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Abstract 

The multi-subunit endosomal sorting complex required for transport (ESCRT) machinery is a 

key regulator of cellular membrane dynamics. Initially characterized in the budding yeast 

Saccharomyces cerevisiae for its involvement in cargo sorting to the vacuole, the yeast 

lysosome, this protein complex has emerged over the past decade as a driver for diverse 

membrane remodeling processes. Their pleiotropic functional connection is mirrored in 

numerous cellular processes such as cytokinetic abscission during the final step of cell 

division, nuclear pore quality control, nuclear envelope sealing and repair, plasma membrane 

repair, vesicle shedding from the plasma membrane, viral budding, and axonal pruning. 

Common to all the processes regulated by the ESCRT machinery is their assembly on the 

cytosolic side of the respective membrane to stabilize concave membranes, budding, and 

scission of narrow membrane necks away from the cytosol. Thus, this machinery has 

evolved to perform a number of functions in membrane dynamics, and given its importance it 

is not surprising that dysfunctional ESCRT machinery has been implicated in several 

diseases. In this mini-review we summarize the role of ESCRT proteins in membrane 

deformation specifically during membrane sealing and repair. 

  



Introduction 

The evolutionarily conserved endosomal sorting complex required for transport (ESCRT) 

proteins were originally identified in a yeast genetic screen as class E vps (vacuolar protein 

sorting) mutants due to endosomal accumulation and missorting of vacuolar proteins (CPY 

and V-ATPase), and were named after their role in sorting of membrane proteins from 

endosomes to lysosomes by mediating the formation of multivesicular endosomes (MVEs) 

[1, 2]. The intense research that followed their initial discovery has uncovered that the 

ESCRT machinery constitutes four multimeric protein core complexes termed ESCRT-0, 

ESCRT-I, ESCRT-II, ESCRT-III plus the VPS4 ATPase complex and additional accessory 

proteins such as Bro1 protein family members. Normally localized in the cytoplasm, ESCRTs 

get sequentially recruited by different classes of adaptor proteins to different membranes.  

It is now clear that recruitment of ESCRT proteins to various membranes is a finely tuned 

process, which involves distinct mechanisms. For instance, the ESCRT-0 complex is crucial 

for consecutive recruitment of other ESCRT components to endosomes, CEP55 mediates 

recruitment of ESCRT-I and the Bro-domain protein ALIX to intercellular bridges to facilitate 

cytokinetic abscission, and CHMP7 recruits ESCRT-III to the reforming or ruptured nuclear 

envelope [3-6]. The human immunodeficiency virus-1 structural protein Gag employs late 

assembly domains to bind the ESCRT-I subunit via its ubiquitin enzyme variant domain to 

promote virus budding from the plasma membrane [7-10]. Therefore, not all ESCRT-

mediated biological processes require all complexes, but ESCRT-III and VPS4 appear to be 

universally required. 

In mammalian cells, the ESCRT-0 complex comprises HRS (hepatocyte growth factor-

regulated tyrosine kinase substrate) and STAM (signal transducing adaptor molecule) which 

interact in an equimolar ratio via coiled-coil GAT domains. Besides two intertwined GAT 

domains, an amino-terminal VHS domain, ubiquitin- and clathrin- binding domains, another 

characteristic feature of the HRS subunit is its ability to bind the endosomal lipid 

phosphatidylinositol 3-phosphate (PtdIns(3)P) through its FYVE zinc-finger domain [11, 12]. 

The interaction of the Hrs subunit with PtdIns(3)P triggers ESCRT recruitment to endosomes 

[13]. PtdIns(3)P bound HRS recruits the ESCRT-I complex via binding to TSG101 (tumor 

susceptibility gene 101), a subunit of ESCRT-I to initiate the assembly of the other ESCRTs 

[3, 14]. The ESCRT-I complex comprises four subunits TSG101, VPS28, VPS37, MVB12 

(multivesicular sorting factor 12) or Ubap1 (ubiquitin-associated protein 1), which are able to 

interact with both ESCRT-0 and ESCRT-II at the opposite ends of the complex. Via its 

carboxy-terminal domain, VPS28 interacts with a stable heterotetrameric complex ESCRT-II, 

by binding to the subunit EAP45 (ELL-associated protein 45). Finally, the subunits of the 

ESCRT-III complex, the CHMP proteins (charged multivesicular body proteins, or chromatin 

modifying proteins) such as CHMP2, CHMP3, CHMP4, CHMP6 and their isoforms, are 

assembled to form the central hub for membrane scission.  

Among the CHMP proteins, CHMP6, which nucleates ESCRT-III assembly on membranes, is 

thought to interact directly with membranes via myristoylation. In addition, another CHMP 

protein, CHMP4B, can bind to accessory Bro1 domain proteins such as ALIX (ALG-2 

interacting protein X; ALG-2: apoptosis-linked gene 2), HD-PTP (His-domain protein tyrosine 

pseudophosphatase) and BROX [6, 15-18]. CHMP4B is the most abundant of the CHMP 

proteins, but all CHMPs share the common feature that they are soluble in the cytosol in their 

closed, autoinhibited stage, and polymerize upon activation and conformational change on 



membranes. However, the exact mechanism on how ESCRT-III filaments sculpt, constrict 

and cut membranes in vivo is unclear. Nonetheless, ESCRT-III’s ability to sever membrane 

necks of different sizes is striking. For example, in mammalian cells the intraluminal vesicles 

(ILVs) in MVEs have a diameter of 50 nm, while the cytokinetic bridge is constricted to up to 

200 nm prior to the abscission [19-21]. Finally, membrane constriction and the dissociation of 

ESCRT complexes from membranes is catalyzed by the ATPase VPS4. Recent reports have 

revealed the ability of membrane-recruited ESCRT-III subunits to constrict and sever narrow 

membrane necks not only at the endosomes but also at the cytoplasmic side of other cellular 

membranes that undergo bending and deformation such as the plasma membrane and 

nuclear envelope. 

ESCRTs in membrane remodeling: new pits old fix 

Classical COP-I, COP-II, and clathrin-mediated budding events involve vesicle budding into 

the cytoplasm. Briefly, coat proteins encapsulate the newly forming vesicle, whereby adaptor 

proteins help to sequester cargo and promote vesicle maturation and a scission process that 

liberates the vesicle from the source membrane. The ESCRT machinery is unique in that it 

creates “inverse” membrane deformation, which is topologically consistent between the 

ESCRT-dependent processes, yet mechanistically distinct from classical membrane budding. 

It results in membrane curvature that pushes away from the cell cytoplasm, without providing 

a coat around the forming membrane bud. Therefore, it is of fundamental importance to 

understand how the ESCRT machinery draws the opposing membranes together and 

mediates fission. The subcomplex that is most directly involved in membrane reshaping is 

ESCRT-III with its subunits visualized by electron microscopy to polymerize into many 

different forms such as spirals, tubes, coils and cones [22-24]. Its capability of polymerizing 

into different structures further points to the complexity of the remodeling process and 

various roles at the different steps. 

Recently, in vitro reconstitution systems have allowed for measuring the kinetics of ESCRT 

assembly [25, 26]. These analyses have shown that nucleation of CHMP4B filaments occurs 

faster on negatively curved membranes than on flat membranes and is accelerated by the 

presence of ESCRT-II and CHMP6 proteins. On the other hand, the kinetics of CHMP4B 

polymerization is independent of membrane curvature and upstream targeting factors. Thus 

far, the precise scission mechanism is unclear. There are several models suggested so far, 

e.g. dome, reverse dome and buckling models [17, 22, 27]. Briefly, the dome model holds 

that ESCRT-III filaments spiral inward while forming consecutively narrow rings. The spiraling 

dome model is attractive since ESCRT-III assemblies could initially form rings of different 

sizes. Here, VPS4 could help further contracting the polymers or even help during the 

hemifission to fission transition [16, 28, 29]. The reverse dome model describes the same 

type of constrictions but from the opposite side. The role of VPS4 could be a remodeling of 

the ESCRT-III assembly as it would have to invert eventually. Finally, in the third model 

nucleation happens at the negative membrane curvature and filaments then grow outwards 

from the narrowest point towards the center. Of note, ESCRT proteins operate at different 

biological locations and mechanisms of their recruitment are highly adaptable and so might 

be their mechanisms of scission. 

 

ESCRTs in plasma membrane repair 

 



The ability of eukaryotic cells to reseal damaged membranes within a few seconds is 

essential for their viability. The plasma membrane (PM) can be damaged by a number of 

different stressors such as mechanical rupture, pathological conditions and various toxins 

that can form holes of different sizes and shapes. Maintaining PM integrity is crucial for cell 

homeostasis and survival. Calcium influx through small PM lesions (<100 nm) triggers 

ESCRT recruitment and their involvement in a repair mechanism. Interestingly, neither 

ESCRT-0, ESCRT-II nor CHMP-6 have been identified as recruiters of ESCRT-III complex at 

the sites of PM damage. Instead, together with the EF-hand calcium sensor ALG-2, ALIX is 

the key recruiter of TSG101 and ESCRT-III machinery [30, 31]. At the site of damage, other 

ESCRT subunits that appear to colocalize with CHMP4B-positive spots are the ESCRT-III 

subunits CHMP3, CHMP2A, and CHMP2B, and the ESCRT-III-related CHMP1A, with 

maximum levels of CHMP4B observed at the wound closure [30, 31]. Keeping in mind the 

topology of the ESCRT machinery, it is reasonable to assume that it works by promoting 

extracellular budding of the damaged membrane area, thereby coordinating wound removal 

with abscission of an extracellular vesicle (Fig. 1C). ESCRT recruitment is rapid and happens 

as early as 30 seconds to 4 minutes after injury, followed by the repair of the wound within 

minutes after damage. Whereas recruitment of CHMP4B to the sites of damage is energy 

independent, both membrane repair and ESCRT-mediated shedding are energy dependent 

[30]. In addition, the ATPase responsible for the disassembly of ESCRT-III polymers, VPS4, 

is also employed to the sites of the damage. Another mechanism of PM repair triggered by 

elevated levels of intracellular calcium is mediated by lysosomal fusion with the PM. Here, 

the lysosomal enzyme acid sphingomyelinase triggers loss of PM tension by inserting into it 

[32-34]. 

 

 

ESCRTs in nuclear envelope sealing and repair 

 

The nuclear envelope (NE) is a bilayered membrane that separates chromatin from the 

cytoplasm. Besides providing nucleo-cytoplasmic compartmentalization, the NE physically 

protects the cell's genome integrity. Remodeling of the NE is required for cell growth, division 

and differentiation, and if perturbed can lead to devastating diseases [35]. Studies on NE 

reformation in late anaphase have established an essential role of the ESCRT machinery in 

the closure of remaining gaps in the NE [5, 36, 37]. Here, the ESCRT-II and -III-related 

protein CHMP7 recruits ESCRT-III to assemble at the microtubule-traversed holes of the 

growing NE. Together with the ATPase Spastin, ESCRT-III and VPS4 promote NE sealing 

and microtubule severing [5]. A recent study has uncovered that LEM (LAP2, emerin, MAN1) 

domain proteins, which are found in the inner NE, can recruit CHMP7 during NE reformation 

[38]. This suggests that ESCRT-III proteins may enter the nucleoplasm in order to initiate 

membrane sealing. 

 

Interestingly, ESCRT-dependent repair mechanisms of interphase NE lesions that arise upon 

nuclear deformation in migrating cells appear to be parallel in major parts to their role in NE 

sealing upon mitotic exit [5, 36, 39, 40]. Like with NE sealing during mitotic exit, CHMP7 is 

the key initiator of CHMP4B filament assembly upon NE damage, which ultimately drives 

nuclear membrane repair [38]. For long it has been assumed that a ruptured NE would have 

lethal consequences for the cell as cytoplasmic nucleases that normally protect cells from 

foreign DNA could potentially enter the nucleus and damage the endogenous genome [41]. 

However, in recent years it has been shown that during interphase transient NE rupture 



allows exchange of the molecules between the cytoplasm and the nucleus [42-45]. In 

addition, it has been shown that cells are able to overcome and restore NE integrity even 

after repeated NE rupture [39, 40]. The exact mechanism by which the ESCRT-III machinery 

and VPS4 function in mediating NE repair remains largely elusive. A possible model could be 

that due to NE rupture, highly unstable exposed hydrophilic domains of the inner- and outer- 

nuclear membrane fuse to each other and create a channel connecting cytoplasm and 

nuclear interior. An interaction of the LEM-domain proteins and CHMP7 at the sites of fusion 

could further recruit CHMP4B to assemble into a filament (Fig. 1B). The polymerized 

ESCRT-III subunits containing CHMP2A could in turn recruit the ATPase VPS4B. Finally, 

tightening of the ESCRT-III filaments would further lead to channel closure and eventually 

membrane scission. 

 

Conclusions and Perspectives  

The ESCRT machinery has emerged as a central player in sealing of two very different 

membranes, the PM and the NE. In spite of the differences, the two ESCRT-mediated 

sealing processes are likely to be mechanistically related. If we consider the canonical 

function of ESCRTs in ILV formation in endosomes (Fig. 1A), the topology of sealing of the 

double membrane of the NE would be similar (Fig. 1B), as would the topology of ESCRT-

mediated shedding of PM vesicles that contain lesions (Fig. 1C). However, the latter 

mechanisms still have to be experimentally verified. 

 

Concerning other cellular membranes, we know that endolysosomal membranes in particular 

can be damaged by a number of different compounds such as reactive oxygen species 

(ROS), amphiphilic drugs, bacterial toxins or cholesterol crystals. Therefore, it is reasonable 

to assume that cellular mechanisms must exist for the repair of damaged endosomes and 

lysosomes. What is known so far is that damaged organelles are engulfed and degraded by 

autophagy when severely damaged, but very little is known about what happens to these 

organelles when containing only minor lesions in their membranes. Very recently, it has been 

shown that during limited damage of the lysosome membrane, the ESCRT machinery is 

recruited to repair the damage prior to eventual engagement of the autophagic machinery 

[46]. Thus, lysosome repair can be added to the list of ESCRT-mediated membrane repair 

processes, and it will be interesting to learn about the physiological importance of this novel 

repair mechanism. 
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Figure legend 

Figure 1: Schematic representation of ESCRT-mediated sealing processes 

A) In MVB biogenesis, ESCRT-0 initiates the process by capturing ubiquitinated 

cargo in the endosome membrane and recruiting ESCRT-I, -II and -III. 

B) During nuclear envelope sealing, interaction of CHMP7 and LEM-domain proteins results 

in recruitment of the ESCRT-III complex. 

C) ESCRT-mediated shedding of plasma membrane vesicles containing lesions. Here, 

ESCRT-III is recruted by ALG-2/ALIX and the ESCRT-I complex. 

Abbreviations: MVB, multivesicular body; ILV, intraluminal vesicles; ONM, outer nuclear 

membrane; INM, inner nuclear membrane. 
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