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PRECLINICAL STUDY

Local anesthetics inhibit kinesin motility and microtentacle
protrusions in human epithelial and breast tumor cells
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Abstract Detached breast tumor cells produce dynamic
microtubule protrusions that promote reattachment of cells
and are termed tubulin microtentacles (McTNs) due to
their mechanistic distinctions from actin-based filopodia/
invadopodia and tubulin-based cilia. McTNs are enriched
with vimentin and detyrosinated «-tubulin, (Glu-tubulin).
Evidence suggests that vimentin and Glu-tubulin are cross-
linked by kinesin motor proteins. Using known kinesin
inhibitors, Lidocaine and Tetracaine, the roles of kinesins
in McTN formation and function were tested. Live-cell
MCcTN counts, adhesion assays, immunofluorescence, and
video microscopy were performed to visualize inhibitor
effects on McTNs. Viability and apoptosis assays were
used to confirm the non-toxicity of the inhibitors.
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Treatments of human non-tumorigenic mammary epithelial
and breast tumor cells with Lidocaine or Tetracaine caused
rapid collapse of vimentin filaments. Live-cell video
microscopy demonstrated that Tetracaine reduces motility
of intracellular GFP-kinesin and causes centripetal collapse
of McTNs. Treatment with Tetracaine inhibited the
extension of McTNs and their ability to promote tumor cell
aggregation and reattachment. Lidocaine showed similar
effects but to a lesser degree. Our current data support a
model in which the inhibition of kinesin motor proteins by
Tetracaine leads to the reductions in McTNs, and provides
a novel mechanism for the ability of this anesthetic to
decrease metastatic progression.
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Introduction

The metastatic capacity of circulating tumor cells (CTCs)
to form blood-borne implantations is reduced by treatment
with the amine anesthetic Tetracaine [1]. However, the
specific mechanism underlying this anti-metastatic effect
has not been pursued in recent years and remains incom-
pletely understood. We have recently reported that
detached breast tumor cell lines produce microtentacles
(McTNs) that are supported by a coordination of detyro-
sinated o-tubulin and vimentin intermediate filaments [2,
3]. CTCs bind blood vessel walls via a cytoskeletal
mechanism consistent with McTNs, and highly metastatic
tumor cell lines display increased McTN frequencies [3, 4].
In this study, we investigated if the anesthetics, Lidocaine,
and Tetracaine, affected the cytoskeletal structure of
MCcTNs and their role in tumor cell reattachment.
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Actin-based protrusions, such as lamellipodia and filo-
podia, are extensively studied for their roles in cellular
migration and motility of adherent cells [5, 6]. However,
the cytoskeletal dynamics after a cell is released from
extracellular matrix are largely overlooked. Highly meta-
static tumor cell lines circumvent anoikis, a form of
apoptosis initiated by the loss of cell-matrix interactions
[7, 8]. Recent observations of suspended mammary epi-
thelial cells (MEC) and breast tumor cells indicate that
cells actively develop long, dynamic microtubule-based
protrusions of the plasma membrane [2]. McTNs observed
in MECs and breast tumor cells of both human and murine
origin facilitate efficient cell reattachment with surfaces,
extracellular matrix, or during cell-cell adhesion. Com-
pelling evidence from in vivo studies indicate the initial
steps in colon carcinoma cell adhesion to hepatic micro-
vasculature requires tubulin polymerization [4]. Inhibition
of actin polymerization actually enhanced tumor cell
adhesion to the hepatic microvasculature [4]. Actin de-
polymerizers inhibit lamellipodia, filopodia, and invado-
podia, but enhances the length and frequency of McTNs[2].
The molecular mechanisms supporting McTNs are, there-
fore, consistent with the mechanisms that promote the
reattachment of CTCs to blood vessel walls in vivo and
implicate McTNs in the initial steps of tumor cell extrav-
asation [2].

Further studies have also revealed that McTNs are
specifically enriched in detyrosinated o-tubulin (Glu-tubu-
lin), where post-translational removal of the c-terminal
tyrosine exposes a glutamic acid residue. Glu-tubulin is a
clinical marker of poor prognosis in breast cancer patients,
but the mechanism by which tubulin detyrosination affects
tumor aggressiveness remains unclear [2, 9]. Interestingly,
levels of Glu-tubulin also increase following detachment
and Glu-tubulin localizes within McTNs [2]. While
microtubules composed of full-length o«-tubulin have a
half-life of minutes in cells, microtubules enriched in Glu-
tubulin can persist for up to 16 h [10]. McTNs are addi-
tionally enriched with vimentin intermediate filaments (IF)
[3]. The increased stability of Glu-microtubules is thought
to result in part from the association with more resilient
vimentin filaments [11, 12].

Members of the kinesin superfamily family (KIFs)
function in chromosomal separation and spindle move-
ments during mitosis and meiosis as well as trafficking
materials in an anterograde direction along microtubules
[13, 14]. Kinesin-1s or conventional kinesins consists of a
tetramer made up of two heavy and two light chains. The
globular N-terminal head domain of the heavy chain con-
tains the highly conserved plus-end oriented motor domain
and ATPase. The C-terminal end contains the stalk/tail
region that interacts with cargo or with adaptor proteins
[15]. In between the head and tail region lies the neck
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region that determines the directionality of the motor
proteins [16]. Kinesins promote recruitment of IFs to Glu-
tubulin [17] and cross-link these two filament systems [18].
The dependence of McTNs on coordinated vimentin and
Glu-tubulin [2, 3] supports a possible role for kinesins in
MCcTN formation.

The inhibitory effects of anesthetics on rapid axonal
signaling have been well studied [19, 20]. In recent years, it
was shown that local anesthetics inhibit kinesin motor
function in an in vitro motility assay [21]. However, before
the effects of Lidocaine and Tetracaine on kinesin proteins
were known, it was discovered that Tetracaine possessed
an inhibitory effect on metastatic mouse melanoma cells
(B16-F1, B16-F10) that prevented successful reattachment
of CTCs in distant tissues [1]. Tetracaine induced rounding
of attached tumor cells and decreased cell-adhesion char-
acteristics without affecting surface protein composition
[1]. Despite the tremendous novelty of this finding, the
specific mechanism underlying the anti-metastatic effect of
anesthetics has not been pursued in more recent years and
is still not completely understood.

The cytoskeletal mechanism supporting McTNs [2, 3]
provides a potential connection between anesthetics, ki-
nesins, and the reattachment process of CTCs. We, there-
fore, examined the effects of inhibiting kinesin activity on
MCcTN motility and extension using the anesthetics Lido-
caine and Tetracaine. We also investigated the effects of
the anesthetics on vimentin filaments and on the motility of
the conventional kinesin, kinesin-1, using a fluorescently
tagged kinesin (GFP-Kif5c) within intact cells. Treatment
with Tetracaine inhibited the extension of McTNs as well
as their ability to promote tumor cell aggregation and
reattachment. Lidocaine and Tetracaine caused rapid col-
lapse of vimentin filaments within human MECs and breast
tumor cells and live-cell video microscopy demonstrated
that Tetracaine reduces motility of intracellular GFP-
kinesin which causes centripetal collapse of McTNs. Our
current data support a model where inhibition of kinesin
motor proteins by Tetracaine leads to the reductions in
MCcTNs and provides a novel mechanism for the ability of
this anesthetic to reduce metastasis.

Materials and methods
Cell culture and drug treatment

MCF10A, a non-tumorigenic, immortalized MEC line, was
cultured in 10 cm plastic dishes (Nunc/CellStar) with
Dulbecco’s modified Eagle’s medium/F12 (DMEM)
(Gibco) supplemented with 5% horse serum, insulin (5 pg/ml),
EGF (20 ng/ml), hydrocortisone (500 ng/ml), penicillin—
streptomycin (100 pg/ml each), and L-glutamine (2 mmol/l).
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MCF10A-Bcl2 was grown in MCF10A media plus Puro-
mycin (2 pg/ml) (Sigma). MDA-MB-436 and Hs578t cells
were grown in DMEM with penicillin—streptomycin
(100 pg/ml), L-glutamine (2 mmol/l), and 5% fetal bovine
serum. Lidocaine hydrochloride monohydrate (Sigma) and
Tetracaine hydrochloride (Sigma) were reconstituted in
ddH,O (0.5 M). Latrunculin-A (Biomol) was reconstituted
in ethanol (5 mM). Treatments of MCF10A and MDA-
MB-436 cells were with serum-free DMEM.

Immunofluorescence

MCF10A cells grown on glass coverslips were treated with
DMEM or with DMEM plus the corresponding drug con-
centrations. Cells were fixed with methanol, blocked with
5% BSA/0.5% NP-40/PBS for 1 h before primary antibody
incubation with ms-vimentin (1:1000; Zymed) in 2.5%
BSA/0.5% NP-40-PBS for 1 h, anti-ms-Alexa Fluor-594,
secondary antibody (1:500; Molecular Probe) for 1 h, ms-
anti-o-Tubulin-FITC (1:500; Sigma), and Hoescht 33342
(1:5000; Sigma) for 1 h. All washes were done in PBS.
Coverslips were mounted on glass slides using Fluoro-
mount-G (SouthernBiotech, AL). Epifluorescent imaging
was done on an Olympus IX-81 inverted microscope
mounted with a CCD camera. Images were acquired using
Volocity software (ImproVision Inc.; Waltham, MA).

For suspended IFs, MDA-MB-436s were detached using
an enzyme-free cell dissociation solution (Millipore). Cells
were suspended in phenol-red-free DMEM (Gibco) for
15 min, fixed in formaldehyde, and spun down over poly-
lysine coated coverslips using a STATspin cytofuge (Iris
Sampling Process, Inc.; Westwood, MA). Blocking, stain-
ing, and mounting were performed using similar methods
as attached IF. Confocal images were acquired using an
Olympus FV1000 laser scanning confocal microscope
(Olympus, Center Valley, PA) equipped with a 60x/1.42
NA oil immersion objective lens with no zoom.

Westerns

MCF10A, MCF10A-Bcl2, and MDA-MB-436 cells were
grown to confluency in 6-well dishes with or without the
drugs Lidocaine, Tetracaine, or LA in DMEM. Cells were
washed with PBS and gently scraped in ice-cold RIPA lysis
buffer (50 mM Tris—HCI pH 8.0), 150 mM NaCl, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phen-
ylmethylsulfonyl fluoride, and 1% protease inhibitor
cocktail (Sigma,P2714)). To ensure total recovery, all
media and washes were collected and pelleted by centri-
fugation for 5 min at 300xg. Pellets were lysed in RIPA
Buffer and lysates combined. Lysates were incubated on
ice for 15 min with vortexing before storage at -80°.

Protein concentrations were measured using a Lowry-based
assay (Bio-Rad, Hercules, CA). 20-30 pg of total protein
was separated by SDS-PAGE on 12% polyacrylamide gels
then transferred to Immuno-Blot PVDF membranes (Bio-
Rad, Hercules, CA). Membranes were blocked in 5% milk
in Tris-buffered saline (TBS) with 0.1% Tween for 1 h at
room temperature followed by an overnight incubation at
4°C of each antibody separately, Rt-PARP (1:1000; H-250,
Santa Cruz), Ms-Vimentin (1:1000; C-20, Santa Cruz), Ms-
Bcl2 (1:1000, BD Transduction), and Ms-f-actin (1:1000:
Sigma) in 2.5% milk TBS plus 0.1% Tween 20. Corre-
sponding secondary antibodies to IgG conjugated to
horseradish peroxidase (HRP) were used (1:5000; GE
Healthcare, Piscataway, NJ) and visualized using ECL-plus
chemiluminescent detection Kkit.

XTT viability assay

Cells were grown up to ~80% confluency in a clear bot-
tomed 96 well plate (Costar; Corning, NY). Growth media
were changed with 100 pl phenol-red-free DMEM media
with or without Lidocaine or Tetracaine and incubated at
37°C. XTT salt solutions contained 1 mg/ml XTT salt (X-
4626; Sigma) in phenol-free DMEM plus 7.7 ng/ml
phenazine methosulfate (PMS). After incubation with
25 pl of XTT/PMS solution in each well (37°C, 4 h),
absorbance at 450 nm was measured with a BioTek Syn-
ergyHT spectrophotometer.

Real-time cell attachment assay

Cell-substratum attachment was assessed by electrical
impedance (xCelligence RTCA instrument, Roche).
MCF10A, MCF10A-Bcl2, and MDA-MB-436 were tryp-
sinized, counted, and diluted to a concentration of 10%/ml.
Duplicate wells of electronic microtiter E-plates were seeded
with 10° cells in growth media containing 6 mM Lidocaine,
0.5 mM Tetracaine or. Raw cell index (CI) impedance val-
ues from each measured time point were normalized to the
maximum CI attained for the parental control cell line at 1 h.
Drug-treated cell lines were then represented as a percentage
attachment related to untreated parental control.

Microtentacle scoring and live-cell imaging

MCF10A and/or MDA-MB-436 cells at ~50% confluency
were transfected overnight with a vector expressing mem-
brane-localized GFP (AcGFP1-Mem, ~1 pg/ul, Clontech,
Mountain View, CA), using either Fugene6 transfection
reagent (11814443001; Roche) or Exgen-500 (R0O511; Fer-
mentas). Cells were trypsinized, resuspended with DMEM
or DMEM plus Lidocaine or Tetracaine &5 pM Latrunculin
A, transferred to a low-attachment plate, and incubated at
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37°C for 15 min before counting. Live cells were blindly
scored positive for McTNs when exhibiting two or more
protrusions greater than the radius of the cell body. Popu-
lations of 100 or more GFP-positive cells were counted for
each trial. Cell images were collected using an Olympus
CKX41 inverted fluorescent microscope (Allentown, Pa)
equipped with an Olympus F-View II 12-bit CCD digital
camera system and Olympus MicroSuite5 imaging software.
Movies of GFP-vimentin transfected cells were captured at
100x magnification and captured at one frame/2 s and are
shown with a 5 x acceleration. MCF10A and Hs578t cells at
~50% confluency were transfected with ~2 pg/ul of
pGFP-KIF5C DNA, kindly provided by Dr. Michelle
Peckham (Institute for Molecular and Cellular Biology,
University of Leeds, Leeds, UK). Movies of GFP-kinesin
transfected cells were captured at 100x magnification in a
humidified 37°C chamber in a stack of 0.5 um z-slices at
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approximately one frame/2-5 s using an Olympus IX81
inverted microscope. Analysis and particle tracking were
done using the Volocity software (ImproVision Inc.; Wal-
tham, MA).

Propidium iodide (PI) (Sigma; 1:3000, 20 min) staining
was in phenol-red-free DMEM and trypsinized cells were
scored blindly positive for PI on an Olympus CKX41
inverted fluorescent microscope.

Results

Inhibition of microtentacles by the local anesthetics
Lidocaine and Tetracaine

To visualize McTNs, MCF10A, and MDA-MB-436 cells
were transfected with a membrane-localizing green
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Fig. 1 Tetracaine is an effective inhibitor of McTN protrusions in
MCF10A and MDA-MB-436 cells. MCF10A human mammary
epithelial cells and MDA-MB-436 human breast cancer cells were
transfected with GFP-Membrane and scored for microtentacle
(McTN) generation. a—c Representation of McTN types counted
and not counted, a DMEM (positive), b 5 uM LA (positive),
¢ 025 mM Tetracaine + LA (negative)y d MCFI0A n =4,
e MDA-MB-436 n =4 McTN counts, d, e MCF10A and MDA-
MB-436 cells either under No Treatment, 5 UM LA, 1 mM
Lidocaine & SUMLA, or 0.25 mM Tetracaine & SUMLA. Cells were
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1mMLido Lido+LA 0.25mMTet Tet+LA

blindly scored positive when exhibiting two or more McTNs that
extended greater than the radius of the cell body. Three independent
experiments with at least 100 GFP-positive cells were counted for
each bar. In MCFI10A cells, 1 mM Lidocaine and 0.25 mM Tetra-
caine were effective in inhibiting McTN + LA. In MDA-MB-436
cells, only 0.25 mM Tetracaine was effective in inhibiting
McTNs = LA but not effective in 1 mM Lidocaine. * indicates
significant difference compared to that of No Treatment. ** indicates
significant difference compared to that of 5 uM LA treatment.
Statistical analyses were done with an ANOVA test, P < 0.05
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fluorescent protein (GFP-Mem) [2, 3] and suspended over
low-attachment plates before blindly scoring for McTNs
that extend longer than the radius of the cells (Fig. la—c).
Latrunculin-A, an actin depolymerizer, increased the length
and frequency of McTNs in MCF10A and MDA-MB-436
cells (Fig. 1d, e), as did another actin depolymerizer,
Cytochalasin-D (not shown) [22, 23]. In MCF10A cells,
Lidocaine and Tetracaine reduced McTNs; however, in
MDA-MB-436 cells, | mM Lidocaine did not significantly
reduce McTNs. It is possible that MDA-MB-436 cells
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Fig. 2 Lidocaine and Tetracaine do not affect cellular viability or
induce PARP at the concentrations that inhibit microtentacle protru-
sions. a, b XTT Viability Assay on MCF10A, MCF10A-Bcl2, and
MDA-MB-436 cells in a 96-well plate for 4 h. Cells are viable after
4 h of treatment at the concentrations 1 mM Lidocaine and 0.25 mM
Tetracaine (n = 3, each trial done in triplicate). ¢ Western Blot:
MCF10A, MCF10A-Bcl2, and MDA-MB-436 samples with/without
Lidocaine and Tetracaine treatments were run on 12% polyacryl-
amide gels and blotted for PARP cleavage, Vimentin, Bcl2, and actin.
MDA-MB-436 was additionally treated with 1 pg/ml TRAIL for 2 h
as a positive control for cleaved PARP. Lidocaine and Tetracaine do
not cause significant PARP cleavage in the three cell lines tested at
the working concentrations of 1 mM Lidocaine and 0.25 mM
Tetracaine after 4 h of treatment

possess a greater resistance to Lidocaine due to the large
quantity of vimentin filaments that may confer additional
stabilization (Fig. 2c). Tetracaine, however, a more potent
inhibitor of kinesins, reduced McTN frequencies for both
cell lines, even in the presence of the actin depolymerizers
Cytochalasin-D (not shown) and LA (Fig. 1d, e) [21].

Concentrations of Lidocaine and Tetracaine that inhibit
microtentacles are non-toxic to human mammary
epithelial cells and breast tumor cell lines

The effects of Lidocaine and Tetracaine on the viability of
human MECs have not been well-established, but tetrazo-
lium hydroxide viability assays confirmed that these
anesthetics are non-toxic above and below the concentra-
tions used for McTN inhibition. While McTNs are affected
after 15 min of treatment with either 1 mM Lidocaine or
0.25 mM Tetracaine, no toxicity is observed at these con-
centrations for human MECs (MCF10A, MCF10A-Bcl2)
and a human breast tumor cell line (MDA-MB-436) even
after 4 h of exposure (Fig. 2a, b). Extended treatments for
24 h with 1 mM Lidocaine or 0.25 mM Tetracaine reduced
MCF10A viability compared to that of MCF10A-Bcl2 and
MDA-MB-436s (not shown). However, as MCF10A cells
are highly sensitive to apoptotic cell death, particularly in
response to changes in cell shape [24], the resistance
conferred by Bcl-2 expression showed that anesthetics
were not toxic to apoptotically resistant cells. To determine
if treatments with anesthetics would induce short-term
apoptosis in MCF10A cells, a western blot was performed
to assay cleavage of Poly-(ADP-ribose)-polymerase
(PARP) (Fig. 2c). Treatment with the anesthetics did not
induce PARP cleavage at 4 h, even though apoptosis is
functionally active as shown by a positive control treatment
with tumor necrosis (TNF)-related apoptosis-inducing
ligand (TRAIL). A propidium iodide exclusion assay fur-
ther confirmed that membrane integrity was maintained in
MCF10A and MDA-MB-436 cells under the same drug con-
ditions utilized for McTN counts (Supplemental Data 1).

Lidocaine and Tetracaine cause a centripetal collapse
of vimentin intermediate filaments and inhibit
vimentin trafficking

The effects of Lidocaine and Tetracaine on the cytoskele-
ton structural components, o-tubulin and vimentin, were
analyzed via immunofluorescence of MCF10A (Fig. 3a)
and MDA-MB-436 (Fig. 3b) cells. Long filaments of o-
tubulin proteins (Fig. 3al, bl) and vimentin IFs (Fig. 3a2,
b2) were found ubiquitously throughout the cytoplasm
before treatment with inhibitors. After 30 min of incuba-
tion in 1 mM Lidocaine or 0.25 mM Tetracaine, vimentin
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vimentin

Lidocaine

Tetracaine

Fig. 3 Anesthetic treatment causes collapse of vimentin intermediate
filaments MCF10A cells (a) and MDA-MB-436 cells (b) were fixed
and immunostained for a-tubulin and vimentin. 7, 2 T = 0 in DMEM
3,4 T =30 min in DMEM 5, 6 DMEM + 1 mM Lidocaine 7, 8
DMEM + 0.25 mM Tetracaine. Arrows point to areas of vimentin
collapse at 7 =30 min with 1 mM Lidocaine and 0.25 mM

filaments in MCF10A and MDA-MB-436 cells collapse to
a perinuclear position (Fig. 3a6, §8; b6, 8), consistent with
the vimentin collapse observed in fibroblasts when the
anterograde movement of kinesins is inhibited [25, 26].
However, microtubules remained filamentous with no dif-
ferences between treatments and DMEM control (Fig. 3a5,
7; b5, 7), although intriguing foci of o—tubulin can be seen
in MCF10A cells at 30 min (Figs. 3a, 7 white arrowhead).

We further investigated the effects of Tetracaine on the
vimentin and a-tubulin networks of suspended MDA-MB-
436s (Fig. 4). Control cells displayed McTNs composed of
filamentous vimentin and «-tubulin [3]. Cells treated with
0.25 mM Tetracaine, however; displayed a marked
decrease in vimentin containing McTNs.

To examine Lidocaine and Tetracaine’s inhibitory effect
on vimentin trafficking along microtubules, live-cell
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Tetracaine treatment with corresponding arrows in o-tubulin. Vimen-
tin collapse occurs in both MCF10A and MDA-MB-436 cells at
T =30 min in both 1 mM Lidocaine and 0.25 mM Tetracaine
treatment. Arrowheads (a 7) point to focal points of o-tubulin
collapse seen in MCF10A cells. Hoescht DNA stain in top, right
insets

fluorescence video microscopy was performed in MCF10A
cells expressing GFP-vimentin. Kinesin motor proteins
traffic vimentin monomers and squiggles in an anterograde
direction toward microtubule plus-ends [26]. GFP-vimentin
moved similarly as circular, wobble, and linear particles
that were inhibited by treatment with Lidocaine or Tetra-
caine. Cessation of GFP-vimentin motion occurred at
approximately 4 min with Tetracaine and approximately
10 min with Lidocaine (Supplemental Data 2).

Local anesthetics attenuate reattachment of suspended
mammary epithelial cells and breast tumor cell lines

Tetracaine modifies microfilament organization and
decreases cell adhesion characteristics in endothelial and
subendothelial cell adhesion assays [1]. To assess the effect
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Control Tetracaine

Vimentin

o.-Tubulin

Fig. 4 Anesthetic treatment of suspended MDA-MB-436 cells cause
the collapse of vimentin and o-tubulin suspended MDA-MD-436 cells
were left untreated (a, b) or treated with 0.25 mM Tetracaine (c,
d) fixed and immunostained for vimentin (a, ¢) or o-tubulin (b,
d) after 15 min of suspension. Arrows point to microtentacles with
vimentin and o-tubulin staining in the control cells (a, b). Suspended
cells treated with Tetracaine show decreased vimentin extension and
microtentacle protrusions (c, d)

of Tetracaine and Lidocaine on cell-substratum adhesion
properties of MCF10A, MCF10A-Bcl2, and MDA-MB-
436 cell lines, the xCelligence RTCA SP real-time cell
sensing system was used to measure dynamic cell reat-
tachment. Lidocaine concentrations were increased from 1
to 3 mM after preliminary studies determined improved
inhibition of reattachment. In all cell lines, reattachment
was greatly attenuated with drug treatments up to 2 h.
While MCF10A-Bcl2 cells attach more quickly than
MCFI10A cells between 90 and 140 min, they are still
inhibited by Lidocaine and Tetracaine (Fig. 5b). Overall,
reattachment of both MCF10A MECs and MDA-MB-436
breast tumor cells were significantly (P < 0.05, r-test)
inhibited by anesthetic treatment (Fig. 5a—c).

Tetracaine causes the rapid centripetal collapse
of microtentacles

To directly observe the effects of Tetracaine on McTNs,
live-cell microscopy was performed to image McTN
dynamics during drug treatment. MDA-MB-436 cells were
imaged over glass coverslips coated with bovine serum
albumin to reduce reattachment. In the DMEM vehicle
control, dynamic McTN motion persisted for extended
periods of time (Fig. 6, Supplementary Data 3). Upon
addition of 125 puM Tetracaine, a rapid reduction in McTN
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1 —#— Lidocaine
—>— Tetracaine

|MCF10A|

0.8

0.6

Cell Index

0.4

0.2

0 Zoz Z ETisis e -
20 40 60 80 100 120 140 160 180
Time (min)
B 1.2
——Vehicle |MCF1UA-BCI2|
1 —/r— Lidocaine
—»— Tetracaine
b 0.8
°
< o6
8 0.4
0.2
0=
0 20 40 60 80 100 120 140 160 180
Time (min)
C 1.2

—4—Vehicle

|MDA-436|
1 —/— Lidocaine

—*— Tetracaine

0.6

Cell Index

0.4

0.2

40 60 80 100 120 140 160 180
Time (min)

0
0 20

Fig. 5 Lidocaine and Tetracaine impede reattachment of human
MECs. MCF10A (a), MCF10A-Bcl2 (b), and MDA-MB-436 breast
tumor cells (c¢). Attachment was measured through impedance of
electrical current using the xCelligence RTCA SP real-time cell
sensing instrument in the presence of Lidocaine (1 mM) or Tetracaine
(0.25 mM) as indicated

length and frequency was observed, accompanying a
complete retraction of all protrusions by 12 min similar to
the observations made with compounds targeting vimentin
assembly in McTNs [3].

Additional studies were done on the rate of homotypic
aggregation in suspended populations of MCFI10A,
MCF10A-Bcl2, and MDA-MB-436 cells in the presence of
Lidocaine or Tetracaine. Cells were suspended in 0.2%
methylcellulose media and an image was generated for
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Fig. 6 Tetracaine causes the
reabsorption of microtentacle
protrusions. Still, time-lapse
images of suspended MDA-
MD-436 cells in Phenol-red-
free DMEM. Cells have been
allowed to partially attach to the
bottom of a glass culture dish
and filmed using DIC
microscopy. In control cells,
microtentacles persist up to

12 min but when treated with
0.125 mM Tetracaine,
microtentacles collapse and are
reabsorbed completely by

12 min. Time-lapse movies in
supplemental data

T=0min

Control

.125mM Tetracaine

Fig. 7 GFP-KIF5C forward
motion is inhibited by
Tetracaine. MCF10A human
MECs were transfected with a
GFP-tagged full-length kinesin-
1 motor protein, GFP-KIF5C.
GFP-KIF5C movements were
observed using live-cell
microscopy within MCF10A
cells before treatment (a) and
after treatment with Tetracaine
(b) where velocities of selected
GFP speckles were observed
and tracked. Significant
differences in velocities are

T=12min

T=4min T=8min

Tetracaine

C 0.4

observed (n = 3, P < 0.05, 012+

t-test) (c¢)

0.1
0.08 +
0.06 -
0.04 4
0.02 4

velocity umls

every 15 min. Aggregation was observed 30—-60 min after
suspension in all cell lines with the greatest inhibition of
aggregation in Tetracaine-treated cells compared to that of
DMEM control wells while Lidocaine did not significantly
reduce the aggregation rate (Supplementary Data 4).

Tetracaine inhibits intracellular kinesin motor motility

To specifically examine the effect of Tetracaine on kine-
sins, MCF10A cells were transfected with GFP-KIF5C, a

@ Springer

0.25mMTet

Untreated

kinesin-1-GFP fusion protein, and analyzed for small GFP-
particle movements and trafficking [27]. As shown by
Peckham and colleagues [27], GFP-KIF5C particles were
visualized in MCF10A cells as speckles moving along
microtubules at varying velocities with intermittent
movements. To observe the impact of anesthetic on kinesin
motility, time-lapse movies were taken before and after
treatment with Tetracaine. Clear, motile GFP particles
were tracked and recorded at 5 frames/min for vehicle
control and drug treatment starting at 4 min after treatment.
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Cells treated with DMEM control moved deliberately
along tracks. Cells treated with Tetracaine displayed par-
ticles that can be seen slowing with almost complete
inhibition of movement between 4 to 10 min after treat-
ment (Fig. 7a—c, Supplementary Data 5).

Discussion

Attached cells establish and maintain their morphology via
the counterbalance of microtubule extension from the
microtubule-organizing center and the contractile forces
generated by the actin cytoskeleton [28, 29]. When a cell
becomes detached, cell death is induced by the disruption
of this balance and cell survival becomes dependent on (1)
reattachment to a surface or (2) apoptotic insensitivity [8,
24]. Given the harsh environment of the bloodstream for
most solid tumor cells, the ability of metastatic cells to
reattach is essential for tumor cell survival. We have pro-
posed that suspended cells actively facilitate the reattach-
ment process by extending McTNs that are enriched in
coordinated Glu-tubulin and vimentin intermediate fila-
ments [2, 3]. Supporting evidence shows that the frequency
and length of the McTNs increase in highly metastatic
tumor lines [3]. This suggests an adaptation that improves
the survival of detached tumor cells through increased
efficiency of reattachment. Glu-tubulin and vimentin levels
both correlate with the metastatic potential, invasiveness,
and McTN frequency in breast cancer cells [2, 9, 30]. In
addition, direct microtubule stabilization by the tubulin-
binding protein, Tau, increases the metastatic efficiency of
circulating tumor cells and tumor cell reattachment by
promoting McTN formation [31].

Growing evidence indicates that microtubule modifica-
tions contribute to the regulation of kinesin motor proteins
with preferential binding of specific kinesins to distinct
subpopulations [32, 18]. Kinesins also regulate interactions
between microtubules and vimentin filaments and thus may
play a direct role in cross-linking Glu-tubulin and vimentin
filaments [17, 18]. Inhibition of kinesins destabilizes
tubulin—vimentin cross-linking and collapses vimentin fil-
aments (Fig. 3) [25, 26]. In attached cells, kinesins move
along microtubule tracks to deliver components required
for the regulation of focal adhesions at the microtubule
caps [33]. It is likely that kinesins play a similar role in
McTNs by recruiting supportive structures such as
vimentin and MAPs to regulate McTN length and growth.
In addition, by inhibiting kinesin anterograde movement,
the remaining retrograde movement of dynein motor pro-
teins along microtubules may initiate the disassembly of
vimentin filaments and cause the re-absorption of McTNs.
The Glu-tubulin—vimentin association may also become
destabilized by the decreased availability of vimentin

components required for the extension of IFs and McTNs
(Fig. 3). The resulting catastrophe at the microtubule plus-
ends could cause the retraction of McTNs and reduce the
rate of cell reattachment.

Lidocaine and Tetracaine are commonly known local
anesthetics that inhibit kinesin motor protein function in in
vitro motility assays [21, 34]. This inhibitory activity was
linked to the ability of Lidocaine and Tetracaine to prevent
the forward motion of kinesins along microtubules, without
affecting the capacity to bind microtubules, ATP, or cargo
proteins [21]. We tested the hypothesis that inhibiting the
motility of kinesin motor proteins would reduce McTN
extension by preventing transport of the required compo-
nents for McTNs. In live-cell counts of suspended
MCF10A and MCFI10A-Bcl2 cells, application of Lido-
caine and Tetracaine significantly reduced McTN counts.
However, Lidocaine had no significant effect on MDA-
MB-436 cells (Fig. 1), which may result from the
abundance of vimentin within the cells. In vitro studies
postulate the inhibition of kinesin motility by Lidocaine and
Tetracaine is due to the interactions of the charged form of
the inhibitors with the neck region of the kinesin motor
proteins, which unwinds to allow the forward stepping
process to occur and thus the rotation of the microtubule-
free head after ATP hydrolysis [18 ,35, 36]. Lidocaine and
Tetracaine were not found to compete for kinesin binding to
microtubules or impede ATP hydrolysis, but instead
uncoupled ATP hydrolysis from kinesin movement [21].
Live-cell video microscopy demonstrated the rapid reab-
sorption of McTNs in MDA-MB-436 cells after Tetracaine
application (Fig. 6, Supplementary Data 3). Additional live-
cell movies of transiently transfected GFP-KIF5C in
MCF10A cells confirmed a direct effect of Tetracaine
inhibition on kinesin movement within intact cells (Fig. 7,
Supplementary Data 5, 6). CTCs reattach to blood vessel
walls in distant tissues via a mechanism consistent with the
formation of McTNs. Breast tumor cells are generally too
large to fit through capillaries, causing efficient trapping
and fragmentation of CTCs in the first capillary bed
encountered after entering the bloodstream [37, 38]. The
ability of breast tumor cells to successfully adhere to blood
vessel walls and escape the circulation is, therefore, an
important determinant of metastatic efficiency. In a study
by Nicolson et al., B16 melanoma cells pretreated with
Tetracaine were injected into syngeneic C57BL/6 mice [1].
Tetracaine-treated cells displayed a decreased retention in
lung capillaries by 2-5-fold while overall metastasis was
also decreased compared to the control [1]. It was proposed
that Tetracaine’s effects on cell morphology, agglutination,
receptor distribution, and adherence explained the decrease
in lung tumor colonies; however, the underlying mecha-
nisms were never clarified [1]. The coordination of cyto-
skeletal filaments underlying McTNs provides a target to
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bring together these compelling in vivo studies with the
more recent in vitro observations that anesthetics reduce
kinesin motility. Our data show that Tetracaine inhibits
kinesin motility within intact cells and induces collapse of
the vimentin filaments that support McTNs. This provides a
novel molecular mechanism for the action of Tetracaine to
reduce the metastatic efficiency of CTCs.
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