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Migrasomes are recently discovered cellular organelles whose 
formation is closely associated with cell migration. When 
cells crawl on extracellular substrates, long membrane pro-

jections, referred to as retraction fibres (RFs), are pulled out of the 
plasma membrane at the rear of the cell1. The RFs serve as tethers 
stretched between the cell body and the substrate2. Migrasomes are 
large vesicle-like structures that start to grow on the RFs hours after the 
initiation of RF formation3. Eventually, as the cell migrates away, the 
connections between the cell and the RFs break, the RFs disintegrate 
and the migrasomes detach from the cell. During zebrafish gastru-
lation, migrasomes release developmental cues, including CXCL12, 
into defined locations in embryos to modulate organ morphogen-
esis4. Thus, migrasomes have been proposed to provide a mechanism 
for integrating and relaying spatiotemporal chemical information for 
cell–cell communication4. So far, the molecular mechanism underly-
ing migrasome formation has never been addressed.

Tetraspanin 4 (TSPAN4) was previously shown to be abundant 
in the migrasome membrane2. Proteins of the tetraspanin family, 
which has 33 members, are present in every cell type, and all of 
them contain four transmembrane domains5. Tetraspanins can lat-
erally segregate in the membrane plane into tetraspanin-enriched 
microdomains (TEMs)6, which are around 100 nm in size, and con-
tain, in addition to tetraspanins, a high concentration of cholesterol 
and a set of tetraspanin-associated proteins7,8.

Results
TSPAN4 is necessary for migrasome formation. We found that 
overexpression of 14 out of the 33 known mammalian tetraspan-
ins enhanced migrasome formation (Fig. 1a). Among these 14 tet-
raspanins, 9 had a strong effect (Fig. 1a). Since TSPAN4 is one of 
most effective tetraspanins for migrasome induction, we chose it for  
in-depth study.

To study whether the TSPAN4 expression level can affect mig-
rasome formation, we established three normal rat kidney (NRK) 
epithelial cell lines that stably express different levels of TSPAN4 
and green fluorescent protein (GFP) (Fig. 1b,d; Supplementary  
Fig. 1a). We found that overexpression of TSPAN4 enhanced mig-
rasome formation in a dose-dependent manner (Fig. 1b,c). It is 
worth noting that TSPAN4-GFP appears as a smeared double band 
on western blots, which is a result of glycosylation (Supplementary 
Fig. 1b). Among the nine tetraspanins that can significantly induce 
migrasome formation, TSPAN4 was the most highly expressed in 
human gastric carcinoma MGC-803 cells (Supplementary Fig. 1c) 
and NRK cells (Supplementary Table 1).

To test whether TSPAN4 is required for migrasome forma-
tion, we generated TSPAN4 knockout cell lines using the clustered 
regularly interspaced short palindromic repeats (CRISPR)–Cas9 
technique. Knockout of TSPAN4 did indeed impair migra-
some formation in MGC-803 cells (Fig. 1e–g) and NRK cells 
(Supplementary Fig. 1d,e).

Altogether, these data suggest that tetraspanins are necessary 
for migrasome formation. It is worth noting that in L929 cells 
(NCTC clone 929 of strain L, mouse connective tissue), knock-
ing out Tspan4 did not impair migrasome formation, presumably 
due to the presence of other migrasome-forming tetraspanins 
(Supplementary Fig. 1f).

Dynamics of TSPAN4 recruitment to migrasomes during mig-
rasome formation. Next, we studied the dynamics of TSPAN4 
repartitioning on RF membranes during the course of migrasome 
biogenesis. First, we measured the mean fluorescence intensity of 
TSPAN4-GFP on migrasomes and RFs. We found that during the 
rapid initial phase of migrasome growth, the mean intensity of 
TSPAN4-GFP rose on migrasomes, while it slightly decreased on 
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RFs (Fig. 2a,b). After the migrasomes reached their maximal size, 
the mean intensity of migrasomal TSPAN4-GFP remained constant 
(Fig. 2a,b). The migrasomal state characterized by a constant size 
and TSPAN4 intensity will be referred to as the steady phase.

To substantiate this observation, we carried out fluorescence 
recovery after photobleaching (FRAP) assays on migrasomes dur-
ing the growth and steady phases. We observed a fast recovery 
of the migrasomal TSPAN4 signal in the growth phase (Fig. 2c; 
Supplementary Fig. 2a–c), whereas in the steady phase, the TSPAN4 

signal did not recover at all (Fig. 2c; Supplementary Fig. 2a–c). These 
results further support the conclusion that TSPAN4 is recruited to 
migrasomes during the growth phase. The recruitment of TSPAN4 
stops after a migrasome enters the steady phase.

The recovery of bleached TSPAN4-GFP in migrasomes during 
the growth phase indicates that TSPAN4-GFP can be recruited from 
RFs to migrasomes. Next, we tested whether TSPAN4-GFP can also 
move in the opposite direction; that is, from a migrasome to the 
RF membrane. For this purpose, we bleached the TSPAN4-GFP  
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Fig. 1 | TSPaN4 is necessary for migrasome formation. a, All 33 members of the tetraspanin family were analysed for their ability to induce migrasome 
formation following overexpression in NRK cells. Migrasome numbers were quantified based on fluorescent images taken by confocal microscopy. The 
experiment was done once. Data shown represent the mean ± s.e.m.; n ≥ 100 cells. *P < 0.05, **P < 0.01, ***P < 0.001. Red outlines, groups showed 
significant difference; black outlines, groups showed no significant difference. Exact sample sizes and P values are presented in Supplementary Table 4. 
b, NRK cells (cell numbers 10, 42 and 20) stably expressing different levels of TSPAN4-GFP were analysed for the number of migrasomes by confocal 
microscopy. Scale bar, 10 µm. c, The number of migrasomes per 100 µm of RF from images like those shown in b was quantified. Data shown represent the 
mean ± s.e.m.; n = 54 (no. 10), 47 (no. 42) and 54 (no. 20) cells, each pooled from 3 independent experiments. d, The TSPAN4-GFP expression level of cell 
lines from b was analysed by western blotting. e, A TSPAN4 knockout (KO) MGC-803 cell line was established using the CRISPR–Cas9 technique. Wild-
type (WT) and TSPAN4 KO cells were analysed by confocal microscopy for the number of migrasomes. Scale bar, 10 µm. f, Cells from WT and TSPAN4 KO 
MGC-803 cells were quantified for the migrasome number per 100 µm of RFs. Data shown represent the mean ± s.e.m.; n = 100 cells for each genotype, 
each pooled from 3 independent experiments. g, Verification of the MGC-803 TSPAN4 KO cell line by PCR. The unprocessed blots images related to d 
are presented in Supplementary Fig. 6. Experiments related to b–g were independently repeated three times. Two-tailed unpaired t-tests were used for 
statistical analyses. The statistical details for a, c and f are available in Supplementary Table 4.
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Fig. 2 | Dynamics of TSPaN4 recruitment to migrasomes during migrasome formation. a, Time-lapse imaging of migrasome (M) formation. Green 
signal, TSPAN4-GFP. Scale bar, 2 µm. b, Three migrasomes and two sections of RFs in a were analysed for the change of mean TSPAN4-GFP fluorescence 
intensity during migrasome formation. c, Normalized intensity of TSPAN4-GFP on growth-phase and steady-phase migrasomes was analysed during  
FRAP assays. n = 37 for growth-phase migrasomes, n = 39 for steady-phase migrasomes; data from 26 independent experiments, mean ± s.e.m.  
d, Working model of FRAP analysis of RFs. RF tail 1 is directly connected to the cell body, tails 2 and 3 are separated from the cell body by migrasomes.  
e, Time-lapse images showing FRAP analysis of RFs in TSPAN4-GFP-expressing NRK cells. Tails 1, 2 and 3 are localized as shown in the working model in d. 
Scale bar, 2 µm. f, Normalized mean fluorescence intensity of TSPAN4-GFP on RFs in e. g, Normalized intensity of TSPAN4-GFP on no-migrasome RF tails 
and with-migrasome RF tails (like RF tails1, 2 and 3 in d). n = 13 for no-migrasome RF tails, n = 18 for with-migrasome RF tails; data from 15 independent 
experiments, mean ± s.e.m. h, TSPAN4-GFP-expressing NRK cells were imaged by galvanometer scanning mode (1 frame s–1) and resonant scanning mode 
(30 frames s–1). Scale bars, 10 µm, 5 µm (zoomed-in images). i, Time-lapse images of a migrasome and RF on a TSPAN4-GFP-expressing cell obtained by 
resonant scanning mode. Scale bar, 5 µm. j, Time-lapse images of a migrasome using the resonant scanning mode. Scale bar, 2.5 µm. k, Time course of the 
normalized mean fluorescence intensity of TSPAN4-GFP in migrasomes analysed by FRAP as in j. l, Time-lapse images of a migrasome taken by resonant 
scanning mode using TSPAN4-mMaple3 photoconverted from green to red by 405 nm laser irradiation. Scale bar, 2.5 µm. Experiments were independently 
repeated 9 times (a and b), 26 times (c), 15 times (e–g), 3 times (h), 7 times (i); 12 times (j and k), or 10 times (l). The statistical details for c and g are 
available in Supplementary Table 4.
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Fig. 3 | The migrasomal membrane is a TEMa. a, TSPAN4-expressing NRK cells were stained using filipin III. Scale bar, 10 µm. b, Single-molecule counting 
by PALM. Upper left: PALM image of a migrasome and RF from NRK TSPAN4-mMaple3 cells. Upper right: the location of single TSPAN-mMaple3 
molecules; colour from red to blue indicates the z-positions from bottom to top. Lower panels, the enlarged ROIs in the upper images. Scale bars, 2.5 µm 
(upper panels), 200 nm (lower left), 100 nm (lower right). c, Schematic diagram for calculating the surface area in the bottom 200-nm segment of RFs 
and migrasomes. d, The average number of TSPAN4-mMaple3 molecules per unit area from b was quantified. The migrasome and the connected RF 
were set as a pair, and the fold-enrichment of TSPAN4-mMaple3 molecules on the migrasome was calculated. Data shown represent the mean ± s.e.m. 
(4.269 ± 0.697), n = 30 pairs. e, Z-projection of z-stack images of TSPAN4-GFP-expressing NRK cells that were stained using filipin III. Scale bar, 10 µm. 
f, Cholesterol levels on migrasomes relative to RFs. Based on images in e, the following parameters were determined: filipin III intensity on migrasome, 
IpM; TSPAN4-GFP intensity on migrasome, ItM; filipin III intensity on RF, IpR; TSPAN4-GFP intensity on RF, ItR. Within a pair, the values of IpM/IpR and 
ItM/ItR were calculated. The fold-change values, (IpM/IpR)/(ItM/ItR), is displayed. Data shown represent the mean ± s.e.m. (10.79 ± 1.267), n = 255 
pairs. g, TSPAN4-GFP expressing cells were pretreated with 10% full cholesterol medium (FBS), LPDS and cholesterol-depletion medium with 30 μM 
pravastatin. Scale bar, 10 µm. h, Statistics of the migrasome numbers per 100 µm RF length under the same conditions as for g. Data shown represent the 
mean ± s.e.m.; each group had n = 60 cells. Experiments were performed 3 (a and e–h) or 9 times (b and d). Quantifications in d, f and h are pooled from 9 
(d) or 3 (f and h) independent experiments with statistical details provided in Supplementary Table 4. For a, images are representative of 18 cells.  
Two-tailed unpaired t-tests were used for statistical analyses.
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fluorescence along a section of the RF between the migrasome and 
the RF tip (Fig. 2d, tail 2, 3). As a control, we used the fluorescence 
recovery of a section of the RF that was directly connected to the cell 
body (Fig. 2d, tail 1). In the latter case we found that the TSPAN4 
signal recovered quickly after bleaching. In contrast, in the RF 
region connected to the distal side of the migrasome, the TSPAN4 
signal did not recover after bleaching (Fig. 2e–g). Thus, TSPAN4 
does not move from the migrasome to the RF. Taken together, these 
data suggest that TSPAN4 is recruited to the migrasomes from the 
RFs during the migrasomal growth phase, and TSPAN4 cannot 
move out once it is recruited to the migrasome.

TSPAN4 forms discrete fast-moving puncta that concen-
trate on the migrasomal surface. To study the organization of 
TSPAN4 on the RF and migrasomal membranes, we imaged cells 
in the resonant scanning mode, which gives much faster imaging 
speed (30 frames s–1) than the regularly used galvanometer scan-
ning mode (1 frame s–1). Strikingly, we found that TSPAN4-GFP 
on both the RF and the migrasome appeared as fast-moving, dis-
crete puncta (Fig. 2h,i; Supplementary Video 1). To investigate 
the dynamics of TSPAN4 puncta, we carried out FRAP assays on 
RFs and observed a rapid recovery of the TSPAN4-GFP signal 
after bleaching, which was largely mediated by the movement of 
TSPAN4 puncta (Supplementary Fig. 2d). To further validate this 
observation, we generated a TSPAN4-mMaple3 construct, which 
allowed us to carry out photoconversion experiments. As shown 
in Supplementary Fig. 2e, the locally converted TSPAN4-mMaple3 
puncta quickly moved away from the point of conversion. Using 
the same imaging setting, we found that TSPAN4 puncta assem-
bled on the migrasomal surface during the growth phase (Fig. 2j,k). 
The same assembly behaviour was exhibited by photoconverted 
TSPAN4-mMaple3 puncta (Fig. 2l).

Taken together, these experiments indicate that TSPAN4 mol-
ecules on RFs and migrasomal membranes are organized into clus-
ters, which are highly dynamic and undergo recruitment to the 
migrasomal surface.

The migrasomal membrane is a tetraspanin- and cholesterol-
enriched macrodomain. It has been well established that tet-
raspanin proteins form tetraspanin- and cholesterol-enriched 
microdomains, TEMs, on membranes7,8. We checked whether 
typical TEM components other than TSPAN4 are also localized on 
migrasomes. Indeed, we found that the migrasomes were enriched 
with cholesterol (Fig. 3a), a key component of TEMs9. In addition, 
we observed that migrasomes were enriched with other TEM com-
ponents, such as integrins3 and other tetraspanins (Supplementary  
Fig. 3a). Thus, migrasomal membranes are largely composed of 
TEM components. In contrast to typical TEMs, which are around 
100 nm, the migrasomal membranes were several microns in size 
(Fig. 3a). Thus, the migrasomal membrane is a macrodomain of 
TEM components, particularly of tetraspanins and cholesterol. We 
denote these macrodomains as TEMAs.

Cholesterol and TSPAN4 are highly enriched in migrasomes. To 
evaluate the extent of TSPAN4 and cholesterol enrichment in mig-
rasomes compared to RFs, we carried out single-molecule counting 
by three-dimensional (3D)-photoactivated localization microscopy 
(PALM). Since the z-axis depth of 3D-PALM is around 200 nm, this 
method enabled us to measure the number of TSPAN4 molecules 
in the lowest ~200-nm segment of migrasomes and RFs (Fig. 3b). 
Based on the calculated surface area of migrasomes and RFs in this 
segment, we were able to determine the concentration of TSPAN4 
(Fig. 3c). We found that the concentration of TSPAN4 in migra-
somes was about four times higher than in RFs (Fig. 3d).

Next, we determined the extent of enrichment of cholesterol 
in migrasomes compared to RFs. For this purpose, we stained 

TSPAN4-GFP-expressing cells with filipin III and determined the 
relative enrichment of TSPAN4-GFP and cholesterol on migra-
somes. We found that the migrasomal enrichment of cholesterol 
was tenfold larger than the enrichment in TSPAN4 (Fig. 3e,f). Using 
these data along with the above results of TSPAN4 enrichment, we 
were able to calculate that cholesterol is enriched about 40-fold in 
migrasomes relative to RFs (Fig. 3e).

Cholesterol is necessary for migrasome formation. Next, we 
tested whether cholesterol is required for migrasome formation. 
First, we treated cells with the cholesterol-depletion reagent methyl-
β-cyclodextrin. We found that methyl-β-cyclodextrin treatment 
blocked migrasome formation (Supplementary Fig. 3b,c). To test 
the effect of cholesterol in a more physiologically relevant set-
ting, we grew cells in lipoprotein-deficient serum (LPDS) with or 
without the HMG-CoA reductase inhibitor pravastatin. We found 
that both treatments substantially reduced the cellular cholesterol 
level (Supplementary Fig. 3d), and both treatments significantly 
impaired migrasome formation (Fig. 3g,h). These data reinforce the 
conclusion that cholesterol is a necessary component of the migra-
somal domains.

Tetraspanin and cholesterol are sufficient for migrasome forma-
tion. To find out whether tetraspanin and cholesterol are sufficient 
for migrasome formation, we sought to reconstitute this phenom-
enon in an in vitro membrane system.

We purified TSPAN4-GFP (Fig. 4a) and prepared proteolipo-
somes embedded with TSPAN4-GFP. Next, we generated TSPAN4-
containing giant unilamellar vesicles (GUVs) via electrofusion of the 
proteoliposomes. While most of the material generated GUVs, about 
10% of it formed beads-on-a-string-like structures, which were 
very similar to the migrasome-bearing RFs observed in live cells  
(Fig. 4b). Although the membrane shape transformations driven by 
strong electric fields are not physiologically relevant, this result does 
indicate that TSPAN4-containing membranes have an intrinsic ten-
dency to adopt configurations that are reminiscent of migrasomes 
on RFs. This observation motivated us to design an in vitro mem-
brane setup to simulate the formation of RFs and migrasomes.

RFs are pulled out of the rear of the cell as a result of spotwise 
adhesion of the cell membrane to the substrate followed by migra-
tion of the cell away from the adhesion points. We imitated RF 
formation by pulling membrane tethers out of GUVs. To mimic 
the cell adhesions, we prepared cholesterol-containing GUVs with 
biotin-labelled phosphatidylethanolamine (PE) and attached them 
to the bottom of a flow chamber coated with streptavidin. For tether 
formation and simulation of cell migration, we used a syringe to 
generate a flow of liquid surrounding the GUVs, which provided a 
mechanical force moving the GUV body away from the adhesion 
points10–12 (Fig. 4c). For the negative control, we used CD63, a pro-
tein of the tetraspanin family that does not induce migrasome for-
mation after it is overexpressed (Fig. 1a).

Application of a flow to GUVs containing TSPAN4, TSPAN7 
or CD63 resulted in the formation of long, thin membrane tethers 
similar to RFs (Fig. 4d). The tethers containing TSPAN4-GFP and 
TSPAN7-GFP, which were sufficient to promote migrasome forma-
tion in vivo (Fig. 1a), exhibited swollen regions whose shapes and 
sizes were similar to those of migrasomes in vivo (Fig. 4d). In con-
trast, no migrasome-like structures formed on the tethers pulled out 
of protein-free GUVs and of GUVs containing CD63 (Fig. 4d,e).

Next, we studied the change in distribution of TSPAN4 before 
and after migrasome formation. Initially, small TSPAN4 puncta 
were randomly distributed across the GUV membranes. After mig-
rasome formation, the TSPAN4 puncta were highly enriched in 
the migrasome-like structures (Fig. 4f,g). Furthermore, cholesterol 
was completely colocalized with TSPAN4 in the migrasome-like 
structures generated in the reconstituted system (Supplementary 
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small values (Fig. 6b). The TEMA region transforms into a migra-
some by changing its shape while remaining embedded in the RF 
between the same boundaries (Fig. 6c). In the following, the TEMAs 
and the rest of the initial membrane tether will be referred to as the 
migrasomal membrane and the RF membrane, respectively.

Migrasome formation is driven by the interplay of the following 
three energy contributions: the bending energies of the migrasomal 
and RF membranes, the energy of the membrane tension, and the 
energy of the migrasome–RF boundary.

The qualitative essence and the mathematical details of the 
model are presented in Supplementary Note 1. The computational 
results are presented in Fig. 6e,f.

A general conclusion following from the results presented in  
Fig. 6e is that a high bending modulus of the tetraspanin-enriched 
membrane of the migrasome, κp, can indeed be the origin of the mig-
rasomal shape, provided that either the migrasome–RF boundary 
possesses a large enough line tension, λ, or the difference between 
the moduli of Gaussian curvature of the RF and migrasomal mem-
branes, κ κ−m p, is positive and sufficiently large.

To estimate the required values of these parameters, we deter-
mined the average sphericity, βa (see Supplementary Note 1 for a 
definition) of the computed migrasomal shapes and compared them 
with the sphericities of the experimentally observed migrasomes. 
The predicted average sphericity is presented in Fig. 6f as a function 
of the ratio between the bending moduli of the migrasomes and RFs, 
κp/κm, and the normalized values of either the boundary line tension, 
λ (Fig. 6e), or the difference between the moduli of Gaussian curva-
ture, κ κ κΔ = −m p (Fig. 6e). The broken lines in the charts presented 
in Fig. 6f correspond to the maximal and minimal average spheric-
ity of the artificial migrasomes observed to form on tethers pulled 
out of the TSPAN4-containing GUVs (Supplementary Fig. 5b).

The results presented in Fig. 6 emphasize that, according to our 
model, generation of the experimentally observed shapes of migra-
somes requires the bending modulus of the migrasomal membrane 
to exceed that of the membrane of the RFs by a factor in the range 
between five and ten, and the boundary factors, λ and/or κ κ−m p, to 
have considerable values.

Membrane stiffening by TSPAN4 and cholesterol. According to 
the predictions of our model, to guarantee that a TEMA reaches a 
degree of sphericity within the experimentally observed range, the 
domain-bending modulus has to exceed that of the lipid membrane 
by a factor of five to ten (Fig. 6e, II, III).

To experimentally substantiate this proposal, we directly mea-
sured the bending modulus of proteoliposomes containing elevated 
concentrations of TSPAN4 and cholesterol. For the measurements, 
we used atomic force microscopy (AFM) (Fig. 7a), as suggested in 
a previous study13. In this method, the membrane-bending rigidity 
is derived from the measured relationship between the compressing 
force, f, applied to the liposome apex by the cantilever tip, and the 
resulting flattening of the liposome quantified by the length of the 
apex shift, D. For deformations in which the deformation length, 
D, is much smaller than the initial liposome radius, R, such that 

≪ 1D
R , the experimentally determined force-deformation relationship  
(Fig. 7b), f(D), enabled us to compute of the effective liposome stiff-
ness, K1, according to the following equation:

=K
f
D

d
d

(1)1

The membrane-bending rigidity, κ, is related to the liposome 
stiffness as follows13:

κ
ν

=
−

K R h 3

48 1
(2)1 2

Fig. 4). When cholesterol was absent from the TSPAN4-GFP-
containing GUVs, the migrasome-like vesicles did not form and 
TSPAN4 did not assemble into micron-scale domains (Fig. 4h,j). 
Instead, small clusters of TSPAN4 were scattered along the mem-
brane tether. Similarly, when TSPAN4 was absent from cholesterol-
containing GUVs, generation of migrasome-like structures was not 
observed; instead, small cholesterol clusters were distributed along 
the membrane tether (Fig. 4i,j). Taken together, these data support 
the concept that both cholesterol and TSPAN4 are required for the 
assembly of TEMAs, which are required for migrasome formation.

Assembly of TEMs into TEMAs. To study the dynamics of TEM 
assembly into macrodomains, we designed a modified version of the 
in vitro migrasome formation system. Stretched membrane tethers 
simulating the RFs were generated by manually pulling the GUV 
membrane through application of a direct force to a small spot on the 
membrane. The force was applied by means of a glass needle attached 
to the membrane (Fig. 5a). We found that the migrasome-like struc-
tures formed on the tethers only if the GUV membrane contained 
TSPAN4 (Fig. 5b,c; Supplementary Videos 2 and 3). They did not 
form in the control experiments in which the GUV membranes were 
protein-free or contained CD63 (Fig. 5b,c; Supplementary Fig. 5a).  
The migrasome-like structures formed in these experiments were 
enriched in TSPAN4-GFP proteins (Supplementary Fig. 5b).

This system allowed us to carry out real-time imaging of the 
process of migrasome-like structure formation. As shown in 
Supplementary Fig. 5b, the pulling resulted in the elongation and 
narrowing of the tether, which was accompanied by the self-assem-
bly of TSPAN4 puncta into larger clusters (Fig. 5d,e; Supplementary 
Fig. 5c,d). At the end of the pulling process, the initially evenly dis-
tributed TSPAN4-rich TEMs self-organized into TEMAs, which 
eventually underwent swelling into migrasome-like structures  
(Fig. 5f). Hence, transformation of a practically flat GUV mem-
brane into a stretched tubule-like tether after application of a pull-
ing force drives the formation of TEMAs, which are then shaped 
into migrasome-like structures.

Model of migrasome formation. To understand the physical 
basis for the generation of migrasomes from TEMAs, we devel-
oped a theoretical model. Our hypothesis is that shaping of a mig-
rasome, whose mid-cross-section is substantially wider than that 
of the RF tubule, is due to the difference between the elastic prop-
erties of TEMAs and those of the RF membrane. More specifi-
cally, we propose that the major factor that drives the swelling of a 
TEMA into a migrasome-like structure is a considerable increase 
in the TEMA membrane-bending modulus, κp, compared to that 
of the RF membrane, κm, which results from enrichment of the 
domain in cholesterol and tetraspanin. We further suggest that 
additional factors, which guarantee that the migrasome adopts a 
sphere-like rather than a barrel-like shape, act to contract the two 
boundaries of a TEMA, hence counteracting the general tendency 
of the TEMA membrane to swell. We consider these factors to be 
the line tension of the TEMA boundaries, λ, and/or the difference 
between the moduli of the Gaussian curvature of the TEMA, κp, 
and RF, κm, membranes.

We consider the following scenario of migrasome formation. 
First, a RF is pulled out of the body of a moving cell as a result of a 
local attachment of the cell plasma membrane to the substrate and 
the subsequent movement of the cell along the substrate away from 
the attachment point (Fig. 6a). The membrane of the resulting RF 
is subject to a lateral tension, which is directly related to the ten-
sion, γ0, existing in the cell plasma membrane. Second, assembly 
of TEMs along a finite fragment of the RF gives rise to a TEMA  
(Fig. 6b). We consider the TEMA to be separated from the rest of 
the RF by two effective boundary lines, at which the tetraspanin and 
cholesterol concentrations abruptly drop from large to negligibly 
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Indeed, as shown above, the TSPAN4 and cholesterol concentra-
tions in migrasomes exceeded those in RFs by factors of 4 and 40, 
respectively, which is greatly beyond the concentration ranges we 
could reach in proteoliposomes. Hence, the migrasomal bending 
rigidity must substantially exceed the values presented in Table 1, 
which further strengthens the validity of our model.

Discussion
In this study, we found that TSPAN4 and cholesterol are neces-
sary for migrasome formation in vivo. Moreover, we simulated the 
process of migrasome formation using an in vitro system. In this 
system, we were able to show that TSPAN4 and cholesterol are suf-
ficient for the formation of migrasome-like structures. We revealed 
that migrasome formation is mediated by the assembly of 100-nm-
scale TEMs, which exist in the tether membrane, into micron-scale 
macrodomains (TEMAs). The latter swell into the large vesicle-like 
migrasomal shape.

To explain this observation, we developed a theoretical model 
whereby the swelling of TEMAs into the migrasomal shape is due 
to the substantially elevated bending stiffness of TEMAs compared 
to that of RFs. A clue for an intuitive understanding of this effect is 
given in Supplementary Note 1. We propose and support experi-
mentally that the high degree of bending stiffness is a consequence 
of the strong enrichment of cholesterol and tetraspanin in TEMAs.

We computationally derived and experimentally substantiated 
that the bending modulus of the cholesterol- and tetraspanin-rich 
membrane of a migrasome must be five to ten times larger than that 
of the RF. This is in good agreement with literature data. Indeed, 

where h is the membrane thickness and ν is the membrane Poisson 
ratio. To determine the bending modulus according to equations (1) 
and (2), we used the typical value of the thickness h = 4 nm and the 
generic value of ν = 0.5, thus implying a volume incompressibility of 
the membrane material14.

The measurement results presented in Table 1, Supplementary 
Tables 2 and 3 and Fig. 7c show that an increase in the membrane 
TSPAN4 concentration from 0 to 0.2 mg ml–1 and of the cholesterol 
content from 0 to 30% resulted in the growth of the membrane-
bending modulus by a factor of about five. According to the model 
predictions, such an increment of the bending rigidity, κ, is already 
sufficient to form the migrasome-like shape15. Moreover, our results 
suggest a monotonic increase of κ with the TSPAN4 and cholesterol 
concentrations. This implies that the values of the bending modulus 
in migrasomes are even larger than those reached in our experiment.  
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Table 1 | Bending moduli of liposomes with different 
concentrations of TSPaN4 and cholesterol

Cholesterol (%)

0 10 20 30

TSPaN4-gFP(mg ml–1) 0 2.3 3.3 4.6 5.7

0.1 3.6 5.4 6.7 8.5

0.2 5.3 7.7 9.9 12.2

Bending rigidity (10–20 J) was calculated from AFM force-deflection response using equation (2). 
Data shown represent the average of three independent experiments.
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that the sparsely distributed TEMs on RFs contain a small amount of 
cholesterol, which is below the detection limit of filipin III staining. 
When a large number of TEMs are densely packed into a TEMA, the 
cholesterol becomes detectable by staining with filipin III.

In contrast to cholesterol, we did observe a considerable amount 
of TSPAN4 on the RFs. A possible explanation for this phenomenon 
is that while practically all the cholesterol in RFs is located in TEMs, 
tetraspanins are partitioned between TEMs and free molecules. The 
free TSPAN4 molecules would not be concentrated in TEMAs, thus 
stay in RF.

online content
Any methods, additional references, Nature Research reporting 
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a recent study16 demonstrated that the large cholesterol concentra-
tions corresponding to the liquid-ordered state of a membrane aug-
ment the membrane-bending modulus by a factor of ten. Moderate 
increases of cholesterol concentrations up to about 30 mole percent 
lead to the growth of bending moduli by a factor of up to about four17. 
In addition, enrichment in proteins is also supposed to increase the 
membrane-bending stiffness, but to a relatively modest extent18.

Our model predicted that, besides the membrane-bending mod-
ulus, an important role in migrasome formation is played by the 
forces that act on the boundary between the migrasome and RF. 
That is, the boundary line tension, λ, and/or the difference between 
the moduli of Gaussian curvature, κ κ κΔ = −m p. Although we were 
not able to directly measure the TEMA line tension, λ, its values pre-
dicted by our model are within the range described in the literature. 
For generality, we presented in Fig. 6e, model (v), the line tension 
values in dimensionless units. Converting them into physical units 
(pN) by using the typical bending rigidity of the RF membrane, 
κm = 10−19 joule (J), and the membrane tension, γ = μ2

m
N, correspond-

ing to the 100-nm diameter of a RF, we found that the line tension 
values required by the model are in the range between 0.6 pN and 
6.0 pN. Experimental studies have provided lipid domain line ten-
sions in the range between 0.5 and 3.3 pN19. Based on the theoretical 
evaluation20 for a domain with a bending rigidity that is four times 
larger than that of the surrounding bilayer, the domain line tension 
can be expected to reach 6 pN.

Our model predicted a range between 0.2 and 1.0 for another 
elastic parameter of the membrane, κ

κ
Δ

p
, where κΔ  is the differ-

ence between the moduli of Gaussian curvature of the RF mem-
brane and the migrasome, and κp is the bending modulus of the 
migrasome membrane. This is in good agreement with the experi-
mental data on the difference between the moduli of Gaussian cur-
vature of liquid-disordered and liquid-ordered phases constituting 

κΔ  ≅ 3.6 × 10−19 J21. In fact, provided that the bending modulus of 
the migrasome membrane equals κp = 10−18 J, our model predicts  
(Fig. 6f) that the range of κ× < Δ <− −2 10 J 10 J19 18 , which corre-
sponds to the migrasome formation21.

Migrasomes on RFs are reminiscent of the structures formed as 
a result of pearling instability as described for cellular membrane 
tubules exposed to tension22 or covered by grafted polymers23. This 
raises the possibility that migrasome formation may result from 
Rayleigh-like instability of the RFs22 or from spontaneous curvature 
of the membrane induced by tetraspanins or other molecules.

Rayleigh-like instability does not seem relevant to our system. 
Indeed, an essential condition for Rayleigh instability is the conser-
vation of the volume within the tubule22,24. This condition does not 
hold in our system since, according to our observations2, the lumi-
nal volume of the tubules is freely and quickly exchangeable with 
the cell body. A partial volume conservation may occur on short 
time scales, but our observations are so long that there are definitely 
no time limitations on the water exchange between the RF and the 
cell interior or the extracellular space. Moreover, Rayleigh pearling 
instability is generic and must therefore be independent of the pres-
ence of protein on the membrane surface, while the formation of 
migrasome depends on the presence of TSPAN4 and cholesterol.

Also, the spontaneous curvature mechanism of pearling as sug-
gested in a previous study23 is irrelevant for our system. The pearling 
transition in that study was the result of the spontaneous curvature 
generated by grafted polymers when the membrane area-to volume 
ratio was constant. In our system, the area-to-volume ratio is not 
constant because of the volume exchange.

Our data showed that TSPAN4 forms puncta on RFs, which con-
centrate into a dense domain on the migrasomal surface. Since the size 
and dynamics of TSPAN4-GFP puncta are similar to those of TEMs, 
we suggested that the TSPAN4 puncta represent TEMs. However, 
TEMs should contain cholesterol, while very little cholesterol signal 
was observed in RFs. One possible explanation for this result could be 

NaTuRE CELL BioLogY | VOL 21 | AUGUST 2019 | 991–1002 | www.nature.com/naturecellbiology 1001

https://doi.org/10.1038/s41556-019-0367-5
https://doi.org/10.1038/s41556-019-0367-5
https://doi.org/10.1038/s41556-019-0358-6
https://doi.org/10.1038/s41556-019-0358-6
http://www.nature.com/naturecellbiology


Articles NaTure Cell Biology

S.Z., Y.Z., H.C., T.D. and Y.L. carried out the experiments. B.Z. and S.E. performed the 
computations. All authors discussed the manuscript, commented on the project and 
contributed to preparing the paper.

Competing interests
The authors declare no competing interests.

additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41556-019-0367-5.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to M.M.K. or L.Y.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2019

 24. Bar-Ziv, R., Tlusty, T., Moses, E., Safran, S. A. & Bershadsky, A. Pearling in 
cells: a clue to understanding cell shape. Proc. Natl Acad. Sci. USA 96, 
10140–10145 (1999).

acknowledgements
The authors are grateful to members of the Kozlov and Yu groups for helpful discussions. 
This research was supported by the Ministry of Science and Technology of the People’s 
Republic of China (2016YFA0500202 and 2017YFA0503404) to L.Y., the National 
Natural Science Foundation of China (31430053 and 31621063), the Natural Science 
Foundation of China international cooperation and exchange program (31561143002), 
the Independent Research of Tsinghua University (20161080135) to L.Y., and the Israel 
Science Foundation grant 1066/15, EU consortium InCeM to M.M.K., who also holds 
the Joseph Klafter Chair in Biophysics.

author contributions
L.Y., Y.H., S.Z., Y.S. and J.L. conceived the experiments. M.M.K. and B.Z. conceived 
the modelling. L.Y. and M.M.K. wrote the paper and supervised the project. Y.H., 

NaTuRE CELL BioLogY | VOL 21 | AUGUST 2019 | 991–1002 | www.nature.com/naturecellbiology1002

https://doi.org/10.1038/s41556-019-0367-5
https://doi.org/10.1038/s41556-019-0367-5
http://www.nature.com/reprints
http://www.nature.com/naturecellbiology


ArticlesNaTure Cell Biology

coverslips25–27. The channels were blocked by 10% BSA:1% BSA-biotin (Amresco) 
at room temperature for 10 min. Then, streptavidin (0.25 mg ml–1) was loaded into 
each channel and incubated at room temperature for 5 min. GUVs (15 µl) were 
then incubated in the channels for 2 min at room temperature. Finally, 60 µl of 
HEPES buffer I was flowed through the channel. Images were acquired using an 
Olympus FV-1000 confocal microscope.

For the migrasome reconstitution assay on GUVs with embedded TSPAN4 
protein, Cy5-SE (20 µg ml–1; Solarbio) was used to label the proteins at room 
temperature for 15 min before GUVs were loaded into the channel.

Migrasome reconstitution assay via tether pulling. The home-made chamber was 
first blocked using 1% BSA in HEPES buffer I for 10 min, then closed with mineral 
oil. GUVs (10 µl) were injected into each chamber. When the GUVs became stable 
in the system, a glass needle was inserted into the chamber and attached to the 
target GUV. Finally, the glass needle was pulled to one side to deform the GUV, 
and time-lapse images were recorded at the same time using an Olympus FV-1000 
confocal microscope in free-run mode with an image size of 512 × 512 pixels.

FRAP assay. All the FRAP experiments were conducted under galvanometer 
scanning mode using a NIKON A1 confocal microscope fitted with a ×100 oil 
objective and three times zoom in. The area of interest area was bleached with a 
480 nm laser with 20% output for 1 s. Immediately after bleaching, the laser power 
was decreased to 2%, and each field of 512 × 512 pixels was imaged for 10 min.

Cell imaging and image analysis. Confocal snapshot images were acquired  
using a Fluoview 1000 confocal microscope (Olympus), a ×60 objective and 
Fluoview 1000 software. Images were collected at 1,024 × 1,024 pixels. Confocal 
images of GUVs were collected using a Fluoview 1200 confocal microscope 
(Olympus) and a ×60 objective. Images were collected at 512 × 512 pixels. 
Long-term time-lapse images of living cells were collected using a NIKON A1 
microscope (under galvanometer scanning mode) and a ×60 objective. Images 
were collected at 1,024 × 1,024 pixels. Fluorescence intensities of snapshot images 
were analysed using Fiji, and statistical analyses were conducted using Graphpad 
Prism 5. Series of z-stack images were analysed using Fiji to conduct z-projection 
and subsequent analyses.

To compare galvanometer scanning with resonant scanning, galvanometer 
scanning mode imaging was conducted by choosing the “Galvano mode” on 
a NIKON A1 microscope, using a ×100 objective. Images were collected at 
512 × 512 pixels, 1 frame s–1, no-delay setting. Resonant scanning mode imaging 
was conducted by choosing the “Resonant mode” on the NIKON A1 microscope, 
using a ×100 objective. Images were collected at 512 × 512 pixels, 30 frames s–1, 1-s 
interval setting. Final images were deconvoluted using NIS analysis software.

For resonant scanning mode imaging during FRAP assays, after choosing 
Resonant mode on the NIKON A1 microscope, a ×100 objective was used to 
collected images at 512 × 512 pixels, 7 frames s–1, no-delay setting. Final images 
were deconvoluted using NIS analysis software.

Photoconversion experiments. All the photoconversion experiments were 
conducted using a NIKON A1 confocal microscope in resonant scanning mode, 
fitted with a ×100 oil objective and three times zoom in. The area of interest area 
was photoconverted by 405 nm laser with 10% output for 1 s. Immediately after 
conversion, 488 nm and 561 nm lasers were applied for imaging, and each field of 
512 × 512 pixels was imaged for 3 min.

LPDS treatment. LPDS was prepared from fetal bovine serum (FBS) as  
previously described28,29. To promote cellular cholesterol depletion, TSPAN4- 
GFP-expressing NRK cells were cultured in DMEM supplemented with 10% FBS, 
LPDS or LPDS with 30 μM pravastatin (TargetMol, T0672) for 48 h. Then, the  
cells were digested using trypsin and transferred to fibronectin-coated glass-
bottom dishes containing the respective medium for another 12 h. Following 
treatment for 60 h, live-cell images were randomly acquired to analyse migrasome 
numbers, and the total cellular cholesterol levels of each group were determined 
using an Amplex Red cholesterol assay kit (Invitrogen, A12216) according to the 
manufacturer’s instructions.

Quantitative real-time PCR. MGC-803 cells were cultured on fibronectin-coated 
dishes for 12 h to reach 60–70% confluency. Total RNA was isolated using TRIzol 
reagent (Invitrogen, 15596026). cDNA was synthesized using a ReverTraAce 
qPCR RT kit (TOYOBO, FSQ-101) with a primer mix (Random primer + Oligo 
(dT) primer). Quantitative real-time PCR was performed in triplicate using 2× T5 
Fast qPCR Mix (SYBR Green I) (TSINGKE Biological Technology, TSE202) on 
a LightCycler 480 Instrument II (Roche Life Science). Primers for the following 
genes were identified from the MGH PrimerBank30–33: TSPAN1 (ID: 274317624c1), 
TSPAN2 (ID: 269995931c1), TSPAN4 (ID: 68800031c1), TSPAN6 (ID: 
21265115c1), TSPAN7 (ID: 183396766c2), TSPAN9 (ID: 270132568c1), TSPAN18 
(ID: 283135198c1), CD81 (ID: 62240999c1), CD82 (ID: 67782353c2) and GAPDH 
(ID: 378404907c1). Relative mRNA levels of TSPAN genes were normalized 
to TSPAN4 and analysed using the 2−ΔΔCt method. The final statistics and 
generation of graphs were conducted using Graphpad Prism 7.0.

Methods
Constructs and cell culture. Plasmid construction. Complementary DNAs 
of tetraspanins were cloned into pEGFP-N1, pmCherry-N1 or mMaple3-N1 
for imaging. cDNAs of tetraspanins were cloned into pCAG-strep for protein 
purification. All TSPAN genes were originally cloned from rat (including all  
33 TSPANs) and human (TSPAN4 for protein purification) cDNAs.

For cell lines. Adherent cells, including NRK, MGC-803 and L929 cells and their 
derivatives, were cultured at 37 °C and 5% CO2 in DMEM growth medium 
supplemented with 10% serum and 1% penicillin–streptomycin. Suspensions 
of 293F cells were cultured at 37 °C, 8% CO2 and 125 r.p.m. in SMM293-TI 
supplemented with 1% penicillin–streptomycin.

Cell transfection. For NRK cells, MGC-803 cells and their derivatives, one-third of 
a 6-cm dish of cells was transfected with 2 μg DNA via Amaxa nucleofection using 
solution T and program X-001, and then grown for 15 h for protein expression. 
For L929 cells, a 3.5-cm dish of cells was transfected with 4 µg DNA using a 
Lipofectamine-3000 transfection kit (Invitrogen) and then grown for 15–18 h 
for protein expression. For purification of TSPAN4-GFP, 1 litre of 293F cells was 
transfected by adding 2 mg DNA with 3 mg polyethylenimine (1 mg ml–1).

Generation of TSPAN4 knockout cell lines. The TSPAN4 gene in MGC-803 
cells and NRK was deleted by a modified PX458 plasmid (provided by W. Guo 
from Zhejiang University) that contains two guide RNAs coupled with Cas9 
nuclease. Compared with mutations generated by single guide RNAs (sgRNAs), 
mutations generated by targeting with dual sgRNAs are more likely to yield 
visibly shorter PCR fragments when amplified from genomic DNA. The sgRNA 
sequences used for CRISPR–Cas9 were 5’-GCTGCACGTGTCCCGATACG-3’ 
(sgRNA-1) and 5’-GCGACCAACATGGACGACCAC-3’ (sgRNA-2) for 
MGC-803 cells, 5’-GATGGGGCGTCCGGGAGCCA-3’ (sgRNA-3) and 
5’-GCGCACGTGCTCACAAGACC-3’ (sgRNA-4) for NRK cells. After 72 h of 
transfection, the cells were seeded into 96-well plates by fluorescence-activated cell 
sorting (FACS) for enhanced GFP signal. DNA fragments containing the sgRNA-
targeted region were amplified from genomic DNA of these monoclonal cells and 
sequenced to pick out the correct clones.

Protein purification. pCAG-strep-Tspan4-GFP or pCAG-strep-Tspan4 plasmids 
were transfected into 293F cells using a polyethylenimine-based transfection 
protocol. For transfection of 1 litre of 293F cells, 2 mg DNA was used. Transfected 
239F cells were collected 3 days after transfection and lysed using a Dounce tissue 
grinder (100 strokes) in buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl 
and protease inhibitor cocktail (Roche). After centrifugation at 30,000 g for 1 h at 
4 °C, the pellet was lysed in buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 2% Fos-Choline-12 (Anatrace) and protease inhibitor cocktail (Roche) 
for 2 h at 4 °C. After centrifugation at 30,000 g for 30 min, the supernatant was 
loaded onto a column containing Strep-Tactin resin (IBA) and incubated for 1 h 
at 4 °C. The resin was then washed four times. The protein was eluted with 10 mM 
desthiobiotin (Sigma) and further purified by gel filtration on Superdex 200.

Liposome preparation and protein insertion. Preparation of small unilamellar 
vesicles. POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), DOPE 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), POPS (1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-l-serine), DOPE-rhodamine and PE-biotin were purchased 
from Avanti Polar Lipids. Cholesterol was purchased from Sigma. Lipids were 
mixed as POPC:DOPE:POPS:cholesterol (4:2.5:2.5:1) with 0.1% DOPE-rhodamine 
and 1% PE-biotin. The mixtures were dried with a nitrogen stream and further 
dried for 1 h at 37 °C. The lipid film was then hydrated completely with HEPES 
buffer I (20 mM HEPES, pH 7.4, 150 mM NaCl) and subjected to 10 cycles of 
freezing in liquid nitrogen and thawing in a 42 °C water bath. Finally, the liposomes 
were extruded 21 times through a 1,000-nm pore size polycarbonate film to 
produce the small unilamellar vesicles (SUVs).

Protein insertion. Fos-Choline-12 (0.1%) was added to loosen SUV membranes at 
4 °C for 30 min, and then proteins were added to the system with 35 r.p.m. rotation 
at 4 °C for 1 h. Finally, the Fos-Choline-12 was removed by adding 8–15 mg BIO-
beads (Bio-Rad) per 100 µl system. This was repeated four times. The supernatant 
was frozen in liquid nitrogen and stored at −80 °C.

Preparation of GUVs with embedded proteins. GUVs with embedded proteins 
were prepared from protein-containing SUVs using a Vesicle Prep-Pro machine 
(Nanion). First, a 20-µl drop of SUVs was coated onto indium-tin-oxide-covered 
glass slides to form a lipid–protein film and dried for 30 min. The slides were 
placed into the Vesicle Prep-Pro machine and 270 µl of 300 mM sorbitol buffer 
was applied onto the slides. Electroformation was then carried out at 0.24 V and 
9.9 Hz for 90 min at 37 °C. The GUVs were collected after cooling down to room 
temperature and stored at 4 °C to be used within 3 days.

Migrasome reconstitution assay via flow channel. The flow channels were 
prepared as for the previously published motility assay using hydrophilic 
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To calculate migrasome numbers per unit of RF length in vivo, the total number of 
migrasomes was counted and the total length of RFs was measured in more than 
50 randomly selected cells. To calculate migrasome numbers per unit of tether 
length in vitro, the length of each tether was measured and the total number of 
migrasomes on the tether was counted for more than 89 randomly selected tethers. 
For cluster density statistics, 12 experiments were conducted, and more than 12 
RFs and 38 migrasomes were analysed. For single-molecule counting assays, 9 sets 
of data were collected, and 30 pairs of migrasomes and RFs were analysed. For 
analysis of the fluorescence intensity of migrasome and RFs in vivo, more than 255 
pairs of migrasomes and RFs were randomly analysed. Statistical analyses were 
conducted using the unpaired two-tailed t-test in Graphpad Prism 5. Error bars are 
the mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Statistical source data for Figs. 1–5, Supplementary Figs. 1 and 3 and 
Supplementary Tables 2 and 3 have been provided as Supplementary Table 4.

Code availability
The main computational codes used for the simulations in this paper are available 
at https://github.com/benzucker-tau/Migrasome-simulation. Further codes 
in surface evolver and codes in Matlab used for analyses are available from the 
corresponding authors upon reasonable request.
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AFM-based liposome-bending rigidity measurement. Proteoliposomes with 
different concentrations of cholesterol (0, 10, 20 and 30%) and TSPAN4-GFP 
protein (0, 0.1 and 0.2 mg ml–1) were prepared as described above, except that the 
filter size was changed from 1,000 nm to 200 nm. Then the proteoliposomes were 
applied to the glass slides, which were pretreated with PEG-biotin and then coated 
with streptavidin (1 mg ml–1). After washing in HEPES buffer II (10 mM HEPES, 
pH 7.4, 150 mM NaCl), the sample was applied to the AFM force-measuring 
setting. By using the constant force mode, more than 1,000 force-to-distance traces 
were collected and more than 500 traces were selected for each sample. After linear 
fitting calculation, the first stage slope K1 (pN nm–1) of each trace was measured. 
Finally, the mean K1 of a group of proteoliposomes was calculated by Gaussian 
fitting. At the same time, the mean radius (nm) of each group of proteoliposomes 
was measured by dynamic light scattering followed by Gaussian fitting. The final 
bending rigidity of each kind of proteoliposome was calculated as a function of K1 
and the radius.

Single-molecule counting by PALM. NRK cells transfected with TSPAN4-
mMaple3 were grown on fibronectin-coated chambers for 15 h. The cells were fixed 
using paraformaldehyde, then examined under 3D-PALM. The software Insight3 
developed by X. Zhuang’s Lab was used to analyse the original images from PALM 
to calculate and determine the position of single TSPAN4 molecules, which were 
represented by coloured points. The colour ranges from red to blue indicate the z-
positions from the bottom to the top of the imaging section. The area ranges were 
precisely set to encompass our regions of interest (ROIs), including the migrasomes 
and RFs, and the number of single TSPAN4 molecules in these ROIs was counted. 
By estimating migrasomes and RFs as spheres and cylinders, respectively, the 
surface area of the ROIs could be measured and calculated. Finally, the number of 
TSPAN4 molecules per unit of surface area on migrasomes and RFs was estimated 
by calculation.

Estimate of the enrichment of cholesterol relative to TSPAN-GFP on 
migrasomes. NRK cells with stable TSPAN4-GFP expression were cultured on 
fibronectin-precoated confocal dishes for 15 h, then treated with 2 µg ml–1 filipin 
III (which specifically stains cholesterol) for 15 min at 37 °C. Z-stack images 
were acquired by confocal microscopy with a z-step of 200 nm to visualize the 
migrasomes and RFs. After two-dimensional projection of the total fluorescence 
signals, ImageJ was used to measure the filipin III intensity on migrasomes 
(IpM), the TSPAN4-GFP intensity on migrasomes (ItM), the filipin III intensity 
on RFs (IpR) and the TSPAN4-GFP intensity on RFs (ItR). A migrasome and its 
connected length of RF were set as a pair. Within a pair, the value of IpM/IpR and 
the value of ItM/ItR were calculated. Then, the fold-change of filipin III intensity 
on migrasomes relative to RFs, IpM/IpR, was normalized by the fold-change of 
TSPAN4-GFP intensity on migrasomes relative to RFs, ItM/ItR.

Statistics and reproducibility. All experiments were conducted independently at 
least three times, except for experiments related to Fig. 1a and Supplementary Table 
1, which were done once. Experiments for quantification of migrasome numbers 
and migrasome numbers per unit of RF length in vivo and in vitro were performed 
three times. Experiments including FRAP and photoconversion experiments were 
performed at least five times. Experiments related to membrane-bending rigidity 
measurement were performed three times. For quantification of migrasomes, at 
least 80 random cells were chosen and the numbers of migrasomes were counted. 
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Data collection Images were collected by FV1200 and FV1000 (Olympus), movies and FRAP assays were conducted by NIS-Elements AR-4.3 (Nikon), 
Bending rigidity measurement  and calculation based on data collected by Atomic force microscope (set up by Jizhong Lou Laboratory, 
Institute of Biophysics, Chinese Academy of Sciences) and DynaPro NanoStar for dynamic light scattering measuring (Wyatt).

Data analysis Software: 
Image J was used for 1. measurement and analysis the amounts and lengths of in-vitro system migrasomes and retraction fibers. 2. 
Fluorescence intensity and gray value of images.  
GraphPad Prism 5 was used for statistic analysis. 
Graphpad Prism7.0 was used for statistics analysis and graph making related to mRNA levels and cholesterol levels verification. 
Imaris 9.0.2 was used for reconstitution movie analysis and signals tracing. 
NIS-elements-AR4.30.02 was used for fluorescent intensity and area analysis in movies. 
Adobe Illustrator CC 2015 was used for images composing and exhibition. 
The Surface Evolver Version 2.70  was used for modeling parts. 
Origin9.2 was used for Gaussian fitting analysis. 
Instight3 4.22.2(designed by Xiaowei Zhuang's Lab) was used for 3D-PALM single molecule counting. 
Code: 
The main computational codes used for the simulations in this paper are available at https://github.com/benzucker-tau/Migrasome-
simulation. Further codes in surface evolver and codes in Matlab used for analyses are available from the corresponding authors upon 
request.
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Sample size No statistical methods were used to determine sample size. For all the experiments, we followed the routine practice in the similar studying 
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Data exclusions No data were excluded from the analysis.

Replication Attempts at replication were successful. For all experiments, except experiments related to Fig.1a and Supplementary Table 1 (which were 
done once. ) ,at least 3 times independent experiments were repeated with the similar results as presented in this study.  Detail information 
was involved in the Methods---Statistics and reproducibility section, as well as Statistics Source Data.

Randomization Microscopic images were acquired randomly.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Within each experiment, at least one negative 
control group was set to ensure that only one variate was tested. And because all the data were conducted based on random sampling and 
reasonablly large sample size,  blinding is not relevant to this study. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Antibodies

Eukaryotic cell lines
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Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-GFP antibody (MBL), Cat# 598S, RRID:AB_591816, 1:1000 dilution 

Anti-beta-Actin Mouse mAb (Zen-bioscience), Cat# 200068-8F10, RRID: AB_2722710, 1:1000 dilution 
Anti-GAPDH antibody (proteinintech), Cat# 60004-1-Ig, RRID: AB_2107436, 1:1000 dilution 
Goat-Anti-Mouse Ig Human ads-HRP (Southern Biotech), Cat# 1010-05, RRID: AB_2728714, 1:5000 dilution 
Goat-Anti-Rabbit Ig Human ads-HRP(Southern Biotech), Cat# 4010-05,  RRID: AB_2632593 1:5000 dilution

Validation All the antibodies were validated by western blot. 
Anti-GFP antibody was validated by the manufacturer using western blot. Species reactivity: Bovine, Canine, Chicken/avian, 
Donkey, Drosophila, Feline, Guinea pig, Hamster, Human, Mouse, Porcine, Rabbit, Rat, Sheep, Simian, Xenopus, Yeast. 
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Anti-beta-Actin was validated by the manufacturer using western blot. Species reactivity: Human, Mouse, Monkey, Goat, Rat, 
Hamster, Saccharomyces cerevisiae, Arabidopsis, Pichia pastoris, Rabbit, Zebrafish, Drosophila, Leaf of Rice, Fruit of Cucumber, 
Chlamydomonas Reinhardtii, Fish, Pig, Chicken. 
Anti-GAPDH was validated by the manufacturer using western blot. Species reactivity: human, mouse, rat, zebrafish, yeast, plant, 
beagle, carp, chicken, cow, Cynomorium songaricum Rupr, Cyprinus carpio, deer, dog, Eelworm, H. illucens. 
Goat-Anti-Mouse Ig Human ads-HRP were validated by the manufacturer using western blot. Specificity: Reacts with the heavy 
and light chains of mouse IgG1, IgG2a, IgG2b, IgG2c, IgG3, IgM, and IgA. 
Goat-Anti-Rabbit Ig Human ads-HRP were validated by the manufacturer using western blot. Specificity: Reacts with the heavy 
and light chains of rabbit IgG and IgM.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) NRK (ATCC), CRL-6509™ 
Human MGC803, gift from Zhijie Chang laboratory, Tsinghua University 
Mouse L929 (ATCC), CCL-1 
293F, gift from Laboratory of Yigong Shi, Tsinghua University

Authentication The cell lines were not authenticated.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No cell lines used in this study were found in the database of commonly misidentified cell lines that is maintained by ICLAC 
and NCBI Biosample.
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