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A mammalian-specific Alex3/Gog protein complex
regulates mitochondrial trafficking, dendritic

complexity, and neuronal survival
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Mitochondrial dynamics and trafficking are essential to provide the energy required for neurotransmission and
neural activity. We investigated how G protein-coupled receptors (GPCRs) and G proteins control mitochondrial
dynamics and trafficking. The activation of Go, inhibited mitochondrial trafficking in neurons through a mechanism
that was independent of the canonical downstream PLCP pathway. Mitoproteome analysis revealed that Gayg
interacted with the Eutherian-specific mitochondrial protein armadillo repeat-containing X-linked protein 3 (Alex3)
and the Miro1/Trak2 complex, which acts as an adaptor for motor proteins involved in mitochondrial trafficking along
dendrites and axons. By generating a CNS-specific Alex3 knockout mouse line, we demonstrated that Alex3 was
required for the effects of Goy on mitochondrial trafficking and dendritic growth in neurons. Alex3-deficient mice
had altered amounts of ER stress response proteins, increased neuronal death, motor neuron loss, and severe motor
deficits. These data revealed a mammalian-specific Alex3/Goq mitochondrial complex, which enables control of

mitochondrial trafficking and neuronal death by GPCRs.

INTRODUCTION

Mitochondria play a key role in producing the energy necessary for
cell function and survival. In neurons, mitochondria are essential to
provide the high energy supply needed for neurotransmission and
neuronal activity. To fulfill this role, neuronal mitochondria are
transported along dendritic and axonal projections through a complex
with the motor proteins kinesin and dynein, the atypical Rho-like
guanosine triphosphatases (GTPases) Mirol and Miro2, and several
adaptors including trafficking kinesin proteins (Trak1/2) (I-3).
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Ca”*-dependent neuronal activity drives disassembly of this complex,
causing local mitochondrial arrest at sites of high neuronal ac-
tivity and energy demand (4-6). Consistent with this important
role in neurons, alterations in mitochondrial trafficking are as-
sociated with neurodegenerative disorders (7-11).

The ARMCX3 gene belongs to the GPRASP [G protein—coupled
receptor (GPCR)-associated sorting protein]/ARMCX (armadillo re-
peat—containing proteins on the X chromosome) family, a Eutherian-
exclusive genomic cluster located in chromosome X, which originated
by retrotransposition of the ancestral ARMCI0 gene (12-14). Whereas
mutations in members of the GPRASP subfamily are associated with
delayed pulmonary development and psychiatric and intellectual
disabilities (12), mutations in ARMCX subfamily genes are related
to tumor progression (14, 15). The Armcx3 and ArmclO genes are
highly expressed in neurons, and the protein products localize to
mitochondria and regulate mitochondrial trafficking through their
interaction with the Miro/Trak complex in a Ca**-dependent manner
(14, 16). In addition, ARMCX is necessary for axonal regeneration (17).

GPCR signaling occurs not only at the plasma membrane but
also at intracellular membranes (18, 19). In particular, GPCRs and G
proteins are integral components of mitochondria (19, 20), where
they control cellular respiration and energy production in addition
to mitochondrial trafficking and cognition (21-23). The effects of
intracellular GPCR and G proteins may be different from signals
activated by surface proteins and may modulate mitochondrial-
specific signaling pathways. The Gag protein subfamily is abundant
in the nervous system and is localized to the outer and inner mito-
chondrial membrane (20, 24). This subfamily mediates the signaling
of important neuronal metabotropic receptors (such as type I glutama-
tergic and cholinergic muscarinic receptors) and is involved in various
physiological processes including motor functions, learning, and
memory (25-27). In mitochondria, Gog regulates morphology and
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oxidative phosphorylation (OXPHOS) activity (24), but the molecular
mechanisms involved are not understood. Here, we revealed a mecha-
nism for Goyg as a component of the mitochondrial motility machinery,
with armadillo repeat-containing X-linked protein 3 (Alex3) as a direct
binding partner. Together, they controlled mitochondrial distribution
and trafficking, dendritic complexity, synapse formation, and neuronal
survival, thereby revealing a mitochondrial regulatory mechanism spe-
cific to mammals that may be important for higher brain functions.

RESULTS

Gayg regulates mitochondrial trafficking in neurons

To investigate the role of Gayg in axonal mitochondrial trafficking,
we used designer receptors exclusively activated by designer drugs
(DREADD). Hippocampal mouse neurons were cotransfected at
4 days in vitro (DIV) with mitochondrial-green fluorescent protein
(mitoGFP) and the mCherry-hM3Dq DREADD-Ga, receptor (28,
29), which was detected along the axons, dendrites, and cell bodies
(Fig. 1A). Two days later, mitochondria were imaged in axonal segments
located 90- to 160-pm distal to the soma (fig. S1A), before and after
addition of the DREADD ligand clozapine N-oxide (CNO) (Fig. 1,
B and C). Ligand stimulation reduced bidirectional mitochondrial
motility and the percentage of time in motion in both the antero-
grade and retrograde directions. There was a nonsignificant increase
in the number of stops per mitochondrion (Fig. 1C).

The impact of Gog on mitochondrial motility was analyzed in hip-
pocampal neurons transfected with cytosolic GFP and bicistronic vec-
tors encoding mitoDsRed and either the constitutively active mutant
GoyR183C or the wild-type (WT) form of Goy, (fig. S1B). Expression of
GogR183C reduced anterograde and retrograde mitochondrial trafficking
and the percentage of motile mitochondria and increased the number of
stops per mitochondrion without altering transport velocities (Fig. 1, D
and E, and fig. S1C). In contrast, expression of WT Gay increased
anterograde transport and reduced retrograde trafficking (Fig. 1,
DandE).

The involvement of phospholipase Cf (PLC), the canonical Goyg
effector, was evaluated using a form of Gag with mutations at critical
residues (R156 and T257) in the effector region. This mutant has
been used to study the contribution of the noncanonical effects of
Gog because it still binds to guanosine 5'-triphosphate (GTP) but
not to PLCP (30-32). Expression of the GFP-GagR183C/R156A/
T257A (RCAA) mutant (with the constitutively activating R183C
mutation and the R156A and T257A mutations to block PLC binding)
led to an arrest of mitochondrial trafficking similar to that observed
with expression of GFP-GagR183C (Fig. 1, F to H). In contrast,
expression of the N terminus of Goq (GFP-NT; amino acids 1 to
142) did not produce changes relative to control conditions (fig. S1, D to
F). Treatment with the inositol 1,4,5-trisphosphate (IP3) receptor an-
tagonist xestospongin C (33, 34) did not alter Goiy-mediated effects, fur-
ther suggesting that the Gag-induced mitochondrial trafficking effects
were independent of activation of the PLCP pathway (fig. S1, G and H).

We used the potent and selective Gay inhibitor YM-254890 to
further support the specific role of Gog in these mitochondrial traf-
ficking effects (35, 36). YM-254890 treatment rescued the retrograde
transport and the differences in the number of stops upon expression
of the constitutively active GagR183C (fig. S2, A and B). In contrast,
synaptic vesicle traffic was not affected by Gog expression, suggesting
that Goyg effects on trafficking may be specific to mitochondria
(Fig. 11 and fig. S2C). No differences were observed in the staining
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pattern for the membrane potential-sensitive Mito Tracker Red CMXRos
in human embryonic kidney (HEK) 293 cells and neurons expressing
GFP-Gay or the different mutant forms of GFP-Gay (Fig. 1,] and K, and
fig. $2, D and E), suggesting that the effects of Goi or GagR183C expres-
sion were independent of mitochondrial membrane potential.

To further analyze the effect of Gag in mitochondrial trafficking,
we knocked down Gayg (Gog KD) using specific short hairpin RNAs
(fig. S2, F and G). Reducing Gog levels increased retrograde mito-
chondrial transport and the percentage of motile mitochondria,
concomitant with a decrease in mitochondrial stops (fig. S2, H and
I), which further supports the involvement of Gay, in regulating mito-
chondrial motility. Together, these findings suggest that Gog activation
induces mitochondrial arrest, whereas an increase in Gog levels
enhances anterograde movement and the absence of Go increases
the number of motile mitochondria.

Gay interacts specifically with the armadillo domain of Alex3
We next sought to identify binding partners of Gag that could be
involved in the control of mitochondrial dynamics. Gog immuno-
precipitates from mitochondrial- enriched membranes from WT
mouse embryonic fibroblasts (MEFs), MEFs deficient in Goq and
Gall (Gog KO), and Gag KO MEFs with Gay expression (Goyg
KO + Gag), and NIH 3T3 cells were subjected to mass spectrometry
(MS) analysis. Extracts of membranes from Goqg KO MEFs (24) were
used as controls. The Go,g mitoproteome included the mitochondrial
trafficking protein Alex3, which had many peptides identified (22 pep-
tides in three cell lines) (fig. S3A). Alex3 belongs to the GPRASP/
ARMCX family, which includes some GPCR-interacting members,
and the ARMCX subfamily is expressed in the nervous system of
Eutherian mammals (12, 13).

The MS results were validated in brain homogenates, in
SHSY5Y and MEF extracts immunoprecipitated with different
antibodies directed against either Alex3 or Gog (Fig. 2, A and B,
and fig. S3B), and in cells expressing the constitutively active
mutant GoR183C and either Myc- or GFP-tagged Alex3 (fig. $3, C to
E). In contrast, GPy, which is present at mitochondria (37), did
not immunoprecipitate with Myc-Alex3 (fig. S3F). Further, pull-
down experiments using GFP-tagged truncated Alex3 proteins
showed that the region of interaction was the proximal arma-
dillo domain of Alex3 (Fig. 2, C and D, and fig. S3, G to I) (38).
Last, we used purified Gag protein (39) to probe the direct interac-
tion with both the full-length and C terminus of glutathione S-
transferase (GST)-Alex3 in the presence of guanosine diphosphate
(GDP) (Fig. 2, E and F). Overall, these results confirmed a direct
interaction between Gag and the proximal region of the arma-
dillo domain of Alex3.

To address whether Alex3 was a putative effector of Gog, we
compared the binding to the constitutively active mutants of
Gag, GogR183C (RC) and Gogq209L (QL). GagR183C has reduced
kcat for GTP hydrolysis but still depends on guanine nucleotide
exchange factor (GEF) for its activity, whereas GaugQ209L binds
directly to effectors in the absence of GEF activation. Alex3
showed reduced immunoprecipitation with GogQ209L compared
with GagR183C (Fig. 2G). Moreover, Alex3 immunoprecipitated
with the GagQ209L/R256A/T257A (QLAA) mutant, which cannot
bind to PLCP (Fig. 2G) (30, 32). Consistently, expression of
GRK2 (a GPCR-specific kinase that binds to Gog at the canonical
effector domain) did not diminish the Alex3/Gay interaction
(Fig. 2H) (40).
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Fig. 1. Gag regulates mitochondrial motility in axons. (A) Confocal images from hippocampal neurons expressing mitoGFP and the Gag-specific h(M3D-DREADD-
Cherry receptor (Gog-DREADD). (B) Images and kymographs from axons expressing mitoGFP and Gay-DREADD before (—CNO) or after the addition of CNO (+CNO). Images
show axonal mitochondria at t = 0 and corresponding kymographs over a 10-min period (y axis). (C) Bar graphs showing the percentage of time in motion in the anterograde
(ANT) and retrograde (RET) directions, percentage of motile mitochondria, and stops per mitochondrion from images as in (B). n = 387 (—CNO) and 429 (+CNO) total
mitochondria from 24 and 22 axons, respectively, from n = 6 to 9 mouse embryos analyzed in three independent experiments. (D) Images and kymographs from axons
expressing GFP and mitoDsRed without (GFP) or with WT Gog or GagR183C (RC). (E) Bar graphs showing the percentage of time in motion, percentage of motile mitochon-
dria, and stops per mitochondria from images as in (D). n = 470 (GFP), 390 (Ga), and 305 (RC) total mitochondria from 42, 39, and 33 different axons, respectively, from
n =8to 12 mouse embryos analyzed in four independent experiments. (F) Images and kymographs from axons expressing mitoDsRed with GFP, GFP-GagR183C (GFP-RC),
or GFP-GagR183C/R156A/T257A (GFP-RCAA). (G) Representative immunofluorescent images from neurons expressing GFP and mitoDsRed as in (F). (H) Bar graphs show-
ing the percentage of time in motion and percentage of motile mitochondria from images as in (F). n = 336 (GFP), 500 (RC), and 569 (RCAA) mitochondria from n = 22, 24,
and 29 different axons, respectively, from n = 6 to 9 mouse embryos analyzed in three independent experiments. (I) Quantification of GFP-tagged synaptophysin™ vesicles
in axons expressing mitoDsRed (GFP) with or without WT Gag (Gotg) or GagR183C (RC). n = 22 (GFP), 14 (Gag), and 25 (RC) axons from n = 4 or 5 mouse embryos analyzed
in four independent experiments. See fig. S2C for corresponding images. (J) Representative images from HEK293 cells expressing GFP, GFP-Gog, GFP-GogR183C (RC), GFP-
GagR183C R156A/T257A (RCAA), and GFP-Gag-NT (NT) and labeled with MitoTracker Red CMXRos. (K) Fluorescence intensity from images as in (J). n = 37 (GFP), 31 (Gog),
35 (RQ), 33 (RCAA), and 29 (NT) HEK293 cells from n = 6 biological replicates analyzed in three independent experiments. a.u., arbitrary units. Scale bars, 10 pm (A and J)
and 5 pm (B, D, F, and G). Time bars, 300 s. Data are means + SEM. Statistical analysis: Mann-Whitney U test for (C) and Kruskal-Wallis with Dunn’s multiple comparison test
for (E) to (G), (), and (K). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

N
S
Mitotracker CMXROS

Fluorescence intensity (a.u.)

% Synaptophysin motile vesicles

MitoTracker
ROS/GFP

o

GFP Gnq ~ i GFP G“u RC RCAA NT

Izquierdo-Villalba et al., Sci. Signal. 17, eabq1007 (2024) 6 February 2024 3of 21

¥202 ‘60 AINC U0 S21eNaseA0peD) SaUoideB ISaAu| ap [eUOITeN 041U Te BI0°8ouUs 105 MMM/SAY WO ) Papeo lUMOd



SCIENCE SIGNALING | RESEARCH ARTICLE

We found that the levels of Alex3 were decreased in Gog KO MEFs
(Fig. 2, T and J). We have previously shown that Wnt, a ligand for the
Frizzled family of GPCR receptors, protects Alex3 from protein deg-
radation through the canonical PLCB-protein kinase C (PKC) axis
(33). Together, our results indicate that Alex3 preferentially binds to
the nonactive or transitional state of Gag in a region distinct from
canonical effectors and that Go activity maintains Alex3 levels.

Gayg interacts with Alex3, Miro1, and Trak2

well (14). Immunoprecipitation of Myc-Mirol contained Gayg or
GagR183C together with endogenous Alex3 (Fig. 3A). Pull-down
experiments of GST-Mirol from SHSYS5Y cell lysates demonstrated
the interaction of Mirol with endogenous Gay (Fig. 3B). Mirol is a
Ca?*-binding protein whose interaction with Alex3 is disrupted by
high Ca*" levels (14, 41). The presence of high (2 mM) Ca”" levels
did not disrupt the coassociation between Goq and Mirol, as it did
with the Alex3/Mirol interaction (Fig. 3C), suggesting that Gayg
could remain bound to Mirol after Alex3 dissociation.

Given that Alex3 interacts with the mitochondrial Rho GTPase
Mirol (14), we investigated whether Gay interacted with Mirol as

To support the above findings, we performed confocal microscopy in
Cos-7 cells and neurons (Fig. 3, D to I, and fig. S4, A to C). First, we
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Fig. 2. Gag interacts with Alex3 through its armadillo domains. (A) Mouse brain homogenates (LYS) were immunoprecipitated (IP) for endogenous Alex3, Gog, and GFP
(as control). Immunoprecipitates were immunoblotted for GFP, Alex3 (magenta), and Gog (green). n = 3 biological replicates analyzed in three independent experiments. (B)
Endogenous Gag immunoprecipitates from WT MEFs (WT) and Gag/1 17/~ MEFs (Gag KO) were immunoblotted for Gog, Alex3, and GAPDH. n = 3 biological replicates per
group analyzed in three independent experiments. (C) Pull-downs of GST, GST-tagged Alex3 full-length (FL), GST-tagged Alex3 1 to 106 (NT), or GST-tagged Alex3 107 to
379 (CT) from SHSY5Y lysates were immunoblotted for Gag. The Gog and LYS immunoblots show purified Gag protein and cell homogenates, respectively. Ponceau stain-
ing is shown. (D) Quantification from (C) presented as fold change relative to Gog precipitated with GST-Alex-FL. n = 3 biological replicates analyzed in three independent ex-
periments. (E) Pull-downs of purified components either with GST alone or with GST-Alex3 FL, GST-Alex3 NT, or GST-Alex3 CT (10 pug) in the presence of Gag were
immunoblotted for Gag and GST. Gog immunoblot shows purified Gag protein. (F) Quantification from (E) represented as fold change relative to Gag under the control
(GST) condition. n = 4 biological replicates analyzed in four independent experiments. (G) GFP immunoprecipitates and lysates from HEK293 cells expressing GFP-Alex3
with GagR183C (RC), GagQ209L (QL), or GagQ209L/R256A/T257A (QLAA) were immunoblotted for GFP, Gag, and GAPDH. n = 4 biological replicates per group analyzed in
four independent experiments. (H) GFP immunoprecipitates and lysates from HEK293 cells expressing GFP-Alex3 and GogR183C with or without Myc-GRK2 immunoblotted for
Gayg, GFP, and GAPDH. n = 3 biological replicates per group analyzed in three independent experiments. (I) WT and Gay/7 17/~ (Gag KO) MEF lysates were immunoblotted for
Alex3, Hsp90, Gag, and Tom20. (J) Quantification of (I) normalized to Hsp90 from n = 12 biological replicates per group analyzed in four independent experiments. Data
are means + SEM. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparison test for (D) and (F) and one-way ANOVA with Bonferroni post hoc test for (J).
*P < 0.05, **P < 0.01, and **¥**P < 0.0001.
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Fig. 3. Gay interacts with Miro1 and Trak2.
(A) Myc immunoprecipitates and lysates from
HEK293 cells expressing Myc-Miro1 with en-
dogenous Gog (Gog) or GagR183C (GagRC)
were immunoblotted for Gag, Alex3, GAPDH,
and Myc. n = 3 biological replicates analyzed
in three independent experiments. (B) GST-
Miro1 pulldowns from SHSY5Y cell extracts
(LYS) were immunoblotted for endogenous
Gag and GST. n = 3 biological replicates ana-
lyzed in three independent experiments.
(€) Myc immunoprecipitates and lysates from
HEK293 cells expressing Myc-Miro1 with WT
Gay (Gog) or GagR183C (GagRC) were immunob
lotted for Gog, Myc, Alex3, and GAPDH. Immuno
precipitation was carried out in the presence
(+) or absence (=) of 2 mM Ca’*.n=3 biologi-
cal replicates analyzed in three independent
experiments. (D and E) Confocal images of
Cos-7 cells expressing exogenous Gag and
stained for Gog Alex3, and mitochondrial
markers Cox IV or Tom20-Cherry. n = 4 bio
logical replicates analyzed in two independent
experiments. (F) Confocal images of Cos-7 cells
expressing exogenous Gag and stained for
Alex3 and Gay. n = 6 biological replicates ana-
lyzed in three independent experiments.
(G) Mander's coefficient of colocalization was de-
termined between Gag and Alex3 (Gog/Alex3),
Alex3 and MitoTracker Red CMXRos (Alex3/
Mito), and Gag and MitoTracker Red CMXRos
(Gag/Mito) from images of Cos-7 cells trans-
fected with Gay and stained for Alex3 or from
images of hippocampal neurons (4 to 5 DIV)
transfected with Gog and stained for Alex3. n
= 24 Cos-7 cells for Gag/Alex3 and Alex3/Mito
and n = 20 Cos-7 cells for Gag/Mito fromn =6
biological replicates analyzed in three inde-
pendent experiments. n = 18 neurons from n
= 3 mouse embryos analyzed in three inde-
pendent experiments. Corresponding images
are shown in fig. S4 (A and B). (H) Confocal
super-resolution images of Cos-7 cells express-
ing Miro1-Cherry and exogenous Gay stained
for Gag. See fig. 54 (C and D) for more examples
of images and mitochondria line profiles. n = 2
biological replicates per group analyzed in two
independent experiments. (I) Confocal images
of Cos-7 cells expressing Miro1-GFP and
stained for Alex3. Images were taken using the
Zeiss LSM780 (D, F, and I) and Nikon N-SIM (H
and E) high-resolution confocal microscopes. n
= 3 biological replicates per group analyzed in
three independent experiments. (J) HA immu-
noprecipitates and lysates from HEK293 cells
expressing HA-Trak1l, HA-Trak2, WT Gay (Gog),

GagR183C (GagRC), and/or Myc-Kif5c were immunoblotted for HA, Myc, Gag, Alex3, and GAPDH. n = 3 biological replicates per group analyzed in three indepen-
dent experiments. (K) HA immunoprecipitates and lysates from HEK293 cells expressing HA-Trak2, WT Gag (Gag), or GagR183C (GogRC) were immunoblotted for
endogenous dynein (Dynein), Gag, HA-Trak2, and GAPDH. (L) Quantification from (K) normalized to GAPDH from n = 4 biological replicates analyzed in four inde-
pendent experiments. (M) Models of the interaction between Gag, Alex3, Miro1, and Trak1/2. Gaq associates with Alex3 and Miro1 in its GDP-bound form and in

its transitional state (GogR183C). Alex3 dissociates from Miro1 upon increases in Ca”*

and from Gag in the presence of the full-length, constitutively active form

(GagQ209L). Alex3, Gag, and Miro1 interact with Trak1 and Trak2. Gaq potentiates the binding of Trak2 to Kif5c. Scale bars, 5 pm (D to F) and 1 pum (H and I). Data

are means + SEM. Statistical analyses: One-way ANOVA with Bonferroni post hoc test for (K). *P < 0.05.
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confirmed the localization of Goig and Alex3 within the mitochondrial
network identified with either translocase of outer membrane 20
(Tom20) or cytochrome c oxidase subunit IV (Cox IV), although these
proteins were also found outside this compartment (Fig. 3, D and E).
Similarly, we observed colocalization between Gog and Alex3 in
mitochondrial-like organelles and other cytoplasmic regions both in
Cos-7 cells and hippocampal neurons (Fig. 3, F and G, and fig. $4, A
and B). Last, both Alex3 and Go exhibited a close localization with
the mitochondrial protein Mirol (Fig. 3, H and I, and fig. $4, C and D).
Overall, these results are consistent with our biochemical experiments
demonstrating an Alex3/Gog/Mirol complex on mitochondria.

Mirol and Miro2 recruit kinesin and dynein motors to mitochon-
dria by binding to the adaptor proteins Trakl and Trak2 (42). Trak1 re-
cruits both dynein and kinesin, whereas Trak2 preferentially interacts
with dynein (43). We analyzed the interactions of Trakl and Trak2 with
the motor protein Kif5c (kinesin family member 5C) in the presence of
active Goig. Gotg immunoprecipitated with both Kif5¢ and Mirol and
with Trakl or Trak2 proteins (Fig. 3] and fig. S4, E and F). Endogenous
Alex3 immunoprecipitated with Trak2, as shown previously (14), and
also in the presence of Gog (Fig. 3]). Constitutively active GogR183C was
present in a complex with Trak2 and endogenous Kif5¢ (Fig. 3]) ). Fur-
ther, dynein binding to Trak2 was diminished in the presence of
GoyR183C (Fig. 3, Kand L), although no changes were found in the in-
teraction of dynein with Trakl (fig. S4G). In contrast, the GTP-active
mutant GogQ209L did not coassociate with Trakl, which correlated
with the reduced interaction with Alex3 (Fig. 2G and fig. S4G). Together,
these findings suggest that Goy potentiates mitochondrial anterograde
movement (Fig. 3M) by favoring the complex between Trak1/2 and
kinesin concurrently with decreased dynein/Trak2 interaction and
decreased Alex3 protein levels in the complex.

Central nervous system-specific inactivation of Armcx3
demonstrates that Go, effects on mitochondrial trafficking
depend on Alex3

To investigate the contribution of Alex3 in Gog-mediated regulation
of mitochondrial trafficking, we generated a central nervous system
(CNS)-specific Armcx3 KO mouse line (Armcx3ﬂ Al /Nestin-Cre) (Alex3
CKO) (fig. S5A). Western blot analysis of CNS extracts from embryonic
day 14 (E14) and postnatal day 5 (P5) to P7 mouse samples confirmed
the absence of Alex3 in Alex3 CKO mice (Fig. 4, A to D, and fig. S5B).
Alex3 CKO mice were viable at postnatal stages and exhibited normal
cytoarchitectonics (Fig. 4E). Armadillo domains typically act as
chaperones for Ga subunits (44). Here, we found that the levels of
Gag were reduced in the brains of Alex3 CKO mice compared with
those of control littermates (fig. S5, C and D).

We evaluated the effect of Armcx3 gene deletion on mitochondrial
trafficking. Analysis of kymographs of hippocampal neurons from
Alex3 CKO mice showed significant decrease in the percentage of
motile mitochondria and the time in motion and an increase in the
number of mitochondrial stops compared with neurons from control
mice (Fig. 4, F to I). These results are consistent with previous findings
showing reduced neuronal mitochondrial trafficking upon Alex3
knockdown (14).

To resolve the contribution of Alex3 in the regulation of mito-
chondrial trafficking by Gog, we expressed the active form of Gog in
Alex3 CKO hippocampal neurons. GogR183C expression or Armcx3
deletion produced the expected decrease in mitochondrial trafficking.
The effects of GagR183C on motile mitochondria were not observed
in Alex3 CKO hippocampal neurons, suggesting a functional interaction

Izquierdo-Villalba et al., Sci. Signal. 17, eabq1007 (2024) 6 February 2024

between these proteins. Moreover, expression of constitutively active
Gayg in Alex3 CKO neurons rescued the defect in anterograde
movement (Fig. 4, ] to L). These results indicate the requirement of
Alex3 to sustain mitochondrial arrest by Ga, during anterograde
transport and suggest a functional link between these proteins.

We also analyzed the effects of activating the GPCR-specific Gay
pathway on mitochondrial trafficking by expressing the Cherry-
tagged hM3Dq DREADD-Gay receptor in Alex3 CKO neurons.
CNO-induced DREADD activation reduced mitochondrial trafficking
to alesser extent in the absence of Alex3 (fig. S5, E to G). Conversely,
the increased mitochondrial trafficking observed upon Gog knock-
down was largely unaffected by the lack of Alex3 protein (fig. S5,
Hto]).

Although we found reduced numbers of mitochondria in
Alex3 CKO neurons, mitochondrial length was not altered (fig. S5,
K to M). Instead, expression of constitutively active Goyg or
silencing of Gog (Gog KD) increased the number of mitochon-
dria irrespective of Alex3 expression, and the former decreased
mitochondrial length when Alex3 was present (fig. S5, N to P).
Ligand activation of DREADD-Ga in hippocampal neurons re-
duced mitochondrial size (fig. S5, Q to S). Overall, these results
suggest cross-talk between Gog and Alex3 in the control of mito-
chondrial dynamics.

Mitochondrial distribution depends on Alex3 and the
activation of Goyg

Defects in mitochondrial motility may cause altered mitochondrial
distribution in dendrites and axons (45). We thus performed a mito-
chondrial distribution analysis on hippocampal neurons (Fig. 5, A
and B). The Mito80 value (the location of 80% of proximal mito-
chondria) revealed increased mitochondrial accumulation near the
soma in Alex3 CKO neurons compared with in control neurons
(Fig. 5C). In contrast, expression of the constitutively active form of
Gog induced a redistribution of mitochondria toward the periphery
of dendrites (Fig. 5D). In line with this finding, expression of consti-
tutively active Gay prevented the concentration of mitochondria
near the soma in the absence of Alex3 (Fig. 5E). Next, we measured
the density of mitochondria in the cell bodies of cultured neurons.
The mitochondrial accumulation near cell bodies seen in Alex3
CKO neurons was partially reversed by the expression of active Gayg
(Fig. 5F). In contrast, Gog KD did not cause significant changes in
mitochondrial distribution in control or Alex3 CKO neurons (fig. 56, A
and B). Together, these data indicate that the absence of Alex3 results
in an altered mitochondrial distribution in neurites concomitant
with a mitochondrial accumulation near cell bodies, whereas activation
of Go partially reverses these effects.

Alex3 and Gay are required for proper dendritic arborization
We next investigated the impact of Alex3-related mitochondrial
alterations in dendritic morphogenesis (Fig. 6A). Compared with
control neurons, we found an overall decrease in total dendritic
length in Alex3 CKO neurons, along with a higher number of
primary dendrites and a lower density of branching points, which
correlated with an altered Sholl analysis (Fig. 6, B and C).

Neurons expressing GagR183C had fewer and less complex
dendrites, an effect not seen in neurons expressing WT Gay (Fig. 6,
D and E). Expression of constitutively active Gog R183C in Alex3
CKO neurons largely reverted the Armcx3 deletion-induced altera-
tions in primary dendrites (Fig. 6, F and G). The expression of Gayg
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Fig. 4. Characterization of the Armcx3™7INestin-Cre mouse line. (A and B) Representative Western blots from brain lysates of Alex3 and actin from Armex3™ control
(C), Het, and Alex3 CKO mice at E14 (A) and P5 to P7 (B). (C and D) Western blot quantification at E14 (C) and P5 to P7 (D). n = 3 to 7 embryos (C) and 3 to 5 mice per genotype
analyzed in three independent experiments. (E) Representative images of brain slices from control and Alex3 CKO mice stained with Nissl. (F) Images and kymographs
from axons of control or Alex3 CKO mice neurons expressing mitoDsRed. (G to I) Graphical representation of the percentage of time in motion (G), percentage of motile
mitochondria (H), and number of stops per mitochondrion (1). n = 264 (control) and 498 (Alex3 CKO) mitochondria from 17 (C) and 32 (Alex3 CKO) independent axons from
n =3 to 5 mouse embryos per condition analyzed in three independent experiments. (J) Images and kymographs from control or Alex3 CKO mice axons expressing GFP
and mitoDsRed in the presence of GagR183C (RC). (K and L) Bar graphs showing the percentage of time in motion (K) or percentage of motile mitochondria (L) in Alex3
CKO axons expressing GagR183C. n = 431 (control), 133 (control RC), 685 (Alex3 CKO), and 154 (Alex3 CKO RC) mitochondria from 36 (control), 8 (control RC), 52 (Alex3
CKO), and 8 (Alex3 CKO RC) independent axons from n = 3 to 5 mouse embryos per condition analyzed in five independent experiments. Scale bars, 500 pm (E) and 5 pm
(F) and (J). Time bars, 300 s. Data are means + SEM. Statistical analyses: One-way ANOVA with Bonferroni post hoc test for (C) and (D), Mann-Whitney U test for (G) to (1),
and Kruskal-Wallis with Dunn’s multiple comparison test for (K) and (L). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. Mitochondrial distribution in dendrites depends on Alex3 and Ga. (A) Mitochondrial distribution in control (C) or Alex3 CKO neurons at 7 DIV expressing GFP
and mitoDsRed (GFP) in the presence or absence of GagR183C (RC). (B) Dendritic processes (gray) showing mitochondrial distribution (magenta) in control and Alex3 CKO
dendrites. (C) Length-normalized Mito80 values from control or Alex3 CKO neurons at 14 DIV. n = 34 (control) and 31 (Alex3 CKO) neurons from n = 3 to 5 mouse embryos
per condition analyzed in three independent experiments. (D) Length-normalized Mito80 values from control neurons at 6 to 7 DIV expressing mitoDsRed and GFP with-
out (GFP) or with WT Gog (Garg) or GagR183C (RC) expression. n = 23 (GFP), 21 (Gag), and 13 (RC) neurons from n = 8 to 12 mouse embryos per condition analyzed in four
independent experiments. (E) Length-normalized Mito80 values from control and Alex3 CKO neurons at 6 to 7 DIV expressing mitoDsRed without (GFP) or with GagR183C
(RC) expression. n = 54 (control GFP), 20 (control RC), 22 (Alex3 CKO GFP), and 12 (Alex3 CKO RC) neurons from n = 3 to 5 mouse embryos per condition analyzed in five
independent experiments. (F) Mitochondrial area in the soma of control or Alex3 CKO neurons with (GFP) or without GagR183C (RC) expression. n = 29 (control GFP), 17
(control RC), 29 (Alex3 CKO GFP), and 15 (Alex3 CKO RC) somas from n = 3 to 5 mouse embryos per condition analyzed in five independent experiments. Scale bars, 50 pm
(A) and 20 pm (B). Data are presented as means + SEM. Statistical analyses: Unpaired two-tailed Student’s t test with Welch correction for (C), two-way ANOVA with Bonferroni

post hoc test for (D) and (E), and Kruskal-Wallis with Dunn’s multiple comparison test for (F). *P < 0.05, **P < 0.01, and ***P < 0.001.

NT in either control or Alex3 CKO neurons (Fig. 6, H and I) resulted in
dendritic phenotypes largely similar to control neurons (Fig. 6, B
and C), whereas the expression of the Go,y mutant that cannot bind
to PLCP (RCAA) (Fig. 6, H and I) resulted in dendritic phenotypes
similar to those of Gy R183C-expressing neurons (Fig. 6, D and E).
These results suggest that the effects of Gog Alex3 on dendritic
growth are independent of the PLCP pathway. Last, we found that
knocking down Goyq resulted in decreased dendritic length and al-
tered dendritic patterns (fig. S7, A and B), which were not observed
when Gay was knocked down (Gog KD) in Alex3 CKO neurons
(fig. S7, A and C). These results indicate that the dendritic effects
caused by the inactivation of Armcx3 can be partially overcome by
the active form of Gog and, conversely, that Alex3 is required for
most of the dendritic phenotypes driven by expression of active Ga,.

Lack of Alex3 leads to altered expression of endoplasmic
reticulum stress response and OXPHOS

respiratory complexes

Overall, the absence of Alex3 produced defects in mitochondria
motility and distribution in neurites that resulted in altered dendrite
arborization in a mechanism dependent on Gay activity. To evaluate
the impact of Alex3 depletion on mitochondrial homeostasis, we
analyzed the expression levels of mitochondrial respiratory pro-
teins. Western blotting analysis detected a decrease in the levels of
mitochondrial respiratory complexes, suggesting altered OXPHOS
expression in Alex3 CKO mice (fig. S8, A and B), consistent with

Izquierdo-Villalba et al., Sci. Signal. 17, eabq1007 (2024) 6 February 2024

those observed in Mirol/2 null mutants and in Gog and Ga KO
cells (24, 42).

Next, we analyzed the contribution of endoplasmic reticulum
(ER) stress response proteins. The levels of C/EBP homologous pro-
tein (CHOP) were reduced in Alex3 CKO brains, whereas phos-
phorylation of inositol-requiring enzyme 1 (IRE1) and eukaryotic
translation initiation factor 2 alpha (eiF2a) abundance was unal-
tered (fig. S8, C to L). Binding immunoglobulin protein (BIP) and
B-cell lymphoma 2 (Bcl-2) protein levels were similar between con-
trol and Alex3 CKO mice (fig. S8, M to P). These findings suggest
alterations in the expression of the machinery that regulates mito-
chondrial respiration and ER stress response upon Armcx3 deletion.

CNS-specific inactivation of Armcx3 leads to motor deficits
and neuronal death

Alex3 CKO mice were smaller than littermate controls, exhibited
severe motor alterations (lack of balance, tremors, and impaired lo-
comotion and coordination) (fig. S9, A and B), and usually died
around P7 to P9. Mice with constitutive or neuron-specific deficien-
cy in Goyg are also smaller than control littermates (25, 46). Alex3
CKO mice had slightly smaller brains than littermate controls,
which was also noticeable in histological sections (Fig. 4E and
fig. S9, C and D). Despite this reduction, the overall brain anatomy
and organization, including layer distribution in structures such as
the cerebral cortex and cerebellum, were similar in Alex3 CKO and
control mice (fig. S9, C to K). Staining the cerebellum of Alex3 CKO
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Fig. 6. Alex3 and Go, regulate dendritic arborization. (A) Control (C) and Alex3 CKO neurons at 7 DIV expressing GFP and mitoDsRed without (GFP) or with GagR183C
(RC) expression. (B and C) Control and Alex3 CKO neurons at 14 DIV expressing GFP were analyzed for number of primary dendrites, total length of dendritic tree, and
number of branching points. (C) Sholl analysis of branching points. For (B) and (C), n = 30 (control) and 42 (Alex3 CKO) neurons from n = 3 to 5 mouse embryos per condition
analyzed in five independent experiments. (D and E) Neurons at 7 DIV expressing mitoDsRed and GFP without (GFP) or with WT Gayg (Garg) or GagR183C (RC) expression,
analyzed as in (B) and (C). For (D) and (E), n = 47 (GFP), 39 (Gag), and 39 (RC) neurons from n = 8 to 12 mouse embryos per condition analyzed in four independent
experiments. (F and G) Control or Alex3 CKO neurons at 7 DIV expressing mitoDsRed and GFP without (GFP) or with GagR183C (RC) were analyzed as in (B) and (C).n =16
(control GFP), 8 (control RC), 27 (Alex3 CKO GFP), and 13 (Alex3 CKO RC) neurons for number of primary dendrites; n = 9 (control GFP), 7 (C RC), 23 (Alex3 CKO GFP), and
13 (Alex3 CKO RC) neurons for total length of dendritic tree; and n = 13 (control GFP), 8 (control RC), 25 (Alex3 CKO GFP), and 13 (Alex3 CKO RC) neurons for number of
branch points. (G) Sholl analysis of branching points in the neurons described in (F). For (G), n = 32 (control GFP), 39 (control RC), 9 (Alex3 CKO GFP), and 43 (Alex3 CKO RC)
neurons. For (F) and (G), neurons were from n = 8 to 12 mouse embryos per condition analyzed in four independent experiments. (H and I) Control or Alex3 CKO neurons
expressing mitoDsRed and GFP-GagNT (NT) or GFP-GagR183C/R256A/T257A (RCAA) analyzed as in (B) and (C). For (H) and (1), n = 10 (control RCAA and Alex3 CKO RCAA)
or 11 (control NT and Alex3 CKO NT) neurons each from n = 3 mouse embryos per condition analyzed in three independent experiments. Scale bars, 50 pm (A). Data are
means + SEM. Statistical analyses: Unpaired two-tailed Student’s t test with Welch correction for (B) and Kruskal-Wallis with Dunn’s multiple comparison test for (D), (F),
and (H). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 7. In vivo Alex3 deficiency increases cell death and microgliosis and leads to neuromuscular synaptic and electrophysiological deficits. (A and B) Representative pho-
tomicrographs of activated caspase-3 in the cortex (A) and subiculum (B). (C) Quantification of the density of activated caspase-3-positive cells in layers |, I, and V of the
cortex (n = 3 or 4 mice per genotype), striatum (n = 8 mice per genotype), subiculum (n = 8 mice per genotype), and dentate gyrus (n = 8 mice per genotype) analyzed in
two independent experiments. (D and E) Representative photomicrographs of Iba-1-positive cells in the dentate gyrus (D) and subiculum (E). (F) Quantification of microglial
cell density in the cortex, the striatum, the subiculum, and the dentate gyrus. n = 3 or 4 mice per genotype analyzed in two independent experiments. (G to I) Motor be-
havior of control (C), heterozygous (Het), and Alex3 CKO mice at P5 to P7 analyzed in three or four independent experiments. For kyphosis (G), n = 3 to 9 mice per geno-
type. For hind limb suspension test (H), n = 6 to 19 mice per genotype. For clasping test (I, n = 6 to 19 mice per genotype. (J and K) Choline
acetyltransferase (ChAT)-positive motor neurons in the thoracic ventral horn of the spinal cord in motor neurons in control and Alex3 CKO and mice. n = 3 mice
per genotype analyzed in two independent experiments. (L) Representative images of the neuromuscular junctions of the diaphragm muscle stained for rhodamine-
conjugated bungarotoxin (BTX; magenta; postsynaptic acetylcholine receptors at endplates), neurofilament SMI-312, and SV2 (green; axons and presynaptic termi-
nals, respectively). (M and N) Quantification of the percentage of BTX-positive endplates innervated by SV2-positive boutons (M) and the density of synapses double
labeled with BTX and SV2 (N) in control and Alex3 CKO mice. n = 4 or 5 mice per genotype analyzed in two independent experiments. (O) Representative images of the
neuromuscular junctions of the gastrocnemius muscle stained for Alexa Fluor 488 bungarotoxin (green), neurofilament 200, and synaptophysin (magenta). (P) Density of
double-labeled synapses (full endplates) in the gastrocnemius muscle. n = 3 or 4 mice per genotype analyzed in two independent experiments. (Q and R) In vivo motor
nerve conduction analysis of peripheral nerve latency, done by stimulating at the sciatic nerve and recording at the gastrocnemius muscle (Q) and amplitude (R).n=9to 17
mice per genotype analyzed in four independent experiments. Scale bars, 50 pm (A, B, D, E, and J), 10 um (L), and 20 pm (O). Data are means + SEM. Statistical analyses:
Unpaired two-tailed Student’s t test for (C; cortex and striatum), (F), (K), (M), (P), (Q), and (R); unpaired two-tailed Student’s t test with Welch's correction for (C; subiculum
and dentate gyrus) and (N); one-way ANOVA with Bonferroni post hoc test for (G) and (1); and Kruskal-Wallis with Dunn’s multiple comparison test for (H). *P < 0.05,
##P < 0.01, ***P < 0.001, and ****P < 0.0001.
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mice for calbindin revealed reduced density, cell body size, and den-
dritic tree width of Purkinje cells (fig. S9, L to O).

Considering the defects on dendritic density, OXPHOS and ER stress
response proteins levels, and the smaller brain size of Alex3 CKO mice,
we investigated whether Armcx3 deficiency affects neuronal cell death.
We quantified apoptotic cells that were positive for cleaved caspase-3 in
several brain regions. There was an increase in the number of apoptotic
cells in Alex3 CKO mice, which was statistically significant in layers II to
IIT of the cerebral cortex, the subiculum, the striatum, and the dentate
gyrus (Fig. 7, A to C). In addition, using the microglial marker ionized
calcium binding adaptor molecule 1 (Ibal), we detected a widespread
increase in microgliosis in the absence of Alex3 across all regions studied
(Fig. 7, D to F). We conclude that deficiency of Alex3 in vivo results in
increased neuronal death and neuroinflammation.

Deletion of Armcx3 results in decreased number of motor
neurons and in physiological alterations

We next performed motor behavior-related tests. Alex3 CKO mice
presented with persistent kyphosis, which might indicate loss of
muscle tone, and exhibited deficits in the hind limb suspension and
the hind limb clasping tests, which suggests decreased muscle
strength (Fig. 7, G to I). We then determined whether spinal cord
motor neurons were affected by analyzing choline acetyltransferase
(ChAT) expression. We found fewer ChAT-positive motor neurons
in the ventral horn of the thoracic spinal cord of Alex3 CKO mice
compared with littermate controls (Fig. 7, ] and K). To investigate
whether neuromuscular synapses were altered, the neuromuscular
junctions (NM]Js) of diaphragm muscles were visualized by labeling
postsynaptic acetylcholine receptors at endplates with a-bungarotoxin
and axons and presynaptic terminals with synaptobrevin 2 (SV2).
There was a decrease in the density of SV2-labeled endplates in
Alex3 CKO mice compared with controls, suggesting impairment in
these neuromuscular synapses in the absence of Alex3 (Fig. 7, L to N).
In contrast, the density of NM]Js in hindlimb gastrocnemius muscles was
similar in Alex3 CKO and control mice (Fig. 7, O and P). Last, motor
nerve conduction tests were performed at P5 to investigate the physio-
logical consequences of Armcx3 inactivation. After sciatic nerve stimula-
tion, we found increased latencies of compound muscle action potentials
(CMAPs) in the gastrocnemius muscle of Alex3 CKO mice. In contrast,
the amplitude of CMAPs did not differ between genotypes (Fig. 7, Q and
R). These results suggest muscle-specific NMJ alterations in Alex3 CKO
mice. Moreover, alterations in the ARMCX3 gene have been reported in
several neurological disorders (table S1). Together, our data demonstrate
that loss of Alex3 in CNS produces alterations in dendritic morphology
and increased neural apoptosis, motor neuron loss, and inflammation,
causing severe motor alterations (Fig. 8).

DISCUSSION

The present study provides evidence for a role for Alex3 as a component
of the Gay signaling pathway that regulates mitochondrial trafficking
and dynamics in neurons through its link to the Miro/Trak trafficking
complex (4, 6, 14, 47-50). Gog and Alex3 interacted functionally in the
regulation of neuronal mitochondria distribution and transport as
well as in dendritic growth and complexity. Because Gay signals
downstream of multiple important GPCRs (metabotropic glutamate
receptors, muscarinic receptors, and many neuropeptide receptors),
our findings suggest a molecular pathway by which various extracellular
signals may control mitochondrial dynamics and functions.

Izquierdo-Villalba et al., Sci. Signal. 17, eabq1007 (2024) 6 February 2024

The mitoproteome analysis identified Alex3 as a binding partner
of Gog. We focused on this protein because it is a component of the
mitochondria motility complex (14) and it contains armadillo do-
mains that interact with Ga subunits (44, 51-53) and GPCRs (12).
Moreover, Alex3 belongs to the Eutherian-specific family of mito-
chondrial proteins present in the nervous system. We provide evi-
dence that Alex3 directly bound through its armadillo domain to
Gayg, predominantly its nonconstitutively active form (Gaq or
GagR183C but not GagQ209L). We also showed that constitutively
active Goyg partly reverted the phenotype of mitochondrial aggrega-
tion near cell bodies and the neuronal arborization defects observed
upon Armcx3 deletion, suggesting a functional interaction between
both proteins. Taking into account this and the effects of other ar-
madillo domain-containing proteins, we suggest that Alex3 may
potentiate the role of GPCRs to control mitochondrial movement
(19, 54) by acting as an adaptor, scaffolding, or modulator (44, 55).
In contrast, depletion of Goq diminished Alex3 abundance. Phos-
phorylation of Alex3 through the canonical PLCB-PKC axis by Wnt
protects from protein degradation (38), suggesting a regulatory
feedback loop in which Gay activation of the canonical pathway
controls Alex3 abundance. Overall, this additional regulatory level
could contribute to the arrest of mitochondrial movement in re-
sponse to changes of directionality upon GPCR stimulation.

Other GPRASP/ARMCX family members may interact with G
proteins, particularly considering that Armc10 and Alex1 also as-
sociate with Mirol and share some physiological functions with
Alex3 (16, 17) and that Armc10 was found in Goiq immunoprecipi-
tates (fig. S3A). Moreover, GPRASP1 interacts with the & opioid re-
ceptor and with the heterotrimeric Gas subunit (51), and Armc10 is
phosphorylated by the GPCR effector adenosine 5'-monophosphate
kinase (AMPK) (56). Alex3 also interacts with guanine nucleotide
binding protein subunit alpha S (GNAS) and guanine nucleotide
binding protein subunit alpha T2 (GNAT2) (Gas and Gat proteins)
(57, 58). Thus, we propose that members of the GPRASP/ARMCX
family may modulate GPCR signaling by interacting with either
GPCRs (GPRASP subfamily) or Ga subunits (ARMCX subfamily).

Our data provide evidence that mitochondrial transport is regu-
lated by the direct binding of Gog and Alex3 to the trafficking ma-
chinery. Endogenous Alex3 interacts with Mirol and Trak2, and
Guag association with Alex3 and Mirol promoted kinesin-mediated
anterograde transport, likely by reducing the interaction between
Trak2 and dynein. When Gay is fully activated by GPCRs or other
GEFs (which is mimicked by expressing the GagQ209L mutant form
or overexpressing GagR183C), Alex3 and GTP-bound Goy dissoci-
ate from Mirol and the adaptor proteins. This resulted in the de-
tachment of the Mirol/Trak complex from microtubules and
diminished mitochondrial transport or arrest (Fig. 3M and 8A) (4,
14, 41). In addition, the absence of Alex3 led to multiple mitochon-
drial phenotypes, including decreased transport and accumulation
in cell bodies, concomitant to aberrant dendritic trees. The activa-
tion of the Gog pathway in Alex3 CKO neurons partially reverted
these phenotypes (Fig. 8B), further supporting a physiological link
between Goy/Alex3 and mitochondrial trafficking. Alex3 deficiency
leads to transport alterations similar to, although less marked than,
those observed after Alex3 complex disassembly upon Gayg activa-
tion and Ca’* rise (Fig. 8, A and B) (4, 14, 41). In conclusion, our
data support that G protein signaling at mitochondria regulates dy-
namics through specific Ga,/Alex3 interactions, in addition to ca-
nonical Ca**-dependent signaling pathways (6, 54, 59-63). Further
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Fig. 8. Molecular model of G, signaling in the presence and absence of Alex3. (A) Under normal physiological conditions, Alex3 interacts with Miro1 and Trak2, and
the association of Gag with Alex3 and Miro1 favors anterograde transport, diminishes the Trak2 and dynein interaction, and supports kinesin transport. Further activation
of Gog by GEFs (either GPCRs or other GEFs), a state similar to expression of the Q209L mutant or to high GagR183C expression, produces the dissociation of Alex3 and of
Gag from Miro1 and the Trak proteins, and the remaining complex detaches from microtubules, resulting in arrested movement, a process facilitated by increased Ca’t
levels. This physiologic cycle allows the distribution of mitochondria along neuronal dendrites and axons through anterograde and retrograde movements (bottom).
(B) In the absence of Alex3, anterograde and retrograde movements of mitochondria are decreased, and neurons present with altered dendritic arborization and accumulation
of mitochondria around the soma, resulting in increased neuronal cell death and motor impairments (bottom). The presence of the constitutively active GagR183C
partially reverses deficits in mitochondrial movement, dendritic arborization, and mitochondrial accumulation around the soma associated with Alex3 deficiency.

studies are needed to clarify the molecular changes caused by the
lack of Alex3 on both Gag signaling and transport mechanisms.

Mitochondrial cannabinoid receptor 1 (CB1) receptors mediate
distinct mitochondrial processes, synaptic transmission, and memory
functions (21, 23, 56). Other mitochondrial GPCRs, including angioten-
sin IT receptor type-1 (AT1R) (64), purinergic receptor P2Y1 (P2Y1R)
and purinergic receptor P2Y2 (P2Y2R) (59), 5-hydroxytryptamine
(serotonin) receptor 4 (5SHT4R) (61), and melatonin membrane
receptor 1 (MT1R) (62), affect respiration, Ca?* buffering or neuronal
cell death. The intracellular mitochondrial role of Goy mediated by
Alex3 interaction and Mirol suggests that some physiological processes
previously thought to be mediated by plasma membrane receptors
may be due to the local action of GPCRs at mitochondria.

Altered dendritic development correlates with defects in mito-
chondrial localization or trafficking machinery (45, 65, 66). The present
study highlights the relevance of Alex3 and Go in distinct neural
processes (dendritic formation, synaptogenesis, and neuronal survival),
which are likely involved in the occurrence of motor deficits. More-
over, Gog null mutant mice also present with motor dysfunction (27),
and Miro1 ablation results in reduced dendrites without locomotion
defects (45), which may be due to MiroI ablation occurring postnatally.

Our findings show that loss of Armcx3 results in a reduction of
NM]Js in the diaphragm but not in the hindlimb gastrocnemius
muscle, correlating with the absence of effects on synaptic CMAPs.
These results could be related either to differential motoneuron
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vulnerability or to compensatory nerve sprouting, as has been
described during development, in partially denervated muscles and in
neuromuscular diseases (67, 68). Alternatively, delayed nerve growth
(as seen in Alex3 CKO hippocampal dendrites) might account for
these differences, considering the longer distance between the brain
stem and the diaphragm compared with that of the spinal cord and
the hindlimb gastrocnemius muscle.

Loss-of-function ARMCX3 mutations have not been detected,
and a very low number of missense variants in ARMCX3 have been
identified in hemizygosis in human populations (table S1), suggesting
that this gene may be intolerant of loss-of-function mutations. Further-
more, large duplications affecting ARMCX3 are associated with
schizophrenia and autistic disorders (69), whereas ARMCX3 variants
are associated with metabolic diseases (70) and ARMCX3 is the
most prominent gene linked to sleep-disordered breathing hypoxia
(71) (table S1). GNAQ (which encodes Gay) mutations lead to motor
and cognitive dysfunctions (25-27) and cause seizures and mental
retardation (72-74), whereas mutations and variants in the functionally
related genes TRAK2 and RHOT1/2 (which encodes Miro1/2) are
associated with autism disorders and late-onset neurodegenerative
diseases (75-87) (table S1). Mirol decreases mitophagy through
parkin, which is encoded by a Parkinson’s disease—associated gene
(38, 63).

Mitochondrial dysfunction and loss of dendritic and axonal com-
plexity are hallmarks of many neurodegenerative disorders, including
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ataxic disorders (88-90) and late-onset neurodegenerative diseases such
as Alzheimer’s disease (7-10). Armcl0 prevents amyloid-p-induced
mitochondrial fission and neuronal death (16). The present study
shows that the Alex3/Gay complex is necessary for correct dendritic
arborization and mitochondrial distribution in neurons. Moreover,
the lack of Alex3 in vivo results in altered expression of mitochon-
drial respiratory complexes and ER stress response elements. Alex3
CKO mice display increased neuronal death in many CNS regions,
including the spinal cord, in association with decreased peripheral
synaptic innervation and severe motor deficits, which also occur in
mitochondrial diseases (67). Given the molecular and functional
interactions between Alex3 and Gy and their coordinated actions
on mitochondrial dynamics and dendritic growth, the phenotypes
caused by Armcx3 inactivation are likely linked to the lack of a func-
tional Alex3/Gay interaction (Fig. 8). Together, our findings lead us
to propose a model in which disruption of the Alex3/Gag complex
results in aberrant mitochondrial trafficking and distribution, altered
ER stress and respiratory protein levels, decreased neurite growth,
and, lastly, neuronal cell death. It remains to be determined how
extracellular signals regulate these processes through GPCR-mediated
activation of Gog-dependent pathways and, considering the above
genetic data, the likely contribution of the Eutherian-specific Alex3/
Gog complex in the pathogenesis of human neurodegenerative and
psychiatric disorders linked to mitochondrial dysfunction.

MATERIALS AND METHODS
Plasmid vectors
pcDNA3.1(4) was from Invitrogen, and pEGFP was from BD Bio-
sciences. Mitochondrial-targeted DsRed and GFP (pmitoDsRed and
pmitoGFP) and pcDNA3-KIF5c-Myc were a gift from A. Zorzano (IRB
Barcelona, Spain) (91). pPCDH-Mirol-Cherry, pCDH-Miro1-GFP, and
pCDH-Tom20-Cherry plasmids were a gift from M. Johnson (MRC
Mitochondrial Biology Unit, UK). Alex3 expression vectors [pSecTag-
Myc-Alex3, pEGFP-Alex3, pEGFP-Alex3-NT, pEGFP-Alex3-CT,
pEGFP-Alex3-ACt (DCT), pEGFP-Alex3-ANt (DCN), pEGFP-Alex3
(1 to 104), and pEGFP-Alex3 (1 to 44)] were previously described
(14). GST-Alex3 constructs were generated and subcloned into pGEX2T
and pGEX4T vectors (Pharmacia) with the following oligonucleotides:
GST-Alex3-FL (30 to 379) and GST-Alex3-NT (30 to 111), 5'-CGCGG
ATCCGGAAGAAAGCAGAACAAGGAG-3' (forward); GST-Alex3-
FL (30 to 379), GST-Alex3-CT (111 to 379), and GST-Alex3-CT2
(27310 379), 5'-GCGGAATTCCTTCCTGACTCTTTGGGAACAT
C-3’ (reverse); GST-Alex3-NT (30 to 111), 5'-GCGGAATTCCAGG
AGAAGCCCTTTTCTGTAC-3’ (reverse); GST-Alex3-CT (111 to
379) and GST-Alex3-CT1 (111 to 279), 5'-CGCGGATCCCCTAAT
TCAGACGATACTGTTTTGTC-3" (forward); GST-Alex3-CT1 (111
to 272), 5'-CCGCTCGAGCTTTCAGCCAGATTCAAAAGGAGC-3’
(reverse); GST-Alex3-CT2 (273 to 379), 5'-CGCGGATCCAATCCAG
CCATGACTAGAGAACTGC-3' (forward).

pcDNA3-Gag, pcDNA3-GagR183C, and pcDNA3-GogQ209L
were cloned from pCIS vectors from M. I. Simon (Caltech) (92) and
have been previously described (93). The constitutively active Goyg
mutant that lacks the ability to interact with PLCP (QLAA) was provided
by R. Lin (Stony Brook University, NY, USA). pcDNA-Go R183C/
R256A/T257A was provided by E Mayor (CBM, Spain). pPCNA-Myc-
GRK2 was a gift from J. L. Benovic (the Kimmel Cancer Center,
USA). pcDNA1-GFP-GagR183C and pcDNA1-GagNT-GFP (amino
acids 1 to 124) were generously provided by C. Berlot (Yale University

Izquierdo-Villalba et al., Sci. Signal. 17, eabq1007 (2024) 6 February 2024

School of Medicine, USA) (24). pcDNA3.1-GB-FLAG and pcDNA3.1-
Gyl-hemagglutinin (HA) were from the Missouri S&T cDNA
Resource Center (www.cdna.org/home.php). pLKO1-shGq (Gay
KD 1) sequence was obtained from MISSION Sigma (Functional
Genomics Core Facility, IRB Barcelona) as previously described
(24) and subcloned into pLKO.3G vector to obtain pLKO.3G-shGq
(Gag KD 2). pLKO.3G-shscr (SCR) was from MilliporeSigma.
pRK5-Myc-Mirol, pGW1-TRAK1-HA, pGW1-TRAK2-HA, pEGFP-
synaptophysin and pCAGIRES-mitoDsRed were provided by J. Kittler
(University College of London, UK). To generate pIRES-mitoDsRed-
Gag, pcDNA3-Gag was subcloned into pCAGIRES-mitoDsRed vec-
tor using the primers 5'-CCGGGCTAGCATGACTCTGGAGTCCAT
CATGGCG-3' and 5'-GGCCCGATCGTTAGACCAGATTGTACTC
CTTCAGGTTC-3". pIRES-mitoDsRed-GagR183C was generated
by introducing a point mutation in pIRES-mitoDsRed-Gag using
the QuikChange II Site-Directed Mutagenesis Kit (Agilent) and the
primers 5'-GACGTGCTTAGAGTTTGTGTCCCCACTACAGGGA-3’
and 5'-TCCCTGTAGTGGGGACACAAACTCTAAGCACGTC-3'.
pcDNA3-Go,gR183C/R256A/T257A and pcDNA1-GFP-GogR183C/
R256A/T257A were generated by introducing point mutations in
two different reactions from pcDNA3-GagR183C and pcDNA3-
GFP-GagR183C, respectively, using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent) and the following primers: polymerase chain
reaction 1 (PCR1), 5-GAGCAAAGCACTCTTTGCAACAATTATCA
CCTACC-3' (forward) and 5'-GGGGTAGGTGATAATTGTTGCAAA
GACTGCTTTGCT-3’ (reverse); PCR2, 5'-GCAAAGCACTCTTTGC
AGCAATTATCACCTACCCC-3’ (forward) and 5'-GGGGTCGGTGA
TAATTGCTGCAAAGAGTGCTTTGC-3" (reverse). pAAV-hSyn-
hM3D (Gag)-mCherry was a gift from B. Roth (Addgene plasmid
#50474).

Antibodies and reagents

Primary antibodies and reagents were as follows: Alex3 (25705-1-
AP, ProteinTech; 1:1000) (the antibody recognizes a major band at
43 kDa and two specific secondary bands of lower molecular weight
and was validated using MEFs deficient in Alex3), p-tubulin [MMS-
431P, Covance (1:10,000) and T2200, Merck-Sigma (1:10,000)], GFP
[A11122, Invitrogen (1:1000) and gta-20, ChromoTek (1:200)], DsRed
(632496, Clontech; 1:2000), GST (SAB4200237, Merck-Sigma; 1:2000),
Myc [05-724, Millipore (1:2000) and M4439, Merck-Sigma (Western
blot, 1:2000; immunofluorescence, 1:200); yta-20, ChromoTek (1:200)],
HA [11867423001, Roche (1:2000) and A2095, Merck-Sigma (1:25)],
FLAG (F1804-50UG, Merck-Sigma; 1:1000), Gog [G7, sc-136181, Santa
Cruz Biotechnology (1:1000); E17, sc-393, Santa Cruz Biotechnology
(1:1000); C19, sc-392, Santa Cruz Biotechnology (1:1000); and
612704, BD Biosciences (1:1000)] (antibodies were validated using
MEFs deficient in Goig and Ga), Mirol (HPA010687, Merck-Sigma;
1:1000), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(14C10, Cell Signaling Technology; 1:1000), heat shock protein 90
(HSP90) (610418, BD Biosciences; 1:2000), Tom 20 [sc-17764, Santa
Cruz Biotechnology (1:1000) and sc-11415, Santa Cruz Biotechnology
(1:1000)], dynein (sc-13524, Santa Cruz Biotechnology; 1:1000),
OXPHOS complex IV subunit 1 (459600/C0941, Life Technologies),
PIRE (pSer’**) (NB-100-2323, Novus; 1:0000), Bcl2 (50E3) (2870, Cell
Signaling Technology; 1:1000), BIP (3183, Cell Signaling Technology;
1:1000), CHOP (L63F7) (2895, Cell Signaling Technology; 1:1000),
elF2a (9722, Cell Signaling Technology; 1:1000), pelF2a (Ser®)
(9721, Cell Signaling Technology; 1:1000), IREla (14C10) (3294, Cell
Signaling Technology; 1:1000), OXPHOS (110413, Abcam; 1:1000),
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Iba-1 (019-19741, Wako; 1:1000), cleaved caspase-3 (9664S, Cell Sig-
naling Technology; 1:1000), ChAT (AB144P, Merck-Sigma; 1:100),
cut like homeobox 1 (Cux1) (SC-13024, Santa Cruz Biotechnology;
1:250), (COUP-TF)-interacting protein 2 (CTIP2) (ab18465, Abcam;
1:500), calbindin (300, Swant; 1:5000), SV2A [SV2, Developmental
Studies Hybridoma Bank (DSHB); 1:100], neurofilament H (clone SMI
312,801701, BioLegend; 1:50), tetramethylrhodamine-conjugated
a-bungarotoxin (T0195, Merck-Sigma; 2 pg/ml), neurofilament 200
(AB5539, Millipore; 1:1000), and synaptophysin (ab130436, Abcam;
1:500). The following secondary antibodies were used: anti-
mouse polyclonal goat horseradish peroxidase (HRP) (Dako; 1:2000),
anti-rabbit HRP, polyclonal swine (Dako; 1:2000), IRDye 680 anti-
mouse (925-68070, LI-COR; 1:20,000), IRDye 800 anti-mouse (925-
32210, LI-COR; 1:20,000), IRDye 680 anti-rabbit (926-68073, LI-COR;
1:20,000), IRDye 800 anti-rabbit (925-32211, LI-COR; 1:20,000), and
IRDye 680 anti-rat (925-32211, LI-COR; 1:20,000). For immunofluo-
rescence analysis of tissue or cell cultures, Alexa Fluor 488 anti-mouse
(A21202), Alexa Fluor 568 anti-mouse (A11004), Alexa Fluor 647 anti-
mouse (A21236), Alexa Fluor 488 anti-rabbit (A21206), Alexa Fluor 488
a-bungarotoxin (B13422), Alexa Fluor 647 anti-rabbit (A21244), and
Alexa Fluor 594 anti-chicken (A11039) from Thermo Fisher Scientific
were used at 1:500 (tissue) or 1:2000 (cell cultures) dilutions.

Animals

Mice were bred, housed, and studied in the animal research facilities
at the University of Barcelona. Animals were provided with food
and water ad libitum and maintained in a temperature-controlled
environment in a 12-hour/12-hour light-dark cycle. Experiments
involving animals were performed in accordance with the European
Directive 2010/63/EU and the National Institute of Health guide-
lines for the care and use of laboratory animals. Experiments were
approved by the local ethics committee for animal experimentation
of the University of Barcelona (CEEA, Barcelona, Spain) with the
exception of in vivo electrophysiology procedures, which were approved
by the Ethics Committee on Animal and Human Experimentation
of the Universitat Autonoma de Barcelona (Bellaterra, Spain).

Cell culture and transfections

HEK293 [CRL-1573, American Type Culture Collection (ATCC)],
HEK293T (CRL-3216, ATCC), Cos-7 (CCL-70, ATCC), MEFs, and
MEFs deficient in Gag and Go (Gog KD) (a gift from S. Offermmans,
Max-Planck-Institute for Heart and Lung Research, Germany) (24)
(used for the proteomic analysis that validated the mouse origin of
the cells and the absence of Goq and Gar) were cultured in Dulbecco’s
modified Eagles medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum and 2 mM glutamine and maintained at
37°Cin a 5% CO incubator. SHSY5Y (CRL-2266, ATCC) cells were
cultured in DMEM/F12 medium (Gibco). Cells were tested for my-
coplasma by PCR analysis or using EZ-PCR mycoplasma detecting
kit (Vitro S.A.). Cells were plated 24 hours before being transfected
with FuGENE 6 (Promega) or Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s guidelines.

Mouse hippocampal cultures were obtained from E15 mouse
embryos (OF1, Iffa Credo, Lyon, France) as previously described
(14). Mouse hippocampal cultures at 4 DIV in neurobasal medium
containing 0.59% D-glucose were transfected with Lipofectamine
2000 (Life Technologies) according to the manufacturer’s guidelines
and imaged at 5 to 6 DIV. Essentially, 2 pg of DNA were complexed
with 2 pl of Lipofectamine 2000 for 20 min before the mix was added
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to the medium. The medium was replaced after 30 min, and the cells
were cultured for an additional 1 to 3 days. The combinations of
plasmids used for neuronal transfections were as follows: (i) pmitoGFP
and pAAV-hSyn-hM3D(Goy)-mCherry (for stimulation of DRE-
ADDs); (ii) pEGFP- and pIRES-containing vectors expressing
mitoDsRed (for Gay expression experiments with bicistronic vectors);
(iii) pmitoDsRed and pEGFP- or pEGFP-Gag-containing vectors; or
(iv) pmitoDsRed and SCR; pmitoDsRed, pEGFP, and pLKO1-shGq
(Gog KD 1); or pmitoDsRed and pLKO.3G shGq (Gog KD 2).

Immunoprecipitation and Western blot analyses

For coimmunoprecipitation experiments, whole-cell lysates were
prepared in lysis buffer. Lysis buffer contained 50 mM tris-HCI (pH
7.5), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol,
10 mM NaF, 50 mM NaHPO?7, and 1.5 mM MgCl with protease in-
hibitors. For dynein assays, lysis buffer contained 25 mM Hepes (pH
7.4), 50 mM potassium acetate, 2 mM magnesium acetate, 0.2% Triton
X-100, 1 mM EGTA, 50 mM Mg-adenosine 5’'-triphosphate, 10%
glicerol, 50 mM NaF, and 1 mM dithiothreitol (DTT). For Ca%t
experiments, EDTA was omitted from the lysis buffer, and extracts
were split in two before the addition of 2 mM CaCl to one half).
Whole-cell lysates were centrifuged, and supernatants were incubated
with gentle rocking with a specific antibody (1 to 5 pg) and 1.5 pg
of immunoglobulin G (IgG)-free bovine serum albumin (BSA)
(MilliporeSigma) for 3 hours or overnight at 4°C. Protein G or protein
A Sepharose beads (10 to 20 pg; Merck-Sigma) were added to capture
antibodies. When using a bead-Trap-conjugated antibody (anti-
Myc and anti-GFP TRAP, ChromoTek) or antibodies conjugated to
protein G agarose beads (anti-HA Sepharose beads, Merck-Sigma),
4 to 10 pl of antibody beads were added per sample and incubated
for 1 to 2 hours at 4°C. The Bio-Rad protein assay (Bio-Rad) was
used to quantify protein in lysates. Samples were rinsed with washing
buffer [10 mM tris-HCI (pH 8.0), 300 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.5% NP-40, and 1.5 uM MgCl] and re-
solved by SDS-polyacrylamide gel electrophoresis (PAGE) before
being transferred to Immobilon-FL membranes (Millipore). Mem-
branes were incubated with anti-mouse or anti-rabbit antibodies
(IRDye 680 and IRDye 800) diluted 1:20,000 in Odyssey blocking
buffer (LI-COR). Labeling was visualized with an Odyssey infrared
scanner (LI-COR). For quantification, Image Studio software (LI-COR)
was used to determine the integrated optic density, and values were
normalized to the loading control. Data were normalized to the
loading controls Hsp90 or GAPDH. For the proteomic analysis,
normal horse serum (NHS)-activated magnetic beads from Pierce
(Thermo Fisher Scientific) were used with two different antibodies
(C-19 and E-17, Santa Cruz Biotechnology) and mitochondria-
enriched cell lysates (94) from WT MEFs, Gog and Ga KO MEFs,
and Gog and Ga KO MEFs stably expressing Gog and NIH 3T3 cells.
Proteins were eluted in ultrapure water and sent for MS analysis (Pro-
teomic Unit CNIC).

GST pull-down assay

GST and GST-fusion proteins were transformed into the Escherichia
coli strain BL21 and purified with glutathione beads (GE Health-
care). GST proteins in 50 mM tris-HCI (pH 7.5), 150 mM NaCl, 1l mM
NP-40, 0.25% deoxycholate, 1 mM EGTA (pH 8.0), and 1 mM NaF
were incubated with lysates of SHSY5Y cells (around 1.5 mg of pro-
tein) or HEK293T cells transiently transfected with the plasmids
indicated in each figure (700 pg of protein lysates) with gentle
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rotation for 1 hour at 4°C. Samples were rinsed four times with wash
buffer, analyzed by SDS-PAGE, and visualized by either Odyssey
analysis or ponceau (Merck-Sigma) staining. In pull-down experi-
ments with purified components, 10 pg of the bead-conjugated
GST-Alex3 protein was incubated with 10 ng of purified Gog in 1 ml
of incubation buffer (100 mM NaCl, 20 mM Hepes, 2 mM MgCl,
0.5 mM EDTA, and 1 mM DTT).

Imaging of fixed cells

For hippocampal neurons, cells were seeded on 35-mm, glass-bottom
dishes or on 1.5-mm coverslips, fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 15 min, washed three
times with PBS, and blocked in a solution containing 1% BSA and
0.1% Triton X-100 in PBS. Cells were incubated for 1 hour with primary
antibodies at the appropriate dilution in blocking buffer, then washed
three to five times with PBS before being incubated with the cor-
responding secondary antibody at room temperature, washed four
times in PBS, and mounted on ProLong Diamond (Invitrogen). Secon
dary antibodies (Alexa Fluor 488-, Alexa Fluor 555-, and Alexa Fluor
657-conjugated, Life Technologies) were used at a 1:2000 dilution.
Otherwise, cells or neurons expressing Goyg constructs or the indicated
plasmids (Mirol-Cherry, Alex3-GFP, and Tom20-Cherry) as indicated
in the figures were incubated with or without MitoTracker Red CMXRos
before fixation or with antibodies for Tom20 and Gog, Alex3, and the
corresponding secondary antibodies as indicated. Images of fixed
cultures were taken on a LSM700 confocal microscope (Zeiss) using a
40x [numerical aperture (NA) 1.3] or 63X (NA 1.4) oil immersion
objective. For the colocalization analysis in Cos-7 cells and hippocampal
neurons, Mander’s coefficient with threshold was calculated for
each image using defined regions of interest (ROIs) (11 pm) and the
JACoP plugin from Image]. Images were taken on a LSM700 confocal
microscope (Zeiss) using 63X oil objective (NA 1.4).

In vivo imaging of hippocampal neurons

Mouse hippocampal neurons transfected at 4 DIV were imaged
in vivo at 5 to 6 DIV. For mitochondrial tracking experiments, an
image of the neuron was acquired at a 2048 pixel-by-2048 pixel
resolution for subsequent analysis of morphology and localization
of the area to be imaged in the axon, and, subsequently, an axonal
segment located ~90- to 160-pm distal to the soma was blindly
selected and imaged. Z stacks of seven images from the axonal
region were taken every 6 s during 10 or 15 min using the
mitoDsRed channel with an 800 pixel-by-100 pixel resolution and an
extra 2x digital zoom. For studies with DREADD receptors or GFP-
synaptophysin, mitochondria or synaptophysin-containing vesicles
were imaged using the GFP channel. Movies were processed using
Image] software, and kymographs were generated by tracing the z-
projections of axons. In kymographs, straight vertical lines were
considered to be static mitochondria, and motile mitochondria
(nonstraight vertical lines) were traced to evaluate their motility and
directionality (45, 95, 96). The percentage of time in motion was
calculated as the percentage of time a given mitochondrion (static or
motile) spent moving at a speed over 0.0083 pum/s in the antero-
grade or retrograde directions. The percentage of motile mitochon-
dria represents the relation between number of motile and total
mitochondria for each condition. In control neurons, a similar frac-
tion of anterograde and retrograde movement is normally observed.
The percentage of mitochondria in movement (20 to 30%) and
the average velocity (between 0.3 and 0.7 pm/s) also agreed with
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previous studies, which supports the validity of the methodology
used in this study (3). In vitro imaging experiments were performed
at 37°C in an atmosphere of 5% CO with a LSM780 confocal micro-
scope (Zeiss) equipped with 40x (NA 1.3) and 63x (NA 1.4) oil im-
mersion objectives. Electronics were controlled through the ZEN
software (Zeiss).

Enhanced resolution confocal microscopy

Cos-7 cells were transfected with Gag and/or pCDH-DsRed-Mirol/
GFP-Miro1l/Tom20-Cherry or GFP-Alex3 and fixed with 3.7% formal-
dehyde after 24 hours and permeabilized with 1% Triton X-100 and
0.1% sodium deoxycholate. Cells were blocked with 5% goat se-
rum/0.1% BSA and stained with combinations of the following anti-
bodies: anti-Cox IV (459600/C0941, Life Technologies), anti-Gog
(C-19, BD Biosciences or Santa Cruz Biotechnology), or anti-Alex3
(ProteinTech). Alexa Fluor 568 anti-mouse, Alexa Fluor 488 anti-rabbit
mouse, or Alexa Fluor 647 anti-rabbit IgGs were used as secondary
antibodies. Antibodies used for immunofluorescence (primary and
secondary) were tested for specificity using the corresponding KO
MEFs and/or cells overexpressing the target proteins. Coverslips
were mounted with ProLong Diamond. Cells were blindly selected,
and image acquisition was performed using an N-SIM (super-
resolution microscope system) (Nikon) equipped with a super-
resolution Apo total internal reflection fluorescence 100x (NA 1.49)
objective and a DU897 Ixon camera (Andor Technologies). Three-
dimensional SIM image stacks were acquired with a Z distance of
0.15 pm. Raw images were computationally reconstructed using the
reconstruction slice system from NIS-Elements software (Nikon)
while keeping the same parameters. Other images were taken with a
Zeiss LSM780 system equipped with a 63X (NA 1.4) objective.

Neuronal and cell treatments

In live imaging experiments using the Gag-specific inhibitor, neu-
rons transfected with the plasmids of interest were incubated with
10 pM YM-254890 (Focus Biomolecules) for 30 min before imaging,
as previously reported (35, 97). In GPCR activation assays, neurons
were cotransfected with mitoGFP and with a Cherry-tagged hM3D
(Gog) DREADD receptor (98). Twenty-four hours after transfection,
axons of Gog-DREADD-expressing neurons were imaged before
and 15 min after the addition of 1 pM CNO (Tocris). For IP3 receptor
inhibitor treatment, neurons transfected with the plasmids of interest
[internal ribosomal entry site (IRES) vectors] were incubated with
4 pM xestospongin C (Tocris) or dimethyl sulfoxide for 1 hour before
being imaged in vivo. To measure fluctuations in mitochondrial mem-
brane potential, HEK293 cells or hippocampal neurons expressing GFP
vectors with the different forms of Gag were incubated with 200 nM
MitoTracker Red CMXRos (Thermo Fisher Scientific) for 30 min at
37°C before fixation. Cells were blindly selected and imaged with a
LSM780 confocal microscope (Zeiss) equipped with a 63x (NA 1.4)
oil immersion objective. Confocal images in the green and red channels
were acquired, and the intensity of red fluorescence was analyzed
with the Neuron] plugin from the Image] software. The fluorescence
signal was determined for each cell and averaged.

Generation of a CNS-specific Alex3 KO mice

To generate a CNS-specific Alex3 conditional knockout line, Armcx3™
female mice (15) were mated with Nestin-Cre™™ males (99),
which express the Cre recombinase under the control of the Nestin pro-
moter. All mice were kept in a C57/Bl6 background. The following
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experimental groups were obtained: A (Armcx3** females, 25%), B
(Armex3™* males, 25%), C (Armcx3 females, 25%), and D (Armcx3~~
males, Alex3 KO, 25%). Unless otherwise stated, B males and A females
were used interchangeably as controls. Because of the crossing strategy
used and the location of Armcx3 in the X chromosome, all Alex3 CKO
mice used for experiments were males. Mating day was considered as E0
and the day of birth as P0. Mice were studied at E14 or P5 to P10.

Genotyping

Mice were genotyped using two complementary PCRs on genomic
DNA extracted from tails. To detect floxed Alex3, the following
primerswereused: Armcx3S1F,5'-GGGGCGGTGGGCAGGATGA
CAG-3'; Armcx3 S4F, 5-AAGTTCTAGGAATCGAGAGCC-3;
Armex3 S, 5'-ATCATTTCCCCTTGACTCTGG-3". To detect the
Nestin-Cre allele, the following primers were used: WT-Cre, 5'-
CTAGGCCACGAATTGAAAGATCT-3’ (forward) and 5'-GTAGG
TGGAAATTCTAGCATCATCC-3’ (reverse); Cre, 5'-GCGGTCTG
GCAGTAAAAACTATC-3’ (forward) and 5'-GTGAAACAGCATT
GCTGTCACTT-3’ (reverse).

Behavioral phenotyping

Behavioral tests were performed in mice to assess their general neu-
romuscular function, body muscle strength, and posture. Mice were
analyzed at P6 to P8. Phenotyping included body weight measurement,
hind limb clasping tube test, hind limb suspension test, and kyphosis
evaluation. Performance for each measure was recorded on a scale
of 0 to 4 as previously described (100, 101).

Tissue processing and histology

Postnatal mice were anesthetized with isofluorane and perfused
with 4% PFA in 0.1 M phosphate buffer (PB). Brains and spinal
cords were extracted, postfixed overnight with 4% PFA in PB, cryo-
protected with 30% sucrose in PBS, and frozen at —42°C in isopen-
tane. Frozen brain and cerebellar samples were sectioned in 50-pm
coronal or sagittal sections, using a freezing microtome (Leica). Spinal
cord samples were sectioned in a cryostat (Leica), either at 16 pm
and collected in slides or at 30 pm and stored in cryoprotectant solution
(85% glycerol, 100% ethylene glycol, 0.1 M PBS), and kept at —20°C
until use. In addition, intact (whole mount) diaphragms were obtained
to assess neuromuscular synapses. The gastrocnemius muscles were
harvested after perfusion, cryopreserved in PBS-30% sucrose, and
sectioned in 60-pm-thick sections. The overall histological structure,
width, and length of several brain regions were assessed using Nissl
and/or 4’,6-diamidino-2-phenylindole (DAPI) staining.

For chromogenic immunodetection of antigens, sections were
incubated with 10% methanol and 3% HO in PB and blocked for
2 hours with 10% of either normal goat serum (NGS) or NHS,
0.3% Triton X-100, and, when needed, anti-mouse IgG F(ab’)2
fragment (Jackson ImmunoResearch; 1:300) in 0.2% gelatin-
PBS. Sections were incubated with primary antibodies overnight
at4°C in 5% NGS/NHS and 0.3% Triton X-100 in PBS-0.2% gelatin.
Section were sequentially incubated with biotinylated secondary
antibodies (1:200; 2 hours at room temperature) and streptavidin-
HRP (1:400; 2 hours at room temperature), each of them diluted in
5% NGS/NHS and 0.3% Triton X-100 in PBS-0.2% gelatin. Bound
antibodies were visualized using 0.03% diaminobenzidine and
0.006% HO in PB as peroxidase substrates. Sections were mounted
on gelatinized slides, dehydrated, and coverslipped with Eukitt
(Merck-Sigma).
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For immunofluorescence, frozen brain sections were permeabilized
as above. To detect CTIP2 or Cuxl, heat-mediated antigen retrieval
was performed before blocking. Primary antibodies were detected
using appropriate secondary antibodies (Alexa Fluor, Invitrogen;
1:500). Nuclei were stained using DAPI (1:200), and sections were
mounted in Mowiol (Calbiochem). For neuromuscular synapse
staining, diaphragms samples were permeabilized in 0.5% Triton X-
100 in PBS and blocked in 10% donkey serum in 0.1 M PBS for
1 hour at room temperature before being incubated with primary
antibodies against the synaptic vesicle protein SV2A and neurofilament
H (clone SMI 312) for 2 days at 4°C. After several washes in 0.5%
Triton X-100 and 1% donkey serum in 0.1 M PBS, samples were in-
cubated overnight with Alexa Fluor 488 donkey anti-mouse secondary
antibody and tetramethylrhodamine-conjugated a-bungarotoxin in
0.1 M PBS. Samples were washed in 0.5% Triton X-100, 1% donkey
serum in 0.1 M PBS, and whole-mounted in ProLong Gold (Invitrogen)
or Mowiol medium (Merck-Sigma). Frozen gastrocnemius muscle
sections were incubated with neurofilament 200 (Millipore) and synap-
tophysin (Abcam) primary antibodies for 48 hours at 4°C. Sections
were then incubated overnight with Alexa Fluor 594 (Invitrogen;
1:200) and Alexa Fluor 488 a-bungarotoxin (Life Technologies;
1:150). Sections were mounted with Fluoromount G (Southern
Biotech).

Image acquisition and analysis of Alex3 CKO tissue
Bright-field images were captured with a digital DP72 camera
(Olympus) attached to an ECLIPSE 600 (Nikon) optical microscope
with Olympus Cell F software and with a NanoZoomer 2.0-HT
(Hamamatsu Photonics). Immunofluorescence images were acquired
with either an ECLIPSE E1000 (Nikon) optical microscope combined
with a Cool SNAP camera or with SPE (Leica) or TCS SP2 (Leica)
confocal microscopes.

Low-magnification (2x) images of DAPI-stained sections were
used to measure the maximum width and length of the brain
hemispheres at bregma positions ranging from +4.11 to +4.95 mm
(102) using Image] (Fiji) software. In addition, the width of the pri-
mary somatosensory cortex was also measured using 10X images of
DAPI-stained sections. Images of Nissl-stained cerebellar sections
from P10 mice were used to measure the maximum length of lob-
ules Ic, IIa, I11, and IV.

To determine the number and morphology of Purkinje cells, P10
cerebellar sections were stained with anti-calbindin antibody. The
number, cell body size, and dendritic tree width (in the molecular
layer) of Purkinje cells were analyzed. To assess cell death and micro-
gliosis, P5 brain sections were stained with antibodies against either
the cleaved form of caspase-3 or Iba-1, respectively. Several brain
regions were assessed, including cortex (layers IL, III, and V), striatum,
subiculum, and dentate gyrus. In each region, the number of cells
with positive staining within a defined area was counted and expressed
as the number of positive cells per square millimeter. The number of
spinal ventral horn motor neurons was determined by counting the
ChAT-positive cells that contained a clearly visible nucleus in serial
P5 thoracic spinal cord sections.

Intact (whole mount) diaphragms from four or five P6 mice per geno
type were used to image neuromuscular synapses. Muscle preparations
were visualized using a laser scanning confocal microscope LSM900 and
Zen software (Zeiss). Neuromuscular synapses from three regions across
the diaphragm were assessed in each preparation. For presynaptic analy-
ses, endplates were categorized as either vacant (no neurofilament H or
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SV2 overlapping the endplate) or fully occupied (neurofilament H or
SV2 overlapping more than 80% of the endplate). The synaptic density
and the percentage of fully occupied endplates were calculated. The
density of NMJs in gastrocnemius muscles in defined areas was
counted similarly using z-stack images acquired in a Leica Thunder
microscope.

Motor nerve conduction tests

Motor nerve conduction tests were performed stimulating the sci-
atic nerve through a pair of needle electrodes placed at the sciatic
notch. The CMAP was recorded from the gastrocnemius muscle
with microneedle electrodes (103). Potentials were amplified and
displayed on a digital oscilloscope (Tektronix 450S), and the ampli-
tude and latency were determined. During the tests, the body tem-
perature of the mice was maintained between 34° and 36°C on a
heating pad.

Sholl and mitochondrial Sholl analysis

To prepare samples for arborization analyses, fixed neuronal cul-
tures were permeabilized with 0.1% Triton X-100 in PBS for 5 min,
blocked with 10% serum in PBS, and incubated in 5% serum over-
night with anti-GFP antibody. Images were taken with a LSM780
(Zeiss) confocal microscope equipped with a 20X objective. Images
from live neuronal cultures blindly selected were acquired on a
LSM780 (Zeiss) upright confocal microscope equipped with a 63X
(NA 1.4) or a 40x (NA 1.3) oil immersion objective (2048 pixel-by-
2048 pixel resolution).

Some images were stitched together using Zen software (Zeiss)
to allow visualization of the entire dendritic arbor. Dendrites were
traced using Neuron]J plugin from Image] software to quantify den-
drite number and length and number of branching points and to
perform Sholl analysis. Mitochondrial Sholl analysis was performed
using a custom Image] plugin as previously described (45), which
quantified the amount of mitoDsRed pixels within shells radiating
out from the soma at 1-pixel intervals. The density of the mitochon-
dria in the soma (mitochondrial area/cell body area) was calculated
using the Image] integrated density of mitoDsRed pixels after sub-
traction of the integrated density of the nuclei in the red channel.

Mitochondrial number and length

Mitochondrial number and length were determined from axonal
proximal segments of 25 to 40 neurons per condition. Live neuronal
cultures expressing mitoDsRed were imaged with a LSM780 (Zeiss)
confocal microscope equipped with 40X (NA 1.3) and 63X (NA 1.4)
oil immersion objectives. Confocal images of the red (mtDsRed)
channel were acquired and analyzed with the Neuron] plugin of Im-
age] software. The number of mitochondria within axons was quan-
tified and standardized to the length of the axonal section imaged,
with axonal and mitochondrial length determined using the seg-
mented line tool.

Tissue processing and Western blot analysis of

Alex3 CKO mice

Brains and spinal cords were dissected from E14 and P5 to P7 mice,
frozen in liquid nitrogen, and stored at —80°C before processing.
Frozen tissue was lysed using a power homogenizer (Polytron) in 10 vol
of radioimmunoprecipitation assay lysis buffer (50 mM tris-HCI,
150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS,
and 1% Triton X-100) containing CompleteMini protease inhibitor
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cocktail (Roche) and phosphatase inhibitors (10 mM tetrasodium
pyrophosphate, 200 pM sodium orthovanadate, and 10 mM sodium
fluoride). Lysates were centrifuged, and supernatants were collected
and stored at —80°C. Bicinchoninic acid (BCA) protein assay (Ther-
mo Fisher Scientific) was used for protein quantification.

Brain and spinal cord protein samples were resolved on SDS-
PAGE and transferred onto nitrocellulose membranes. Membranes
were blocked in 5% nonfat milk powder in TBS-T [10 mM tris (pH
7.4), 140 mM NaCl, and 1% Tween 20) and incubated with the primary
antibodies overnight at 4°C. For chemiluminescent detection,
membranes were incubated with secondary HRP-labeled antibodies
(HRP anti-mouse (polyclonal goat, Dako; 1:2000) and HRP anti-
rabbit (polyclonal swine, Dako; 1:2000) diluted in 5% nonfat milk
TBS-T or 1% BSA tris-buffered saline and subsequently developed
with the enhanced chemiluminesence system (GE Healthcare). Bands
were quantified by densitometry using Gel Pro software and were
normalized to the loading control.

Genetic variant analysis of ARMCX3

Genetic variants; loss-of-function mutations; allelic frequency
(see table S1) of ARMCX3; the flanking genes NRNPH2, ARCMX4,
ARMCX1, ACRMCX6, ARMCX2, ZMAT1, and ARMCXS5, per order
in human chromosome X, as well as RHOT1, RHOT2, and TRAK2
in control populations were assessed in VARSOME (https://varsome.
com/). Involvement in Mendelian diseases was determined in Human
Mutation Gene Database and, in pathogenic structural rearrangements,
was consulted in ClinVar (table S1).

Statistical analyses

Excel (Microsoft), GraphPad Prism (GraphPad), and SPSS Statistics
(SPSS) software were used to analyze the data. Unpaired Student’s ¢
test (with Welch correction when appropriate) or Mann-Whitney U
test were used to test differences between two conditions. Comparison
of multiple conditions was performed by one-way analysis of variance
(ANOVA) with Bonferroni post hoc test for parametric data or by
Kruskal-Wallis test, followed by Dunn’s multiple comparison test for
nonparametric data. For brain width and height measurements,
general estimated equations for repeated measures analysis were
performed using the SPSS software. Statistical significance was set at
P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. Values are given as means + SEM.
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Figs.S1to S9

Table S1
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