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An, Steven S, Ben Fabry, Mathew Mellema, Predrag Bursac,
William T. Gerthoffer, Usamah S. Kayyali, Matthias Gaestdl,
Stephanie A. Shore, and Jeffrey J. Fredberg. Role of heat shock
protein 27 in cytoskeletal remodeling of the airway smooth muscle
cell. J Appl Physiol 96: 1701-1713, 2004. First published January 16,
2004; 10.1152/jappl physiol.01129.2003.—Remodeling of the airway
smooth muscle (ASM) cell has been proposed to play an important
rolein airway hyperresponsiveness. Using afunctional assay, we have
assessed remodeling of the cultured rat ASM cell and the role of heat
shock protein (HSP) 27 in that process. To probe remodeling dynam-
ics, we measured spontaneous motions of an individual Arg-Gly-Asp-
coated microbead that was anchored to the cytoskeleton. We reasoned
that the bead could not move unless the microstructure to which it is
attached rearranged; if so, then its mean square displacement (M SD)
would report ongoing internal reorganizations over time. Each bead
displayed arandom, superdiffusive motion; MSD increased with time
as ~t*7, whereas an exponent of unity would be expected for asimple
passive diffusion. Increasing concentrations of cytochalasin-D or
latrunculin-A caused marked increases in the MSD, whereas colchi-
cine did not. Treatments with PDGF or IL-1B, but not transforming
growth factor-f3, caused decreases in the MSD, the extent of which
rank-ordered with the relative potency of these agentsin €liciting the
phosphorylation of HSP27. The chemical stressors anisomycin and
arsenite each increased the levels of HSP27 phosphorylation and, at
the same time, decreased bead motions. In particular, arsenite pre-
vented and even reversed the effects of cytochalasin-D on bead
motions. Finally, ASM cells overexpressing phospho-mimicking hu-
man HSP27, but not wild-type or phosphorylation-deficient HSP27,
exhibited decreases in bead motions that were comparable to the
arsenite response. Taken together, these results show that phosphor-
ylated HSP27 favors reduced bead motions that are probably due to
stabilization of the actin cytoskeleton.

cytoskeleton; plasticity; actin dynamics; diffusion; superdiffusion

AIRWAY HYPERRESPONSIVENESS (AHR) is a cardinal feature of
asthma, but its mechanisms remain largely unexplained (37,
81). Evidence suggests that AHR may be attributable in part to
alterations in the contractile behavior of the airway smooth
muscle (ASM) cell (7, 70). In the ASM cell, myosin exerts its
mechanical effects by interacting with actin within an inte-
grated cytoskeletal (CSK) scaffolding (23, 61). It is now
known that this scaffolding is dynamic and in a continuous
state of remodeling; the actin lattice, the myosin filament, and
the focal adhesion plagque of the ASM cell are all considered to

be evanescent structures that can be virtually demolished in
some circumstances and then reconfigured and stabilized in
others (1, 4, 13, 22, 40, 53, 70, 71). The ability of the ASM cell
to reorganize internal CSK structures to sustain tension gener-
ation over a wide range of working muscle lengths is thought
to play an important role in AHR (24, 40, 61, 78, 79).
However, underlying mechanisms and key molecules regulat-
ing CSK remodeling of the ASM cell remain quite unclear.

The 27-kDa heat shock protein (HSP27) is a member of the
stress-inducible small heat shock protein family that is thought
to act as a microfilament-capping protein in vitro (5, 55, 56).
During cellular stress and growth, HSP27 is a target of post-
translational modification and undergoes rapid phosphoryla-
tion (42, 44). Structural studies suggest that phosphorylation of
HSP27 promotes actin polymerization and stress fiber forma-
tion (5, 21, 30, 47, 48, 59). In smooth muscle, HSP27 is
congtitutively expressed at high levels (6, 34, 55), and its
phosphorylation causes colocalization of HSP27 with contrac-
tile proteins (32). In the ASM cell, Hedges and colleagues (26)
have demonstrated that phosphorylation of HSP27 is a neces-
sary condition for cell migration. Cell migration is an impor-
tant mechanical event and must necessarily reflect some degree
of CSK remodeling, but migration reflects many other pro-
cesses as well (45, 57).

The present study was undertaken to focus specifically on
functional remodeling of the cultured rat ASM cell and therole
of HSP27 in that process. To probe the dynamics of CSK
remodeling, we measured spontaneous movements of an indi-
vidual microbead that was coated with a peptide containing the
sequence Arg-Gly-Asp (RGD); such beads form focal adhe-
sions and become anchored to the CSK via integrin receptors
(51, 77). We reasoned that the bead cannot move unless the
microstructure to which it is attached rearranges; if so, then
bead motion, as quantified by its mean square displacement
(MSD), would report the rate of ongoing internal rearrange-
ments over time. To assess the contribution of HSP27 to these
remodeling processes, we used growth factors, proinflamma-
tory cytokines, and chemical stressors that are reported to
phosphorylate HSP27 (21, 26). To assess the role of HSP27
more specifically, we transfected rat ASM cells so that they
overexpressed either wild-type (HSP27-wt), phosphorylation-
deficient (HSP27-uP), or phospho-mimicking human HSP27
(HSP27-P).
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Others have inferred that HSP27 stabilizes the actin CSK
based largely on structural evidence, especialy the formation
of filamentous (F)-actin measured by using fluorescent micros-
copy or other assays (21, 47, 48). Here we present a novel
assay to measure the dynamics of underlying CSK remodeling,
at the level of individual cells in culture, and provide direct
functional evidence that phosphorylation of HSP27 indeed
stabilizes the actin CSK, thus confirming inferences of others
that were based solely on structural findings.

METHODS

Materials. Tissue culture reagents were obtained from Sigma (St.
Louis, MO), with the exception of DMEM-Ham's F-12 (1:1), which
was purchased from GIBCO (Grand Island, NY). The synthetic RGD
peptide (Peptite 2000; Integra Life Sciences) was provided by Dr.
Juerg Tschopp, and acetylated low-density lipoprotein (acLDL) was
purchased from Molecular Probes (Eugene, OR). All drugs were
obtained from Sigma. PDGF-AB, transforming growth factor-g8
(TGF-B), and IL-1B were reconstituted in sterile PBS. Cytochaa
sin-D, latrunculin-A, colchicines, and anisomycin were prepared in
sterile DM SO. Arsenite was prepared in sterile distilled water. On the
day of experiments, all reagents were diluted to final concentrationsin
serum-free media, yielding <0.1% PBS or 0.1% DMSO in final
volume.

Animals. The Sprague-Dawley rats (female, 10-12 wk old) were
obtained from a commercia supplier (Harlan, Indianapoalis, IN) and
housed in a conventional animal care facility at Harvard School of
Public Hedlth (Boston, MA). The protocols were approved by an
Animal Ethics Committee.

Cell isolation and culture. Rat ASM cells were prepared as previ-
ously described (1). Rats were intraperitoneally injected with pento-
barbital sodium (35 mg/kg), and the tracheas were aseptically excised
and placed in Ca2*, Mg?*-free HBSS of the following composition
(in mM): 5 KCl, 0.3 KHzPO,, 138 NaCl, 4 NaHCOs, 0.3 NazHPO,,
and 1.0 glucose. The isolated tracheas were cleaned of connective
tissues, cut longitudinally through the cartilage, and enzymaticaly
dissociated with HBSS containing 0.05% elastase type IV and 0.2%
collagenase type IV for 30 min in a shaking water bath at 37°C.
Dissociated cells in suspension were centrifuged and resuspended in
DMEM-Ham's F-12 medium (1:1) supplemented with 10% FBS and
the antibiotics (100 U/ml penicillin, 100 pg/ml streptomycin, and 2.5
rg/ml amphotericin-B). Cells were plated on culture flasks and grew
until confluence at 37°C in humidified air containing 5% CO.. The
media were changed every 3—4 days, and confluent cells were pas-
saged with 0.25% trypsin-0.02% EDTA solution every 10-14 days.
ASM cells in culture were elongated and spindle shaped, grew with
the typical hill-and-valley appearance, and showed positive staining
for the smooth muscle-specific proteins a-actin and calponin.

In the present study, we used cells in passages 3-8. To maximize
the expression of smooth muscle-specific proteins and restore con-
tractile phenotype, ASM cells at confluence were serum deprived and
supplemented with 10 pg/ml insulin, 5.5 pg/ml transferrin, and 6.7
pg/ml sodium selenite for 24 h before cell seeding (1, 25, 50, 80).
Unless otherwise specified, serum-deprived cells were plated at
30,000 cells/'cm? on tissue culture petri dishes (9.6 cm? growth area;
Becton Dickinson) previously coated with type | collagen (Vitrogen
100; Cohesion, Palo Alto, CA) at a concentration of 5 pg/ml. Cells
were maintained in serum-free media for 24 h at 37°C in humidified
air containing 5% CO,. These conditions have been optimized for
seeding cultured cells on collagen matrix and for assessing their
mechanical properties (1, 29).

Characterization of spontaneous bead motion. To probe the dy-
namics of CSK remodeling, we measured spontaneous movements of
an individual microbead that was coated with a peptide containing the
sequence RGD; such beads bind avidly to cell surface integrin
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receptors, form focal adhesions, (51, 77), become well-integrated into
the CSK scaffolding (1, 77), and display tight functional coupling to
that scaffolding (13, 14, 51). As a control, we used beads that were
coated with acLDL, which are linked to scavenger receptors thought
to be floating in the cell membrane and thus not linked to focal
adhesions (77).

Serum-deprived cells adherent on collagen-coated wells were in-
cubated for 20 min with ~5 X 10° ferrimagnetic microbeads (4.5 um
in diameter) coated with synthetic RGD-containing peptides (50 g
peptide/mg beads) or acLDL (100 p.g/mg beads) in serum-free media
containing 1% BSA. Unbound beads were removed by washing cells
with serum-free media. Under microscopic observation, we then
visualized spontaneous displacements of individual microbeads
(~100 beads per field of view) and recorded their positions every 83
ms as previously described (14). The tragjectories of bead motions in
two dimensions were characterized by computing the MSDs of all
beads as function of time t, [MSD(t)] (nm?)

MSD(b) = S (0 0

i=1

where ri(t) is the distance of the ith bead at time t relative to its
position at t = 0. The MSDs were computed at intervals that were
equally spaced in time (1.3 s). Bead motions were corrected for the
confounding effects of microscope stage drift; the stage drift was
estimated from changes of the mean position of all beadswithin afield
of view. Thelimit of resolution in our system was on the order of ~10
nm, but by 10 s most beads had displaced a much greater distance.
Accordingly, we analyzed MSD data for times >10 sand up to 300 s.
As shown in rResuLTs, the MSDs of microbeads increased with time
according to a power law relationship

MSD(t) = D* (t/t,)" )

The coefficient D* and the exponent « of the bead motion were
estimated from a least squares fit of a power law to the ensemble
average of MSD data vs. time; we take t, to be 1 s and express D* in
units of nanometers squared. Separately, we computed, for each
individual bead, the coefficient D* and the exponent o and compared
and verified the estimates of these parameters using the former
analysis. For ordinary Brownian motion, the distribution of displace-
ments would be expected to be Gaussian and the exponent « to be
unity, in which case the coefficient D* is the familiar diffusion
coefficient in two dimensions (2, 38, 62, 66). When a power law
relationship is shown to exist but the exponent « differs from unity,
the random motions are said to reflect fractional diffusion (15); when
the exponent « is smaller than unity, random motions are said to be
subdiffusive; and when the exponent is larger than unity, random
motions are said to be superdiffusive (15).

Over the course of 5 min, individual bead motions, as quantified by
MSD(t), were evaluated both before and after each drug treatment. To
modul ate events leading to the formation of F-actin, ASM cells were
treated for 10 min with increasing concentrations of direct actin-
disrupting agents cytochalasin-D or latrunculin-A. Cytochaasin-D
caps existing actin filaments at the barbed ends, whereas latrunculin-A
prevents the assembly of actin monomersinto F-actin (9, 10). To €licit
HSP27 phosphorylation, ASM cells were treated for 20 min with
growth factors (10 ng/ml PDGF or 1 ng/ml TGF-B) and the proin-
flammatory cytokine (6 ng/ml IL-18) or for 1 h with chemical
stressors (10 wM anisomycin or 200 wM sodium arsenite). Although
these agents are known to activate multiple signaling pathways
that could alter F-actin formation (11, 21, 27, 49, 60), the above
conditions have been reported to cause optimal phosphorylation of
HSP27 (21, 26).

Western blot analysis. The small mammalian heat shock proteins of
the mouse (HSP25), Chinese hamster, and humans (HSP27) show
similar structure and sequence in their genes (8, 16, 19, 28), share
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>80% sequence homology in their amino acids (18, 46), and are
reported to exhibit various common properties (5, 20, 21, 30, 33, 47,
48, 54). Studies have often used HSP27 interchangeably with HSP25
or varioudly called them still HSP25 (murine) or HSP27 (human). In
this paper, we used “HSP27” to refer to both human and the endog-
enous rat HSP27 homolog, HSP25. As regards human HSP27 and
murine HSP25, they differ in the number of their phosphorylation
isoforms but have very similar major phosphorylatable serine residues
Ser-82 (human) and Ser-86 (murine), located in the conserved kinase
recognition sequence Arg-X-X-Ser (17, 43, 63). Therefore, we used
phospho-HSP27 antibody specific for these serine residues (Cell
Signaling, Woburn, MA) and measured changes in protein phosphor-
ylation of HSP27 by Western blotting, as described below.

Confluent rat ASM cellsin six-well plates were serum deprived for
24 h and treated with or without 10 ng/ml PDGF, 1 ng/ml TGF-3, 6
ng/ml IL-1B, 10 wM anisomycin, or 200 wM arsenite. Unless other-
wise specified, ASM cellswere treated for 0, 5, or 20 min with growth
factors (PDGF and TGF-B) and the proinflammatory cytokine (IL-1RB)
and treated for O, 30, or 60 min with chemical stressors (anisomycin
and arsenite). After the indicated time, medium was withdrawn, and
cells were washed twice with ice-cold PBS (10 mM NaxHPO,, 1.8
mM KH>PO,4, 2.6 mM KCI, and 137 mM NaCl, pH 7.4) and lysed
with 200 pl of extraction buffer (10 mM Tris-HCI buffer with 50 mM
NaCl, 50 mM NaF, 10 mM p-serine, 1 mM EDTA, 1 mM EGTA, 1%
SDS, 1% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, 5
wg/ml leupeptin, 1 wg/ml pepstatin, 10~2 U/ml aprotinin). ASM cells
were scraped off plates and repeatedly passed through a 25%s-gauge
needle. Protein concentration of the supernatant was determined by
the Bradford method by using Bio-Rad dye reagent (Bio-Rad, Rich-
mond, CA). Supernatants of cell lysates were then mixed with loading
buffer [0.062 M TrissHCI (pH 6.8), 10% glycerol, 2% SDS, 5%
B-mercaptoethanol, and 0.01% (wt/vol) bromphenol blue] to avolume
of 30 pl and boiled for 5 min. Equal amounts of total cell protein (30
pg/lane) were resolved by SDS-PAGE (125 V, 2 h) on 12% Tris-
glycine gel (Invitrogen, Carlsbad, CA) and transferred to nitrocellu-
lose membrane (16 V, 1 h) in transfer buffer (Invitrogen). Membranes
were treated with blocking solution (10 mM Tris-saline buffer con-
taining 150 mM NaCl, 0.1% Tween 20, and 5% nonfat dry milk),
incubated overnight at 4°C with primary rabbit phospho-HSP27
antibody (dilution of 1:1,000; Cell Signaling), incubated for 1 h at
room temperature with secondary goat anti-rabbit IgG linked to
horseradish peroxidase (dilution 1:1,000; Cell Signaling), and then
visualized by light emission on film with enhanced chemiluminescent
substrate (Cell Signaling). The band visualized at ~25 kDa was
scanned with a UMAX Powerlook flat-bed scanner (Bio-Rad, Her-
cules, CA) and analyzed by scanning densitometry with Gel Pro
Analyzer software (Media Cybernetics, Silver Spring, MD). To cor-
rect for the differences in protein loading, the blots were reprobed
with an antibody directed against murine HSP27 homol og (StressGen,
British Columbia, Canada); total endogenous protein expression of
HSP27 did not change for the duration of drug treatments (data not
shown). All Western blotting experiments were performed at least
three times.

Theincrease in protein phosphorylation in response to each agonist
was separately normalized to total HSP27 expression, to baseline
HSP27 phosphorylation, and to the maximum HSP27 phosphoryla-
tion; these normalizations did not alter the representation of the data,
however. The increase in HSP27 phosphorylation is, therefore, ex-
pressed relative to bands of control samples (baseline) that were not
treated with growth factors, the proinflammatory cytokine, or chem-
ical stressors.

Transfection of the ASM cell. Confluent rat ASM cells were serum
deprived for 24 h and passaged at 20,000 cells'cm? on tissue culture
petri dishes (9.6 cm? growth area) previously coated with collagen.
Cells were then maintained in DMEM-Ham's F-12 medium (1:1)
supplemented with 1% FBS for 24 h, at which time the cell population
reached more or less ~80% confluence. Adherent ASM cells were
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cotransfected with a green fluorescent protein (GFP)-expressing vec-
tor (pEGFP-N1 vector; Clontech, Palo Alto, CA) and the human
HSP27 constructs of interest using Effectene (Qiagen, Vaencia, CA),
according to the manufacturer’s instructions. The HSP27-uP mutant
differs from the HSP27-wt in that the three known phosphorylation
sites (Ser-15, Ser-78, and Ser-82) were mutated to aanine (43),
whereas the HSP27-P replaced these phosphorylatable serine residues
with negatively charged aspartates (63). HSP27-uP, HSP27-wt, and
HSP27-P were cloned into pcDNA3 (Invitrogen) (63). The expression
of human HSP27 proteins in cultured rat ASM cells was assayed by
Western blotting by using an antibody directed against human HSP27
(UpState, Charlottesville, VA). In paralel experiments, the efficiency
of transfection was assessed by Coulter ELITE flow cytometer
(Coulter, Miami, FL); we typically obtained >30% transfection effi-
ciency (data not shown).

On the day of experiments, cells were maintained in serum-free
media. For each well of adherent ASM cells, we measured individual
bead motions of both transfected and untransfected cells as visualized
by fluorescent microscopic detection of GFP-expressing cells (see
Fig. 8).

Satistical analysis. Data, unless otherwise noted, are presented as
means + SE; n represents the number of experiments. Student’ s t-test
was used for statistical comparison of two means (P < 0.05 was
considered significant).

RESULTS

Foontaneous bead motions were superdiffusive. Under mi-
croscopic observation, the serum-deprived ASM cells adhered
firmly to collagen-coated dishes; they exhibited flat morphol-
ogy with multiple vertexes at the two opposing ends of the cell
and displayed no characteristic polar (asymmetric) morphology
that is commonly observed in actively migrating cells (39, 67,
68). In each unstimulated ASM cell, we measured spontaneous
movements of an individual RGD-coated microbead (4.5 pm
in diameter) that was anchored to the CSK via integrin recep-
tors (Fig. 1A). The trajectory of each bead displayed random
motions (Fig. 1B). Over the course of 5 min, these motions
amounted to only a small fraction of the bead diameter (~0.5
wm), however, and an even smaller fraction of cell size. As
such, beads did not move from cell to cell. From the point of
view of these very small bead motions, therefore, for all
practical purposes, the cell would seem to be of virtually
infinite lateral extent. Accordingly, the expectation would be
that, for the duration of these experiments, bead motions would
not be constrained by distant cell boundaries. Consistent with
this interpretation, M SDs were found to grow in an unbounded
fashion with time (Fig. 1C) and, more specifically, varied with
time as a power law (Eq. 2).

When the beads were coated with RGD, the exponent « was
systematically larger than unity [« = 1.54 = 0.30 (SD)],
whereas an exponent of unity would be expected for a simple
passive diffusion. By contrast, beads coated with acLDL,
which are linked to scavenger receptors thought to be floating
in the cell membrane, and thus not linked to focal adhesions,
exhibited an exponent substantially smaller (P < 0.05) but still
bigger than unity [« = 1.31 = 0.39 (SD)]. Although the
exponent « was smaller, the coefficient D* (245.6 = 11.4) was
more than an order of magnitude greater compared with RGD-
coated beads (25.2 = 1.2), suggesting that beads coated with
acLDL were very mobile compared with beads that were
coated with RGD. Moreover, RGD-coated beads of different
diameters (over a 3-fold range, from 1.6 to 4.8 wm) showed no
differences in the exponent « or the coefficient D* (P. Bursac,
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Fig. 1. Spontaneous bead motions report on-
going internal rearrangements. A: individual
Arg-Gly-Asp (RGD)-coated microbead (ar-
row) binds avidly to the actin cytoskeleton
(CSK) (stained with phalloidin) of the cultured
airway smooth muscle (ASM) cell. B: under
microscopic observation, each RGD-coated
bead undergoes spontaneous random displace-
ments (a representative tracing) as the CSK to
which it is connected explores different inter-
nal configurations. C: spontaneous bead mo-
tions are quantified by their mean square dis-
placements (MSD) as function of time (Eqg. 1);
the MSD increases with time according to a
power law relationship. The coefficient D*
and the exponent « of the bead motion were
estimated from aleast squaresfit of a power law
to the MSD data vs. time. Inset: the MSD of
RGD-coated beads (0; 50 g peptide/mg beads)
increases with time (t) as ~t*7 (the same dataiin
logarithmic coordinates), whereas an exponent
of unity would be expected for a smple passive
diffusion. By contrast, spontaneous motions of
beads coated with acetylated low-density li-
poprotein (; acLDL; 100 p.g acL DL/mg beads)
are quite mobile and exhibit substantially smaller
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personal communication), whereas, in the case of simple
Brownian motion, the coefficient D* would be expected to
decrease by threefold. Finaly, experiments conducted on mi-
cropatterned substrates, on which the cell could adhere but not
crawl (58), showed the same superdiffusive behavior of RGD-
coated beads (P. Bursac, personal communication). Taken
together, these findings suggest that the superdiffusive behav-
ior of RGD-coated beads was not driven by thermal forces, as
in ssimple diffusion, or by cell crawling. These findings suggest
instead that these motions reflect ongoing interna rearrange-
ments of CSK structures to which beads were tethered.
Effects of cytochalasin-D and latrunculin-A on CX stabil-
ity. After a 10-min incubation with an actin-disrupting agent,
cytochalasin-D (1-10 wM), bead motions as quantified by the
MSD remained superdiffusive and, at the same time, showed
an increase from baseline control (before drug treatments) of
more than an order of magnitude (Fig. 2). The increase in bead
motions was accounted for by a slight increase in the exponent
a [from 1.47 + 0.30 (SD) to 1.61 = 0.31 at 1 and 10 pM,
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respectively] but mostly by a large increase in the coefficient
D* (from 23.8 = 1.3t051.7 = 49 a 1 pM and to 107.7 =
10.1 a 10 pM). In their effects on the net MSDs, 1 pM
latrunculin-A and 10 pM cytochalasin-D were equally potent
(Fig. 2). Colchicine (10 .M administered for 10 min), an agent
that disrupts microtubule assembly, caused only a small in-
crease in both the exponent « and the coefficient D*, and thus
the MSD evaluated at 300 s was not statistically different
compared with that of the baseline control (Fig. 2). ASM cells
incubated for 10 min with or without 0.1% DM SO (the vehicle
used for these agents) in serum-free media did not exhibit a
significant change in bead motions compared with that of the
baseline control (data not shown).

Effects of PDGF, TGF-B, and IL-18 on CXK stability.
Hedges and colleagues (26) have demonstrated that the growth
factors PDGF and TGF-B and the proinflammatory cytokine
IL-18 promote canine ASM cell migration by activating the
p38 mitogen-activated protein (MAP) kinase pathway leading
to the phosphorylation of HSP27. In cultured rat ASM cells, we
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10° 202
o0 1 pM Latrunculin-A MSD = 238.1 t
4 10 uM Cytochalasin-D  MSD =502.7 1188
A 1 uM Cytochalasin-D MSD= 40.6t"%

10’ { e 10 uM Colchicine MSD= 148t"7

MSD= 13.0t"%

o Baseline Control

1705

Fig. 2. Cytochalasin-D and latrunculin-A cause a
marked increase in bead motions, whereas colchi-
cine does not. ASM cells were treated for 10 min

10° 4 with or without cytochalasin-D (1 or 10 pM), la-
trunculin-A (1 wM), or colchicine (10 wM). Bead
o motions were measured both before and after each
£ drug treatment; the coefficient D* and the exponent
£ 10° 4 « of the bead motion were estimated from a least
o squares fit of a power law to the MSD data vs. time.
g 0, Baseline MSD before each drug treatment; base-
line MSD from all cells were combined. ®, MSD
10* * after 10 wM colchicine treatment; », after 1 pM
2~ 3 cytochaasin-D; a, after 10 pM cytochalasin-D; 0,
2 E « after 1 wM latrunculin. Inset: MSD evaluated at
Gy 2 300 s of ASM cells treated with each drug. Vaues
5 2 are means = SE (n = 4-12 wells; 284-1,240 cells).
107 4 =1 . *Significant difference from baseline MSD evalu-
o — ated at 300 s (control), P < 0.05.
Control  10pM 1uM 10uM 1M
Colch Cyto-D Cyto-D Latrun
102 T T T T T T T T T T T T T T
10 100 1000
Time (s)

measured the level of HSP27 phosphorylation induced by
PDGF, TGF-B, or IL-18 and evaluated the effects of these
agents on spontaneous bead motions. PDGF (10 ng/ml) and
IL-18 (6 ng/ml) each elicited a time-dependent phosphoryla-
tion of HSP27, whereas TGF-$ (1 ng/ml) did not (Fig. 3). The
peak phosphorylation was observed at 20 min.

ASM cellstreated for 20 min with PDGF or IL-1B exhibited
a decrease in bead motion, whereas cells treated with TGF-3
did not show statistical changes in the net MSDs from that of

untreated cells (Fig. 4). The extent of the decrease rank ordered
with the relative potency of these agents in eliciting HSP27
phosphorylation (TGF-B < IL-18 < PDGF): the greater was
the phosphorylation of HSP27, and the smaller were the bead
motions. A time-matched treatment (20 min) with or without
0.1% PBS (the vehicle used for these agents) in serum-free
media did not decrease the MSD (data not shown).

Effects of anisomycin and arsenite on CSK stability. To
further assess the contribution of HSP27 phosphorylation to

TGF-g [1ng/ml] IL-1B [6ng/ml] PDGF [10ng/ml]
—— [ 5 10 200 [ 5 w20 [ 5 w20
ospho-
40 -
* *
Fig. 3. PDGF, transforming growth factor-B
35 (TGF-B), and IL-18 dlicit varying degrees of
27-kDa heat shock protein (HSP27) phosphory-
I lation. ASM cells were incubated for 0, 5, 10,
SE 307 and 20 min with TGF-B (1 ng/ml), IL-18 (6
s e ng/ml), or PDGF (10 ng/ml). After the indicated
© h )
E‘ 8 254 time, _ceIIs were lysed, and proteins were se-
oL quentialy resolved by SDS-PAGE, transferred
-5_ o to nitrocellulose membrane, probed with rabbit
o O 20 - antibody specific for the phosphorylated HSP27,
_g [ and detected with secondary goat anti-rabbit 1gG
o c 15 - linked to horseradish peroxidase. Theincreasein
& pus protein phosphorylation is expressed as relative
o © to the control sample (time 0) that was not
% D 40- treated with growth factors or cytokine. Vaues
ﬁ are means = SE (n = 3 wells). *Significant
difference from the control, P < 0.05.
5 -
u -
TIME (min): 0 5 10 20 0 5 10 20 0 5 0 20
TREATMENTS: TGF-B [1ng/ml] IL-1B [6ng/ml] PDGF [10ng/ml]
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10,

105
Fig. 4. PDGF, TGF-B, and IL-1B cause a dlight decrease in
bead motions. ASM cells were incubated for 20 min with or
without TGF-B (1 ng/ml), IL-18 (6 ng/ml), or PDGF (10
ng/ml). Bead motions were measured both beforeand after each &
treatment; the coefficient D* and the exponent « of the bead E
motion were estimated from a least squares fit of a power law =~ =
to the MSD data vs. time. O, Baseline bead MSD before each 8
treatment; baseline MSD from al cellswere combined. #, MSD =
after TGF- treatment; », after IL-1B; 0, after PDGF. Inset: the
MSD evaluated at 300 s of ASM cells treated with or without
TGF-B, IL-1B, or PDGF. Values are means = SE (n = 8-17
wells; 867-1,742 cells). * Significant difference from baseline
MSD evaluated at 300 s (control), P < 0.05.

103 A&

HSP27 STABILIZES THE ACTIN CSK OF THE ASM CELL

o Baseline Control MSD = 26.2 t"%
* 1 ng/ml TGF-beta MSD = 33.7 t'5
4 6 ng/ml IL-1 beta MSD = 22.7 t'%
a 10 ng/ml PDGF MSD = 14.81"%

MSD at 300 s
(x10° nm?)

11

TGF-beta IL-1 beta PDGF

Control

observed changes in bead motions, we used anisomycin and
arsenite, both of which are known to activate MAP kinases,
leading to the phosphorylation of HSP27 (21, 35, 49, 60, 65).
ASM cells treated with anisomycin (10 wM) or arsenite (200
wM) exhibited time-dependent increases in the level of HSP27
phosphorylation, of which the peak phosphorylation (~20-fold
increase from baseline) was observed at 1 h (Fig. 5).

After a 1-h incubation with anisomycin or arsenite, bead
motions decreased substantially from baseline control; changes

100
Time (s)

1000

of both the exponent « and the coefficient D* contributed
importantly to these changes (Fig. 6). ASM cells treated with
anisomycin or arsenite exhibited an ~44 or 57% reduction of
the MSD evaluated at 300 s, respectively, from baseline control
(Fig. 6). A time-matched treatment (1 h) with serum-free media
did not decrease the MSD, however (data not shown).

Based largely on structural evidence, others have inferred
that phosphorylation of HSP27 stabilizes the actin CSK and
confersresistance against not only the effects of heat shock and

Anisomycin [10 pM] Arsenite[200 pM]
n 3 60° 0 30 60°
Phospho- —
— e —
epos T —— — —

30 -
Fig. 5. Anisomycin and arsenite elicit the phos- % % %
phorylation of HSP27. ASM cells were incu- 25
bated for 0, 30, and 60 min with anisomycin (10 °
M) or arsenite (200 wM). After the indicated 5§ E
time, cells were lysed, and proteins were se- B9 20
quentially resolved by SDS-PAGE, transferred E‘ g
to nitrocellulose membrane, probed with rabbit o
antibody specific for the phosphorylated HSP27, -E_ g
and detected with secondary goat anti-rabbit 1gG n O 15 -
linked to horseradish peroxidase. Theincreasein _g -8
protein phosphorylation is expressed as relative o 5 *
to the control sample (time 0) that was not Ne
treated with chemical stressors. Vaues are g o 104
means = SE (n = 5-12 wells). *Significant % =
difference from the control, P < 0.05. ﬁ

5 -

o N i . :

TIME (min): 0 30 60 0 30 60
TREATMENTS: 10 uM Anisomycin 200 pM Arsenite
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105,
© Baseline Control MSD = 16.2 11 ;:
4 10 pM Anisomycin  MSD =24.1 ‘1'
MsD = 10.9t"%®

o 200 pM Arsenite

-l
(=]

MSD (nm?)

MSD at 300 s
(x10° nm?)
L]

103 %

-
L

Control Anisomycin

1707

Fig. 6. Anisomycin and arsenite cause a marked decrease in
bead motions. ASM cells were incubated for 60 min with or
without anisomycin (10 wM) or arsenite (200 wM). Bead
motions were measured both before and after each treatment;
the coefficient D* and the exponent « of the bead motion were
estimated from a least squares fit of a power law to the MSD
data vs. time. O, Baseline bead MSD before each drug treat-
ment; baseline MSD from all cells were combined. A, MSD
after anisomycin treatment; O, after arsenite. Inset: the MSD
evaluated at 300 s of ASM cells treated with or without
anisomycin or arsenite. Values are means = SE (n = 17-18
wells; 1,034-1,350 cells). * Significant difference from baseline
MSD evaluated at 300 s (control), P < 0.05.

Arsenite

102 ; N
10 100

Time (s)

oxidative stress, but also cytochalasin-D (21, 30, 47, 48). Thus
we evaluated the relationship, if any, between the phosphory-
lated state of HSP27 and the ability of the ASM cell to
maintain the stability of the actin CSK against the actin-
disrupting agent cytochalasin-D. ASM cells were treated for
1 h with 200 wM arsenite to maximally phosphorylate HSP27.
We measured the effects of arsenite on bead motions either
before or after a 10-min treatment with 1 M cytochalasin-D.
ASM cells treated with arsenite exhibited a decrease in bead
motions compared with the baseline control and, more inter-
estingly, showed restricted bead motions even after a 10-min
challenge with cytochalasin-D (Fig. 7; protocol 1). On the
other hand, ASM cells treated first with a 10-min challenge
with cytochalasin-D exhibited an increase in bead motions
compared with the baseline control but showed a substantial
decrease in bead motions after a 1-h treatment with 200 wM
arsenite (Fig. 7; protocol 2). For control, ASM cells treated
with a 10-min challenge with cytochalasin-D exhibited an
increase in bead motions that remained elevated even after 1 h
(Fig. 7; protocol 3). Taken together, these findings suggest that
the phosphorylated state of HSP27 not only stabilizes the actin
CSK hut also prevents and even reverses the actions of actin-
disrupting agent cytochalasin-D.

Effects of HSP27 overexpression on CXK stability. All of the
agents used above lead to the phosphorylation of HSP27 but
are known to activate multiple signaling pathways and are
thereby nonspecific in that regard (11, 21, 27, 49, 60). To
assess the specific contribution of HSP27 to spontaneous bead
motions, ASM cells were transiently cotransfected with a
GFP-expressing vector and the human HSP27 constructs of
interest. The HSP27-uP differed from the HSP27-wt in that the
three known phosphorylation sites (Ser-15, Ser-78, and Ser-82)
were mutated to alanine (43), whereas the HSP27-P replaced
these phosphorylatable serine residues with negatively charged
aspartates (63). For control, ASM cells were transfected with
the GFP-expressing vector only. For each well of adherent
ASM cells, we measured individual bead motions of both
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transfected and untransfected cells as visualized by fluorescent
microscopic detection of GFP-expressing cells (Fig. 8).

ASM cells overexpressing the HSP27-uP showed no statis-
tical difference in bead motions compared with that of either
untreated control or GFP-transfected cells (Fig. 8C). In con-
trast, overexpression of the HSP27-wt caused increases,
whereas the HSP27-P caused decreases in bead mations (Fig.

2.0

[] Baseline

Hl Arsenite (1h)
[] Cyto-D (10 min)
[l Cyto-D(1h)

-
o
1

MSD evaluated at 300 s
(x 10° nm?)
P —
[4,] o

n_omflr

Protocol 1 Protocol 2 Protocol 3

Fig. 7. Arsenite stabilizesthe CSK. Protocol 1, ASM cellswere first incubated
for 1 h with arsenite (200 wM) and subsequently treated for 10 min with
cytochalasin-D (1 wM). Protocol 2, ASM cells were first treated for 10 min
with cytochalasin-D (1 uM) and subsequently treated for 1 h with arsenite (200
wM). Protocol 3, ASM cells were incubated up to 1 h with cytochalasin-D (1
wM). For each protocol, the MSD was measured both before and after each
treatment; only the MSD evaluated at 300 s is shown. Open bars, initia
baseline bead MSD at 300 s; solid bars, a 1-h arsenite treatment; light shaded
bars, a 10-min cytochalasin-D treatment; dark shaded bars, a 1-h cytochala-
sin-D treatment. Vaues are means = SE (n = 4-8 wells; 363-1,047 cells).
*Significant difference from the baseline MSD evaluated at 300 s of each
protocol, P < 0.05.
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Fig. 8. Phosphorylated HSP27 tethers bead mo-
tions. ASM cells were transiently cotransfected with
a green fluorescent protein (GFP)-expressing vector
and the human HSP27 constructs of interest. For
control, cells were transfected with the GFP-ex-
pressing vector only. A: bright-field image of ASM
cells showing both transfected and untransfected
cells. B: same field of view as visualized by fluo-
rescent microscopic detection of GFP-expressing
cells (transfected cells). C: bead MSD were mea-
sured both before and after arsenite treatment (1 h).
Open bars, baseline bead MSD evaluated at 300 s of
ASM cells transfected with or without GFP, wild-
type human (HSP27-wt), phosphorylation-deficient
(HSP27-uP), or phospho-mimicking (HSP27-P)
HSP27 mutants. Shaded bars, the MSD evaluated at
300 s of cells treated for 1 h with 200 uM arsenite.

A

031

0.2 1

Control :
GFP Only :
HSP27-uP :
HSP27-wt :

HSP27-P :

HSP27 STABILIZES THE ACTIN CSK OF THE ASM CELL

OBaseline

O Arsenite

MSD= 8.3t"%®
MSD= 46t""™
MSD= 7.3t
MSD= 7.8t"7
MSD = 15.7 t14¢

MSD=5.11t"%
MSD=6.2t"%
MSD = 5.7 t"%
MSD =6.4t'
MSD =4.0t"""

Values are means = SE (n = 3-23 wells; 27-388
cells). *Significant difference from baseline MSD
evauated at 300 s for each group, P < 0.05. #Sig-
nificant difference from baseline MSD of untrans-
fected cells (control), P < 0.05.

0.1

MSD evaluated at 300 s
(x10® nm?)

0.0

Control

8C); these changes were statistically different from each of the
other transfected or untransfected cells. Under baseline condi-
tions, therefore, ASM cells overexpressing the HSP27-uP or
the HSP27-wt exhibited substantial increases in bead motions
compared with those overexpressing the HSP27-P.

After a 1-h incubation with 200 uM arsenite, each cell
(untransfected control, GFP control, HSP27-wt, and HSP27-
uP) exhibited significant decreases in bead motions that were
comparable to the cell overexpressing the HSP27-P (Fig. 8C).
The extent to which arsenite caused decreases in bead motions
for the HSP27-uP (~35%) was similar to that of the controls
(untransfected and GFP transfected) but was less than that of
the HSP27-wt (~44%), however. ASM cells overexpressing
the HSP27-P did not exhibit further decreases in bead motions
in response to arsenite (Fig. 8C).

DISCUSSION

Spontaneous motions of an individua RGD-coated mi-
crobead that was anchored to the CSK were random, un-
bounded, and superdiffusive. Actin-disrupting agents cytocha-
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HSP27-uP HSP27-wt HSP27-P
Transfections

GFP only

lasin-D or latrunculin-A caused marked increases in bead
motions, whereas microtubule-disrupting agent colchicine did
not. Growth factors, cytokines, or chemical stressors that lead
to the phosphorylation of HSP27, in contrast, caused decreases
in bead motions; the most potent among these, the chemical
stressor arsenite, prevented and even reversed the effects of
cytochalasin-D on bead motions. Overexpression of a
HSP27-P mutant, but not HSP27-wt or HSP27-uP, caused
decreases in bead motions that were comparable to the arsenite
response. Taken together, these results suggest that phosphor-
ylated HSP27 functionally stabilizes internal CSK structures.

Like the CSK of many cell types, that of the ASM cell isin
a continuous state of remodeling. In particular, the ASM cell
has the ability to adapt its optimal length over an impressively
wide range, approaching threefold variations of optimal length
in the same muscle within atime frame of =1 h (23, 24, 40, 61,
79). The ability of the ASM cell to reorganize internal CSK
structures to sustain tension generation over a wide range of
working muscle lengths may play an important role in AHR,
but the mechanisms and molecules regulating CSK remodeling
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HSP27 STABILIZES THE ACTIN CSK OF THE ASM CELL

of the ASM cell remain unclear. The findings reported here
suggest a role for HSP27 in these remodeling processes.

Bead tethering and superdiffusive behavior. A bead coated
with a peptide containing the sequence RGD binds avidly to
integrins, forms focal adhesions (51, 77), becomes well-inte-
grated into the CSK scaffolding (Fig. 1), and displays tight
functional coupling to that scaffolding (14, 51). A bead coated
with acLDL, by contrast, binds to scavenger receptors and
shows none of these distinctive characteristics (77).

Spontaneous motions of beads coated with RGD vs. acLDL
were qualitatively similar (i.e., both exhibited superdiffusive
behavior) but quantitatively different. Compared with beads
coated with RGD, those coated with acL DL were much more
mobile at small times (i.e., the coefficient D* was larger by an
order of magnitude), but the superdiffusive exponent («) was
substantially smaller (Fig. 1). At this time, we do not know to
what extent beads coated with acLDL are integrated, if at all,
to the underlying actin CSK, however. The former, by contrast,
were far less mobile (by an order of magnitude or more) but
increased their MSDs systematically faster than linearly with
time, displaying a power law dependence on time with the
exponent falling in the range of 1.6-1.8. Moreover, these
superdiffusive random displacements were not sensitive to
bead size. These observations for RGD-coated beads, taken
together, are inconsistent with simple Brownian motion. In-
stead, they are consistent with the notion that these beads
tracked motions of underlying structures to which they are
attached and that those motions are superdiffusive.

We considered the possibility that the observed superdiffu-
sive behavior of RGD-coated beads might be attributable to
transfer of beads between integrin receptors or to cell migra-
tion. However, there are a number of arguments against these
ideas. Under microscopic observation, the serum-deprived
ASM cells adhered firmly to collagen-coated dishes; they
exhibited flat morphology with multiple vertexes at the two
opposing ends of the cell and displayed no characteristic polar
(asymmetric) morphology that is commonly observed in ac-
tively migrating cells (39, 67, 68). In addition, the strong
attachment of the beads to the cytoskeleton by RGD-integrin
binding is well established (1, 14, 29, 51, 76, 77), and the
development of focal adhesions and complex interconnections
to the actin CSK matrix is readily observed at the bead
locations (51, 77). Indeed, when the actin cytoskeleton was
disrupted by cytochalasin-D or latrunculin-A, bead motions
were greatly increased, perhaps by the direct disruption of the
actin microfilament network but possibly through disconnec-
tion of the cytoskeleton from the integrin molecul es attached to
the beads. Finaly, experiments conducted on micropatterned
substrates on which the cell could adhere but not crawl (58)
showed the same superdiffusive behavior of RGD-coated
beads.

Simple diffusive motions arise when a particle is subjected
to a time series of impulsive forces that are random and
mutually independent. Resulting incremental motions are un-
correlated in time, and the MSD increases linearly in time.
Superdiffusive motions, by contrast, imply correlation in the
forcing time series and, in particular, persistence (15). That is
to say, compared with the preceding incremental displacement,
the next incremental displacement is likely to be in the same
direction; resulting motions are still random with zero mean
drift but are correlated over time and display a MSD that
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increases with an exponent greater than unity. Finally, subdif-
fusive motionsimply correlation in the forcing as well, but one
that leads to antipersistence; the MSD grows in time but with
an exponent smaller than unity. Diffusive, superdiffusive, and
subdiffusive behaviors fall under the unifying rubric of frac-
tional Brownian motion and are often interpreted in terms of
Levy walks (15).

Taken together, the findings reported here suggest that
spontaneous motions of an individual RGD-coated microbead
were not driven passively by thermal forces as in ordinary
Brownian diffusion, receptor-coupling dynamics, or cell crawl-
ing, but rather were influenced by active, ongoing, and internal
rearrangements of the CSK to which beads were tethered.
These findings are consistent with the idea that the CSK isin
a continuous state of remodeling; they also extend that ideaand
quantify it. These findings show that the rate of CSK remod-
eling appears to be aregulated variable and that the underlying
mechanism, whatever it might be, displays features of a super-
diffusive process.

Molecules and structures. What molecules and CSK  struc-
tures might account for the active remodeling of the ASM cell?
The CSK is a complex structure composed of scores of CSK
and signaling molecules. It remains unclear, however, how
these individual molecules are interconnected and, in particu-
lar, how each contributes to the remodeling of the ASM cell.
Previously, our laboratory (1) and others (53) have shown that
cytochalasin-D and latrunculin-A decrease the formation of
F-actin and the force generation of smooth muscle. In the
cultured human ASM cell, Stamenovic and colleagues (73)
have demonstrated that 1 WM colchicine is sufficient to disrupt
a substantial fraction of microtubules; the filamentous pattern
of microtubules gradually disappears and becomes disorga
nized within 15 min of the treatment. The apparent structural
changes caused by colchicine amounted to only a fractional
change in the contractile stress, however (73). In nonmuscle
cells, the disruption of actin microfilaments or microtubules
not only lessens CSK integrity (76) but aso impairs cell
migration (72).

Here we have assessed the contribution of actin and micro-
tubule dynamics to spontaneous bead motions. ASM cells
treated with the actin-disrupting agents cytochalasin-D or la-
trunculin-A showed a marked increase in bead motions from
baseline control (before drug treatments) of more than one
order of magnitude (Fig. 2). ASM cells treated with colchicine
at concentrations up to 10 wM, however, failed to exhibit
appreciable changes in overall MSD from baseline control
(Fig. 2). Although we cannot rule out the importance of
microtubulesin CSK integrity and cell migration, over thetime
scales probed by our measurements, the dynamics of microtu-
bule assembly and disassembly did not seem to modulate bead
motions.

Both cytochalasin-D and latrunculin-A caused anincreasein
bead motions that was accounted for by increases in both the
coefficient D* and the exponent « (Fig. 2). These agents act via
distinct modes of action to block the formation of F-actin:
cytochalasin-D caps existing actin filaments at the barbed ends,
whereas latrunculin-A prevents the assembly of monomeric
(G) actin into F-actin (9, 10). It seems likely that the dramatic
increase in bead motions caused by these agents reflects dis-
ruptions and/or changes in actin dynamics, resulting in net
depolymerization of F-actin. As regards the disruption of
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F-actin, the increase in the coefficient D* would be expected
because the bead would be |ess tethered to the underlying actin
CSK and thereby would move much more freely. Nevertheless,
this is not sufficient to explain the increase in the exponent «.
Although we do not understand the mechanism(s) and, in
particular, what is driving the persistence of bead motions (15,
57, 75), the active remodeling of the ASM cell as measured by
bead motions may be largely accounted for by the underlying
dynamics of actin CSK.

HSP27 and CK remodeling. In canine ASM cells, Hedges
and colleagues (26) used a cell migration assay to examine
actin CSK remodeling and its changes in response to numerous
growth factors and proinflammatory cytokines. Although these
agents are known to activate multiple signaling pathways that
could alter F-actin formation (11, 21, 27), these authors dem-
onstrated that cell migration requires phosphorylation of the
HSP27. HSP27 is a member of the stress-inducible small heat
shock protein family that is thought to act as a microfilament-
capping protein in vitro (5, 55, 56). The amino acid sequence
of human, mouse, and Chinese hamster HSP27s is highly
conserved (16, 18, 19, 28, 46), and all contain a number of the
putative protein kinase phosphorylation site motif Arg-X-X-
Ser (17, 43). There are three phosphorylation sites on human
HSP27 (denoted as Ser-15, Ser-78, and Ser-82), whereas there
are only two such sites in rodents on Ser-15 and Ser-86
(corresponding to human Ser-82). In humans, two phosphory-
lated isoforms (Ser-78 and Ser-82) are observed with various
stimulations (heat shock, phorbol ester, tumor necrosis factor,
serum, thrombin, fibroblast growth factor, and sodium arsen-
ite), and the third phosphorylated isoform (Ser-15) is observed
with sodium arsenite (43). In rodents, arsenite as well as PKC
and PKA stimuation cause a rapid phosphorylation of HSP27
on Ser-15 and Ser-86 (17). Collectively, it appears that the
major phosphorylation site of HSP27 is on Ser-82 (human) and
Ser-86 (rodent) (17, 43, 63). In the present study, we used
phospho-HSP27 antibody specific for these serine residues and
measured changes in protein phosphorylation of HSP27 by
Western blotting; therefore, we cannot explain definitely the
effects of various agonists (PDGF, 1L-1B, and TGF-B) on the
specific site of phosphorylation. In addition, we cannot explain
the strict order in which they are phosphorylated or the func-
tional conseguences, if any, of each phosphorylated isoforms.

In cultured rat ASM cells, PDGF (10 ng/ml) and IL-1B3 (6
ng/ml) both elicited a time-dependent phosphorylation of
HSP27, whereas TGF-B (1 ng/ml) elicited no detectable
change (Fig. 3). In canine ASM cells, Hedges and colleagues
(26) found generally similar results except in the case of
TGF-B, where a 20-min stimulation with the same concentra-
tion of TGF-B caused a sixfold increase in the phosphorylation
of HSP27. Although we do not know whether this differenceis
due to species specificity, concentration dependency, or the
differences in the assays used, the levels of HSP27 phosphor-
ylation induced by TGF-3 in their study, as in ours, were
consistently smaller compared with that induced by PDGF or
IL-13. Moreover, ASM cell migration in response to TGF-3
was substantially less compared with that of PDGF or IL-13
(26). In human aortic vascular smooth muscle cells, a 10-fold
higher concentration of TGF-B than what was used here does
not stimulate their migration but instead attenuates cell migra-
tion elicited by PDGF (12). Similarly, we found that ASM cells
treated for 20 min with PDGF or IL-1B3, but not TGF-(,
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exhibited a decrease in bead motions (Fig. 4). In fact, the extent
of the decrease rank ordered with the relative potency of these
agents in €liciting the phosphorylation of HSP27: the more
phosphorylated HSP27, the more bead motions decreased from
baseline.

The signaling pathways regulating HSP27 phosphorylation
are fairly well established; HSP27 lies downstream of the p38
MAP kinase cascade, in which p38 MAP kinase-mediated
activation of MAP kinase-activated protein kinase-2/3 (MAP-
KAP kinase 2/3) leads to the phosphorylation of HSP27 (21,
44, 65). To further assess the contribution of HSP27 phosphor-
ylation to the observed changes in bead motions, we used
anisomycin and arsenite, both of which are known to activate
MAP kinases, leading to the phosphorylation of HSP27 (21,
35, 49, 60, 65). ASM cells treated with anisomycin (10 wM) or
arsenite (200 pM) exhibited time-dependent increases in the
level of HSP27 phosphorylation, of which the peak phosphor-
ylation was observed at 1 h (Fig. 5). Both anisomycin and
arsenite caused substantial decreases in bead motions (Fig. 6).
Interestingly, however, the extent to which chemical stressors
(anisomycin and arsenite) and growth factors (IL-1f and
PDGF) caused decreases in bead motions was different (Figs.
4 and 6). These differences could not be solely accounted for
by their rank-ordered potency of eliciting HSP27 phosphory-
lation. At this time, we cannot explain these differences,
because these agonists are known to activate multiple signaling
pathways (21, 26, 27, 35, 49, 60, 65) and their modes of action
could be much more complex. What is clear, nevertheless, is
that signals that lead to the phosphorylation of HSP27 de-
creased bead motions.

HSP27 and CK stability. Based largely on structural evi-
dence, others have inferred that phosphorylation of HSP27
stabilizes the actin CSK (21, 30, 47, 48). We reasoned that the
decrease in bead motions reflects increases in CSK stability; if
so, then ASM cells treated with arsenite, which causes HSP27
phosphorylation, would be expected to resist the effects of the
actin-disrupting agent cytochalasin-D on bead motions. ASM
cellstreated for 1 h with 200 M arsenite exhibited a decrease
in bead motions and, more importantly, showed restricted bead
motions even after a 10-min challenge with 1 wM cytochala-
sin-D (Fig. 7; protocol 1). This is in agreement with earlier
findings by Guay and colleagues (21), who demonstrated, in
Chinese hamster CCL39 cells, that treatment with arsenite
before exposure to cytochalasin-D protects actin CSK struc-
tures. By contrast, ASM cells treated for 10 min with 1 pM
cytochalasin-D, without prior treatment with arsenite, exhib-
ited an increase in bead motions that remained elevated even
after 1 h (Fig. 7; protocol 3). Interestingly, however, exposing
the cytochalasin-D-treated ASM cells for the same duration (1
h) with arsenite (Fig. 7; protocol 2) caused a substantial
decrease in bead motions and thereby reversed the effects of
cytochalasin-D on bead motions. Although we have not ex-
plored the mechanisms that lead to those changes in bead
motions, we speculate that the phosphorylated state of HSP27
may have a direct effect on F-actin formation and/or compete
for the binding sites with cytochalasin-D, thereby providing
structural stability to the CSK.

To directly assess the specific contribution of HSP27 to CSK
stability, cultured rat ASM cells were transiently transfected to
overexpress either HSP27-wt, HSP27-uP, or HSP27-P mu-
tants. The human HSP27 and its mutant constructs have been
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previously well characterized by others (3, 17, 28, 43, 63), and
their expressions have been established in many cell types (26,
31, 36, 41, 47, 48, 52, 59). In this study, we verified the
expression of human HSP27 proteinsin cultured rat ASM cells
by Western blotting, but we did not quantify the expression.
ASM cells transfected with HSP27-wt or HSP27-uP both
exhibited an increase in bead motions but, more interestingly,
to a different extent: cells overexpressing HSP27-wt showed
dramatic increases in bead motions, whereas cell overexpress-
ing HSP27-uP showed slight increases in bead motions com-
pared with either untransfected controls or GFP-transfected
cells (Fig. 8C). By contrast, ASM cells transfected with
HSP27-P showed a dramatic decrease in bead motions com-
pared with the untransfected and the other transfected cells
(Fig. 8C). Similarly, stably transfected cell lines of rat pulmo-
nary microvascular endothelium overexpressing HSP27-P (36)
also exhibited a substantial decrease in bead motions (unpub-
lished data). These cell lines demonstrate reorganization of the
actin CSK and the formation of stress fibers (36).

Under baseline conditions, the increases in bead motions for
cells overexpressing HSP27-wt or HSP27-uP were substan-
tially bigger than for cells overexpressing HSP27-P. This is
consistent with the findings by others (5, 20, 26, 27, 47, 48, 55,
56, 59, 63) that HSP27 (unphosphorylated form) binds to actin
microfilaments at the barbed ends and inhibits actin polymer-
ization; this inhibition in turn is aleviated by the phosphory-
lation of HSP27. As regards the different extent of increase
in bead motions, we postulate that the expressed human
HSP27-wt is perhaps better able than the HSP27-uP to interact
with endogenous HSP27 to form aggregates, to bind actin
microfilaments, and/or to modulate the basal phosphorylation
levels of HSP27 in cultured rat ASM cells, al of which may
lead to decreases in actin polymerization, thereby resulting in
the observed increases in bead motions.

In response to arsenite, cells overexpressing HSP27-wt or
HSP27-uP both exhibited a decrease in bead motions, however.
The extent to which arsenite caused a decrease in bead motions
for cells overexpressing HSP27-uP (~35%) was similar to that
of the controls (untransfected and GFP-transfected cells) but
was less than that of the HSP27-wt (~44%); arsenite did not
cause further decrease in bead motionsfor cells overexpressing
HSP27-P. In fact, the measured bead motions of ASM cells
overexpressing HSP27-P were comparable to the decrease in
bead motions of other transfected cells after a 1-h treatment
with 200 wM arsenite. Thus the extent of decrease in bead
motions in response to arsenite was perhaps consistent with the
supposed ability of these mutant proteins to be phosphorylated.
These findings, taken together, support the notion that the
expressed human HSP27-wt in cultured rat ASM cells is better
ableto interact with endogenous proteins as well as signals that
lead to actin polymerization and, more importantly, suggest
that the phosphorylated state of HSP27 is important for the
stabilization of the actin CSK. Thus mechanical data obtained
in the rat ASM cell are consistent with the reported structural
changes (21, 36) and further confirm that HSP27 tethers bead
motions only when phosphorylated.

Conclusion. The ability of the CSK to deform, to flow, and
to reorganize its internal structures represents basic biological
processes that underlie a variety of higher cell functions. In
asthma, atherosclerosis, and angiogenesis, smooth muscle cells
are exposed to growth factors and proinflammatory cytokines
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that contribute to CSK remodeling (64, 69, 74). In this study,
we have shown that HSP27 phosphorylation is involved and
likely plays a central part in those CSK remodeling processes.
We have used spontaneous motions of beads anchored to the
CSK as a quantitative index of the rate of ongoing microstruc-
tural rearrangements. These spontaneous motions were super-
diffusive. Phosphorylation of HSP27 was found to tether bead
motions, thereby providing the first direct functional evidence
that activation of HSP27 indeed stabilizes the CSK and de-
creases the rate of microstructral reorganization.
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