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SUMMARY

Hereditary transthyretin amyloidosis with polyneuropathy (ATTRv-PN) is characterized by the deposition of 
amyloidogenic transthyretin, particularly in dorsal root ganglia (DRG) and peripheral nerve axons, resulting in 
sensorimotor axonopathy. Here, we investigated cytoskeleton alterations in peripheral axons from an 
ATTRv-PN mouse model, the hTTRA97S knockin mice. Proteomics of hTTRA97S sural nerves revealed dys-

regulation of actin-related proteins. hTTRA97S DRG neurons presented a defective actin distribution in 
growth cones along with a reduction in axonal actin trails, impacting synaptic vesicle recycling. Microtubule 
dynamics and axonal transport abnormalities were also observed in mutant axons. Cytoskeletal defects in 
hTTRA97S neurons preceded axonal degeneration and were mediated by Rac1 hyperactivation. Importantly, 
Rac1 inhibition rescued cytoskeleton alterations, preventing degeneration. In late-onset ATTRv-PN patients, 
a variant in RACGAP1, encoding a Rac1 inactivator, supported the neuroprotective role of Rac1 inhibition. 
Our findings demonstrate that cytoskeletal defects precede axonopathy in ATTRv-PN and highlight Rac1 
as a promising therapeutic target.

INTRODUCTION

Hereditary transthyretin amyloidosis with polyneuropathy 

(ATTRv-PN) is a fatal autosomal dominant neurodegenerative 

disease, characterized by the deposition of oligomers, aggre-

gates, and amyloid fibrils of mutated transthyretin (TTR), partic-

ularly in the peripheral nervous system (PNS), leading to a distal 

axonopathy. 1 Age of disease onset in ATTRv-PN presents great 

variability. Early-onset ATTRv cases (less than 50 years of age) 

are characterized by small-fiber-predominant axonal degenera-

tion, leading to sensory dissociation, namely abnormal sensation 

symptoms, primarily due to amyloid fibril deposition around

nerve fibers. In contrast, late-onset cases (more than 50 years 

of age) involve both small and large fiber damage with loss of 

all sensory modalities, despite less amyloid deposition relative 

to the severity of nerve fiber loss. 2–4 These observations suggest 

the existence of mechanisms other than direct damage caused 

by amyloid fibers.

The available therapeutic options for ATTRv-PN comprise liver 

transplantation (the major organ of TTR synthesis), which slows 

disease progression in young-onset patients, 5,6 although it is 

highly invasive. Other therapies available include the use of 

TTR stabilizers and silencing TTR gene expression. 7–10 Besides 

the fact that the above therapies can only be applied after
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disease onset, none of the available strategies targets the 

ongoing axonal degeneration. As such, the need to further char-

acterize cellular and molecular pathways involved in ATTRv-PN-

related axonopathy persists.

Abnormalities in cytoskeletal organization have been reported 

in several neurodegenerative disorders. 11 In the case of ATTRv-

PN, the dying-back pattern of axonal degeneration suggests an 

initial disturbance of the distal cytoskeleton as a consequence of 

TTR deposition. Here, we explored the role of cytoskeletal dys-

regulation and Rac1 involvement in ATTRv-PN using a mouse 

model of the disease, the hTTRA97S mice. 12 These mice repli-

cate the early degeneration of sensory nerves observed in 

ATTRv-PN. 12 The hTTRA97S mouse is a knockin model gener-

ated by replacing one allele of the mouse Ttr locus with human 

TTR bearing the A97S mutation (hTTRA97S) or, in the case of 

control mice, with human WT TTR (hTTRWT). 12 By approxi-

mately 24 months of age, the hTTRA97S mice present TTR 

deposition in peripheral nerves, decreased density of myelinated 

axons in the sural nerve (a purely sensory nerve), loss of intraepi-

dermal nerve fibers in the skin, and mechanical allodynia. 12 Be-

sides being a powerful model to test new therapeutic drugs, 

hTTRA97S mice are a valuable tool for dissecting the intracellular 

alterations occurring as a consequence of TTR deposition.

Our present findings reveal that Rac1-mediated cytoskeleton 

dysfunction, including disruption of the actin-vesicle network 

and defective microtubule dynamics and axonal transport, pre-

cedes axonal degeneration in ATTRv-PN. Notably, we demon-

strate that Rac1 inhibition prevents degeneration of hTTRA97S 

peripheral axons. Importantly, we detected a genetic variant 

leading to the upregulated expression of the RACGAP1 gene, 

which encodes the specific Rac1 inactivator Rac GTPase-acti-

vating protein 1 (RacGAP1), 13 in late-onset patients, strongly 

suggesting that a decrease in Rac1 activity is neuroprotective. 

Collectively, we suggest Rac1 as a potential therapeutic target 

for ATTRv-PN.

RESULTS

Amyloidogenic TTR upregulates actin cytoskeleton 

molecular pathways in sensory axons

Characterizing the proteome profile of tissues affected by amy-

loidogenic TTR might elucidate the molecular mechanisms un-

derlying ATTRv-PN pathogenesis. While previous studies have 

focused on tissues such as the liver, adipose tissue, and salivary 

glands from ATTR patients, 14,15 there are no available data on 

gene expression or profile of the disease in sensory neurons. 

To advance our understanding of axonal dysfunction in ATTRv-

PN, we performed proteomic analysis of the sural nerve in 

9-month-old hTTRA97S mice, a time point during which no 

axonal degeneration was observed, as evidenced by the un-

changed density of myelinated axons in the sural nerve 

(Figures 1A and 1B) and the constant number of intraepidermal 

nerve fibers in the hind paw pad skin (Figures 1C and 1D). More-

over, we found that 9-month-old hTTRA97S mice displayed no 

defects in sensory performance, as determined by the von 

Frey test, in contrast to what we have observed in mice at 

15 months of age (Figure 1E). These results confirm that 9 months 

is a pre-symptomatic stage of the disease, allowing us to charac-

terize early proteomic alterations triggered by hTTRA97S. Addi-

tionally, both human and mouse TTR levels were comparable in 

hTTRA97S and hTTRWT sural nerves (Figures S1A–S1E).

Our proteomic analysis revealed 245 proteins that were differ-

entially regulated in hTTRA97S nerves compared to hTTRWT 

controls (Table S1). Gene Ontology (GO) analysis of the 46 pro-

teins with increased levels in mutant nerves revealed alterations 

in 4 molecular pathways, namely actin filament binding, calmod-

ulin binding, actin binding, and cytoskeletal protein binding, with 

8, 6, 9, and 11 dysregulated proteins in each GO term, respec-

tively (Figures 1F and 1G). Given that some of the dysregulated 

proteins identified, such as TPM2 and SMTN, are also highly ex-

pressed in skeletal muscle, we performed a western blot for des-

min, a muscle-specific intermediate filament protein, to assess 

potential contamination of our sural nerve samples. Desmin 

was nearly undetectable in all preparations, indicating minimal, 

if any, skeletal muscle contamination (Figures S1F and S1G).

In the case of downregulated proteins, the enrichment analysis 

exposed a scattered scenario, with 199 differentially expressed 

proteins revealing alterations in a wide range of molecular path-

ways. The top 5 overrepresented pathways were related to 

extracellular matrix binding, extracellular matrix structural con-

stituent, structural constituent of ribosome, carboxylic ester hy-

drolase activity, and monocarboxylic acid binding (Figure S1H).

The significant enrichment of actin-binding proteins 

(Figure 1G) among the differentially regulated proteins in 

hTTRA97S sural nerves supported our hypothesis of axonal 

cytoskeleton abnormalities in ATTR-PN and prompted us to 

analyze actin organization in hTTRA97S neurons.

hTTRA97S sensory neurites have a defective F-actin 

network preceding axonal degeneration

To uncover actin cytoskeleton defects in the ATTRv-PN mouse 

model, we resorted to DRG neuron cultures to analyze sensory 

neurites in the technical impossibility of investigating actin 

dynamics in sural nerve axons. We initially assessed the 

molecular relevance of our proteomic findings in the cellular 

system, focusing on actin-binding proteins. In hTTRA97S sural 

nerves, we identified increased levels of Arpc1a, a subunit 

of the Arp2/3 complex involved in actin filament branching 

(Figure 1G). To confirm the molecular relevance of this finding 

in DRG neurons, we examined Arp2/3 complex expression in 

DRG-derived axons. Due to technical limitations in detecting 

Arpc1a, we assessed ARP3, a core subunit of the same com-

plex, by western blot. This analysis revealed increased ARP3 

protein levels in hTTRA97S DRG cultures compared to controls 

(Figures S2A and S2B), thereby recapitulating the proteomic 

data obtained from the sural nerve.

We followed by analyzing whether hTTRA97S DRG neurites 

presented actin cytoskeleton alterations at the growth cone, 

similarly to what we have observed in photoreceptor axons 

from ATTRv-PN flies. 16 Although only present in growing 

neurons, the growth cone is a suitable cellular structure to 

study neuronal cytoskeleton rearrangements, as both micro-

tubules and actin are stereotypically organized within this 

neuronal component. We categorized growth cone morphology 

using phalloidin staining into two different types as previously 

reported 17 : fan-shaped growth cone, characterized by an
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expanding cone larger than its proximal area, containing 

the typical lamellipodia and filopodia structures (Figure 2A, 

left); and collapsed growth cone, characterized by a thin shaped 

cone lacking the lamellipodial/filopodial organization (Figure 2A, 

right). We initially performed DRG neuron cultures from 9-month-

old mice, matching the age used for in vivo analyses. However, 

similar results were obtained from cultures prepared at 1, 3, 6, 

and 9 months of age (Figure S2C). At DIV1, approximately 

45% of hTTRWT DRG neurons displayed fan-shaped growth 

cones, consistent with previous observations in adult WT 

neurons. 18 In contrast, hTTRA97S neurons showed consis-

tent ∼27% reduction in fan-shaped growth cones through all 

ages analyzed (Figures 2B and S2C), indicating a stable growth 

cone collapse phenotype. To further assess whether this 

phenotype was common across DRG subtypes, we performed 

immunostaining for TrkA, TrkB, and TrkC in cultured DRG 

neurons and analyzed growth cone morphology within each 

subtype. hTTRA97S neurons exhibited a similar decrease in 

fan-shaped growth cones across all three populations, 

indicating that actin dysregulation occurs broadly among DRG 

subtypes (Figure S2D). While most growth cone analyses were

performed using DRGs from all spinal levels to maximize 

yield, we also confirmed similar results using only L3–L5 

DRGs, aligning with the sural nerve data (Figure S2E). 

Considering the axonopathy phenotype of ATTRv-PN, we 

analyzed axonal actin organization in DIV2 hTTRA97S DRG 

neurons. We tracked actin dysregulation in DRG axons by 

evaluating actin trails, which are fast linear events of F-actin 

polymerization that travel throughout the axon. 19 To measure 

axonal actin trails dynamics, we performed live imaging of 

DRG neurons transfected with a reporter expressing GFP fused 

to the calponin homology domain of utrophin (GFP:UTR-CH), 

which binds specifically to F-actin without significantly affecting 

its dynamics. 20 The nature of the actin trails displayed by control 

hTTRWT DRG neurons shared parameters with those previously 

reported in hippocampal neurons, 19 such as the rate of polymer-

ization, although the length of the trails was slightly reduced 

(Table S2). Additionally, latrunculin, an F-actin depolymerizer 

previously shown to reduce the frequency of actin trails in 

hippocampal neurons, 19 had a similar effect on control DRG 

neurons (Figures S2F and S2G). We then analyzed axonal actin 

trail trafficking in hTTRWT and hTTRA97S DRG neurites. While

Figure 1. Amyloidogenic TTR upregulates actin cytoskeleton molecular pathways in sensory axons before disease onset

(A and B) Representative images of toluidine blue-stained semi-thin sections of hTTRWT and hTTRA97S sural nerves at 9 months of age (A) and corresponding 

density of myelinated axons (B). Scale bar, 5 μm. Data represent mean ± SD of n = 4 animals per genotype.

(C) Representative images of footpad sections from hTTRWT and hTTRA97S mice immunostained for protein gene product 9.5 (green); DAPI (blue). Scale bar, 

50 μm.

(D) Quantification of intraepidermal nerve fiber (IENF) density relative to (C). Results presented as mean ± SD of n = 5 animals per genotype.

(E) von Frey test in 9- and 15-month-old hTTRWT and hTTRA97S mice. Data represent mean ± SD of n = 6–8 animals per genotype.

(F) Fold enrichment of Gene Ontology categories for molecular function of upregulated proteins in hTTRA97S sural nerves. Gene Ontology analyses were 

performed using PANTHER 19.0.

(G) Heatmap of actin-related proteins differentially expressed between 9-month-old hTTRWT and hTTRA97S mice.

***p < 0.001 by Student’s t test.

See also Figure S1.
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we did not find any differences regarding the length or rate 

of F-actin polymerization comparing the two genotypes 

(Figures S2H and S2I), we observed a reduction in the number 

of actin trails running both retrogradely and anterogradely in 

hTTRA97S DRG axons, supporting an axonal actin dysfunction 

(Figures 2C and 2D).

The transport of F-actin along axons, facilitated by actin trails, 

was shown to support the presynaptic enrichment of F-actin, a 

critical process for synaptic physiology. 19 Additionally, axonal 

actin dynamics was related to the motion and recruitment of 

synaptic vesicles by regulating synaptic vesicle recycling. 19,21 

To assess whether a reduction in the number of actin trails could 

affect synaptic vesicles in hTTRA97S axons, we immunolabelled 

DRG neurons with synaptotagmin-2, a protein embedded in the 

membrane of synaptic vesicles, which functions as a calcium 

sensor that triggers the vesicle’s fusion with the presynaptic 

membrane. In fixed cells, we observed a reduction in the levels 

of synaptotagmin-2 in hTTRA97S neurons (Figures 2E and 2F). 

To determine whether the reduction in synaptotagmin-2 signal 

observed in fixed hTTRA97S neurons reflects a functional 

impairment in synaptic vesicle cycling, we performed a live-cell 

antibody uptake assay using an antibody that recognizes a 

luminal epitope of synaptotagmin-2. This epitope becomes 

transiently exposed to the extracellular medium upon synaptic 

vesicle fusion with the plasma membrane and is internalized 

during endocytosis, thereby allowing selective labeling of 

actively recycling vesicles. DRG neurons were stimulated with 

high KCl in the presence of the synaptotagmin-2 antibody and 

subsequently fixed. After immunostaining for SNAP-25 to define 

synaptic regions, a significant reduction in synaptotagmin-2 

uptake in hTTRA97S neurons was observed when compared 

to controls (Figures 2G and 2H). These findings indicate a defect 

in synaptic vesicle recycling.

We followed by assessing whether the actin alterations medi-

ated by hTTRA97S were related to axonal damage by measuring 

axonal degeneration in hTTRWT and hTTRA97S DRG neurons. 

Axonal degeneration, as determined by degeneration index 

measurements, 22 was not different between hTTRA97S and

hTTRWT neurons at DIV1, the time point of growth cone 

morphology analysis, or at DIV2, when axonal actin defects 

were observed (Figures 2I and 2J). However, by DIV4, hTTRA97S 

DRG neurons exhibited axonal fragmentation, as shown by an 

increased degeneration index compared to hTTRWT neurons 

(Figures 2I and 2J). These results demonstrate that defects in 

actin organization and dynamics, along with a concomitant 

impact on axonal synaptic vesicle recycling, precede axonal 

degeneration of hTTRA97S DRG neurons.

Microtubule dynamics and axonal transport are 

impaired in hTTRA97S axons, reflecting a generalized 

cytoskeleton dysfunction

Considering the crosstalk between actin and microtubules and 

the emerging recognition of alterations in microtubule stability 

and axonal transport as common features of dying-back axono-

pathies, 23 we sought to investigate additional cytoskeleton 

alterations in hTTRA97S mice. Leveraging transgenic mice 

expressing the microtubule plus-end binding protein EB3 fused 

to green fluorescent protein (GFP) under the control of the 

neuron-specific Thy1 promoter (Thy1:EB3-GFP), 24 we examined 

microtubule dynamics in the sural nerve of hTTRA97S mice. We 

generated hTTRA97S-Thy1-EB3-GFP and hTTRWT-Thy1-EB3-

GFP mice and performed ex vivo live imaging of sural nerves 

from pre-symptomatic 9-month-old animals, an age preceding 

axonal degeneration. Our data revealed an increase in EB3 

comet density with no alterations in growth rate, in hTTRA97S-

Thy1-EB3-GFP mice when compared to control hTTRWT-

Thy1-EB3-GFP animals (Figures 3A–3C). The observed increase 

in EB3 comet density, combined with the lack of differences in 

total microtubule density assessed by electron microscopy of 

cross sections of hTTRWT and hTTRA97S sural nerves 

(Figures S3A and S3B), suggests an increase in dynamic micro-

tubule plus-ends in hTTRA97S axons.

In the axonal shaft, a tight balance between microtubule stabil-

ity and dynamics is critical to enable normal axon physiology. 

The increased microtubule dynamics in the shaft of hTTRA97S 

axons could therefore underlie the dysregulation of such crucial

Figure 2. Alterations in the actin-vesicle network of hTTRA97S DRG neurons precede axonal degeneration

(A and B) Representative images of fan-shaped and collapsed growth cones of DRG neurons double-labeled with βIII-tubulin antibody (green) and phalloidin (red) 

(A) and respective quantification of the proportion of fan-shaped ones in DIV1 hTTRWT and hTTRA97S neurons (B). Scale bar, 5 μm. Data represent mean ± SD of 

n = 3 independent experiments, each performed on independent neuronal cultures from WT and A97S genotypes (approximately 100 growth cones analyzed per 

genotype in each experiment).

(C and D) Representative kymographs of imaged axons transfected with GFP:UTR-CH (to label F-actin) (C) and respective quantification of the number of 

retrograde and anterograde actin trails in DIV2 hTTRWT and hTTRA97S neurons (D). White arrowheads mark vectorial plumes of fluorescence (actin trails). Data 

represent mean ± SD of n = 4 independent experiments, each performed on independent neuronal cultures from WT and A97S genotypes (12–20 axons analyzed 

per genotype in each experiment).

(E and F) Representative images of DIV2 hTTRA97S and hTTRWT DRG axons double-labeled with βIII-tubulin (green) and synaptotagmin-2 (SYT2, red) 

(E) and respective quantification of the number of synaptotagmin puncta per axon length (F). Scale bar, 10 μm. Data represent mean ± SD of n = 3 independent 

experiments, each performed on independent neuronal cultures from WT and A97S genotypes (17–30 axons analyzed per genotype in each experiment).

(G) Schematic outline of the experimental set up and representative images of synaptotagmin-2 (SYT2) antibody uptake (red) from DIV2 hTTRA97S and hTTRWT 

DRG neurons, immunolabeled for the presynaptic marker SNAP-25 (green). Scale bar, 5 μm.

(H) Quantification of the number of recycling synaptotagmin vesicles, colocalized with SNAP-25, per axon length relative to (G). Data represent mean ± SD of n = 3 

independent experiments, each performed on independent neuronal cultures from WT and A97S genotypes (15–20 axons analyzed per genotype in each 

experiment).

(I and J) Representative immunofluorescence images of βIII-tubulin stained DIV1, DIV2, and DIV4 hTTRWT and hTTRA97S DRG neurons (I) and respective 

quantification of degeneration index (J). Scale bar, 10 μm. Data represent mean ± SD of n = 3 independent experiments, each performed on independent neuronal 

cultures from WT and A97S genotypes (20–25 images analyzed per genotype in each experiment).

*p < 0.05, **p < 0.01by Student’s t test. See also Figure S2.
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balance and potentially lead to axon pathology, particularly to 

defective axonal transport. To explore this further, we analyzed 

the transport of mitochondria by crossing hTTRA97S or hTTRWT 

mice with Thy1-Mito-RFP mice, which express a mitochondrial 

sequence fused to RFP under the neuronal Thy1 promoter, 25 

thereby generating hTTRA97S-Thy1-Mito-RFP and hTTRWT-

Thy1-Mito-RFP mice. Through ex vivo live imaging of sural 

nerves from 9-month-old animals, we observed a reduction in 

the percentage of motile mitochondria in hTTRA97S-Thy1-

Mito-RFP nerves compared to the control group (Figures 3D 

and 3E). Also, the motile mitochondria in the mutant axons ex-

hibited reduced anterograde and retrograde velocities, as well 

as shorter run lengths in both directions (Figures 3F and S3C). 

To address whether the observed impaired trafficking of mito-

chondria was related to alterations in mitochondrial abundance, 

we quantified the total number of mitochondria and observed an 

increase in hTTRA97S sural nerve axons compared to controls 

(Figure 3G). While there was also a trend toward increased 

mitochondrial density (total number of mitochondria normalized 

to axonal area), this did not reach statistical significance 

(Figure 3H). Nevertheless, the increased number of mitochondria 

may reflect compensatory or pathological accumulation in 

mutant axons, and the reduced motility likely results from disrup-

ted trafficking machinery or crowding effects along the axon, 

both potentially downstream of cytoskeletal alterations triggered 

by mutant TTR.

To address additional axonal transport alterations, we 

analyzed synaptophysin transport by transducing DRG neu-

rons with lentivirus expressing synaptophysin-GFP, which 

transduced hTTRWT and hTTRA97S DRG neurons with similar 

efficiency (Figures S3D and S3E). In hTTRA97S neurons, we 

observed a reduction in synaptophysin vesicle transport 

velocity, affecting both anterograde and retrograde directions, 

accompanied by a significant decrease in vesicle run length 

(Figures 3I–3K).

Together, our results suggest that hTTRA97S induces 

dysfunctions in both actin and microtubule cytoskeleton 

within peripheral axons, leading to impaired axonal transport. 

Importantly, these phenotypes precede axonopathy, suggest-

ing that targeting cytoskeleton damage by modulating the 

underlying molecular mechanisms in ATTRv-PN could poten-

tially prevent neurodegeneration.

Rac1 hyperactivation leads to cytoskeleton defects in 

hTTRA97S axons

In a previously reported genetic screen using an ATTR-PN model 

in which the amyloidogenic mutant TTRV30M was expressed in

photoreceptor cells, we demonstrated that reducing levels of 

Rac1 and Cdc42, members of the Rho GTPase family, amelio-

rated the TTR-induced rough eye phenotype. 16 Additionally, 

Rac1 silencing rescued the photoreceptors’ axonal growth 

defects in TTRV30M expressing larvae. 16 Building on this, we 

analyzed the involvement of Rac1 in hTTRA97S axonal cytoskel-

eton alterations. Using live cell imaging with a FRET-based Rac1 

biosensor, 26 we detected Rac1 hyperactivation in DRG neurite 

shafts from hTTRA97S mice, evidenced by a 45% increase in 

the FRET/CFP ratio of the Rac1 FRET probe compared to 

hTTRWT control neurons (Figures 4A and 4B). To further assess 

Rac1 activity, we performed pull-down assays on sciatic nerves 

from hTTRA97S mice. We used sciatic nerve lysates for the Rac1 

pull-down assay due to the higher protein yield compared to su-

ral nerve. Although mixed, the sciatic nerve is predominantly 

sensory (∼71% sensory axons), 27 making it appropriate for 

studying sensory-related mechanisms. We observed an in-

crease in Rac1 activity in hTTRA97S sciatic nerves from 

9-month-old mice (Figures 4C and 4D), as demonstrated by an 

increase in Rac1-GTP levels with no alteration in total Rac1 

levels. These results demonstrate that the presence of mutant 

TTR in peripheral nerves results in an increase in Rac1 activity 

at an age preceding disease symptomatology.

Given the increased Rac1 activity in hTTRA97S mice and the 

critical role of the Rho GTPase in cytoskeleton regulation, we 

next examined whether Rac1 mediates actin damage in mutant 

neurons. We found that either silencing (Figures S4A–S4C) or 

blocking Rac1 activity using the Rac1 inhibitor NSC23766 

(Figure 4E) reverted actin cytoskeleton alterations in the growth 

cone of hTTRA97S neurons. To investigate the mechanism 

underlying Rac1 modulation in hTTRA97S neurons, we hy-

pothesized that amyloidogenic TTR may activate Rac1 through 

its interaction with the receptor for advanced glycation end 

products (RAGEs). RAGE has been shown to bind amyloido-

genic TTR, mediating its intracellular effects, 28 and also to acti-

vate Rho GTPases, including Rac1, in other cellular contexts. 29 

These findings suggest that TTR-RAGE engagement could 

lead to Rac1 hyperactivation. To test this hypothesis, we treated 

hTTRA97S DRG neurons with the RAGE-specific antagonist 

FPS-ZM1 30 and observed a rescue of the growth cone collapse 

phenotype, similar to the one seen with Rac1 inhibition 

(Figure S4D). Moreover, combined treatment with both the 

RAGE antagonist and the Rac1 inhibitor did not yield an additive 

effect, indicating that they likely act through a shared pathway 

(Figure S4D). Altogether, these results support a model in which 

amyloidogenic TTR activates Rac1 via RAGE, contributing to 

actin cytoskeleton dysregulation.

Figure 3. Ex vivo live imaging of hTTRA97S sural nerve axons reveals alterations in microtubule dynamicity and transport of mitochondria

(A–C) Representative EB3-GFP still images of the axonal shaft from hTTRWT-Thy1-EB3-GFP and hTTRA97S-Thy1-EB3-GFP sural nerves with corresponding 

kymographs (A), and respective quantifications of EB3 comet density (B) and microtubule growth rate (C). Scale bar, 5μm. Data represent mean ± SD of n = 4–6 

animals per genotype (5–6 axons analyzed per animal).

(D–H) Representative still images of Mito-RFP in hTTRWT-Thy1-Mito-RFP and hTTRA97S-Thy1-Mito-RFP sural nerve axons (D) and respective quantification of 

the percentage of motile mitochondria (E), mitochondrial run velocity (F), total number of mitochondria (G), and mitochondria density (total number of mito-

chondria normalized by axon area) (H). Scale bar, 10 μm. Data represent mean ± SD of n = 4–5 animals per genotype (5 axons analyzed per animal).

(I–K) Representative kymographs of imaged neurites from DIV2 hTTRWT and hTTRA97S DRG neurons expressing synaptophysin-GFP (I) and respective 

quantification of synaptophysin velocity (J) and run length (K). Data represent mean ± SD of n = 5 independent experiments, each performed on independent 

neuronal cultures for WT and A97S genotypes (3–11 axons analyzed per genotype in each experiment).

*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test. See also Figure S3.
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Figure 4. Rac1 activity is increased in hTTRA97S axons and its inhibition prevents actin-vesicle defects

(A and B) Pseudocolored images displaying the pixel value of the FRET ratio in neurites from DIV2 hTTRWT and hTTRA97S DRG neurons transfected with 

Raichu-Rac1 biosensor (A), and respective quantification (B). Scale bar, 10 μm. Data represent mean ± SD of n = 3 independent experiments, each performed on 

independent neuronal cultures for WT and A97S genotypes (20 axons analyzed per genotype in each experiment).

(C and D) Representative western blot analysis (C) and quantification (D) of Rac1 GTP-bound (active) levels by pull-down assay of 9-month-old hTTRWT and 

hTTRA97S sciatic nerves. The activated fraction was calculated by normalizing signal densities of GTP-bound to total Rac1 GTPase. Total levels of Rac1 are 

relative to vinculin. Data represent mean ± SD of n = 4 animals per genotype.

(E) Quantification of the percentage of fan-shaped growth cones in DIV1 hTTRWT and hTTRA97S neurons untreated or treated with 50 μM Rac1 inhibitor 

NSC23766 (Rac1i). Data represent mean ± SD of n = 4 independent experiments, each performed on independent neuronal cultures for WT and A97S genotypes 

(approximately 100 growth cones analyzed per condition in each experiment).

(F) Representative kymographs of imaged axons transfected with GFP:UTR-CH (to label F-actin) from DIV2 hTTRA97S DRG neurons untreated or treated with 

50 μM Rac1 inhibitor NSC23766 (Rac1i).

(G) Quantification of the number of retrograde and anterograde actin trails in DIV2 hTTRWT or hTTRA97S neurons untreated or treated with 50 μM Rac1 inhibitor 

NSC23766. Data represent mean ± SD of n = 3 independent experiments, each performed on independent neuronal cultures for WT and A97S genotypes (15–20 

axons analyzed per condition in each experiment).

(H) Representative images of axons from DIV2 hTTRA97S DRG neurons, untreated or treated with 50 μM Rac1 inhibitor NSC23766 (Rac1i), double-labeled with 

βIII-tubulin (green) and synaptotagmin-2 (SYT2, red). Scale bar, 10 μm.

(I) Quantification of the number of synaptotagmin puncta per axon length in DIV2 hTTRWT or hTTRA97S neurons untreated or treated with 50 μM Rac1 inhibitor 

NSC23766. The quantification shown for WT and hTTRA97S conditions corresponds to the same dataset presented in Figure 2E (control conditions), as these 

were derived from the same set of experiments. Data represent mean ± SD of n = 3 independent experiments, each performed on independent neuronal cultures 

for WT and A97S genotypes (17–30 axons analyzed per condition in each experiment).

*p < 0.05, **p < 0.01 by Student’s t test (B and D). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Sidak’s multiple comparisons test (E, G, and I). See 

also Figure S4.
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We followed by analyzing whether Rac1 inhibition could 

similarly ameliorate the axonal actin defects observed in mutant 

neurons. Indeed, Rac1 inhibition restored the decreased number 

of actin trails observed in hTTRA97S DRG axons (Figures 4F 

and 4G). The rescue of axonal actin defects was concomitant 

with a reversion of the decrease in synaptotagmin puncta in 

hTTRA97S neurons (Figures 4H and 4I), reinforcing the role of 

Rac1 as a key regulator of actin dynamics, which subsequently 

impacts the presynaptic vesicle network.

We then explored whether Rac1 could also be involved in 

the microtubule dysregulation observed in hTTRA97S peripheral 

axons. For that, we evaluated microtubule dynamics in 

DRG neuronal cultures from hTTRA97S-Thy1-EB3-GFP and 

hTTRWT-Thy1-EB3-GFP mice. Mutant neurons displayed an 

increased EB3 comet density in axon shafts, recapitulating the 

data obtained ex vivo in sural nerve axons (Figures 5A and 5B). 

Implying Rac1 involvement in the alterations of microtubule

dynamics, inhibition of the Rho GTPase reverted the increased 

EB3 comet density of hTTRA97S-Thy1-EB3-GFP DRG neurites 

(Figures 5A and 5B). These results suggest either that Rac1 

dysregulation directly affects microtubule dynamics or that 

Rac1 inhibition, by rescuing actin defects, reverts microtubule 

alterations. Importantly, our data pinpoint Rac1 as a critical 

molecular player in the cytoskeletal alterations induced by 

mutant TTR.

Having demonstrated that Rac1 inhibition rescues cytoskel-

etal damage, a phenotype that precedes axonal degeneration 

in mutant neurons, we evaluated the potential of inhibiting 

Rac1 activity to prevent amyloidogenic TTR-induced axonal 

degeneration. We observed that Rac1 inhibition prevented neu-

rodegeneration in DIV4 hTTRA97S neurons, as indicated by the 

restoration of the degeneration index of the mutant neurons 

(Figures 5C and 5D). These results show that blocking cytoskel-

eton alterations by inhibiting Rac1 in DRG neurons from an

Figure 5. Rac1 inhibition reverts microtubule alterations and axonal degeneration in hTTRA97S neurons

(A and B) Representative EB3-GFP still images of the axonal shafts from DIV2 hTTRWT-Thy1-EB3-GFP or hTTRA97S-Thy1-EB3-GFP DRG neurons, untreated or 

treated with 50 μM Rac1 inhibitor NSC23766 (Rac1i) (A), and corresponding quantification of EB3 comet density (B). Scale bar, 5 μm. Data represent mean ± SD of 

n = 3–5 independent experiments, each performed on independent neuronal cultures for WT and/or A97S genotypes (6–14 axons analyzed per condition in each 

experiment).

(C and D) Representative immunofluorescence images of βIII-tubulin stained DIV4 hTTRWT and hTTRA97S DRG untreated or treated with 50 μM Rac1 inhibitor 

NSC23766 (Rac1i) (C), and respective quantification of the degeneration index (D). Scale bar, 10 μm. Data represent mean ± SD of n = 4 independent experiments, 

each performed on independent neuronal cultures for WT and A97S genotypes (20 images analyzed per condition in each experiment). hTTR WT Rac1i condition 

was tested only in 2 independent experiments as previous data showed no effect of the Rac1 inhibitor on hTTR WT neurons.

*p < 0.05, ****p < 0.0001 by one-way ANOVA with Sidak’s multiple comparisons test.

Cell Reports 44, 116411, October 28, 2025 9

Article
ll

OPEN ACCESS



ATTRv-PN mouse model prevents axonal degeneration, identi-

fying Rac1 as a candidate therapeutic target for the disease.

A RACGAP1 variant is associated with disease onset in 

ATTRv-PN patients

The most prevalent pathogenic variant in ATTRv-PN is TTR 

Val30Met (ATTRV30M), and among carriers of this variant, there 

is significant diversity in phenotype, severity, and AO. To deter-

mine the relevance of Rac1 in human disease, we investigated 

whether variants in the genes encoding Rac1 and its activators, 

guanine nucleotide exchange factors (GEFs), and inactivators, 

Rac1 GTPase-activating proteins (GAPs), might be associated 

with variability of AO among ATTRV30M patients. We analyzed 

a total of 744 SNPs in RAC1, RAC1 GAPs, and RAC1 GEFs 

(Table S3). Our sample included a total of 175 patients with 

ATTRV30M amyloidosis belonging to 109 families, divided 

into two groups based on AO (Table 1). We found one SNP 

rs615382 in the RACGAP1 gene associated with a late disease 

onset (p < 0.001), specifically a mean increase of 20 years for 

heterozygous individuals and 34 years for homozygous individ-

uals carrying the variant (Figure 6A). No SNPs in the other studied 

genes showed statistical significance (p > 0.05) when comparing 

early- and late-onset individuals. Bioinformatics analysis of this 

SNP was performed using Ensembl (www.ensembl.org, release 

110) and HaploReg (https://pubs.broadinstitute.org/mammals/ 

haploreg/haploreg.php, HaploReg v4.2). The RACGAP1 gene 

encodes RacGAP1, a specific Rac1 GAP that inhibits the Rac1 

GTPase activity. 13 The variant rs615382 is located in an intronic 

region of RACGAP1 and overlaps with an enhancer region. 

Then, we analyzed the influence of SNP rs615382 on RACGAP1 

expression. Plasmids encompassing the reference (C) and alter-

native (A) alleles of RACGAP1 rs615382 variant were transfected 

into two cell lines: HEK293T, a non-neuronal cell line, and SH-

SY5Y, a cell line with neuronal-like characteristics. Subsequently, 

the activity of the luciferase gene reporter was quantified using a 

luminescence assay. The luciferase activity of RACGAP1 

rs615382 A-allele showed a significant increase relative to 

RACGAP1 rs615382 C-allele, with a difference of approximately 

35% and 20% in SH-SY5Y and HEK293T cells, respectively 

(Figures 6B and 6C). These results confirm that the alternative 

A-allele, which is associated with late-onset ATTRV30M amyloid-

osis, leads to higher RACGAP1 expression. This finding provides 

direct evidence that rs615382 plays a critical role in modulating 

the expression of RACGAP1, suggesting that increased 

RacGAP1 levels are linked to the later onset of the disease. To 

further confirm whether increased RACGAP1 expression is asso-

ciated with late-onset ATTRv-PN, we performed qPCR in salivary 

gland biopsies from early- and late-onset patients. Human salivary 

gland biopsies have been successfully used as a tool for diagnosis

and research on ATTRv-PN. We detected increased RAGGAP1 

levels in late-onset patients when compared to early-onset cases 

(Figure 6D), proposing that an increase in RacGAP1, which 

correlates with decreased Rac1 activity, is associated with a 

slower and less aggressive form of ATTRV-PN. To explore 

whether an inverse relationship between RacGAP1 and Rac1 

activity is observed in the disease mouse model, we performed 

western blot analysis on sciatic nerve lysates from 9-month-old 

hTTRA97S mice, a time point during which Rac1 activity 

is increased. Racgap1 protein was detected in both control and 

mutant nerves, although differences were not statistically signifi-

cant (Figure S5). These findings confirm that RacGAP1 is ex-

pressed in the mouse model and may contribute to Rac1 

regulation; however, the regulatory context may differ from that 

in human patients carrying the RACGAP1 SNP. Future studies 

will be important to clarify the functional relationship between 

RACGAP1 expression and Rac1 activity in the context of 

ATTRv-PN.

DISCUSSION

The findings presented in this study demonstrate that Rac1 

hyperactivation is a critical mediator of cytoskeletal dysfunction 

preceding axonal loss in ATTRv-PN. Moreover, we hypothesize 

that amyloidogenic TTR, through the interaction with RAGE, 

regulates Rac1 activity and that blocking TTR-induced activation 

of Rac1 prevents axonal degeneration.

Our analysis of actin alterations in hTTRA97S DRG neurons 

showed collapsed growth cones preceding axonal degeneration. 

Growth cone collapse is a well-known early feature of axonal 

degeneration, as seen in other models such as Friedreich’s ataxia, 

an inherited ataxia characterized by degeneration of DRG neu-

rons. 18 We also found axonal actin defects, specifically a reduc-

tion in the number of actin trails, in hTTRA97S DRG neurites, fitting 

the pathologic scenario of ATTRv-PN where amyloidogenic TTR 

accumulates and contacts mature peripheral axons. This was a 

key finding, showing the role of axonal actin trails in maintaining 

axon health by regulating the synaptic vesicle recycling 19 and 

the impact of their dysregulation on axonal degeneration.

In addition to unraveling actin damage as a mediator of neuro-

toxicity in ATTRv-PN, our results substantiate an impairment in 

microtubule dynamics and axonal transport in hTTRA97S pe-

ripheral axons. Although we cannot disclose the primary defect 

induced by amyloidogenic TTR, our data suggest that a common 

pathway mediates the damage to actin and microtubules in 

ATTRv-PN, driven by Rac1. Mechanistically, an increase in 

Rac1 activity might contribute to the cytoskeleton defects 

observed in hTTRA97S axons. Rac1 is a well-established 

regulator of actin polymerization and branching, facilitating

Table 1. Study group demographic characteristics for genome-wide array genotyping

Males Females Range of AO Mean AO Standard deviation

Early onset 55 37 [21–39] 31.27 ±4.31

Late onset 48 35 [50–90] 61.28 ±8.36

Total 103 72 [21–90] 45.5 ±16.38

AO: age-at-onset.
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lamellipodia and filopodia formation through downstream effec-

tors such as the WAVE complex and the Arp2/3 actin-nucleating 

complex. 31 In the context of ATTRv-PN, Rac1 overactivity could 

lead to aberrant actin branching and disorganized filament net-

works, contributing to the growth cone collapse phenotype. 

Interestingly, in our proteomic analysis and in western blot anal-

ysis of DRG neuron cultures, we found Arpc1a and Arp3, two of 

the seven subunits of the human Arp2/3 protein complex, to be 

upregulated in hTTRA97S axons. Additionally, despite Rac1 be-

ing primarily recognized as an Arp2/3 activator, the Rho GTPase 

was shown to be able to both activate and inhibit Arp2/3-driven 

actin branching and polymerization, 32 which would also impact 

growth cone morphology. Our results also show that the reduc-

tion of actin trails in hTTRA97S DRG axons is mediated by the 

overactivity of Rac1. Actin trails were shown to be formin depen-

dent and Arp2/3 independent in hippocampal neurons. 19 While 

we did not detect alterations in formins in our proteomic analysis, 

it is possible that an increase in Arp2/3, resulting in a limited 

G-actin pool, would inhibit formins, as few actin monomers 

would be available for polymerization. Additionally, Rac1 can 

regulate microtubule dynamics through pathways like PAK1 

activation, which inactivates stathmin via phosphorylation, 

promoting microtubule polymerization. 33 Future work will be 

required to detail the molecular mechanism of Rac1 involvement 

in ATTRv-PN.

Importantly, we validated the relevance of Rac1 in human 

ATTRv-PN, since the variant rs615382 in the RACGAP1 gene 

was significantly associated with delayed disease onset in

Figure 6. An SNP leading to the increased 

expression of RACGAP1, an inhibitor of 

Rac1 activity, is associated with late-onset 

ATTRv-PN

(A) Statistical results of RACGAP1 SNP rs615382. 

B, unstandardized coefficient (estimated quanti-

tative effect of each genotype on mean age-at-

onset variation, compared with the reference 

genotype); significance level was set to 0.05.

(B and C) Luciferase reporter gene assays for 

RACGAP1 rs615382 in HEK293T (B) and SH-

SY5Y cells (C). The activity of firefly luciferase 

was normalized to renilla luciferase activity and 

presented as a fold increase compared to the 

pGL3-promoter activity. Results presented as 

mean ± SD of n = 6 technical replicates.

(D) qPCR results for RAGGAP1 gene expression in 

salivary glands from early (EO) or late (LO) onset 

ATTRV30M patients. Data are shown as fold 

change in relation to EO samples. Data represent 

mean ± SD of n = 2 cases/disease onset.

*p < 0.05, **p < 0.01 by Student’s t test. See also 

Figure S5.

ATTRV30M patients. The SNP identified 

was suggested to increase RACGAP1 

expression by disrupting the recombina-

tion signal binding protein for immuno-

globulin kappa J region binding site to 

gene corepressors, such as silencing-

mediator for retinoid/thyroid hormone re-

ceptor and Msx2-interacting nuclear target, 34–37 which would 

prevent the protein from repressing transcription. 38 Results 

from our reporter gene assays and qPCR data with salivary 

glands from ATTRv-PN patients substantiate this hypothesis, 

demonstrating that the alternative allele (A) of rs615382 indeed 

elevates RACGAP1 expression when compared to the reference 

allele (C). RacGAP1 has been studied primarily for its role in cell 

division and cytoskeletal dynamics, and our work underscores 

the importance of RacGAP1 in modulating neurodegenerative 

processes. Studies in zebrafish with a loss-of-function 

RACGAP1 mutation have demonstrated that RacGAP1 is 

required for the long-term survival of motor neurons and the 

cytoskeletal organization of sensory axons. 39 Also, the fact that 

we found the rs615382 SNP and increased RAGGAP1 expres-

sion associated with a later onset of ATTRV30M suggests that 

an increase in RacGAP1 might be translated to Rac1 inactivation 

leading to a lower rate of neurodegeneration.

Rac1 plays essential roles in many tissues, including the car-

diovascular and immune systems, making targeted therapeutic 

interventions difficult without off-target effects. Although Rac1 

inhibitors like NSC23766 have shown promise in our experi-

mental model, their clinical use is challenging. Clinical trials of 

Rac1 inhibitors are still in the early stages, and achieving thera-

peutic specificity remains a significant hurdle. Nevertheless, our 

identification of the RACGAP1 variant in ATTRv-PN patients, 

which enhances the expression of this Rac1 inactivator, offers 

a potential strategy to modulate Rac1 activity more selectively. 

We are currently working on AAV 40 and nanoparticle 41 strategies

Cell Reports 44, 116411, October 28, 2025 11

Article
ll

OPEN ACCESS



targeting the PNS to modulate RACGAP1 in vivo. This approach 

represents significant progress from current treatments, which 

predominantly focus on TTR stabilization or gene silencing and 

do not address the downstream effects of TTR deposition on 

neuronal health.

In summary, we show that Rac1 inhibition preserves cytoskel-

etal integrity and prevents axonal degeneration in a mouse 

model for ATTRv-PN. Importantly, we establish that a variant in 

the gene encoding the Rac1-specific inactivator RacGAP1, 

which leads to its increased expression, is associated with a 

late-onset form of the disease. This work supports the neuropro-

tective effect of Rac1 inactivation in ATTRv-PN, offering new in-

sights into the disease’s molecular mechanism and identifying 

promising targets for therapeutic intervention. Future research 

will be required to translate these findings into pre-clinical 

studies, with the ultimate goal of improving outcomes for pa-

tients with ATTRv-PN.

Limitations of the study

This study identifies Rac1 hyperactivation as a driver of cytoskel-

etal disruption in ATTRv-PN and highlights RACGAP1 as a 

potential modulator of disease onset. However, the analysis of 

RACGAP1 expression was limited to a small number of patient 

samples, and future work should examine a broader cohort, 

including asymptomatic carriers, symptomatic individuals with 

both early- and late-onset disease, and unaffected controls. In 

addition, direct measurements of Rac1 activity in human tissue 

were not feasible, limiting our ability to confirm the functional 

link between RACGAP1 expression and Rac1 signaling in pa-

tients. Further studies in human-derived systems will be essen-

tial to validate the clinical relevance of this regulatory axis.
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Rabbit polyclonal anti-human TTR DAKO Cat# A0002; RRID:AB_2335696
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RRID:AB_306653

Mouse Monoclonal anti-Arp3 Santa Cruz Biotechnology Cat# sc-48344; RRID:AB_626700
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Mouse monoclonal anti-Rac1 Abcam Abcam Cat# ab33186; 
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Mouse Monoclonal anti-RacGAP1 Santa Cruz Biotechnology Cat# sc-271110; RRID:AB_10611939
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Mouse monoclonal anti-βIII tubulin Promega Cat# G7121; 
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Goat Polyclonal anti-TrkA R&D Systems Cat# AF1056; RRID:AB_2283049
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Bacterial and virus strains

Lentivirus f(syn)-SYP-GFP Viral Core Facility

Charité –Universitaetsmedizin Berlin

#BLV-177p

Biological samples
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Hospitalar Universitá rio de Santo Antó nio 

(UCA-CHUdSA)

N/A

Human blood samples Unidade Corino de Andrade at Centro 

Hospitalar Universitá rio de Santo Antó nio 

(UCA-CHUdSA)

N/A

Chemicals, peptides, and recombinant proteins

Ammonium chloride (NH4Cl) Merck Cat# 1011450500

Bovine serum albumin (BSA) Sigma Cat# C1889

(Continued on next page)

Cell Reports 44, 116411, October 28, 2025 15

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Collagenase-IV-S Sigma Cat# C1889
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Epon Electron Microscopy Sciences Cat# 14120

Fetal bovine serum (FBS) Sigma Cat# F9665

Glutaraldehyde Electron Microscopy Sciences Cat# 16316

PureBlu TM DAPI Nuclear Staining Dye Bio-Rad Cat# 1351303
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Uranyl Acetate Electron Microscopy Sciences Cat# 22400

Neuronal Growth Factor (NGF) Alomone Labs Cat# N-100

L-glutamine Thermo Scientific Cat# 25030024

B-27 TM Supplement Gibco Cat# 17504044

Osmium tetroxide Electron Microscopy Sciences Cat# 19190

Skim Milk Powder Merck Cat# 70166-500g

Immobilon Crescendo Western HRP 
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Merck Cat# WBLUR0500

Sodium chloride (NaCl) Acros Organics Cat# 207790010

Sodium orthovanadate Sigma-Aldrich Cat# S6508-10G
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Penicillin/streptomycin Gibco Cat# 15140-122

Poly-L-lysine (PLL) Sigma-Aldrich Cat# P2636

NSC23766 (selective inhibitor of Rac1-GEF 

interaction)

Tocris Bioscience Cat# 2161

5-Fluoro-2 ′ -deoxyuridine (FluoU) Sigma Aldrich Cat# F0503

Neurobasal TM Medium, minus phenol red Invitrogen Cat# 12348-017
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Piperazine-1,4-bis(2-ethane-sulfonic acid) 
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Merck Cat# 1.10220.0250

Egtazic acid (EGTA) Sigma-Aldrich Cat# E8145-10G

Magnesium chloride (MgCl 2 ) VWR Cat# 1.05833.0250

Fish gelatin Sigma-Aldrich Cat# G7041-100g

Glutathione High Capacity Magnetic 

Agarose Beads

Merck Cat# G0924-1ML

Ponceau S Sigma-Aldrich Cat# P3504-10G

PureBlu TM DAPI Nuclear Staining Dye Bio-Rad Cat# 1351303

Osmium tetroxide Electron Microscopy Sciences Cat# 19190

Immobilon Crescendo Western HRP 

substrate

Merck Cat# WBLUR0500

Halt TM Protease & Phosphatase Inhibitor 

Cocktail

Thermo Scientific Cat# 78440

RIPA Buffer Merck Cat# R0278-50mL

Sucrose Merck Cat# 1.07651.1000
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Glutathione High Capacity Magnetic 

Agarose Beads

Merck Cat# G0924-1ML

D-(+)-Glucose Sigma-Aldrich Cat# G8270-1KG

N-2-hydroxyethylpiperazine-N-2-

ethanesulfonic acid (HEPES)

Sigma-Aldrich Cat# H4034-100g

Calcium chloride dihydrate (CaCl 2 ⋅2H 2 O) Merck Cat# 1.02382.1000

Magnesium sulfate heptahydrate 

(MgSO 4 ⋅7H 2 O)

Merck Cat# 1.05886.0500

Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich Cat# S3264-500G

Potassium Chloride (KCl) Merck Cat# 1.04935.5000

Collagenase-IV-S Sigma-Aldrich Cat# C1889

Tween® 20 Sigma-Aldrich Cat# P1379-500ML

FPS-ZM1 (High affinity antagonist of RAGE) Merck Cat# 553030

Normal Donkey Serum (NDS) Sigma-Aldrich Cat# D9663

DMEM, high glucose, GlutaMAX TM 

Supplement

Gibco Cat# 10569010

Antibiotic-Antimycotic (100×) Gibco Cat# 15240062

TRIzol TM Reagent Invitrogen Cat# 15596026

DreamFect TM Gold OZ Biosciences Cat# DG80500

Critical commercial assays

QIAamp® DNA Blood Mini Kit QIAGEN Cat# 1043368

Axiom TM Precision Medicine Diversity 

Array Kit

Thermo Scientific Cat# 951962

Zymoclean Gel DNA Recovery Kit Zymo Research Cat# D4001

Q5® Site-Directed Mutagenesis Kit New England Biolabs Cat# E0554S

PureLink TM RNA Micro Scale Kit Invitrogen Cat# 12183016

NZY First-Strand cDNA Synthesis Kit NZYTech Cat# MB12501

Deposited data

Proteomics data ProteomeXchange Consortium via the 

PRIDE

PXD054291

Experimental models: Cell lines

HEK293T ATCC RRID:CVCL_0063

SH-SY5Y The Leibniz Institute DSMZ RRID:CVCL_0019

N1E-115 Merck Milipore RRID:CVCL_0451

Experimental models: Organisms/strains

hTTRwt/mTtrwt Kan et al. 12 N/A

hTTRA97S/mTtrwt Kan et al. 12 N/A

hTTRWT-Thy1-EB3-GFP This paper N/A

hTTRA97S-Thy1-EB3-GFP This paper N/A

hTTRWT-Thy1-MitoRFP This paper N/A

hTTRA97S-Thy1-MitoRFP This paper N/A

Oligonucleotides

RacGAP1; sense primer:

5 ′ -CGAAGTGCTCTGGATGTTA-3 ′
This paper N/A

RacGAP1; antisense primer:

5 ′ -TTGCTCCTCGCTTAGTTG-3 ′
This Paper N/A

RacGAP1 rs615382; sense primer:

5 ′ -CTCCCCTTCCcACAGCATAAT 

CACTAAACC-3 ′

This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects and study design

DNA samples from 175 ATTRv-PN ATTRV30M amyloidosis patients (Table 1) were collected at Corino de Andrade at Centro 

Hospitalar Universitá rio de Santo Antó nio (UCA-CHUdSA) and stored at Centro de Gené tica Preditiva e Preventiva (CGPP-IBMC, 

Porto) biobank, as authorized by the CNPD (National Commission for Data Protection). Salivary gland biopsies from ATTRV30M 

patients were also collected at UCA-CHUdSA. All patient samples were clinically characterized, and patients were observed by 

the same group of neurologists. Age-at-onset (AO) of each patient was also registered. According to the literature, the samples 

were divided according to AO into early-onset (EO), when symptoms appeared before the age of 50, and late-onset (LO) if symptoms 

appeared only after that age. 43 The study was conducted on 92 DNA samples of EO patients, 83 DNA samples of LO patients,

2 salivary gland samples of EO patients, and 2 salivary gland samples of LO patients. Sex was recorded for all participants 

(Table 1), and analyses were adjusted for sex. The Ethics Committee of CHUdSA approved the study, and all participants gave their 

written informed consent.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RacGAP1 rs615382; antisense primer:

5 ′ -GAACCAGAGGTGATTC-3 ′
This paper N/A

Recombinant DNA

pIRESneo3+GFP:UTR-CH Matthieu Piel Lab, available from Addgene Cat# 64359; RRID:Addgene_64359

pRL-CMV Renilla Vector Promega Cat# E2261

pGL3-promoter-RACGAP1-rs615382(C) This paper N/A

pGL3-promoter-RACGAP1-rs615382(A) This paper N/A

pRaichu-Rac1 Itoh, R.E. et al. 42 N/A

Software and algorithms

Proteome Discoverer v.3.0.1.27 Thermo Fisher Scientific RRID:SCR_014477

Leica LAS X Leica Microsystems RRID:SCR_013673

Fiji/ImageJ v.1.54g NIH RRID:SCR_002285

GraphPad Prism v.8.0 GraphPad RRID:SCR_002798

ImageLab TM v.6.0.1 Bio-Rad Laboratories RRID:SCR_014210

ClustVis Tartu U ¨ likool RRID:SCR_017133

Axiom TM Analysis Suite v.5.1 Applied Biosystems N/A

UniProt The UniProt Consortium RRID:SCR_002380

PantherDB University of Southern California RRID:SCR_004869

SPSS IBM RRID:SCR_002865

Other

CFX384 Touch Real-Time PCR Detection 

System

Bio-Rad N/A

Leica DMI6000 B Leica Microsystems RRID:SCR_018713

Leica SP8 LIGHTNING confocal 

microscope

Leica Microsystems RRID:SCR_01816

Von Frey Hairs, Semmes-Weinstein set Ugo Basile Cat#: 37450-275

Leica DM2000 LED Leica Microsystems RRID:SCR_020223

Bioruptor® Plus Sonicator Diagenode Cat# B01020001

Amersham Protran Premium 0.45 NC 

Western Blotting membranes

Amersham Biosciences Cat# 10600013

4D-Nucleofector TM System Lonza Cat# AAF-1002B

Nikon ECLIPSE Ti Nikon RRID:SCR_021242

Zeiss Axio Imager Z1 ApoTome Zeiss N/A

FRET Analysis Fiji Macro Advanced Light Microscopy, I3S

PPBI-Portuguese Platform of BioImaging

https://github.com/mafsousa/

2DFRETratiometrics
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Animals

Mice were handled according to European Union and National rules and all studies approved by the i3S Animal Welfare and Ethics 

Review Body and the Portuguese Veterinarian Board. All animals were maintained under a 12h light/dark cycle and fed with regular 

rodent chow and water ad libitum. Genotypes were determined from ear-extracted genomic DNA. 12 Human TTR knock-in mice, car-

rying either wild-type human TTR or A97S human TTR, were generated by replacing the mTtr gene with the hTTR gene without 

altering the promoter and enhancer sequences of mTtr, as previously reported. 12 Mice were maintained in a C57BL/6 background, 

and heterozygotes with the genotypes hTTRwt/mTtrwt (abbreviated as hTTRWT; controls) and hTTRA97S/mTtrwt (abbreviated as 

hTTRA97S) of both sexes were used in this study, as no sex-dependent phenotype differences were seen. For measuring microtu-

bule dynamics and axonal transport, homozygous hTTRA97S/hTTRA97S and hTTRWT/hTTRWT mice were crossed with either Thy1: 

EB3-GFP 24 or Thy1-MitoRFP mice 44 (kindly provided by Dr Thomas Misgeld, Technical University of Munich, Germany), generating 

hTTRA97S-Thy1-EB3-GFP and hTTRWT-Thy1-EB3-GFP mice or hTTRA97S-Thy1-MitoRFP and hTTRWT-Thy1-MitoRFP mice, 

respectively.

Cell lines

The following cell lines were used in this study: N1E-115 cells (Sigma-Aldrich), an adrenergic cell line derived from the mouse neu-

roblastoma C1300 tumor; SH-SY5Y cells (DSMZ, Braunschweig, Germany), a human neuroblastoma derived cell line; and HEK293T 

cells (ATCC), a human embryonic kidney derived cell line. Cell lines used were commercially obtained and not independently authen-

ticated. Mycoplasma contamination is routinely tested by our cell culture facility.

METHOD DETAILS

Myelinated axon quantification

Sural nerves from 9-month-old hTTRWT and hTTRA97S were collected and fixed overnight at 4 ◦ C with a solution of 2.5% glutaral-

dehyde and 2% paraformaldehyde (PFA) in 0.1 M sodium cacodylate buffer (pH 7.4), and post-fixed with 2% osmium tetroxide in 

0.1 M sodium cacodylate buffer for 2 h at RT and stained with 1% uranyl acetate for 30 min. Samples were dehydrated and 

embedded in Epon (Electron Microscopy Sciences). Cross sections were cut at 500 nm using a diamond knife in an RMC Ultrami-

crotome (PowerTome, USA) and contrasted with toluidine blue. Image acquisition was performed with a brightfield microscope Leica 

DM2000 LED (Leica Microsystems, Germany) using a 40× objective. The total number of myelinated axons was determined in each 

cross-section, using the Cell Counter plugin from ImageJ, and normalized by the total nerve area.

Quantification of skin innervation

Mice were perfused with 2% Periodate-Lysine-Paraformaldehyde (PLP). The footpad tissues were postfixed with PLP for 2h and 

cryosectioned into 30μm free-floating sections perpendicular to the dermis. For immunohistochemistry, tissue sections were 

permeabilized with 0.3% Triton X-100 for 10 min, blocked with 10% BSA in 0.3% Triton in PBS for 1 h at RT, and incubated with 

rabbit anti-PGP9.5 (1:1,000; Abcam, ab108986) in blocking buffer overnight at 4 ◦ C. Incubation with anti-rabbit Alexa Fluor-conju-

gated secondary antibody was performed for 1 h at RT. Epidermal innervation was quantified following established protocols, 

and the slides were coded to ensure that measurements were blinded. 12 Any nerve fiber ascending from the subepidermal plexus 

with branches inside the epidermis was counted as one, while branches in the dermis were counted as separate fibers. ImageJ 

was used to measure the total length of the epidermis along the upper margin of the stratum corneum. Intraepidermal nerve fiber 

density was derived as the number of fibers per millimeter of epidermal length.

von Frey test

For von Frey hair testing, animals were acclimatized for 20 min in a chamber with a wire-mesh bottom allowing access to hind paws. 

For the test, retractable monofilaments (Aesthesio, Precise Tactile Sensory Evaluator, 37450-275) were used to apply a force to the 

mid-plantar surface of hind paws. Paw withdrawal or abrupt movement were considered positive responses. The withdrawal 

threshold equaled the weakest force to elicit paw withdrawal in 50% or more of the trials (n = 5 trials). The force of withdrawal is pre-

sented as the average value of the right and left hind paws.

TTR immunohistochemistry

Mice were perfused with PBS and sural nerves were collected and fixed with 4% PFA for 24 h. After cryoprotection in 30% sucrose, 

nerves were embedded in Optimum Cutting Temperature (OCT) compound (ThermoFisher Scientific) and cut longitudinally (Cryostat 

Leica CM3050S) in 10 μm thick sections. Slides were permeabilized with 0.5% Triton X-100 for 30 min at RT, quenched with 200 mM 

Ammonium Chloride for 30 min, and blocked with 5% normal donkey serum (NDS) in PBS for 1 h at RT. Incubation with rabbit 

anti-TTR (1:500, DAKO, A0002) was performed in blocking buffer overnight at 4 ◦ C. Incubation of Alexa Fluor-conjugated secondary 

antibody was performed for 1 h at RT in blocking buffer. Slides were incubated with DAPI (1:100, Bio-Rad, 1351303) for 10 min and 

mounted using FluoroMount-G mounting medium (Invitrogen, 00-4958-02).
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Western blotting

9-month-old hTTRWT and hTTRA97S mice were perfused with PBS, and sural and sciatic nerves, and muscle collected. Tissue 

or DIV2 DRG neuron culture protein lysates were prepared in ice-cold RIPA lysis buffer (Merck, R0278), supplemented with a 

cocktail of protease inhibitors (Protease Inhibitor Mix, Merck, GE80-6501-23) and 1 mM sodium orthovanadate, and then son-

icated in a water bath sonicator (Bioruptor Plus, Diagenode, Belgium). 5–10 μg (sural nerve), 15–20 μg (DRG and sciatic nerve) or 

5μg muscle of protein extracts were separated under denaturing conditions in a 12% agarose gel, transferred to Amersham 

Protran Premium 0.45 μm nitrocellulose membranes (GE Healthcare Life Sciences), and blocked in 5% non-fat dried milk in 

TBS-T for 1 h at RT. Membranes were probed overnight at 4 ◦ C with primary antibodies: rabbit anti-human TTR (1:1,000; 

DAKO, A002); custom-made rabbit anti-mouse TTR antibody (1:500; produced against recombinant mouse TTR); rabbit anti-

Desmin (1:1,000; abcam, ab8592); rabbit anti-mouse vinculin (1:3,000; Thermo Fisher, 42H89L44); mouse anti-Arp3 (1:500; 

Santa Cruz Biotechnology, sc-48344); rabbit anti-ERK1/2 (1:3,000; Cell Signaling, #9102); and mouse anti-RacGAP1 (1:500; 

Santa Cruz Biotechnology, sc-271110). Subsequently, incubation with the secondary antibodies anti-rabbit IgG-HRP 

(1:10,000; Jackson Research, 111-035-003) and anti-mouse IgG-HRP (1:10,000; Jackson Research, 115-035-003) was per-

formed for 1 h at RT. Immunodetection was achieved by chemiluminescence using ECL (Millipore, WBLUR0500) and quantified 

using Image Lab software (version 6.0.1).

Proteomics

Proteomics was performed by the i3S Proteomics facility. For preparation of total protein extracts, sural nerves from 9-month-

old hTTRWT and hTTRA97S were lysed in 100 μL ice-cold RIPA lysis buffer (TE buffer pH 8.0 (10 mM Tris and 1 mM EDTA), 

140 mM NaCl (Acros Organics, 207790010), 0.1% SDS (stock 10%, NZYTech, MB11601), 1% Triton X-100 (Merck, T9284), 

supplemented with a cocktail of protease and phosphatase inhibitors (Halt Protease & Phosphatase Inhibitor Cocktail, Thermo 

Scientific, 78440). Samples were processed using the solid-phase-enhanced sample-preparation (SP3) method and enzymat-

ically digested with Trypsin/LysC (2 μg) overnight at 37 ◦ C with agitation at 1,000 rpm. Peptide concentration within each sample 

was determined through fluorescence measurements. For protein identification and label-free quantification, a nanoLC-MS/MS 

setup was employed, which consisted of an Ultimate 3000 liquid chromatography system coupled with a Q-Exactive Hybrid 

Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Germany). The UniProt Mus Musculus Proteome Database 

(2022_05 version, 17132 entries) was used as a reference for protein identification. Proteomics data was analyzed using 

Proteome Discoverer software (version 3.0.1.27, Thermo Scientific, USA). To elucidate the distinct protein levels in control 

and hTTRA97S mutation groups, a series of data processing steps were applied to the raw data, including a minimum require-

ment of 2 unique or razor peptides, defining upregulated proteins based on abundance ratios (hTTRA97S/hTTRWT) of ≥1.50 

and downregulated proteins with ratios of ≤0.67, setting a significance threshold for the abundance ratio p-value at ≤0.05 

and determining that the protein needed to be detected in at least 2 samples within each experimental group for inclusion in 

the analysis. Protein functional enrichment analysis of the altered proteins in hTTRA97S versus hTTRWT sural nerves was per-

formed with PANTHER 19.0 (http://pantherdb.org/). The online software tool ClustVis (https://biit.cs.ut.ee/clustvis/) was used to 

generate the heatmap. For this purpose, protein abundance ratio values were transformed using log2.

DRG primary cultures, plasmid expression, and drug treatment

For DRG neuron experiments, we confirmed that similar growth cone differences between genotypes were consistently present 

in DRG cultures derived from 1-, 3-, 6-, and 9-month-old mice (Figure S2C). Therefore, we used 4- to 8-week-old mice to maxi-

mize neuronal yield and viability while still reproducing the relevant phenotypes. Moreover, while most analyses were performed 

using DRGs collected from all spinal levels, we performed cultures with only L3–L5 DRGs to align with the sural nerve data. 

Primary cultures of DRG neurons (hTTRA97S and hTTRWT for all experiments except for in vitro EB3 dynamics in which 

hTTRA97S-Thy1-EB3-GFP and hTTRWT-Thy1-EB3-GFP were used) were performed as previously described. 45,46 DRG 

neurons were plated in 20 μg/mL PLL +5 μg/mL Laminin-coated glass surfaces in DMEM/F12 (Merck, D8437) supplemented 

with B27 (Gibco), 1% penicillin/streptomycin (Gibco), 2 mM L-glutamine (Gibco), and 50 ng/mL NGF (Millipore, 01–125)- 

DRG medium, at 37 ◦ C and 5% CO 2 .

For growth cone morphology assessment and synaptotagmin quantification, neurons were plated at a density of 5,000 cells 

in 24-well plates and cultured for 24 h (DIV1) and 48 h (DIV2), respectively. For live imaging of actin trails, DRG neurons were trans-

fected using the 4D Nucleofector Amaxa system (Lonza, Barcelona, Spain), with 0.5 μg of pIRESneo3+GFP:UTR-CH (kindly provided 

by Dr Jorge Ferreira, i3S), expressing the calponin homology (CH) domain of utrophin (UTR) which binds specifically to F-actin, 19 

plated at a density of 20,000 cells in coated 35 mm glass bottom μ-dishes (iBidi), and cultured for 48h. For live imaging of synapto-

physin transport, DRG neurons, plated at a density of 15,000 cells in coated 35 mm glass bottom μ-dishes (iBidi), were transduced at 

DIV1 with the lentivirus f(syn)-pSyp-GFP-w (produced at the Viral Core Facility Charité – Universitaetsmedizin Berlin, BLV-177) 47 and 

imaged at DIV2. For assessment of transduction efficiency of synaptophysin-GFP, DRG neurons were plated at 5,000 cells in 24-well 

plates and transduced at DIV1 with the lentivirus f(syn)-pSyp-GFP-w. At DIV2, cells were fixed and imaged, and GFP fluorescence 

intensity was quantified to confirm comparable transgene expression levels between control and mutant neurons. For EB3 dynamics, 

hTTRA97S-Thy1-EB3-GFP and hTTRWT-Thy1-EB3-GFP neurons were plated at a density of 15,000 cells in coated 35 mm glass 

bottom μ-dishes (iBidi) and imaged at DIV2.
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For FRET experiments, DRG neurons were transfected using the 4D Nucleofector Amaxa system with 1 μg of Raichu Rac1 

plasmid. 42 Cells were left in suspension for 24 h and were subsequently plated in a coated 4-well ibidi slide (iBidi) and cultured for 

an additional 24 h.

For experiments with Rac1 and RAGE inhibition, cells were plated in the presence of 50 μM NSC23766 (Tocris Bioscience) and 

10 μM FPS-ZM1 (Merck Millipore), respectively. For transfection-mediated Rac1 silencing, DRG neurons were nucleofected with 

0.75 μg of the shRNA Rac1 (TRCN00000551888, Sigma-Aldrich) or shRNA scramble (Sigma-Aldrich) and 1.125 μg of EGFP-C1 

plasmid. After transfection, cells were left in suspension for 24 h and then plated in coated 24-well plates at a density of 5,000 cells 

and cultured for 24 h.

For degeneration index assessment, DRG neurons were plated in coated 24-well plates at a density of 10,000 cells in DRG 

medium and: i) DIV1 analysis: fixed 24 h after plating; ii) DIV2 analysis: plated with 60 μM 5-Fluoro-2 ′ -deoxyuridine (FluoU) and fixed 

48 h later; iii) DIV4 analysis: plated with 60 μM FluoU, refreshed with 60 μM FluoU (and 50 μM NSC23766, when testing Rac1 inhibition) 

at DIV2 and fixed at DIV4.

Validation of Rac1 silencing

N1E-115 cells (Sigma-Aldrich) were grown in DMEM supplemented with 2mM L-glutamine, 10% FBS, and 1% P/S in uncoated 

24-well plates at a density of 150,000 cells/well. At DIV1, cells were transfected with 0.5 μg of the shRNA Rac1 or shRNA scramble 

(Sigma-Aldrich) using lipofectamine 2000. At DIV3, protein extracts were prepared in lysis buffer (0.3% Triton X-100, 1× protease 

inhibitor Cocktail, and 1mM Sodium orthovanadate). 20 μg of protein extracts were separated under denaturing conditions in a 

12% agarose gel, transferred to Amersham Protran Premium 0.45 μm nitrocellulose membranes (GE Healthcare Life Sciences), 

and blocked in 5% non-fat dried milk in TBS-T for 1 h at RT. Membranes were probed overnight at 4 ◦ C with primary antibody mouse 

anti-Rac1 (1:2,000; Abcam, ab33186) and subsequently with the secondary antibody anti-mouse IgG-HRP (1:10,000; Jackson 

Research, 115-035-003) in TBS-T for 1 h at RT. Immunodetection was performed by chemiluminescence using ECL (Millipore, 

WBLUR0500) and quantified using ImageJ software.

Live imaging of DRG neurons

Live imaging of actin trails on GFP:UTR-CH transfected neurons was performed in a Nikon Eclipse Ti (Nikon, Japan) inverted epifluor-

escence microscope equipped with an IRIS 9 camera (Teledyne Photometrics, USA) with the following settings: PL APO LAMBDA 

60×/1,4 Oil DIC WD 0.13 mm objective, 12% LED power and ND4 filter. Transfected neurites were identified based on morphology, 

and only neurons with unambiguous morphology were selected for imaging. GFP:UTR-CH was typically imaged at 1 frame/300 s for

2 min. To analyze GFP:UTR-CH kinetics, kymographs were performed using the Fiji KymoResliceWide plugin (distance-x axis; time-y 

axis). Actin trails appear in these kymographs as faint fluorescent lines, referred to as ‘‘fluorescent plumes’’. 19 Starting and end po-

sitions of the traces and number of trails were defined using the Fiji Cell Counter.

Imaging of synaptophysin vesicles was conducted using a confocal Leica SP8 microscope (Leica Microsystems) and Leica 

Application Suite X (LAS X) software with a PL APO 63×/1.30 Glycerol objective. Image acquisition was performed over a 2 min 

period with frames captured at 2 s intervals. For quantification, the MTrackJ plugin from ImageJ was used and all parameters 

were assessed by manually tracking motile vesicles during 60 frames of each video.

For FRET, imaging was performed using a Leica DMI6000B inverted microscope. High-speed low-vibration external filter combi-

nations (CFP excitation plus CFP emission [CFP channel], and CFP excitation plus YFP emission [FRET channel]) were mounted on 

the microscope (Fast Filter Wheels, Leica Microsystems). A 440-520nm dichroic mirror (CG1, Leica Microsystems) and an HCX PL

APO 63×1.3NA glycerol immersion objective were used for CFP and FRET images. Images were acquired with 2A ˚ ∼2 binning using a

digital CMOS camera (ORCA-Flash4.0 V2, Hamamatsu Photonics). Shading illumination was online corrected for CFP and FRET 

channels using a shading correction routine implemented for the LAS AF software. CFP and FRET images were sequentially acquired 

using different filter combinations (CFP excitation plus CFP emission (CFP channel), and CFP excitation plus YFP emission (FRET 

channel), respectively). Ratiometric FRET was calculated as acceptor/donor, as described in. 48 Image analysis was performed 

semi-automatically using an in-house developed macro for Fiji that allows for batch-processing of files (code available at https:// 

github.com/mafsousa/2DFRETratiometrics). The main workflow consists of the following steps: 1) a preprocessing stage including 

shading correction and background subtraction (either by using a background image or by subtracting user-defined background 

mean intensity values); 2) cell segmentation using a user-selected channel, the best threshold algorithm and an option for user-

dependent refinement; and 3) ratiometric analysis by dividing selected preprocessed channels in the segmented cell with final ratio 

images represented with a Royal LUT.

Live imaging of microtubule dynamics and axonal transport

To analyze microtubule dynamics and axonal transport in ex vivo live imaging, sural nerves were collected from hTTR (A97S or WT)- 

Thy1-EB3-GFP and hTTR (A97S or WT)-Thy1-MitoRFP mice, respectively, and placed in a 35 mm μ-Dish (iBidi) in pre-heated phenol-

free Neurobasal medium (Thermo Fisher Scientific). To evaluate EB3 dynamics in vitro, DIV2 hTTRA97S-Thy1-EB3-GFP and 

hTTRWT-Thy1-EB3-GFP DRG neurons were imaged. Imaging of EB3 comets and mitochondria movement was conducted using 

a Leica SP8 microscope (Leica Microsystems) and Leica Application Suite X (LAS X) software with a PL APO 63×/1.30 Glycerol 

objective. Image acquisition was performed for 2 min with frames captured every 2 s. For the quantification of EB3 dynamics,
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kymographs were generated using the Fiji KymoResliceWide plugin (distance: x axis; time: y axis). The start and end positions of the 

kymograph slopes and the number of comets were defined using the Cell Counter plugin. Mitochondrial axonal transport was 

analyzed using the MTrackJ plugin from ImageJ and all parameters were assessed by manually tracking mitochondria during 30 

frames of each video. To be considered, mitochondria needed to be tracked in at least 5 consecutive frames. The percentage of 

motile mitochondria was determined by tracking both motile and immobile mitochondria.

Immunocytochemistry

DRG neurons were fixed with cytoskeleton preservation fixative, PHEM (4% PFA, 4% sucrose, 0.25% Glutaraldehyde, 0.1% Triton 

X-100, 300 mM PIPES, 125 mM HEPES, 50 mM EGTA and 10 mM Magnesium Chloride), permeabilized with 0.2% Triton X-100 for

5 min, quenched with 200 mM Ammonium Chloride for 5 min and blocked with 2% Fetal Bovine Serum (FBS), 2% BSA and 0.2% Fish 

Gelatine in PBS for 1 h at RT. Incubation of primary antibodies was performed in 10% blocking buffer overnight at 4 ◦ C. The following 

antibodies were used: mouse anti-βIII-tubulin (1:2,000; Promega, G7121), rabbit anti-synaptotagmin-2 (1:500; SYSY, 105 222), goat 

anti-TrkA (1:250; R&D Systems, AF1056-SP); goat anti-TrkB (1:250; R&D Systems, AF1494-SP); and goat anti-TrkC (1:250; R&D 

Systems, AF1404-SP). Alexa Fluor-conjugated secondary antibodies were incubated for 1 h at RT in 10% blocking buffer. Actin 

was labeled with the probe-conjugated dye Rhodamine-conjugated Phalloidin (1:100; Life Technologies, R415), in parallel with 

the secondary antibody.

Synaptotagmin-2 antibody uptake

DIV2 DRG cultures were initially incubated at RT for 10 min in Krebs-Ringer solution containing 128 mM NaCl, 25 mM HEPES, 4.8 mM 

KCl, 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM Na 2 HPO 4 , and 5.6 mM glucose (pH adjusted to 7.4). To induce exocytosis, the incuba-

tion buffer was replaced with a depolarizing solution in which KCl was increased to 55 mM and NaCl was reduced accordingly to 

maintain osmolarity. During the 5 min depolarization step at RT, cells were incubated with an antibody against the luminal domain 

of synaptotagmin-2 (1:50; SYSY, 105 222). Following incubation, cultures were rinsed three times with the original Krebs-Ringer 

buffer to remove unbound antibody. Cells were then fixed with PHEM for 30 min at RT. After fixation, cells were washed twice 

with PBS and permeabilized with 0.1% Triton X-100 in PBS for 5 min at RT. The samples were then blocked with 5% NDS for 1 h 

at RT and incubated with mouse anti-SNAP25 (1:1,000; BioLegend, 836304) in blocking buffer overnight at 4 ◦ C. Subsequent incu-

bation with Alexa Fluor-conjugated secondary antibodies was performed for 1 h at RT. Image acquisition was performed as 

described in the corresponding sections.

Imaging and quantification

Immunocytochemistry images were acquired using an epifluorescence microscope Zeiss Axio Imager Z1 microscope with an Axi-

ocam MR3.0 camera and Axiovision 4.7 software, using a Plan-Apo 63 × 1.4A objective (growth cone analysis), an EC-Plan-Neofluar 

40×/1.30 Oil Ph3 objective (synaptotagmin imaging), a Plan-Apochromat 63×/1.40 oil DIC (synaptotagmin antibody uptake) or an EC 

Plan Neofluar 20×0.50NA objective (degeneration index).

Growth cones from DRG neurons labeled with βIII-tubulin and phalloidin were qualitatively categorized according to their actin 

organization: the normal pattern containing the typical lamellipodia and filopodia structures, organized in a star-shaped 

morphology, and the collapsed pattern characterized especially by the absence of lamellipodia as well as growth cones with 

dystrophic actin morphologies, such as actin patches. Approximately 100 growth cones were analyzed in each condition using 

ImageJ software.

For synaptotagmin quantification, DRG neurites were randomly selected, and subsequent analysis was performed using Fiji 

software. A threshold was applied to the image and adjusted according to the fluorescent signal, allowing synaptotagmin par-

ticle analysis. Puncta number per neurite length was quantified by identifying puncta along at least 40 μm of neurite per image. 

For synaptotagmin recycling quantification, DRG neurites were randomly selected, and the analysis was performed using Fiji 

software. A threshold was applied to the SNAP25 image to define the presynaptic region. A second threshold was applied to the 

synaptotagmin image. The ‘‘Analyze Particles’’ tool was then used to quantify the number of synaptotagmin puncta that colocalized 

with the SNAP25-positive region. The number of synaptotagmin puncta was normalized to the measured neurite length, and results 

were expressed as synaptotagmin puncta density.

To assess axonal fragmentation through degeneration index quantification, the area occupied by the axons (total axonal area) 

and degenerating axons (fragmented axonal area) was analyzed using the particle analyser algorithm of ImageJ (size of small frag-

ments = 20–10,000 pixels). The degeneration index was calculated as the ratio between fragmented and total axonal areas.

Rac1 pull down

Dissected sciatic nerves from hTTRWT and hTTRA97S mice were homogenized in lysis buffer (10% glycerol, 50 mM Tris-HCl 

pH 7.4, 100 mM NaCl, 1% NP-40, 2 mM MgCl2, and protease inhibitor cocktail [Sigma]). 10% of lysate volume was reserved to 

determine total protein amounts, and the remaining protein mixture was immunoprecipitated with the respective bait substrate 

(GST-tagged p21-activated kinase-binding domain [GST-PAK-PBD]), which was immobilized on Glutathione Sepharose beads 

(GE Healthcare). Bait-couple beads were incubated with lysates incubated with overnight at 4 ◦ C, washed with 10 packed 

volumes of lysis buffer, and bound proteins were eluted in GLB buffer (150 mM Trizma Base, 6% SDS, 0.05% Bromophenol
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Blue, 30% glycerol, and 6 nM EDTA pH 8.8) with incubation at 95 ◦ C for 10 min. Samples were resolved on a 12% SDS PAGE 

gel, followed by standard Western blot and Ponceau S staining to confirm uniform pull-downs before detection with the relevant 

antibodies: mouse anti-Rac1 (1:500; Abcam, ab33186) and mouse anti-Vinculin (1:3,000; Thermo Fisher, 700062).

DNA extraction and genome-wide array genotyping in ATTRv-PN patient samples

Genomic DNA extraction from peripheral blood samples was performed using QIAamp DNA Blood Mini Kit. 49 DNA quantifica-

tion was performed using Nanodrop One. The genotyping was attained with the Axiom Precision Medicine Diversity Array 

(PMDA, Affymetrix) and the GeneTitan Multi-Channel (MC) Instrument (Thermo Fisher Scientific, Waltham, MA, USA). Genotyp-

ing raw data was analyzed with the Axiom Analysis Suite version 5.1 (Applied Biosystems), using the Best Practices Workflow 

with default settings.

Data referring to single-nucleotide polymorphisms (SNPs) of the RAC1 gene or its guanine nucleotide exchange factors 

(GEFs) and GTPase-activating proteins (GAPs) were exported and analyzed. The known RAC1-specific GAPs and GEFs are 

listed in Table S3.

Plasmid cloning of RACGAP1 variants

Plasmids were generated by inserting the genomic sequences (1186 base pairs in length) surrounding the RACGAP1 rs615382 

variant (NC_000012.11:g.50412911 C>A) into the pGL3-promoter vector (Promega, Fitchburg, WI, USA). This region of RACGAP1 

was amplified via PCR from the genomic DNA of an LO patient harboring the variant (rs615382 alternative allele A). The PCR product 

was then purified using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA) and subsequently cloned into the 

pGL3-promoter vector downstream of the firefly luciferase reporter gene by Gibson Assembly (New England Biolabs, Ipswich, 

MA, USA).

To obtain the reference allele configuration (rs615382 reference allele C), site-directed mutagenesis was performed using the Q5 

Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA), adhering to the protocol provided by the manufacturer, and 

the following primer pairs were used: forward primer 5 ′ -CTCCCCTTCCcACAGCATAATCACTAAACC-3 ′ and reverse primer

5 ′ -GAACCAGAGGTGATTC-3 ′ . Constructs sequences were confirmed by Sanger sequencing.

Dual-luciferase reporter gene assays

SH-SY5Y cells (DSMZ, Braunschweig, Germany) were cultured in a DMEM/F-12 high glucose GlutaMAX, supplemented with 10% 

fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). HEK293T 

cells (ATCC) were cultured in DMEM high glucose GlutaMAX medium, also supplemented with 10% FBS and 1% antibiotic-antimy-

cotic (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Dual-luciferase reporter gene assays were performed as described in. 50 

Briefly, for a period of 48 h, HEK293T and SH-SY5Y cells underwent transient transfection with vectors pGL3-promoter-RACGAP1-

rs615382(C), pGL3-promoter-RACGAP1-rs615382(A), pGL3-control, or pGL3-promoter (150 ng per well) in 96-well white plates 

(CELLSTAR plates with μClear bottom; Greiner Bio-One, Kremsmü nster, Austria). To monitor transfection efficiency, 15 ng of the in-

ternal control pRL-CMV renilla vector (Promega, Fitchburg, WI, USA) was co-transfected into cells. Transfection with the reagent 

DreamFect Gold (OZ Biosciences, Marseille, Provence-Alpes-Cô te d’Azur, France) was performed following the manufacturer’s 

guidelines. Complexes were added to each well with 100 μL of medium devoid of antibiotic/antimycotic and either 1.5 × 10 4 

cells/mL of HEK293T or 2.5 × 10 4 cells/mL of SH-SY5Y cells. After the 48 h transfection, the luciferase activity was quantified in 

the Synergy Mx Microplate Reader (Agilent, Santa Clara, CA, USA) by the Dual-Luciferase Reporter Assay System’s protocol (Prom-

ega, Fitchburg, WI, USA).

RNA isolation and real-time RT-PCR

Total RNA was extracted from patient salivary gland tissues using the phenol-chloroform method with TRIzol reagent (Invitro-

gen, 15596026). The RNA was subsequently purified and isolated with the PureLink RNA Micro Kit (Invitrogen, #12183016), ac-

cording to the manufacturer’s instructions. An average of 1500 ng of total RNA was used to synthesize first-strand cDNA (NZY 

First-Strand cDNA Synthesis Kit, MB125). SYBR-green quantitative PCR (CFX384 Touch Real-Time PCR Detection System, 

Bio-Rad) was performed using specific primers. Human RACGAP1, sense primer: CGAAGTGCTCTGGATGTTA, antisense 

primer: TTGCTCCTCGCTTAGTTG; Human β-actin, sense primer: ACAGAGCCTCGCCTTTGCCG, antisense primer: CACCA 

TCACGCCCTGGTGC. The fold change in gene expression was calculated using the ΔΔCt relative expression method (Livak 

method), and primers for β-actin were used as the endogenous control and calculated separately for each sample and respec-

tive condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

All measurements were performed with the researcher blinded to the experimental condition. Data are shown as mean ± SD. 

Unpaired t-tests were used for comparing differences between two groups, while one-way ANOVA followed by Sisak’s multiple 

comparisons was applied to identify significant differences among multiple groups. For the in vivo experiments, the sample size 

was chosen based on previous research. 12,45 For the in vitro analysis, all the experiments were performed at least three times.
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Statistical significance was determined using the GraphPad Prism Software version 8, being significance determined by 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Statistical tests and sample sizes are indicated in each figure legend. 

Regarding the genetic studies, since we included in the analysis several members of the same family, each patient was ‘‘nested’’ in 

his/her family. For this purpose, analyses were conducted taking into account the non-independence of age-at-onset (AO), using 

generalized estimating equations (GEEs). In this model, we associate the different variants with AO (which is the dependent variable), 

using the most common genotype as the reference and adjusting for sex. The unstandardized coefficient (B) corresponds to the 

mean AO variation observed in the individuals carrying a specific genotype when compared with the reference category. To correct 

for multiple testing, as we studied 9 genes, we applied a Bonferroni correction (α was set at 0.006 in the GEE analysis). Statistical 

analyses were performed using IBM SPSS Statistics software (v.29) (IBM, Armonk, NY, USA).
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