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Phosphorylation of the small heat shock protein 
HspB1 regulates cytoskeletal recruitment and 
cell motility

ABSTRACT  The small heat shock protein HspB1, also known as Hsp25/27, is a ubiquitously 
expressed molecular chaperone that responds to mechanical cues. Uniaxial cyclic stretch 
activates the p38 mitogen-activated protein kinase (MAPK) signaling cascade and increases 
the phosphorylation of HspB1. Similar to the mechanosensitive cytoskeletal regulator zyxin, 
phospho-HspB1 is recruited to features of the stretch-stimulated actin cytoskeleton. To eval-
uate the role of HspB1 and its phosphoregulation in modulating cell function, we utilized 
CRISPR/Cas9-edited HspB1-null cells and determined they were altered in behaviors such as 
actin cytoskeletal remodeling, cell spreading, and cell motility. In our model system, expres-
sion of WT HspB1, but not nonphosphorylatable HspB1, rescued certain characteristics of 
the HspB1-null cells including the enhanced cell motility of HspB1-null cells and the deficient 
actin reinforcement of stretch-stimulated HspB1-null cells. The recruitment of HspB1 to high-
tension structures in geometrically constrained cells, such as actin comet tails emanating 
from focal adhesions, also required a phosphorylatable HspB1. We show that mechanical 
signals activate posttranslational regulation of the molecular chaperone, HspB1, and are re-
quired for normal cell behaviors including actin cytoskeletal remodeling, cell spreading, and 
cell migration.

INTRODUCTION
Mechanical forces are sensed by cells and transduced into biochem-
ical signals that drive changes in gene expression and influence cell 
fate (Discher et al., 2009; Wozniak and Chen, 2009; Mammoto et al., 
2012). This ability to sense and respond to mechanical cues is es-
sential for morphogenetic movements during embryonic develop-
ment and normal adult physiological functions such as required in 

cardiovascular and respiratory systems, while disturbances in me-
chanical homeostasis are associated with myriad disease pheno-
types (Deanfield et  al., 2007; Chen, 2008; Fournier et  al., 2010; 
Ateshian and Humphrey, 2012). In order for a mechanical signal to 
influence biology, it must be converted to a chemical signal that is 
capable of regulating cell behavior and function; this is the process 
of mechanotransduction. Central elements of a mechanotransduc-
tion pathway from the cell surface to the nucleus include cell surface 
adhesion receptors such as cadherins and integrins (Heisenberg and 
Bellaiche, 2013; Low et  al., 2014; Benham-Pyle et  al., 2015; 
Shivashankar et al., 2015), mechanosensors that change conforma-
tion in response to physical cues or detect these force-induced 
changes (McGough et al., 1997; Sawada et al., 2006; del Rio et al., 
2009; Shimozawa and Ishiwata, 2009; Ehrlicher et  al., 2011; 
Hayakawa et al., 2011; Uyeda et al., 2011; Galkin et al., 2012), and 
nuclear signaling factors that regulate gene expression in response 
to mechanical cues (Naumanen et  al., 2008; Halder et  al., 2012; 
Smith et al., 2013; Hoffman et al., 2020). A major challenge in cell 
biology is to ascertain the detailed molecular mechanisms that un-
derlie mechanotransduction.
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Actin plays a central role in transcellular communication of 
mechanical cues
Essential for maintaining tensional homeostasis, actin stress fibers 
(SFs) are myosin-associated, contractile bundles of filamentous actin 
(F-actin) (Peterson et al., 2004, Naumanen et al., 2008, Smith et al., 
2013). SFs are prominent in cultured cells, particularly fibroblasts, 
and also assemble in vivo when cells experience mechanical stress 
(Wong et al., 1983; Byers et al., 1984). Tensed actin SFs anchored at 
integrin-based focal adhesions (FA) provide mechanoaccumulation 
sites for several mechanosensitive LIM-domain proteins (Sun et al., 
2020, Winkelman et  al., 2020, Anderson et  al., 2021, Sala and 
Oakes, 2021). Many of these proteins were also identified in ten-
sion-dependent focal adhesion proteomes (Kuo et al., 2011, Schiller 
et  al., 2011) and consensus integrin-based adhesomes (Horton 
et al., 2015). The small heat shock protein HspB1 (Hsp25/27) was 
found in the tension-dependent focal adhesion proteomes and the 
integrin-based adhesome. Characteristics of HspB1 suggested an 
intriguing mechanosensitivity that we decided to explore further.

HspB1 has been implicated in multiple diseases, including can-
cers, neuropathologies, and even COVID-19 pathology (Kampinga 
and Garrido, 2012; Zoubeidi and Gleave, 2012; Calderwood and 
Gong, 2016; O’Brien and Sandhu, 2020; Vendredy et  al., 2020). 
Cancer cell survival and development of drug resistance may be 
mediated by some heat shock proteins (Kampinga and Garrido, 
2012; Calderwood and Gong, 2016). Therapeutic approaches tar-
geting HspB1 as a cancer treatment have been developed and im-
plemented (Zoubeidi and Gleave, 2012; Rosenberg et  al., 2018; 
Shevtsov et al., 2019); thus a greater understanding of HspB1’s im-
pact on cell physiology is warranted.

The small heat shock proteins play a cytoprotective role through 
their molecular chaperone activity and their response in cells expe-
riencing mechanical stress (Collier and Benesch, 2020). HspB1 is 
phosphorylated in a p38-dependent manner in fibroblasts sub-
jected to uniaxial cyclic stretch (Chaudhuri and Smith, 2008; Hoff-
man et al., 2017). Here we have developed a cell-based model sys-
tem to study HspB1 function and phosphoregulation. CRISPR-Cas9 
engineered HspB1-null cells are altered in several physiological re-
sponses including actin remodeling following stretch stimulation, 
and cell spreading and motility. Re-expression of Wild-type (WT) 
HspB1 and phosphomutant HspB1s revealed that only phosphory-
latable HspB1, which displayed mechanoaccumulation to tensed 
actin SFs, restored activities lost in HspB1-null cells including actin 
remodeling, cell spreading and cell motility. We report here that 
posttranslational regulation by phosphorylation of HspB1 is critical 
to the mechanotransduction response in these cells.

RESULTS
p38-dependent phosphorylation of HspB1 in response to 
mechanical stimulation
Cells activate multiple mitogen-activated protein kinase (MAPK) sig-
naling cascades in response to mechanical stimulation, resulting in 
phosphorylation of target proteins and cytoskeletal changes (Li 
et al., 1996; Nguyen et al., 2000; Sawada et al., 2001; Chaudhuri 
and Smith, 2008). Murine HspB1 (Figure 1A) contains a C-terminal 
alpha-crystallin domain common in heat shock proteins and two 
conserved serine phosphorylation sites (S15 and S86), both of which 
are established mitogen-activated protein kinase-activated protein 
kinase 2 (MK2) targets (Stokoe et al., 1992). The baseline phosphor-
ylation of HspB1 present in unstimulated fibroblast cells is elevated 
by exposure of cells to uniaxial cyclic stretch stimulation (Figure 1B) 
a 1.9-fold increase of the phospho-HspB1 signal (Supplemental 
Table S1). We previously used cells null for MK2 with paired MK2-

rescue cells (Ronkina et al., 2007; Sousa et al., 2007) to identify MK2 
as the p38 pathway kinase responsible for the stretch-stimulated 
HspB1 phosphorylation (Hoffman et al., 2017). In unstimulated cells 
HspB1 exhibits a diffuse cytoplasmic distribution and phospho-
HspB1 is barely detectable by indirect immunofluorescence micros-
copy (Figure 1C). On mechanical stimulation HspB1 associates with 
linear elements that correspond to actin SFs, with phospho-HspB1 
concentrated at discrete actin SF domains (Figure 1C). Further ex-
amination of the distribution of phospho-HspB1 in stretch-stimu-
lated cells revealed that phospho-HspB1 is concentrated at the 
ends of actin SFs (yellow arrowheads) where the actin cytoskeleton 
is anchored to integrin-based complexes known as FA and also can 
be found across the nucleus at structures suggestive of transmem-
brane actin nuclear lines (Luxton et al., 2011) (Figure 1D). The well-
characterized mechanosensitive cytoskeletal adaptor zyxin (Yoshigi 
et al., 2005; Hoffman et al., 2012) decorates the entire actin cyto-
skeleton following stretch stimulation, and the molecular chaperone 
phospho-HspB1 overlaps with zyxin only at more discrete regions at 
the ends of actin SFs (Figure 1D). The stretch-stimulated phosphory-
lation and cytoskeletal localization of HspB1 is blocked by preincu-
bation with the p38 inhibitor SB203580 (Figure 1E), a decreased 
phospho-HspB1 signal from 2.7-fold to 0.7-fold (Supplemental 
Table S1), indicating that p38 MAPK signaling is required for the 
targeting modification.

The phospho-HspB1 distribution at the FA-proximal termini of 
SFs is reminiscent of structures present at sites of cytoskeletal ten-
sion that are referred to as actin “comet tails” (Sechi et al., 1997; 
Guo and Wang, 2007; Anderson et al., 2008; Yamashiro and Wata-
nabe, 2014). Actin comet tails have been shown to be sites of retro-
grade actin flow or flux driven by actin assembly, as evidenced by 
the centripetal movement of actin from cell edges toward the cell 
interior that can be observed by light microscopy. The focal adhe-
sion protein zyxin is a useful marker to measure retrograde actin flow 
as it has been shown to flow along the actin emerging from FA (Guo 
and Wang, 2007). Using live cell microscopy of transfected zyxin-
GFP and the cell-permeable dye SiR-actin in cells plated on glass 
coverslips, we determined that, like phospho-HspB1, zyxin is associ-
ated with actin “comet tails” (Figure 1F) and these zyxin-GFP sites 
represent regions of retrograde actin flux, as shown at 2-min inter-
vals (Figure 1G). We measured a mean velocity of 17.3 nm/s, consis-
tent with previous measurements of retrograde actin flux at SF an-
chorage sites (Guo and Wang, 2007; Anderson et  al., 2008; 
Thievessen et  al., 2013; Yamashiro and Watanabe, 2014). These 
findings raised the possibility that cytoskeletal tension might be the 
trigger that promotes local accumulation of phospho-HspB1.

Geometric constraints on micropattern islands induce 
HspB1 subcellular distribution to high-tension areas
One way to generate intracellular tension at specific subcellular ar-
eas in cells is to force cells into certain geometric shapes. Cells con-
strained to square or rectangular shapes develop high traction 
stress at corners and edges (Parker et al., 2002; Oakes et al., 2014; 
Chang et al., 2019). The cytoskeletal protein zyxin is a mechanosen-
sitive protein that localizes to high-tension areas, including actin 
comet tails, in cells constrained in a square geometry (Guo and 
Wang, 2007; Hoffman et al., 2017). Using immunofluorescent mi-
croscopy on WT cells stained with a zyxin-specific antibody, we 
screened through WT cells adhered on multiple square and rectan-
gular shapes of varying aspect ratio (length to width 7 to 1) and 
determined that a 47 µm × 47 µm square reliably elicited zyxin local-
ization at cell corners, edges, and actin comet tails (Figure 2A). Simi-
lar to zyxin distribution in cells on micropatterned substrates, HspB1 
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accumulated at the high-tension areas of 
square cells, specifically corners, edges, and 
probable actin comet tails (Supplemental 
Figure S1). To put the HspB1 distribution 
into subcellular context, using confocal mi-
croscopy HspB1 was localized along with 
the FA protein vinculin and F-actin and nu-
clei. HspB1 could be found in linear ele-
ments emerging from some cell corners 
(Figure 2B). To better illustrate this subcellu-
lar distribution, an intensity line profile is 
presented for one of these structures (Figure 
2C). HspB1 (green solid line), F-actin (yellow 
dashed line), and vinculin (magenta dashed 
line) signals show that the most intense 
HspB1 signal is along actin filaments emerg-
ing from the vinculin-rich FA at cell corners, 
consistent with actin comet tails (Figure 2C). 
This distribution suggested HspB1 has an af-
finity for the ends of actin filaments under 
tension.

Contractile actomyosin networks in fibro-
blast cells include many cytoskeletal proteins 
and play pivotal roles in mechanical feed-
back, regulation, and force transmission 
(Murrell et al., 2015). Intracellular actomyosin 
contractility can be manipulated by the myo-
sin inhibitor Blebbistatin to disrupt the actin 
cytoskeleton in treated cells, and the effects 
can be reversed by washing out the Blebbi-
statin inhibitor (Aratyn-Schaus et al., 2011). 
We suspected that zyxin and HspB1 were 
responding to actomyosin contractility and 
the tension generated in cells. To test this 
possibility, we treated cells with Blebbistatin 
to disrupt actomyosin contractility, then re-
moved Blebbistatin and allowed the cells to 
recover and re-establish their intracellular 
tension as described (Aratyn-Schaus et  al., 
2011). Typical cytoskeletal localization of 
zyxin at FAs and along actin SFs in untreated 
cells was dispersed in Blebbistatin-treated 
cells, which exhibit long tails and wide lamel-
lipodia and do not have localized zyxin 
(Figure 2D, top row). The diffuse cytoplasmic 
distribution of HspB1 was seen in both un-
treated and blebbistatin-treated cells (Figure 
2D, middle row). Cells allowed to recover 
their actomyosin contractility by washing out 
Blebbistatin had a complete restoration of 
zyxin localization to FA and the actin cyto-
skeleton, and in a smaller subset of cells, 
HspB1 distribution was detected along ap-
parent actin comet tails as defined by zyxin 
distribution (Figure 2D). In recovered cells 
the zyxin localization was widespread at FAs 
and across the actin cytoskeleton, but the 
HspB1 localization appeared at actin struc-
tures adjacent to FAs. Zyxin distribution to 
cytoskeletal structures was evident in almost 

FIGURE 1:  p38-dependent HspB1 phosphorylation and cytoskeletal response. (A) Diagram of 
murine HspB1 depicting phosphorylation targets of Ser15 and Ser86, and the alpha-crystallin 
domain. (B) Western immunoblot analysis of fibroblast cells subjected to 60 min uniaxial cyclic 
stretch shows increased phosphorylation of Ser 86-HspB1, with Total HspB1 and vinculin loading 
control, quantified in Supplemental Table S1. (C) Immunolocalization of Phospho-Ser86 HspB1 
and Total HspB1 in unstretched and stretch-stimulated cells shows stretch-stimulated increase in 
phospho-HspB1 along with cytoskeletal distribution of HspB1. Uniaxial stretch vector in the 
horizontal direction is indicated by double-headed arrow of 50 µm scale. (D) Fluorescence 
confocal microscopy (top row) of F-actin (phalloidin, magenta) and phospho-HspB1 (green) 
following stretch-stimulation of a WT fibroblast shows accumulation of phospho-HspB1 at the 
ends of actin SFs (yellow arrowhead). Immunofluorescence microscopy (bottow row) of zyxin 
(magenta) and phospho-HspB1 (green) in a stretch-stimulated cell shows partial overlap of zyxin 
and HspB1 (yellow arrowhead). (E) Western immunoblot analysis of phospho-Ser86-HspB1 
stretch response (0–15 m–60 m) in control cells and in cells preincubated with 10 µM p38 
inhibitor SB203580, with vinculin loading controls. Stretch-stimulated phospho-HspB1 is blocked 
by the p38 inhibitor. (F) WT cells transfected with zyxin-GFP (green), seeded on fibronectin-
coated coverslips and incubated with SiR-actin dye (magenta) were acquired on a spinning disk 
confocal microscope and are shown as maximum intensity projections from deconvolved 
images. Inset is magnified zyxin-GFP signal with boxed region of interest and yellow arrowhead 
indicating start point. (G) Kymograph of the 20-micron boxed region at 2-min intervals shows 
zyxin-GFP flux in WT cell over 10-min time frame.
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all cells while codistribution with HspB1 was 
detected in a subset of cytoskeletal struc-
tures (Figure 2E). This difference in distribu-
tion may reflect the difference between a 
cytoskeletal regulator (zyxin) maintaining 
cellular homeostasis and a stress-responsive 
molecular chaperone (HspB1) responding to 
acute molecular stress.

The results for HspB1 distribution in re-
sponse to uniaxial cyclic stretch stimulation, 
geometric constraint of cell adhesion, and 
intracellular actomyosin contractility are 
consistent with the view that HspB1 re-
sponds to mechanical cues. To further ex-
plore this possibility we developed reagents 
to test the role of HspB1 phosphoregulation 
in mechanically regulated physiological pro-
cesses including cell spreading and motility.

Establishment of a cell-based model 
system to probe the function of HspB1
To test the role of HspB1 phosphorylation in 
directing HspB1 to sites of cytoskeletal ten-
sion, we targeted Ser15 and Ser86 by site-
directed mutagenesis. We generated a 
nonphosphorylatable alanine double mu-
tant S15,86A HspB1 to block phosphoryla-
tion and a glutamate double mutant 
S15,86E HspB1 which could act as a possi-
ble phosphomimetic HspB1 due to the 
charged amino acids at these sites. Using a 
previously engineered CRISPR construct to 
disrupt the HspB1 gene and eliminate 
HspB1 protein expression in mouse fibro-
blasts (Hoffman et al., 2017), we “rescued” 
those HspB1-null cells with constructs to 
drive expression of WT HspB1, S15,86A 
HspB1, or S15,86E HspB1 proteins. To eval-
uate expression of the transgenes, immuno-
blots of equivalent amounts of cell lysates 
from WT parent cells, CRISPR-HspB1-null 
cells, and null cells with HspB1 constructs 
for WT, S15,86A, and S15,86E HspB1 were 
probed with an HspB1-specific antibody 

FIGURE 2:  Zyxin and HspB1 response in cells on micropatterned substrates and with 
actomyosin contractility. (A) Immunolocalization of cytoskeletal protein Zyxin in WT cells on 
micropatterned fibronectin squares and rectangles shows distribution to high-tension corners 
and edges, especially on a 47 µm × 47 µm square (2209 µm2 island). Insets show a higher 
magnification view of lower left corner of cells. (B) Confocal microscopy of immunolocalized 
HspB1 (green) in WT cell adhered to 47 µm × 47 µm square fibronectin island and co-stained for 
vinculin (magenta) and F-actin (yellow), and including the Merged color image. Insets show the 
entire cell with magnified corner (boxed in yellow). (C) Intensity line profile (white bracket on 
Merge image) going from cell exterior toward the cell center in 1-µm increments is presented to 
illustrate the subcellular distribution. HspB1 (solid green line) is shifted away from vinculin focal 
adhesion (dashed magenta line) and coincident with the actin filament (dashed yellow line). 
(D) Confocal microscopy of Zyxin distribution (magenta, top row) and HspB1 distribution (green, 

middle row) in cells Untreated, Blebbistatin-
treated (50 µM 30 min), and Blebbistatin 
wash-out 3 h Recovery conditions. Almost all 
Recovery cells acquired in 3 datasets had 
Zyxin cytoskeletal distribution (125/130 
acquired cells) while evident HspB1 
localization was detected in a more limited 
distribution and a smaller number of 
Recovery cells (38/114 cells). (E) Top inset 
shows a Zyxin distribution (magenta) to 
apparent comet tails with no detectable 
HspB1 co-localization and Bottom inset 
shows a Zyxin (magenta) distribution to 
apparent comet tails with detectable HspB1 
(green) co-localization. In the merged image 
magenta and green overlap makes a white 
signal. Scale bar 20 µm.
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(Figure 3A). While the HspB1-null cell lysates lacked detectable 
HspB1, the engineered constructs expressed HspB1 levels compa-
rable to the endogenous HspB1 in lysates from the parental WT 
cells. By indirect immunofluorescence microscopy of cells plated on 
glass coverslips, both WT and mutant variants of HspB1 displayed 
a diffuse cytoplasmic distribution (Figure 3B) similar to what has 
been reported previously for WT HspB1 in unstimulated cells 
(Lavoie et  al., 1995; Clarke and Mearow, 2013; Hoffman et  al., 
2017). The F-actin cytoskeleton signal is shown below the HspB1 
signal for these cells (Figure 3B). In cells geometrically constrained 
on 47 µm × 47 µm-square islands, WT HspB1 accumulated adjacent 
to the vinculin-containing FAs, presumably at sites of actin cytoskel-

etal tension (Figure 3C). Interestingly, when we probed the distribu-
tion of the mutant HspB1 variants in geometrically constrained 
cells, the nonphosphorylatable S15,86A HspB1 displayed a diffuse 
cytoplasmic distribution (although the vinculin-FAs were present), 
and the S15,86E HspB1 was detected at the high-tension edges 
and corners (Figure 3C). Intensity line profiles are presented to il-
lustrate the subcellular distribution in the higher magnification cor-
ners and they indicate that WT and S15,86E HspB1s are in lines 
slightly displaced from the FA, and that S15,86A HspB1 does not 
accumulate there (Figure 3D). These findings suggested that phos-
phorylation of HspB1 is required for the protein’s tension-depen-
dent subcellular distribution.

FIGURE 3:  Cell-based model system for evaluating HspB1 function. (A) HspB1 immunoblot of parental WT and 
CRISPR/Cas9 HspB1-null cells, followed by “rescue” constructs of WT HspB1, nonphosphorylatable Ser15,86A and 
phosphomimetic Ser15,86E HspB1s expressed in the HspB1-null cells, with vinculin loading control. (B) Widefield 
microscopy of immunofluorescent localization of the 3 HspB1 rescue constructs in cells on fibronectin-coated coverslips 
detects diffuse cytoplasmic distribution of HspB1. F-actin images (phalloidin) of the same cells are shown below. 
(C) Maximum intensity projections of confocal microscopy images of HspB1 immunolocalization (HspB1, green) and 
vinculin (magenta) in HspB1-null cells expressing the three rescue constructs of WT HspB1 and phosphomutant S15,86A 
and S15,86E HspB1s, on 47 µm × 47 µm micropattern islands. Insets show zoom Merge image (lower left boxed corner) 
cytoskeletal distribution of HspB1 detectable in WT and S15,86E HspB1 but not with S15,86A HspB1. Cytoskeletal 
distribution of HspB1 observed in 40% of WT HspB1 rescue cell images, 3% of S15,86A HspB1 rescue cell images, and 
38% of S15,86E HspB1 rescue cell images. (D) Intensity line profiles from cell exterior toward interior (brackets) of 
vinculin (dashed magenta line) and HspB1 (solid green line). Scale bar 20 microns.
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HspB1 phosphorylation is required for normal cell spreading
HspB1 promotes cell spreading (Hoffman et al., 2017), but the po-
tential role of phosphorylation has not been explored. To assess the 
role of HspB1 in the cell spreading response we employed a classic 
cell biology approach (Zhang et al., 2008). Cells were seeded onto 
coverslips and grown overnight, then fixed and immunostained for 
HspB1 and the focal adhesion protein vinculin, and cell areas were 
measured. The HspB1-null cells spread less well than the parent WT 
cells expressing endogenous HspB1 (Figure 4A). Re-expression of 
the WT HspB1 in the null cells led to a restoration of normal cell 
spreading (Figure 4, A and B). To evaluate the role of HspB1 phos-
phorylation in cell spreading, HspB1-null cells, along with cells ex-
pressing WT HspB1, and phosphomutant S15,86A and S15,86E 
HspB1s were seeded onto coverslips, followed by immunostaining 
for HspB1 and vinculin (Figure 4C). Cell areas in HspB1-null cells and 
S15,86A cells were not appreciably different (Figure 4D). In contrast, 
cells expressing WT HspB1 or S15,86E HspB1 were significantly 

more spread than the null cells (Figure 4D), suggesting that the abil-
ity to phosphorylate HspB1 is critical to normal cell spreading.

HspB1 phosphorylation is required to elicit a stretch-
stimulated actin cytoskeletal reinforcement response
We previously reported that actin cytoskeletal reinforcement occurs 
in response to mechanical stimulation (Yoshigi et al., 2005). To test 
the contribution of HspB1 to the mechanical stress-induced actin 
response, we employ a uniaxial cyclic stretch of cells adhered to a 
mixture of collagen I and fibronectin on a flexible silicone mem-
brane. On exposure to stretch, cells orient perpendicular to the uni-
axial stretch vector and reinforce their actin cytoskeletons (Yoshigi 
et al., 2005). Stretch stimulation activates the p38 MAPK signaling 
pathway resulting in increased phosphorylation of HspB1 and ac-
cumulation of phospho-HspB1 at actin cytoskeletal anchorage sites 
(see Figure 1, B and C), raising the possibility that HspB1 phosphor-
ylation may play a critical role in the stretch response.

FIGURE 4:  HspB1 affects cell spreading in a phosphodependent manner. (A) immunofluorescence microscopy of cells 
spread on glass coverslips coated with 10 µg/ml fibronectin. Subcellular distribution of HspB1 (top row, cytoplasmic) 
and vinculin (bottom row, FA) in WT and HspB1-null cells, and in null cells expressing the WT HspB1 rescue construct. 
(B) Graph of cell area measurements shows the decreased cell spread in HspB1-null cells is rescued by expressing WT 
HspB1 rescue construct. (C) immunofluorescence localization of HspB1 (top row) in HspB1-null cells, and in null cells 
expressing the rescue constructs for WT HspB1 and nonphosphorylatable S15,86A HspB1 and phosphomimetic S15,86E 
HspB1. Vinculin immunofluorescent localizations in same cells (bottom row). (D) Graph of cell area measurements show 
increased cell spreading in cells expressing WT and S15,86E HspB1, but no difference between HspB1-null cells and 
cells expressing S15,86A HspB1. Scale bar of 20 microns for widefield fluorescent images. Graphs are mean with 
standard deviations and unpaired t tests were used to determine p-values of **p < 0.01, ***p < 0.001.
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To rule out the possibility that HspB1 has some direct effect on 
p38 activation, we compared the activation of p38 signaling in 
stretch-stimulated WT parental cells and HspB1-null cells by moni-
toring the p38 phosphorylation state. While p38 levels remained 
stable during the stretch protocol, increased phosphorylation of p38 

FIGURE 5:  Uniaxial cyclic stretch elicits actin remodeling in cells that express WT but not 
S15,86A HspB1. (A) Western immunoblot analysis of stretch-stimulated (15%, 0.5 Hz, 15 and 
60 min) WT and HspB1-null cells. Phospho-p38 and PhosphoS86-HspB1 antibody signals are 
above the corresponding total antibody signals and a vinculin loading control. (B) Immunoblot 
analysis of unstretched and stretch-stimulated (15% 0.5 Hz 60 min) HspB1-null cells and cells 
expressing the rescue constructs for WT; S15,86A; and S15,86E HspB1s. PhosphoS86-HspB1 is 
elevated in stretch-stimulated WT HspB1 and is not detectable in the phosphomutant HspB1s, 
although they are all comparably expressed as detected by Total HspB1 antibody. Vinculin is 
shown as loading control. Immunoblot quantification is included in Supplemental Table S1. 
(C) Phalloidin-stained stretch-stimulated (15% 0.5 Hz 60 min) HspB1-null cells and cells 
expressing the rescue constructs for WT; S15,86A; and S15,86E HspB1s. Reorientation of actin 
perpendicular to the stretch vector (20 µm double-headed arrow) is maintained but actin 
thickening is variable. (D) Graph of SFTI measurements on the phalloidin-stained cells show the 
most robust actin SFs in cells expressing the WT and phosphomimetic S15,86E HspB1. Actin 
response between HspB1-null cells and cells expressing the nonphosphorylatable S15,86A 
HspB1 was similar. Graphs are mean with standard deviations and unpaired t tests were used 
to determine p values of **p < 0.01, ***p < 0.001. (E) Confocal microscopy of HspB1 
immunolocalization in stretch-stimulated HspB1-null cells expressing WT; S15,86A; and S15,86E 
HspB1s. Cytoskeletal distribution of HspB1 is detectable in WT and S15,86E HspB1 
(arrowheads) but not with S15,86A HspB1. In this imaging data set HspB1 cytoskeletal 
distribution was detected in 53% WT rescue cells (20/38), 10% S15,86A rescue cells (2 
possible/20), and 47% S15,86E rescue cells (8/17). Double-headed arrow of 20 micron scale 
shows uniaxial stretch vector in the horizontal direction.

is observed in stretch-stimulated cells even 
when the downstream target, HspB1, is un-
detectable (Figure 5A). These findings are 
consistent with the view that the pheno-
types we observe in HspB1-null cells are not 
due to changes in the upstream p38 path-
way activation.

Next we explored whether blocking 
HspB1 phosphorylation was sufficient to im-
pair the stretch response. HspB1-null cells 
and cells expressing the WT HspB1 and 
phosphomutant S15,86A and S15,86E 
HspB1s were unstimulated or stretch-stimu-
lated for 60 min. The HspB1-null cells have 
no detectable HspB1, total or phosphory-
lated; the WT HspB1 rescue construct ex-
pressed in the HspB1-null cells was phos-
phorylated in response to mechanical 
stimulation (Figure 5B). The phospho-HspB1 
antibody failed to detect either of the phos-
phomutant HspB1 constructs, although 
both proteins are clearly expressed and de-
tected by the Total HspB1 antibody (Figure 
5B). We examined the role of HspB1 phos-
phorylation in actin cytoskeletal reinforce-
ment downstream of exposure of cells to 
uniaxial cyclic stretch by F-actin imaging 
and quantitative measurement of the SF 
Thickness Index (SFTI) (Yoshigi et al., 2005). 
In both stretch-stimulated HspB1-null cells 
and null cells rescued with WT HspB1, actin-
rich SFs become oriented perpendicular to 
the stretch vector (Figure 5C, double-
headed arrow); however, the actin SFs are 
more robust in null cells engineered to re-
express WT HspB1 (Figure 5, C and D), il-
lustrating a contribution of HspB1 to the 
actin reinforcement response. HspB1-null 
cells engineered to express the nonphos-
phorylatable S15,86A HspB1 fail to properly 
thicken their actin SFs (Figure 5, C and D), 
revealing a requirement for HspB1 phos-
phorylation in the cellular response to me-
chanical stress. Consistent with this view, 
cells expressing the phosphomimetic 
S15,86E HspB1 exhibit an enhanced SFTI 
relative to the S15,86A HspB1 variant. WT 
and S15,86E HspB1s are recruited to cyto-
skeletal elements in stretch-stimulated cells 
(Figure 5E, arrowheads). In contrast the non-
phosphorylatable S15,86A HspB1 failed to 
accumulate along the actin cytoskeleton 
and remained diffuse in the cytoplasm, re-
vealing that phosphorylation both directs 
cytoskeletal localization and promotes actin 
reinforcement in response to stretch 
stimulation.

To determine if the two serines in HspB1 influenced each other’s 
phosphorylation or subcellular distribution, site-directed mutagen-
esis was employed to make single-site mutants S15A HspB1 and 
S86A HspB1 and evaluate their behavior when expressed in HspB1-
null cells. Immunoblot analysis showed similar expression levels for 
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WT, S15A, and S86A HspB1s (Figure 6A). 
Stretch-stimulated Ser86 phosphorylation 
that is detectable on WT HspB1 persisted in 
the S15A mutant illustrating that pS86 is not 
dependent on Ser15 phosphorylation. Con-
trol proteins, such as p38 and zyxin, are phos-
phorylated in response to stretch and show 
the typical up-regulation of phosphorylation 
in each of the HspB1-expressing cells (Figure 
6A). Stretch-stimulated phospho-Ser86 sig-
nal on actin comet tails was detectable for 
WT HspB1s and for S15A HspB1 (yellow ar-
rowheads) but not for S86A HspB1 (Figure 
6B). Using a Total HspB1 antibody to immu-
nolocalize HspB1 in stretch-stimulated cells 
revealed that cytoskeletal distribution (yellow 
arrowheads) was detectable in WT and S15A 
HspB1s but not in S86A HspB1 (Figure 6C). 
The behavior of the single-site mutants 
points to Ser86 being the primary determi-
nant of stretch-stimulated cytoskeletal 
distribution.

Phosphorylatable HspB1 is required for 
cell motility regulation
Cell motility is a physiological behavior regu-
lated by and contributing to mechanical sig-
nals (Chang et al., 2019). HspB1-null cells are 
more motile than their WT parent cell, and 
this enhanced motility phenotype can be res-
cued by re-expression of WT HspB1 (Hoff-
man et al., 2017). Enhanced motility is remi-
niscent of our previously reported zyxin-null 
cells (Hoffman et  al., 2006). To evaluate 
whether HspB1 acts in the same pathway as 
zyxin or acts in a parallel pathway, we exam-
ined single-null and HspB1/zyxin double-null 
cells in a cell motility assay (Supplemental 
Figure S2). We found that HspB1/zyxin dou-
ble-null cells were more migratory than either 
of the single-null cells. The additive effects of 
HspB1 and zyxin deletions suggest that 
HspB1 and zyxin are working in parallel path-
ways to influence cell motility.

To evaluate the role of HspB1 phosphory-
lation in regulation of cell motility, a time-
lapse video microscopy assay was employed 
to test directional cell migration with HspB1-
null cells expressing either WT or phospho-
mutant variants of HspB1. Cells were grown 
to confluence in a 2-well chamber on a 

FIGURE 6:  Stretch response of single-site mutants S15A and S86A HspB1. (A) Western 
immunoblot analysis of HspB1-null cells expressing WT and single-site mutants S15A and S86A 
HspB1. The stretch-stimulated (15% 0.5 Hz 60 min) phosphorylation of Ser86 HspB1 persists in 
S15A mutant and is not detected in S86A mutant. Stretch-stimulated phosphorylation response 
is intact for other proteins (p38 and zyxin) in the single-site mutant S15A and S86A cells. 
Vinculin control shows equal loading. (B) Immunofluorescence localization of stretch-stimulated 
pS86-HspB1 (top row) to the cytoskeleton (yellow arrowhead) is detected in WT parental cells 
and in HspB1-null cells expressing WT and S15A HspB1 and is absent for S86A HspB1. Merged 
images (bottom row) of pS86-HspB1 (green), F-actin (magenta), and DAPI (blue) are included 
for these maximum intensity projections. In imaging data set pS86-HspB1 cytoskeletal 
distribution was detected in 37% of WT (57 cells), 30% of WT rescue (37 cells), 32% of S15A 
rescue (34 cells), and none detected in S86A rescue (22 cells). (C) Immunofluorescence 
localization of Total HspB1 signal in stretch-stimulated cells. Cytoskeletal distribution of WT 
HspB1s and S15A HspB1 (yellow arrowhead). Only diffuse cytoplasmic distribution was 
detected for S86A HspB1. Merged images (bottom row) of Total-HspB1 (green), F-actin 
(magenta), and DAPI (blue) are included for these maximum intensity projections from a stack 

of confocal images. In imaging data set Total 
HspB1 cytoskeletal distribution was detected 
in 36% of WT (47 cells), 29% of WT rescue (31 
cells), 20% of S15A rescue (25 cells), and none 
detected in S86A rescue (20 cells). Uniaxial 
stretch vector is presented in the horizontal 
direction, designated with a double-headed 
arrow of 20-µm scale.
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glass-bottom dish, then the chamber was removed, the cells were 
placed on the microscope, and image acquisition started. Represen-
tative images of the cells at the start of edge migration and at the 
end of the 18-h time course are shown for HspB1-null cells and for 
cells expressing the WT and phosphomutant HspB1 rescue con-
structs (Figure 7A). Corresponding time-lapse movies are included in 
the Supplemental Material. Measurements of the distance traveled 
at 18 h confirmed the HspB1-null cells were more migratory than the 
cells expressing the WT HspB1 rescue construct (Figure 7B), as pre-
viously reported (Hoffman et al., 2017). Over the 18-h period, the 
HspB1-null cells migrated an average of 422 μm, whereas re-expres-
sion of WT HspB1 reduced the distance traveled to 329 μm. In con-
trast, the nonphosphorylatable S15,86A variant did not impact the 
distance traveled (average distance 424 μm), consistent with the 
view that HspB1’s ability to influence cell motility in this assay de-
pends on phosphorylation. The S15,86E variant of HspB1 also failed 
to significantly alter the distance traveled by the cells (average dis-
tance 401 μm) relative to HspB1-null cells. As the nonphosphorylat-
able S15,86A HspB1 and the phosphomimetic S15,86E mutants 
both failed to significantly affect motility, these data suggest that 
bona fide phosphorylation of those serine residues is critical for 

FIGURE 7:  HspB1-dependent regulation of cell motility requires phosphorylation. (A) Brightfield 
images of cells at the beginning and end of 18 h edge migration time course for HspB1-null cells 
alone or expressing WT HspB1 and phosphomutant S15,86A and S15,86E HspB1s. Border 
of starting edge and of migrated cells is demarcated with a white dashed line. Scale bar 
100 microns. (B) Graph of migration distance at 18 h is shown for HspB1-null cells and cells 
expressing WT HspB1 and phosphomutant S15,86A and S15,86E HspB1s. Graph is mean with 
standard deviations and unpaired t tests were used to determine p values. ***p < 0.001 or n.s., 
not statistically significant. (C) Western immunoblot of cells seeded for migration assays shows 
expression of the three rescue construct HspB1s, with vinculin loading control.

HspB1’s effect on cell motility. An alternative 
explanation for failure of both phosphomu-
tants to rescue cell motility is that the mutant 
proteins were no longer expressing suffi-
ciently. However, Western immunoblot anal-
ysis made from the cells seeded for the 
motility assays showed the proteins were 
expressing at a similar level across the cell 
types (Figure 7C). Thus expression of the 
WT HspB1 protein in the HspB1-null cells 
restored normal cell motility while the phos-
phomutant HspB1 proteins did not, illustrat-
ing the importance of phosphorylation in 
cell motility regulation by HspB1.

DISCUSSION
The small heat shock protein HspB1 (also 
known as Hsp25/27) is a ubiquitous mecha-
nosensitive protein with actin regulatory and 
molecular chaperone activities (Collier and 
Benesch, 2020) and is phosphorylated fol-
lowing a variety of stimulations (Kostenko 
and Moens, 2009). How HspB1 responds to 
mechanical input and functions in the con-
text of cell physiology and actin cytoskeletal 
reinforcement is not well understood. We 
propose that phosphorylation of HspB1 
(downstream of the p38 MAPK signal trans-
duction pathway) is key to its role in mecha-
notransduction. We developed a cell-based 
model system to evaluate HspB1 function 
and the requirement for phosphorylation. 
We determined that phospho-HspB1 is re-
quired for normal response to mechanical 
input used in cell spreading and motility and 
in geometrically constrained and stretch-
stimulated cells.

For many years, HspB1 was described as 
having a diffuse cytoplasmic distribution in 
cultured cells (Collier and Schlesinger, 1986; 
Lavoie et  al., 1995; Clarke and Mearow, 

2013), a feature that provided no insight regarding possible HspB1 
cellular functions. Given the reports in the literature, we were sur-
prised to observe a striking cytoskeletal distribution of phospho-
HspB1 in cells stimulated by uniaxial cyclic stretch. We provide evi-
dence that HspB1 associates with mechanically stimulated actin 
comet tails that emanate from integrin-based FA. These are regions 
of elevated tension (Oakes et al., 2014) where the LIM domain pro-
tein, zyxin, also concentrates (Guo and Wang, 2007). Several LIM 
domain proteins have recently been shown to recognize sites of ac-
tin filament strain (Sun et al., 2020; Winkelman et al., 2020; Ander-
son et al., 2021; Sala and Oakes, 2021). We did not observe HspB1 
at SF strain sites where zyxin accumulates (Smith et al., 2010, 2013) 
and the zyxin-HspB1 codistribution is primarily along limited actin 
filaments emerging from FA.

HspB1 was originally identified as an inhibitor of actin polymer-
ization that copurified with the FA protein vinculin (Miron et  al., 
1988, 1991). It later became clear that phosphorylation of HspB1 
shifted its activity to promote actin polymerization (Benndorf et al., 
1994). It was estimated that HspB1 oligomers could sequester actin 
monomers at a ratio of 1 HspB1 to 1-2 globular monomeric actin 
(G-actin) monomers and that phosphorylation of HspB1 released 
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aggregated G-actin for assembly into actin filaments (During et al., 
2007). p38 MAPK signal transduction pathway activation results in 
MK2 kinase phosphorylation of HspB1, a posttranslational modifica-
tion which fails in cells lacking MK2 kinase (Ronkina et  al., 2007; 
Sousa et al., 2007; Damarla et al., 2009; Hoffman et al., 2017). In 
mouse HspB1 the 2 relevant MK2 sites are Ser 15 and Ser 86. Here 
we showed that HspB1 mutant protein that converts Ser15 and 
Ser86 to alanines loses its ability to accumulate at the ends of actin 
SFs in this tension-dependent distribution. Many stimuli have been 
reported to induce phosphorylation of HspB1 (Kostenko and 
Moens, 2009). Our data that mechanical input (stretch-stimulation, 
geometric constraint, actomyosin contractility) enhances HspB1 re-
cruitment to actin filaments where they terminate at FAs, following 
activation of the p38 MAPK cascade and subsequent HspB1 phos-
phorylation and is disrupted in nonphosphorylatable HspB1, sug-
gests that HspB1 displays highly regulated association with the actin 
cytoskeleton.

When we deployed CRISPR/Cas9 genome editing to disrupt 
HspB1 expression in cells, we noticed that the HspB1-null cells were 
smaller than the WT parental cells in culture. Re-expression of WT 
HspB1 restored the normal cell spreading but the S15,86A HspB1 
did not, suggesting that phospho-HspB1 regulates cell spreading. 
Cell spreading reflects the mechanical work of a cell (Oakes et al., 
2014). Others have reported that overexpression of HspB1 in-
creased cell adhesion and spreading while limiting cell motility (Lee 
et al., 2008). At the time we reported that HspB1 acted as a nega-
tive regulator of fibroblast cell motility (Hoffman et al., 2017), it was 
noted that transfected and overexpressed Hsp27 reduced PDGF-
BB migration in an osteoblastlike cell line (Kainuma et al., 2017). 
Phosphorylatable WT Hsp27 reduced PDGF-BB cell migration more 
than a nonphosphorylatable-mutant Hsp27 did. Consistent with 
these reports, we find that expression of WT HspB1, but not phos-
phomutant HspB1, reduces cell motility and thereby “rescues” the 
enhanced motility of HspB1-null cells. Although an HspB1-depen-
dent motility phenotype suggests some possible developmental 
consequences, mice engineered with a deletion of HspB1 are via-
ble, fertile, and display no obvious phenotype (Crowe et al., 2013). 
However in a skin biopsy punch assay, the HspB1-deficient mice 
displayed both impaired wound healing (decreased cell migration) 
and increased neutrophil infiltration (Crowe et al., 2013), highlight-
ing the complicated role of HspB1 in cell migration in vivo.

Cellular protein homeostasis is maintained by molecular chaper-
ones, including HspB1 (Arrigo 2017). It is possible that part of the 
tension-dependent characteristics of HspB1 are due to its chaper-
one activity. An example of a molecular chaperone protective mech-
anism following mechanical stress is the molecular interaction be-
tween HspB1 and the actin-binding protein filamin C (FLNC) (Collier 
and Benesch 2020). The interaction between FLNC and HspB1 is 
dependent on HspB1 phosphorylation and it is suggested that 
FLNC is a client protein for the molecular chaperone to alleviate 
adverse consequences of mechanical stress (Collier et al., 2019). A 
genetic model for a mechanically stressed heart with serious cardio-
vascular consequences is the MLP (Muscle LIM Protein) knockout 
(KO) mouse (Arber et al., 1997). MLP KO mouse hearts have up-
regulated levels of FLNC and increased HspB1 and phospho-HspB1 
levels as well (Collier et al., 2019). The inducible and phosphoryla-
tion-dependent interaction between HspB1 and the mechanosensi-
tive paxillin family member Hic-5 (Jia et al., 2001; Srinivasan et al., 
2008) may represent another client-chaperone example. The HspB1 
behavior in response to mechanical inputs reported here may also 
be due to chaperone activity of this small heat shock protein trying 
to protect cell function in the midst of mechanical stress, perhaps 

recognizing denatured actin at sites of cytoskeletal strain. Future 
efforts to identify additional client proteins for this mechanosensi-
tive molecular chaperone may illuminate its role in cytoprotection.

Retrograde flux of actin emanating from FA is promoted by me-
chanical signals such as those engendered by substrate stiffness or 
stretching force and is inversely correlated with cell migration (Guo 
and Wang, 2007; Chang et al., 2019). Stationary cells, such as those 
immobilized on square micropattern islands, have high traction 
stress at corners and edges, while actively migrating cells have re-
duced traction stress. These findings led to the proposal that migra-
tion speed is an active regulator of traction force (in a negative feed-
back loop) (Oakes et al., 2014; Chang et al., 2019). We show that 
phospho-HspB1 accumulates at sites of retrograde actin flux, and 
examination of the role of HspB1 in actin flux from FA will be the 
focus of future investigations.

We report here that the molecular chaperone HspB1 is a mechani-
cally responsive protein that is regulated by phosphorylation and lo-
calizes to cytoskeletal elements following stretch stimulation, geo-
metric constraint, and recovery from inhibition of actomyosin 
contractility. We recognize (and have previously reported) parallel 
characteristics in the cytoskeletal adaptor and actin regulator zyxin 
(Yoshigi et al., 2005, Hoffman et al., 2012). As others have reported 
(Sala and Oakes, 2021), zyxin is a good positive control for a mecha-
noresponse, and we employed it in this report of HspB1 response. 
On stretch stimulation, zyxin is phosphorylated and redistributes from 
FA to entire lengths of remodeled actin SFs (Hoffman et al., 2012). On 
stretch stimulation, HspB1 is phosphorylated and redistributes from 
diffuse cytoplasmic distribution to particular features of actin SFs, 
generally at the ends of SFs where they are anchored to FAs (Hoffman 
et al., 2017). Phosphorylation of HspB1 is key to directing this re-
sponse. While the zyxin recruitment to the cytoskeleton is robust and 
detectable in almost all cells, the HspB1 response is limited to fewer 
cells and fewer regions within the same cells. These differences are 
not unexpected given that zyxin is part of the cytoskeletal homeosta-
sis mechanism, and HspB1 is a stress-responsive protein. Although 
both proteins respond to mechanical cues, their degree of response 
appears tailored to their function/role inside the cell.

Incorporating published data and ideas from others, in combina-
tion with our own findings, we present a working model for the role 
of HspB1 in response to mechanical stress (Figure 8). Under condi-
tions of high mechanical tension, the p38 MAPK signal transduction 
pathway is activated, resulting in the MK2-dependent phosphoryla-
tion of HspB1, similar to that proposed for cytokine and growth fac-
tor stimulation of cells (Gerthoffer and Gunst, 2001; Salinthone 
et al., 2008; Wettstein et al., 2012). It has previously been reported 
that phosphorylation of HspB1 leads to disruption of HspB1 oligo-
mers and release of monomeric actin (G-actin) to promote actin fila-
ment polymerization (Lavoie et al., 1995; During et al., 2007). Based 
on these findings, it is plausible that the stretch-stimulated phos-
phorylation of HspB1 also disrupts the protein’s oligomerization. 
This HspB1 oligomer disruption by phosphorylation is predicted to 
have a twofold effect. First, the phospho-HspB1 is freed to accumu-
late at sites of cytoskeletal tension, such as integrin-based FAs that 
anchor actin filaments (F-actin), where HspB1 could serve as a ten-
sion-sensitive molecular chaperone to alleviate the molecular strain 
induced by mechanical stress. Such a client-chaperone interaction 
has been described for the actin-binding protein FLNC and HspB1 
(Collier et al., 2019). Second, the release of monomeric actin from 
the HspB1 oligomers could serve to feed the actin polymerization 
that occurs at these adhesion sites (Hirata et al., 2008). Both possi-
bilities are consistent with our results of mechanically stimulated 
phospho-HspB1 cytoskeletal distribution and actin remodeling.
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HspB1 regulates behaviors sensitive to mechanical input like cell 
spreading and motility and actin reinforcement. The recruitment of 
HspB1 to subcellular structures like actin SFs, FA, and dynamic 
comet tails, in addition to high-tension cell edges, requires phos-
phorylation and is a key feature of HspB1 activity, reflecting both 
actin regulatory and molecular chaperone function. Our work identi-
fies HspB1 as a member of a growing class of mechanosensitive 
proteins that associate with the actin cytoskeleton and influence 
actin-dependent cell behaviors.

MATERIALS AND METHODS
Antibodies and labels
Hsp B1 (also known as Hsp25/27) antibodies were from Enzo Life 
Sciences (ADI-SPA-801 rabbit) and Cell Signaling Technology (HspB1 
#2442 rabbit, phospho-s82[human]HspB1 #9709 rabbit). Total p38 
(#9212 rabbit) and phospho-p38 (#4511 rabbit) and phospho-zyxin 
(#4863 #8467 rabbit) antibodies were from Cell Signaling Technol-
ogy. Vinculin antibodies were from Sigma (V-9131 mouse); zyxin an-
tibody B72 (Hoffman et al., 2003) is available from Millipore (#1387 
rabbit). Alexa Fluor (647, 568, 488)–conjugated secondary antibod-
ies, Alexa Fluor Phalloidin (647, 568, 488), and nuclear stains DAPI 
(#D-1306) and Hoechst (#H-1399) were obtained from Molecular 
Probes/Invitrogen. SiR-actin was obtained from Cytoskeleton (#CY-
sc001). See also Supplemental Table S2, Reagents and Resources.

Cells and expression constructs
Fibroblast cells were cultured in high-glucose DMEM supplemented 
with pyruvate, glutamine, penicillin, streptomycin (from Invitrogen), 
and 10% fetal bovine serum (FBS; Hyclone Labs, Logan UT). WT 
mouse fibroblasts (Hoffman et  al., 2006) and CRISPR/Cas9-dis-
rupted HspB1-null cells with WT HspB1 re-expression (Hoffman 
et  al., 2017) were previously described. To generate HspB1 con-
structs to express in HspB1-null cells, a caspase 9-resistant construct 
was made by mutating the PAM site sequence 5′ to the start of the 
guide sequence (Hoffman et  al., 2017) from CGG (Arg) to ACG 
(Arg). Site-directed mutagenesis (QuikChange II XL Site-Directed 
Mutagenesis Kit, Agilent Technologies #200521) was used to mu-
tate MK2 target Serines 15 and 86 in single and double sequences. 
The peptide sequence LLRSPS15WEPFRD was changed to LLR-
SPA15WEPFRD, and the peptide sequence ALNRQLS86SGVSEI was 
changed to ALNRQLA86SGVSEI. After DNA sequencing to confirm 
the mutations, Gateway cloning into a pLenti6.3/V5 plasmid and 
transfection into 293FT cells for viral production, the lentiviruses 
were used to transduce the HspB1-null cells. The virally transduced 
cells were selected for resistance in 2.5 µg/ml Blasticidin (Invitrogen) 
for 1 wk, then protein expression was confirmed by immunoblot 
analysis of cell lysates. Western immunoblots used in the figures 
were quantified using Fiji ImageJ and protein expression levels were 
compared with WT parent cell levels and provided in Supplemental 
Table S1.

Zyxin-GFP construct was transfected into fibroblasts with Lipo-
fectamine 2000 (#11668-019 Invitrogen) as directed by the manu-
facturer and live images were acquired between 48 and 96 h 
posttransfection.

Immunofluorescence staining
Fibroblast cells were seeded onto glass coverslips (round 18 mm 
#1.5) in 12-well plates and grown overnight in DMEMc+10% FBS, 
briefly washed in warm phosphate-buffered saline, and then fixed 
15 min in 3.7% formaldehyde then 5 min permeabilization in 0.5% 
TritonX-100. Prior to antibody application, cells were blocked 1 h in 
5% normal goat serum. Primary and secondary antibodies were in-
cubated on cells for up to 2 h at 37°C or overnight at 4°C. Cover-
slips were mounted to slides in Mowiol (Sigma #81381) with 
DABCO anti-fade solution (Sigma #D2522). Image acquisition is 
described in the Microscopy section. Cells on fibronectin-coated 
(10 µg/ml 1 h 37°C) coverslips were treated in media containing 
50 µM Blebbistatin (Millipore Sigma CAS 856925-71-8) for 30 min 
to 1 h, then the media were replaced with fresh DMEMc+10% FBS 
for cell recovery, and cells were fixed at time points (30 min–3 h) 
and stained as described above. Blebbistatin experiment was per-
formed three times, with multiple staining combinations and the 
use of both Nikon widefield microscope and Leica SP8 confocal 
microscope. Image fields acquired in Blebbistatin recovery experi-
ments were tallied and scored for zyxin cytoskeletal distribution 
(125/130 cells = 96%) and for HspB1 cytoskeletal distribution 
(38/114 cells = 33% cells).

Uniaxial cyclic stretch and immunoblots
Using a custom-designed system (Yoshigi et al., 2003, 2005), uniax-
ial cyclic stretch (15% 0.5 Hz 15–30–60 min as described) was ap-
plied to cells adhered to 26 mm × 33 mm flexible silicone mem-
branes precoated with collagen I (25 µg/ml) and fibronectin (2 µg/ml) 
(Hoffman et al., 2017). For inhibitor experiments, cells were preincu-
bated with 10 µM p38 inhibitor SB203580 (Cell Signaling Technol-
ogy #5633) for 60 min prior to stretch stimulation. For Western 
immunoblot analysis, cell proteins (25 µg) were electrophoresed 

FIGURE 8:  Model of mechanical stress stimulation on HspB1, FA, and 
F-actin filaments. Using our own data and building on published data 
from others (see Discussion), we propose a molecular model for 
HspB1 in the context of mechanical stress. Mechanical input activates 
the p38 MAPK pathway resulting in phosphorylation of HspB1, which 
disrupts oligomers of HspB1 with monomeric actin. G-actin 
monomers are then available for incorporation into focal adhesion-
anchored F-actin filaments. Phospho-HspB1 is recruited to tension-
dependent cytoskeletal structures and may interact with FilaminC. 
Also included are vinculin as a foundational component of integrin-
based FA and zyxin as a fiducial marker moving out of FA along actin 
filaments in a retrograde flow.
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(denaturing 15% polyacrylamide gel) and transferred to nitrocellu-
lose filters for detection by enhanced chemiluminescence (GE 
Healthcare) on film. For immunofluorescence localization, stretch-
stimulated cells were fixed in 3.7% formaldehyde (15 min room tem-
perature), permeabilized (0.5% Triton X-100 5 min room tempera-
ture), blocked (5% normal goat serum 1 h room temperature), then 
stained with antibodies or fluorescent probes as specified (Hoffman 
et al., 2017). SFTI analysis of phalloidin-stained stretch-stimulated 
cells (acquired with identical settings) used a custom erosion/bright-
ness decay software written in LabView (National Instruments) 
(Yoshigi et al., 2003, 2005). Cells were preincubated with p38 inhibi-
tor SB203580 (Cell Signaling Technology #5633) at 10 μm for 60 min 
prior to stretch stimulation in indicated experiments. Stretch stimu-
lation experiments were performed at least three times to acquire 
representative images shown. All Western immunoblot film images 
in these figures were quantified using Fiji ImageJ (NIH) gel analysis 
feature and the intensity numbers and x-fold changes relative to ei-
ther unstimulated cell counterpart or to WT parent cell are provided 
in Supplemental Table S1. In the imaging data set used in Figure 
1D, stretch-stimulated cells were examined for codistribution of P-
HspB1 and zyxin on cytoskeletal elements (19/175 cells = 11%), with 
cytoskeletal distribution of P-HspB1 at 27% and zyxin at 93% of the 
cells in the acquired images. In the imaging data set used in Figure 
5E, HspB1 cytoskeletal distribution was detected in 53% WT rescue 
(20/38) cells, 10% S15,86A rescue (2 possible/20) cells, and 47% 
S15,86E rescue (8/17) cells.

Cell motility
For directional edge migration assays, cells (23,000) were seeded 
into each half of 2-well culture chambers (Ibidi #80209) on #1.5 glass 
bottom 12-well plates (Cellvis, Invitro Scientific). After cell growth 
overnight, the chambers were removed and the media were 
changed to CO2-independent DMEM/F-12 media (Life Technolo-
gies #11039-021, No Phenol Red) with 10% FBS. The 12-well plate 
was placed on the microscope stage with OkoLabs heating cham-
ber at 37°C. A Nikon Ti Eclipse inverted widefield microscope with 
10× objective (NA 0.45, PlanApo) and Perfect Focus System was 
used for DIC imaging (with Kohler illumination) and acquisition with 
Nikon Elements v4.6 software and Andor NeoZyla camera. Time-
lapse acquisition at 10-min intervals for 18 h. Distance measure-
ments were made on 10× images calibrated at 0.65 µm/px using 
Nikon Elements software. Three regions each in six fields/cell type 
were measured (n = 18) at the farthest migrating cell, checking time-
lapse movies to make sure only migrating cells were included, also 
measured by a blinded analysis, and the migration experiment was 
performed four times. Western immunoblots of cells seeded for mi-
grations were used to confirm expressions; a representative blot 
used in Figure 7 was quantified by Fiji Image J and is provided in 
Supplemental Table S1.

Micropatterns
Single cell suspensions were seeded onto fibronectin-coated mi-
cropattern islands of 12 square and rectangular shapes of increasing 
aspect ratios (1 to 11 and areas of 1200 to 2300 µm2 REC200 × 
12FN, CYTOO, Grenoble, France) in a 6-well dish at 75,000 cells/
well. Cells were incubated with the CYTOOchips for 4 h at 37°C in 
DMEMc with 10% FBS, then formaldehyde was gently diffused into 
the media to a final concentration of 3.7%. Fixed cells were then 
permeabilized and stained, followed by image acquisition on in-
verted Leica SP8 confocal microscope with 63× objective (NA 1.40 
PlanApo) and HyD detectors, LASX v3.5.7 software with Lightning 
deconvolution. For HspB1 distribution, six data sets of WT cells 

seeded on Cytoo chips were imaged with both the Nikon widefield 
and Leica SP8 confocal microscopes for a total of 54 square cells 
acquired, 19 square cells with HspB1 cytoskeletal distribution is 35% 
of the acquired cells. For rescue constructs, four imaging data sets 
were scored for cytoskeletal distribution of HspB1 in 47 µm × 47 µm-
square cells: WT rescue 40% (40 cells), S15,86A 3% (29 cells), and 
S15,86E 38% (26 cells).

Retrograde actin flow
Cells transfected with zyxin-GFP and seeded onto 25-mm #1.5 glass 
coverslips (precoated with 10 µg/ml fibronectin) were incubated 
with cell-permeable FarRed-SiR-actin (1:3000 CY-sc001, Cytoskele-
ton) and Hoechst stain (0.25 µg/ml Molecular Probes # H-1399) for 
1 h prior to acquisition. Coverslips were positioned in a magnetic 
chamber (Quorom Technologies) and cells were maintained at 37°C 
(OkoLabs stage heater) in CO2-independent DMEM/F-12 media 
(Life Technologies #11039-021, No Phenol Red) with 10% FBS. Cell 
images (488-zyxin-GFP, 633-SiRactin) were acquired with PMT and 
HyD detectors and LASX software v.3.5.7 on a Leica SP8 spinning 
disk confocal microscope (63× oil objective NA 1.40 HC PL APO 
CS2), 0.25-µm z slices for minimal intervals (10–30 s) up to 30 min. 
Retrograde flow of zyxin was measured for distance and time using 
LASX software, >10 cells/data set, in a total of four experiments.

Microscopy
An inverted widefield Nikon Ti Eclipse microscope, Andor NeoZyla 
camera and Nikon Elements v4.60 acquisition software was used 
with a 60× (NA 1.40 PlanApo) oil objective for immunofluorescent 
cell imaging in micropattern, Blebbistatin, area, and stretch experi-
ments and with a 10× (NA 0.45, PlanApo) objective for motility 
experiments. Area measurements were performed with Nikon 
Elements Analysis v4.6 software (binary auto-detect to ROI 
measurements) with 60× images calibrated at 0.11 µm/px. An up-
right widefield Zeiss Axioskop2 mot plus microscope (40× NeoFluor 
0.75NA dry objective) was used with Zeiss AxioCamMRm camera 
and Zeiss AxioVision v4.8.1 software. Confocal images were ac-
quired on a Leica SP8 DMi8 inverted microscope (Leica 63× oil ob-
jective NA 1.40 HC PL APO CS2) with PMT and hybrid detectors 
and LASX v3.5.7 software. Images are presented as maximum inten-
sity projections of a confocal stack of Lightning deconvolved im-
ages. Leica acquisition was used for stretch, micropattern, Blebbi-
statin, and retrograde flow experiments.

Statistical analysis
Graph Pad Prism (version 9) was used for graphing and statistical 
analysis of quantitative measurements. P values were determined 
by unpaired Student’s t test and are designated ***p < 0.001, 
**p < 0.01.

Figure preparation
Adobe Photoshop CC software was used to process images which 
were assembled into figures using Adobe Illustrator CC.
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