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Diffusing caveolin-1 scaffolds regulate 
mechanosignalling
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Caveolae are invaginated plasma membrane nanodomains traditionally 
associated with membrane trafficking and signalling. These multifunctional 
organelles are also essential mechanosensors mediating the cell response 
to mechanical stress. We investigated the role of caveolae mechanics in 
regulating various signalling pathways. Single-molecule imaging and 
super-resolution microscopy revealed that mechanical stress rapidly 
triggers caveolae disassembly and the release of caveolin-1 scaffolds, which 
then exhibit enhanced diffusion at the plasma membrane. This promoted 
direct interaction between the caveolin-1 scaffolding domain and the 
tyrosine kinase JAK1, leading to the inhibition of its catalytic activity.  
A similar process was observed for eNOS, PTEN and PTP1B. The control of 
signalling by diffusing Cav1 scaffolds was further validated by a theoretical 
model based on caveolae thermodynamics. These findings establish a 
mechanotransduction paradigm in which signalling information is decoded 
remotely from the initial mechanosensing caveola, through dynamic and 
reversible assembly of tension-controlled complexes between signalling 
effectors and caveolin-1 scaffolds.

Caveolae are discrete bulb-shaped plasma membrane structures with 
diameters of 50–80 nm that can cluster into ‘rosettes’1,2. They were first 
identified by electron microscopy (EM) in epithelial and endothelial 
cells over 70 years ago3,4. The integral membrane protein caveolin-1 
(Cav1) oligomerizes to form the primary 8S building blocks of caveolae 
assembly in many cell types, particularly in adipocytes, endothelial cells 
and muscle cells. The caveolin family consist of three isoforms: Cav1, 
caveolin-2 (Cav2) and muscle-specific caveolin-3 (Cav3)5–7. Despite 
early EM observations of electron-dense cytoplasmic regions, cave-
olae were long considered non-coated invaginations, in contrast to 
the fuzzy coat of clathrin-coated pits. The composition and organiza-
tion of the caveolar coat were clarified with the discovery of the cavin 
family of proteins (Cavin1–Cavin4). Cavin1, is essential for caveolae 

morphogenesis in all cell types8, whereas Cavin4 expression is restricted 
to muscle cells9–11. Accessory proteins, including EHD2, pacsin2/syn-
dapin2 (pacsin3/syndapin3 in muscle) and filamin A, localize to the 
caveolar neck and regulate stability and dynamics through interactions 
with the actin cytoskeleton12–16. A recent cryo-EM study resolved the 
quaternary structure of the Cav1 complex, revealing an 8S assembly of 
11 primary α-helical protomers that are tightly arranged into a ~14-nm 
spiral disc with N termini on the outer ring and C termini forming a 
central β-barrel17.

Caveolae and Cav1 have been implicated in diverse biological 
processes, including transcytosis, endocytosis, lipid homeostasis and 
signal transduction18–21, and are linked to multiple human diseases22. 
For example, mutations or altered expression of caveolins and cavins 
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but not Cav1−/− cells (Fig. 1c,d), whereas STAT1 nuclear translocation 
remained unaffected (Fig. 1b–d). These data indicate that caveolae 
and/or Cav1 selectively modulate STAT3 phosphorylation in response 
to mechanical stress.

Interaction of Cav1 with JAK1 results in STAT3 inhibition
IFNα signalling depends on the ubiquitous IFNAR receptor, composed 
of two receptor subunits, IFNAR1 and IFNAR2, and downstream tyrosine 
kinases TYK2 and JAK1, which are respectively associated with IFNAR1 
and IFNAR2 (refs. 54,55). We hypothesized that caveolae/Cav1 regu-
late STAT3 activation via interaction with JAK1 or TYK2. Hypo-osmotic 
shock (30 mOsm, 5 min), which increases membrane tension and rap-
idly disassembles caveolae, similarly to cell stretching43, resulted in 
enhanced Cav1–JAK1 interaction up to threefold (Fig. 2a). This effect 
was rapid, with increased interaction correlated with the intensity 
of the shock and plateaued at 5 min (Fig. 2b,c). This increase corre-
lated with a substantial reduction of STAT3 phosphorylation by ~62% 
(Fig. 2d). Upon return to iso-osmotic conditions, wherein caveolae 
are reassembled to their initial numbers43, both Cav1–JAK1 interac-
tion and IFNα-induced STAT3 phosphorylation reverted to baseline. 
Cav1−/− cells showed elevated STAT3 phosphorylation, consistent with 
Cav1-mediated inhibition56,57. Thus, Cav1 released during caveolae 
disassembly regulates the extent of Cav1–JAK1 interaction and STAT3 
activation in a reversible, tension-dependent manner.

Mechanical stress enhances diffusion of Cav1 oligomers at the 
plasma membrane
We had initially hypothesized that the disassembly of caveolae induced 
by increased membrane tension would release non-caveolar caveolins 
at the plasma membrane and coat proteins into the cytosol43,49. Indeed, 
single-molecule fluorescence analysis have now revealed that caveolae 
flattening results in the disassembly of the cavin coat structure43,58. 
In addition, we previously showed that mechanical disassembly of 
caveolae releases the EHD2 ATPase from the neck of caveolae, which 
then translocates to the nucleus and regulates gene transcription59. 
Upon mechanical disassembly of caveolae, caveolins could remain as 
a flat caveolar structure, as shown by deep-etch EM43, or released as 
non-caveolar Cav1 oligomers. In this regard, the comprehension of the 
topology of Cav1 oligomers released upon caveolae flattening is cru-
cial for understanding the functions of caveolae, which is still limited. 
Indeed, FRAP experiments allowed us to show an increased mobile frac-
tion of Cav1 upon mechanical stress, suggesting that a higher number of 
Cav1 molecules are freely diffusing outside caveolae43. To monitor the 
fate of single Cav1 molecules with high spatiotemporal resolution at the 
plasma membrane, we performed single-particle tracking coupled with 
photoactivation localization microscopy (sptPALM) using total inter-
nal reflection fluorescence microscopy (TIRF) and photo-switchable 
mEos3.2-Cav1 (refs. 60–62). Thousands of reconstructed mEos3.2-Cav1 
trajectories were sorted according to their diffusion mode (diffusive, 
confined or immobile; Fig. 3a) and diffusion coefficients (D) were com-
puted (Fig. 3b and Methods).

In resting cells, most Cav1 trajectories were immobile, consist-
ent with confinement in caveolae (Fig. 3a,b and Supplementary 
Video 1). Acute increase in membrane tension through hypo-osmotic 
shock induced a marked increase in the fraction of fast freely dif-
fusive trajectories (Fig. 3a,b and Supplementary Video 2), which 
increased with the duration of the hypo-osmotic shock (Fig. 3c), in 
agreement with the visualization that mEos3.2-Cav1 trajectories 
explored a wider area with time. Upon return to iso-osmotic condi-
tions (recovery), the fraction of diffusive Cav1 decreased to those of 
the resting state (Fig. 3d). Diffusion of a plasma membrane control 
(CAAX-mEos3.2) was unchanged (Extended Data Fig. 2a). These results 
indicate that Cav1 molecules, initially immobilized within caveolae, are 
released into a dynamic and reversible diffusive pool in response to  
mechanical stress.

are associated with lipodystrophy, vascular dysfunction, cancer and 
muscle dystrophies23–26.

A major focus has been the role of Cav1 in intracellular signalling1,27,28. 
Earlier studies proposed that caveolae and/or Cav1 modulate the activ-
ity of numerous growth factors, signalling receptors, and kinases, 
including endothelial nitric oxide synthase (eNOS), the insulin receptor, 
the epidermal growth factor receptor (EGFR), Src-family kinases and 
HRas/KRas29–33. However, the reliance on Cav1 and signalling protein 
overexpression systems raised concerns about artefactual localization. 
Indeed, caveolae seem to exclude most transmembrane and cytosolic 
proteins while concentrating lipids34. This led to the proposal that Cav1 
can regulate signalling outside caveolae, as endogenous Cav1 inhibits 
EGFR signalling in tumour cells that lack caveolae35. Subsequent work 
showed that Cav1 controls migration and tumour progression through 
the regulation of focal adhesion and membrane tension in prostate 
cancer PC3 cells devoid of Cavin1 and therefore of caveolae9,36–38. These 
non-caveolar Cav1 assemblies, termed scaffolds39, have been recently 
visualized at the plasma membrane by super-resolution microscopy 
and EM40–42. How the key role of Cav1 in caveolae formation relates to 
its regulation of signalling effectors that are located outside caveolae 
remains unclear, making it a prime research focus.

In 2011, we uncovered a key role for caveolae in mechanosensing. 
Mechanical stress induces rapid flattening of caveolae, increasing 
membrane area and buffering membrane tension to prevent rupture43. 
This essential function of caveolae has been validated across several 
cell types in vitro and in vivo42,44–48 and has prompted a reassessment 
of caveolae biology in the context of cell mechanics2,49–52.

Here, we examined how the tension-dependent cycle of caveolae 
disassembly and reassembly regulates intracellular signalling. Using 
super-resolution and live-cell single-molecule imaging, we show that 
mechanical stress rapidly converts caveolae into smaller Cav1 assem-
blies corresponding to scaffolds. These scaffolds diffuse rapidly within 
the plasma membrane and directly interact via the Cav1 scaffolding 
domain (CSD) with signalling effectors outside caveolae, including 
the Janus kinase JAK1, leading to inhibition of its catalytic activity and 
reduced STAT3 activation upon interferon (IFN)-α stimulation. Upon 
stress release, JAK–STAT signalling is restored. AlphaFold3 (AF3) predic-
tions combined with molecular dynamics (MD) simulations provide a 
structural model of the Cav1–JAK1 interaction, consistent with Cav1 
mutagenesis data and identifies candidate JAK1 interface residues. 
We extend the mechanical regulation of signalling by Cav1 scaffolds to 
PTEN, PTP1B and eNOS. A thermodynamics model of caveolae assembly 
and disassembly under mechanical stress recapitulates these obser-
vations and supports the generality of this signalling mechanism. 
Altogether, our study establishes a mechanotransduction paradigm 
whereby selective signalling pathways are regulated at locations dis-
tant from caveolae.

Results
The JAK–STAT signalling pathway is controlled by caveolae 
under mechanical stress
We investigated whether the mechano-dependent cycle of cave-
olae disassembly/reassembly acts as a switch to regulate signalling 
pathways1,49. Our previous studies suggesting that caveolae mechanics 
could regulate JAK–STAT signalling in muscle cells53 prompted us to 
further explore this regulatory mechanism in mouse lung endothe-
lial cells (MLECs), which are particularly enriched in caveolae. Upon 
IFNα stimulation, wild-type (WT) and Cav1 knockout (Cav1−/−) MLECs 
were subjected to 25% uniaxial stretch. STAT3 phosphorylation 
(pSTAT3 Tyr705) decreased by 52% in stretched WT cells compared 
with resting cells (Fig. 1a), whereas no activation occurred without 
IFNα (Extended Data Fig. 1a). This reduction was absent in Cav1−/− 
cells, indicating that this regulatory mechanism depends on the 
presence of functional caveolae and/or Cav1 (Fig. 1a). Accordingly, 
STAT3 nuclear translocation was inhibited by stretch in WT (Fig. 1b,d) 
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Cav1 oligomers interact with JAK1 to modulate the  
JAK–STAT pathway
Differentiating between the functions of caveolae and caveolin oligom-
ers has been a persistent challenge in the field of caveolae biology1,2,39,63. 
To distinguish caveolar versus non-caveolar Cav1, we used mouse 
embryonic fibroblasts (MEFs) knocked out for the PTRF gene encoding 
Cavin1 (Cavin1−/− MEFs), which lack caveolae and display mobile Cav1 
(refs. 9,42). These cells showed increased diffusive Cav1 (Fig. 3e, g, h), 
similar to WT MEFs under osmotic stress (Fig. 3f,h). Re-expression of 
Cavin1 restored caveolae and reduced Cav1 diffusion to levels measured 
in resting WT cells (Fig. 3e–h). We next investigated the impact of Cav1 
diffusion on JAK/STAT signalling. Notably, IFNα failed to activate STAT3 
in Cavin1−/− cells but was rescued by Cavin1 re-expression (Fig. 3i). In 
Cavin1−/− cells expressing different levels of Cav1 oligomers, STAT3 
activation inversely correlated with Cav1 levels (Fig. 3j). These data 
indicate that non-caveolar Cav1 mediates STAT3 inhibition.

Nanoscale imaging of Cav1 oligomers under mechanical stress
Super-resolution microscopy and machine learning have provided new 
insights into the nanoscale organization of the plasma membrane64–69. 
Stochastic optical reconstruction microscopy (STORM) imaging of 

endogenous Cav1 and Cavin1 in MLEC cells revealed caveolae-sized 
circular structures with an apparent diameter of 50–100 nm, consistent 
with the known size of caveolae (Fig. 4a and Extended Data Fig. 3a,b). 
The use of an astigmatic lens with HILO illumination further enabled 
three-dimensional (3D) visualization (Extended Data Fig. 3c). Caveolae 
disassembly during hypo-osmotic shock likely proceeds via flattening 
before coat release40. Accordingly, Cav1-positive structures increased in 
diameter and area during shock and returned to baseline upon recovery 
(Extended Data Fig. 3a).

Cav1 oligomers have been proposed to assemble into Cav1 scaf-
folds, outside caveolae39. However, these scaffolds are too small 
to be visually detectable using conventional fluorescence micros-
copy or EM techniques. Recently, computational network model-
ling and machine-learning-based 3D pattern analysis applied to 
single-molecule localization microscopy (SMLM) data enabled the 
identification of caveolae and three distinct classes of Cav1 scaffolds40. 
The classification was achieved using weakly supervised machine 
learning through cluster-based feature analysis, considering various 
parameters including size, shape, topology, hollowness, network 
characteristics and oligomerization state. The smallest S1A scaf-
fold corresponds to the known 8S complex of SDS-resistant 11 Cav1 
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Fig. 1 | Caveolae mechanics modulate the JAK–STAT signalling pathway.  
a, Representative immunoblots showing IFNα-induced STAT3 phosphorylation 
in MLEC WT and MLEC Cav1−/− cells subjected or not to uniaxial stretch, 
together with quantification of the pSTAT3/STAT3 signal ratio normalized 
to the corresponding unstretched control condition. Data are presented as 
mean ± s.e.m.; dots represent five independent biological replicates (n = 5). 
Statistical significance was assessed using one-way analysis of variance  
(ANOVA) with Friedman test; exact P values are provided in the Source Data.  
b,c, Representative immunofluorescence (IF) images showing nuclear 
translocation of pSTAT1 and pSTAT3 in MLEC WT (b) and MLEC Cav1−/− (c) cells 

subjected or not to uniaxial stretch, in the absence or presence of IFNα. Images 
are representative of three independent biological replicates (n = 3) with similar 
results. Scale bars, 20 μm. d, Quantification of pSTAT1/STAT1 and pSTAT3/STAT3 
nuclear translocation ratios, normalized to the unstretched MLEC WT control. 
Data are presented as mean ± s.e.m.; symbols represent three independent 
biological replicates (n = 3). Statistical significance was assessed using two-way 
ANOVA with Šídák’s multiple-comparisons test (two-sided). Exact P values are 
provided in the Source Data; P < 0.05; NS, not significant. Source numerical data 
and unprocessed blots are available in source data.
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Fig. 2 | Cav1-dependent inhibition of STAT3 activation is mediated through 
JAK1 association. a, Representative reciprocal co-immunoprecipitation of 
endogenous Cav1 and JAK1 from MLEC WT cells under iso-osmotic (ISO), 
hypo-osmotic (HYPO) and recovery (REC; return to ISO medium after HYPO) 
conditions. Quantification is based on the signal intensity ratio of JAK1 relative to 
immunoprecipitated Cav1 and, conversely, Cav1 relative to immunoprecipitated 
JAK1. b, Representative co-immunoprecipitation of endogenous JAK1 with Cav1 
in MLEC WT cells under ISO and increasing percentages of HYPO. Quantification 
is based on the JAK1–Cav1 signal intensity ratio in the immunoprecipitated 
fraction. c, Representative co-immunoprecipitation of endogenous JAK1 with 
Cav1 in MLEC WT cells under ISO and after increasing durations of 25% or 50% 
HYPO. Quantification is based on the JAK1–Cav1 signal intensity ratio in the 
immunoprecipitated fraction. d, Representative co-immunoprecipitation of 

endogenous JAK1 with Cav1 in MLEC WT cells under ISO, HYPO and REC, together 
with the corresponding IFNα-induced pSTAT3(Tyr705) levels. Quantification of 
JAK1 is based on the signal intensity ratio of JAK1 relative to immunoprecipitated 
Cav1. Quantification of pSTAT3(Tyr705) is based on the signal intensity ratio 
of pSTAT3(Tyr705) relative to total protein measured from the corresponding 
stain-free blot, shown below. For all panels, immunoblots are representative of 
three independent biological replicates (n = 3) with similar results. Quantified 
data are presented as mean ± s.d., with individual data points representing the 
independent biological replicates. Statistical significance was assessed using 
repeated-measures one-way ANOVA with multiple-comparisons correction; 
significance is indicated in the figure. Exact P values are reported in the Source 
Data. P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001; NS, not significant. Source 
numerical data and unprocessed blots are available in source data.
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protomers, recently characterized by cryo-EM at 3.5 Å, which are 
the minimal building block required to assemble the 70S complex of 
budded caveolae17,70,71. S1B scaffolds are dimeric forms of S1A, whereas 
larger S2 scaffolds correspond to a hemispherical intermediate made 
of several S1A scaffolds41. In addition to identifying bona fide cave-
olae, our post-cluster segmentation of 3D STORM Cav1 localizations 
allowed the visualization of numerous S1A, S1B and S2 Cav1 scaffolds 
in resting WT MLECs (Fig. 4b). Based on previous estimates of ~144 ± 39 
Cav1 molecules per caveola72, and about thirteen 8S complexes or S1A 
scaffolds17,41, we calculated that in resting cells ~49% of Cav1 resides 
in caveolae, whereas S2, S1B and S1A scaffolds account for ~30%, 
14% and 7%, respectively; Supplementary Table 1). Upon 5 min of 
hypo-osmotic shock, caveolae decreased by ~34%, with a concomitant 
increase in scaffolds, particularly S1A (+20%) and S1B (+30%) (Fig. 4c, 
Extended Data Fig. 3d and Supplementary Table 2).

To validate these findings, we used DNA-based point accumula-
tion for imaging in nanoscale topography (DNA-PAINT) to investigate 
the structural organization of the different Cav1 populations at rest 
and after cyclic stretching using a stretching device compatible with 
super-resolution microscopy73. DNA-PAINT relies on the stochastic 
binding of a fluorescent single-stranded DNA (imager strand) to the 
target-bound complement (docking strand) with sub-10-nm spatial 
resolutions73. To image Cav1, we used an anti-green fluorescent pro-
tein (GFP) nanobody that was functionalized with a DNA strand in 
MLEC Cav1−/− cells expressing Cav1–GFP. In resting cells, two broad 
and distinct distributions of nano-objects were detected: a larger 
population (~54%) of structures above 70 nm likely corresponding to 
caveolae and smaller structures below 70 nm likely corresponding to 
Cav1 scaffolds (~46%) (Fig. 4d). After cyclic stretching (30%, 0.5 Hz, 
30 min), scaffolds increased to ~64% at the expense of caveolae (Fig. 4d 
and Extended Data Fig. 4a,b), consistent with 3D STORM experiments 
(Fig. 4c and Extended Data Fig. 3d). The size of the smallest detected 
structures (~25 nm) exceeds the experimental spatial resolution, sug-
gesting that they correspond to S1A scaffolds and not individual caveo-
lins. Altogether, these data show that membrane tension surges reduce 
caveolae and promote Cav1 scaffold formation.

Preferential interaction of S1A and S1B Cav1 scaffolds with 
JAK1 under mechanical stress
We next investigated whether specific Cav1 scaffolds preferentially 
interact with JAK1. Multicolour 3D STORM with spectral demixing 
enabled the simultaneous localization of endogenous Cav1 and JAK1 
(Extended Data Figs. 3b and 4c). We then applied machine learning 
and network features-based analysis to distinguish caveolae and Cav1 
scaffold populations. Interaction analysis using MosaicIA74 revealed 
a significant increase in JAK1 interaction with S1A and S1B scaffolds 
upon 5 min of hypo-osmotic shock, whereas interactions with cave-
olae and S2 scaffolds remained low and unchanged (Fig. 4e,f). We 
further quantified proximity between JAK1 and Cav1 scaffolds using 
Point Cloud Analyst-based clustering and centroid distance measure-
ments between pairs of objects ( JAK1–caveolae, JAK1–S2, JAK1–S1B and 
JAK1–S1A) (Fig. 4e and Extended Data Fig. 4d). The frequency of pairs 
at a centroid-to-centroid distance <100 nm within a defined region of 
interest (ROI) confirmed increased proximity between JAK1 and S1A/
S1B scaffolds under stress (Fig. 4g). These data suggest that Cav1 is 
less accessible when assembled into caveolae or S2 scaffolds, whereas 
stress-induced S1A/S1B scaffolds are more diffusive and exposed.

The caveolin scaffolding domain mediates the interaction 
between Cav1 and JAK1
STAT3 activation was inversely correlated with Cav1–JAK1 interac-
tion, suggesting that Cav1 negatively regulates JAK1 activity. The 
CSD (NH2-terminal residues 82–101) has been proposed to medi-
ate interactions with a limited set of signalling proteins and exert 
inhibitory effects29,30,75,76. Expression of a Cav1 construct carrying 
CSD-inactivating point mutations at Phe92 and Val94 (Cav1–F92A/
V94A-mRFP)38 in MLEC Cav1−/− cells abolished co-immunoprecipitation 
with JAK1 (Fig. 5a).

We also monitored pSTAT1 and pSTAT3 nuclear translocation 
induced by IFNα stimulation in MLEC Cav1−/− cells re-expressing either 
Cav1 WT or Cav1–F92A/V94A (Fig. 5b). Expression of either construct 
had no effect on basal STAT3 levels (Extended Data Fig. 1b). pSTAT1 
and pSTAT3 nuclear translocation levels were comparable between 

Fig. 3 | Upon osmotic shock, Cav1 is released from caveolae and undergoes 
lateral diffusion along the plasma membrane. a, Top shows representative 
super-resolution PALM images of mEos3.2–Cav1 in MLEC WT cells under 
ISO conditions (left) and during HYPO (right), reconstructed from sptPALM 
acquisitions (50 Hz, >80 s). Insets show corresponding diffraction-limited 
images of coexpressed Cav1–GFP. Bottom shows colour-coded single-particle 
trajectories in the same cells, classified as diffusive (blue), confined (green) 
or immobile (red). Scale bars, 3 μm. b, Distribution of diffusion coefficient D 
computed from mEos3.2–Cav1 trajectories in MLEC WT cells under ISO (black) 
and HYPO (blue), shown on a logarithmic scale. The grey area corresponds to 
D < 0.011 μm2 s−1 and defines the immobile fraction. Middle shows box plots of 
diffusion coefficients for the freely diffusing trajectories. Right shows fractions 
of diffusive, confined and immobile trajectories. In a and b, data were obtained 
from single cells pooled from two independent biological experiments (MLEC 
WT ISO, n = 9 cells; MLEC WT HYPO, n = 10 cells). The distribution curves show 
the pooled trajectory data; box plots show the median (centre line/notch), mean 
(square) and box bounds corresponding to the 25th and 75th percentiles with 
whiskers extending to the minimum and maximum values. Where summary 
values are shown, data are presented as mean ± s.e.m. Statistical significance was 
assessed by ANOVA with multiple-comparisons correction (two-sided); exact 
P values are provided in the Source Data. c,d, Distribution of D computed from 
mEos3.2–Cav1 trajectories in MLEC WT cells during HYPO from t = 0 to 10 min (c) 
and after return from HYPO to recovery (REC) conditions from t = 1 to 30 min (d). 
Data were obtained from the same two independent biological experiments as in 
a and b. e, Representative super-resolution PALM images of mEos3.2–Cav1 in MEF 
Cavin1−/− cells (left; scaffolds) and MEF Cavin1−/− cells rescued with Cavin1–mEGFP 
(right; caveolae), reconstructed from sptPALM acquisitions (50 Hz, >80 s). 
Insets, Corresponding diffraction-limited images of mEos3.2–Cav1 (left) and 
Cavin1–mEGFP (right). Bottom, colour-coded trajectories classified as diffusive 

(blue), confined (green) or immobile (red). Scale bars, 3 μm. f, Distribution of 
D computed from mEos3.2–Cav1 trajectories in MEF WT cells under ISO (black) 
and HYPO (blue), shown on a logarithmic scale; the grey area corresponds 
to D < 0.011 μm2 s−1. g, Distribution of diffusion coefficient D computed from 
mEos3.2–Cav1 trajectories in MEF Cavin1−/− cells (blue) and MEF Cavin1−/− cells 
rescued with Cavin1–mEGFP (green). h, Box plots of diffusion coefficients for the 
freely diffusing trajectories and corresponding fractions of diffusive, confined 
and immobile trajectories in MEF WT ISO and HYPO, and in MEF Cavin1−/− cells 
with or without Cavin1–mEGFP rescue. In e–h, data were obtained from single 
cells pooled from two independent biological experiments (MEF WT ISO, n = 8 
cells; MEF WT HYPO, n = 8 cells; MEF Cavin1−/−, n = 9 cells; MEF Cavin1−/− + Cavin1–
mEGFP, n = 11 cells). Box plots show the median (centre line/notch), mean 
(square) and box bounds corresponding to the 25th and 75th percentiles with 
whiskers extending to the minimum and maximum values. Where summary 
values are shown, data are presented as mean ± s.e.m. Statistical significance was 
assessed by ANOVA with multiple-comparisons correction (two-sided); exact P 
values are provided in the Source Data. i, Representative immunoblots showing 
STAT3 phosphorylation in MEF Cavin1−/− cells left untreated (NT) or rescued 
with Cavin1–mEGFP, at steady state (left) or after IFNα stimulation (right). 
Immunoblots are representative of three independent biological replicates 
with similar results. j, Representative immunoblots showing IFNα-induced 
STAT3 phosphorylation in MEF Cavin1−/− cells expressing low, medium or high 
levels of Cav1, together with quantification of the pSTAT3:STAT3 signal ratio 
normalized to the low-expression condition. Data are presented as mean ± s.e.m., 
with individual data points representing three independent biological 
replicates (n = 3). Statistical significance was assessed by ANOVA with multiple-
comparisons correction (two-sided); exact P values are provided in the Source 
Data. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. Source 
numerical data and unprocessed blots are available in source data.
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MLEC Cav1−/− cells expressing Cav1 WT and MLEC WT cells (Fig. 1d). 
In non-transfected cells, pSTAT3 nuclear translocation occurred 
normally; however, in cells overexpressing Cav1 WT, it was impaired, 
supporting an inhibitory role of Cav1 on JAK1 activity. In cells express-
ing Cav1–F92A/V94A, pSTAT3 nuclear translocation was restored 

upon IFNα stimulation, indicating that loss of STAT3 inhibition likely 
results from impaired JAK1 interaction (Fig. 5a,b). Consistent with 
STAT1 insensitivity to mechanical stress and caveolae, IFNα-induced 
pSTAT1 nuclear translocation remained unaffected regardless of Cav1 
expression (Fig. 5b).
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We further investigated CSD function using two peptides, CavTra-
tin (Cav1 82DGIWKASFTTFTVTKYWFYR101) corresponding to Cav1–CSD 
and CavNoxin (Cav1 82DGIWKASFAAATVTKYWFYR101), in which key 
residues are replaced by alanines, abolishing inhibitory activity77. 
CavTratin treatment significantly reduced pSTAT3 levels upon IFNα 
stimulation compared with a scrambled control peptide (Fig. 6a), 
indicating that the CSD alone is sufficient to negatively regulate STAT3 
activation. Conversely, CavNoxin increased IFNα-induced pSTAT3. Cav1 
overexpression may generate non-caveolar Cav1 due to stoichiomet-
ric imbalance with caveolar components such as Cavin1 (refs. 37,71). 
Conversely, CavNoxin likely relieves JAK1 inhibition by competing 
with endogenous Cav1. To exclude indirect effects, we assessed CSD 
binding on JAK1 catalytic activity in a cell free assay. JAK1 activity, 
measured by ATP-to-ADP conversion, was unchanged with control 
peptide but decreased significantly and in a dose-dependent manner 
with CavTratin (Fig. 6b).

A caveolin binding motif has been proposed to mediate inter-
actions with Cav1–CSD78,79, though its role remains debated80,81. 
Sequence analysis of JAK1 identified three candidate motifs: 
within the FERM domain (157YLFAQGQY164), pseudo-kinase domain 
(777WSFGTTLW784) and tyrosine kinase domain (1065WSFGVTLH1072). 
The first was excluded as it is absent in the recombinant JAK1 used 
in vitro (Fig. 6b). Co-immunoprecipitation showed that residues 
1057–1071, but not 1072–1154, are required for Cav1 interaction with 
JAK1 (Extended Data Fig. 5a). These data highlight the essential role 
of Cav1–CSD in mediating direct interaction with JAK1, likely via its 
tyrosine kinase domain, resulting in dose-dependent inhibition of JAK1 
activity and downstream signalling.

These findings prompted structural investigation of Cav1 bind-
ing to JAK1. We used AF3 to model the complex82, restricting JAK1 
to its kinase domain (residues 855–1154) and using a series of Cav1 
peptides encompassing residues 90–98 of the Cav1–CSD monomer. 
This choice was guided by our experimental observation that removal 
of JAK1 C-terminal region (residues 1057–1154) abolishes interaction 
with Cav1 (Extended Data Fig. 5a). We tested Cav1 peptides encompass-
ing residues 90–98 because the Cav1–F92A/V94A mutant failed to 
interact with JAK1 (Fig. 5a,b). We chose to model Cav1 peptides rather 
than the full-length monomer because the cryo-EM structure of the 

Cav1 11-mer shows that residues 90–98 are not accessible for interac-
tions with partner proteins such as JAK1 (PDB ID: 7SC0)17. Interactions 
likely require conformational rearrangement of Cav1, as suggested by 
coarse-grained MD simulations83.

Long Cav1 sequences (≥71–121) adopted fully helical conforma-
tions resembling the cryo-EM structure of the Cav1 11-mer (PDB ID: 
7SC0) and showed no credible interaction with JAK1. In contrast, 
shorter peptides (80–110) consistently yielded similar complex struc-
tures across five independent AF3 runs. Superimposition of these mod-
els revealed conserved positioning of residues 90–98 at the surface 
of the JAK1 kinase domain (Fig. 6c), with highly conserved side-chain 
orientations (Fig. 6d).

In these models, F92 and V94 insert into hydrophobic grooves at 
the surface of the JAK1 kinase domain (Fig. 6e). F92 occupies a hydro-
phobic cavity formed by JAK1 residues V1045, F1046, V1101 and the 
methyl group of T1100 (Fig. 6f), whereas V94 occupies a second hydro-
phobic pocket lined by residues Y1048, L1053 and V1045 (Fig. 6g). W98 
forms a hydrogen bond via its HNε2 atom with the backbone carbonyl 
oxygen of Q1055 of the JAK1 kinase domain (Fig. 6g). No interactions 
were observed outside this core region. The importance of W98 was 
confirmed experimentally, as the Cav1-W98A mutant failed to bind 
JAK1 (Fig.6h).

Despite low confidence scores, as occasionally observed in AF3 
predictions, we assessed interface stability using MD simulations in 
explicit solvent (~2.1 µs total). Simulations were initiated from the 
top-ranked AF3 model of the JAK1(855–1154)–Cav1(80–110) com-
plex. The JAK1 kinase domain remained structurally stable with low 
Cα atom root-mean-square deviation (RMSD; <2.0 Å; Extended Data  
Fig. 5b–d) and low root-mean-square fluctuation (RMSF) values 
(1.0–2.0 Å; Extended Data Fig. 5e). In contrast, the Cav1(80–100) 
peptide showed higher flexibility overall (RMSD up to 8.0 Å; 
Extended Data Fig. 5b–d), but residues 90–98 remained stable 
(RMSD < 2.5 Å; RMSF < 2.0 Å), indicating a constrained core region 
(Extended Data Fig. 5f). Distal regions of the peptide underwent 
substantial conformational fluctuations relative to the JAK1 kinase 
domain, possibly due to the truncated peptide.

Minimum interatomic distance analysis further supported the 
stability of predicted interactions. Cav1 residue V94 consistently 

Fig. 4 | Nanoscale visualization of Cav1 organization and its remodelling 
in response to mechanical stress. a, Representative two-dimensional (2D) 
single-colour dSTORM image of a MLEC WT cell stained for Cav1. Inset shows 
a higher-magnification view. Image is representative of three independent 
biological experiments with similar results. Scale bars, 1 μm; inset, 300 nm. 
b, Representative raw 2D STORM image and the corresponding post-cluster-
segmentation image obtained after application of the 3D SMLM network-
analysis pipeline used to classify Cav1 objects into caveolae and the three 
non-caveolar scaffold subclasses (S2, S1B and S1A). Images are representative 
of three independent biological experiments with similar results. Scale bars, 
1 μm; insets, 300 nm. c, Quantification of the number of caveolae, S2, S1B and 
S1A Cav1 objects per 100 μm2 in ISO and HYPO conditions from post-cluster-
segmentation images acquired by 3D dSTORM. Data are presented as mean ± s.d., 
with individual data points representing ROIs used for statistical analysis (n = 30 
ROIs per condition, corresponding to two ROIs per cell from 15 cells across three 
independent biological experiments). Statistical significance was assessed 
using a two-sided unpaired t-test. Exact P values are provided in the Source 
Data. d, DNA-PAINT images (top) of Cav1 in MLEC Cav1−/− cells re-expressing 
Cav1–GFP at steady state (CTRL) or after cyclic stretch (30% strain, 0.5 Hz, 
30 min) on a polydimethylsiloxane stretching device. Middle, corresponding 
first-rank density maps generated with SR-Tesseler and normalized to the 
average localization density. Bottom, detected Cav1 clusters highlighted 
after segmentation. The boxed regions in the left panels are shown at higher 
magnification on the right. Images are representative of three independent 
biological experiments with similar results. The cluster-size distribution plot 
was generated from all segmented clusters pooled from three independent 
biological experiments (CTRL, n = 1,929 clusters; stretch, n = 3,531 clusters); bold 

lines indicate the mean. The bar plot shows the fraction of Cav1 clusters <70 nm 
and >70 nm. Data are presented as mean ± s.d. from three independent biological 
replicates (n = 3). Statistical significance was assessed using repeated-measures 
one-way ANOVA with multiple-comparisons correction (two-sided). Exact  
P values are provided in the Source Data. e, Representative 3D STORM 
visualization of JAK1 localizations and the different Cav1 object classes within a 
defined ROI under ISO (top) and HYPO (bottom) conditions. The corresponding 
segmented objects and extracted object centroids for the indicated Cav1–JAK1 
pairs are shown on the right. Images are representative of 15 cells per condition 
acquired across three independent biological experiments with similar results. 
Scale bar, 3 μm; insets, 200 nm. f, Object-based spatial interaction analysis 
(MOSAIC suite, Fiji) showing the interaction strength (A.U.) between JAK1 
and each Cav1 object class (caveolae, S2, S1B and S1A) under ISO and HYPO 
conditions. Data are presented as mean ± s.d., with individual data points 
representing ROIs (n = 30 ROIs per condition, corresponding to two ROIs per 
cell from 15 cells across three independent biological experiments). Statistical 
significance was assessed using repeated-measures one-way ANOVA with 
multiple-comparisons correction (two-sided). Exact P values are provided in 
the Source Data. g, Percentage occurrence of JAK1 objects located <100 nm 
or >100 nm from the indicated Cav1 object classes (caveolae, S2, S1B and S1A) 
under ISO and HYPO conditions. Data were obtained from ROIs (n = 30 ROIs 
per condition, corresponding to two ROIs per cell from 15 cells across three 
independent biological experiments) and are presented as mean ± s.d. Statistical 
significance was assessed using repeated-measures one-way ANOVA with 
multiple-comparisons correction (two-sided). Exact P values are provided in the 
Source Data. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant.
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interacted with JAK1 residues V1045, Y1048 and L1053 along the 
three trajectories, consistent with persistent hydrophobic pack-
ing (Extended Data Fig. 5g–i). F92 remained constantly close to key 
JAK1 residues in two trajectories, with partial rearrangement in the 
third (Extended Data Fig. 5j–m). Likewise, the W98- Q1055 hydro-
gen bond was stable in trajectory 3 (Extended Data Fig. 5n), but 
fluctuated in trajectories 1 and 2, suggesting that this residue may 
exist in equilibrium between multiple confirmations (Extended  
Data Fig. 5n).

Together, these results support the AF3 model and indicate that 
Cav1 likely binds JAK1 via residues 90–98, with V94 being at the core and 
forming a key interaction with a set of hydrophobic JAK1 residues. This 
structural model fully agrees with biochemical data and underscores 
the central role of this Cav1 region in JAK1 binding.

Multiple signalling pathways are controlled by the mechanical 
release of Cav1
We next examined whether additional signalling pathways are 
regulated by this mechanism using reverse-phase protein array 
(RPPA), which is a miniaturized dot-blot technology that enables 
proteomic analysis and identification of activated or altered sig-
nalling pathways84. Analysis of WT and Cav1−/− MLECs under uni-
axial stretch (Extended Data Fig. 6a) revealed modulation of MAPK 
(p42/44) and AKT (pSer473) pathways. MAPK activation by stretch 
was Cav1-independent, whereas AKT pSer473 increase required 
Cav1 (Extended Data Fig. 6b). IFNα/β stimulation significantly 
increased STAT3 (Tyr705) and STAT1 (Tyr701) phosphorylation 
(Extended Data Fig. 6c). RPPA confirmed that stretching reduced 
STAT3 phosphorylation in a Cav1-dependent manner, with no effect on 
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quantification of JAK1 signal intensity normalized to immunoprecipitated mRFP/
Cav1–mRFP. Immunoblots are representative of three independent biological 
experiments with similar results. Quantified data are presented as mean ± s.e.m. 
(bars, mean; error bars, s.e.m.), with individual data points representing three 
independent biological replicates (n = 3). Statistical significance was assessed 
using a two-sided one-way ANOVA with multiple-comparisons correction.  
Exact P values are indicated in the figure and provided in the Source Data.  
b, Representative IF images showing nuclear translocation of pSTAT1(Tyr701) 

(cyan) and pSTAT3(Tyr705) (magenta) in IFNα-stimulated MLEC Cav1−/− cells 
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in the Source Data. ****P < 0.0001, *P < 0.05; NS, not significant. Source numerical 
data and unprocessed blots are available in source data.
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Fig. 6 | Predicted Cav1–JAK1 complex structure and functional validation 
of the interaction interface. a, Representative immunoblots showing 
pSTAT3(Tyr705) and total STAT3 in MLEC WT cells stimulated with IFNα in 
the presence of control peptide or CavTratin (left) and control peptide or 
CavNoxin (right), with the corresponding quantification of the pSTAT3:STAT3 
ratio normalized to the respective control peptide condition. Immunoblots 
are representative of six independent biological replicates for CavTratin and 
nine independent biological replicates for CavNoxin, with similar results. 
Quantified data are presented as mean ± s.e.m. (bars, mean; error bars, s.e.m.), 
with individual data points representing the independent biological replicates 
(CavTratin, n = 6; CavNoxin, n = 9). Statistical significance was assessed using a 
two-sided Wilcoxon matched-pairs signed-rank test. Exact P values are indicated 
in the figure and provided in the Source Data. b, In vitro ADP production 
from ATP conversion by recombinant JAK1 plotted as a function of peptide 
log concentration (μM). Data are presented as mean ± s.e.m. (symbols/line, 
mean; error bars, s.e.m.) from three independent in vitro technical replicate 
experiments (n = 3). Statistical comparison of the fitted dose–response curves 
was performed using an extra-sum-of-squares F test (two-sided). Exact P values 
are indicated in the figure and provided in the Source Data. c, Superimposition 
of the five AF3-predicted structures of the JAK1(855–1154) kinase domain in 

complex with the Cav1(80–110) peptide, shown in cartoon representation. 
JAK1(855–1154) is shown in grey in all models, whereas Cav1(80–110) is shown 
in different colours for each model, except for the Cav1(90–98) segment, 
highlighted in green in all five structures. d, Superimposition of the side-chain 
conformations of Cav1 residues T90, F92, V94 and W98 in the five AF3-predicted 
models. e, Top-ranked AlphaFold3-predicted structure of the JAK1(855–1154)–
Cav1(80–110) complex. JAK1 is shown in surface representation (grey) and the 
Cav1 peptide is shown in cartoon representation (green). Side chains of Cav1 
T90, F92, V94 and W98 are shown in ball-and-stick representation and coloured 
by heteroatom. f, Close-up view of the JAK1 residues forming the predicted 
binding pocket for Cav1-F92 in the AF3 model. g, Close-up view of the predicted 
interactions of Cav1–V94 and Cav1–W98 with the JAK1 kinase domain. In f,g, 
JAK1 is shown in cartoon representation with side chains shown as orange 
ball-and-stick, and the Cav1 peptide is shown in green. h, Representative co-
immunoprecipitation of Cav1–mRFP with endogenous JAK1 in MLEC Cav1−/− cells 
expressing Cav1(WT)–mRFP, Cav1(F92A/V94A)–mRFP or Cav1(W98A)–mRFP 
under ISO conditions. Immunoblots are representative of three independent 
biological experiments with similar results. Source numerical data and 
unprocessed blots are available in source data.
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STAT1 (Extended Data Fig. 6d). We also analysed interactions between 
Cav1 and endothelial nitric oxide synthase (eNOS) as well as protein 
tyrosine phosphatase 1B (PTP1B)31,85. Both interactions increased 
during hypo-osmotic shock and returned to baseline upon recovery 
(Extended Data Fig. 7a). As observed for JAK1 (Fig. 2b,c), there is a 
correlation between the hypo-osmotic shock strength and the extent 
of interaction (Extended Data Fig. 7b), likely reflecting Cav1 release 
from disassembled caveolae. Similarly, this effect was rapid, with 
maximal interaction reached within 5 min of hypo-osmotic shock and 
no further increase upon prolonged exposure (Extended Data Fig. 7c). 
Increased Cav1–eNOS interaction reduced eNOS activation (Ser1177 
phosphorylation; Extended Data Fig. 7d)86. Return to iso-osmotic 
conditions restored baseline eNOS–Cav1 interaction and eNOS acti-
vation. No effect was observed in Cav1−/− cells.

Cav1 also interacted with phosphatase and tensin homologue 
(PTEN), a potent tumour suppressor and negative regulator of AKT 
signalling87 (Extended Data Fig. 8a). Hypo-osmotic shock increased 
Cav1 binding to PTEN, correlating with enhanced AKT Ser473 phos-
phorylation. These data remain, however, correlative, and we can only 
speculate that the increase in AKT activity, also observed by RPPA in 
stretched cells (Extended Data Fig. 6b), reflects inhibition of PTEN 
phosphatase activity by Cav1, particularly as AKT does not interact with 
Cav1 (Extended Data Fig. 8b). Of note, we found that as observed for 
JAK1, Cav1 interaction with PTEN required residues F92, V94 and W98 
of the Cav1–CSD domain (Extended Data Fig. 8b). Similar to JAK1, eNOS 
and PTP1B, the Cav1–PTEN interaction returned to basal levels upon 
restoration of iso-osmotic conditions (Extended Data Fig. 8a). Finally, 
Cav1 did not interact with TYK2, another JAK family member activated 

by IFNα (Extended Data Fig. 8b). Although caveolin and integrins coop-
erate in mechanosignalling88, as we recently showed in invadosome 
biogenesis and activity89. However, we could not immunoprecipitate 
integrins with Cav1 in MLEC cells (Extended Data Fig. 8c). These results 
establish the selectivity of caveolae mechanosignalling.

Physical model of caveolae formation under mechanical stress
We developed a thermodynamic model of caveolae self-assembly 
(Supplementary Note 1)90. The theoretical model includes full 
caveolae, hemispherical S2 scaffolds and smaller S1A/B scaffolds 
(Fig. 7a). Minimization of the system’s free energy yields a membrane 
tension-dependent fraction of the total Cav1 population in the different 
states, which is proportional to

caveolae∶ρfull = n en(μc+eb−σ), S2∶ρhalf =
n
2 e

n
2 (μc+eb+λ−

σ
2 ), S1∶ρ1 = eμc

(1)

where σ is the membrane tension, eb is the binding energy between S1 
scaffolds in larger domains (caveolae and S2), λ is the line tension asso-
ciated with the boundaries of S2 domains, n = 13 is the number of S1 
in caveolae and μc is the Cav1 chemical potential, obtained from the 
conservation of the total number of Cav1 at the membrane (see below). 
The energetic parameters are normalized to be expressed in unit of 
the thermal energy kBT .

The model predicts a sigmoidal decrease of caveolar Cav1 and 
increase of freely diffusing Cav1 with membrane tension (Fig. 7b). 
Hemispherical S2 domains exist within a limited tension range strongly 
depending on S2 line tension. Parameters of Fig. 7b were fitted to match 
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Fig. 7 | Physical model of caveolae remodelling and effector regulation under 
membrane tension. a, Schematic representation of the Cav1 and membrane-
associated signalling-effector states included in the physical model: free S1A/
S1B oligomers, hemispherical S2 domains, fully formed caveolae, active effectors 
and Cav1-bound inactive effector complexes. A sketch of the model is shown at 
right. b, Model-predicted variation in the fractions of the three Cav1 populations 
as a function of membrane tension. The blue line represents the sum of all 

diffusive Cav1 states. c, Model-predicted variation in the fractions of active and 
inactive membrane-associated signalling effectors as a function of membrane 
tension. In b,c, solid lines indicate the tension range explored experimentally 
in the stretching assays, whereas dashed lines indicate the model extrapolation 
over a broader range of membrane tension. Data points in b are derived from 
the experimental measurements shown in Fig. 4f. Model parameters are eb = 3.6, 
λ = 1.76, ρtot = 0.33, ε = 2.6, ρ( j, tot) = 0.02.
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super-resolution data (Fig. 4b,e). The fit, although not unique, suggests 
that the membrane tension homeostatic value is within the range that 
permits substantial variation of free Cav1 under stretch. Free Cav1 may 
interact with and inactivate membrane-associated signalling effectors. 
This is described within the same framework, where the population of 
effectors in the different states is proportional to

active ∶ ρj = eμj , inactive (bound toCav1) ∶ ρd = eμj+ε+μc (2)

where  is the binding energy between S1 and effectors and μj  is the 
effector chemical potential. The two chemical potentials are obtained 
from the conservation of the total number of the respective proteins 
at the membrane: ρ1 + ρd + ρfull + ρhalf = ρtot  and ρj + ρd = ρj,tot . 
Increased membrane tension promotes effector inactivation via Cav1 
release from caveolae and S2 aggregates (Fig. 7c). A more complete 
model (Supplementary Note 1) allowing multiple bindings on free Cav1 
oligomers does not alter these conclusions (Fig. 7b,c). Overall, this 
model, based on equilibrium thermodynamics, quantitatively explains 
how membrane tension controls Cav1 states and signalling, consistent 
with our experimental observations and predictive across a broad 
tension range.

Discussion
Since their first description in 1953, research over the years has revealed 
a variety of roles for caveolae and caveolins in preserving biological 
functions (reviewed previously2,22). Although studies in the mid-1970s 
suggested roles in mechano-protection and cellular integrity91–93, it 
was only after the demonstration that caveolae sense and respond to 
mechanical stress that the field reassessed their classical functions in 
the context of cell mechanics2,43,50–52. We initially hypothesized that 
caveolar components released upon mechanical disassembly could 
mediate the mechanical response of the cell49. Indeed, we could dem-
onstrate that increased membrane tension triggers translocation of 
the ATPase EHD2 from the neck of caveolae to the nucleus, where it 
regulates gene transcription59. Similarly, Cavin1 is released from the 
caveolar coat upon hypo-osmotic shock43,58,94, and Cavin3 can interact 
with BRCA1 to regulate cancer-related pathways following caveolae 
disassembly induced by UV or osmotic stress95.

Our findings reveal that mechanical stress significantly aug-
ments the extent of Cav1 interaction with JAK1, PTEN, PTP1B and eNOS. 
Together with the proposed role of non-caveolar Cav1 scaffolds in 
signalling39, this supports a model in which Cav1 released from mechan-
ically disassembled caveolae mediates these interactions. sptPALM 
microscopy revealed that the population of non-diffusive Cav1 parti-
cles, initially constrained to confined domains under low membrane 
tension (likely caveolae), transitioned significantly as membrane ten-
sion progressively increased. This transition was characterized by a 
diffusion pattern indicative of Cav1 scaffolds scattering upon caveolae 
disassembly, accompanied by an increased population of freely diffus-
ing Cav1 and an increase in their diffusion coefficient. In Cavin1−/− cells 
where only non-caveolar Cav1 is present, we measured a diffusion 
coefficient for Cav1 particles that was strictly identical to the higher 
diffusion coefficient induced by osmotic stress in WT cells. These 
observations confirm that the highly diffusive pool of Cav1 molecules 
corresponds to non-caveolar Cav1. Similarly, we established a direct 
correlation between the level of inhibition of STAT3 phosphorylation 
and the quantity of non-caveolar Cav1.

Super-resolution imaging and network analysis have identified 
distinct subclasses of non-caveolar Cav1 or scaffolds that act as building 
blocks of caveolae41. Analysis of our SMLM data indicates that mechani-
cal stress promotes caveolae disassembly into Cav1 scaffolds. This 
disassembly was strongly correlated with an increase in both Cav1 dif-
fusion and its interaction with signalling effectors. These observations 
establish a mechanistic link between caveolae disassembly, scaffold 
release and signalling output.

Structural modelling and MD simulations identified a plausible 
Cav1–JAK1 complex conformation in which Cav1 residue V94 forms 
the core of a motif that inserts into a cleft on the JAK1 surface. Resi-
dues F92 and W98 flank V94 and likely stabilize this interaction, as 
confirmed by targeted mutagenesis. This model is consistent with 
results obtained using the JAK1Δ(1057–1154) and JAK1Δ(1072–1154) 
truncation mutants. Residues 1057–1071 form a helix (highlighted 
in red in Extended Data Fig. 5o and Supplementary Video 3) that 
supports much of the Cav1 binding site (residues 1033–1055, high-
lighted in cyan in Extended Data Fig. 5o and Supplementary Video 3). 
Accordingly, removal of residues 1072–1154 (highlighted in orange 
in Extended Data Fig. 5o and Supplementary Video 3) is predicted to 
preserve sufficient binding interface for peptide interaction, albeit 
with altered affinity, whereas deletion of the 1057–1071 helix would 
disrupt the binding site and prevent Cav1 association with the JAK1 
kinase domain. These findings indicate that the Cav1(90–98) segment 
within the Cav1–CSD is required for functional engagement of Cav1 and 
support a direct role for this domain in JAK1 binding.

The functionality of Cav1–CSD has been debated, as it has been 
proposed based on Cav1 sequence alignment, that this hydrophobic 
motif is embedded in the lipids of the plasma membrane, thus pre-
venting direct physical interactions with cytosolic proteins80,96. The 
preferential interaction of Cav1 scaffolds, as opposed to caveolae, with 
signalling molecules during periods of mechanical stress provides a 
potential explanation for the involvement of the Cav1–CSD. Indeed, 
cryo-EM structural characterization of the Cav1–8S complex has 
offered new insights into this interaction97,98. Cryo-EM data show that 
the CSD is positioned at the outer rim of the 8S Cav1 discoid complex17, 
suggesting that mechanical disassembly of caveolae into scaffolds, 
accompanied by lipid reorganization81, could expose the CSD and 
render it accessible for binding to cytosolic proteins, which may be 
otherwise occluded in budded caveolae. Building on this notion, a 
recent study used the structure of the Cav1–8S complex to perform 
coarse-grain MD simulations of a single Cav1–8S embedded in lipid 
membranes of varying compositions83. These simulations revealed 
that the Cav1–8S complex preferentially localizes to highly curved 
membrane surfaces, resulting in the exposure of several Cav1–CSD 
residues, including T90, V94 and W98, to the aqueous environment. 
Our structural predictions further indicate a central role for Cav1 resi-
due V94 in mediating interaction with the JAK1 kinase domain. Notably, 
the Cav1(90–98) segment, which adopts a helical conformation in the 
8S Cav1 structure (PDB code 7SC0, ref. 17), adopts a markedly different 
conformation in the predicted JAK1 complex. Together, these obser-
vations support a model in which Cav1 undergoes a conformational 
transition from its 8S form, exposing residues F92, V94 and W98 of 
the Cav1–CSD and rendering them accessible for JAK1 binding. These 
data are also consistent with a recent study suggesting that the S2 and 
S1B Cav1 scaffolds exhibit a more exposed CSD with the surrounding 
molecular environment99. In addition, the simultaneous release of 
cavins from the caveola bulb, induced by mechanical stress, may also 
contribute to the enhanced accessibility of Cav1–CSD.

As the expression of cavin proteins seems limited to vertebrates, 
it has been proposed that caveolins can carry out their functions 
independently of caveolae in most organisms. Likewise, various cell 
types including neurons, lymphocytes, hepatocytes, and certain can-
cer cells do not express cavins, suggesting that caveolins may exert 
caveola-independent functions63. Early studies have reported the 
ability of Cav1 to interact with several effectors through the Cav1–CSD 
domain29,30,75,76. Using CSD-mimicking peptides and point mutations in 
the Cav1–CSD, we provide unequivocal evidence of the CSD require-
ment for the direct interaction between Cav1 and JAK1. Accordingly, 
it has been reported that the deletion of the CSD abolished the inhi-
bition of STAT3 phosphorylation caused by Cav1 overexpression100. 
It is noteworthy that the CSD exhibits primary sequence similari-
ties to the pseudo-substrate domain of SOCS1, which mediates JAK 
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inhibition by SOCS1 (refs. 101,102). In this context, it is noteworthy 
that another member of the SOCS family, SOCS3, relies on Cavin1 for 
its localization at the plasma membrane in endothelial cells, and that 
STAT3 activation is increased when Cavin1 is depleted103. It will be 
interesting to test if, under mechanical stress, SOCS3 may be released 
from Cavin1, which would then compete with Cav1 scaffolds to bind  
to JAK1.

Superimposition of the AF3-predicted JAK1–Cav1 complex onto 
the cryo-EM structure of the JAK1 dimer (PDB ID: 8EWY)104 provides 
additional mechanistic insight. In our model, the Cav1 peptide binds at 
the interface between the tyrosine kinase domains of the two JAK1 mon-
omers. This interface, characterized by helical packing between the 
kinase domains, is thought to be critical for JAK1 dimerization, despite 
the presence of a secondary interface involving the pseudo-kinase 
domains, and is therefore likely essential for cytokine signalling. We 
speculate that Cav1 binding at this site could disrupt the interface or 
prevent of its formation, thereby modulating cytokine signal transduc-
tion mediated by JAK1 dimerization.

JAK1 inhibition was observed even in the absence of stimulation 
with IFNα, indicating that this regulatory process may be extended to 
other cytokines that activate JAK kinases. In the context of our previous 
study on interleukin (IL)-6–STAT3 signalling in human muscle cells, it is 
probable that the control exerted by caveolae mechanosensing on this 
signalling axis operates through the same mechanism53. It is notable 
that JAK1-dependent STAT3 activation was specifically targeted while 
leaving STAT1 activation unaffected. Our data indicate that TYK2, the 
other kinase operating in the IFNα signalling complex, does not inter-
act with Cav1. These findings further support the dichotomy between 
STAT3, which is known for its oncogenic properties, and STAT1, which 
is recognized as a tumour suppressor105.

Our findings unveil a tension sensitive mechanism through which 
caveolae exert a distant control over the regulation of various signal-
ling pathways. The proposed mechanism is supported by a theoretical 
model that considers the thermodynamics of caveolae formation under 
mechanical stress. The model suggests that as membrane tension 
increases, there is a transition from caveolar Cav1 to Cav1 scaffolds, 
accompanied by an enhanced affinity of Cav1 towards its effectors. 
STORM imaging revealed a small pre-existing pool of Cav1 scaffolds 
at the plasma membrane. JAK1 associates with these scaffolds, indicat-
ing that this pool is functionally engaged. This population may arise 
from local caveolar disassembly triggered by local heterogeneities in 
membrane tension, as we previously reported in migrating cells106. 
Alternatively, they may represent synthesized Cav1–8S complexes that 
arrive at the plasma membrane as scaffold intermediates before their 
assembly into mature caveolae.

Mechanical forces can regulate diverse cellular functions by 
directly influencing protein interactions, such as reinforcing107,108 or 
destabilizing interactions43,109 and controlling enzymatic reactions110. 
Furthermore, mechanical deformations have been shown to uncover 
concealed or cryptic binding sites, as demonstrated for vinculin and 
talin111, as well as cryptic phosphorylation112 or proteolysis sites113. 
Thus, there is a consensus that external mechanical stresses are trans-
mitted directly and rapidly to induce local protein deformation in 
mechanosensitive structures like integrin adhesions, the cytoskel-
eton or the nucleus69,114–116. Our findings reveal a different paradigm of 
mechanotransduction, challenging the notion that mechanical forces 
trigger immediate local effects or are rapidly transmitted through the 
cell via cytoskeletal elements or the membrane. Instead, we demon-
strate that the conversion of caveolae into caveolin scaffolds gener-
ates mechanical messengers that diffuse at the plasma membrane. 
Cav1 scaffolds interact with signalling effectors at distant locations 
from the initial mechanosensing caveolae, with a time delay. Caveolae 
mechanosignalling may also serve as a mechanism for integrating and 
facilitating crosstalk with other mechanosensitive structures, such as 
integrin adhesions and the cytoskeleton. Notably, integrin adhesion 

and Cav1 have been functionally interconnected38,117,118 and share com-
mon cytoskeleton partners119 and signalling pathways120–122. In addition, 
caveolae have been associated with actin stress fibres and implicated in 
the regulation of their contractility32,123,124. In this context, it is interest-
ing that protein deformation within integrin adhesion is not directly 
triggered by the transmission of external stretch but mediated by a 
delayed acto-myosin remodelling process73.

The pathophysiological implications of caveolae mechanosignal-
ling remain to be explored. Several of the signalling effectors regu-
lated by this process, including PTEN, PTP1B and STAT3, are central 
to tumorigenesis. The role of Cav1 and caveolae in cancer has been 
debated due to their seemingly contradictory behaviour, with reports 
indicating both oncogenic and tumour suppressor properties25,125–127. 
The functional aspect of caveolae mechanics unveiled in this study 
may substantially influence tumour growth, as mechanical forces 
experienced by cancer cells during tumour progression could dis-
rupt caveolae mechanosensing and alter the precise regulation of 
caveolae-mediated signalling.

Cav1 interacts with numerous proteins, including signalling mol-
ecules and membrane receptors. Yet, the lack of compelling evidence 
for the localization of these proteins inside caveolae, along with data 
suggesting exclusion of bulk plasma membrane proteins34, raises the 
question of how caveolae regulate effectors located outside their struc-
ture. Our findings indicate that the reversible conversion of caveolae 
into Cav1 scaffolds allows distant control of such signalling molecules. 
Together, these results highlight caveolae as key mechanosignalling 
devices capable of remotely fine-tuning specific transduction pro-
cesses at the plasma membrane. Our study not only advances the 
understanding of caveolae function in cell mechanics but also carries 
significant implications for human pathophysiology22.
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Methods
This research complies with all relevant ethical regulations.

Cell culture, transfection and cell treatments
All cell lines were cultured at 37 °C under 5% CO2 in their respective cul-
ture medium. WT and Cav1−/− MLECs (a gift from R.V. Stan) were cultured 
in Endothelial Cell Growth Medium-2 (EGM-2) Bulletkit (Lonza, cat. 
no.CC-3162) composed of EBM-2 Basal Medium (cat. no. CC-3156) and 
supplemented with EGM-2 SingleQuots (cat. no. CC-4176) containing 
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-1000 
(gentamicin, amphotericin-B) and heparin along with 10% FBS (Gibco, 
Life Technologies). All MEF cell lines used in this study (MEF WT, MEF 
Cavin1−/− and MEF Cavin1−/− expressing low/medium/high levels of Cav1, 
a gift from M. del Pozo) were cultured in Dulbecco’s modified Eagle 
medium (DMEM) GlutaMAX (Gibco, Life Technologies) supplemented 
with 10% FBS (Gibco, Life Technologies), 100 U ml−1 penicillin–strepto-
mycin, 1 mM sodium pyruvate and 15 mM HEPES.

Plasmids were transfected either by electroporation using 
Ingenio electroporation solution (Mirus Bio) or by lipofection using 
Lipofectamine LTX with Plus reagent (Invitrogen, Life Technologies), 
Lipofectamine 3000 (Invitrogen, Life Technologies) or HiPerFect 
transfection reagents (QIAGEN) following the manufacturer’s instruc-
tions. Electroporation of cells was performed with a pulse of 220 V and 
975 µF using a Gene Pulser II module (Bio-Rad). siRNA transfections 
were performed using the HiPerFect kit and cells were incubated for 3 
days before further experimentation. Depletion efficiency was assessed 
by immunoblotting.

Unless otherwise stated, stimulation with IFNα or IFNβ (recom-
binant mouse IFNα; BioLegend cat. no. 752806, mouse IFNβ; Tebubio, 
cat. no. 12400-1) was performed at a concentration of 1,000 U ml−1 and 
500 U ml−1, respectively. For cell stretching experiments, cells were 
grown on a rectangular polydimethylsiloxane (PDMS) sheet (thick-
ness ∼100 μm, dimensions ∼12 × 7 mm) coated with fibronectin and 
stretched uni-axially using a custom-built device equipped with a 
motorized linear actuator (PI, Karlsruhe) and a temperature control-
ler. Cells were pre-stretched by 25% for 2 min and stretch was main-
tained during IFNα stimulation. For hypo-osmotic shock (HYPO), cells 
were subjected to culture medium diluted in water and processed for 
subsequent experiments. Unless otherwise stated, cells were sub-
jected to 30 mOsm hypo-osmotic shock (10% culture medium and 90% 
water) for a duration of 5 min. Recovery of cells was performed by first 
subjecting the cells to a 5-min hypo-osmotic shock and immediately 
replenishing with normal culture medium (300 mOsm). Unless oth-
erwise stated, recovery was performed for a duration of 5 min after 
hypo-osmotic shock.

Plasmids and antibodies
Cav1–GFP and Cavin1–mEGFP were a gift from A. Helenius (Addgene 
plasmid #14433; https://n2t.net/addgene:14433; RRID: Addgene_14433 
and Addgene plasmid #27709; http://n2t.net/addgene:27709; 
RRID: Addgene_27709, respectively). Cav1–mRFP and Cav1-F92A/
V94A–mRFP plasmids are described elsewhere38. Cav1–W98-mRFP 
was generated using site-directed mutagenesis from Cav1–mRFP. 
mEos3.2-Caveolin-C-10 was a gift from M. Davidson (Addgene 
plasmid #57447; http://n2t.net/addgene:57447; RRID: Addgene 
57447). mEos2-CAAX was generated by amplifying the coding DNA 
sequence of the corresponding protein by PCR and inserted into 
pcDNAm-FRT-PC-mEos2 blue at Fse1/Asc1 sites. For the generation of 
ALFA-tagged JAK1 WT, JAK1Δ(1056–1154) and JAK1Δ(1071–1154) con-
structs, JAK1 was first amplified with primers containing the ALFA-tag 
sequence. The amplicon was then cloned into a pmCherry-C vector 
backbone, devoid of the mCherry sequence. Subsequently, point 
mutations were introduced at the desired residues by site-directed 
mutagenesis to generate the respective mutants. The fidelity of all 
constructs was verified by sequencing.

The following primary antibodies and their dilutions were used: 
mouse anti-α-tubulin (Sigma-Aldrich, clone B512, cat. no. T5168, 1:1,000 
for WB); mouse anti-STAT3 (Cell Signalling, clone 124H6, cat. no. 9139, 
1:1,000 for WB); rabbit anti-pSTAT3 (Tyr705) (Cell Signalling Tech-
nologies, clone D3A7, cat. no. 9145, 1:1,000 for WB, 1:100 for IF); rab-
bit anti-STAT1 (Cell Signalling Technologies, cat. no. 9172, 1:1,000 for 
WB); mouse anti-pSTAT1 (Tyr701) (Cell Signalling Technologies, clone 
58D6, cat. no. 9167, 1:1,000 for WB, 1:100 for IF); mouse anti-Cav1 (BD 
Transduction, cat. no. 610407, 1:1,000 for WB); rabbit anti-Cav1 (Cell 
Signalling Technologies cat. no. 3238S, 1:1,000 for WB, 2–5 µg per 
condition for IP, 1:50 for dSTORM, 1:150 for IF); mouse anti-PTRF (BD 
Transduction, cat. no. 611258, 1:1,000 for WB); rabbit anti-PTRF (cat. no. 
ab48824, Abcam, discontinued, 1:1,000 for WB, 1:50 for dSTORM, 1:150 
for IF); rabbit anti-JAK1 (Cell Signalling Technologies, cat. no. 3332S, 
1:2,000 for WB); mouse anti-JAK1 (Santa Cruz Biotechnology, cat. no. 
sc-1677, 1:50 for STORM). Rabbit anti-eNOS (Cell Signalling Technolo-
gies cat. no. 32027S, 1:2,000 for WB); rabbit anti-PTEN (Cell Signalling 
Technologies cat. no. 9188S, 1:2,000 for WB); rabbit anti-AKT (Cell Sig-
nalling Technologies, cat. no. 9272S, 1:2,000 for WB); rabbit anti-pAKT 
(Ser473) (Cell Signalling Technologies, cat. no. 4060S, 1:2,000 for WB); 
rabbit anti-PTP1B (Abcam, cat. no. ab244207, 1:2,000 for WB); rabbit 
anti-β1-integrin (Proteintech, cat. no. 12594-1-AP); rabbit anti-mCherry 
(Institut Curie Recombinant antibody platform, A-P-R no. 13); p-eNOS 
(Ser1177) (Thermo Fisher, cat. no. PA5-104858, 1:2,000 for WB).

For secondary antibodies, donkey anti-mouse-HRP ( Jackson 
ImmunoResearch, cat. no. 715-035-151) and donkey anti-rabbit-HRP 
( Jackson ImmunoResearch, cat. no. 711-035-152) were used at a dilution 
of 1:5,000 for WB; donkey anti-mouse-AF647 ( Jackson ImmunoRe-
search, cat. no. 715-606-150) and donkey anti-rabbit-CF680 (Biotium, 
cat. no. 20820) were used at a dilution of 1:200 and 1:400, respectively, 
for STORM imaging. Donkey anti-mouse DyLight 800 (cat. no. SA5-
10172); and donkey anti-goat DyLight 800 (cat. no. SA5-10044).

CSD-mimicking peptides
CSD-mimicking peptides were synthetized from Biomatik (control  
p e p t i d e  se q u e n ce ,  H H H H H H - RQ I K I W FQ N R R M KW K KWG 
IDKASFTTFTVTKYWFRY; CavTratin sequence, HHHHHH-QIKIWFQ 
NRRMKWKKDGIWKASFTTFTVTKY; and CavNoxin sequence,  
HHHHH H-RQIKIWFQNRRMKWKKDGIWKASFAAATVTKWYFYR). Cells 
were treated for 6 h with 1 μM CSD-mimicking peptide resuspended in 
EGM-2 culture medium.

In vitro kinase activity measurement
In vitro kinase assay was performed using purified JAK1 (ProQinase 
1480-0000-1 JAK1 aa583-1154) and RBER-IRStide (ProQinase 0863-
0000-1). The kinase reaction was performed in kinase reaction buffer 
(100 μM ATP, 80 μg ml−1 RBER-IRStide and dimethylsulfoxide accord-
ing to peptide concentration) at 30 °C for 1 h. Measurement of ADP 
production was performed using a Promega ADP-Glo Kinase Assay. 
Luminescence measurement was performed using BMG Labtech FLU-
Ostar Omega plate reader.

Immunoblotting
Cells were lysed in sample buffer (62.5 mM Tris-HCl, pH 6.0, 2% (vol/vol)  
SDS, 10% (vol/vol) glycerol, 40 mM dithiothreitol and 0.03% (wt/vol)  
phenol red). The lysates were analysed by SDS–PAGE on 4–20% 
mini-PROTEAN TGX or TGX stain-free precast protein gels (Bio-Rad) 
and immunoblotted with the indicated primary and secondary anti-
bodies that were either horseradish peroxidase-conjugated or fluo-
rescently labelled. The chemiluminescence signal was revealed using 
Pierce ECL western blotting, SuperSignal west dura extended dura-
tion or SuperSignal west femto (Thermo Scientific Life Technologies) 
substrate. Acquisition and quantification were performed using a 
ChemiDoc MP imaging system (Bio-Rad). For STAT1, the phosphoryl-
ated and total protein levels were assayed on the same blot with the 
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primary antibodies mouse anti-pSTAT1 and rabbit anti-STAT1, and 
visualized using fluorescence and luminescence, respectively. The ratio 
of phosphorylated-to-total protein was determined for each time point.

Immunofluorescence
For immunofluorescence (IF) analysis, cells were either cultured on 
coverslips or PDMS as per the experimental procedure, treated as 
described earlier and then fixed with ice-cold methanol for 15 min 
at −20 °C. After washing with 0.2% (wt/vol) BSA in PBS, the cells were 
subsequently incubated with the indicated primary antibody and 
fluorescence-conjugated secondary antibody for 1 h at room tem-
perature. The coverslips were mounted in Fluoromount-G mounting 
medium (eBioscience) with 2 µg ml−1 4,6-diamidino-2-phenylindole 
(Sigma-Aldrich) to counterstain nuclei. Images were acquired 
on a Leica DM 6000B inverted wide-field microscope equipped 
with a HCX PL Apo ×63, 1.40 numerical aperture (NA) oil immer-
sion objective and an electron-multiplying charge-coupled device 
camera (Photometrics CoolSMAP HQ). Nuclear translocation of 
pSTAT1:pSTAT3 was quantified using a homemade plugin in the 
ImageJ software (National Institutes of Health) by calculating the 
nuclear-to-cytoplasmic ratio of the pSTAT1:pSTAT3 signal (nuclei masks 
were realized with 4,6-diamidino-2-phenylindole staining). Detailed 
light microscopy acquisition and reporting parameters are provided 
in Supplementary Table 3.

Co-immunoprecipitation
Cells were lysed in 1% NP-40 in ice-cold Tris–NaCl–EDTA (10 mM 
Tris-HCl, pH 7.5, 150 mM NaCl and 0.5 mM EDTA) with protease inhibitor 
cocktail (Roche) for 30 min. For conventional co-immunoprecipitation, 
cleared lysates (16,000g for 10 min at 4 °C) were incubated overnight 
with 1 µg ml−1 of the indicated antibody at 4 °C, with rotation, followed 
by incubation for 1 h with 25 µl protein A/G magnetic beads (Thermo 
Scientific) in the case of endogenous proteins. For tagged proteins, 
25 µl of GFP-Trap or RFP-Trap beads (Chromotek) were used. After three 
washes in Tris–NaCl–EDTA buffer, the immunoprecipitated beads were 
eluted following the manufacturer’s instructions. Magnetic crosslink 
co-immunoprecipitation (Pierce Crosslink Magnetic IP/Co-IP kit, cat. 
no. 88805) was performed as per the manufacturer’s instruction. In 
brief, the desired antibody was covalently crosslinked to protein A/G 
magnetic beads using the DSS (disuccinimidyl suberate) crosslinker 
and subsequently incubated overnight with pre-cleared lysates at 4 °C. 
Incubated beads were then eluted and the immunoprecipitates were 
analysed by immunoblotting.

Spinning-disc confocal microscopy
Time-lapse images were acquired using an inverted Nikon Eclipse Ti-E 
microscope equipped with a Yokogawa CSU-X1 spinning disc confo-
cal unit, integrated into MetaMorph software (Gataca Systems). The 
system featured an sCMOS camera with 95% quantum efficiency and 
a pixel size of 11 µm. Appropriate emission filters were used for each 
fluorophore: 4,6-diamidino-2-phenylindole (440 nm), GFP (ET525/50), 
mCherry (605/64) and Cy5 (ET708/75). Imaging was performed using a 
×40 CFI Plan Fluor NA 1.3 oil objective. Detailed light microscopy acqui-
sition and reporting parameters are provided in Supplementary Table 3.

dSTORM sample preparation
MLEC WT cells grown on high resolution no. 1.5 glass coverslips (THOR 
labs) were washed three times with PHEM solution (60 mM PIPES, 25 mM 
HEPES, 5 mM EGTA and 2 mM Mg acetate adjusted to pH 6.9 with 1 M 
KOH) and fixed for 20 min in 4% PFA. They were then washed three times 
in PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM KH2PO4). Up 
to this fixation step, all chemical reagents were pre- warmed at 37 °C. 
The cells were then quenched for auto-fluorescence from PFA in 50 mM 
NH4Cl for 20 min at room temperature. The cells were washed in PBS 
three times before being blocked and permeabilized in blocking buffer 

(1× PBS, 1% BSA and 0.1% saponin) for 1 h at room temperature. Fixed 
cells were incubated for 1 h at 37 °C with the respective primary anti-
bodies diluted in blocking buffer and washed three times with PBS. This 
was followed by 1-h incubation at 37 °C with corresponding secondary 
antibodies diluted in blocking buffer and washed three times with PBS. 
After immunolabelling, a post-fixation step was performed using PBS 
with 3.6% formaldehyde for 15 min. The cells were washed in PBS three 
times and then reduced for 10 min with 50 mM NH4Cl (Sigma-Aldrich, 
254134), followed by three additional washes in PBS.

Dual-colour dSTORM imaging
Fluorophores Alexa-Fluor 647 (AF647) and CF680 photo switch under 
reducing and oxygen-free buffer conditions, making them suitable for 
dSTORM single-molecule imaging, which enables the localization of the 
emitters with sub-diffraction localization precision128. Thanks to their 
close spectral proximity, AF647 was excited and acquired simultane-
ously with CF680 in the same dSTORM buffer (Abbelight SMART-Kit) 
using a 640-nm laser (Oxxius), and their respective signals discrimi-
nated after single-molecule localization using a spectral-demixing 
strategy129. To implement spectral-demixing dSTORM of JAK1–A647 
and Cav1–CF680, we used a dual-view Abbelight SAFe360, equipped 
with two Hamamatsu Fusion sCMOS cameras and mounted on an 
Olympus Ix83 inverted microscope with a ×100 1.5 NA TIRF objective. 
The SAFe360 uses astigmatic PSF engineering to extract the axial 
position and achieves quasi-isotropic 3D localization precision, and 
a long-pass dichroic mirror to split fluorescence from single emitters 
on the two cameras. Samples were illuminated in HILO at 80% of max 
laser power and imaged at 50-ms exposure time for 100,000 frames. 
Single-molecule localization, drift correction, spectral demixing and 
data visualization were performed using Abbelight NEO software. 
Detailed light microscopy acquisition and reporting parameters are 
provided in Supplementary Table 3.

3D SMLM network analysis
A total of 30 cells (15 cells each for ISO and HYPO conditions) stained 
for Cav1–CF680 and JAK1–AF647 were imaged using the Abbelight 
SAFe360 microscope utilizing the spectral-demixing technique. Cav1 
localizations were processed, and the resulting clusters were classified 
using the 3D SMLM network analysis pipeline described previously40. 
The datasets were analysed using the 3D SMLM network analysis 
based on the following parameters: merging threshold = 19 nm (to 
correct multiple blinking of single fluorophores); proximity thresh-
old = 80 nm (for network construction); α = 2 (for noise filtering); band-
width = 120 nm (for segmenting the localization into blobs/clusters 
using mean shift algorithm). Following this, 28 features/descriptors 
(such as shape, topology, network, size and hollowness) were extracted 
for every segmented blob/cluster. The clusters/blobs feature of every 
condition were then grouped into four groups using the x-means algo-
rithm. The biological names for the groups of caveolae and S2, S1A and 
S1B scaffolds, were obtained by comparing the group centres with the 
Cav1 groups that were obtained previously40 and were assigned based 
on the best match (highest similarity).

Spatial pattern and interaction analysis
The interaction analysis was performed using the MosaicIA plugin74 
for Fiji by loading the 3D coordinates of JAK1 and the centre of mass 
of the corresponding Cav1 clusters identified using the 3D SMLM 
network analysis pipeline (namely caveolae, S2, S1B and S1A scaffolds) 
from a total of 30 cells (15 cells each for ISO and HYPO condition) and 
selecting two random ROIs from each cell. The workflow for interaction 
analysis described previously74 was followed. In brief, we computed the 
cross–nearest-neighbour distance distribution between JAK1 and Cav1 
localizations and fitted a pairwise Gibbs interaction model that infers 
the interaction potential’s strength (ε) and range (σ) that best explain 
the observed pattern after context correction (controls for density and 
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mask geometry). In this framework, a positive ε indicates spatial attrac-
tion (co-organization) and a negative ε indicates repulsion relative to 
the null. The following parameters were used for computing distance 
distributions: grid spacing = 0.2 (this value was chosen by sequentially 
reducing the grid spacing until the q(d) does not significantly change); 
Kernel wt(q) = 0.001; Kernel wt(p) was used as suggested by the soft-
ware. To determine the best parametric potential for the dataset, a 
non-parametric potential was first used to estimate the shape of inter-
action. The various available parametric potentials were then tested 
to determine the one that best fits the estimated shape of interaction. 
The Linear L1 potential resulted in the best fit and hence was used for 
subsequent datasets. The strength of interaction was plotted for each 
Cav1 cluster type under ISO and HYPO conditions.

Colocalization/nearest localization using distance to centroid
The open-source software Point Cloud Analyst (https://github.com/
flevet/PoCA) was used to determine the distance to centroids between 
objects of interest (between JAK1 and the various classes of Cav1 clus-
ters) within a defined ROI. In brief, the 3D coordinates of JAK1 and Cav1 
clusters (namely caveolae, S2, S1B and S1A scaffolds) identified using 
the 3D SMLM network analysis pipeline were loaded individually and 
the corresponding Voronoi diagram or tessellation was generated 
using an in-built algorithm. For creating objects from the Voronoi tes-
sellations, a cutoff threshold of 75 and 100 with a minimum number of 
localizations of 2 and 11 was used for JAK1 and Cav1, respectively. The 
centroids of the resulting objects were extracted following which the 
centroids of JAK1 and the various Cav1 cluster objects were superim-
posed in pairs (for example, JAK1–Caveolae, JAK1–S2, JAK1–S1B and 
JAK1–S1A). The distance to centroids for each pair was calculated within 
several defined ROIs using the Cav1 cluster centroids as the reference, 
which is the distance that computation was carried out between JAK1 
objects (centroids) and the outline of the reference (Cav1 objects).

Micromechanical stretching device compatible with 
super-resolution microscopy
The stretching device compatible with super-resolution microscopy 
(used for DNA-PAINT and single-particle tracking in the current manu-
script) has been described previously73,130. In brief, a plasma-cleaned 
PDMS sheet (10 μm; Sylgard 184, DE9330, Samaro) was deposited on a 
plasma-cleaned glass coverslip, lubricated by a thin layer of low-viscous 
glycerol (glycerol for fluorescence microscopy; CAS 56-81-5; Merck; 
1040950250), and reinforced by a thicker elastomer frame (40 µm, 
PF film X0; 1.5 mil; Gel-Pak). The 40-μm elastomer frame was pre-cut 
to the size of the glass coverslip with a squared (3 × 3 mm) observation 
chamber using a Graphtec cutting plotter (Graphtec Craft ROBO pro; 
CE5000-40-CRP). Uniaxial stretch was applied using a milled (Char-
lyrobot, Mecanumic) poly(methyl methacrylate) device consisting 
of a fixed holding arm and a mobile arm, positioned on opposite sides 
of the observation chamber on the elastomer frame. The mobile arm 
was connected to a mechanical motor (MTS-65, 52 mm; linear stage 
with stepper motor; 0.1-μm resolution; PI). The PDMS substrate was 
coated with human fibronectin (10 μg ml−1) for 90 min at 37 °C. Then, 
after electroporation with Cav1–GFP, MLEC Cav1−/− cells were plated 
on the stretching device and spread overnight at 37 °C.

DNA-PAINT acquisition and analysis
The stretching device was mounted on an inverted motorized micro-
scope (Nikon Ti) equipped with a CFI Apochromat TIRF ×100 oil, NA 1.49 
objective and a perfect focus system (PFS-2). First, live stretching onto 
the microscope was performed at 37 °C. To calibrate the strain on each 
stretching device, we adsorbed 0.1-μm fluorescent beads (TetraSpeck 
Microspheres; 0.1 μm; Thermo Fisher Scientific; T7279) on the stretch-
ing chamber and used a small stretch (2–3%) before the stretching 
protocol. Strain was calculated using distances of same beads before 
and after stretch: strain = (Lstretch − L0)/L0, where L0 is the beads distance 

before stretch and Lstretch is the distance for same beads after stretch. 
Then, a uniaxial cyclic stretch (stretch: 30% strain, 0.5 Hz, 30 min) was 
applied, followed by rapid cell fixation in 4% paraformaldehyde in PBS 
buffer for 15 min. Then, cells were quenched with glycine (150 mM) 
for 20 min, and blocked for 90 min with 3% BSA and 0.2% Triton X-100 
in PBS, then incubated with GFP nanobody conjugated with a DNA 
strand P1 for 4 h (5′ Nanobody GFP–TTA TAC ATC TA 3′), followed by a 
second fixation with 4% paraformaldehyde and 0.2% glutaraldehyde 
in PBS for 20 min.

DNA-PAINT acquisitions131 after live stretching and fixation were 
performed at 25 °C in stretching devices on the same microscope. 
Before DNA-PAINT, we acquired low-resolution images of Cav1–GFP. 
Then, super-resolution imaging was performed thanks to the perfect 
focus system, allowing long acquisition in TIRF illumination mode, 
required for SMLM, including DNA-PAINT. To register super-resolution 
intensity images, we adsorbed 90-nm gold nanoparticles (Cytodiagnos-
tics) on the stretching chamber that were imaged during the entirety 
of the DNA-PAINT acquisitions. Cy3B-labelled DNA imager strands 
(5′ CTA GAT GTA T–Cy3b 3′) were added to the stretching chamber at 
variable concentrations (0.2 to 1 nM), and visualized with a 561-nm 
laser (Coherent Obis FP series lasers) with 20 mW power at the sample 
plane. Fluorescence was collected by the combination of a dichroic 
filter and emission filters (dichroic, Di01-R561; emission, FF01-617/73; 
Semrock) and a sensitive scientific complementary metal-oxide semi-
conductor (ORCA-Flash4.0, Hammamatsu). Cav1–GFP was imaged 
using a conventional GFP filter cube (excitation, FF01-472/30; dichroic, 
FF-495Di02; emission, FF02-520/28; Semrock). The acquisitions were 
steered by MetaMorph software (Molecular Devices) in streaming 
mode at 100 ms for 90,000 frames. DNA-PAINT image reconstruction 
and drift correction were carried out using the Picasso software131. The 
spatial resolution of DNA-PAINT acquisitions obtained on stretching 
device was ∼15.7 ± 1.5 nm (full width at half maximum). SR-Tesseler132 
was used to segment DNA-PAINT super-resolution images, to obtain 
the size distribution of Cav1–GFP clusters without stretching, or after 
cyclic stretching. Single-molecule localizations were used to compute 
Voronoi diagram. Clusters were segmented using average density fac-
tor of 20. To filter background noise of DNA-PAINT acquisitions, often 
corresponding to unspecific binding of some DNA imager strands to 
the cover-glass, we set a threshold for the number of localizations (50), 
enabling to select only genuine signals associated with binding to DNA 
docking strands. To analyse the smallest Cav1–GFP structures detected 
using DNA-PAINT, we manually selected isolated clusters that exhibited 
DNA-PAINT signals throughout the entire acquisition period. The size 
of these clusters was measured using SR-Tesseler131.

sptPALM sample preparation
For both MLEC and MEF cells, transient transfections of plasmids were 
performed 1 day before experiments using the Nucleofactor transfec-
tion kit for MEF-1 and Nucleofactor IIb device (Amaxa, Lonza). For 
MLECs, cells were detached with accutase solution (Sigma-Aldrich, 
cat. no. SLBT9789). The accutase was inactivated using EGM-2 medium, 
and the cells were washed and suspended in EGM-2 medium. Cells were 
then seeded overnight in EGM-2 medium on nitric-acid-cleaned glass 
coverslips. The next day, EGM-2 medium was rinsed once with PBS and 
left for experiment in serum-free Ringer medium (150 mM NaCl, 5 mM 
KCl, 2 mM CaCl2, 2 mM MgCl2 and 10 mM HEPES, pH 7.4) supplemented 
with 11 mM glucose. For MEFs, cells were detached with 0.05% trypsin, 
0.02% EDTA solution (Gibco, cat. no. 25300054). The trypsin was inacti-
vated using soybean trypsin inhibitor (1 mg ml−1 in DMEM, Sigma), and 
the cells were washed and suspended in serum-free Ringer medium 
(150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2 and 10 mM HEPES, 
pH 7.4) supplemented with 11 mM glucose. Cells were then seeded on 
a human fibronectin-coated surface (10 μg ml−1 fibronectin, Roche). 
The MEF PTRF/Cavin1−/− cell line was a gift from M. del Pozo (Spanish 
National Centre for Cardiovascular Research, Spain) and is described 
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elsewhere42. Absence of Mycoplasma contamination was assessed 
using the MycoAlert detection kit (Lonza, cat. no. LT07-318). For  
sptPALM, 120,000 MLEC or 50,000 MEF cells were seeded on no. 1.5H 
glass coverslips (Marienfeld). When mentioned, hypo-osmotic shock 
was induced by replacing the observation medium (Ringer + glucose) 
with a Ringer + glucose solution diluted ten times with MQ-grade deion-
ized water, at least 5 min before acquisition.

sptPALM optical setup and image acquisition
All acquisitions were steered by MetaMorph software (Molecular 
Devices) with an inverted motorized microscope (Nikon Ti) equipped 
with a temperature control system (The Cube, The Box, Life Imag-
ing Services), a Nikon CFI Apo TIRF ×100 oil, NA 1.49 objective and a 
perfect focus system, allowing long acquisition in TIRF illumination 
mode. The coverslip was mounted in a Ludin chamber (Life Imag-
ing Services) before acquisition. For photoactivation localization 
microscopy, cells expressing mEos3.2-tagged constructs were photo-
activated using a 405-nm laser (Omicron) and the resulting photocon-
verted single-molecule fluorescence was excited with a 561-nm laser 
(Cobolt Jive). Both lasers illuminated the sample simultaneously. Their 
respective power was adjusted to keep the number of the stochastically 
activated molecules constant and well separated during the acquisi-
tion. Fluorescence was collected by the combination of a dichroic 
and emission filters (D101-R561 and F39-617, respectively; Chroma) 
and a sensitive electron-multiplying charge-coupled device (Evolve, 
Photometric). The acquisition was performed in streaming mode at 
50 Hz. Cav1–GFP and Cavin1–mEGFP was imaged using a conventional 
GFP filter cube (ET470/40, T495LPXR, ET525/50, Chroma). Using this 
filter cube does not allow spectral separation of the unconverted pool 
of mEos3.2 from the GFP fluorescent signal. For this reason, in the case 
of the MEF Cavin1−/− cell line, we were able to detect Cav1-based struc-
tures (scaffolds) with the unconverted pool of mEos3.2–Cav-1 (whose 
emission spectra is similar to the one of GFP).

Single-molecule segmentation and tracking
A typical sptPALM experiment leads to a set of at least 4,000 images 
per cell, analysed to extract molecule localization and dynamics. 
Single-molecule fluorescent spots were localized and tracked over time 
using a combination of wavelet segmentation and simulated annealing 
algorithms133–135. Under the experimental conditions described above, 
the resolution of the system was quantified to 59 nm (full width at half 
maximum). This spatial resolution depends on the image signal to 
noise ratio and the segmentation algorithm136 and was determined 
using fixed mEos3.2 samples. We analysed 130 two-dimensional dis-
tributions of single molecule positions belonging to long trajectories 
(>50 frames) by bi-dimensional Gaussian fitting, the resolution being 
determined as 2.3 sxy, where sxy is the pointing accuracy.

For the trajectory analysis, cell contours were identified manu-
ally from Cav1–GFP or unconverted pool of mEos3.2-Cav1 images. We 
analysed trajectories lasting at least 260 ms (≥13 points) with a custom 
MATLAB routine analysing the mean squared displacement (MSD), 
which describes the diffusion properties of a molecule, computed as 
equation (3):

MSD (t = n × Δt) =
∑N−n

i=1 (xi+n + xi)
2 + (yi+n − yi)

2

N − n (3)

where xi and yi are the coordinates of the label position at time I × Δt. We 
defined the measured diffusion coefficient D as the slope of the affine 
regression line fitted to the n = 1–4 values of the MSD (n × Δt). The MSD 
was computed then fitted on a duration equal to 80% (minimum of 10 
points, 200 ms) of the whole stretch by equation (4):

MSD (t) =
4r2conf
3 (1 − e−t/τ) (4)

where rconf is the measured confinement radius and τ the time con-
stant τ = (rconf

2/3Dconf). To reduce the inaccuracy of the MSD fit due 
to down sampling for larger time intervals, we used a weighted fit. 
Trajectories were sorted in three groups: immobile, confined and 
diffusive. Immobile trajectories were defined as trajectories with 
D < 0.011 μm2 s−1, corresponding to molecules that explored an area 
inferior to the one defined by the image spatial resolution ~(0.05 μm)2 
during the time used to fit the initial slope of the MSD60 (four 
points, 80 ms): Dthreshold = (0.059 μm)2/(4 × 4 × 0.02 s)~0.011 μm2 s−1. 
To separate confined and diffusive trajectories, we used the time 
constant calculated τ for each trajectory. Confined and diffusive 
events were defined as trajectories with a time constant inferior 
and superior to half the time interval used to compute the MSD 
(100 ms), respectively.

Molecular modelling and simulation
Structural predictions were performed using AF3 (ref. 82) through the 
AlphaFold Server (https://alphafoldserver.com). Protein sequences 
were retrieved from UniProt (The UniProt Consortium, 2025) (Q03135, 
CAV1_HUMAN; P23458, JAK1_HUMAN). Structural models were ana-
lysed using UCSF ChimeraX (v.1.11)137.

The AF3-predicted structure of the JAK1 kinase domain in com-
plex with Cav1(80–110) was further investigated by MD simulations 
in explicit solvent. The initial structure was built and refined using 
successive steps of energy minimization and restrained MD with 
CHARMM (v.49b1)138, using the CHARMM36m force field139. The system 
was solvated in a TIP3P water orthorhombic box using the solvate 
module of VMD140 with a minimum distance of 12 Å between the pro-
tein/peptide and the box boundaries in all directions. The system 
was subsequently neutralized and supplemented with Na+ and Cl− 
ions to reach an ionic strength of 150 mM. Energy minimization was 
performed for 10,000 steps under positional restraints to maintain 
the structure close to the initial conformation. Several minimization 
cycles were applied, during which the force constant on atomic posi-
tions was gradually reduced from 10 kcal mol−1 Å−2 to 0. This step was 
followed by a 2-ns MD equilibration step in the NVT ensemble. Produc-
tion simulations were then carried out in the NPT ensemble for 0.7 µs. 
To account for stochastic effects, three MD trajectories were run with 
different initial velocities. Temperature was maintained at 310 K and 
pressure at 1 atm using Langevin dynamics. During production, a time 
step of 2 fs was used, and multiple time stepping was applied using 
the rRESPA algorithm, with long-range electrostatic interactions 
computed every 4 fs using the Particle Mesh Ewald method with a 
real-space grid spacing of 1 Å. Periodic boundary conditions were 
applied. A cutoff distance of 12 Å was used for short-range electro-
static and van der Waals interactions. MD simulations were performed 
using NAMD v.3.0.1 (CUDA version)141. Calculations were carried out 
on A100 GPU resources provided by GENCI at IDRIS@CNRS ( Jean Zay 
supercomputer). Trajectory analyses were conducted using CHARMM 
v.49b1. MD trajectories were analysed using ChimeraX v.1.11 and 
VMD. Figures were generated with ChimeraX v.1.11 and Gnuplot v.6.0 
(http://www.gnuplot.info, 2023).

Sample preparation for RPPA high-throughput screening
A total of 25 μg ml−1 fibronectin diluted in 100 mM NaOH, pH 8.6 was 
incubated on a PDMS layer at 37 °C. Then, 70,000 WT MLEC or MLEC 
Cav1−/− cells were seeded and incubated for 4 h at 37 °C in complete 
MLEC medium. Cells were stretched by 25% for 2 min, then while the 
stretch was maintained, the cell medium was replaced with stimulation 
medium (EBM-2 no serum with IFNα 1,000 U ml−1) for 20 min at 37 °C. 
Cells were washed with PBS and lysed with hot Laemmli 1× sample 
buffer (50 mM Tris, pH 6.8, 2% SDS, 5% glycerol, 2 mM dithiothreitol,  
2.5 mM EDTA, 2.5 mM/EGTA, 2× phosphatase inhibitors (Halt Phos-
phatase inhibitor cocktail 100×, Perbio, Ref. 78420) and protease inhibi-
tors (protease inhibitor cocktail, complete MINI EDTA-free, Roche, 
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ref. 1,1836170 tablet/5 ml, 4 mM sodium orthovanadate and 20 mM 
sodium fluoride)). Samples were snap frozen in liquid nitrogen and 
later subjected to RPPA analysis.

Hydrogen peroxide stimulation and eNOS Ser1177 
phosphorylation
MLEC WT and Cav1 knockout (Cav1−/−) cells were cultured under 
standard conditions to the indicated confluency. For oxidative stimu-
lation, cells were treated with H2O2 (100 µM final concentration) 
for 15 min at 37 °C. At the end of treatment, cells were placed on ice, 
washed once with ice-cold PBS and lysed in ice-cold lysis buffer sup-
plemented with protease and phosphatase inhibitors. Equal amounts 
of protein were resolved by SDS–PAGE and transferred to nitrocel-
lulose membranes. Membranes were blocked and immunoblotted 
with an antibody to phospho-eNOS (Ser1177). Where indicated, 
membranes were subsequently probed for total eNOS and/or a load-
ing control. Bands were visualized using chemiluminescence and 
quantified by densitometry.

Statistics and reproducibility
No statistical methods were used to predetermine sample sizes. All 
collected data were included in subsequent analyses without exclu-
sion. For all experiments, sample allocation to treatment groups used 
simple randomization protocols. Researchers were not blinded to 
group allocation during experimental procedures or the outcome 
evaluation. Data distribution was assumed to be normal but this was 
not formally tested.

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

Data availability
Source data have been provided for the graphs and uncropped blot and 
gel scans in the Figures and Extended Data. All other data supporting 
the findings of this study and newly generated plasmids (Cav1–W98–
mRFP, ALFA-tagged JAK1-WT, JAK1-Δ(1072–1154) or JAK1-Δ(1057–1154)) 
are available from the corresponding author on reasonable request. 
AF3 structures for Jak1–CAV1(80–110) are available on ModelArchive at 
https://modelarchive.org/ with the accession code ma-ys8kz142. Source 
data are provided with this paper.

Code availability
Codes and algorithms used to analyse all data have already been 
described elsewhere and are publicly available.
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Extended Data Fig. 1 | Cav1-dependent regulation of basal and IFN-α-induced 
STAT3 signalling. (a) Representative immunoblots showing pSTAT3(Tyr705) 
and STAT3 levels in MLEC WT and MLEC Cav1−/− cells under iso-osmotic (ISO) 
and hypo-osmotic (HYPO) conditions, in the presence or absence of IFN-α, as 
indicated. Quantification is based on the pSTAT3(Tyr705)/total protein signal 
ratio, where total protein was determined from the corresponding stain-free blot. 
Immunoblots are representative of 3 independent biological experiments with 
similar results. Quantified data are presented as mean ± s.d. (bars, mean; error 
bars, s.d.), with individual data points representing 3 independent biological 
replicates (n = 3). Statistical significance was assessed using a two-sided ANOVA 
with multiple-comparisons correction. Exact P values are indicated in the figure 

and provided in the Source Data. (b) Representative immunoblots of lysates from 
MLEC WT cells expressing RFP, Cav1-WT–RFP, or Cav1-F92A/V94A–RFP, probed 
for pSTAT3, STAT3, and α-tubulin under basal conditions. Quantification is shown 
as the STAT3/α-tubulin signal ratio normalized to the RFP control condition. 
Immunoblots are representative of 3 independent biological experiments with 
similar results. Quantified data are presented as mean ± s.d. (bars, mean; error 
bars, s.d.), with individual data points representing 3 independent biological 
replicates (n = 3). Statistical significance was assessed using a two-sided ANOVA 
with multiple-comparisons correction. Exact P values are provided in the Source 
Data. ****P < 0.0001; ns, not significant. Source numerical data and unprocessed 
blots are available in source data.
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Extended Data Fig. 2 | Diffusion of a membrane-anchored CAAX probe is not 
altered by hypo-osmotic shock. (a) Distribution of the diffusion coefficient (D) 
computed from mEos3.2-CAAX trajectories in MLEC WT cells under iso-osmotic 
(ISO; dark orange) and hypo-osmotic (HYPO; light orange) conditions, shown on 
a logarithmic scale. The grey area corresponds to D < 0.011 μm2 s−1 and defines 
the immobile fraction. Right, fractions of diffusive, confined, and immobile 
trajectories in ISO and HYPO conditions. Data were obtained from single cells 

pooled from 2 independent biological experiments (ISO, n = 9 cells; HYPO, n = 11 
cells). Where summary values are shown, data are presented as mean ± SEM 
(bars, mean; error bars, SEM; for distribution plots, lines, mean; shaded bands/
error bars, SEM, if shown). Statistical significance was assessed using a two-sided 
ANOVA with multiple-comparisons correction. Exact P values are provided in the 
Source Data. ns, not significant. Source numerical data are available in source 
data.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Nanoscale characterization of Cav1-positive structures 
by dSTORM and 3D SMLM network analysis. (a) Left: Representative 2D 
dSTORM acquisitions of MLEC WT cells stained for Cav1–AF647 under iso-
osmotic (ISO), hypo-osmotic (HYPO) and recovery (REC) conditions. Scale bar: 
50 nm. Middle: representative line-intensity profiles of Cav1-positive structures 
illustrating the change in apparent diameter across conditions. Right: box-and-
whisker plots showing the distribution of Cav1 cluster area (nm2) in ISO, HYPO 
and REC conditions. Each point corresponds to one segmented Cav1 cluster 
(n = 73 clusters per condition, technical observations pooled from 3 independent 
biological experiments). Box plots are defined as follows: centre line, median; 
box bounds: 25th and 75th percentiles; whiskers: minimum and maximum values. 
Statistical significance was assessed using ordinary one-way ANOVA followed 
by Tukey’s multiple-comparisons test. Exact P values are provided in the Source 
Data. ****P < 0.0001; ns: not significant. (b) Representative 3D STORM spectral-
demixing images of Cav1–CF680 and Cavin1–CF680 in MLEC WT cells at steady 
state, together with quantification of Cav1 and Cavin1 cluster diameters. Images 

are representative of 3 independent biological experiments with similar results. 
For the quantification, each point represents one particle (n = 40 particles per 
condition, technical observations). Data are presented as mean ± s.d. (horizontal 
bar, mean; error bars, s.d.). Statistical significance was assessed using a two-sided 
unpaired t-test. Exact P values are provided in the Source Data. ns, not significant. 
Scale bars: 300 nm (Cav1) and 500 nm (Cavin1). (c) Side view of a 3D point cloud 
localization corresponding to a bona fide budded caveola in MLEC WT cells 
at steady state. The dotted line indicates the putative position of the plasma 
membrane. Image is representative of 3 independent biological experiments 
with similar results. Scale bar: 30 nm. (d) Representative 3D STORM localizations 
of Cav1 in MLEC WT cells under HYPO, processed and segmented using the 3D 
SMLM network/graph-based analysis pipeline to classify Cav1 localizations into 
caveolae and the non-caveolar scaffold populations S2, S1B and S1A. Images are 
representative of 3 independent biological experiments with similar results. 
Source numerical data are available in source data.
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Extended Data Fig. 4 | DNA-PAINT-based classification of Cav1 assemblies 
under stretch and qualitative 3D visualization of Cav1–JAK1 proximity. 
(a) Representative DNA-PAINT localizations of Cav1 in MLEC WT cells under 
control (no stretch) and 30 min uniaxial stretch conditions. DNA-PAINT 
coordinate datasets were processed and segmented using the same 3D SMLM 
network/graph-based analysis pipeline used in the main figures to classify 
Cav1 localizations into caveolae and the non-caveolar scaffold populations S2, 
S1B and S1A. Images are representative of data acquired across 3 independent 
biological experiments with similar results. Scale bars: 5 μm. (b) Quantification 
of the density of Cav1 objects per 100 μm2 for each class (caveolae, S2, S1B and 
S1A) under control and stretch conditions. Data are presented as mean ± SD 
(horizontal bar, mean; error bars, SD), with individual data points representing 
single cells (control, n = 3 cells; stretch, n = 4 cells) acquired across 3 independent 

biological experiments. Statistical significance was assessed using a two-sided 
Mann–Whitney U test. ns: not significant. (c) Representative 3D spectral-
demixing STORM visualization of Cav1–CF680 and JAK1–AF647 point cloud 
localizations in MLEC WT cells at steady state, shown as merged views and 
individual channels to provide a qualitative visualization of Cav1–JAK1 spatial 
overlap/proximity. Images are representative of 3 independent biological 
experiments with similar results. Scale bar: 500 nm. (d) Representative views 
of the extracted object centroids corresponding to the Cav1–JAK1 object pairs 
shown in Fig. 4e, overlaid with JAK1 localizations within a defined ROI under 
iso-osmotic (ISO) and hypo-osmotic shock (HYPO) conditions. Images are 
representative of data acquired from 15 cells per condition across 3 independent 
biological experiments with similar results. Scale bar: 200 nm. Source numerical 
data are available in source data.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Mapping and molecular modelling of the Cav1–
JAK1 interaction interface. (a) Left, representative immunoprecipitation 
of endogenous Cav1 from MLEC WT cells expressing ALFA-tagged JAK1-
WT, JAK1-Δ1072–1154, or JAK1-Δ1057–1154 constructs. Immunoblots are 
representative of 3 independent biological experiments (n = 3) with similar 
results. Right, schematic representation of the corresponding ALFA-tagged 
JAK1 constructs. (b–d) Root-mean-square deviation (RMSD) of Cα atoms along 
molecular dynamics (MD) trajectories 1 (b), 2 (c), and 3 (d) for the JAK1[855–1154] 
kinase domain (green), the Cav1[80–110] peptide (orange), and the Cav1[90–98] 
segment (blue). (e) Root-mean-square fluctuation (RMSF) of Cα atoms for 
JAK1[855–1154]. (f) RMSF of Cα atoms for the Cav1[80–110] peptide. In (e,f), 
dashed lines indicate RMSF values of 1.0 Å and 2.0 Å. (g–i) Minimum distances 

along MD trajectories 1 (green), 2 (blue), and 3 (orange) between the side 
chain of Cav1 V94 and JAK1 V1045 (g), JAK1 Y1048 (h), and JAK1 L1053 (i).(j–m) 
Minimum distances along MD trajectories 1 (green), 2 (blue), and 3 (orange) 
between the side chain of Cav1 F92 and JAK1 V1045 (j), JAK1 F1046 (k), JAK1 T1100 
(l), and JAK1 V1101 (m). (n) Distance between the Nε2 atom of Cav1W98 and the 
backbone carbonyl oxygen of JAK1 Q1055 along the MD trajectories. (o) Cartoon 
representation of the AF3-refined JAK1[855–1154]–Cav1[80–110] complex. JAK1 
is shown in grey, except for segment 1033–1055 (cyan), segment 1056–1070 (red), 
and segment 1071–1154 (orange). Cav1[80–110] is shown in green, and the side 
chains of T90, F92, V94, and W98 are shown in ball-and-stick representation. 
Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Stretch- and IFN-dependent signalling responses in 
MLEC WT and Cav1−/− cells measured by RPPA. (a) Heat map showing activation-
state changes of signalling effectors in MLEC WT and MLEC Cav1−/− cells treated 
or not with Type-I IFN under resting or uniaxial stretch conditions. Heat-map 
values are shown as log2-transformed phospho-protein/total protein ratios, 
with 3 independent biological replicates (n = 3) per condition. (b) Box-and-
whisker plots showing p44/42 MAPK and AKT phosphorylation ratios (phospho-
protein/total protein) under resting or uniaxial stretch conditions in MLEC 
WT and MLEC Cav1 − /− cells. (c) Box-and-whisker plots showing STAT1 and 

STAT3 phosphorylation ratios (phospho-protein/total protein) in MLEC WT 
and MLEC Cav1 − /− cells stimulated or not with Type-I IFN. (d) Box-and-whisker 
plots showing STAT1 and STAT3 phosphorylation ratios (phospho-protein/total 
protein) in MLEC WT and MLEC Cav1 − /− cells under resting or uniaxial stretch 
conditions following Type-I IFN stimulation. In (b–d), data are shown in log2 scale 
from 3 independent biological replicates (n = 3). Box plots are defined as follows: 
centre line: median; box bounds: 25th and 75th percentiles; whiskers: minimum 
and maximum values.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Cav1 associates with eNOS and PTP1B under increased 
membrane tension, and Cav1 loss alters eNOS Ser1177 phosphorylation 
dynamics. (a) Representative co-immunoprecipitation of endogenous eNOS and 
PTP1B with Cav1 in MLEC WT cells under iso-osmotic (ISO), hypo-osmotic (HYPO) 
and recovery (REC) conditions. Quantification is based on the signal intensity 
ratio of eNOS or PTP1B relative to the corresponding immunoprecipitated Cav1 
signal. Immunoblots are representative of 3 independent biological experiments 
with similar results. Quantified data are presented as mean ± SD (bars: mean; 
error bars: SD), with individual data points representing 3 independent biological 
replicates (n = 3). Statistical significance was assessed using a two-sided one-way 
ANOVA with multiple-comparisons correction. Exact P values are provided in the 
Source Data. (b) Representative co-immunoprecipitation of endogenous eNOS 
and PTP1B with Cav1 in MLEC WT cells under ISO and increasing percentages 
of hypo-osmotic shock (HYPO). Quantification is based on the signal intensity 
ratio of eNOS or PTP1B relative to the corresponding immunoprecipitated Cav1 
signal. Immunoblots are representative of 3 independent biological experiments 
with similar results. Quantified data are presented as mean ± SD (symbols/line: 
mean; error bars: SD), with individual data points representing 3 independent 
biological replicates (n = 3). Statistical significance was assessed using a two-
sided one-way ANOVA with multiple-comparisons correction. Exact P values 
are provided in the Source Data. (c) Representative co-immunoprecipitation of 

endogenous JAK1, eNOS and PTP1B with Cav1 in MLEC WT cells under ISO and 
after increasing durations of 90% hypo-osmotic shock (HYPO). Quantification is 
based on the signal intensity ratio of each effector relative to the corresponding 
immunoprecipitated Cav1 signal. Immunoblots are representative of 3 
independent biological experiments with similar results. Quantified data are 
presented as mean ± SD (symbols/line: mean; error bars: SD), with individual 
data points representing 3 independent biological replicates (n = 3). Statistical 
significance was assessed using a two-sided one-way ANOVA with multiple-
comparisons correction. Exact P values are provided in the Source Data. (d) 
Left: MLEC WT and MLEC Cav1 − /− cells were subjected to ISO, HYPO or REC 
conditions and all samples were stimulated with H2O2 before lysis. Representative 
immunoblots show p-eNOS(Ser1177), total eNOS and Cav1. Right: Quantification 
of p-eNOS(Ser1177) normalized to total eNOS. Immunoblots are representative 
of 3 independent biological experiments with similar results. Quantified data are 
presented as mean ± SD (bars: mean; error bars: SD), with individual data points 
representing 3 independent biological replicates (n = 3). Statistical significance 
was assessed using a two-sided one-way ANOVA with multiple-comparisons 
correction. Exact P values are provided in the Source Data. P < 0.05; P < 0.01; 
**P < 0.0001; ns: not significant. Source numerical data and unprocessed blots 
are available in source data.
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Extended Data Fig. 8 | Cav1 associates with PTEN, AKT, TYK2 and β1-integrin 
in a tension and scaffolding domain dependent manner. (a) Representative 
co-immunoprecipitation of endogenous PTEN with Cav1 in MLEC WT cells 
under iso-osmotic (ISO), hypo-osmotic (HYPO) and recovery (REC) conditions, 
together with the corresponding pAKT (Ser473) levels. Quantification of PTEN is 
based on the signal intensity ratio of PTEN relative to immunoprecipitated Cav1. 
Quantification of pAKT (Ser473) is based on the signal intensity ratio of pAKT 
(Ser473) relative to total protein measured from the corresponding stain-free 
blot. Immunoblots are representative of 3 independent biological experiments 
(n = 3) with similar results. Quantified data are presented as mean ± SD 
(bars: mean; error bars: SD) with individual data points representing the 3 
independent biological replicates. Statistical significance was assessed using 

a two-sided repeated-measures one-way ANOVA with multiple-comparisons 
correction. Exact P values are provided in the Source Data. (b) Representative 
co-immunoprecipitation of Cav1–mRFP with endogenous TYK2, PTEN and AKT 
in MLEC Cav1 − /− cells expressing Cav1-WT–mRFP, Cav1-F92A/V94A–mRFP 
or Cav1-W98A–mRFP under ISO conditions. The RFP immunoblot is the same 
as that shown in Fig. 6h. Immunoblots are representative of 3 independent 
biological experiments (n = 3) with similar results. (c) Representative co-
immunoprecipitation of endogenous β1-integrin with Cav1 in MLEC WT cells 
under ISO, HYPO and REC conditions. Immunoblots are representative of 
3 independent biological experiments (n = 3) with similar results. ns = not 
significant; *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001. Source numerical 
data and unprocessed blots are available in source data.
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