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α-Tubulin detyrosination links the suppression of
MCAK activity with taxol cytotoxicity
Danilo Lopes1,2, Alexandre L. Seabra1,2, Bernardo Orr1,2, and Helder Maiato1,2,3

α/β-Tubulin posttranslational modifications (PTMs) generate microtubule diversity, but whether they account for cancer cell
resistance to microtubule-targeting drugs remains unknown. Here, we performed a pilot dissection of the “cancer tubulin code”
using the NCI-60 cancer cell panel. We found that acetylated, detyrosinated, and Δ2-α-tubulin that typically accumulate on
stable microtubules were uncoupled in many cancer cells. Acetylated α-tubulin did not affect microtubule dynamics, whereas
its levels correlated with, but were not required for, taxol-induced cytotoxicity. In contrast, experimental increase of α-tubulin
detyrosination, and/or depletion of the detyrosination-sensitive microtubule-depolymerizing enzymeMCAK, enhanced taxol-
induced cytotoxicity by promoting cell death in mitosis and the subsequent interphase, without causing a cumulative effect.
Interestingly, only increased detyrosinated α-tubulin aggravated taxol-induced spindle multipolarity. Overall, we identified
high α-tubulin acetylation as a potential biomarker for cancer cell response to taxol and uncovered a mechanistic link
between α-tubulin detyrosination and the suppression of MCAK activity in taxol-induced cytotoxicity, likely by promoting
chromosome missegregation, regardless of spindle defects.

Introduction
Microtubules (MTs) are dynamic polymers of α/β-tubulin in-
volved in cell division, migration, and invasion, and are amongst
the most successful targets in cancer treatment (Dumontet and
Jordan, 2010). Human cells express several α/β-tubulin isotypes
that combine with various posttranslational modifications
(PTMs) to generate MT diversity (Janke and Magiera, 2020;
Verhey and Gaertig, 2007). How this so-called “tubulin code” is
read by MT-associated proteins and motors and whether it im-
pacts specific cellular functions remained largely unknown for
over 40 yr. However, with the discovery of the catalytic en-
zymes accounting for the different tubulin PTMs, recent studies
started to unveil their critical roles in mitosis and meiosis,
neuronal processes and brain function, as well as heart and
skeletal muscle contraction (Magiera et al., 2018). Importantly,
despite existing evidence linking specific tubulin isotypes and
PTMswith tumor development andmetastasis, a comprehensive
analysis and functional dissection of the cancer tubulin code is
still lacking (Lopes and Maiato, 2020).

α-Tubulin acetylation of Lysine 40 (K40) and detyrosination
are amongst the best-characterized tubulin PTMs (Janke and
Magiera, 2020; Verhey and Gaertig, 2007). K40 acetylation,
which takes place in the MT lumen, is mediated by αTAT1
(Akella et al., 2010; Shida et al., 2010) and reverted by HDAC6

and SIRT2 deacetylases (Hubbert et al., 2002; North et al., 2003).
In turn, detyrosination consists of the catalytic removal of the
last tyrosine residue from the unstructured C-terminal tail of
most α-tubulin isotypes. This is mediated by VASH1/VASH2 and
MATCAP carboxypeptidases (Aillaud et al., 2017; Landskron
et al., 2022; Nieuwenhuis et al., 2017) and reverted by a spe-
cific tubulin tyrosine ligase (TTL) that retyrosinates α-tubulin
(Ersfeld et al., 1993). A non-retyrosinatable Δ2-α-tubulin may
also form after the removal of the penultimate glutamic acid in
the C-terminal tail by cytosolic carboxypeptidases (Paturle-
Lafanechere et al., 1991). Acetylated, detyrosinated, and Δ2-
α-tubulin accumulate on stable/long-lived MTs (Khawaja et al.,
1988; Paturle-Lafanechère et al., 1994; Webster et al., 1990). As
such, cell treatment with MT stabilizing drugs, such as taxol/
paclitaxel, increases the accumulation of these tubulin PTMs
(Ferreira et al., 2020; Paturle-Lafanechère et al., 1994; Webster
et al., 1990; Xiao et al., 2006), but their functional relationship
and whether they directly or indirectly interfere with MT dy-
namic properties remains unclear. Recent works suggested that
α-tubulin acetylation of K40 confers resistance to MT breakage,
thereby promoting the mechanical stability of long-lived MTs
(Portran et al., 2017; Xu et al., 2017). In contrast, MT depoly-
merization experiments and injection of function-blocking
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antibodies against TTL provided evidence that α-tubulin detyro-
sination does not directly interfere with MT stability (Khawaja
et al., 1988; Webster et al., 1990). More recently, genetic per-
turbation of TTL in human cells and in vitro reconstitution ex-
periments further supported this conclusion (Chen et al., 2021;
Ferreira et al., 2020). However, α-tubulin detyrosination sup-
presses the activity of effector proteins involved in the regula-
tion of MT dynamics, including MCAK, an MT-depolymerizing
enzyme of the kinesin-13 family (Ferreira et al., 2020; Liao et al.,
2019; Peris et al., 2009; Sirajuddin et al., 2014).

Intrinsic or acquired resistance to MT-targeting drugs, such
as taxol and its derivatives, remains a major challenge in im-
proving therapy response and cancer patient survival (Orr et al.,
2003). Several mechanisms, including altered expression of
tubulin isotypes, tubulin mutations, and modifications of MT-
regulatory proteins, have been implicated in taxol resistance,
but whether and how tubulin PTMs play a role in this process
remains poorly understood. Here, we used the NCI-60 cancer
cell panel, a validated anticancer drug screening platform rep-
resenting nine distinct tumor types (leukemia, colon, lung,
central nervous system [CNS], renal, melanoma, ovarian, breast,
and prostate; Shoemaker, 2006) to perform a pilot analysis and
initial functional dissection of the cancer tubulin code, while in-
vestigating the respective impact in taxol-induced cytotoxicity. In
particular, we focused on determining whether and how specific
posttranslational signatures (acetylation, detyrosination, and re-
lated Δ2 modification of α-tubulin) vary among the different
cancer cell lines of the panel. Experimental manipulation of these
tubulin PTMs, combined with functional studies, revealed that
elevated α-tubulin acetylation predicts taxol cytotoxicity and may
be a useful biomarker for cancer patient stratification toward a
more personalized treatment with MT-targeting drugs. In addi-
tion, we uncovered a role for α-tubulin detyrosination in taxol-
induced cytotoxicity by promoting cell death in mitosis and the
subsequent interphase. Mechanistically, our functional studies
suggest that α-tubulin detyrosination promotes taxol-induced
cytotoxicity mainly by suppressing the activity of the MT-
depolymerizing enzyme MCAK involved in mitotic error correc-
tion. Overall, this work provides a pilot dissection of the cancer
tubulin code and identifies MT acetylation and detyrosination as
predictive and causal determinants of taxol response, respectively.

Results
Cancer cells show highly variable tubulin PTM signatures
To investigate whether distinct cancer cell types show different
molecular signatures associated with the accumulation of spe-
cific α-tubulin PTMs, namely acetylation, detyrosination, and
related Δ2 modification, we screened the NCI-60 cancer cell
panel by immunoblot with previously validated antibodies
(Fig. 1, A−C, and Fig. S1; Barisic et al., 2015; Ferreira et al., 2018;
Ferreira et al., 2020). To control our quantitative immunoblot
analyses, we also included the detection of the retyrosinating
enzyme TTL (Fig. 1 D and Fig. S1) and compared its expression
with the respective TTL mRNA levels obtained from the Cell-
Miner database, a public web-based suite compiling tran-
scriptomic data from the NCI-60 cancer cell panel (Reinhold

et al., 2012). A strong correlation (r = 0.8272, P <0.0001) be-
tween TTL protein andmRNA levels among the different NCI-60
cell lines was found (Fig. 2 A), thereby validating our approach.
To compare different cancer cell lines between immunoblots,
the leukemia cell line HL-60, which showed intermediate levels
of α-tubulin acetylation and detyrosination, was included in
each immunoblot as an internal reference (Fig. S1). The non-
transformed human telomerase reverse transcriptase (hTERT)–
immortalized RPE1 cell line was also included in each
immunoblot for qualitative comparative purposes (Fig. S1).
Subsequent quantification of the levels of the different tubulin
PTMs and TTL revealed high variability among the different
cancer cell lines (including within the same tissue) that in some
cases was higher than 10-fold (Fig. 1, A−D). Importantly, these
differences could not be explained by cell cycle regulation of
tubulin PTMs and TTL or cell confluency, since their respective
levels did not change more than 1.5-fold throughout the cell
cycle or at distinct cell density stages (Fig. S2, A−E).

α-Tubulin detyrosination in cancer cells correlates moderately
with Δ2, but only weakly with TTL/VASH expression and
α-tubulin acetylation
As TTL accounts for α-tubulin retyrosination, high TTL ex-
pression would be predicted to inversely correlate with
α-tubulin detyrosination levels. Indeed, high detyrosinated
α-tubulin was previously found to correlate with low TTL pro-
tein levels in prostate cancer cells (Soucek et al., 2006). There-
fore, we investigated whether TTL protein expression correlates
with α-tubulin detyrosination levels in the NCI-60 panel. Like-
wise, we investigated whether α-tubulin detyrosination levels
correlate with the related Δ2 modification and α-tubulin acety-
lation. We found that α-tubulin detyrosination levels only
moderately correlate with Δ2-α-tubulin levels, with some cell
lines, such as in SF-295 (CNS), KM12 (colon), and PC-3 (pros-
tate), showing no obvious relationship between these PTMs
(Fig. 1, B and C, Fig. 2 B, and Fig. S1). In general, α-tubulin de-
tyrosination showed a poor correlation with TTL protein ex-
pression (negative correlation) and α-tubulin acetylation levels
(positive correlation) among the different cancer cell lines of the
NCI-60 panel (Fig. 2, C and D). Interestingly, a more detailed
analysis focusing on the cell lines with higher α-tubulin detyro-
sination levels (>60th percentile) revealed that 68.4% were
found to express low TTL protein levels, 76.5% showed high Δ2-
tubulin, and 61.1% had high α-tubulin acetylation levels. In
agreement, for the cell lines with lower (<40th percentile)
α-tubulin detyrosination levels, 78.6% expressed high TTL
protein levels, 76.5% had low Δ2-α-tubulin, and 64.3% showed low
α-tubulin acetylation levels (Fig. 2, B−D). Next, we investigated
whether α-tubulin detyrosination and TTL expression is a
function of the expression of the α-tubulin carboxypeptidases
VASH1, VASH2, and MATCAP using mRNA levels obtained from
the CellMiner database (Fig. S3, A−M). We only found a weak
correlation between α-tubulin detyrosination and VASH2 ex-
pression (Fig. S3 C), whereas VASH1 and MATCAP expression
weakly correlated with TTL levels (protein and/or mRNA; Fig. S3,
E, F, and J). Lastly, we investigated whether the observed varia-
bility in α-tubulin detyrosination was related to the differential
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Figure 1. Cancer cells display highly variable tubulin PTM signatures. (A−D)Quantification of tubulin PTMs (α-tubulin detyrosination, acetylation, and Δ2-
tubulin) and the retyrosinating enzyme TTL levels from the immunoblot screening in cell lines of the NCI-60 panel, normalized to the loading control β-tubulin

Lopes et al. Journal of Cell Biology 3 of 19

Detyrosinated tubulin promotes taxol cytotoxicity https://doi.org/10.1083/jcb.202205092

https://doi.org/10.1083/jcb.202205092


expression of TUBA4A, a genetically encoded naturally detyrosi-
nated α-tubulin isotype, using available mRNA expression data in
the CellMiner database, but we found no correlation (Fig. S3 N).
Taken together, these results indicate that, although in more ex-
treme cases the levels of specific tubulin PTMs do correlate and
are somewhat linked to the expression levels of the associated
catalytic enzymes, several exceptions exist in which no or only a
weak correlation was observed.

High α-tubulin acetylation is a potential predictive biomarker
for taxol cytotoxicity
Given that tubulin PTMs are not necessarily a direct function of
the expression levels of the respective catalytic enzymes, we
hypothesized that other factors, such as MT stability/half-life,
contribute to the accumulation of specific tubulin PTMs and,
consequently, regulate cancer cell properties. To test this hy-
pothesis, we investigated whether cancer cell cytotoxicity in-
duced by treatment with the MT-stabilizing drug taxol is
associated with specific tubulin PTMs. First, we investigated
whether there is a link between acetylated, detyrosinated, or Δ2-
tubulin with taxol cytotoxicity in the NCI-60 panel reported in
the CellMiner database. We found only a weak, yet significant,

correlation between α-tubulin acetylation levels and taxol cy-
totoxicity among the NCI-60 cancer cell panel (Fig. 3 A and Fig.
S4, A−C). Importantly, focusing exclusively on the cancer cell
lines with higher α-tubulin acetylation (>60th percentile), we
found a clear bias for improved taxol response (Fig. 3, A and A9).
Second, to validate our observations, we selected six represen-
tative cell lines from the panel with either high (HCT-116, KM12,
and MDA-MB-435) or low (OVCAR-4, UO-31, and HOP-92)
α-tubulin acetylation (Fig. 3, B and B9) to directly determine
their response to taxol treatment. In line with our correlation
analysis, these experiments showed that cancer cells with high
α-tubulin acetylation are more sensitive (IC50 <6 nM) to in-
creasing concentrations of taxol when compared with cancer
cells with low α-tubulin acetylation that showed increased taxol
resistance (IC50 >24 nM; Fig. 3, C and C9). Altogether, these re-
sults reveal high α-tubulin acetylation as a potential predictive
biomarker for taxol cytotoxicity in cancer patients.

α-Tubulin acetylation does not account for taxol cytotoxicity
We then investigated the impact of experimentally modulating
α-tubulin acetylation in taxol cytotoxicity. For this purpose, we
depleted the α-tubulin acetyltransferase αTAT1 (Akella et al.,

(mean ± SD; two to six independent experiments with two replicates for each cancer cell line). To compare cell lines between immunoblots, the cell line HL-60
(dashed line) was added in all experiments as a reference value.

Figure 2. α-Tubulin detyrosination, Δ2, and acetylation can be uncoupled in cancer cells. (A) Correlation between TTL protein (our screen) and mRNA (z
scores; CellMiner database) levels in NCI-60 cancer cells. (B−D) Correlation between levels of α-tubulin detyrosination and Δ2-tubulin, TTL, and α-tubulin
acetylation in NCI-60 cancer cells. (B9−D9) Proportion of cancer cell lines of the panel with high and low Δ2-tubulin, TTL, and α-tubulin acetylation in the two
groups with high and low α-tubulin detyrosination. From the tubulin PTM level values, the fourth and fifth quintiles (>60th percentile) were defined as the high
group and the first and second quintiles (<40th percentile) as the low group. Spearman correlation coefficient (r) and P values are indicated in the graphs.
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2010; Shida et al., 2010) by RNAi in HCT-116 cells, which show
high α-tubulin acetylation. As expected, αTAT1 depletion led to a
substantial decrease in α-tubulin acetylation in this cell line
(Fig. 4 A and Fig. S5 C). However, this did not result in any
significant difference in taxol cytotoxicity (Fig. 4, B and B9). A
similar outcome was found upon pharmacological inhibition of
the α-tubulin (and histone) deacetylase HDAC6 with the small
molecule inhibitor Tubastatin A, which increases α-tubulin
acetylation (Butler et al., 2010; Hubbert et al., 2002; Fig. 4, C,
D, and D9; and Fig. S5, A and B). In line with these data, no
significant differences were found upon αTAT1 depletion or
Tubastatin A treatment in OVCAR-4 cells, which are taxol-
resistant and show low α-tubulin acetylation (Fig. 4, E−G).
These results suggest that α-tubulin acetylation does not account
for taxol cytotoxicity.

α-Tubulin acetylation does not significantly impact MT
dynamics
Mitotic spindle MTs are highly acetylated and detyrosinated
(Barisic et al., 2015; Gundersen and Bulinski, 1986; Wilson and
Forer, 1989), two PTMs that are known to accumulate upon
spindle MT stabilization with taxol (Ferreira et al., 2020; Xiao
et al., 2006). However, while α-tubulin detyrosination has been
shown to have only an indirect impact on MT dynamics (Chen
et al., 2021; Ferreira et al., 2020; Webster et al., 1990), it remains
unknown whether α-tubulin acetylation plays any role in the
regulation of MT dynamics during mitosis and, more generally,
throughout interphase. To directly address this, we used fluo-
rescence dissipation after photoactivation in human U2OS cells,
which show high α-tubulin acetylation (and detyrosination)
levels (Fig. S5 D) and conveniently express PA-GFP-α-tubulin

Figure 3. High α-tubulin acetylation correlates with taxol cytotoxicity. (A) Correlation between α-tubulin acetylation levels in the NCI-60 cancer cells and
taxol activity z scores (Spearman correlation coefficient [r] and P value indicated). (A9) Average (and range) taxol activity z score between cell lines of the two
groups high (>60th percentile) and low (<40th percentile) α-tubulin acetylation (Mann–Whitney test). (B and B9) Representative immunoblot and respective
quantification (relative to β-tubulin) in the cell lines with high or low α-tubulin acetylation. * indicates unspecific bands from previous probing with different
antibodies (C) Graphic representation of cell viability after 120 h of taxol treatment (increasing concentrations; graphic representation of one experiment; lines
show nonlinear curve fittings; error bars in each concentration show ± SD of three to four replicates). (C9) Related IC50 of four (HCT-116, KM12) and three
(MDA-MB-435) independent experiments (mean ± SD; each dot represents an independent experiment). Source data are available for this figure: SourceData
F3.
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and mCherry-α-tubulin, to measure kinetochore and non-
kinetochore MT (kMT and non-kMT, respectively) turnover
on metaphase spindles (Conway et al., 2022; Ferreira et al., 2018;
Girao and Maiato, 2020) upon downregulation of α-tubulin
acetylation (Fig. 5, A and B). We found that siRNA-mediated
αTAT1 depletion did not significantly change kMT or non-kMT
half-life relative to controls, indicating that α-tubulin acetyla-
tion of spindle MTs does not impact MT turnover and stability
during mitosis (Fig. 5, C and D). Next, we investigated whether

down- or upregulation of α-tubulin acetylation impacts MT
dynamics during interphase by tracking MT polymerization
events using EB3-GFP in HCT-116 and U2OS cells upon
αTAT1 siRNA-mediated depletion or Tubastatin A treatment
(Fig. 5, E−G). Quantification of EB3-GFP comet growth rate,
growth length, and growth duration revealed no significant
differences between cells with down- or upregulated α-tubulin
acetylation and respective controls, except for a very small de-
crease in growth duration upon αTAT1 depletion in U2OS cells

Figure 4. α-Tubulin acetylation does not interfere with taxol cytotoxicity. (A, C, and E) Representative immunoblot analysis of α-tubulin acetylation
levels upon αTAT1 depletion (HCT-116: 72 h; siControl as control; OVCAR-4: 96 h; mock as control) and Tubastatin A treatment in HCT-116 and OVCAR-4 cells.
β-Tubulin was used as loading control. * indicates unspecific bands from previous probing with different antibodies. (B and D) Graphic representation of cell
viability of αTAT1-depleted (siControl as control) and Tubastatin A-treated HCT-116 cells after treatment with taxol for 72 h (increasing concentrations; graphic
representation of one experiment; lines show nonlinear curve fittings; error bars in each concentration show ± SD of three to four replicates). (B9 and D9)
Respective IC50 of six (siControl and siαTAT1) and five (DMSO and Tubastatin A) independent experiments (mean ± SD; each dot represents an independent
experiment; unpaired two-tailed t test). (F and G) Representative graphs of the effect of taxol (increasing concentrations; 72 h) in OVCAR-4 cells upon αTAT1
depletion and Tubastatin A treatment (graphic representation of one experiment [from three total]; lines show nonlinear curve fittings; error bars in each
concentration show ± SD of three experimental replicates). Source data are available for this figure: SourceData F4.
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Figure 5. α-Tubulin acetylation does not affect MT dynamics. (A) Representative examples of control (mock) and αTAT1-depleted (72 h RNAi) U2OS PA-
GFP-α-tubulin/mCherry-α-tubulin cells before (Pre-PA) and after photoactivation (GFP-tubulin signal from 0–4 min). mCherry-α-tubulin and DIC images
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(Fig. 5, H−M). Based on these results, we conclude that α-tubulin
acetylation does not significantly impact MT dynamics during
mitosis and interphase, thereby explaining why taxol cytotox-
icity appears to be independent of α-tubulin acetylation.

α-Tubulin detyrosination enhances taxol cytotoxicity but is
unable to revert resistance in cancer cells
Next, we investigated whether α-tubulin detyrosination con-
tributes to taxol cytotoxicity. In agreement with previous re-
ports, the combined action of taxol and siRNA-mediated
knockdown of TTL resulted in a marked increase in α-tubulin
detyrosination relative to taxol treatment alone (Fonrose et al.,
2007; Nieuwenhuis et al., 2017; Webster et al., 1990; Whipple
et al., 2013). This combined effect appears to be specific to
α-tubulin detyrosination since α-tubulin acetylation and poly-
glutamylation levels did not change after TTL depletion (Fig. 6, A
and B). Strikingly, TTL knockdown in two distinct taxol-
sensitive cancer cell lines (HCT-116 and T-47D) enhanced taxol
cytotoxicity, as shown by a significant decrease in the IC50
(Fig. 6, C and F; and Fig. 7, A, B, and E). However, no difference
in taxol cytotoxicity was found after TTL knockdown in the
taxol-resistant cell line OVCAR-4 (Fig. 7, F and G). Thus, ex-
perimental increase in α-tubulin detyrosination enhances taxol
cytotoxicity in taxol-sensitive cancer cell lines but does not
necessarily revert taxol-resistance.

A link between α-tubulin detyrosination and the suppression
of MCAK MT-depolymerizing activity in taxol cytotoxicity
In contrast with α-tubulin acetylation, α-tubulin detyrosination
indirectly impacts MT dynamics by inhibiting the activity of
MT-depolymerizing enzymes of the kinesin-13 family, such as
MCAK (Ferreira et al., 2020; Peris et al., 2009; Sirajuddin et al.,
2014). MCAK has also been proposed to mediate taxol resistance
(Ganguly et al., 2011a; Ganguly et al., 2011b). To investigate
whether α-tubulin detyrosination enhances taxol cytotoxicity
through inhibition of MCAK activity, we compared the effects of
individual TTL or MCAK depletion in taxol-sensitive or -resis-
tant cancer cells. We found that, as for TTL depletion, MCAK
depletion did not alter α-tubulin acetylation and poly-
glutamylation levels and rendered HCT-116 and T-47D cells more
sensitive to taxol, with an equivalent increase in taxol

cytotoxicity relative to TTL depletion (Fig. 6, A, B, D, and F; and
Fig. 7, C−E). In line with our previous observations after TTL
depletion, no significant effect was found after MCAK depletion
in taxol-resistant OVCAR-4 cells (Fig. 7, F and H). Remarkably,
codepletion of TTL and MCAK did not show a cumulative effect
relative to individual TTL or MCAK depletion in HCT-116 cells
(Fig. 6, E and F). In contrast, treatment of TTL- or MCAK-
depleted HCT-116 cells with GSK923295, a small-molecule in-
hibitor of centromere protein E (CENP-E) that is known to
sensitize cells to taxol by increasing chromosomal instability
(Scribano et al., 2021), resulted in enhanced cytotoxicity (Fig. 6,
G−I), implying nonoverlapping mechanisms. Since α-tubulin
detyrosination, TTL expression, and taxol cytotoxicity did not
correlate with MCAK expression (Fig. S4, D−F), these results
suggest that α-tubulin detyrosination enhances taxol cytotox-
icitymainly by suppressing the activity of theMT-depolymerizing
enzyme MCAK.

Increased α-tubulin detyrosination, but not MCAK depletion,
aggravates taxol-induced mitotic spindle multipolarity
To understand how increased α-tubulin detyrosination may
impact MCAK activity to enhance taxol cytotoxicity, we inves-
tigated mitotic spindle architecture and/or function by fluores-
cence microscopy in fixed taxol-sensitive HCT-116 cells (Fig. 8
A). While the capacity to assemble a bipolar spindle was indis-
tinguishable between control, TTL-, and MCAK-depleted cells
treatedwith DMSO (Fig. 8 B), addition of taxol to a concentration
proximal to the IC50 for HCT-116 cells significantly increased the
frequency of mitotic cells with multipolar spindles, an outcome
that was further exacerbated upon TTL, but not MCAK, deple-
tion (Fig. 8 B). This increase in multipolar spindles upon TTL
depletion is likely due to a synergistic effect between increased
α-tubulin detyrosination and taxol treatment that also aggra-
vated the formation of acentrosomal spindle poles due to spindle
pole fragmentation (Bian et al., 2010; Paoletti et al., 1997;
Sakaushi et al., 2007; Zasadil et al., 2014; Zhu et al., 2005; Fig. 8
C). While we do not dispute that high tubulin detyrosination
might affect other targets involved in bipolar spindle assembly,
these results suggest that the enhanced cytotoxic effects caused
by impairing MCAK activity appear not to be a consequence of
defective spindles per se.

display the metaphase stage of the cells. Scale bar, 5 µm. (B) Representative immunoblot to validate αTAT1 depletion (against α-tubulin acetylation). * in-
dicates unspecific bands from previous probing with different antibodies. (C and D)Quantification of kMT and non-kMT half-life for each condition (mean ± SD
[kMT] or median with interquartile range [non-kMT]; each dot represents an individual cell; control: pool of nine independent experiments, n = 30 cells;
siαTAT1: pool of seven independent experiments, n = 23 cells; unpaired two-tailed t test [kMT] or Mann–Whitney test [non-kMT]). (E and F) Representative
immunoblot analysis (against α-tubulin acetylation) of parental HCT-116 and U2OS cells upon αTAT1 depletion (72 h; siControl as control), DMSO, and Tu-
bastatin A treatment, and transiently expression of EB3-GFP. β-Tubulin was used as loading control. * indicates unspecific bands from previous probing with
different antibodies. (G) Representative images of siControl and αTAT1-depleted, DMSO and Tubastatin A–treated HCT-116 cells, transiently expressing EB3-
GFP. The 30-s time windows show labeled EB3 over time, represented by different colors, generated by the temporal color code tool in ImageJ software. Scale
bar, 5 µm. (H−M) Quantification of MT dynamic parameters from the plus end–tracking analysis in HCT-116 and U2OS cells (mean ± SD; HCT-116: growth rate
[Tubastatin A], growth length [siαTAT1 and Tubastatin A], growth lifetime [siαTAT1]; U2OS: growth length [Tubastatin A]) or median with interquartile range
(HCT-116: growth rate [siαTAT1], growth lifetime [Tubastatin A]; U2OS: growth rate, growth lifetime [siαTAT1 and Tubastatin A], growth length [siαTAT1]);
each gray dot represents a field of view containing one to four cells and black dot an independent experiment; HCT-116 cells, control: n = 82 cells; siαTAT1: n =
81 cells; pool of seven independent experiments; DMSO: n = 99 cells; Tubastatin A: n = 103 cells; pool of eight independent experiments; U2OS cells, control:
n = 49 cells; siαTAT1: n = 51 cells; pool of four independent experiments; DMSO: n = 64 cells; Tubastatin A: n = 75 cells; pool of five independent experiments;
unpaired two-tailed t test or Mann–Whitney were used for statistical analysis (see Materials and methods for details). Source data are available for this figure:
SourceData F5
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Figure 6. MT detyrosination promotes taxol cytotoxicity mainly by regulating MCAK activity. (A) Protein lysates of HCT-116 cells obtained after 72 h of
RNAi (siControl, TTL, MCAK, and TTL/MCAK) and 24 h of DMSO or taxol treatment (24 nM), then immunoblotted for α-tubulin detyrosination and acetylation,
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Increased α-tubulin detyrosination or MCAK depletion
promotes taxol-induced cell death in mitosis and the
subsequent interphase without markedly increasing
multipolar divisions
To determine whether the spindle multipolarity observed after
taxol treatment in cells with increased α-tubulin detyrosination
underlie the enhanced cytotoxicity, we determined the respec-
tive cell fate using live-cell phase-contrast microscopy (Fig. 9 A).
When compared with control HCT-116 cells treated with taxol
only, TTL depletion aggravated the frequency of cell death in
mitosis and the subsequent interphase, as well as cytokinesis
failure, without markedly increasing multipolar divisions
(Fig. 9, B and C). Remarkably, this outcome was largely indis-
tinguishable from that observed upon taxol treatment in MCAK-
depleted cells, and no cumulative effect was observed upon co-
depletion of TTL and MCAK (Fig. 9, B and C). Altogether, these
results suggest that, despite aggravating taxol-induced spindle
multipolarity, α-tubulin detyrosination enhances taxol cyto-
toxicity by suppressing MCAK MT depolymerizing activity,
without necessarily undergoing multipolar cell divisions.

Discussion
Several independent works have reported an emerging link
between alterations of tubulin PTMs and/or associated modi-
fying enzymes with certain cancers (reviewed in Lopes and
Maiato, 2020). These alterations often correlate with specific
cancer properties, including poor patient outcome/prognosis
(Boggs et al., 2015; Kato et al., 2004; Mialhe et al., 2001), tumor
growth (Lafanechere et al., 1998), and metastatic ability (Boggs
et al., 2015; Whipple et al., 2010), supporting the potential use of
cancer tubulin PTM signatures as reliable biomarkers, as well as
their manipulation for therapeutic purposes. However, those
initial studies were often contradictory and limited to a handful
and poorly characterized cancer cell lines (Lopes and Maiato,
2020). Moreover, clear functional and causal links between tu-
bulin PTMs and specific cancer cell properties remain to be
established, with most studies so far assuming a clear observa-
tional and correlational character. Here, we overcame these
limitations by providing a pilot analysis and initial functional
dissection of selected tubulin PTMs in the NCI-60 cancer cell
panel. Our findings provide systematic evidence for high vari-
ability of selected tubulin PTMs among more than 50 different
cancer cell lines from nine different tissues, including within the
same tissue. Most surprisingly, we detected a clear uncoupling
between α-tubulin acetylation, detyrosination, and related Δ2

modification in specific cancer cells, further indicating that
different tubulin PTMs independently control specific MT
functions. Several factors appear to contribute to these out-
comes, including the underlying properties of the different
cancers (e.g., epithelial vs. mesenchymal; Whipple et al., 2010),
the relative expression of tubulin modifying enzymes, and, es-
pecially, MT half-life/stability in each cancer cell line.

Of notice, α-tubulin acetylation had no marked effect on MT
half-life and dynamic behavior, both during mitosis and in in-
terphase, with only a marginal role inMT growth lifetime in one
of the tested cell lines. This is consistent with previous findings
indicating that α-tubulin acetylation does not affect the assem-
bly and disassembly of MTs in vitro (Maruta et al., 1986), and in
line with recently proposed roles inMTmechanical stability and
breakage resistance (Portran et al., 2017; Xu et al., 2017). Inter-
estingly, high α-tubulin acetylation was associated with but not
required for taxol-induced cytotoxicity in cancer cells. This
conclusion is at odds with recent reports in lung cancer cells
that suggested that high α-tubulin acetylation correlates with
taxol resistance and attenuates taxol-induced apoptosis
(Wattanathamsan et al., 2021). Another study reported a syn-
ergistic effect between histone deacetylase (HDAC) inhibitors
(which increase α-tubulin acetylation) and taxol that promoted
apoptosis in endometrial cancer cells and led to MT stabilization
(Dowdy et al., 2006). In agreement, inhibition of anticancer
taxol activity by caffeine was also proposed to occur through
downregulation of α-tubulin acetylation (Xu et al., 2020), but
additional effects caused by caffeine cannot be excluded. One
possibility is that a potential synergistic effect between high
α-tubulin acetylation and taxol response depends on the p53
status of each cancer cell line (Zuco et al., 2011), which might
change during acquired taxol resistance. However, among the
six cell lines that we investigated with either high or low
α-tubulin acetylation, their respective p53 status varied from
WT to inconclusive or mutated (Berglind et al., 2008), regardless
of their ability to respond to taxol. Interestingly, new-generation
HDAC6 inhibitors also enhanced the activity of taxol and sup-
pressed solid tumor growth in mouse xenograft models (Huang
et al., 2017). But whether this effect was specifically due to in-
hibition of α-tubulin deacetylation (and corresponding increase
in acetylation) remains unclear, despite higher selectivity rela-
tive to histone H3 deacetylation. Lastly, it remains possible that
high α-tubulin acetylation potentiates taxol activity indepen-
dently of cell proliferation/apoptosis, for example, by inhibiting
cell motility and invasion (Bonezzi et al., 2012). Altogether, re-
gardless of any potential role of α-tubulin acetylation in taxol

MCAK, TTL, and β-tubulin (as loading control). (B) Immunoblot analysis of branched α/β-tubulin polyglutamylation chains (GT335), long α/β-tubulin poly-
glutamylation chains (polyE), α-tubulin detyrosination, MCAK, TTL, and β-tubulin (as loading control) in TTL and MCAK-depleted HCT-116 cells (72 h RNAi). *
indicates unspecific bands from previous probing with different antibodies. (C−E) Representative graphs of the effect of taxol (increasing concentrations; 72 h)
upon RNAi-mediated knockdown (72 h) of TTL, MCAK, and the combination of TTL/MCAK in HCT-116 cells (graphic representation of one experiment; lines
show nonlinear curve fittings; error bars in each concentration show ± SD of three replicates). (G and H) Graphic representations of cell viability of TTL and
MCAK-depleted HCT-116 cells after treatment with GSK923295 (CENP-E inhibitor) and taxol (increasing concentrations) for 72 h (graphic representation of one
experiment; lines show nonlinear curve fittings; error bars in each concentration show ± SD of three experimental replicates). (F and I) IC50 calculations of
seven (siControl 50 nM, siTTL, and siMCAK) and six (siControl 100 nM and siTTL/MCAK) independent experiments; six (siControl), five (siTTL), and four
(siMCAK) independent experiments in GSK923295 treatments (mean ± SD; each dot represents an independent experiment; one-way ANOVA). Source data are
available for this figure: SourceData F6.
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cytotoxicity on particular cancer types, our findings support that
α-tubulin acetylation represents a potential prognostic biomarker
for taxol response.

While in our hands, α-tubulin acetylation did not account for
MT stability or taxol response in the tested cell lines, α-tubulin
detyrosination revealed itself as an important determinant of
taxol-induced cytotoxicity. Clinically relevant concentrations of
taxol induced the formation of irreversible multipolar spindles
that are thought to contribute to massive chromosome mis-
segregation and cell death (Rodrigues-Ferreira et al., 2019;
Zasadil et al., 2014). In agreement, here we found that experi-
mental increase in α-tubulin detyrosination after TTL depletion

aggravates taxol-induced mitotic spindle multipolarity while
promoting cell death in mitosis and the subsequent interphase.
However, this did not lead to a proportional increase in multi-
polar divisions relative to taxol treatment alone. Mechanisti-
cally, high levels of detyrosinated α-tubulin phenocopied the
depletion of the MT-depolymerizing kinesin-13 MCAK in taxol-
treated cells, while codepletion of TTL and MCAK did not result
in a cumulative cytotoxic effect. Since the MT depolymerizing
activity of MCAK is inhibited by α-tubulin detyrosination (Peris
et al., 2009; Sirajuddin et al., 2014), the most straightforward
interpretation of our findings is that high α-tubulin detyrosi-
nation promotes taxol cytotoxicity mainly by inhibiting MCAK

Figure 7. Increased α-tubulin detyrosination or MCAK depletion enhances taxol cytotoxicity in T-47D cells but does not revert taxol-resistance in
OVCAR-4 cells. (A and C) Representative immunoblot analysis of TTL, α-tubulin detyrosination, and MCAK levels (β-tubulin as loading control) upon TTL or
MCAK depletion (96 h; mock as control) in T-47D cells. * indicates unspecific bands from previous probing with different antibodies. (B and D) Graphic
representations of cell viability of TTL and MCAK-depleted (mock as control) T-47D cells after treatment with taxol for 72 h (increasing concentrations;
representation of one experiment; lines show nonlinear curve fittings; error bars in each concentration show ± SD of three replicates). (E) Respective IC50 of
five (siControl) and three (siTTL and siMCAK) independent experiments (mean ± SD; each dot represents an independent experiment; one-way ANOVA).
(F) Protein lysates of OVCAR-4 cells upon TTL and MCAK depletion (96 h; mock as control), immunoblotted for α-tubulin detyrosination, TTL, MCAK, and
β-tubulin (as loading control). * indicates unspecific bands from previous probing with different antibodies. (G and H) Representative graphs of the effect of
taxol (increasing concentrations; 72 h) in OVCAR-4 cells upon these conditions (graphic representation of one experiment [from two to three total]; lines show
nonlinear curve fittings; error bars in each concentration show ± SD of three replicates). Source data are available for this figure: SourceData F7.
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Figure 8. Increased α-tubulin detyrosination, but not MCAK depletion, aggravates taxol-induced mitotic spindle multipolarity. (A) Representative
immunofluorescence images of examples of mitotic spindles of siControl HCT-116 cells upon DMSO treatment or TTL-depleted HCT-116 cells upon taxol
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activity. Indeed, previous works have uncovered a role for
MCAK in taxol resistance (Ganguly et al., 2011a; Ganguly et al.,
2011b), and MCAK knockdown was found to act synergistically
with taxol by aggravating taxol-induced spindle defects
(Hedrick et al., 2008). Interestingly, high α-tubulin detyrosi-
nation promoted the formation of multipolar spindles with
acentrosomal poles that typically form due to spindle pole
fragmentation after taxol treatment and would irreversibly re-
sult in multipolar mitosis (Bian et al., 2010; Maiato and Logarinho,
2014; Paoletti et al., 1997; Sakaushi et al., 2007; Zasadil et al., 2014;
Zhu et al., 2005). However, since MCAK depletion did not sig-
nificantly aggravate spindle multipolarity in cells treated with
clinically relevant doses of taxol, the enhanced cytotoxicity ob-
served upon the experimental increase in α-tubulin detyrosina-
tion is likely due tochromosome missegregation events caused by
overly stable MTs, regardless of spindle multipolarity. This is
supported by a large body of evidence implicating MCAK in mi-
totic error correction and the inhibition of this mechanism by
α-tubulin detyrosination (Andrews et al., 2004; Bakhoum et al.,
2009; Ferreira et al., 2020; Kline-Smith et al., 2004; Lan et al.,
2004; Wordeman et al., 2007). Moreover, this interpretation is
consistent with recent findings indicating that the extent of
spindle multipolarity does not predict patient response to taxol,
whereas preexisting or experimental induction of chromosomal
instability independently of spindle multipolarity was sufficient to
increase taxol efficacy and patient response (Scribano et al., 2021).
Curiously, while high α-tubulin detyrosination after TTL knock-
down promoted cytotoxicity in taxol-sensitive (colon and breast),
but not taxol-resistant (ovary), cancer cells, knockout of the tu-
bulin carboxypeptidase VASH2, which attenuates α-tubulin de-
tyrosination, increased taxol cytotoxicity in other ovarian cancer
cells (Koyanagi et al., 2021). While the underlying causes for the
distinct response to taxol remain unclear, clonal selection after
VASH2 knockout or relevant differences in MCAK or TTL ex-
pression/activities cannot be discarded. Additionally, the
cooperation between different tubulin PTMs might also ac-
count for distinct taxol cytotoxicity on particular cancer
types. For instance, in taxol-resistant breast cancer cell
models, TTL knockdown was shown to decrease MT poly-
glutamylation, thereby compromising MCAK and CLIP-170
recruitment to MTs through a functional interplay with
Septin proteins (Froidevaux-Klipfel et al., 2015). However, in
this model, MCAK depletion alone had no effect on taxol
cytotoxicity, whereas, in our hands, TTL or MCAK knock-
down did not interfere with MT polyglutamylation, nor
overcame taxol resistance (this study, but see also Barisic
et al., 2015). Together with the broad characterization of

tubulin PTMs in the NCI-60 panel provided in the present
study, the availability and continuous improvement of
MCAK and TTL inhibitors (Dal Piaz et al., 2009; Talje et al.,
2014) might prove useful in clarifying how different cancers
respond to combinatorial therapies with taxol and its de-
rivatives to improve cytotoxicity while reducing side effects.
Most relevant, the present work clearly identifies α-tubulin
detyrosination and perturbation of MCAK activity as causal
determinants of taxol cytotoxicity. When combined with the
predictive value of high α-tubulin acetylation levels for
therapeutic response to taxol, tubulin PTMs might represent
important targets toward more personalized treatment of
certain human cancers.

Materials and methods
Cell lines
The 53 cancer cell lines of the NCI-60 panel used in this study
were authenticated by genotyping and grown in their corre-
sponding medium (Table S1) at 37°C with 5% CO2 (exception of
SW-620, grown without CO2 due to the Leibovitz’s L-15 Me-
dium). COLO205, HCT-116, DLD-1, HCT-15, and HL-60 cells were
obtained from Ipatimup’s Cell Lines Bank (University of Porto,
Porto, Portugal). All the other NCI-60 cell lines were kindly
provided by Mónica Bettencourt-Dias (Instituto Gulbenkian de
Ciência, Oeiras, Portugal; Marteil et al., 2018). Parental HeLa
(kindly provided by Y. Mimori-Kiyosue, RIKEN Center for Bio-
systems Dynamics Research, Kobe, Japan), hTERT RPE-1 (ATCC,
CRL-4000), U2OS (kindly provided by S. Geley, Innsbruck
Medical University, Innsbruck, Austria), and PA-GFPα-tubulin/
mCherry-α-tubulin U2OS (kindly provided by R. Medema,
Netherlands Cancer Institute, Amsterdam, Netherlands) were
grown at 37°C with 5% CO2 in DMEM (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific).

Western blotting
Cells were trypsinized and pelleted by centrifugation at
1,200 rpm for 5 min (to rule out variability introduced by dif-
ferent cell densities among theNCI-60 panel, pellets from adherent
cells were collected from cultures at equivalent near-confluence
states, ∼90%). Pellets were washed with PBS, resuspended in
cold lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 0.5% NP40, and 0.5% Triton X-100), and
supplemented (freshly added) with protease inhibitors. After
30min on ice, protein samples were snap-frozen in liquid nitrogen
and centrifuged at 14,000 rpm for 8min at 4°C. Then, supernatants

treatment (6 nM) for 24 h. Cells were stained for γ-tubulin, β-tubulin, and DNA (DAPI). Scale bar, 5 µm. (B) Distribution of spindle pole number (siControl-
DMSO: pool of five independent experiments, n = 255 cells; siTTL-DMSO: pool of four independent experiments, n = 210 cells; siMCAK-DMSO: pool of three
independent experiments, n = 151 cells; siControl-taxol: pool of six independent experiments, n = 696 cells; siTTL-taxol: pool of five independent experiments,
n = 523 cells; siMCAK-taxol: pool of three independent experiments, n = 493 cells). Statistical analysis performed on the proportion of mitotic cells with
multipolar spindles (Fisher’s exact two-tailed test). (C) Quantification of mitotic cells with acentrosomal poles (siControl-DMSO: pool of five independent
experiments, n = 252 cells; siTTL-DMSO: pool of four independent experiments, n = 209 cells; siMCAK-DMSO: pool of three independent experiments, n = 149
cells; siControl-taxol: pool of 6 independent experiments, n = 689 cells; siTTL-taxol: pool of five independent experiments, n = 516 cells; siMCAK-taxol: pool of
three independent experiments, n = 491 cells). Statistical analysis performed on the proportion of mitotic cells with acentrosomal poles (Fisher’s exact two-
tailed test).
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Figure 9. High α-tubulin detyrosination or MCAK depletion promotes taxol-induced cell death in mitosis and in the subsequent interphase.
(A) Phase-contrast live-cell images representative of fates in HCT-116 cells control and TTL RNAi (72 h), treated with DMSO or taxol (6 nM), respectively. Scale
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were collected and the protein concentration determined by
Bradford assay. 50 µg of total protein per sample were denatured
in Laemmli sample buffer at 95°C for 5 min, separated by 12% (vol/
vol) SDS-PAGE gel electrophoresis and transferred to a nitrocel-
lulose membrane using an iBlot Gel Transfer System (Invitrogen,
Thermo Fisher Scientific) or Trans-Blot Turbo Transfer System
(Bio-Rad). Membranes were blocked with TBST (TBS with 0.05%
Tween 20) containing 5% nonfat dry milk for 1.5 h at RT. The
following primary antibodies (diluted in TBST with 1% nonfat dry
milk) were used to incubate membranes overnight at 4°C: rabbit
anti-detyrosinated α-tubulin (Polyclonal; ab48389; 1:2,000; Abcam;
the antibody used in the NCI-60 screen), rabbit anti-detyrosinated
α-tubulin (1:10,000; Liao et al., 2019), rabbit anti-TTL (Polyclonal;
13618-1-AP; 1:5,000; Proteintech), mouse anti-acetylated α-tubulin
(acetyl K40; Monoclonal; [6-11B-1]; ab24610; 1:1,000; Abcam), rab-
bit anti-Δ2 α-tubulin (Polyclonal; AB3203; 1:1,000; Merck Milli-
pore), mouse anti-β-tubulin (Monoclonal; clone TUB 2.1, T 5201; 1:
1,000; Sigma-Aldrich), mouse anti-Cyclin B1 (V152; Monoclonal;
4135; 1:500; Cell Signaling Technology), mouse anti-GAPDH
(Monoclonal; 60004-1-Ig; 1:40,000; Proteintech), rabbit
anti-MCAK (Polyclonal; ab71706; 1:500; Abcam), mouse anti-
glutamylation tubulin (GT335; Monoclonal; AG-20B-0020-
C100; 1:500; AdipoGen), and rabbit anti-polyglutamylation
(polyE; Polyclonal; AG-25B-0030-C050; IN105; 1:1,000;
AdipoGen). After TBST washes (3× for 10 min), membranes were
incubated with HRP-conjugated secondary antibodies (1:5,000;
Jackson ImmunoResearch; diluted in TBST with 1% nonfat dry
milk) for 1 h at RT. Signal was detected with Clarity Western ECL
Substrate in a ChemiDoc XRS+ System (Bio-Rad). Quantification
of protein levels was performed in Image Lab software.

Double thymidine cell synchronization
To synchronize at G1/S phase, HeLa cells were grown in DMEM
supplemented with 10% FBS (T25 flasks) until ∼30% confluence.
Freshly prepared thymidine (T1895; Sigma-Aldrich; in PBS) was
added to a final concentration of 2 mM. After 24 h blocking, cells
were washed 3× with prewarmed PBS and incubated with fresh
medium for a 10-h release. Then, thymidine was added (final
concentration of 2 mM) for another 24 h. For the final release,
cells werewashed 3× with prewarmed PBS, incubated with fresh
medium, and collected at different time points (0, 3, 7, 9, 13, and
16 h) for Western blot analysis. An asynchronous culture,
without thymidine treatment, was used as a control.

CellMiner data
Average transcript intensity z scores of NCI-60 cell lines were
obtained from the CellMiner database versions 2.6, 2.7, and 2.8.1

(https://discover.nci.nih.gov/cellminer/) using the analysis tool
“Gene transcript level z score.” Additionally, taxol (NSC 125973)
average activity z scores were obtained from the CellMiner
database version 2.6 using the analysis tool “Drug activity
level z score.”

Constructs and transfections
For siRNA experiments, cells were seeded in 6-well plates or
onto 22 × 22 mm no. 1.5 glass coverslips in complete growth
medium. The following day, the cells were starved with 1.5 ml of
serum-free Opti-MEM (Gibco, Thermo Fisher Scientific) for 1 h
before siRNA transfection. During this period, 3 µl Lipofect-
amine RNAiMax (Invitrogen, Thermo Fisher Scientific) diluted
in 250 µl Opti-MEM was mixed with 50 nM of siRNA oligonu-
cleotides diluted in 250 µl Opti-MEM and incubated for 45 min.
Then, transfection mix was added dropwise to the cells and in-
cubated for 7 h before replacement with complete growth me-
dium. The following previously validated siRNA oligonucleotides
were used: αTAT1 59-AACCGCCAUGUUGUUUAUAUU-39 (Barisic
et al., 2015; Shida et al., 2010), TTL 59-GUGCACGUGAUCCAGAAA
U-39 (Barisic et al., 2015; Ferreira et al., 2020), and MCAK 59-GAU
CCAACGCAGUAAUGGU-39 (Ferreira et al., 2020; Steblyanko et
al., 2020). As control for the siRNA experiments, MISSION
siRNA Universal Negative Control #1 (SIC001;Sigma-Aldrich)
was used in all the HCT-116 cells experiments and scrambled
siRNA 59-CUUCCUCUCUUUCUCUCCCUUGUGA-39 in the EB3-
tracking experiments in U2OS cells. In addition, mock trans-
fection was used as control in the photoactivation experi-
ments in U2OS cells and the taxol cytotoxicity experiments in
OVCAR-4 and T47-D cells. For the EB3-GFP transient trans-
fection experiments, the same protocol of siRNA was used.
However, the transfection mix contained 5 µl Lipofectamine
2000 (Invitrogen, Thermo Fisher Scientific) and 0.5 µg EB3-
GFP construct (Ferreira et al., 2013), each diluted in 250 µl
Opti-MEM.

Drug treatments
For the taxol cytotoxicity experiments in Fig. 3, C and C9, taxol
(T7191; Sigma-Aldrich) was serially diluted (24; 12; 6; 3; 1.5; 0.75;
0.375 nM), and the different concentrations added for 120 h. The
same concentrations of taxol were added in all other cytotoxicity
experiments for 72 h. Pharmacological inhibition of HDAC6 and
increasing α-tubulin acetylation was obtained using 1.5 µM of
Tubastatin A (S8049; Selleck Chemicals) for 24 h. 20 nM of
GSK923295 (CENP-E inhibitor; S7090; Selleck Chemicals) was
added along with taxol in Fig. 6, G−I. 5 µM of MG132 (474790
Calbiochem) was used to induce metaphase arrest (less than 2 h

bar, 10 µm. (B) Distribution of cell fate of HCT-116 cells (RNAi + DMSO or 6 nM of taxol) during the first mitosis (pool of two independent experiments:
siControl 50nM-DMSO, n = 84 cells; siTTL-DMSO, n = 84 cells; siMCAK-DMSO, n = 80 cells; siControl 100nM-DMSO, n = 50 cells; siTTL/MCAK-DMSO, n = 50
cells; pool of three independent experiments: siControl 50nM-taxol, n = 180 cells; siTTL-taxol, n = 186 cells; siMCAK-taxol, n = 210 cells; siControl 100nM-taxol,
n = 90 cells, siTTL/MCAK-taxol, n = 121 cells). Statistical analysis performed on the proportion of division into two daughter cells (Fisher’s exact two-tailed
test). (C) Distribution of cell fates in the following interphase (pool of two independent experiments: siControl-DMSO, n = 159 cells; siTTL-DMSO, n = 165 cells;
siMCAK-DMSO, n = 151 cells; siControl 100nM-DMSO, n = 99 cells; siTTL/MCAK-DMSO, n = 97 cells; pool of three independent experiments: siControl-taxol,
n = 273 cells; siTTL-taxol, n = 241 cells; siMCAK-taxol, n = 228 cells; siControl 100nM-taxol, n = 141 cells, siTTL/MCAK-taxol, n = 122 cells). Statistical analysis
performed on the proportion of cells that underwent a second mitosis (Fisher’s exact two-tailed test). Data obtained by 72 h of live-cell imaging in a phase-
contrast microscope.
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of treatment to avoid cohesion fatigue). For live- and fixed-cell
analysis, 6 nM of taxol was added before acquisition or for 24 h
before fixation, respectively. DMSO was used as control for
these drugs.

Cell viability assay
Cells with different treatments (controls, siRNAs, and Tubasta-
tin A) were seeded in 96-well plates at low concentrations, and
the following day treated with increasing concentrations of taxol
(0–24 nM; serially diluted) for 72 h (Fig. 4, B, D, F, and G; Fig. 6,
C, D, E, G, and H; and Fig. 7, B, D, G, and H) or 120 h (Fig. 3 C).
Then, medium was removed and cells washed with PBS. Fresh
medium containing 0.02 mg/ml of resazurin sodium salt (R7017;
Sigma-Aldrich) was added and cells kept at 37°C in humidified
conditions with 5% CO2, protected from light. After 4 h, super-
natant medium was collected to a new 96-well plate and resor-
ufin fluorescence monitored in a Synergy MXmicroplate reader
using 530 nm excitation and 590 nm emission.

Photoactivation
PA-GFP-α-tubulin/mCherry-α-tubulin U2OS cells were seeded
onto 22 × 22 mm no. 1.5 glass coverslips in DMEM supplemented
with 10% of FBS, for αTAT1-depletion. 6–12 h before imaging,
medium was changed to DMEM without phenol red, supple-
mented with 10% of FBS. For imaging, coverslips were mounted
onto magnetic imaging chambers and 5 µM of MG132 added to
the medium. Mitotic cells were imaged in a Nikon TE2000U
microscope, equipped with a Yokogawa CSU-X1 spinning-disc
confocal head and an iXonEM+ EM-CCD camera (Andor Tech-
nology), using the 100×, 1.4 NA, Plan-Apochromatic differential
interference contrast (DIC) oil objective, 488 and 561 nm exci-
tation laser, and NIS-Elements software. DIC and mCherry-
α-tubulin were used to identify mitotic cells in metaphase. For
photoactivation, the mosaic photoactivation system (Andor) was
used with the 405 nm laser at 75% power (500-ms exposure). A
thin region of interest (in one half-spindle, close to the equator)
was activated, and seven z-planes (separated by 1 µm) centered
at the middle of the mitotic spindle were captured every 15 s for
4.5 min. To determine fluorescence dissipation after photo-
activation, a custom script in MATLAB was used to generate
whole-spindle sum-projected kymographs and quantify fluo-
rescent intensities of the photoactivated spindle region. The first
time point after photoactivation was used to normalize the in-
tensities, and the nonactivated other half-spindle was used to
subtract background. For photobleaching correction, these val-
ues were normalized to whole-cell (including cytoplasm) fluo-
rescence loss. To calculate MT turnover, each time point
normalized intensity values were fitted to a double exponential
curve A1pexp(−k1pt) + A2pexp(−k2pt) using MATLAB (Math-
works), where t, time; A1, less stable (non-kMTs) population;
A2, more stable (kMTs) population; and k1 and k2, decay rates of
A1 and A2, respectively (R squared value >0.98). From these
curves were obtained the rate constants and the percentage of
MTs for the fast (typically interpreted as the fraction corre-
sponding non-kMTs) and the slow (typically interpreted as the
fraction corresponding kMTs) processes. The half-life was cal-
culated as ln2/k for each MT population.

EB3 tracking
HCT-116 and U2OS cells were seeded onto 22 × 22 mm no. 1.5
glass coverslips in RPMI-1640 (Corning) and DMEM (Gibco,
Thermo Fisher Scientific), respectively, supplemented with 10%
of FBS and different experiments (controls, siαTAT1, and Tu-
bastatin A) were performed. 24 h before imaging, cells were
transiently transfected with EB3-GFP, followed by replacement
with Leibovitz’s L-15 Medium (HCT-116) or DMEM (U2OS)
without phenol red. Then, the coverslips were mounted onto
magnetic imaging chambers. Imaging was performed every 0.5 s
for 2 min at 37°C in a Nikon TE2000U microscope, equipped
with a Yokogawa CSU-X1 spinning-disc confocal head and an
iXonEM+ EM-CCD camera (Andor Technology), using the 100×,
1.4 NA, Plan-Apochromatic oil objective, 488 nm excitation laser,
and NIS-Elements software. Individual comets were detected,
tracked, and analyzed using the MATLAB-based software
u-track (Applegate et al., 2011). The following parameters were
used: maximum gap to close = 8, minimum track length = 5,
search radius range = 2 (lower bound)–8 (upper bound), maxi-
mum forward and backward angles = 30°–10°, maximum
shrinkage factor = 2, fluctuation radius = 2. Due to the low fre-
quency of shrinkage events observed in these cells during
tracking, we focused our analysis on growth lifetime, length,
and speed.

Immunofluorescence
HCT-116 cells with different treatments (siTTL, siMCAK, or
control [72 h RNAi]) were seeded at low density onto 22 × 22mm
no. 1.5 glass coverslips in RPMI-1640 (Corning) supplemented
with 10% of FBS (Gibco, Thermo Fisher Scientific), and the fol-
lowing day treated with taxol or DMSO for 24 h. Then, cells were
fixed with cold methanol for 3 min at −20°C, rehydrated with
cytoskeleton buffer containing glucose (137mMNaCl, 5 mMKCl,
1.1 mM Na2HPO4, 0.4 mM KH2PO4, 2 mM EGTA, 2 mM MgCl2,
5 mM Pipes, 10 mM glucose, pH 6.1), and washed with PBS
containing 0.01% Triton X-100 (PBST; Sigma-Aldrich). An in-
cubation with blocking solution (PBST containing 10% FBS) for
1 h at RT preceded the incubation of the cells with primary
antibodies anti-γ-tubulin (clone GTU-88, T6557; 1:2,000; Sigma-
Aldrich) and anti-β-tubulin (ab6046; 1:1,000; Abcam) diluted in
blocking solution overnight at 4°C. After PBST washes, second-
ary antibodies Alexa Fluor 488 and 568 (1:1,000; Thermo Fisher
Scientific) were incubated for 1 h RT and DNA counterstained
with DAPI (1 μg/ml in PBST; Sigma-Aldrich), followed by final
PBST and PBS washes. The coverslips were mounted on glass
slides with 20 mM Tris, pH 8, 0.5 N-propyl gallate, and 90%
glycerol. The acquisition of the 3D wide-field images (stack of
34 z-planes separated by 0.24 µm, full range = 8 µm) was per-
formed with an AxioObserver (Carl Zeiss), equipped with a CCD
camera ORCA-R2 (Hamamatsu), using the 63×, 1.46 NA, Plan-
Apochromatic oil differential interference contrast objective and
Zen software (Carl Zeiss). Images were analyzed in ImageJ
software, where γ-tubulin and β-tubulin were used to define
spindle pole number. Representative images (Fig. 8 A) were 3D
deconvolved with Autoquant X software (Media Cybernetics),
and z-stacks were maximum-intensity projected in ImageJ
software.
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Time-lapse phase-contrast microscopy
For phase-contrast live-cell imaging, HCT-116 cells (siRNA-me-
diated depleted) were seeded at low density in 12-well plates
with RPMI-1640 supplemented with 10% of FBS, and the fol-
lowing day, taxol was added before imaging. Controlled by the
software LAS X, phase-contrast images were acquired every
15 min for 72 h at 37°C with 5% CO2 on a Leica DMI6000
Timelapse microscope (Leica Microsystems), equipped with a
Hamamatsu FLASH4.0 camera (Hamamatsu), using the objec-
tive HCX PL FLUOTAR L 20×/0.40 CORR Ph1 (Leica Micro-
systems). Images were analyzed in ImageJ software.

Statistical analysis
Statistical analysis was performed in GraphPad Prism 9. To
analyze normal (Gaussian) distribution, the Shapiro–Wilk nor-
mality test was used. The nonparametric Spearman correlation
was used in all correlations. Mann–Whitney test was used to
analyze differences between average taxol activity z score in the
groups with different α-tubulin acetylation levels. In addition,
Mann–Whitney test was used to analyze MT dynamic parame-
ters in Fig. 5 H (siαTAT1), J (Tubastatin A), K, M (siαTAT1 and
Tubastatin A), L (siαTAT1), and non-kMT half-life between
conditions. IC50 calculations were also performed in GraphPad
Prism 9 using recommended instructions. Unpaired two-tailed
t test was used to analyze IC50 quantifications of αTAT1 deple-
tion and Tubastatin A treatment in HCT-116 cells, kMT half-life,
as well as MT dynamic parameters of Fig. 5 H (Tubastatin A), I
(siαTAT1 and Tubastatin A), J (siαTAT1), and L (Tubastatin A).
Comparison between IC50 quantifications of Fig. 6, F and I, and
Fig. 7 E, as well as between time-points in double thymidine
synchronization and cell confluency assay were performed us-
ing one-way ANOVA. Fisher’s exact two-tailed test was used to
analyze the quantifications of mitotic cells with multipolar
spindles and acentrosomal poles, as well as the quantifications of
live-cell phase-contrast microscopy.

Online supplemental material
Fig. S1 shows representative immunoblots of the screen of tu-
bulin PTMs in the NCI-60 cancer cell panel. Fig. S2 shows that
tubulin PTMs only vary slightly throughout the cell cycle or
distinct cell confluency. Fig. S3 shows that VASH2 expression
weakly correlates with α-tubulin detyrosination, while VASH1
and MATCAP weakly correlates with TTL levels. Fig. S4 shows
that α-tubulin detyrosination, Δ2, TTL, and MCAK levels do not
correlate with taxol cytotoxicity, whereas α-tubulin detyrosi-
nation and TTL do not correlate with MCAK expression. Fig. S5
shows α-tubulin acetylation levels upon different experimental
manipulations and characterization of α-tubulin PTMs in hu-
man U2OS cells. Table S1 is a summary of the NCI-60 cancer cell
lines used in the study.
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Figure S1. Immunoblot screen of tubulin PTMs in the NCI-60 cancer cell panel. Protein lysates of 53 NCI-60 cancer cell lines and hTERT RPE-1 cells,
immunoblotted (two to six independent experiments) for α-tubulin detyrosination, Δ2, and acetylation, TTL, and β-tubulin (as loading control). Representative
immunoblots (from one experiment) of the screen containing two replicates for each cancer cell line. * indicates unspecific bands from previous probing with
different antibodies. Source data are available for this figure: SourceData FS1.
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Figure S2. Tubulin PTMs only vary slightly throughout the cell cycle or distinct cell confluency. (A) Protein lysates (HeLa cells) of different time points
after release from double thymidine synchronization (and asynchronous lysates), immunoblotted for cyclin B1, TTL, α-tubulin detyrosination, Δ2, and acet-
ylation. β-Tubulin and GAPDH were used as loading control. * indicates unspecific bands from previous probing with different antibodies. (B) Quantification of
cyclin B1, TTL, α-tubulin detyrosination, and acetylation levels, normalized to asynchronous levels and loading control (mean ± SD; each dot represents an
independent experiment [mean from one to two replicates]; one-way ANOVA [relative to asynchronous]). (C) Representative brightfield images of HeLa cell
densities on different days after the initial seeding. Scale bar, 100 μm. (D) Protein lysates of these different time points immunoblotted for α-tubulin de-
tyrosination and acetylation, TTL, and β-tubulin (as loading control). * indicates unspecific bands from previous probing with different antibodies.
(E) Quantification of TTL, α-tubulin detyrosination, and acetylation levels, normalized to levels of 24 h after the initial seeding and loading control (mean ± SD;
each dot represents a replicate, from two independent experiments; one-way ANOVA [relative to 24 h after the seeding]). Source data are available for this
figure: SourceData FS2.
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Figure S3. VASH2 expression weakly correlates with α-tubulin detyrosination, while VASH1 and MATCAP weakly correlate with TTL levels. (A–N)
Correlation between α-tubulin detyrosination and mRNA (z scores; CellMiner database) levels of TTL, VASH1, VASH2, MATCAP, and TUBA4A in NCI-60 cancer
cells. Correlation between the levels of TTL protein (our screen) and VASH1 mRNA (z scores; CellMiner database), TTL and VASH1 mRNA (z scores; CellMiner
database), TTL protein (our screen) and VASH2 mRNA (z scores; CellMiner database), TTL and VASH2 mRNA (z scores; CellMiner database), TTL protein (our
screen) and MATCAP mRNA (z scores; CellMiner database), TTL and MATCAPmRNA (z scores; CellMiner database) in NCI-60 cancer cells. Correlation between
the levels of VASH1 and VASH2 mRNA (z scores; CellMiner database), MATCAP and VASH1/VASH2 mRNA (z scores; CellMiner database). Spearman correlation
coefficient (r) and P values indicated in the graphs.
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Figure S4. α-Tubulin detyrosination, Δ2, TTL, and MCAK levels do not correlate with taxol cytotoxicity, whereas α-tubulin detyrosination and TTL
do not correlate with MCAK. (A–F) Correlation between α-tubulin detyrosination, Δ2, and TTL levels in NCI-60 cancer cell lines and taxol activity z scores.
Correlation between the levels of MCAKmRNA (z scores; CellMiner database) and α-tubulin detyrosination, TTL protein (our screen), and taxol activity z scores.
Spearman correlation coefficient (r) and P values indicated in the graphs.
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Provided online is Table S1, which is a summary of the NCI-60 cancer cell lines used in the study.

Figure S5. α-Tubulin acetylation levels upon different experimental manipulations and characterization of α-tubulin PTMs in human U2OS cells. (A
and B) Immunoblot analysis of α-tubulin acetylation levels in Tubastatin A–treated HCT-116 cells (DMSO as control), with increasing concentrations and over
time with 1.5 µM. β-Tubulin was used as loading control. (C) Representative immunoblot to analyze α-tubulin acetylation levels upon αTAT1 depletion in HCT-
116 cells, over 120 h. β-Tubulin was used as loading control. (D) Protein lysates of parental U2OS cells, U2OS cells stably expressing PA-GFP-α-tubulin/
mCherry-α-tubulin, HL60 cells (internal reference), and hTERT-RPE1 (nontransformed) cells were immunoblotted for α-tubulin detyrosination, Δ2, and
acetylation, TTL, and β-tubulin (as loading control). * indicates unspecific bands from previous probing with different antibodies. Source data are available for
this figure: SourceData FS5.
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