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Expression pattern
of Stomatin-domain proteins
in the peripheral olfactory system

KevinY. Gonzalez-Velandia!, Andres Hernandez-Clavijo!, Anna Menini'*,
Michele Dibattista? & Simone Pifferi%3*

Recent data show that Stomatin-like protein 3 (STOML3), a member of the stomatin-domain

family, is expressed in the olfactory sensory neurons (OSNs) where it modulates both spontaneous
and evoked action potential firing. The protein family is constituted by other 4 members (besides
STOML3): STOM, STOML1, STOML2 and podocin. Interestingly, STOML3 with STOM and STOML1
are expressed in other peripheral sensory neurons: dorsal root ganglia. In here, they functionally
interact and modulate the activity of the mechanosensitive Piezo channels and members of the
ASIC family. Therefore, we investigated whether STOM and STOML1 are expressed together with
STOML3 in the OSNs and whether they could interact. We found that all three are indeed expressed
in ONSs, although STOML1 at very low level. STOM and STOMLS3 share a similar expression pattern
and STOML3 is necessary for STOM to properly localize to OSN cilia. In addition, we extended our
investigation to podocin and STOML2, and while the former is not expressed in the olfactory system,
the latter showed a peculiar expression pattern in multiple cell types. In summary, we provided a first
complete description of stomatin-domain protein family in the olfactory system, highlighting the
precise compartmentalization, possible interactions and, finally, their functional implications.

Odor perception starts in the olfactory neuroepithelium with odorant molecules binding to receptors in olfactory
sensory neurons (OSNs). OSNGs are bipolar neurons that extend a dendrite with several apical cilia to the surface
of the olfactory epithelium (OE) and an axon to the olfactory bulb (OB). Odorant molecules bind to odorant
receptors in the cilia and initiate the transduction cascade that produces action potential firing that is transmitted
to the OB for further processing (reviewed by'™). In the olfactory system, STOML3 (originally named SRO or
SLP3) is known to be expressed in OSNs, where it mainly localizes to the knob and proximal cilia’~'.

STOML3 is a member of the stomatin-domain family of integral membrane proteins that, in mammals,
include stomatin (STOM), three stomatin-like (STOML) proteins STOMLI1, STOML2, STOML3 and podocin'2.
All members of the stomatin family are characterized by a conserved core domain called stomatin-domain'*!*.
The insertion in the membrane is due to a short hydrophobic hairpin located at the N-terminus of the protein'2.

STOMLS3 was first found in OSNs’. It is known to be expressed in a limited number of tissues, including
mechanosensory neurons of dorsal root ganglia (DRG), and to regulate Piezo and ASIC channels!>~18.

STOM was the first identified member of the stomatin-domain protein family in mammals and it has been
named from the hereditary human haemolytic anaemia, stomatocytosis'®. Although stomatocytosis is not due
to mutations of STOM gene, STOM is missing in red blood cells from stomatocytosis patients?’. STOM is lost
also in the stomatin-deficient cryohydrocytosis (sdCHC). sdCHC is a very rare and severe condition due to the
mutation of glucose transporter GLUT1 encoded by SLC2A1 gene®'. Recent studies showed that stomatocytosis
is a complex disease showing different phenotypes due to mutations in several genes®?. Interestingly, also muta-
tion in Piezol causes stomatocytosis***%. STOM is also express in DRG neurons'®?* and it modulates the skin
mechanoreception possibly by the modulation of Piezo channel®*%.

STOMLI is highly expressed in the brain and at a lower level in the heart, skeletal muscle and DRG sensory
neurons, where it modulates the activity of ASIC channels?”. STOML2 is expressed in brain, heart, skeletal muscle,
red blood cell and T cells?®*. Interestingly, STOML2 has been found in mitochondria where it binds cardiolipin
stabilizing the inner mitochondrial membrane and creating a scaffold for supramolecular complex®*-*. How-
ever, STOML2 is also localized on the plasma membrane and it could contribute to organize microdomains in
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Figure 1. mRNAs from the stomatin-domain protein family expressed in the OE. Total mRNA extracted from
the OE was amplified by RT-PCR using specific primers for Stom, Stoml1, Stomi2, Stoml3, and Podocin (a)

To test the quality of the cDNA, RT-PCR amplifications were performed on Gapdh, Olfr73, Ga,, (b) Control
experiments were done for each target using the same sample template without retro-transcriptase.

immunological synapses of T cells**. The structural motive responsible for STOML2 membrane localization is
still unknown since it does not have a hydrophobic membrane anchor at its N-terminus. Finally, STOML2 is
overexpressed and associated with poor prognosis in many types of cancer®*-*’. Podocin is specifically localized
to slit diaphragm of podocytes, a highly specialized epithelium covering the kidney glomerular capillary wall®.
Mutation in Podocin causes the familial idiopathic nephrotic syndrome®.

Proteomics and transcriptomics data have shown that STOM, STOML1, STOML2 and STOML3 are expressed
in the olfactory epithelium, but a precise localization of all stomatin-domain proteins in the olfactory system is
still missing*®~*¢. Here, we explored by immunohistochemistry the expression of the stomatin-domain proteins
in the OE and OB and found that the four members of the family (but not podocin) are expressed in the olfactory
system in different cellular and subcellular locations, where they are likely to play different roles.

Results

RT-PCR. The family of stomatin-domain proteins consists of five members: STOM, STOML1, STOML2,
STOML3 and Podocin. To explore their expression in the olfactory epithelium, we used RT-PCR and detected
mRNA for 4 out of 5 members: Stom, Stoml1, Stomi2, Stomi3 (Fig. 1a). We performed RT-PCR from the whole
OE that was enriched in mRNA from OSNs, since we could detect mRNA of the olfactory receptor Olfr73 and
the mRNA encoding for a protein of the odorant signal transduction machinery, Ga,y (Fig. 1b). A limitation of
RT-PCR is that it was performed on the whole epithelium mRNA, thus not giving any information about the
different cell types expressing stomatin-domain proteins.

To investigate the cellular localization of stomatin-domain proteins in the olfactory system, we performed
localization and cell specific expression studies by using immunofluorescence techniques. We used commercially
available antibodies and first tested their specificity on HEK-293 cells transiently transfected with plasmids
containing the cDNA sequence of Stom, Stoml1, Stoml2 or Stoml3 fused with EGFP or mCherry. All the used
antibodies were highly selective for their target protein (Suppl. Figure 1), making them a powerful tool for
immunostaining analysis of the four stomatin-domain proteins in the olfactory system.

STOM. Ourimmunofluorescence experiments revealed that STOM is expressed in the OE (Fig. 2a and e) and
it is particularly enriched in the apical layer (Fig. 3a). This region contains the knobs, the terminal part of the
OSN’s dendrites, and the cilia. Interestingly, several puncta were also present in the middle portion of the OE. By
using antibodies raised against the olfactory marker protein (OMP), a marker for mature OSNs*’, we found that
most of the puncta were localized in the cell bodies of the mature OSNs (Fig. 3 a, b and ¢).

We took advantage of two available knockout mouse models for stomatin-domain proteins: i) a Triple KO
mouse line, where Stom, Stoml1 and Stoml3 were knocked out; and i7) a Stomi3 KO mouse line, where only Stomi3
was knocked out. We confirmed the specificity of our STOM antibody since no staining was observed in Triple
KO (Fig. 3d-f). Interestingly, by staining the OE of the Stoml3 KO mouse, the ciliary localization of STOM was
not evident anymore, while no changes were observed in the localization of the puncta in OSNs’ cell bodies
(Fig. 3g-i). The specific absence of STOM in the Stoml3 KO mouse did not seem to depend on an alteration of
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Figure 2. Stomatin-domain protein localization in olfactory areas of the nasal cavity. Confocal micrographs
at low magnification of coronal sections of the OE of WT mice immuno-stained with antibodies (red) against
STOM (a), STOML1 (b), STOML2 (¢), and STOML3 (d). The same sections were double-stained with anti-
OMP antibodies (e-h, green). At low magnification, STOML2 is mainly visible around the axon bundles of
the OSNs, while STOMLL is detected in the cartilage of the nasal septum. STOM and STOML3 predominantly
localize in the apical part of the OE along the interface with the lumen of the nasal cavity. Nuclei were stained
with DAPI (blue).

the ciliary layer since acetylated tubulin staining was normal in the different mouse models we analyzed (Suppl.
Figure 2). In some OSNs, STOM remained in the apical region of the neuron, fully concentrated in the dendrite
and knob, indicating that the absence of STOML3 does not allow STOM to properly localize in the cilia.

OSNs project their axons to the OB in the brain just above the cribriform plate where they synapse in neu-
ropil-like structures called glomeruli. Before reaching the OB, axons coalesce in bundles under the basal lamina
of the OE. STOM was not expressed either in the axon bundles or in the glomeruli both in WT and Triple KO
(Fig. 4a—f). Again, the most surprising finding was that, in the StomI3 KO mouse, STOM re-localized in the most
distal part of the axons (Fig. 4g-i). Thus, STOM was found in the OB glomeruli of the StomI3 KO mouse model.
Its expression appears non-uniform as we observed a patchy pattern, with some glomeruli showing higher STOM
levels than others, also compared to OMP expression (Fig. 4g-i). This staining pattern is reminiscent of that of
some guidance molecules expressed in the OB, such as Neuropilinl or Kirrel2, whose patchy pattern in the OB
seems to be dependent respectively from basal and odorant induced activity*®.

STOML1. We found that STOMLI is expressed at low levels in the OE (Fig. 2b, f) with higher signals present
in structures not directly linked to the peripheral olfactory systems, like the cartilaginous tissue of the septum.
Co-staining with OMP showed that the faint STOMLLI signal localized mainly in the cell body of mature OSNs
and it was absent from the ciliary layer (Fig. 5a-c). Similar to the WT, in the Stomi3 KO, STOMLI localized in
the OSNs’ soma (Fig. 5g-i) while the stain was absent in the Triple KO (Fig. 5d-f). No staining was observed in
the OB in any of the mouse models used (data not shown).

STOML2. Aninteresting aspect that emerged in our characterization of stomatin-domain protein expression
in the OE is that each member analyzed had a peculiar expression pattern (Fig. 2). STOML2 further confirmed
this aspect. Indeed, its expression was scattered throughout the OE but was almost absent from the ciliary layer
(Fig. 6 a, g, j). STOML2 was expressed in the OMP-positive soma in small dots that seemed different from those
of STOM, STOMLI and STOMLS3 (see next paragraph), perhaps indicating that STOML2 had a different intra-
cellular localization (Fig. 6). We also found staining in the most basal region of the OE, where basal stem cells
are located. In this region, STOML2 localized around the nuclei occupying all intracellular space and showing a
more uniform staining pattern.

STOML2 localization did not seem to be affected by the lack of either Stom, StomlI and Stoml3 together in
the Triple KO (Fig. 6g-i), or by Stoml3 alone (Fig. 6j-1).

Interestingly, we observed staining also around the OSN axon bundles, however STOML2 did not colocal-
ized with OMP indicating that it is expressed in the ensheathing cells (Fig. 6d-f). Similarly, in the olfactory bulb
STOML2 localized in the olfactory nerve layers without colocalized with OMP suggesting that it also expressed
in the population of ensheathing cells enveloping the OSN axons in the bulb (Fig. 7a-f). The lack of either Stom,
Stoml1 and Stomi3 together in the Triple KO (Fig. 7g-i), or by Stomi3 alone (Fig. 7j-1) did not alter the localiza-
tion of STOML2 in the bulb.
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Figure 3. STOM expression in the olfactory epithelium. Confocal micrographs at high magnification of coronal
sections of the olfactory epithelium of WT (a-c), Triple KO (d-f), and Stomi3 KO (g-i) mice, double-stained
with anti-STOM (red) and anti-OMP (green) antibodies. In WT mice, STOM mainly localizes in the knob/
ciliary region of the OSNs while in the cell body it is detected in puncta (a-c). STOM staining is not present

in triple KO mice, confirming the specificity of the signal observed in WT (d-f). In Stoml3 KO mice, STOM is
absent in the ciliary layer, and in some OSNGs it remains trapped in their dendrites and knobs (g-i). Nuclei were
stained with DAPI (blue).

STOML3. We have recently shown that STOMLS3 is expressed in the OE and it is enriched in the knob and
the proximal part of the OSN cilia (Suppl. Figure 2 and’). The STOML3 positive roundish apical cellular struc-
tures are suggestive of knobs of mature OSNs (Fig. 8a—c and inset). This staining pattern vanished in the Triple
KO and in Stoml3 KO mice confirming the specificity of the immunostaining (Fig. 8). STOMLS3 also localized in
OSN§’ cell bodies with a rather intracellular punctate pattern.

STOML3 was not expressed in the axon bundles, and we could not detect any signal in the glomerular layer.
We found a staining in other regions of the OB, but this signal was also present in the KO models (data not
shown). Because the used antibodies are pretty specific inside the stomatin-domain family, the likely explanation
for the staining in the OB of the StomI3-KO and Triple KO, is a cross-reactivity of the STOML3 antibody with a
non-stomatin-domain protein.

STOM and STOML3 vesicular localization. The puncta observed for STOM and STOML3 immu-
nostaining in the central portion of the OE were reminiscent of intracellular vesicles. Indeed, the two proteins
did not seem to be expressed uniformly on the cell membrane of OSNs’ cell bodies but rather intracellularly
(Figs. 3, 8, 9). To better understand the localization of STOM and STOML3 we used the endosomal marker
Rabl11, that belong to a class of Ras GTPases that regulate vesicle-based intracellular transport '*#. We found
that Rab11 co-localized with STOM and STOML3 (Fig. 9a-1). The expression of Rab11 was quite scattered but
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Figure 4. STOM expression in the olfactory bulb. Confocal micrographs of coronal sections of the OB of
WT (a-c), triple KO (d-f), and Stomi3 KO (g-i) mice, double-stained with anti-STOM (red) and anti-OMP
(in green) antibodies. In WT mice, STOM is not detected in the OB. Triple KO (d-f) mice do not display any
staining with anti-STOM antibodies. In contrast, in Stoml3 KO mice, STOM strongly mis-localizes in the
glomeruli (g-i). Nuclei were stained with DAPI (blue).

interestingly Rab11 positive vesicles had a higher density in the apical layer, where dendritic knob and cilia of
OSN are located, than in the central/basal portion, where cell bodies of OSNs are located.

In the central portion of the OE, Rab11 vesicles seemed smaller than the pools of STOM/STOMLS3, being the
former fully contained in the latter. As these vesicles are highly mobile"?, the intense staining and the only partial
overlap between STOM/STOML3 and Rab11 in the apical layer may indicate a continuous turnover between the
membrane and the tiny intracellular space.

In the apical region of the OE, we observed a more intense staining for Rab11 (a higher density of vesicles)
that was partially overlapping with STOM or STOML3. Interestingly, the knob region of some OSNs contained
only Rab11 positive vesicles, while knobs of other OSNs contained both Rab11 and STOM (Fig. 9¢, f and e), or
Rabl1 and STOML3 (Fig. 91) positive vesicles.

As mentioned above, STOML3 is necessary for STOM to correctly target to the knob/proximal cilia region of
OSNs (Fig. 3g-i). In Stoml3 KO, Rab-11 positive vesicles are still present throughout the OE as in WT mice, and
especially those in the knob/cilia are mostly devoid of STOM (and of course of STOML3) proteins, indicating
that STOML3 protein is necessary for a correct vesicular transport of STOM proteins. In the Stoml3 KO, few
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Figure 5. STOMLI is expressed in the cell body of olfactory sensory neurons. Confocal micrographs at high
magnification of coronal sections of the olfactory epithelium of WT (a-c), triple KO (d-f), and Stomi3 KO
(g-1) mice, double-stained with anti-STOMLI (red) and anti-OMP (green) antibodies. In WT mice, STOML1
localizes in the cell body of the OSNs (a—c) and same pattern is observed in Stomi3 KO (g-i). STOMLL is not
detected in triple KO mice (d-f Nuclei were stained with DAPI (blue).

knobs contained STOM that was only partially overlapping with Rab11 indicating that, although STOMLS3 is
necessary for STOM to normally localize in the knob and proximal cilia membrane, not all of it remains trapped
in the vesicles and can reach the membrane.

Discussion

Here we sought to investigate the expression pattern of stomatin-domain proteins in the mouse OE and OB. We
found that four out of five members are expressed in different structures and cell types. By a quick survey of the
transcriptomic data available in repositories we could find that Storn and Stoml3 are among the highest expressed
transcripts in the mouse OE, while Stoml1 and Stoml2 expression levels seem lower*>#®%, The high expression of
Stom and Stomi3 transcripts in the OE has been confirmed by qRT-PCR by Wetzel et al.'®, who also pointed out
that, among several tested tissues, the OE has the highest expression levels for these two transcripts. In addition,
several proteomics studies have been focused on the detection of the proteins in the cilia of the OSNs by using
biochemically isolated cilia extracts from the OE of mice and rats. All studies agreed on the presence of STOM
and STOMLS3 in the cilia extracts*"*>*>!. Moreover, Tadenev et al.'! using an eGFP reporting mice showed that
STOMLS3 is localized in the knob and in the proximal portion of the cilia (see Fig. 4 from!!). Here, we showed
for the first time where four members of the stomatin-domain proteins localize in the OE and OB.

A first interesting finding is that STOM localization in OSNs depends on STOMLS3 expression. Indeed, when
knocking out Stornl3, STOM does not localize on the knoby/cilia of the OSNs but it rather remains in the cell body.
In a few cases, we even observed STOM trapped in the knobs. By using Rab11, a member of the Rab GTPase fam-
ily of proteins that play a major role in the transport of important signaling proteins to the plasma membrane®>,
we observed that both STOM and STOML3 were present in vesicles. Forster resonance energy transfer (FRET)
experiments showed that STOM and STOML3 physically interact in intracellular vesicles in DRG neurons®.
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Figure 6. STOML2 is expressed in olfactory sensory neurons, basal stem cells and ensheathing cells. Confocal
micrographs at high magnification of coronal sections of the OE of WT (a—c), triple KO (g-i) and Stoml3 KO (j-
1) mice, double-stained with anti-STOML2 (red) and anti-OMP (green) antibodies. In all the three mice models,
STOML2 has a punctate pattern spread throughout the OE. STOML2 is detected in the soma of the OSNs,
although it is almost absent in the ciliary layer. STOML2 signal also is observed in the most basal region of the
OE where locate the basal stem cells. (d-f) Higher magnification of OSN axon bundles shows the localization of
STOML2 in ensheathing cells. Nuclei were stained with DAPI (blue).

Moreover, in DRG neurons STOML3-containing vesicles express other transduction molecules, such as ASICs
channels, suggesting that this type of vesicles is involved in assembly and trafficking to plasma membrane of
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Figure 7. STOML2 is expressed in ensheathing cells but not in olfactory sensory neuron axons. Confocal
micrographs of coronal sections of the OB of WT (a-c), Triple KO (g-i), and Storml3 KO (j-1) mice double-
stained with anti-STOML2 (red) and anti-OMP (green) antibodies. In all three mice models, STOML2 has a
uniform and strong expression in the external nerve layer of the OB while is weakly present in more internal
layers including the glomeruli. (d-f) Higher magnification of OSN axon bundles shows the localization of
STOML2 in ensheathing cells. Nuclei were stained with DAPI (blue).

“transducosome”’®. We do not know whether Rab11 positive vesicles contained olfactory transduction proteins,
even though it seems that at least odorant receptors are transported in OSNs along the dendrite to the cilia via
Rab11 negative vesicles®>. When STOML3 was missing, we could find Rab11 positive vesicles densely packed in
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Figure 8. STOML3 expression in the olfactory epithelium. Single optical plane confocal micrographs of coronal
sections of the OE of WT (a—c), Triple KO (d-f), and Stoml3 KO (g-i) mice, double-stained with anti-STOML3
(red) and anti-OMP (green) antibodies. In WT mice, STOML3 predominantly localizes in a continuous thin
layer located along the basal portion of the cilia and knobs of OSNs. The inset in ¢ shows the localization

of STOMLS3 in the knob/basal part of the cilia. Resembling STOM expression, STOML3 also is detected in
several puncta in the cell body of most OSNs. STOMLS3 signal is not visible in triple KO and Stoml3 KO mice,
confirming the specificity of the signal observed in WT. Nuclei were stained with DAPI (blue). Inset scale bar

10 um.
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Figure 9. STOM and STOML3 co-localize with the endosomal marker Rab11. Single optical plane confocal
micrographs of coronal sections of the OE of WT and Stomi3 KO mice stained with antibodies against STOM
(aand d, red) or STOML3 (g and j, red). The same slices were double-stained with anti-Rab11 (b, e, h, and k,
green). As described before, STOM and STOML3 mainly localize in the cilia (see insets) and in puncta in the
cell body of OSNs. Rab11 is scattered throughout the OE, although it looks particularly enriched apically in the
knobs of OSNs (b, e, h, and k) where both STOM (a, d, ¢ and f) and STOML3 (g, j, i and 1) localize. Nuclei were
stained with DAPI (blue). Insets scale bar 10 um.

the knobs, indicating that they are important for the incorporation of yet to be known interacting ciliary pro-
teins. As previously proposed for DRG neurons', it is tempting to speculate that Rab11 positive vesicles might
represent nascent “transducosome” ready to shuttle ciliary proteins at their final destination also allowing for
the highly compartmentalized expression of the stomatin-domain proteins. However, Rab11 is well known to
be involved in endocyting vesicular trafficking to the plasma membrane®>®.

Even more striking was the finding that when STOML3 was absent, STOM localized in the OSNs’ axons in
OB glomeruli (where normally it is not expressed) thus showing that STOML3 is needed for a proper STOM
localization also in the OB. Moreover, STOM distribution in Stomi3 KO OB is not uniform, but it seems that
different glomeruli have different STOM expression level.

STOM accumulation in the OSN’ axons in the Stomi3 KO mice could be simply an epiphenomenon due to the
inability of the STOM protein to properly localize. Another possible explanation of the patchy staining pattern
is that STOM localization in the OB of the Stoml3 KO may correlate with guidance molecules like Kirrel2/3 or
Neuropilinl or others®. Indeed, several guidance molecules have peculiar staining pattern. For example, it has
been shown that differing firing patterns induced the expression of different axon-sorting molecules regulating
axonal segregation in mice®. Phasic, repetitive short bursts of neural activity induced Kirrel2 expression, whereas
bursting activity induced the expression of Sema7A and PCDH10 molecules that are involved in axon sorting
for OR specific glomerular formation®.

Recently, we have shown that STOML3 may modulate action potential firing is OSNs in response to signal
transduction activation. In Stomi3 KO OSNs, action potential firing was reduced both in spontaneous activity
and in odorant induced responses. Now, in light of the results presented here, we could complete the picture
by introducing STOM that may cooperate with STOML3 in modulating OSNS’ firing output’ and ultimately
in glomerular formation by altering the levels of the expression of the afore-mentioned guidance molecules.
Although we could not observe any evident change in glomerular targeting and formations in the OB, the role
of STOM-STOMLS3 in the olfactory system is certainly worth further investigation.

Ata first glance, STOM and STOML3 seemed to have a similar expression pattern in OSNs, especially in the
knob/cilia region, while STOMLI is more abundant in the cartilaginous tissue of the septum than in the OE,
and STOML2 is expressed not only in the OE but also in the axon bundles beneath the basal lamina. STOML1
expression seemed the lowest among the four proteins in the OE. It showed a faint punctate expression pattern
in OSN cell bodies, and the antibody revealed a perinuclear staining and a punctate pattern throughout the
cytoplasm compatible with vesicles and other membranous organelles™.

STOML2 is probably the least described member of the stomatin-domain protein family. STOML2 has been
found in many cell types in the inner mitochondrial membrane***. In neurons, it localizes in plasma membrane
(Kozlenkov, Lapatsina and Lewin, unpublished). In pathological conditions, STOML2 promotes tumor progres-
sion and cell proliferation*~*”. We found that STOML2 is expressed in the basal cells of the OE, but we could
not determine whether it is expressed in mitochondria or in the plasma membrane. Interestingly, it is the only
member out of four to be expressed both in mature OSNs and in basal cells, that constitute the stem cell niche
of the OE ready to differentiate in various cell types, including OSNs**-*%. In addition, STOML2 abundantly
localizes in the ensheathing cells both beneath the olfactory epithelium and in outer nerve layer of the OB. The
ensheathing cells are glia cell type that envelopes the OSN axons and could play an important role in sustain and
guide the axons of the regenerating neurons to the OB>*®. Many studies show the potential use of the ensheath-
ing cells to support neuronal repair after injury®'.
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In summary, by addressing the expression and localization of stomatin-domain proteins in OE and OB we
showed that: i) STOM needs STOMLS3 to correctly target in the knob/cilia of OSNs; ii) In OSNs, STOM and
STOMLS3 are also present in Rab11 positive vesicles that represent a cargo system that may form a nascent
transducisome that brings transduction proteins to the neurons’ apical region; iii) STOMLI is expressed in the
cartilage of the septum and at a lower level in OSNs’ cell body; and iv) STOML2 has a very peculiar localization
pattern, being expressed in basal cells as well as in OSNs’ cell bodies and in the ensheathing cells.

Materials and methods
Animals. Mice aged 2-6 months of both sexes were handled in accordance with the Italian Guidelines for
the Use of Laboratory Animals and the European Union guidelines on animal research according to a protocol
approved by the ethics committee of Scuola Internazionale Superiore di Studi Avanzati (SISSA). Experiments
were performed on tissues from C57BL/6 wild-type, Stoml3 KO (Wetzel et al., 2007) and triple KO mice for
Stom, Stoml1 and Stoml3'826:27,

RT-PCR. mRNA was extracted from 10 to 20 mg of the olfactory epithelium of 2 wild type (WT) mice using
magnetic beads mRNA isolation kit (S1550S, New England Biolabs). After extraction, mRNA was further incu-
bated with DNAase I (M0303S, New England Biolabs) to remove any residual genomic DNA. cDNA was syn-
thetized using the Protoscript IT First-Strand DNA Synthesis Kit from 100 ng of mRNA (E6560S, New England
Biolabs). PCR was performed in thermocycler (ThermaCycler2720, LifeTechnologies) using Taq DNA polymer-
ase and Thermopol buffer (M0267S, New England Biolabs), 0.2 mM for each dNTPs (N0447S, New England
Biolabs) and 200 pmol forward/reverse target-specific primers. Cycling parameters were: an initial denaturation
step (95 °C, 2 min) followed by 36 cycles, each of these cycles included a denaturation step (95 °C, 30 s), a primer
annealing step (62-64 °C, 30 s), and an extension step (72 °C, 60 s). Reaction was completed by a final extension
step at 72 °C for 5 min. Contamination from genomic DNA was tested by using a sample of the mRNA without
retrotranscription step. cDNA from testis (Clontech Laboratories) was used to set a positive control for PCR
amplification to confirm that the primers of Podocin are properly working. The following primers were used:
Gapdh fwd 5°-TGCTGAGTATGTCGTGGAGTCT-3’ rev 5’-TGCTGTAGCCGTATTCATTGTC-3’ (Tm =62 °C;
691 bp; GenBank. accession no. NM_008084.3); Olfr73 fwd 5-GCTGGTATTGGGATCCTATGCTT-3’ rev 5-
CGTCCACTTGCTGACTTCATCTT-3" (Tm=62 °C; 272 bp; GenBank. accession no. NM_054090.1); G,o.r
fwd 5-CTGCACGTCAATGGCTTCAA-3’ rev 5-TCACGGCAATCGTTGAACAC-3’ (Tm=64 °C; 910 bp;
GenBank. accession no. NM_177137.5); Stom fwd 5-AAGACAGAACTGGGAGCTTGTG-3’ rev 5-TGATAA
CCATGGACGCTTCTTTC-3 (Tm=64 °C; 654 bp; GenBank. accession no. X91043.1); StomlI fwd 5-GGA
TGATTGTGTTTCGACTGG-3’ rev 5-TTATCATCTCCAAGGTGTCTGG-3’ (Tm =64 °C; 548 bp; GenBank.
accession no. XM_006511402.4); Stoml2 5-TACAAGGCAAGTTACGGTGTGG-3’ rev 5-GAGAATGCGCTG
ACATACTGCT-3’ (Tm =64 °C; 523 bp; GenBank. accession no. AK002793); Stoml3 5°-CCCAATCTCAGTATG
GATGTGC-3’ rev 5-AGGCTTTAGCAGTGACCTTCTTAT-3’ (Tm =64 °C; 745 bp; GenBank. accession no.
NM_153156.2); Podocin 5-CATCAAGCCCTCTGGATTAGG-3’ rev 5-AGCGACTGAAGAGTGTGCAAGT-
3’ (Tm =64 °C; 713 bp; GenBank. accession no. AJ302048).

Immunohistochemistry. The anterior part of the head containing the nasal cavity and the olfactory bulb
was fixed in 4% paraformaldehyde in PBS pH 7.4 for 4 h at 4 °C. After fixing, heads of adult mice were decalcified
in 0.5 M EDTA pH 8 for 2-4 days. For cryoprotection tissue was equilibrated overnight in 30% (w/v) sucrose
in PBS at 4 °C. Then, the tissues were embedded in cryostat embedding medium (BioOptica) and immediately
frozen at—80 °C. 14-16 um coronal sections were cut on a cryostat and mounted on Superfrost Plus Adhesion
Microscope Slides (ThermoFisher Scientific). Sections were air-dried for 3 h and used the same day or stored
at -20 °C for further use. To remove the cryostat embedding medium from tissue, the slices were incubated for
15 min with PBS. Tissue was treated for 15 min with 0.5% (w/v) sodium dodecyl sulfate (SDS) in PBS for anti-
gen retrieval, then washed and incubated in blocking solution (2% normal donkey serum, 0.2% Triton X-100
in PBS) for 90 min and finally overnight at 4 °C in primary antibodies diluted in blocking solution. As primary
antibodies we used (company; catalog number; dilution): polyclonal rabbit anti-STOM (Sigma; HPA011419;
1:200); polyclonal rabbit anti-STOMLI (Sigma; HPA042353; 1:200); polyclonal rabbit anti-STOML2 (Abcam;
ab191883; 1:200); polyclonal rabbit anti-STOML3 (Proteintech; 13,316-1-AP; 1:200); polyclonal goat anti-OMP
(Wako; 544-10,001; 1:1000); polyclonal goat anti-Rab11 (AB3035-200, Origene; 1:200). After removal of the
excess of primary antibodies with PBS washes, sections were incubated with Alexa Fluor-conjugated secondary
antibodies (1:500 dilution) in TPBS (Tween 20 0.2% in PBS) for 2 h at room temperature, washed and mounted
with Vectashield (Vector Laboratories) or Fluoromount-G (ThermoFisher). The following secondary antibodies
were used: donkey anti-rabbit Alexa Fluor Plus 594 (Life Technologies; A32754; 1:500) and donkey anti-goat
Alexa Fluor 488 (Life Technologies; A11055; 1:500). DAPI (5 ug/ml) was added in solution containing second-
ary antibody to stain the nuclei. To reveal antibodies anti STOML1 and STOML3 we applied the tyramide signal
amplification method using the Tyramide SuperBoost™ Kit (B40925, ThemoFisher;*?). Immunofluorescence was
visualized with a confocal laser scanning microscope (A1R, Nikon). Images were acquired using NIS-Elements
Nikon software at 1024 x 1024 pixels resolution and analyzed with Image]J software (National Institute of Health,
USA). For images in Figs. 2, 3, 4, 5, 6 and 7, the maximum projections of 3-6 optical slices were displayed.
Control experiments, excluding primary antibodies, were performed for each immunolocalization that was not
possible to test in knockout mice and gave no signal.

Cell culture, transfection and immunocytochemistry. HEK-293 (Sigma) were grown in medium
composed of DMEM (Gibco, Italy) supplemented with 10% FBS (Sigma, Italy), 100 IU/ml penicillin and 100 pg/
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ml streptomycin (Sigma, Italy) at 37 °C in a humidified atmosphere of 5% CO2. Cells were transfected with
X-tremeGENE 9 DNA Transfection Reagent (Roche) following the protocol recommended by the supplier.
mCherry or EGFP-fusion stomatin-domain protein constructs were used to transfect the cells. In particular,
we used STOM-mCherry, STOML1-mCherry, STOML2-EGFP and STOML3-mCherry'. After 24-48 h from
transfection the cells were plated on circular coverslips coated with poly-L-lysine to improve the adhesion and
used for immunocytochemistry experiments.

Transfected cells were fixed with 4% paraformaldehyde in PBS pH 7.4 for 20 min at room temperature. Cells
were incubated in quenching solution (0.1 M of glycine) for 15 min at room temperature, then permeabilized
0.01% Triton X-100 in PBS for 15 min and washed. After incubation with blocking solution (2% FBS, 0.2%
Triton X100 in PBS) for 15 min, cells were incubated in primary antibodies diluted in blocking solution for 4 h
at 4 °C. As primary antibodies, we used the same as in experiments of immunohistochemistry. After removal
of unconjugated primary antibodies with PBS washes, cells were incubated with Alexa Fluor-conjugated sec-
ondary antibodies (1:500 dilution) in TPBS (Tween 20 0.2% in PBS) for 45 min at room temperature, washed
and mounted with Vectashield (Vector Laboratories) or Fluoromount-G (ThemoFisher). DAPI (5 pg/ml) was
added in solution containing secondary antibody to stain the nuclei. The following secondary antibodies were
used: donkey anti-rabbit Alexa Fluor Plus 594 (Life Technologies; A32754; 1:500) and donkey anti-rabbit Alexa
Fluor 488 (Life Technologies; A21206; 1:500). Image acquisition was made similar as in the experiments of
immunohistochemistry.

Ethics approval. The study is reported in accordance with ARRIVE guideline.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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