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1 | INTRODUCTION from human to nematodes (Kogias et al., 2019; Vega, 2016). In
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thermostability (Ferrer-Acosta et al., 2013). In addition, EFhd2 has
two EF-hand Ca?*-binding domains that span amino acids 95-123
and 131-159. EFhd2 has a dynamic structure with the propensity
to self-oligomerize (Ferrer-Acosta, Rodriguez-Cruz, et al., 2013).
The coiled-coil domain (C-C) in the C-terminus mediates EFhd2 self-
oligomerization (Ferrer-Acosta, Rodriguez-Cruz, et al., 2013). Using
proteomic analysis, we reported that EFhd2 is phosphorylated by
Cdk5 at Ser74. Interestingly, phosphorylated EFhd2 showed low
Caz+—binding activity (Vazquez-Rosa et al., 2014).

EFhd2 is widely expressed in most organs with predominant lev-
els in the central nervous system (CNS) (Vega et al., 2008). In par-
ticular, it is abundant in forebrain regions such as the hippocampus,
frontal cortex, and olfactory bulb with lower levels in the cerebellum
and brain stem (Purohit et al., 2014). Reportedly, EFhd2 is mainly
expressed in the grey matter where it localizes to the somatoden-
dritic synaptic compartments (Borger et al., 2014; Ferrer-Acosta,
Rodriguez-Cruz, et al., 2013; Purohit et al., 2014). However, the bio-
logical role of EFhd2 is still unclear. Previous studies suggested that
EFhd2 is involved with different signaling pathways in immune cells
(Kogias et al., 2019). For instance, in B cells, EFhd2 inhibits B-cell
receptor (BCR)-induced NF-«xB signaling, which then downregulates
antiapoptotic protein BCL-XL (Avramidou et al., 2007). Moreover,
EFhd2 enhances BCR-induced Ca?* influx by acting as a scaffold
protein for Syk, SLP-65, and PLCy (Kroczek et al., 2010). Collectively,
these data suggest a role of EFhd2 in B cells survival or lifespan. In T
cells, EFhd2 is abundant in microvilli-like membrane structures and
lamellipodia where it associates with F-actin structures (Kwon et al.,
2013). Further characterization of EFhd2 showed that it mediates
cell spreading and migration, possibly, by regulating actin bundling
and polymerization (Kwon et al., 2013). However, it is still unknown
how EFhd2 modulates actin structures and mediates cell migration.

EFhd2 has been associated with cancer and neurodegeneration.
Consistent with its role in modulating cell migration and survival, EFhd2
is highly expressed in a multitude of invasive human cancers (Huh et al.,
2015). Ectopic overexpression of EFhd2 led to pulmonary metastasis by
activating Rho family of GTPases. Therefore, EFhd2 is associated with
cancer invasion and represents a potential therapeutic target (Huh et al.,
2015; Peled et al., 2018). In the CNS, we provided evidence that EFhd2
is associated with tauopathies (Vega et al., 2008). Tauopathies are a
heterogeneous group of neurodegenerative diseases that encompass
Alzheimer's disease (AD), frontal temporal dementias (FTDs), cortico-
basal degeneration (CBD), among others (Dujardin et al., 2018). The car-
dinal pathological hallmark in all tauopathies is the aberrant aggregation
of microtubule-associated protein tau. During the disease trajectory, tau
undergoes conformational changes and transitions from soluble mono-
mers to oligomeric structure to ultimately insoluble paired helical fila-
ments leading to neurodegeneration (Dujardin et al., 2018; Gétz et al.,
2019). The molecular mechanisms that underlie abnormal tau depositions
are unknown. We showed that EFhd2 copurified with pathological tau in
a mouse model of tauopathy and postmortem AD human brains (Ferrer-
Acosta, Rodriguez-Cruz, et al., 2013; Vega et al., 2008). EFhd2 interacts
with the microtubule domain of tau to induce the formation of amyloid
structure in vitro (Vega et al., 2018). Moreover, EFhd2 transforms the
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liquid phase behavior of tau into solid-like structures (Vega et al., 2019).
Taken together, these findings highlight the potential role of EFhd2 in
modulating tau aggregation. However, further studies are required to
delineate the mechanism by which EFhd2 contributes to tau-mediated
neurodegeneration (reviewed in Vega, 2016).

To gain insights into EFhd2’s biological function, we generated
an Efhd2 knockout mouse model (thd2('/')) (Rodriguez-Cruz, 2014).
Efhd2™” mice develop without gross anatomical, developmental, or
morphological anomalies, despite impaired dendritic morphology in the
CNS (Purohit et al., 2014; Regensburger et al., 2018; Rodriguez-Cruz,
2014). Other studies suggested that EFhd2 proteins regulate the be-
havioral response to alcohol and drug addiction (Kogias et al., 2019).
Efhd2"™” mice show increased alcohol consumption (Mielenzetal.,2018)
and behavioral changes to psychostimulant drugs invoked by enhanced
monoaminergic response in the reward system (Kogias et al., 2020).
Moreover, it was demonstrated that EFhd2 impedes kinesin-mediated
axonal transport in cultured hippocampal neurons (Purohit et al., 2014).
These data indicate that EFhd2 may promote resilience against addic-
tion and play a potential role in neuronal transport and survival. At pres-
ent, however, the molecular mechanisms by which EFhd2 modulates
resilience and neuronal survival have yet to be investigated.

Despite the strides other colleagues and we have made to unveil
EFhd2's function in the brain, its biological function remains poorly
understood. To broaden our understanding of EFhd2’s function in
the brain, we sought to identify EFhd2-associated proteins in adult
mouse brain. EFhd2 was immunoprecipitated from forebrain (i.e.,
cerebrum including limbic system, basal ganglia, and diencepha-
lon) and hindbrain (i.e., cerebellum and brainstem) regions of EFhd2
wild type (Efhd2%"*) mice. The associated proteins were identified
by tandem mass spectrometry (MS) (Figure 1a). Additionally, to un-
cover molecular pathways associated with EFhd2 function, label-
free quantitative (LFQ) proteomics was used to identify proteome
changes in forebrain and hindbrain regions due to the deletion of
the Efhd2 gene (EFhd2™7) (Figure 1a). Herein, the data indicate
that EFhd2 in mice forebrain and hindbrain regions are associated
with cytoskeleton components, vesicle trafficking modulators, cel-
lular stress response-regulating proteins, and metabolic proteins.
Moreover, Efhd2 deletion affected the abundance of proteins asso-
ciated with metabolic pathways, transport, stress response and pro-
tein localization in forebrain and hindbrain regions. These findings
serve as a foundation for further studies directed to uncover the
role of EFhd2 in different physiological and pathological pathways.

2 | MATERIALS AND METHODS

This study was not pre-registered

2.1 | Reagents

VWR International (Radnor, Pennsylvania): AMBIC (cat. no.
BDH9206), Tris (AMRESCO, cat. no. 0497). Thermo Fisher
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FIGURE 1 Experimental design. (a) Workflow for identifying EFhd2-associated proteins in mouse brain tissues and proteome changes in
Efhd2) (created in BioRender.com) (b) PCR-based genotyping. It shows the presence of Efhd2 in the wild type (Efhd2%"*)) while detection
of the Neomycin cassette (Neo) verifies the knockout (Efhd2"™/"). DNA base pair (bp) ladder was used. (c) Western blot using anti-EFhd2

(clone 10Dé) antibody for 45 ug of postnuclear brain lysates of Efhd2™/* and Efhd2"/"). The arrow indicates EFhd2 protein band. Molecular

weight markers (kDa) are indicated

scientific: Acetonitrile (Fisher Scientific, cat. no. A955-4), EDTA
(Acros Organics, cat. no. 60-00-4), EGTA (Acros Organics, cat.
no. 67-42-5), NaF (Acros Organics, cat. no. 7681-49-4), Sodium
Pyrophosphate (Alfa Aesar, cat. no. 13472-36-1). MilliporeSigma:
Formic Acid (cat. no. FO507).

2.2 | Commercial antibodies

Antibodies were selected to validate selected EFhd2-associated
proteins by western blot. Western blot analysis was performed to
verify the specificity of commercial antibodies using whole-brain
extracts (data not shown). We used antibodies that detected a pro-
tein band at the expected molecular weight of the targeted pro-
tein. Thermo Fisher scientific: Rabbit polyclonal anti-transgelin 3
(cat. no. 12246-1-AP,1:250); Rabbit monoclonal anti-tropomodulin
2 (cat. no. MA5-36150, 1:250); Rabbit polyclonal anti-coronin 2b
(cat. no. 13802-1-AP,1:250). Cell Signaling Technology (Danvers,

Massachusetts): Rabbit polyclonal anti-myosin 2a (cat. no. 3403,
1:500), Rabbit monoclonal anti-myosin 2b (cat. no. 8824, 1:500).

2.3 | Monoclonal Anti-EFhd2 antibody production

A mouse monoclonal anti-EFhd2 (clone 10Dé) antibody was gen-
erated in Efhd2"” mice using methods similar to those previously
described (Grabinski & Kanaan, 2016). Briefly, animals received
subcutaneous injections of hEFhd22¢¢ protein (100 pg protein in
adjuvant) every 3 weeks until sufficient titers were achieved (sig-
nal above-background at 21:2,621,440 dilution). Hybridoma fu-
sion techniques (Binder et al., 1985; Grabinski & Kanaan, 2016)
were used, and cultures were screened for reactivity against the
hEFhd22°¢, hEFhd22NT, and hEFhd2VT protein by indirect enzyme-
linked immunosorbent assay (ELISA, see below). Positive clones were
subcloned at least three times as described (Grabinski & Kanaan,
2016). Antibody isotype was determined using the IsoStrip Mouse
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Monoclonal Antibody Isotyping Kit (Roche, cat. no. 11493027001),
and mycoplasma testing was performed using the Mycoplasma PCR
ELISA kit (Roche, cat. no. 11663925910). After the clone was veri-
fied as clean, stable, and positive, the line was grown in a CELLine
350 bioreactor (Integra Biosciences), and the antibody was purified
by Protein A affinity chromatography (GE Healthcare, cat. no. 17-
1279-01) and stored at 1 mg/ml in 10 mM HEPES, 500 mM NacCl,
50% Glycerol. This new anti-EFhd2 antibody will be shared upon

reasonable request.

2.4 | Anti-EFhd2 antibody validation

ELISAs were performed to determine the binding affinity and
specificity of the EFhd2 antibody for EFhd2 protein using pre-
viously detailed methods (Grabinski & Kanaan, 2016). Briefly,
hEFhd24C, hEFhd22NT, and hEFhd2YT (50 ul at 2 ng/ul in bo-
rate saline) coated onto wells of a 96-well plate (Corning, cat.
no. 3590) for 1h. Wells were washed (wash solution: 100 mM
boric acid, 25 mM sodium tetraborate decahydrate, 75 mM
NaCl, 250 pM thimerosal, 0.4% bovine serum albumin and 0.1%
Tween 20), blocked in blocking buffer (5% non-fat dry in wash
solution; 200 ul/well) for 1 h, and then incubated in purified
anti-EFhd2 clone 10D6 antibody (1 mg/ml stock; serially diluted
from 1:100 to 1:17,714,700 - in blocking buffer; 2 h). Wells were
washed and incubated in goat anti-mouse HRP conjugated anti-
body (1:5,000; Jackson ImmunoResearch, cat. no. 15-035-003;
1 h). Wells were washed, and then reactivity was detected with
3,3',5,5' tetramethylbenzidine substrate (50 pl/well; Sigma, cat.
no. TO440; 8 min development). Reactions were quenched with
50 pl 3.6% H,SO,, and then the absorbance was read at 450 nm.
All washes were done 3 times with 200 pl/well of wash solution,
and antibodies were diluted in blocking buffer. Blank wells were
used to obtain background absorbance, which was removed from
sample signals. Absorbance values were converted to percent
light absorbed and data analyzed using sigmoidal non-linear curve
fitting to obtain titer values (Figure S2).

2.5 | Animals

All animals use protocol was approved by Michigan State
University's Institutional Animal Care and Use Committee (IACUC
protocol #04-18-052-00). Efhd2™” was generated from targeted
embryonic stem (ES) cells for EFhd2 obtained from the KOMP
Repository (www.komp.org), an NCRR-NIH supported mouse
strain repository (U42-RR024244). The ES cells (C57BL/6N-
Efhd2 ™KOMPIVIce) \vare created by Velocigene (Valenzuela et al.,
2003). Efhd2 gene knockout in ES cells was performed by homolo-
gous recombination using a targeting vector (Neo-LacZ) (KOMP
Repository, UC Davies (Pettitt et al., 2009). ES cells were elec-
troporated with a neomycin (G418)-Lac Z clones. A 60% euploid
clone was injected into C57BL/6 mouse blastocysts, from which
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chimeric males were obtained. Chimeras were bred with C57BL/6
wild-type females. After establishing Efhd2") colony in the
C57BL/6, females and males were crossed with Swiss Webster
mice, and the genomic background was assessed. To assess
genomic background, we used the genomic marker developed
by DartMouse”. This strategy utilizes single-nucleotide polymor-
phisms (SNP) spread throughout the genome to determine the
contribution of genomic DNA when different mouse strains are
crossed, providing greater efficiency towards reaching a homog-
enous genomic background colony. Starting F2, we generated the
three main genotypes, namely Efhd2**) Efhd2*/” and Efhd2"™".
Based on genomic markers data, from generation F4 forward, the
mouse colony shows a stable mixed SW/C57BL/6 genomic back-
ground (Figure S1). In this study, age-matched (11-12 months)
female Efhd2"/? and Efhd2"™” mice were used. Males were ex-
cluded from the study. The selected age and sex were based on
previous studies that indicated higher EFhd2 abundance in adult
mice regardless of sex (Purohit et al., 2014; Rodriguez-Cruz, 2014).
In addition, Female Efhd2” at this age do not show behavior
or motor impairment compared to their wild type littermates
(Purohit et al., 2014; Rodriguez-Cruz, 2014). Their activity level is
comparable to age-matched wild type. Mice were socially housed
(up to 5 mice per cage), and food and water were provided ad li-
bitum. Mice were transferred to a clean cage with food and water
weekly. No sample calculation was performed. Sample size was
determined according to previous studies that indicated the mini-
mum number of samples to achieve a power of 0.90 (Levin, 2011).
Six mice per group were used for global proteome discovery of
EFhd2-associated proteins and LFQ. Three mice per group were
used for the subsequent validation of EFhd2-associated proteins
by western blot and targeted mass spectrometry (tMS). Inclusion
criteria were defined by genotype and sex. Simple randomization
was used to select mice per genotype. Animals were euthanized
by CO, suffocation, and tissues were extracted as described pre-
viously (Vega et al., 2008).

2.6 | Genotyping

Genotyping was performed by extracting DNA from ear punches
at weaning (21 days) using Kappa Mouse Genotyping Kit (GE
cat. no. KK7352) according to manufacturers’ recommendations
(Figure 1b). Amplification of the LacZ gene was performed using
the 3’ Uni Neo (5’GCAGCCTCTGTTCCACATACACTTCASZ’) and Reg
10032R1 (5" GCCTATAGTTAAGGGGAGTTGGGTGG 3’) primers. For
the Efhd2 gene, Efhd2 Fwd (5 CTTGGCCTCGAAGAAGTTCTTGGS’)
and Efhd2 Rev (5'GCCCTCTAAGGCTTTGTGAATGC3') primers
were used. Amplification of both genes was performed using cy-
cling conditions recommended by the KOMP consortium. PCR
reaction: 12.5 pl 2x Kappa Fast genotyping, 1.25 pul Primer Fwd
(100 ng/pl), 1.25 pl primer Rev (100 ng/ul), 1 pl extracted DNA and
9 pl ddH,0. Western blot was used to confirm the genotyping re-
sults (Figure 1c).
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2.7 | Tissue processing

The experimental design is illustrated in Figure 1a. Efhd2t*/*) (n=6)
and Efhd2"” (n = 6) forebrain (i.e., cerebrum including limbic sys-
tem, basal ganglia, and diencephalon) and hindbrain (i.e., cerebellum
and brainstem) regions were homogenized in five volumes of 20 mM
Tris Base, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM
sodium pyrophosphate, 30 mM NaF, and supplemented with 1X Halt
protease inhibitor cocktail (Thermo Scientific, cat. no. 78430). Brain
homogenate was centrifuged at 18,400 g, 4°C for 10 min, and the
supernatant (postnuclear lysate) was transferred to a clean tube to
estimate its protein concentrations using BCA Assay (Pierce, cat. no.
23225). The same tissue protein lysates were used for identification
of EFhd2-associated proteins (immunoprecipitation-MS) and LFQ.
MS samples processing and tissue processing were conducted by

different personnel.

2.8 | Identification of EFhd2-associated proteins

2.8.1 | Immunoprecipitation (IP)

Postnuclear lysates were incubated with Protein A/G-conjugated
magnetic beads (Pierce, cat. no. 88803) for 3 h at 4°C with constant
rotation. This step is crucial to preclear samples from endogenous
immunoglobulins and other proteins that nonspecifically bind to
the beads. Afterwards, sample tubes were placed on a magnetic
strip, and the supernatant (precleared lysate) was transferred to
clean tubes. BCA assay was performed to estimate the precleared
lysate protein concentration. Three micrograms of anti-EFhd2 (clone
10D6) were added to 2 mg of precleared lysate and incubated with
constant rotation for 17 h at 4°C. Then, Protein A/G-conjugated
magnetic beads were added and incubated at 4°C for 4 h. The super-
natant was transferred to clean tubes and the beads were washed 4
times with 25 mM ammonium bicarbonate (AMBIC), pH 8. After the
final wash, beads were split evenly for western blot and MS.

2.8.2 | Western blot

After washing the beads, the wash buffer was completely removed,
and beads were resuspended in SDS-loading buffer containing N-
ethylmaleimide (2X NEM) instead of p-mercaptoethanol and in-
cubated overnight at 4°C. Mouse immunoprecipitates along with
45 ug of the respective postnuclear lysates (input) were resolved
on 4-20% SDS-PAGE gels and transferred to nitrocellulose mem-
branes (0.45 um, BIO-RAD, cat. no. 1620115). The membranes
were blocked by 5% non-fat dry milk in 1X TBST (2.5 mM Tris-Base,
15 mM NaCl, 30 mM KCL, 0.1% Tween 20) for 1 h at room tem-
perature (24°C). Then, the membranes were incubated in 1:5000
Anti-EFhd2 (clone 10D6) overnight at 4°C. After primary incubation,
membranes were washed three times in 1X TBST and then incu-
bated in 1:2000 of appropriate secondary antibody (LI-COR) at 24°C

for 1 h. Subsequently, membranes were washed three times in 1X
TBST. Membranes were visualized by the LI-COR Odyssey Imaging
System and analyzed using Image Studio (v5.2).

2.8.3 | Protein digestion

After IP, beads were resuspended in the digestion buffer (25 mM
AMBIC/50% acetonitrile (ACN)), and rLys-C (500 ng Promega, cat.
no. V1671) were added to each sample and incubated at 37°C for
1.5 h. Afterwards, 1 pg trypsin (Promega, cat. no. V5280) was added
to the samples and incubated at 37°C for 17 h. The digestion so-
lution was transferred to clean tubes and dried completely using a
speed vacuum at 30°C. Finally, samples were resuspended in 50 pl of
25 mM AMBIC/5% ACN.

2.8.4 | Liquid chromatography tandem mass
spectrometry

nanoLC-MS/MS separations were performed with a Thermo
Scientific™ Ultimate™ 3000 RSLCnano System. Peptides were de-
salted in-line using a C18 trap cartridge (300 um x 5 mm) with 2%
ACN, 0.1% formic acid (FA) for 5 min with a flow rate of 5 ul/min at
40°C. The trap cartridge was then brought in-line with a 2 um diame-
ter bead, C18 EASY-Spray™ column (75 um x 250 mm) for analytical
separation over 120 min with a flow rate of 350 nl/min at 40°C. The
mobile phase consisted of 0.1% FA (buffer A) and 0.1% FA in ACN
(buffer B). The separation gradient was as follows: 5 min desalting,
95 min 4-40% B, 2 min 40-65% B, 3 min 65-95% B, 11 min 95% B,
1 min 95-4% B, 3 min 4% B. Three microliters of each sample were
injected.

Top 20 data-dependent mass spectrometric analysis was per-
formed with a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer. MS1 resolution was 60K at 200 m/z with a maximum
injection time of 45 ms, AGC target of 3e6, and scan range of 300-
1500 m/z. MS2 resolution was 60K at 200 m/z, with a maximum injec-
tion time of 118 ms, AGC target of 5e3, and isolation range of 1.3 m/z.
HCD normalized collision energy was 28. Only ions with charge states
from +2 to +6 were selected for fragmentation, and dynamic exclu-
sion was set to 30 s. The electrospray voltage was 1.9 kV at a 2.0 mm
tip to inlet distance. The ion capillary temperature was 280°C and the
RF level was 55.0. All other parameters were set as default.

2.8.5 | Protein identification

Protein identification was conducted by Proteome Discoverer™
Software version 2.2.0.388. Spectra were searched with Sequest HT
against the Mus musculus Uniprot protein database (61204 unique
sequences). Enzyme specificity was set to trypsin with an MS1 toler-
ance of 10 ppm and a fragment tolerance of 0.02 Da. Oxidation (M),
acetylation (protein N-term), and methionine loss (protein N-term)
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were set as dynamic modifications. False discovery rates were set to
0.01 using the Percolator node. Two unique peptides were required
for protein identification. All other parameters were set as default.
The data was curated to correct discrepancies in the accession num-
ber and deleting all proteins that were also identified in the negative
control (IP from Efhd2"™"” brain regions).

2.8.6 | Validation of EFhd2-associated proteins
The proteins selected for validation needed to fulfil the following
criteria: (1) detection in both forebrain and hindbrain regions of
mouse brain (2) involved in specific molecular processes to which
EFhd2 was previously associated, and (3) availability and validation
of commercial antibodies. Forebrain and hindbrain from Efhd2®/*
(n = 3) and Efhd2™"” (n = 3) mice were used to validate the EFhd2-
associated proteins identified by MS. To take in consideration bio-
logical variability, the three tissue samples for each region were
pooled and homogenized. Thus, we generated one tissue lysate from
the mice forebrains and hindbrains. IP and western blot were per-
formed as explained above. In addition, a targeted mass spectrom-
etry (tMS) approach was developed to account for differences in
sensitivity between western blot and MS analyses. Target peptides
were selected from the peptides identified in the data-dependent
mass spectrometry experiments (see Liquid Chromatography Tandem
Mass Spectrometry section). tMS chromatography was identical
to the chromatography described above, except for the following
changes. tMS peptides were separated using a C18 trap column
(75 um x 20 mm) in-line with a 3 um diameter bead, C18 EASY-
Spray™ separation column (75 um x 150 mm) for analytical separa-
tion over 130 min. The separation gradient was as follows: 100 min
4-40% B, 2 min 40-65% B, 3 min 65-95% B, 11 min 95% B, 1 min
95-4% B, 13 min 4% B. One microliter of each sample was injected.
Skyline v 4.2 was used to configure peptide isolation lists for par-
allel reaction monitoring (PRM). Targeted scans were collected using
an unscheduled inclusion list. Fragment ion spectra were acquired at
60K at 200 m/z, with a maximum injection time of 100 ms, and AGC
target of 2e5. All other parameters were as described above. Skyline
was also used to evaluate PRM data. Peptide retention times were
manually refined. MS/MS mass tolerance filtering matched the acqui-
sition method (60K at 200 m/z). The top 3 fragment ions as ranked by
Skyline were compared to the NIST Mouse HCD Library (maximum
library rank of 6) to validate the detected product ions against an es-
tablished database (CHEMDATA.NIST.GOV 2021). Peptide dot prod-
ucts and peak areas were calculated by Skyline. Dot products under

0.7 were not considered a positive identification of the product ions.

2.8.7 | Label-free quantification (LFQ)

Three 10 pg aliquots of postnuclear lysate from Efhd2t/%) (n=6)and
Efhd2™” (n = 6)) forebrain and hindbrain were buffer exchanged
4 times into 500 pl 25 mM AMBIC, pH 8.0 using an Amicon ultra

JINC e ‘=—Wl LEy- 7

3 kDa centrifugal filter (Millipore, cat. no. UFC-500396). Samples
were centrifuged at 18,400 g, 4°C for 10 min per exchange. After
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exchanging, samples were dried completely using a speed vacuum at
30°C and stored at -20°C before digestion. Samples were digested
in sets of nine, each sample consisting of three technical replicates.
Samples were resuspended in 50 pl 25 mM AMBIC in 50% ACN con-
taining 500 ng rLys-C (Promega, cat. no. V1671), and incubated at
37°C for 1.5 h. Then, 1 pg trypsin (Promega, cat. no. V5280) was
added to each sample and incubated at 37°C for 17 h. After diges-
tion, samples were dried completely before resuspension in 50 ul
25 mM AMBIC in 5% ACN. Liquid Chromatography Tandem Mass
Spectrometry was performed over 120 min using a 2 um diameter
bead, C18 EASY-Spray™ column (75 um x 250 mm). The separation
gradient was as follows: 5 min desalting, 40 min 4-40% B, 2 min 40-
65% B, 2 min 65-95% B, 7 min 95% B, 1 min 95-4% B, 3 min 4% B.
Protein identification proceeded as previously described for the IP
samples. Quantitative ratios were determined using the Precursor
lon Quantitation node. This node calculates the abundance of a pep-
tide as the summation of its quantitative peptide spectral matches.
Peptide ratios are determined in a pairwise manner from the geo-
metric median of all combinations of peptide abundance ratios.
Protein ratios are determined from the geometric median of all com-
binations of peptide ratios. P-values were determined by ANOVA
(background based) and adjusted for multiple comparisons with the
Benjamini-Hochberg procedure. Due to missing values in LFQ, we
curated the protein list retaining quantitated proteins with, at least,
80% of normalized values in one experimental group (i.e., EFhd2t**)
or EFhd2™"). Data were not assessed for normality and no test for
outliers was conducted. The figure was generated using GraphPad
Prism 8.

2.8.8 | Gene ontology (GO) enrichment analysis

Cytoscape (v3.8.0) and the ClueGO application (v2.5.7) with the
following selection criteria: Statistical Test Used = Enrichment/
Depletion (Two-sided hypergeometric test), Correction Method
Used = Benjamini-Hochberg, Min GO Level = 1, Max GO Level =4,
Cluster #1, Number of Genes = 10, Min Percentage = 5.0, GO Fusion
= false, GO Group = true, Kappa Score Threshold = 0.5, Group
By Kappa Statistics = true, Initial Group Size = 1, Sharing Group
Percentage = 50.0, Organism analyzed: Mus Musculus [10090],
Identifier types used: [AccessionID, UniProtKB_AC], Evidence codes

used: [All_without_IEA]. Figures were created using BioRender.com.

3 | RESULTS

3.1 | EFhd2 interactome in mouse brain

EFhd2’s physiological and molecular functions are not yet com-
pletely understood. Identification of EFhd2’s interactome will un-
ravel its association with specific cellular processes, especially in
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the brain where it is highly abundant. EFhd2 was immunoprecipi-

Neurochemistry

tated from forebrain and hindbrain brain regions of Efhd2t*/*) using
a novel anti-EFhd2 antibody (Figure S2). Efhd2™”) mice were in-
cluded as a negative control to detect non-specific-binding proteins.
Immunoprecipitation (IP) of EFhd2 from the forebrain region was
confirmed using western blot (Figure 2a, lanes 1-6). As expected, no
EFhd2 bands were observed in IP samples from Efhd2™ forebrain
samples (Figure 2a, lanes 7-12). Likewise, EFhd2 was immunopre-
cipitated from hindbrain regions of Efhd2(+*) (Figure 2b lanes 1-6),
but not from Efhd2™7, as expected (Figure 2b lanes 7-12).

Proteins that copurified with EFhd2 were identified by MS. Data
were curated by excluding proteins detected in both Efhd2™” and
Efhd2*/*) IPs (see Methods). After data curation, 53 and 73 proteins
were identified co-immunoprecipitating with EFhd2 in forebrain and
hindbrain regions, respectively. Fourteen EFhd2-associated pro-
teins were identified in both regions (Myh9, Myh10, Myl12b, Mylé,
Myo5a, Tmod2, Coro2b, TagIn3, Capza2, Capzb, Sptbn2, Dnm1,
Rpl13, EWRS1). To determine the represented biological functions
among the identified EFhd2-associated proteins, we conducted a lit-
erature search using keywords “protein name and brain” or “protein
name and neuron.” The functional categories represented in Figure 3
include at least two proteins per group. Therefore, categories with
only one protein are not represented here nor are the proteins of
unidentified or not fully investigated biological relevance. However,
all proteins are listed in Tables S1 and S2.

3.1.1 | EFhd2interactome in the forebrain

EFhd2-associated proteins in forebrain are illustrated in Figure 3a.
EFhd2 was associated with acting-binding proteins known to reg-
ulate actin cytoskeleton dynamics (e.g., Cfl1, Capza2, Dbn1, and
Tmod?2). Moreover, the data showed that EFhd2 associates with
actin-crosslinking proteins like Sptbni1, Sptbn2, Add1, and Ank2.
Actin-binding (Myh9, Myh10, Myo5a) and microtubule-binding
(Kif5b) motor proteins also co-immunoprecipitated with EFhd2. In
addition to actin-binding proteins, intermediate filament proteins in
neurons and astrocytes co-immunoprecipitated with EFhd2 (Gfap,

Nefh, Nefl, and Nefm). Several proteins that regulate membrane

(a) Forebrain

trafficking and cellular transport were also identified (Figure 3a). For
example, SNARE complex proteins (Vamp2, Snap25, and Stx1b) con-
trol synaptic vesicle docking and fusion (Brunger et al., 2009; Jahn
& Fasshauer, 2012; Stdhof & Rothman, 2009). Synaptotagmin-like
protein Sytl4, its interactor Rab8a, and Dnm1 (involved in clathrin-
dependent endocytosis) were also identified as EFhd2-associated
proteins, suggesting that EFhd2 associates with known protein com-
plex that mediate vesicle trafficking. Based on these results, EFhd2
is associated with proteins involved in cytoskeletal reorganization,
vesicle trafficking, and cellular transport likely in both neurons and
astrocytes.

The data analysis also revealed the association of EFhd2 with
signaling and stress response proteins. Among the identified
proteins, Camk2a and Camk2b are a and f isoforms of CamKIl
(Gaertner et al., 2004). Map2k1 (MEK1) is an upstream activator of
the ERK pathway that regulates cell cycle, survival, and apoptosis
(Zhu et al., 2002, 2003). Ogt is responsible for O-GlcNAcylation of
proteins that imparts a neuroprotective effect against cellular oxi-
dative stress (Wani et al., 2017). Molecular chaperones of the heat
shock proteins family also co-immunoprecipitated with EFhd2.
Particularly, Hsp12a and Hsp90aal are inducible stress proteins
that prevent protein aggregation and enhance cell survival (Wynn
et al.,, 1994). Notably, Hsp12a is an endoplasmic reticulum (ER)
stress protein (Kitao et al., 2004). Hsp90aal (inducible isoform of
Hsp90) mediates nucleus-cytoplasm trafficking of glucocorticoid
receptors through interaction with cytoskeletal proteins (Pratt
et al., 2006). Taken together, these results suggest that EFhd2 is as-
sociated with proteins involved in interrelated molecular pathways
that impact neuronal growth, synaptogenesis, and protein homeo-
stasis in forebrain regions.

Along with the cytoskeleton components, trafficking regulators,
and stress response proteins, ribosomal proteins (e.g., Rpl13 and
Rps15) also copurified with EFhd2. These proteins represent con-
stituents of ribosomes that mediate and control protein synthesis.
EFhd2 was associated with several RNA-binding proteins (RBPs) in-
cluding Sfpg, Nono, and Ewsr1. Ewsrl is a TET family multifunctional
protein that regulates transcription, RNA metabolism and transport,
and cellular signal transduction (Lee et al., 2019). Moreover, Nono

and Sfpq are components of neuronal RNA transport granules (Kanai

Efhd20/-IP Efhd2.1P Re

kDa

FIGURE 2 EFhd2 immunoprecipitation Input_1

from forebrain and hindbrain regions of
Efhd2"/* mice. Western blot using anti-
EFhd2 antibody (10D6) confirms EFhd2

IP from Efhd2"/*) (lanes 1-6, n = 6) (a)
forebrain and (b) hindbrain regions. No
EFhd2 was detected in either input lysates

(b) Hindbrain

C
42 kDa

3 4 8 9 10 11 12 EFh

Efhd2¢/+)-IP Efhd2tH-1P

or IP of EFHD27 (lanes 7-12, n = 6).
Input is 45 pg postnuclear brain lysate.
Recombinant hEFhd2 (5 ng) was used as
positive control. (n = number of animals
per genotype)
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FIGURE 3 EFhd2 brain interactome in mouse brain. EFhd2-associated proteins in the forebrain region (a) and hindbrain (b) of Efhd2“/*)
mice (n = 6). EFhd2-associated proteins were categorized according to their known biological function. Only the biological functions that
contain two or more proteins are represented. Figure created in Biorender.com. (n = number of animals)

et al., 2004). The transport of RNA granules to axonal ending is in-
dispensable for localized protein synthesis and maintaining RNA and
protein homeostasis (Cajigas et al., 2012). It has been shown that
Sfpq interacts with Kif5a to regulate RNA granules axonal transport
(Fukuda et al., 2021). These findings, together with its association
with cell trafficking, indicate that EFhd2 may be involved in the
transport of RNA granules and RNA metabolism.

3.1.2 | EFhd2 interactome in the hindbrain

In hindbrain regions, EFhd2 was found in association with proteins
involved in biological functions like those identified in the forebrain
(Figure 3b). This included actin filaments regulatory proteins such as
Pfn2, Sptbn2, Tmod2, and Capza2. In addition, the a-tubulin isoform
Tubal3 and microtubule-associated protein Map4 copurified with
EFhd2, which suggests an association of EFhd2 with microtubule
cytoskeleton dynamics. Furthermore, Dsp is a desmosomal protein
that interacts with vimentin to anchor intermediate filaments to
the membrane (Meng et al., 1997). Actin- and microtubule-binding
motor proteins (Myh9, Myh10, Mylé, and Myo5a) were associated
with EFhd2 in both forebrain and hindbrain. Similarly, vesicle traf-
ficking proteins, such as SNARE complex proteins (Snap91) and
SNARE interactors (Syt2, Rph3a, and Ehd1) were also found associ-
ated with EFhd2 in hindbrain (Ferrer-Orta et al., 2017; Séllner et al.,
1993; Wei et al., 2010). Proteins that mediate endocytosis were also
identified such as Dnm1, Amph, Tom112, and Ap3d1(Cao et al., 1998;

Drasbek et al., 2008; Farias et al., 2017; Takei et al., 1999; Wang
et al., 2010). These results provide further evidence for the associa-
tion of EFhd2 with cytoskeleton regulation and trafficking pathways
that is consistent in both forebrain and hindbrain.

Hindbrain EFhd2 was associated with cellular homeostasis
mechanisms. Specifically, EFhd2 copurified with EF-hand type Ca?*-
binding proteins like Calb1 and Calm1 that control calcium homeosta-
sisandimpact Ca2+-dependentsignaling cascades (Figure 3b). Related
to Ca?* homeostasis, EFhd2 was associated with other signaling
transduction effectors like Camk4, Mppé, and Prkcg. Furthermore,
Ubiquitin/proteasome system (UPS) components were identified as
EFhd2-associated proteins in hindbrain regions (Figure 3b). Proteins
with ubiquitin ligase or ubiquitin ligase-regulating activity (e.g.,
Uchl1, Cand1, and Trim2) co-immunoprecipitated with EFhd2 along
with a proteasomal protein Psmd5 (Gong et al., 2016; Khazaei et al.,
2011; Pierce et al., 2013). Moreover, Prdx6, a predominantly astro-
cytic antioxidant enzyme that protects the cell against oxidative
stress, was also identified as an EFhd2-associated protein (Power
et al., 2008). Consistent with the results from the forebrain, EFhd2
is associated with proteins involved in neuronal growth, stress re-
sponse, and protein turnover in hindbrain.

In hindbrain regions, EFhd2 was also found associated with pro-
teins that regulate a wide range of metabolic pathways (e.g., Idh3g,
Aldhéal, Hadha, and Aldoc). Additionally, EFhd2 associates with
Vps13c and Dnm1l that maintain mitochondrial membrane poten-
tial and mitochondrial fission, respectively (Kamerkar et al., 2018;
Lesage et al., 2016). In fact, Dnm1l (dynamin-related protein 1 Drp1)
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is a large cytosolic GTPase that is recruited to the mitochondrial
outer membrane to mediate mitochondrial fission. Thus, EFhd2 is
associated with mitochondrial and cytosolic proteins that maintain

tight control of metabolism and mitochondrial homeostasis.

3.2 Global proteome changes upon
deletion of Efhd2

Mice that lack Efhd2 develop normally and do not show any phe-
notype under normal living conditions. However, the absence of
the EFhd2 protein may induce proteome changes to compensate
for EFhd2’s loss of function. To identify proteome changes induced
by the deletion of the Efhd2 gene, we performed global label-free
quantitative (LFQ) proteomics analysis in the forebrain and hind-
brain regions of Efhd2"” compared to EFhd2"*/*) mice. The data
were curated to only assess proteins with abundance changes of at
least log2 + 0.2 (20%) (see Methods). GO enrichment analysis using
ClueGo was conducted to investigate which biological functions
changed in the absence of the EFhd2 protein. Out of 281 quantified
proteins, 123 proteins were grouped into four main biological func-
tions in the forebrain namely metabolism, stress response, protein
regulation, and redox. Similarly, GO analysis of the 762 differentially
abundant proteins in the hindbrain region categorized 446 proteins
into four main biological functions that include metabolism, stress
response, protein localization, and transport. (See Tables S3 and S4).

Abundance change of categorized proteins is represented as
log2 protein change in Efhd2™” vs Efhd2*/*) in Figure 4. Most of
the forebrain proteins that regulate metabolism showed increased
abundance in Efhd2™” (Figure 4a). Likewise, the protein levels of
stress response and redox stress response were generally higher in
the forebrain regions of Efhd2"), Regarding protein regulation, the
number of proteins with increased abundance were almost equal to
those with reduced abundance.

Comparable to forebrain LFQ data, most proteins that regulate
metabolism in the hindbrain were more abundant in Efhd2™” with
respect to Efhd2t*/*) (Figure 4b). Conversely, proteins implicated with
protein localization, transport, and stress response showed overall
decreased abundance in hindbrain regions of Efhd2”) " mice.

Taken together, Efhd2 gene deletion induces changes in pro-
teins that mediate different cellular processes including metabolism,
redox, stress response, protein transport, and trafficking. These pro-
cesses are overrepresented among the identified EFhd2-associated
proteins, which led us to examine which novel identified EFhd2-
associated proteins also change upon deletion of the Efhd2 gene.
Figure 5 shows identified EFhd2-associated proteins in forebrain and
hindbrain regions (green nodes indicate increased abundance and
red nodes indicate decreased abundance). Eleven proteins differen-
tially abundant in Efhd2™/” compared to Efhd2™"*) were associated
with EFhd2 in both forebrain and hindbrain regions (Figure 5a,b).
These proteins include cytoskeletal proteins (Capzb, Coro2b, Myh10,
Myh9, Myl12b, Mylé, Sptbn2, and Tmod2), membrane trafficking
protein (Dnm1), and RBPs and Ribosomal proteins (Ewsr1 and Rpl13).

In addition, 6 unique forebrain EFhd2-associated proteins showed
more than log2 +0.2 change (Figure 5a and Table S7). Primarily, they
are cytoskeletal proteins and RBPs. In the hindbrain, we found that
24 unique EFhd2-associated proteins had more than log2 +0.2 abun-
dance change (Figure 5b). These proteins are involved in cytoskel-
eton dynamics, vesicle trafficking, metabolism, RNA-binding, signal
transduction, and UPS (Figure 5b and Table S8). The convergence of
LFQ and EFhd2 interactome data establish an intrinsic relationship

between EFhd2 and these specific biological processes.

3.3 | Validation of selected
EFhd2-associated proteins

To confirm the identified EFhd2-associated proteins, we selected 5
proteins for validation by western blot. These proteins were cho-
sen based on (1) detection in both forebrain and hindbrain regions
of mouse brain, (2) association with molecular processes to which
EFhd2 has been previously linked, and (3) availability and validation
of commercial antibodies. The selected proteins include transgelin-3
(TagIn3), tropomodulin 2 (Tmod2), and coronin 2b (Coro2b), which
are known to regulate actin dynamics and organization. In addition,
myosin 2a (Myh9) and myosin 2b (Myh10) are non-muscle myosin |l
heavy chain isoforms. Non-muscle myosin Il is an actin-binding motor
protein that regulates cross-linking and bears contractile properties
(Vicente-Manzanares et al., 2009). EFhd2 was immunoprecipitated
from forebrain and hindbrain of Efhd2®/* (n = 3). Efhd2"” (n = 3)
were again used as a negative control to ensure that the selected
proteins do not bind nonspecifically to either the beads or the anti-
body. The co-immunoprecipitation of EFhd2 with the five selected
proteins was detected by western blot (Figure 6). Total lysate from
Efhd2®/*) and Efhd2™”) was used as loading control (Figure 6, Input).
The results showed that EFhd2 was successfully immunoprecipitated
from both forebrain and hindbrain of Efhd2%/* mice (Figure 6). TagIn3
and Tmod2 co-immunoprecipitated with EFhd2 from both forebrain
and hindbrain of Efhd2"/* mice (Figure 6). No signal was detected
in Efhd2"? control (Figure 6). Despite similar amounts of EFhd2
detected in both regions, the intensity of TagIin3 and Tmod2 signals
were higher in the forebrain than the hindbrain samples. In contrast,
a similar Coro2b protein signal was detected at the expected molecu-
lar weight in both forebrain and hindbrain samples from Efhd2%/*)
mice (Figure 6). A cross reacting band was also detected in samples
from Efhd2™” mice, but the Coro2b signal was much higher in the
Efhd2t*), suggesting that the signal could be due to cross reaction
with a non-specific protein in the sample or background signal from
the secondary antibody. Western blot was conducted excluding the
anti-Coro2b antibody and incubating with secondary antibody alone.
The results showed a protein band at the same molecular weight in
the IP samples indicating that the background signal comes from
the secondary antibody used (Figure 6). Myh9 and Myh10 also co-
immunoprecipitated with EFhd2 in forebrain and hindbrain from
Efhd2™*) mice. However, their signals were higher in the forebrain
samples than the hindbrain samples. Nevertheless, these results
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FIGURE 4 Global proteome changes
upon Efhd2 deletion. Heatmaps
demonstrating abundance change of
proteins detected by LFQ in (a) forebrain
and (b) hindbrain. Data are represented as
Log2 Efhd2"™7/Efhd2"/* ratio of proteins
that show 220% change in Efhd2"/”

(n = 6) compared to Efhd2%/*) (n = 6).

GO analysis of differentially abundant
proteins was conducted using ClueGo in
Cytoscape software. ClueGo parameters
were >10 proteins/term and Benjamini-
Hochberg were used. Kappa score
threshold is set to 0.5. (n = number of
animals per genotype)
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FIGURE 5 EFhd2-associated proteins with abundance change in Efhd2"™/7. Identified EFhd2-associated proteins were queried in the
label-free quantitative proteomics data. By juxtaposing the detected proteome changes with the identified EFhd2 interactome, we found
EFhd2-associated proteins with differential abundance Efhd2™”) mice (n = 6). (a) In the forebrain, cytoskeleton- and RNA/Ribosome-
associated proteins that copurified with EFhd2 showed differential protein abundance in Efhd2™7. (b) In hindbrain regions, EFhd2-
associated proteins linked to cytoskeleton, vesicle trafficking, ubiquitin/proteosome system (UPS), signal transduction, mitochondrial
function, and RNA/ ribosomal binding show differential abundance in Efhd2™"). Green nodes indicate increased abundance and red nodes
indicate decreased abundance. Figure created in Biorender.com. (n = number of animals per genotype)

confirm the co-immunoprecipitation of EFhd2 with known proteins
that modulate actin filaments dynamics and organization.

Targeted mass spectrometry (tMS) is used to detect specific pep-
tides ions from a protein of interest. The IP samples were digested
with trypsin and subjected to tMS. To develop a PRM approach, two
peptides were selected for each protein that were previously detected
by MS. The total area under the curve of the detected peptide ions
was calculated from both forebrain and hindbrain immunoprecipi-
tates from Efhd2"/* and Efhd2". Fragmentation product ions were
confronted to a mouse library that provided an independent con-
firmation of the expected peptide ion fragments (dot product value
>0.7). First, we used tMS to validate the five proteins (TagIn3, Tmod2,
Coro2b, Myh9 and Myh10) detected by western blot (Table S7). The
selected peptide ions for TagIn3 and Coro2B proteins were detected
only in the forebrain and hindbrain of Efhd2*"*) mice (Table S7). These
results are consistent with the western blot data that shows no detec-
tion of TagIn3 and Coro2B protein bands in Efhd2"”) (Figure 6). The
selected peptides for Tmod2, Myh9 and Myh10 were detected in the
forebrain of Efhd2’" mice and not in Efhd2”. Myh9 and Myh10 se-
lected peptides were detected in the hindbrain of both Efhd2*? and
Efhd2™"). However, the level of detection for these peptide ions in the
hindbrain of Efhd2*? was 6 to 10 times higher than the detected in
Efhd2"”) samples (Table S7). These findings also accord with the west-
ern blot data that shows a background signal in the Efhd2™” samples
(Figure 6). We selected peptide ions for three other proteins, namely

Drebrin (Dbn1), F-actin-capping protein subunit alpha-2 (Capza2) and
RNA-binding protein EWS (Ewrs1) (Table S7). The selected peptides
ions for these three proteins were also detected at a higher level in
both the forebrain and hindbrain of Efhd2*/* samples than Efhd2!/".
These results validate the co-purification of Dbn1, Capza2 and Ewrs1l
with EFhd2 proteins from both forebrain and hindbrain. Interestingly,
these three proteins have been associated with AD pathophysiology
(Harigaya et al., 1996; Lee et al., 2019; Vanderburg et al., 2010). Lastly,
these results also demonstrate that tMS can be used for validation of

novel identified associated proteins.

4 | DISCUSSION

We provide a broad molecular perspective of EFhd2 interactome in
mouse brain. Previous in vitro studies demonstrated that EFhd2 is
implicated in actin filament dynamics and signaling pathways as a
scaffold protein. Furthermore, it has been shown that EFhd2 is asso-
ciated with motor proteins in vitro. However, it is still unclear whether
EFhd2 is associated with these biological functions in mouse brain
tissue. Our data illustrate the association of EFhd2 with several mo-
lecular processes and provide a framework to prioritize future studies
directed to elucidate EFhd2’s physiological and pathological role.
Several studies have indicated that EFhd2 colocalizes with F-
actin in cell protrusions and lamellipodia in vitro using various cell
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associated proteins. Forebrains and
hindbrains from 11 to 12 months.

female Efhd2"/*) (n = 3) and Efhd2"™/” WT

(n = 3) were homogenized, and EFhd2
was immunoprecipitated by anti-EFhd2
(clone 10Dé). (a) Western blot was
conducted with anti-EFhd2 (1:5000) to
verify the IP. Primary antibodies used
to validate co-immunoprecipitation of
selected proteins are anti-Transgelin 3
(Tagln3), anti-Tropomodulin 2 (Tmod?2),
anti-Coronin 2b (Coro2b), anti-Myosin 2a
(Myh9), and anti-Myosin 2b (Myh10). All
the selected EFhd2-associated proteins
in the forebrain and hindbrain regions
at the expected molecular weight (black

. e g Coro2b
arrow). None of them were identified in -.
the IP from Efhd2"™". (b) Western blot
conducted without primary antibody to
verify the background signal observed at Myh9 T
~50 kDa. The signal was observed at the
same molecular weight (arrow) indicating
that corresponds to a secondary antibody
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models (Ramesh et al., 2009; Huh et al., 2013; Kwon et al., 2013;
Park et al., 2017) Furthermore, EFhd2 overexpression induces
cell spreading and lamellipodia formation whereas EFhd2 knock
down inhibits cell migration (Kwon et al., 2013; Kogias et al., 2019)
Moreover, EFhd2 colocalizes with tau, tubulin, and actin in the lead-
ing edge of primary neurons (Purohit et al., 2014) In cell-free assays,
EFhd2 increases actin bundling and inhibits cofilin-mediated actin
depolymerization (Huh et al., 2013) Here, we identified that EFhd2
is associated with several actin-binding proteins that regulate fil-
ament organization, actin polymerization and depolymerization,
and cross-linking. A recent study has reported that Coro2b is pre-
dominantly expressed in the CNS and is enriched in growth cones
wherein it interacts with F-actin to reduce the speed of F-actin fil-
aments. They showed also that Coro2b is required for dendrite de-
velopment and its coiled-coil domain mediates self-oligomerization,
which is required to inhibit actin polymerization. We showed that
EFhd2’s coiled-coil domain is required for its self-oligomerization
and association with tau proteins (Ferrer-Acosta, Rodriguez-Cruz,
et al., 2013). Thus, it is plausible to speculate that EFhd2 promotes
actin filament formation by associating with Coro2b through their
coiled-coil domains, which prevents Coro2b from interacting with
F-actin. Interestingly, Tmod2, another identified EFhd2-associated

protein, serves as an end-actin filament cap to stabilize the fila-
ments, preventing elongation and depolymerization, specifically
at the dendrites. These findings suggest that EFhd2 role in actin
filaments dynamics is through its interaction with known actin-
binding proteins. Future studies should reveal molecular pathways
that control the interaction between EFhd2 and actin-binding
proteins in CNS. Not only is EFhd2 associated with actin-binding
proteins, but it is also associated with microtubules- and interme-
diate filaments-regulating proteins, as well as known actin-motor
proteins (e.g., Myh9 and Myh10). Collectively, EFhd2 might be a
modulator of cytoskeleton dynamics and translocation.

EFhd2 decreases kinesin-mediated microtubule gliding in vitro
(Purohit et al., 2014). Interestingly, numerous proteins that regu-
late disparate trafficking pathways copurified with EFhd2. No pre-
vious reports have shown that EFhd2 regulates vesicle trafficking.
Although we cannot determine whether EFhd2 directly associates
with vesicle trafficking proteins or this association is secondary to
its interaction with cytoskeleton, more studies will be required to
unveil this molecular aspect of EFhd2 function that has not been
studied before. In particular, mouse forebrain EFhd2 was associ-
ated with Sytl4 and its physiological interactor Rab8a that together
bind to SNARE complex and regulate vesicle docking and fusion
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(Hampson et al., 2013). Likewise, EFhd2 in the hindbrain was as-
sociated with Amph and Dnm1 that mediate Clathrin-dependent
endocytosis (Grabs et al., 1997). Based on these observations, we
hypothesize that EFhd2 might act as a scaffold that recruits protein
complexes needed for subsequent target interaction. This hypothe-
sis is supported by a previous study that showed EFhd2 as a scaffold
recruiting BCR, Syk, and PLCy to regulate BCR-induced Ca?*influxin
WEHI-231 cells (Kroczek et al., 2010).

We also show the association of EFhd2 and signaling proteins.
For instance, we identified Camk2a (aCamkll) in association with
EFhd2 in mouse forebrain regions. Previous studies suggested that
EFhd2 may modulate signaling pathways in response to Ca?* oscil-
lations. However, no direct association between EFhd2 and protein
complexes that control synaptic function has been previously re-
ported. The identified association between EFhd2 and aCamkll in-
dicate that EFhd2 may exert a direct effect on proteins regulated by
changes in Ca?* levels that are involved in synaptic plasticity. Both
EFhd2 and aCamkll play a role in controlling addiction behavior.
aCamkll autophosphorylation at T286 mediates the autonomous
aCamkll activity independent of Ca?*/calmodulin (Glazewski et al.,
2000). Autophosphorylated aCamkll is important for inducing long-
term potentiation in neocortical experience-dependent plasticity.
The autonomous activity of aCamkll due to autophosphorylation
amplifies Ca?* signaling, and it is linked to drug seeking behavior
(Anderson et al., 2008; Easton et al., 2013). Consistently, the expres-
sion of aCamkll autophosphorylation mutant (T286A) reduces alco-
hol consumption in mice and attenuates initial alcohol preference
(Easton et al., 2013). Expression of aCamkll mutant (T286A) also led
to no detectable dopamine increase upon alcohol challenge (Easton
etal., 2013). In another study, the inhibition of aCamkll in the ventral
tegmental area (VTA) affected cocaine-evoked synaptic plasticity,
suggesting that aCamkll activity is required for cocaine conditioning
(Anderson et al., 2008). In contrast, it was shown that Efhd2"” mice
consume more alcohol than wild-type mice and develop an increased
sensation-seeking behavior and low anxiety (Mielenz et al., 2018).
Interestingly, deletion of Efhd2 lead to enhanced excitability of do-
paminergic neurons in VTA and enhanced extracellular dopamine
response upon treatment with psychostimulant drugs (Kogias et al.,
2019; Mielenz et al., 2018). These results suggest that EFhd2 may
modulate synaptic activity to prevent the development of addic-
tions. Moreover, a SNP (rs112146896) in EFHD2 gene was positively
associated with high frequency of alcohol consumption in an adoles-
cent population (European School Survey Project). Taken together,
EFhd2 might be a negative modulator of autonomous aCamkll ac-
tivity, rendering EFhd2 protective against addiction. Further stud-
ies are required to determine whether EFhd2 directly interacts with
autophosphorylated aCamkll and, hence, inhibits aCamkll activity.
Additionally, future experiments should unravel whether the inter-
action between EFhd2 and aCamkll is Ca?* dependent.

We identified molecular associations with EFhd2 in forebrain
and hindbrain regions that have yet to be examined. Particularly,
molecular chaperones and UPS components co-immunoprecipitated
with EFhd2. These proteins regulate stress response by maintaining

proper protein folding, preventing abnormal aggregation, and de-
grading misfolded proteins. Moreover, several mitochondrial chap-
erones that mediate mitochondrial homeostasis were also identified.
UPS and chaperones machinery are regulated by different signaling
pathways. In this regard, signal transduction proteins known to mod-
ulate the UPS system, such as ERK1 and 14-3-3 proteins, also co-
immunoprecipitated with EFhd2. These signal transduction proteins
govern downstream signaling cascades pivotal for cell survival, neuro-
nal growth, and axonal transport. Moreover, EFhd2 is associated with
ribosomal and RNA-binding proteins involved in regulating translation
and transcription efficiency. These unprecedented molecular associa-
tions of EFhd2 merit further investigation to validate the possible role
of EFhd2 in controlling protein expression and degradation.

To gain further insights into EFhd2’s physiological function, we
evaluated the global proteome changes in forebrain and hindbrain
brain regions of Efhd2"” compared to Efhd2"/? using LFQ mass
spectrometry. By grouping the differentially abundant proteins, we
found that mainly metabolic, stress response, redox response, and
protein regulation showed abundance changes upon deletion of
Efhd2 gene in the forebrain. In the hindbrain, the biological func-
tions mainly represented of the differential abundant proteins in
Efhd2™" are metabolism, stress response, protein localization, and
transport. We also show that the abundance of several identified
EFhd2-associated proteins also changed upon Efhd2 gene deletion
(Figure 5 and Tables S5 and Sé). These data suggest that the iden-
tified changes could be compensatory mechanisms to mitigate the
consequences of Efhd2 gene deletion. This could explain, in part, the
fact that we and others did not observe developmental or morpho-
logical anomalies in Efhd2"? (Purohit et al., 2014; Rodriguez-Cruz,
2014). Indeed, these data raise few questions: Do the observed pro-
tein changes denote a compensatory mechanism for cytoskeleton
and vesicle trafficking? What are the pathological ramifications of
EFhd2 dysregulation? These questions and others are worth exam-
ining to better understand the physiological role of EFhd2 in the
brain and its role in neurological disorders.

Several limitations of our data analysis are worth noting.
Quantitation after IP was not done due to the technical variability
in this approach. To account for sample and technical variability, we
grouped biological replicates (e.g., IPs from the same brain region).
The rigorous experimental design and stringent data curation criteria
used to identify EFhd2-associated proteins may have excluded bona
fide EFhd2-associated proteins that tend to bind non-specifically
to beads. For example, we could not list actin among the curated
EFhd2-associated proteins in mouse since it was detected among
proteins identified in the negative controls. In addition, we noticed
that the number of detected EFhd2-associated proteins is variable
among different regions of mice brains. This variability can be as-
cribed to the limited efficiency of IP to capture some protein-protein
interactions. Nevertheless, we validated several proteins identified
as EFhd2-associated proteins using western blot and tMS. On the
other hand, conducting GO of differentially abundant proteins using
ClueGo imposes a limitation in data analysis by setting threshold of
>10 proteins/term. Therefore, not all the detected proteins were
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included, which could overlook other biological functions that may
be impacted by the deletion of Efhd2. For this reason, we used liter-
ature searches to group EFhd2-associated proteins into their biologi-
cal functions. Finally, even though we report all proteins detected by
LFQ, we set a threshold at log2 +0.2 (20%) to be included in our data
analysis, based on expected variations due to median protein half-life.
However, proteins that showed less than 20% change, not related to
their natural rate of turn over, may also be biologically relevant.
Validating MS proteomics data has specific challenges that need
to be acknowledged. The first challenge is the selection of proteins
to be validated. Here, the identification of EFhd2-associated proteins
depends on differential interaction given the variable regulation of
biological mechanisms needed for these associations. Based on this
expected variability, we established a stepwise selection process for
validating EFhd2-associated proteins (see Methods). The second chal-
lenge is comparing results from two techniques with different sen-
sitivity levels. Western blot depends on the use of antibodies with
different binding constants and specificity to their respective antigen.
Therefore, variability in the detection sensitivity of the antibodies ren-
der them inefficient regardless of their specificity to the targeted pro-
tein. Accordingly, we developed a tMS approach. tMS detects specific
ions taking in consideration an established targeting criteria based
on mass, charge state, and retention time. This method has both the
sensitivity and specificity required to validate the identified EFhd2-
associated proteins. The third challenge is determining direct versus
indirect interaction. Despite the identified EFhd2-associated proteins,
we cannot conclude that these proteins interact directly with EFhd2
or deduce clear molecular implications of the identified associations.
Nevertheless, our findings uncovered novel EFhd2-associated pro-
teins that delineate the mouse EFhd2 brain interactome, providing the
groundwork to further characterize the physiological role of EFhd2

in regulating inextricable cellular processes and molecular pathways.
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