://doi.org/10.1038/s44321-025-00274-8
https://doi.org/10.1038/s44321-025-00274-8

EMBO Molecular Medicine

Dryja TP, Hahn LB, Reboul T, Arnaud B (1996)
Missense mutation in the gene encoding the alpha
subunit of rod transducin in the Nougaret form of
congenital stationary night blindness. Nat Genet
13:358-360

Farfel Z, liri T, Shapira H, Roitman A, Mouallem M,
Bourne HR (1996) Pseudohypoparathyroidism, a
novel mutation in the betagamma-contact region
of Gsalpha impairs receptor stimulation. J Biol
Chem 271:19653-19655

Feng H, Sjogren B, Karaj B, Shaw V, Gezer A, Neubig
RR (2017) Movement disorder in GNAOT1
encephalopathy associated with gain-of-function
mutations. Neurology 89:762-770

Fuchs T, Saunders-Pullman R, Masuho |, Luciano MS,
Raymond D, Factor S, Lang AE, Liang TW, Trosch
RM, White S et al (2013) Mutations in GNAL
cause primary torsion dystonia. Nat Genet
45:88-92

Gabay M, Pinter ME, Wright FA, Chan P, Murphy AJ,
Valenzuela DM, Yancopoulos GD, Tall GG (2011)
Ric-8 proteins are molecular chaperones that
direct nascent G protein a subunit membrane
association. Sci Signal 4:ra79-ra79

Ham H, Jing H, Lamborn IT, Kober MM, Koval A,
Berchiche YA, Anderson DE, Druey KM, Mandl
JN, Isidor B et al (2024) Germline mutations in a
G protein identify signaling cross-talk in T cells.
Science 385:eadd8947

Hildebrand MS, Jackson VE, Scerri TS, Van Reyk O,
Coleman M, Braden RO, Turner S, Rigbye KA,
Boys A, Barton S et al (2020) Severe childhood
speech disorder: gene discovery highlights
transcriptional dysregulation. Neurology
94:e2148-e2167

Howles SA, Gorvin CM, Cranston T, Rogers A, Gluck
AK, Boon H, Gibson K, Rahman M, Root A, Nesbit
MA et al (2023) GNAT1 variants identified in
patients with hypercalcemia or hypocalcemia. J
Bone Min Res 38:907-917

Hu Q, Shokat KM (2018) Disease-causing mutations
in the G protein galphas subvert the roles of GDP
and GTP. Cell 173:1254-1264.e1211

liri T, Farfel Z, Bourne HR (1997) Conditional
activation defect of a human Gsalpha mutant.
Proc Natl Acad Sci USA 94:5656-5661

liri T, Herzmark P, Nakamoto JM, van Dop C, Bourne
HR (1994) Rapid GDP release from Gs alpha in
patients with gain and loss of endocrine function.
Nature 371:164-168

Jeong Y, Chung KY (2023) Structural and functional
implication of natural variants of Galphas. Int J
Mol Sci 24:4064

Kan Z, Jaiswal BS, Stinson J, Janakiraman V, Bhatt D,
Stern HM, Yue P, Haverty PM, Bourgon R, Zheng J
et al (2010) Diverse somatic mutation patterns
and pathway alterations in human cancers.
Nature 466:869-873

10  EMBO Molecular Medicine

Katanaev VL, Valnohova J (2025) Molecular
biomarkers in GNAO1 encephalopathies. Neural
Regen Res. https://doi.org/10.4103/NRR.NRR-D-
4124-01550

Kaya Al, Lokits AD, Gilbert JA, Ilverson TM, Meiler J,
Hamm HE (2016) A conserved hydrophobic core
in Gail regulates G Protein activation and release
from activated receptor. J Biol Chem
291:19674-19686

Knight KM, Ghosh S, Campbell SL, Lefevre TJ, Olsen
RHJ, Smrcka AV, Valentin NH, Yin G, Vaidehi N,
Dohlman HG (2021) A universal allosteric
mechanism for G protein activation. Mol Cell
81:1384-1396.e1386

Knight KM, Krumm BE, Kapolka NJ, Ludlam WG, Cui
M, Mani S, Prytkova I, Obarow EG, Lefevre TJ,
Wei W et al (2024) A neurodevelopmental
disorder mutation locks G proteins in the
transitory pre-activated state. Nat Commun 15:
6643

Knight KM, Obarow EG, Wei W, Mani S, Esteller MI,
Cui M, Ma N, Martin SA, Brinson E, Hewitt N et al
(2023) Molecular annotation of G protein
variants in a neurological disorder. Cell Rep
42113578

Koval A, Larasati YA, Savitsky M, Solis GP, Good JM,
Quinodoz M, Rivolta C, Superti-Furga A, Katanaev
VL (2023) In-depth molecular profiling of an
intronic GNAO1 mutant as the basis for
personalized high-throughput drug screening.
Med 4:311-325.e317

Krenn M, Sommer R, Sycha T, Zech M (2022)
GNAOT haploinsufficiency associated with a mild
delayed-onset dystonia phenotype. Mov Disord
37:2464-2466

Kumar KR, Lohmann K, Masuho |, Miyamoto R,
Ferbert A, Lohnau T, Kasten M, Hagenah J,
Bruggemann N, Graf J et al (2014) Mutations in
GNAL: a novel cause of craniocervical dystonia.
JAMA Neurol 71:490-494

Larasati Y, Savitsky M, Koval A, Solis GP, Valnohova
J, Katanaev VL (2022) Restoration of the GTPase
activity and cellular interactions of Gao mutants
by Zn2+ in GNAO1 encephalopathy models. Sci
Adv 8:¢abn9350

Larasati YA, Rabesahala de Meritens C, Stoeber M,
Katanaev VL, Solis GP (2025a) Visualizing the
dominant GPCR coupling of pathogenic Gao
mutants in GNAOT-related disorders. Preprint at
https://www.biorxiv.org/content/10.1101/
2025.06.19.660437v1

Larasati YA, Solis GP, Koval A, Francois-Heude MC,
Piarroux J, Roubertie A, Yang R, Zhang Y, Cao D,
Korff CM et al (2025b) Novel mutation at Cys225
in GNAO1-associated developmental and epileptic
encephalopathies: clinical, molecular, and
pharmacological profiling of case studies.
MedComm 6:70196

Viadimir L Katanaev & Gonzalo P Solis

Larasati YA, Solis GP, Koval A, Griffiths ST, Berentsen
R, Aukrust |, Lesca G, Chatron N, Ville D, Korff
CM et al (2023) Clinical cases and the molecular
profiling of a novel childhood encephalopathy-
causing GNAO1 mutation P170R. Cells 12:2469

Larasati YA, Thiel M, Koval A, Silachev DN, Koy A,
Katanaev VL (2025c) Zinc for GNAO1
encephalopathy: preclinical profiling and a clinical
case. Med 6:100495

Larrivee CL, Feng H, Quinn JA, Shaw VS, Leipprandt
JR, Demireva EY, Xie H, Neubig RR (2020) Mice
with GNAO1 R209H movement disorder variant
display hyperlocomotion alleviated by risperidone.
J Pharm Exp Ther 373:24-33

Lasa-Aranzasti A, Larasati YA, da Silva Cardoso J,
Solis GP, Koval A, Cazurro-Gutiérrez A, Ortigoza-
Escobar JD, Miranda MC, De la Casa-Fages B,
Moreno-Galdé A et al (2024a) Clinical and
molecular profiling in GNAO1 permits phenotype-
genotype correlation. Mov Disord 39:1578-1591

Lasa-Aranzasti A, Solis GP, Katanaev VL, Pérez-
Duenas B (2024b) Response to Mortimer et al.
“Clinical and molecular profiling in GNAO1
permits phenotype-genotype correlation”. Mov
Disord 39:2125-2126

Lemos MC, Thakker RV (2015) GNAS mutations in
Pseudohypoparathyroidism type 1a and related
disorders. Hum Mutat 36:11-19

Leyme A, Marivin A, Casler J, Nguyen LT, Garcia-
Marcos M (2014) Different biochemical
properties explain why two equivalent Galpha
subunit mutants cause unrelated diseases. J Biol
Chem 289:21818-21827

Liang YL, Zhao P, Draper-Joyce C, Baltos JA,
Glukhova A, Truong TT, May LT, Christopoulos A,
Wootten D, Sexton PM et al (2018) Dominant
negative G proteins enhance formation and
purification of agonist-GPCR-G protein complexes
for structure determination. ACS Pharm Transl Sci
112-20

Lin C, Koval A, Tishchenko S, Gabdulkhakov A, Tin U,
Solis GP, Katanaev VL (2014) Double suppression
of the Galpha protein activity by RGS proteins.
Mol Cell 53:663-671

Linglart A, Mahon MJ, Kerachian MA, Berlach DM,
Hendy GN, Juppner H, Bastepe M (2006) Coding
GNAS mutations leading to hormone resistance
impair in vitro agonist- and cholera toxin-induced
adenosine cyclic 3',5'-monophosphate formation
mediated by human XLalphas. Endocrinology
147:2253-2262

Makita N, Sato J, Rondard P, Fukamachi H, Yuasa Y,
Aldred MA, Hashimoto M, Fujita T, liri T (2007)
Human G(salpha) mutant causes
pseudohypoparathyroidism type la/neonatal
diarrhea, a potential cell-specific role of the
palmitoylation cycle. Proc Natl Acad Sci USA
104:17424-17429

© The Author(s)

/9::€:0TTS:009:029:T00Z d | W0l GZ0Z ‘TE ANt uo Bio'ssaidoguus mmm//sdny woly popeoumod


https://doi.org/10.4103/NRR.NRR-D-4124-01550
https://doi.org/10.4103/NRR.NRR-D-4124-01550
https://www.biorxiv.org/content/10.1101/2025.06.19.660437v1
https://www.biorxiv.org/content/10.1101/2025.06.19.660437v1

Viadimir L Katanaev & Gonzalo P Solis

Mannstadt M, Harris M, Bravenboer B, Chitturi S,
Dreijerink KM, Lambright DG, Lim ET, Daly MJ,
Gabriel S, Jiippner H (2013) Germline mutations
affecting Gall in hypoparathyroidism. N Engl J
Med 368:2532-2534

Marivin A, Leyme A, Parag-Sharma K, DiGiacomo V,
Cheung AY, Nguyen LT, Dominguez |, Garcia-
Marcos M (2016) Dominant-negative Galpha
subunits are a mechanism of dysregulated
heterotrimeric G protein signaling in human
disease. Sci Signal 9:ra37

Masotti C, Oliveira KG, Poerner F, Splendore A,
Souza J, Freitas RS, Zechi-Ceide R, Guion-Almeida
ML, Passos-Bueno MR (2008) Auriculo-condylar
syndrome: mapping of a first locus and evidence
for genetic heterogeneity. Eur J Hum Genet
16:145-152

Masuho |, Fang M, Geng C, Zhang J, Jiang H, Ozgul
RK, Yilmaz DY, Yalnizoglu D, Yuksel D, Yarrow A
et al (2016) Homozygous GNAL mutation
associated with familial childhood-onset
generalized dystonia. Neurol Genet 2:e78

Menke LA, Engelen M, Alders M, Odekerken VJ, Baas
F, Cobben JM (2016) Recurrent GNAO1
mutations associated with developmental delay
and a movement disorder. J Child Neurol
31:1598-1601

Miric A, Vechio JD, Levine MA (1993)
Heterogeneous mutations in the gene encoding
the alpha-subunit of the stimulatory G protein of
adenylyl cyclase in Albright hereditary
osteodystrophy. J Clin Endocrinol Metab
76:1560-1568

Moussaif M, Rubin WW, Kerov V, Reh R, Chen D,
Lem J, Chen CK, Hurley JB, Burns ME, Artemyev
NO (2006) Phototransduction in a transgenic
mouse model of Nougaret night blindness. J
Neurosci 26:6863-6872

Muir AM, Gardner JF, van Jaarsveld RH, de Lange IM,
van der Smagt JJ, Wilson GN, Dubbs H, Goldberg
EM, Zitano L, Bupp C et al (2021) Variants in
GNAI cause a syndrome associated with variable
features including developmental delay, seizures,
and hypotonia. Genet Med 23:881-887

Muller HJ (1932) Further studies on the nature and
causes of gene mutations. Proc Sixth Int Congr
Genet 1:213-255

Muntean BS, Masuho |, Dao M, Sutton LP, Zucca S,
lwamoto H, Patil DN, Wang D, Birnbaumer L,
Blakely RD et al (2021) Gao is a major
determinant of cAMP signaling in the
pathophysiology of movement disorders. Cell Rep
34:108718

Muradov KG, Artemyev NO (2000) Loss of the
effector function in a transducin-alpha mutant
associated with Nougaret night blindness. J Biol
Chem 275:6969-6974

Nakamura K, Kodera H, Akita T, Shiina M, Kato M,
Hoshino H, Terashima H, Osaka H, Nakamura S,

© The Author(s)

Tohyama J et al (2013) De Novo mutations in
GNAOI, encoding a Galphao subunit of
heterotrimeric G proteins, cause epileptic
encephalopathy. Am J Hum Genet 93:496-505

Negi S, Sahu JK, Bhatia P, Kaur A, Malhi P, Singh G,
Arora A, Sankhyan N, Kharbanda PS (2023)
Exploring the genetic landscape of diphtheria,
tetanus and pertussis vaccination-associated
seizures or subsequent epilepsies. Lancet Reg
Health Southeast Asia 8:100094

Nesbit MA, Hannan FM, Howles SA, Babinsky VN,
Head RA, Cranston T, Rust N, Hobbs MR, Heath
3rdH, Thakker RV (2013) Mutations affecting
G-protein subunit a1l in hypercalcemia and
hypocalcemia. N Engl J Med 368:2476-2486

Pierce KL, Premont RT, Lefkowitz RJ (2002) Seven-
transmembrane receptors. Nat Rev Mol Cell Biol
3:639-650

Pohlenz J, Ahrens W, Hiort O (2003) A new
heterozygous mutation (L338N) in the human
Gsalpha (GNAST) gene as a cause for congenital
hypothyroidism in Albright's hereditary
osteodystrophy. Eur J Endocrinol 148:463-468

Ross EM, Wilkie TM (2000) GTPase-activating
proteins for heterotrimeric G proteins: regulators
of G protein signaling (RGS) and RGS-like
proteins. Annu Rev Biochem 69:795-827

Saez Gonzalez M, Kloosterhuis K, van de Pol L, Baas
F, Mikkers H (2023) Phenotypic diversity in
GNAOI patients: a comprehensive overview of
variants and phenotypes. Hum Mutat
2023:6628283

Salamon A, Nagy ZF, Pal M, Szabé M, Csész A,
Szpisjak L, Gardian G, Zadori D, Széll M, Klivényi P
(2023) Genetic screening of a hungarian cohort
with focal dystonia identified several novel putative
pathogenic gene variants. Int J Mol Sci 24:10745

Savitsky M, Larasati YA, Solis GP, Koval A, Carmaco
A, Nuiiez N, Patat O, Wallach E, Galosi S, Novelli
M et al (2025) Loss of the conserved Switch IlI
region in a G protein leads to severe pediatric
encephalopathy. Sci Signaling accepted

Schwindinger WF, Miric A, Zimmerman D, Levine
MA (1994) A novel Gs alpha mutant in a patient
with Albright hereditary osteodystrophy
uncouples cell surface receptors from adenylyl
cyclase. J Biol Chem 269:25387-25391

Seven Menevse T, lwasaki Y, Yavas Abali Z, Gurpinar
Tosun B, Helvacioglu D, Dogru O, Bugdayci O, Cyr
SM, Guran T, Bereket A et al (2024) Venous
Thrombosis in a pseudohypoparathyroidism
patient with a novel GNAS frameshift mutation
and complete resolution of vascular calcifications
with acetazolamide treatment. Horm Res Paediatr
97:404-415

Shomer |, Mor N, Raviv S, Budick-Harmelin N,
Matchevich T, Avkin-Nachum S, Rais Y, Haffner-
Krausz R, Haimovich A, Ziv A et al (2025)
Personalized allele-specific antisense

EMBO Molecular Medicine

oligonucleotides for GNAOT-neurodevelopmental
disorder. Mol Ther Nucleic Acids 36:102432

Silachev D, Koval A, Savitsky M, Padmasola G,
Quairiaux C, Thorel F, Katanaev VL (2022)
Mouse models characterize GNAO1
encephalopathy as a neurodevelopmental
disorder leading to motor anomalies: from a
severe G203R to a milder C215Y mutation.
Acta Neuropathol Commun 10:9

Solis GP, Danti FR, Larasati YA, Graziola F, Croci C,
Osanni E, Koval A, Zorzi G, Katanaev VL (2025)
Clinical-molecular profiling of atypical GNAO1
patients: novel pathogenic variants, unusual
manifestations, and severe molecular dysfunction.
Genes Dis 12:101522

Solis GP, Koval A, Valnohova J, Kazemzadeh A,
Savitsky M, Katanaev VL (2024a) Neomorphic
Gao mutations gain interaction with Ric8 proteins
in GNAOT encephalopathies. J Clin Invest 134:
€172057

Solis GP, Kozhanova TV, Koval A, Zhilina SS,
Mescheryakova TI, Abramov AA, Ishmuratov EV,
Bolshakova ES, Osipova KV, Ayvazyan SO et al
(2021) Pediatric encephalopathy: clinical,
biochemical and cellular insights into the role of
GIn52 of GNAO1 and GNAI1 for the dominant
disease. Cells 10:2749

Solis GP, Larasati YA, Thiel M, Koval A, Koy A,
Katanaev VL (2024b) GNAOT mutations affecting
the N-terminal a-helix of gao lead to
Parkinsonism. Mov Disord 39:601-606

Song L, YuB, Yang Y, Liang J, Zhang Y, Ding L, Wang
T, Wan X, Yang X, Tang J et al (2021)
Identification of functional cooperative mutations
of GNAOT in human acute lymphoblastic
leukemia. Blood 137:1181-1191

Sprang SR (1997) G protein mechanisms: insights
from structural analysis. Annu Rev Biochem
66:639-678

Sternweis PC, Robishaw JD (1984) Isolation of two
proteins with high affinity for guanine nucleotides
from membranes of bovine brain. J Biol Chem
259:13806-13813

Sun KY, Bai X, Chen S, Bao S, Zhang C, Kapoor M,
Backman J, Joseph T, Maxwell E, Mitra G et al
(2024) A deep catalogue of protein-coding
variation in 983,578 individuals. Nature
631:583-592

Thiel M, Bamborschke D, Janzarik WG, Assmann B,
Zittel S, Patzer S, Auhuber A, Opp J, Matzker E,
Bevot A et al (2023) Genotype-phenotype
correlation and treatment effects in young
patients with GNAO1-associated disorders. J
Neurol Neurosurg Psychiatry 94:806-815

Thiele S, de Sanctis L, Werner R, Grétzinger J, Aydin
C, Juppner H, Bastepe M, Hiort O (2011)
Functional characterization of GNAS mutations
found in patients with pseudohypoparathyroidism
type Ic defines a new subgroup of

EMBO Molecular Medicine n

/9::€:0TTS:009:029:T00Z d | W0l GZ0Z ‘TE ANt uo Bio'ssaidoguus mmm//sdny woly popeoumod



EMBO Molecular Medicine

pseudohypoparathyroidism affecting selectively
Gsa-receptor interaction. Hum Mutat 32:653-660

Vegas N, Demir Z, Gordon CT, Breton S, Romanelli
Tavares VL, Moisset H, Zechi-Ceide R, Kokitsu-
Nakata NM, Kido Y, Marlin S et al (2022) Further
delineation of auriculocondylar syndrome based
on 14 novel cases and reassessment of 25
published cases. Hum Mutat 43:582-594

Wang D, Dao M, Muntean BS, Giles AC,
Martemyanov KA, Grill B (2022) Genetic
modeling of GNAOT1 disorder delineates
mechanisms of Gao dysfunction. Hum Mol Genet
31:510-522

Warner DR, Gejman PV, Collins RM, Weinstein LS
(1997) A novel mutation adjacent to the switch llI
domain of G(S alpha) in a patient with
pseudohypoparathyroidism. Mol Endocrinol
1N:1718-1727

Warner DR, Romanowski R, Yu S, Weinstein LS
(1999) Mutagenesis of the conserved residue
Glu259 of Gsalpha demonstrates the importance
of interactions between switches 2 and 3 for
activation. J Biol Chem 274:4977-4984

Warner DR, Weng G, Yu S, Matalon R, Weinstein LS
(1998) A novel mutation in the switch 3 region of
Gsalpha in a patient with Albright hereditary
osteodystrophy impairs GDP binding and receptor
activation. J Biol Chem 273:23976-23983

Wirth T, Garone G, Kurian MA, Piton A, Millan F,
Telegrafi A, Drouot N, Rudolf G, Chelly J, Marks
W et al (2022) Highlighting the dystonic

12 EMBO Molecular Medicine

phenotype related to GNAO1. Mov Disord
37:1547-1554

Wu WI, Schwindinger WF, Aparicio LF, Levine MA
(2001) Selective resistance to parathyroid
hormone caused by a novel uncoupling mutation
in the carboxyl terminus of G alpha(s). A cause of
pseudohypoparathyroidism type Ib. J Biol Chem
276:165-171

Yen A, Zappala Z, Fine RS, Majarian TD,
Sripakdeevong P, Altshuler D (2024) Specificity
of CRISPR-Cas9 editing in exagamglogene
autotemcel. N Engl J Med 390:1723-1725

Zhou L, Xiao X, Li S, Jia X, Zhang Q (2018) Frequent
mutations of RetNet genes in eoHM: further
confirmation in 325 probands and comparison
with late-onset high myopia based on exome
sequencing. Exp Eye Res 171:76-91

Author contributions

Vladimir L Katanaev: Conceptualization; Formal
analysis; Supervision; Investigation; Methodology;
Writing—original draft; Project administration;
Writing—review and editing. Gonzalo P Solis: Data
curation; Formal analysis; Investigation;
Visualization; Methodology; Writing—original draft;
Writing—review and editing.

Disclosure and competing
interests statement
The authors declare no competing interests.

Viadimir L Katanaev & Gonzalo P Solis

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s)
and the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material in this
article are included in the article’s Creative
Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included
in the article's Creative Commons licence and your
intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To
view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. Creative
Commons Public Domain Dedication waiver http://
creativecommons.org/publicdomain/zero/1.0/
applies to the data associated with this article, unless
otherwise stated in a credit line to the data, but does
not extend to the graphical or creative elements of
illustrations, charts, or figures. This waiver removes
legal barriers to the re-use and mining of research
data. According to standard scholarly practice, it is
recommended to provide appropriate citation and
attribution whenever technically possible.

© The Author(s) 2025

© The Author(s)

/9::€:0TTS:009:029:T00Z d | W0l GZ0Z ‘TE ANt uo Bio'ssaidoguus mmm//sdny woly popeoumod


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

	Dominant Gα mutations in human disease: unifying mechanisms and treatment strategies
	Omnipresence of dominant—yet distinct from the classical activating—mutations across Gα-subunits in diverse human diseases
	GNAO1
	GNAI1
	GNAI2
	GNAI3
	GNAT1
	GNAS
	GNAL
	GNA11

	Guanine nucleotide mishandling as the unifying biochemical deficiency of dominant GNA mutations
	Functional consequences of dominant GNA mutations
	The Neomorphic nature of the dominant GNA mutations
	Unified drug discovery for Gα-pathies
	Conclusions
	References
	Author contributions

	ACKNOWLEDGMENTS


