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Abstract

Membrane remodeling is a fundamental cellular process that is crucial for physiological 

functions such as signaling, membrane fusion and cell migration. Tetraspanins (TSPANs) are 

transmembrane proteins of central importance to membrane remodeling events. During these 

events, TSPANs are known to interact with themselves and other proteins and lipids; however, 

their mechanism of action in controlling membrane dynamics is not fully understood. Since 

these proteins span the membrane, membrane properties such as rigidity, curvature and tension 

can influence their behavior. In this Review, we summarize recent studies that explore the roles 

of TSPANs in membrane remodeling processes and highlight the unique structural features of 

TSPANs that mediate their interactions and localization. Further, we emphasize the influence of 

membrane curvature on TSPAN distribution and membrane domain formation and describe how 

these behaviors affect cellular functions. This Review provides a comprehensive perspective on 

the multifaceted function of TSPANs in membrane remodeling processes and can help readers to 

understand the intricate molecular mechanisms that govern cellular membrane dynamics.
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Introduction

Tetraspanins (TSPANs) constitute a family of transmembrane proteins present in almost 

every cell type, with 33 known members in humans. TSPANs have been associated with key 

cellular and pathological functions such as cell adhesion (Zuidema et al., 2020), immune 

signaling (Levy and Shoham, 2005b), cell–cell fusion (Le Naour et al., 2000; Miyado et 

al., 2000), viral infection (Hantak et al., 2019) and cancer metastasis (Vences-Catalán et 

al., 2021). Membrane remodeling underlies these events and is associated with proteins 
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from the TSPAN family. Interactions of TSPANs with one another, as well as with other 

membrane proteins, are integral to their mode of action and are thought to play a major role 

in membrane compartmentalization by forming TSPAN-enriched microdomains (TEMs) 

(Hemler, 2005; Le Naour et al., 2006; Charrin et al., 2009; Yáñez-Mó et al., 2009; Charrin 

et al., 2014; Zuidscherwoude et al., 2015; van Deventer et al., 2021). In these microdomains, 

which are also referred to as ‘the TSPAN web’ (Boucheix and Rubinstein, 2001; Levy 

and Shoham, 2005a), TSPANs are considered to be molecular organizers that can recruit 

associated proteins to exert their cellular functions (Earnest et al., 2017). TSPANs have 

been shown to have different levels of interactions (Charrin et al., 2003a); they can interact 

directly with proteins such as integrins (Yauch et al., 1998; Serru et al., 1999) and lipids 

such as cholesterol (Charrin et al., 2003b). Additionally, TSPANs can interact indirectly 

with other proteins and lipids in the web (Yáñez-Mó et al., 2009; Charrin et al., 2014); 

for example, the TSPANs CD9, CD81, CD82 and CD151 can interact with CD46 via 

integrins (Lozahic et al., 2000), and CD81 can interact with CD21 (also known as CR2) via 

CD19 (Matsumoto et al., 1993). The TEM model, however, has recently been revisited by 

studies showing that several TSPANs can also assemble into smaller-scale clusters termed 

nanoclusters (Zuidscherwoude et al., 2015). In particular, it has been demonstrated that 

TSPANs are organized in nanodomains that can be in close proximity but not in the same 

domain (Zuidscherwoude et al., 2015; Dahmane et al., 2019).

Recent evidence suggests that the mechanism of action of TSPANs in biological systems 

is tightly linked to membrane tension and curvature. Structural studies show that several 

TSPANs have an inverted cone shape (Fig. 1) (Zimmerman et al., 2016; Umeda et al., 2020; 

Yang et al., 2020; Lipper et al., 2023). Furthermore, a link between TSPAN enrichment 

and curved membrane morphology has been demonstrated; for example, TSPANs CD9 

and CD81 are enriched in the growing tips of virus buds (Dahmane et al., 2019) and in 

egg cell microvilli (Kaji et al., 2000; Runge et al., 2007), where they play a vital role in 

egg–sperm fusion (Le Naour et al., 2000; Miyado et al., 2000; Rubinstein et al., 2006; 

Jégou et al., 2011). Likewise, TSPANs CD81 and CD82 are found in micro-protrusions of 

various cell types (Bari et al., 2011; Zhang and Huang, 2012). Furthermore, several TSPANs 

preferentially partition from low-curvature membranes into highly curved membrane tethers 

(Dharan et al., 2022), explaining their localization in curved cellular membranes. TSPANs 

are also essential for the formation of migrasomes, the transient organelles that form on 

cellular retraction fibers. These fibers are the cylindrical protrusions of cell membranes that 

emerge during cell migration along external substrates (Huang et al., 2019; Zhang et al., 

2020; Yu and Yu, 2022). Migrasomes have an important role in mediating communication 

between cells, among other emerging functions, as we elaborate on later in the text.

Here, we review recent findings on the involvement of TSPANs in membrane remodeling 

events, including their structure and distinct structural features, as well as evidence 

that demonstrates curvature-directed localization of TSPAN proteins. We address the 

tendency of TSPANs to form membrane domains and the involvement of such domains 

in cellular processes like membrane fusion, damage repair, cancerous tumor development 

and migrasome formation. Finally, we review methods for characterization of TSPAN 

organization and function. We conclude with an outlook discussing future research 

directions aimed at elucidating the mechanisms of action of TSPANs and, in particular, 
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the biophysical aspects that should be addressed in future studies. As TSPANs are directly 

involved in multiple cellular processes, understanding their function will have far-reaching 

implications in medicine and biology.

Structure of TSPANs

TSPANs are small transmembrane proteins, ranging from 22 to 39 kDa, with four 

transmembrane helices (TM1 to TM4) linked by extracellular loops (EC1 and EC2) and 

an intracellular loop (Fig. 1A). EC2 is a relatively large and variable protein loop and is 

associated with various TSPAN interactions; it has been shown that the EC2 of CD81 can 

assume different configurations (Kitadokoro et al., 2002; Susa et al., 2020). The plasticity 

within the EC2 might allow CD81 to dynamically reorient to interact with structurally 

different partners (Susa et al., 2023).

TSPANs also contain short N-terminal and C-terminal cytoplasmic tails, which vary between 

different TSPANs (Fig. 1A). These cytoplasmic tails can interact with cellular proteins like 

the adaptor protein complex AP3 (Rous et al., 2002), protein kinase C (Zuidscherwoude 

et al., 2017), and Rac GTPases (Tejera et al., 2013), as well as direct intracellular signals 

for endocytic trafficking (Duffield et al., 2003; Berditchevski and Odintsova, 2007; Van 

Deventer et al., 2017). All TSPANs have intracellular and membrane-adjacent regions that 

include cysteine palmitoylation sites (Yáñez-Mó et al., 2009). On the outer membrane side, 

EC2 contains a conserved Cys-Cys-Gly (CCG) motif and cysteine residues that are linked 

by 2–4 disulfide bonds (Hemler, 2008; Susa et al., 2023). The disulfide bonds are crucial for 

proper folding of the ectodomain, and TSPANs can be classified according to the number of 

these bonds (Susa et al., 2023). Palmitoylated cysteine residues are thought to be essential 

for efficient interactions between TSPANs and other associated proteins (Stipp et al., 2003; 

Levy and Shoham, 2005b). TSPAN–TSPAN interactions are also regulated by cholesterol 

and gangliosides (glycosphingolipids found in the outer leaflet of the plasma membrane) 

(Charrin et al., 2003b; Odintsova et al., 2006; Silvie et al., 2006). In fact, it has recently been 

demonstrated that gangliosides affect the diffusion of certain TSPANs within the plasma 

membrane (Fernandez et al., 2021).

In contrast to the more variable EC2 loop, the transmembrane region of TSPANs is highly 

conserved and has an inverted cone shape in several proteins, as exemplified by the crystal 

structure of full-length CD81 (Zimmerman et al., 2016) (Fig. 1B). CD81 has an inverted 

cone-like shape, in which the transmembrane segments pack as two largely separate pairs 

of helices that are capped by the EC2 loop at the outer membrane leaflet and converge at 

the inner membrane leaflet. This architecture creates an intramembrane hydrophobic pocket, 

which is proposed to be a cholesterol-binding site (Zimmerman et al., 2016). The crystal 

structure of CD9 (Fig. 1C) has also been shown to have the same inverted cone shape 

and has been proposed to generate membrane curvature, accounting for the localization of 

CD9 in curved membranes such as the microvilli of oocytes (Umeda et al., 2020). The 

cryo-electron microscopy (cryo-EM) structure of CD9 in complex with its partner protein 

EWI-2 [also known as IGSF8; a member of the immunoglobulin subfamily characterized by 

the presence of an extracellular Glu-Trp-Ile (EWI) motif] further demonstrates that the outer 

side of TM3 and the EC2 loop are important for TSPAN interactions with other proteins 

Dharan and Sorkin Page 3

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(Umeda et al., 2020). The structural arrangement of CD9–EWI-2 is similar to that of the 

complex formed by CD9 and EWI-F (also known as PTGFRN) (Oosterheert et al., 2020), 

in line with the partially overlapping reported functions of the partner proteins (Stipp et 

al., 2001; Sala-Valdés et al., 2006). Furthermore, CD53 and TSPAN15 (Fig. 1D,E) have the 

same inverted cone shape (Yang et al., 2020; Lipper et al., 2023).

Two distinct TSPAN conformations, open and closed, involving a conformational change 

in EC2 orientation (Fig. 1G) have been suggested; molecular dynamics simulations of 

CD81 suggest that the transition between open and closed conformations of this protein is 

dependent on cholesterol binding, which promotes the closed conformation (Zimmerman et 

al., 2016). By contrast, molecular dynamics simulations of CD9 suggest that this transition 

occurs spontaneously even in the absence of cholesterol (Umeda et al., 2020), whereas for 

CD53, the open conformation is supported by EC1–EC2 interactions and is required for 

interactions between TSPANs and partner proteins (Yang et al., 2020).

A closed TSPAN conformation has also been observed in the TSPAN15–ADAM10 complex 

(Lipper et al., 2023) (Fig. 1E). In this complex, EC2 is located over the opening formed 

by the transmembrane helices of TSPAN15, similar to its orientation in reported isolated 

TSPAN structures of CD81, CD9 and CD53 (Zimmerman et al., 2016; Umeda et al., 

2020; Yang et al., 2020). The EC2 conformation of CD81 is different when it interacts 

with the immunoglobulin single-pass transmembrane protein CD19 to form the CD81–

CD19 complex, which is crucial for proper B cell function (Susa et al., 2021). In the 

CD81–CD19 complex, the EC2 loop pivots ~60° relative to the membrane plane, while the 

transmembrane helices draw closer together, eliminating the central cavity and thus likely 

blocking cholesterol binding. Furthermore, other TSPANs, like peripherin-2 (PRPH2) and 

rod outer segment protein 1 (ROM1), have a less-conical structure compared to those of 

other TSPANs (Fig. 1F), yet PRPH2–ROM1 heterodimers and higher-order oligomers do 

form curved structures (El Mazouni and Gros, 2022). Other TSPAN proteins also deviate 

from the inverted cone-like shape; based on their cryo-EM structure, the TSPAN proteins 

uroplakin-1a and uroplakin-1b are suggested to have a rod-like shape in the uroplakin 

array structure (Min et al., 2006). The structural differences between TSPANs, which are 

mainly in the EC2 loop, might modulate different interactions with their associated proteins. 

Nevertheless, the inverted cone shape of several TSPANs (or their oligomers), indicates that 

the physical properties of the membrane, such as membrane curvature, can influence or be 

influenced by these proteins.

TSPANs sense and generate membrane curvature

Several studies have demonstrated that TSPAN proteins are localized in curved membranes 

(Fig. 2). For example, CD9, CD81, CD63 and CD82 are markers of extracellular vesicles 

(EVs) (Willms et al., 2018; Presle et al., 2021; Rai et al., 2021). TSPANs are one of the 

most prevalent types of protein in the membranes of EVs, particularly in exosomes (Fig. 

2A), which have high membrane curvature due to their small size (Rana and Zöller, 2011). 

Furthermore, multiple studies have demonstrated that TSPANs are not merely markers for 

EVs; TSPANs are involved in various aspects of EVs, including their formation (van Niel et 

al., 2011) (Chairoungdua et al., 2010), interactions with partner proteins (Castro-Cruz et al., 

Dharan and Sorkin Page 4

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



2023), cargo selectivity (Andreu and Yáñez-Mó, 2014), cell targeting (Rana et al., 2012) and 

fusion (Jankovičová et al., 2020). However, recent studies have challenged the significance 

of TSPANs in cargo selectivity of EVs, demonstrating that CD6, CD9 and CD81 might have 

less importance in this function than previously thought (Fan et al., 2023; Tognoli et al., 

2023).

CD9, CD81 and CD63 are also enriched in the HIV-1 viral envelope as a result of their 

localization in Gag-induced virus budding sites (Nydegger et al., 2006; Dahmane et al., 

2019). CD9 and CD81 are also enriched in egg cell microvilli (Fig. 2B), and it has been 

demonstrated that in the absence of CD9, the shape of the microvilli becomes abnormal 

(Runge et al., 2007). Additionally, TSPANs are localized in cell protrusions and regulate 

their formation and development (Israels and McMillan-Ward, 2007; Bari et al., 2011; 

Zhang and Huang, 2012). For example, CD81 overexpression promotes the formation and 

extension of microvilli, whereas overexpression of CD82 has the opposite effect, leading 

to a concave cell periphery (Bari et al., 2011). Other TSPANs, like TSPAN4, are abundant 

in retraction fibers (Fig. 2B). Additionally, TSPANs are localized in the curved membrane 

structures associated with ‘adhesion zippers’, regions where adjacent cells create tightly 

interconnected formations along their points of contact. This is exemplified by CD151, 

which maintains vascular stability in endothelial cells by enhancing cell adhesion zipper 

formation and managing cytoskeletal tension (Zhang et al., 2014). Likewise, CD9 clusters 

facilitate the zippering of microvilli between cells and regulate cell–cell fusion (Singethan et 

al., 2008).

The curvature sensitivity of TSPAN4 and CD9 was directly demonstrated in a recent 

study where these proteins were enriched by positive membrane curvature (curvature is 

conventionally defined as positive for convex membrane regions and negative for concave 

membrane regions). This enrichment was observed within membrane tethers extracted from 

giant plasma membrane vesicles (Dharan et al., 2022). In this study, using a thermodynamic 

model for protein partitioning between a flat reservoir and a curved tether, the intrinsic 

curvatures of the proteins were estimated. The obtained high values of these intrinsic 

curvatures (0.11 and 0.12 nm−1 for TSPAN4 and CD9, respectively) are in line with 

their inverted cone structures and the observations of TSPANs in positively curved cellular 

membranes. In a related study, it was suggested that CD82 can regulate membrane tension 

and affect the shape of small membrane vesicles that are found within migrasomes (Ordas 

et al., 2021). In this work, membrane tubes were pulled from cells in the presence of CD82, 

and the tether force (the force that is needed to hold the tether) was measured, where higher 

forces were attributed to higher membrane tension. However, the bending rigidity of the 

membrane can also affect the measured pulling force of the tethers. It was suggested that 

the influence of CD82 on membrane tension might be through an indirect mechanism via 

caveolin and activation of the transcription factor yes-associated protein (YAP1) (Ordas et 

al., 2021).

In contrast to the documented positive curvature sensitivity of TSPAN4 and CD9 (Dharan et 

al., 2022), the TSPANs PRPH2 and ROM1 are able to sense negative membrane curvature. 

These proteins assemble into structures that impose an extreme radius of curvature at the 

rims of stacked membrane discs in photoreceptor cells that enable vision (Pöge et al., 2022). 
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In these structures, the luminal protein domains of the TSPAN complexes are important 

for stabilization of the disc rim scaffold. Mutations in these protein domains might hinder 

disulfide bond-stabilized oligomerization and consequently impair disc morphogenesis, 

compromising the structural integrity of rod outer segments and potentially leading to 

blindness (Pöge et al., 2022). Interestingly, PRPH2–ROM1 oligomers have been found to 

form structures with positive as well as negative curvatures (Kevany et al., 2013; Milstein et 

al., 2017; 2020; El Mazouni and Gros, 2022).

Although PRPH2–ROM1 is the only reported case of negative curvature sensitivity 

by TSPANs, the localization of these proteins in membranes with both negative and 

positive curvature demonstrates their diverse functionality in cellular processes. Since the 

transmembrane protein domains are highly conserved among TSPANs, the differences in the 

curvature affinity of these proteins likely originate from their extracellular loops, specifically 

the EC2 loop, which varies significantly among TSPANs. The EC2 loop has recently been 

demonstrated to have crucial function in TSPAN4 membrane curvature sensitivity (Dharan 

et al., 2024). Deletion of the EC2 loop leads to a significant decrease in TSPAN4 sorting 

in membrane tethers. Furthermore, the EC2 loop, specifically the small loop within EC2 

containing amino acids 151–187, has been suggested to be important for TSPAN4 curvature-

induced interactions, as deletion of this loop abolishes TSPAN4 sorting hysteresis (i.e. 

the sorting values obtained upon tension increase do not match the values upon tension 

decrease). Therefore, the EC2 loop might affect the extent of curvature sensitivity of the 

protein along with modulation of its molecular interactions.

TSPAN-enriched microdomains

The functionality of TSPANs is thought to be dependent on their ability to associate among 

themselves and with other integral proteins and adhesion molecules, forming a distinct class 

of membrane domains (TEMs) (Yáñez-Mó et al., 2009; Charrin et al., 2009; Huang and 

Yu, 2022). Such domains can form in both flat and curved membranes under different 

circumstances. Below we focus on TEM formation in curved cellular structures.

TEMs are observed along retraction fibers, where TSPANs promote the formation of 

migrasomes (discussed in more detail below). The formation of TEMs along thin tubular 

structures such as the retraction fibers indicates that clustering of these TSPANs is likely 

enhanced due to their curvature-induced enrichment. Moreover, following the enrichment 

of TSPAN4 in curved membranes, its curvature sensitivity exhibits hysteresis between the 

path of curvature increase versus curvature decrease. This hysteresis in curvature sensitivity 

is abolished upon removal of the extracellular part of the protein, which is known to 

facilitate protein–protein interactions (Dharan et al., 2022). Thus, it appears that curvature 

induces sorting and protein enrichment, which in turn results in the formation of membrane 

domains that would not have formed in the absence of sufficiently high concentrations of 

TSPAN proteins. More research is needed to confirm this idea; for example, single-particle 

tracking or fluorescence correlation spectroscopy experiments can be used to test whether 

larger-scale domains form as a result of TSPAN enrichment within highly curved structures.
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TSPANs in migrasome formation

TSPANs have been found to be indispensable for the formation of recently discovered 

cellular organelles called migrasomes (Ma et al., 2015). Migrasomes are formed by the local 

swelling of retraction fibers during cell migration. They are usually several micrometers 

in diameter and facilitate the release of cellular contents at specific locations (Fig. 3A). 

Several studies have shown that migrasomes have important physiological functions in vivo. 

For example, during zebrafish gastrulation, migrasomes act as signaling organelles that 

provide regional biochemical cues to allow correct cell positioning (Jiang et al., 2019). 

Additionally, monocytes can deposit migrasomes enriched with pro-angiogenic factors to 

promote angiogenesis in chick embryos (Zhang et al., 2022). Migrasomes also play a role 

in regulating mitochondrial quality by accumulating damaged mitochondria and facilitating 

their removal from migrating cells (Jiao et al., 2021). Furthermore, migrasomes carry mRNA 

and proteins that can be transferred to recipient cells, thereby modifying their functionality 

(Zhu et al., 2021). The emerging cellular functions of migrasomes indicate their role as 

important organelles that are capable of transforming into EVs upon detachment from 

retraction fibers.

TSPANs play an important role in migrasome formation. Several TSPANs, such as TSPAN4, 

are migrasome markers (Huang and Yu, 2022; Wu et al., 2017), and overexpression of 

14 out of the 33 known mammalian TSPANs enhances migrasome formation (Huang et 

al., 2019). The presence of TSPANs and cholesterol contributes to the creation of TEMs 

that mediate migrasome formation (Huang et al., 2019; Huang and Yu, 2022). Recent 

data demonstrate that changes in membrane tension and curvature lead to formation of 

migrasome-like vesicles in the presence of TSPAN4 (Dharan et al., 2023). In the first 

stage of migrasome formation, which is mediated by membrane tension, localized swellings 

devoid of TSPAN4 appear on the retraction fibers. In the second stage, TSPAN4 proteins 

migrate towards and onto these swellings, facilitating their growth into migrasomes (Fig. 

3B). The recruitment of TSPAN4 to these swellings is essential for the subsequent growth 

and stabilization of migrasomes. Since TSPANs are first enriched in the curved membrane 

of retraction fibers and then clustered into TEMs that migrate to the lower membrane 

curvature of the migrasomes, it has been suggested that individual TSPANs and TEMs have 

different curvature sensitivities (Dharan et al., 2023). It has been observed that TSPANs 

can stiffen membranes in vitro, and this might also contribute to the migration of TEMs 

to the migrasomes, as TSPAN membrane domains with high bending rigidity prefer lower-

curvature membranes (Huang et al., 2019). Overall, TSPANs serve as essential components 

in the formation of both retraction fibers and migrasomes. Retraction fibers exhibit a 

curved membrane structure, which contrasts with the flat morphology of migrasomes. The 

enrichment of TSPAN4 in both curved and flat membranes underscores its ability to function 

in diverse membrane geometries.

TEMs in membrane fusion and damage repair

TEMs are thought to play a role in membrane fusion, where they are suggested to enhance 

virus–cell fusion of several viruses, including MERS coronavirus (MERS-CoV; Earnest et 

al., 2017), influenza A (Earnest et al., 2015) and human papillomavirus (Schelhaas et al., 
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2012). A suggested explanation for such enhancement is that TEMs can selectively coalesce 

viral and cell receptors, as well as enzymes that cleave and activate viral fusion proteins, 

thus facilitating virus–cell fusion (Hantak et al., 2019). In further support of this hypothesis, 

antibodies that bind to TSPANs inhibit infection by coronaviruses and influenza virus. 

However, when the protease that activates the viral fusion protein is overexpressed in the 

cell membrane, this inhibition is surpassed, as sufficient protease is available even in the 

absence of TSPAN-mediated enrichment (Earnest et al., 2015). Thus, viruses exploit TEMs 

for proper co-engagement with cell receptors, viral fusion proteins and proteases (Fig. 4A).

TSPANs also play a role in cell–cell fusion. It has been proposed that CD9 clusters, which 

can be induced by the K41 CD9-specific antibody, selectively regulate virus-induced cell–

cell fusion. During measles virus infection, these CD9 clusters have been observed to 

contain virus envelope proteins that promote cell–cell fusion. Conversely, during canine 

distemper virus infection, CD9 clusters displace viral proteins at cell contact areas, thereby 

inhibiting fusion (Singethan et al., 2008). Likewise, TSPANs are crucial in the membrane 

fusion of egg and sperm cells, as knockout of CD9 or CD81 results in infertility in mice 

(Rubinstein et al., 2006; Jégou et al., 2011). In this fusion process, TSPANs play a dual role: 

they generate curvature to form a curved microvillus structure while also acting as molecular 

organizers that might promote protein interactions between the egg and sperm.

In other circumstances, however, CD9 and CD81 can prevent fusion. For example, inhibition 

of the TSPANs CD9 and CD81 by antibodies or TSPAN knockout significantly increases the 

fusion of mononuclear phagocytes and myoblasts (Takeda et al., 2003; Charrin et al., 2013). 

Furthermore, TSPAN8 prevents the docking and fusion of secretory mucin granules to the 

plasma membrane of goblet cells by modulating the availability of syntaxin proteins that are 

required for mucin and insulin secretion (Wojnacki et al., 2023). These results suggest that 

the role of TSPANs in cell–cell fusion varies according to the cell type.

Aside from their role in membrane fusion, it has recently been proposed that TEMs have 

a functional role in membrane damage repair; TSPAN4 and other TSPANs, like TSP-15 

found in Caenorhabditis elegans, contribute to the mitigation of cell membrane damage by 

localizing to the damage site and initiating domain formation (Fig. 4B). These domains 

are referred to as ‘macrodomains’, and their size is on the micrometer scale. The domains 

form a ring-like structure around the damage site and act as a physical barrier, limiting 

the spread of damage and facilitating membrane repair (Huang et al., 2022; Wang et al., 

2022). TSPAN4 recruitment to the damage site is associated with the endosomal sorting 

complexes required for transport (ESCRT) machinery, which likely participates in the 

damage repair (Huang et al., 2022). In another study, TSP-15 has been found to be recruited 

to the damage site by the ESCRT machinery, where it interacts with the t-SNARE protein 

syntaxin-2, which facilitates membrane repair (Wang et al., 2022). In both studies, TSPANs 

act indirectly in repairing the damage and primarily function as a physical barrier capable of 

recruiting other repair machinery factors.
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TEMs in cancer

TEMs are also considered to be therapeutic targets as they have a key role in cancerous 

tumor development (Hemler, 2014). For example, CD37, a leukocyte surface antigen that is 

prevalent on both healthy and malignant mature B cells (Van Spriel et al., 2012; Barrena 

et al., 2005), serves as a docking point for monoclonal antibodies used in immunotherapy 

(Deckert et al., 2013; Bobrowicz et al., 2020). Recent studies have revealed roles of CD37 

beyond acting as a mere antibody-binding site, suggesting that therapies aimed at CD37 

could offer extra benefits, particularly for patients with recurring or hard-to-treat conditions 

(Bobrowicz et al., 2020). Studies have demonstrated that T cells expressing a chimeric 

antigen receptor targeting CD37 are effectively redirected and capable of suppressing 

the progression of B cell lymphoma tumors (Scarfò et al., 2018; Köksal et al., 2019). 

Furthermore, CD37 surface expression in B cells predicts significantly better clinical 

outcomes upon treatment in cases of diffuse large B cell lymphoma (Xu-Monette et al., 

2016).

CD82 is another TSPAN that has been implicated in cancer, where it is considered to be 

a suppressor of tumor metastasis by virtue of its role in regulating cell surface signaling 

(Miranti, 2009; Tsai and Weissman, 2011), endocytic trafficking (Odintsova et al., 2013), 

canonical signaling by the Wnt family of secreted glycolipoproteins (Chigita et al., 2012), 

cell adhesion (Abe et al., 2008) and migration (Ordas et al., 2021). Contrarily, TSPAN7 

promotes osteosarcoma metastasis by interacting with β1 integrin (ITGB1) (Shao et al., 

2022) and is a promising biomarker for several cancers including multiple myeloma 

(Cheong et al., 2015), clear-cell renal cell carcinoma (Wuttig et al., 2012), leiomyosarcoma 

(Davidson et al., 2014) and desmoplastic small-round-cell tumors (Ito et al., 2003). 

Additionally, CD81 expression in melanoma has been shown to promote tumor growth and 

metastasis in humans (Hong et al., 2014), and CD81 knockout in osteosarcoma and breast 

cancer cells attenuates tumor progression and dissemination (Kagiali et al., 2019; Mizoshiri 

et al., 2019). Mice deficient in CD81 show a decrease in lung metastases when injected with 

mouse breast cancer tumors (Vences-Catalán et al., 2015).

Given their implication in multiple cancers, TSPANs have become of interest for therapeutic 

targeting. Recently, it has been demonstrated that a specific antibody (5A6) against CD81 

is capable of killing follicular lymphoma tumor cells while sparing normal lymphocytes 

(Vences-Catalán et al., 2019). Moreover, 5A6 induces CD81 clustering and inhibits breast 

cancer cell migration and invasion in vitro, and can reduce lung metastasis in vivo (Vences-

Catalán et al., 2021). This inhibition has been suggested to occur through the indirect 

interaction of CD81 with junctional adhesion molecule A (JAM-A), a transmembrane 

component of tight junctions known to interact with different integrins and CD9 (Vences-

Catalán et al., 2021). As such, CD9 has also been targeted, and a peptide that binds to 

CD9 has been suggested to impair TEM formation, resulting in anti-metastatic effects. This 

CD9-binding peptide has been demonstrated to inhibit cell migration and invasion as well as 

exosome release and uptake in vitro, and it reduces lung metastasis in vivo (Suwatthanarak 

et al., 2023). Notably, the abovementioned roles of TSPANs in tumor development involve 

TSPAN interactions and TEM formation. Thus, given the multifaceted roles of TSPANs in 
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cancer and tumor development, it is imperative to further explore their intricate interactions 

and therapeutic potential.

Methods for characterization of TSPAN organization and function

Fluorescence microscopy

Fluorescence microscopy (FM) has been used to investigate the localization of labeled 

TSPANs and explore their cellular functions (Takeda et al., 2003; Singethan et al., 2008; 

van Niel et al., 2011; Zhang et al., 2014; Vences-Catalán et al., 2021; Colbert et al., 2022; 

Huang et al., 2022; Wang et al., 2022; Dharan et al., 2023; Wojnacki et al., 2023). In 

particular, single-molecule FM has been used to study the diffusion of TSPANs in the 

membrane (Barreiro et al., 2008; Charrin et al., 2009; Yáñez-Mó et al., 2009; Yang et 

al., 2012), revealing that TSPANs can interact with themselves and other proteins, forming 

membrane domains that are in permanent exchange with the rest of the membrane (Espenel 

et al., 2008). Although dynamic behavior is common to TSPANs, it has been shown that 

the dynamics of CD9, CD81 and CD82 are distinguishable, implying that each has a 

different function (Fernandez et al., 2021). Furthermore, using high-resolution imaging 

techniques, several studies have investigated TSPAN interactions and TEM formation. For 

instance, using structured illumination microscopy, it has been demonstrated that TSPAN4 

membrane domains and CHMP4B, a component of the ESCRT machinery, are recruited to 

membrane damage sites, where they are found to be in close proximity but not colocalized 

(Huang et al., 2022). Photo-activated localization microscopy (PALM) has been used for 

counting TSPAN molecules in TEMs and to examine the concentration of TSPANs in 

migrasomes and retraction fibers (Huang et al., 2019). Stimulated emission depletion 

(STED) microscopy and direct stochastic optical reconstruction microscopy (dSTORM) 

measurements have also revealed that TSPANs are organized in nanodomains that can 

be in close proximity but not within the same domain, challenging the TEM notion 

(Zuidscherwoude et al., 2015; Dahmane et al., 2019).

Atomic force microscopy

Atomic force microscopy (AFM) can be used to measure the stiffness of membranes and 

has been applied to membranes containing TSPANs. Nanoindentation measurements of 

liposomes containing TSPANs suggest that TSPANs increase membrane rigidity (Huang et 

al., 2019). Another study has used AFM to pull membrane tubes from cells, showing that the 

tether force increases in the presence of TSPANs (Ordas et al., 2021), which can result from 

changes in either membrane bending rigidity or membrane tension. Although it is likely 

that TSPANs can increase membrane bending rigidity, more detailed assays are required 

to examine the effects of TSPANs on the mechanical properties of natural membranes. 

For example, conducting nanoindentation measurements on membranes containing TEMs 

while simultaneously visualizing the membrane to distinguish between TSPAN-enriched and 

TSPAN-depleted areas would provide valuable insights. This would add complementary 

information to measurements of averaged mechanical properties of liposomes containing 

TSPANs (Huang et al., 2019).
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Micropipette aspiration combined with optical tweezers

A combination of micropipette aspiration and optical tweezers was originally used with 

giant unilamellar vesicles to demonstrate the sensitivity of certain proteins to membrane 

curvature (Sorre et al., 2012; Aimon et al., 2014). The instrumentation consists of a 

micromanipulator holding a micropipette and a pressure controller (via hydrostatic pressure 

or a pump) integrated into a microscope that combines optical trapping and FM (Dimova 

and Marques, 2020). In this method, a membrane tube is pulled from an aspirated membrane 

vesicle. The vesicle is considered as flat compared to the membrane tube, which has a 

diameter in the range of 20–100 nm (Dimova and Marques, 2020). By setting the aspiration 

pressure, one can regulate the membrane tension of the vesicle and, as a result, the diameter 

of the membrane tube. This approach has very recently been applied to natural membrane 

vesicles containing TSPAN proteins, revealing curvature sensitivity of the proteins (Dharan 

et al., 2022). Micropipette aspiration combined with optical tweezers has also been used 

to generate membrane swellings following a membrane tension jump obtained by an 

abrupt increase in the aspiration pressure, providing insight into the process of migrasome 

formation (Dharan et al., 2023). Beside the complexity of the setup, the main disadvantage 

of this approach is that the membrane curvature is coupled to the membrane tension. In order 

to examine these biophysical properties separately, other assays need to be developed.

Conclusions and future directions

TSPAN transmembrane proteins are involved in various membrane remodeling processes. 

Membrane shaping and remodeling is central to many physiological processes and has also 

been implicated in various pathological conditions, such as infertility, infection and cancer. 

Although the exact mechanism of action of TSPANs in most cellular processes is still 

unknown, several recent studies have demonstrated that TSPAN functions are associated 

with their curvature sensitivity, protein enrichment and membrane domain formation. The 

role of other physico-chemical properties, like membrane tension, needs to be further 

examined to comprehensively characterize TSPAN functions. In current methods such as 

tether pulling, membrane tension is coupled with membrane curvature, underscoring the 

need for innovative assays that can isolate the effects of tension. Additional open questions 

remain regarding the identity of the associating partners that lead to TSPAN migration 

from high-curvature membranes to low-curvature membranes, and whether various higher-

order structures have different mechanical properties that affect membrane remodeling. 

Elucidating the exact role of TSPAN proteins in membrane remodeling could lead to better 

diagnosis and treatment of related diseases.

Acknowledgements

We thank the Sorkin Lab members for insightful discussions. We are also grateful to Misha Kozlov and Li Yu for 
illuminating discussions about migrasomes.

Funding

R.S. acknowledges support by the Israel Science Foundation (grant no. 1289/20) and the United States-Israel 
Binational Science Foundation (NSF-BSF; grant no. 2021793), and holds the Raymond and Beverly Sackler Career 
Development Chair for Young Faculty. Our work in this area is co-funded by the European Union (European 
Research Council ReMembrane 101077502). Views and opinions expressed are, however, those of the authors only 

Dharan and Sorkin Page 11

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and do not necessarily reflect those of the European Union or the European Research Council Executive Agency. 
Neither the European Union nor the granting authority can be held responsible for them.

References

Abe M, Sugiura T, Takahashi M, Ishii K, Shimoda M, Shirasuna K. A novel function of CD82/KAI-1 
on E-cadherin-mediated homophilic cellular adhesion of cancer cells. Cancer Lett. 2008; 266: 163–
170. [PubMed: 18395972] 

Aimon S, Callan-Jones A, Berthaud A, Pinot M, Toombes GES, Bassereau P. Membrane shape 
modulates transmembrane protein distribution. Dev Cell. 2014; 28: 212–218. DOI: 10.1016/
j.devcel.2013.12.012 [PubMed: 24480645] 

Andreu Z, Yáñez-Mó M. Tetraspanins in extracellular vesicle formation and function. Front Immunol. 
2014; 5: 442. doi: 10.3389/fimmu.2014.00442 [PubMed: 25278937] 

Bari R, Guo Q, Xia B, Zhang YH, Giesert EE, Levy S, Zheng JJ, Zhang XA. Tetraspanins regulate the 
protrusive activities of cell membrane. Biochem Biophys Res Commun. 2011; 415: 619–626. DOI: 
10.1016/j.bbrc.2011.10.121 [PubMed: 22079629] 

Barreiro O, Zamai M, Yáñez-Mó M, Tejera E, López-Romero P, Monk PN, Gratton E, Caiolfa 
VR, Sánchez-Madrid F. Endothelial adhesion receptors are recruited to adherent leukocytes by 
inclusion in preformed tetraspanin nanoplatforms. J Cell Biol. 2008; 183: 527–542. DOI: 10.1083/
jcb.200805076 [PubMed: 18955551] 

Barrena S, Almeida J, Yunta M, López A, Fernández-Mosteirıń N, Giralt M, Romero M, Perdiguer 
L, Delgado M, Orfao A, et al. Aberrant expression of tetraspanin molecules in B-cell chronic 
lymphoproliferative disorders and its correlation with normal B-cell maturation. Leukemia. 2005; 
19: 1376–1383. [PubMed: 15931266] 

Berditchevski F, Odintsova E. Tetraspanins as regulators of protein trafficking. Traffic. 2007; 8: 89–96. 
[PubMed: 17181773] 

Bobrowicz M, Kubacz M, Slusarczyk A, Winiarska M. Cd37 in b cell derived tumors—more than 
just a docking point for monoclonal antibodies. Int J Mol Sci. 2020; 21 9531 doi: 10.3390/
ijms21249531 [PubMed: 33333768] 

Boucheix C, Rubinstein E. Tetraspanins. CMLS Cell Mol Life Sci. 2001; 58: 1189–1205. DOI: 
10.1007/PL00000933 [PubMed: 11577978] 

Castro-Cruz M, Hyka L, Daaboul G, Leblanc R, Meeussen S, Lembo F, Oris A, Van Herck L, 
Granjeaud S, David G, et al. PDZ scaffolds regulate extracellular vesicle production, composition, 
and uptake. Proc Natl Acad Sci USA. 2023; 120 e2310914120 doi: 10.1073/pnas.2310914120 
[PubMed: 37695903] 

Chairoungdua A, Smith DL, Pochard P, Hull M, Caplan MJ. Exosome release of β-catenin: A novel 
mechanism that antagonizes Wnt signaling. J Cell Biol. 2010; 190: 1079–1091. DOI: 10.1083/
jcb.201002049 [PubMed: 20837771] 

Charrin S, Manié S, Billard M, Ashman L, Gerlier D, Boucheix C, Rubinstein E. Multiple levels of 
interactions within the tetraspanin web. Biochem Biophys Res Commun. 2003a; 304: 107–112. 
[PubMed: 12705892] 

Charrin S, Manié S, Thiele C, Billard M, Gerlier D, Boucheix C, Rubinstein E. A physical and 
functional link between cholesterol and tetraspanins. Eur J Immunol. 2003b; 33: 2479–2489. 
[PubMed: 12938224] 

Charrin S, le Naour F, Silvie O, Milhiet PE, Boucheix C, Rubinstein E. Lateral organization of 
membrane proteins : tetraspanins spin their web. Biochem J. 2009; 420: 133–154. [PubMed: 
19426143] 

Charrin S, Latil M, Soave S, Polesskaya A, Chrétien F, Boucheix C, Rubinstein E. Normal muscle 
regeneration requires tight control of muscle cell fusion by tetraspanins CD9 and CD81. Nat 
Commun. 2013; 4 1674 [PubMed: 23575678] 

Charrin S, Jouannet S, Boucheix C, Rubinstein E. Tetraspanins at a glance. J Cell Sci. 2014; 127: 
3641–3648. [PubMed: 25128561] 

Cheong CM, Chow AWS, Fitter S, Hewett DR, Martin SK, Williams SA, To LB, Zannettino ACW, 
Vandyke K. Tetraspanin 7 (TSPAN7) expression is upregulated in multiple myeloma patients 

Dharan and Sorkin Page 12

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and inhibits myeloma tumour development in vivo. Exp Cell Res. 2015; 332: 24–38. [PubMed: 
25637218] 

Chigita S, Sugiura T, Abe M, Kobayashi Y, Shimoda M, Onoda M, Shirasuna K. CD82 inhibits 
canonical Wnt signalling by controlling the cellular distribution of β-catenin in carcinoma cells. 
Int J Oncol. 2012; 41: 2021–2028. DOI: 10.3892/ijo.2012.1671 [PubMed: 23076981] 

Colbert JD, Cruz FM, Baer CE, Rock KL. Tetraspanin-5–mediated MHC class I clustering is required 
for optimal CD8 T cell activation. Proc Natl Acad Sci USA. 2022; 119 e2122188119 doi: 10.1073/
pnas.2122188119 [PubMed: 36215490] 

Dahmane S, Doucet C, Le Gall A, Chamontin C, Dosset P, Murcy F, Fernandez L, Salas D, Rubinstein 
E, Mougel M, et al. Nanoscale organization of tetraspanins during HIV-1 budding by correlative 
dSTORM/AFM. Nanoscale. 2019; 11: 6036–6044. [PubMed: 30869094] 

Davidson B, Abeler VM, Førsund M, Holth A, Yang Y, Kobayashi Y, Chen L, Kristensen GB, Shih 
IM, Wang TL. Gene expression signatures of primary and metastatic uterine leiomyosarcoma. 
Hum Pathol. 2014; 45: 691–700. DOI: 10.1016/j.humpath.2013.11.003 [PubMed: 24485798] 

Deckert J, Park PU, Chicklas S, Yi Y, Li M, Lai KC, Mayo MF, Carrigan CN, Erickson HK, Pinkas 
J, et al. A novel anti-CD37 antibody-drug conjugate with multiple anti-tumor mechanisms for the 
treatment of B-cell malignancies. Blood. 2013; 122: 3500–3510. [PubMed: 24002446] 

Dharan R, Goren S, Cheppali SK, Shendrik P, Brand G, Vaknin A, Yu L, Kozlov MM, Sorkin R. 
Transmembrane proteins tetraspanin 4 and CD9 sense membrane curvature. Proc Natl Acad Sci 
USA. 2022; 119 e2208993119 doi: 10.1073/pnas.2208993119 [PubMed: 36252000] 

Dharan R, Huang Y, Cheppali SK, Goren S, Shendrik P, Wang W, Qiao J, Kozlov MM, Yu L, Sorkin 
R. Tetraspanin 4 stabilizes membrane swellings and facilitates their maturation into migrasomes. 
Nat Commun. 2023; 14 1037 doi: 10.1038/s41467-023-36596-9 [PubMed: 36823145] 

Dharan R, Vaknin A, Sorkin R. Extracellular domain 2 of TSPAN4 governs its functions. Biophys Rep. 
2024; 4 100149 doi: 10.1016/j.bpr.2024.100149 [PubMed: 38562622] 

Dimova, R, Marques, C. The Giant Vesicle Book. CRC Press; Boca Raton: 2020.

Duffield A, Kamsteeg EJ, Brown AN, Pagel P, Caplan MJ. The tetraspanin CD63 enhances the 
internalization of the H,K-ATPase β-subunit. Proc Natl Acad Sci USA. 2003; 100: 15560–15565. 
DOI: 10.1073/pnas.2536699100 [PubMed: 14660791] 

Earnest JT, Hantak MP, Park J-E, Gallagher T. Coronavirus and Influenza Virus Proteolytic Priming 
Takes Place in Tetraspanin-Enriched Membrane Microdomains. J Virol. 2015; 89: 6093–6104. 
DOI: 10.1128/JVI.00543-15 [PubMed: 25833045] 

Earnest JT, Hantak MP, Li K, McCray PB, Perlman S, Gallagher T. The tetraspanin CD9 facilitates 
MERS-coronavirus entry by scaffolding host cell receptors and proteases. PLoS Pathog. 2017; 13: 
1–22. DOI: 10.1371/journal.ppat.1006546 [PubMed: 28759649] 

El Mazouni D, Gros P. Cryo-EM structures of peripherin-2 and ROM1 suggest multiple roles in 
photoreceptor membrane morphogenesis. Sci Adv. 2022; 1 eadd3677 doi: 10.1126/sciadv.add3677 
[PubMed: 36351012] 

Espenel C, Margeat E, Dosset P, Arduise C, Le Grimellec C, Royer CA, Boucheix C, Rubinstein E, 
Milhiet PE. Single-molecule analysis of CD9 dynamics and partitioning reveals multiple modes of 
interaction in the tetraspanin web. J Cell Biol. 2008; 182: 765–776. DOI: 10.1083/jcb.200803010 
[PubMed: 18710926] 

Fan Y, Pionneau C, Cocozza F, Boëlle PY, Chardonnet S, Charrin S, Théry C, Zimmermann P, 
Rubinstein E. Differential proteomics argues against a general role for CD9, CD81 or CD63 in the 
sorting of proteins into extracellular vesicles. J Extracell Vesicles. 2023; 12 e12352 doi: 10.1002/
jev2.12352 [PubMed: 37525398] 

Fernandez L, Malrieu M, Bénistant C, Dosset P, Rubinstein E, Odintsova E, Berditchevski F, Milhiet 
PE. CD82 and gangliosides tune CD81 membrane behavior. Int J Mol Sci. 2021; 22 8459 doi: 
10.3390/ijms22168459 [PubMed: 34445169] 

Hantak MP, Qing E, Earnest JT, Gallagher T. Tetraspanins: architects of viral entry and exit platforms. 
J Virol. 2019; 93: e01429–17. DOI: 10.1128/JVI.01429-17 [PubMed: 30567993] 

Hemler ME. Tetraspanin functions and associated microdomains. Nat Rev Mol Cell Biol. 2005; 6: 
801–811. [PubMed: 16314869] 

Dharan and Sorkin Page 13

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Hemler ME. Targeting of tetraspanin proteins — potential benefits and strategies. Nat Rev Drug 
Discov. 2008; 7: 747–758. DOI: 10.1038/nrd2659 [PubMed: 18758472] 

Hemler ME. Tetraspanin proteins promote multiple cancer stages. Nat Rev Cancer. 2014; 14: 49–60. 
[PubMed: 24505619] 

Hong IK, Byun HJ, Lee J, Jin YJ, Wang SJ, Jeoung DI, Kim YM, Lee H. The tetraspanin 
CD81 protein increases melanoma cell motility by Up-regulating metalloproteinase MT1-MMP 
expression through the pro-oncogenic Akt-dependent Sp1 activation signaling pathways. J Biol 
Chem. 2014; 289: 15691–15704. DOI: 10.1074/jbc.M113.534206 [PubMed: 24733393] 

Huang Y, Yu L. Tetraspanin-enriched microdomains: the building blocks of migrasomes. Cell Insight. 
2022; 1 100003 doi: 10.1016/j.cellin.2021.100003 [PubMed: 37192987] 

Huang Y, Zucker B, Zhang S, Elias S, Zhu Y, Chen H, Ding T, Li Y, Sun Y, Lou J, et al. Migrasome 
formation is mediated by assembly of micron-scale tetraspanin macrodomains. Nat Cell Biol. 
2019; 21: 991–1002. [PubMed: 31371828] 

Huang Y, Zhang X, Wang HW, Yu L. Assembly of Tetraspanin-enriched macrodomains contains 
membrane damage to facilitate repair. Nat Cell Biol. 2022; 24: 825–832. [PubMed: 35654840] 

Israels SJ, McMillan-Ward EM. Platelet tetraspanin complexes and their association with lipid rafts. 
Thromb Haemostasis. 2007; 98: 1081–1087. [PubMed: 18000614] 

Ito E, Honma R, Imai JI, Azuma S, Kanno T, Mori S, Yoshie O, Nishio J, Iwasaki H, Yoshida K, et al. 
A tetraspanin-family protein, T-cell acute lymphoblastic leukemia-associated antigen 1, is induced 
by the Ewing’s sarcoma-Wilms’ tumor 1 fusion protein of desmoplastic small round-cell tumor. 
Am J Pathol. 2003; 163: 2165–2172. DOI: 10.1016/s0002-9440(10)63573-0 [PubMed: 14633590] 

Jankovičová J, Sečová P, Michalková K, Antalíková J. Tetraspanins, more than markers of extracellular 
vesicles in reproduction. Int J Mol Sci. 2020; 21: 1–30. DOI: 10.3390/ijms21207568 [PubMed: 
33066349] 

Jiang D, Jiang Z, Lu D, Wang X, Liang H, Zhang J, Meng Y, Li Y, Wu D, Huang Y, et al. Migrasomes 
provide regional cues for organ morphogenesis during zebrafish gastrulation. Nat Cell Biol. 2019; 
21: 966–977. [PubMed: 31371827] 

Jiao H, Jiang D, Hu X, Du W, Ji L, Yang Y, Li X, Sho T, Wang X, Li Y, et al. Mitocytosis, 
a migrasome-mediated mitochondrial quality-control process. Cell. 2021; 184: 2896–2910. e13 
[PubMed: 34048705] 

Jégou A, Ziyyat A, Barraud-Lange V, Perez E, Wolf JP, Pincet F, Gourier C. CD9 tetraspanin generates 
fusion competent sites on the egg membrane for mammalian fertilization. Proc Natl Acad Sci 
USA. 2011; 108: 10946–10951. DOI: 10.1073/pnas.1017400108 [PubMed: 21690351] 

Kagiali ZCU, Sanal E, Karayel Ö, Polat AN, Saatci Ö, Ersan PG, Trappe K, Renard BY, Önder TT, 
Tuncbag N, et al. Systems-level analysis reveals multiple modulators of epithelial-mesenchymal 
transition and identifies DNAJB4 and CD81 as novel metastasis inducers in breast cancer. Mol 
Cell Proteomics. 2019; 18: 1756–1771. DOI: 10.1074/mcp.RA119.001446 [PubMed: 31221721] 

Kaji K, Oda S, Shikano T, Ohnuki T, Uematsu Y, Sakagami J, Tada N, Miyazaki S, Kudo A. The 
gamete fusion process is defective in eggs of Cd9-deficient mice. Nat Genet. 2000; 24: 279–282. 
[PubMed: 10700183] 

Kevany BM, Tsybovsky Y, Campuzano IDG, Schnier PD, Engel A, Palczewski K. Structural and 
functional analysis of the native peripherin-ROM1 complex isolated from photoreceptor cells. J 
Biol Chem. 2013; 288: 36272–36284. DOI: 10.1074/jbc.M113.520700 [PubMed: 24196967] 

Kitadokoro K, Ponassi M, Galli G, Petracca R, Falugi F, Grandi G, Bolognesi M. Subunit association 
and conformational flexibility in the head subdomain of human CD81 large extracellular loop. Biol 
Chem. 2002; 383: 1447–1452. [PubMed: 12437138] 

Köksal H, Dillard P, Josefsson SE, Maggadottir SM, Pollmann S, Fane A, Blaker YN, Beiske K, Huse 
K, Kolstad A, et al. Preclinical development of CD37CAR T-cell therapy for treatment of B-cell 
lymphoma. Blood Adv. 2019; 3: 1230–1243. DOI: 10.1182/bloodadvances.2018029678 [PubMed: 
30979721] 

Le Naour F, Rubinstein E, Jasmin C, Prenant M, Boucheix C. Severely reduced female fertility in 
CD9-deficient mice. Science. 2000; 287: 319–321. [PubMed: 10634790] 

Dharan and Sorkin Page 14

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Le Naour F, André M, Boucheix C, Rubinstein E. Membrane microdomains and proteomics: Lessons 
from tetraspanin microdomains and comparison with lipid rafts. Proteomics. 2006; 6: 6447–6454. 
[PubMed: 17109380] 

Levy S, Shoham T. Protein-protein interactions in the tetraspanin web. Physiology. 2005a; 20: 218–
224. [PubMed: 16024509] 

Levy S, Shoham T. The tetraspanin web modulates immune-signalling complexes. Nat Rev Immunol. 
2005b; 5: 136–148. [PubMed: 15688041] 

Lipper CH, Egan ED, Gabriel K, Blacklow SC, Lipper CH, Egan ED, Gabriel K, Blacklow SC. 
Structural basis for membrane-proximal proteolysis of substrates by ADAM10 II II Article 
Structural basis for membrane-proximal proteolysis of substrates by ADAM10. Cell. 2023; 186: 
3632–3641. e10 doi: 10.1016/j.cell.2023.06.026 [PubMed: 37516108] 

Lozahic S, Christiansen D, Manié S, Gerlier D, Billard M, Boucheix C, Rubinstein E. CD46 
(membrane cofactor protein) associates with multiple β1 integrins and tetraspans. Eur J Immunol. 
2000; 30: 900–907. [PubMed: 10741407] 

Ma L, Li Y, Peng J, Wu D, Zhao X, Cui Y, Chen L, Yan X, Du Y, Yu L. Discovery of the migrasome, 
an organelle mediating release of cytoplasmic contents during cell migration. Cell Res. 2015; 25: 
24–38. DOI: 10.1038/cr.2014.135 [PubMed: 25342562] 

Matsumoto AK, Martin DR, Carter RH, Klickstein LB, Ahearn JM, Fearon DT. Functional dissection 
of the CD21/CD19/TAPA-1/Leu-13 complex of B lymphocytes. J Exp Med. 1993; 178: 1407–
1417. DOI: 10.1084/jem.178.4.1407 [PubMed: 7690834] 

Milstein ML, Kimler VA, Ghatak C, Ladokhin AS, Goldberg AFX. An inducible amphipathic helix 
within the intrinsically disordered C terminus can participate in membrane curvature generation by 
peripherin-2/rds. J Biol Chem. 2017; 292: 7850–7865. DOI: 10.1074/jbc.M116.768143 [PubMed: 
28325841] 

Milstein ML, Cavanaugh BL, Roussey NM, Volland S, Williams DS, Goldberg AFX. Multistep 
peripherin-2/rds self-assembly drives membrane curvature for outer segment disk architecture 
and photoreceptor viability. Proc Natl Acad Sci USA. 2020; 117: 4400–4410. DOI: 10.1073/
pnas.1912513117 [PubMed: 32041874] 

Min G, Wang H, Sun TT, Kong XP. Structural basis for tetraspanin functions as revealed by the 
cryo-EM structure of uroplakin complexes at 6-Å resolution. J Cell Biol. 2006; 173: 975–983. 
DOI: 10.1083/jcb.200602086 [PubMed: 16785325] 

Miranti CK. Controlling cell surface dynamics and signaling: How CD82/KAI1 suppresses metastasis. 
Cell Signal. 2009; 21: 196–211. [PubMed: 18822372] 

Miyado K, Yamada G, Yamada S, Hasuwa H, Nakamura Y, Ryu F, Suzuki K, Kosai K, Inoue K, Ogura 
A, et al. Requirement of CD9 on the egg plasma membrane for fertilization. Science. 2000; 287: 
321–324. [PubMed: 10634791] 

Mizoshiri N, Shirai T, Terauchi R, Tsuchida S, Mori Y, Hayashi D, Kishida T, Arai Y, Mazda 
O, Nakanishi T, et al. The tetraspanin CD81 mediates the growth and metastases of human 
osteosarcoma. Cell Oncol. 2019; 42: 861–871. [PubMed: 31494861] 

Nydegger S, Khurana S, Krementsov DN, Foti M, Thali M. Mapping of tetraspanin-enriched 
microdomains that can function as gateways for HIV-1. J Cell Biol. 2006; 173: 795–807. DOI: 
10.1083/jcb.200508165 [PubMed: 16735575] 

Odintsova E, Butters TD, Monti E, Sprong H, Van Meer G, Berditchevski F. Gangliosides play an 
important role in the organization of CD82-enriched microdomains. Biochem J. 2006; 400: 315–
325. DOI: 10.1042/BJ20060259 [PubMed: 16859490] 

Odintsova E, Van Niel G, Conjeaud H, Raposo G, Iwamoto R, Mekada E, Berditchevski F. Metastasis 
suppressor tetraspanin CD82/KAI1 regulates ubiquitylation of epidermal growth factor receptor. J 
Biol Chem. 2013; 288: 26323–26334. DOI: 10.1074/jbc.M112.439380 [PubMed: 23897813] 

Oosterheert W, Xenak KT, Neviani V, Pos W, Doulkeridou S, Manshande J, Pearce NM, Kroon-
Batenburg LMJ, Lutz M, Van Bergen En Henegouwen PMP, et al. Implications for tetraspanin-
enriched microdomain assembly based on structures of CD9 with EWI-F. Life Sci Alliance. 2020; 
3: 1–16. DOI: 10.26508/lsa.202000883 [PubMed: 32958604] 

Dharan and Sorkin Page 15

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Ordas L, Costa L, Lozano A, Chevillard C, Calovoulos A, Kantar D, Fernandez L, Chauvin L, Dosset 
P, Doucet C, et al. Mechanical control of cell migration by the metastasis suppressor tetraspanin 
cd82/kai1. Cells. 2021; 10: 1–19. DOI: 10.3390/cells10061545 [PubMed: 34207462] 

Presle A, Frémont S, Salles A, Commere PH, Sassoon N, Berlioz-Torrent C, Gupta-Rossi N, Echard A. 
The viral restriction factor tetherin/BST2 tethers cytokinetic midbody remnants to the cell surface. 
Curr Biol. 2021; 31: 2203–2213. e5 [PubMed: 33711249] 

Pöge M, Mahamid J, Imanishi SS, Plitzko JM, Palczewski K, Baumeister W. Determinants shaping 
the nanoscale architecture of the mouse rod outer segment 3. Elife. 2022; 10 e72817 doi: 10.7554/
eLife.72817 [PubMed: 34931611] 

Rai A, Greening DW, Xu R, Chen M, Suwakulsiri W, Simpson RJ. Secreted midbody remnants are 
a class of extracellular vesicles molecularly distinct from exosomes and microparticles. Commun 
Biol. 2021; 4: 400. doi: 10.1038/s42003-021-01882-z [PubMed: 33767328] 

Rana S, Zöller M. Exosome target cell selection and the importance of exosomal tetraspanins: A 
hypothesis. Biochem Soc Trans. 2011; 39: 559–562. [PubMed: 21428939] 

Rana S, Yue S, Stadel D, Zöller M. Toward tailored exosomes: The exosomal tetraspanin web 
contributes to target cell selection. Int J Biochem Cell Biol. 2012; 44: 1574–1584. [PubMed: 
22728313] 

Rous BA, Reaves BJ, Ihrke G, Briggs JAG, Gray SR, Stephens DJ, Banting G, Luzio JP. Role of 
adaptor complex AP-3 in targeting wild-type and mutated CD63 to lysosomes. Mol Biol Cell. 
2002; 13: 1071–1082. DOI: 10.1091/mbc.01-08-0409 [PubMed: 11907283] 

Rubinstein E, Ziyyat A, Prenant M, Wrobel E, Wolf JP, Levy S, Le Naour F, Boucheix C. Reduced 
fertility of female mice lacking CD81. Dev Biol. 2006; 290: 351–358. [PubMed: 16380109] 

Runge KE, Evans JE, He ZY, Gupta S, McDonald KL, Stahlberg H, Primakoff P, Myles DG. Oocyte 
CD9 is enriched on the microvillar membrane and required for normal microvillar shape and 
distribution. Dev Biol. 2007; 304: 317–325. [PubMed: 17239847] 

Sala-Valdés M, Ursa Á, Charrin S, Rubinstein E, Hemler ME, Sánchez-Madrid F, Yáñez-Mó M. 
EWI-2 and EWI-F link the tetraspanin web to the actin cytoskeleton through their direct 
association with ezrin-radixin-moesin proteins. J Biol Chem. 2006; 281: 19665–19675. [PubMed: 
16690612] 

Scarfò I, Ormhøj M, Frigault MJ, Castano AP, Lorrey S, Bouffard AA, Van Scoyk A, Rodig SJ, 
Shay AJ, Aster JC, et al. Anti-CD37 chimeric antigen receptor T cells are active against B-A nd 
T-cell lymphomas. Blood. 2018; 132: 1495–1506. DOI: 10.1182/blood-2018-04-842708 [PubMed: 
30089630] 

Schelhaas M, Shah B, Holzer M, Blattmann P, Kühling L, Day PM, Schiller JT, Helenius A. 
Entry of human papillomavirus type 16 by actin-dependent, clathrin- and lipid raft-independent 
endocytosis. PLoS Pathog. 2012; 8 e1002657 doi: 10.1371/journal.ppat.1002657 [PubMed: 
22536154] 

Serru V, Le Naour F, Billard M, Azorsa DO, Lanza F, Boucheix C, Rubinstein E. Selective tetraspan-
integrin complexes (CD81/α4β1, CD151/α3β1, CD151/α6β1) under conditions disrupting 
tetraspan interactions. Biochem J. 1999; 340: 103–111. [PubMed: 10229664] 

Shao S, Piao L, Guo L, Wang J, Wang L, Wang J, Tong L, Yuan X, Zhu J, Fang S, et al. Tetraspanin 7 
promotes osteosarcoma cell invasion and metastasis by inducing EMT and activating the FAK-Src-
Ras-ERK1/2 signaling pathway. Cancer Cell Int. 2022; 22: 183. doi: 10.1186/s12935-022-02591-1 
[PubMed: 35524311] 

Silvie O, Charrin S, Billard M, Franetich JF, Clark KL, van Gemert GJ, Sauerwein RW, Dautry F, 
Boucheix C, Mazier D, et al. Cholesterol contributes to the organization of tetraspanin-enriched 
microdomains and to CD81-dependent infection by malaria sporozoites. J Cell Sci. 2006; 119: 
1992–2002. [PubMed: 16687736] 

Singethan K, Müller N, Schubert S, Lüttge D, Krementsov DN, Khurana SR, Krohne G, Schneider-
Schaulies S, Thali M, Schneider-schaulies J. CD9 clustering and formation of microvilli zippers 
between contacting cells regulates virus-induced cell fusion. Traffic. 2008; 9: 924–935. DOI: 
10.1111/j.1600-0854.2008.00737.x [PubMed: 18363777] 

Dharan and Sorkin Page 16

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Sorre B, Callan-Jones A, Manzi J, Goud B, Prost J, Bassereau P, Roux A. Nature of curvature coupling 
of amphiphysin with membranes depends on its bound density. Proc Natl Acad Sci USA. 2012; 
109: 173–178. DOI: 10.1073/pnas.1103594108 [PubMed: 22184226] 

Stipp CS, Kolesnikova TV, Hemler ME. EWI-2 Is a Major CD9 and CD81 Partner and Member of a 
Novel Ig Protein Subfamily. J Biol Chem. 2001; 276: 40545–40554. [PubMed: 11504738] 

Stipp CS, Kolesnikova TV, Hemler ME. Functional domains in tetraspanin proteins. Trends Biochem 
Sci. 2003; 28: 106–112. [PubMed: 12575999] 

Susa KJ, Seegar TCM, Blacklow SC, Kruse AC. A dynamic interaction between cd19 and the 
tetraspanin CD81 controls B cell co-receptor trafficking. Elife. 2020; 9 e52337 doi: 10.7554/
eLife.52337 [PubMed: 32338599] 

Susa KJ, Rawson S, Kruse AC, Blacklow SC. Cryo-EM structure of the B cell co-receptor CD19 
bound to the tetraspanin CD81. Science. 2021; 371: 300–305. DOI: 10.1126/science.abd9836 
[PubMed: 33446559] 

Susa KJ, Kruse AC, Blacklow SC. Tetraspanins: structure, dynamics, and principles of partner-protein 
recognition. Trends Cell Biol. 2023; 34: 509–522. DOI: 10.1016/j.tcb.2023.09.003 [PubMed: 
37783654] 

Suwatthanarak T, Ito K, Tanaka M, Sugiura K, Hoshino A, Miyamoto Y, Miyado K, Okochi M. 
A peptide binding to the tetraspanin CD9 reduces cancer metastasis. Biomater Adv. 2023; 146 
213283 [PubMed: 36640525] 

Takeda Y, Tachibana I, Miyado K, Kobayashi M, Miyazaki T, Funakoshi T, Kimura H, Yamane H, 
Saito Y, Goto H, et al. Tetraspanins CD9 and CD81 function to prevent the fusion of mononuclear 
phagocytes. J Cell Biol. 2003; 161: 945–956. DOI: 10.1083/jcb.200212031 [PubMed: 12796480] 

Tejera E, Rocha-Perugini V, López-Martıń S, Pérez-Hernández D, Bachir AI, Horwitz AR, Vázquez 
J, Sánchez-Madrid F, Yáñez-Mo M. CD81 regulates cell migration through its association with 
Rac GTPase. Mol Biol Cell. 2013; 24: 261–273. DOI: 10.1091/mbc.E12-09-0642 [PubMed: 
23264468] 

Tognoli ML, Dancourt J, Bonsergent E, Palmulli R, de Jong OG, Van Niel G, Rubinstein E, Vader P, 
Lavieu G. Lack of involvement of CD63 and CD9 tetraspanins in the extracellular vesicle content 
delivery process. Commun Biol. 2023; 6: 532. doi: 10.1038/s42003-023-04911-1 [PubMed: 
37198427] 

Tsai YC, Weissman AM. Dissecting the diverse functions of the metastasis suppressor CD82/KAI1. 
FEBS Lett. 2011; 585: 3166–3173. DOI: 10.1016/j.febslet.2011.08.031 [PubMed: 21875585] 

Umeda R, Satouh Y, Takemoto M, Nakada-Nakura Y, Liu K, Yokoyama T, Shirouzu M, Iwata S, 
Nomura N, Sato K, et al. Structural insights into tetraspanin CD9 function. Nat Commun. 2020; 
11: 1–7. DOI: 10.1038/s41467-020-15459-7 [PubMed: 31911652] 

Van Deventer SJ, Dunlock VME, Van Spriel AB. Molecular interactions shaping the tetraspanin web. 
Biochem Soc Trans. 2017; 45: 741–750. [PubMed: 28620035] 

van Deventer S, Arp AB, van Spriel AB. Dynamic Plasma Membrane Organization: A Complex 
Symphony. Trends Cell Biol. 2021; 31: 119–129. [PubMed: 33248874] 

van Niel G, Charrin S, Simoes S, Romao M, Rochin L, Saftig P, Marks MS, Rubinstein E, 
Raposo G. The Tetraspanin CD63 Regulates ESCRT-Independent and -Dependent Endosomal 
Sorting during Melanogenesis. Dev Cell. 2011; 21: 708–721. DOI: 10.1016/j.devcel.2011.08.019 
[PubMed: 21962903] 

Van Spriel AB, De Keijzer S, Van Der Schaaf A, Gartlan KH, Sofi M, Light A, Linssen PC, Boezeman 
JB, Zuidscherwoude M, Reinieren-Beeren I, et al. The tetraspanin CD37 orchestrates the α4β1 
integrin-Akt signaling axis and supports long-lived plasma cell survival. Sci Signal. 2012; 5 ra82 
[PubMed: 23150881] 

Vences-Catalán F, Rajapaksa R, Srivastava MK, Marabelle A, Kuo CC, Levy R, Levy S. Tetraspanin 
CD81 promotes tumor growth and metastasis by modulating the functions of T regulatory and 
myeloid-derived suppressor cells. Cancer Res. 2015; 75: 4517. 4526 [PubMed: 26329536] 

Vences-Catalán F, Kuo CC, Rajapaksa R, Duault C, Andor N, Czerwinski DK, Levy R, Levy S. CD81 
is a novel immunotherapeutic target for B cell lymphoma. J Exp Med. 2019; 216: 1497–1508. 
DOI: 10.1084/jem.20190186 [PubMed: 31123084] 

Dharan and Sorkin Page 17

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Vences-Catalán F, Rajapaksa R, Kuo CC, Miller CL, Lee A, Ramani VC, Jeffrey SS, Levy R, Levy S. 
Targeting the tetraspanin CD81 reduces cancer invasion and metastasis. Proc Natl Acad Sci USA. 
2021; 118 e2018961118 doi: 10.1073/pnas.2018961118 [PubMed: 34099563] 

Wang Y, Yang Q, Meng X, Wijaya CS, Ren X, Xu S. Recruitment of tetraspanin TSP-15 to epidermal 
wounds promotes plasma membrane repair in C. elegans. Dev Cell. 2022; 57: 1630–1642. e4 
[PubMed: 35777354] 

Willms E, Cabanãs C, Mäger I, Wood MJA, Vader P. Extracellular vesicle heterogeneity: 
Subpopulations, isolation techniques, and diverse functions in cancer progression. Front 
Immunol. 2018; 9: 738. doi: 10.3389/fimmu.2018.00738 [PubMed: 29760691] 

Wojnacki J, Lujan AL, Brouwers N, Aranda-vallejo C, Bigliani G, Rodriguez MP, Foresti O, Malhotra 
V. Tetraspanin-8 sequesters syntaxin-2 to control biphasic release propensity of mucin granules. 
Nat Commun. 2023; 14 3710 doi: 10.1038/s41467-023-39277-9 [PubMed: 37349283] 

Wu D, Xu Y, Ding T, Zu Y, Yang C, Yu L. Pairing of integrins with ECM proteins determines 
migrasome formation. Cell Res. 2017; 27: 1397–1400. DOI: 10.1038/cr.2017.108 [PubMed: 
28829047] 

Wuttig D, Zastrow S, Füssel S, Toma MI, Meinhardt M, Kalman K, Junker K, Sanjmyatav J, Boll 
K, Hackermüller J, et al. CD31, EDNRB and TSPAN7 are promising prognostic markers in 
clear-cell renal cell carcinoma revealed by genome-wide expression analyses of primary tumors 
and metastases. Int J Cancer. 2012; 131: E693–E704. [PubMed: 22213152] 

Xu-Monette ZY, Li L, Byrd JC, Jabbar KJ, Manyam GC, De Winde CM, Van Den Brand M, Tzankov 
A, Visco C, Wang J, et al. Assessment of CD37 B-cell antigen and cell of origin significantly 
improves risk prediction in diffuse large B-cell lymphoma. Blood. 2016; 128: 3083–3100. DOI: 
10.1182/blood-2016-05-715094 [PubMed: 27760757] 

Yáñez-Mó M, Barreiro O, Gordon-Alonso M, Sala-Valdés M, Sánchez-Madrid F. Tetraspanin-enriched 
microdomains: a functional unit in cell plasma membranes. Trends Cell Biol. 2009; 19: 434–446. 
[PubMed: 19709882] 

Yang XH, Mirchev R, Deng X, Yacono P, Yang HL, Golan DE, Hemler ME. CD151 restricts the α6 
integrin diffusion mode. J Cell Sci. 2012; 125: 1478–1487. DOI: 10.1242/jcs.093963 [PubMed: 
22328509] 

Yang Y, Liu XR, Greenberg ZJ, Zhou F, He P, Fan L, Liu S, Shen G, Egawa T, Gross ML, et al. Open 
conformation of tetraspanins shapes interaction partner networks on cell membranes. EMBO J. 
2020; 39 e105246 doi: 10.15252/embj.2020105246 [PubMed: 32974937] 

Yauch RL, Berditchevski F, Harler MB, Reichner J, Hemler ME. Highly stoichiometric, stable, and 
specific association of integrin α3β1 with CD151 provides a major link to phosphatidylinositol 
4-kinase, and may regulate cell migration. Mol Biol Cell. 1998; 9: 2751–2765. DOI: 10.1091/
mbc.9.10.2751 [PubMed: 9763442] 

Yu S, Yu L. Migrasome biogenesis and functions. FEBS J. 2022; 289: 7246–7254. DOI: 10.1111/
febs.16183 [PubMed: 34492154] 

Zhang XA, Huang C. Tetraspanins and cell membrane tubular structures. Cell Mol Life Sci. 2012; 69: 
2843–2852. DOI: 10.1007/s00018-012-0954-0 [PubMed: 22450717] 

Zhang F, Michaelson JE, Moshiach S, Zhang J, Xu Y, Xu J, Zheng S, Yang H. Tetraspanin CD151 
maintains vascular stability by balancing the forces of cell adhesion and cytoskeletal tension. 
Blood. 2014; 123 3843 doi: 10.1182/blood-2011-03-339531 [PubMed: 21832275] 

Zhang Y, Wang J, Ding Y, Zhang J, Xu Y, Xu J. Migrasome and tetraspanins in vascular homeostasis: 
concept, present, and future. Front Cell Dev Biol. 2020; 8: 438. doi: 10.3389/fcell.2020.00438 
[PubMed: 32612990] 

Zhang C, Li T, Yin S, Gao M, He H, Li Y, Jiang D, Shi M, Wang J, Yu L. Monocytes deposit 
migrasomes to promote embryonic angiogenesis. Nat Cell Biol. 2022; 24: 1726–1738. [PubMed: 
36443426] 

Zhu M, Zou Q, Huang R, Li Y, Xing X, Fang J, Ma L, Li L, Yang X, Yu L. Lateral transfer of 
mRNA and protein by migrasomes modifies the recipient cells. Cell Res. 2021; 31: 237–240. 
DOI: 10.1038/s41422-020-00415-3 [PubMed: 32994478] 

Dharan and Sorkin Page 18

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Zimmerman B, Kelly B, McMillan BJ, Seegar TCM, Dror RO, Kruse AC, Blacklow SC. Crystal 
structure of a full-length human tetraspanin reveals a cholesterol-binding pocket. Cell. 2016; 167: 
1041–1051. e11 doi: 10.1016/j.cell.2016.09.056 [PubMed: 27881302] 

Zuidema A, Wang W, Sonnenberg A. Crosstalk between cell adhesion complexes in regulation of 
mechanotransduction. BioEssays. 2020; 42 e2000119 [PubMed: 32830356] 

Zuidscherwoude M, Göttfert F, Dunlock VME, Figdor CG, van den Bogaart G, Spriel AB. The 
tetraspanin web revisited by super-resolution microscopy. Sci Rep. 2015; 5 12201 doi: 10.1038/
srep12201 [PubMed: 26183063] 

Zuidscherwoude M, Dunlock VME, Van Den Bogaart G, Van Deventer SJ, Van Der Schaaf A, Van 
Oostrum J, Goedhart J, In’t Hout J, Hämmerling GJ, Tanaka S, et al. Tetraspanin microdomains 
control localized protein kinase C signaling in B cells. Sci Signal. 2017; 10 eaag2755 [PubMed: 
28487417] 

Dharan and Sorkin Page 19

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 1. Structures of TSPANs.
(A) Schematic representation of the general TSPAN structure. The schematic illustrates 

the N and C termini; the extracellular loop EC1, connecting TM1 and TM2; the short 

intracellular loop (IC), connecting TM2 and TM3; and the extracellular loop EC2, 

connecting TM3 and TM4. (B–D) Crystal structures of (B) CD81 (PDB 5TCX; Zimmerman 

et al., 2016), (C) CD9 (PDB 6K4J; Umeda et al., 2020) and (D) CD53 (PDB 6WVG; Yang 

et al., 2020). (E) Cryo-EM structure of the TSPAN15–ADAM10 complex (PDB 8ESV; 

Lipper et al., 2023). (F) Cryo-EM structure of a PRPH2–ROM1 heterodimer (PDB 7ZW1; 

El Mazouni and Gros, 2022). In panels A–F, the main protein domains are colored as 

follows: TM1, blue; TM2, cyan; TM3, dark green; TM4, purple; EC1, black; EC2, red. 

ADAM10 is shown in light green. (G) Closed (PDB 5TCX; Zimmerman et al., 2016) and 

open (PDB 7JIC; Susa et al., 2021) conformations of CD81. Structures generated with 

PyMOL.
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Fig. 2. TSPANs are enriched in curved membranes.
(A) Schematic illustration showing TSPAN enrichment (CD9 and CD81 depicted as 

examples) in exosomes during exosome formation, driven by high membrane curvature. 

(B) Schematic illustration of an egg cell with microvilli and an attached sperm cell (left), 

and retraction fibers generated at the rear of a migrating cell (right). The image shown in the 

middle depicts a cross section of a curved membrane tube, highlighting that both microvilli 

and retraction fibers are membrane tubes exhibiting high curvature, which induces TSPAN 

enrichment.
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Fig. 3. TSPANs are enriched in migrasomes and retraction fibers.
(A) Schematic representation of a cell with retraction fibers and migrasomes. The insets 

show a cross section of a retraction fiber (top) and a migrasome at a three-tube junction 

(bottom), illustrating that the retraction fibers and migrasomes are enriched with several 

TSPANs, such as TSPAN4. (B) TSPAN migration during migrasome formation. The 

illustration depicts a cross section of a retraction fiber with a migrasome pulled from a 

cell. (1) First, TSPAN4 partitions from the cell to the higher curvature of the retraction 

fiber. (2) Next, TSPAN4 forms membrane domains in the retraction fiber. (3) Then, TSPAN4 

membrane domains become enriched in the migrasome.

Dharan and Sorkin Page 22

J Cell Sci. Author manuscript; available in PMC 2025 June 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 4. TSPAN membrane domains in fusion and repair.
(A) TSPANs promote membrane fusion, as illustrated in this example of MERS-CoV 

infecting a cell. TSPANs are present on the cell membrane and coalesce receptors (such 

as DPP4) and proteases (such as TMPRSS2), forming domains (left) that facilitate fusion 

(right). (B) TSPAN membrane domains facilitate membrane damage repair. Schematic 

illustration of a TSPAN4 membrane domain (purple) around a membrane hole to aid 

membrane damage repair.
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