Cellular and Molecular Life Sciences (2020) 77:2217-2233
https://doi.org/10.1007/s00018-019-03282-3

Cellular and Molecular Life Sciences

ORIGINAL ARTICLE

=

Check for
updates

Tetraspanin1 promotes NGF signaling by controlling TrkA receptor

proteostasis

Facundo Ferrero Restelli' - Paula Aldana Fontanet' - Ana Paula De Vincenti' - Tomas Luis Falzone?

Fernanda Ledda'?® - Gustavo Paratcha’

Received: 1 February 2019 / Revised: 6 August 2019 / Accepted: 15 August 2019 / Published online: 22 August 2019

© Springer Nature Switzerland AG 2019

Abstract

The molecular mechanisms that control the biosynthetic trafficking, surface delivery, and degradation of TrkA receptor are
essential for proper nerve growth factor (NGF) function, and remain poorly understood. Here, we identify Tetraspaninl
(Tspanl) as a critical regulator of TrkA signaling and neuronal differentiation induced by NGF. Tspanl1 is expressed by devel-
oping TrkA-positive dorsal root ganglion (DRG) neurons and its downregulation in sensory neurons inhibits NGF-mediated
axonal growth. In addition, our data demonstrate that Tspanl forms a molecular complex with the immature form of TrkA
localized in the endoplasmic reticulum (ER). Finally, knockdown of Tspanl reduces the surface levels of TrkA by promoting
its preferential sorting towards the autophagy/lysosomal degradation pathway. Together, these data establish a novel homeo-
static role of Tspanl, coordinating the biosynthetic trafficking and degradation of TrkA, regardless the presence of NGF.
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Abbreviations

CNX Calnexin

DRG Dorsal root ganglia

ER Endoplasmic reticulum

Erk Extracellular signal-regulated kinase
GDNF Glial cell line-derived neurotrophic factor
Lampl Lisosomal-associated membrane protein 1
NGF Nerve growth factor
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PNS Peripheral nervous system
P75NTR  p75 neurotrophin receptor

Ret Rearranged in transformation

RTK Receptor tyrosine kinase

TBP TATA-binding protein

TEMs Tetraspanin-enriched microdomains
TrkA Tropomyosin-related kinase A
Tspan Tetraspanin

Introduction

In the peripheral nervous system (PNS), the generation
of neural circuitry underlying somatosensory perception
relies on intricate coordination of axonal growth, branch-
ing, guidance, target recognition, synapse formation, and
survival of morphologically and functionally distinct
subtypes of sensory neurons [1-3]. Target-derived neu-
rotrophic factors, such as nerve growth factor (NGF) and
glial cell line-derived neurotrophic factor (GDNF), have
been shown to contribute to the establishment of neuronal
connectivity, signaling through TrkA and Ret receptor
tyrosine kinases, respectively [4, 5]. Trk and Ret receptors
are expressed in specific subpopulations of sensory, sym-
pathetic, and spinal cord motor neurons where they control
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axonal extension, target innervation, and survival [6-9].
Although these receptors are expressed in specific subsets
of neurons, they are not able by themselves to determine
the specificity of axonal connectivity and peripheral tis-
sue innervation. Cooperative mechanisms between neuro-
trophic factors and other axon guidance/branching extra-
cellular cues (such as Wnts, Semaphorins, and Slits) have
provided insights into how a relatively small number of
neurotrophic factors can generate target specificity during
neuronal circuit formation [1, 10, 11]. Various genetically
modified mouse models have demonstrated that Trk and
Ret receptor signals need to be modulated to confer cell-
type specific responses to their respective ligands during
circuit development. Receptor-associated proteins, such
as Lrigl (leucine-rich repeat and Immunoglobulin-like
domain protein 1), Linx (leucine-rich repeat domain and
immunoglobulin domain containing axon extension pro-
tein), and PTPRO (protein tyrosine phosphatase recep-
tor type O), enhance or restrict neurotrophic activity to
regulate axonal growth and target innervation during PNS
development [2, 12—-14]. It is likely that other cell-type
specific receptor components or modulators of neuro-
trophic actions can contribute to axonal growth and target
innervation in the peripheral nervous system.

Tetraspanins (Tspans) constitute a superfamily of under-
characterized cell-surface proteins with four transmembrane
domains, two extracellular loops, and two short cytoplasmic
tails. They have the ability to associate with different recep-
tors, signaling molecules and among themselves, forming
a distinct class of membrane domains, named tetraspanin-
enriched microdomains (TEMs). Tspans regulate a variety
of cellular processes including intracellular trafficking, cell
adhesion, migration, and differentiation. By virtue of their
capacity to laterally interact with membrane receptors,
Tspans also function as inhibitors or facilitators of growth
factor receptor signaling [15-21].

Tetraspanins have been extensively studied in several
biological processes spanning from the immune system to
tumor growth regulation [22]. Although the functional con-
tribution of tetraspanins during nervous system development
is still at an early stage, in the last few years, several studies
on this subject have established that tetraspanins are key
regulators of a large group of proteins involved in synapse
formation, function, and plasticity [23—28]. These obser-
vations prompted us to investigate whether Tspans might
represent novel modulators of neurotrophic factor receptor
signaling.

Here, we performed a plasmid-based screening method to
identify Tspan-family members critically involved in NGF/
TrkA-mediated neurite outgrowth. In addition, we present
mechanistic evidence demonstrating that Tspanl facilitates
NGF-dependent signaling responses by controlling the bio-
synthetic trafficking and proteostasis of TrkA.
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Materials and methods
Cell lines, recombinant proteins, and inhibitors

PC12 cells were grown in DMEM supplemented with 5%
horse serum and 10% FBS (Invitrogen). COS and HEK-293
cells were grown in DMEM supplemented with 10% FBS as
previously described [29]. NGF and bFGF were purchased
from Promega and R&D systems, respectively. The pan-
caspase inhibitor Z-VAD-FMK was purchased from Sigma.
The autophagy-lysosomal inhibitors Chloroquine and NH,Cl
were from Sigma and Bafilomycin Al was obtained from
Tocris.

Real-time PCR

The developmental expression of Tspanl and TATA box
binding protein (Tbp) mRNAs was analyzed by real-time
PCR. Total RNA was isolated from DRG ganglia obtained
at different developmental stages using RNA-easy columns
(Quiagen). cDNA was synthesized using Multiscribe reverse
transcriptase and random hexamers (Applied Biosystems).
The cDNA was amplified using the following primer sets:
TATA box binding protein (7bhp): forward, 5-GGG GAG
CTG TGA TGT GAA GT-3; reverse, 5-CCA GGA AAT
AAT TCT GGC T'CA-3"[30]; Rat Tspanl: forward, 5-TGG
CTG AAC AAT TCC TGA CA-3;" reverse, 5-CCC TCC
ATC GTA GAG TTC CA-3;" The specificity of the primers
was controlled by conventional PCR. Real-time PCR was
performed using the SYBR Green qPCR Master Mix (Invit-
rogen) on an ABI7500 sequence detection system (Applied
Biosystems), according to the manufacturer’s instructions.
Reactions were performed in 25 pl volume. Nucleotides, Taq
DNA polymerase, and buffer were included in the SYBR
Green Master Mix (Invitrogen).

Cell transfection, plasmids, and pharmacological
treatments

COS and HEK-293 cells were transfected with Polyethyl-
enmine-PEI (Polysciences). PC12 cells were transfected
using X-tremeGENE (Roche) following the manufacturer’s
instructions. PC12-Flag-Tspan] clon (T7) was generated by
isolation of colonies transfected with the full-length Myc-
tagged-Tspanl construct and selected with neomycin.
Transient transfection of primary dorsal root ganglion
(DRG) neurons was performed using Lipofectamine 2000
(Invitrogen) in 300 pl of DMEM:F12 serum-free medium
containing 1 pg of total plasmid DNA per well in 24-well
plates containing 1.5 10° cells/well. For downregulation
experiments, DRG sensory neurons were transfected with 1
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pg of Tspanl-shRNA constructs expressing GFP protein. For
overexpression experiments, PC12 cells were co-transfected
with different epitope-tagged Tspan (0.9 pg) constructs and
GFP expression vector (0.1 pg) per well in 24 well plates
containing 0.6-0.75 x 103 cells/well.

Tspanl-shRNA-GFP and Flag-tagged-rat Tspanl were
purchased from Cellogenetics, Inc. The vector pRetro-U6G
shRNA was transfected for expression of Tspanl-shRNA
targeting rat Tspanl. Flag-tagged-rat Tspanl was cloned in
pRPCX1.0 vector. Plasmid cDNA encoding full-length Myc-
DDK-tagged rat Tspanl, Myc-DDK-tagged human Tspanl,
Myc-DDK-human Tspan3, Myc-DDK-mouse Tspan5, and
Myc-DDK-mouse Tspan7 were purchased from Origene
Technologies. Plasmids encoding Flag-Tspan9, Flag-CD9,
and Flag-CD63 were kindly provided by Dr. Michael G.
Tomlinson (University of Birmingham, UK). Plasmid for
HA-tagged TrkA-L213P was generously provided from
Dr. M. Vilar (Institute of Biomedicine of Valencia, Spain).
Lamp1-RFP was kindly provided by Dr. David Sabatini
(Whitehead Institute for Biomedical Research, USA). Plas-
mid encoding GFP was obtained from Clontech.

For downregulation of Tspanl, PC12 cells were trans-
fected with Tspani-shRNA-GFP vector and selected with
puromycin to enrich in a pool of transfected cells. PC12
cells were treated independently with Chloroquine (50 pM,
Sigma) for 16 h, with NH,Cl1 (50 mM, Sigma) for 6 h and
with Bafilomycin A1 (400 nM, Tocris) for 6 h. The cell-
permeant pan-caspase inhibitor Z-VAD-FMK (Sigma) [29]
was used at 50 nM.

Sensory neuron cultures

Dorsal root ganglion (DRG) neurons from embryonic day
15 (E15) Wistar rats of either sex (School of Pharmacy and
Biochemistry, University of Buenos Aires) were prepared as
previously described [29]. Briefly, the ganglia were dissoci-
ated with collagenase (2% wt/v, Sigma), trypsin (0.1% wt/v,
Invitrogen), and DNAsel (10 pug/ml, Invitrogen), and then
seeded onto poly-ornithine (Sigma) and laminin (Sigma)
coated plates. The neurons were maintained in DMEM:F12
medium supplemented with 60 mg/ml penicillin, 100 mg/ml
streptomycin, 2 mM glutamine (Invitrogen), 1 mg/ml BSA
(Sigma), and NGF (50 ng/ml).

Immunopreciptation and Western blotting

Cells were lysated at 4 °C in buffer containing 0.5% Triton
X-100, 1% octylglucoside plus complete EDTA-free pro-
tease inhibitor cocktail used according to the manufacturer’s
instructions (Roche) and phosphatase inhibitors (sodium
orthovanadate 1 mM and sodium fluoride 20 mM). Pro-
tein lysates were clarified by centrifugation and analyzed
by immunoprecipitation and Western blotting as previously

described [12]. The blots were scanned in a Storm 845
PhosphorIlmager (GE Healthcare Life Sciences), and quan-
tifications were done with ImageQuant software (Molecular
Dynamics). Numbers below the lanes indicate fold of induc-
tion relative to control normalized to total levels of target
protein.

The primary antibodies were obtained from various
sources as follows: anti-Tetraspaninl (1/500) was from Pro-
teintech, anti-Myc (1/800) (9E10), anti-actin (1/800) was
from Santa Cruz Biotechnology, anti-TrkA (1/1000) was
from R&D Systems, anti-Flag M2 antibody (1/1000) was
from Sigma, anti-HA antibody (1/1000) was from Roche,
anti-phospho TrkA (Tyr490) (1/2000) and anti-phospho
MAPK (Erk1/2) (Thr202/Tyr204) (1/2500) were from New
England Biolabs, anti-biotin (1/2000) was from Jackson
ImmunoResearch, and anti-BIII-tubulin (1/5000) was from
Promega.

Cell-surface biotinylation assay

Parental and shTspanl-PC12 cells were washed sequentially
with room-temperature PBS and cold PBS, chilled on ice,
and incubated in 0.5 g/ml of Sulfo-NHS-SS-biotin (Pierce)
dissolved in biotinylation buffer (PBS, 1 mM CaCl,, and
0.5 mM MgCl,) for 30 min at 4 °C to label the membrane
proteins. Free biotin was quenched with 0.1 M glycine and
then washed three times with cold PBS and lysed as indi-
cated above. Cell extracts were immunoprecipitated with
anti-pan Trk (C15, Santa Cruz) antibodies. Biotinylated
TrkA was detected by TrkA immunoprecipitation and prob-
ing with anti-biotin antibody (dil 1/1000).

Trypsin digestion and Triton X-100 solubility assays

Assays were performed as previously described [31]. Briefly,
trypsin digestion assay was done by incubating soluble
lysates with four increasing concentrations of trypsin (0.5,
1.0, 1.5, and 2.0 pg/pl) on ice for 10 min. The reaction was
stopped by adding 2X SDS-PAGE sample buffer and boiled
for 5 min.

Immunofluorescence

Cryostat sections of rat embryos at different developmen-
tal stages, dissociated DRG neurons, or transfected PC12
cells were fixed with 4% PFA, permeabilized with 0.25%
Triton X-100 blocked with 10% donkey serum (Jackson
ImmunoResearch) and then incubated with different pri-
mary antibodies. The antibodies used in this work included:
polyclonal anti-TrkA (dilution 1/200 on tissue sections
and 1/1000 cultured cells, R&D systems), anti-Tspanl
(16058-1-AP) (dilution 1/25 on tissue sections and 1/200
on cultured cells, Proteintech), anti-hTspan1 (clone TSP13/
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SAB4200484) (dil 1/1500 on cultured cells, Sigma), anti-
Calnexin (dilution 1/1500, Sigma), anti-GFP (dilution
1/1000, Invitrogen), and anti-phospho TrkA (dilution 1/2500
on PC12 cells, Cell Signaling). Secondary antibodies were
from Jackson ImmunoResearch (dilution 1/300). For each
developmental stage, lumbar DRGs coming from 4-6 rats
were isolated and embedded in OCT tissue embedding
medium. 20 pm serial cryosections were made through the
entire DRG and counted every 30 pm. Photographs were
obtained using an Olympus IX-81 inverted or an Olympus
Confocal microscope.

Image acquisition and quantification

Confocal images from Dorsal Root Ganglia were obtained
using a Confocal Olympus FV1000 20x/0.75 objective with
sequential acquisition setting. Confocal images for co-local-
ization quantification were obtained using an Olympus IX83
DSU 60x/1.42 NA immersion oil objective with sequential
acquisition setting. Images were acquired using the same set-
tings with no saturation and no bleedthrough and minimized
noise at a resolution of 1599 x 1186 pixels (16 bit). Images
were analyzed using the ImageJ plugin Coloc2. Pearson Cor-
relation Coefficient measured for individual cells using a
hand-drawn ROI followed by a Costes’ Significance Test was
chosen as the co-localization readout. Images for extracel-
lular quantification of TrkA were obtained using an Olympus
IX-81 40x/1.42 NA objective. Images were acquired using
the same settings with no saturation and no bleedthrough
and minimized noise at a resolution of 1360 x 1024 pixels.
Images were analyzed using the Fiji ImageJ software and
Corrected Total Cell Fluorescence (CTCF) was calculated
for each individual cell using a hand-drawn ROI. CTCF
is calculated as the integrated density of the selected cell
minus the area of the selected cell times the mean fluores-
cence of background readings [CTCF=IntDen — (Area X
MeanBck)].

Neurite outgrowth assays

For PC12 cell differentiation assays, the cells were trans-
fected with different plasmid cDNAs encoding full-length
epitope-tagged Tetraspanins and Tspanl-shRNAs using
X-tremeGENE reagent in complete medium. The next day,
the cells were plated on 24-multiwell plates and cultured
in DMEM medium (control condition) or DMEM supple-
mented with NGF (50 ng/ml). After 24, 48, or 72 h, the cells
were fixed with 4% paraformaldehyde (PFA). The number
of cells bearing neurites longer than 1 or 2 cell bodies (as
specified) was quantified relative to the total number of
cells counted in at least ten random fields of three differ-
ent wells in each experiment. PC12 cell differentiation was
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evaluated in three independent experiments. The pictures
were obtained using an Olympus IX-81 inverted microscope.

Neurite outgrowth assays were performed in dissoci-
ated cultures of E15 rat DRG neurons. Primary cultures
were prepared as previously described (see above). Neu-
rons were transfected with control-shRNA-GFP or Tspanl-
shRNA-GFP vectors and cultured in the presence of NGF
(50 ng/ml) for 36 h. Then, cells were fixed with 4% PFA
and stained with anti-GFP and anti-pIII-tubulin to identify
neuronal cells. Neuronal survival was evaluated using the
nuclear stain 4',6-diamino-2-phenylindole (DAPI) (Sigma).
GFP-positive neurons containing fragmented or condensed
nuclear staining were scored as apoptotic cells and not com-
puted in the differentiation assays. Quantification of neur-
ite length was performed using NIH Image] software. The
pictures were obtained using an Olympus IX-81 inverted
microscope.

shRNA-mediated knockdown assays

Rat Tspan-shRNA-GFP expression vectors were purchased
from Cellogenetics, Inc. The retroviral vector pRetro-U6G
shRNA was used for expression of Tspanl-shRNA target-
ing rat Tspanl. The target sequence of the Tspanl-shRNA
1 (indicated as shl) is 5'-GCT GGT GCT GTA CTC TTT
ATT-3", and corresponds to nucleotides 315-335 of rat
Tspanl mRNA. The target sequence of the Tspanl-shRNA
2 (sh2) is 5"-GCT GTG GCT TCA ACA ATT ACA-3’, and
corresponds to nucleotide 574-594 of rat Tspanl mRNA.
These regions were not homologous to other Tspans or other
known genes determined by a BLAST search. The efficiency
of Tspanl knockdown was confirmed by western blot of cell
extracts obtained from transfected COS cells.

Statistical analysis

Data are reported as mean+ SEM or SD as indicated, and
significance was accepted at p <0.05. Student’s ¢ test or
ANOVA was performed using GraphPad Prism 5.0 software.

Results

Tspan1 regulates neuronal differentiation
in response to NGF

To characterize the role of Tspans in NGF-induced neuronal
differentiation, we used the rat pheochromocytoma cell
line PC12, which express both p75N™® and TrkA receptors
and differentiate into a neuronal type resembling sympa-
thetic neurons in response to NGF. Thus, the neuroblast-
like PC12 cells provide a robust cellular model for stud-
ies of NGF activity. To explore a potential role of Tspans
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in NGF-induced neuronal differentiation, we performed a
plasmid-based method to acutely overexpress several Tspan-
family members, such as Tspanl, Tspan3, Tspan5, Tspan7,
Tspan9, CD9, and CD63. In particular, these Tspans are
expressed in the nervous system and some of them have
been implicated in the modulation of tyrosine kinase recep-
tor signaling [16, 25, 32-35]. PC12 cells were transfected
with control or epitope-tagged Tspans in combination with
an enhanced GFP expression vector. Cells were maintained
in the presence of NGF for 24 or 72 h and analyzed for
neurite outgrowth response. In these experiments, we found
that expression of exogenous Tspanl, but not other Tspans,
was sufficient to promote neurite outgrowth after 24 h, and
that this effect was also evident after 72 h of treatment with
NGF (Fig. 1a—c). Thus, our findings indicate that Tspanl
specifically promote morphological differentiation of PC12
cells in response to NGF.

Next, we performed loss-of-function assays to addition-
ally confirm the role of Tspanl in NGF-induced neurite
outgrowth. To perform these experiments, PC12 cells were
transiently transfected with vectors containing two specific
shRNAs directed to the rat Tspanl mRNA sequence, and
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Fig.1 Overexpression of Tspanl potentiates PC12 cell differentia-
tion in response to NGF. a Photomicrographs show PC12 cell trans-
fected with control or Flag-tagged Tspanl constructs together with a
GFP expression vector. After 24 h maintained in the presence of NGF
(50 ng/ml), cells were fixed and analyzed. Arrowheads indicate neu-
ronal cell bodies (CBs) and arrows denote neurite tips. Scale bar, 15
pm. b Quantification of the relative number of GFP-positive neurite-
bearing PC12 cells longer than 2 CB diameters in the different exper-
imental groups after 24 h of NGF treatment. The results are shown as
means + SD of three independent experiments. Dashed line indicates
differentiation value of control vector transfected cells treated with
NGF. #¥p<0.005 by Student’s ¢ test. ¢ Quantification of the relative
number of GFP-positive neurite-bearing PC12 cells longer than 2
CB diameters in the different experimental groups after 72 h of NGF
treatment. The results are shown as means+ SD of three independ-
ent experiments. Dashed line indicates differentiation value of control
transfected cells treated with NGF. *p <0.05 by Student’s ¢ test

then stimulated with NGF or bFGF during 48 h. Since bFGF
also promotes the formation of neurites in PC12 cells, we
examined whether downregulation of Tspanl could also
affect outgrowth in response to bFGF. In line with results
shown in Fig. 1, knockdown of Tspanl by RNA interfer-
ence abrogated NGF-induced, but not bFGF-promoted neu-
rite outgrowth in PC12 cells, indicating that the effect of
Tspanl was specific on the morphological differentiation
induced by NGF (Fig. 2a, b). The efficiency of rat Tspanl
downregulation was confirmed by immunoblotting. These
two shRNAs were able to abolish the levels of ectopically
expressed Tspanl protein in COS cells (Fig. 2c¢).

To minimize off-target effects of ShARNA, we performed
experiments to verify the specificity of the Tspanl-shRNA
phenotype by testing the ability of an shRNA-resistant
human Tspanl (hTspanl) to rescue the reduced NGF-pro-
moted neurite outgrowth observed upon knockdown of rat
Tspanl. We found that hTspanl was sufficient to reverse
this phenotype, suggesting that this effect is due to the spe-
cific downregulation of endogenous Tspanl (Fig. 2d). The
resistance of hTspanl to be silenced by rTspanl-shRNA was
controlled by immunoblotting and immunofluorescence of
PC12-transfected cells (Fig. 2e, f).

Expression of Tspan1 during DRG development

The role of Tspanl in the central and peripheral nerv-
ous system development is still completely unknown. To
start addressing this, the expression of Tspanl mRNA was
analyzed by real-time PCR in rat DRG tissue at different
developmental stages. A developmental increase in Tspanl
mRNA expression was detected between E15.5 and E17.5
(Fig. 3a), a period in which DRG sensory neurons receive
target-derived NGF [9].

To explore whether Tspanl could play a role in NGF/
TrkA function in vivo, we analyzed the expression pattern
of Tspanl and TrkA in tissue sections of DRGs by immuno-
fluorescence using specific antibodies (Fig. 3b). Quantitative
analysis revealed that from E15.5 to E17.5, the expression of
Tspanl is localized in~40-50% of TrkA-positive neurons
(Fig. 3¢). In addition, more than 80% of the Tspan1-positive
cells also express TrkA (Fig. 3d), thereby suggesting that
Tspanl might contribute to the biological response triggered
by NGF in DRG neurons in vivo.

Primary cultures of dissociated DRG neurons obtained
from E15 rats and maintained in the presence of NGF for
48 h, were evaluated by immunofluorescence using anti-
Tspanl and anti-TrkA antibodies. In agreement with the
in vivo data, the staining revealed a high co-expression of
Tspanl and TrkA in DRG-cultured neurons (Fig. 3e). Anti-
body specificity was controlled by immunoblot and immu-
nofluorescence of cells transfected with Tspanl-shRNA
(Supplementary Fig. 1a, b) and by immunofluorescence of
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PC12 cells overexpressing myc-tagged rat Tspanl (Sup-
plementary Fig. 1c).

The expression of Tspanl in TrkA-positive sensory neu-
rons, together with its upregulation during the period of
NGF-dependent axonal growth and target tissue innerva-
tion, suggested that Tspanl could mediate in vivo effects
of NGF during embryonic development.
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Tspan1 is involved in axonal growth of DRG sensory
neurons in response to NGF

The results obtained in PC12 cells lead us to examine the
biological significance of Tspanl as a mediator of NGF
signaling in primary sensory neurons. For such purpose, we
introduced Tspanl-shRNA construct expressing GFP into
sensory neurons isolated from E15 DRG. At this develop-
mental stage, the majority of the DRG neurons express high
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«Fig.2 Knockdown of Tspanl inhibits PC12 cell differentiation in
response to NGF. a Photomicrographs show PC12 cell transfected
with control-shRNA-GFP or Tspanl-shRNA-GFP constructs. After
48 h of NGF (50 ng/ml) or bFGF (50 ng/ml) treatment, the cells were
fixed and analyzed. Arrowheads indicate neuronal cell bodies (CBs)
and arrows denote neurite tips. PhC, Phase Contrast. Scale bar, 15
pm. b Quantification of the relative number of GFP-positive neurite-
bearing PC12 cells longer than one or two CB diameters in the differ-
ent experimental groups after 48 h of NGF or bFGF treatment. The
results are shown as mean+SD of three independent experiments
*p<0.01; *¥p <0.005; and ***p <0.001 by Student’s ¢ test. ¢ Tspanl
protein levels were analyzed by immunoblotting of Cos cells co-
transfected with Flag-Tspanl and either control-shRNA or Tspanl-
shRNA constructs. Tubulin is shown as loading control. Two differ-
ent Tspanl-shRNAs (shl and sh2) have been tested in these assays.
d shRNA-resistant human Tspanl (hTspanl) rescues the effect of rat
Tspanl-shRNA on NGF-promoted neurite outgrowth. Quantification
of the % of GFP-positive neurite-bearing PC12 cells longer than one
or two CB diameters in the different experimental groups after 24 h
of NGF treatment. The results are shown as mean =+ SD of three inde-
pendent experiments. *p <0.05 and **p <0.01 by one-way ANOVA
followed by Student-Newman—Keuls’ multiple comparisons test.
e Representative immunoblot analysis of Flag-tagged Tspanl with
anti-Flag antibody following transfection of Cos cells with control or
rTspanl-shRNA constructs in combination with Flag-ratTspanl or an
shRNA-resistant Flag-hTspanl. Tubulin is shown as loading control.
f Tspanl immunofluorescence (red) of rat PC12 cells co-transfected
with human Tspanl (hTspanl) together with rTspanl-shRNA-GFP.
Note that the anti-hTspanl immunolabeling is clearly detected in
GFP-positive cells expressing a rat-specific Tspanl-shRNA, thereby
showing that hTspanl is resistant to the ShRNAs used

levels of TrkA and respond to the neurotrophin NGF. After
transfection, the cells were maintained in the presence of
NGF for 36 h, fixed, and analyzed for neuronal differentia-
tion. In agreement with the results obtained in PC12 cells,
the neurite outgrowth stimulated by NGF was significantly
reduced in DRG neurons transfected with Tspanl shRNA
(Fig. 31, g).

To discard the possibility that the effect seen with Tspani-
shRNA was due to apoptosis, the cultures were treated with
the apoptotic inhibitor Z-VAD-FMK (50 nM) and the mor-
phology of the nuclei was additionally assessed using the
nuclear staining DAPI. A similar survival was observed
between control and Tspanl-shRNA-transfected neurons.
This result indicates that the effect of Tspanl in sensory
neuron axonal growth is independent of neuronal survival
(Fig. 3h). Thus, our findings demonstrate that Tspanl is
required for sensory neuron axonal growth in response to
NGF.

Tspan1 facilitates NGF-mediated activation of TrkA
receptor tyrosine kinase and downstream signaling
pathways

To evaluate whether Tspanl could promote NGF signaling,
we transiently transfected PC12 cells with either control
plasmid or Myc-DDK-Tspanl construct. Transfected cells

were serum-starved, stimulated with NGF for 15 min, and
fixed. Activation of TrkA was evaluated by immunofluo-
rescence [8] using a specific anti-phospho TrkA (Tyr490)
antibody. In these assays, the overexpression of Tspanl pro-
motes a significant increase in NGF-induced TrkA phos-
phorylation compared to control transfected cells (Fig. 4a,
b). In addition, we examined biochemical events associated
with TrkA receptor signaling by immunoblotting. In these
experiments, parental PC12 and stable transfected PC12
cells overexpressing Tspanl (PC12-Tspanl cells, clon T7)
were serum-starved and treated with or without NGF for
15 min. The levels of TrkA and Erk1/2 activation were
evaluated in cell extracts by immunoblotting (IB) with anti-
phospho TrkA and anti-phospho Erk1/2 antibodies, respec-
tively. In agreement with the activation of TrkA observed
by immunofluorescence (Fig. 4a, b), the stable expression
of Flag-Tspanl (clon T7) showed a robust increase in TrkA
phosphorylation and Erk activation compared to parental
PC12 cells (Supplementary Fig. 2).

The promotion of NGF/TrkA signaling observed in
PC12 cells overexpressing Tspanl prompted us to examine
whether the downregulation of Tspanl can attenuate TrkA
and Erk2/MAPK activation in response to NGF. To perform
this, we co-expressed full-length HA-TrkA or HA-Erk?2 plas-
mids together with either control-shRNA-GFP or Tspani-
shRNA-GFP construct. In these experiments, transfected
cells were serum-starved and treated with or without NGF
for 15 min. The levels of HA-TrkA and HA-Erk?2 activation
were evaluated by immunoprecipitation followed by immu-
noblotting with anti-phospho-specific antibodies. In agree-
ment with the results obtained by gain of function assays,
a significant ligand-dependent inhibition of TrkA tyrosine
phosphorylation and Erk2 activation were observed in PC12
cells transfected with Tspanl-shRNA (Fig. 4c—f). Together,
our findings indicate that Tspanl facilitates TrkA signaling
and physiological responses to NGF.

Tspan1 interacts with the immature form of TrkA
and regulates its post-biosynthetic trafficking

To obtain additional insight into the mechanisms underly-
ing the role of Tspanl in NGF-mediated TrkA signaling,
we conducted a series of biochemical and immunofluores-
cence assays. Initially, we examined by immunofluorescence
the cellular localization of endogenous TrkA and Myc-
Tspanl in PC12 cells. Our findings indicate that TrkA and
Myc-Tspanl are highly co-localized together with the ER
marker Calnexin (CNX) (Fig. 5a), indicating that Tspanl
may form a molecular complex with TrkA in this compart-
ment. Perinuclear co-localization between endogenous TrkA
and Tspanl was also detected in PC12 cells by immuno-
fluorescence (Fig. 5b). To address this possibility, HEK-293
cells were transfected with expression vectors encoding
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Fig.3 Tspanl is expressed in TrkA-positive DRG sensory neurons
and its knockdown restricts NGF-induced axonal growth. a Quanti-
tative analysis of the developmental expression of Tspan! mRNA by
real-time PCR in rat DRG ganglia at the indicated embryonic stages.
Expression was normalized to the housekeeping gene 7hp and values
are relative to the expression at E13.5. Right, Tspan! mRNA expres-
sion by PCR in DRG. Control sample without reverse transcriptase
(-RT) was included. *p<0.05 vs. E13.5 by one-way ANOVA. b
Immunofluorescence of TrkA and Tspanl in E17.5 rat DRG sections.
High magnification images are also shown. Arrowheads indicate
cells showing Tspanl-TrkA co-expression. Scale bar, 50 pm (upper
panel) and 10 pm (lower panel). ¢ and d Quantitative analysis of
developmental co-expression of Tspanl with TrkA in lumbar DRG
sections. ¢ Averages are expressed as percent (%) of TrkA-positive
neurons expressing Tspanl and d Averages are expressed as percent
of Tspanl-positive cells expressing TrkA. *p<0.05 vs. E13.5 and
E14.5 by one-way ANOVA followed by Student-Newman—Keuls’
multiple comparisons test. € Localization by immunofluorescence of
TrkA (green) and Tspanl (red) in DRG-dissociated neurons. Arrows

HA-tagged TrkA in the absence or in the presence of Myc-
Flag-Tspanl, and then, Tspanl was immunoprecipitated with
anti-Flag antibodies. As shown in Fig. 5c, TrkA was spe-
cifically co-immunoprecipitated with anti-Flag antibodies
only from cells co-expressing both constructs, but not from
cells transfected with control or TrkA plasmid alone. Inter-
estingly, our findings show that Tspanl interacts with the
immature form of TrkA (110 kDa) that has not completed
golgi-mediated processing of high-mannose N-glycans, but
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indicate cells showing Tspanl-TrkA co-expression. Arrowheads indi-
cate cells negative for TrkA and Tspanl. Scale bar, 15 pm. f Dissoci-
ated DRG neurons transfected with control-shRNA-GFP or Tspanli-
shRNA-GFP constructs, cultured in the presence of the apoptosis
inhibitor Z-VAD-FMK (50 nM), and maintained in the presence of
NGF (50 ng/ml). After 36 h in culture, neurons were fixed and ana-
lyzed. Scale bar, 20 pm. Arrows indicate cell bodies and arrowheads
indicate neurite tips. g Histograms show the inhibition of neurite
outgrowth in DRG neurons by knockdown of Tspanl expression.
The total neurite length and the length of the longest neurite were
evaluated. Results are shown as the average+ SD of three independ-
ent experiments *p <0.05 by Student’s ¢ test. h Histogram showing
the survival of DRG neurons transfected with control-shRNA-GFP
or Tspanl-shRNA-GFP. Neuronal survival was evaluated using DAPI
for the nuclear staining. GFP-positive neurons containing fragmented
or condensed nuclear staining were scored as apoptotic cells. The
results are expressed as averages+ SD of three independent experi-
ments

not with the upper mature band expressed at the cell sur-
face (140 kDa) [36]. To confirm this interaction, we carried
out the same type of experimental design but using a TrkA
mutant (L213P) that only generates the immature protein
band of 110 kDa, because this variant of TrkA is retained
in the ER and does not traffic correctly towards the plasma
membrane [31]. This further analysis using the TrkA-L213P
clearly demonstrates that Tspan] interacts in the ER with the
110 kDa-intracellular form of TrkA (Fig. 5c¢).
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Fig.4 Tspanl promotes NGF-induced TrkA signaling. a Photomi-
crographs show PCI12 cells transfected with control vector or Myc-
Tspanl (Tspanl) construct together with a GFP plasmid. After 48 h
the cells were serum-starved, then treated or not with NGF (25 ng/ml)
for 15 min, and fixed. Activation of TrkA was assessed by immuno-
fluorescence of phospho TrkA (p-TrkA) on GFP-positive cells. Scale
bar, 10 pm. b Quantitative analysis of p-TrkA activation expressed
as average+ SD of three independent assays. *p <0.05 by Student’s
t test. ¢ TrkA phosphorylation in PC12 cells co-transfected with
either control-shRNA or Tspanl-shRNA constructs together with
HA-tagged TrkA vector. Cells were treated with NGF (50 ng/ml) as
indicated. Total lysates were immunoprecipitated (IP) with anti-HA
antibodies followed by immunoblot (IB) with antibodies against

To determine whether this interaction between Tspanl
and TrkA occurs when these proteins are expressed at
physiological levels, Tspanl was immunoprecipitated from
tissue extracts prepared from rat DRG. This assay clearly
shows that the immature form of TrkA can be specifically
co-immunoprecipitated with Tspanl, but not with control
antibodies (Fig. 5d), confirming that Tspanl and immature
TrkA specifically associate in vivo. Notably, the reprobing
with anti-CNX of the same filters previously tested with
anti-HA or anti-TrkA reveals that Tspanl also interacts with
the lectin chaperone CNX (Fig. 5c, d). Together, these assays
support that the association between Tspanl and immature
TrkA occur in the ER, and suggest that Tspanl might be
involved in the post-synthetic trafficking of TrkA, by pro-
moting its early association with CNX.

Previous studies indicated that in addition to their purely
structural function as membrane organizers, tetraspanins
also regulate various aspects of trafficking and biosynthetic
processing of associated proteins [37]. Thus, this evidence

phospho-Tyr 490 of TrkA (p-TrkA). Reprobing of the same blot with
anti-HA antibodies is shown. d Quantification of TrkA phosphoryla-
tion expressed as fold of TrkA activation relative to untreated cells.
Results are presented as averages+SD from three independent
experiments. *p <0.005 by Student’s ¢ test. e Erk2 activation in cell
extracts prepared from PC12 cells co-transfected with either con-
trol-shRNA or Tspanl-shRNA constructs together with HA-tagged
Erk2 vector. Cells were treated with NGF (50 ng/ml) as indicated.
Reprobing of the same blot with anti-pIII-tubulin is shown. f The
graph bar shows the quantification of Erk2 phosphorylation. Results
are presented as average+SD from three independent experiments.
*p <0.005 by Student’s 7 test

prompted us to examine whether Tspanl could affect the
abundance of TrkA on the cell surface. To this end, we
performed two different complementary approaches. First,
PC12 cells were transfected with either control-shRNA-
GFP or Tspanl-shRNA-GFP construct. After 72 h, the
cells were fixed and the TrkA surface levels were evalu-
ated by immunofluorescence with anti-TrkA extracellular
domain (TrkAECP) antibodies on non-permeabilized cells.
Only receptors placed on the cell surface were labeled with
the anti-TrkAECP antibodies (see Supplementary Fig. 3).
Using this analysis, we found that knockdown of Tspanl
in PC12 cells causes a significant reduction (233%) in the
cell-surface levels of TrkA (Fig. 6a, b). This biological effect
was rescued using an shRNA-resistant hTspanl construct,
which was sufficient to reverse the reduced TrkA surface
levels observed upon knockdown of rTspanl (Supplemen-
tary Fig. 4a, b).

To assess the specificity of Tspanl on TrkA trafficking to
the cell surface, we evaluated whether Tspanl could affect
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Fig.5 Tspanl interacts with the immature form of TrkA receptor
in the ER. a Representative confocal immunofluorescence of PC12
cells transfected with Myc-Tspanl. The images show co-localization
between Myc-Tspanl (green) with endogenous TrkA (red) and the
ER marker Calnexin (blue). Scale bar, 5 pm. b Confocal immuno-
fluorescence images showing co-localization between endogenous
Tspanl (red) and TrkA (green) in PC12 cells. Scale bar, 5 pm. ¢
Co-immunoprecipitation between Myc-Flag-tagged Tspanl and HA-
TrkA (left) or HA-TrkA L213P (right) overexpressed in HEK-293
cells. Cell extracts were analyzed by immunoprecipitation (IP) with
anti-Flag antibody followed by immunoblot (IB) with antibodies

the surface levels of the NGF low affinity receptor p75NTR.
We performed a parallel experiment using anti-p75SNTREP
antibodies, but we could not observe changes in the mem-
brane levels of this receptor, indicating that the effect of
Tspanl is specific on TrkA (Fig. 6¢, d). Furthermore, DRG
sensory neurons transfected with Tspanl-shRNA-GFP also
showed a significant decrease (=232%) in the surface levels
of TrkA compared to control transfected neurons, supporting
a physiological role of Tspanl in the intracellular trafficking
of TrkA (Fig. 6e, f).

Next, we performed a surface biotinylation assay on
parental and PC12 cells transfected with Tspanl-shRNA
(shTspanl-PC12 cells). Biotinylated TrkA was detected by
TrkA immunoprecipitation followed by immunoblotting
with anti-biotin. We found that knockdown of Tspanl sub-
stantially reduces the levels of biotinylated TrkA compared
to parental cells. Intriguingly, the expression of the mature
form of TrkA (140 kDa) detected by immunoblot on the total
cell lysates was markedly reduced, and accompanied the low
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against HA. The same blots were reprobed with anti-CNX antibod-
ies. Expression of HA-TrkA, Myc-Flag-Tspanl and endogenous CNX
in cell lysates is also shown. d Co-immunoprecipitation between
endogenous Tspanl and TrkA from E17.5 rat DRGs. Tissue extracts
were analyzed by IP with anti-Tspanl antibody, followed by IB with
anti-TrkA. The same blot was also reprobed with anti-CNX. One ali-
quot of the starting material (Input) is included. Expression of TrkA
(Mat: mature and Imm: immature forms) are indicated. Arrowhead
indicates the band of immature TrkA associated with Tspanl. Similar
results were obtained in three independent assays

level of biotinylated TrkA detected in shTspanl-PC12 cells
(Fig. 6g). Further immunoblot comparison of mature and
immature TrkA levels between parental and shTspani PC12
cell lysates revealed a significant decrease in the mature,
but not in the immature form of TrkA upon knockdown of
Tspanl (Fig. 6h, i). Semi-quantitative RT-PCR indicates that
the levels of TrkA mRNA expression were not affected by
downregulating Tspanl (Fig. 6j). Therefore, our findings
demonstrate that Tspanl is required for proper biosynthetic
trafficking of TrkA to the plasma membrane and suggest that
knockdown of Tspanl reduces the surface levels of TrkA by
promoting its sorting towards degradative pathways.

Knockdown of Tspan1 conducts TrkA
to the autophagic/lysosomal degradation pathway

Our previous findings showing that Tspanl interacts with
the inmature form of TrkA in the ER (Fig. 5) and that
downregulation of Tspanl drastically reduced the levels of
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Fig.6 Tspanl downregulation reduces cell-surface expression of
TrkA, but not p75NTR in PC12 cells. a Immunofluorescence assay
to quantify TrkA cell-surface expression in PC12 cells transfected
with either control-shRNA-GFP (shCtrl) or Tspanl-shRNA-GFP
(shTspanl) constructs. TrkA immunofluorescence was performed
by staining non-permeabilized cells with an anti-TrkAFCP anti-
body. Arrow shows an shTspanl transfected cell. Scale bar, 10 pm.
b Quantification of TrkA surface levels relative to control-shRNA-
transfected cells. The results are shown as means + SD of three inde-
pendent experiments. *p <0.05 by Student’s ¢ test. ¢ Immunofluo-
rescence assay to quantify p7SNTR cell-surface expression in PC12
cells transfected with either control-shRNA-GFP or Tspanil-shRNA-
GFP constructs. p7SNTR immunofluorescence was performed by
staining non-permeabilized cells with an anti-p75NTRECP antibody.
Arrow shows a Tspanl-shRNA-transfected cell. Scale bar, 10 pm. d
Quantification of p7SNTR surface levels relative to control-shRNA-
transfected cells. The results are shown as means+ SD of three inde-
pendent experiments. e Immunofluorescence assay to quantify TrkA
cell-surface expression in rat DRG sensory neurons transfected with
either control-shRNA-GFP (shCtrl) or Tspanil-shRNA-GFP (shT-
spanl) constructs. TrkA immunofluorescence was performed by
staining non-permeabilized cells with an anti-TrkAEP antibody.
Arrow shows an shTspanl transfected neuron. Dotted square shows

TrkA surface labeling of an shRNA non-transfected neuron. Scale
bar, 10 pm. f Quantification of TrkA surface levels relative to con-
trol-shRNA-transfected cells. The results are shown as means + SD of
three independent experiments. *p <0.05 by Student’s ¢ test. g Rep-
resentative immunoblot of biotinylated TrkA in parental and PC12
cells expressing Tspanl-shRNA. Cell-surface levels of TrkA were
evaluated using a surface biotinylation assay. Biotinylated TrkA was
detected by Trk immunoprecipitation and probing with an anti-biotin
antibody. Fold change of biotinylated TrkA relative to PIII-tubulin
is indicated. Immunoblots showing the expression levels of TrkA,
BII-Tubulin and Tspanl in parental and shTspanl PC12 cell lysates
are also shown. Fold change of mature and immature (Imm) TrkA
relative to PIII-tubulin is indicated. Similar results were obtained in
three independent assays. h Representative immunoblots of TrkA and
BHI-Tubulin in parental and shTspanl PC12 cell lysates. i Quantifica-
tion of mature and immature TrkA levels in parental and shTspanl
PC12 cell lysates. Data are normalized by PIII-tubulin and expressed
as relative values. Results are presented as means+SD from three
independent experiments. *p<0.05 by Student’s 7 test. j Semi-
quantitative RT-PCR of Tspanl, TrkA mRNA, and the housekeeping
gene Thp. Note the substantial decrease in Tspanl mRNA expression
observed in Tspanil-shRNA-transfected cells compared to parental
ones
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TrkA (Fig. 6h, i) prompted us to examine whether Tspanl We tested the degradation pathways of TrkA using inhibi-

is involved in TrkA stability and degradation. We focused  tors of the autophagic/lysosomal pathways such as Chloro-
on the autophagic/lysosomal pathway, because this route has ~ quine and ammonium chloride (NH,CI), two lysosomotropic
been linked to the biosynthetic degradation of TrkA [31]. agents that prevents lysosomal acidification and Bafilomycin
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«Fig.7 Knockdown of Tspanl conducts TrkA to the autophagic/lyso-
somal pathway. a Immunoblots showing mature and immature (Imm)
TrkA expression levels in cell extracts from parental and Tspanl-
shRNA (shTspanl) PC12 cells treated with Bafilomycin A1, NH,CI,
or Chloroquine as indicated in materials and methods. Reprobing
of the same blot with anti-pIII-tubulin is shown. b Quantification of
mature and immature TrkA levels normalized by BIII-tubulin. Results
are presented as means+SD from three independent experiments.
*p <0.05 and **p <0.01 by Student’s ¢ test. ¢ Confocal images show-
ing co-localization between TrkA immunofluorescence (green) and
Lampl-RFP (red). PC12 cells were co-transfected with either con-
trol-shRNA-GFP or Tspanl-shRNA-GFP together with Lamp1-RFP
and treated or not with NH,CI or Chloroquine as indicated in mate-
rials and methods. Arrows denote co-localization between TrkA and
Lampl-RFP. Scale bar, 10 pm. d Pearson’s coefficient to assess the
co-localization between TrkA (Green) and Lamp1-RFP of the assay
described in (¢). The results are shown as mean+SD of n=3 inde-
pendent experiments. *p <0.05; **p <0.01 and ***p <0.001 by one-
way ANOVA followed by Student-Newman—Keuls’ multiple com-
parisons test

A1, an inhibitor of the late phase of the autophagy that
inhibits the fusion between autophagosomes and lysosomes.

Parental and shTspan1-PC12 cells were treated with these
different inhibitors and the levels of mature and immature
forms of TrkA were determined by immunoblotting. From
these assays, we observed that the treatment with these
lysosomal inhibitors caused a significant accumulation of
immature forms of TrkA (110 kDa) in PC12 cells express-
ing Tspanl-shRNA, indicating that immature TrkA becomes
resistant to degradation in the presence of these inhibitors
(Fig. 7a, b). Altogether these findings indicate that the
downregulation of Tspanl quickly drives immature forms
of TrkA towards degradation by the autophagic/lysosomal
pathway. Changes in lysosomal acidity were controlled using
LysoTracker Green. Compared to control untreated cells, a
faint staining of LysoTracker Green was observed in PC12
cells pretreated with Chloroquine and NH,Cl, indicating
that these lysosomotropic drugs disrupted lysosomal acid-
ity (Supplementary Fig. 5).

Then, we decided to further examine whether Tspanl
knockdown affects the TrkA localization in lysosomes of
cells treated in the absence or in the presence of the lyso-
somal inhibitors Chloroquine or NH,CI. For these assays,
PC12 cells were co-transfected with either control-shRNA-
GFP or Tspan1-shRNA-GFP together with a plasmid encod-
ing for the lysosomal marker Lamp1-RFP and the co-local-
ization of these molecules was analyzed. We calculated the
Pearson’s coefficient between TrkA and Lampl-RFP. In
agreement with our previous results, a significant increase
in TrkA/Lampl co-localization was only observed in those
cells transfected with Tspanl-shRNA and treated with the
lysosomal inhibitors, Chloroquine or NH,Cl, indicating that
in these experimental conditions, downregulation of Tspanl
leads to the accumulation of TrkA into lysosomal vesicles
(Fig. 7c, d).

Finally, we decided to further explore how Tspanl affects
TrkA trafficking and degradation. Since sensitivity to diges-
tion with trypsin is indicative of protein misfolding, we per-
formed a trypsin sensitivity assay to study the folding status
of the immature TrkA. For this, we incubated both parental
and shTspanl cell lysates with increasing concentrations
of trypsin and evaluated the degradation pattern of the
immature band of TrkA by immunoblotting. We observed
that downregulation of Tspanl affects the accessibility of
the protease to digest the immature TrkA, suggesting that
Tspanl may regulate the folding of TrkA at the ER (Fig. 8a,
b).

Protein misfolding may induce the exposition of hydro-
phobic residues to the protein surface promoting protein
aggregation. The higher resistance to trypsin degradation
detected in shTspanl cell extracts also suggests that Tspanl
could be affecting the folding and thereby the aggregation
state of TrkA in the ER. To explore if the changes observed
in trypsin-mediated immature TrkA degradation could be
accompanied by protein aggregation, parental and shTspanl
cells were lysed with buffer containing the detergent Triton
X-100, and after centrifugation, the pellet was treated with
SDS-PAGE buffer containing SDS and p-Mercaptoethanol.
Result from this experiment shows that downregulation of
Tspanl promotes a substantial increase of the immature form
of TrkA in the pellet, suggesting its possible aggregation in
the ER (Fig. 8c). Together, these assays suggest that Tspanl
regulate the biosynthetic trafficking of TrkA by controlling
the folding/aggregation state of the newly synthesized TrkA
at the ER.

Discussion

Although Trk receptors are expressed in specific subsets of
peripheral and central neurons, they cannot by themselves
explain the complex pattern of neuronal connectivity that
characterizes the vertebrate nervous system. Recent stud-
ies have established that neurotrophin signaling is tightly
modulated through the coordinated action of many differ-
ent endogenous regulators that restrict or potentiate signal
propagation in spatially and temporally controlled manners
[38]. Genetically modified mouse models have demonstrated
that Trk activity needs to be modulated by different pro-
teins to achieve cell-type specific responses to their cognate
ligands during circuit development [13]. Particular attention
was also given to the mechanisms that control cell surface
targeting of TrkA, because this event is crucial in determin-
ing cellular responsiveness to NGF [39]. In this study, we
establish a novel homeostatic mechanism to control biosyn-
thetic trafficking and degradation of TrkA, regardless of the
presence of NGF. In particular, our findings establish that
knockdown of Tspanl promotes a preferential guidance of
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Fig.8 Knockdown of Tspanl induces immature TrkA protein mis-
folding/aggregation. a Representative TrkA immunoblot showing
trypsin digestion of parental and shTspanl PC12 cell extracts. Sam-
ples were incubated with the indicated concentrations of trypsin dur-
ing 10 min on ice. Digestions were stopped by adding sample buffer,
and boiled and analyzed by TrkA immunoblotting. Mature and Imma-
ture (Imm) forms of TrkA are indicated. b Quantification of residual
immature (Imm) TrkA protein levels in parental and shTspanl PC12
cell extracts treated with different concentrations of trypsin. The
results are shown as mean+SEM of n=3 independent experiments.
*p<0.05; **p<0.005 by Student’s ¢ test. ¢ Analysis of TrkA pro-
tein solubility from parental and shTspanl cell extracts prepared in
lysis buffer supplemented with the non-ionic detergent Triton X-100.
Insoluble TrkA was pulled down by centrifugation at 20,000xg for
40 min. Aliquots of total, soluble, and pellet fractions were analyzed
for TrkA immunoblotting

TrkA molecules towards the autophagic-lysosomal pathway
instead of its biosynthetic trafficking to the plasma mem-
brane. Our data also indicate that Tspanl is a physiological
TrkA receptor interactor able to associate in the ER with the
immature form of TrkA to control the biosynthetic traffick-
ing and degradation of this neurotrophin receptor (Fig. 9).
In line with these findings, previous studies have revealed a
critical role of Tspans in the regulation of ADAM10 metallo-
protease exit from the endoplasmic reticulum and its subse-
quent trafficking to the plasma membrane. Further evidence
demonstrated that Tspans can also regulate the function of
the ADAM10 partner proteins by acting on their membrane
compartmentalization [40—42].

Our finding indicating that the knockdown of Tspanl
restricts axonal growth of DRG sensory neurons in response
to NGF suggests that Tspan1 could be involved in peripheral
circuit development and axonal regeneration following acute
nerve injury. Neuronal responsiveness to target-derived NGF
requires the precise axonal targeting of newly synthesized
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TrkA receptors. Recent studies indicated that internaliza-
tion and retrograde transport of TrkA receptors from axon
terminals to cell bodies must be balanced by the anterograde
delivery of newly synthesized TrkA receptors or by transcy-
tosis, an endocytic-dependent mechanism involving somatic
recycling of TrkA receptors to axons [43, 44]. In this sense,
it is possible to hypothesize that Tspanl could regulate
neuronal connectivity by controlling the anterograde traf-
ficking of newly synthesized TrkA receptors to distal axons
or by modulating the somatic pool of membrane TrkA that
can be recycled to axons by transcytosis. Interestingly, our
results open the possibility that tetraspanins may represent
key regulators of neurotrophic factor receptor homeosta-
sis, with capacity to regulate their biosynthetic trafficking,
degradation, and availability on the cell surface. The proper
biosynthetic delivery of TrkA receptors is essential for cor-
rect neurotrophin function and disturbances in neurotrophin
receptor trafficking have been postulated to contribute to
neurodegenerative and neurodevelopmental disorders [45,
46]. In line with this, recent findings also demonstrated that
certain TrkA mutations that disrupt autophagy homeostasis
causes neurodegeneration [31].

Although the molecular mechanisms through which tet-
raspanins regulate cellular physiology are not completely
known, previous evidence demonstrated that different tet-
raspanins regulate receptor tyrosine kinase (RTK) activity
acting through different mechanisms such as organizers of
multi-subunit receptor signaling complexes, receptor traf-
ficking, and ligand-induced receptor dimerization and endo-
cytosis [22].

Future studies focused on how posttranslational modifi-
cations such as palmitoylation, N-linked glycosylation, and
ubiquitination can promote or attenuate tetraspanin function
will contribute to understand the specific mechanisms used
by tetraspanins to control receptor signaling. In contrast to
other tetraspanins, such as CD9 and CD82, which negatively
regulate EGF and Met receptor signaling, [47-49], Tspan1
positively regulates TrkA receptor activity.

The functional characterization of the role of Tspanl for
nervous system development remains to be determined. So
far, the only evidence indicates that Tspanl regulates neural
differentiation in the early Xenopus embryo [34]. Therefore,
more genetic, biochemical and cellular studies will be neces-
sary to address the physiological contribution of Tspanl for
nervous system development.

Previous studies provided compelling evidence indicat-
ing that Tspans control neuronal connectivity functioning
as regulators of neurite outgrowth, dendrite development,
synapse formation, synaptic transmission, and long-term
plasticity [25, 26, 50]. Mutations in Tspans leading to loss-
of-function phenotype are relatively rare, probably because
many tetraspanins overlap functionally. Nonetheless, spe-
cific tetraspanins play critical roles during neuromuscular
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Fig.9 Model describing the

proposed role of Tspanl in

TrkA receptor proteostasis.
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synapse formation, myelination of peripheral axons, and
brain function [16, 51]. Given the crucial role played by
tetraspanins in the organization of neuronal connectivity, it
seems likely that dysfunctions in these genes or in their bind-
ing partners could compromise neuronal function and lead
to neurodevelopmental and neurological disorders including
intellectual disability and motivation [52]. Mutations in the
gene encoding for Tspan6 have been identified in patients
with epilepsy-associated with autism [53]. In addition, the
deletion of Tspan6 affects basal glutamatergic transmission
and long-term potentiation. In hippocampal neurons, Tspan7
regulates AMPAR trafficking and functional maturation of
glutamatergic synapses, a neuronal event whose impairment
is implicated in intellectual disability [23]. In the dopamin-
ergic system, it was also reported that Tspan7 interacts with
the dopamine D2 receptor [24]. In these neurons, Tspan7
deficiency increases the surface expression of the D2 dopa-
minergic receptor by reducing its internalization, regardless
of dopamine treatment. Notably, Tspan17 protects dopamin-
ergic neurons from 6-OHDA-induced neurodegeneration,
highlighting its therapeutic potential for treatment of Par-
kinson disease [54].

Human neurodegenerative diseases are associated with
aberrant protein aggregation, and loss of proteostatic mech-
anisms are likely involved in the pathogenesis of these
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disorders [55, 56]. Interestingly, a recent study identified
Tspan6 as a novel modulator of the amyloid precursor pro-
tein (APP) homeostasis, through a mechanism that prevents
APP degradation by the lysosomal pathway and leads APP
to exosomal secretion [57].

NGF/TrkA signaling is involved in pain transduction
mechanisms and plays a key role in many persistent pain
states, notably those associated with inflammation [58]. On
this basis, our findings raise the possibility that targeting
Tspanl could decrease the cell-surface expression of TrkA,
and thereby reduce inflammatory pain. For this reason, it
will be important to study further the significance of the
interplay between Tspanl and TrkA activation in vivo. To
achieve this, a more detailed analysis of Tspanl conditional
knockout mice will help to understand the contribution of
Tspanl for inflammatory pain as well as nervous system
function and development.
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