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Abstract
The study tested the hypothesis that estrogen controls epithelial paracellular resistance through
modulation of myosin. The objective was to understand how estrogen modulates non-muscle myosin-
II-B (NMM-II-B), the main component of the cortical actomyosin in human epithelial cervical cells.
Experiments used human cervical epithelial cells CaSki as a model, and end points were NMM-II-
B phosphorylation, filamentation, and MgATPase activity. The results were as follows: 1) treatment
with estrogen increased phosphorylation and MgATPase activity and decreased NMM-II-B
filamentation; 2) estrogen effects could be blocked by antisense nucleotides for the estrogen receptor-
α and by ICI-182,780, tamoxifen, and the casein kinase-II (CK2) inhibitor, 5,6-dichloro-1-β-(D)-
ribofuranosylbenzimidazole and attenuated by AG1478 and PD98059 (inhibitors of epithelial growth
factor receptor and ERK/MAPK) but not staurosporine [blocker of protein kinase C (PKC)]; 3)
treatments with the PKC activator sn-1,2-di-octanoyl diglyceride induced biphasic effect on NMM-
II-B MgATPase activity: an increase at 1 nM to 1 μM and a decrease in activity at more than 1 μM;
4) sn-1,2-dioctanoyl diglyceride also decreased NMM-II-B filamentation in a monophasic and
saturable dose dependence (EC50 1–10 μM); 5) when coincubated directly with purified NMM-II-B
filaments, both CK2 and PKC decreased filamentation and increased MgATPase activity; 6) assays
done on disassembled NMM-II-B filaments showed MgATPase activity in filaments obtained from
estrogen-treated cells but not estrogen-depleted cells; and 7) incubations in vitro with CK2, but not
PKC, facilitated MgATPase activity, even in disassembled NMM-II-B filaments. The results suggest
that estrogen, in an effect mediated by estrogen receptor-α and CK2 and involving the epithelial
growth factor receptor and ERK/MAPK cascades, increases NMM-II-B MgATPase activity
independent of NMM-II-B filamentation status.

An important role of estrogen in females is the regulation of transport across reproductive tract
epithelia. The major route of transport in secretory epithelia, such as the female reproductive
tract, is the paracellular (intercellular) pathway. Free movement of water and solutes in the
paracellular pathway is restricted by the resistance of the tight junctions (RTJ) and the resistance
of the lateral intercellular space (RLIS) in series (1). The RTJ determines the overall paracellular
resistance; however, in leaky epithelia such as the vaginal and cervical epithelia, the
contributions of the RLIS to the total resistance can be significant (2). The RLIS is determined
by the geometry of the intercellular space and therefore reciprocally by the width and shape of
the epithelial cells that define this space. Formation of a dynamic, flexible cytoskeleton would
allow cells facilitated changes in cell width in response to stimuli. For instance, capillary
hydrostatic gradients in the subluminal to luminal direction expand the intercellular space and
decrease the RLIS (2). Therefore, epithelia composed of cells with dynamic cytoskeleton would
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expand the intercellular space and decrease the RLIS more readily than epithelia composed of
cells with a rigid cytoskeleton.

Estrogen increases the permeability of vaginal and cervical epithelia by two known
mechanisms: modulation of the junctional protein occludin, thereby decreasing the RTJ (3,4),
and stimulation of actin depolymerization, thereby facilitating epithelial cell deformability and
decreasing the RLIS (5,6). A recent study has suggested that in addition to actin
depolymerization, estrogen can also decrease the RLIS through modulation of actin-myosin
interaction (7). The latter mechanism is relatively little understood and was the focus of the
present study.

Myosins are protein molecular motors that bind to actin in an ATP-dependent manner. Upon
ATP binding, the myosin head detaches from actin and hydrolyzes ATP. In muscle cells the
main function of myosin is generation of force for contractility and movement. In nonmuscle
cells, myosin interactions with cytoskeletal actin involve regulation of cytokinesis, cell
motility, and cell polarity (8). In epithelial cells, nonmuscle myosin-II interactions with actin
regulate exocytosis (9). Point mutations in nonmuscle myosin II heavy chains can result in
phenotypes affecting kidneys, platelets, leukocytes, heart and brain, and the inner ear (10).
Abrogation of myosin-II function can disrupt actin polymerization and lead to cell detachment,
and has been reported to be associated with kidney and bowel disease (8,11).

Nonmuscle myosins are composed of the ubiquitous conventional class II myosins, which are
hexameric proteins consisting of two heavy chains and two pairs of light chains. The carboxyl-
terminal half of the two heavy chains dimerize via α-helical coiled-coil to form a long rod (tail)
through which myosin molecules can self-associate to form filaments. The amino-terminal
halves of the two heavy chains (heads) form two separate motor (catalytic) domains, which
bind actin and hydrolyze ATP. Of the three different forms of nonmuscle myosin-II (NMM-
II) (8,12), NMM-II-B is the most abundant cortical myosin in epithelial vaginal-cervical cells
(7). NMM-II-B has adapted for maintaining tension in a static manner; it displays a low steady-
state MgATPase activity and a positive thermodynamic coupling between actin and ADP
binding (13,14). These characteristics confer an advantage of energetic economy within the
cell and make its working cycle more suited for sustained maintenance of tension, as opposed
to short duration force generation that occurs with muscle myosins (14) and the NMM-II-A
(15).

Myosin-II functions can be regulated by phosphorylation (8), and a recent study suggested that
estrogen can regulate NMM-II-B interaction with actin through phosphorylation of NMM-II-
B heavy chains (7). The specific objective of the present study was to better understand the
molecular mechanisms involved in estrogen modulation of NMM-II-B with emphasis on
estrogen modulation of NMM-II-B MgATPase activity. The background hypothesis was the
current model of myosin-II regulation of cytoskeletal actin (8). The model predicts that in
resting conditions myosin is bound to actin in a rigor modus that confers cytoskeletal stability.
Detachment of myosin from actin and relaxation of the cytoskeleton in preparation for
contraction (muscle cells) or increased state of deformability (epithelial cells) requires binding
of ATP to the motor head domain and MgATPase-dependent hydrolysis of ATP (15). The
model also predicts that efficient myosin motors can hydrolyze ATP at a greater rate, and
conditions that render the myosin motor less efficient would tend to diminish ATP hydrolysis.
Accordingly, optimal activity of the MgATPase depends on homodimerization of NMM-II-B
filaments.

The results in the human epithelial cervical CaSki cells challenge this hypothesis. The results
show that estrogen, in an effect mediated by the estrogen receptor (ER)-α, the epithelial growth
factor receptor (EGFR) and ERK/MAPK cascades and casein kinase-II (CK2), increases
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NMM-II-B phosphorylation and decreases filamentation of the myosin. Estrogen also increases
NMM-II-B MgATPase activity by a mechanism that is apparently unrelated to the modulation
of filamentation. These findings are novel and suggest that estrogen-induced CK2-mediated
phosphorylation of NMM-II-B can up-regulate NMMHC-II-B MgATPase activity
independent of NMM-II-B filamentation status.

Materials and Methods
Chemicals, supplies, and antibodies

All chemicals were obtained from Sigma Chemical (St. Louis, MO) unless specified otherwise.
5,6-dichloro-1-β-(D)-ribofuranosylbenzimidazole (DRB) was obtained from Calbiochem (La
Jolla, CA). Rabbit polyclonal antihuman NMM-II heavy chain (NMMHC-II)-A antibody
(PRB-440P) and its antigenic peptide, and the antihuman NMM-II-B heavy chain (NMMHC-
II-B) antibody (PRB-445P) were from Covance Research Products (Berkeley, CA). Mouse
monoclonal antihuman protein kinase C (PKC)-α antibody, rabbit polyclonal antiphosphopan-
PKC (Ser660), and the Src inhibitor PP1 were from Alexis Corp. (Nottingham, UK). Mouse
anti-ERα antibody (catalog CBL425) was from Chemicon (currently Millipore, Billerica, MA).
Mouse polyclonal anti-ERβ antibody was from Acris (Hiddenhausen, Germany). The
antitubulin antibody (hybridoma supernatant, clone E7, generated with the antigen of β-tubulin-
galactosidase/ftz fusion protein) was from the Developmental Studies Hybridoma Bank,
University of Iowa (Iowa City, IA). Mouse monoclonal antibody recognizing tyrosine
phosphorylated ERK1–2 and rabbit polyclonal antibody recognizing total ERK1–2 were from
Santa Cruz Biotechnology (Santa Cruz, CA).

Cell cultures
Experiments used CaSki cells (obtained from the American Type Culture Collection,
Manassas, VA), a line of estrogen-responsive transformed cells that retain phenotypic
characteristics of human endocervical epithelial cells (16). The methodology of cell culturing
was described (5,7,16,17). For assays, cultures were shifted to modified Ringer solution,
composed of (millimoles) NaCl (120), CaCl2 (1.2), MgSO4 (1.2), KCl (5), NaHCO3 (10 mM,
before equilibration with 95% O2-5% CO2), HEPES (10), glucose (5), and 0.1% BSA plus 0.2
nM epithelial growth factor (EGF).

Depletion of estrogens
The methodology of steroid-hormones depletion (including estrogens) was described (5,7).

Protein methods
Phosphorylation, immunoprecipitation, and immunoblotting assays, as well as cell
fractionation by the freeze/thaw method were described (17). Extraction and purification of
NMM-II-B filaments were described (7,18). The method of purification yields a single 200-
kDa band that is immunodetected by the anti NMMHC-II-B antibody (7). Purified NMM-II-
B filaments were stored in 6 M urea until assayed. Cellular total protein was measured as
described (19). Densitometry was done using Arcus II scanner (AGFA, New York, NY) and
Un-Scan-It gel automated digital software (Silk Scientific, Orem, UT).

NMM-II-B phosphorylation in vitro
In vitro phosphorylation of NMM-II-B by CK2 was carried out in 50 μ l solution, containing
0.1–15 μg per 10 μl NMM-II-B filaments plus 40 μl of buffer composed of 10 mM 3[N-
morholino]propanesulfonic acid (pH 7.2), 5 mM MgCl2, 30 mM NaCl, 2 mM EGTA, 0.4 μM
protein kinase A inhibitor, 10 mM β-glycerol phosphate, 0.4 mM Na orthovanadate, 0.5 mM
dithiothreitol, 0.1 mM ATP, 50 μM (2.5 μCi) of [γ-32P]ATP (Upstate, Charlottesville, VA)

Gorodeski Page 3

Endocrinology. Author manuscript; available in PMC 2008 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



plus 0.2 μg/tube of purified CK2 from rat liver (Sigma) dissolved in PBS. In vitro
phosphorylation of NMM-II-B by PKC was carried out in 50 μ l solution, containing 0.1–15
μg per 10 μl NMM-II-B filaments plus 40 μl of buffer composed of 40 mM Tris-HCl (pH 7.5),
0.15 M NaCl, 0.25 mM CaCl2, 5 mM MgCl2, 0.1 mM dithiothreitol, 5% glycerol, 2 mM
phosphatidylserine, 5 μg/ml leupeptin, 0.1 mM ATP, 50 μM (2.5 μCi) [γ-32P]ATP, plus 45 ng
(0.075 U) of purified rat brain PKC (Calbiochem) dissolved in PBS. Both in vitro
phosphorylation assays were started by the addition of 0.1 mM ATP plus 50 μM (2.5 μCi)
[γ-32P]ATP (Upstate). Reactions were carried out at 30 C for 15 min (CK2) and 25 min (PKC)
to reach maximal velocity (Vmax) (not shown). The reactions were terminated by the addition
of 3 N H2SO4-4% silicotungstate. Mixtures were transferred to nitrocellulose squares, washed
several times with 0.75% phosphoric acid, followed by a final wash with 100% acetone. Bound
radioactivity was measured using liquid scintillation counting. Kinases activities were
determined in terms of ATP hydrolysis as [γ-32P]Pi release and expressed as mole Pi per mole
NMM-II-B per minute.

NMM-II-B assembly/disassembly assays
NMM-II-B filament assembly assays were done as follows. Purified NMM-II-B filaments at
concentrations of 1–500 μg/ml (about 20 nM to 10 μM) were incubated with 2.5 mM
MgSO4 and 10 mM NaCl at 4 C in the presence of 10 mM imidazole-HCl (pH 7.5) and 0.1
mM Ca2+ to induce filament assembly. At the completion of incubations, samples were
centrifuged at 25,000 × g for 30 min at 4 C, and the protein content in the supernatant (i.e.
nondimerized NMM-II-B) was measured and expressed per total protein measured before
centrifugation as the percent nondimerized NMM-II-B. To ascertain complete recovery of non-
dimerized filaments, aliquots from the supernatant were centrifuged at 90,000 × g for 20 min.
Assays in which sediment was found, indicating inappropriate separation of the monomers
from the oligomers, were omitted from analysis (less than 3% of assays). NMM-II-B filament
assembly status was expressed in terms of the critical concentration of NMM-II-B necessary
to induce dimerization from the curve of percent nondimerized NMM-II-B vs. added protein.
The critical concentration of NMM-II-B necessary for dimerization was defined as the
concentration that induced maximal oligomerization.

NMM-II-B disassembly assay was done using an existing method (20) with some
modifications. NMM-II-B filaments stored in 6 M urea were dialyzed against 50 mM NaCl,
10 mM imidazole hydrochloride (pH 7.0), 10 mM MgCl2, and 0.1 mM EGTA to induce
fragment assembly. Aliquots were obtained to determine protein concentration, the assembled
protein was precipitated by centrifugation at 25,000 × g for 10 min, and the protein
concentration of the resultant supernatant was adjusted to 0.5 mg/ml heavy chain. Fifty
micrograms of the protein (about 1.05 μM heavy chain dimer) was incubated in 10 mM
imidazole hydrochloride (pH 7.5), 0.1 mM EGTA, 5 mM MgCl2, and various concentrations
of NaCl, in a final volume of 0.5 ml in microcentrifuge tubes. The reaction mixtures were
incubated on ice for 4 h and then centrifuged at 15,000 × g for 30 min. An aliquot (100 μl) of
the supernatant was removed for measurement of the protein remaining in the supernatant to
determine nonassembled NMM-II-B (expressed as percent NMM-II-B recovered in the
supernatant).

NMM-II-B MgATPase assays
Determinations of NMM-II-B steady-state MgATPase activity in terms of ATP hydrolysis
were done using a well-described method (21) with some modifications. Purified NMM-II-B
filaments were suspended in 0.1 ml to concentrations of 1–500 μg/ml in a solution composed
of 0.5 M KCI, 10 mM imidazole chloride (pH 7.0), 10 mM MgCl2 (for MgATPase activity)
at 30 C, plus various concentrations of F-actin (0–200 μM). F-actin was prepared by dissolving
purified G-actin (Sigma) in 2 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 0.2 mM CaCl2, 0.2 mM
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ATP, 100 mM KCl, and 0.5 mM bimercaptoethanol. Under these conditions the added F-actin
remains in the polymerized form for the duration of the experiment. In preliminary experiments
the involvement of KATPase and CaATPase activities was ruled out, using 2 mM EDTA or
10 mM CaCl2, respectively.

Nonradioactive assays were started by the addition of ATP (0–7.5 mM) and incubated at 37 C
for 30 min. Rates were obtained from the average of three time points at the steep increase of
Pi release. The reaction was stopped by adding a mixture of 0.2 ml of 1:1 2-butanol-benzene
with 0.5 ml of 3 N H2SO4-4% silicotungstate, and the protein was precipitated by repeated
vortexing for 10–15 sec after adding 50 μl of 10% ammonium molybdate. After separation of
the phases, 0.1 ml of the upper (organic) phase was added to 0.2 ml of 0.73 N H2SO4 in ethanol
and the phosphomolybdate complex was then reduced by adding 15 μl of a solution of stannous
chloride (prepared by diluting 1 ml of 10% stannous chloride in 12 N HCl with 25 ml of 1 N
H2S04). The blue color was read at 720 nm (OD = 4.1/μ mo Pi).

Radioactive assays were started by adding ATP (0–7.5 mM) plus 0.1 mM (5 μCi) of [γ-32P]
ATP (Upstate) and incubated at 30 C for 30 min. Rates were obtained from the average of three
time points at the steep increase of [32P]Pi release. The reaction was stopped and the inorganic/
organic phases were separated as above. An aliquot (0.1 ml) of the organic phase was used to
determine bound radioactivity by liquid scintillation counting. MgATPase activity was
determined in terms of ATP hydrolysis as [32P]Pi release and expressed either as mole Pi per
(mole NMM-II-B per minute) or in terms of Vmax as rate per second. The positive control was
adult rat muscle myosin, which under these conditions yielded a maximum rate of 2.5/sec (not
shown).

Molecular biology techniques
ER-specific antisense oligonucleotides (ASO) and random control oligonucleotide (CLO) were
designed from the published sequences of the human ERα(22) (NM_012389); the human
ERβ(23) (AJ002602); and the G protein-coupled receptor GPR30 [a membrane receptor
responsive to the classical ligands of the ERα and ERβ(24), (AF027956)] by using
HYBsimulator (Advanced Gene Computing Technologies, Irvine, CA) and choosing the
melting temperature of the oligonucleotides as 34 C. Possible sequences that would have the
given melting temperature were identified from the target mRNA, and the cross-hybridization
against the whole sequence in the GenBank database of each oligonucleotide was calculated.
The oligomers ASO that would hybridize to the coding region of the ERα, ERβ, and GPR30
mRNAs were selected as 5′-TCA TGG TCA TGG TCC GT-3′, 5′-CAT CAC AGC AGG GCT
ATA-3′, and 5′-TTG GGA AGT CAC ATC CAT-3′, respectively. The CLO was composed of
a random 18-mer sequence AGA ACG TTA CTT ACA CTG with GC content (32%) similar
to the antisense oligonucleotides. The CLO was designed such that no cross-hybridization
against the ER genes would occur.

To assess the effects of the ASOs and CLO on ERα, ERβ, or GPR30 mRNA expression, CaSki
cells were treated with or without ASO or CLO at concentrations of 10 μM. RT-PCR assays
were carried out after 2 d and assay experiments after 3–4 d. RT-PCR assays used the following
primers and conditions: ERα forward, 5′-TTA CGA AGT GGG CAT GAT GA-3′, reverse, 5′-
ATC TTG TCC AGG ACT CGG TG-3′(product size, 711 bp, 35 cycles); ERβ forward, 5′-
GAG GCC TCC ATG ATG ATG TC-3′, reverse 5′-TCT CCA GCA GCA GGT CAT AC-3′
(product size 610 bp, 35 cycles); GPR30 forward, 5′-TAA TAA GTC GAC GGG TCT CTT
CCT-3′, reverse, 5′-ATT ATT GGA TCC TAC ACG GCA CTG C-3′(product size, 652 bp, 35
cycles) (AF027956); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(XM_227696) forward 5′-CCA TGT TCG TCA TGG GTG TGA ACC A-3′, revers, 5′-GCC
AGT AGA GGC AGG GAT GAT GTT C-3′(product size 229 bp, cycles 25). End points for
successful transfections would have been 50% or greater reduction in ERα, ERβ, or GPR30

Gorodeski Page 5

Endocrinology. Author manuscript; available in PMC 2008 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mRNA, compared with GAPDH mRNA [using real-time PCR as we described (3)]; no
significant effects on GAPDH mRNA; and no significant effects of the CLO.

Determinations of CK2 activity and ERK1–2 activation
CK2 activity in cell lysates was determined by the ability to phosphorylate the decapeptide
RRREEETEEE and expressed in terms of the accumulated Pi in nanomoles Pi per minute per
milligram protein as we described (7). ERK1–2 activation status was determined in terms of
ERK1–2 phosphorylation by Western blots and analysis by densitometry of the densities of
the phosphorylated ERK1–2 relative to total ERK1–2 as we described (7).

Data presentation and analysis
Data are presented as means (± SD). Data of trends were fitted by using GB-STAT (Dynamic
Microsystems Inc., Silver Spring, MD), and significance of differences was estimated by
ANOVA.

Results
Modulation of NMM-II-B phosphorylation

In vivo (intact cells)—To understand whether estrogen modulates phosphorylation of
NMM-II-B, cells were shifted to steroid-free medium and treated with one of the hormones or
agents shown in Fig. 1, A and D. Drugs were used at doses and durations of time that produced
submaximal-maximal effects based on data from preliminary experiments (not shown). The
intracellular ATP pool of CaSki cells was labeled by incubation of cells with [32P]
orthophosphate, and cell lysates were immunoprecipitated with the anti NMMHC-II-B
antibody. Autoradiography revealed phosphorylation of NMM-II-B at baseline conditions in
estrogen-depleted cells that increased after treatment with a physiological concentration of
17β-estradiol in the woman (10 nM) (Fig. 1, A and D). Treatments with ASOs for the ERβ and
GPR30 or progesterone (1 μM, 48 h) had no effects on NMM-II-B phosphorylation, and
cotreatments of these agents with 17β-estradiol did not significantly affect estrogen actions
(not shown). Treatments with the ASO-ERα, ICI-182,780, or tamoxifen had no significant
effect on NMM-II-B phosphorylation (Fig. 1D). However, in estrogen-treated cells,
cotreatments with ASO-ERαICI-182,780, or tamoxifen blocked 17β-estradiol increase in
NMM-II-B phosphorylation (Fig. 1, A and D). These data suggest the involvement of ERαin
estrogen increase in NMM-II-B phosphorylation.

Treatment of estrogen-depleted cells with the CK2 inhibitor DRB had no significant effect on
NMM-II-B phosphorylation, but when coadministered with estrogen, it blocked estrogen
increase in NMM-II-B phosphorylation (Fig. 1, B and D). These data suggest that CK2 is not
significantly involved in phosphorylation of the NMM-II-B under baseline conditions, but it
mediates estrogen increase in NMM-II-B phosphorylation.

Treatment of estrogen-depleted cells with the PKC inhibitor staurosporine decreased NMM-
II-B phosphorylation (Fig. 1D), suggesting PKC is involved in the phosphorylation of NMM-
II-B under baseline conditions. The effect of stau-rosporin was dose related, beginning already
at 100 nM and reaching saturation at about 10 μM without causing toxic effects to cells (not
shown). In cells cotreated with estrogen plus staurosporine, NMM-II-B phosphorylation was
higher than in estrogen-depleted cells but lower than in cells treated only with estrogen (Fig.
1, C and D). These data suggest additive effects of estrogen and staurosporine.

In vitro (NMM-II-B filaments)—The data in Fig. 1, A–D, suggested involvement of PKC
and CK2 in the baseline and the estrogen-induced phosphorylation of NMM-II-B, respectively.
To test more directly whether CK2 and PKC can induce phosphorylation of NMM-II-B,
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purified NMM-II-B filaments were exposed in vitro to CK2 and PKC. The control experiments
are shown in Fig. 1, E–I. Positive control experiments for CK2 included transfer of the
[γ-32P] to the synthetic CK2-specific peptide RRREEETEEE (Sigma) (Fig. 1E), and for PKC
the transfer of [γ-32P] to the phosphorylation site domain (PSD) of myristoylated Ala-rich C
kinase substrate (MARCKS-PSD) (BIOMOL, Plymouth Meeting, PA). Negative control
experiments used heat-inactivated CK2 or PKC. There were no kinase activities in the absence
of added kinases, and in reactions done in the presence of heat-inactivated kinases, the kinase
activities were significantly inhibited (Fig. 1, E and F). Also, [γ-32P]Pi release by CK2 was
inhibited by more than 97% in the presence of DRB, and [γ-32P]Pi release by PKC was inhibited
by more than 95% in the presence of staurosporine.

Fig. 1, G–I, shows that in experiments using purified NMM-II-B filaments as substrate, CK2
and PKC induced ATP hydrolysis in vitro. The effects of CK2 and PKC depended on the
concentration of added NMM-II-B (i.e. the substrate), and reached saturation at about 300 ng/
μl added NMM-II-B (Fig. 1, G and H). The effect of CK2 was inhibited by DRB (Fig. 1G) and
that of PKC by staurosporine (Fig. 1H). Figure 1I summarizes three experiments, showing that
both kinases induced significant ATP hydrolysis and that the effects could be inhibited by
coincubations with DRB and staurosporine, respectively. Collectively, these data suggest that
CK2 and PKC can directly phosphorylate NMM-II-B filaments.

Estrogen modulation of NMM-II-B filamentation
Phosphorylation of NMM-II-B filaments can lead to decreased dimerization (25) and abrogate
filamentation (8). To understand whether the effects shown in Fig. 1 involve modulation of
homodimerization of NMM-II-B filaments, NMM-II-B filaments were extracted, and
filaments assembly status was determined in terms of the critical concentration of filaments
necessary to induce homodimerization in vitro. The NMM-II-B critical concentration of
filaments extracted from estrogen-treated cells was higher than of filaments extracted from
estrogen-depleted cells (Fig. 2A). ICI-182,780 and DRB alone had no significant effect, but
both drugs blocked estrogen effect (Fig. 2A). Treatment with staurosporine alone had no
significant effect, and it did not modulate the effect of estrogen (Fig. 2A). Cotreatments with
DRB plus staurosporine had no additional effect to that of staurosporine alone (not shown).

The direct effects of CK2 and PKC on NMM-II-B filamentation are shown in Fig. 2B. When
coincubated with purified NMM-II-B filaments, both kinases induced significant increases in
the NMM-II-B critical concentration. DRB and staurosporine alone had no significant effects,
but coincubations with DRB and staurosporine inhibited CK2 and PKC effects, respectively
(Fig. 2B). These data suggest that CK2 and PKC directly decrease NMM-II-B filamentation.

Collectively, the data in Fig. 2 indicate that treatment with estrogen decreases NMM-II-B
filamentation and suggest the involvement of ERα and CK2 in the estrogen inhibition of
filamentation.

Estrogen modulation of NMM-II-B MgATPase activity
Phosphorylation and decreased filamentation of NMM-II-B could abrogate NMM-II-B
MgATPase activity (8). To assay modulation of NMM-II-B MgATPase activity in CaSki cells,
preliminary experiments were done to determine baseline conditions. The results shown in Fig.
3, A and B, used radioactive assays and the experiments in Figs. 4–6 used nonradioactive
methods with similar trends. In the absence of actin, addition of ATP to purified NMM-II-B
filaments induced a biphasic increase in ATP hydrolysis (insert in Fig. 3A): a fast increase that
was too rapid to be accurately evaluated, followed by a slower time- and dose-related increase
(Fig. 3A). The calculated Vmax [1.89 mmol Pi/(mole NMM-II-B per minute)] and the
KATPase (67 μM ATP) were in the range reported for NMM-II-B from other types of nonmuscle
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nonepithelial cells (8). ATP hydrolysis was 10-fold higher when the assays were conducted in
the presence of F-actin (Fig. 3B), and the calculated Vmax (0.115/sec) and KATPase (37 μM F-
actin) were also in the range reported for other non-muscle nonepithelial cells (8).

A similar methodology was used to determine effects of estrogen on NMM-II-B MgATPase
activity. F-actin-MgATPase-Vmax was higher (Fig. 4A, filled bars), and F-actin-KATPase
lower (Fig. 4A, empty bars) in NMM-II-B filaments extracted from estrogen-treated CaSki
cells than from estrogen-depleted cells. ICI-182,780 and DRB alone had no significant effect
on the Vmax or KATPase levels, but both drugs blocked estrogen effects (Fig. 4A).
Staurosporine alone had no significant effect on Vmax or on KATPase, and it did not affect
estrogen modulation of these rates (Fig. 4A).

The direct effects of CK2 and PKC on NMM-II-B MgATPase activity are shown in Fig. 4B.
Both CK2 and PKC induced significant increases in MgATPase Vmax rates, and coincubations
with DRB and staurosporine inhibited CK2 and PKC effects, respectively (Fig. 4B, filled
bars). CK2 and PKC also decreased KATPase; DRB and staurosporine alone had no significant
effects, but when coadministered with the kinases, respectively, they blocked the decreases in
KATPase induced by the kinases (Fig. 4B, empty bars). These data suggest that CK2 and PKC
directly increase NMMHC-II-B MgATPase activity.

Collectively, the data in Fig. 4 indicate that treatment with estrogen increases NMM-II-B
MgATPase activity and suggest the involvement of the ERα and CK2 in estrogen effect.

Estrogen effects on NMMHC-II-B MgATPase are independent of effects on filamentation
The results in Figs. 2 and 4 suggested, for the first time, that estrogen can increase NMM-II-
B MgATPase activity (Fig. 4) despite stimulating decreased NMM-II-B filamentation (Fig. 2).
Until recently, traditional thinking was that MgATPase activity depends on homodimerization
of the filaments. Accordingly, disassembled filaments, e.g. after treatment with estrogen (Fig.
2A) or CK2 (Fig. 2B), would expect to yield decreased MgATPase activity. Contrary to this
thinking, the data in Figs. 2 and 4 showed that estrogen and CK2 increased MgATPase activity
despite stimulating decreased filamentation.

To gain a better understanding of the effects of estrogen, the MgATPase activity assays were
repeated in the presence of NaCl to block oligomerization of NMM-II-B filaments (19). The
method was tested in Fig. 3C, showing that in the presence of increasing concentrations of
NaCl, a greater fraction of the NMM-II-B filaments could be recovered in the supernatant,
indicating disassembled NMM-II-B filaments. From the curve of Fig. 3C, two concentrations
of NaCl were chosen for further assays: 125 and 200 mM, representing, respectively, conditions
that would favor maximal and minimal oligomerization.

NaCl modulated rates of MgATPase ATP hydrolysis in response to the different treatments.
In NMM-II-B filaments obtained from estrogen-depleted cells, coincubation in 200 mM NaCl
abolished ATP hydrolysis (Fig. 5, A and B, filled bars). Coincubation in 125 mM NaCl of
NMM-II-B filaments from cells treated with 17β-estradiol or filaments incubated in vitro with
CK2 or PKC showed increased MgATPase activity, compared with experiments done in the
absence of NaCl (Fig. 5, A and B, filled bars; compare with Fig. 4). Co-incubations in 200
mM NaCl decreased Vmax in filaments obtained from estrogen-treated cells or filaments
incubated with CK2, but the Vmax levels were greater than in filaments of control cells (Fig.
5A). NaCl had no significant effect on KATPase rates in filaments obtained from estrogen-
treated cells (Fig. 5B). In contrast, NaCl blocked MgATPase activity in filaments treated in
vitro with PKC (Fig. 5, A and B).
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These results suggest that increased solution ionic strength has little effect on NMM-II-B
MgATPase activity in filaments obtained from estrogen-treated cells or in filaments treated
with CK2 in vitro. In contrast, PKC increase in NMM-II-B MgATPase activity depends on the
solution ionic strength and is abrogated under conditions of high NaCl.

Pharmacology and mechanisms of the estrogen effects
Figure 6, A–F, compared the effects of estrogen on NMM-II-B filamentation (filled circles or
bars) and MgATPase activity (empty circles or bars). For both end points, the effects of 17β-
estradiol were dose related, beginning at about 1 nM and reaching saturation at 20 nM (Fig.
6A); and time dependent, beginning after about 1–6 h of treatment and reaching plateau at
about 24 h (Fig. 6B). Treatment with 10 nM diethylstilbestrol mimicked estrogen modulation
of NMM-II-B filamentation and MgATPase activity; in contrast, treatments with the weak
estrogenic ligand estrone, 17β-estradiol, or the nonpermeable estrogen 17β-E2-BSA had no
significant effects (Fig. 6C).

The effects of the ASO for the ERβon ERs levels are shown in Fig. 6, D and E. ASO-
ERαdecreased ERαsteady-state mRNA and protein levels without having a significant effect
on ERβ, GPR30, and GAPDH steady-state mRNA levels (Fig. 6D) or on ERβ and tubulin
protein steady-state levels (Fig. 6E). CLO-ERα had no effects on ERα, ERβ, and GAPDH
steady-state mRNA levels and on ERα, ERβ and tubulin protein steady-state levels (Fig. 6, D
and E). ASO-ERβ decreased ERβ steady-state mRNA and protein levels without having a
significant effect on ERα, GPR30, and GAPDH steady-state mRNA levels and on ERα and
tubulin protein steady-state levels (not shown). The ASO-GPR30 decreased GPR30 steady-
state mRNA levels without having a significant effect on ERα, ERβ, and GAPDH steady-state
mRNA levels and on ERα, ERβ, and tubulin protein steady-state levels (not shown). The CLO
of ERβ and GPR30 had no effects on any of the above end points (not shown).

As is discussed in Figs. 1, 2, and 4 and confirmed (7) in Fig. 6F, in estrogen-depleted cells,
treatments with the ASO for the ERα or with ICI-182,780 and tamoxifen had no significant
effect on NMM-II-B filamentation or NMM-II-B MgATPase activity. Similarly, treatments
with the ASO for the ERβ and GPR30 as well as with progesterone (1 μM, 2 d) alone had no
significant effects on NMM-II-B MgATPase activity, and cotreatments of these agents/drugs
with 17β-estradiol did not significantly affect estrogen action (not shown). In contrast, in
estrogen-treated cells, cotreatments with the ASO-ERαICI-182,780 or tamoxifen blocked
17β-estradiol increase in NMM-II-B critical concentration and NMM-II-B MgATPase activity
(Fig. 6F).

In estrogen-depleted cells, treatments with the EGFR inhibitor AG1478, ERK/MAPK inhibitor
PD98059, protein kinase A H-89 inhibitor, or phosphatidylinositol 3-kinase-Akt inhibitor
LY294002 had no significant effects on NMM-II-B filamentation or NMM-II-B MgATPase
activity (not shown).

In estrogen-treated cells, cotreatment with H-89 or LY294002 had no significant effect on
NMM-II-B filamentation or NMM-II-B MgATPase activity (not shown). In contrast, in
estrogen-treated cells, cotreatments with AG1478 or PD98059 inhibited 17β-estradiol increase
in NMM-II-B critical concentration and NMM-II-B MgATPase activity (Fig. 6F). Thus, in
addition to the ERα and CK2, the data in Figs. 2–6 suggest the involvement also of the EGFR
and ERK/MAPK cascades in estrogen decrease in NMM-II-B filamentation and estrogen
increase in NMM-II-B MgATPase activity.

To better understand the estrogen signaling pathway, assays determined estrogen activation of
CK2 and ERK1–2 using a recently described methodology (7). Treatment with 10 nM 17β-
estradiol increased CK2 activity (Fig. 6G) and ERK1–2 activation status (Fig. 6H) in a time-
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related manner. Effects began about 6 h after treatment and reached plateau after about 24–48
h.

Effects of PKC activation
The CK2 experiments suggested that NMM-II-B MgATPase activity can be regulated
independent of NMM-II-B filamentation, but the PKC experiments showed that MgATPase
activity depends on NMM-II-B filamentation (Figs. 2 and 5). The estrogen data in Fig. 6 were
similar to those of CK2 because treatment of CaSki cells in vivo with 17β-estradiol increased
NMM-II-B MgATPase activity despite inhibiting NMM-II-B filamentation (Fig. 6F). To better
understand the physiological significance of the PKC data, CaSki cells were treated with
sn-1,2-dioctanoyl diglyceride (diC8), a cell permeable analog of diacylglycerol, and effects on
NMM-II-B phosphorylation, NMM-II-B critical concentration, and MgATPase activity were
determined. The rationale was that diacylglyceride is a signaling intermediate, and it can
facilitate various signaling events including activation of PKC (26).

The first experiment tested diC8 activation of the PKC, in terms of translocation of the PKC
from the cytoplasm to the cell membrane. Because PKC activation also involves
autophosphorylation of the C terminus of the kinase, experiments also tested translocation of
the phosphorylated form of the PKC (27). For experiments, estrogen-depleted CaSki cells were
treated with 10 μM diC8 in the absence or presence of 15 μM of the Src family kinase inhibitor
PP1 (28). In estrogen-depleted cells, treatment with diC8 was associated with increased
immuno-reactivities to the anti PKCα and anti phosphopan PKC antibodies in plasma
membrane enriched fractions of the cells, and both were suppressed by cotreatment with PP1
(Fig. 7A). Because the main PKC isoform in CaSki cells is PKCα(29), these data suggest
activation of PKC by diC8. Treatment with 17β-estradiol had no effect on the translocations
of PKC or phosphopan PKC (Fig. 7A). Neither diC8 nor 17β-estradiol produced any significant
effect on cellular PKC content (Fig. 7A). These results indicate PKC activation by diC8 but
not 17β-estradiol.

The second experiment studied the effects of diC8 on NMM-II-B filamentation and MgATPase
activity. Treatment with diC8 produced a biphasic increase in NMM-II-B MgATPase activity:
an early increase that began already with 1–10 nM diC8, reaching plateau at 0.1–1 μM and
decreasing thereafter (Fig. 7B). diC8 also increased NMM-II-B critical concentration; the
effect was monophasic and began with higher concentrations of diC8 (10–100 nM); it was
saturable (dioC8 EC50 of 1–10 μM) and started to plateau only at about 50 μM (Fig. 7B). These
data indicate that NMM-II-B MgATPase is more sensitive to the effects of diC8 than NMM-
II-B filamentation and that treatment with diC8 at concentrations of 1 μM or greater will tend
to inhibit NMM-II-B filamentation and block NMM-II-B MgATPase-activity.

Discussion
The main objective of the study was to understand the molecular mechanisms by which
estrogen modulates NMM-II-B function in epithelial cells. The results in CaSki cells revealed
that estrogen increased phosphorylation and inhibited NMM-II-B filamentation. Estrogen also
increased NMM-II-B MgATPase activity, and the effect was unrelated to abrogation of NMM-
II-B filamentation. These data suggest that NMM-II-B MgATPase activity can be regulated
independent of NMM-II-B filamentation and challenge the prevailing hypothesis that
MgATPase activity depends on filamentation.

The present results and our previous data (7) suggest that estrogen inhibits filamentation
through decreased dimerization and facilitated disassembly of NMM-II-B filaments. Estrogen
also increased NMM-II-B MgATPase activity: MgATPase activity of NMMHC-II-B filaments
was high, even when assayed in high-salt environment when filaments are supposedly
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disassembled. Current thinking would dictate that decreased filamentation would abrogate
MgATPase activity. However, the present results show the opposite: despite decreased
filamentation, treatment with estrogen increased NMMHC-II-B MgATPase activity.

The possibility that the estrogen effect was artifactual is unlikely. Although the methodology
of single turnover AT-Pase assay may be affected by the presence of damaged molecules that
may lack proper regulatory properties (30), control experiments (not shown) indicated
minimal/no yield of damaged NMM-II-B molecules during the purification process. Second,
the baseline and the F-actin-induced MgATPase activity rates (Vmax and KATPase) were
similar to those reported in other types of cells, suggesting that the purification method yielded
intact and undamaged hexamers consisting of a pair of heavy chains plus the two pairs of light
chains. Third, the PKC data are in line with the current prevailing hypothesis: in low-salt
conditions PKC enhanced phosphorylation and inhibited filamentation of NMMHC-II-B, but
it increased MgATPase activity. However, in high-salt conditions, which stimulate maximal
degree of defilamentation (Fig. 3C), MgATPase activity was abrogated, and PKC had no
additional effect. Moreover, treatments with high concentrations of diC8 (which presumably
have induced greater activation of PKC) inhibited NMM-II-B filamentation and blocked
NMM-II-B MgATPase activity.

One of the objectives of the study was to better understand estrogen signaling. The data suggest
involvement of the ERα as proximal mediator because CaSki cells express ERα mRNA and
protein (31), and estrogen modulation of NMM-II-B phosphorylation, filamentation, and
MgATPase activity could be blocked with ASOs for the ERα and the ERα antagonists
ICI-182,780 and tamoxifen. CaSki cells also express ERβ mRNA and protein (31) and mRNA
for the GPR30, but treatment with ASOs for the ERβ and GPR30 did not block estrogen effect.

Less is known about signaling distal to the ERα. The present results suggest that PKC modulates
constitutively NMM-II-B phosphorylation, filamentation, and MgATPase activity but ruled
out the involvement of PKC as mediator of estrogen action. On the other hand, the data
confirmed (7) that CK2 mediates estrogen modulation of NMM-II-B phosphorylation and
filamentation. The data also suggest that CK2 is involved in estrogen modulation of NMM-II-
B MgAT-Pase activity. This is based on the findings that the CK2 inhibitor DRB blocked
estrogen modulation of NMM-II-B MgATPase activity and that CK2 directly modulated
NMM-II-B MgATPase activity. CK2 is a ubiquitous, highly pleiotropic, and constitutively
active serine/threonine protein kinase (32,33). Of the more than 300 documented substrates
for CK2, most are involved in gene expression, protein synthesis, and signaling but only few
in the regulation of the cytoskeleton (32,33), and only two reports documented the involvement
of myosin II in smooth muscle cells (33,34). The hypothesis that NMMHC-II-B of epithelial
cells is a CK2 substrate is also of interest, given the known role of CK2 in cell survival, cell
growth, and proliferation (35) and the known mitogenic properties of estrogen.

The present data also confirmed (7) the involvement of the EGFR and ERK/MAPK in estrogen
modulation of NMM-II-B filamentation. The EGFR inhibitor AG1478 and the ERK/MAPK
inhibitor PD98059 also attenuated estrogen increase of NMM-II-B MgATPase-activity
(present results), suggesting involvement of the EGFR and ERK/MAPK mechanisms in
estrogen modulation of NMM-II-B MgATPase activity. The involvement of other kinases/
phosphatases has not been ruled out, although lack of effects by H-89 and LY294002 does not
support the involvement of protein kinase A or the phosphatidylinositol 3-kinase-Akt cascades.
Collectively, the present data suggest that estrogen modulation of NMM-II-B MgATPase
activity involves the ERα, EGFR, and ERK/MAPK mechanisms as proximal mediators and
the CK2 as a terminal mediator.
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Estrogen effects on NMM-II-B phosphorylation, filamentation, and NMM-II-B MgATPase
activity cannot not be explained by transcription regulation alone and most likely involve a
more elaborate network of intermediary steps or ERα-mediated activation of kinase-initiated
signaling cascades that participate in the terminal signaling cascade (36). EGFR is
transcriptionally regulated by estrogen (37), including in human cervical cells (38), and
estrogen up-regulates ERK1–2 activity in human vaginal-cervical cells (7). The interaction
between the EGFR and ERK/MAPK pathways is well documented, and CK2 can be a substrate
for the EGF/EGFR kinase mechanism (39). Therefore, it is possible that the EGFR is a rate-
limiting mediator involved in activation of the CK2, and ERα-up-regulation of cellular EGFR
increases activity of this kinase. EGFR, acting possibly via the ERK/MAPK pathway may
activate CK2 and induce phosphorylation of NMM-II-B and activation of the NMM-II-B
MgATPase. The present data therefore support concomitant actions of estrogen and CK2 on
NMM-II-B phosphorylation and MgATPase activity. This hypothesis is supported by findings
that CK2 can be a substrate for the EGF/EGFR kinase mechanism (39). The hypothesis may
be physiologically relevant because EGF is constitutively secreted by stromal cervical and
vaginal cells (40); the EGFR can be activated by changes in cell size (41); and the rate-limiting
effect for EGF actions in many tissues is cellular levels of the EGFR (42).

One of the questions that the present data raise is how NMM-II-B MgATPase activity can be
regulated independent of NMM-II-B filamentation. A possible explanation, based on studies
in other cell types, is of different sets of phosphorylation sites that regulate the two functions.
Myosin-II function regulation by phosphorylation of the light chains is relatively well
understood (8,43,44). However, the present results suggest modulation of NMM-II-B heavy
chain phosphorylation. In nonvertebrates, filamentation of myosin-II heavy chains is controlled
by myosin heavy chain kinases A–C (45). In vertebrates, the assembly of myosin II monomers
into filaments can be regulated by phosphorylation of heavy chains at three threonine residues
at the C terminus of the tail (46), but dephosphorylation of the threonines, possibly by Rho-
associated kinase-regulated myosin heavy-chain phosphatase (47) is a prerequisite for filament
assembly.

A number of kinases are known to modulate myosin-II heavy chains phosphorylation,
including Ca2+/calmodu-lin-dependent protein kinase type-II, cyclin-p34cdc2 kinase (48), p21-
activated kinase 1 (49), CK2 (50), and PKC (51). The action of the latter can be mediated by
the EGF mechanism (52). PKC and CK2 phosphorylation sites are located approximately 30
amino acids apart within the C terminus tail domain (51,53). Studies by others showed that
phosphorylation at or near the C terminus of the heavy chains tends to inhibit filament formation
(25), make filaments shorter (54,55), and inhibit actin-activated ATPase activity by reducing
Vmax (54) or decreasing their affinities to actin filaments (55). PKC can also phosphorylate
heavy chains at sites within the head region (56), but the sites have not been identified. In
dimerized filaments, heads of both myosin molecules have to be phosphorylated before the
MgATPase activity of either head can be activated by actin (57).

The present PKC data can be explained based on activation of sets of phosphorylation sites
that are located at different domains of the NMMHC-II-B filaments, e.g. tail vs. head. Thus,
sites, which regulate NMMHC-II-B MgATPase activity, are more sensitive to PKC than sites
that regulate NMM-II-B filamentation. In contrast, the estrogen-CK2 data indicate similar
sensitivity to the effects on NMM-II-B filamentation and NMMHC-II-B MgATPase activity.
Whether a single CK2 phosphorylation site regulates the two functions or whether disparate
sites having similar sensitivities to estrogen-CK2 exert those effects is being studied in the
laboratory.

The present results may contribute to our understanding of estrogen regulation of permeability
in the female reproductive tract. Estrogen modulation of the RTJ through modulation of
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occludin (3,4) and RLIS through actin depolymerization were previously reported (6). The
present result and our recent data (7) suggest a different and novel estrogen mechanism of
RLIS regulation through myosin regulation of the cortical actomyosin ring. Estrogen-induced
decrease of NMM-II-B filamentation and increase in NMMHC-II-B MgATPase activity would
tend to favor decreased interaction with actin and enhanced detachment of the myosin from
the cortical actin. Estrogen increases metabolic rate and cellular ATP activity (58), which
would provide the energetic source for the rapid turnover of the NMMHC-II-B MgATPase.

Because all three estrogen effects lead to decreased para-cellular resistance, the question of
specific function vs. redundancy needs discussion. The dose requirements of 17β-estradiol
(EC50 of 1–3 nM) and the specificity and agonist profiles of all three effects are similar (Refs.
3,4,7 and the present results). However, the time courses are different: modulation of actin is
relatively fast (1–6 h); modulation of NMM-II-B phosphorylation and NMMHC-II-B
MgATPase-activity are slower (12–24 h), and modulation of occludin is the slowest (24–48
h). Clinically, estrogen modulation of vaginal-cervical permeability also depends on the length
of exposure to estrogen. For instance, during the preovulatory phase of the menstrual cycle
estrogen surge (which lasts 6–12 h) suffices to induce massive secretion of fluid, but the effect
is limited in duration to about 12–24 h. It is possible that this effect, interpreted as increased
water transudation secondary to decreased paracellular resistance, is mediated by estrogen
modulation of cortical actin. In contrast, treatment of estrogen-deficient postmenopausal
women requires prolonged administration of estrogen to induce appropriate lubrication of the
lumen. The latter effect may possibly require the concerted actions of modulation of occludin
(to decrease the RTJ) and modulation of the cortical actomyosin ring (to decrease RLIS through
actin and NMM-II-B effects).

In summary, the data in human vaginal-cervical epithelial cells suggest that estrogen, in an
effect mediated by the ERα and CK2, decreases NMM-II-B filamentation and increases
NMMHC-II-B MgATPase activity and that the increase in MgATPase activity is unrelated to
the modulation of filamentation. Decreased filamentation and increased NMMHC-II-B
MgATPase activity could act in concert to destabilize the cytoskeletal cortical actomyosin ring,
induce formation of a dynamic-elastic cytoskeleton, and lead to abrogation of the RLIS and
increased permeability.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
ASO  

Antisense oligonucleotide

CK2  
casein kinase-II

CLO  
random control oligonucleotide

diC8  
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sn-1,2-dioctanoyl diglyceride

DRB  
5,6-dichloro-1-β-(D)-ribofuranosylbenzimidazole

EGF  
epithelial growth factor

EGFR  
EGF receptor

ER  
estrogen receptor

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

KATP  
ATP-sensitive potassium channel

NMM-II-B  
nonmuscle myosin-II-B

NMMHC-II  
NMM-II heavy chain

PKC  
protein kinase C

PSD  
phosphorylation site domain

RLIS  
resistance of the lateral intercellular space

RTJ  
resistance of the tight junctions

Vmax  
maximal velocity
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FIG. 1.
Phosphorylation of NMM-II-B filaments. A–D, Experiments in vivo (intact cells). CaSki cells
were shifted for 3 d to steroid-free medium (SFM) and treated before assays with the vehicle
(C, control) or 10 nM 17β-estradiol (E, 48 h), 10 μM ICI-182,780 (ICI, 24 h), DRB (6 h), or
10 μM staurosporin (STA, 8 h), alone or in combination. Cells were labeled with [32P]
orthophosphate; lysates were immunoprecipitated (IP) with the anti-NMMHC-II-B antibody,
fractionated on 6% PAGE, and autoradiographed (upper panels) or were immunoblotted only
with the antibody (IB) (lower panels). The experiments were repeated three times with similar
trends. D shows the densitometry analysis [means ±SD, arbitrary units (A.U.)] of the data in
A–C as well as experiments using cells treated with 10 μM ASO-ERα(48 h) or tamoxifen
(TMX, 24 h), alone or in combination with estrogen (Est). Data were analyzed in terms of
phosphorylated NMM-II-B per total NMM-II-B and normalized to densitometry of the control
band (10 U). a, P < 0.01–0.05, compared with SFM, C; b, P < 0.05–0.01, compared with SFM,
C, and + Est. E–I, Phosphorylation by CK2 and PKC in vitro, determined in terms of ATP
hydrolysis and [32P]Pi accumulation. E and F, Effects in vitro of CK2 (E) and PKC (F) using
RRREEETEEE or the MARCKS-PSD, respectively, as substrates (added at concentrations of
1 and 5 μM, respectively). C, Control (no added kinase); HI, heat-inactivated kinases (5 min
at 60 C). Experiments also involved coincubations with 50 μM DRB or 50 μM staurosporin
(STA), respectively. Shown are means (± SD) of three experiments. a, P < 0.01. G–I, Effects
of CK2 and PKC on phosphorylation of purified NMM-II-B filaments in vitro. G and H show
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dependence of CK2 (G) and PKC (H) on NMM-II-B concentration, in the absence (filled
circles) and presence of inhibitors (empty circles) (DRB or staurosporin, respectively, both
added at a concentration of 50 μM). Data were normalized to zero in control samples (C, no
added kinase). I, Purified NMM-II-B filaments were coincubated with CK2 or PKC, in the
absence or presence of 50 μM DRB or 50 μM staurosporin, respectively. Shown are means
(±SD) of three experiments. a, P < 0.01.
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FIG. 2.
Assembly of purified NMM-II-B filaments determined in terms of the NMM-II-B critical
concentration (CC). A, Experiments in vivo (intact CaSki cells, as in Fig. 1, A–C). B,
Experiments in vitro, using purified NMM-II-B filaments (described in Fig. 1I). a, P < 0.02–
0.01, compared with control (C).
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FIG. 3.
A, Steady-state ATP-dependence of ATP hydrolysis by purified NMM-II-B filaments.
Insert, Time course of ATP hydrolysis. The ATP dose-related increase in [32P]Pi release was
calculated from the slower steady-state increases in [32P]Pi release (>5 sec, insert). Data were
fitted to the Michaelis-Menten equation: V = (ATP) · Vmax/KATPase + (ATP), P < 0.01 for
two experiments. In the example, the calculated Vmax was 1.89 mmol Pi per (mole NMM-II-
B per minute) and KATPase 67 μM ATP. B, Steady-state F-actin-dependent ATP hydrolysis by
purified NMM-II-B filaments. Data were fit to the Michaelis-Menten equation: V = (actin) ·
Vmax/KATPase + (actin), P < 0.01 for two experiments. In the specific example, the calculated
Vmax was 0.115/sec and the KATPase 37 μM F-actin. Experiments in A and B were done in
low ionic (Na+ and Ca2+) strength to maintain NMM-II-B filaments in homodimerized state.
C, Steady-state NaCl-dependent disassembly of NMM-II-B filaments, determined in terms of
percent NMM-II-B recovered in the supernatant after incubation at 0–4 C with increasing
concentrations of NaCl. The curve is means of two experiments.
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FIG. 4.
Steady-state F-actin-dependent ATP hydrolysis by purified NMM-II-B filaments. Vmax (filled
bars) and KATPase (empty bars) were determined from fitting the results in each category to
the Michaelis-Menten equation. A, NMM-II-B filaments were obtained from cells treated in
vivo with one or more of the indicated drugs as in Fig. 1, A–C. B, Purified NMM-II-B filaments
were coincubated with one or more of the indicated kinases and agents in vitro as described in
Fig. 1I. Shown are means (±SD) of three to four experiments. a and b, P < 0.05–0.01, compared
with control (C).
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FIG. 5.
NaCl-dependence of steady-state F-actin-induced ATP hydrolysis by purified NMM-II-B
filaments. A, Vmax. B, KATPase. Experiments used NMM-II-B filaments obtained from cells
treated in vivo with 17β-estradiol (E) or NMM-II-B filaments obtained from estrogen-depleted
cells (C, control) that were coincubated in vitro with CK2 or PKC. Experiments were conducted
in the presence of 125 mM NaCl (filled bars) or 200 mM NaCl (empty bars). Shown are means
(±SD) of three experiments. a, P < 0.01, compared with C; b, P < 0.05 [125 mM NaCl vs. 200
mM and compared with control (125 mM) conditions]. UD, Undeterminable.
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FIG. 6.
Pharmacology and mechanisms of estrogen effects. CaSki cells were shifted for 3 d to steroid-
free medium and treated with the vehicle (C, control) or one of the indicated hormones/drugs/
agents, alone or in combination, and purified NMM-II-B filaments were used for the
experiments. Estrogen effects on NMM-II-B filamentation were determined in terms of NMM-
II-B critical concentration (CC, filled circles or bars). Estrogen effects on F-actin-dependent
ATP hydrolysis were determined in terms of Vmax (empty circles or bars). A, Dose-response
reactions. Cells were treated with one of the indicated concentrations of 17β-estradiol (17β-
E2) for 48 h. B, Time-response reactions. Cells were treated with 10 nM 17β-E2 for the indicated
durations of time. C, Specificity of estrogen effect. Cells were treated with 10 nM 17β-E2 or
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one of the following estrogens (all for 48 h): diethylstilbestrol (DES, 10 nM); estrone (E1, 100
nM); 17β-estradiol (17βE2, 10 nM); and 17β-estradiol-6-[o-carboxymethyl] oxime-BSA
(17β-E2-BSA, 1 μM). D and E, Effects of ASO-ERα on ERα, ERβ, GPR30, and GAPDH
steady-state mRNA levels (determined by real-time PCR) (D) and ERα, ERβ, and tubulin
protein steady-state levels (determined by Western blotting) (E). Cells were treated for 48 h
with 10 nM 17β-E2 alone (C, control) or in combination with the CLO-ERα or ASO-ERα(both
used at 10 μM for 48 h). In E, after blotting with the anti-ERα antibody, gels were reprobed
and blotted with the antitubulin antibody. The experiments were repeated twice with similar
trends. F, Effects of inhibitors on NMM-II-B filamentation and F-actin-dependent ATP
hydrolysis. Cells were treated for 48 h with 10 nM 17β-E2 alone, or plus one of the following:
ASO-ERα(10 μM, 48 h); ICI-182,780 (ICI, 10 μM, 24 h); tamoxifen (TMX, 10 μM, 24 h),
AG1478 (5 μM, 12 h), or PD98059 (10 μM, 6 h). Shown are means ±SD of three to six repeats.
a, P < 0.01, compared with control, C (serum-free conditions); b, P < 0.05–0.01, compared
with control and 17β-E2. G and H, Estrogen effects on CK2 activity (G) and ERK1–2 activation
(H). Estrogen-depleted cells were treated with 10 nM 17β-E2. At the indicated times after start
of treatment, dishes with cells were used for the assays. Shown are means ±SD of three repeats;
trends were significant at P < 0.01 in both cases. mgPr, Milligram (total cellular) protein (G).
In H, data were normalized to densitometry of the control band [10 arbitrary units (AU)].
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FIG. 7.
Effects of diC8 on PKC translocation (A) and NMM-II-B filamentation (B). A, Total
homogenates (TH) or plasma membrane-enriched fractions (PM) were obtained from estrogen-
depleted CaSki cells that were treated with 10 μM diC8 (30 min), 10 nM 17β-estradiol (17β-
E2) (48 h), or 15 μM PP1 (12 h), alone or in combination. Western blots were done using the
specified primary antibodies against PKCα or the phosphorylated PKC (phospho-pan PKC).
Experiments were repeated twice with similar trends. B, Purified NMM-II-B filaments were
obtained from estrogen-depleted CaSki cells that were treated 15 min before experiments with
one of the indicated concentrations of dic8. NMM-II-B filamentation (filled circles) was
determined in terms of NMM-II-B critical concentration (CC), and F-actin-dependent
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hydrolysis of ATP (filled circles) was determined in terms of Vmax. Shown are means ±SD
of three to six repeats.
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