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Ventral stress fibers induce plasma membrane 
deformation in human fibroblasts

ABSTRACT Interactions between the actin cytoskeleton and the plasma membrane are im-

portant in many eukaryotic cellular processes. During these processes, actin structures de-

form the cell membrane outward by applying forces parallel to the fiber’s major axis (as in 

migration) or they deform the membrane inward by applying forces perpendicular to the fi-

ber’s major axis (as in the contractile ring during cytokinesis). Here we describe a novel actin–

membrane interaction in human dermal myofibroblasts. When labeled with a cytosolic fluoro-

phore, the myofibroblasts displayed prominent fluorescent structures on the ventral side of 

the cell. These structures are present in the cell membrane and colocalize with ventral actin 

stress fibers, suggesting that the stress fibers bend the membrane to form a “cytosolic pock-

et” that the fluorophores diffuse into, creating the observed structures. The existence of this 

pocket was confirmed by transmission electron microscopy. While dissolving the stress fibers, 

inhibiting fiber protein binding, or inhibiting myosin II binding of actin removed the observed 

pockets, modulating cellular contractility did not remove them. Taken together, our results 

illustrate a novel actin–membrane bending topology where the membrane is deformed out-

ward rather than being pinched inward, resembling the topological inverse of the contractile 

ring found in cytokinesis.

INTRODUCTION
Critical cellular processes ranging from contraction (Lo et al., 2000; 
Tee et al., 2011; Zhou et al., 2017) and migration (Cramer, 1997, 
1999; Lo et al., 2000; Zaman et al., 2006) to proliferation (Wang et al., 
2000; Wang and Riechmann, 2007; Engler et al., 2006; Levental 
et al., 2009; Fu et al., 2010) involve actin filaments (Cramer et al., 
1997; Pelham and Wang, 1997; Chen, 2008; Colombelli et al., 2009; 
Wozniak and Chen, 2009; Martino et al., 2018). In many cell types, 
including fibroblasts, actin filaments associate together with myosin 
proteins to form specialized actin stress fibers (Weber and Groeschel-
Stewart, 1974; Verkhovsky and Borisy, 1993; Cramer et al., 1997; 

Thoresen et al., 2011) that provide mechanical integrity and generate 
contractile forces in the cell. As part of these processes, actin stress 
fibers interact with the cell’s plasma membrane, most commonly at 
the end of the fiber through adapter proteins (such as talins or vincu-
lin) at focal adhesions (Muguruma et al., 1990; Calderwood et al., 
2003; Humphries et al., 2007). These focal adhesion–stress fiber in-
teractions are a common way to classify stress fibers, depending on 
whether the fiber is coupled to focal adhesions on both ends (ventral 
stress fiber), on one end (dorsal stress fiber), or not coupled to a focal 
adhesion (transverse arc) (Hotulainen and Lappalainen, 2006). In ad-
dition to the coupling of one or both ends of stress fibers to focal 
adhesions, there are also adapter proteins that couple the membrane 
to individual actin filaments along the length of the stress fiber, such 
as the ezrin/radixin/moesin (ERM) family of proteins (Arpin et al., 
1994; Turunen et al., 1994; Nakamura et al., 2000). Through these 
protein–membrane interactions, actin stress fibers deform the mem-
brane at smaller structures such as focal adhesions (Abercrombie 
et al., 1971; Medalia and Geiger, 2010). Besides stress fibers, actin 
structure–membrane interactions also include small structures such 
as filopodia, as well as larger projections like lamellipodia (Abercrom-
bie et al., 1970; Small and Celis, 1978; Svitkina, 2018).

To deform the plasma membrane, actin filaments apply force 
along their principal axis through actin polymerization (Wegner, 
1976; Cortese et al., 1989; Mogilner and Oster, 1996), while actin 

Monitoring Editor
Dennis Discher
University of Pennsylvania

Received: Mar 2, 2021
Revised: Jun 4, 2021
Accepted: Jun 22, 2021

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E21-03-0096) on June 30, 2021.

*Address correspondence to: Allyson E. Sgro (asgro@bu.edu).

© 2021 Ghilardi et al. This article is distributed by The American Society for Cell 
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).

“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: α-SMA, alpha smooth muscle actin; ATP, adenosine triphos-
phate; 2D, two dimensions; 3D, three dimensions; DMEM, Dulbecco’s modified 
eagle medium; ERM, Ezrin/Radixin/Moesin; HDFs, human dermal fibroblasts; 
MLCP, myosin light chain kinase; NEAA, non-essential amino acids; PBS, phos-
phate buffered saline; PFA, paraformaldehyde; ROCK, Rho-associated protein 
kinase; TEM, transmission electron microscopy; TGF-β1, Transforming Growth 
Factor Beta 1.

Samuel J. Ghilardi, Mark S. Aronson, and Allyson E. Sgro*
Department of Biomedical Engineering and the Biological Design Center, Boston University, Boston, MA 02215



1708 | S. J. Ghilardi et al. Molecular Biology of the Cell

stress fibers can also deform the membrane via myosin II contraction 
(Rüegg et al., 2002; Giannone et al., 2007; Vicente-Manzanares et al., 
2009; Craig et al., 2012). As a result, during most membrane defor-
mation events, actin structures generally deform the membrane par-
allel to the major axis of the fiber. A notable exception to this is dur-
ing specialized membrane pinching events, such as the contractile 
ring in cytokinesis, where actin filaments assemble into a ring-like 
structure and contract the membrane inward, applying force perpen-
dicular to the axis of the fiber, although it is unclear whether this is 
caused by myosin contraction in actin structures, actin filament po-
lymerization, or a combination of the two (Mabuchi and Okuno, 
1977; Pelham and Chang, 2002; Powell, 2005; Subramanian et al., 
2013). In larger structures such as lamellipodia, the arp2/3 complex 
allows for branching of actin filaments (Mullins et al., 1997, 1998) and 
the generation of complex membrane contours (Machesky and In-
sall, 1998; Amann and Pollard, 2001; Suraneni et al., 2012; Wu et al., 
2012), but each individual filament applies forces axially along the 
fiber. So far, no reported actin structure applies forces perpendicu-
larly along the length of the fiber (as in the contractile ring) but de-
forms the membrane outward (as in filopodia or lamellipodia forma-
tion). Here, we report such a structure: an actin-induced membrane 
bending that occurs along the length of an actin stress fiber, generat-
ing a stable cytosolic pocket. We find that this pocket requires direct 
coupling of the fiber to the membrane, but once it is formed its sta-
bility is independent of active, myosin II–mediated fiber contraction.

RESULTS AND DISCUSSION
Novel fluorescent structures are observed in myofibroblasts 
labeled with a cytosolic fluorophore
After exposure to transforming growth factor beta (TGF-β1), fibro-
blasts transition to a myofibroblast phenotype (Moustakas and 
Stournaras, 1999; Hinz et al., 2003, 2007), characterized by smooth 
muscle actin (α-SMA) expression (Desmoulière et al., 1993), as well 
as an increase in stress fiber formation (Moustakas and Stournaras, 
1999) and cellular contractility (Hinz et al., 2001). We stimulated this 
transition in human dermal fibroblasts (HDFs) by culturing them with 
TGF-β1–containing media for 96 h, after which the HDFs expressed 
α-SMA (Supplemental Figure S1A) and developed prominent stress 
fibers, with some α-SMA incorporation (Supplemental Figure S1B). 
Surprisingly, during this transition, live HDFs loaded with cytosolic 
fluorescent dye developed fluorescent structures on the ventral side 
of the cells, as seen via spinning-disk confocal microscopy (Figure 1 
and Supplemental Figure S2). These structures were not observed in 
cells grown on glass for 1 d in control media (Supplemental Figure 
S6A) but were seen in cells grown on glass in control media for 4 d 
(Supplemental Figure S6B), suggesting that these structures are not 
caused solely by TGF-β1 treatment. To test whether these structures 
were a dye-specific artifact, we generated HDF cell lines expressing 
either the fluorescent protein mNeonGreen or mScarlet-i and 
treated them with TGF-β1. Fluorescent structures were observed in 
both cell lines (Figure 1, B and C), suggesting that these observed 
fluorescent structures are not an artifact of a particular fluorophore. 
As a side observation, fluorescent puncta were observed in mScar-
let-i–expressing cells but not in cells expressing mNeonGreen. It is 
possible that these puncta are similar to the mCherry aggregations 
previously observed in mouse neurons (Cai et al., 2013) due to its 
mCherry lineage (Bindels et al., 2017).

Observed fluorescent structures colocalize with ventral actin 
stress fibers
The observed fluorescent structures appear superficially similar to 
actin stress fibers, so we stained the cells with phalloidin to observe 

actin stress fibers and their potential relationship to these structures. 
The structures colocalized with actin stress fibers (Figure 2, A and C), 
leading us to hypothesize that the formation of these structures is 
related to stress fiber formation. Therefore, we decided to classify 
the type of stress fiber that colocalized with these ridges.

In two-dimensional (2D) cell culture, there are three kinds of 
actin stress fibers: ventral stress fibers, dorsal stress fibers, and 
transverse arcs (Burridge et al., 1987; Burridge and Guilluy, 2016; 
Small et al., 1998; Hotulainen and Lappalainen, 2006; Livne and 
Geiger, 2016). The different types of stress fibers can be distin-
guished by their association with focal adhesions. Specifically, ven-
tral stress fibers are associated with focal adhesions on both ends 
of the fiber, dorsal stress fibers are associated with a focal adhe-
sion on one end of the fiber, and transverse arcs are not associated 
with focal adhesions at all. We stained the cells with an anti–phos-
pho-paxillin antibody to observe focal adhesions (Figure 2, B 
and D), which revealed that the majority of colocalized stress fibers 
started and ended at focal adhesions, identifying them as ventral 
stress fibers. In addition, the structures mainly appear on the 
bottom of the cell (Supplemental Movie S1). We also observed 
that the focal adhesions overlapped with the fluorescent structures 
(Figure 2, B and D, Supplemental Movie S1), suggesting that focal 
adhesions, as well as actin stress fibers, could play a role in fluores-
cent structure formation.

Fluorescent structures are formed by stress fiber–induced 
plasma membrane deformation along the fiber length
After determining that the observed structures colocalize with ventral 
actin stress fibers, we investigated potential mechanisms for how the 
stress fibers cause these structures. One possibility was that the dyes 
or fluorescent proteins were binding directly to stress fibers. How-
ever, neither the cytosolic Cell Explorer dye, mNeonGreen (Shaner 
et al., 2013), nor mScarlet-i (Bindels et al., 2017) has any reported in-
trinsic affinity for actin. Indeed, in the case of the fluorescent proteins 
in general, visualization of actin has previously necessitated their fu-
sion to actin-binding moieties such as F-tractin or LifeAct (Schell 
et al., 2001; Riedl et al., 2008). These structures could instead be a 
type of invadosome such as invadopodia or podosome, both of 
which are actin-rich protrusions found on the ventral side of the cell 
(Murphy and Courtneidge, 2011; Eddy et al., 2017; Masi et al., 2020). 
However, staining for the protein TKS5, which is a marker for both 
invadopodia and podosomes (Courtneidge et al., 2005; Burger et al., 
2011; Baik et al., 2019; Chen et al., 2019), revealed no colocalization 
with actin stress fibers or the fluorescent structures (Figure 3, A and 
B). In addition, invadopodia and podosome staining produces ring-
like or punctate structures, not the long fiber-like structures observed 
in Figures 1 and 2. In a similar vein, these structures could be a type 
of filopodia. However, a stain for the filopodial marker fascin (Svitkina 
et al., 2003; Vignjevic et al., 2006) did not colocalize with either actin 
stress fibers or the fluorescent structures (Figure 3, C and D). Alterna-
tively, the ventral stress fibers could be deforming the plasma mem-
brane, creating a cytosolic “pocket” in the membrane around the 
stress fiber (Figure 4A). The fluorescent markers could then diffuse 
into this pocket, creating the fluorescent structures observed in 
Figure 1. In this hypothesis, the dye is not accumulating in the cyto-
solic pockets at higher concentrations relative to the rest of the cyto-
sol. It is diffusing into the pockets only because they are an extension 
of the cytosol similar to the dye diffusing into membrane protrusions 
like filopodia (see Supplemental Movie S1 for an example of the dye 
intensity varying with the amount of cytosol in different X–Y slices 
through cells). As a corollary to this hypothesis, we would expect to 
see fluorescent structures around focal adhesions, as focal adhesions 
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also cause membrane deformation as seen via transmission electron 
microscopy (TEM) (Abercrombie et al., 1970, 1971; Medalia and Gei-
ger, 2010). An alternative hypothesis, where fluid flow from sodium 
pumps, rather than stress fibers (Li et al., 2020), induced membrane 
deformation was tested, but sodium pump inhibition did not remove 
the observed fluorescent structures (Supplemental Figure S5).

To test this hypothesis, we estimated whether the forces and en-
ergy required to create these ridges are both possible and reason-
able within the constraints of the cellular energy budget. To esti-
mate the energy cost of membrane deformation by the ventral 
stress fiber, we started with calculating the free energy, Gbend, re-
quired to bend a membrane:

( ) ( ) ( )  = ∫ κ + κ G h x y
K

x y x y da,
2

, ,
b

bend 1 2
2

 (1)

where h(x,y) is the height of the membrane at position (x,y) relative 
to some reference height, Kb is the membrane bending rigidity 
(typically on the order of 10–20 kBT), κ1 is the curvature of the 

FIGURE 1: Fluorescent structures are visible in HDFs loaded with a cytosolic fluorophore. After 
96 h of TGF-β1 treatment, HDFs transition into myofibroblasts (Supplemental Figure S1) and 
separately develop fluorescent structures on the ventral side of the cell (examples marked by 
white arrows). These ridges can be observed in naive cells labeled with (A) cell permeable dye or 
cells expressing fluorescent proteins such as (B) mNeonGreen or (C) mScarlet-i. Note that, at 
this magnification, fluorescent puncta can be seen in cells expressing either mScarlet-i or 
mCherry (Figure 6) but not mNeonGreen. There is also some visible bleedthrough from the blue 
(Hoechst) channel into the green (Cell Explorer/mNeonGreen) channel. (Scale bar = 25 µm.) Each 
experiment was conducted with three technical replicates in parallel, and a representative 
confocal slice from one well is shown.

membrane in the x dimension at position 
(x,y), κ2 is the curvature of the membrane in 
the y dimension at position (x,y), and da is 
differential area. To simplify our calculations, 
we assumed that a fiber can be treated as a 
straight cylinder indenting a planar mem-
brane (Figure 4B). This collapses the curva-
ture consideration to one dimension, as all 
of the curvature along the y-axis will be the 
same at any given x (Figure 4C). This simpli-
fied our free energy equation calculation to 
Eq. 2:

( ) ( )  = ∫ κ G h x y
K L

x dx,
*

2

b
bend 1

2
 (2)

where L is the length of the fiber cylinder. 
Curvature of a 1D line is calculated using 
Eq. 3:
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+ ′
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f x

f x1
2 3/2  (3)

where f(x) is the function describing the 
change in height of a line. We built some 
simple fitting equations to model this profile 
of the membrane around the fiber (see 
Materials and Methods). The range of free 
energy requirements fell into two regimes: 
when the center point of the fiber was mod-
eled above the plane of the membrane and 
when the center point of the fiber was be-
low the plane of the membrane. In the first 
regime, the free energy requirements were 
calculated using the assumption that the 
membrane bent directly around the fiber 
(Figure 4C, first two panels). The calculated 
energies fell in the range of 0–500 kBT. In 
the second regime, along with bending 
around the fiber, parts of the membrane ex-
tending out past the fiber diameter were 
also simulated as bending (Figure 4C, last 
three panels). While the exact energy values 
depend on how these equations describe 
the membrane bending, we found that the 

estimates generally fell in the range of a few thousand kBT. As a 
comparison point, the free energy of vesicle formation is ∼500 kBT, 
so the first regime of this membrane bending phenomenon is esti-
mated to be on the same order of magnitude, while the second re-
gime, the one that predicts the pocket that fluorescent molecules 
diffuse into (Figure 4C, final panel), falls no more than one order of 
magnitude above this known phenomenon. After examining the 
overall energy requirements, we then examined whether the actual 
energy budget required to induce this phenomenon was reasonable 
given the time frame and estimated energy requirement.

To see whether the energy of the membrane bending hypothesis 
fell within a reasonable energy budget of a fibroblast cell, we esti-
mated the number of ATP molecules required to contract the stress 
fibers to cause sufficient bending in the membrane. While we recog-
nize that the addition of actin filaments to a ventral stress fiber is a 
dynamic process, we assumed a static bundle of fibers for the 
purposes of this calculation. We started by assuming a range of 
possible radii for the stress fibers. We then calculated the number of 
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individual actin filaments in a given cross-section based on an actin 
filament radius of 8 nm. This allowed us to calculate the number of 
individual fibers of actin that needed to contract using Eq. 4:

N
CSA

CSA

CSA

8nm
actinfilaments

VSF

actinfilament

VSF
= =  (4)

Actin polymers are contracted by myosin motors, whose step 
size has been estimated at 5 nm (Hundt et al., 2016). It has also 
been measured that a myosin motor requires one ATP/step (Rief 
et al., 2000). Using these estimates, we explored a range of ATP 
requirements for a variety of fiber radii and contraction lengths. 
Given the assumptions and estimates made, we calculated a linear 
relationship between energy requirement and how much length 
the fiber contracts, as shown by Eq. 5:

=N
L

L
N N* *ATP

contraction

stepsize
ATP/step actinfilaments  (5)

We calculated this relationship over a range of potential radii for 
the fibers (Figure 4D). Even for the largest estimate of fiber radius 
(250 nm), we calculated the energy requirement to be on the order 
of millions of ATP molecules.

To understand whether these values were reasonable, we com-
pared the ATP requirement that we calculated with an estimate of 
the total ATP budget for a fibroblast cell. One calculation estimated 
fibroblast ATP production at 1 billion ATP/sec/cell (Flamholz et al., 
2014), putting a multiday formation of these membrane structures 
comfortably within the energy budget of the cell, ensuring that en-
ergy constraints were not a reason to rule out our hypothesis that 

FIGURE 2: Fluorescent structures colocalize with ventral actin stress fibers. (A, B) Cells either stained with green Cell 
Explorer dye or constitutively expressing mNeonGreen (C, D) were fixed and stained with Hoechst (nuclei), phalloidin-
California Red (actin), and an anti–phospho-paxillin primary antibody (focal adhesions) with an Alexa Fluor 647 secondary. 
The fluorescent structures (examples marked with white arrows) observed with either the (A) Cell Explorer dye or 
(C) mNeonGreen colocalize with phalloidin-stained stress fibers. The colocalized fibers have focal adhesions on both 
ends of the fiber (B, D), identifying them as ventral stress fibers. (Scale bar = 25 µm.) A and B and C and D are different 
channels for the same field of view. (Note: There is also some visible bleedthrough from the blue (Hoechst) channel into 
the green (Cell Explorer/mNeonGreen) channel. In addition, there is some accumulation of cytosolic fluorophore in the 
nucleus, as they all have a molecular weight below the 40 kDa nuclear diffusion limit [Wei et al., 2003].) Each experiment 
was conducted with three technical replicates in parallel, and a representative confocal slice from one well is shown.
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the contraction of ventral stress fibers causes the formation of these 
structures.

Next, to test our membrane contour hypothesis experimentally, 
we stained the myofibroblast membranes with Green CellBrite Fix 
membrane dye (Figure 4E) and the actin stress fibers with phalloi-
din-California Red. If the cytosolic fluorescent structures were 
caused by actin stress fibers bending the membrane and forming a 
cytosolic pocket, we would expect to see similar fluorescent struc-
tures in the stained membrane that colocalize with actin stress fi-
bers. Visualizing these stained cells using spinning-disk confocal 
microscopy, we clearly saw fluorescent structures in the cell mem-
brane that colocalize in the X–Y plane with actin stress fibers, sug-

gesting that the fluorescent structures involve the membrane as well 
as the cytosol, supporting our hypothesis. We confirmed these ob-
servations by directly visualizing the actin stress fibers and plasma 
membrane using TEM, with cells sectioned both parallel and 
perpendicular to the major axis of the cell (Figure 4, F and G and 
Supplemental Figure S4). In the cross-section perpendicular to the 
major axis of the cell (Figure 4F), curved cytosolic pockets ∼1 µm in 
width and 500 nm in height can be seen protruding beneath the 
main cell body (white arrows). Inside this pocket, there is a 500-nm-
diameter dark fibril haze, which looks similar to the ventral stress fi-
bers taken in the images parallel to the major axis of the cell (Figure 
4G, fiber marked by white arrows) and is consistent with other TEM 

FIGURE 3: Neither invadopodial nor filopodial immunostaining colocalizes with observed fluorescent structures 
(A, B) HDFs stained with Hoechst (nuclei), Cell Explorer green (cytosol), Actin-Cell Mask Orange (actin), and anti-TKS5 
antibody with an Alexa Fluor 647 secondary (invadopodia and podosomes). These cells have a TKS5 staining pattern 
similar to the negative control staining pattern provided by the manufacturer, which has no colocalization with actin 
stress fibers. (C, D) HDFs stained with Hoechst, Cell Explorer dye, Actin-Cell Mask Orange, and anti-Fascin antibody 
with an Alexa Fluor 647 secondary (filopodia) demonstrate no colocalization between the anti-Fascin antibodies and 
neither the actin cytoskeletion nor cytosolic pockets. (Note: There is also some visible bleedthrough from the blue 
(Hoechst) channel into the green (Cell Explorer) channel. In addition, there is some accumulation of cytosolic 
fluorophore in the nucleus, as they both have a molecular weight below the 40 kDa nuclear diffusion limit [Wei et al., 
2003].) Each experiment was conducted with three technical replicates in parallel, and a representative confocal slice 
from one well is shown. (Scale bar = 25 µm.)
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FIGURE 4: Actin stress fibers induce membrane deformation and cytosolic pocket formation, which can be visualized 
with cytosolic fluorophores. (A) Schematic of a proposed mechanism for the development of the fluorescent structures 
observed in Figure 1. As fibroblasts transition into myofibrobolasts, ventral actin stress fibers (magenta rods) originating 
from focal adhesions (magenta circles) deform the plasma membrane, creating cytosolic pockets (gray) for the 
fluorescent dye or proteins to diffuse into, leading to the observed fluorescent structures. (B) Model conceptualization 
of stress fiber–induced membrane deformation. The ventral stress fiber is modeled as a cylinder deforming a planar 
membrane. As the y dimension is uniform, the model is collapsed to one dimension. (C) Membrane deformation model 
used for membrane energy calculation. A stress fiber was modeled as lowering into a membrane, causing the 
membrane to curve. This fell into two regimes: one where the membrane is only deforming around the fiber and one 
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images of actin stress fibers (McNutt et al., 1971; Perdue, 1973; Cra-
mer et al., 1997). Importantly, these cytosolic pockets do not look 
similar to TEM images of focal adhesions, lacking the distinct dark 
plaque on the cell membrane characteristic of focal adhesions seen 
both in our images (Supplemental Figure S3) and in the literature 
(Abercrombie et al., 1970, 1971; Medalia and Geiger, 2010). Taken 
together, our imaging data demonstrate the existence of a cytosolic 
pocket in the membrane induced by actin stress fibers.

After observing that stress fibers induce membrane contouring, 
we investigated the structural linkage between ventral stress fibers 
and the plasma membrane. Paxillin staining (Figure 2, B and D) re-
vealed that the ventral actin stress fibers are coupled to the plasma 
membrane via adapter proteins at focal adhesions. However, it is 
also possible for the actin cytoskeleton to bind the membrane at 
other points via other actin-binding proteins, such as ERM. In filopo-
dia and membrane ruffles, ERM proteins bind the protruding actin 
to the membrane (Arpin et al., 1994; Turunen et al., 1994; Nakamura 
et al., 2000). In epithelial cells undergoing an epithelial to mesen-
chymal transition induced by TGF-β1 treatment, ERM proteins colo-
calize with nascent actin stress fibers (Buckley et al., 2010). To see 
whether ERM protein coupling is present in the observed fluores-
cent ridges, we stained for ERM proteins in our system, in addition 
to staining the cytosol with Cell Explorer green and actin stress fi-
bers with California red (Figure 5A). In a separate experiment, we 
additionally stained for ERM proteins with an Alexa Fluor 514 sec-
ondary, the membrane with far red CellBrite Fix membrane dye, the 
cytosol using green Cell Explorer cytosolic dye, and actin stress fi-
bers using phalloidin–Alexa Fluor 405 (Figure 5B). In both experi-
ments, we observed colocalization between ERM proteins, actin 
stress fibers, membrane ridges, and the cytosolic pocket, suggest-
ing that ERM proteins could be coupling the membrane to the actin 
stress fibers. Inhibiting ezrin–actin interactions using the ezrin inhibi-
tor NSC66839 (Bulut et al., 2012) caused the cytosolic pockets to 
disappear within 12 h, supporting our hypothesis that active ezrin–
actin binding is necessary for membrane contouring (Figure 5, C 
and D). Interestingly, after ezrin inhibition, the actin stress fibers 
were still visible but exhibited a curved morphology (Figure 5D), 
suggesting that the membrane interactions might play a role in 
maintaining stress fiber persistence length, which could be an inter-
esting topic to explore in future work.

Our evidence suggests that the membrane is directly coupled to 
stress fibers along the length of the fiber, so we next investigated 
the necessity of stress fiber structural integrity for membrane con-
touring by dissolving the stress fibers. We transfected myofibro-
blasts with an mCherry-paxillin fusion protein and loaded the cell 

with Cell Explorer dye and Cell Mask Far Red live cell actin stain to 
visualize the focal adhesions, cytosolic pockets, and the actin in liv-
ing cells (Figure 6A). We then treated the cells with cytochalasin-D 
to disrupt the actin cytoskeleton network (Figure 6B). Cytochalasin-
D dissolved ventral actin stress fibers along with their associated 
cytosolic pocket after 15 min of drug treatment, demonstrating that 
the physical membrane–stress fiber interaction is necessary for con-
tinued membrane contouring. In contrast, focal adhesions (marked 
by paxillin) are not dissolved by cytochalasin-D, and their corre-
sponding cytosolic pocket remained intact after drug treatment, 
consistent with our hypothesis.

Actin-induced membrane contouring is not dependent on 
cellular contractility
Myofibroblasts have increased cellular contractility due to their ex-
pression of α-SMA (Desmoulière et al., 1993) and the activation of 
RhoA GTPase (Tomasek et al., 2002, 2006; Huang et al., 2011; 
Midgley et al., 2020). Cellular contractility derives from contraction 
of actin stress fibers by the molecular motor myosin II. In particular, 
the small GTPase RhoA and its downstream Rho-associated pro-
tein kinase (ROCK) play a key role in cellular contractility by modu-
lating myosin II contraction via myosin light chain phosphatase 
(MLCP) inhibition (Ridley and Hall, 1992; Chrzanowska-Wodnicka 
and Burridge, 1996; Uehata et al., 1997; Bhadriraju et al., 2007). In 
our experiments, actin stress fiber deformation of the plasma 
membrane produces cytosolic pockets, so we investigated the 
role of actin stress fiber contractility in pocket stability. We stained 
the cytosol of myofibroblasts using Cell Explorer green and actin 
stress fibers using Cell Mask Orange or Deep Red actin stain 
(Figure 6C and Figure 7, A and C). We then treated HDFs with 
10 nM of the phosphatase inhibitor calyculin A to increase cellular 
contractility (Tosuji, 1992; Suzuki and Itoh, 1993; Cho et al., 2011) 
and 20 uM of the ROCK inhibitor Y-27632 to block RhoA-induced 
MLCP inhibition and decrease cellular contractility. Both calyculin 
A treatment over 15 min and Y-27632 treatment over 12 h resulted 
in actin stress fiber rearrangement as well as rearrangement of 
their corresponding cytosolic pockets (Figure 7 and Supplemental 
Movie S2). Critically, the stability and location of the cytosolic 
pockets mirrored the stability and location of the actin stress fi-
bers, suggesting that once cytosolic pockets are formed, active 
stress fiber contraction is not needed to maintain membrane con-
touring. To further investigate the role of actin contractility in cyto-
solic pocket stability, we used the drug blebbistatin to directly in-
hibit myosin II–actin binding. This inhibition of myosin II–actin 
binding resulted in the disappearance of the cytosolic pockets 

where parts of the membrane beyond the fiber are deforming. The energy requirement for bending the membrane was 
calculated across both regimes. (D) Results from stress fiber contraction calculation. In our proposed model, the 
contraction of the ventral stress fibers by myosin II motors drives the formation of the cytosolic pockets. Here, we 
consider the energy required for that contraction over a range of observed fiber radii (50–250 nm) and contraction 
distances (0–15,000 nm). The calculated ATP (left y-axis) and kBT equivalents (right y-axis) indicate that the proposed 
model is reasonable given the timeframe of cytosolic pocket formation. (E) Fluorescent structures can be observed in 
the plasma membrane after staining with Green-CellBrite fixable membrane dye (examples marked with white arrows). 
Like the cytosolic dyes in Figure 2, these fluorescent membrane structures colocalize with ventral actin stress fibers, 
supporting the hypothesis that ventral actin stress fibers play a role in the formation of the observed fluorescent 
structures. (Scale bar = 25 µm.) (F, G) TEM images of ventral actin stress fibers where (F) membrane deformation and 
(G) the thick ventral stress fibers can be directly observed (white arrows). The cytosolic pockets are distinct from focal 
adhesions that appear as a dark plaque near the membrane and exhibit sharp curvature on the edges (Supplemental 
Figures S3 and S4 and [Abercrombie et al., 1970, 1971; Medalia and Geiger, 2010]). (Scale bar = 500 nm.) Note: The 
CellBrite dye also brightly stains the nuclear membrane, causing some nuclear bleedthrough from the green (CellBrite) 
channel into the red (phalloidin) channel. Figure 5B replicates this phalloidin/membrane staining with alternate dyes and 
minimal bleedthrough. Each experiment was conducted with three technical replicates in parallel, and a representative 
confocal slice from one well is shown.
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(Figure 6, C and D). This suggests that myosin-mediated actin 
interactions are necessary for actin stress fibers to contour the 
membrane. Taken together, these experiments that disrupt actin 
structures suggest that once cytosolic pockets are formed, only 
structural-stress fiber integrity (such as myosin II–actin binding), 
and not stress fiber contraction (mediated by ROCK induction of 
myosin II contraction), is necessary for membrane contouring. The 
necessity of fiber contraction for membrane ridge formation, but 
not membrane ridge maintenance, is tied to how ventral stress fi-
bers are formed, which is typically from the fusion of mechanically 
tensed dorsal stress fibers and transverse arcs (Hotulainen and 
Lappalainen, 2006; Tojkander et al., 2015, 2018; Lee and Kumar, 
2020). During this fusion process, myosin contractility increases 
and actin polymerization of the fused fibers decreases, leading to 

shortening of the nascent actin stress fiber, deformation of the 
plasma membrane in the Z-direction, and the formation of a cyto-
solic pocket. Ultimately, in cells with high contractility, the stress 
fiber is essentially parallel to the substrate (illustrated in Figure 4A 
and directly observed in Figure 4G). Ventral stress fibers are paral-
lel to the cell substrate (Figure 4G; Hotulainen and Lappalainen, 
2006), so contraction of stress fibers will shorten fiber length 
mainly in the X–Y plane and only minimally in the Z direction. 
Membrane deformation is mainly in the Z direction, meaning that 
contraction will have little effect on membrane deformation. How-
ever, fiber contraction will cause the fiber to move in the X–Y 
plane, and this was observed (Figure 7). It is also important to note 
that once formed, the length or turnover of individual actin fila-
ments in the stress fiber do not necessarily impact the length or 

FIGURE 5: Direct coupling of stress fibers to the plasma membrane is necessary for membrane deformation. 
Immunofluorescence staining for ERM proteins reveals that ERM proteins colocalize with (A) stress fibers as well as 
(B) cytosolic and cell membrane pockets. (C) Before and (D) after images of cells treated with the ezrin inhibitor 
NSC66839. Treatment removes cytosolic pockets, but does not dissolve actin stress fibers, suggesting that physical 
coupling of the stress fiber to the membrane is necessary for membrane contouring. (Scale bar = 25 µm.) Each 
experiment was conducted with three technical replicates in parallel, and a representative confocal slice from one well 
is shown.
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turnover of the stress fiber itself (Hotulainen and Lappalainen, 
2006; Chapin et al., 2012).

As a corollary to these observations, the process of stress fiber 
formation (and subsequent membrane deformation) can be observed 
in the HDFs grown without TGF-β1 as a control (Supplemental Figure 
S6). Even in the absence of TGF-β1, growing fibroblasts on a stiff 
substrate (such as plastic or glass) will promote an increase in stress 
fiber formation and cellular contractility (Solon et al., 2007; Huang 
et al., 2012; Gavara and Chadwick, 2016; Liu et al., 2018). As a result, 
the Day 1 cells have few stress fibers and no membrane ridges (Sup-
plemental Figure S6A). However, the Day 4 cells have prominent 
stress fibers (Supplemental Figure S6B) and appear to be in the mid-
dle of cytosolic pocket formation, as some cells display the fluores-
cent structures only at the ends of the stress fiber (double arrows), 
while others appear to have cytosolic pockets that run the length of 
the fiber (single arrows). However, while these data support the hy-
pothesis that ventral stress fibers induce membrane deformation, the 

dynamics between ventral stress fiber formation and membrane de-
formation are not known and are a promising area for future study.

Contextualizing actin stress fiber–plasma membrane 
interactions
In this work, we have described a novel form of actin-induced mem-
brane contouring where the actin stress fiber applies force perpen-
dicular to the major axis of the fiber. This is in contrast to many ac-
tin–membrane interactions, such as those found in filopodia or 
lamellipodia, where force is applied parallel to the major axis of the 
fiber. In some ways, this new phenomenon is the topological inverse 
of the contractile ring found in cytokinesis. During cytokinesis, actin 
filaments form a contractile ring with the membrane on the outside 
of the ring. The contractile ring applies a centripetal force on the 
membrane, contracting the membrane inward, and eventually split-
ting the cell in half (Figure 8, left). In the ventral actin case described 
in this paper, the ventral actin stress fibers can be seen as an arc, 

FIGURE 6: The structural integrity of actin stress fibers is required for membrane deformation. (A) Before and (B) after 
images of cells treated with cytochalasin-D. Cytochalasin-D treatment dissolved cytosolic pockets associated with stress 
fibers but not with focal adhesions, indicating that the physical structure of stress fibers is necessary for membrane 
deformation. (C) Before and (D) after images of cells treated with Blebbistatin. Blebbistatin treatment removed the 
observed cytosolic pockets but not the corresponding stress fibers, suggesting that once the membrane has been 
deformed, myosin–actin binding is necessary to maintain the cytosolic pocket. (Scale bar = 25 µm.) Each experiment was 
conducted with three technical replicates in parallel, and a representative confocal slice from one well is shown.
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with the cell substrate serving as a chord bisecting a larger ring. 
Here, the membrane is on the inside of the fibers. The fibers then 
contract and apply the same centripetal force to the membrane, but 
because the membrane is on the inside of the fiber, it is stretched 
rather than contracted, forming the observed cytosolic pockets 
(Figure 8, right). There are a few key differences between these two 
processes. Namely, the actin ring found in cytokinesis is a special-
ized cytoskeletal structure found in dividing cells (Cao and Wang, 
1990; Dean et al., 2005; Zhou and Wang, 2008; Subramanian et al., 
2013; Chen et al., 2017), whereas ventral actin stress fibers exist 
primarily in cells in interphase (Cramer et al., 1997; Jones et al., 
2018; Vianay et al., 2018; Li and Burridge, 2019). In addition, cytoki-
nesis requires an active force in the actin ring to contract the mem-
brane, through either myosin II contraction (Dean et al., 2005; Zhou 
and Wang, 2008; Calvert et al., 2011, actin treadmilling (Mendes 
Pinto et al., 2012; Chew et al., 2017), or a combination of both (Oelz 

et al., 2015). In contrast, our experiments with Y-27632 and calyculin 
A suggest that once cytosolic pockets are observed, active cellular 
contractility is not needed to maintain membrane bending (Figure 
7). The comparison between these two phenomena highlights both 
the structural and mechanical role actin structures play in the cell.

The mechanical environment of the cell likely plays a role in 
stress fiber formation and thus likely in the formation of the pockets 
that we identified here. There are a few critical differences between 
2D cell culture and a 3D tissue environment in vivo, namely that in 
2D there is artificial cell polarization and often stiffer substrates. A 
very stiff 2D substrate such as the glass used here does not accu-
rately represent the native environment of dermal myofibroblasts, 
which are specialized to contract wounds closed (Li and Wang, 
2011; Darby et al., 2014), in vivo. Instead, we are observing artifi-
cially polarized actin–membrane interactions near the extreme end 
of myofibroblast contractility. Furthermore, in 2D culture, the cell 

FIGURE 7: Active stress fiber contractility is not required to maintain membrane deformation. (A) Before and (B) after 
images of cells treated with calyculin A to increase cellular contractility. Calyculin A treatment did not alter the 
colocalization between cytosolic pockets and actin stress fibers. (C) Before and (D) after images of cells treated with 
Y-27632. Y-27632 treatment had no effect on the colocalization between the observed cytosolic pockets and actin stress 
fibers. Taken together, these two experiments suggest that once the membrane has been deformed, stress fiber 
contraction is not necessary to maintain membrane deformation. (Scale bar = 25 µm.) Each experiment was conducted 
with three technical replicates in parallel, and a representative confocal slice from one well is shown.
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can adhere to a substrate only on its ventral side, creating an artifi-
cial polarization where focal adhesions exist on only one side of the 
cell (Hotulainen and Lappalainen, 2006; Burridge and Wittchen, 
2013), whereas in 3D focal adhesions exist on all sides of the cell 
(Deakin and Turner, 2011; Harunaga and Yamada, 2011; Kubow and 
Horwitz, 2011; Doyle et al., 2015). In addition, these cells are grown 
on glass (Young’s modulus on the order of 70 GPa [Seal et al., 2001]), 
which is around 1000 times stiffer than native dermal tissue (Young’s 
modulus on the order of 70 MPa [Geerligs et al., 2011; Ní Annaidh 
et al., 2012]). Therefore, it is possible that the environmental condi-
tions in 2D that generate the high contractile forces necessary to 
laterally deform the membrane may not exist in a native 3D environ-
ment, and these structures are simply the product of 2D cell culture, 
adding to the list of evidence that 2D cell culture may not accurately 
replicate 3D in vivo tissue (Jensen and Teng, 2020). However, stress 
fibers do exist in 3D in vitro fibroblast culture (Mochitate et al., 1991; 

Halliday and Tomasek, 1995; Pelham and Wang, 1999) and in 3D in 
vitro osteoblast culture (Zhu et al., 2016; Nasello et al., 2020) as well 
as in 3D in vivo tissues including endothelial cell tissues (Wong 
et al., 1983; Franke et al., 1984) and myofibroblasts in wounded der-
mal tissues (Gabbiani et al., 1972; Grinnell, 1994; Mar et al., 2001; 
Sandbo et al., 2011). The existence of stress fibers in these in vivo 
contexts suggests that, under certain conditions, ventral actin stress 
fibers could potentially deform the plasma membrane in vivo as 
well, warranting further investigation into this phenomenon.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmid construction
pLentiCMV Puro Dest ERK-KTR was digested with BsrgI to remove 
the ERK-KTR gene. The appropriate primers for each gene (see 
Table 1; plasmid sources are shown in Table 2) were used to gener-
ate PCR fragments of the gene and add 20–25 base homology arms 
to each end of the PCR fragment. The digested pLenti CMV Puro 
Dest vector and PCR fragment were assembled using NEB HiFi As-
sembly mix, and the mixture was transformed into NEBstable Esch-
erichia coli and grown at 30°C overnight. Plasmids were sequence 
verified by Sanger Sequencing provided by Quintara Biosceince us-
ing the in-house CMV Forward (BP0002) and WPRE (BP0156) re-
verse primers.

Viral production
HEK293FT cells (passages 3–15) were plated at 90% confluency in a 
T-25 flask in HEK cell media (DMEM, 10% fetal bovine serum [FBS], 
1× Glutamax, 1× non-essential amino acids [NEAA]). After 24 h, the 
flask was transfected with the pLenti plasmid and the packaging 
VSV-g and PSPAX-2 plasmids using Lipofectamine 3000, according 
to the manufacturer’s protocol. After 12 h, the media in the dish was 
discarded and replaced. Media from the flask containing viral parti-
cles was collected 24 h later, replaced, and collected again 24 h 
later. The viral media was spun at 300 × g for 10 min to pellet any 
cells, and the supernatant was then passed through a 0.45 µm sy-
ringe filter. The resulting media was aliquoted in 500 µl tubes and 
stored at –80°C.

Neonatal HDF cell culture
Neonatal HDFs (passages 1–8) were cultured in fibroblast media 
(FGM media supplemented with an FGM-2 OneShot kit) in an 

Name Assembly construct Sequence

mNeonGreen pLenti homology Fwd pLenti CMV Puro mNeonGreen GGAATTCTGCAGATATCAACAAGTTTGTACAGCCAC-
CATGGTGAGCAAGGGCGAGGAG

mNeonGreen pLenti homology Rev pLenti CMV Puro mNeonGreen GATATCAACCACTTTGTACACTACTTGTACAGCTC-
GTCCATGCC

mScarlet pLenti homology Fwd pLenti CMV Puro mScarlet-i ATATCAACAAGTTTGTCGACGCCACCATGGTGAG-
CAAGGGCGAGGC

mScarlet pLenti homology Rev pLenti CMV Puro mScarlet-i TATCAACCACTTTGTACACGCGTTTACTTGTACAGCTC-
GTCCATGCCG

mCherry pLenti homology Fwd pLenti CMV Puro mCherry-Paxillin ATCCGCTAGCGCTACCGGTCGCCACCATGGTGAG-
CAAGGGCGAGGA

paxillin pLenti homolgy Rev pLenti CMV Puro mCherry-Paxillin GGATATCAACCACTTTGTACACGCGTCTAG-
CAGAAGAGCTTGAGGAAGCAGT

TABLE 1: Primers for cloning.

FIGURE 8: Contextualizing actin stress fiber–plasma membrane 
interactions. Schematics of the contractile ring in cytokinesis (left) and 
lateral membrane bending (right) demonstrating inverse topologies. 
In cytokinesis, an actin filament ring (magenta) contracts (black 
arrows) and applies a centripetal force (gray arrows) to the membrane 
(cyan), which is on the outside of the fiber, resulting in inward 
contraction of the membrane and ultimately membrane cleavage. In 
the novel ventral stress fiber–induced membrane bending, the ventral 
stress fibers can be viewed as an arc on a circle. In this case the 
membrane is on the inside of the fiber, and when these fibers contract 
(black arrows) and apply the centripetal force to the membrane (gray 
arrow), they deform the membrane and create cytosolic pockets.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-03-0096
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incubator at 37°C and 5% CO2. Cells were passaged at 80–90% 
confluency, and media was changed every 48 h. To generate stably 
expressing pools of cells, fibroblasts were lifted from a flask by in-
cubating the cells in 0.05% trypsin and then pelleted by centrifu-
gation at 300 × g for 5 min. The cells were then resuspended in 
fresh fibroblast media and seeded in a 24-well plate at a concen-
tration of 20,000 cells/well. Viral media (500 µl) and 500 µl of fibro-
blast media were then added to the well, and the dish was incu-
bated at 37°C for 48 h. The media in the well was then changed to 
fibroblast media with 1 µg/ml puromycin to select for positively 
transduced cells. After 48 h, the cells were transferred to either a 
six-well dish for continued passaging or a new 24-well plate for 
experimentation.

Stress fiber induction
Fibroblasts were seeded at 20,000 cells/well in a glass-bottomed 
24-well dish. After 24 h, stress fibers were induced by changing the 
cell media to a serum-free induction media (DMEM, 2% B-27, 
10 ng/µl TGF-β1) that was refreshed every 48 h. Cells were used 
after 96 h of induction.

Confocal microscopy
After 96 h of induction, the cells were stained with various live cell 
stains according to the manufacturer’s instructions, which generally 
involved diluting a stock solution 1000× (10,000× for Cell Mask 
Actin stain) in DMEM and incubating the cells for 15–30 min at 
37°C and 5% CO2. After staining, the cell media was changed to 
imaging media (Fluorobrite DMEM, 1% Glutamax, 1% OxyFluor). 
Cells were imaged on a Ti-2E Eclipse (Nikon Instruments) with a 
Dragonfly Spinning Disk confocal system controlled with Fusion 
software (Oxford Instruments) in a 37°C and 5% CO2 stage top in-
cubator (OKO Labs). Images were acquired on an iXon 888 Life 
EM-CCD camera (Oxford Instruments). Fluorescent dyes were im-
aged through a 405/488/561/647 dichroic mirror using the follow-
ing excitation laser/emission filter combinations: Ex.405 nm-
Em.445/50, Ex. 488 nm-Em. 515/30, Ex. 561 nm-Em. 590/60, Ex. 
647- Em. 698/60. All staining and drug treatments were repeated 
in three separate wells, and a representative confocal slice was se-
lected from each treatment for display in a figure. Wider field of 
view images (Supplemental Figure S2) were acquired in a 3 × 3 grid 
with 10% overlap and stitched using the stitching feature in Fusion 
(Preibisch et al., 2009).

Inhibitor treatments
Cells were treated with the actin inhibitor cytochalasin-D (5 µM; 
Tocris), the ezrin inhibitor NSC668394 (50 µM; Calbiochem), Y27632 
(25 µM; Hello Bio), calyculin A (10 nM; Cayman Chemical), Ouabain 
(30 nM; Tocris), and s-nitro-Blebbistatin 25 µM; Cayman Chemical). 

For cytochalasin-D and calyculin A treatment, an 18-slice Z-stack 
(140 nm step size) was acquired every minute for 5 min using a Plan 
Apochromatic 100× silicone oil immersion objective (Nikon; NA 
1.35) as described above. After 5 min, a solution of cytochalasin-D 
dissolved in imaging media was injected into the well and the cells 
were imaged for another 15 min posttreatment. For NSC668394, 
Y27632, Ouabain, and S-nitro- Blebbistatin, cells were treated im-
mediately before imaging and an 18-slice Z-stack (192.5 nm step 
size) was acquired every hour for 17 h using a Plan Apochromatic 40× 
air objective (Nikon; NA 0.95) and a 2× zoom lens (80× total magni-
fication). Each drug treatment experiment was repeated in three 
separate wells, and multiple fields of view were collected per well.

Immunofluorescence
After 96 h of induction, cells were fixed in 4% paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS) and permeabilized using 
0.1% Triton-X. Nonspecific interactions were blocked using 10% 
normal goat serum in PBS. The cells were then incubated overnight 
with the primary antibody (anti-paxillin 1:50 and anti-ERM 1:100), 
washed in PBS, and then followed by incubation with the appropri-
ate Alexa Fluor 647 secondary antibody (1:200) in 10% normal goat 
serum for 1 h at room temperature. In experiments where phalloidin 
or membrane stain was used, it was added after the secondary at 
1:1000 in PBS and incubated for 30 min at room temperature. Cells 
were washed 3× in PBS and then imaged using the same parameters 
as previously described using a Plan Apochromatic 100× silicone oil 
immersion objective (Nikon) but at room temperature with no CO2.

TEM
After 96 h of induction, cells were fixed in 2.5% PFA/glutaraldehyde 
in sodium cacodylate buffer for 1 h at room temperature. Cells were 
then washed with sodium cacodylate buffer 3× and stored at 4°C 
until imaged. Electron microscopy imaging, consultation, and ser-
vices were performed in the HMS Electron Microscopy Facility on a 
TecnaiG2Spirit BioTwin microscope with a 2k AMT camera.

Western blotting
After stress fiber induction, HDFs were harvested from a 24-well 
dish by adding 100 µl of 4× LDS buffer and scraping the well using 
a 200 µl pipette tip. Samples were then diluted to 1× in Milliq H20 
and incubated at 95°C for 10 min to denature the proteins. The 
denatured samples (10 µl) were then run on a 4–12% Bis-Tris PAGE 
gel in 1× MOPS buffer for 50 min at 150 V. Samples from the gel 
were transferred to a nitrocellulose membrane by using an IBlot2 
Blotter (Invitrogen) and associated stack and applying a 20 V 
potential for 7 min. After transferring, the nitrocellulose membrane 
was incubated in 5% (wt/vol) nonfat dry milk in PBS + Tween for 1 h 
to block nonspecific interactions. Primary antibodies were added 
at the specified concentrations and incubated overnight at 4°C. 
After being washed in PBST, the membrane was incubated in 5% 
nonfat dry milk in PBST and the secondary antibody for 1 h at room 
temperature. The blot was then washed and imaged using the Su-
perSignalWest Pico solution and an iBright Western Blot Imager 
(Invitrogen).

Membrane bending energy calculations
All model calculations were carried out using a Python script in Spy-
der (version 4.1.5) using the NumPy (Harris et al., 2020), Matplotlib 
(Hunter, 2007), and SciPy (Virtanen et al., 2020) packages. To calcu-
late membrane bending, the profile of the membrane wrapping 
around the fiber was defined as follows: until the midpoint of the 
fiber is level with the membrane, the membrane wraps directly 

Name Source

pLentiCMV Puro Dest ERK-KTR Addgene #59150

pLentiCMV Puro mNeonGreen Synthesized

pLentiCMV Puro mScarlet-I Synthesized

pLentiCMV Puro mCherry-Paxillin Synthesized

PSPAX-2 viral packaging plasmid Gift from the Ngo lab, 
Boston University

VSV-g viral envelope plasmid Gift from the Ngo lab, 
Boston University

TABLE 2: Plasmids.
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Name Manufacturer Lot

Cells

 Neonatal HDFs Lonza (CC-2509) 0000490825, 0000490827, 0000493458

 HEK293FT ThermoFisher (R70007)

Cell culture

 FBM media Lonza (CC-3131) 0000849191, 0000914535

 FGM-2 OneShot Lonza (CC-4126) 0000851116, 0000885722, 0000923831

 DMEM Corning (MT10013CV) 10420009

 Opti-MEM Life Technologies (31985-062) 1897019

 FluoroBrite DMEM Life Technologies (a18967-01) 2120559

 FBS Life Technologies (16000044) 2103017RP

 Pen-Strep Life Technologies (16140-122) 2145104

 B-27 Life Technologies (17504044) 2121033, 2193555

 Glutamax Life Technologies (35050-061) 2164667

 Lipofectamine 3000 Thermo Fisher (L3000) 2177271

 0.05% trypsin Life Technologies (253000-054) 2120736

 OxyFluor Sigma-Aldrich (SAE0059) SLCC2576

 24-well glass-bottom dishes Porvair Sciences (324042) 037505

 24-well plastic dishes Denville Scientific (T1024) 2018003

 T-75 culture flasks Fisher Scientific (156499) 161855

 T-25 culture flasks Denville Scientific (T1205) 2019001

Drugs

 Recombinant TGF-β1 R&D Systems (7754-BH) DCPU0819111

 Cytochalasin-D Tocris (1233) 7A/207303

 Y-27632 Hello Bio (HB2297) E0807-1-4

 NSC668394 Calbiochem (341216) 3434830

 s-Nitro-Blebbistatin Cayman Chemical Company (13891)

 Calyculin A Cayman Chemical Company (19246) 0583516-3

 Ouabain Tocris (1076) 10A/250308

Immunofluorescence

 16% PFA Thermo Fisher (PI28906) UG287039

 PBS Life Technologies (7011-044) 2193380

 Triton-X Fisher (BP151) 176408

 Normal goat serum Southern Biotech (0060-01) F3320-SD30B

 Phalloidin Alexa Fluor 405 Thermo Fisher (A30104) 0529804-1

 Phalloidin iFluor 488 Cayman Chemical (20549) 0593927

 Phalloidin California Red Cayman Chemical (20546) 0529804

 Rabbit anti-paxillin antibody Cell Signaling Technology (69363S) 1

 Rabbit anti-ERM antibody Cell Signaling Technology (3142T) 5

 Rabbit anti-TKS5 (SH3 #1) antibody Sigma-Aldrich (09-403)

 Rabbit anti-Fascin antibody Proteintech Group (143841AP150UL)

 Goat anti-mouse Alexa Fluor 647 conjugate Thermo Fisher (A21244) 2161043

 Goat anti-rabbit Alexa Fluor 647 conjugate Thermo Fisher (A21235) 2134003

 Goat anti-rabbit Alexa Fluor 568 conjugate Abcam (175471) GR3189790-3

 Hoechst 34580 Sigma-Aldrich (63493) BCCB3802

 Cell Explorer dye green AAT Bioquest (22621) 2391532

 CellBrite Fix 640 membrane dye Biotium (30089T) 17C1115-1104173

 CellBrite Fix 488 membrane dye Biotium (30090A) 18C0118-1120003

 Cell Mask Deep Red Actin Tracking Stain Thermo Fisher (A57245) 2212430

 Cell Mask Orange Actin Tracking Stain Thermo Fisher (A57244) 2212429

(Continues)
TABLE 3: Sources for materials.
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around the fiber using a square root function. As the midpoint of 
the fiber dips below the level of the membrane, parts of the mem-
brane to either side begin to bend. This is modeled by fitting hy-
perbolic curves that start at the y value at the midpoint of the fiber 
and have a length half the distance from the fiber midpoint to the 
resting level of the membrane. After the profile of the membrane 
has been defined, the curvature at each point is calculated using 
the derivative function from the SciPy package. The bending energy 
equation is applied for each point of curvature and summed over 
the whole stretch of membrane modeled to get the total bending 
energy. Code is available online at https://github.com/sgrolab/
ventralsfpaper.

Sources and other details on materials used in this research are 
shown in Table 3.
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