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TRIM46 Is Required for Microtubule Fasciculation In Vivo
But Not Axon Specification or Axon Initial Segment
Formation
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Vertebrate nervous systems use the axon initial segment (AIS) to initiate action potentials and maintain neuronal polarity.
The microtubule-associated protein tripartite motif containing 46 (TRIM46) was reported to regulate axon specification, AIS assem-
bly, and neuronal polarity through the bundling, or fasciculation, of microtubules in the proximal axon. However, these claims are
based on TRIM46 knockdown in cultured neurons. To investigate TRIM46 function in vivo, we examined male and female TRIM46
knock-out mice. Contrary to previous reports, we find that TRIM46 is dispensable for axon specification and AIS formation. TRIM46
knock-out mice are viable, have normal behavior, and have normal brain structure. Thus, TRIM46 is not required for AIS formation,
axon specification, or nervous system function. However, we confirm that TRIM46 is required for microtubule fasciculation. We also
show TRIM46 enrichment in the first ~100 pm of axon occurs independently of ankyrinG (AnkG) in vivo, although AnkG is required
to restrict TRIM46 only to the AIS. Our results highlight the need for further investigation of the mechanisms by which the AIS and
microtubules interact to shape neuronal structure and function.
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Significance Statement

A healthy nervous system requires the polarization of neurons into structurally and functionally distinct compartments,
which depends on both the axon initial segment (AIS) and the microtubule cytoskeleton. In contrast to previous reports,
we show that the microtubule-associated protein tripartite motif containing 46 is required for microtubule fasciculation,
but not for axon specification or AIS formation in mice. Our results emphasize the need for further investigation of the mech-
anisms by which the AIS and microtubules interact to shape neuronal structure and function.
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visible with electron microscopy (Palay et al, 1968; Peters
et al., 1968). Of these, the best understood is an electron-dense
material lining the plasma membrane. This material consists of
tightly packed voltage-gated ion channels and cell adhesion mol-
ecules that are recruited and anchored to the submembranous
actin-spectrin cytoskeleton by the master organizer of the AIS:
the scaffolding protein ankyrinG (AnkG). Loss of AnkG abol-

Introduction

Vertebrate nervous systems depend on the axon initial segment
(AIS) for both action potential firing and the maintenance of
neuronal polarity (Leterrier, 2018). The AIS was first identified
over 50 years ago on the basis of several ultrastructural features
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ishes AIS formation, impairs action potential firing, disrupts
the structural and molecular characteristics of the axon, and is
fatal at birth (Zhou et al., 1998; Hedstrom et al., 2008; Jenkins
et al, 2013, 2015; Ho et al., 2014). Therefore, investigation of
the electron-dense material lining the AIS membrane has
revealed many molecular components of the AIS, their functions
and interactions, and above all the importance of the AIS in the
nervous system. Much less is known about the second ultrastruc-
tural hallmark of the AIS: the bundling of its microtubules into
tight groups (“fascicles”) by electron-dense cross-bridges (Palay
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et al., 1968; Peters et al., 1968). The function of microtubule fas-
cicles and the molecular basis of their formation were unknown
until the discovery of the microtubule-associated protein tripar-
tite motif containing 46 (TRIM46) at the AIS (van Beuningen
et al., 2015).

TRIM46 is the reported driver of AIS microtubule fascicula-
tion. Microtubules fail to form fascicles after TRIM46 knock-
down in cultured neurons, while TRIM46 expression in HeLa
cells is sufficient to induce microtubule fasciculation (van
Beuningen et al., 2015; Harterink et al., 2019). TRIM46 knock-
down is also reported to impair axon specification and subse-
quent AIS formation, both in cultured neurons and in neonatal
mice after in utero electroporation with TRIM46 shRNA (van
Beuningen et al., 2015). These findings strongly supported a
key role for TRIM46 in axon specification and AIS formation
and structure, and they provided a conceptually satisfying expla-
nation for the role of bundled AIS microtubules. However, these
conclusions were based mostly on in vitro studies and acute
knockdown of TRIM46. Here, we examined TRIM46 knock-out
mice to determine the consequences of TRIM46 loss on the ner-
vous system and to define the relationship between TRIM46,
AnkG, and AIS formation. We found that loss of TRIM46 in
vivo has minimal consequences for mouse health and behavior
and, contrary to prior results, does not prevent AIS formation
or axon specification. We also describe the presence of
TRIM46 at proximal nodes of Ranvier throughout the nervous
system. Like the AIS, proximal nodes exhibit microtubule fascic-
ulation (Nakazawa and Ishikawa, 1995). Consistent with prior
findings on the necessity of TRIM46 for microtubule fascicula-
tion, we found that microtubule fascicles are absent from the
proximal nodes of TRIM46 knock-out mice. In all, our findings
suggest that the relatively severe consequences of TRIM46 loss
reported in other systems do not all replicate in vivo. These
results underscore the need to search for mechanisms controlling
microtubule polarity and function at the AIS. Our study also
demonstrates the importance of validating conclusions derived
from highly reduced and simplified model systems (e.g., primary
neuronal culture) in more complex animal models.

Materials and Methods

Animals. C57BL/6N]-Trimd6™ ™" /Mmjax mice (RRID:MMRRC_
066813-JAX) were obtained from the Mutant Mouse Resource and
Research Center (MMRRC) at The Jackson Laboratory, an NIH-funded
strain repository. Mice were genotyped by PCR of genomic DNA extracted
from ear punches with the following primers: forward, 5'-cagatcgctt
ggaccggctccttaa-3, and reverse, 5'-gctgcaattacagggaaacaaatgtgattctct-3'. To
sequence the excision site, genomic DNA was amplified with the following
primers: forward, 5'-gcagtaggtagcttgtge-3’, and reverse, 5'-gccaggctcttt
gttagc-3'. The purified product was then Sanger sequenced by Genewiz
with the forward genotyping primer. ChAT-Cre;Ank3™" and Adv-Cre;
Ank3"F mice were generated as previously described (Teliska et al,
2022). We examined male and female mice. Timed pregnant Sprague
Dawley rats were obtained from Charles River Laboratories. All experi-
ments complied with the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals and were approved by the Baylor
College of Medicine Institutional Animal Care and Use Committee.

Antibodies. The following primary antibodies were used for immu-
nofluorescence: mouse monoclonal antibodies against AnkG (UC
Davis/NIH NeuroMab Facility clone N106/65, RRID:AB_2877525,
1:200 and clone N106/36, RRID:AB_2877524, 1:150-1:200), FOXP2
(Atlas Antibodies catalog #AMAb91361, RRID:AB_2716651, 1:500),
Myc (MBL International catalog #M192-3, RRID:AB_11160947,
1:2,000), NeuN (Sigma-Aldrich catalog #MAB377, RRID:AB_2298772,
1:200-1:500), and Reelin (Millipore catalog #MAB5364, RRID:
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AB_2179313, 1:500), rabbit monoclonal antibodies against
neurofascin-186 [NF186; Cell Signaling Technology catalog #15034
(also 15034S), RRID:AB_2773024, 1:1,000] and TRIM46 (#1 in text:
Abcam catalog #ab307967, RRID:AB_3096363, 1:200-1:1,000, #2 in
text: Cell Signaling Technology catalog #92574, RRID:AB_3096364,
1:200), rabbit polyclonal antibodies against IV-spectrin (M.N. Rasband,
Baylor College of Medicine, catalog #bIV SD, RRID:AB_2315634, 1:500),
Caspr (M.N. Rasband, Baylor College of Medicine, catalog #Anti-Caspr,
RRID:AB_2572297, 1:250-1:500), CUXI (Santa Cruz Biotechnology cata-
log #sc-13024, RRID:AB_2261231, 1:100), Na,1.6 (Alomone Labs Cat#
ASC-009, RRID:AB_2040202, 1:500), and nuclear distribution element-
like 1 (NDEL1; Thermo Fisher Scientific catalog #PA5-53669, RRID:
AB_2644530, 1:200), guinea pig monoclonal antibody against TRIM46
(Synaptic Systems catalog #377 308, RRID:AB_2924929, 1:1,000), guinea
pig polyclonal antibody against TRIM46 (Synaptic Systems catalog #377
005, RRID:AB_2721101, 1:500-1:1,000), rat monoclonal antibody against
CTIP2 [BioLegend catalog #650602 (also 650601), RRID:AB_10915967,
1:200], and chicken polyclonal antibody against MAP2 (EnCor
Biotechnology catalog #CPCA-MAP2, RRID:AB_2138173, 1:1,000).

The following primary antibodies were used for immunoblotting:
mouse monoclonal antibodies against TuJ1 [BioLegend catalog #801202
(also 801201, 801213), RRID:AB_10063408, 1:800 and Santa Cruz
Biotechnology catalog #sc-58888, RRID:AB_1119489, 1:500], rabbit mono-
clonal antibodies against TRIM46 (#1 in text: Abcam catalog #ab307967,
RRID:AB_3096363, 1:500, #2 in text: Cell Signaling Technology catalog
#92574, RRID:AB_3096364, 1:1,000), guinea pig monoclonal antibody
against TRIM46 (Synaptic Systems catalog #377 308, RRID:AB_2924929,
1:500), and guinea pig polyclonal antibody against TRIM46 (Synaptic
Systems catalog #377 005, RRID:AB_2721101, 1:500).

Secondary antibodies were purchased from Thermo Fisher Scientific,
Jackson ImmunoResearch Laboratories, and Abberior.

Epitope mapping. To generate full-length, truncated, and mutant
TRIM46 constructs, regions of Trim46 were amplified with PCR from
full length mouse Trim46L obtained from the GFP-Trim46 plasmid pre-
viously described in [van Beuningen et al., 2015; gift from Drs. Casper
Hoogenraad and Thomas Schwarz (Addgene plasmid #176402; http://
n2t.net/addgene:176402; RRID:Addgene_176402)]. A point mutation
in this plasmid (A681T) was carried through to our TRIM46L constructs.
The Ensembl sequence and exon annotation for mouse Trim46
(ENSMUSG00000042766) was used to design primers to make the
appropriate truncations. The primers were designed to add a
C-terminal Myc tag to the amplicons. SnapGene software was used for
plasmid/primer design. To generate the TRIM46S and TRIM46LA con-
structs, which contain sequences not found in TRIM46L (for TRIM46S,
the first and last exon; for TRIM46LA, 14 frameshifted residues of exon 4
after exon 2), the primers were designed to append the necessary
sequences at the appropriate loci. Amplicons were inserted into a
PAAV-CMV vector using In-Fusion cloning (Takara Bio). Plasmids
were verified with Sanger sequencing (Genewiz) or whole plasmid
sequencing (Plasmidsaurus). The range of each TRIM46L construct within
full-length 759aa TRIM46L (UniProt Q7TNM2) are as follows: TRIM46L
(1-759aa), TRIM46L E1-3 (1-223aa), TRIM46L E1-2 (1-108aa),
TRIM46LA (1-108aa + GSDVSRPQGRGDPLL), and TRIM46L E3-11
(109-759aa). The ranges of each TRIM46S construct within full-length
541aa TRIM46S (UniProt Q3TC52) are as follows: TRIM46S (1-541aa),
TRIM46S E1-2 (1-95aa), and TRIM46S E3-11 (96-541aa).

Constructs were transfected into COS7 cells plated on glass coverslips.
Forty-eight hours later, cells were fixed with 4% paraformaldehyde (PFA),
pH 7.2, for 10 min at room temperature. Cells were washed with PBS or
phosphate buffer (PB) and then blocked with 0.1 M PB containing 0.3%
Triton X-100 and 10% normal goat serum (PBTGS) for at least 30 min
before incubation in primary antibody diluted in PBTGS for 1 h overnight.
Cells were washed with PBTGS, incubated with secondary antibody
diluted in PBTGS for 45 min-1 h, washed with PBTGS and PB, and
mounted. All staining steps were performed at room temperature.

Behavioral testing. All behavioral tests were performed and analyzed
by the same person, who handled the mice 1-2 times per day for at least
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3 d before beginning testing. Mice were allowed to habituate to the test-
ing room for at least 1 h prior to each test. Behavioral apparatuses were
cleaned with ethanol between animals. No two behavioral tests were
done on the same day. The experimenter was blinded to genotype during
testing and analysis.

Open field test and elevated plus maze test. The open field test was
performed for 10 min in an open-top acrylic box with a light bottom
and dark sides (40 x 40 x 20 cm). The elevated plus maze test was per-
formed for 10 min. The arms of the maze were 30x5cm and the
maze was raised 40 cm off the floor. Mouse movement was tracked
with a camera and analyzed with ANY-maze software.

Rotarod. Mice underwent three trials on the rotarod (Ugo Basile) per
day for 3 consecutive days accelerating from 4 to 40 rpm over 5 min.
Prior to each trial on the first day, mice were acclimated to the rotarod
for 1 min at 4 rpm. Latency to fall was recorded for each trial. If a mouse
ceased to walk on the rotarod and instead held on for two full rotations, it
was counted as a fall. If a mouse fell in the first 10 s, it was put back on the
rotarod. Mice rested for at least 30 min between trials.

Wire hang. Mice were placed on a wire mesh grid and then inverted
36 cm above a cage filled with bedding nestlets for cushioning. The inver-
sion was done slowly to allow the mice to grasp the wire with all four
paws as they were turned. Mice were acclimated to the wire hang with
the first trial, and then their latency to fall was recorded for three subse-
quent trials with a cutoff time of 3 min. Mice rested for at least 30 min
between trials.

Footprint analysis. The hindfeet of mice were painted with washable,
nontoxic paint, and then mice were placed in the entrance of a 45 cm
clear plexiglass tunnel that ended in a dark chamber. Bright overhead
light shone on the tunnel to encourage mice to walk through it to the
chamber. White paper was placed in the bottom of the tunnel to collect
the footprints. Mice walked through the tunnel multiple times to gather
enough footprints to take at least nine measures of stride, stance, and
sway. Stride was measured as the distance from one left footprint to
the next, stance as the diagonal distance from one left footprint to the
next right footprint, and sway as the straight distance between adjacent
left and right footprints. Measurements were done in Fiji/Image].

Tissue immunofluorescence. Adult mice were killed by isoflurane
overdose followed by decapitation. Postnatal Day 0 (P0) mice were killed
by ice anesthesia followed by decapitation. Tissues were dissected and
fixed in 4% PFA, pH 7.2, on ice for 1 h (brain) or 30-35 min (spinal
cord, nerves, roots, and DRGs). The DRGs in Figure 11E were fixed
1h in 2% PFA, pH 7.2, on ice. Tissues were then cryoprotected at 4°C
in 20 or 30% sucrose in 0.1 M PB or moved to PB for floating immunos-
taining (Fig. 11A,D). For floating staining, all steps were performed on a
rocker at room temperature. Tissues were permeabilized in 2% Triton
X-100 in PB for 30 min and then blocked with PBTGS for 1 h. They
were then incubated with primary antibody diluted in PBTGS overnight,
washed with PBTGS, incubated with secondary antibody in PBTGS for
2 h, and finally washed with PBTGS followed by PB before mounting.

For slide-mounted staining, tissues were embedded in Tissue-Tek
OCT (optimal cutting temperature) compound (Sakura Finetek 4583)
and cryosectioned with a Thermo Fisher Scientific Cryostar NX70 or
Thermo Fisher Scientific HM525 NX cryostat at 25 um (brain and spinal
cord) or 14 pm (dorsal roots and DRGs). Sections were collected onto
glass coverslips coated with 1% bovine gelatin, dried at room tempera-
ture, washed with PB, and blocked for 1 h in PBTGS. Sections were
then incubated overnight in primary antibody diluted in PBTGS, washed
with PBTGS, incubated in secondary antibody diluted in PBTGS for 1-
2 h, washed with PBTGS and PB, dried, and mounted. In some cases, sec-
tions were treated with TrueBlack Lipofuscin Autofluorescence
Quencher (Biotium). All staining was done at room temperature. The
variations in fixation and staining conditions in these methods reflect
variations between experiments, not within an experiment. Conditions
were identical between groups within each experiment.
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Immunoblotting. Adult mice were killed by isoflurane overdose fol-
lowed by decapitation. Brains were quickly dissected and immediately
homogenized or flash frozen on dry ice and stored at —80°C for later
homogenization. Brains were homogenized on ice in a glass Dounce
homogenizer with ice-cold homogenization buffer containing 0.32 M
sucrose, 5mM sodium PB, pH 7.2, 1 mM NaF, 1 mM Na;VO,,
0.5 mM PMSEF, and protease inhibitors. Homogenates were centrifuged
at 700 x g for 10 min at 4°C to remove nuclei and cell debris. The superna-
tant was then centrifuged at 4°C either at 20,800 x g for 1 h or 27,200 x g
for 1.5 h. Centrifugation speed/time was identical between samples on
the same blot. The pellet was then resuspended in homogenization
buffer. Protein concentration was measured with a Bradford assay
(Bio-Rad), and samples were prepared for SDS-PAGE by dilution in
SDS sample buffer and heating at 95°C for 5 min. Twenty or 30 pg was
used per sample; this amount was kept identical between samples run
on the same gel, and is specified in the figure legend. Samples were resolved
on 8% polyacrylamide gels with electrophoresis and transferred onto
nitrocellulose membranes using a Bio-Rad Trans-Blot Turbo transfer sys-
tem. Membranes were washed with PBS and blocked with Blotto (5% dry
skim milk and 0.05% Tween-20 in TBS) at room temperature for at least
40 min. Primary antibodies were diluted in Blotto and incubated for 1 h at
room temperature or overnight at 4°C. HRP-conjugated secondary anti-
bodies were diluted in Blotto and incubated for 30 min-1 h at room tem-
perature. Membranes were washed with Blotto after primary antibody
incubation and with PBS containing 0.1% Tween-20 after secondary anti-
body incubation. Membranes were developed with SuperSignal West Pico
PLUS (Thermo Scientific catalog #34580) or SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific catalog #34095) and
imaged with a Licor Odyssey FC Imaging System.

Neuron culture, CRISPR, and detergent extraction. Timed pregnant
Sprague Dawley rats from Charles River Laboratories were killed for
embryo collection at E18. Hippocampi were dissected and dissociated.
Neurons were plated on glass coverslips coated with poly-p-lysine
(Sigma-Aldrich catalog #P7886) and laminin (Life Technologies catalog
#23017015) at a density of ~1.25x 10* cells/cm®. Cortices were dissected
in the same protocol and plated fresh or cryopreserved for culture as
described previously (Ishizuka and Bramham, 2020). The cryopreserved
neurons were plated at a density of ~5x10* cells/cm®. Hippocampal
and cortical neurons were maintained in a Neurobasal medium
(Life Technologies catalog #21103049) containing 1% GlutaMAX
(Life Technologies catalog #35050061), 1% penicillin—streptomycin (Life
Technologies catalog #15140122), and 2% B-27 supplement (Life
Technologies catalog #17504044) in an incubator with 5% CO, at 37°C.
To knock out AnkG, an adeno-associated viral (AAV) vector- and clus-
tered regularly interspaced short palindromic repeats (CRISPR)-based
strategy was employed, as previously described (Ogawa et al, 2023;
Zhang et al., 2023). Small-scale AAV cell lysates were generated by triple-
transfection with AAV plasmid, helper plasmid (Agilent Technologies cat-
alog #240071), and serotype PHP.S plasmid (a gift from Dr. Viviana
Gradinaru, Addgene plasmids #103006) with PEI Max (Polysciences cata-
log #24765) in HEK293T cells, as previously described (Ogawa et al.,
2023; Zhang et al., 2023). The triple guide RNA knock-out construct for
rat Ank3 has been described (Zhang et al,, 2023). Triple guide RNAs
for mouse and rat Trim46 were designed: 5'-ctgtaagacatgtcaacgac-3/,
5'-aaacctgaccctagagegag-3', and 5'-accggctecttaagtcaggt-3'. Cultured hip-
pocampal neurons were coinfected with AAVs expressing the Ank3 or
Trim46 knock-out gRNAs and Cas9 3-5 h after plating. Cultured cortical
neurons were infected with AAVs 1-5 d after plating. A full media change
was performed 2 d after AAV infection. Thereafter, half of the media was
removed and replaced with fresh media every 5 d. Cultured neurons were
fixed at day in vitro (DIV) 17-21 in 4% PFA, pH 7.2, for 15 min at 4°C and
washed three times in 1x PBS. Fixed neurons were permeabilized and
blocked with PBTGS for 1 h at room temperature. Neurons were then
incubated in primary antibodies diluted in PBTGS for 1 h to overnight
at room temperature. After incubation with primary antibodies, neurons
were washed three times with PBTGS. Secondary antibodies were diluted
in PBTGS and added to neurons for 1 h at room temperature. Neurons
were then washed with PBTGS and PB and mounted. For detergent
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extraction studies, neurons were incubated with ice-cold 1x PBS contain-
ing 0.5% Triton X-100 at 4°C for 30 min before fixation and immunostain-
ing. Neurons were then washed with ice-cold 1x PBS three times at 4°C
and fixed.

Transmission electron microscopy. Mice were anesthetized and per-
fused with a fixative containing 4% PFA and 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4. Dorsal roots with DRG were then iso-
lated and incubated overnight in the same fixative at RT and stored at
4°C. After washing with 0.1 M cacodylate buffer, the samples were
postfixed with 1% osmium tetroxide, 0.5% potassium dichromate, and
0.5% potassium hexacyanoferrate in cacodylate buffer and stained with
2% aqueous uranyl acetate followed by ethanol dehydration. The samples
were then embedded in epoxy resin (Agar Scientific), and sections of
70 nm were cut and stained with Reynolds’ lead citrate. Samples were
examined using a FEI Tecnai T12 transmission electron microscope
equipped with an XF416 TVIP camera.

Image analyses. Widefield images were collected on a Nikon Eclipse
Ni-E microscope or a Zeiss Axio Imager with Axiocam. The Zeiss micro-
scope was fitted with an Apotome which was sometimes used for optical
sectioning. Some images were taken as z-stacks and are displayed as max-
imum intensity projections (when taken on the Zeiss microscope) or
extended depth of focus images (when taken on the Nikon microscope
and processed with Nikon Elements software). Confocal z-stacks were
collected on a Nikon Eclipse Ti2 microscope fitted with an Abberior
STEDYCON system and are displayed as maximum intensity projec-
tions. Fiji/Image] was used to crop and merge images, make linear con-
trast adjustments, and, in some cases, perform rolling ball background
subtraction. For Figure 5, two serial sections were stained, each for two
of the four layer markers shown. Images were then collected from each
section in the same region, and the images were aligned and overlaid
based on the pial surface in Adobe Photoshop.

Image quantification was done in Fiji/Image] using the Cell Counter
plugin (Dr. Kurt De Vos), Neuron] plugin (Meijering et al., 2004),
Measure ROIs macro set (Dr. Christophe Leterrier), Blind Analysis
Tools plugin (Drs. Astha Jaiswal and Holger Lorenz), and ND plugin
for nearest neighbor analysis (Haeri and Haeri, 2015). For intensity
and length measurements of AnkG staining, images were processed
with rolling ball background subtraction and a Gaussian blur. The start
and end of the AnkG-positive region were taken at the first and last point
where the AnkG intensity was above 35% of its maximum. In cultured
neurons, the start was taken at the first points where AnkG intensity
was above 50% of its maximum, due to the high somatic background sig-
nal. For length measurements of TRIM46 staining, a Gaussian blur was
used and the start and end were taken as the first and last points where
TRIM46 intensity was above 20% of its maximum. For quantification of
the percentage of neurons in vivo with an AIS, a mask marking neurons
was generated based on NeuN staining. Marked neurons with and with-
out AIS (judged by AnkG staining) were then counted. Marked neurons
that could not be assessed (i.e., because they were at the edge of the field
of view) were excluded. For quantification of the percentage of AIS with
BIV-spectrin, NF186, NDELI, and Na,1.6, AIS were first marked based
on AnkG staining, without looking at staining for the other proteins, and
then the number of marked AIS with and without the other proteins was
counted. For quantification of cultured neurons, neurons were first
marked for assessment based on MAP2 staining, without looking at
other channels. Marked neurons were then classified as having AIS con-
taining AnkG, TRIM46, both, or neither. Neurons that could not be
assessed (i.e., those growing in clumps) were excluded. For nearest neigh-
bor analysis, the multipoint tool was used to place a point in the middle
of each microtubule. Nearest neighbor distance was then measure with
the ND plugin. To measure the axoplasm area, the polygon tool was
used to trace the plasma membrane. All quantifications were done
blinded, except for measurement of TRIM46 length and analysis of
TEM images because the differences between conditions were obvious.

Tissue processing for differential mass spectrometry. Mouse brains
were collected, frozen on dry ice, and stored at —80°C until processing.
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Frozen brains were homogenized in homogenization buffer (0.32 M
sucrose, 5mM sodium PB, pH 7.2, 1mM NaF, 1 mM Na;VO,,
0.5 mM PMSF, and protease inhibitors) in a Dounce homogenizer.
Homogenates were centrifuged at 700 x g for 10 min at 4°C. The super-
natants were then centrifuged at 20,800 x g for 60 min at 4°C. The pellets
were resuspended in homogenization buffer, and their protein concen-
trations were measured with a Bradford assay. One milligram protein
was precipitated by mixture with four volumes of acetone chilled at
—20°C and then incubated at —20°C overnight. The samples were centri-
fuged at 14,000 x g for 10 min at 4°C and then washed twice with a 4:1
mixture of acetone and water that had been prechilled at —20°C. The pel-
lets were broken up and moved to new tubes between the first and second
washes. They were centrifuged at 14,000 x g for 10 min at 4°C after each
wash, and the supernatant was poured off. The pellets were then air dried
for 30 min on ice and flash frozen on dry ice for mass spectrometry.

Immunoprecipitation. Fresh mouse brains were homogenized in
homogenization buffer in a Dounce homogenizer on ice. Homogenates
were centrifuged at 700 x g for 10 min at 4°C. The supernatants were
then centrifuged at 20,800 x g for 90 min at 4°C. The pellets were resus-
pended in lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM
Tris-HCI, pH 8.0, 10 mM EDTA, pH 8.0, 10 mM NaN3, 10 mM iodoa-
cetamide) containing 0.5 mM PMSF and protease inhibitors (lysis
buffer+/+), rotated for 1 h at 4°C, and then centrifuged at 16,000 x g
for 30 min at 4°C. The supernatants were collected and their protein con-
centrations were measured with a Bradford assay. They were then pre-
pared for immunoprecipitation by dilution of 2 mg protein to a
concentration of 1mg/ml in lysis buffer+/+, to which 5pg
anti-TRIM46 (Synaptic Systems catalog #377 005, RRID:AB_2721101)
was added. These samples were then rotated overnight at 4°C. The
next day, Protein A beads (Cytiva) were washed twice with lysis buffer
and then blocked with 1 mg/ml BSA in lysis buffer for 1 h, rotating at
4°C. The beads were washed three times with lysis buffer and then
rotated with the immunoprecipitation samples for 1 h at 4°C. Next,
the beads were collected and washed seven times with ice-cold lysis
buffer+/+ and then twice with ice-cold 20 mM Tris-HCI, pH 8, contain-
ing 2 mM CaCl,. After the final washing solution was removed, the beads
were flash frozen at —80°C for mass spectrometry.

Mass spectrometry. Mouse brain homogenates or immunoprecipi-
tates were resuspended in 5 mM DTT in 100 mM NH,HCOj; and incu-
bated for 30 min at room temperature. After this, iodoacetamide was
added to a final concentration of 7.5 mM, and samples were incubated
for 30 additional minutes. In all, sequencing grade trypsin (Promega)
was added to each sample (0.5 ug to immunoprecipitate samples on
beads, 1% W/W to mouse brain homogenates aliquots), and incubated
at 37°C overnight.

In the case of immunoprecipitated samples, supernatants of the beads
were recovered, and beads were digested again using 0.5 pg trypsin in
100 mM NH,HCO; for 2 h. Peptides from both consecutive digestions
were combined, recovered using C18 ziptips (Millipore, catalog
#ZTC185096) following the manufacturer’s instructions, and then resus-
pended in 0.1% formic acid for analysis by liquid chromatography-mass
spectrometry (LC-MS/MS). For mouse brain homogenates, peptides in
the tryptic digestions were recovered using C18 Sep-Packs (Waters) fol-
lowing the manufacturer’s instructions and then resuspended in 0.1%
formic acid for analysis by LC-MS/MS.

For immunoprecipitated samples, peptides resulting from trypsiniza-
tion in two of the WT and KO biological replicates were analyzed in an
Orbitrap Exploris 480 (Thermo Fisher Scientific) and a last replicate in
an Orbitrap Lumos Fusion (Thermo Fisher Scientific). A 15cm
EasySpray C18 column (Thermo Fisher Scientific) was used to resolve
peptides (90 min gradient with 0.1% formic acid in water as mobile phase
A and 0.1% formic acid in acetonitrile as mobile phase B). In both instru-
ments, MS was operated in a data-dependent mode to automatically
switch between MS and MS/MS. MS spectra were acquired between
375 and 1,500 Th (Orbitrap Lumos Fusion), or 375 and 1,400 Th
(Orbitrap Exploris 480), with a resolution of 120,000. For each MS spec-
trum, multiply charged ions over the selected threshold (2E4) were
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selected for MS/MS in cycles of 3 s with an isolation window of 1.6 Th.
Precursor ions were fragmented by higher-energy collisional dissociation
(HCD). MS/MS spectra were acquired in centroid mode with a resolu-
tion of 30,000 from m/z=110 (Orbitrap Lumos Fusion) or m/z =120
(Orbitrap Exploris 480). A dynamic exclusion window was applied
which prevented the same m/z (mass tolerance, 30 ppm) from being
selected for 30 s after its acquisition.

In the case of mouse brain homogenates, peptides resulting from
trypsinization were analyzed in an Orbitrap Exploris 480. A 50 cm
EasySpray C18 column (Thermo Fisher Scientific) was used to resolve
peptides (180 min gradient with 0.1% formic acid in water as mobile
phase A and 0.1% formic acid in acetonitrile as mobile phase B). MS
was operated as indicated for the immunoprecipitated samples.

In all cases, peak lists were generated using the PAVA software. All
generated peak lists were searched against the mouse subset of the
SwissProt database (SwissProt.2017.11.01) using Protein Prospector. The
database search was performed with the following parameters: a mass tol-
erance of 10 ppm for precursor masses and 30 ppm for MS/MS, cysteine
carbamidomethylation as a fixed modification and acetylation of the N ter-
minus of the protein, pyroglutamate formation from N-terminal gluta-
mine, and oxidation of methionine as variable modifications. All spectra
identified as matches to peptides of a given protein were reported and
the number of spectra (peptide spectral matches, PSMs) used for label-free
quantitation of protein abundance in the samples. To calculate log, fold
changes, we replaced PSMs of 0 with 0.5. For the differential mass spectro-
metry data, we calculated the total number of peptides detected for all pro-
teins in each sample and then normalized the data to the sample with the
highest total peptide count. To reduce false positives, we excluded proteins
that did not have a peptide count of 5 or higher in at least one sample
(based on normalized counts in the differential data set and raw counts
in the immunoprecipitation data set).

Statistical analyses. Data were analyzed using GraphPad Prism and
Microsoft Excel. Statistical tests, sample sizes, and error bars are
described in figure legends. Data distribution was assumed to be normal,
except for in the nearest neighbor analysis.

Results

TRIM46 knock-out mice are valid and viable
To investigate the function of TRIM46 in vivo, we examined
Trim46 constitutive knock-out (Trim46~'~) mice. Mice were
generated by CRISPR-mediated deletion of 435 bp encompassing
the entire third exon of Trim46, resulting in a frameshift muta-
tion and premature stop codon early in the fourth exon
(Fig. 1A). We confirmed the deletion by PCR and Sanger
sequencing of genomic DNA (Fig. 1C,E). To test the validity of
the knock-out, we performed immunostaining and immunoblot-
ting of adult Trim46~'~ brain with four different TRIM46 anti-
bodies (Fig. 1F-M). Immunostaining of the wild-type (WT)
cortex revealed strong AIS TRIM46 labeling, while no immuno-
reactivity was detected in Trim46~'~ cortex with any of the anti-
bodies (Fig. 1F-I). Inmunoblotting of brain homogenate using
three of the four antibodies similarly suggested complete loss
of TRIM46 protein (Fig. 1J-L), while the fourth antibody did
not work for immunoblotting in our hands (Fig. 1M).
Trim46~'~ mice are viable and appear grossly normal
(Fig. 1B). They do not exhibit perinatal lethality, as heterozygote
crosses produce genotypes consistent with Mendelian ratios
when genotyped at Postnatal Day 15 or older (Fig. 1D; n=275
mice from 39 litters). We aged some Trim46~'~ mice beyond
18 months of age, though we did not formally quantify lifespan.
Given that TRIM46 is reported to be required for AIS formation
(van Beuningen et al, 2015) and that AnkG knock-out mice,
which cannot form AIS, die at birth (Jenkins et al., 2013, 2015;

J. Neurosci., October 16, 2024 - 44(42):0976242024 - 5

Ho et al,, 2014), the viability of Trim46~~ mice underscored
the need to rigorously validate the knock-out. Therefore, we
next mapped the epitopes of the antibodies used in Figure 1 to
address the possibility that Trim46™'~ mice express a mutant
TRIM46 fragment undetectable by our antibodies.

The Trim46 gene produces two known protein isoforms,
TRIM46L and TRIM46S. They differ in their first exon, the inclu-
sion of exon 10 (which TRIM46L includes and TRIM46S skips),
and their last exon. Trim46S is primarily transcribed before neu-
ronal differentiation and it produces an unstable peptide unde-
tectable in the brain (Vuong et al., 2022). Though this suggests
that TRIM46L is the only functional TRIM46 isoform in neu-
rons, for the sake of thoroughness, we considered both isoforms
in our experiments. As the isoforms are identical from exons 2 to
9, the deletion of exon 3 in the knock-out allele should cause an
identical frameshift in both, appending a short (14aa) mutated
sequence to exon 2 followed by a premature stop codon
(Fig. 24, red exon labeled “A”). We generated plasmids to express
this hypothetical mutant as well as various N- and C-terminal
truncations of both isoforms and transfected them into COS-7
cells (schematized in Fig. 2A with representative images in
Fig. 2B). All plasmids included a C-terminal Myc tag.

We found that rabbit antibody #1 (Fig. 1F,]) labels a truncation
that goes through exon 3 but not the ones that end at exon 2 or start
at exon 3. Therefore, its epitope bridges exons 2 and 3, and it could
not detect a hypothetical mutant lacking exon 3. Rabbit antibody
#2 (Fig. 1G,K) labeled a C-terminal fragment of TRIM46L but
not TRIM46S. Correspondence with the supplier revealed that it
was generated against residues in the last exon of TRIM46L, which
is not found in TRIM46S. Therefore, if the knock-out allele pro-
duces a C-terminal TRIM46L fragment with an alternative start
codon past the deleted exon 3, it would be detected by this anti-
body. The two guinea pig antibodies (Fig. 1H,IL,M) labeled
N-terminal fragments of both isoforms that end after exon 2 as
well as the hypothetical mutant form of TRIM46L (TRIM46LA).
Neither antibody labeled the N-terminal truncation that starts at
exon 3, indicating that their epitopes are contained entirely within
the region of the protein that would be retained in the hypothetical
N-terminal mutant. Together, the epitopes of these antibodies span
N- and C-terminal regions of TRIM46, so the absence of immu-
nostaining in Trim46 '~ brain (Fig. 1F-I) indicates that there is
no mutant TRIM46 protein present at the AIS. In summary, the
results shown in Figures 1 and 2 demonstrate that Trim46'~
mice are a valid and viable in vivo model of TRIM46 knock-out.

The epitope mapping experiment afforded us the opportunity
to examine the subcellular localization of each of the truncates in
transfected cells. All truncates had a diffuse cytosolic distribution,
with only full-length TRIM46L and TRIM46S showing extensive
microtubule colocalization (Fig. 2A, “MT” column, representa-
tive images in Fig. 2C). This replicates the prior finding that
the COS box in exons 6-7, a common motif among microtubule-
binding members of the TRIM superfamily (Short and Cox,
2006), is required for TRIM46 to associate with microtubules
(van Beuningen et al., 2015). The same group found that the
RING finger domain in exon 2 is dispensable for microtubule
association, but our data suggest it is required. Van Beuningen
et al. (2015) deleted a larger N-terminal region in their ARING
construct (reproduced in Fig. 2A) than we did in our TRIM46L
E3-11 construct. Perhaps our shorter deletion alters protein fold-
ing in a way that disrupts COS box function, thereby preventing
microtubule binding.
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TRIM46 is not required for axon specification or AIS
formation in vivo

Because multiple prior studies report a role for TRIM46 in AIS
formation in vitro, we first investigated whether AIS formation
is impaired in Trim46~'~ mice. Immunostaining for AnkG
revealed abundant AIS in adult Trim46~'~ brain (Fig. 3A).
Since AIS assembly follows axon specification, these results
also show appropriate development of axon identity. Using
NeuN as a neuronal marker, we found no reduction in the per-
centage of neurons with an AIS, the fluorescence intensity of
AnkG, or the length of the AIS in adult Trim46™'~ cortex
(Fig. 3B-D). These findings indicate that, despite prior reports
in cultured neurons, TRIM46 is not required for AIS formation
or axon specification in vivo.

Because of the departure of these findings from prior work, we
questioned whether our results capture the full scope of
TRIM46’s necessity for AIS formation. We considered the possi-
bility that, though Trim46~'~ mice have AIS by adulthood,
TRIM46 knock-out could cause a transient delay in AIS forma-
tion during development. This seemed unlikely, as mice lacking
AIS are known to die at birth (Jenkins et al., 2013, 2015; Ho et al.,
2014). Nevertheless, we tested this possibility by immunostaining
brain from WT and Trim46 ™"~ mice for AnkG and PIV-spectrin
at P0. We found that Trim46™~ brain has abundant AIS by PO
(Fig. 3E). Most AIS formation in the cerebral cortex begins before
birth and finishes around P1 (Galiano et al., 2012), so this

experiment does not rule out the possibility of a prenatal delay
in Trim46™~'~ mice; however, these data show that if such a delay
occurs at all, it is brief and resolves by birth.

AnkG is the master organizer of the AIS, but it is far from the
only important AIS protein. To further examine the effect of
TRIM46 knock-out on AIS formation, we immunostained adult
cortex for four additional AIS proteins: PIV-spectrin, NF186,
nuclear distribution element-like 1 (NDEL1), and the voltage-
gated sodium channel Na,1.6. We found these proteins at AIS
throughout Trim46™'~ cortex (Fig. 4A-D). Using AnkG as an
AIS marker, we quantified the percentage of AIS with each pro-
tein and found no significant differences between Trim46~'~ and
control mice (Fig. 4E). Together, these data suggest that AIS for-
mation is not impaired in Trim46~'~ mice.

TRIM46 knock-out mice have intact cortical lamination

Previous studies reported impaired cortical neuron migration
after in utero electroporation with TRIM46 shRNA (van
Beuningen et al,, 2015). To determine if TRIM46 knock-out
impairs neuronal migration, we immunostained adult Trim46~'~
cortex for cortical layer markers Reelin (Layer I), CUX1 (Layers
[I-1V), CTIP2 (Layers V-VI), and FOXP2 (primarily Layer VI).
The distribution of these markers was similar between Trim46 '~
and WT cortex, indicating that cortical lamination is intact in
Trim46~"~ mice (Fig. 5). Though these data do not rule out the
possibility that cortical neuron migration is delayed in developing
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Figure 3.  TRIM46 is not required for AlS formation in vivo. A, Immunostaining of NeuN
(blue), TRIM46 (green), and AnkG (red) in the adult cortex. B-D, Quantification of AIS in
the adult cortex of (B) percentage of neurons with an AnkG + AIS (n=3 mice, N=211—
422 neurons per mouse), (€) fluorescence intensity of AnkG at the AIS, and (D) AIS length
(based on AnkG staining; N =38 WT and 26 Trim46~"~ AIS from n=1 mouse for C, D).
B, Was analyzed with one-way ANOVA (p=10.7886) with Tukey’s multiple-comparisons
test (adjusted p-values shown on graph). ¢, D, Were analyzed with unpaired t tests.
E, Immunostaining of AnkG and BIV-spectrin in the cortex at PO (n=2). Error bars indi-
cate + SEM. Scale bars: 10 pm.

Trim46™'~ brain, they show that if such a delay does occur, it
resolves by adulthood.

TRIM46 knock-out mice exhibit mild motor deficits and
normal anxiety-related behavior

To determine if TRIM46 knock-out leads to behavioral changes,
we performed a range of behavioral assays on adult Trim46 '~
mice. We first tested motor function using rotarod, wire hang,
and footprint analysis. On the rotarod, while WT mice improved
over the course of nine trials, Trim46~'~ mice of both sexes
exhibited a decreased latency to fall at the start and little
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Figure 4. TRIM46 is not required for the localization of major AIS proteins in vivo.
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(adjusted p-values shown on graph). Error bars indicate £ SEM. Scale bars: 10 pm.

improvement over the testing period. Heterozygous males per-
formed similarly to knock-out males at first but improved to
match the WT males by the end of the testing, while heterozy-
gous females performed similarly to WT females from the start
(Fig. 6A). Analysis of the mice tested on rotarod confirmed
that body weight did not differ significantly between genotypes
and so could not explain the poor performance of Trim46 '~
mice (Fig. 6B). On wire hang, no significant differences were
observed in the mean latency to fall over three trials for either
sex (Fig. 6C). For gait analysis, two-way ANOVA indicated a
significant effect of genotype as a source of variation (p=
0.0466), but further analysis of stride, stance, and sway with
Tukey’s multiple-comparisons test did not identify significant
differences for any measure (Fig. 6E). On qualitative assessment,
the footprint tracks did not show obvious gait abnormalities in
Trim46~'~ mice (Fig. 6D).
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To assess anxiety-like behavior and general locomotor activ-
ity, we used the open field test and the elevated plus maze,
each with a 10 min testing period (Fig. 7). Neither test revealed
any significant differences in the total distance traveled or time
spent in the zone of the test field considered to be more anxiety-
provoking (the inner zone for open field test and the open arm
for elevated plus maze). Together, these behavioral data suggest
that Trim46~'~ mice exhibit mild motor impairment but other-
wise normal behavior.

Proteomics of TRIM46 knock-out brain
Because TRIM46 knock-out mice still have AIS and are pheno-
typically normal, we sought to identify compensatory or redun-
dant mechanisms for TRIM46 loss in the knock-out mice. We
reasoned that if another protein compensates for TRIM46, it
may be upregulated in the knock-out brain or function together
with TRIM46. To screen for such a protein, we first performed
differential mass spectrometry of four WT and four Trim46~'~
brains. However, we did not find any strongly upregulated pro-
teins (Fig. 8A), suggesting the putative compensator might be a
normal component of the AIS. To search for TRIM46 interactors
that might function together with and be redundant to TRIM46,
we immunoprecipitated TRIM46 from WT and Trim46 ™'~ brain
and then analyzed the pulldown with mass spectrometry. The
WT precipitate was enriched in multiple tubulins (Fig. 8B,
blue) but no obvious interactors that seemed likely to compen-
sate for TRIM46 knock-out. As this approach can only identify
proteins in complex with TRIM46, it is possible that the compen-
sation occurs by a protein that does not interact with TRIM46.
Although we did not identify compensators with these
approaches, we noticed that several hormones and hormone pre-
cursors are downregulated in Trim46™'~ brain in a potentially
sex-specific manner. The most significant effect was for growth
hormone (Ghl), which was detected in WT brain, but not in
any of the Trim46~ /= brains (Fig. 8A). However, we did not
observe any differences in the growth or body size of Trim46 '~
mice (Figs. 1B, 6B). Four other hormones/hormone precursors
(prolactin, vasopressin, pro-opiomelanocortin, and oxytocin-
neurophysin 1) were also low or undetected in the knock-out
brains, but were not significantly downregulated because they
were also relatively low in the WT male brains (Fig. 8C, blue

TRIM46 knock-out mice have normal cortical lamination. Adult cortex immunostained for cortical layer markers Reelin (red), CUX1 (blue), CTIP2 (magenta), and FOXP2 (green). Scale

ellipse; Fig. 8D). As we only tested two mice per sex, we did not
perform statistical tests on the sex-disaggregated data.
Nevertheless, our findings may suggest a role for TRIM46 in hor-
mone regulation, perhaps related to TRIM46’s relatively high tran-
script expression in the pituitary gland (GTEx Project).

TRIM46 localization depends on AnkG in vivo
After establishing that TRIM46 is not required for AnkG locali-
zation to the proximal axon in vivo, we next investigated the
inverse relationship: the necessity of AnkG for TRIM46 localiza-
tion. Prior work found that AnkG knockdown in cultured neu-
rons induces a mislocalization of TRIM46: it accumulates in
the cell body and/or extends into the distal axon (van
Beuningen et al., 2015). To determine if this also occurs in
vivo, we generated mice lacking AnkG in their spinal motor neu-
rons by crossing Ank3"F mice with ChAT-Cre mice (ChAT-Cre;
Ank3™F) as previously described (Teliska et al., 2022). We immu-
nostained the spinal cord from ChAT-Cre;Ank3™" and control
Ank3™F mice and observed a striking extension of TRIM46
immunoreactivity much farther down the axon in
AnkG-deficient neurons than in control neurons (Fig. 94,B).
This is consistent with the TRIM46 redistribution previously
reported after AnkG knockdown in cultured neurons (van
Beuningen et al, 2015). Quantification of the length of
TRIM46-immunoreactive axon revealed that, on average,
TRIM46 extends roughly four times farther in AnkG-deficient
axons than in control axons (Fig. 9C). The TRIM46-positive
region of ChAT-Cre;Ank3™" axons is so long that in many cases
we observed it either cross paths with other axons or stop bluntly
instead of tapering off as it does in control neurons, suggesting
that the true end was cut off during cryosectioning. Thus, our
measurements may underestimate its length. These results
show that TRIM46 does not require AnkG for axonal localiza-
tion, but instead requires AnkG for its restriction to the AIS.
To determine whether AnkG loss impacts TRIM46’s microtu-
bule association in the proximal axon, we performed confocal
imaging of the same tissues. TRIM46 exhibited a fibrillar staining
pattern suggestive of microtubule binding in ChAT-Cre;Ank3™F
neurons as in control neurons (Fig. 9D). Whether the
AnkG-deficient neurons still exhibit microtubule fascicles with
cross-bridges, and, if so, whether fasciculation extends
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Figure 6.  TRIM46 knock-out mice exhibit a mild motor deficit. A, Latency to fall on accelerating rotarod at 3—5 months of age (males, n = 8; females, n =10 WT, 7 Trim46™" -, 8 Trim46™" 7).
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abnormally far down the axon alongside TRIM46, is unknown. A
prior in vivo study found that AnkG-deficient Purkinje cells lack
thick microtubule bundles; however, this study examined AIS by
transmission electron microscopy only in the longitudinal plane
and did not determine whether microtubule cross-bridging,
which is rarely visible in this plane, was affected (Sobotzik et
al., 2009). Thus, the precise state of microtubule fasciculation
in AnkG-deficient axons remains unclear.

AnkG and TRIM46 are independently detergent insoluble

The AIS is highly detergent insoluble (Huang et al., 2017). This is
thought to be due to AIS-resident proteins’ strong association with
AnkG and other AIS cytoskeletal proteins (e.g., spectrins). To
determine if AnkG remains detergent insoluble in the absence of
TRIM46, we used CRISPR to knock out TRIM46 in cultured rat
hippocampal and cortical neurons. We used AAV to deliver con-
trol or TRIM46-specific CRISPR guide RNA (gRNA) and Cas9

constructs. Neurons transduced with the TRIM46-specific
gRNAs produced TRIM46-negative neurons (Fig. 104, arrows).
The percentage of neurons with TRIM46-positive AIS was roughly
90% lower in cultures treated with TRIM46 gRNA than in those
treated with control gRNA, demonstrating the efficiency of the
knock-out (Fig. 10A,B). TRIM46 knock-out did not significantly
change the percentage of neurons with AnkG-positive AIS or
the fluorescence intensity of AnkG (Fig. 10C,D). After 30 min of
solubilization with 0.5% Triton X-100 before fixation, MAP2
immunoreactivity was significantly reduced in all neurons.
TRIM46 AIS staining in nontransduced neurons remained strong
(Fig. 10E, arrowheads). Immunostaining revealed strong AnkG
signal at the AIS of both TRIM46-positive (Fig. 10E, arrowheads)
and TRIM46-negative neurons (Fig. 10E, arrows) after 30 min of
solubilization. Next, to determine if the mislocalized TRIM46
observed in AnkG-deficient neurons (Fig. 9) remains detergent
insoluble, we employed a similar CRISPR approach to knock out
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AnkG in cultured rat hippocampal neurons. TRIM46 proved
detergent insoluble, both when properly localized to the AIS of
AnkG-positive neurons (Fig. 10F, arrowheads) and when misloca-
lized in the proximal axon of AnkG-negative neurons (Fig. 10F,
arrows). Thus, AnkG and TRIM46 are both detergent insoluble
at the AIS/proximal axon and neither protein’s insolubility
depends on the other’s.

TRIM46 is found at proximal nodes of Ranvier
Although microtubule fasciculation is usually discussed in rela-
tion to the AIS, it has also been observed at some nodes of
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Ranvier that are near to the cell bodies of motor and sensory neu-
rons of the spinal cord and dorsal root ganglia (DRG; Nakazawa
and Ishikawa, 1995). TRIM46 was later observed at nodes within
the DRG (Gumy et al., 2017; Nascimento et al., 2022). To deter-
mine which nodes have TRIM46, we immunolabeled TRIM46 in
preparations from WT mice comprised of the sciatic nerve with
several attached DRGs and dorsal and ventral roots. In this prep-
aration, proximal nodes are found in three places: proximal
nodes of motor neurons are located at the end of the ventral
root farthest from the DRG (nearest the spinal cord in situ), while
proximal nodes of sensory neurons are found on both sides of the
DRG, with the central nodes being in the dorsal root projecting to
the spinal cord and the peripheral nodes on the side of the sciatic
nerve. We observed nodal TRIM46 in each of these locations, but
not in any of their more distal counterparts (Fig. 11A). TRIM46
extends beyond the AnkG-labeled nodes and into the flanking
Caspr-labeled paranodes, showing that, as at the AIS, it is not
strictly colocalized with AnkG (Fig. 11B, arrowheads). These
findings confirm that TRIM46 is found in proximal nodes of spi-
nal cord motor neurons and both the CNS and PNS branches of
DRG sensory neurons, which are the only known sites of neuro-
nal microtubule fasciculation besides the AIS.

To determine if nodal TRIM46 is found in the brain, we
immunostained WT corpus callosum for TRIM46 (Fig. 11C).
We reasoned that in coronal brain sections, the most lateral, ven-
tral edge of the corpus callosum would contain a higher propor-
tion of nodes that are close to cortical neuron cell bodies than
would the medial, dorsal region that bridges the hemispheres.
In comparing these two regions, we observed nodal TRIM46 in
the lateral but not medial corpus callosum. These results show
that TRIM46 is found at proximal nodes throughout the nervous
system, suggesting that microtubule fasciculation is ubiquitous in
proximal nodes.

After finding TRIM46 at nodes, we examined the relationship
between nodal TRIM46 and AnkG. To determine whether loss of
AnkG affects nodal TRIM46, we immunostained DRGs and dor-
sal roots from Adv-Cre;Ank3™" mice. These mice lack AnkG only
in advillin-expressing cells such as DRG neurons. We observed
that TRIM46 is still present at nodes lacking AnkG (Fig. 11D).
That TRIM46 is present at nodes and proximal axons in AnkG
knock-out neurons suggests that there are AnkG-independent
mechanisms allowing TRIM46 to be localized at these sites. We
did not see a mislocalization of TRIM46 in AnkG-null nodes
like that found in AnkG-null proximal axons (Fig. 9). In
AnkG-null neurons, ankyrinR can compensate and assemble
nodes but not the AIS (Ho et al.,, 2014; Liu et al., 2020), which
may explain the redistribution of TRIM46 at proximal axons
but not nodes lacking AnkG. To determine whether loss of
TRIM46 affects nodal AnkG, we immunostained Trim46~'~
DRGs and observed that AnkG is still clustered at nodes lacking
TRIM46 (Fig. 11E). We conclude that TRIM46 is not required for
the formation of AIS or nodes in vivo.

TRIMA46 is required for nodal microtubule fasciculation

TRIM46 knockdown was previously reported to abolish microtu-
bule fasciculation at the AIS of cultured neurons (Harterink et al.,
2019). Since TRIM46 and microtubule fascicles have been
reported at proximal nodes of Ranvier (Fig. 11A; Nakazawa
and Ishikawa, 1995), we used transmission electron microscopy
to examine proximal nodes adjacent to the DRG of TRIM46
knock-out mice to determine if TRIM46 is required for microtu-
bule fasciculation in vivo. We found that microtubules in
Trim46~'~ nodes are more loosely spaced than in WT nodes,
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and they lack interconnecting cross-bridges (Fig. 12A). We per-
formed nearest neighbor analysis and found that the median
microtubule spacing is 39 nm in WT nodes and 52 nm in
Trim46~~ nodes (Fig. 12B,C). These values are close to those
reported in the AIS of cultured control and TRIM46 knockdown
neurons (Harterink et al., 2019). Furthermore, the number of
microtubules per square micron of axoplasm is reduced in
Trim46~'~ nodes (Fig. 12D). These findings demonstrate that
TRIM46 is required for microtubule fasciculation at nodes of
Ranvier and suggest that TRIM46 is required for microtubule fas-
ciculation at AIS.

Discussion
The first loss-of-function study of neuronal TRIM46 used
shRNA to silence TRIM46 expression in electroporated cultured

neurons. The loss of TRIM46 was reported to reduce the number
of AnkG-positive neurites per neuron by ~60%, leading to
the conclusion that TRIM46 is necessary for AIS assembly
(van Beuningen et al., 2015). This claim was partially supported
by a second in vitro study, where neurons derived from
TRIM46-null mouse embryonic stem cells (ESCs) showed a
more modest 35% reduction in the percentage of neurons with
an AnkG-positive AIS (Vuong et al, 2022). Recently, Guan
et al. (2024) reported a TRIM46 knock-out rat model and mea-
sured a ~30% reduction in the percentage of brain cells with
an AIS. In contrast to these previous studies, our results obtained
from rigorously validated Trim46™'~ mice showed neither a
reduced percentage of neurons with AIS proteins nor a reduction
in the fluorescence intensity of AnkG. We conclude that TRIM46
is not required for axon specification or AIS function, assembly,
or maintenance in vivo.
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Why have different studies of TRIM46 loss produced opposing
conclusions about the necessity of TRIM46 for AIS formation?
The difference likely reflects the models used to study TRIM46
function. For example, it is possible that the Trim46™'~ mice we
used are not a bona fide knock-out. However, we showed that
Trim46™'~ mice express neither WT TRIM46 nor a mutant N-
or C-terminal fragment. It is possible that the Trim46 '~ mice
express a variant that skips the epitopes of all the antibodies we
used, either a previously unknown isoform or a de novo mutant.
However, we consider these possibilities unlikely, since the four
antibodies we used have epitopes spanning 3 of TRIM46’s 10
exons, one of which also contains the RING finger domain previ-
ously shown to be required for TRIM46’s AIS localization (van
Beuningen et al., 2015). Considering this and our validation
data, the simplest conclusion is that Trim46~~ mice lack
TRIM46 protein.

Alternatively, the effects of TRIM46 knockdown might be
explained by toxic or off-target effects of the shRNA rather
than depletion of TRIM46 itself. However, transfection with
TRIM46 rescues the effects of TRIM46 shRNA (van Beuningen
et al,, 2015; Harterink et al,, 2019), suggesting those effects
were indeed caused by TRIM46 loss. That AIS formation was
also diminished in cultured TRIM46 knock-out neurons further
suggests a role for TRIM46 in AIS formation (Vuong et al., 2022).
It is also possible that compared with the intact brain environ-
ment, cultured neurons may be more susceptible to the loss of

TRIM46. We previously showed that AIS are highly susceptible
to disruption by injury, or any condition that results in elevated
intracellular calcium and subsequent proteolysis of AIS proteins
(Schafer et al., 2009).

Despite two independent in vitro lines of evidence for
TRIM46’s involvement in AIS formation, our in vivo study dem-
onstrates that it is dispensable in the brain. A compensatory
mechanism analogous to AnkR’s role at nodes of Ranvier could
reconcile these apparently conflicting findings. Nodes usually
lack AnkR and are assembled by AnkG; however, when AnkG
is absent, AnkR can compensate (Ho et al, 2014; Liu et al.,
2020). Thus, considering node assembly strictly in terms of
necessity paints an incomplete picture—to describe how WT
nodes form, a major role must be credited to AnkG even though
it is not actually required. In the same way, it may be that
TRIM46 is involved in AIS formation when it is present, but
when absent another protein or mechanism can compensate.
Future studies will test this possibility. Despite our efforts to iden-
tify potential compensators, we were unsuccessful. Proximity
proteomics approaches that sensitively enrich for AIS proteins
may reveal candidates missed in our experiments (Hamdan
et al,, 2020; Ogawa et al., 2023; Zhang et al., 2023).

If compensation explains the preserved AIS formation in
Trim46~'~ mice, why were AIS not rescued in the prior in vitro
studies? This may reflect differences in the timing of experimen-
tal manipulation and analysis. In the shRNA experiments that
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Figure 10.  AnkG and TRIM46 are independently detergent insoluble. A, Immunostaining for TRIM46 (red), AnkG (green), and MAP2 (blue) in cultured rat hippocampal neurons transduced
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comparisons test (adjusted p-values shown on graph). D, Fluorescence intensity of AnkG. Within each replicate, the mean of the TRIM46 gRNA culture was normalized to that of the control
culture. Analyzed with unpaired ¢ test. E, Immunostaining for TRIM46 (red), AnkG (green), and MAP2 (blue, shown only in the merged images) in cultured rat cortical neurons that were
transduced with Cas9 and TRIM46 gRNA at DIV 1 and fixed at DIV 21. The neurons on the right were treated with Triton X-100 before fixation. Each field of view includes both
TRIM46-negative (arrows) and TRIM46-positive (arrowheads) neurons for comparison purposes. F, Immunostaining for TRIM46 (red), AnkG (green), and MAP2 (blue, shown only in the merged
images) in cultured rat hippocampal neurons that were transduced with Cas9 and AnkG gRNA at DIV 0 and fixed at DIV 21. The neurons on the right were treated with Triton X-100 before
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produced the first and most extreme indications of TRIM46’s  depleted of TRIM46 and then evaluated within a few days of
AIS function, WT neurons underwent some degree of normal  that loss (van Beuningen et al.,, 2015). As noted by Vuong et al.
axon development and specification before being abruptly = (2022), the sudden loss of TRIM46 after it had already begun
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to function at the AIS might have more severe consequences than
would be seen in neurons that never express any TRIM46 where
compensatory mechanisms may be engaged earlier. Indeed, cul-
tured neurons derived from TRIM46 knock-out ESCs (Vuong

et al., 2022) showed a milder impairment of AIS formation than
TRIM46 knockdown neurons (van Beuningen et al.,, 2015). In
addition, the knock-out neurons were evaluated at DIV 7, while
the knockdown neurons were evaluated at DIV 4, a relatively
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early time when not all neurons have an AIS (Yang et al., 2007).
Thus, the knock-out neurons in vitro both lost TRIM46 earlier
and were evaluated at a more mature stage than the knockdown
neurons. These experimental differences may explain the varying
results. Together, these results suggest that AIS formation is less
impaired in neurons that have more opportunity to adjust to
TRIM46 loss.

Our results in Trim46™~'~ mice, which never express TRIM46
protein and can be studied over a much longer period than cul-
tured neurons, show no reduction in the number of AIS, length of
the AIS, or AnkG fluorescence intensity; axons are also appropri-
ately specified. This is in contrast to the results of Guan et al.
(2024) who reported a ~30% reduction in the percentage of brain
cells with AIS in a TRIM46 knock-out rat model. Again, there are
notable differences in the experimental approaches they used to
study AIS compared with our methods. For example, Guan et al.
(2024) did not fix the brain until after sectioning. This differs
from the more common methods of AIS immunostaining where
tissues are lightly fixed prior to sectioning. The AIS is extremely
sensitive to both overfixation and proteolysis by endogenous cal-
pains (Schafer et al., 2009); the lack of rapid fixation to quench
calpain activity and postfixation of thin brain slices can reduce
antigenicity. Consistent with these possibilities, the immunos-
taining for AnkG produced fractured and irregular AIS staining
in addition to the reported loss of AIS staining.

Our results support the idea that TRIM46 drives microtubule
fasciculation. Prior in vitro studies showed TRIM46 colocalizes
with AIS microtubule fascicles in cultured neurons, is necessary
for fascicle formation, and is sufficient to induce microtubule fas-
ciculation in HeLa cells (van Beuningen et al., 2015; Harterink et
al,, 2019). Consistent with this idea, in Trim46~'~ mice, we found
no evidence for microtubule fasciculation in proximal nodes of
Ranvier. While we show that TRIM46 is dispensable for AIS for-
mation in vivo, we did not determine whether Trim46™'~ AIS
have microtubule fascicles due to the technical challenges of
observing AIS cross sections with electron microscopy.
Nevertheless, based on the molecular similarities of AIS and
the proximal nodes, our results suggest that TRIM46 drives
microtubule fasciculation in vitro and in vivo and that TRIM46
may also be required for AIS microtubule fascicles.

However, we cannot rule out AIS-specific compensation by
another microtubule cross-linker. For example, MTCL1 was pre-
viously shown to be important for AIS microtubule fasciculation
in mouse Purkinje neurons, and MTCL1 was also reported at AIS
in the cortex and hippocampus (Satake et al., 2017). Whether
MTCLI localizes to proximal nodes or loss of MTCL1 affects
microtubule fasciculation in cortical or hippocampal neurons
remains unknown. It will be important in future studies to deter-
mine if microtubules still form fascicles in Trim46™'~ AIS. While
compensatory mechanisms that preserve AIS formation in vivo
may also preserve AIS microtubule fasciculation, these phenom-
ena may also be independent of each other.

Neuronal TRIM46 may have roles beyond AIS assembly that
we did not address. For example, TRIM46 knockdown was
reported to induce a mixed microtubule orientation in axons
(where microtubules are normally uniformly plus-end-out),
impair axonal transport, and disrupt the compartmentalization
of somatodendritic and axonal proteins (van Beuningen et al.,
2015; Fréal et al., 2019). Similar effects have been observed in
AnkG-deficient neurons (Hedstrom et al.,, 2008; Fréal et al.,
2016, 2019; Kuijpers et al., 2016; Teliska et al., 2022), so they
could be secondary to the AIS disruption caused by TRIM46
knockdown, rather than direct results of TRIM46 loss. It will
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be interesting to evaluate these aspects of neuronal polarity in
Trim46™~'~ mice, especially considering previous findings on neu-
ronal polarity in AnkG-deficient mice and neurons (Hedstrom
et al., 2008; Sobotzik et al., 2009).

In summary, this first study of Trim46~'~ mice indicates that
TRIM46 is required for microtubule fasciculation at proximal
nodes of Ranvier, but not for axon specification or AIS formation
in vivo. Future studies of this compensation will improve our
understanding of how the AIS works with the microtubule cyto-
skeleton to support neuronal polarity and function.
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