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Abstract

Microtubules tightly regulate various cellular activities. Our under-
standing of microtubules is largely based on experiments using
microtubule-targeting agents, which, however, are insufficient to
dissect the dynamic mechanisms of specific microtubule popula-
tions, due to their slow effects on the entire pool of microtubules.
To overcome this technological limitation, we have used chemo
and optogenetics to disassemble specific microtubule subtypes,
including tyrosinated microtubules, primary cilia, mitotic spindles,
and intercellular bridges, by rapidly recruiting engineered
microtubule-cleaving enzymes onto target microtubules in a
reversible manner. Using this approach, we show that acute micro-
tubule disassembly swiftly halts vesicular trafficking and lysosomal
dynamics. It also immediately triggers Golgi and ER reorganization
and slows the fusion/fission of mitochondria without affecting
mitochondrial membrane potential. In addition, cell rigidity is
increased after microtubule disruption owing to increased contrac-
tile stress fibers. Microtubule disruption furthermore prevents cell
division, but does not cause cell death during interphase. Overall,
the reported tools facilitate detailed analysis of how microtubules
precisely regulate cellular architecture and functions.
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Introduction

Microtubules are hollow tubes constructed from o- and B-tubulins
and are present in all eukaryotic cells. They are involved in many

cellular activities including intracellular trafficking, cell migration,
cell division, cell polarity, signaling and others (Janke & Magiera,
2020; Cleary & Hancock, 2021). Different microtubule subpopula-
tions undergo distinct post-translational modifications (PTMs),
which modulate their properties and functions (Janke & Magiera,
2020). Moreover, cells form several microtubule-based structures
spatiotemporally such as primary cilia on the surface of GO cells,
intercellular bridges in the connected regions of two dividing cells
during telophase, mitotic spindles in the cytosol of metaphase cells,
and centrosomes in the perinuclear region or cell cortex to execute
corresponding activities (Doxsey et al, 2005; Prosser & Pelletier,
microtubules and relative structures lead to a variety of human
diseases including birth defects, neurodegenerative diseases, ciliopa-
thies, and several tumors, highlighting their essential roles (Hildeb-
randt et al, 2011; Parker et al, 2014; Sferra et al, 2020).

Our understanding of microtubules and these microtubule-based
organelles is largely dependent on microtubule-targeting agents
(MTAs) that perturb the monomer-polymer tubulin equilibrium and
microtubule dynamics (Steinmetz & Prota, 2018). As microtubules are
vital for cellular physiology and mitosis, these MTAs have also been
used in cancer chemotherapy (Rovini et al, 2011). However, MTAs
slowly disrupt microtubule structures, especially for long-lived micro-
tubules such as acetylated microtubules (LeDizet & Piperno, 1986;
Friedman et al, 2010; Xie et al, 2010; Xu et al, 2017). Moreover, off-
target effects of MTAs have been reported. For instance, nocodazole,
a widely used MTA, dramatically inhibits T-cell antigen receptor sig-
naling and insulin-stimulated glucose transport, neither of which is
dependent on the ability of nocodazole to depolymerize microtubules
(Huby et al, 1998; Molero et al, 2001). These drawbacks make it chal-
lenging to dissect the dynamic mechanisms of microtubules and to
clearly distinguish microtubule-dependent and microtubule-
independent events. The slow disruption of microtubules and off-
target effects of MTAs also lead to unexpected side effects in clinical
applications (Bates & Eastman, 2017).
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Recently, many efforts have been made to precisely control the
dynamics and behavior of targeted microtubule subtypes. Van
Haren et al (2018) developed an optogenetic tool to spatiotempo-
rally disassociate a plus-end-tracking protein, EB1, from microtu-
bules, which attenuates microtubule growth as well as cell
migration. Adikes et al (2018) used light illumination to modulate
the cross-link between microtubule plus ends and actin filaments.
Moreover, a photoswitchable MTA was developed to reversibly
modulate microtubule dynamics in light-illuminated cells (Borowiak
et al, 2015). These tools have raised the possibility of spatiotempo-
rally controlling microtubule activities. However, none of these sys-
tems can directly disassemble specific microtubule subtypes and
microtubule-based structures. To overcome these long-standing
issues, we have developed a new and easy-to-use system that
enables precise disassembly of targeted microtubule subtypes or
several microtubule-based structures including tyrosinated microtu-
bules, primary cilia, mitotic spindles, and intercellular bridges under
the control of chemical treatments or light illumination. With the
ability to disrupt microtubule subtypes with spatial and temporal
accuracy, we have comprehensively characterized the direct roles
that microtubules have in cellular architecture and activities.

Results
Rapid translocation of proteins of interest onto microtubules

The chemically inducible dimerization (CID) system has been used
to manipulate cellular signaling and molecular composition over
both space and time (DeRose et al, 2013; Fan et al, 2017; Hong
et al, 2018). This is achieved by the rapid recruitment of proteins of
interest (POIs) onto specific subcellular sites or their substrates
(DeRose et al, 2013). Dimerization of FKBP (FK506-binding protein)
and FRB (FKBP-rapamycin binding domain) that is triggered by a
small chemical component, rapamycin, is one well-established CID
system (DeRose et al, 2013). To rapidly recruit POIs onto microtu-
bules, we tagged FRB with a microtubule-binding sequence, EMTB
(the microtubule-binding domain of ensconsin), and a cyan fluores-
cent protein (CFP) for visualizing its distribution (Fig 1A and B). A
linescan analysis showed that the resulting construct, EMTB-CFP-
FRB, colocalizes with cytosolic microtubules labeled by an antibody
against o-tubulin (Appendix Fig S1). The addition of rapamycin to
HeLa cells led to the rapid translocation of yellow fluorescent
protein-tagged FKBP (YFP-FKBP) onto EMTB-CFP-FRB-labeled
microtubules as evidenced by an increased FRET (fluorescence reso-
nance energy transfer) signal on microtubules (T, of translocation:
5.73 4+ 0.54 s; Fig 1B and C, Movie EV1). In summary, these results
demonstrated that cytosolic POIs can be rapidly translocated onto
microtubules through inducible protein dimerization.

Engineering microtubule-severing enzymes for precise
microtubule disruption

Spastin is a microtubule-severing enzyme that is ubiquitous in
nearly all eukaryotic cells (Rodrigues & Ballesteros, 2007). Consis-
tent with a previous study (Lacroix et al, 2010), expression of full-
length spastin (Spastin-YFP) and truncated spastin without the
N-terminal 1-140 amino acids (dNSpastin-YFP) in HeLa cells
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removed significant amounts of cytosolic microtubules, 47.45
and 42.86%, respectively, relative to YFP-transfected control cells
(Fig EV1A and C). Thus, the N-terminal fragment (1-140 amino
acids) was dispensable for Spastin-mediated microtubule severing.
To minimize the microtubule-cleaving reaction before recruitment
of Spastins onto microtubules, we next attempted to disassociate
dNSpastin from microtubules by three strategies and also tagged
Spastin with YFP-FKBP: (i) removal of the microtubule-binding
domain from dNSpastin while retaining its catalytic domain
(dNSpastinCD-YFP-FKBP); (ii) mutation of key residues that are
required for microtubule binding of Spastin (dNSpastin3Q-YFP-
FKBP) (Eckert et al, 2012); and (iii) tagging Spastin with a plasma
membrane-binding sequence, C2Lact (Fan et al, 2017), to mislocate
Spastin to the cell cortex, where microtubules are rarely found
(dNSpastin-YFP-FKBP-C2Lact). We then characterized the enzyme
activities of the above constructs before and after they were
recruited onto microtubules. dNSpastin-YFP-FKBP-C2Lact and
dNSpastin3Q-YFP-FKBP showed low microtubule-severing activities
before rapamycin treatment and robustly disrupted microtubules
after rapamycin treatment (Fig EV1B and C). dNSpastinCD-YFP-
FKBP did not show severing activity, which is consistent with a pre-
vious report, suggesting other domains of spastin may also be
important to perform microtubule severing (Fig EV1B and C;
White et al, 2007). Live-cell imaging revealed that rapamycin treat-
ment rapidly triggered the translocation of dNSpastin-YFP-FKBP-
C2Lact (Ty, =5544 +838s) and dNSpastin3Q-YFP-FKBP
(T, = 6035+ 5.30s) from the cytosol onto microtubules
(Appendix Fig S2 and Movie EV2). It was noteworthy that microtu-
bule disruption triggered by dNSpastin3Q-YFP-FKBP upon rapa-
mycin treatment (T;,, = 11.05 £ 1.52 min) was much faster
than that of dNSpastin-YFP-FKBP-C2Lact upon rapamycin treatment
(Ty,> = 53.08 £ 8.08 min), and treatment of two common MTAs,
nocodazole (3.3 uM; T;,, = 106.86 £ 14.20 min) and colchicine
(500 uM; Ty, = 94.28 &+ 8.63 min; Appendix Fig S3A and B,
Movies EV3 and EV4). Moreover, recruitment of dNSpastin3Q-
YFP-FKBP onto microtubules significantly removed more microtu-
bule filaments as compared to other treatments (Appendix Fig S3C).
The acetylated microtubules are long-lived microtubules, which
resist nocodazole treatment, but can be removed immediately and
completely after recruitment of dNSpastin3Q onto microtubules
(Fig 1F and G). Trapping the enzyme-inactive dNSpastin3QED-YFP-
FKBP onto microtubules showed no microtubule disruption, indicat-
ing that acute microtubule disruption is an enzyme-dependent event
(Appendix Fig S3A and C, and Movie EV4). This inducible microtu-
bule disruption occurs in other cell types (Appendix Figs S4 and S5,
Movies EV5 and EV6) and can also be controlled by rapamycin-
orthogonal systems such as a gibberellin-based system with similar
microtubule disruption kinetics (Appendix Figs S6 and S7, Movie
EV7; Fan et al, 2017). Moreover, dNSpastin3Q-mediated microtu-
bule disruption did not result in a change in the amount of microtu-
bule mass as well as microtubule disruption rate when cells were
pretreated with the proteasome inhibitor MG132, indicating that this
event was not dependent on proteasome-mediated degradation
(Fig 1E, Appendix Figs S3B and C, and S8, Movie EV8). Moreover,
spastazoline, a Spastin inhibitor (Cupido et al, 2019), swiftly
reversed rapamycin-mediated acute microtubule disruption (Fig
EV2A and B, Movie EV9). Intriguingly, nascent microtubules from
the fragments derived from dNspastin3Q-mediated cleavage

© 2022 The Authors
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Figure 1. Recruitment of engineered Spastins onto microtubules leads to their rapid disassembly.

A Schematic of the inducible microtubule disassembly system. Dimerization of three different pairs FRB/FKBP, GAls/mGID1, and Cry2/CIBN can be triggered by
rapamycin (Rapa), GA3-AM, and blue light, respectively. One of the dimerizing domains (DDs) is fused with one of two engineered Spastin enzymes, dNSpastin3Q and
C2Lact-tagged dNSpastin, whereas the other is fused with microtubule-associated proteins (MAPs). Dimerization upon certain stimuli (e.g., chemical treatments or
light illumination) induces recruitment of engineered Spastins from cytosol or plasma membrane (PM) onto MAP-labeled microtubules. Acute accumulation of Spas-

tins on microtubules rapidly induces disassembly of target microtubules.

B Hela cells co-transfected with EMTB-CFP-FRB and YFP-FKBP were treated with 100 nM rapamycin (Rapa). Addition of rapamycin rapidly translocated YFP-FKBP onto
EMTB-CFP-FRB-labeled microtubules and increased the FRET signal. The scale for the FRET/CFP intensity ratio is shown. Scale bar, 10 um.

C The normalized intensity of FRET/CFP in cells before and after rapamycin (blue) and 0.1% DMSO (control; red) treatment. n = 6 and 10 cells in the rapamycin and
DMSO groups, respectively, from three independent experiments. Data are shown as the mean + SEM.

D The video frames of microtubule disruption upon the recruitment of dNSpastin3Q-YFP-FKBP onto microtubules. Hela cells co-transfected with the indicated con-

structs were treated with rapamycin (100 nM). Scale bar, 10 pm.

E The normalized microtubule filament area in cells with different microtubule disruption treatments. n = 30, 45, 19, 20, 14, and 6 cells in nocodazole (3.3 pM),
colchicine (500 uM), dNSpastin-YFP-FKBP-C2Lact, dNSpastin3Q-YFP-FKBP, dNSpastin3QED-YFP-FKBP, and dNSpastin3Q-YFP-FKBP with MG132 (50 uM) pre-
treatment, respectively, from three independent experiments. Data are shown as the mean + SEM.

F Hela cells co-transfected with the indicated constructs were treated with nocodazole (Noc, 3.3 uM; left) or rapamycin (Rapa, 100 nM; right) for 0, 30, and 60 min.
Transfected cells were then fixed and labeled with anti-acetylated tubulin (red). Dotted lines indicate the boundary of transfected cells. Scale bars, 10 pum.

G The intensity of acetylated tubulin in cells transfected with EMTB-CFP-FRB (orange) or co-transfected with EMTB-CFP-FRB and dNSpastin3Q-YFP-FKBP (blue) after
the addition of nocodazole (Noc, 3.3 uM) or rapamycin (Rapa, 100 nM) for the indicated times. n = 123 and 81 cells in the nocodazole and dNSpastin3Q groups,
respectively, from three independent experiments. Data are shown as the mean + SEM. Student’s t-tests were performed, with P-values indicated.

assembled at a polymerization rate of 0.92 + 0.04 pm/s, which was
slightly slower than the regrowth rate of 1.17 + 0.07 pm/s for
microtubules from centrosomes (Fig EV2C). Taken together, these
results demonstrate that acute microtubule disruption occurs
through microtubule filament disassembly instead of microtubule
degradation. In summary, rapid recruitment of dNSpastin3Q-YFP-
FKBP onto microtubules efficiently triggers microtubule disassembly
in living cells upon dimerization induction.

Rapid disruption of specific microtubule-based structures

Many microtubule-based structures including primary cilia, centro-
somes, mitotic spindles, and intercellular bridges regulate various
cellular activities in a defined spatiotemporal manner (Doxsey et al,
et al, 2021). We next tested whether the recruitment of dNSpas-
tin3Q onto these different microtubule-based structures can specifi-
cally disassemble them. A truncated microtubule-binding domain
of microtubule associate protein 4 (MAP4m) preferentially binds to
ciliary axonemes in GO cells and shifts to mitotic spindles during
metaphase and intercellular bridges during telophase (Appendix Fig
S9; Hong et al, 2018). In GO cells, addition of rapamycin rapidly
trapped FKBP-tagged dNSpastin3Q on CFP-FRB-MAP4m-labeled

axonemes in the cilia. Local accumulation of dNSpastin3Q on
ciliary axonemes resulted in rapid disassembly of axonemes and
primary cilia within ~15 min (Fig 2A and B, Appendix Fig S10,
Movie EV10). Trapping enzyme-inactive dNSpastin3QED-YFP-FKBP
on ciliary axonemes did not perturb the ciliary structure
(Appendix Fig S10 and Movie EV10). Although axonemes are
known as major skeletons of primary cilia, acute axoneme disrup-
tion was occasionally not associated with disassembly of the entire
ciliary structure (2 out of 10 cells examined) and induced bulging
and branched phenotypes in cilia (Appendix Fig S11 and Movie
EV11), suggesting that other microtubule-independent factors may
also contribute to the maintenance of ciliary structures. This may
explain why long cilia still maintain their structure without fully
extended axonemes in proximal end. In mitotic cells, translocation
of dNSpastin3Q onto CFP-FRB-MAP4m-labeled mitotic spindles
(Fig 2C) and intercellular bridges (Fig 2E) quickly disrupted these
microtubule-based structures (Fig 2C-F, Movies EV12 and EV13).
Surprisingly, dNSpastin3Q cannot rapidly disrupt centrosomes (or
basal bodies in GO cells) as shown by the images of cells that
retained PACT (a conserved centrosomal-targeting motif of pericen-
trin protein) (Gillingham & Munro, 2000)-labeled centrosomes after
microtubule disruption treatment for 1 h (Appendix Fig S12 and
Movie EV14).

Figure 2. Rapid disruption of primary cilia, mitotic spindles, and intercellular bridges. >

A NIH3T3 fibroblasts co-transfected with 5SHT6-mCherry (SHT6-mCh; a ciliary membrane marker; red), CFP-FRB-MAP4m (blue), and dNSpastin3Q-YFP-FKBP (green) were
serum-starved for 24 h to induce ciliogenesis. Ciliated cells were then treated with rapamycin (Rapa, 100 nM) to induce dNSpastin3Q-YFP-FKBP recruitment to axo-
nemal microtubules. Dotted lines indicate the cell boundaries. Scale bar, 5 pm.

B The normalized length of axonemes (blue), primary cilia (red), and dNSpastin3Q-YFP-FKBP in cilia (green) upon rapamycin treatment. n = 6 cells from three indepen-
dent experiments. Data are shown as the mean + SEM.

C Hela cells co-transfected with H2B-mCherry (H2B-mCh; a chromosome marker; red), CFP-FRB-MAP4m (a marker of mitotic spindles; blue), and dNSpastin3Q-YFP-
FKBP (green) were synchronized in metaphase and treated with rapamycin (100 nM) to induce dNSpastin3Q-YFP-FKBP recruitment to mitotic spindles. Dotted lines
indicate the cell boundaries. Scale bar, 10 pum.

D The normalized area of the mitotic spindle (blue) and intensity of dNSpastin3Q-YFP-FKBP in the mitotic spindle (green) upon rapamycin treatment. n = 6 cells from
three independent experiments. Data are shown as the mean + SEM.

E Hela cells co-transfected with H2B-mCherry (red), CFP-FRB-MAP4m (intercellular bridges; blue), and dNSpastin3Q-YFP-FKBP (green) were treated with rapamycin
(100 nM) to induce dNSpastin3Q-YFP-FKBP recruitment to intercellular bridges. Arrows indicate the intercellular bridges. Dotted lines indicate the cell boundaries.
Scale bar, 10 um.

F  The normalized area of intercellular bridges (blue) and intensity of dNSpastin3Q-YFP-FKBP at intercellular bridges (green) upon rapamycin treatment. n = 5 cells from
three independent experiments. Data are shown as the mean + SEM.
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Rapid disruption of microtubules with different post-
translational modifications

Microtubules undergo various PTMs for spatiotemporally regulating
their properties and functions (Janke & Magiera, 2020). We next
turned our efforts to precisely disrupt microtubules with specific
PTMs. Very recently, an elegant work has established a biosensor,
A1AY1, which specifically targets highly tyrosinated microtubules in
living cells (Kesarwani et al, 2020). To apply it in our system,
A1AY1 was tagged with FRB and a red fluorescent protein, TagRFP.
Immunostaining results confirmed that the regulating construct
(TagRFP-FRB-A1AY1) preferentially targeted to generic microtubules
and highly tyrosinated microtubules but not to detyrosinated micro-
tubules (Fig 3A-C). The addition of rapamycin rapidly recruited a
cyan fluorescent protein, TagCFP, tagged FKBP (TagCFP-FKBP), onto
TagRFP-FRB-A1AY1-bound microtubules (T;,, = 64.71 £ 16.08 s;
Fig 3D and E and Movie EV15). Moreover, recruitment of
dNSpastin3Q-TagCFP-FKBP onto AlAYl-labeled microtubules
disrupted the A1AY1-positive microtubule filaments and signifi-
cantly reduce ~41.4% of tyrosinated microtubules within 1 h (Fig 3F
and G), indicating that, with specific tubulin PTMs biosensor against
highly tyrosinated microtubules, our system is able to reduce the
level of highly tyrosinated microtubules. Since the tyrosinated micro-
tubules are abundant in growth cones of neuronal axons (Janke &
Magiera, 2020), our system serves as a promising tool to disturb
tyrosinated microtubule level and uncover its roles in neuronal struc-
ture and functions.

We next tested the disruption efficiency on different modified
microtubules. Overexpression of a detyrosination protein complex,
VASH1 (vasohibin 1)/SVBP (small vasohibin binding protein)
complex (Aillaud et al, 2017), and a truncated glutamylase,
TTLL4AC639 (the C639 fragment of TTLL4) (van Dijk et al, 2007),
significantly increased the level of detyrosinated and glutamylated
microtubules, respectively (Fig EV3A-D). EMTB-CFP-FRB efficiently
bound to unmodified, detyrosinated, and glutamylated microtubules
in YFP alone, VASH1-YFP/SVBP, and TTLL4C639-YFP-transfected
cells, respectively. We, therefore, used EMTB-CFP-FRB to recruit
dNSpastin3Q-mCh-FKBP onto unmodified and modified microtubules
and compared their severing activities (Fig EV3E). Intriguingly,
disruption of glutamylated microtubules was slower than that of
unmodified microtubules (Fig EV3E-G and Movie EV16). There was
no significant difference in microtubule disruption rates between

Figure 3. Disruption of tyrosinated microtubules.
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detyrosinated and unmodified microtubules (Fig EV3E-G and Movie
EV16). These data indicate the glutamylation but not detyrosination
slows down the Spastin-mediated microtubule severing.

Using light to spatiotemporally disrupt microtubules

Rapamycin-inducible dimerization has been widely considered as
an irreversible process as the clearance of rapamycin from cells is
very slow (~30 h) due to extremely high affinity between rapamycin
and FKBP (Putyrski & Schultz, 2012; Lin et al, 2013; Vof et al,
2015). To control microtubule disruption with better spatiotemporal
precision, we next tried to use an optogenetic system to trigger
microtubule disassembly in a subcellular region of interest during a
specific period of time. Cryptochrome 2 (Cry2) and CIBN (consisting
of the N-terminal 1-81 amino acids of CIB1), two blue light—sensi-
tive dimerizing partners (Taslimi et al, 2016), were used in our
microtubule-manipulating system. Cry2, which was tagged with the
red fluorescent protein mCherry (mCh-Cry2), was rapidly translo-
cated onto EMTB-YFP-CIBN-labeled microtubules only in regions
illuminated with light (Ty,, =34.6 £7.58 s) and dissociated
from microtubules to the cytosol when the light was off (T,
> =28.2 + 4.88 s; Fig 4A and B, and Movie EV17). We then used
light to control Spastin-mediated microtubule disassembly in a spa-
tially and temporally specific manner. dNSpastin3Q tagged with
mCh-Cry2 was co-expressed with EMTB-YFP-CIBN in COS7 cells.
Microtubules were labeled with SPY650-tubulin in these experi-
ments. Local illumination with blue light robustly recruited
dNSpastin3Q-mCh-Cry2 onto microtubules, leading to the disassem-
bly of microtubules only in illuminated regions. The dNSpastin3Q-
mCh-Cry2 reverted to cytosol and microtubule reassembly occurred
when the cells were placed back in the dark (Fig 4C and D, Movie
EV18). Recruitment of mCh-Cry2 without Spastin onto microtubules
by the same photostimulation procedure did not lead to microtubule
disassembly, confirming that light-induced microtubule disassembly
does not result from phototoxicity (Appendix Fig S13 and Movie
EV19).

Acute microtubule disassembly inhibits vesicular trafficking and
lysosomal dynamics

The roles of microtubules in vesicular trafficking and organelle
dynamics have been well studied using MTAs (Schuh, 2011; Ba

A COS7 cells transfected with TagRFP-FRB-A1AY1 (red) were labeled by anti-a-tubulin antibody (green; upper panel), anti-tyrosinated tubulin antibody (green; middle
panel), or anti-detyrosinated tubulin antibody (green; lower panel), respectively. Scale bar, 10 pm.

B The intensity profiles of TagRFP-FRB-A1AY1 (red) and tubulin with the indicated PTMs (green) along dotted lines drawn in (A).

C The Pearson’s correlation coefficients for TagRFP-FRB-A1AY1 and indicated tubulin (tub) subtypes were calculated, and data are shown as the mean &+ SEM. n = 16,

13, and 15 cells from left to right, respectively; three independent experiments.

D COS7 cells co-transfected with TagRFP-FRB-A1AY1 (red) and TagCFP-FKBP (green) were treated with rapamycin (100 nM). The addition of rapamycin rapidly recruits
TagCFP-FKBP from cytosol onto A1AY1-labeled microtubules (arrows). Scale bar, 10 um.
E The normalized intensity of TagCFP-FKBP at A1AY1-labeled microtubules upon rapamycin treatments. n = 7 cells from three independent experiments. Data are

shown as the mean + SEM.

F  COS7 cells co-transfected with TagRFP-FRB-A1AY1 (red) and dNSpastin3Q-TagCFP-FKBP (cyan) were treated with 0.1% DMSO or rapamycin (100 nM) for 1 h and
followed by immunostaining with anti-tyrosinated tubulin antibody (green). Dotted lines highlight the transfected cells. Scale bar, 20 pm.

G The normalized intensity of tyrosinated microtubules in TagRFP-FRB-ALAY1 and dNSpastin3Q-TagCFP-FKBP co-transfected cells upon 0.1% DMSO or rapamycin treat-
ment for 1 h. n = 31 and 26 cells in DMSO and rapamycin-treated groups, respectively, from three independent experiments. Data (blue) represent as mean £ SEM.

Student’s t-tests were performed with P-values indicated.
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Figure 4. Using light to disassemble microtubules in a reversible and location-specific manner.

A COS7 cells co-transfected with EMTB-YFP-CIBN and mCh-Cry2 (red) were incubated with SPY650-tubulin (SPY650-tub) to visualize microtubules. The cells were illu-
minated by blue light within a specified region (indicated by the dotted circle) for the indicated time period. Scale bar, 10 um.

B The normalized intensity of mCh-Cry2 at microtubules in illuminated regions (red) and non-illuminated regions (green). n = 6 cells from three independent experi-

ments. Data are shown as the mean + SEM.

C COS7 cells co-transfected with EMTB-YFP-CIBN and dNSpastin3Q-mCh-Cry2 were incubated with SPY650-tubulin to visualize microtubules. The cells were illumi-

nated by blue light as in (A). Scale bar, 10 pm.

D The normalized intensity of dNSpastin3Q-mCh-Cry2 and mCh-Cry2 at microtubules and the normalized area of SPY650-tubulin in illuminated regions and non-
illuminated regions. n = 6 and 6 cells in dNSpastin3Q-mCh-Cry2 and mCh-Cry2 groups, respectively, from three independent experiments. Data are shown as the

mean £ SEM.

et al, 2018). However, several long-lived microtubules that are more
resistant to MTAs often act as major railways for transporting cargo
and regulating organelle organization in cells (Friedman et al, 2010;
Noordstra & Akhmanova, 2017; Meiring et al, 2020). Therefore, the
interpretations of how microtubules are involved in vesicular traf-
ficking and organelle dynamics in experiments involving MTAs
need to be carefully re-examined. Given that our system is sufficient
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to completely disassemble almost the entire pool of microtubules,
no matter their longevity (Fig 1), we evaluated whether acute
microtubule disassembly functionally perturbs vesicle and organelle
dynamics. To this end, a YFP-labeled post-Golgi vesicle marker,
TGN38 (trans-Golgi network integral membrane protein 38), and a
lysosome marker, LAMP3 (lysosome-associated membrane glyco-
protein 3), were used to observe the real-time dynamics of vesicles
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and lysosomes upon acute microtubule disassembly, respectively
(Fig EV4 and Movies EV20-EV23). Moreover, the trajectories of
TGN38-YFP and LAMP3-YFP upon microtubule disassembly were
analyzed by automated particle detection and tracking algorithms
(Fig EV4B and F, Movies EV21 and EV23) (Jagaman et al, 2008).
Accordingly, the movement and orientation of the labeled proteins
were defined as “confined” (i.e., static), free diffusion (i.e., move-
ment with frequent changes in direction), or “directed” (i.e., move-
ment in a constant direction) (Fig EV4B and F). The population of
directed TGN38-YFP and LAMP3-YFP particles became confined
particles after microtubule disassembly (Fig EV4B and F). We
noticed that many TGN38 and LAMP3 particles were defined as free
diffusion during microtubule disruption (microtubule 50%), proba-
bly due to their transition from directed movement to a confined
state (Fig EV4B and F). Regardless of this transition, microtubule
disruption did not obviously change the population of free diffusion
particles (Fig EV4B and F). As expected, acute microtubule disrup-
tion also linearly attenuated the displacement and velocity of
TGN38 and LAMP3 particles (Fig EV4C, D, G and H). In summary,
our system not only disrupts microtubule structures but also effi-
ciently halts the directional movement of vesicles and lysosomes
along microtubules.

Microtubules are essential for the organization of Golgi,
endoplasmic reticulum, and mitochondria

We next evaluated the effects of acute microtubule disassembly on
organelle organization. The Golgi apparatus in cells was labeled by
YFP-Giantin, which resides in the perinuclear region (Fig EV5A and
Movies EV24 and EV25). Consistent with the previous observation
using MTAs, acute removal of microtubules in cells immediately
triggered Golgi dispersal throughout the cells (Fig EVSA and B,
Movie EV24). The recruitment of enzyme-dead Spastin onto micro-
tubules did not affect the distribution of the Golgi apparatus
(Fig EV5SB and Movie EV25), confirming that microtubules are con-
tinuously required for maintaining the perinuclear distribution of
the Golgi apparatus.

The endoplasmic reticulum (ER) is the organelle highly associ-
ated with microtubules (Terasaki et al, 1986; Guo et al, 2018). How-
ever, discrepant morphologies of the ER after disruption or
remodeling of microtubules were observed in early studies (Terasaki
et al, 1986; Bannai et al, 2004; Poteryaev et al, 2005; Lu et al, 2009;
Shibata et al, 2009; Schroeder et al, 2019). Neon-Cb5 (which
consists of 17 residues of the transmembrane domain of rat cyto-
chrome b5) was used to label the ER in living cells. The ER exhibits
sheet-like structures in the perinuclear region and exists as a net-
work of ER tubules in the cell periphery (Fig EV5C and Movie
EV26). Our results showed that upon acute microtubule disassem-
bly, neighboring ER tubules immediately fused with one another
and formed sheet-like structures (Fig EV5C and Movie EV26), indi-
cating that microtubules are key components for preventing the
fusion of neighboring ER tubules and therefore maintain ER tubules
in cells.

We next evaluated the roles of microtubules in mitochondrial
dynamics and activities. Mitochondria are known to fuse with one
another (fusion) and to divide into separate mitochondria (fission)
constantly. The balance of fusion and fission is critical for the mor-
phology and activities of mitochondria (Westermann, 2010). Even

© 2022 The Authors
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though microtubules serve as a railway for the long-distance trans-
port of mitochondria (Schwarz, 2013), the evidence regarding
whether and how microtubules regulate the fusion and fission of
mitochondria is still sparse. We used Tom20-Neon (a transmem-
brane domain from the protein Tom20, translocase of outer mito-
chondrial membrane 20) to label the outer membrane of
mitochondria (Fig 5A). To avoid the intercellular variations of
mitochondrial properties, the local movement of each Tom20-
Neon-labeled mitochondrion was quantitatively measured by
single-cell analysis before and after acute microtubule disruption.
Among the examined cells, 88.89% showed significantly reduced
local movement for mitochondria after acute microtubule disrup-
tion (Fig 5B). Before microtubule disassembly, mitochondrial
fusion and fission occurred frequently (Fig SA and C, Movie
EV27). It is noteworthy that in these same cells after microtubule
disruption, adjacent mitochondria were capable of attaching to one
another but were not able to trigger the fusion process, as the
boundary between two neighboring mitochondria was visible for a
relatively longer time as compared with that under control condi-
tions (Fig 5A and Movie EV27). Moreover, less mitochondrial fis-
sion was observed in the absence of microtubules (Fig 5C and
Movie EV27). Quantification confirmed that acute microtubule dis-
ruption robustly suppressed both fusion and fission processes
(Fig 5C). However, the fusion-to-fission ratio was not changed by
microtubule disruption (Fig 5D), indicating that microtubule dis-
ruption perturbed fusion and fission simultaneously and to the
same extent. To quantitatively evaluate the effects of microtubule
removal on the morphology of mitochondria, the ratio of the long
axis to the short axis of each mitochondrion was determined
(Fig 5E and Movie EV28). Surprisingly, acute microtubule disas-
sembly did not change the morphology of the mitochondria, per-
haps owing to only modest changes in the fusion-to-fission ratio
(Fig 5E and F). We also evaluated mitochondrial activities using a
mitochondrial membrane potential-sensitive dye, MitoTracker Red.
Consistent with previous observations that cells may continuously
pump out MitoTracker Red (Murota et al, 2016), a gradual
decrease in the intensity of MitoTracker Red was shown in control
cells (Fig SH). However, microtubule removal did not affect the
mitochondrial membrane potential as compared to untransfected
control cells and cells expressing enzyme-dead Spastin (Fig 5G and
H, Movie EV29). Taken together, our results demonstrated that
microtubules power the local movement of mitochondria and posi-
tively regulate both fusion and fission processes. Removal of
microtubules did not perturb the balance of fusion and fission or
the overall morphology of mitochondria, nor did this affect mito-
chondrial activities.

It is noteworthy that ER-mitochondria contacts have frequently
been observed along with tubular ERs (Csordds et al, 2010; Fried-
man et al, 2010; Guo et al, 2018). Zheng et al (2018) demonstrated
that DNA damage promotes ER tubular formation accompanied by
an increase in ER-mitochondria contacts. This raises a possibility
that mitochondria may preferentially associate with ER tubules
rather than ER sheets. Acute microtubule disruption robustly
converted ER tubules to ER sheets (Fig EV5C and Movie EV26) and
might subsequently reduce ER-mitochondria contacts and suppress
mitochondrial dynamics. The interplay between ER and mitochon-
dria upon microtubule disassembly will need to be evaluated to
address this hypothesis.

The EMBO journal 41:e110472(2022 9 of 20
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Figure 5. Effects of acute microtubule disassembly on the dynamics and activities of mitochondria.

A COS7 cells co-transfected with EMTB-CFP-FRB (blue), dNSpastin3Q-mCh-FKBP (red), and Tom20-Neon (yellow), were treated with rapamycin for acute microtubule
disruption. The dynamics of mitochondria at different levels of microtubule disruption are shown. Insets show higher-magnification images of mitochondrial fusion
(a, filled arrows), fission (b, filled arrowheads), and unsuccessful fusion (c, d; hollow arrowheads) events as indicated by the dotted squares. Scale bar, 10 pm.

B Single-cell analysis of local mitochondrial movement before and after microtubule disruption. n = 6,119 mitochondria from nine cells, from four independent

experiments. Data are shown as the mean + SEM.

C The frequency of mitochondrial fusion and fission events at different levels of microtubule disruption is shown. Data are shown as the mean + SEM. n = 8 cells

from three independent experiments.

D The ratio of mitochondrial fusion and fission events at different levels of microtubule disruption is shown. Data are shown as the mean £+ SEM. n = 8 cells from

three independent experiments.

E,F COS7 cells co-transfected with EMTB-CFP-FRB, dNSpastin3Q-mCh-FKBP, and Tom20-Neon were treated with rapamycin (100 nM) for acute microtubule disrup-
tion. The morphology of mitochondria at different levels of microtubule disruption is shown. Scale bar, 10 um. The ratio of the long axis to the short axis of each
mitochondrion and microtubule filament area was determined. n = 4 different cells, three independent experiments. Data are shown as the mean + SEM.

G, H The normalized intensity of MitoTracker Red in non-transfected cells (Mock) or cells co-transfected with EMTB-CFRP-FRB and dNSpastin3Q-YFP-FKBP or
dNSpastin3QED-YFP-FKBP after rapamycin (Rapa, 100 nM) treatment for the indicated time. Scale bar, 10 um. n = 41, 6, and 18 cells from three independent

experiments. Data are shown as the mean + SEM.

Data information: Student’s t-tests were performed with P-values indicated.

Acute microtubule disassembly immediately triggers stress fiber
formation and increases cell rigidity

Microtubules crosstalk with actin filaments, especially in many
actin-based cell protrusions including lamellipodia and filopodia
(Dogterom & Koenderink, 2019; Pimm & Henty-Ridilla, 2021). How-
ever, whether microtubule disruption suppresses lamellipodia and/
or filopodia formation is still unclear. Taking advantage of the acute
disruption of microtubules via our system, we observed the real-
time morphology of lamellipodia and filopodia upon microtubule
disassembly with a biosensor for actin filaments, Lifeact-Neon. In
COS?7 cells with intact microtubules, lamellipodia and filopodia were
present (Fig 6A and Movie EV30). However, after acute microtubule
disruption, only small membrane ruffling, but not large lamelli-
podia, was observed on the cell periphery (Fig 6A and Movie
EV30). The lamellipodia length-to-total plasma membrane ratio was
reduced after ~20 min of microtubule disruption (Fig 6B). The
quantification data did not show an obvious change in the density
of filopodia (the ratio of the number of filopodia to the total plasma
membrane length) after the removal of microtubules (Fig 6B). In
addition to these actin-based protrusions in the cell periphery, we
also noticed that acute microtubule disruption gradually increased
the formation of contractile stress fibers in the cell body (Fig 6A and
B, Movie EV30). As contractile stress fibers modulate cell rigidity,
we therefore observed the fluorescent images of microtubule disrup-
tion and characterized the mechanical properties of the imaged cells
simultaneously with a hybrid atomic force microscopy (AFM) and
confocal microscopy system (Fig 6C) (Kuo et al, 2021). There was a

marked increase in cell rigidity after dNSpastin3Q-triggered microtu-
bule disassembly, which did not occur in the enzyme-dead Spastin
and no-Spastin groups (Fig 6D). Upon the treatment of Blebbistatin,
an inhibitor of myosin II and contractile stress fiber formation (Dou
et al, 2007), Spastin-mediated microtubule disruption could not
increase cell rigidity (Fig 6D, right). Taken together, these results
indicate that microtubules are important for lamellipodia formation
but not for filopodia structures. Microtubules also indirectly modu-
late cell rigidity by providing support against contractile stress
fibers.

There are several possible mechanisms to explain how microtu-
bules play different roles in these actin-based structures. One possi-
ble mechanism is that microtubules drive the outward force in cells
that is critical for lamellipodia formation but not filopodia forma-
tion. A previous characterization of the force exerted by cell protru-
sions showed that lamellipodia (up to 20 pN) produce forces that
are greater than those produced by filopodia (~3 pN). The statement
suggesting the development of forces that exceed 3 pN requires
microtubules (Cojoc et al, 2007), supports our hypothesis:
microtubule-derived force is required for lamellipodia generation in
cells. Another possible mechanism is based on a finding, indicating
that the formation of lamellipodia, filopodia, and stress fibers is spe-
cifically regulated by different small GTPases (Inoue et al, 2005). It
is plausible that microtubules modulate corresponding actin-based
structures by differentially regulating the signaling of these different
small GTPases. Indeed, the microtubule-based promotion of lamelli-
podia formation via induction of Racl small GTPase has been
reported (Waterman-Storer et al, 1999). The real-time activities of

Figure 6. Microtubule disassembly enhances stress fiber formation and cell rigidity.

A COS7 cells co-transfected with EMTB-CFP-FRB (blue), dNSpastin3Q-mCh-FKBP (red), and Lifeact-Neon (heatmap and green) were treated with rapamycin (Rapa,
100 nM) to induce microtubule disassembly. Arrows and arrowheads indicate lamellipodia and stress fibers, respectively. Insets show images of lamellipodia morphol-
ogy from regions corresponding to the dotted squares with overexposed CFP and mCherry signals. Scale bar, 10 um.

B The normalized level of microtubule area, lamellipodia length, and filopodia density of COS7 cells treated as in (A). n = 4 cells from three independent experiments.

Data are shown as the mean + SEM.

C Schematic representation of the hybrid atomic force microscope and confocal microscope system. A bright-field image of the atomic force microscopy (AFM) probe
and an examined cell is shown. Dotted lines indicate the cell boundary. Scale bar, 10 um.

D Serial rigidity measurements of COS7 cells that co-expressed EMTB-CFP-FRB and indicated proteins during microtubule disassembly (Left). Blebbistatin (Bleb, 10 uM)
was pretreated for 2 h in dNSpastin3Q group and followed by rapamycin treatment for 35 min. The fold change of cell rigidity was then measured by AFM (right).
n =16, 14, 14, and 14 cells in YFP-FKBP, dNSpastin3QED, dNSpastin3Q, and dNSpastin3Q+Bleb groups, respectively, from three independent experiments. Data are
shown as the mean + SEM. Student’s t-tests were performed with P-values indicated.
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Figure 7. Microtubule disruption completely prevents cell division and does not lead to cell death in interphase.

A

Unsynchronized Hela cells were co-transfected with EMTB-CFP-FRB (blue), dNSpastin3Q-YFP-FKBP, and H2B-RFP (a marker of chromosomes, red). After transfection,
microtubule disruption was triggered by rapamycin treatment (Rapa, 100 nM) in transfected cells but not in non-transfected cells (highlighted by dotted lines). Scale
bar, 10 pm.

An EMTB-CFP-FRB, dNSpastin3Q-YFP-FKBP, and H2B-RFP co-transfected Hela cell was treated with rapamycin (Rapa, 100 nM) to induce microtubule disruption.
Arrows indicate the condensed chromosomes during prophase. Scale bar, 10 pm.

The duration of cell survival in Hela cells co-transfected with EMTB-CFP-FRB and the indicated constructs upon treatment with 0.1% DMSO (vehicle control) or rapa-
mycin (Rapa, 100 nM) was determined by 30 h time-lapse imaging. n = 81, 36, 81, 68, 94, and 66 cells from left to right, from three independent experiments. Individ-
ual data points and the mean + SD (red lines) are shown.

Unsynchronized Hela cells were co-transfected with EMTB-CFP-FRB and dNSpastin3Q-YFP-FKBP. At 24 h after transfection, cells were incubated with propidium
iodide (PI, 1:250 diluted in culture medium) and treated with 0.1% DMSO or rapamycin (Rapa, 100 nM) with or without staurosporine (50 nM) or doxorubicin

(0.3 uM) for 24 h. The normalized intensity of Pl in the transfected cells is shown. n = 34, 14, 12, 25, 74, and 62 cells in the DMSO, Rapa, DMSO+Staurosporine,
Rapa-+Staurosporine, DMSO-+Doxorubicin, and Rapa+Doxorubicin groups, respectively, from three independent experiments. Data are shown as the mean + SEM.
Unsynchronized Hela cells co-transfected with EMTB-CFP-FRB and dNSpasin3Q-YFP-FKBP were treated with 0.1%DMSO or rapamycin (Rapa, 100 nM) for 1 h and
followed by 24 h of staurosporine (50 nM) or doxorubicin (0.3 uM) treatment. Treated cells were fixed and stained with Annexin V and cleaved caspase-3 antibody,
respectively. The percentage of Annexin V and cleaved caspase-3-positive cells are shown. Data are shown as the mean £ SEM. n = 450, 235, 199, 195, 187, 119, 330,

Grace Y Liu et al

213,198, 220, 216, and 178 cells from left to right, from three independent experiments. Data are shown as the mean + SEM.

Data information: Student’s t-tests were performed with P-values indicated.

different small GTPases upon acute microtubule disruption merit
comprehensive scrutiny to assess this possible mechanism.

Microtubule disruption completely prevents cell division and
does not lead to cell death during interphase

Our results demonstrated that microtubule disruption robustly
perturbed a wide range of cellular architectures and activities. We
next aimed to test whether these defects induced by microtubule
disruption lead to cell death. Our chemogenetic system allows for
the sustained recruitment of dNSpastin3Q at microtubules, which
maintains microtubules in a disassembled state for as long as 30—
60 h (Fig 7A and Movie EV31; Appendix Fig S14). Surprisingly,
microtubule disassembly in unsynchronized HeLa, COS7, and 293T
cells did not shorten the average duration of cell survival as com-
pared to the control conditions (Fig 7A and C, Movie EV31;
Appendix Fig S14). After 18 h of persistent microtubule disruption,
many cells were arrested in G2/M phase as evidenced by the eleva-
tion of a G2/mitotic-specific marker, cyclin Bl level (Appendix Fig
S15). A chromosome marker, H2B-RFP, permits the determination
of cell cycle stages in live-cell imaging (Fig 7A and B). In the
absence of microtubules, none of the cells examined in our experi-
ments could enter mitosis without microtubules (Fig 7B). Control
cells with intact microtubules were able to complete cell division
(Fig 7A and Movie EV31). In addition to examining cell morphol-
ogy, we also used a membrane-impermeable DNA dye, propidium
iodide (PI), to label dead cells (which do not have intact cell mem-
branes) (Fig 7D). Rapamycin triggered microtubule disruption in
dNSpastin3Q-YFP-FKBP and EMTB-CFP-FRB co-transfected cells but
did not increase the population of PI-positive cells as compared to
the same cells treated with DMSO (Fig 7D). Microtubules are
reported to be important for apoptosis signaling (Giannakakou et al,
2002; Oropesa-Avila et al, 2013). This raises the possibility that
microtubule disruption inactivates apoptotic machinery during
interphase, which allows the cells to survive even though they have
accumulated many defects. To address this assumption, we tested
whether microtubule disruption is able to suppress staurosporine-
or doxorubicin-induced apoptosis. As expected, staurosporine and
doxorubicin treatments significantly increased the population of PI,
Annexin V, and cleaved caspase-3-positive cells with intact
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microtubules. However, microtubule disruption did not inhibit
staurosporine and doxorubicin-induced apoptosis (Fig 7D and E). In
summary, microtubule disruption completely prevented cell division
but did not lead to cell death in interphase cells with functional apo-
ptosis machinery.

These results suggest that microtubule disruption does not act as
an intrinsic cue to trigger apoptosis in HeLa cells. The spindle
assembly checkpoint does, however, seem to be a key mechanism
that leads to the death of microtubule-deficient cells, as none of the
tested cells enter mitosis (Fig 7B). A high-throughput screen of 15
different cell types that were exposed to different MTAs showed var-
iability in the resulting cell fates under different conditions (Gas-
coigne & Taylor, 2008), suggesting that what we observed in HeLa
cells, COS7 cells, and 293T cells here could be a cell type-specific
event. Nevertheless, our system provides a platform with which to
study how microtubule disruption determines the fates of quiescent
and mitotic cells.

Discussion

We have described here a series of chemogenetic and optogenetic
tools that recruit engineered Spastins onto target microtubule sub-
types for acute microtubule disassembly in a reversible manner.
These tools are able to rapidly disassemble long-lived acetylated
microtubules, which are resistant to MTA perturbation (Fig 1F and
G). With this capability, the translocation of engineered Spastins
onto several acetylated microtubule structures including primary
cilia, mitotic spindles, and intercellular bridges (Janke & Magiera,
2020) efficiently disrupted the corresponding structures (Fig 2). In
addition to long-lived microtubules, the dynamic microtubules with
tyrosination modification can be targeted and disrupted specifically
by the combination of a tyrosinated microtubule biosensor and our
microtubule disruption system (Fig 3; Kesarwani et al, 2020). To
our knowledge, this is the first system that permits the rapid disas-
sembly of targeted microtubule subtypes and microtubule-based
structures. The swift and complete removal of microtubules enables
us to clearly distinguish microtubule-dependent and -independent
mechanisms. For instance, microtubules participate in the directed
movement of post-Golgi vesicles and lysosomes as well as the
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fusion/fission of mitochondria (Figs 5 and EV4, Movies EV20-EV23
and EV27). Intact microtubules maintain the perinuclear distribution
of the Golgi and ER tubules (Fig EV5, Movies EV24-EV26). More-
over, microtubules are important for the formation of large lamelli-
podia and prevent the formation of contractile stress fibers and the
resulting increase in cell rigidity (Fig 6 and Movie EV31). We also
uncovered several microtubule-independent processes, as microtu-
bules have minimal roles in filopodia formation and in maintaining
the mitochondria membrane potential, as well as in the initiation
of apoptosis (Figs 5G and H, 6A and B, 7D and E, Movies
EV29-EV31).

There are several potential concerns over our system. First, the
expression of microtubule-associated proteins such as EMTB may
perturb microtubule properties. Indeed, compared with non-
transfected cells, there was a marginal increase in microtubule
level under the expression of EMTB. However, both nocodazole
and colchicine slowly disassembled microtubules in cells with or
without EMTB expression, indicating its modest stabilizing effect
on microtubules (Appendix Fig S1D). Moreover, our results
showed that cells co-expressing EMTB-CFP-FRB and dNSpastin3Q-
YFP-FKBP exhibited normal morphology and could properly
undergo cell division, suggesting the expression of these compo-
nents does not induce adverse effects in cells in the absence of pro-
tein dimerization (Movie EV32). Second, the expression level of
dNSpastin3Q may need to be optimized for low severing back-
ground and high disruption effect before and after protein dimer-
ization, respectively. Although variation in microtubule level
naturally exists in different cells, microtubules level was 40%
higher in most transfected cells than in those non-transfected cells
without rapamycin treatment. And, there was no strong
correlation between microtubule level and EMTB/dNSpastin3Q
level (Fig EV1D, Left). Rapamycin treatment robustly decreased
microtubule level in cells expressing either low or high levels of
EMTB/dNSpastin3Q (Fig EV1D, Right). In summary, our system
efficiently triggers microtubule disruption regardless of the expres-
sion level of EMTB/dNSpastin3Q.

Overexpression of unmodified Spastin (SpastinFL) and dNSpastin
depleted 47.45% and 42.86% of cytosolic microtubules, respectively
(Fig EV1). Spastin-mediated cleavage of microtubules was boosted
by recruiting dNSpastin onto microtubules with a 1 h incubation of
rapamycin, which removes 74.75% of microtubules (Fig EV1).
These results suggest a key role for microtubule association in regu-
lating spastin-mediated microtubule cleaving. Previous in vitro and
in vivo studies have demonstrated that tubulin glutamylation acts as
a fine regulator to modulate microtubule binding and cleavage by
Spastins, which supports this assumption (Lacroix et al, 2010;
Valenstein & Roll-Mecak, 2016). Moreover, PTMs of microtubules
may also regulate the severing activity of Spastin. Indeed, our
results demonstrated that microtubule hyperglutamylation induced
by TTLL4C639 overexpression prevents modified microtubules from
Spastin-mediated severing (Fig EV3 and Movie EV16). The effects of
other PTMs on Spastin-dependent microtubule severing are worthy
of comprehensive evaluation.

Spastin is involved in microtubule reorganization (Kuo et al,
2019). For example, Spastin preferentially localizes to axon
branching points in neuronal cells to locally destabilize microtu-
bules and facilitate the elongation of branched microtubules (Yu
et al, 2008). Our results showed that remnants of digested
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microtubules derived from Spastin-mediated severing are able to
serve as platforms to extend nascent microtubules when activity
and microtubule association of Spastin are inhibited (Figs 4C and
EV2, Movies EV9 and EV18). Several microtubule nucleation factors
such as SSNA1 localize to axon branching sites and may cooperate
with Spastin to initiate branched axons (Basnet et al, 2018).
Whether microtubule nucleation factors accumulate on microtubule
fragments upon this acute microtubule disassembly needs to be
comprehensively evaluated to better understand the molecular
mechanisms of Spastin-mediated microtubule remodeling.

The subcellular distribution of Spastin has been well studied, as
it is preferentially enriched among cytosolic microtubules, the
mitotic spindle, and intercellular bridges (Errico et al, 2004; Yu
et al, 2008). Moreover, co-fractionation of Spastin with the centro-
some marker y-tubulin implies that Spastin may also be anchored to
centrosomes/basal bodies (Errico et al, 2004), and glutamylation on
centrosomes may facilitate Spastin-mediated severing (Lacroix et al,
2010). To test whether Spastin is involved in microtubule severing
in different subcellular regions, we recruited Spastin onto specific
pools of microtubules. Among all microtubule structures examined,
the centrosome was the one resistant to Spastin-mediated microtu-
bule severing (Appendix Fig S12 and Movie EV14). There are three
explanations for this phenomenon. First, the unique triplet structure
of centrosomal microtubules may contribute to the centrosome’s
ability to withstand Spastin-mediated severing. The second possibil-
ity is that glutamylation on centrioles contributes to their resistance
to severing as we found that hyperglutamylation suppresses Spas-
tin’s severing (Fig EV3 and Movie EV16). Thirdly, the anchoring ori-
entation of EMTB-CFP-FRB may not allow the Spastin-mediated
severing reaction at centrosomes. Experiments evaluating the effect
of Spastin on centrosomes that lack microtubule triplets (Wang
et al, 2017) or glutamylation and that use different centrosomal-
targeting proteins will be useful for addressing these possible
mechanisms.

To precisely control microtubule properties, many photoswitch-
able MTAs have been developed to manipulate microtubules under
the control of light illumination (Borowiak et al, 2015; Miiller-Deku
et al, 2020). These chemicals can be easily introduced into target
cells without genetic modification. However, thus far, the photo-
switchable MTAs against specific microtubule subtypes are still
sparse. In contrast, our genetically encoded system can be driven by
tissue-specific promoters. Together with microtubule subtype-
specific biosensors or associated proteins (Hong et al, 2018; Kesar-
wani et al, 2020), our approaches are promising to precisely perturb
specific microtubule subpopulations in target cells in vitro and
in vivo.

In summary, we here provide proof-of-concept approaches to dis-
rupt target microtubule subtypes, which open new avenues to
understand the functions of different tubulin isotypes and tubulin
PTMs. Our system also provides insights into how Spastin modu-
lates microtubule severing and serves as a powerful tool for distin-
guishing microtubule-dependent and microtubule-independent
mechanisms and for dissecting causal relationships between micro-
tubules of interest and cellular events. This precise microtubule
manipulation system represents a fundamental step in developing
new strategies to treat various diseases such as tumors and neurode-
generation and developmental disorders in which microtubule-
mediated events have gone awry.
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Materials and Methods

Cell culture and transfection

COS7, HeLa, U20S, HEK293T, and NIH3T3 cells were maintained at
37°C, 5% CO,, and 95% humidity in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), and penicillin and streptomycin (Corning). To induce cilio-
genesis, NIH3T3 cells were serum-starved for 24 h. COS7 cells were
transfected with plasmid DNAs by using TurboFect transfection
reagents (Thermo Fisher). HeLa, U20S, HEK293T, and NIH3T3 cells
were transfected with FUGENE HD (Promega). Transfected cells
were incubated for 24-48 h prior to imaging and other experiments.

DNA constructs

We obtained constructs encoding the most abundantly expressed
isoform of Spastin in cells (58 kDa; starting at position M85 in the
mouse Spastin sequence), a truncated form of dNSpastin that is
missing the N-terminal 1-140 amino acids (the shortest active trun-
cated version of Spastin), and the enzyme-inactive versions
SpastinFLED and dNSpastinED, each of which was tagged with
EYFP (SpastinFL-YFP, dNSpastin-YFP, SpastinFLED-YFP, and
dNSpastinED-YFP), from Dr. Carsten Janke (Institut Curie). To
remove the microtubule-binding domain of dNSpastin, the catalytic
AAA domain of dNSpastin (dNSpstinCD) was amplified by PCR-
based methods. Three residues of Spastin were mutated to
QQQ (dNSpastin3Q) by site-directed mutagenesis DNA encoding
individual forms of dNSpastin (dNSpastin, dNSpastinED, dNSpas-
tinCD, and dNSpastin3Q) was then cloned into the YFP-FKBP
vector (DEGFP-C1 backbone) to generate dNSpastin-YFP-FKBP,
dNSpastinCD-YFP-FKBP, and dNSpastin3Q-YFP-FKBP. Using this
method, we also generated the enzyme-inactive dNSpastin3QED-
YFP-FKBP construct. dNSpastin-YFP-FKBP-C2Lact was generated
by inserting the C2Lact sequence between the HindIIl and BamHI
restriction sites in dNSpastin-YFP-FKBP. The DNA fragments of
A1AY1, TagRFP, and TagCFP were synthesized with codon optimi-
zation and subcloned to FRB and FKBP vectors. We transformed
each construct into competent cells and isolated single clones for
DNA purification. All DNA constructs were verified by DNA
sequencing. The detailed protein sequences of constructs used in
this study are provided in Appendix protein sequence.

Immunofluorescence staining

Cells cultured in borosilicate glass Lab-Tek eight-well chambers
(Nunc) were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences) at room temperature for 15 min. Fixed cells were permea-
bilized with 0.1% Triton X-100 and then incubated in blocking
solution (phosphate-buffered saline with 2% bovine serum albu-
min) for 30 min at room temperature. To label cytosolic micro-
tubules, primary ciliary membrane, and axonemal microtubules,
cells were incubated for 1 h at room temperature with mouse anti-
body against a-tubulin (1:500; Sigma Aldrich, T6199), rabbit anti-
body against Arll3b (1:500; Proteintech, 17711-1-AP), mouse
antibody against glutamylated tubulin (1:100; Adipogen, AG-20B-
0020-C100), mouse antibody against acetylated tubulin (1:500;
Sigma Aldrich, T7451), rat antibody against tyrosinated tubulin

16 of 20 The EMBO Journal ~ 41: 110472 | 2022

Grace Y Liu et al

(1:100; Sigma Aldrich, MAB1864), rabbit antibody against cyclin Bl
(1:500; Genetex, GTX100911), and mouse antibody against detyrosi-
nated tubulin (1:100; MERCK, AB3201) each of which was diluted
in blocking solution. Cells were then washed with PBS and incu-
bated for 1 h with appropriate secondary antibodies (1:1,000 dilu-
tion; Thermo Fisher) at room temperature.

Western blotting

HEK293T cells were co-transfected with EMTB-CFP-FRB and YFP-
FKBP, dNSpastin3Q-YFP-FKBP, or dNSpastin3QED-YFP-FKBP. Two
days after transfection, cells were incubated with 50 uM MG132
(Sigma Aldrich) for 30 min and then treated with 100 nM rapa-
mycin or 0.1% DMSO (vehicle control) for 30 min prior to cell col-
lection. For the cold treatment (4°C), untransfected HEK293T cells
were put on ice for 40 min to depolymerize microtubules. Cells
were lysed in RIPA lysis buffer (50 mM Tris—HCI, pH 7.6; 2 mM
EGTA; 9% NaCl; 1% Triton X-100) containing protease inhibitors
(Roche). Protein concentrations were measured with the Bio-Rad
Protein Assay. Cell lysates were diluted with 2x Laemmli sample
buffer (Bio-Rad) and boiled at 95°C for 10 min and then underwent
western blotting. After the transfer process, the PVDF membranes
(Bio-Rad) were incubated with blocking buffer (5% skim milk in
Tris-buffered saline with Tween 20; TBST) for 1 h at room tempera-
ture and then stained with primary antibodies against a-tubulin
(1:1,000; Sigma Aldrich, T6199) and GAPDH (1:5,000; Cell Signal-
ing, 2118), which were diluted with blocking buffer, overnight at
4°C. Membranes were washed with TBST and then were incubated
with horseradish peroxidase-conjugated secondary antibodies
diluted in blocking buffer (anti-rabbit, 1:10,000; anti-mouse,
1:5,000) for 1 h at room temperature. The bioluminescence signal
was detected with Amersham™ ECL Select™ (GE Healthcare), and
blot images were acquired with an iBright™ FL1500 Instrument
(Thermo Fisher).

Live-cell imaging

Live transfected cells cultured on poly(p-lysine)-coated glass cover-
slips (Hecht Assistant) were treated with either 100 nM rapamycin
for rapid induction of protein dimerization and translocation or
microtubule-targeting agents (3.3 uM nocodazole or 500 uM colchi-
cine) during imaging. Live-cell imaging was conducted on a Nikon
T1 inverted fluorescence microscope (Nikon) with a 60x oil objec-
tive (Nikon), a Prime camera (Photometrics), and 37°C, 5% CO,
heat stage (Live Cell Instrument). Rapid recruitment of POIs was
imaged at 5- or 10-s intervals, whereas the process of microtubule
disruption was imaged at 1-min intervals. Images were obtained
using Nikon NIS-Elements AR software and processed with Huygens
Deconvolution Software (Scientific Volume Imaging). Image analy-
sis was mainly performed with Nikon NIS-Elements AR software.

Photostimulation

COS7 cells were plated on poly(p-lysine)-coated coverslips and cul-
tured in six-well plates (Thermo Scientific) for 48 h. Before imaging,
cells were incubated with SPY650-tubulin (1,000-fold dilution; Spir-
ochrome) at 37°C for 1 h. Local photostimulation was carried out
with a fluorescence microscope (Nikon) equipped with a digital
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micromirror device, polygon 400 (MIGHTEX), and a 488-nm light
source. Cells were illuminated with the blue light (5 s on/1 s off;
1.6 nW/pmz) for the indicated duration. The mCherry and SPY650-
tubulin were simultaneously imaged during photostimulation using
Nikon element AR software.

Measurement of microtubule filament area

The microtubule filaments in living cells were labeled with EMTB-
CFP-FRB and imaged in real-time (RAW image). The rolling ball cor-
rection was used to remove the cytosol background from the RAW
images, which was carried out with the Nikon NIS-Elements AR
software. Images were processed to generate the binary microtubule
filament pattern via the Otsu threshold and analyzed by Fiji soft-
ware (Appendix Fig S16).

Tracking vesicles and lysosomes

Cos?7 cells co-transfected with plasmids encoding LAMP3-YFP or
TGN38-YFP were imaged for 20 min with an interval of 30 s. To
obtain the trajectories of LAMP3/TGN38-positive vesicles, recorded
data were analyzed with Fiji software with a plugin, trackmate. The
trajectory data were then processed by Moment Scaling Spectrum
analysis (software is available at https://www.utsouthwestern.edu/
labs/jagaman/software/). According to their movement patterns,
the LAMP3/TGN39-positive puncta were classified as confined
movement, free diffusion, and directed diffusion. The displacement
and velocity of LAMP3-YFP/TGN38-YFP were tracked and analyzed
by the DoG detector and Simple LAP tracker in the Fiji software
plugin Trackmate. Estimated blob diameter was set at 0.8-1 um,
linking max distance at 2 um, gap-closing distance at 2 pm, and
gap-closing max frame gap at 0.

Analysis of mitochondrial morphology and dynamics

Cos? cells co-transfected with plasmids encoding Tom20-Neon,
dNSpastin3Q-mCherry-FKBP, and EMTB-CFP-FRB were imaged at 1-
min intervals and treated with 100 nM rapamycin during imaging.
In this study, we used a series of ImageJ tools for mitochondrial net-
work morphology analysis (Valente et al, 2017) to measure the
aspect ratio of mitochondria in live cells. Images were first pre-
processed to obtain sharper and higher contrast for better analysis
by applying “unsharp mask” filtering, “enhance local contrast
(CLAHE),” and median filtering in ImageJ. Mitochondrial length and
width were then estimated by the ImageJ plugin “Ridge Detection”
to obtain the aspect ratio of the mitochondria.

To analyze mitochondrial dynamics, transfected Cos7 cells were
imaged at 10-s intervals for 5 min before and 30 min after 100 nM
rapamycin treatment. The live-cell images were then analyzed with
the MATLAB GUI Mitometer app to automatically track and estimate
the speed of mitochondrial movement (Lefebvre et al, 2021).

Force measurements using atomic force microscopy
Force measurements were performed with the co-axis system for
confocal microscopy (FV3000, Olympus Corporation) and atomic

force microscopy (BioScope Resolve, Bruker Corporation) as
described (Kuo et al, 2021). Before measurements were made, the
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deflection sensitivity and spring constant of the atomic force micros-
copy probe (PFQNM-LC-A-CAL, Bruker Corporation) were adjusted
with the No-Touch calibration mode. Briefly, living COS7 cells with
microtubule disassembly and control COS7 cells were cultured in
DEME with 10% FBS and located by confocal microscopy. The rigid-
ity of the selected cell was measured with the Fast-Force Volume
mode at the indicated time point through atomic force microscopy.
Then, cell rigidity was calculated from force-distance curves that
were fit to the Sneddon model through NanoScope Analysis. Cell
rigidity at different time points was normalized to the original rigid-
ity of that cell. In the contractile stress fiber inhibition experiment,
transfected cells were pretreated with Blebbistatin (10 pM; Sigma
Aldrich) for 2 h before AFM measurement.

Cell synchronization

In the experiments of Fig 2C and E, Appendix Fig S9C and E, plas-
mid DNA transfection was carried out 20-24 h prior to cell cycle
synchronization. For synchronization, HeLa cells were treated with
2 mM thymidine (Sigma) for 16-18 h to induce arrest at G1/S phase
and then were treated with 2.5 ng/ml RO3306 (Sigma) for 12 h to
induce arrest at G2/M phase. After being washed with warm
DMEM, cells were incubated with DMEM and 10% FBS at 37°C, 5%
CO, for 30-60 min to enrich the population of metaphase and telo-
phase cells.

Statistical analysis

We first determined whether variances were equal or not with the
F-test and then used the unpaired two-tailed Student’s t-test to cal-
culate P-values via PRISM 6 software. A P-value of < 0.05 indicated
a significant difference, and P < 0.01 indicated a highly significant
difference.

Data availability
This study does not contain data amendable to external repositories.
Expanded View for this article is available online.
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