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Human fidgetin is a microtubule severing
enzyme and minus-end depolymerase that
regulates mitosis
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Fidgetin is a member of the AAA protein superfamily with important roles in mammalian development. Here we show
that human Fidgetin is a potent microtubule severing and depolymerizing enzyme used to regulate mitotic spindle
architecture, dynamics and anaphase A. In vitro, recombinant human Fidgetin severs taxol-stabilized microtubules
along their length and promotes depolymerization, primarily from their minus-ends. In cells, human Fidgetin targets
to centrosomes, and its depletion with siRNA significantly reduces the velocity of poleward tubulin flux and anaphase
A chromatid-to-pole motion. In addition, the loss of Fidgetin induces a microtubule-dependent enlargement of mitotic
centrosomes and an increase in the number and length of astral microtubules. Based on these data, we propose that
human Fidgetin actively suppresses microtubule growth from and attachment to centrosomes.

Introduction

The ATPases associated with diverse cellular activities (AAA)
protein superfamily consists of a broad spectrum of molecular
chaperones that facilitate, among other things, proteolysis, mem-
brane fusion, organelle biogenesis and regulation of the cyto-
skeleton.! Fidgetin (FIGN) is one of the more intriguing and
mysterious members of the AAA protein superfamily,” which has
been linked to various aspects of mammalian embryonic devel-
opment.> Mice carrying mutations in the FIGN gene develop
numerous defects of the ears, eyes and skeleton with an increased
likelihood of forming cleft palates.*> The human FIGN gene also
lies in a chromosomal region implicated in similar developmen-
tal disorders.? Unfortunately, FIGN’s underlying role in these
defects remains unclear, as its biochemical activity and cellular
functions have not yet been determined in mammals.

Although little information is available regarding the function
of mammalian FIGN, studies of FIGN orthologs in invertebrates
have revealed important roles in mitosis. It was recently found
that Drosophila melanogaster FIGN localizes to mitotic centro-
somes and regulates spindle microtubule (MT) flux (“Flux”).®
Flux involves the persistent depolymerization of spindle pole
associated MT minus-ends and provides a driving force for ana-
phase A chromatid-to-pole motion.” Shortly thereafter, C. elegans
FIGN was shown to control progression through mitosis in the
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germline and early embryo.® Notably, fruit flies and worms each
contain a single FIGN ortholog, while mammals have three:
canonical FIGN and the closely related FIGN-like 1 and 2.°

While not directly demonstrated, there is evidence to sug-
gest that FIGN functions as a microtubule-severing enzyme.°
Phylogenetic analysis groups FIGN and the FIGN-like proteins
in the “meiotic” or subfamily 7 of AAA proteins.? This subfamily
also includes Katanin and Spastin, which are known to utilize
the energy from ATP hydrolysis to generate cuts along the MT
lattice in vitro.'*"! Overexpression of Drosophila Fidgetin in tis-
sue culture cells results in the destruction of the MT cytoskel-
eton.® Moreover, C. elegans Fidgetin has been shown to be an
ATPase that binds to MTs in vitro.® However, both mouse and
human FIGN contain unusual amino acid substitutions within
their conserved Walker A and Walker B motifs, which mediate
ATP binding and hydrolysis.>® Thus, it has been proposed that
mammalian FIGN may have lost the ability to hydrolyze ATP
and therefore is catalytically and functionally different from its
invertebrate orthologs.

This study examines the in vitro activity and mitotic functions
of human FIGN. We show that, in vitro, human FIGN has the
capacity to sever MTs along their length and depolymerize their
ends. Interestingly, FIGN-mediated end depolymerization is sev-
eral fold faster at the minus-ends than at the plus-end. In cells,
human FIGN targets to mitotic centrosomes and stimulates Flux
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Figure 1. Human FIGN severs and depolymerizes MTs in vitro. Coomassie-stained SDS PAGE gel showing the purity of the baculovirus-expressed
human FIGN protein used for our in vitro assays. The FIGN band is indicated by an arrow. (B) Time series of TIRF images of rhodamine-labeled, taxol
stabilized MTs adhered to coverslips and incubated with ATP (no FIGN), ATP and recombinant human FIGN, AMPPNP and human FIGN and Apyrase
and human FIGN. Time (seconds) is indicated at the top of each column. Scale bar = 10 um. (C) Quantification of the frequency of MT-severing events
observed in the conditions described in partin (B). n = 20 MTs in each condition. “Control,” ATP only. (D) Kymographs of a rhodamine-labeled MT (bot-
tom) incubated with the plus-end directed motor, GFP-kinesin (top) and FIGN. GFP-kinesin always moved away from the MT end that was primarily
depolymerized by FIGN. Thus, FIGN selectively depolymerizes MT minus-ends. Horizontal scale bar = 5 wm. (E) Quantification of (D), n = 89 MT plus

ends and 132 MT minus ends.

and anaphase A. Finally, our data identify novel roles for human
FIGN in the maintenance of centrosome morphology and nor-
mal astral MT array. Based on these data, we propose that human
FIGN actively suppresses MT attachment to centrosomes.

Results

FIGN severs and depolymerizes MTs in vitro. The ability of
FIGN to sever MTs had not been demonstrated experimen-
tally. To test this directly, we examined the activity of purified,
baculovirus-expressed human FIGN (Fig. 1A) in a standard in
vitro MT-severing assay. When incubated with taxol-stabilized
rhodamine-labeled MTs, recombinant FIGN promoted the
breakage of MTs in an ATP-dependent manner (Fig. 1B and C;
Movies S1 and S2). Severing was not observed when MTs
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were incubated with a FIGN construct carrying a point muta-
tion (K523A) in its Walker A motif, which is required for ATP
binding,® further supporting the hypothesis that Fidgetin-
mediated MT severing reaction requires ATP hydrolysis (Fig. S1
and Movie S3). In this regard, FIGN is similar to the known
MT-severing enzymes, Katanin and Spastin.'®"

FIGN also displayed a pronounced ability to depolymerize
MT ends. End depolymerization generally preceded initial sev-
ering events and was always more prominent at one end relative
to the other. To determine whether FIGN selectively depoly-
merized MT plus- or minus-ends, taxol-stabilized, rhodamine-
labeled MTs were incubated with both FIGN and GFP-kinesin,
which moves toward MT plus-ends. These analyses clearly
demonstrated a minus-end preference for FIGN-mediated MT
depolymerization (Fig. 1D). The average rate of FIGN-induced
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minus-end depolymerization was measured A s
to be 1.629 = 0.1061 nm/sec, while plus-end g
depolymerization occurred at an average rate 150 -
of 0.4640 = 0.04051 (Fig. 1E; p < 0.0001 as | 400.
determined by an unpaired Student t-test). 75
We have found that the Drosophila Katanin ~ Fidgetin
ortholog, Kat-60, is also a potent MT end 50 -
depolymerase in vitro,"* but Kat-60 prefer-
entially depolymerizes MT plus- not minus- 37§
ends. The basis for this difference is currently
under investigation. -z

FIGN localizes to mitotic centrosomes.
As a first step towards understanding the cel- | B
lular functions of human FIGN, we probed RS
its localization in cultured U20S cells using ,\q.\*v' &
a polyclonal peptide antibody generated Q\(,‘\a ooo“o

against human FIGN. After affinity purifi-
cation, our anti-FIGN antibody recognized a
single band on western blots of human U20S
cell lysates (Fig. 2A), which was substantially
reduced by 72 h of FIGN siRNA treatment
(Fig. 2B). Immunostaining revealed that
FIGN localizes to centrosomes throughout
mitosis and to the spindle midzone during
telophase (Fig. 2C). FIGN’s centrosomal
localization persisted into interphase. Some
nuclear staining was also observed in inter-
phase cells, consistent with the results of an
earlier study examining the localization of a GFP-tagged FIGN
fusion protein in mouse NIH 3T3 cells.’

We previously reported that the FIGN ortholog in Drosophila
also associates with mitotic centrosomes.® Thus, this aspect of
the protein’s localization is highly conserved through evolution.
However, Drosophila FIGN also associates with mitotic chro-
mosomes through metaphase, a staining pattern that was not
observed in our analyses of human FIGN.

FIGN stimulates poleward tubulin flux and anaphase A. The
capacity of human FIGN to depolymerize MT minus-end and its
association with mitotic centrosomes raised the possibility that it
impacts spindle dynamics by promoting Flux, a known activity
of its counterpart in Drosophila.® Flux occurs from prometaphase
through anaphase A and is believed to provide a driving force for
chromatid-to-pole motility.” To visualize Flux in human cells, we
generated a U20S cell line stably expressing photoactivatable-
GFP-o-tubulin  (PA-GFP-tubulin) and transiently expressing
mRFP-CENPB to allow simultaneous visualization of kineto-
chores. The rate of Flux was determined by tracking the pole-
ward movement of the peak fluorescence of photo-activated bars
within each half spindle (Fig. 3A and B). For technical reasons,
our analyses were focused specifically on metaphase spindles.
Consistent with the hypothesis that human FIGN actively pro-
motes Flux, we found that its depletion resulted in a significant
(~33%) decrease in the Flux rate compared with controls: Flux
rates decreased from 0.9 + 0.09 pm/min in controls to 0.6 =
0.06 wm/min in FIGN siRNA-treated cells (Fig. 3C; p < 0.005

as determined by an unpaired Student t-test).
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Figure 2. Human FIGN localizes to mitotic centrosomes. (A) Western blot of U20S cell lysate
probed with our anti-human FIGN peptide antibody. (B) Western blot showing that the protein
band recognized by our FIGN antibody is depleted by 72 h of FIGN siRNA treatment. Staining
for tubulin (bottom) was used as a loading control. (C) Immunofluorescence micrograph of a
human U20S cell double labeled for FIGN and a-tubulin (top and bottom) or y-tubulin (middle).
The top and middle parts show staining in metaphase cells, while the bottom part shows a cell
in telophase. Scale bar =5 pm.

Unfortunately, we were unable to directly determine the
influence of FIGN on Flux in anaphase spindles. However, we
reasoned that since Flux is a component of anaphase A chroma-
tid-to-pole motion, its suppression should manifest in a com-
mensurate reduction in the rate of anaphase A. We therefore
generated U20S cells co-expressing GFP-y-tubulin and GFP-
CENPB to label centrosomes and kinetochores, respectively
and determined anaphase A rates by measuring the distance
between individual kinetochores and their associated centro-
somes over time (Fig. 3D). As expected, we observed a significant
(~32%) attenuation of anaphase A in FIGN siRNA-treated cells
(Movie S4 and S5). The average rate of anaphase A measured
in control cells was 0.44 + 0.03 wm/min, which was reduced
to 0.3 + 0.02 pwm/min (Fig. 3E; p < 0.0001 as determined by
an unpaired Student ttest). Although the percentage decrease
in the rates of metaphase Flux and anaphase A resulting from
FIGN knockdown are strikingly similar, the real magnitude of
this reduction is somewhat different. The rate of Flux has been
reported to decrease at the metaphase-to-anaphase transition in
some cell types,” which could account for this difference. A sec-
ond more interesting, but less likely, possibility is that a reduc-
tion in the rate of Flux in some way stimulates an increase in the
active depolymerization of kinetochore-associated MT plus-ends
known as “Pacman.” To our knowledge, such a scenario would
be unprecedented.

Taken together with the results of our earlier analyses of
Drosophila FIGN, these findings indicate a highly conserved
role for FIGN in the stimulation of Flux and anaphase A. It
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Figure 3. Depletion of FIGN attenuates Flux and anaphase A. (A) Top parts show a metaphase spindle from a U20S cell expressing mRFP-CENPB and
PAGFP-a-tubulin before (left) and after (right) photoactivation. The bottom parts show the poleward movement of the PAGFP-a-tubulin at 20 sec
intervals after photoactivation. (B) Representative profile plot showing fluorescence intensities of the PAGFP-a-tubulin bars at different time points
after photoactivation. Rates of poleward flux were quantified using data such as these. (C) Graph showing the distribution of metaphase flux rates
measured in control and FIGN siRNA cells. Each data point represents the average flux rate measured in a single cell. (D) Time-lapse images from a
control and FIGN siRNA-treated U20S cells coexpressing GFP-y-tubulin (indicated by yellow arrow) and GFP-CENPB (indicated by green arrow) during
anaphase. Scale bar in the images is 5 M. (E) Graph displaying the distribution of anaphase A rates measured in control and FIGN siRNA cells. Each
data point represents the anaphase A rate measured for a single kinetochore. The movement of 4-7 kinetochores was measured in 10 control and

FIGN siRNA-treated cells.

has been proposed that the severing of centrosome-associated
MTs from their nucleating y-tubulin ring complexes promotes
Flux and, in turn, anaphase A, by creating free MT minus-ends
that are incorporated into the spindle pole where they serve as
a substrate for kinesin-13-catalyzed depolymerization.® Indeed,
kinesin-13s have been shown to stimulate Flux and anaphase A
in both Drosophila and human cells.> However, the results of
our in vitro assays also raise the possibility that FIGN itself can
depolymerize some MT minus-ends near the centrosome, as it
is a potent MT minus-end depolymerase. Future studies exam-
ining the functional inter-relationships that exist among FIGN
and the kinesin-13s should prove illuminating in this regard. Of
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course, based on these data alone, it is impossible to rule out the
possibility that the depletion of FIGN reduces Flux by generally
suppressing the dynamic behaviors of spindle MTs.

FIGN regulates the morphology, organization and dynamics
of mitotic centrosomes. During the course of our immunofluo-
rescence analyses, we noticed that the depletion of FIGN resulted
in pronounced alterations in the morphology of mitotic centro-
somes. Most notably, we found that mitotic cells depleted of FIGN
displayed a significant, 1.5-fold, increase in centrosome size as
determined by immunostaining for y-tubulin [Fig. 4A and B(i);
p < 0.001 as determined by an unpaired Student t-test]. The most
obvious explanation for this is an increase in the recruitment of
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Figure 4. Depletion of human FIGN results in enlarged centrosomes that display reduced rate of a-tubulin turnover. (A) Confocal images of y-tubulin
stained centrosomes from control and FIGN siRNA spindles. (B) Graphs quantifying the effect of FIGN knockdown on centrosome morphology: (i) FIGN
depletion significantly increases the average area of centrosome-associated y-tubulin immunofluorecece. (ii) FIGN depletion decreases the average
intensity of centrosome-associated y-tubulin immunofluorescence. (iii) The average total amount of centrosomal y-tubulin immunofluorescence is
statistically indistinguishable in control and FIGN siRNA-treated cells. The number of cells analyzed is indicated in the bars shown in (i). (C) Time-lapse
images showing fluorescence recovery after photobleaching of a mitotic centrosome from a metaphase U20S cell expressing GFP-a-tubulin. Numbers
denote time in seconds after the bleaching event. (D) Representative plots comparing GFP-a-tubulin fluorescence recovery at the photobleached cen-
trosome of a metaphase spindle from a control and FIGN siRNA-treated cell. (E) The turnover of centrosomal a-tubulin is significantly slower in FIGN-

depleted cells (t, = 16 s) in comparison with the controls (t._ = 11 s). The respective number of centrosomes analyzed in each condition is indicated in

1/2 1/2

the graph bars.

y-tubulin and perhaps other components of the pericentriolar
material, to mitotic centrosomes. However, somewhat to our sur-
prise, we found that the increase in centrosome size caused by
FIGN siRNA was accompanied by a ~50% decrease in the inten-
sity of centrosome-associated y-tubulin [Fig. 4B(ii); p < 0.0001
as determined by an unpaired Student ttest]. Owing to this
decrease, the total amount of y-tubulin per centrosome was
found to be statistically indistinguishable between control and
FIGN siRNA-treated cells [Fig. 4B(iii)].

One explanation for these data are that a decrease in the activ-
ity of FIGN induces a stretching of the PCM. It is possible that a
reduction in the ability of centrosomes to release MTs alters the
MT-generated forces to which the organelle is exposed. If so, then
the observed changes in centrosome morphology should be entirely
dependent upon the presence of MTs. To test this, the above
analyses of centrosome morphology were repeated in cells treated
with nocodazole to depolymerize MTs. Under these conditions,
FIGN siRNA had no impact on centrosome size or the intensity of
centrosome-associated y-tubulin (Fig. S2A and B). Thus, FIGN
impacts centrosome size and organization through MTs.

www.landesbioscience.com
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It is presently impossible to directly test the hypothesis that
FIGN actively severs and releases MTs from the centrosomes of
intact mitotic spindles—the density of spindle M Ts is simply too
high for such events to be directly visualized. However, if FIGN
were to carry out such a function, then a reasonable expectation
is that its depletion would attenuate the turnover of tubulin from
centrosomes. This rate can be directly determined in U20S cells
expressing GFP-a-tubulin using fluorescence recovery after pho-
tobleaching (FRAP) (Fig. 4C). FRAP analyses performed on
these cells revealed that the turnover of a-tubulin at centrosomes
was significantly slower in FIGN-depleted cells (t,, = 16 sec)
as compared with the controls (t,, = 11 sec) (Fig. 4D and E;
p = 0.007 as determined by an unpaired Student t-test). In
both cases, a-tubulin recovered to ~68% of pre-bleached levels
(Fig. 4D). FIGN’s ability to regulate a-tubulin turnover at cen-
trosomes is consistent with our hypothesis that it is required to
release M Ts from the centrosomes which we believe is central to
its role in the stimulation of Flux and anaphase A.

FIGN regulates astral MTs in metaphase spindles. Finally,
we examined whether the depletion of FIGN altered other
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cant ~1.7-fold increase in the aver-
age number of GFP-EB3 comets
within the astral regions of meta-
phase spindles after FIGN siRNA
(Fig. 5E; p <0.05 as determined by
an unpaired Student ttest). The
depletion of FIGN also increased the
probability at which GFP-EB3 comet
initiated within and
escaped from the immediate vicinity
of the centrosome (Fig. S3).

trajectories

Discussion

In light of our findings, we propose
that FIGN normally suppresses the
growth of astral MTs in the same
way that it promotes flux, by sever-

ing and/or depolymerizing a subset

metaphase spindles.

Figure 5. FIGN siRNA increases astral MTs density in metaphase spindles. (A) Confocal images show-
ing representative metaphase spindles from control and FIGN siRNA-treated cells immunostained for
tubulin. The control spindle has been subdivided into 12 equal segments (red) using MatLab and the
astral region of the FIGN siRNA spindle has been is outlined in the white polygon. Scale bar =5 pum.

(B) Region by region comparison of the average tubulin immunofluorescence intensity measured along
the lengths of metaphase spindles from control and FIGN siRNA-treated cells. Division of the spindles
for these analyses is shown in (A). Twelve control and 12 FIGN siRNA spindles were analyzed. (C) Graph
showing the average intensity of a-tubulin immunofluorescence within the astral regions (see A) of 12
control and 12 FIGN siRNA-treated metaphase spindles. (D) Still images of a living metaphase U20S cell
expressing EB3-GFP. The behaviors of EB3-GFP comets contained within the astral region were tracked
(red circles in the bottom part) over time. Scale bar = 5 pm. (E) Graph showing the distribution of the av-
erage number of astral EB3-GFP comets/second tracked within eight control and eight -N siRNA treated

of MTs shortly after their nucleation
at centrosomes. The different out-
come for the MT is determined by
the local environment into which it
is released. Within the central spin-
dle, the severed MT can be quickly
stabilized by motor and non-motor
MT cross-linkers, which allow its
incorporation into the spindle pole.
In contrast, the reduced concentra-
tion or absence of these factors in the

region of astral regions allows newly

aspects of spindle morphology. We observed no significant
change in spindle length (data not shown) or in the density or
distribution of MTs within the central spindle, as indicated by
quantitative analysis of a-tubulin immunofluorescence (Fig. 5A
and B). However, we consistently observed an increase in the
array of centrosomal M Ts oriented away from the central spindle
known as astral MTs. Comparison of anti-a-tubulin immu-
nofluorescence within the astral regions of metaphase spindles
revealed an average ~1.5-fold increase following FIGN siRNA
(Fig. 5C; p < 0.005 as determined by an unpaired Student t-test).
Interactions between astral MTs and the cell cortex are believed
to be important for determining the position of the spindle and

the site of cell cleavage.'®"
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severed M Ts to rapidly depolymerize.

In conclusion, the results of this

study provide the first demonstration that human FIGN is a
MT-severing enzyme and depolymerase that regulates multiple
aspects of mitosis probably through its conserved localization
to centrosomes. In many regards, it is functionally similar to its
ortholog in Drosophila, as both proteins stimulate Flux and con-
tribute to anaphase A.° However, human FIGN also contributes
to mitosis in ways not apparent in Drosophila, such as its regula-
tion of astral MT arrays. Defects in any of these events could
induce the formation of aneuploid and/or polyploid cells,”*
which has been proposed to be an initial step in tumorigenesis.
Moreover, defects in spindle positioning and cytokinesis result-
ing from aberrations in the organization astral MTs may provide
a cell-level mechanism to explaining the developmental defects

Volume 11 Issue 12



observed in FIGN mutant mice. In both regards, it will be
important to examine potential links between FIGN and human
diseases. Finally, although not addressed in this study, FIGN may
also function outside of mitosis. For example, severing of MTs
from centrosomes has been proposed as an important compo-
nent of efficient cell migration and neuronal development.?"**
We hope that the results presented here provide a starting point

for examining FIGN’s roles in these and other cellular processes.
Materials and Methods

Expression and purification of recombinant human FIGN
and in vitro MT severing assay. Full-length human FIGN
(NP_060556.2) was cloned into pFastBac HTA (Invitrogen) vec-
tor and expressed using the Bac-to-Bac Baculovirus Expression
System. For purification of the 6xHis-tagged-FIGN, infected
cells were lysed in resuspension buffer (50 mM Tris, pH 6.8,
250 mM NaCl, 5 Mm MgCl,, 50 pM ATP, 1 mM PMSE,
7 mM b-mercaptoethanol, 15 U aprotinin, 10% sucrose) using
EmulsiFlex homogenizer (Avestin). Lysates were centrifuged for
45 min at 45,000 rpm, and the supernatant was passed through
1 ml nickel resin (Qiagen) at 4°C. 6xHis-tagged human FIGN
protein was eluted with 500 mM imidazole in resuspension buf-
fer without PMSF and further purified in a size exclusion FPLC
column (HiPrep 16/60 Sephacryl S-200 column, Amersham)
equilibrated beforehand with severing buffer I (20 mM HEPES,
pH 7.0, 300 mM NaCl, 3 mM MgCl,, 10% sucrose, 50 pM
ATP, 5 mM DTT).

Rhodamine-labeled, taxol-stabilized non-polarity or polar-
ity-marked MTs were prepared according to an online protocol
(Mitchison Lab protocols) and immobilized on the glass surface
in a flow chamber with a G234A mutant of human kinesin.
The assay was performed in severing buffer IT (20 mM HEPES,
pH 7.0, 100 mM NaCl, 3 mM MgCl,, 10% sucrose, 2 mM
ATP, 10 mM DTT, 7.5 mg/ml BSA) at room temperature. An
anti-bleaching system containing 2.5 mM protocatechuic acid
(PCA), 10 nM protocatechuate-3, 4-dioxygenase (PCD) and
1 mM Trolox (an water soluble vitamine E analog) was used
to minimize photodamage (Aitken et al. 2008). FIGN protein
was introduced into the flow chamber, and time-lapse images of
the fluorescent MTs were captured every 20 sec using a TIRF
microscope with a 63x, 1.4NA objective. Control assays were per-
formed either without FIGN and with Walker A mutant FIGN in
presence of ATP or incubating the wild-type FIGN with 2 mM
AMP-PNP or 5 unit/ml apyrase instead of ATP. Digital images
were analyzed using Image] software. MT-severing frequencies
were calculated by counting the number of breakages per unit
length of MTs in unit time.

Antibody production. Our human FIGN antibody was gen-
erated in rabbit against a specific peptide sequence (GKY TSP
VMS EHG DEH RQL LS) (Proteintech). Antibodies were affin-
ity purified using a mixture of Affigel 10 and 15 resin coupled to
this peptide.

Immunofluorescence microscopy. Cells growing on cover-
slips were fixed in 100% methanol at -20°C for 2 h and immu-
nostained with various antibodies following standard procedures.

www.landesbioscience.com
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FIGN antibody was applied at 6 pg/ml final concentra-
tion in blocking buffer (5% normal goat serum in PBS with
0.1% TritonX-100). Other primary antibodies used were anti-
a-tubulin (clone DM1A, Sigma-Aldrich, T9026), anti-y-tubulin
(clone GTU8S, Sigma-Aldrich, T6557) and rabbit polyclonal
anti-a-tubulin (Abcam). Secondary antibodies conjugated with
the fluorophores Cy2 or rhodamine (Jackson ImmunoResearch
Laboratories) were used at a final concentration of 7.5 wg/ml.
Cells were imaged using Ultraview spinning-disk confocal micro-
scope (PerkinElmer) with a 100x, 1.4 NA objective attached to
a digital camera (Orca ER; Hamamatsu). Confocal images are
displayed as the maximum intensity projections of all captured
z planes. To measure the density of centrosomal y-tubulin, an
area was drawn around the centrosome, and the average fluo-
rescence intensity within this area was measured using Image].
Background fluorescence was subtracted. Both control and
FIGN-depleted cells were imaged and measured in the exact
same way. To disassemble MTs, cells were treated with 0.2 pug/ml
nocodazole for 16 h before fixation.

Human cell culture and siRNA treatment. U20S cells were
obtained from ATCC and cultured at 37°C in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal-bovine serum, 1%
Glutamax, penicillin/streptomycin in presence of 5% CO,. U20S
cells, expressing GFP-a tubulin or photoactivatable-GFP-a-
tubulin (gift from D.A. Compton) were maintained under selec-
tion pressure using G418 antibiotic in the above-mentioned media.

To knockdown human FIGN, double-stranded siRNA oli-
gonucleotides (Dharmacon, ON-TARGETplus set of four) were
transfected with Lipofectamine 2000 (Invitrogen) following
standard protocol.

Live cell imaging and anaphase A rate measurement. After 72
h of siRNA treatment, U20S cells co-expressing GFP-y-tubulin
and GFP-CENPB (a gift from L.M. Wordeman) were imaged
using a 4D spinning-disk confocal microscope (PerkinElmer)
with a 100x, 1.4 NA objective and a digital camera (Orca ER;
Hamamatsu) including an environmental chamber. Images were
captured at 20 sec intervals as a stack of 10-15 Z optical planes
(1 wm thick) encompassing the whole spindle. Maximum inten-
sity projections of the Z planes were used for the measurement of
anaphase A. Anaphase A rates were calculated by measuring the
change in distance between the kinetochore and the associated
centrosome over time using Image].

Measurement of flux motility rate. Both control and FIGN
siRNA-treated U20S cells expressing photo-activatable GFP-
a-tubulin were transfected with RFP-CENPB and imaged 24 h
post-transfection using Zeiss Live Duoscan System (AIM 4.2,
Zeiss) mounted on Nikon inverted microscope with a 63x, 1.4
NA objective equipped with a heated stage and a dual 512 pixel
linear CCD camera. A narrow bar was photo-activated using 405
lasers just above the kinetochores in each half spindle and time-
lapse images were captured at 5 sec intervals for a single Z plane.
Fluorescence intensity profiles of the activated tubulin bars were
plotted for every time point by using Image], and the distances
between the positions of two peak intensities were calculated.
Flux rates were determined by measuring the change in distance
between the two activated tubulin bars over time.
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Fluorescence recovery after photobleaching. To measure
a-tubulin turnover, photobleaching was performed on mitotic
centrosomes in control and FIGN-depleted U20S cells stably
expressing GFP-a-tubulin, using Zeiss Live Duoscan System
(AIM 4.2, Zeiss) with a 63x, 1.4NA objective. Upon photo-
bleaching with 488 nm laser, time-lapse images were captured
at 2.5 sec intervals in a single z-plane. Pre-bleached and post-
bleached fluorescence intensities were measured at the bleached
region for each time point using Image] software, and the recov-
ery curves were plotted using GraphPad Prism5 software. The
1, = In(2)/k] was calculated
for each photo-bleached region using nonlinear curve fit equation

half-time of fluorescence recovery [t

[one phase exponential association: y(t) = A (1 - e*)], where y is
the measured fluorescence within the region-of-interest at time
point t, A is the end point of fluorescence recovery and k is the
rate constant. Fluorescence intensities of the whole cells were also
measured for each corresponding time point for adjusting the
post-bleach fluorescence loss due to imaging.

Measurement of spindle morphology. Control and FIGN-
depleted cells were fixed using 100% methanol at -20°C and
immunostained for tubulin (DM1A, Sigma). Metaphase spin-
dles were imaged using a 4D spinning disk confocal micro-
scope (PerkinElmer) with a 100x, 1.4NA objective. The average
MT density of the central spindle and the astral regions was
measured using Image]. An area closely associated with the

centrosom was drawn and astral MT density was determined
by measuring the average fluorescence intensity per unit area. A
Matlab program was used to dissect the central spindle into 12
equal segments and the average fluorescence intensity of each
segment was measured for a region-by-region comparison of
MT density.

Control and FIGN-depleted U20S cells were transfected with
EB3-GFP constructs to label growing M T tips and imaged 20 h
post-transfection using 4D spinning disk confocal microscope
with a 100x 1.4NA objective at 37°C. Astral MTs were analyzed
using an inhouse automated tracking method. Total number of
astral comets was counted for a period of time, and number of
astrals per unit time was determined.
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