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Microbial alkaloid staurosporine induces
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in human neutrophils

Svetlana I. Galkina,"* Vladimir I. Stadnichuk,? Julian G. Molotkovsky,® Julia M. Romanova,* Galina F. Sud’ina’
and Thomas Klein®

'A.N. Belozersky Institute and 2Physical Department of M.V. Lomonosov Moscow State University; Moscow, Russia; *Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry;
Russian Academy of Sciences; Moscow, Russia; “The Gamaleya Research Institute of Epidemiology and Microbiology RAMS;

Moscow, Russia; *Boehringer Ingelheim Pharma; Biberach, Germany

Key words: staurosporine, neutrophil, tubular or tublulovesicular extensions, membrane tethers, cytonemes, Salmonella enterica

serovar typhimurium, actin cytoskeleton, cytochalasin D, protein kinase C, tyrosine protein kinase

In the present work, we demonstrate that microbial alkaloid staurosporine (STS) and Ro 31-8220, structurally related
to STS protein kinase C inhibitor, caused development of membrane tubular extensions in human neutrophils upon
adhesion to fibronectin-coated substrata. STS-induced tubular extensions interconnected neutrophils in a network and
bound serum-opsonized bacteria Salmonella enterica serovar Typhimurium. The diameter of STS-induced extensions
varied in the range 160-200 nm. The extensions were filled with cytoplasm and covered with membrane, as they included
fluorescent cytoplasmic and lipid dyes. Neither protein kinase C inhibitors H-7 and bisindolylmaleimide VII, nor tyrosine
protein kinase inhibitors tyrphostin AG 82 and genistein caused such extensions formation. Supposedly, STS induces
membrane tubular extension formation promoting actin cytoskeleton depolymerization or affecting NO synthesis.

Introduction

Long distance cellular adhesive interactions mediated by long
tubular or tubulovesicular cellular protrusions—cytonemes,
membrane tethers, nanotubes,—were firstly observed in vari-
ous embryonic and blood cells' and later were found in nerve
and other cells.? Study and measurement of these structures is
strongly complicated by their small size, which is near the limit
of resolution for optic microscopy. Recently, a number of long
tubular and taper cellular protrusions varying twenty times in
diameter (from 2,000 to 100 nm) are united as cytonemes and
nanotubes.

We determine the neutrophil tubular or tubulovesicular
extensions (cytonemes) as membrane tethers with strongly uni-
form diameter along the entire length. The diameter can vary in
the range 150-240 nm. High rate of development (1 pm/min
and more) and flexibility also characterize neutrophil cytonemes.
In human neutrophil physical and chemical factors can cause for-
mation of membrane tubular extensions. Pulling of long and thin
membrane tethers from the cell bodies was observed upon neu-
trophil flowing over spread platelets or immobilized P-selectin at
the physiological rate.? Neutrophils attached to platelet P-selectin
by P-selectin glycoprotein ligand-1 receptors located on the
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neutrophil microvillus tips. Following microvillus elongation
under shear stress resulted in the membrane tethers formation.**
Similar membrane tethers can be pulled from the neutrophil
bodies by a micropipette manipulation.®’

Membrane tubulovesicular extensions resembling neutro-
phil membrane tethers in size and behaviour appeared on the
neutrophil cell bodies upon adhesion to fibronectin-coated sub-
strata in Na'-free extracellular medium or in the presence of
actin-disrupting agents cytochalasin D or B, an alkylating agent
4-bromophenacyl bromide,® inhibitors of glucose metabolism
and inhibitors of vacuolar type AT Pases, chloride channel inhibi-
tors.” Nitric oxide (NO), the physiological regulator of leukocyte
adhesion to endothelium, appears to be a natural causative factor
for TVE formation.'”" NO-induced neutrophil tubulovesicular
extensions connected neutrophils to substrata and to the other
cells, and bound and aggregated pathogenic bacteria over a dis-
tance of several cell diameters.

The mechanism of membrane tubular extensions formation
remains to be elucidated. Cell membranes undergo continuous
curvature changes required for formation of tubular and vesicu-
lar carriers for intracellular membrane trafficking, exocytosis
and endocytosis. It is shown recently that proteins containing
BAR or F-BAR domain possess the ability to induce membrane
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on single serine in cofilin can block
this activity. In human neutrophils
inhib-

its the constitutively active serine 3

staurosporine  specifically
cofilin kinase, thus promoting actin
depolymerization.”?! There is a close
interplay between the mechanisms
that control actin dynamics and
those that mediate plasma membrane
invagination and fission. Cofilin and
cofilin kinase are shown to regulate
actin filament population required
for the dynamin-dependent apical
vesicular carrier fission from Trans-
Golgi network.?

In the present work, we demon-
strate that STS, the natural alka-
loid isolated from the
Streptomyces  staurosporeus,
formation of nanometer-wide tubular

bacterium
induces

extensions connecting human neu-
trophils in a network upon adhesion
to fibronectin-coated substrata. STS
possesses multiple biological activities
ranging from antibiotic to antihyper-
tensive and anti-cancer.”>* One of
the target points for STS is inhibition
of protein kinases. STS prevents ATP
binding to a kinase due to its stron-
ger affinity to the ATP-binding site.
To elucidate whether inhibition of
protein kinases is a causative factor

2

for development of neutrophil tubu-
lovesicular extensions we studied the
effect of protein kinase C and tyrosine
kinase inhibitors of different structure
on neutrophil spreading on fibronec-
tin-coated substrata. We also com-

observed in three analogous experiments.

Figure 1. Scanning electron microscopy images of human neutrophils attached to fibronectin-coated
substrata in control conditions and in the presence of inhibitors of protein kinases, and diethylamine
NONOate. Cells were attached to fibronectin-coated substrata during 20 min at 37°C in control condi-
tions (A) and in the presence of: tyrosine kinase inhibitors, 100 M genistein (B) and 100 LM tyrphostin
AG 82 (C); protein kinase C inhibitors, 10 LM bisindolylmaleimide VII (D), staurosporine 200 nM (E and F)
and 10 UM Ro 31-8220 (G); 1 mM diethylamine NONOate (NO) (H). All pictures represent typical images

pared STS-induced extensions with
those that were induced by cytochala-
sin D and a NO donor, diethylamine
NONOate in size and behaviour.
Neutrophils appear to be profes-

sional phagocytes. STS was shown to

invagination and tubulation due to changing of membrane
curvature.!”””® The diameter of the tubules varies between 40
and 200 nm. GTPase dynamin and actin cytoskeleton coop-
eratively regulate plasma membrane invagination by BAR and
F-BAR proteins: at that membrane tubulation is enhanced by
disruption of actin cytoskeleton, whereas dynamin antagonized
membrane tubulation promoting vesicles formation and fission,
which require actin cytoskeleton integrity.”'® Among the central
cytoskeletal regulators are actin-depolymerizing factor (ADF)/
cofilin, which depolymerizes actin filaments.'”?° Phosphorylation
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inhibit internalization (phagocytosis)
of bacteria or opsonized erythrocytes

2629 At that it does not reduce but
28,30

by phagocytes and other cells.
often increases adherence of objects for phagocytosis to the cells.
We suggest that staurosporine facilitates extracellular binding of
bacteria due to formation of long membrane tubular extensions
strongly widening the area of the neutrophil contact interactions.
To test whether these extensions play a role in binding of bacteria,
we have studied neutrophil interaction with serum-opsonized .
typhimurium species in control conditions and in the presence of
protein kinase C inhibitors H-7 and ST, and of protein kinase C
activator phorbol 12-myristate 13-acetate (PMA).
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Results and Discussion

Human neutrophils have a round shape in suspension. Upon
adhesion to fibronectin they attached and spread on fibronectin-
coated substrata. The control cells plated at the density 10° cells/
ml did not contact each other and appeared with a smooth sur-
face (Fig. 1A). Neither tyrosine kinase inhibitors genistein and
tyrphostin AG 82 (Fig. 1B and C), nor protein kinase C inhibi-
tors bisindolylmaleimide VII (Fig. 1D) and H-7 (data not shown)
altered significantly the neutrophil morphology when compared
to the control cells (Fig. 1A). Neutrophils plated to fibronectin
in the presence of STS (Fig. 1E and F) or RO 31-8220, a pro-
tein kinase C inhibitor structurally related to STS, had ruffled
surface and were interconnected into network by thin tubular
extensions (Fig. 1G). STS-induced extensions (Fig. 1E and F)
like NO-induced neutrophil extensions (Fig. 1H) had definitely
tubular shape and reached 60-120 um (several cell diameters) in
length during 20 min (Fig. 1F) but have fewer diameter (Table
1). These data indicate that to induce membrane tubular exten-
sion formation STS and RO 31-8220 possess other activities in
addition to inhibition of protein kinase C or tyrosine kinase.

We suggest that staurosporine facilitate cytoneme for-
mation through depolymerization of actin cytoskeleton.
Depolymerization of actin filaments by cytochalasine D (Cyt
D) induced cytonemes formation in neutrophils as revealed by
phase contrast microscopy.® Cyt D-induced extensions are char-
acterized by rapid appearance and destruction due to swelling
and lysis, which complicated fixation of extension for the elec-
tron microscopy study. This could be ascribed to the ability of
Cyt D to stimulate secretion of lysosomal hydrolases desrupting

C: 20min

Table 1. Diameter of neutrophil tubulovesicular extensions induced by
different agents, as obtained by scanning electron microscopy

Object of measurements D.. D.. D + SEM

Control: tubulovesicular extensions con-

necting neutrophils in the presence of 128 188 158 £ 10

staurosporine, 200 nM

Tubulovesicular extensions connecting

S. typhimirium to neutrophils in the pres- 155 246 197"+ 8
ence of staurosporine, 200 nM
Tubulovesicular extensions developed in .
1 1 +
the presence of Ro 31-8220, 10 uM 80 % 355
Tubulovesicular extensions developed in
the presence of diethylamine NONOate, 150 240 184"+ 10
1 mM

Tubulovesicular extension developed in 115 217 15343

the presence of cytochalasin D, 5 ng/ml

Human neutrophils were attached to fibronectin-coated substrata
during 20 min in the presence of STS, Ro 31-8220 or diethylamine
NONOate and for 10 min in the presence of cytochalasin D and fixed

for electron microscopy; The cytoneme diameters were measured on
scanning electron images; The data presented are the mean values of
diameter (D + SEM) obtained from the measurements of diameters of
15-25 tubular cellular extensions; Data of three independent analogous
experiments were summarized; ‘p < 0.001 as compared to the control
value.

cytonemes. Cyt D-induced extensions were partially conserved in
neutrophils fixed during 10 min after addition of Cyt D (Fig. 2A
and B) and resembled in size and behaviour STS-induced exten-
sions (Table 1, Fig. 1E and F). Cells fixed 20 min after exposure

B: 10min

Figure 2. Scanning electron microscopy images of human neutrophils attached to fibronectin-coated substrata in the presence of cytochalasin D.
Neutrophils were attached to fibronectin-coated substrata during 10 min (A and B) and 20 min (C and D) at 37°C in the presence of 5 pug/ml

cytochalasin D.
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Figure 3. Fluorescent (A, C and E) and phase contrast images (B, D and F) of neutrophils
stained with FITC-phalloidin for actin cytoskeleton. Cells were attached to fibronectin-
coated substrata in the control conditions (A and B) and in the presence of 5 ug/ml
cytochalasin D (C and D) or 200 nM staurosporine during 20 min at 37°C.

A: BCECF B: BODIPY-sulfatide

Figure 4. Fluorescent microscopy images of neutrophils attached to fibronectin-coated
substrata in the presence of 200 nM staurosporine during 20 min at 37°C. Cells were pre-
loaded with BCECF (A) or treated with BODIPY-sulfatide for 5 min at the end of experi-
ment (B). Pictures represent typical images observed in two experiments.

2D). Destruction of Cyt D-induced cytonemes
was accompanied by appearance of specific round
membrane invaginations on the neutrophil surface
(Fig. 2B-D). These invaginations could represent
exits for cytonemes or locuses of compensatory
endocytosis upon cytonemes extrusion. Similar
invaginations we observed on the neutrophil sur-
face after shedding of NO-induced cytonemes as a
result of interaction with bacteria.'!

Assembly of neutrophil cytoskeleton under-
goes strong reorganization upon adhesion to
substrata and depends on substrata. Human neu-
trophils adherent to a polystyrene plastic surface
are vigorously activated and exhibited an increase
of cytoskeleton-accociated actin (F-actin) and a
decrease of monomeric (G-actin) concentration
when compared to suspended cells before plat-
ing. In contrast, fibronectin-adherent cells mani-
fest only priming response and exhibit a decrease
of F-actin and a rapid rise in G-actin cocentra-

tion.>43¢

The peak F-actin depolymerization
occurred in the first minutes of adhesion and is
followed by partial F-actin remodelling. In our
experiments neutrophils plated to fibronectin
during 20 min in control conditions exhibited
actin staining without profound actin filaments at
less spead cell perifery (Fig. 3A and B), thus indi-
cating adhesion-induced actin depolymerization.
Cytochalasin D-treated cells exhibited diffusive
staining of cytoplasm typical for G-actin (Fig. 3C
and D). Staurosporine-treated cells (Fig. 3E and
F) like cytochalasin-treated cells were difusively
stained with FITC-phalloidin around the whole
cell body including tubular extensions.
Staurosporine could induce tubular extensions
formation by blocking of actin remodelling in
adherent neutrophils. Staurosporine specifically
inhibits the neutrophil serine 3 cofilin protein
kinase, thus keeping actin in the depolymerized
state. The neutrophil serine 3 cofilin kinase is con-
stitutively active and insensitive to avariety of selec-
tive antagonists of protein kinases (H-7, HA1004,
ML-7, KN-62) but is blocked by STS.?! Another
target point for STS in neutrophil cytoskeleton
is inhibition of phosphorylation of L-plastin, a
leukocyte-specific actin-bundling protein, which
is phosphorylated on serine residue in response to
adhesion or phagocytosis.’’”?* L-plastin is a single
protein, which interact with 4-bromophenacyl
bromide,” a drug capable of inducing cytoneme
formation in more than 90% of cells. L-plastin
is also one of the major S-nitrosation targets for
NO, another potent inductor of cytoneme forma-
tion."*? STS* and Ro-31-8220,% but not other

to cyt D demonstrated either swelled fragments of extensions protein kinases inhibitors (H-7, H-8, herbimycin A) can inhibit
300-450 nm in diameter, or no extensions were observed (Fig.  L-plastin phosphorylation.
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A: Control

Figure 5. Scanning electron microscopy images of human neutrophils attached to fibronectin-coated substrata and exposed to serum-opsonized

S. typhimurium bacteria. Cells were attached to fibronectin-coated substrata in control conditions (A), in the presence of 100 nM PMA (B), 100 uM H-7
(C) or 200 nM staurosporine (D-F) during 15 min at 37°C. Then bacteria (bacteria/cells ratio 20:1) were added, cells were further incubated for 5 min
at 37°C, and fixed for electron microscopy. Arrows indicate bulges on tubular extensions. Arrowheads point to islands of neutrophil substances trans-
ported and shed by cytonemes. Pictures represent typical images observed in three experiments.

Mechanism of staurosporine-induced tubular membrane
extension formation in neutrophils remains to be elucidated. It
is not excluded that staurosporine causes extensions formation
affecting NO availability and synthesis. Staurosporine has been

4647 nitric oxide

shown to activate inducible®® and constitutive
synthase isoforms expression and to inhibit production of super-
oxide*®—a scavenger of NO.

To demonstrate that STS-induced tubular extensions rep-
resent membrane tethers with cytoplasm inside, we used
fluorescent cytoplasm dye BCECF and fluorescent lipid
BODIPY-labelled sulfatide. STS-induced tubulovesicular
extensions of BCECF-loaded neutrophils contained fluorescent
dye along with neutrophil cytoplasm (Fig. 4A). Fluorescent
analogue of natural lipid, BODIPY-sulfatide, permeated in
the plasma membrane of STS-treated neutrophils and in
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STS-induced tubular extensions thus indicating their membra-
nous structure (Fig. 4B).

The most impressive structures were formed during inter-
action of STS-treated neutrophils with bacteria. We compared
human neutrophil interactions with serum-opsonized S. #yph-
imurium bacteria in control conditions and in the presence of
protein kinase C activator PMA and protein kinase C inhibi-
tors H-7 and STS. In control conditions, neutrophils plated to
fibronectin-coated substrata mainly ingested added S. typhimu-
rium species. The specific membrane ruffles were left on the cell
surface (Fig. 5A, large arrows). Such ruffles were shown to indi-
cate the sites of S. typhimurium entering into the cells as a result
of phagocytosis.*” In the presence of PMA bacteria were ingested
by neutrophils in a similar way, leaving ruffles on the cell surface
(Fig. 5B, large arrows).
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In the presence of protein kinase C inhibitors H-7, S. typhimu-
rium species were attached to the neutrophil surface, while ruffles
were practicularly absent (Fig. 5C). However, when bacteria were
added to STS-treated cells, STS-induced tubular extensions of
cells bound S. #yphimurium species along with the cell surface
(Fig. 5D-F). Interaction with bacteria resulted in a statistically
significant increase in STS-induced extension diameters (Table
1) and appearance of multiple bulges along the extensions (Fig.
5D and E, arrows). The latter are supposed to transport neutro-
phil substances along the cytonemes. The interaction with bac-
teria caused shedding of cytonemes together with bound bacteria
and bulges and formed a kind of adhesive for bacteria islands far
from the cell surface (Fig. 5D and F, arrowheads).

We demonstrated that STS-induced extensions are membrane
tubules with the average diameter 160 nm. They strongly dif-
fer from 15 nm-wide neutrophil “extracellular traps”™—fibers
consisted of granule proteins and chromatin without lipid mem-
brane. These fibers are formed as a result of neutrophil cell death
and can bind and kill bacteria extracellularly.® STS-induced
extensions also do not resemble long F-actin-containing filopodia
(700-2,000 nm in diameter) of human macrophages, which bind
bacteria and keep them untill bacteria undergo phagocytosis.”

STS-induced tubular membrane extensions creates a way
for neutrophils to contact other cells and to capture bacteria
over a distance from the cell surface. Transportation of neu-
trophil substances along cytonemes towards bound bacteria
could deliver neutrophil bactericidal agents for destination
without dilution and host tissues injury (Fig. 4). The binding
of bacteria by cytonemes is not a prerequisite for phagocytosis
of bacteria by neutrophils but is followed by shedding of tubu-
lar extensions together with bound bacteria. Following lysis
of tubular extensions besides bound and aggregated bacteria
could release neutrophil bactericides closely to bound patho-
gens. Such a mechanism could contribute to antibiotic activity
of staurosporine.

Materials and Methods

Bicarbonate-free Hank’s solution, phorbol 12-myristate 13-ace-
tate, staurosporine, H-7, bisindolylmaleimide VII, Ro31-8220
methanesulfonate salt, genistein, cytochalasin D, FITC labeled
phalloidin were purchased from Sigma (Steinheim, Germany),
tyrphostin AG 82 (A25) was from Alexis (Lausen, Switzeland).
Ficoll-Paque was purchased from Pharmacia (Uppsala, Sweden).
Fibronectin was from Calbiochem (La Jolla, USA). Diethylamine
NONOate was from Cayman (Massy, France). Acetoxymethyl
ester  of  2'7"-bis(2carboxyethyl)-5,(6)-carboxyfluorescein
(BCECF) was obtained from Molecular Probes (Eugene, OR).
BODIPY-sulfatide, 3-O-sulpho-D-galactosyl-B1-1'-N-[7-(4,4-
difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)
heptanoyl]-D-erythro-sphingosine, was prepared by a standard
procedure used for such compounds,® details of the synthesis
will be published elsewhere.

Blood of healthy volunteers with no pharmacological ther-
apy in the 2 weeks preceding sampling was used for neutrophil
preparation. Blood was taken via venous puncture as approved

www.landesbioscience.com

by Ministry of Public Health Service of Russian Federation.
Blood experimental procedures were approved by the
Institutional Ethics Committee of A.N. Belozersky Institute.
Neutrophils were isolated from freshly drawn donor blood on
a bilayer gradient of Ficoll-Paque (at densities 1.077 and 1.125
g/ml).?? Washed neutrophils were resuspended in bicarbonate-
free Hank’s solution containing 10 mM HEPES, pH 7.35. Glass
cover slips were incubated in Hank’s solution containing 5 pg/
ml fibronectin for 2 h at room temperature and were thoroughly
washed with phosphate-buffered saline. Neutrophils (10° cells/
mL) were plated on protein coated cover slips in corresponding
buffer and incubated for 20 min at 37°C. All test substances
were dissolved in Hank’s solution, DMSO or ethanol, and were
added to the cells before plating. Corresponding amounts of
DMSO or ethanol (not exceeding 5 pl/ml) were added to the
control cells.

Salmonella enteria serovar Typhimurium cells of virulent strain
C53 were a kind gift of Prof. F. Norel.”® Bacteria were grown in
Luria-Bertrani-broth and then washed twice using physiological
solution with centrifugation at 2,000 g. Concentration of stock
suspension was 2 x 10®* CFU/ml.

Bacteria were opsonized with fresh serum from the same
donor whose blood was used for neutrophil preparation. Serum
was isolated by centrifugation of clotted blood. For opsonization,
bacteria (4 x 10%/ml) were incubated for 10 min in Dulbecco’s
solution containing 10% serum. Then bacteria were washed by
repeated sedimentation in Dulbecco’s medium. Neutrophils were
plated onto fibronectin-coated slides during 15 min at 37°C, then
bacteria were added (10:1 or 20:1 bacteria/cell) and cells were
further incubated at 37°C for 5 min. After that cell were fixed for
scanning electron microscopy.

Photomicroscope Opton III (Germany) was used for phase
contrast and fluorescent microscopy of neutrophils. The pH-sen-
sitive fluorescent dye BCECF and BODIPY-sufatide were used
as a cytoplasmic marker, and a lipid fluorescent dye, respectively.
For fluorescent microscopy, neutrophils after preparation were
incubated with 5 uM BCECF (20 min at 37°C) and then were
used in experiments. BODIPY-labelled sulfatide (5 pg/ml) was
added to the attached cells (incubation for 5 min) at the end of
experiments.

For actin cytoskeleton staining neutrophils were plated to
fibronectin-coated substrata during 20 min in the presence of test
drugs, fixed in 4% paraformaldehyde in Hank’s-HEPES solu-
tion without Ca*? and Mg*? and containing 5 mM EDTA (pH
7.3), permeabilized during 10 min with 0.1% Triton X-100 and
stained with FITC-phalloidin.

For scanning electron microscopy, cells were fixed for 30 min
in 2.5% glutaraldehyde, postfixed for 15 min with 1% osmium
tetroxide in 0.1 M cacodylate (pH 7.3), dehydrated in an acetone
series, then critical-point-dried with liquid CO, as a transitional
fluid in a Balzers apparatus, sputter-coated with gold-palladium
and observed at 15 kV with a Camscan S-2 or JSM-6380 scan-
ning electron microscope.

Tubular extension diameters were measured directly on highly
magnified scanning electron images and calculated based on the
respective bar’s value. The data expressed as mean + standard
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error (D = SEM). Student’s test for unpaired observations was

applied. Values of p less than 0.05 were regarded as significant.
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