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Abstract

Hyperosmotic stress induces cytoskeleton reorganization and a net increase in cellular F-actin, but 

the underlying mechanisms are incompletely understood. Whereas de novo F-actin polymerization 

likely contributes to the actin response, the role of F-actin severing is unknown. To address this 

problem, we investigated whether hyperosmolarity regulates cofilin, a key actin-severing protein, 

the activity of which is inhibited by phosphorylation. Since the small GTPases Rho and Rac are 

sensitive to cell volume changes and can regulate cofilin phosphorylation, we also asked whether 

they might link osmostress to cofilin. Here we show that hyperosmolarity induced rapid, sustained, 

and reversible phosphorylation of cofilin in kidney tubular (LLC-PK1 and Madin-Darby canine 

kidney) cells. Hyperosmolarity-provoked cofilin phosphorylation was mediated by the Rho/Rho 

kinase (ROCK)/LIM kinase (LIMK) but not the Rac/PAK/LIMK pathway, because 1) dominant 

negative (DN) Rho and DN-ROCK but not DN-Rac and DN-PAK inhibited cofilin 

phosphorylation; 2) constitutively active (CA) Rho and CA-ROCK but not CA-Rac and CA-PAK 

induced cofilin phosphorylation; 3) hyperosmolarity induced LIMK-2 phosphorylation, and 4) 

inhibition of ROCK by Y-27632 suppressed the hypertonicity-triggered LIMK-2 and cofilin 

phosphorylation. We then examined whether cofilin and its phosphorylation play a role in the 

hypertonicity-triggered F-actin changes. Downregulation of cofilin by small interfering RNA 

increased the resting F-actin level and eliminated any further rise upon hypertonic treatment. 

Inhibition of cofilin phosphorylation by Y-27632 prevented the hyperosmolarity-provoked F-actin 

increase. Taken together, cofilin is necessary for maintaining the osmotic responsiveness of the 

cytoskeleton in tubular cells, and the Rho/ROCK/LIMK-mediated cofilin phosphorylation is a key 

mechanism in the hyperosmotic stress-induced F-actin increase.
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Maintenance of cellular integrity under aniso-osmotic conditions is a vital homeostatic 

requirement. Accordingly, several mechanisms have evolved to cope with osmotic shock and 

the corresponding volume perturbation, which either help restore near-normal volume or 

remodel the cell structure, enabling it to withstand the physical challenge (7, 20, 36). In case 

of hyperosmotic stress, these compensatory/adaptive responses can be classified into three 

main categories: activation of solute transport systems (44); transcriptional changes 

impacting on the synthesis of osmolyte transporters and osmolyte-synthesizing enzymes (7) 

and cytoskeleton reorganization, which is necessary to maintain structural integrity, and may 

also contribute to the realization of the other two responses (1, 11, 20, 54, 73).

Regarding cytoskeleton remodeling, hyperosmolarity has been shown to induce a net 

increase in F-actin content in a variety of cells (28, 29, 37, 50, 55), but neither the 

underlying mechanism nor the responsible signaling has been sufficiently defined. Actin 

polymerization depends predominantly on the number of free barbed ends, which act as 

nuclei to receive actin monomers. Three major mechanisms are known to account for free 

barbed end generation (14): de novo nucleation, mostly through the Arp2/3 complex; F-actin 

severing, which cuts an existing filament into two (or more) parts; and uncapping of blocked 

(capped) barbed ends. Previous studies from our lab have shown that hyperosmotic stress 

facilitates de novo F-actin assembly preferentially at the cell periphery with the involvement 

of cortactin-enhanced and Arp2/3-mediated nucleation (21). Although osmotic stress has 

been reported to impact on signaling pathways that could alter severing and uncapping (42, 

47, 52, 53, 55, 57) as well, it is unknown whether such mechanisms also participate in 

osmotic stress-induced F-actin remodeling.

Filament severing is a “Janus-faced” process, since it may lead to a net increase or decrease 

in polymerized actin. Severing generates new barbed ends, which facilitates net buildup if 

the rate of monomer addition to these new ends overrides monomer dissociation. On the 

other hand, fast and extensive severing can lead to actin depolymerization and rapid loss of 

actin filaments. Cofilin has emerged as a central F-actin-severing protein, the activity of 

which is tightly regulated by phosphorylation (3, 27, 38, 46, 68). In neutrophils (46) and 

tumor cells (9), cofilin-mediated severing is an important component of dynamic 

lamellipodial activity, operating in synergy with the Arp2/3 complex (68, 69). In 

Dictyostelium, hyperosmolarity was shown to induce translocation of cofilin to the cortical 

skeleton, and cofilin overexpression increased the thickness of cortical actin bundles (1). 

Theoretically, increased cofilin activity or redistribution might play a role in the rapid 

cortical F-actin assembly in hyperosmotically shocked cells. However, an opposite scenario 

is also possible; namely, that downregulation of cofilin’s severing activity might contribute 

to the maintenance of the Arp2/3 complex-generated cortical meshwork. Importantly, cofilin 

phosphorylation results in decreased severing activity (71), which might help to preserve the 

F-actin network. However, in mammalian cells the regulation of cofilin by osmotic stress 

and the potential functional consequences of such an event are unknown.

The primary enzyme that phosphorylates cofilin is LIM kinase (LIMK) (6, 58). Rho kinase 

(ROCK I) phosphorylates LIMK1 at Thr508 (45) and LIMK2 at Thr505 (61) and enhances 

the ability of LIMKs to phosphorylate cofilin (39). In addition to the Rho/ROCK pathway, 

Cdc42 and Rac effector p21-activated kinases (PAKs) can also phosphorylate LIMK1 
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leading to cofilin phosphorylation (16, 23, 39). Relevant to this, our previous studies have 

shown that hyperosmotic stress induces a rapid and substantial increase in the level of active 

Rho in kidney tubular cells (19). Likewise, hyperosmotic exposure caused a fast activation 

of Rac and Cdc42 in neutrophils (37), Chinese hamster ovary (CHO) (21), and human 

embryonic kidney (HEK)-293 (66) cells.

Cognizant of this scenario we sought to determine whether hyperosmotic stress increases 

cofilin phosphorylation, and if so, whether this effect could be mediated by the Rho/ROCK/ 

LIMK and/or the Rac/PAK/LIMK pathway. We also asked whether cofilin plays a role in the 

osmotically induced changes in F-actin level and whether altered cofilin activity leads to net 

F-actin destruction or stabilization during osmotic stress. Our results suggest that 

hyperosmolarity promotes Rho/ROK/ LIMK-mediated cofilin phosphorylation, which in 

turn is an important contributor to the shrinkage-triggered rise in F-actin in kidney epithelial 

cells.

MATERIALS AND METHODS

Chemicals and antibodies

The enhanced chemiluminescence kit was from Amersham Pharmacia Biotech. The protease 

inhibitor mixture containing 0.8 mg/ml benzamidine-HCl, 0.5 mg/ml aprotinin, 0.5 mg/ml 

leupeptin, 0.5 mg/ml pepstatin A, and 50 mM phenylmethyl-sulfonyl fluoride (PMSF) was 

obtained from PharMingen and was dissolved in pure ethanol. The ROCK inhibitor 

Y-27632, the p38 mitogen-activated protein kinase (designated as p38) inhibitor SB-203580 

and the PAK inhibitory peptide PAK18, were from Calbiochem. Rhodamine-labeled 

phalloidin was purchased from Cytoskeleton. The following antibodies used were polyclonal 

anti-phospho-cofilin (Ser3), anti-cofilin, anti-phospho-PAK1 (Ser144)/PAK2 (Ser141), and 

anti-phospho-LIMK1 (Thr508)/LIMK2 (Thr505) and were from Cell Signaling; monoclonal 

anti-Rac was from Upstate Biotechnology, LIMK1 was from BD Transduction Laboratories; 

monoclonal anti-Myc (9E10) and polyclonal anti-LIMK2 were from Santa Cruz 

Biotechnology; antibodies against β-actin, myosin light chain, and tubulin were from Sigma, 

whereas anti-phospho-myosin light chain was from Abcam. FITC-labeled anti-mouse and 

Cy3-labeled anti-rabbit and anti-mouse IgG were from Jackson Laboratories; peroxidase-

conjugated anti-mouse and anti-rabbit IgG were from Amersham Pharmacia Biotech. Rac/

Cdc42 Assay Reagent (PAK1 PBD, agarose) was from Upstate Biotechnology. Small 

interfering RNAs (siRNAs) targeted against cofilin1 (siCofilin: GGT GTT CAA TGA CAT 

GAAA) and nonrelevant control (siNR: AUU CUA UCA CUA GCG UGA CUU) were 

purchased from Dharmacon.

Cell culture

In most experiments LLC-PK1 cells, a renal tubular epithelial cell line with several proximal 

tubule characteristics, were used. Some experiments were conducted using Madin-Darby 

canine kidney (MDCK) cells (a distal tubular line), the fibroblast-like CHO cells or Ehrlich 

Letter Ascites (ELA) tumor cells. We previously generated an LLC-PK1 cell line that stably 

expresses a retroviral vector encoding for a nonphosphorylatable, dominant negative version 

of myosin regulatory light chain (MLC), in which T18 and S19 were replaced with alanine 
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(AA-MLC) (18). The epithelial cell lines were grown in Dulbecco’s modified Eagle medium 

(DMEM), whereas the CHO (21) and ELA cells (53) were cultured in α-minimal essential 

medium and RPMI-1640 medium, respectively. The growth media contained 25 mM 

NaHCO3 and were supplemented with 10% fetal calf serum and 1% antibiotic suspension 

(penicillin and streptomycin, Sigma). Cells were grown in a humidified air-CO2 (19:1 ratio) 

atmosphere at 37°C.

Media

Bicarbonate-free RPMI 1640 was buffered with 25 mM HEPES to pH 7.4 (HPMI, 

osmolarity 290 ± 5 mosM). The isotonic sodium medium (290 ± 5 mosM) consisted of (in 

mM) 130 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 5 glucose, and 20 HEPES (pH 7.4). If not 

otherwise stated, hypertonic solution was obtained by supplementing the isotonic solution 

with 300 mM sucrose. In experiments in which other levels of hyperosmolarity were used, 

the desired value was set by adding the corresponding concentration of sucrose to the 

isotonic medium.

Constructs and cell transfection

The plasmids encoding the Myc epitope-tagged dominant-negative (DN) forms of RhoA 

[RhoA(TN19)myc], Rac1 [Rac1(T17N)myc], and Cdc42 [Cdc42(T17N)myc], as well as the 

constitutively active (CA) RhoA [RhoA(Q63L)myc], Rac1 [Rac1(Q61L)myc, and 

Cdc42(Q61L)myc] were kindly provided by Dr. G. Bokoch (Scripps Research Institute, La 

Jolla, CA) (5) and were used as described in our earlier studies (19, 21). Expression vectors 

containing cDNAs encoding the constitutively active p160 Rho-associated kinase I ROK-

CATmyc, (designated as CA-ROCK) and the dominant-negative p160 Rho-associated kinase 

I ROK-RB/PHmyc (DN-ROCK) were described previously (41, 48). All these mutants are 

NH2 terminally Myc tagged. The Myc-tagged constitutively active PAK1 (CA-PAK; 

H83,86L/ T422E) and dominant negative PAK1 (DN-PAK1; H83,86L/K299R) were kindly 

provided by Dr. A. S. Mak and have been used in our earlier studies (59). Transient 

transfection with the corresponding plasmids was performed using FuGene reagent (Roche 

Molecular Biochemicals) according to the manufacturer’s instructions. Routinely, cells were 

transfected with 1 μg of plasmid DNA per well (for 6-well plates) or 4 –5 μg of DNA per 10-

cm dish. The ratio of plasmid DNA to FuGene reagent was 1 μg to 2.5 μl, respectively. The 

classical effects of each CA and DN construct on the cytoskeleton were verified using 

rhodamine phalloidin staining (not shown).

Preparation of cell extracts

Before the experimentation, confluent cell cultures were kept in serum-free HPMI for 3 h. 

These quiescent cells were then preincubated in isotonic medium for 10 min and 

subsequently subjected to various treatments as indicated. Cells were treated with isotonic or 

hypertonic medium for different times as stated. The medium was then aspirated, and the 

cells were vigorously scraped into an ice-cold lysis buffer containing 100 mM NaCl, 30 mM 

HEPES, 20 mM NaF, 1 mM EGTA, 1% Triton X-100, pH 7.5, which was supplemented 

with 1 mM Na3VO4, 1 mM PMSF, and 20 μl/ml protease inhibitor cocktail.
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Western blot analysis

Cell lysates diluted in Laemmli buffer were boiled for 5 min, subjected to SDS-PAGE on 

10% or 15% gels, and transferred to nitrocellulose by using a semidry apparatus (Bio-Rad). 

Blots were blocked in Tris-buffered saline containing 5% bovine serum albumin and 

incubated with the corresponding primary antibody. Binding of the antibody was visualized 

by using the relevant (anti-mouse, -rabbit, or -goat) peroxidase-conjugated secondary 

antibodies (1:3,000 dilution) with the enhanced chemiluminescence method.

Rac activity assay

The abundance of active (i.e., GTP bound) small GTPase proteins was followed by affinity 

pull-down assays as described (5, 37). Confluent cell cultures were serum deprived in HPMI 

medium for 3 h followed by a 10-min incubation in isotonic medium. Subsequently, the 

medium was aspirated and replaced with either isotonic or hypertonic medium for the 

indicated times. Cells were then scraped in ice-cold magnesium lysis buffer [containing 10% 

glycerol, 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1 

mM EDTA, and 1 mM Na3VO4, supplemented with 1 mM PMSF and 20 μl/ml protease 

inhibitor cocktail], and the lysates were precleared by brief centrifugation (1 min at 12,500 

rpm). To capture active Rac, the supernatants were immediately mixed with 10 μl of a 50% 

suspension of glutathione beads covered with a fusion protein (≈10 μg) composed of 

glutathione S-transferase (GST) and the p21-binding domain of the p21-activated kinase 

(Upstate Biotechnology). After a 30-min rotation at 4°C, the beads were washed four times 

with magnesium lysis buffer, suspended in Laemmli sample buffer, and boiled for 5 min. 

Precipitated proteins were subjected to electrophoresis on 15% SDS-polyacrylamide gels, 

which was followed by Western blot analysis using anti-Rac antibody. To obtain controls for 

active and inactive GTPases, lysates from untreated cells were supplemented with 0.1 mM 

GTPγS or 1 mM GDP, respectively, and incubated for 15 min. Nucleotide binding was 

locked by adding 60 mM MgCl2 to the lysates, and the samples were analyzed.

Immunofluorescence microscopy

Confluent cultures grown on round, 25-mm coverslips were serum deprived for 3 h in 

HPMI, preincubated for 10 min in isotonic medium, and treated as specified in the figure 

legends. Subsequently, the cells were fixed for 30 min with 4% paraformaldehyde. The 

coverslips were extensively washed with PBS, incubated with 100 mM glycine in PBS for 

10 min, permeabilized with 0.1% Triton X-100 in PBS for 20 min, and then blocked with 

3% BSA or 1% donkey serum in PBS for 1 h. Samples to be stained with the anti-phospho-

cofilin were fixed with ice-cold methanol for 6 min and blocked as described. Subsequently, 

the samples were incubated with primary antibodies for 1 h, washed with PBS, and 

incubated with fluorescently labeled secondary antibodies for 1 h. The coverslips were 

washed and mounted on glass slides using mounting solution (DAKO). Samples were 

viewed using an Olympus IX81 microscope (Melville, NY) (×60 objective), coupled to an 

Evolution QEi Monochrome camera (Media Cybernetics, Silver Spring, MD), and driven by 

the ImageQuant acquisition software.
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Transfection of siRNA

Kidney tubular epithelial cells (LLC-PK1) were transfected with 20 nM nonrelevant or 

cofilin siRNA using Lipofectamine RNAiMAX reagent from Invitrogen as per the 

manufacturer’s instruction. Cells were incubated for 48 h following transfection, without any 

medium replacement.

Quantification of F-actin

Measurement of cellular F-actin content was based on a rhodamine phalloidin binding and 

extraction assay, essentially as described in Pedersen et al. (50), with slight modifications. 

Cells were grown to confluence in six-well plates, serum-deprived for 3 h, and preincubated 

with isotonic medium for 10 min, which was then aspirated and replaced with either the 

same isotonic or hypertonic medium (+300 mM sucrose) for 5 min. At the end of this 

period, the cells were fixed in the corresponding medium supplemented with 2% 

paraformaldehyde (final concentration) for 10 min at room temperature and placed on ice for 

another 30 min. The cells were then gently washed three times with PBS, permeablized for 

10 min using a saponin buffer (10 mM MOPS, 5 mM EGTA, 20 mM K2HPO4, 2 mM 

MgSO4, 0.1% saponin, pH 6.9), and then incubated for 1 h in 250 μl of the same solution 

supplemented with 0.33 μM rhodamine phalloidin. The medium was aspirated, and the cells 

were washed three times in the MOPS solution without saponin. To extract the bound 

phalloidin, 2.5 ml of pure methanol were added to each well, and the samples were 

incubated under gentle shaking for 30 min. The entire volume of methanol from each sample 

was then transferred into a cuvette, and the fluorescence of each sample was measured by a 

Photon Technologies (PTI) fluorimeter using 540 and 576 nm for excitation and emission, 

respectively. The autofluorescence of methanol extracts (determined in the absence of added 

rhodamine phalloidin) was negligible. Both visual inspection and protein determination 

(performed after methanol extraction) verified that there was no loss of cells or protein 

during isotonic or hypertonic treatment. Relative canges in F-actin content are expressed 

compared with the fluorescence of the isotonic sample (100% = 1).

Protein assays

Protein concentrations were determined by bicinchoninic acid assay (BCA Assay, Pierce) 

using BSA as a standard.

Densitometry

Quantification of the bands was performed using a Bio-Rad GS-690 Imaging Densitometer 

and the Molecular Analyst program as described previously (31).

Data are presented as representative immunoblots or photomicrographs of at least three 

similar experiments or as the means ± SE of the number of experiments indicated (n). 

Statistical significance was calculated using ANOVA or Student’s t-test.
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RESULTS

Hypertonicity induces cofilin phosphorylation in tubular cells

To assess the effect of hyperosmotic stress on cofilin phosphorylation, LLC-PK1 cells were 

exposed to either isotonic (290 mosM) or hypertonic (590 mosM) media for various times (1 

to 30 min) and then lysed and subjected to Western blotting using phospho-cofilin and 

cofilin antibodies. Hypertonic treatment substantially increased cofilin phosphorylation, an 

effect that was readily apparent after 1 min, peaked after 2–10 min at about threefold over 

the isotonic level, and persisted for 30 min, i.e., during the entire duration of these 

experiments (Fig. 1A). Restoration of isotonicity after hypertonic exposure resulted in a 

rapid decrease in cofilin phosphorylation, which returned to the prestimulus level within a 

few minutes (Fig. 1B). The magnitude of cofilin phosphorylation depended on the applied 

osmotic concentration (Fig. 1C): a discernable increase was attained at mild osmotic stress 

(325–400 mosM), the maximum was reached at approximately equaling a doubling of the 

isotonic level (600 mosM), whereas the response tended to diminish at very high 

osmolarities (900 mosM). MDCK cells, another tubular cell line, also exhibited cofilin 

phosphorylation upon hyperosmotic stimulation; in these cells the response was even more 

pronounced (>5-fold) after a 10-min stimulation but appeared to be more transient in nature 

(Fig. 1D). In contrast, in the fibroblast-like CHO cells, cofilin was highly phosphorylated 

even under resting (isotonic) conditions, and hyperosmolarity failed to induce any significant 

change in the level of phospho-cofilin (Fig. 1E). Taken together, these results show that in 

kidney tubular cells hyperosmotic stress induces rapid, sustained, and reversible cofilin 

phosphorylation, which shows a bell-shape dependence on osmolarity.

Osmotic stress triggers a biphasic response in Rac activity and induces PAK 
phosphorylation in tubular cells

Depending on the stimulus and cell type, cofilin phosphorylation may be downstream to 

Rho/ROCK-mediated (45, 61, 67) or Rac/ p21-activated kinase (PAK)-mediated (23, 39) 

activation of LIMK (and see Ref. 72). Our earlier studies have shown that hyperosmotic 

stress induces robust and sustained Rho activation in LLC-PK1 cells (19). Whereas 

hyperosmolarity was also found to stimulate Rac (21, 37, 66) and PAK (10, 13, 56) in 

certain cell types, the osmotic responsiveness of this small GTPase has not been 

characterized in LLC-PK1 cells. To assess the potential involvement of the Rac pathway, we 

first determined the effect of hypertonic stimulation on the level of active Rac and PAK. 

Exposure of the cells to hypertonicity caused a small but significant increase (1.21 ± 0.04-

fold; n = 4) in the precipitated (active) Rac after 30 s, which was followed by a gradual and 

substantial decrease below the resting level (Fig. 2A). This response was consistent with the 

early and transient Rac activation observed in HEK-293 cells upon osmotic stimulation (66). 

Since peripheral translocation of Rac is a strong indicator of Rac activation (64), we 

followed the Rac distribution upon osmotic stress. In resting cells, Rac was present in the 

cytosol in a finely punctate manner. Hypertonicity caused early and marked increase in 

peripheral labeling that manifested as enhanced Rac staining in a narrow line along the cell 

border, accompanied by Rac accumulation in perinuclear clusters (Fig. 2B). At later times 

peripheral labeling was still present albeit was less pronounced. Together these data may 

indicate early Rac activation, followed by deactivation, but they may also be consistent with 
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the possibility that activated Rac binds preferentially to an endogenous effector, and thereby 

remains “invisible” for the PAK-binding domain of the GST-fusion protein, utilized in the 

pull-down assay. To substantiate that the apparently modest Rac activation may, 

nevertheless, have functional consequences, we examined the phosphorylation of PAK, a 

well-known downstream effect of Rac activation. Hyperosmolarity provoked transient PAK 

phosphorylation, which peaked at 5 min and decayed thereafter (Fig. 2C). Taken together, 

these data suggest that LLC-PK1 proximal tubular cells respond to hypertonic stress with a 

modest and transient activation of Rac and PAK, which is followed by an apparent Rac 

inactivation.

Rho/ROCK but not rac/PAK pathway is the critical regulator of the osmotically induced 
cofilin phosphorylation

To delineate whether the Rac and/or Rho pathway(s) could be upstream of cofilin 

phosphorylation in tubular cells, we employed two strategies in the following order: 1) we 

examined whether constitutively active members of the Rac and Rho pathways are able to 

promote cofilin phosphorylation; and 2) we investigated whether genetic or pharmacological 

interference with Rac or Rho signaling alters the hyperosmotically induced cofilin 

phosphorylation.

Monolayers of LLC-PK1 cells were transfected with Myc-tagged constitutively active (CA) 

Rac or Rho constructs and 24 – 48 h later were doubly stained for phospho-cofilin and the 

Myc epitope to indentify the successfully transfected cells. As shown on Fig. 3A, cells 

expressing CA-Rho but not CA-Rac (Myc-positive, green) displayed enhanced phospho-

cofilin labeling compared with their untransfected neighbors. In fact increased cofilin 

phosphorylation was readily detectable by Western blot analysis in whole cells lysates 

obtained from CA-Rho-transfected cultures: there was a 1.44-fold increase in the total 

phospho-cofilin signal, despite the low transfection efficiency (<10%), indicating that very 

substantial (severalfold) increase occurred in the phospho-cofilin content of CA-Rho-

expressing cells (Fig. 3B). No increase in phospho-cofilin content was observed upon 

transfection of CA-Rac (Fig. 3C, bottom). In accordance with these findings, Myc-tagged 

CA-ROCK (a downstream effector of Rho) but not CA-PAK (downstream effector or Rac 

and Cdc42), induced enhanced phospho-cofilin labeling in tubular cells (Fig. 3C). These 

observations were corroborated by Western blot analysis: transfection of cultures with CA-

ROCK caused a significant increase in the total phospho-cofilin content of the lysates, 

whereas CA-PAK had no effect, despite the fact that the overall PAK expression exceeded 

that of ROCK, as verified by the Myc-signal (Fig. 3D). Collectively, these findings suggest 

that in LLC-PK1 cells the Rho/ROCK pathway is a strong inducer of cofilin 

phosphorylation, whereas the Rac/PAK pathway does not appear to play a major role in the 

regulation of this process.

In the following experiments we sought to determine whether the osmotically induced 

cofilin phosphorylation was mediated by the Rho/ROCK/LIMK pathway. Hyperosmolarity 

induced a general increase in phospho-cofilin staining in non-transfected cells, which was 

present in the entire cell interior without showing accumulation in any particular 

compartment. Expression of dominant negative (DN) Rho fully prevented the rise in 
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phospho-cofilin staining in the cytosol (Fig. 4A). We occasionally observed that elevated 

phospho-cofilin labeling remained present in the nucleus (see DISCUSSION), but the 

majority of the response was eliminated. In contrast, DN-Rac did not interfere with the 

osmotically evoked cofilin phosphorylation (Fig. 4B). In accordance with these findings, 

DN-ROCK but not DN-PAK abolished the hypertonicity-induced elevation in phospho-

cofilin staining (Fig. 5, A and B).

To substantiate these findings with biochemical methods on entire cell populations, we used 

pharmacological approaches. Pretreatment of cells with the ROCK inhibitor Y-27632 

drastically reduced the basal cofilin phosphorylation under isotonic conditions and abolished 

its hypertonicity-triggered increase, as detected by Western blot analysis (Fig. 6A). In 

contrast, PAK18, a selective cell-permeable PAK inhibitor failed to prevent cofilin 

phosphorylation (Fig. 6C). Importantly, hyperosmolarity induced sizable and rapid LIMK2 

phosphorylation that reached a plateau at approximately sixfold increase at 5 min (Fig. 6B). 

Moreover, the hyperosmolarity-provoked LIMK2 phosphorylation was entirely prevented by 

Y-27632 (Fig. 6B).

A recent report indicated that in endothelial cells vascular endothelial growth factor 

stimulated LIMK1 by inducing its phosphorylation on Ser-323, a distinct site from the 

ROCK target Thr-508. This reaction was mediated by MK2, a downstream target of p38. 

Since hyperosmolarity is a well-known activator of p38, we asked whether p38 could be 

involved, either upstream or downstream of ROCK, in the hypertonicity-induced cofilin 

phosphorylation. Figure 6D shows that inhibition of ROCK, which prevented the 

hyperosmolarity-induced cofilin phosphorylation, had no effect on the hyperosmolarity-

induced p38 phosphorylation. Conversely, inhibition of p38 by SB-203580 did not eliminate 

cofilin phosphorylation; in fact, occasionally we observed elevated basal cofilin 

phosphorylation under isotonic conditions after preincubation with SB-203580. 

Interestingly, PAK18 prevented the osmotically provoked p38 phosphorylation (Fig. 6E). 

Together these findings verify the efficiency of the PAK inhibitor, indicate that PAK is an 

important mediator of the hyperosmolarity-induced p38 phosphorylation, and argue against 

the possibility that p38 activation would play a major role in the osmotically induced cofilin 

phosphorylation in kidney tubular cells. Considered in aggregate, our results suggest that the 

Rho/ROCK/LIMK pathway is the central mediator of the hypertonicity-induced cofilin 

phosphorylation.

Functional significance of cofilin phosphorylation: involvement in F-actin increase during 
osmotic stress

A variety of cell types was reported to respond with cytoskeletal remodeling and particularly 

with a net increase in their F-actin content to hyperosmotic stress (28, 29, 37, 50, 55). The 

mechanism underlying this phenomenon remained largely undefined. In the following 

experiments we sought to address whether cofilin in general and cofilin phosphorylation in 

particular might play a role in the osmotically triggered F-actin response. To address this 

question, we compared the effect of hyperosmotic challenge on F-actin changes in control 

and cofilin-depleted cells. Cells were treated for 48 h either with a nonrelated siRNA or an 

siRNA designed to silence cofilin (siCof). The siCof construct caused a near-complete 
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(>90%) reduction in cofilin expression, as verified by Western blot analysis (Fig. 7A). 

Hyperosmotic exposure caused a large increase in the total F-actin content (measured as the 

extractable Rhodamine-phalloidin) in control siRNA-treated cells, indicating the osmotic 

sensitivity of the cytoskeleton in kidney tubular cells (Fig. 7B, columns 1 and 2). 

Interestingly, downregulation of cofilin also led to a remarkable rise in F-actin. The 

magnitude of this increase was comparable to the osmotically provoked effect. Moreover, 

hypertonic stimulation of cofilin-depleted cells failed to elicit any further change in their F-

actin content (Fig. 7B, columns 3 and 4). These results unambiguously imply that the 

presence of cofilin is a prerequisite for the osmotic responsiveness of kidney tubular cells, in 

terms of remodeling of their F-actin skeleton. However, these data do not indicate whether 

cofilin, or more importantly, its osmotically induced phosphorylation plays a causal role in 

the osmotic stress-induced F-actin change. To address this question, we tested the effect of 

Y-27632, which abolished the hypertonically triggered cofilin phosphorylation (Fig. 6A). 

Importantly, control (untreated) cells responded with a substantial increase in their F-actin 

content1, whereas Y-27632 completely prevented the hypertonicity-induced rise (Fig. 7C). 

These observations clearly indicate that the hypertonicity-induced elevation in polymerized 

actin is a ROCK-dependent process in LLC-PK1 cells.

Whereas the above findings are consistent with a causal role of cofilin phosphorylation in 

the actin response, an important caveat is that cofilin phosphorylation is not the only ROCK-

dependent, cytoskeleton-modulating process. The other ROCK-mediated downstream effect 

is MLC phosphorylation, which, as we have shown earlier (18, 19), indeed occurs during 

hyperosmotic stress in LLC-PK1 cells. It was therefore conceivable that MLC 

phosphorylation (or the consequent MLC activation) might be the critical event. Myosin 

activity can be blocked pharmacologically with blebbistatin; however, this drug induces 

drastic alterations in basal F-actin arrangement (18) and fails to prevent MLC 

phosphorylation per se. Therefore, we addressed the question with a more specific tool that 

directly targets MLC phosphorylation and does not induce gross alteration in the F-actin 

structure (18). We have generated an LLC-PK1 cell line that stably expresses AA-MLC, 

dominant negative light chain mutant in which Thr18 and Ser19, the critical target residues 

for phosphorylation, were replaced with phenylalanine. In accordance with our earlier 

findings (18), expression of AA-MLC effectively inhibited the hypertonicity-provoked MLC 

phosphorylation (Fig. 7D). We considered a potential problem before testing the effect of 

AA-MLC on the F-actin response: it was conceivable that AA-MLC might inhibit ROCK (as 

a competitive inhibitor) since wild-type MLC is a direct substrate of ROCK. However, this 

possibility was excluded since hyperosmolarity elicited comparable cofilin phosphorylation 

also in AA-MLC cells, and Y-27632 eliminated the basal and stress-induced cofilin 

phosphorylation (see blots on Fig. 7E). We then tested the effect of hypertonicity: AA-MLC 

cells responded to osmotic stress with a marked increase in their F-actin content, similar to 

the parent cells, and Y-27632 prevented the hypertonicity-induced F-actin increase in these 

cells as well (Fig. 7E). Y-27632 in itself appeared to cause a slight elevation in the basal F-

actin, which did not change upon hyperosmotic stress. Taken together, these observations are 

1Interestingly the hyperosmotic effect on F-actin was even somewhat bigger in cells transfected with nonrelated siRNA (Fig. 7B) 
compared with untransfected cells (Fig. 7C), suggesting that the transfection reagent might sensitize cells to the effect of 
hyperosmolarity.
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consistent with the notion that ROCK-mediated cofilin phosphorylation is a key contributor 

to the F-actin response triggered by hypertonic shock.

The finding that ROCK activity was critical for the cell shrinkage-induced F-actin rise was 

somewhat surprising, because this process was found to be insensitive to Y-27632 in Ehrlich 

ascites (EA) cells (49). Since these are suspended (nonattached) cells, it was not clear 

whether the difference was due to distinct cytoskeletal responses to osmotic stress in 

attached versus suspended cells, or it reflected cell type-specific differences in the 

mechanism whereby the F-actin change is brought about. To address this question, we 

investigated the ROCK-sensitivity of F-actin changes in ELA cells, an attached counterpart 

of EA cells. Hyperosmolarity provoked an increase in F-actin in ELA cells, albeit their 

response was smaller than that observed in LLC-PK1 cells. Importantly, Y-27632 did not 

have any effect on the basal F-actin level or its hypertonicity-induced elevation (Fig. 7F). 

These findings suggest that a similar, general response (stress-induced rise in F-actin) can be 

realized by different mechanisms in a cell type-specific manner (see DISCUSSION).

Effects of strong, long-term hyperosmotic stress on cofilin

Nephrotoxicant-induced, apoptosis-promoting stress has been recently shown to reduce 

cellular cofilin levels in LLC-PK1 cells (17). We were therefore interested whether, in 

addition to the regulation of cofilin phosphorylation, stronger (and longer lasting) osmotic 

stress might alter cofilin expression. Exposure of the cells to a medium of 900 mosM for 3 h 

(a condition that was accompanied by caspase-3 activation; data not shown) induced a strong 

decrease in their total cofilin content (Fig. 8). Moreover, this sustained and robust 

hyperosmotic shock was not accompanied by increased cofilin phosphorylation. In fact there 

was an overall decrease in the phosphorylation of the remaining cofilin compared with the 

isotonic levels (Fig. 8). This finding was in accordance with our observation that even at 

early times (5 min) strong hyperosmolarity elicited much less cofilin phosphorylation than 

moderate osmolarity (Fig. 1C). This suggests that the phosphorylating pathways are less 

efficient under these extreme conditions and/or cofilin phosphatases are also activated. In 

any case, these results show that hypertonicity exerts multiple and profound effects on 

cofilin: short-term, milder osmotic stress induces cofilin phosphorylation, whereas long-term 

strong osmotic stress induces cofilin degradation and may favor dephosphorylation. These 

changes, in turn may have major impact on the regulation of the actin skeleton during stress 

(see DISCUSSION).

DISCUSSION

The reorganization of the cytoskeleton upon osmotic stress is a ubiquitous response that has 

been documented in a variety of eukaryotic organisms, including yeast (11), Dictyostelium 
(1, 73), and mammalian cells (see Ref. 20). Despite the fact that this general phenomenon is 

thought to be critical for mechanical protection of the challenged cells (30, 54, 73), the 

underlying mechanisms remained poorly defined. Our current studies indicate that, in kidney 

tubular cells, hyperosmotic stress induces cofilin phosphorylation via the Rho/ROCK/ LIMK 

pathway, and this process is a central contributor to the ensuing increase in F-actin. Several 

lines of evidence support this conclusion: hyperosmotic stress provokes rapid and sustained 
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Rho activation (19) as well as substantial LIMK phosphorylation (current work) with 

slightly delayed kinetics; genetic or pharmacological inhibition of Rho or ROCK nearly 

eliminates the shrinkage-induced cofilin phosphorylation and LIMK activation; and 

importantly, ROCK inhibition prevents the hypertonicity-triggered increase in F-actin. 

Moreover, downregulation of cofilin elevates the basal F-actin level and cancels further 

changes on osmotic stimulation. Together these findings imply that basal cofilin activity is 

essential to render the cell osmotically responsive, whereas the shrinkage-induced inhibition 

of cofilin activity is a key component of the response itself.

Our results not only provide evidence for the involvement of the Rho/ROCK pathway in the 

osmotically provoked cofilin phosphorylation but also rule out the participation of the 

Rac/PAK pathway. The major arguments supporting this view are that the kinetics of the 

transient Rac and PAK activation do not correspond to the cofilin response and, more 

importantly, that DN-Rac, DN-PAK, and a PAK inhibitor do not prevent the shrinkage-

induced cofilin phosphorylation. In addition, CARac and CA-PAK fail to promote cofilin 

phosphorylation in tubular cells. The latter findings were somewhat surprising given the fact 

that Rac and PAK have been described as potent inducers of cofilin phosphorylation in 

neuronal cells (39). However, recent reports indicate that the overall role of the Rac/PAK 

pathway in cofilin phosphorylation is very different in epithelial cells. Specifically, both Rac 

(32, 60) and PAK1 (15) have been shown to promote cofilin dephosphorylation, presumably 

by activating the cofilin phosphatase, slingshot, and this effect seems the predominant in 

certain cell types. In agreement with the potential contribution of such mechanism, in some 

experiments we observed that CA-Rac seemed to reduce cofilin phosphorylation in 

hypertonically treated cells. Provided that the substantial decrease in precipitated GTP-Rac 

(after the initial increase) indeed reflects reduced Rac activity during osmotic shock, this 

effect might contribute to the maintenance of cofilin phosphorylation by suppressing cofilin 

phosphatase activity. Finally, it is worth mentioning that over-expression of CA-Cdc42 

caused a slight increase in cofilin phosphorylation in some cells (data not shown). This 

finding may be due to the fact that Cdc42 can activate LIMK through myotonic dystrophy 

kinase-related Cdc42-binding kinase-α (62). The osmosensitivity of this pathway remains to 

be determined.

Whereas in tubular cells the majority of the osmotically provoked cofilin phosphorylation is 

mediated by the Rho/ ROCK pathway, alternative mechanisms may also contribute and may 

even be predominant in other cell types. A recent report shows that in endothelial cells 

vascular endothelial growth factor stimulates LIMK1 by inducing its phosphorylation on 

Ser-323, a distinct site from the ROCK target Thr-508. This reaction is mediated by MK2, a 

downstream target of p38. In endothelial cells, strong osmotic stress increased the activity of 

LIMK1 and cofilin phosphorylation in a p38-dependent manner (34). Whereas our own data 

clearly show that the ROCK-dependent cofilin phosphorylation is not mediated by p38, and 

thus represents a distinct mechanism, the involvement of a minor, p38-dependent component 

cannot be excluded. Such mechanism may explain our observation that DN-Rho did not 

fully extinguish cofilin phosphorylation in areas corresponding to the nucleus and raises the 

notion that nuclear cofilin phosphorylation might be separately regulated. Since MK2, p38, 

and LIMK can all reside in the nucleus (4, 26, 43, 70) and certain stresses can induce 

nuclear cofilin translocation (51), it will be interesting to determine whether the Rho/ 
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ROCK/LIMK2 pathway is predominantly responsible for the cytosolic phosphorylation of 

cofilin, whereas the p38/MK2/ LIMK1 pathway for its nuclear phosphorylation.

A central finding of the present work is that the shrinkage-induced increase in F-actin 

critically depends on the Rho/ROCK pathway and cofilin in tubular cells. We reported 

earlier that in these cells the Rho/ROCK pathway mediates the hypertonicity-triggered MLC 

phosphorylation as well (19), and it has been shown to underlie the hypertonicity-provoked 

assembly of a novel cytoskeletal structure, myosin-containing striated polygonal actin 

networks (termed as SPAN) in endothelial cells (40). Thus this route can regulate net F-actin 

levels, myosin phosphorylation, and the assembly of acto-myosin, implying that it is a 

central mediator of the overall cytoskeletal response to osmotic stress. However, net F-actin 

generation is a complex process that, in addition to changes in severing, involves de novo F-

actin assembly (nucleation) and altered capping as well (14). The relative contribution of 

these mechanisms may grossly differ in various cell types. Accordingly, the present study 

shows that the Rho/ROCK (cofilin) pathway is central in two kidney tubular cell lines, but it 

plays no major role in ELA cells, and presumably in CHO cells, which fail to respond with 

increased cofilin phosphorylation. It is worth noting that although ELA cells exhibit Rho 

activation upon osmotic stress, this response is transient (53). One of the alternative F-actin 

generating mechanisms may be the shrinkage-induced production of phosphatidylinositol 

4,5-bisphosphate (PIP2) (42), which facilitates the dissociation of capping proteins (e.g., 

gelsolin) from filament ends (63) and also activates the Arp2/3 complex, thereby inducing 

nucleation (65). The latter process is mediated via Wiskott-Aldrich syndrome protein 

(WASP) family proteins, which in addition to phosphoinositides, require costimulation with 

Cdc42 or Rac. These small GTPases are also activated by hypertonicity in certain cells (see 

Ref. 20), and, at least in neutrophils (37, 55), were shown to be involved in the net F-actin 

elevation. Moreover, shrinkage (presumably through PIP2) activates members of the ezrin-

radixin-moesin family, important organizers of the cortical cytoskeleton (53). Interestingly, 

downregulation of ezrin significantly reduced the hypertonicity-provoked Rho activation, 

suggesting that ezrin may be one of the upstream elements linking cell shrinkage to Rho 

(53). It is worth noting that Rho might enhance F-actin assembly in a ROCK-independent 

manner as well, through mDia (24). The involvement of this pathway awaits elucidation. 

Finally, activation of p38 may facilitate F-actin assembly either by inhibiting the filament 

capping-activity of heat shock protein-27 (52) or by modifying severing via the alternative 

phosphorylation of LIMK1 (34), as mentioned above. Clearly, these mechanisms do not act 

in isolation but cooperate (with different weight) in the cell-type-specific realization of the 

actin response. Our studies suggest that in tubular cells de novo F-actin assembly should be 

accompanied by decreased severing to ensure a net increase in the F-actin content. It is 

worth noting that in addition to phosphorylation, cofilin activity may also be modulated by 

other osmotically regulated factors, such as intracellular pH and PIP2 (22). Future studies are 

warranted to determine the impact of these parameters in various cell types.

Finally, we address the potential functional role of cofilin and its Rho/ROCK-mediated 

phosphorylation during osmotic stress. In Dictyostelium, the reorganization of the cortical 

cytoskeleton (increased F-actin content and bundling together with enhanced myosin-based 

contractility) were shown to be osmoprotective (35, 54, 73). Coflin was implicated in the 

process, as its overexpression was accompanied with increased length and thickness of 
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cortical actin bundles during stress (1). To explain this somewhat paradoxical observation, 

Aizawa et al. (1) proposed that increased severing might be followed by augmented filament 

annealing. Potential changes in cofilin phosphorylation during osmotic shock have not been 

investigated in the slime mold. Our studies suggest that in mammalian cells cofilin 

phosphorylation and consequently decreased F-actin severing, along with enhanced MLC 

phosphorylation may lead to the same functional outcome: increased cortical rigidity that 

helps the cells withstand acute mechanical stress. This “frozen” cytoskeletal arrangement 

may also be responsible for the major (and therapeutically exploited) inhibitory effects of 

hypertonicity on processes that depend on actin dynamics, including endo- and exocytosis 

and cell motility (55). Regarding the kidney, hyperosmolarity-induced increase in and 

reorganization of F-actin has also been documented in intact medullary thick ascending limb 

of Henle (8). In addition to osmoprotection, such F-actin changes are thought to be involved 

in volume control (8) and solute transport through the regulation of the activity and 

trafficking of various ion transporters and water channels (2, 33). Assessment of the 

potential role of volume-sensitive cofilin phosphorylation in these physiological processes is 

an attractive area for future research.

In addition to its cytoskeletal functions, cofilin has been implicated in the regulation of 

apoptosis as well; upon stress cofilin was shown to translocate to the mitochondria, where it 

facilitates the apoptotic machinery (12). Interestingly, however, only active 

(nonphosphorylated) cofilin seems to participate in this process. It is therefore conceivable 

that rapid phosphorylation of cofilin during stress would decrease the translocation-

competent pool, thereby delaying apoptosis and providing time for volume-regulatory and 

other adaptive mechanisms. However, the picture is more complex: Whereas short-term 

inhibition of cofilin may be useful both for acute mechanoprotection and delayed onset of 

apoptosis, the overall absence of cofilin is likely deleterious. This view is supported by our 

finding that deletion of cofilin enhances caspase activation, induced by strong and long-

lasting hyperosmolarity (work in preparation). This scenario is likely due to the fact that 

cofilin downregulation substantially increases the total F-actin in the cells (Fig. 7A), and 

excessive actin polymerization was found to be an inducer of cellular aging and apoptosis 

(25). Furthermore, we and others observed that during extreme stress conditions, cofilin is 

degraded and dephosphorylated, events that may mark the dysregulation of cofilin and the 

irreversible phase of stress-induced death.

Taken together, the presence and the phosphorylation of cofilin are important for the osmotic 

responsiveness of the cytoskeleton, the osmotically provoked adaptive cytoskeleton 

rearrangement, and presumably, for the regulation of survival/ apoptosis in moderate versus 

extreme stress.
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Fig. 1. 
Hyperosmolarity induces rapid and reversible cofilin phosphorylation in kidney tubular 

cells. A: confluent layers of LLC-PK1 proximal tubule cells grown in 6-well plates were 

preincubated in isotonic (Iso) medium for 10 min and then exposed to iso- or 

hyperosmolarity (Hyper = isotonic medium supplemented with 300 mM sucrose) for the 

indicated times. Cells were then lysed, and aliquots of cell lysates containing equal amounts 

of protein were subjected to Western blot analysis using an anti-phospho-cofilin (pcof) 

antibody. To check for total cofilin expression and the equality of protein loading, the blots 

were reprobed using antibodies against cofilin (cof) and actin. Blot is not shown for the 

isotonic full time course. Routinely a 5-min isotonic treatment was used as control (labeled 

as Iso), since maximal responses (plateau) to hyperosmolarity were usually attained at this 

time point. Bottom: densitometric analysis of the hyperosmolarity-induced cof 

phosphorylation. Data are expressed as fold change, normalized to the pcof-to-cof ratio of 

the isotonic sample as 1. Means ± SE for n = 12 separate experiments are shown. B: 

reversibility of the osmotically provoked cof phosphorylation. Cells were treated iso- or 

hypertonically for 5 min as in A and then isotonicity was reestablished for the indicated 

times (min). Subsequently cells were lysed and processed as in A. C: dependence of the 
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hypertonicity-induced cof phosphorylation on the osmotic concentration of the medium. 

Osmolarity was set to the indicated values using various concentrations of sucrose added to 

the isotonic medium. After 10 min preincubation in the isotonic medium, cells were 

challenged with the corresponding level of osmolarity for 5 min and then processed as in A. 

Changes in pcof levels are expressed compared with isotonic control. D: Madin-Darby 

canine kidney (MDCK) distal tubular cells exhibit similar cof phosphorylation upon 

hyperosmotic treatment. Similar conditions were used as in A. E: hyperosmolarity does not 

increase cof phosphorylation in Chinese hamster ovary (CHO) cells.
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Fig. 2. 
The effect of hyperosmolarity on Rac and PAK in LLC-PK1 cells. A: confluent layers of 

LLC-PK1 cells in 10-cm dishes were challenged with a hypertonic solution for the indicated 

time. Cells were then lysed and processed for the Rac activity assay as described under 

MATERIALS AND METHODS. Before the pull-down assay, an aliquot was taken from 

each lysate to measure total Rac. Note that hyperosmolarity induced a rapid, small, but 

significant increase in the amount of captured (GTP-bound) Rac, followed by a substantial 

decrease (n = 4, *P < 0.05 and *** P < 0.001). B: effect of hyperosmolarity on the 

intracellular localization of Rac. LLC-PK1 cells, grown to confluence on glass coverslips 

were treated iso- or hypertonically as indicated. Cells were then fixed and stained for Rac 

using a primary and a Cy-3-labeled secondary antibody. Note that under isotonic condition 

Rac distribution is primarily cytosolic, exhibiting some vesicular pattern; after exposure to 

hypertonicity, the most prominent Rac labeling occurs at the cell periphery, whereas the 

overall cytosolic staining is reduced. We often observed enhanced and polarized Rac 

labeling in the perinuclear area. C: hyperosmolarity induces transient PAK phosphorylation. 

Cells were treated as indicated, and cellular lysates were processed for Western blot analysis 

using a phospho-specific (Ser 142/144) PAK1/2 antibody. Results of densitometric analyses 

obtained from 3 independent experiments are shown.
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Fig. 3. 
Constitutively active (CA) Rho and ROCK but not Rac and PAK induce cof phosphorylation 

in tubular cells. A and B: LLC-PK1 cells grown on coverslips were transfected with one of 

the indicated constructs (1 μg DNA) encoding for the Myc epitope-tagged constitutively 

active form of Rho, Rac, ROCK, and PAK. Forty-eight hours later, the cells were briefly 

washed, fixed, and doubly stained for phosphorylated cof (red) and the Myc epitope (green) 

to identify the successfully transfected cells. Identical cells on the corresponding images are 

marked with identical symbols (arrows or asterisks). C: cells grown in 10-cm dishes were 

transfected with empty vector (Mock), CA-Rho, or CA-Rac and lysed 48 h later. Proteins of 

the whole cell lysates were separated by SDS-PAGE and subjected to Western blotting using 

anti-phospho-cof. The blots were reprobed with anti-Rho and anti-Myc antibodies to detect 

all and endogenous Rho proteins, respectively. Despite the fact that the transfection 

efficiency was only a few percent (< 10%), a highly significant (P < 0.001) 1.44-fold 

increase was detected in the phospho-cof content of the CA-Rho-transfected monolayers. 

This increase corresponds to a 5- to 10-fold increase in the CA-Rho expressing cells. D: 

cells were transfected with empty vector or Myc-tagged CA-ROCK or CA-PAK1 and then 

processed as in C. Tubulin was used as loading control. Note that CA-ROCK caused a 

highly significant increase in the phospho-cof content of the entire cell population (with a 
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few % transfection) originating from a large increase present in the ROCK-expressing cells. 

CA-PAK failed to increase cof phosphorylation despite the fact that PAK1 expression was 

stronger than ROCK expression, as verified by the Myc signal.
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Fig. 4. 
Dominant negative (DN) Rho but not DN-Rac prevents the hypertonicity-induced 

phosphorylation of cof. Cells were transfected with Myc-tagged DN-Rho (A) or DN-Rac (B) 

constructs, as described under Fig. 3, treated iso- or hypertonically (as indicated), and 

stained for phospho-cofilin (pcof, red) and the Myc epitope (green). The presence of cells 

was visualized by the nuclear stain 4,6-diamidino-2-phenylindole (DAPI) (blue). To help 

identification of the transfected cells on the red image, the area of the corresponding cell(s) 

was traced with a dashed line. Note that the expressions of DN-Rho almost completely 

suppressed the hyperosmolarity-triggered increase in pcof staining, whereas the pcof content 

of DN-Rac-expressing cells is indistinguishable from their nontransfected neighbors. In DN-

Rho expressors, we occasionally observed some pcof labeling in nuclear/perinuclear areas.
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Fig. 5. 
DN-ROCK but not DN-PAK prevents the hypertonicity-induced phosphorylation of cof. 
Cells were transfected with Myc-tagged DN-ROCK (A) or DN-PAK1 (B) constructs, treated 

iso- or hypertonically, and stained for pcof (red) and the Myc epitope (green). *Identical 

cells on the red and green images. In A the contours of the transfected cell clusters are also 

shown. Note that DN-ROCK strongly reduces the hypertonically provoked rise in pcof 

labeling, whereas DN-PAK had no effect.
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Fig. 6. 
Hyperosmolarity induces ROCK-mediated LIM kinase and cof phosphorylation. A and B: 

cells grown in 6-well plates were preincubated for 10 min with vehicle or 10 μM Y-27632 in 

isotonic medium and then challenged with hyperosmolarity (300 mM sucrose) in the 

presence or absence of Y-27632 for the indicated times. Subsequently cells were lysed and 

the lysates were subjected to Western blot anaylsis using pcof and cof antibodies. Cumulated 

data for n = 6. B: similar experiments were performed as in A, and the lysates were probed 

with phospho-LIMK and LIMK2 antibodies (n = 4). Blotting with anti-LIMK1 did not 
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provide clear, specific labeling (not shown). C: cells were preincubated with vehicle or 10 

μM PAK18, a selective PAK inhibitor, for 20 min under isotonoic condition and then 

challenged with hyperosmolarity for 5 min in the presence or absence of the drug. Cof and 

pcof content were determined by Western blots. GADPH was used as a loading control. D, 

top: cells were pretreated in isotonic medium with or without Y-27632, treated iso-or 

hypertonically for 5 min (as indicated) in the absence or presence of 10 μM Y-27632, and 

then processed for Western blotting using an anti-phospho-p38 antibody. The blots were 

reprobed with anti-p38. Bottom: cells were preincubated with 10 μM SB-203580, treated in 

the absence or presence of the drug, and processed as stated above. Cell lysates were probed 

for pcof and reprobed for cof. E: similar experiments were performed as in C, and the lysates 

were probed with anti-p38 and anti-phospho-p38 antibodies.

Thirone et al. Page 28

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2016 October 03.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Fig. 7. 
Role of cof and its phosphorylation in the regulation of basal F-actin levels and osmotically 

induced changes in F-actin content. A: cells were transfected with 20 nM nonrelated small 

interfering RNA (siNR) or siRNA against cof (siCof) for 48 h as described under 

MATERIALS METHODS. The efficiency of siCof was evaluated by Western blots, using 

tubulin as a loading control (n = 9). B: cells grown in 6-well plates were transfected with 

siNR or siCof, and 48 h later they were serum-deprived, preincubated in isotonic medium 

for 10 min, and exposed to iso- (I) or hypertonicity (H, 300 mM sucrose) for an additional 5 

min. Subsequently, cells were fixed, permeabilized, incubated with 0.33 μM rhodmine-

labeled phalloidin for 1 h, and extensively washed. Bound phalloidin (as a measure of total 

F-actin) was extracted with methanol and quantified fluorimetrically as described under 

MATERIALS AND METHODS (n = 9). Both visual inspection and parallel protein 

determinations verified that the confluent layers remained intact during the extraction 

procedure. C: wild-type (WT) LLC-PK1 cells were incubated with vehicle or 10 μM 

Y-27632 for 10 min and then challenged with iso- or hypertonic medium (300 mM sucrose) 

for 5 min. F-actin content was measured as above (n = 5). D: LLC-PK1 cells, stably 

expressing AA-MLC, a nonphosphorylatable, dominant negative form of the myosin light 
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chain, were treated as in C (n = 6). Bottom: hyperosmolarity induced cof phosphorylation in 

AA-MLC cells as well is shown. E: expression of AA-MLC inhibits the osmotically 

triggered phosphorylation of MLC. Wild-type and AA-MLC cells were treated iso- or 

hypertonically for 5 min. Lysates obtained from these cells were probed with antibodies 

against Myc (to detect Myc-tagged AA-MLC), phospho-MLC and MLC, as indicated. F: 

effect of hyperosmolarity and Y-27632 on F-actin content was investigated in ELA cells, 

under iso- and hypertonic conditions (n = 4).
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Fig. 8. 
Effect of long-term, strong hyperosmolarity on cofilin expression and phosphorylation. 

LLC-PK1 cells were exposed to iso-osmolarity or challenged with strong hyperosmolarity 

(isotonic Na+ medium supplemented with 600 mM sucrose) for 3 h. The levels of total and 

pcof were detected by Western blotting and are expressed as percentage compared with the 

isotonic control (n = 5).
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