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Microtubules acquire resistance from
mechanical breakage through
intralumenal acetylation
Zhenjie Xu,1,2*† Laura Schaedel,3 Didier Portran,1 Andrea Aguilar,1 Jérémie Gaillard,3

M. Peter Marinkovich,2,4 Manuel Théry,3,5 Maxence V. Nachury1†

Eukaryotic cells rely on long-lived microtubules for intracellular transport and as
compression-bearing elements. We considered that long-lived microtubules are
acetylated inside their lumen and that microtubule acetylation may modify microtubule
mechanics. Here, we found that tubulin acetylation is required for the mechanical
stabilization of long-lived microtubules in cells. Depletion of the tubulin acetyltransferase
TAT1 led to a significant increase in the frequency of microtubule breakage. Nocodazole-
resistant microtubules lost upon removal of acetylation were largely restored by either
pharmacological or physical removal of compressive forces. In in vitro reconstitution
experiments, acetylation was sufficient to protect microtubules from mechanical
breakage. Thus, acetylation increases mechanical resilience to ensure the persistence
of long-lived microtubules.

H
ow some cytoplasmicmicrotubules are sta-
bilized andpersist for several hours remains
an open question (1). After stabilization, mi-
crotubules are posttranslationally detyrosi-
natedandacetylatedon lysine40ofa-tubulin

(aK40). Although detyrosination alters the bind-
ing site formicrotubule-associatedproteins (MAPs),
severing enzymes, andmotors to create specialized
microtubule tracks (2), themolecular consequences
of aK40 acetylation remain elusive. It is difficult
to conceptualize how the modification of a resi-
due inaccessible from outside the microtubule
could alter MAP and motor binding (2, 3). We re-
cently proposed that acetylation modifies micro-
tubulemechanics byweakening interprotofilament
interactions (4).
TAT1 is responsible for nearly all acetylation

on aK40 in every organism studied (2). Although
TAT1 depletion from retinal pigment epithelial
(RPE) cells did not measurably affect global mi-
crotubule polymerization or organization (fig. S1),

tubulin detyrosinationwas significantly decreased
at the bulk level (Fig. 1A and fig. S2, A and B) and
reduced on microtubules of TAT1-depleted cells
(Fig. 1B) and Tat1–/–mouse embryonic fibroblasts
(MEFs) (fig. S2C). Given that acetylation and dety-
rosination sites are separated by the microtubule
wall, it is unlikely that the two modifications are
enzymatically coupled. Instead, long-livedmicro-
tubules, includingdetyrosinatedmicrotubules,may
be lostwhen acetylation is reduced. After treating
cells with nocodazole, dynamicmicrotubuleswere
depolymerized, andmost remainingmicrotubules
displayed the typical characteristics of long-lived
microtubules with high levels of acetylation and
detyrosination and long and curvy morphology
(Fig. 1C and fig. S2D). Under the same conditions,
very fewmicrotubules remained inTAT1-depleted
cells, and these were very short and dispersed
throughout the cell (Fig. 1C). The number ofmicro-
tubules that remained after nocodazole treatment
was significantly decreased upon TAT1 depletion
in RPE cells (Fig. 1D) or in Tat1–/–MEFs (fig. S2, E
and F). The effect of TAT1 removal was evenmore
striking when the length of nocodazole-resistant
microtubules was examined (Fig. 1E). After 60min
of nocodazole treatment, most microtubules were
normally longer than 4 mm but shorter than 2 mm
in TAT1-depleted cells.
Because pharmacological reduction of tubu-

lin detyrosination did not affect the length of
nocodazole-resistantmicrotubules or the levels of
acetylation (fig. S3), the effects of TAT1 depletion
on nocodazole-resistantmicrotubules are unlikely
to be caused by the observed reduction in detyrosi-
nation. Because overexpression of TAT1—but not
a catalytically deadmutant—significantly elevated
the mass of nocodazole-resistant microtubules

(fig. S4) and because nocodazole-resistant micro-
tubules are increased inMEFs that lack the tubu-
lin deacetylase HDAC6 (5), it is aK40 acetylation
rather than an acetyltransferase-independent ac-
tivity of TAT1 (6–8) that is required for the main-
tenance of long-lived cytoplasmicmicrotubules in
mammalian cells. Long-livedmicrotubules are not
lost fromTAT1-depletedcellsbecauseof an increased
susceptibility to severing enzymes, because acety-
lation does not influence the activity of spastin in
vitro (9) and did not affect the activity of spastin
or katanin in vivo (fig. S5). Defective centrosomal
microtubule anchoring in TAT1-depleted cellswas
ruled out by imaging microtubule regrowth after
depolymerization (fig. S6).
Long-lived microtubules display frequent buck-

ling because of compressive forces generated by
microtubule-basedmotors andactomyosincontrac-
tility (10–12). Because microtubules are very stiff
polymers that rupture when subjected to flexural
stresses (13), this highly bentmorphology suggests
the existence of protective mechanisms for long-
livedmicrotubules. The repair of lattice defects has
emerged as an intrinsic property of microtubules
that are subjected tomechanical stress (14, 15), and
acetylation protects microtubules from mechan-
ical fatigue in vitro (4). A further suggestion that
acetylation may confer mechanical protection to
microtubules comes from the observation that re-
movingTAT-1 from touch receptor neurons of nem-
atodes results in profound microtubule lattice
defects (6, 16) that canbe rescuedby paralyzing the
animals (8). Finally, although detyrosination is
evenly distributed along microtubules (fig. S7A)
(17), thepatternof acetylation is discontinuouswith
a preference for highly curved areas of nocodazole-
resistant microtubules (Fig. 1, F and G, and fig.
S7B), suggesting that TAT1maypreferentially acet-
ylate segments experiencing stress. Alternatively,
it is conceivable that only bends at regions that are
acetylatedwere preserved after fixation (see the sup-
plementary text). Localized acetylation is thus a
prime candidate for themechanical adaptation of
microtubules to mechanical stresses.

We sought to test thehypothesis that long-lived
microtubules disappear in the absence of TAT1 be-
cause of an increased rate of breakage under me-
chanical stress. In thepast, imaging ofmicrotubule
breakage has been limited to very thin areas of the
cell, suchas lamellipodia,where singlemicrotubules
can be readily resolved (11, 18, 19). However,most
of the microtubules in lamellipodia are dynamic
and thus not acetylated (20). To specifically image
thebreakageof long-livedmicrotubules,we followed
microtubules in real time in the presence of no-
codazole using a triple green fluorescent protein
(GFP) fusionwith themicrotubule-bindingdomain
of ensconsin (EMTB), a MAP that does not affect
microtubule dynamics when expressed at low lev-
els (21). After 15 min in nocodazole, most remain-
ingmicrotubuleswere highly bent, acetylated, and
detyrosinated (fig. S7A), andmicrotubule number
was similar in control and TAT1-depleted RPE-
[EMTB-GFP3] cells (fig. S8, A andB). Over the next
30 min of live cell imaging, microtubules rapidly
disappeared inTAT1-depleted cells, whereasmost
microtubules persisted in control cells (fig. S8, A
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and C) and the meanmicrotubule length was sig-
nificantly decreased in TAT1-depleted cells after
50 min in nocodazole (fig. S8D). Consistent with
prior observations of microtubule breakage in fi-
broblasts (18, 19), typical rupture events (Fig. 2, A
to C; fig. S9, A and B; and movies S5 to S9) were
preceded by local microtubule buckling, with the
breakage site coinciding with the region of
highest curvature. Tracking individual microtu-
bules demonstrated that the frequency of micro-
tubule breakage events preceded by buckling was
increased twofold in TAT1-depleted cells compared
with control cells (Fig. 2D). The frequency of mi-
crotubule breakage events thatwere not preceded
by buckling (shown in fig. S9C and movie S10)
showed no significant difference between control
and TAT1-depleted cells (fig. S9D). These findings
suggest that tubulin acetylation protects micro-
tubules from breakage resulting from compres-
sive forces.
The two known types of forces responsible for

buckling andbreakageof cytoplasmicmicrotubules
aremicrotubulemotors pushing onto anchoredmi-
crotubules (11) and actomyosin contractility trans-
mitted through actin-microtubule linker proteins
(19). Contractility is likely to represent the major
factor responsible formicrotubule compression in
nocodazole-treated cells becausemicrotubule de-
polymerization leads to activation ofRho andRho-
associated kinase (ROCK), thereby increasing myo-
sin activity and stress fiber assembly (22). To test
thehypothesis that long-livedmicrotubules inTAT1-
depleted cells break under actomyosin-mediated
compression,we treated cellswith theROCK inhib-
itor Y27632 or the myosin inhibitor blebbistatin
and then removed dynamicmicrotubules using no-
codazole (Fig. 3A, and figs. S10 and S11). Pharma-
cological release of tension increased the mean
lengthof nocodazole-resistantmicrotubules 1.5-fold
in control cells (Fig. 3B). The effect of Y27632 on
TAT1-depleted cells was much more dramatic,
with the mean length of nocodazole-resistant mi-
crotubules increasing fourfold (Fig. 3B) and the
length distribution of nocodazole-resistantmicro-
tubules approaching that of control cells in the ab-
sence of Y27632 (Fig. 3B). A statistical test for the
rescue ofmicrotubule length inTAT1-depleted cells
was highly significant with Y27632 (Fig. 3B) and
significant with blebbistatin (fig. S11). ROCK inhi-
bition did not restore tubulin acetylation in TAT1-
depleted cells (fig. S10, B and C). Thus, inhibition
of the major Rho effectors largely restores the
nocodazole-resistantmicrotubules lost fromTAT1-
depleted cells.
Because ROCK inhibition may stabilize mi-

crotubules in TAT1-depleted cells through other
mechanisms than the release of compressive forces
[e.g., inhibitory phosphorylation ofMAPs (23)], we
sought to release the compressive forces exerted
ontomicrotubules in a more direct and specific
manner.When cells are plated onto soft substrates
made of fibronectin-coatedpolyacrylamide (24, 25)
(Fig. 3C and fig. S12), the force-dependent matu-
ration of focal adhesions is stunted, stress fiber
assembly is limited, and contractility is low (25).
Plating cells on polyacrylamide largely rescued
the length of nocodazole-resistant microtubules
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Fig. 1. Long-lived microtubules are lost in the absence of a-tubulin K40 acetylation. (A) a-Tubulin
K40 acetylation and detyrosination levels were measured by immunoblotting lysates of RPE cells
treated with two different small interfering RNAs (siRNAs) against TAT1 (siTAT1 #2 and siTAT1 #3) or
control siRNAs (siControl). (B) Immunofluorescence (IF) images of siRNA-treated RPE cells stained
for acetylated a-tubulin K40 (red), detyrosinated tubulin (green), and DNA (blue). Scale bar, 10 mm.
Insets are 7 by 7 mm. (C) IF images of siRNA-treated RPE cells treated with 2 mM nocodazole and
stained for a-tubulin (white), acetylated a-tubulin (red), and DNA (blue). (Bottom) The a-tubulin channel
alone. (Insets) The highly curved microtubules present in control cells and the very short microtubules in
TAT1-depleted cells. Scale bar, 10 mm (main panels). Insets are 10 by 10 mm.The number (D) and length
(E) of microtubules remaining after nocodazole treatment were measured in siRNA-treated RPE cells.
(D) N (30 min) = 153 (siCTRL), 157 (siTAT1 #3), and 155 (siTAT1 #2) cells, four independent experiments;
N (60 min) = 236 (siCTRL), 302 (siTAT1 #3) and 206 (siTAT #2) cells, three independent experiments.
Error bars indicate SD. Asterisks indicate t test significance values; ***P < 10−4. (E) The box is bound by
the 25th to 75th percentile, whiskers span 5th to 95th percentile, and the bar in the middle is the median.
N (40 min) = 3058 (siControl), 4659 (siTAT1#3) microtubules from at least 500 cells, six independent
experiments; N (60 min) = 880 (siControl), 1783 (siTAT1#3) and 1323 (siTAT1#2) microtubules from at
least 180 cells, three independent experiments. Asterisks indicate Mann-Whitney U test significance
values; ***P < 10−4. (F) IF images of RPE cells treated with nocodazole for 45 min and stained for
acetylated a-tubulin and a-tubulin. Scale bar, 10 mm. (G) The level of a-tubulin K40 acetylation and the
curvature were measured along microtubules in IF images of cells treated with nocodazole for 45 min.
The whiskers indicate 1.5 times the range. N = 1904 data points from 23 microtubules. Asterisks indicate
Mann-Whitney U test significance values; **P < 10−3, ***P < 10−4.
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Fig. 2. TAT1 depletion sensitizes nocodazole-
resistant microtubules to mechanical breakage.
(A to C) Microtubules were imaged in real-time in
siRNA-treated RPE-[EMTB-GFP3] cells after at least
15 min in the presence of 2 mM nocodazole. Projec-
tion images were generated to capture microtubules
across the entire cell thickness and to avoid missing
microtubule segments because they left the focal
plane. The yellow lines highlight microtubule be-
havior, and the red box indicates the first frame
where rupture is clearly detected. Scale bar, 1 mm.
The time series are extracted from movies S5 and
fig. S7. (D) Microtubule breakage events preceded
by buckling were counted in control and TAT1-
depleted RPE-[EMTB-GFP3] cells during the 15- to
80-min period of nocodazole treatment. N = 46
(siControl) and 52 (siTAT1) cells, six independent
experiments. The bar marks the mean. Asterisks
indicate t test significance values; ***P < 10−4.

Fig. 3. Release of cell tension restores the length of
nocodazole-resistant microtubules in TAT1-depleted
cells. (A) Control and TAT1-depleted cells were treated
with Y27632 or vehicle for 1 hour, then nocodazole was
added for 40 min, and cells were fixed and stained for
a-tubulin. (Insets) The detailed morphology of nocodazole-
resistant microtubules. Scale bar, 10 mm. Insets are 10 by
10 mm. Cells before nocodazole treatment are shown in
fig. S10B. Although nocodazole-resistant microtubules
are few and short in the absence of TAT1, the addition of
Y27632 leads to the presence of numerous long nocodazole-
resistant microtubules in TAT1-depleted cells. (B) Measure-
ment of individual microtubule length.The box plots follow
the same conventions as Fig. 1E. N = 128 cells (2371 micro-
tubules) siControl stained with dimethyl sulfoxide (DMSO),
369 cells (2879 microtubules) siTAT1 with DMSO, 152 cells
(2462microtubules) siControl/Y27632 and 359 cells (2446
microtubules) siTAT1/Y27632, three independent ex-
periments. Asterisks indicate multiple regression test
significance values. ***P < 10−4. (C) Control and TAT1-
depleted cells plated on glass coverslips (elastic modulus
50 GPa) or polyacrymide gel (PA)–coated coverslips (elastic
modulus 7 kPa) were treated with nocodazole for 40 min,
fixed with paraformaldehyde and stained for a-tubulin.
(Insets) The detailed morphology of nocodazole-resistant
microtubules. Scale bar, 10 mm (main panels). Insets are
10 by 10 mm. Cells before nocodazole treatment are shown
in fig. S12. Nocodazole-resistant microtubules in TAT1-
depleted cells are nearly absent when cells are plated onto
glass but largely intact when cells are plated onto soft sub-
strates. (D) Measurement of individual microtubule length.
The box plots follow the same conventions as Fig. 1E. N =
1489 microtubules (siControl/glass), 2201 (siTAT1/glass),
1739 (siControl/PA), and 2138 (siTAT1/PA), three indepen-
dent experiments. Asterisks indicate multiple regression
test significance values. ***P < 10−4. n.s. indicates Mann-
Whitney U test significance value P > 0.01.
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in TAT1-depleted cells (Fig. 3D). Meanwhile, the
length of nocodazole-resistant microtubules was
not significantly changed by plating control cells

on polyacrylamide gel, and this indicates that ad-
hesion signaling does not affect long-livedmicro-
tubules under these experimental conditions (Fig.

3D and fig. S12D). Together, the partial rescue of
microtubule length by pharmacological and physical
treatments strongly suggests that acetylation
protects long-livedmicrotubules from breakage re-
sulting from the compressive forces generated by
the actomyosin cytoskeleton andmakes it unlike-
ly that acetylation prevents nocodazole-induced
depolymerization. The observation that microtu-
bule length is not fully rescued is consistent with
residual forces (e.g., microtubule motors) apply-
ing stress onmicrotubules after these treatments.
Considering that most tissues have the stiff-

ness of polyacrylamide gels, the observation that
nocodazole-resistantmicrotubules are largely im-
mune to TAT1 depletion when cells are plated on
polyacrylamide gels provides a cogent explanation
for the verymild phenotypes of Tat1–/–mice. The
marked effects of TAT1 depletion when cells are
plated on glass suggest that TAT1will be required
in specialized cell types where the stiffness is con-
siderably higher than a fewkilopascals (e.g., bone)
or where microtubules are subjected to repeated
mechanical stresses. Congruent with the latter hy-
pothesis, microtubules appear damaged in touch
receptor neurons of nematodes that lack TAT-1
(16, 26) and tubulin acetylation sets the optimal
cell stiffness for touch sensation in mammalian
mechanosensoryneurons (27). Furtherwork exam-
ining microtubule breakage in these specialized
settings is needed to establish the role of tubulin
acetylation in physiological contexts.
Because someMAPs can change themechanical

properties of microtubules (28, 29), acetylation
could confermechanical resistance tomicrotubules
by altering the recruitment of specificMAPs. Alter-
natively, acetylationmaychange interactionswithin
the lattice to directly altermicrotubulemechanics
(4). To determinewhether acetylation directly pro-
tectsmicrotubules from physical rupture, we gen-
eratedpurepreparationsof enzymatically acetylated
anddeacetylatedmicrotubules (4) andreconstituted
microtubule breakage in vitro using amodification
of our microfluidics- and micropatterning-based
microtubule-bending system (14) (Fig. 4A). First,
we confirmed that flexural rigidity is decreased by
acetylation (Fig. 4, B and C) (4). By including large
stationary beads in the path of the bendingmicro-
tubules, the microtubule sharply kinked and fre-
quently broke at the site ofmaximal curvature (Fig.
4D). Althoughnearly one-third of the deacetylated
microtubules (Ac1) ruptured under themechanical
stress, only 2% of the highly acetylated microtu-
bules (Ac97) broke under the same conditions (Fig.
4E). Thus, acetylation directly protects microtu-
bules fromrupture.Wepropose that, byweakening
interprotofilament interactions (4), acetylation in-
creases lattice plasticity and limits the spread of
preexisting latticedamageunder repeatedmechan-
ical stress and thus protects microtubules from
material fatigue (4) or mechanical breakage (Fig.
4E). Because acetylation is enriched in regions of
high curvature (Fig. 1G), microtubule mechanics
are likely to be modified locally. Furthermore, cy-
clic stretch of cells increases acetylation (30), and
lattice openings are found in bent segments of
microtubules (31). Stress-induced bending may
thus produce transient openings that let TAT1
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Fig. 4. Acetylation pro-
tects microtubules from
mechanical breakage.
(A) The microfluidic
device used to reconsti-
tute microtubule bending
and breaking comprised
two inlets and two outlets
to control fluid flow along
two orthogonal axes. By
flowing them along the
long axis, microtubule
seeds (red) were grafted
normally to the micropat-
terned lines, which forced
microtubules to elongate
parallel to the long axis.
For the breakage assay,
large beads (pink) that
nonspecifically adhere to
the surface were included
to serve as fixed
obstacles. A controlled
fluid flow was applied
along the short axis to
subject microtubules to a
normal bending force
(right). The solution
applied during the bending
step contained free tubu-
lin to keep microtubules
dynamic and small beads
(red) were added to the
flowed solution to mea-
sure the flow in situ.
(B) Time series showing
the progressive bending of
a microtubule (green)
upon application of fluid
flow. Scale bar, 5 mm. The
pseudocolored image
shows the overlay of suc-
cessive time points.
(C) Quantification of the
persistence length of
microtubules made from
enzymatically acetylated
and deacetylated tubulin. The box plot follows the conventions of Fig. 1G. The levels of aK40
acetylation were 97.2% (Ac97) or 0.8% (Ac1). N = 29 (Ac1) and 25 (Ac97) microtubules, three inde-
pendent experiments. Asterisks indicate Mann-Whitney U test significance values, ***P < 10−4. (D) Time
series showing the breaking of a microtubule (green) upon application of fluid flow. Large beads
nonspecifically adhering to the surface (arrowhead) were used as fixed obstacles to enhance mi-
crotubule bending upon flow thus resulting in microtubule rupture at the site of maximal bending. Scale
bar, 10 mm. (E) Time taken for microtubules to break after application of flow.The shortest experimental
application of flow was 9.55 s, and all microtubules not broken at 9.55 s are displayed as dots. N = 46
(Ac1) and 42 (Ac97) microtubules, two independent experiments. The frequency of breakage is 28% for
Ac1 microtubules and 2% for Ac97 microtubules. A Mann-Whitney U test was conducted on the entire
data set and asterisks indicate significance values. **P < 0.005. (F) Model for regulation of microtubules
mechanics by TAT1-mediated acetylation. We propose a two-step adaptive model for the mechanical
stabilization of microtubules where bending results in sidewall breathing and allows TAT1 to enter the
lumen. Subsequent acetylation locally modifies the mechanical properties of the microtubule to protect
it against flexural breakage.
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access themicrotubule lumen in areas experienc-
ing the highest stress (32) and result in an adapt-
ive and local increase in mechanical resilience
(Fig. 4F).
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