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Abstract

Mutations in WASHC5 (also known as KIAA0196) cause autosomal dominant hereditary spastic 

paraplegia (HSP) type SPG8. WASHC5, commonly called strumpellin, is a core component of the 

Wiskott-Aldrich syndrome protein and SCAR homologue (WASH) complex that activates actin 

nucleation at endosomes. Although various other cellular roles for strumpellin have also been 

described, none account for how SPG8-associated mutations lead to HSP. Here, we identified 

protein interactors of the WASH complex by immunoprecipitation and mass spectrometry and 

assessed the functions of strumpellin in cultured cells using both overexpression and RNA 

interference plus cell spreading assays to investigate cell adhesion. We uncovered a decrease in 

CAV1 protein abundance as well as endosomal fission defects resulting from pathogenic SPG8 

mutations. Caveolin-1 (CAV1), a key component of caveolae, interacted with strumpellin in cells, 

and strumpellin inhibited lysosomal degradation of CAV1. SPG8-associated missense mutations in 

strumpellin did not rescue endosomal tubulation defects, reduction of CAV1 protein, or integrin-

mediated cell adhesion in strumpellin-deficient cells. Mechanistically, we demonstrated that the 

WASH complex maintained CAV1 and integrin protein levels by inhibiting their lysosomal 

degradation through its endosomal actin nucleation activity. In addition, the interaction of 

strumpellin with CAV1 stimulated integrin recycling, thereby promoting cell adhesion. These 

findings provide a clear molecular link between WASHC5 mutations and impairment of CAV1- 
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and integrin-mediated cell adhesion, providing potentially important insights into the cellular 

pathogenesis of SPG8.

One-Sentence Summary:

Hereditary spastic paraplegia–associated mutations in a WASH complex component impair 

integrin-mediated cell adhesion.

Editor’s Summary:

Disease-associated mutations impair integrin recycling

Hereditary spastic paraplegia type SPG8 is an inherited neurologic disorder associated with 

mutations in WASHC5, which encodes strumpellin, a component of the Wiskott-Aldrich syndrome 

protein and SCAR homolog (WASH) complex. The WASH complex localizes to endosomes and 

plays a role in endosomal sorting. Lee et al. found that strumpellin interacted with and inhibited 

the degradation of the caveolar protein CAV1. Cultured cells lacking strumpellin or expressing 

SPG8-associated strumpellin mutant proteins exhibited impaired endosomal tubulation, reduced 

CAV1 at intracellular vesicles, and reduced integrin-mediated cell adhesion. The actin nucleation 

activity of the WASH complex was required for inhibiting the degradation of CAV1 and integrin 

α5, and the interaction between strumpellin and CAV1 was required for proper recycling of 

integrin α5 and for integrin-mediated cell adhesion. These findings suggest that the axon defects 

that characterize HSP type SPG8 may be due to disruption of strumpellin- and CAV1-dependent 

integrin-mediated cell adhesion.

Introduction

Hereditary spastic paraplegias (HSPs) are a large and diverse group of inherited neurologic 

disorders with a defining and unifying feature of prominent lower extremity spasticity due to 

axonopathy of the longest corticospinal neurons (1). Historically, HSPs have been bisected 

into “pure” and “complicated” (or “complex”) forms. Pure forms are characterized by lower 

limb spasticity without prominent additional clinical findings other than mild urinary 

symptoms and impaired distal vibratory sensation. Complicated forms are associated with 

additional, often prominent, clinical features such as neuropathy, seizures, parkinsonism, 

cognitive impairment, amyotrophy, short stature, and visual abnormalities, among others (1).

HSPs are among the most genetically-diverse Mendelian disorders, with >80 distinct spastic 

gait genetic loci (SPG1-80, plus others) and over 60 genes already identified (1-4). 

Numerous studies elucidating the molecular pathogenesis underlying HSPs have highlighted 

the importance of a relatively small number of converging basic cellular functions -- 

especially membrane trafficking, mitochondrial function, organelle shaping and biogenesis, 

axon transport, and lipid metabolism -- in disease pathogenesis (1, 5).

Autosomal dominant mutations in the WASHC5 (also known as KIAA1096) gene, which 

encodes a protein known as strumpellin or WASHC5, cause an often severe, mostly pure 

HSP termed SPG8 (MIM #603563) (6), though ataxia and axonal sensory neuropathy have 

also been observed in SPG8 patients (7, 8). Strumpellin is a 1159-residue protein with an N-
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terminal domain (residues 1-240), a central spectrin-repeat domain (five repeats, each 

comprising three α-helices; residues 241-791), and a C-terminal domain (residues 

792-1159). Strumpellin is a core component of the hetero-pentameric Wiskott-Aldrich 

syndrome protein and SCAR homolog (WASH) complex that activates Arp2- and Arp3-

mediated actin polymerization on endosomes (9, 10). The other core components are 

WASH1 (also called WASHC1), FAM21 (also called WASHC2), CCDC53 (also called 

WASHC3), and SWIP (also called WASHC4). The WASH complex functions in the 

endocytic recycling of various types of membrane proteins, maintenance of endolysosomal 

network integrity, exocytosis, cell adhesion, and cell migration (11-23).

Although the WASH complex has been extensively studied, little is known about how SPG8-

associated mutations in WASHC5 cause HSP. To date, 11 missense mutations, a large 

deletion, and a frame-shift nucleotide deletion in WASHC5 have been reported to underlie 

SPG8 (6, 8, 24, 25). Previous studies investigating the molecular mechanisms of SPG8-

associated strumpellin mutations have found that expression of missense mutants in a wild-

type background does not exert a dominant-negative effect (6, 26). The expressed mutant 

proteins do not induce defects in endosomal tubulation and mis-localization of β2-

adrenergic receptors, which are known to be triggered by strumpellin depletion (26). 

Therefore, it is necessary to assess other cellular roles for strumpellin that may be related to 

HSP pathogenesis.

Here we report that strumpellin interacts with caveolin-1 (CAV1), a major component of 

caveolae (27). Strumpellin was required for maintenance of CAV1 abundance, integrin 

localization to focal adhesions, and fibronectin-mediated cell adhesion. Strumpellin-depleted 

cells expressing SPG8-associated mutant forms of strumpellin were deficient in maintaining 

CAV1 and integrin abundance as well as in integrin-mediated cell adhesion, suggesting that 

aberrant CAV1- and integrin–mediated cell adhesion might play a role in SPG8 

pathogenesis. Furthermore, the actin-nucleating activity of WASH1 at endosomes was 

essential to promote a CAV1- and integrin–mediated cell adhesion pathway.

Results

Strumpellin interacts with CAV1

To identify strumpellin-interacting proteins, we generated human hTERT-RPE1 cells stably 

expressing full-length strumpellin fused with ZZ protein (an Fc region-binding domain 

originating from the B domain of protein A), a cleavage site for TEV protease, and a FLAG 

epitope (ZTF). We purified proteins that associated with strumpellin-ZTF using tandem 

affinity purification (TAP) (Fig. 1, A and B). All other core proteins of the WASH complex 

(FAM21, SWIP, WASH1, and CCDC53) as well as two known peripheral components of the 

complex (CAPZA and CAPZB) (9) co-precipitated robustly with strumpellin, as expected. 

Additionally, we identified CAV1, a major membrane protein component of caveolae – 

flask-shaped, lipid-rich pits enriched in the plasma membrane but also present in some 

intracellular membranes – as a previously unknown strumpellin-interacting protein (Fig. 1A 

and table S1). The interaction of CAV1 with the WASH complex was confirmed by co-

immunoprecipitation (Fig. 1, C and D). Ectopically-expressed, HA-tagged CAV1 interacted 

only with strumpellin and SWIP (Fig. 1D). This interaction pattern for CAV1 fits well with 
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the proposed model of the WASH regulatory complex, wherein SWIP and strumpellin 

constitute a sub-complex (Fig. 1E) (9). As reported previously, CAV1 localized to caveolae 

at both the cell membrane and intracellular vesicles (Fig. 1F) (28, 29). Fluorescence signals 

for WASH complex components strumpellin, FAM21, and CCDC53, all of which are known 

to localize to endosomes, partially overlapped with CAV1-immunoreactive signals on 

intracellular vesicles (Fig. 1F), suggesting that CAV1 and WASH components interacted at 

endosomes.

Maintenance of CAV1 protein levels depends on the WASH complex

To further investigate the relationship between CAV1 and the WASH complex, we depleted 

WASH complex proteins from hTERT-RPE1 cells using small interfering RNAs (siRNAs). 

Although treatment with an siRNA targeting strumpellin efficiently decreased the amounts 

of strumpellin, WASH1, and CCDC53 in cells, depletion of WASH1 did not affect the 

abundance of strumpellin (Fig. 2A) (9). Total amounts of CAV1 were greatly decreased upon 

depletion of either strumpellin or WASH1 (Fig. 2, A and B). Fluorescence signals for CAV1 

at intracellular vesicles were also abolished in strumpellin- or WASH1-depleted cells, 

whereas CAV1 signals at the plasma membrane remained robust (Fig. 2C). Overall, total 

fluorescence intensities for CAV1 were reduced to about half of that in control cells, as also 

seen by immunoblotting (Fig. 2D). We infer that less stable CAV1 at intracellular vesicles 

could be preferentially affected by depletion of the WASH complex as compared to more 

stable membrane-associated CAV1, which undergoes slower turnover (30). This decrease in 

CAV1 protein was not due to transcriptional changes, because CAV1 transcripts were 

unaffected by the depletion of WASH complex components (fig. S1). In cultured rat cerebral 

cortical neurons depleted of strumpellin using short hairpin RNAs (shRNAs), a similar 

reduction in CAV1 abundance occurred, suggesting that this reduction may be relevant for 

SPG8 pathogenesis (Fig. 2, E and F).

CAV1 is synthesized in the endoplasmic reticulum and then transported to the Golgi 

apparatus (29). To identify the mechanism underlying strumpellin-dependent accumulation 

of CAV1, we assessed newly-synthesized CAV1 at the Golgi in hTERT-RPE1 cells by 

immunostaining using a selective antibody (BD Biosciences C37120) that specifically labels 

CAV1 at the Golgi (Fig. 3A) (31). Depletion of strumpellin by siRNA did not affect steady-

state amounts of CAV1 at the Golgi (Fig. 3A, top row). Treatment of cells with 

cycloheximide (CHX) for 3 h abolished Golgi-associated CAV1 protein, indicating that 

CAV1 translation was effectively blocked (Fig. 3A, middle row). After 1 h recovery from 

CHX treatment, newly-synthesized CAV1 was detected at the Golgi in both control and 

strumpellin-depleted cells (Fig. 3A, bottom row). Taken together, these results indicate that 

the decrease of CAV1 protein upon WASH complex depletion most likely occurs post-

translationally.

CAV1 is ubiquitylated and targeted to lysosomes for degradation (30). Treatment of cells 

with bafilomycin (Baf) A1, which inhibits protein degradation at lysosomes, restored CAV1 

abundance in strumpellin-depleted cells, similarly to its effects on control cells (Fig. 3B), 

indicating that strumpellin depletion enhanced lysosomal degradation of CAV1. Thus, 

maintenance of CAV1 protein levels depended on the WASH complex.
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SPG8 mutant strumpellin proteins are defective in endosomal fission and maintenance of 
CAV1

Previously published studies investigating strumpellin depletion or expression of strumpellin 

proteins harboring SPG8-associated missense mutations have not identified the cellular 

pathogenesis underlying SPG8 (6, 26). To assess the characteristics of autosomal dominant 

mutations in WASHC5 at the cellular level, we generated hTERT-RPE1 cells stably 

expressing strumpellin proteins harboring known SPG8-associated missense mutations along 

with silent mutations rendering them resistant to siRNA-mediated knockdown. Eight of 

eleven mutations identified in SPG8 patients localize to the spectrin-repeat domain, 

suggesting that this region could be particularly critical for SPG8 pathogenesis (8, 25, 32). 

Thus, we chose four missense mutations within this domain (N471D, L619F, V626F, and 

G696A) for further analysis (Fig. 4A). Amounts of these stably-expressed mutant 

strumpellin proteins were ~30% of that of the endogenous protein (Fig. 4, B and C), and the 

mutant proteins localized to endosomes like endogenous strumpellin (fig. S2). Stably-

expressed wild-type strumpellin proteins rescued both an endosomal tubulation phenotype 

and aggregation of the WASH complex at collapsed endosomes, which are induced by the 

depletion of endogenous strumpellin (Fig. 4, D and E, and fig. S2). However, none of the 

SPG8 mutants tested rescued the endosomal tubulation phenotype, whereas all tested SPG8 

mutants rescued the aberrant formation of collapsed endosomes. These results suggest that 

impaired endosomal tubulation could be linked to SPG8 pathogenesis.

Next, we examined whether CAV1 was affected by SPG8-associated mutations in WASHC5. 

Strikingly, all tested SPG8 missense mutants failed to rescue the reduction of CAV1 

abundance caused by strumpellin depletion (Fig. 4B). In addition, although the expression of 

wild-type strumpellin rescued the loss of CAV1-positive vesicles in strumpellin-depleted 

cells, expression of none of the SPG8 mutants rescued this phenotype (Fig. 4, F and G). 

Endosomal recycling is a critical process in determining the destination of endocytosed 

cargoes for recycling or degradation (19, 22). Given that endosomal tubules appear 

temporarily during endosomal recycling, the increased lysosomal degradation of CAV1 in 

cells expressing SPG8-associated strumpellin mutants could be due to defects in endosomal 

sorting. Altogether, these results indicate that expression of SPG8-associated strumpellin 

mutants impaired fission of endosomal tubules and maintenance of CAV1 protein levels.

SPG8-associated mutations impair integrin-mediated cell adhesion

Caveolae are critical for the internalization of various cargoes, including integrins, 

monosialotetrahexosylgangliosides (GM1 gangliosides), small viruses, and cholera toxin-B 

(CT-B) (28, 33, 34). Among the known caveolar cargoes we selected the trafficking of 

integrins, the major receptor for extracellular matrix (ECM) ligands, for examination 

because the WASH complex also regulates cell adhesion and migration through integrin 

trafficking (13, 16). In control cells, α5 integrin primarily localized to the ends of actin 

filaments, corresponding to focal adhesions (Fig. 5A, arrowheads). However, depletion of 

strumpellin mostly abolished α5 integrin localization at focal adhesions, as also shown 

previously in WASH1-depleted cells (13, 16); the intracellular pool of α5 integrin increased 

(Fig. 5A, arrows), reflecting a failure in integrin recycling (35). Intracellular α5 integrin 

mainly colocalized with the lysosomal marker LAMP1 in strumpellin-depleted cells (Fig. 
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5B), suggesting that loss of strumpellin facilitated lysosomal degradation of α5 integrin. 

Indeed, total protein amounts of α5 integrin were reduced in strumpellin-depleted cells (Fig. 

5C). As expected, treatment with Baf A1 restored α5 integrin abundance in strumpellin-

depleted cells to approximately those in control cells, further indicating that depletion of 

strumpellin facilitated lysosomal degradation of α5 integrin. On the other hand, trafficking 

of CT-B, another cargo of caveolae, was not affected by strumpellin depletion (Fig. 5D). CT-

B strongly accumulated at the Golgi apparatus even after strumpellin depletion, indicating 

that CT-B was actively internalized from the cell surface in a strumpellin-independent 

manner. These results demonstrate that strumpellin selectively affected specific types of 

caveolar-mediated trafficking. Furthermore, α5 integrin distribution to focal adhesions was 

rescued upon expression of wild-type strumpellin, but not by the the expression of SPG8-

associated strumpellin mutants (Fig. 5A), suggesting that caveolar-mediated trafficking of 

α5 integrin may be linked to SPG8 pathogenesis.

Because integrins play a critical role in cell adhesion by binding to fibronectin in the ECM 

(36), we next performed cell spreading assays to examine the role of strumpellin in cell 

adhesion. Strumpellin-depleted cells spread less on an intermediate concentration of 

fibronectin (20 μg/ml) than did control cells (Fig. 5, E and F), similar to findings in WASH1-

depleted cells (16). This spreading defect was not rescued by expression of SPG8-associated 

strumpellin mutants, but it was rescued by wild-type strumpellin (Fig. 5, E and F). Together, 

these results demonstrate that SPG8-associated mutant strumpellin proteins were defective 

in CAV1-dependent, integrin-mediated cell adhesion, suggesting that SPG8 could be 

associated with abnormalities in CAV1-dependent, integrin-mediated cell adhesion.

Integrin recycling is mediated by an interaction between strumpellin and CAV1

Because the WASH complex promotes integrin recycling (13, 16, 37), and SPG8-associated 

strumpellin mutant proteins cause defects in CAV1-dependent, integrin-mediated adhesion, 

we examined whether CAV1 mediates the role of strumpellin in promoting integrin 

recycling. We identified the central spectrin-repeat domain of strumpellin (residues 241-790) 

as a major CAV1-binding region (Fig. 6A), with residues 608-790 being critical for binding 

to CAV1 in cells (Fig. 6B). Whereas the expression of wild-type strumpellin rescued the 

reduction in α5 integrin protein abundance caused by the depletion of endogenous 

strumpellin, the strumpellin deletion mutant that was deficient in CAV1 binding failed to 

rescue (Fig. 6, C and D). These results indicate that the interaction of strumpellin with CAV1 

mediates the recycling of α5 integrin. Eight of eleven pathogenic SPG8 mutations are 

located in the central spectrin domain of strumpellin, and five of those mutations are located 

between residues 608 and 790 within this domain (Fig. 4A). The fact that the regions in 

which pathogenic SPG8 mutations are concentrated are required for CAV1 binding strongly 

supports the notion that SPG8 etiology is closely linked to CAV1-dependent, integrin-

mediated cell adhesion.

The actin nucleation activity of WASH1 is required for CAV1-dependent, integrin-mediated 
cell adhesion

Given that endosomal recycling mediated by the WASH complex depends on the actin 

nucleation activity of WASH1 (13, 35), we examined whether the restoration of actin 
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nucleation activity at endosomes was sufficient to rescue the CAV1-dependent, integrin-

mediated cell adhesion defects in WASH complex–depleted cells. To restore actin nucleation 

activity to endosomes in strumpellin- or WASH1-depleted cells, we stably expressed the 

WASH1 VCA motif, which can stimulate actin nucleation (Fig. 7, A and B), fused to a C-

terminal fragment of FAM21 (Δ356) for endosomal targeting (35). The stably-expressed, 

FLAG-tagged FAM21Δ356-WASH1-VCA fusion protein reversed the reduction of CAV1 

abundance caused by depletion of WASH1 or strumpellin (Fig. 7A). The FAM21Δ356-

WASH1-VCA fusion protein also rescued CAV1 localization at intracellular vesicles (Fig. 7, 

B and C). These results indicate that the actin nucleation activity of WASH1 was required 

for maintenance of CAV1 at intracellular membranes.

Discussion

Despite numerous efforts to identify the function of strumpellin, the effects of mutations 

underlying SPG8 at the cellular level have remained unclear. We sought to identify proteins 

that interact with strumpellin through an unbiased proteomics approach and found that 

strumpellin interacted with CAV1, a protein that regulates trafficking of various cargoes, 

including integrins. Depletion of strumpellin resulted in a concomitant decrease in CAV1 

protein in both heterologous cell lines and primary cortical neurons, with impairments in 

integrin localization and fibronectin-mediated cell adhesion. We sought to model SPG8 at 

the cellular level by stably expressing pathogenic mutants of strumpellin in a background in 

which endogenous strumpellin was depleted. Using this approach, we identified an abnormal 

cellular phenotype for the pathogenic SPG8 missense mutants -- defective CAV1-dependent, 

integrin-mediated cell adhesion. Our results indicate that aberrant CAV1-dependent, 

integrin-mediated cell adhesion might underlie the axon degeneration that occurs in SPG8 

patients.

CAV1 is a principal component of caveolae, small invaginations of the plasma membrane 

that have various cellular functions in endocytosis, exocytosis, lipid regulation, and 

mechanosensation (29, 34). To investigate the effects of decreases in CAV1 abundance 

induced by strumpellin depletion, we examined internalization of the well-characterized 

caveolar cargoes CT-B and integrin. Only integrin localization was altered upon strumpellin 

depletion, suggesting that strumpellin specifically affects CAV1-mediated sorting pathways 

(Fig. 5, A and E). This differential regulatory mechanism of strumpellin appears to originate 

from its role in endosomal recycling. Expression of four different SPG8 missense mutant 

strumpellin proteins showed a similar endosomal tubulation defect (Fig. 4D), which is 

known to induce aberrant endosomal recycling. Indeed, lysosomal degradation of CAV1 and 

integrin was accelerated in strumpellin-depleted cells (Fig. 3B and 5C). Because the gene 

products implicated in several other forms of HSP, including the most common SPG4 form, 

are also involved in endosomal tubulation and impact lysosomal function, this pathway 

could represent an important converging theme in HSP pathogenesis (21).

Previous studies have identified disturbances of integrin trafficking and cell adhesion in 

WASH-depleted cells (13, 16), and we now demonstrate that the WASH complex can 

positively regulate integrin-mediated cell adhesion through CAV1. Our results further 

indicate that strumpellin fine-tunes CAV1 protein levels by inhibiting its lysosomal 
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degradation (Fig. 8), perhaps akin to its role in low-density lipoprotein receptor sorting and 

lysosomal degradation (18). Interestingly, valosin-containing protein (VCP), which interacts 

with strumpellin (38, 39), targets mono-ubiquitylated CAV1 for degradation. Depletion or 

inhibition of VCP blocks endolysosomal sorting of CAV1, a prerequisite for its degradation 

(40, 41). Furthermore, the ANKRD13 family of ubiquitin-interacting motif–bearing proteins 

facilitates VCP-mediated lysosomal trafficking of CAV1 (42). Meanwhile, the related 

protein ANKRD50 has been identified as an essential component of the SNX27-retromer-

WASH supercomplex, which prevents entry into the degradative lysosomal pathway (43). 

Perhaps strumpellin and VCP work antagonistically to fine-tune CAV1 abundance, which 

could be particularly important for HSP pathogenesis more generally, given that 

bioinformatic analyses have suggested VCP as a central player in HSP-related 

neurodegeneration (44).

How might defects in CAV1-dependent, integrin-mediated cell adhesion ultimately result in 

the distal axonopathy that defines the HSPs? One possibility is through impairment of the 

pro-survival effects of CAV1 (45), which is highly abundant in both neurons and glia. For 

instance, CAV1 enhances pro-survival and pro-growth signaling by concentrating 

neurotransmitter and neurotrophin receptors at membrane microdomains and/or lipid rafts, 

thus modulating signaling pathways such as the formation of cyclic adenosine 

monophosphate (cAMP), which has been shown to regulate the growth and guidance of 

developing axons (46). Furthermore, mice deficient in Cav1 have neurologic motor 

phenotypes including clasping, abnormal spinning, muscle weakness, and gait abnormalities 

(47), confirming the importance of CAV1 in motor function. Finally, a study identified 

heterozygous 1 bp del-A (p.Ile134fsThr137) mutations in CAV1 that segregate with spastic 

paraparesis, spastic-ataxic gait, congenital cataracts and pigmentary retinopathy in a 

Brazilian family (48), further buttressing the case for a CAV1-dependent HSP mechanism.

Pathogenic missense mutations associated with SPG8 are most generally considered to exert 

a dominant-negative or gain-of-function effect, because SPG8 is an autosomal dominant 

HSP (6, 49). Furthermore, heterozygous WASHC5+/− mice do not show HSP-related 

phenotypes, suggesting heterozygous loss of SPG8 might not lead to haploinsufficiency 

(32). Moreover, expression of some SPG8 missense mutants do not cause alterations in 

endosomal tubulation, endosomal recycling, or WASH complex assembly, which are known 

to be induced by strumpellin depletion (26, 38). On the other hand, depletion of strumpellin 

in zebrafish impairs motility, and siRNA knockdown in human neuroblastoma SH-SY5Y 

cells reduces neurite length (38). A case report describing a frameshift deletion mutation in 

WASHC5 in a Chinese subject with spastic paraparesis (25) could be compatible with a 

haploinsufficiency disease mechanism, though the Genome Aggregation Database 

(gnomAD; https://gnomad.broadinstitute.org) lists dozens of frameshift or stop gain 

mutations in WASHC5, plus numerous splice site mutations, in normal subjects, which 

would argue strongly against haploinsufficiency as a disease mechanism for SPG8.

Even so, the range of disease phenotypes due to different types of WASHC5 mutations may 

also be more complex. A biallelic splice-site mutation at the C-terminus has been reported in 

numerous members of a First Nations community in northern Manitoba, Canada with 

Ritscher-Schinzel/3C syndrome (RSS), a disorder characterized by distinctive craniofacial 
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features as well as cerebellar and cardiac abnormalities (50). This mutation, c.3335+2T>A, 

results in skipping of exon 27 near the C-terminus, and one patient sample showed a 60% 

reduction in strumpellin protein. Thus, it seems likely that different types of strumpellin 

mutations could be linked to distinct clinical phenotypes.

Taken together, our results suggest that defects in the CAV1-dependent, integrin-mediated 

adhesion pathway could account for the pathogenic mechanism of HSP caused by the most 

compelling SPG8 missense mutations. In the future, the various roles that different types of 

WASHC5 mutations play in different phenotypic presentations will be important to correlate 

with cellular alterations in strumpellin function.

Materials and Methods

DNA constructs

Human WASHC5/KIAA0196 (GenBank NM_014846), FAM21 (GenBank BC082258), 

SWIP (GenBank NM_001293640), WASH1 (GenBank NM_182905), CCDC53 (GenBank 

NM_016053), and CAV1 (GenBank NM_001753) cDNAs were obtained from Open 

Biosystems. The CAV1 cDNA was subcloned into the GW1-HA vector (51). FLAG epitope-

tagged FAM21, strumpellin, WASH1, and CCDC53 were previously described (19). 

WASHC5/KIAA0196 was subcloned into pCDH-CMV-MCS-EF1-Puro-ZTF and pCDH-

CMV-MCS-EF1-Puro-3×FLAG lentiviral vectors (SBI; the sequence for ZTF or 3×FLAG 

was inserted into XbaI/EcoRI sites). Strumpellin cDNA with SPG8 missense mutations and 

FAM21Δ356-WASH-VCA were also subcloned into the pCDH-CMV-MCS-EF1-

Puro-3×FLAG lentiviral vector. siRNA-resistant strumpellin constructs were generated by 

introducing four silent, mismatched mutations against the siStrumpellin target sequence. All 

constructs were confirmed by DNA sequencing. Oligoduplex shRNAs for rat strumpellin 

(GenBank accession: XM_021791095) were created by annealing the paired oligomers. 

Strumpellin shRNA-1: 5’- 

TGCTGGACACTGCACAATTTTTCAAGAGAAAATTGTGCAGTGTCCAGCTTTTTTC-

3’ and 5’- 

tcgaGAAAAAAGCTGGACACTGCACAATTTTCTCTTGAAAAATTGTGCAGTGTC 

CAGCA-3’; Strumpellin shRNA-2: 5’- 

TGCACCTGTGGATGAGTCTATTCAAGAGATAGA 

CTCATCCACAGGTGCTTTTTTC-3’ and 5’- 

tcgaGAAAAAAGCACCTGTGGATGAGTCT 

ATCTCTTGAATAGACTCATCCACAGGTGCA-3’. The oligoduplexes were then directly 

cloned into XhoI and HpaI sites of a modified pLentiLox 3.7 vector (gift from Dr. Zheng Li) 

(52).

Antibodies

The following antibodies were used in this study: anti-FLAG (M2, mouse, Sigma-Aldrich), 

anti-HA (F-7, mouse, Santa Cruz Biotechnology), anti-HA (Y-11, rabbit, Santa Cruz 

Biotechnology), anti-CAV1 (D46G3, rabbit, Cell Signaling), anti-CAV1 (2297, mouse, BD 

Biosciences), anti-strumpellin (C-14, rabbit, Santa Cruz Biotechnology), anti-FAM21 

(polyclonal, rabbit, EMD Millipore), anti-CCDC53 (polyclonal, rabbit, EMD Millipore), 
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anti-WASH1 (polyclonal, rabbit, EMD Millipore), anti-SWIP (polyclonal, rabbit, EMD 

Millipore), anti-GAPDH (6C5, mouse, Santa Cruz Biotechnology), Alexa 555-conjugated 

phalloidin A (Molecular Probes), anti-GM130 (35, mouse, BD Biosciences), anti-c-myc 

(polyclonal, goat, Bethyl), anti-α5 integrin (CD49e, mouse, BD Biosciences), anti-α5 

integrin (C-9, mouse, Santa Cruz Biotechnology), anti-LAMP1 (H4A3, mouse, abcam), 

anti-α-tubulin (1E4C11, mouse, Proteintech), anti-β-tubulin (D66, mouse, Sigma-Aldrich), 

anti-SNX1 (51, mouse, BD Biosciences), FITC-conjugated CT-B (Molecular Probes), and 

anti-GFP (598, rabbit, MBL). The working dilutions for each antibody are listed in table S2.

Chemicals

Cycloheximide (C4859) and Baf A1 (19-148) were purchased from Sigma-Aldrich and 

Millipore, respectively.

Cell culture, transfection and RNA interference

hTERT-RPE1 and HEK293T cells (ATCC) were cultured in DMEM/F-12 and DMEM 

(Gibco), respectively, supplemented with 10% fetal bovine serum (Gibco) and maintained at 

37 °C in a 5% CO2 humidified incubator. Fibroblasts derived from human subjects were 

cultured in DMEM supplemented with 10% fetal bovine serum. Cells were transfected with 

Avalanche-Omni (EZ Biosystems) for plasmid DNAs and Lipofectamine RNAiMax 

(Invitrogen) for siRNAs, as per the instructions of the manufacturers. The following siRNAs 

were used: siStrumpellin (Dharmacon): 5’-GGAUGAGUCUGUAACGUUU-3’; siWASH1 

(Ambion): 5’-ACUACUUCUAUGUGCCAGA-3’. Control siRNAs were from Ambion.

Generation of stable cell lines

WT strumpellin, SPG8 strumpellin mutants, or FAM21Δ356-WASH1-VCA fusion proteins 

were stably expressed in hTERT-RPE1 or human fibroblast cells using lentiviral infection as 

described previously (53). Cells infected with the indicated viruses were selected using 20 

μg/ml of puromycin.

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed as previously described (54). 

Immunoreactive proteins were revealed using Amersham ECL Prime (GE Healthcare). 

Images were obtained and processed using a ChemiDoc XRS+ System with Image Lab 

software (Bio-Rad).

Tandem-affinity purification and mass spectrometry

hTERT-RPE1 cells stably expressing ZZ-TEV-FLAG or ZZ-TEV-FLAG-strumpellin were 

grown on eight 100-mm culture plates. Cells were washed with PBS and then lysed in lysis 

buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EGTA [pH 8.0], 1.5 mM EDTA 

[pH 8.0], 1% Triton X-100, Complete Protease Inhibitor Cocktail [Roche], and PhosSTOP 

phosphatase inhibitor cocktail [Roche]) on ice for 30 min. Lysates were clarified by 

centrifugation (15,700 g, 4 °C) for 15 min, and supernatants were incubated with IgG 

Sepharose 6 Fast Flow (GE Healthcare) at 4 °C for 5 h. Beads were washed 3 times with 

lysis buffer, and incubated with AcTEV Protease (Thermo Fisher Scientific) in lysis buffer at 
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4 °C for 16 h. Supernatants collected after spinning down the beads were incubated with 

anti-FLAG M2 Affinity Gel (Sigma-Aldrich) at 4 °C for 5 h, and the beads were washed 3 

times with lysis buffer. Beads were then incubated with lysis buffer containing 100 mg/ml of 

3× FLAG Peptide (Sigma-Aldrich) at 25 °C for 1 h, and eluted proteins were collected and 

digested with trypsin overnight at 37 °C. Tryptic peptides were desalted and analyzed on a 

nano-LC/MS/MS system with an Ultimate 3000 HPLC (Thermo-Dionex) connected to an 

Orbitrap Elite mass spectrometer via an Easy-Spray ion source (Thermo Fisher Scientific). 

Peptides were separated on an ES800 Easy-Spray column (75 μm inner diameter, 15 cm 

length, 3 μm C18 beads; Thermo Fisher Scientific) at a flow rate of 300 nl/min with a 25-min 

linear gradient of 2–30% mobile phase B (98% acetonitrile, 0.1% formic acid). The Orbitrap 

Elite mass spectrometer was operated in a positive nano-electrospray mode. Resolution of 

the survey scan was set for 60k at m/z 400, with a target value of 106 ions. The m/z range for 

MS scans was 300–1600. MS/MS data were acquired in a data-dependent mode, and the two 

most abundant ions were selected for product ion analysis. Data are summarized in Table 1 

and available at https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?

task=0bd8015ecc3d4076b8878133b46888ee.

Immunofluorescence staining and confocal microscopy

hTERT-RPE1 cells and primary human fibroblasts cultured on cover slips were fixed with 

4% paraformaldehyde for 15 min. Fixed cells were blocked with 3% normal donkey serum 

in PBSS (PBS with 0.05% saponin) for 15 min. Next, cells were incubated with primary 

antibodies diluted in blocking solution for 2 h, then washed four times with PBSS, incubated 

with Alexa Fluor-conjugated secondary antibodies (Molecular Probes) diluted in blocking 

solution for 45 min, and washed with PBSS four times. Actin was visualized using Alexa-

conjugated phalloidin A. DAPI solution (Molecular Probes) was applied to the cells to stain 

the nucleus, and cover slips were mounted on glass slides using Fluoromount-G 

(SouthernBiotech). Cells were observed using a Zeiss LSM710 confocal microscope with a 

63× 1.4 NA Plan-Apochromat lens. ZEN 2009 (Carl Zeiss Microimaging) and ImageJ (NIH) 

software packages were used to acquire and process all the images.

Quantitative real-time PCR

RNA and cDNA were prepared as previously described (19). Quantitative real-time PCR 

was performed with SYBR Green PCR Master Mix (Invitrogen) using an Applied 

Biosystems StepOnePlus System (Applied Biosystems). Experiments were performed in 

quadruplicate using three independent cDNAs. The results were normalized to GAPDH and 

calculated following the 2−ΔΔCt method (55). The following primer sequences were used: 

GAPDH-F: 5’-GGTCGGAGTC AACGGATTTGGTCG-3'; GAPDH-R: 5’-

CCTCCGACGCCTGCTTCACCAC-3’; CAV1-F: 5’-CGTAGACTCGGAGGGACATC-3’; 

CAV1-R: 5’-GTTGAGGTGTTTAGGGTCGC-3’.

Cell spreading assay

Cell spreading assays were performed as previously described (16). Briefly, suspended cells 

were seeded onto cover slips coated with fibronectin (20 μg/ml) for 45 min. Adherent cells 

were fixed with 4% paraformaldehyde, and then stained with Alexa-conjugated phalloidin 

A. Spread cell areas were measured using ImageJ software.
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CT-B uptake assay

hTERT-RPE1 cells grown on cover slips were washed with ice-cold culture media, then 

incubated with FITC-conjugated CT-B (Molecular Probes) at 4 °C for 30 min. After washing 

with warm culture media, cells were placed at 37 °C for 1 h to permit CT-B internalization 

(56). Cells were then fixed with 4% paraformaldehyde and immunostained.

Neuronal cultures

Animal studies were approved by the NINDS/NIDCD Animal Care and Use Committee. Rat 

cerebral cortical neurons were prepared from E18 embryos, plated at densities of 2×104/cm2 

on 18-mm cover slips or 2×106/well on 6-well plates, and maintained as described 

previously (57). Viral transductions were performed 1 h after cells were plated. Cultured 

neurons were harvested using RIPA buffer supplemented with protease inhibitors (Roche) at 

day 5 in culture, followed by brief sonication. Proteins (30 μg per well) were subjected to 

SDS-PAGE and immunoblotted.

Statistical analysis

Data were tested for normality with the Shapiro-Wilk test. Continuous variables between 

two groups were compared using the Wilcoxon rank-sum test. To establish differences in 

numerical values among multiple groups, the Kruskal-Wallis test was performed along with 

Dunnett’s post hoc test using ranks. P < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Strumpellin interacts with CAV1.
(A) Strumpellin-associated proteins were immunoaffinity purified from hTERT-RPE1 cells 

stably expressing ZTF-strumpellin, with ZTF only (ZTF-vector) as a control. Eluted proteins 

were separated by SDS-PAGE and silver stained, then specific proteins were identified by 

mass spectrometry (table S1). Proteins identified by mass spectrometry are noted, along with 

the positions of standards (in kDa). Gel is representative of three independent experiments. 

(B) A small amount of tandem-affinity purified proteins was subjected to immunoblotting 

for the indicated proteins. Blot is representative of three independent experiments. (C) 
HEK293T cell lysates were immunoprecipitated (IP) with antibodies specific for CAV1 or 

control IgG, then immunoblotted for strumpellin and CAV1. Blot is representative of three 

independent experiments. (D) HEK293T cells were co-transfected with HA-CAV1 and 
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individual 3×FLAG-tagged-WASH complex proteins as indicated. Lysates were 

immunoprecipitated (IP) with antibodies against HA or control IgG, then immunoblotted for 

FLAG and HA. An asterisk (*) denotes the IgG heavy chain. The IgG light chain band is 

visible in the IgG IP in the panel probed for HA. Blots are representative of five independent 

experiments. (E) Schematic model of possible interacting configuration of CAV1 with the 

WASH complex. VCA, verprolin, cofilin acidic domain of WASH1. (F) hTERT-RPE1 cells 

were immunostained for endogenous CAV1 (red) along with the indicated WASH complex 

proteins (green). Magnified images show boxed areas. Arrowheads indicate CAV1 staining 

at cell periphery; arrows indicate puncta exhibiting co-localization of CAV1 with WASH 

components. Images are representative of three independent experiments. Scale bars, 10 μm, 

2 μm (magnified inset).
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Fig. 2. Maintenance of CAV1 protein depends on the WASH complex.
(A) hTERT-RPE1 cells transfected with control (CTL), strumpellin, or WASH1 siRNAs 

were lysed and immunoblotted. (B) Relative intensities of CAV1 immunoreactive signals 

were measured and normalized to GAPDH. n = 3 independent experiments. Graph shows 

means ± SD. (C) hTERT-RPE1 cells transfected with the indicated siRNAs were 

immunostained for CAV1 (green) and Alexa 555-conjugated phalloidin A (actin, red). 

Merged images are shown with DAPI staining to label nuclei. Scale bar, 10 μm. Images are 

representative of five independent experiments. (D) Total cell intensities of CAV1 were 

measured from >30 cells per group in three independent experiments as shown in (C). To 

calculate the fold-increase across groups, the mean for each group was divided by that for 

control cells. Means ± SD are shown. (E) Cultured rat cerebral cortical neurons were 

infected with viral particles from vector only or with the indicated shRNAs for 5 d, then 

immunoblotted for strumpellin, CAV1, and GFP. GFP is an indicator of viral infection. (F) 

Relative intensities of CAV1 and strumpellin immunoreactive signals in (E) were normalized 

to GAPDH. Graphs show means ± SD of 4 independent experiments. *p < 0.05, **p < 0.01, 

****p < 0.0001. P values were obtained using the Kruskal-Wallis test with Dunnett’s post 
hoc test.
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Fig. 3. Decreases in CAV1 protein upon WASH complex depletion most likely occur post-
translationally.
(A) hTERT-RPE1 cells transfected with control (CTL) or strumpellin siRNAs were 

incubated with cycloheximide (CHX) for 3 h. Cells were fixed and immunostained before 

CHX treatment, after CHX treatment, and after 1 hr recovery for the Golgi marker GM130 

(red) and an antibody specific for the Golgi pool of CAV1 (green). Merged images are 

shown with DAPI labeling (blue). Images are representative of three independent 

experiments. Scale bar, 10 μm. (B) hTERT-RPE1 cells transfected with the indicated siRNAs 

were incubated in the absence or presence of Baf A1 for 24 h, then cells were lysed and 

immunoblotted for the indicated proteins. Numbers across the bottom of the blot indicate the 

relative abundances of CAV1 normalized to GAPDH.
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Fig. 4. Pathogenic SPG8 mutations in strumpellin induce defects in endosomal fission and CAV1 
maintenance.
(A) Schematic diagram of strumpellin showing locations of reported SPG8 and Ritscher-

Schinzel/3C syndrome (RSS) mutations. (B) hTERT-RPE1 cells stably expressing either 

empty vector (−) or one of the indicated WT or SPG8 missense mutant forms of siRNA-

resistant 3×FLAG-tagged strumpellin (CDH-3xFLAG-strumpellin-r) were transfected with 

control (CTL) or strumpellin siRNAs and immunoblotted. (C) Relative intensities of 

strumpellin immunoreactive signals were measured and normalized to GAPDH from four 

independent experiments. Graph shows means ± SD. (D) Cells from (B) were transfected 

with the indicated siRNAs and then immunostained for the endosomal marker sorting nexin 

1 (SNX1, green) and labelled with DAPI. Arrowheads indicate ends of endosomal tubules. 

(E) Quantification of cells in (D) with at least one SNX1-positive tubule longer than 2 μm. n 
= 3 independent experiments with 100 cells per group. (F) Cells from (B) were transfected 

with the indicated siRNAs and then immunostained for CAV1 (green) and labelled with 

DAPI. (G) Quantification of cells lacking CAV1-positive vesicles in the cytoplasm. n = 3 

independent experiments with 200 cells per group. Graphs show means ± SD. *p < 0.05, **p 
< 0.01, ***p < 0.001. P values were obtained by Kruskal-Wallis test with Dunnett’s post hoc 

test. Scale bars, 10 μm; 2 μm (inset).
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Fig. 5. Pathogenic SPG8 mutations perturb integrin-mediated cell adhesion.
(A) hTERT-RPE1 cells stably expressing empty vector (−) or siRNA-resistant 3×FLAG-

tagged strumpellin, wild-type strumpellin, or the indicated SPG8 missense strumpellin 

mutants were transfected with the control (CTL) or strumpellin siRNAs and stained for α5 

integrin (green) and Alexa 555-conjugated phalloidin A (actin, red). Arrows indicate the 

intracellular pool of α5 integrin; arrowheads indicate focal adhesions. Images are 

representative of three independent experiments. (B) hTERT-RPE1 cells were transfected 

with the indicated siRNAs and immunostained for α5 integrin (green) and LAMP1 (red). 

Images are representative of three independent experiments. (C) hTERT-RPE1 cells 

transfected with the indicated siRNAs were incubated in the absence or presence of Baf A1 

for 16 h, then cells were lysed and immunoblotted for the indicated proteins. The band 

intensities for α5 integrin were determined and normalized to the corresponding α-tubulin 

intensities. Graph shows means ± SD of 5 independent experiments. (E) hTERT-RPE1 cells 

transfected with the indicated siRNAs were incubated with FITC-conjugated CT-B at 4 °C 

for 30 min. then warmed to 37 °C for 1 h to allow CT-B internalization prior to fixation. 

Cells were then immunostained for the Golgi marker GM130 (red). Images are 

representative of three independent experiments. (F) Suspended cells were plated on 

coverslips coated with fibronectin and allowed to spread for 45 min before fixation and 
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immunostaining for Alexa 555-conjugated phalloidin A (actin, red) and labelling with DAPI. 

(G) Spread cell area (μm2) in (F) was measured from more than 30 cells for each group from 

3 independent experiments. The average for each group was divided by the average for 

control cells. Graphs express means ± SD. *p < 0.05. P values were calculated by the 

Wilcoxon rank-sum test for (D) and Kruskal-Wallis test with Dunnett’s post hoc test for (G). 

Scale bars, 10 μm.
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Fig. 6. Integrin recycling is mediated by the interaction of strumpellin with CAV1.
(A) HEK293T cells were co-transfected with HA-CAV1 and the indicated individual Myc-

tagged-strumpellin constructs. Lysates were immunoprecipitated (IP) with antibodies 

specific for HA, then immunoblotted with antibodies against the Myc and HA tags. Blots are 

representative of five independent experiments. (B) HEK293T cells were co-transfected as 

indicated, and HA immunoprecipitates were immunoblotted for Myc and HA. Blot is 

representative of five independent experiments. (C) HeLa cells expressing control (CTL) or 

strumpellin siRNAs were transfected with empty Myc-tagging vector (−) or Myc-tagged 

siRNA-resistant strumpellin (Myc-strumpellin-r) expression constructs. After 24 hours, the 

cells were lysed and immunoblotted for the indicated proteins. (D) Band intensities for α5 

integrin were determined from (C) and normalized against the corresponding α-tubulin 

intensities. Graph shows means ± SD of 5 independent experiments. *p < 0.05, **p < 0.01. 

P values were calculated by Kruskal-Wallis test with Dunnett’s post hoc test.
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Fig. 7. The actin nucleation activity of WASH1 is required for CAV1-dependent, integrin-
mediated cell adhesion.
(A) To rescue actin nucleation activity at endosomes, hTERT-RPE1 cells stably expressing 

the WASH1 VCA motif fused to the C-terminal domain of FAM21 (FAM21Δ356-WASH-

VCA) were generated. Cells were transfected with the control (CTL), strumpellin, or 

WASH1 siRNAs and immunoblotted for the indicated proteins. Blots are representative of 

three independent experiments. (B) Cells in (A) were transfected with the indicated siRNAs, 

then immunostained for FLAG epitope (green) and endogenous CAV1 (red). (C) Cells in (B) 

lacking CAV1-positive vesicles in the cytoplasm were counted. n = 3 independent 

experiments with 100 cells per group. *p < 0.05, **p < 0.01. P values were calculated using 

the Kruskal-Wallis test with Dunnett’s post hoc test. Scale bar, 10 μm.
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Fig. 8. Schematic representation of the pathogenic mechanism for SPG8 mutations.
(A) The WASH complex promotes endosomal recycling of CAV1 and integrin through the 

actin nucleation activity of WASH1, which is mediated by the VCA domain. Lysosomal 

degradation of CAV1 is prevented by the physical interaction with strumpellin at the 

endosome. The interaction of CAV1 with the WASH complex also inhibits lysosomal 

degradation of integrin, a cargo of CAV1. The WASH complex cooperates with CAV1 to 

promote integrin trafficking to focal adhesions, inducing integrin-mediated cell adhesion. 

(B) Loss of strumpellin accelerates lysosomal degradation of CAV1 and integrin and inhibits 

the actin-nucleating activity of WASH1, thereby impairing CAV1-dependent integrin 
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recycling and integrin-mediated cell adhesion. This defect in adhesion could ultimately lead 

to length-dependent axonopathy, a defining characteristic of HSP.
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