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SYNOPSIS

Due to preferential electrostatic adsorption of multivalent cations on highly anionic surfaces,
natural multivalent polyamines and especially tetravalent spermine can be considered as
potential regulators of the complex dynamical properties of anionic microtubules (MTS).
Indeed the C-terminal tails of tubulin display many negative residues in a raw which should
enable the formation of a correlated liquid-like phase of multivalent counterions on its
surface. Although it is known that polyamine counterions promote MT assembly invitro, little
Is known about the relevance of this interaction in vivo. We explore here the relationship
between polyamine levels and MT assembly in HeLa and epithelial NRK cells using DFMO,
an irreversible inhibitor of ornithine decarboxylase, and APCHA, a spermine synthase
inhibitor. Under conditions of intracellular polyamine depletion, the MT network is clearly
disrupted and the MT mass decreases. Addition of spermine to polyamine-depleted cells
reverses this phenotype and rapidly promotes the extensions of the MT network. Finally we
show that polyamine levels modulate the coating of MTs with MAP4, a MT-stabilizing
protein, and the spatial distribution of EB1, a MT plus-end binding protein. In addition,
polyamines favor the formation of gap junctions in NRK cells, a process which requires M T
extensions at the cell periphery. This work provides basis for a better understanding of the
role played by polyamines in MT assembly and establishes polyamine metabolism as a
potential cellular target for modulating MT functions.

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 04 Jun 2010 as manuscript BJ20091811

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20091811

INTRODUCTION

Polyamines are polycationic akylamines that are present at millimolar concentrations in all
eukaryotic organisms [1, 2]. Tetravalent spermine, trivalent spermidine and their diamine
precursor putrescine are key modulators of cell growth and also of cancer cell invasiveness
[3]. Polyamine metabolism has thus long been considered as a potential target for cancer
treatment [4]. After some disappointing initial clinical trials, drugs that target polyamine
metabolism like DFM O (a-DiFluoroM ethyl-Ornithine) are now the object of renewed interest
[5-11], especialy with the recent development of polyamine-deficient diets to restrain
exogenous polyamine uptake [12]. Polyamines were first thought to be mostly involved in
RNA and DNA processing [13, 14]. The highly acidic surfaces of nucleic acids attract
polyamines via electrostatic forces and polyamines, as counterions, could thus regulate gene
expression and protein synthesis [13, 14]. Alternatively, polyamines may also bind other
anionic macromolecules [15]. Among these anions, cytoskeleton proteins like actin and
tubulin, the building block of microtubules (MTs), should e considered as potential
candidates for polyamine binding [16]. Most studies on cytoskeleton/polyamine interactions
have focused on actin filaments and showed that the depletion of intracellular polyamine
pools induces significant modifications in actin cytoskeleton architecture and disappearance
of actin stress fibers [17, 18]. However, even if polyamines can directly promote actin
polymerization in vitro, recent studies indicate that the disruption of actin filaments after
polyamine depletion might rather be due to the inactivatiion of proteins of the Rho family such
as Racl, which regulates the organization of the actini cytoskeleton [19, 20].

Although the negative charge of tubulin (20-30 e- per tubulin heterodimer, [21]) is
comparable to that of actin (~11-14 e- per subunit of an actin filament, [22, 23]), tubulin may
be an even better candidate for polyamine binding than actin because most of its charge is
concentrated in the C-termina tails. Indeed, due to the presence of numerous stretches of
negative residues (~10-15 €, [21, 24, 25]), the C-termind tail of tubulins, pointing outward
the MT cylinder, has a loca negative charge density at least comparable to that of DNA or
RNA [16]. Surprisingly, little is known about the influence of polyamines on the MT network
in cells. After a pioneer report in 1981 showing the disappearance of MTs in polyamine-
auxotrophic CHO cells deprived of polyamines [17], only a limited number of experimental
studies has been conducted to further address this issue. Two decades later, a report described
the regulation by polyamines of MT formation during gastric mucosal healing [26]. More
recently, MT- and polyamine-targeting drugs have been proposed as an interesting
combination therapy to induce apoptosis of breast cancer cells [27]. Taking into account the
therapeutic potentialities opened by this MT/polyamine relationship, notably in terms of
cancer treatment, the influence of polyamines on the MT network deserves to be explored.
The aim of the present work is to study in cultured cells the impact of polyamine levels on
MT assembly and on the spatial distribution of MTs. We show that multivalent polyamines
promote MT elongation at the cell periphery and influence MT regrowth after cold
depolymerization. Polyamines also modulate the mass of polymerized tubulin and modify the
coating of MTs with Associated Proteins (MAPs). In addition to its effect on MT network and
as a consequence of this, our results indicate that polyamines may regulate the formation of
gap junctions at the interface between epithelial cells.
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MATERIALSAND METHODS

Tubulin Preparation
Tubulin was purified from sheep brain crude extracts as described previously [28].

MT Assembly

30 UM tubulin were pre-incubated on ice for 5 min in polymerization buffer (50 mM MES-
KOH pH 6.8, 50 mM KClI, 20% glycerol, 1 mM EGTA, 4 mM MgCl,, 1 mM GTP) in the
presence or absence of polyamines. Tubulin polymerization was then initiated by shifting
temperature to 37°C in an Ultrospec 3000 spectrophotometer (GE Healthcare, Fairfield, USA)
equipped with a temperature controller. The kinetics of MT assembly was monitored by
measuring absorbance at 350 nm.

The effects of polyamines on tubulin assembly were also analyzed by sedimentation assay. In
this case, MTs were pelleted at 25,000 x g for 30 min at 37 °C and resuspended in 25 mM
MES-KOH a 4°C in the initid sample volume. Equal volumes of supernatant and
resuspended pellet were analyzed and compared on a 12% SDS-PAGE.

Atomic Force Microscopy (AFM)

Ten microliters of sample were deposited on freshly cleaved mica and dried for AFM imaging
as previously described [29]. All AFM experiments were performed in intermittent mode with
amultimode AFM instrument (Digital Instruments, Veeco, Santa Barbara, CA) operating with
a Nanoscope llla controller (Digital Instruments). We used AC160TS silicon cantilevers
(Olympus, Hamburg, Germany) with resonance frequencies of around 300 kHz. The applied
force was minimized as much as possible. Images were collected at a scan frequency of
1.5 Hz and aresolution of 512 x 512 pixels.

Cell culture

Hela and NRK 52-E cells (ATCC, USA) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% fetal caf serum (FCS), 2 mM L-glutamine and 1%
antibiotics (penicillin and streptomycin) in a humidified 5% CO, atmosphere at 37°C. To
evaluate the effect of polyamines, cells were plated on plastic dishes or flasks in the above
mentioned medium except FCS was diayzed to eliminate exogenous polyamines. Control
cells were grown in this medium for 72 h. 1 mM DFMO (Sigma-Aldrich) and (or) 100 uM N-
(3-AminoPropyl) CycloHexylAmine (APCHA, Alexis, Biochemicals, NY, USA) were used
in order to deplete polyamines for 3 days. To inhibit serum polyamine oxidase,
aminoguanidine (1 mM) was added to the growth medium when cells were supplemented
with polyamines.

Immunofluorescence

HelLa or NRK cells grown on plastic dishes were washed with PBS and fixed with methanol
for 10 min at -20°C. After fixation, cells were then washed and incubated for 1 hour with a
mouse monoclonal anti-tubulin antibody (1:2000, E7 monoclona antibody), a mouse anti-
MAP4 monoclonal antibody (1:1000 dilution, Clontech), a rabbit polyclonal anti-Cx43
antibody (1:200, ab11370, ABcam) or a monoclonal mouse anti-EB1 (1:500, BD Biosciences)
in blocking solution (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 2% BSA).
Cells were washed extensively in PBS and incubated for 1 h with fluorochrome-coupled
secondary antibodies (AlexaFluor488, Invitrogen, California, USA) in blocking solution.
After final washes with PBS, samples were prepared for fluorescence microscopy analysis.
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Immunobl otting

Cells were washed once with PBS, and then lysed in 50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1% Nonidet P40, 1 mM EDTA and protease inhibitor cocktail (Roche, Basel, Switzerland).
Lysates were centrifuged at 14,000 x g for 15 min at 4°C, and supernatants were collected.
Proteins were separated on a 12% SDS-PAGE and transferred to a PVDF membrane
(Invitrogen, California, USA). The membranes were blocked in 5% non-fat dry milk/PBS for
30 min at room temperature, and incubated for 1 h at room temperature with primary
antibodies (anti-tubulin, anti-MAP4 and anti-EB-1). Bound antibodies were detected and
quantified using anti-rabbit-IRDye 800 or anti-mouse-IRDye 680 secondary antibodies
(Odyssey, 1:2 000 dilution) with an Odyssey imaging system (LI-COR Biosciences, Lincoln,
USA).

Preparation of free and polymerized tubulin Fractions

We used the method described by Gundersen et al. with minor modifications [30]. Cultured
Hel a cells were rinsed with 85 mM Pipes, pH 6.9, 1 mM EGTA, 1 mM MgCl,, 2 M glyceral,
and protease inhibitors and then extracted with the same buffer containing 0.4 % Triton X-
100. After 3 min, the soluble fraction (free tubulin) was gently transferred to a graduated tube,
mixed with 1/4 volume of 5x SDS-PAGE buffer (10% SDS, 325 mM Tris-HCI, pH 6.8, 30%
glycerol and 1 mM phenylmethylsulfonyl fluoride) and boiled for 5 min. The polymerized
tubulin fraction, corresponding to MTs remaining in the cells, was then solubilized in SDS
buffer with a volume equivalent to that of the soluble fraction and boiled for 5 min. An
identical volume of free and polymerized tubulin fractions was loaded on the SDS-PAGE gel
for each condition and the tubulin content was determined by immunaoblotting with anti-
tubulin antibody as described above.

Intracellular polyamine quantification

Polyamines were measured according to a maodification of the method of Loukou and Zoutou
with modifications [31] by dansyl derivatization and ion-paired reverse phase high-pressure
liquid chromatography using fluorometric detection. In brief, samples (3 mg/ mL of protein
from HelLa cell extracts) were centrifuged (at 3,000 x g for 5 min). 25 pL of supernatants
were homogenized with borate buffer (0.4 M, pH=9, 2mL) and incubated for 90 min at 100°C
in the dark with 0.5 mL of dansyl chloride (5 mg/mL in acetone). Dansyl derivatives were
purified by solid phase extraction (Bond Elut Certify ®cartridge). The organic phase was
collected, evaporated and the dansyl derivatives were resuspended in 1 mL of the initia
mobile phase. The separéation of dansyl-putrescine, dansyl-spermidine, and dansyl-spermine
was performed on C18 luna’ column (length 25 cm, particle diameter 5pm) with
acetonitrile/water gradient on a Dionex® system for fluorometric detection. Polyamine
concentrations were estimated by the internal standard method (standard: hexane diamine).
Results are expressed as nanomoles per milligram of protein. The reported value was
averaged over three different samples for each condition and the error represents the standard
deviation from this value.

RESUL TS AND DISCUSSION

Polyamines favor MTs assembly in vitro

To evauate the effect of polyamines on MT assembly, we performed a series of in vitro
experiments. We first determined the kinetics of tubulin polymerization (fig. 1A) and
observed that the maximum slope of the MT assembly curve, which is a good indicator of the
MT nucleation efficiency, increased significantly in the presence of tetravalent spermine
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(slope ~ 0.8 a.u./min for spermine compared to 0.2 a.u./min for control) and to a lesser extent
with trivalent spermidine (0.28 a.u./min), whereas divalent putrescine was ineffective in
promoting MT assembly (0.16 a.u./min). These results indicate that the beneficial effect of
polyamines on MT assembly depends on polyamine valence. This was expected due to the
power law dependence on counterion charge of the electrostatic binding energy to tubulin
[16].

In addition, we noted that spermine and, to a lesser extent, spermidine lower the critical
concentration, i.e. the concentration of free tubulin in equilibrium with MTs, and thus, as a
reciprocal consequence, increases MT mass (fig. 1B). Another indicator of the increased
polymer mass is the higher plateau value in the presence of spermine (~ 1 a.u.) or spermidine
(~ 0.75 a.u.) than in control (~ 0.65 a.u.) (fig. 1A). High resolution imaging of M Ts was also
performed using Atomic Force Microcopy (AFM) and showed that, in the presence of
spermine, normal MTs and not aberrant structures were formed under our experimental
conditions (fig. 1C).

Interestingly, as the tubulin polymerization assays were performed at ionic strength
comparable to that of living cells (50 mM MES-KOH, 50 mM KCI, 4 mM MgCl,), we also
noted that the screening by monovalent salts of electrostatic interaction was not sufficient to
inhibit the positive effect of multivalent polyamines on MT assembly [16]. These results
prompted us to investigate the potential effect of polyamines on living cells.

Polyamine depletion in HelL a cells affects the architecture of the MT network.

We first evaluated whether polyamines were involved in the construction of the MT network
of living cells by targeting polyamine metabolism of HelLa cells. For this purpose,
experiments were performed with two inhibitors of polyamine metabolism alone or in
combination: DFMO, an irreversible inhibitor of Ornithine DeCarboxylase (ODC), at low
concentration to deplete putrescine only without affecting the levels of both spermidine or
spermine, APCHA, an inhibitor of spermine synthase, to obtain a significant spermine
depletion [32-34]. To evaluate whether these drugs actually modulate the intracellular
concentrations of polyamines, the levels of polyamines in Hela cells after drug treatments
were measured by high-pressure liquid chromatography after dansyl derivatization (see table
1). The results revealed that a 72 hour-exposure to 1 mM DFMO alone depleted intracellular
putrescine whereas the spermidine and spermine levels only dlightly decreased. A similar
treatment with 100 pM “APCHA significantly decreased the spermine level but a
compensatory mechanism took place which resulted in an increased spermidine level [32].
However, in the simultaneous presence of DFMO and APCHA, both the spermine and
spermidine levels decreased. Interestingly, putrescine supplementation during cell incubation
with DFMO and APCHA Increased drastically the spermidine level but failed to change
spermine level, which indicates the efficiency of APCHA to block spermine synthesis.

We then explored the effect of these drugs on the MT network of HelLa cells by
immunostaining (fig. 2). The MT network in the presence of 1 mM DFMO for 3 days
appeared similar to that of control cells (fig. 2A). This result clearly indicates that putrescine
is not mandatory to maintain the MT architecture (fig. 1, table 1). When cells were treated
with APCHA alone for 3 days the MT network was also apparently unaffected (fig. S1). In
this case, the increase in spermidine in reaction to spermine depletion may counteract the
effect of spermine depletion on MT assembly. To observe a clear impact of polyamine-
targeting drugs on MTsin cells, a decrease in both spermidine and spermine levels might thus
be necessary, which was obtained by using DFMO and APCHA in combination for 3 days
(table 1). This hypothesis is supported by our results as, after treatment with both DFMO and
APCHA, apartia disruption of the MT network occurred with only few extensions of the MT
network away from the centrosome and less M Ts oriented normal to the cell edge (fig. 2A).
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When, in order to bypass the induced deficiencies of polyamine metabolism, spermine was
supplemented at the beginning of the treatment with DFMO and APCHA, cells had a normal
MT network even at their edges (fig. 2B).

Polyamine supplementation triggers the regrowth of MTsin polyamine-depleted cells

To further evaluate the implication of polyamines in the regulation of MT architecture in
cells, we studied the effect of polyamine supplementation on the MT network of cells
previoudly treated with DFMO and APCHA for 3 days. For this purpose, spermine was added
to the culture medium containing DFMO and APCHA. Within 1 h, the effect of spermine on
the MT network of polyamine-depleted cells was clearly observed (fig. 3A). In particular,
MTs no longer looked disrupted and long MTs perpendicular to the plane of the cell
membrane reappeared. This effect is even more pronounced for longer incubation time in the
presence of spermine (3 h). However, the addition of putrescine for 3 h to DFMO and
APCHA-treated cells led only to a partia recovery of the MT network (fig.3A) indicating
that, under such condition, putrescine or more importantly newly synthesized spermidine (see
table 1) cannot fully compensate the negative effect of missing spermine on MT assembly.
These results indicate that spermine and probably spermidine help to incorporate free tubulin
to MT plus-ends and thus promote extension of the MT network toward the cell periphery. To
explore this idea, we analyzed the spatial distribution of endogenous EB1, a MT plus-end
binding protein (fig. 3B). It has been reported that taxol treatment, which totally suppresses
MT dynamics, leads to the dissociation of EB1 from MT ends [35]. More generally, when
MTs are stable, EB1 labeling exhibits a puncta-like distribution at the MT ends. On the other
hand, dynamical MT ends labeled with EB1 show a comet-like appearance due to arapid MT
elongation during the residency time of EB1 on MTs |36, 37]. After DFMO and APCHA
treatment, EB1 labeling led to the appearance of puncta aa MT ends whereas, after the
addition of spermine, we observed a clear comet-like appearance, thus revealing a higher rate
of MT elongation under such condition. The spermine-dependent extensions of the MT
network at the cell periphery could be explained by a model that we recently developed which
states that multivalent polyamines could facilitate the delivery of tubulin dimers to the MTs
ends [16]. The point is that polyamines may allow incoming tubulin to slide along MTs via
electrostatic attraction, thus increasing the chances of free tubulin to find MT ends. The
beneficial effect of this mechanism for the extensions of the MT network is especially
relevant at the cell periphery where the flow of free tubulin arriving at the MT plus-ends may
be too scarce to support MT elongation. In addition to promoting MT elongation, it has been
shown that spermine activaies GTPases of the Rho family such as Racl which in turn
orchestrates an increase in F-actin in the cell interior while decreasing it in the cell cortex
[18]. A lighter actin filament network in the cell cortex should then favor the passage of MTs
and thus also facilitate MTs extensions at the cell periphery. However, another pathway may
also be advanced. As MT growth is known to activate Racl [38], polyamine-mediated MT
extensions can thus indirectly orchestrate the redeployment of actin filaments [18].

Polyamines modulate the MT network of epithelial NRK cells and interactions between
cells

As the architecture of the cytoskeleton network at the cell periphery is crucia for cell-cell
interaction [39] and cell migration [40], the action of polyamines on the MT network then
may provide an aternative explanation for previous reports on the promotion by polyamines
of cell migration [41] and cell-cell junctions [42]. To test this hypothesis, we used Normal Rat
Kidney epithelial cells (NRK-52E), derived from proximal tubule. Our data show that the M T
network of NRK cells behaved similarly to Hela cells upon polyamine depletion, with
restricted MT extensions leading to an appearance of compacted cell clusters (fig. 4A).
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Supplementation of spermine (500 uM) led to rapid rearrangements of the MT network with
MT extensions at the cell edge. We can thus reasonably assume that the role played by
polyamines on MTs is not restricted to HeLa or NRK cells but is most probably shared by
many eukaryotic cells.

Since dynamic MT extensions at the cell periphery are necessary for the formation of gap
junction, polyamines levels may promote their formation by promoting the extension of MT
toward the cell membrane. To address this issue, we investigated the formation of connexin
43 (Cx43) gap junctions, which are abundant in NRK cells. The point is that Cx43 displays a
tubulin binding domain [43] and there is alarge body of evidence that dynamic M Ts directly
target Cx43 at the cell membrane to participate in the formation of large gap junction plaques
[44]. After polyamine depletion with DFMO for 3 days, we noted that, compared to control,
Cx43 spatial distribution appeared more diffused at the interface between NRK cells with less
Cx43 plagues (fig. 4B). When cells were treated with DFMO and APCHA, this effect was
more pronounced and we rarely observed the formation of large gap junction plagues in
agreement with the partial disruption of the MT network under such conditions. These data
indicate that polyamines may influence the subcellular localization of Cx43 via a MT-
dependent mechanism, which may in turn possibly affect Cx43 expression [45, 46].

Polyamines modulate the mass of MTs and the coating of MTswith MAP4

To go beyond the observation of MT morphological changes, the measurement of the
intracellular concentrations of free and polymerized tubulin is an interesting indicator [47].
Changes in free tubulin pool coexisting with - MTs can revea subtle but important
modifications in the thermodynamic equilibrium which ruies the assembly of highly dynamic
MTs. We then quantified the effect of polyamines on the free and polymerized tubulin pools
of living cells by western blotting [30]. The results of this experiment (fig. 5) clearly indicate
that the concentration of free tubulin in DEMO-treated cells increased at the expense of the
polymerized tubulin pool. Interestingly, the relative concentration of free tubulin further
increased when APCHA was used in combination with DFMO whereas supplementation of
spermine or putrescine during drug exposure alowed the partia recovery of the MT mass. We
also noted that putrescine was less potent than spermine in recovering the polymer mass in
DFMO and APCHA-treated cells, most probably because the spermine concentration
remained low after its addition, even though there was a net increase in the spermidine level
(table 1).

The significant change in the percentage of polymerized tubulin upon polyamine depletion
clearly indicates that polyamines and especially spermine play a major role in MT dynamics.
Asthe MT network is also under the control of MAPs, we then naturally wonder whether an
interplay between polyamines and MAPs may orchestrate MT assembly and dynamics. To
address this issue, we chose MAP4, the most abundant M T-associated protein in Hel a cells,
which binds along the MT wall to promote MT stabilization [48, 49]. Moreover MAP4
interacts with the C-termina tail of tubulin [50] on which polyamine counterions are
potentially bound. As previously reported [48], the coating of MTs by MAP4 in control cells
is not continuous (fig. 6), which explains why MTs appeared diffuse after anti-MAP4
immunostaining. In DFMO-treated cells, the MAP4 labeling resulted in a more contrasted MT
network, which indicates that the surface density of MAP4 on MT wall was higher than in
control cells. When APCHA was used in combination with DFMO, the coating of MTs with
MAP4 was aso denser but we aso remarked that the concentration of MAP4 around the
centrosomal region was markedly increased compared to control cells. Indeed, remaining
MTs were mostly located around the centrosome area where nucleation-facilitating agents are
present. The addition of spermine during DFMO or DFMO and APCHA treatments reversed
the MT network appearance to the diffuse pattern typical of untreated Hel a cells.
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The increased MAP4 decoration of MTs after polyamine depletion could simply result from a
lower mass of MTs under such conditions. Indeed, one of the major characteristic of MAP4 is
that it binds MTs with a high affinity while its interaction with free tubulin is weak. When,
after polyamine depletion, MT mass decreases (fig. 5), the density of MAP4 along MTs
should then correspondingly increase. However polyamine depletion may also influence
MAP4 intracellular concentration. In order to probe this idea, we showed using a western blot
assay that the intracellular concentration of MAP4 was not significantly altered after 3 days of
DFMO or DFMO and APCHA treatments (fig. S3), which indicates that the higher density of
MAP4 along MTs was not due to MAP overexpression.

In light of these results, a role of polyamines in MAPS/MT interactions emerges as an
interesting novel player. At high polyamine concentrations, alower density of MAPs on MTs
may result in more dynamical MTs whereas, at lower polyamine coricentrations, a denser
MAPs coating on MTs may lead to their stabilization.

Polyaminesinhibit rapid MT regrowth after cold-induced depolymerization

Hel a cells were placed on ice for 1 h to allow total MT depolymerizaiion. MT regrowth was
then observed at various times after returning to 37 °C (fig. 7). In control cells, MT regrowth
was relatively slow and only tiny MT asters were observed 2 min after rewarming, as
previously reported [30, 51-53]. Surprisingly, in polyamine-depleted cells, MT regrowth from
the centrosome was significantly quicker than in control cells. After only 2 min at 37°C,
DFMO-treated cells displayed many long MTs extending from the centrosomal area which
aready formed an aster. MT asters were also developed in cells treated with APCHA and
DFMO. Similar results were obtained after 10 min rewarming at 26 °C to sow down MT
regrowth (fig. $4). In contrast with our results obtained in vitro (fig. 1), the presence of
polyamines in cells then inhibits MT regrowth from the centrosome. However we noticed the
presence of acentrosomal short MTs in the cytoplasm of control cells that were absent in the
cytoplasm of polyamine depleted cells. Such acentrosomal nucleation may be promoted by
polyamines and may then slow down the formation of normal MT aster from the centrosome
(fig. Sb). The higher concentration of MAP4 in the centrosomal region in polyamine-depl eted
cells than in control cells may also account for their higher rate of MT aster regrowth (fig. 6).
In line with this hypothesis, faster MT regrowth after cold depolymerization was reported in
the absence of Mast in Drosophila S2 culture cells [54]. Mast is the Drosophila homol ogue of
CLASP, a member of the MTs plus-end tracking proteins (+TIPs), which is implicated in the
nucleation of acentrosomal MTs [55]. Another hypothesis that deserves further investigations
is that cells may overproduce nucleation factor or MAPs to compensate for the absence of
polyamines or relocalize them in the centrosomal region, as observed for MAP4 after DFMO
and APCHA treatment (fig. 6).

In summary, our resuits indicate that variations in polyamine levels significantly modulate
both microtubule mass and dynamics. As polyamine metabolism is a known target to treat
cancer, a better understanding of the mechanism by which polyamines limit cell growth may
provide basis for future development of origina strategies for example by combining
microtubule- and polyamine-targeting drugs. Another point isto explore whether polyamines,
viatheir action on cytoskeleton, modulate cell-cell interactions, especially in epithelia.
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FIGURE CAPTIONS

Figure 1. Polyamines promote M T assembly and increase MT massin vitro.

(A) MT assembly was assessed by turbidimetry. 30 uM tubulin were polymerized in the
presence or absence of 300 UM putrescine, spermidine or spermine (at 37°C in 50 mM MES-
KOH pH 6.8, 50 mM KCI, 1 mM EGTA, 1 mM GTP, 4 mM MgCl,, 20% glycerol. In the
presence of spermidine and more significantly spermine, the maximal slope oi assembly is
steeper and the plateau value is higher than in control or in the presence of putrescine, which
indicates the beneficial effect of multivalent polyamines on MT assembly.

(B) SDS/PAGE analyses of MT assembly in the absence or presence of polyamines and
guantification. MTs (pellet, P) and free tubulin (supernatant, S). In the presence of spermidine
(Spd) and, more significantly, spermine (Spm), the mass of polymerized tubulin increases at
the expense of free tubulin whereas an increase in MT mass in the presence of putrescine
(Put) is barely detectable, if any, in agreement with the plateau values observed in (A). The
error bars represent standard deviation over 3 different samples.

(C) AFM images of MTs assembled in the absence or presence of 300 uM spermine in
polymerization buffer. In the presence of spermine, MTs display a normal shape with a trend
to form bundles (arrow), which is the result of the binding of cationic spermine on MTs
(attraction mediated by multivalent counterions).

Figure 2: Polyamine depletion affects M T architecture.

(A) HelLa cells labeled with anti-a-tubulin after indicated treatments for 3 days. Compared to
controls and DFM O-treated cells, cells treated with DFMO (1 mM) and APCHA (100 uM) in
combination exhibit adisrupted MT network with fewer extensions away from the perinuclear
region. Addition of spermine (100 uM) during the treatment allows the maintenance of an
undisrupted MT network.

(B) Higher magnification of MTs showing the tendency of MTs to adopt a direction parallel
to cell borders after DFMO plus APCHA treatment. The population of MTs extending
perpendicularly to cell edges can be recovered when spermine (100 uM) is added during the
treatments with DFMO plus APCHA. The contrast has been reversed to better visualize MTs.

Figure 3: Addition of spermine after DFMO and APCHA treatment allows the rapid extension
of the MT network.

(A) HelLa cells labeled with anti-a-tubulin after 3 days treatment with a combination of
DFMO and APCHA exhibit a disrupted MT network. After 1 h of spermine supplementation
(500 uM), the MT network is aready in partia extension toward the cell periphery and its
extension is more drastic after 3 h. The extension of the MT network occurred to a lesser
extent when putrescine is added instead of spermine.

(B) Polyamine depletion affects EB1 distribution at MT ends. HelLa cells were treated with
DFMO and APCHA in combination and labeled with anti-EB1. Under such conditions, cells
exhibit a low density of EB1 puncta at MT ends whereas in control and more significantly
after the addition of 500 uM spermine, the endogenous EB1 staining displays a comet like
appearance, In agreement with a higher rate of MT growth and more dynamical MTs (the
expression of EB-1 is not modified by DFMO and APCHA treatment and spermine addition,
fig. S2)

Figure 4. Polyamines favor the extension of the MT network and regulate the formation of
gap junctionsin epithelial cells.

(A) NRK cells labeled with anti-o-tubulin after 3 days treatment with DFMO (1 mM) and
APCHA (100 pM) in combination exhibit a disrupted MT network. After 3 h of spermine
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supplementation (500 uM), the MT network already displays partial extension toward the cell
periphery.

(B) Dual labeling of NRK cells with anti-tubulin and anti-Cx43. Polyamines depletion by
DFMO treatment for 3 days leads to a more homogenous distribution of Cx43 at the interface
between cells and to fewer gap junction plaques than in control cells. Treatment of NRK cells
with DFMO and APCHA significantly inhibits the formation of gap junctions.

Figure 5: Polyamine depletion decreases the mass of polymerized tubulin in Hel.a cells.

(A) Western blot analyses of Hel.a cell fractions containing free or polymerized tubulin (see
Materials and Methods) after treatments with DFMO (1 mM) or DFMO and APCHA (100
M) for 3 days and in the absence or presence of exogenous polyamines (0.5 mM putrescine
and 0.1 mM spermine).

(B) Ratio of intracellular polymerized to total tubulin extracted from (A). DFMO treatment
results in a net decrease in MT mass and a corresponding increase in free tubulin while the
total amount of tubulin (free and polymerized tubulin) is not significantly changed compared
to control cells. When APCHA is used in combination with DMFO, MT depolymerization is
more dramatically decreased than with DFMO alone. Addition of. spermine (100 uM) and
putrescine (0.5 mM) leads to a partial recovery of the MT mass rétio, with a more pronounced
effect for spermine. Error bars represent the standard deviation from the mean value over
three different samples.

Figure 6: Polyamines reduce the surface density of MAP4 along MTsin HeLacells.

MAP4 labeling in control Hel.a cells or after intracellular polyamine depletion. MAPA4 clearly
co-localizes with MTs in control cells but MTs appear diffuse due to alow surface density of
MAP4 aong MTs. In polyamine-depleted cells, MTs appear with a higher contrast than in
control cells. In addition, when cells are treated with DFMO plus APCHA, the centrosomal
region appears brighter than in control cells, thus indicating a higher concentration of MAP4
in this region (see arrow).

Figure 7: Polyamine depletion accelerates MT regrowth from centrosome after cold
depolymerization

After cold depolymerization, MTs of Hel a cells were allowed to regrowth at 37°C. After 2
min at 37°C, both treatments, DFMO alone or DFMO and APCHA, result in rapid regrowth
of the MT aster from the centrosome whereas only a tiny aster was observed in control cells
or when spermine (100 M) was added to counteract polyamine depletion. See also fig. $4
and S5 in supplementary files.

TABLE 1

Table 1: Intracellular concentrations of polyamines in control HelLa cells or in HelLa cells
exposed to drugs that target polyamine metabolism. (see Materials and Methods for details).
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Putrescine Spermidine Spermine
(nmol/mg of (nmol/mg of (nmol/mg of
protein) protein) protein)
Control
20+04 69+18 27+06
DFMO (1 mM, 72 h)
0.16 + 0.09 49+05 23+05
APCHA (100 uM, 72 h)
14+ 6 24+6 13+0.2
DFMO (1 mM) +
APCHA (100 uM) 0.15+ 0.08 32+15 1.1+04
(72 h)
DFMO (1 mM) +
putrescine (0.5 mM) 8.6+0.1 6.1+1.8 34+0.9
(72 h)
DFMO (1 mM) +
APCHA (100 uM) + 10+ 3 19+ 6 1+0.2
putrescine
(72h)
DFMO (1 mM) +
APCHA( 100 uM), 72 h 0.15+0.1 56+1 48+0.4
+
spermine (0.1 mM)
(3h)
DFMO (1 mM) +
APCHA( 100 pM) + 01+01 36+04 42+04
spermine (0.1 mM)
(72 h)
Tablel
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