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Factors governing the pattern of spindle microtubule regrowth after tubulin depolymerization

We analyzed the pattern of spindle microtubule (MT) regrowth after cold- or colcemid-induced MT depo-
lymerization in Drosophila S2 cells. Cold-induced MT disassembly at low temperature (–2 °C) destroyed kine-
tochore-driven MT regrowth without affecting astral MT formation. Conversely, colcemid-induced MT depoly-
merization strongly impaired centrosome-dependent MT nucleation, allowing kinetochore-driven MT reg-
rowth. Collectively, these results indicate that the kinetochore- and the centrosome-mediated MT assembly
pathways exploit molecular mechanisms that are at least in part different.

K e y w o r d s: mitosis, microtubules, spindle assembly, cold treatment, colcemid, Drosophila.

A b b r e v i a t i o n s: MT — microtubule, PCM — pericentriolar material, g-TuRCs — g-tubulin ring comp-
lexes.

The spindle is a microtubule (MT)-based, highly dynamic
molecular machine that mediates chromosome segregation
during mitosis and meiosis. Spindle assembly requires exten-
sive polymerization of MTs and their organization into a fusi-
form structure through the action of MT-associated molecular
motors. In most animal cells, the spindle MTs originate from
both the centrosomes and the chromosomes/kinetochores. In
addition, it has been shown that MTs can emanate from pree-
xisting MTs within the spindle. In all cases MTs are nucleated
by the g-tubulin ring complexes (g-TuRCs), which are either
embedded into the centrosome, free in the cytoplasm near the
chromosomes, or bound to the sides of preexisting MTs via
the augmin complex (reviewed by Duncan, Wakefield, 2011;
Gatti et al., 2012).

Systems lacking centrosomes, such as higher plants and
animal oocytes, can form functional spindles exploiting MTs
nucleated near the chromosomes. Chromosome-driven MT
formation occurs also in systems with centrosomes. Examina-
tion of cells undergoing mitosis with unreplicated genomes,
in which kinetochores and the bulk of chromatin are well se-
parated, showed that kinetochores can drive MT growth more
efficiently than chromatin, suggesting that kinetochores play
a dominant role in chromosome-driven MT assembly
(O’Connell et al., 2009). Live imaging of mitosis suggested
that the plus ends of the MTs nucleated near the chromoso-
mes are captured by the kinetochores and continue to polyme-
rize there, forming kinetochore fibers (Maiato et al., 2004).
These kinetochore-driven k-fibers are then captured by the as-

tral MTs and integrated into a bipolar spindle (Maiato et al.,
2004). The mechanism underlying kinetochore-driven MT
growth involves MT nucleating/stabilizing factors such as
TPX2, localized RanGTP, and augmin-mediated MT growth
(Tulu et al., 2006; Goshima et al., 2008; Torosantucci et al.,
2008; Bucciarelli et al., 2009; Mishra et al., 2010; Duncan,
Wakefield, 2011; Gatti et al., 2012).

One of the approaches to investigate the mechanisms of
kinetochore-driven MT growth and their relationships with
those governing centrosome-dependent astral MT formation
is the analysis of MT regrowth after spindle MT depolymeri-
zation. MTs can be depolymerized using antimitotic drugs or
cold-exposure. Antimitotic drugs such as colcemid or nocoda-
zole block MT polymerization by reversibly binding soluble
tubulin (Jordan, Wilson, 1999), and have been largely used
for analyzing spindle reassembly. For example, a colce-
mid-based assay showed that augmin-depleted Drosophila S2
cells are defective in regrowth of kinetochore-associated MT
bundles (Goshima et al., 2008). Moreover, the analysis of
mammalian cells treated with nocodazole showed that kine-
tochore-driven MT regrowth specifically requires RanGTP
and the Ran-dependent spindle assembly factor TPX2 (Tulu
et al., 2006; Torosantucci et al., 2008).

When exposed to cold (0 °C or less), spindle MTs disas-
semble and quickly reassemble when cells are brought back
to physiological temperature. An analysis of MT regrowth af-
ter cold exposure showed that augmin depletion suppresses
MT regrowth from chromosomes/kinetochores in both em-
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bryonic and S2 Drosophila cells with little or no effect on ast-
ral MT formation (Bucciarelli et al., 2009; Hayward et al.,
2014). The same assay revealed that Misato (Mst) and the
Mst-interacting TCP-1 tubulin-folding complex are primarily
required for chromosome-driven MT regrowth in Drosophila
brain cells (Mottier-Pavie et al., 2011; Palumbo et al., 2015).
The MT regrowth assay after cold-induced MT depolymeri-
zation has been also employed in mammalian cells; in agree-
ment with the nocodazole-based assay, it has been shown that
RanGTP accumulation at kinetochores is essential for spindle
MT regrowth (Torosantucci et al., 2008).

Although both drug- and cold-induced MT depolymeri-
zation allows the analysis of spindle MT regrowth, the results
obtained with these two depolymerization methods are not
identical. Studies performed in mammalian cells have shown
that the first regrowing MTs after nocodazole-induced depo-
lymerization are those emanating from the kinetochores (Tulu
et al., 2006; Torosantucci et al., 2008). In contrast, when MTs
are depolymerized by cold exposure, the centrosome-driven
astral MTs are the first to regrow (Torosantucci et al., 2008).

These findings prompted us to analyze the effects of the MT
depolymerization procedure on MT regrowth in Drosophila
S2 cells. We found that the depolymerization method affects
the MT regrowth pattern and the spindle reassembly process.

Material and Methods

The Drosophila S2 cells used here have been described
previously (Somma et al., 2008). These cells were originally
grown in Shields and Sang M3 medium (Sigma, USA) sup-
plemented with 20 % heat-inactivated fetal bovine serum
(FBS, Gibco, USA). However, since 2009, they were grown
in Schneider’s medium (Sigma, USA) supplemented with
10 % FBS. For the work described here, the cells have been
readapted to the M3 medium with 20 % FBS; the experiments
have been performed two months after re-adaptation to the
M3 medium.

Colcemid (10 mg/ml solution; Sigma, USA) was added to
medium at the final concentration of 3.3 mg/ml. After 3 h in-
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Fig. 1. MT regrowth after cold exposure.

à — metaphase with depolymerized spindle MTs; b — MT regrowth from a metaphase exposed to 0 °C and then returned at 22 °C for 30 s; c — MT regrowth from
cells exposed to –2 °C and then returned at 22 °C for 30 s; cells were exposed for 3 h to the indicated temperature; they were then fixed and stained 30 s after their
return to 22 °C. Red colour — DSpd2 staining. d — frequencies of cells showing no MT regrowth (no MTs), regrowth from centrosomes only (cent) or regrowth

from both centrosomes and kinetochores (cent + kin).



cubation, colcemid was removed by washing the cells three
times in drug-free medium. For the analysis of MT regrowth
after cold treatment, cells were returned to 22 °C for 30 s and
then fixed. In all cases, fixation and immunostaining were
perfomed according to (Somma et al., 2008), using the follo-
wing antibodies and dilutions. Primary antibodies: mouse an-
ti-a-tubulin (Sigma T6199, 1 : 200), mouse anti-g-tubulin
(Sigma T6557, 1 : 100) and rabbit anti-DSpd2 (Giansanti
et al., 2008, 1 : 4000). Secondary antibodies: goat anti-mou-
se-FITC (Sigma F8264, 1 : 20) and goat anti-rabbit-Ale-
xa-568 (Invitrogen A11036, 1 : 300).

Results and Discussion

T h e t e m p e r a t u r e u s e d f o r M T d e p o l y m e r i -
z a t i o n a f f e c t s t h e p a t t e r n o f M T r e g r o w t h. To
investigate the pattern of MT regrowth after cold-induced de-
polymerization, S2 cells have been incubated for 3 h at 3 tem-
peratures: 0, –1 and –2 °C. Incubation at different temperatu-
res resulted in different frequencies of prometaphase/meta-
phase cells with completely depolymerized spindles (Fig. 1,
a); at 0, –1 and –2 °C the frequencies of fully depolymerized
cells were 72, 75 and 90 %, respectively. The analysis of pro-
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Fig. 2. MT regrowth after colcemid treatment.

a — MT regrowth from cells fixed 0, 45, 60 and 75 min after colcemid removal; note the metaphases with the centrosomes detached from the spindle poles; red co-
lour — DSpd2 staining. b — control and colcemid-treated (+ colcemid) cells exhibit comparable centrosome structures as revealed by g-tubulin (g-tub) or DSpd2

staining.



metaphase/metaphase cells returned to 22 °C for 30 s, and
then fixed and stained for both a-tubulin and DSpd2, revealed
that the pattern of MT regrowth depends on the depolymeri-
zation temperature. Most cells (60 %) incubated at 0 °C disp-
layed both nascent kinetochore-associated MT bundles and
short centrosome-driven astral MTs (Fig. 1, b, d). In cells in-
cubated at –1 °C, regrowth from both kinetochores and cent-
rosomes was reduced to 37 % of the cells (Fig. 1, d). Finally,
in cells incubated at –2 °C, MTs were mostly regrowing from
the centrosomes (70 %); in the few cells (8 %) in which MT
regrowth was from both kinetochores and centrosomes, the
nascent kinetochore-associated MT bundles were thinner than
those observed in cells incubated at 0 °C (Fig. 1, c, d and data
not shown). It should be noted that the regrowing asters ob-
served in cells incubated at –2 °C are much larger than those
observed in cells incubated at 0 °C and often even larger than
those observed in untreated prometaphase/metaphase cells.
As already suggested, this finding might reflect availability of
an increased pool of unpolymerized tubulin, due to the inhibi-
tion of MT regrowth from kinetochores (Tulu et al., 2006;
Bucciarelli et al., 2009; Hayward et al., 2014). Collectively,
these results indicate that the capability of kinetochores to dri-
ve MT growth is severely compromised by exposures to low
temperatures (–2 °C). In contrast, exposure of cells at –2 °C
does not affect MT nucleation from the centrosomes.

C o l c e m i d t r e a t m e n t d i s r u p t s M T r e g r o w t h
f r o m c e n t r o s o m e s b u t n o t f r o m k i n e t o c h o r e s.
3 h of colcemid treatment resulted in a high degree of spindle
MT depolymerization. In 95 % of the prometaphase/metapha-
se cells, the spindle was completely depolymerized (Fig. 2,
a). To follow MT regrowth, after colcemid removal cells
were fixed after 45, 60 or 75 min, and then immunostained for
a-tubulin and DSpd2. At 45 min after colcemid removal, reg-
rowing MTs were only observed at kinetochores but not aro-
und centrosomes. At the 60 min regrowth time, the cells disp-
layed kinetochore-driven MT bundles, which at the 75 min
time converged at the spindle poles giving rise to bipolar
spindles (Fig. 2, a). Notably, we rarely observed clear MT
regrowth from the centrosomes; most cells showed anastral
spindles not associated with the centrosomes; only in a few
cases, the centrosomes were found at one or both spindle po-
les (Fig. 2, a). Thus, MT depolymerization with colcemid dis-
rupts the ability of prometaphase/metaphase cells to reform
MTs from the centrosomes but not from the kinetochores. To
understand why colcemid treatment inhibits MT nucleation
from centrosomes, we asked whether this drug causes peri-
centriolar material (PCM) fragmentation, as observed in
mammalian cells treated with low concentrations of either
colcemid or nocodazole (Sellitto, Kuriyama, 1988; Jordan
et al., 1992). Immunostaining of colcemid-treated cells with
antibodies against DSpd2 or g-tubulin showed that the PCM
remains compact, even if the centrosomes have lost their MT
nucleating ability (Fig. 2, b).

C o n c l u s i o n s. Our results provide novel methodologi-
cal tools for the dissection of the chromosome- and the cent-
rosome-dependent pathways of MT formation during spindle
assembly. Using RNAi, it is possible to deplete S2 cells of
virtually any protein involved in mitotic division (Goshima
et al., 2007; Somma et al., 2008). Employing a suitable com-
bination of the MT depolymerization methods described here,
we can now determine whether the RNAi-mediated depletion
of a given protein differentially affects kinetochore- and/or
centrosome-driven MT regrowth. We unexpectedly found
that MT depolymerization at –2 °C and colcemid treatment
specifically impair regrowth from kinetochores and centroso-

mes, respectively. These results are intriguing and suggest
that the cold and colcemid treatments selectively inactivate
different kinetochore- and centrosome-associated determi-
nants of MT regrowth. However, the nature of these determi-
nants is currently unknown and their definition will be the
aim of our future studies, which will include ultrastructural
analysis of spindle MT regrowth.

The work at the Institute of Molecular and Cellular
Biology SB RAS was supported by a grant from the Ministry
of Education and Science of the Russian Federation
(14.Z50.31.0005) to MG.
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Ìû ïðîàíàëèçèðîâàëè õàðàêòåð ïîâòîðíîãî ðîñòà ìèêðîòðóáî÷åê (ÌÒ) âåðåòåíà äåëåíèÿ ïîñëå èõ
äåïîëèìåðèçàöèè, âûçâàííîé îáðàáîòêîé õîëîäîì èëè êîëöåìèäîì â êëåòêàõ S2 äðîçîôèëû. Ðàçáîðêà
ÌÒ, âûçâàííàÿ íèçêîé òåìïåðàòóðîé (–2 °C), ïðèâîäèëà ê íàðóøåíèþ ïîâòîðíîãî ðîñòà ÌÒ îò êèíåòî-
õîðîâ, íî íå âëèÿëà íà ïîâòîðíîå ôîðìèðîâàíèå àñòðàëüíûõ ÌÒ. Íàïðîòèâ, äåïîëèìåðèçàöèÿ ÌÒ, âû-
çâàííàÿ êîëöåìèäîì, ñóùåñòâåííî íàðóøàëà íóêëåàöèþ ÌÒ íà öåíòðîñîìàõ, íî ïîçâîëÿëà ïîâòîðíûé
ðîñò ÌÒ îò êèíåòîõîðîâ. Â ñîâîêóïíîñòè ýòè ðåçóëüòàòû óêàçûâàþò íà òî, ÷òî â êèíåòîõîð- è öåíòðî-
ñîìçàâèñèìûå ïóòè ñáîðêè ÌÒ âîâëå÷åíû, ïî êðàéíåé ìåðå ÷àñòè÷íî, ðàçíûå ìîëåêóëÿðíûå ìåõà-
íèçìû.
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Drosophila.
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