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Septin GTPases spatially guide microtubule
organization and plus end dynamics in

polarizing epithelia

Jonathan R. Bowen, Daniel Hwang, Xiaobo Bai, Dheeraj Roy, and Elias T. Spiliotis

Department of Biology, Drexel University, Philadelphia, PA 19104

stablishment of epithelial polarity requires the re-

organization of the microtubule (MT) cytoskeleton

from a radial array into a network positioned along
the apicobasal axis of the cell. Little is known about the
mechanisms that spatially guide the remodeling of MTs
during epithelial polarization. Septins are filamentous
guanine triphosphatases (GTPases) that associate with
MTs, but the function of septins in MT organization and
dynamics is poorly understood. In this paper, we show
that in polarizing epithelia, septins guide the directionality

Introduction

The morphogenesis and physiology of polarized epithelia are
intimately linked to the organization of the microtubule (MT)
cytoskeleton (Miisch, 2004). During polarization, epithelial
MTs are reorganized from a radial array into a network, which
consists of MT bundles that align along the lateral membrane,
and a meshwork of MTs that are positioned under the apical and
basal membrane (Bacallao et al., 1989). This network underlies
the sorting and polarized trafficking of membrane proteins
that maintain homeostasis across the epithelial barrier (Mostov
et al., 2003; Rodriguez-Boulan et al., 2005; Mellman and Nelson,
2008). In contrast to membrane traffic, which has been studied
extensively, little is known about the mechanisms that control
the spatial organization of the epithelial MT network.
Remodeling of epithelial MTs is initiated by cell adhe-
sion cues and changes in Parl signaling (Rodriguez-Boulan
and Nelson, 1989; Chausovsky et al., 2000; Waterman-Storer
et al., 2000; Cox et al., 2001; Doerflinger et al., 2003; Cohen
et al., 2004). Subsequently, the MT-organizing center is dis-
persed (Buendia et al., 1990), and MTs reorganize by active
movement, bundling, and anchoring to the plasma membrane
(Bacallao et al., 1989; Bré et al., 1990; Pepperkok et al., 1990).
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plus end-tracking protein.
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of MT plus end movement by suppressing MT catastrophe.
By enabling persistent MT growth, two spatially distinct
populations of septins, perinuclear and peripheral fila-
ments, steer the growth and capture of MT plus ends. This
navigation mechanism is essential for the maintenance of
perinuclear MT bundles and for the orientation of periph-
eral MTs as well as for the apicobasal positioning of MTs.
Our results suggest that septins provide the directional
guidance cues necessary for polarizing the epithelial
MT network.

Membrane anchoring involves the tumor suppressor adeno-
matous polyposis coli and the pleckstrin homology-like domain
family A protein LL5, which associate with the basal mem-
brane and interact with MT plus end-tracking proteins (+TIPs;
Su et al., 1995; Mogensen et al., 2002; Reilein and Nelson, 2005;
Hotta et al., 2010). Together with +TIPs and the kinesin KIF17,
adenomatus polyposis coli also affects MT stability, which
increases as epithelial cells polarize (Bré et al., 1987, 1990;
Zumbrunn et al., 2001; Jaulin and Kreitzer, 2010). Despite this
knowledge, the mechanisms that spatially guide MT movement
and bundling are unknown.

Septins are heteromeric filamentous GTPases with evolu-
tionarily conserved roles in cell polarity (Caudron and Barral,
2009; McMurray and Thorner, 2009). In budding yeast, septins
associate with the cell cortex and are essential for polarized
membrane growth and cell division (McMurray and Thorner,
2009; Oh and Bi, 2011). During yeast mitosis, cortical at-
tachment and shrinkage of MTs involve septins and Parl-like,
septin-dependent kinases (Kusch et al., 2002). In mammalian
epithelia, septins associate with a subset of MTs and facilitate
vesicle transport during polarization (Spiliotis et al., 2008).
© 2011 Bowen et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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Septins have been indirectly implicated in the posttranslational
modifications and stability of MTs (Nagata et al., 2003; Kremer
et al., 2005; Spiliotis et al., 2008), but the functional signifi-
cance of the MT association with septins is not understood.

Here, we show that septins guide the growth of epithelial
MTs by suppressing MT catastrophe in perinuclear and periph-
eral regions of the cytoplasm. Thereby, MT-associated septins
direct the longitudinal bundling of perinuclear MTs and the
membrane targeting of peripheral MTs. Surprisingly, septins
provide a navigation mechanism for the growth and positioning
of MTs along the axis of apicobasal polarity.

Results and discussion

To examine the role of septins in the spatial organization
of MTs during epithelial polarization, we focused our experi-
ments on the ubiquitous SEPT2-6-7 complex, which has been
shown to form filaments in MDCK cells (Joberty et al., 2001),
an in vitro model of epithelial polarity. Because MT reorganiza-
tion begins with the formation of MDCK cell-cell adhesions
(Bacallao et al., 1989; Chausovsky et al., 2000; Waterman-
Storer et al., 2000), we localized septins in cells, which had
developed cell—cell contacts but were not confluent enough to
become fully polarized. In these polarizing cells, the MT net-
work lacked radial morphology and consisted of MTs with di-
verse orientation and morphology (Fig. 1 A).

Septin filaments demarcate two spatially
distinct populations of MTs

Using antibodies against SEPT2, we identified two populations
of septin filaments: perinuclear filaments, which were long
and thick (Fig. 1 A), and peripheral filaments of shorter and
stubbier appearance, which localized in close proximity to
paxillin-enriched focal adhesions at the free lamellar edges
of the cell (Fig. 1 B). These filamentous populations also con-
tained SEPT6 and SEPT7 (Fig. S1 A). Peripheral SEPT2-
containing filaments partially overlapped with the distal ends
of MTs (Fig. 1 B, insets), and perinuclear SEPT2 colocalized
extensively with longitudinal MTs (Fig. 1 A, insets), which run
parallel or at shallow angles (5-20°) to the long axis of the cell
(Fig. 1 C). In serial confocal microscopy sections, longitudinal
MTs stained brighter for a-tubulin, indicating that these might
be bundles of overlapping MTs. Based on a previous study that
used fluorescence microscopy to distinguish between single
and bundled MTs (Sammak and Borisy, 1988), we developed
an automated script to mask perinuclear MTs with fivefold or
more the intensity of the dimmest peripheral MTs and quan-
tified colocalization with SEPT2. Strikingly, SEPT2 showed
preferential colocalization with putative MT bundles compared
with total MTs (Fig. 1 D).

To test whether SEPT?2 preferentially associates with MT
bundles, we treated MDCK cells with paclitaxel, an MT-stabilizing
drug that enhances lateral MT contacts and, thereby, induces the
formation of MT bundles (Downing, 2000). Concomitant to
MT bundling, paclitaxel induced the proliferation of SEPT2
filaments (Fig. S1 B). Because MTs buckle under the force of
cargo-bound motors (Kulic et al., 2008), we reasoned that MT
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bundles should be more resilient to bending than unbundled
MTs. Time-lapse imaging of o-tubulin~-GFP and SEPT2-
mCherry showed that SEPT2-associated MTs were significantly
less prone to buckling and side to side movements than SEPT2-
free MTs (Fig. 1, E and F). Collectively, these data demonstrate
that in polarizing epithelia, septins demarcate two spatially and
qualitatively distinct populations of MTs.

Septins are essential for the organization
of perinuclear and peripheral MTs

To test whether septins affect the organization of epithelial MTs,
we perturbed the native function of SEPT2 by knocking down
its expression and, alternatively, by introducing a dominant-
negative SEPT2 construct. First, subconfluent MDCKs were
transfected with pSUPER-GFP plasmids expressing small hair-
pin RNAs (shRNAs) that targeted the canine SEPT2. As reported
previously (Kinoshita et al., 2002), SEPT2 knockdown also re-
duced the expression and filamentous appearance of SEPT6 and
SEPT7 (Fig. S1 C). In contrast to controls, septin-depleted cells
lacked longitudinal MTs (Fig. 2 A). To assess whether septin
depletion decreases the number of MT bundles, we quantified
MT bundles as the percentage of total MTs. SEPT2 knockdown
led to a >50% reduction in MT bundles; this result was repro-
ducible with three different shRNAs against SEPT2 (Fig. 2,
A and B). Consistent with a reduction in MT bundles, we ob-
served an increase in MT buckling and side to side movements
(Fig. S2, A and B).

Because shRNAs can have nonspecific and off-target ef-
fects, we sought to reproduce our data with a dominant-negative
SEPT2 construct. We constructed a GFP-tagged chimera
of SEPT?2 that lacked its C-terminal tail (CTT), which con-
tains coiled-coil protein-binding domains and is critical for
the lateral pairing of septin oligomers (Bertin et al., 2008).
To assess whether SEPT2-ACTT behaved as a dominant nega-
tive, we analyzed its effects on cytokinesis, which is acutely
affected by SEPT?2 (Kinoshita et al., 1997; Joo et al., 2007). We
found that in cytokinetic SEPT2-ACTT-GFP-expressing cells
(n = 22), intercellular bridges were wider (1.9 £ 0.3 vs. 1.1 +
0.4 um; P = 0.0005) and longer (6.5 = 0.5 vs. 3.8 + 0.5 um;
P = 0.0005) than in SEPT2-GFP expressors (n = 18). This
phenotype was accompanied by an increase in the percentage
of cells in cytokinesis. In interphase cells, SEPT2-ACTT pheno-
copied the effects of SEPT2 depletion, reducing MT bundles
by more than half (Fig. 2 B and Fig. S2 C). Thus, septins are
essential for the maintenance of perinuclear MT bundles.

Next, we examined the organization of peripheral MTs.
In control cells, the preponderance of peripheral MTs pointed
perpendicular to the cell edge with their distal ends slightly
bent (Fig. 1 B and Fig. 2, C and D). In SEPT2-depleted cells,
peripheral MTs run parallel to the cell edge, and their distal
ends were tilted at steeper angles from the cell radius (Fig. 2,
C and D). This phenotype was reminiscent of defective MT
anchoring to the cortical membrane (Kodama et al., 2003;
Mimori-Kiyosue et al., 2005). We concluded that, in addition
to their role in the maintenance of perinuclear MT bundles,
septins also affect the cortical targeting of peripheral MTs
(also see Fig. 4 G).
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Figure 1. Spatial segregation of septins within the MT network. (A) Maximum intensity projection of confocal microscopy z stacks of MDCKs stained for
SEPT2 and a-tubulin. (bottom) A single confocal slice from the outlined area in high magnification. (B) Confocal microscopy image of MDCKs stained for
SEPT2, a-tubulin, and paxillin. (right) High magnification images of the outlined region. (C) Distribution of the angles of perinuclear SEPT2 filaments (n = 177)
and MT bundles (n = 155) from the long axis of the cells (n = 14). (D) Manders coefficients of SEPT2 colocalization with total MTs and MT bundles (n = 14
cells). (E) Spinning-disk confocal microscopy images of MDCK-SEPT2-mCherry cells transfected with a-tubulin (e-tub)-GFP. Arrows point to SEPT2-coated
MTs (pseudocolored yellow in grayscale images). MTs free of SEPT2 were pseudocolored red. (F) Quantification of MT fluctuations using image subtraction
analysis (At = 15 s). Graph shows changes in a-tubulin—-GFP intensity values per micrometers squared for SEPT2-mCherry—coated and —free MTs relative to
total MTs (8 cells; n = 50). Error bars represent SEM.
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Figure 2. Septins are essential for the organization of perinuclear MT bundles and peripheral MTs. (A) Maximum infensity projections of confocal micros-
copy z stacks of MDCKs transfected with GFP-expressing control and SEPT2 shRNA 1 plasmids and stained for SEPT2 and a-tubulin. Arrows point to peri-
nuclear longitudinal MT bundles. Asterisks mark SEPT2-depleted cells. (B) Quantification of MT bundles as the percentage of total MTs in cells transfected
with control shRNA (n = 18), SEPT2 shRNA 1 (n = 15), shRNA 2 (n = 12), shRNA 3 (n = 13), GFP-tagged SEPT2 (n = 18), and SEPT2-ACTT (n = 21).
(C) Graph shows the mean angle width between the distal ends of peripheral MTs and the effective cell radius (line between MT tips and the centroid of
the cell) in MDCKs treated with control (10 cells; n = 50) and SEPT2 shRNAs (10 cells; n = 50). (D) Confocal microscopy images of MDCKs transfected
with GFP-expressing control and SEPT2 shRNA and stained for a-tubulin. Insets show the distal ends of peripheral MTs in higher magnification. Error bars
represent SEM. wt, wild type.
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Figure 3. MT plus ends follow trajectories that coalign with septin filaments. (A) MDCK cells expressing EB 1-dsRed and SEPT2-YFP. The inset shows EB1-dsRed
comets that localize on a perinuclear SEPT2-YFP filament in high magnification. (B) Kymograph depicts the movement of EB1-dsRed along SEPT2-YFP. (C) FRAP of
atubulin (a-tub)-GFP in MTs coated with SEPT2-mCherry. The dashed line demarcates the region of FRAP. Arrows point to MT tips. Arrowheads mark the position
of SEPT2-mCherry. (D and E) Time-lapse images show docking and coalignment of an MT tip (arrows) with MTs coated with SEPT2-mCherry. Line graph shows the
fluorescence intensity of a-tubulin-GFP at sites of MT-MT docking (yellow arrowheads) and alignment (green arrowheads) and at a point of no MT overlap (blue
arrowheads). Note that a-tubulin-GFP intensity increases at points of MT overlap. (F) Spinning-disk confocal microscopy images of EB1-dsRed and SEPT2-YFP. Still
frames and timecomposite images are depicted in the top and bottom rows, respectively. AU, arbitrary unit.
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Table I.  Quantification of MT plus end dynamics

Parameter Cell interior Cell periphery

Control siRNA SEPT2 siRNA Control siRNA SEPT2 siRNA
Growth rate (pm/min) 8.92 + 0.4030 9.42 + 0.6647 5.32+0.23 4.18+0.17°
Shortening rate (pm/min) 11.8+1.7474 14.9 + 1.8596 7.09 £ 0.44 6.65 £ 0.41
Catastrophe rate (pm/min) 19.4 + 3.8667 18.1 + 2.3859 10.1 + 0.99 9.18+0.74
Attenuation duration (s) 9.45 + 0.9234 11.3 £1.0191 12.5+£0.83 11.1 £0.64
Transition frequency (s77)
Shortening to growth 0.018 +0.003 0.017 + 0.003 0.024 + 0.002 0.025 + 0.002
Growth to shortening 0.019 + 0.003 0.018 + 0.003 0.025 + 0.002 0.028 + 0.003
Growth to catastrophe 0.004 + 0.002 0.013 + 0.002° 0.006 + 0.001 0.009 + 0.001°
Percent time
Growth 84.1 +£3.0123 80.4 + 3.3093 58.3+2.74 49.4 + 2.62°
Shortening 8.87 + 1.6971 11.9 +2.5739 229+2.11 30.1 £ 2.30°
Catastrophe 3.56 + 1.1483 9.64 +2.5314° 9.85+1.92 16.1 +2.29°
Attenuation 35.1 £2.2910 34.9 £ 1.4142 18.8 £2.36 20.5 £ 2.41

MDCK-EB1-dsRed cells were simultaneously transfected with a-tubulin-GFP and control or SEPT2 siRNAs. EB1-dsRed displacements were quantified as described in
Materials and methods. All values are means + SEM. Values with statistically significant differences between control and SEPT2 siRNAs are highlighted in italics. Cell
interior control siRNA: n = 50; 13 cells. Cell interior SEPT2 siRNA: n = 50; 16 cells. Cell periphery control siRNA: n = 117; nine cells. Cell periphery SEPT2 siRNA:

n = 104; seven cells.
P < 0.05.
5P < 0.001.

Tracking of MIT plus ends along septins

In light of a recent study indicating that MT bundles are main-
tained by rescue of MT plus end shrinkage (Bratman and Chang,
2008), we reasoned that septins could affect the organization of
both perinuclear MT bundles and peripheral MTs by modulat-
ing the dynamics of MT plus ends. To explore this hypothesis,
we first set out to image the spatiotemporal dynamics of MT
plus ends with respect to SEPT2.

Time-lapse imaging of the MT plus end protein EB 1-dsRed
and SEPT2-YFP showed that MT plus ends move anterogradely
along septin filaments as they emerge from the perinuclear
centrosomal region of the cell (Fig. 3, A and B; and Video 1).
This was not an artifact of EB1-dsRed expression because
endogenous EB1 also colocalized with perinuclear SEPT2
(Fig. S3 A). MT growth along perinuclear SEPT2 filaments
was also observed using spinning-disk confocal micros-
copy combined with FRAP of a-tubulin—-GFP (Fig. 3 C and
Video 2). After photobleaching of MTs that were decorated with
SEPT2-mCherry, MT ends (Fig. 3 C, arrows) extended along
a path outlined by SEPT2-mCherry (Fig. 3 C, arrowheads).
Anterograde movement of MT ends along perinuclear SEPT2
filaments indicated that SEPT2 is positioned along bundles of
parallel MTs, which undergo persistent growth. Interestingly,
these bundles were often targeted by individual MTs, which
docked and then continued moving along SEPT2 (Fig. 3, D and E;
and Video 3). Turning of MT plus ends onto septins was also
apparent near the cell periphery (Fig. 3 F), where shorter septin
filaments show little colocalization with MT lattices (Fig. 1,
A and B). Peripheral MT plus ends followed trajectories that
colocalized with peripheral SEPT2 filaments (Fig. 3 F and
Video 4). Collectively, these data indicate that MT plus ends move
on paths demarcated by septin filaments. Thus, septins may bias
the directionality of MT growth by modulating the growth and
shrinkage of MT plus ends.

JCB « VOLUME 194 « NUMBER 2 « 2011

Septins suppress MT plus end catastrophe
and spatially guide MT growth

and positioning

To test whether septins affect MT dynamic instability, we
analyzed the parameters of EB1-dsRed dynamics in MDCKs
transfected with a-tubulin—~GFP and control or SEPT2 siRNAs.
In the cell interior, SEPT2 RNAI affected only the frequency
and duration of MT catastrophes (Table I). In SEPT2-depleted
cells, MT catastrophes tripled, and MTs spent approximately
three times as much time in catastrophe than control cells. At
the cell periphery, SEPT2 knockdown increased the frequency
and duration of MT catastrophes but also decreased the rate and
duration of peripheral MT growth (Table I). In SEPT2-depleted
cells, peripheral MTs spent 50% more time in the shortening
phase than in control cells (Table I). These data indicate that
septins protect both perinuclear and peripheral MTs from catas-
trophic depolymerization, maintaining MTs in a state of persis-
tent growth.

Next, we examined whether septins affect the direction-
ality of MT growth. Upon SEPT2 RNAi, MT plus end trajecto-
ries became highly entangled (Fig. 4 A). SEPT2 knockdown
caused an increase in the number of EB1 trajectories that later-
ally intersected one another (Fig. 4, A and B). Overall, MT plus
ends meandered through the cytoplasm rather than moving
straight toward the periphery of the cell (Fig. 4 C). We reasoned
that this phenotype could be caused by a failure in the docking
and turning of MTs on septin-coated MT bundles (Fig. 3 E). In
control cells, ~30% of MT plus ends paused or turned while
encountering an MT lattice (Fig. 4, D and E). This percentage
did not change upon SEPT2 knockdown, but there was a signifi-
cant decrease in the turning events (Fig. 4 E). This effect
was not caused by a change in the angles of intermicrotubule
collisions (Fig. 4 F), which in plants, are posited to influence
MT-MT capture and alignment (Dixit and Cyr, 2004). Loss of
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Figure 4. Septins spatially guide MT growth and MT-MT interactions. (A) Time-composite images of EB1-dsRed and a-tubulin~GFP after the lapse of 60 s.
MDCK-EB1-dsRed cells were transfected with a-tubulin~-GFP and control/SEPT2 siRNAs. (B) Graph shows the mean number of intersecting EB1-dsRed
trajectories after a lapse of 60 s per control (n = 18) and SEPT2-depleted (n = 20) cells. (C) Schematic depicts the lateral meandering of MT plus ends in
the absence of SEPT2. (D) Dual-color time-lapse images of a-tubulin-GFP (grayscale) overlaid with EB1-dsRed (red). Panels depict three types of MT-MT
inferactions. Yellow arrows point fo MT plus ends moving through the cytoplasm. (E and F) Quantification of EB1-dsRed head-on encounters with MTs in
MDCKs transfected with a-tubulin-GFP and control (10 cells; n = 99) and SEPT2 siRNAs (12 cells; n = 98). Right histogram shows mean angle width of
all EB1-MT encounters. Data were analyzed from 90-slong videos. (G) MDCK-EB1-dsRed cells were transfected with paxillin-GFP and control and SEPT2
siRNAs. Graph shows mean number of EB1-dsRed particles that enter a focal adhesion per 60 s (five cells; n = 20-25). Error bars represent SEM.
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directionality in MT plus end movement was further confirmed
by analyzing MT targeting to focal adhesions (Kaverina et al.,
1998; Krylyshkina et al., 2003). SEPT2 knockdown resulted in
a significant decrease in the number of EB1-dsRed comets that
entered paxillin-GFP-enriched focal adhesions (Fig. 4 G).
Therefore, septins not only are critical for persistent MT growth
but also influence the directionality of MT plus end movement,
which might be important for the positioning of the MT net-
work during epithelial polarization.

Compared with contact-naive nonpolarized cells, in which
SEPT?2 is heavily distributed along the cell periphery (Fig. 5 A
and Video 5), SEPT2 in polarizing MDCKs localizes to MT bun-
dles that transverse the apex and sides of the nucleus (Fig. 5 B
and Video 6). As epithelial cells become more columnar, septin
filaments arch back along the lateral membrane (Fig. 5 C and
Video 7) and in fully polarized cells, colocalize with vertically
oriented lateral MT bundles (Fig. 5 D and Video 8). This spatial
rearrangement correlates with the establishment of the apical
MT meshwork, suggesting that septins could initially guide the
movement of MTs toward the apical side of polarizing cells.
Note that in confluent monolayers of MDCKs, EB1 comets
appear docked at lateral septin filaments (Fig. S3, B and C). To
test whether guidance of MT movement by SEPT?2 is essential
for the apicobasal positioning of epithelial MTs, subconfluent
MDCKs were treated with control and SEPT2 siRNAs and then
cultured at high density on Transwell filters to enable apico-
basal expansion. We quantified the 3D distribution of MTs by
determining the relative percentage of MT plus ends found in
the apical, medial, and basal cytoplasm. Depletion of endog-
enous SEPT2 decreased the percentage of MT plus ends found
in the apical cytoplasm, causing a shift in the distribution of
MTs toward the basal and medial cytoplasm (Fig. 5, E and F).
Collectively, these data indicate that septins navigate the growth
and positioning of epithelial MTs during the establishment of
apicobasal polarity.

Conclusions

More than 20 years ago, pioneering studies showed that epithe-
lial polarization is accompanied by changes in the dynamic in-
stability and spatial positioning of MTs (Bacallao et al., 1989;
Bré et al., 1987, 1990; Pepperkok et al., 1990). To date, how-
ever, the molecules and mechanisms that guide the remodeling
of epithelial MTs remain largely unknown. Here, we have un-
covered a novel role for septins in coordinating MT plus end
dynamics with MT organization. We have shown that guidance
of MT plus ends takes place along a template of septin fila-
ments, which maintain MTs in a state of directional and persis-
tent growth, affecting the spatial organization of the epithelial
MT network.

Previous work has shown that septins and Par-1-related
kinases are required for the proper positioning of the mitotic
spindle in budding yeast (Kusch et al., 2002). Although we can-
not exclude a role for septins in epithelial Parl signaling, SEPT2
is highly reminiscent of spectraplakins and CLIP-associated
proteins (CLASPs), which affect MT organization in the cell
body and periphery (Kodama et al., 2003; Mimori-Kiyosue
et al., 2005; Wittmann and Waterman-Storer, 2005; Applewhite
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et al., 2010). Functionally, septins closely resemble the role
of CLASPs in persistent MT growth, bundling, and capture
(Akhmanova and Steinmetz, 2008; Bratman and Chang, 2008).
Unlike CLASPs, however, septins do not appear to track on MT
plus ends. We posit that septins interact transiently with +TIPs,
including MT motors, which could mediate the turning of MT
plus ends along septin-coated MTs. Interestingly, SEPT7 inter-
acts with CENP-E (centromere-associated protein E), which
was recently found in a complex with CLASPs (Zhu et al., 2008;
Maffini et al., 2009), and whose kinesin 7 relatives Kip2/Tea2
track on MT plus ends (Browning et al., 2000; Carvalho et al.,
2004; Zhu et al., 2008). Future studies will screen for septin
interactions with +TIPs.

Overall, septins emerge as a unique class of filamentous
microtubule-associated proteins that modulate MT dynamics
and organization. Although a previous study had hinted at a role
of septins in MT organization, the functional significance of the
MT-septin interaction has only been the subject of speculation
(Spiliotis, 2010). Our findings are consistent with the loss of
MT polymer mass upon SEPT9 depletion (Nagata et al., 2003)
and do not rule out the possibility that other septins (e.g.,
SEPT7) have additional or independent roles in the posttransla-
tional modification and stability of MTs (Kremer et al., 2005).
In MDCK epithelia, however, SEPT2 shows no significant co-
localization with acetylated or detyrosinated MTs (Spiliotis et al.,
2008). In light of recent evidence showing that septin over-
expression strongly correlates with cancer resistance to MT-
targeting drugs (Amir and Mabjeesh, 2007), our findings open a
new path toward understanding how septin abnormalities con-
tribute to the pathology of cancer.

Materials and methods

Tissue culture and transfections

MDCKII/G cells and the stable MDCK-EB1-dsRed (Barth et al., 2002),
MDCK-SEPT2-YFP (Spiliotis et al., 2005), and MDCK-SEPT2-mCherry cell
lines were maintained in low glucose DME with 1 g/liter NaHCO3 and
10% FBS. Cells were seeded at 5 x 10* on 22-mm coverslips or 35-mm
MatTek glass dishes or at 3 x 10° on Costar Transwell (6-well) filters coated
with rat tail collagen. 1.5 pg plasmids and 0.1 pM siRNAs were frans-
fected with Lipofectamine 2000 (Invitrogen). Before livecell imaging, cells
were switched into phenol red-free media supplemented with 20 mM
Hepes (Invitrogen).

Plasmids and siRNAs

Control and SEPT2 shRNA constructs were made by subcloning SEPT2
shRNA 1, 5-GGAGAACATCGTGCCCGTC-3'; shRNA 2, 5'-CCTTAGACGT-
CGCATTCATGAAA-3'; shRNA 3, 5 TGAGTTCACACTAATGGTGGTCG-3';
and control shRNAs, 5-GCCAGCGTGCGGTACAACT-3’ and 5-GCAAC-
TACAAGCCCGAAGAATAA-3', into the GFPexpressing pG-SUPER vector
(Kojima et al., 2004). SEPT2 siRNA, 5-GGAGAACATCGTGCCCGTC-3,
and siGENOME nontargeting siRNA 1 were purchased from Thermo Fisher
Scientific. SEPT2-ACTT was constructed by PCR amplification of SEPT2 (aa 1-
315) using the primers 5'-CCGCTCGAGCCACCATGTCTAAGCAACA-
ACC-3’ (forward) and 5'TCTGGATCCATGTCCTCATTCTCTACTTTC-3' (re-
verse) and cloning into the BamHI and Xhol sites of pEGFP-N1 (Invitrogen).
SEPT2-mCherry was made by swapping the fulllength SEPT2 from pEYFP-N1
into pmCherry-N1. Plasmids expressing c-tubulin-GFP and EB1-dsRed were a
gift from J. Nelson (Stanford University, Stanford, CA; Barth et al., 2002).

Immunofluorescence microscopy and quantifications

Cells were fixed with 3% PFA in warm PHEM buffer (60 mM Pipes-KOH,
pH 6.9, 25 mM Hepes, 10 mM EDTA, and 2 mM MgCl,) containing
0.1% Triton X-100. EB1 staining required fixation with methanol at —20°C
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Figure 5. Septins control the apicobasal distribution of epithelial MTs. (A and B) Confocal xz images of contact-naive and polarizing MDCK cells stained
for SEPT2 and a-tubulin. Schematics show position of SEPT2 filaments with respect to the nucleus (blue). Bars, 2.5 pm. (C and D) Side views of 3D-rendered
confocal images of MDCK cells plated on Transwell filters for 12 h (late stages of polarization) and 48 h (polarized). Arrows point to SEPT2 filaments that
arch from the basolateral to the apical cytoplasm. Images were y adjusted. Bars, 5 pm. (E) Confocal microscopy slices taken from the basal, medial, and
apical sections of MDCK cells (24 h on Transwell) treated with control and SEPT2 siRNAs and stained for SEPT2 and EB1. (F) Graph shows the percentage
of EB1 comets distributed in the apical, medial, and basal cytoplasm of control (n = 16) and SEPT2-depleted (n = 18) MDCK cells. a-tub, a-tubulin. Error
bars represent SEM.
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for 5 min. Primary antibodies to EB1 (1A11/4; Santa Cruz Biotechnol-
ogy, Inc.), paxillin (349; BD), SEPT2 (N5N; gift from M. Kinoshita, Nagoya
University, Nagoya, Japan), SEPT6 (S6CU; gift from M. Kinoshita), SEPT7
(Immuno-Biological Laboratories, Inc.), GFP (Invitrogen), a-tubulin (DM1A;
Sigma-Aldrich), and secondary donkey Dylight 488-, 549-, 594, or
649—conjugated Flab’), to mouse or rabbit IgG (Jackson ImmunoResearch
Laboratories, Inc.) were diluted in PBS with 2% BSA. Staining with anfi-
bodies of the same species was performed with an antibody-labeling kit
(Zenon; Invitrogen). Coverslips were mounted with FluorSave (EMD) or
Vectashield (Vector Laboratories) and imaged on a confocal laser-
scanning microscope (FluoView 1000; Olympus) using a Plan Apochro-
mat 60x/1.42 NA obijective. 0.2-pm-thick serial optical sections were
acquired at 0.12-pm steps and then exported into the SlideBook 5.0
software (Intelligent Imaging Innovations) for image processing and quantifi-
cation. MT and septin filament masks were created by fluorescence inten-
sity segmentation, and the angle tool was used to measure MT angles
from the major axis (Fig. 1 C) and the radius from the centroid of the cell
(Fig. 2 C). Using SlideBook’s macro function, we wrote a script that auto-
matically masked MTs with fivefold infensity of the dimmest peripheral
MTs and measured Manders coefficients (Fig. 1 D) and the percentage of
total MT intensity (Fig. 2 B). In Fig. 5, EB1 particles were quantified in
single optical sections taken at 0.6 pm from the top (apical) and bottom
(basal) of each cell and halfway in between (medial). 2D projections of
z stacks were performed with SlideBook’s maximal projection module.
3D rendering of the z stack was performed with the Volocity software
(PerkinElmer), and images were y adjusted (Fig. 5). All datasets were sta-
tistically analyzed using an unpaired f test. P-values represent 95% confi-
dence limits.

Time-lapse imaging and analysis

Spinning-disk confocal microscopy was performed at 37°C with an in-
verted microscope (IX-71; Olympus) equipped with a scan head (CSU10;
Yokogawa), a camera (ImagEM; Hamamatsu Photonics), a 100x 1.4 NA
objective, a stagetop incubator (LiveCell; Pathology Devices) and objec-
tive heater, and the MetaMorph software (Molecular Devices). In FRAP
experiments, GFP was photobleached with a 435-nm pulsed nitrogen
laser (MicroPoint; Photonic Instruments) controlled by the Galvo module
(MicroPoint). Widefield time-lapse imaging was performed at 37°C with a
microscope (IX-81; Olympus) equipped with a motorized stage (ProScanll;
Prior), a camera (Orca-R?; Hamamatsu Photonics), a Plan Apochromat
60x/1.40 NA objective, a custom built stage-top chamber with a tempera-
ture controller (Air-Therm ATX; World Precision Instruments), and the Slide-
Book 5 software. SlideBook was used to make photobleach corrections,
kymographs, and time-composite channels and to enhance image quality
with a Difference of Gaussians algorithm and No Neighbors deconvolu-
tion. We imaged fluctuations in lateral MT movements by subtracting MT
fluorescence intensities at a 15-s interval. The difference was registered
and quantified as a new fluorescence channel. Tracking of EB1 dynam-
ics was performed at 2-3-s intervals within a 5-pm-wide zone (periphery)
along the free edge of the cell and an area (cell interior) delimitated by
the border of this region and the nucleus. Unidirectional displacements of
a distance >0.2 pm and velocity >0.05 pm/s were scored as growth or
shrinkage. Displacements with distances and speeds below these values
were scored as attenuation (Panda et al., 1995). Displacements of >0.7 pm
were empirically defermined as catastrophes. In Fig. 4 D, EB1 comets that
did not move for >6 s while intersecting with the lattice of another MT were
scored as pausing. Angles of incidence between EB1 trajectories and MT
lattices (Fig. 4 F) were measured with SlideBook’s angle tool.

Online supplemental material

Fig. S1 shows SEPT6 and SEPT7 localization in control and SEPT2 knock-
down cells and the proliferation of SEPT2 filaments upon treatment with
paclitaxel. Fig. S2 shows that MT side o side movements increase in SEPT2
knockdown cells and demonstrates the loss of perinuclear bundles after
expression of SEPT2-ACTT-GFP. Fig. S3 shows localization of endogenous
EB1 with respect to SEPT2-YFP in subconfluent and confluent monolayers
of MDCKs. The videos show EB1 moving on perinuclear SEPT2 filaments
(Video 1); MT ends growing along SEPT2 (Video 2); MT ends docking and
turning onto SEPT2-coated MTs (Video 3); EB1 tracking on peripheral SEPT2
fibers (Video 4); and 3D images of SEPT2 and MT localization in contact-
naive (Video 5), polarizing (Videos 6 and 7), and polarized (Video 8)
MDCK cells. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201102076/DC1.
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