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The microtubule catastrophe promoter Sentin delays
stable kinetochore-microtubule attachment in oocytes
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The critical step in meiosis is to attach homologous chromosomes to the opposite poles. In mouse oocytes, stable micro-
tubule end-on attachments to kinetochores are not established until hours after spindle assembly, and phosphorylation
of kinetochore proteins by Aurora B/C is responsible for the delay. Here we demonstrated that microtubule ends are
actively prevented from stable attachment to kinetochores until well after spindle formation in Drosophila melanogaster
oocytes. We identified the microtubule catastrophe-promoting complex Sentin-EB1 as a major factor responsible for this
delay. Without this activity, microtubule ends precociously form robust attachments to kinetochores in oocytes, leading
to a high proportion of homologous kinetochores stably attached to the same pole. Therefore, regulation of microtubule
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ends provides an alternative novel mechanism to delay stable kinetochore-microtubule attachment in oocytes.

Introduction

Meiosis is a special cell division that differs from mitosis
in many aspects. The key event is to establish stable bipolar
attachment of homologous chromosomes. For more than a
decade, it has been known in mouse oocytes that stable at-
tachments of microtubule ends to kinetochores are not estab-
lished for hours after nuclear envelope breakdown (Brunet
et al., 1999). This delay is likely to help prevent incorrect
attachment before the formation of a bipolar spindle, which
requires several hours because of the lack of centrosomes.
This process was studied at a higher resolution, revealing that
each kinetochore undergoes multiple biorientation attempts
before stable bipolar attachment (Kitajima et al., 2011). It
was shown that a slow increase of Cdkl activity in oocytes
delays kinetochore—microtubule attachments (Davydenko
et al., 2013). Most recently, it was shown that phosphoryla-
tion of kinetochore proteins by Aurora B/C is responsible for
this delay, and gradual increase of the Cdkl activity induces
PP2A-B56 recruitment to kinetochores to stabilize the attach-
ments (Yoshida et al., 2015). Therefore, phosphoregulation of
kinetochore proteins is a key mechanism to delay stable at-
tachment in mouse oocytes.

Fine-tuning of kinetochore—microtubule attachment re-
quires precise control of microtubule plus end dynamics and
regulation of kinetochore proteins. In recent years, great ad-
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vances have been made in understanding how the kinetochore
complex is assembled and interacts with dynamic microtubule
ends (Cheeseman, 2014). In contrast, less attention has been
paid to regulation of microtubule ends. One of the critical reg-
ulators of microtubule plus ends is the conserved protein EB1,
which can track growing microtubule plus ends and recruits
many microtubule regulators to plus ends.

Sentin (also known as Ssp2; Goshima et al., 2007) was
shown to be a major EB1 effector in a Drosophila melanogaster
S2 cell line (Li et al., 2011). Sentin is recruited to microtu-
bule plus ends by EB1, and its depletion increases microtubule
pausing in cultured cells (Li et al., 2011). Sentin also enhances
the association of the microtubule polymerase Mini spindles
(Msps), the XMAP215 orthologue, to the microtubule plus
ends. These properties are shared with mammalian SLAIN2
(van der Vaart et al., 2011), a potential functional homologue
of Sentin. In vitro reconstitution from pure proteins demon-
strated that Sentin, together with EB1, increases the microtu-
bule growth rate and catastrophe frequency (Li et al., 2012).
Additionally, in combination with Msps, the Sentin—-EB1 com-
plex synergistically increases microtubule growth rates and also
promotes rescue. The importance of Sentin in microtubule reg-
ulation was shown in S2 cells and in vitro, but Sentin has not
previously been studied in a whole organism.

In this study, we examined the role of Sentin in Drosoph-
ila oocytes. Little is known in Drosophila oocytes about how
or when kinetochores interact with microtubule plus ends to

© 2015 Gluszek et al. This artficle is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

1113

o
o
2
3
[=}
D
o
[]
o
=
o
3
=
g
=
5
c
k]
(v}
(23
@
<]
Q
=
[«]
o
g
O
=
S
]
T
el
o
=
N
N
ey
3>
=3
=
=
oy
w
@
=
o
©
N
N
o
2
=
Q
ID'
N
o
2
o
o
2
o
o
2
°
Q
=3
o
2
«Q
c
[]
[}
@
o
3
o
o
o
[
o
(3
3
o
[0}
4
N
o
N
o


http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:

1114

arrest anaphase Il
prophase | prometaphase | metaphase | anaphase | é
@> @ W » %‘j’ >}ég"’ B ﬁ > | > ;%g, > g B
DNA microtubules Y »:4'
stage 12 stage 13 stage 14 ~—v v
oogenesis stage ?evr%l]?;;%rgn activated oocytes

C

B tubulin DNA Msps
control

DNA

100 A

% _’_

control sentin

bipolar spindle

1009 ——
%

sentin

0
control sentin

Msps at spindle poles DTACC at spindle poles

100

% ke

0
control sentin
spindle length
20

pm |

101

0 =
control sentin

Figure 1. Sentin is required to separate homologous
centromeres in oocytes. (A) Meiotic progression in
Drosophila oocytes. The arrowhead indicates a chro-
mosome protrusion. (B) Immunostaining of mature
oocytes. (C) Frequency of Msps and D-TACC concen-
trated at the spindle poles, and bipolar spindles in
wild-type (control) and sentin mature oocytes (n = 13,
36, 24, 58, 95, and 66). The error bars of the spin-
dle length indicate the SEM (n = 94 and 120). Other
error bars indicate the 95% confidence intervals.
** P<0.01; ***, P <0.001, significant differences
between wild type and sentin. (D) FISH in oocytes
using a dodeca-satellite probe specific to centromere
3. The arrowheads indicate centromere 3 signals.
(E) The distances between homologous centromeres
from FISH probed by dodeca satellite (cen 3) and
AACAC satellite repeat (cen 2). **, P < 0.01; ***, P
< 0.001, significant differences from the medians of
wild-type control. Bars, 10 pm.
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achieve bipolar attachment, except the involvement of kineto-
chore proteins and the chromosomal passenger complex (Res-
nick et al., 2009; Radford et al., 2015). sentin mutants are viable
with minimal mitotic defects, but they are female sterile. In
oocytes lacking Sentin, kinetochores and microtubules preco-
ciously form robust interactions, leading to frequent attachment
of both homologs to the same pole during meiosis I. Therefore,
the catastrophe-promoting protein Sentin is responsible for de-
laying kinetochore—microtubule attachment until spindle bipo-
larity is fully established in oocytes.

Results and discussion

sentin mutants are viable and show minimal
mitotic defects but are female sterile

To define the role of Sentin in developing flies, we gener-
ated four partial deletion mutants of sentin by remobilizing
a P element inserted in the 5 end of the sentin gene (Fig. S1
A). All alleles were viable but female sterile, showing sim-
ilar defects in mature oocytes (Fig. S1 C), and we focused
our analysis on two alleles (AB and A79). Western blots con-
firmed that full-length Sentin protein was undetectable in both
alleles (Fig. S1 B), and the phenotypes were indistinguish-
able. Female sterility and the cytological phenotype of sentin
oocytes were rescued by transgenes expressing a full-length
sentin cDNA (see below). We did not observe significant de-
fects in somatic mitosis of larval central nervous systems or
in male meiosis (Fig. S1, D and E), suggesting predominantly
oocyte-specific roles of Sentin.

JCB » VOLUME 211 « NUMBER B » 2015

Sentin is crucial for separating homologous
centromeres apart in oocytes

To identify the role of Sentin in spindle formation in oocytes,
sentin-mutant oocytes were immunostained for o-tubulin and
the pole protein Msps or D-TACC. The spindles were bipo-
lar, with Msps and D-TACC accumulated at the poles in most
(>75%) mature oocytes that arrest in metaphase I (Fig. 1, B
and C). However, D-TACC accumulation was slightly reduced
(Fig. 1 C). The spindle was shorter but denser than wild-type
control (Fig. 1, B and C; and Fig. S2 A). Short spindles were
observed in Sentin-depleted cultured cells, which showed al-
tered microtubule plus-end dynamics (Goshima et al., 2007; Li
et al., 2011). Chromosomes, including the achiasmatic fourth
chromosomes, were more often clustered compactly at the
spindle equator, sometimes (18%) with protrusions (Fig. 1 B
and Fig. 2, C and D). In contrast, more stretched, individual-
ized chromosomes were observed in control oocytes (Fig. 1 B
and Fig. S2, C and D).

To determine the positions of homologous centromeres,
pericentromeric satellites specific to centromere 3 were visu-
alized by FISH. In control oocytes, two signals were located at
opposite ends of the chromosome mass, representing a pair of
homologous centromeres pulled toward the opposite poles but
connected by chromosome arms with chiasmata (Fig. 1 D). In
contrast, homologous centromeres were located closely together
(<1 um) in 45% of the sentin-mutant oocytes (Fig. 1 E). A probe
specific to centromere 2 also showed similar results (Fig. 1 E).
The defect was rescued by a transgene expressing a wild-type
sentin cDNA from the ubiquitin promoter (below), confirming
that Sentin is required for separating homologous centromeres.
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Figure 2. Monopolar attachment of homolo-
gous kinetochores in sentin oocytes. (A) Live
stage 13 oocytes expressing GFP-Mis12 and
Rcc1-mCherry. (B) Stage 14 oocytes express-
ing GFP-Mis12 and Rccl-mCherry. (C) The
frequency of asymmetric kinetochore distribu-
tions seen by GFP-Mis12 (n=26, 11, 31, and
29). (D) The frequencies of position change of
asymmetrically distributed kinetochores within
20 min, seen by GFP-Mis12 (n = 5, 10, O,
and 12). ND, not done because of no con-
trol stage 14 oocytes with asymmetrically dis-
tributed kinetochores observable for 20 min.
(E) Live mature oocytes expressing GFP-Rod
and Rec1-mCherry. Arrowheads point to ac-
cumulated Rod-GFP. kMT, kinetochore microtu-
bule; KC, kinetochore. (F) Diagrams of various
attachment modes with expected Rod-GFP
localization.  Only monopolar attachments
can explain the unseparated homologous cen-
tromeres observed in senfinr-mutant oocytes.
(G) The frequency of oocytes with at least one
kinetochore accumulating Rod-GFP (n = 25,
20,10, 12,18, and 21). *,P <0.05; **,P <
0.01; ***, P < 0.001, significant differences
from the control. Error bars indicate the 95%
confidence infervals. Bars, 10 pm.
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Taken together, Sentin is a microtubule plus-end regulator
crucial for separating homologous centromeres apart in oocytes
without an essential role in bipolar spindle formation.

Unseparated homologous centromeres

are stably attached to the same pole in
sentin oocytes

To establish the cause of unseparated homologous centromeres
in sentin mutants, chromosomes and kinetochores were first vi-
sualized in live oocytes using Rccl-mCherry (Colombié et al.,
2013) and GFP-Mis12 (Materials and methods), respectively.
Live imaging preserves dorsal appendages, which allow stag-
ing of oocytes (Fig. 1 A). In control oocytes, asymmetrically
distributed kinetochores were found at an earlier stage (stage
13; Fig. 2, A and C), but they were nearly eliminated by a late
stage (stage 14; Fig. 2, B and C). In most (>72%) sentin-mutant
oocytes, an unequal number of kinetochores was observed at
each end of the chromosome mass at both stages (Fig. 2, A-C),

late stage 13

stage 14

in agreement with the centromere FISH results and immunos-
taining results (Fig. S2 E).

To test whether these misoriented kinetochores were cor-
rected, we followed these oocytes for another 20 min. In all con-
trol oocytes, asymmetrically distributed kinetochores in stage 13
changed their positions (Fig. 2, A and D). In contrast, in most
(80%) mutant oocytes, asymmetrically distributed kinetochores
did not change their positions within the same time frame (Fig. 2,
A and D). Therefore, unlike control oocytes, mispositioned kine-
tochores are stably maintained in the sentin-mutant oocytes.

Next, to determine whether and how kinetochores were at-
tached to microtubules, the Rough deal (Rod) protein tagged with
GFP (Basto et al., 2004) was used. Rod is part of the RZZ complex,
which is continuously recruited to kinetochores and removed by
dynein-dependent transport along kinetochore microtubules (Ka-
ress, 2005). Therefore, kinetochore microtubules are highlighted
by Rod streams, and unattached kinetochores accumulate Rod as
foci. In the wild-type control, more than half (55%) of the early
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stage 13 oocytes had at least one kinetochore which accumulated
Rod-GFP (Fig. 2, E and G). At stage 14, no kinetochores accumu-
lated Rod-GFP, and Rod-GFP streams were symmetrically moving
toward both poles (Fig. 2 E and Video 1), indicating all homolo-
gous kinetochores have achieved bipolar attachments (Fig. 2 F, 1).

Unseparated homologous centromeres observed in sen-
tin-mutant oocytes can be caused by three possibilities, which
can be distinguished by the Rod-GFP pattern. Homologous ki-
netochores either fail to attach microtubules (Fig. 2 F, ii), attach
microtubules from opposite poles but fail to be pulled (Fig. 2 F,
iii), or attach microtubules from the same pole (Fig. 2 F, iv). At
early stage 13, only a small proportion (20%) of sentin-mutant
oocytes have Rod-GFP accumulated at kinetochores (Fig. 2, E
and G), suggesting microtubules may precociously attach to ki-
netochores. At stage 14, sentin-mutant oocytes displayed robust
Rod-GFP streams, which are often asymmetrical (63% vs. 7%
in the control), without accumulation at kinetochores (Fig. 2 E
and Video 2). This indicates that kinetochores must be robustly
attached to microtubules (excluding ii in Fig. 2 F). We did not see
Rod-GFP streams emerging from a single point (or two closely
located points) in both directions. This excludes the possibility
(Fig. 2 F, iii) that unseparated homologous kinetochores are con-
nected to microtubules from the opposite poles. The Rod-GFP
pattern in sentin-mutant oocytes is only consistent with attach-
ment of homologous kinetochores to microtubules from the same
pole (“monopolar” or “syntelic” attachment; Fig. 2 F, iv).

In agreement with observations from GFP-Misl2, de-
tachment or direction changes of Rod-GFP streams were rarely
observed in stage 14 mutant oocytes, even when they were
distributed asymmetrically (one event in a total of 150 min of
observation). This demonstrates that kinetochore—microtubule
attachments are stable in sentin-mutant oocytes, regardless of
whether they are attached in a monopolar or bipolar fashion.

Precocious stable kinetochore-microtubule
attachments in the sentin ococytes
To conclusively define when and how monopolar attachments
are established, we followed kinetochore positions from the be-
ginning of spindle formation. In control oocytes, after nuclear
envelope breakdown, spindle microtubules start assembling at
~10 min, and spindle bipolarity is established after ~30 min
(Colombié et al., 2008). The start of accumulation of kinetochore
proteins (seen by GFP-Mis12 and Rod-GFP) roughly coincides
with the start of spindle microtubule assembly (Fig. 3 F). In con-
trol oocytes expressing GFP-Mis12, soon after full accumulation
of kinetochore proteins (kinetochore maturation), kinetochores
dynamically moved from one end of the chromosome mass to
the other end, and this dynamic movement persisted even 1 h
after kinetochore maturation (Fig. 3, A and B; and Video 3).
This persistent dynamic movement in early oocytes has not
previously been recognized because kinetochores had not been
visualized in live oocytes before, and individual chromosomes
could not be resolved. It may be related to previously reported
phenomena, such as uncongressed chromosomes (proposed as
“prometaphase” figures; Gilliland et al., 2009) or oscillatory
movement of achiasmatic chromosomes (Hughes et al., 2009).
In sentin oocytes, the behavior of kinetochores during
spindle formation was dramatically different (Fig. 3, A and B;
and Video 4). In all of the mutant oocytes, kinetochores were
much less mobile. Kinetochores usually separated into two
(often unequal) groups and migrated to ends of the chromosome
mass soon after kinetochore maturation. After they reached the
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ends, most of the kinetochores rarely changed their positions,
even when kinetochores were asymmetrically distributed.

To define the timing of kinetochore-microtubule attachments,
oocytes expressing Rod-GFP were followed from the beginning of
spindle formation (Fig. 3, C and D). In control oocytes, Rod-GFP
first accumulated at kinetochores after nuclear envelope break-
down. Then some kinetochores showed association with a weak
stream (Fig. 3 C, arrowheads; and Video 5), whereas Rod-GFP
still showed clear accumulation at most kinetochores, indicating
weak attachments of microtubules to the kinetochores. Rod-GFP
accumulation at most kinetochores persisted well after bipolar
spindle formation (Fig. 3, C-E). A delay in end-on kinetochore at-
tachments to microtubules has been reported in mouse oocytes, but
it has not been previously described in Drosophila oocytes.

Remarkably, in sentin-mutant oocytes, soon after the
Rod-GFP accumulated, strong and persistent Rod-GFP streams
appeared (Fig. 3, D and E; and Video 6). The timing of the
appearance of robust Rod-GFP streams was earlier, and the in-
tensity and persistence of the streams were much higher than in
control oocytes; however, the timings of establishing the spin-
dle bipolarity were comparable (Fig. S2 B). This demonstrated
that robust kinetochore-microtubule attachments were formed
precociously in the sentin mutant.

To compare microtubule dynamics, we performed
FRAP of GFP-tubulin in control and sentin-mutant oocytes.
We observed similar recovery at stages 13 and 14 in the con-
trol, whereas sentin mutant showed marginally slower recov-
ery at stage 13 compared with stage 14 (Fig. S3). It remains
to be seen whether this difference, if any, represents a change
in microtubule dynamics.

Sentin is enriched at acentrosomal spindle
poles in oocytes after establishment of the
bipolar spindle
In S2 cells, Sentin is recruited to microtubule plus ends by EB1
through direct physical interaction. During mitosis, EB1 and Sen-
tin colocalize all over the spindle as moving comets. To deter-
mine the localization of Sentin on meiotic spindles in oocytes,
mature stage 14 control wild-type oocytes were immunostained
with Sentin and a-tubulin antibodies. Interestingly Sentin was
accumulated at poles of meiotic spindles in most (68%) oocytes
(Fig. 4 A). The signal was lost in the sentin mutant (Fig. 4 A),
confirming this represents endogenous localization of the Sentin
protein. Costaining of Sentin and EB1 highlighted uniform local-
ization of EB1 all over meiotic spindles in all oocytes, in clear
contrast with the mostly pole accumulation of Sentin (Fig. 4 B).
To follow Sentin localization through different stages,
transgenic flies expressing GFP-tagged Sentin under the control
of an ubiquitin promoter were generated; however, we cannot
exclude the possibility that it may not accurately reflect the en-
dogenous localization. GFP-Sentin localized all over the spindle
in most (23%) oocytes at early stage 13, and by stage 14 it accu-
mulated at the spindle poles in all oocytes (Fig. 4 C). To confirm
this observation, we observed the oocytes expressing GFP-Sentin
from nuclear envelope breakdown. GFP-Sentin localized all over
the spindle at early stages when spindle bipolarity has not been
established. In the same oocytes, GFP-Sentin has subsequently
accumulated only well after spindle bipolarity is established
(Fig. 4 D). Early Sentin localization all over the spindle may con-
tribute to the instability of microtubule-kinetochore attachments,
whereas late sequestration of Sentin at the poles may contribute to
more stable attachments after establishment of a bipolar spindle.
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B control  sentin Figure 3. Sentin suppresses precocious sta-
ble kinetochore-microtubule  attachments.
(A) Time-lapse images of oocytes expressing
GFP-Mis12 and Rccl-mCherry. The numbers
are in minutes from full recruitment of Mis12.
(B) Kymographs of the same oocytes with the
long axis of the spindle against time (Y-axis).
(C) Time-lapse images of oocytes expressing
Rod-GFP and Rec1-mCherry. The numbers are
in minutes from full recruitment of Rod. Arrow-
heads indicate Rod-GFP streams. (D) Kymo-
graphs of the same oocytes. (E) The frequency
of weakly (open bars), moderately (halffilled),
and strongly (filled) attached kinetochores
judged by Rod-GFP (Materials and methods).
For each genotype, a total of 20-32 kineto-
chores in five oocytes were followed. *, P <
0.05; ***, P < 0.001, significant differences
from the control. Error bars indicate the 95%
confidence intervals of the proportion of at-
tached kinetochores. (F) The approximate
timing of cytological events in oocytes. KT,
kinetochore; MT, microtubule; NEB, nuclear
envelope breakdown; Time O, time when full
recruitment of kinetochore proteins, Mis12
and Rod, has occurred. Bars, 10 pm.
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To understand relationships between the localization,
function, and EB1 interaction, we first expressed GFP-tagged
full-length Sentin and Sentin(1-840) lacking the EBIl-in-
teraction domain (Li et al., 2011) in control oocytes. In both
cases, they accumulated to the spindle poles in mature oocytes
(Fig. 4 E), indicating that the EB1 interaction is not required
for Sentin pole localization. Next, to test whether EB1 interac-
tion is required for the Sentin function, Sentin(1-840) lacking
the EB1-interaction domain was expressed in the sentin mutant.
A full-length Sentin rescued the sentin defect, whereas Sen-
tin(1-840) under the same promoter failed to rescue it (Fig. 4 F).
Immunoblotting confirmed that proteins with the predicted
sizes were expressed (Fig. 4 G). These results showed that the
EBI1 interaction is essential for Sentin function, but not its pole
localization, supporting a hypothesis that Sentin functions at
microtubule ends, and late localization to the spindle pole may
help to stabilize kinetochore-microtubule attachments.

Sentin-EB1 prevents precocious kinetochore
attachments to facilitate bipolar attachments
of bivalent chromosomes in oocytes

In this study, we showed that Drosophila oocytes delay robust
end-on attachments of microtubules to kinetochores. Similar
delay is also observed in mouse oocytes (Brunet et al., 1999;
Kitajima et al., 2011), demonstrating that this is a widely

wild type

sentin

transient

conserved phenomenon in oocytes. This long delay is oocyte
specific and is not seen in mitotic cells. Because establishment
of spindle bipolarity takes much longer in oocytes because of a
lack of centrosomes, this oocyte-specific long delay is likely to
help kinetochores not to form robust microtubule attachments
before a bipolar spindle is fully established. We found that the
EB1-interacting protein Sentin is responsible for preventing
microtubules from precociously forming robust attachments to
kinetochores (Fig. 4 H).

We have previously shown in vitro that Sentin, through
physical interaction with EB1, directly increases growth and ca-
tastrophe rates of microtubule plus ends and also recruits Msps,
the XMAP215 orthologue, to increase the microtubule growth
and rescue rates (Li et al., 2012). In this study, we showed that
the role of Sentin to destabilize kinetochore—microtubule at-
tachments requires the interaction with EB1. A female sterile
msps mutant does not have a sentin-like defect (Cullen and
Ohkura, 2001), suggesting the catastrophe-promoting activity
of Sentin-EB1 is key to destabilizing the attachments.

Sentin-mutant oocytes have a high frequency of homolo-
gous centromeres attached to the same pole even at later stages.
Live imaging showed that incorrect attachments remain stable
and uncorrected. Observation in activated oocytes showed chro-
mosome missegregation in four out of five anaphase I, which
explains most of the infertility. We are not sure at the moment
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whether Sentin specifically destabilizes incorrect attachments
or indiscriminately destabilizes all attachments. In mouse
oocytes, persistent Aurora B/C at kinetochores destabilizes
both correct and incorrect attachments, and later recruitment
of the phosphatase PP2A-B56 to kinetochores stabilizes the
attachments (Yoshida et al., 2015). Also, in Drosophila oo-
cytes, Aurora B activity is required for normal biorientation
of homologous centromeres (Resnick et al., 2009), but it did
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not appear to be compromised in the sentin mutant (Fig. S2,
F-H). We found in Drosophila oocytes that Sentin accumu-
lates at spindle poles well after establishment of spindle bi-
polarity independently of its EB1 interaction. This late pole
localization, which sequesters the catastrophe factor away
from kinetochores, may be one of the mechanisms to stabi-
lize kinetochore—microtubule attachments after the establish-
ment of spindle bipolarity.
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Taken together, Sentin with microtubule catastrophe-
promoting activity facilitates bipolar attachment of homologous
chromosomes in oocytes by destabilizing the kinetochore—mi-
crotubule attachments during acentrosomal spindle formation.
Previously in mouse oocytes, phosphoregulation of kinetochore
proteins has shown to be responsible for the delay in forming
stable kinetochore—microtubule attachments (Yoshida et al.,
2015). Our finding in Drosophila oocytes demonstrates that
regulation of microtubule plus ends is a novel mechanism to
delay stable attachments. It is possible that Drosophila and
mouse use different mechanisms to achieve the same goal, but
it also possible that both organisms use these two mechanisms
in parallel with different contributions.

Materials and methods

Fly genetics
Genes, mutations, and chromosome aberrations are described in FlyBase
(Drysdale, 2008) and Lindsley and Zimm (1992). Standard fly tech-
niques were used (Ashburner et al., 2005). For generation of sentin mu-
tants, chromosomes in progeny of jump-starter males carrying both A2-3
and the P element EY00443 were selected for a loss of w*. The regions
of deletions were determined by PCR and sequencing from the mutant
genomic DNA. For rescue of sentin mutants by a transgene, a single
copy of a transgene was introduced in flies carrying sentinAB mutation
over a deficiency, and at least two independent insertions were tested.
In most cases, the phenotype of sentin mutants were observed over a
deficiency uncovering sentin (Df(3R)ED4515 or Df(3R)BSC737), and a
homozygous wild-type allele or a wild-type allele over a sentin mutation
with matched transgene combinations were used as a wild-type control.
The frequency of sex chromosome nondisjunction in males
was measured according to Meireles et al. (2009). For live imaging,
GFP-Misl2 and Rccl-mCherry under UASp was driven by nos-GAL4
(MVD1), and Rod-GFP is controlled under its own promoter (a gift
from R. Karess, Institut Jacques Monod, Paris, France; Basto et al.,
2004). All transgenes and sentin mutations are located on the third
chromosomes and recombined together on the same chromosome when
necessary. These recombined chromosomes were observed over a sen-
tin deficiency (sentin mutant) or wild-type chromosome (control). In
some cases, an equivalent recombinant chromosome without a sentin
mutation over wild-type chromosome was used as a control.

Molecular work
Standard molecular techniques (Sambrook et al., 1989) were used. For sen-
tin transgenes, the coding region of the full-length sentin or part of sentin
corresponding 1-840 residues were cloned into a Gateway vector modi-
fied from pWR-Ubq (generated by N. Brown’s laboratory, University of
Cambridge, Cambridge, England, UK). GFP-Misi2 under the UASp pro-
moter was generated using pPGW Gateway vector (generated by T. Mur-
phy's laboratory, Carnegie Institution of Washington, Washington, DC).
Transgenic flies were generated by Genetic Service Inc. using P element—
mediated transformation. Protein samples for Western blots were prepared
by homogenizing whole adult females after heat treatment at 98°C.
Antibodies used for Western blotting were mouse anti—a-tubulin
(DM1A; Sigma-Aldrich), rabbit anti-Sentin (Li et al., 2011), and per-
oxidase-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories) and detected by ECL (GE Healthcare). To generate the
rat anti-Sentin antibody, the insoluble fraction of BL21/pLysS ex-
pressing MBP-Sentin was run on SDS gel, and MBP-Sentin was ex-
tracted from the gel and used to immunize two rats by the Scottish
Blood Transfusion Service.

Cytological study

For live imaging, ovaries were dissected in halocarbon oil (700; Halo-
carbon) from adult females matured for 47 d at 18°C. The morphology
of dorsal appendages was used to determine the stage of oocytes. Oo-
cytes were observed at room temperature under a microscope (Axio-
vert; Carl Zeiss) attached to a spinning disk confocal head (Yokogawa)
controlled by Volocity (PerkinElmer). Z-slices with a 0.8-um interval
were captured every half minute or minute and are presented after max-
imum intensity projection onto the XY plane. To generate kymographs
using Volocity, a 3D image of each time point was first projected onto
the XY plane, and this 2D image was then projected onto the long axis
of the spindle using maximum intensity projection. This compressed
1D image was aligned against time. Fisher exact test and 7 test were
used for categorical and parametrical data, respectively.

The strength of kinetochore attachment to microtubules was
classified into four levels using Rod-GFP patterns by the following cri-
teria: (1) no visible Rod-GFP stream with clear accumulation on the ki-
netochore was classified as no attachment, (2) a faint stream with clear
accumulation on the kinetochore was classified as weak attachment, (3)
a clear stream with significantly less intensity than the signal at the ki-
netochore was classified as moderate attachment, and (4) a clear stream
as strong as the kinetochore signal was classified as strong attachment.

FRAP was performed and analyzed as previously described (Co-
lombié et al., 2013) with the following modifications. The rectangular
box (12 x 8.5 um) covering a half-spindle was bleached using 25 it-
erations of the 488-nm laser at 100% power, and three Z-slices were
taken at 1-um intervals every 5 s. After maximum intensity projection,
the total signal intensity of a 1- X 1-um square within the bleached area
on the spindle was measured. The signal intensity was normalized so
that the prebleached value was one and the value at the first time point
after bleaching was zero.

Mitosis was analyzed after the aceto-orcein staining of squashed
larval central nervous systems as described in Cullen et al. (1999). Post-
meiotic figures in testes were analyzed by phase-contrast microscopy
after gentle squashing as described in Bonaccorsi et al. (2000). Oocytes
were immunostained after methanol fixation as described in Cullen and
Ohkura (2001). FISH of oocytes was performed according to Meire-
les et al. (2009) and Loh et al. (2012). Immunostaining and FISH in
oocytes were performed after the maturation of young adults for 3-5
d at 25°C or for 4-7 d at 18°C. Under these conditions, most fully
grown oocytes were arrested at stage 14 and generally considered as
mature stage 14 oocytes for our immunostaining because there are no
accurate staging methods because of a loss of dorsal appendages. Im-
munostained oocytes were examined using a PlanApochromat objec-
tive lens (63x, 1.4 NA) on LSM5.10 Exciter (Carl Zeiss) unless stated
otherwise, and images were presented after maximum intensity projec-
tion onto the XY plane. To take higher-resolution images (Fig. S2 E),
mature oocytes were fixed in formaldehyde/heptane and stained with
Hoechst 33342, and images were taken on an SP5 (Leica) with 63x,
1.4 NA lens (pixel size of 53.4 nm) as previously described (Radford et
al., 2012). The Ndc80 antibody was a gift of T. Maresca (University of
Massachusetts, Amherst, MA). Activated oocytes were collected every
10 min and fixed in methanol for immunostaining to observe anaphase
I and later stages. Chromosome missegregation in meiosis I was es-
timated by unequal numbers of segregated chromosomes. Antibodies
used were mouse anti—o-tubulin (1:250; DM1A; Sigma-Aldrich), rab-
bit anti-EB1 (1:500; HN285; Elliott et al., 2005), rabbit anti-Sentin
(1:1,000; Li et al., 2011), rabbit anti-Msps (1:100; HN264; Cullen and
Ohkura, 2001), rabbit anti-D-TACC-CTD (1:1,000; Loh et al., 2012),
and secondary antibodies conjugated with Cy3 or Alexa Fluor 488 flu-
orescent dyes (Jackson ImmunoResearch Laboratories or Molecular
Probes). DNA was stained with 0.4 pg/ml DAPI (Sigma-Aldrich). For a
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pericentromeric satellite specific to the second chromosome, a syn-
thetic oligonucleotide (aacac), was used as a probe.

Online supplemental material

Fig. S1 shows generation of sentin mutants and their phenotypes. Fig.
S2 shows detailed phenotypes of sentin-mutant oocytes, including
evidence for unaltered Aurora B activity and localization. Fig. S3
presents FRAP analysis of GFP-a-tubulin in control and sentin-
mutant oocytes. The videos show wild-type and sentin stage 14 oocyte
expressing Rod-GFP Rccl-mCherry (Videos 1 and 2), wild-type and
sentin stage 13 oocyte expressing GFP-Mis12 Rccl-mCherry (Videos
3 and 4), and wild-type and sentin stage 13 oocyte expressing Rod-
GFP Rccl-mCherry (Videos 5 and 6). Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201507006/DC1.
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