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. The organization of epithelial cells to form hollow organs with a single lumen requires the accurate

. three-dimensional arrangement of cell divisions. Mitotic spindle orientation is defined by signaling

. pathways that provide molecular links between specific spots at the cell cortex and astral microtubules,

. which have not been fully elucidated. AKAP350 is a centrosomal/Golgi scaffold protein, implicated

© in the regulation of microtubule dynamics. Using 3D epithelial cell cultures, we found that cells

. with decreased AKAP350 expression (AKAP350KD) formed polarized cysts with abnormal lumen

- morphology. Analysis of mitotic cells in AKAP350KD cysts indicated defective spindle alignment. We
established that AKAP350 interacts with EB1, a microtubule associated protein that regulates spindle
orientation, at the spindle poles. Decrease of AKAP350 expression lead to a significant reduction of
EB1 levels at spindle poles and astral microtubules. Conversely, overexpression of EB1 rescued the

. defective spindle orientation induced by deficient AKAP350 expression. The specific delocalization of

. the AKAP350/EB1complex from the centrosome decreased EB1 levels at astral microtubules and lead

. to the formation of 3D-organotypic structures which resembled AKAP350KD cysts. We conclude that

- AKAP350 recruits EB1 to the spindle poles, ensuring EB1 presence at astral microtubules and proper

. spindle orientation during epithelial morphogenesis.

. Epithelial cells are characterized by their multicellular organization, where the apico-basal asymmetry of each
- cellis coordinated with the apico-basal asymmetry of its neighbors. This synchronized cell polarity is responsible
. for the common function of epithelia: to generate and maintain two compartments with different composition.
© Most epithelial cells have a single apical pole, constituting a columnar type of epithelial polarity. The organization
of these cells to form hollow organs with a single lumen requires a precise three-dimensional arrangement of cell
divisions: each cell must divide symmetrically within the epithelial plane, so that both resulting daughter cells
remain in the same plane. This type of cell division requires the orientation of mitotic spindles within the planar
© axis. A common feature of spindle orientation is the existence of signaling pathways that provide molecular links
. between the cell cortex and astral microtubules, thus generating dynamic forces on the spindle to define its accu-
© rate orientation [reviewed in'].
Studies using 3D epithelial cell cultures have significantly contributed to the understanding of different factors
that provide cortical cues for symmetric epithelial cell division within the planar plane. Normal epithelial cells
grown in a matrix rich in extracellular proteins form organotypic epithelial structures, where each cell organizes
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its apical membrane facing a unique central lumen (cysts). Cell failure to orient its mitotic spindle within the
epithelia plane leads to the formation of abnormal cysts with more than one lumen?. Studies using 3D MDCK
cell cultures showed that a3-B1 integrin activation at the basolateral membrane® and activation of cdc42 and
PI(3) kinase are essential for proper spindle orientation once the apico-basal axis has been established*. A recent
study using the same model revealed that, during mitosis, the junctional adhesion molecule-A (JAM-A) activates
cdc42 and simultaneously promotes PIP3 and dynactin subunit p150glued enrichment at cell adhesion junc-
tions®. Despite the characterization of the role of this complex in spindle orientation, the mechanism underlying
its interaction with astral microtubules has not been uncovered.

The centrosome is the major microtubule-organizing center of animal cells, responsible for providing MT
nucleation sites where MT assembly is initiated. During mitosis, the interphase network of microtubules goes
through intense remodeling. In this scenario, the duplicated centrosomes separate, forming two opposing
MTOC:s at the spindle poles, and experience a marked increase in size and nucleation capacity (centrosome
maturation). Mature centrosomes organize two main arrangements of microtubules: astral microtubules, with
their plus-ends exploring the cell cortex, and kinetochore fibers, with their plus-ends hitched to chromosomes
[reviewed in°]. EBI is a microtubule binding protein generally recognized by its capacity of directly binding to
interphase microtubule plus ends, which also localizes to the centrosome, astral microtubules and kinetochore
fibers’. Several lines of evidence indicate that EB1 participates in spindle orientation in epithelial cells. Primary
studies performed in yeast characterized Bim1, the budding yeast orthologous of EBI, as a central regulator of
spindle orientation®. Concomitantly, studies in drosophila indicated that EB1 is also a crucial factor for spindle
orientation during symmetric planar division in epithelial cells’. More recently, studies performed in 3D mam-
mary epithelial cell cultures indicate that EBI is required for normal lumen formation'?. Therefore, those findings
position EB1 as an excellent candidate to act as an astral microtubule sensor for the cortical cues that determine
spindle orientation in epithelial cells. How EB1 localization at spindle poles or astral microtubules is regulated
has not been elucidated.

AKAP350 (AKAP450/CG-NAP) is a PKA anchoring protein that has a prominent role in the regulation of
microtubule dynamics''~". By recruiting components of the ~-tubulin ring complex (y-TURC), AKAP350 par-
ticipates in microtubule nucleation at the centrosome!!, and at the Golgi apparatus'®. In addition, AKAP350
regulates the kinetics of microtubule growth'>!; the mechanism involved, though, has not been clarified yet. We
have previously shown that AKAP350 participates in the development of apical canalicular structures in hepatic
epithelial cells and that Golgi derived microtubules were involved in this function’. In the present study we
analyzed AKAP350 participation in the establishment and maintenance of epithelial polarity using 3D MDCK
cell cultures. Our results demonstrate that AKAP350 ensures the formation of epithelial structures with a single
lumen by participating in the regulation of spindle positioning. Furthermore, we provide evidence supporting
that the mechanism defining spindle orientation involves AKAP350 dependent recruitment of EB1 to spindle
poles and astral microtubules, thus giving insight into the spindle events that condition this process.

Results

Decrease of AKAP350 expression leads to spindle missorientation and defective cystogenesis.
To assess AKAP350 role in the development of apico-basal polarity in columnar epithelial cells, we generated
MDCK cells with decreased AKAP350 expression (AKAP350KD) using a lentiviral based short hairpin RNA
expression system (Fig. 1a and Supplementary Figure 1a), as we have previously described!®. Cells were grown on
filters for 48 h, in order to induce polarization. In these conditions, 24 h after seeding, cells already develop tight
junctions and polarized distribution of apico-basal markers'”. Our results showed that the decrease in AKAP350
expression did not affect the polarized distribution of the tight junction protein occludin (Supplementary
Figure 1b, top row). Similarly, the centrosome marker ~-tubulin displayed subapical localization regardless of
AKAP350 levels (Supplementary Figure 1b, second row). In addition, AKAP350KD cells did not show any evi-
dence of altered actin distribution (Supplementary Figure 1b, bottom row). Therefore, these results indicate that
centrosome, tight junction and actin organization in 2D MDCK cell cultures were not affected by the decrease in
AKAP350 expression.

In order to evaluate cystogenesis, AKAP350KD cells were seeded on Matrigel at low density and, 72 later,
stained and analyzed by confocal microscopy (Fig. 1b-e). We first analyzed AKAP350 distribution in cyst cells. In
control cells, AKAP350 staining was concentrated below the luminal membrane (Fig. 1b), which is in accordance
to AKAP350 localization at the centrosome and Golgi apparatus. As expected, AKAP350 staining was signifi-
cantly decreased in AKAP350KD cysts. These staining also revealed that AKAP350 cysts presented morphologi-
cal alterations. Cyst phenotype characterization using actin staining indicates that 85% of control cells developed
normal cysts with a single lumen. In contrast, less than 20% of AKAP350KD cysts presented normal morphology,
whereas the main fraction of AKAP350KD cells formed cysts with lumen anomalies (Fig. 1¢,d). Lumen morphol-
ogy abnormalities could be consequence of cell polarity defects and the resulting distortion of the apical mem-
brane*!®. The analysis of N-tubulin (Fig. 1e, first row) and occluding (Fig. e, second row) staining revealed that,
even though lumen morphology was affected, the subapical centrosome localization and the apical tight junction
organization were conserved in AKAP350KD cysts.

Considering that formation of cysts with lumen abnormalities is frequently associated to spindle missori-
entation, we analyzed spindle alignment in AKAP350KD cysts. At the onset of mitosis, the angle formed by the
spindle poles and the apicobasal axis is close to random, being the definitive spindle position achieved during
metaphase!®?. Therefore, we considered cysts that had a noticeable lumen to analyze the spindle orientation in
cells that were already in anaphase or telophase. The spindle poles were identified using ~-tubulin staining, and
spindle orientation in mitotic cells measured as the angle formed by a line defined by the apico-basal axis, and
the line that linked both spindle poles (Fig. 2a). Most dividing cells in control cysts oriented their spindles per-
pendicular to the apico-basal axis (82°42°), whereas spindle orientation in AKAP350KD was flawed (32° £ 13°,
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Figure 1. Decrease of AKAP350 expression induces defective lumen formation. AKAP350KD MDCK cells

and control cells expressing non-specific small hairpin (sh)RNAs were generated as described in Materials

and Methods. (a) Immunoblots showing AKAP350 expression in control and AKAP350KD cells and the
corresponding loading control. (b—e) Control and AKAP350KD cells were grown in Matrigel for 72 h, stained
and analyzed by confocal microscopy. Single confocal sections at the center of the cysts are shown. Merged
images show AKAP350 (b), actin (¢) and ocludin or ~-tubulin (e) staining in red and DAPI staining in blue in
control and AKAP350KD cysts. (d) Bars represent the percentage of cysts that developed each lumen phenotype
for at least 10 cysts analyzed in 6 independent experiments. Scale bars, 10 pm. *p < 0.05; **p < 0.01.

p <0.01) (Fig. 2b).Therefore, in AKAP350KD cells, defective lumen formation was associated to cell failure to
orient their spindles symmetrically within the epithelial plane.

We analyzed if the alteration in spindle orientation observed in AKAP350KD cells could be secondary
to defective microtubule nucleation at the spindle poles. Even though AKAP350 participates in microtubule
nucleation in interphase centrosomes!!, studies performed in HeLa and RPE1 cells showed that the decrease
in AKAP350 expression induced by RNA interference did not elicit any defect in microtubule nucleation at the
centrosomes'>!. We first analyzed microtubule nucleation in MDCK cells that had been subjected to nocodazole
treatment. Our results showed that, after 15min of nocodazole removal, the number of microtubules nucleated
by the centrosomes in AKAP350KD cells was similar to that of control cells (Supplementary Figure 2a). We
further analyzed if nucleation of astral microtubules was affected by the decrease in AKAP350 expression, by
characterizing astral microtubules in control or AKAP350KD metaphase cells. We found that there was not a
significant difference in the number (Supplementary Figure 2b), length or intensity (Supplementary Figure 2c) of
astral microtubules in AKAP350KD cells. Therefore, these results indicate that the defective spindle orientation
in AKAP350KD was not attributable to inefficient astral microtubule nucleation at the spindle poles.
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Figure 2. Reduction of AKAP350 expression leads to spindle missorientation. Cells were grown in Matrigel for
48h and stained as indicated. Images were obtained by confocal microscopy, and spindle orientation in mitotic
cells in cysts with a noticeable lumen analyzed as described in Materials and Methods. (a) Images show the
projection of the central sections for ~-tubulin and DAPI staining corresponding to control and AKAP350KD
cysts, where the spindle angle of anaphase cells has been delineated. Scale bars, 10 pm. (b) Circular section
histogram graph. The poblational distribution of anaphase or telophase spindle angles in control and
AKAP350KD cysts is indicated in red. Results are representative of three independent experiments.

AKAP350 interacts with EB1 at the centrosomes in mitotic cells. In order to investigate how
AKAP350 modulates spindle orientation, we looked for putative partners that could participate in this mecha-
nism. Previous studies demonstrated that EBI regulates spindle orientation in epithelial cells by mechanisms that
are not completely clear [reviewed in']. Mostly recognized as a microtubule plus end binding protein that shows a
comet like distribution in interphase cells, EB1 also localizes to centrosomes, astral microtubules and kinetochore
fibers in mitotic cells. We first analyzed if AKAP350 colocalized with EB1. We found that there was a clear EB1/
AKAP350 colocalization at the spindle poles in mitotic cells (Fig. 3a). It has been reported that AKAP350 local-
izes to microtubule plus ends'. Nevertheless, we did not find any evidence of AKAP350/EB1 colocalization out-
side of the centrosome. AKAP350 interacts with p150glued®!, the main subunit of the dynactin complex, which
directly associates with EB1%, raising the possibility that they could be part of the same protein complex. We gen-
erated MDCK cells with stable expression of the AKAP350 domain responsible for AKAP350/p150 glued inter-
action, AKAP350(1-1029) (AKAP350NTD), expressed as a GFP fusion protein. To assess the interaction between
AKAP350 and EBI, we performed coimmunoprecipitation experiments in AKAP350NTD cells (Fig. 3b). We
found that AKAP350NTD was present in EB1 immunoprecipitates, thus indicating that, by means of its amino
terminal domain, AKAP350 arranges a protein complex with EB1. We further analyzed the interaction between
endogenous AKAP350/EB1 using immuno FRET by acceptor photobleaching. We performed those experiments
using either EB1/AKAP350 or AKAP350/EB1 as donor/acceptor pairs. In both cases we found an increase in the
donor fluorescence when the acceptor was bleached at the centrosome area (Fig. 3¢), being the FRET efficiencies
for EB1/AKAP350 pair 5% and for AKAP350/EB1 pair 11% (n=6, p < 0.05). On the other hand, photobleach-
ing of the acceptor channel at the centrosome area when the acceptor protein was not immunostained or when
the pair EB1/~-tubulin was used as control did not elicit any increase in the donor fluorescence intensity. These
results give additional evidence of a direct interaction between AKAP350 and EB1 at the centrosomes.

Reduction of AKAP350 levels results in decreased EB1 localization at spindle poles and astral
microtubules. We further explored if AKAP350 was involved in EB1 recruitment to spindle poles, by exam-
ining EB1 levels at these organelles in AKAP350KD cells. We obtained immunofluorescence confocal microscopy
images of control and AKAP350KD cells dually stained for EB1 and ~-tubulin (Fig. 4a), and measured the frac-
tion of EB1 intensity of fluorescence that was present at the centrosomes. AKAP350KD interphase cells did not
show any alteration in the fraction of EB1 that localized at the centrosome (Fig. 4b). We observed that, in control
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Figure 3. AKAP350 interacts with EB1 at the centrosomes. (a) Merged images show AKAP350 (green)

and EB1 (red) staining in MDCK cells. Arrows indicate centrosomes in mitotic cells, where significant
colocalization is observed. Scale bars, 10 pm. (b) MDCK cells with stable expression of AKAP350(1-1029)
domain fused to GFP (AKAP350NTD) were prepared as described in Materials and Methods. AKAP350NTD
cell lysates (Input) were incubated with an anti-EB1 antibody, and subjected to immunoprecipitation using
protein A-sepharose beads. Non-bound material was removed, beads were washed and immunoprecipitates (IP)
eluted with sample buffer. A negative control was run by incubating cell lysates with protein A-sepharose beads
in the absence of anti-EB1 antibody (EB1-). Samples were analyzed by Western blot using anti-EB1 (top) and
anti-GFP (bottom) antibodies. (c) Analysis of EB1/AKAP350 interaction in situ was performed using immuno-
FRET by acceptor photobleaching, as described in Materials and Methods. The first image show the DIC
channel of a mitotic cell, which was bleached at the centrosome area in the acceptor channel. The second image
illustrates in fire pseudocolor the increase in intensity in the bleached area in the donor (AKAP350) channel,
after photobleaching of the acceptor (EB1) channel.

DIC FRET FRET AKAP350/EB1

cells, EBI1 localization at the centrosome markedly increased during prophase and metaphase (>20 times) and,
even though it decreased during anaphase, remained widely over interphase levels (Fig. 4b). The increase in EB1
levels was markedly affected in AKAP350KD mitotic cells (Fig. 4a,b). Similarly to what happens at the onset of
mitosis, interphase microtubules subjected to nocodazole treatment and washout suffer rapid remodeling. In
order to reevaluate our observations regarding centrosomal localization in mitotic cells, we analyzed EBI levels
at the centrosomes in cells subjected to nocodazole treatment immediately after nocodazole washout. Analysis of
EB1 and ~-tubulin dual staining showed that centrosomal levels of EB1 in AKAP350KD cells were decreased to
30% of control cells (Fig. 4c). We further analyzed by western blot EB1 levels in centrosome enriched subcellular
fractions, derived from control or AKAP350KD cells subjected to nocodazole treatment (Fig. 4d). Estimates that
considered the total protein recovery and EB1 band density for each fraction indicated that approximately 3% of
total EBlwas recovered at the centrosomal fraction. EB1 levels in total cell lysates were not affected by the decrease
in AKAP350 expression (Fig. 4d, left). Remarkably, the EBI yield in centrosome fractions in AKAP350KD was
severely decreased, representing only the 0,2% of the total EB1 (Fig. 4d, right). It is noteworthy that AKAP350KD
cells also exhibited decreased recovery of y-tubulin in centrosome fractions, what is in accordance with AKAP350
participation in the organization of the ~-tubulin containing ring complex at this organelle!’ and consistent with
our immunofluorescence analysis (Fig. 4a). Nevertheless, even when related to ~-tubulin levels, EB1 recovery was
significantly decreased in AKAP350KD centrosomal fraction (Fig. 4d, bars).

We further evaluated if the decrease in EBI levels at the spindle poles was associated with changes in EB1
levels at astral microtubules (Fig. 4e). The presence of EB1 in astral microtubules was significantly decreased in
mitotic AKAP350KD cells. Besides, there was a noticeable decrease in EB1 levels at kinetochore fibers. Altogether,
our results indicate that AKAP350 participates in the recruitment of EBI to the centrosomes in mitotic cells, and,
concomitantly, conditions EB1 levels at spindle microtubules.

EB1 overexpression rescues AKAP350KD induced defective spindle orientation. We evaluated
if EB1 was actually implicated in the pathway leading to AKAP350KD induced alteration of spindle orientation,
by analyzing the effect of increased expression of EB1 on spindle orientation in AKAP350KD cells. We gener-
ated control and AKAP350KD cells with stable overexpression of EB1, codified as a RFP fusion protein (EBIOE
and AKAP350KD-EB1OE, respectively). We found that, in mitotic cells with decreased levels of AKAP350, EB1
overexpression restored EBlcentrosomal and astral microtubule intensities to control levels (Fig. 5a). Previous
studies reported that EB1 was overexpressed in various cancer types derived from epithelial cells, having been
the association of EB1 with the malignant potential of tumor cells verified in hepatocellular carcinoma and in
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Figure 4. Reduction of AKAP350 levels results in decreased EB1 localization at spindle poles and astral
microtubules. (a) Merged images show the visualization of EB1 (green) and ~-tubulin (red) staining in
metaphase control and AKAP350KD cells. (b) Centrosomal localization of EB1in mitotic cells was determined
by setting a threshold on the ~-tubulin channel to define a mask, which was used to automatically outline

the centrosomal voxels, and related to total EB1 fluorescence, which was determined using a threshold on

the EBI channel to define a mask to outline total voxels for EB1 staining. Bars represent the percentage of

EBI fluorescence present at the spindle poles for interphase, prometaphase, and anaphase cells. Results are
representative of at least 10 cells for each group analyzed in 3 independent experiments. (c) Cells were treated
with nocodazole 10 pg/ml for 3 h, washed and dual stained with anti-a-tubulin and anti-EB1 antibodies.
Merged images show the visualization of EB1 (green), a-tubulin (red) and DAPI (blue) staining in control and
AKAP350KD cells. Bars denote the percentage of EB1 fluorescence present at the centrosome, representative
of three independent experiments, calculated as in b. (d) Centrosomes enriched subcellular fractions were
prepared by differential centrifugation of control or AKAP350KD cell lysates using a Fycoll gradient, as
described in Materials and Methods. Total cells lysates and the centrosomal fraction were analyzed for EB1
expression by western blot. Bar graphs represent the density of the band corresponding to total or centrosomal
EBI relative to a-tubulin or ~-tubulin density, respectively, of three independent experiments. (e) Merged
images show the visualization of EBI (red), a-tubulin (green) and DAPI (blue) staining in control and
AKAP350KD cells undergoing mitosis. The inset images show magnified views of astral microtubules (boxed
areas). Bars represent the fraction of EB1 fluorescence present at astral microtubules. Scale bars, 5 pm (a,c) or
2.5 pm (e). *p < 0.05; **p < 0.001.
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Figure 5. EB1 overexpression rescues AKAP350KD induced defective spindle orientation. MDCK cells with
stable expression of EB1 fused to RFP (EB1OE) were generated and EB1OE with normal or decreased levels

of AKAP350 (AKAP350KD-EB1OE) cells were prepared as described in Materials and Methods. (a) Merged
images show the visualization of EB1 (green) and ~-tubulin (red) staining in metaphase control, AKAP350KD
and AKAP350KD-EB1OE cells. Bars represent the percentage of EB1 fluorescence present at the centrosomes,
defined at the ~-tubulin channel, and at astral microtubules in mitotic cells. Results are representative of at least
10 cells for each group analyzed in 3 independent experiments. Scale bar, 5 pm. (b) Cells were grown in Matrigel
for 72h and stained as indicated. Images were obtained by confocal microscopy, and spindle orientation in
mitotic cells analyzed as described in Materials and Methods. Images show the projection of the central sections
for ~-tubulin and DAPI staining corresponding to control, AKAP350KD cysts and AKAP350KD-EB1OE

cysts, where the spindle angle of anaphase cells has been delineated, as explained for Fig. 2. Scale bar, 10 pm.
The circular section histogram graphs show the population distribution of mitotic spindle angles in control,
AKAP350KD and AKAP350KD-EB1OE cysts indicated in red. Results are representative of three independent
experiments. *p < 0.05.

breast cancer cells**~%¢. In accordance with those studies, cystogenesis assays revealed that EB1 overexpression per
se severely affected the formation of epithelial organotypic structures, leading to the formation of cysts with no
lumen, cysts with altered polarity, and cysts that were more invasive (supplementary Figure 3). We used the pop-
ulation of AKAP350KD-EB1OE cysts which had a noticeable lumen to measure spindle orientation. As shown in
Fig. 5b, we found that AKAP350KD-EB1OE recovered the spindle orientation perpendicular to the apico-basal
axis (74° £ 7°), showing an average orientation in the range of spindle orientation in control cells (75°+ 6°) and
significantly different from AKAP350KD cells (42°+10°, p < 0.05).

AKAP350 delocalization from the centrosome induces decreased EB1 localization at spindle
poles and astral microtubules, and defective cystogenesis. In order to evaluate if the decrease in
EB1 levels at astral microtubules observed in AKAP350KD cells was related to the reduction of its levels at the
spindle poles, we prepared cells with stable expression of the carboxyl-terminal 92 aminoacid region of AKAP350
(AKAP350(3386-3477)), the pericentrin-AKAP450 centrosomal targeting (PACT) domain?’. Expression of
the PACT domain generates a reduction in AKAP350 localization at the centrosome without affecting total
AKAP350 levels, or AKAP350 localization at the Golgi apparatus'>!¢?”. MDCK cells with stable expression of the
PACT domain (PACT cells) were prepared by transducing MDCK cells with retroviral particles codifying for a
PACT-GFP fusion protein (Fig. 6a). We first verified if AKAP350 presence at the centrosome was necessary for
proper EBI localization at this organelle. Similarly to what was observed in AKAP350KD cells, mitotic PACT cells
showed a remarkable reduction in EBI levels at their spindle poles (Fig. 6a,b). Therefore, we used this condition
where EB1 was specifically delocalized from the spindle poles, to evaluate EB1 localization at astral microtubules.
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Figure 6. AKAP350 delocalization from the centrosome induces decreased EB1 localization at spindle poles
and astral microtubules leading to defective lumen formation. MDCK cells with stable expression of the
AKAP350(3386-3477) domain, which targets the protein to the centrosome, fused to GFP (PACT) and their
respective controls stably expressing GFP were prepared as described in Materials and Methods. (a) Merged
images show the visualization of EB1 (green), N-tubulin (red) and DAPI (blue) staining in metaphase control
and PACT cells. (b,c) Bars represent the fraction of EBI1 fluorescence present at the spindle poles (b), or at astral
microtubules (c) for interphase (b), prometaphase, and anaphase cells (b,c). Results are representative of at least
10 mitotic cells analyzed in 3 independent experiments. (d) Control and PACT cells were grown in Matrigel for
72h, stained and analyzed by confocal microscopy. Single confocal sections at the center of the cysts are shown.

SCIENTIFICREPORTS | 7: 14894 | DOI:10.1038/s41598-017-14241-y 8



www.nature.com/scientificreports/

Merged images show EBI (green), y-tubulin (red) and DAPI (blue) staining in control and PACT cells. Bars
represent the percentage of cysts that developed each type of phenotype considering lumen morphology for at
least 8 cysts analyzed in 4 independent experiments. Scale bars, 5 pm (a-c) or 10 pm (d). *p < 0.05.

We found that PACT cells exhibited a significant decrease in EB1 localization at astral microtubules (Fig. 6¢),
thus supporting that the reduction of EB1 levels at the spindle poles may affect EB1 loading in nascent astral
microtubules.

In order to analyze if delocalization of AKAP350/EB1 from the centrosome was sufficient for inducing defec-
tive lumen formation, we analyzed cystogenesis in PACT cells (Fig. 6d). PACT cells were cultured on matrigel at
low confluence for 72h. As expected, the majority of control cells formed normal cysts with a single lumen. On
the other hand, only a minor fraction of PACT cells developed normal cysts, whereas most PACT cells formed
cysts with more than one lumen, or with collapsed lumen. Accordingly, in contrast with the spindle orientation
parallel to the epithelial sheet observed in most control cysts, many PACT cysts showed altered spindle orienta-
tion (Fig. 6d).

Therefore, centrosomal AKAP350 is involved in the recruitment of EB1 to the spindle poles, what has a direct
impact on EBI localization at astral microtubules. In accordance with these observations, the decrease in cen-
trosomal AKAP350 levels leads to the development of cysts with phenotypes compatible with abnormal spindle
orientation.

Interference with AKAP350/EB1 interaction leads to defective cystogenesis. To further confirm
if EBI interaction with AKAP350 at the centrosome was necessary for normal cystogenesis, we used cells with
stable expression of the AKAP350NTD domain, which contains the AKA350/EB1 interaction region (Fig. 3),
but not the PACT domain and, therefore, does not localize to the centrosome. We first evaluated if, effectively,
AKA350NTD cells had decreased levels of EBI at the centrosome. Cells were stained with anti-~-tubulin and
anti-EB1 antibodies (Fig. 7a), and EB1 levels at the centrosomes in mitotic cells analyzed as described above. EB1
localization at the centrosome was significantly decreased in AKAP350NTD cells, confirming that AKAP350NTD
domain acts as a dominant negative protein regarding EBI interaction with AKAP350 at the centrosome. The
analysis of cystogenesis in AKAP350NTD cells revealed that, similarly to what was observed in AKAP350KD
and PACT cells, AKAP350NTD cells developed an increased fraction of cysts with lumen abnormalities (Fig. 7b).
Altogether, our results indicate that EB1 interaction with AKAP350 at the centrosome is necessary for normal
cystogenesis.

Discussion

The organization and maintenance of epithelial sheets require individual cell division to occur within the plane
of the sheet. The relevance of accurate cell division orientation is underscored by studies reporting that the fail-
ure of epithelial cells to orient their spindle parallel to the epithelial plane is often associated to pathological
conditions, such as intestinal tumors and polycystic kidney disease?>*. Key studies revealed the participation of
cell-cell adhesion complexes in the specification of planar spindle orientation®. Many of the molecules involved
in adherent junction interaction with the spindle astral microtubules have been identified, and the mechanism
underlying their recruitment at this site has been uncovered!®. Far less is known about the molecular actors
that regulate spindle orientation at the spindle apparatus. Studies performed in Drosophila epithelium indicate
that the fly homologue of EBL1 is required for proper spindle alignment and symmetric epithelial division along
the planar axis®. Even though spindle positioning was not measured, experiments in 3D primary cultures of
mammary epithelial cells showed that EB1 depletion lead to formation of cysts with collapsed lumen'?, what is
compatible with altered orientation of cell division. Although the exact mechanism mediating EB1 regulation of
spindle positioning has not been uncovered, the fact that EB1 is responsible for microtubule plus ends interaction
with several proteins involved in astral microtubules stabilization and spindle orientation makes EB1 an excellent
astral candidate for sensing cortical cues which can direct spindle orientation in epithelial cells®. For instance,
EBI1 mediates p150glued interaction with microtubule plus ends?**!, and, therefore could condition the dynein
association with these structures, what constitute a crucial event in spindle positioning®’. In this study, using
organotypic 3D culture of MDCK cells we identified centrosomal AKAP350 as an important element in the speci-
fication of the axis of cell division. Furthermore, our results reveal that AKAP350 interacts with EB1 at the spindle
poles, and indicate this interaction is critical for proper EB1 localization at the spindle apparatus.

Our previous studies demonstrated that loss of AKAP350 function leads to impaired apical actin cytoskeleton
nucleation and decreased formation of apical “canalicular” structures in hepatocytes, and provided evidence that
this effect is mediated by AKAP350 dependent microtubule nucleation at the Golgi apparatus'®. Hepatocytes
are epithelial hepatic cells that develop multiple apical poles, thus differing from most epithelial cells, including
kidney tubule epithelial cells and enterocytes, which develop a single apical pole. In contrast with our findings
in hepatocyte-epithelial cells, in the present study we found no evidence of defective development of the apical
pole in 2D cultures of kidney tubule derived MDCK cells with decreased AKAP350 expression. Ls174T-W4
cells derive from the Ls174T colon epithelial cell line, which have been genetically engineered to produce an
enterocyte-like phenotype in absence of cell-cell or cell-extracellular matrix contact®. Similarly to our studies in
MDCK cells, our previous observations in Ls174T-W4 cells indicated that, even though the decrease in AKAP350
expression was associated to defective microtubule nucleation at the Golgi apparatus, it did not interfere with the
development of the actin rich apical structures (brush borders)?. Therefore, our present studies provide addi-
tional evidence supporting that, compared with cells with hepatocyte type of epithelial polarity, epithelial cells
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Figure 7. Interference with AKAP350/EBI interaction is sufficient to induce defective cystogenesis. (a) Images
show EBI (green) and ~-tubulin (red) staining in control and AKAP350NTD mitotic cells. (b) Control and
AKAP350NTD cells were grown in Matrigel for 72 h, stained and analyzed by confocal microscopy. Single
confocal sections at the center of the cysts are shown. Merged images show EB1 (green), a-tubulin (red) and
DAPI (blue) staining in control and AKAP350NTD cells. Bars represent the percentage of cysts that developed
each type of phenotype for at least 8 cysts analyzed in 4 independent experiments. Scale bars, 10 pm. *p < 0.05.

with simple polarity have different requirements regarding the protein complexes that regulate their cytoskeleton
dynamics during the initial events that condition the development of their apico-basal asymmetry.

During the development of different types of cell polarity, the non-central positioning of the centrosome
primes very dissimilar effects. Nevertheless, much of the mechanics of movement and the regulatory mechanisms
governing the asymmetric localization of the centrosome are highly similar [reviewed in**]. Previous studies
demonstrate that, during the development of the immunological synapse, AKAP350 is involved in centrosome
movement towards the site of T cell interaction with its target cell*>. In addition, our previous studies indicated
that AKAP350 participates in the polarized localization of the centrosome towards the front pole in migratory
cells'®. In contrast, our present study demonstrates that AKAP350 expression is not necessary for proper centro-
some localization at the apical pole of MDCK, which is the first stage for the formation of the apical cilia. These
results are also in agreement with our findings in Ls174T-W4 cells®*, thus unveiling significant differences in the
machinery involved in centrosome positioning during the development of epithelial polarity, when compared
with immune synapse and migratory polarity.

In spite of not having effect on cell polarity in 2D cultures, 3D MDCK cell cultures revealed an essential role of
AKAP350 on the specification of the location of the apical pole, which was associated to its effect on ensuring cor-
rect spindle orientation. Similarly, cdc42 has a central role in determining lumen formation by regulating mitotic
spindle alignment, but does not lead to a conspicuous phenotype in 2D MDCK cell cultures**. In our model, the
analysis of spindle positioning in 2D MDCK cultures revealed no evidence of alterations of spindle orientation
with respect to the cell-substrate adhesion plane (data not shown). Therefore, these results prove that, at least in
some cases, the 2D epithelial cell models have inherent limitations to reveal defects in cell division orientation.

Pericentrin is a centrosomal protein which is evolutionary and functionally related to AKAP350%. It has been
demonstrated that pericentrin organizes a centrosomal complex which regulates spindle orientation in fibro-
blasts®®. That study revealed that 2D cultures of pericentrin knocked out cells showed spindle misorientation
relative to the cell-substrate adhesion plane, which was associated to a dramatic reduction in astral microtubules.
Astral microtubules, and overall microtubule nucleation, were preserved in AKAP350KD cells (Supplementary
Figure 2) and, as stated above, spindle orientation relative to the cell-substrate plane was not affected. Therefore,
the mechanisms underlying our observations are clearly different from that involved in spindle mispositioning in
pericentrin knocked out cells.

Regarding the mechanism involved in AKAP350KD induced defective cystogenesis, we found that AKAP350
recruits EB1 to the spindle poles, and that the decrease in AKAP350 expression leads to decreased EB1 levels not
only at the spindle poles, but also at astral microtubules. As discussed above, several studies position EB1 as an
excellent candidate to act as an astral microtubule sensor of cortical signals that could ensure accurate alignment
of cell division in epithelial cells. Nonetheless, Gierke and Wittmannin showed that EB1 depletion only elicited a
subtle increase in the number of cysts with collapsed lumen in MDCK cells®. As the authors discuss, the absence
of a more prominent phenotype in EB1 knocked down cells could be due to a partial compensation by another
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member of this family, EB3, which can show redundancy with EB1%. In order to evaluate if EB1 was actually
acting in the pathway by which AKAP350 ensured spindle orientation, we analyzed the effect of EB1 overex-
pression on spindle orientation during cystogenesis in AKAP350KD cells. We found that EB1 overexpression
rescued the defective spindle orientation induced by AKAP350 depletion, thus confirming that EB1 participates
in spindle orientation in MDCK cells, and that it was acting in the same pathway that AKAP350. According to the
results illustrated in Figs 3 and 4, it is possible that EB1 would have not been able to restitute spindle orientation
if AKAP350 was completely absent from the centrosome. Nevertheless, the presence of low levels of AKAP350
remaining at the centrosomes in AKAP350KD cells (Supplementary Figure 1) could have been enough to ensure
EBI scaffold at the centrosomes when EB1 levels were enhanced by the overexpression of the fusion protein.

The mechanism mediating AKAP350 dependent EBI recruitment to astral microtubules is not clear. It was
reported that AKAP350 could localize to microtubule plus ends'*. Even though it has been definitely demon-
strated that EB1 binds autonomously to microtubule plus ends*, it could be speculated that AKAP350 might
be involved in the regulation of its stability by directly interacting with EB1 at this location. Nevertheless, we
could not get evidence of AKAP350/EBI colocalization at microtubule plus ends in our system. Furthermore,
our results also demonstrated that the specific delocalization of the AKAP350/EB1 complex from the centrosome
lead to decreased EB1 levels at astral microtubules. Hence, these results indicate that EB1 localization at astral
microtubules is dependent on its recruitment to the spindle poles by AKAP350. Previous studies indicated the
presence of EB1 comets associated to spindle poles, which tracked away from these organelles, suggesting the
existence of EBI association to microtubule plus ends at the centrosome*?. Therefore, these results are compatible
with a scenario where astral microtubule associated EB1 could be initially originated at the spindle poles. In this
model, AKAP350 would be responsible for ensuring proper loading of EB1 to nascent mitotic microtubules plus
ends. This hypothesis is in agreement with previous studies which showed that growth of newly formed microtu-
bules was delayed in AKAP350KD cells'?, and that formation of EB1 comets was reduced in cells with decreased
AKAP350 expression'*. Further studies will be necessary to confirm or to refute this model.

Decreased localization of EB1 at mitotic spindles could be sufficient to explain the deficiency in cystogenesis
induced by defective AKAP350 expression. Nevertheless, AKAP350 could be involved not only in the recruitment
of EBI to the spindles, but also in the regulation of its phosphorylation state. Phosphorylation of plus end binding
proteins has been proposed to be a mechanism for modulating the astral interaction with cell cortex molecules
that precedes astral microtubule stabilization and pulling [reviewed in®®]. In fact, phosphorylation of EB1 by the
mitotic kinase ASK1 at the spindle poles was proposed to be essential for regulating EB1 affinity for astral micro-
tubules and, concomitantly, spindle orientation in 2D cell cultures®. Furthermore, at the centrosome, AKAP350
also interacts with several kinases and phosphatases, including the casein kinase 8. EBI is a substrate for this
kinase, and their functional interaction is relevant for the centrosome positioning towards the immune synapse
in T cells*. Therefore, our results are compatible with a scenario where AKAP350 recruits EB1 to the spindle
poles positioning this protein close to specific kinases and/or phosphatases which could condition its affinity for
specific partners at spindle microtubules or at the cell cortex.

In conclusion, our study demonstrates that centrosomal AKAP350 is essential for ensuring a precise spin-
dle position during the formation of epithelial organotypic structures and provides evidence of the interaction
between AKAP350 and EBI at the spindle poles. Furthermore, our results reveal the functional relationship
between AKAP350 localization at the spindle poles, and EB1 association to astral microtubules, thus uncovering
interesting mechanistic data on the factors that govern spindle orientation during epithelial organogenesis.

Materials and Methods

Cell culture. MDCK cells were obtained from Keith Mostov lab (UCSF, CA).Cells were grown on plastic
dishes in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g of glucose/l, supplemented with 10% fetal
bovine serum and antibiotics. Cells were tested monthly by PCR for contamination with mycoplasma.

Reduction of AKAP350 expression. In order to reduce AKAP350 expression in MDCK cells, we pro-
ceeded as we have described previously'. Constructs were made by annealing and ligating oligonucleotides
targeting a specific AKAP350 sequence (5-GCAAGAACTAGAACGAGAA-3’) or a scrambled control into the
Agel and EcoRI cloning sites of pLKO.1-puro vector (details at http://www.addgene.org). These constructs were
sequenced and used to co-transfect human embryonic kidney 293 FT cells with Virapowerlentiviral packaging
mix (Invitrogen, Carlsbad, CA). The next day, transfection complexes were removed, and cells were allowed
to produce virus for 24 h. Media containing virus were collected and used to directly transduce MDCK cells
overnight. The cells were allowed to recover for 24 h and subjected to puromycin selection (5 pug/ml) for 2 weeks.
Silencing was confirmed by western blotting and immunofluorescence analyses.

Generation of stable cell lines. The AKAP350(1-1029) domain fused to GFP was donated by James
R. Goldenring (Cell and Developmental Biology,Vanderbilt University). The plasmid codifying for EB1 fused
to RFP was kindly provided by Alfredo Caceres (Instituto de Investigaciones Médicas Mercedes y Martin
Ferreyra-CONICET). MDCK cells were transfected by using lipofectamine 3000 (Invitrogen). After 24 h, the anti-
biotic Geneticin (Invitrogen, 500 ug/ml) was added to the medium to select the transfected cells. These cell lines
were maintained in a medium containing Geneticin (200 pg/ml) for 2 weeks in conditions that were otherwise
similar to those used to maintain parental cells. Individual clones of cells stably expressing AKAP350NTD-GFP
(AKAP350NTD) or GFP (control), and EB1-RFP or RFP (control) were prepared by using serial dilutions of the
selected cells.

The AKAP350CTD domain cloned into pEGFP-C1'* was used as a template to clone the AKAP350
3386-3477 (equivalent to AKAP450 3699-3790) domain (PACT) into the retroviral vector pLPC (Clontech).
The following primers were designed containing linkers for the restriction enzymes EcoRI and Xhol: FW:
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5-AAAGAATTCTTAAAGAGAATTTATGGTAAATAC-3’ and RV: 5-AAACTCGAGTTATGTGACTCGAT
GCCACCGT-3'. GP2-293 cells cultured in DMEM 10% FBS were transfected using the calcium phosphate
method with a particle suspension containing 4 pg of pENV and 4 pg of pLPC-GFP or pLPC-GFP PACT
in125mM CaCl2/HBS (25 mMHepes pH 7, 140 mM NaCl, 0.75 mM Na,HPO,). After 8 hours of incubation the
medium was changed and the cells were further incubated for further 48 hours. Retrovirus supernatants from
the GP2-293 plates were collected, 500 pl of FBS and 8 pg/ml polybrene were added and the cell debris and
aggregated virus were removed by filtering the supernatant through a 0.45um cellulose acetate filters. Filtered
Polybrene-containing pLPC-PACT or pLPC retrovirus supernatants were added to MDCK cells. After 24 h, the
media was changed and the following day stable cells were selected by adding 5 pig/ml of Puromycin.

Inmunofluorescence.  Cells were grown on glass coverslips, washed with PBS and fixed with 4% paraform-
aldehyde at room temperature or in 100% methanol at —20°C. Fixed cells were permeabilized and blocked with
0.3%Triton X-100/1% bovine serum albuminin/PBS, pH7.4, for 10 min. Then, they were incubated with rabbit
monoclonal antibodies against EB1 (Abcam-ab50188, 1:400), occluding (Zymed, 1:60), and mouse monoclo-
nal antibodies against AKAP350 (1:80)*, ~-tubulin (Sigma-T6557, 1:250), a-tubulin (Sigma-T9026, 1:300), for
2h. The coverslips were washed, incubated for 1h with the secondary fluorescence-conjugated antibodies con-
jugated to Alexa 488, Alexa 560 or Alexa 633 or phalloydin-Alexa 568 (Molecular probes-A34055, 1:200) for
actin staining and with 4/,6-diamidino-2-phenylindole (DAPI) for nuclear staining and mounted with ProLong.
Fluorescence was detected by using confocal laser microscopy (Nikon C1SiR with inverted microscope Nikon
TE200). Serial optical 0.3-pm (for 2D cultures) or 0.5 pm (for cyst assays) thick sections were collected in the
z-axis. z-stacks were built, and projections were obtained using Image] tools. In preparing the figures, adjustment
in brightness and contrast were equally applied to the entire images using Adobe Photoshop software to improve
visualization of fluorescence.

Imaging FRET measurements. In the present study, the acceptor bleaching FRET method was used, as
described in detail’, using a LSM880 confocal with an ObserverZ1 inverted microscope. Two FRET donor/
acceptor combinations were probed: anti-EB1 antibody recognized with secondary antibody labeled with Alexa
555 as a donor or with Alexa 633 as an acceptor, and anti-AKAP350 antibody recognized with secondary anti-
body labeled with Alexa 555 as a donor or with Cy5 as an acceptor. Controls were performed labeling exclusively
the donor channel, in the absence of the acceptor fluorophore. As negative control, we labeled the samples with an
anti-EB1 antibody recognized with an Alexa 555 conjugated antibody, and anti-+-tubulin recognized with a Cy5
labeled secondary antibody, in order to get a donor/acceptor pair that colocalized at the centrosome but did not
interact. The energy transfer was detected as an increase in donor (Alexa 555) fluorescence (dequenching) after
photobleaching of the acceptor (Cy5 or Alexa 633) fluorophore. The validity of using the acceptor photobleaching
technique to quantify FRET is based on the fact that the only factor that can lead to a difference in donor fluores-
cence in the presence and absence of acceptor is energy transfer. The FRET experiments were performed using
secondary antibodies at a 1 donor: 2 acceptor ratio. Both acceptor dyes were photobleached using the 635-685
band of a He-Ne laser (100% power, 70 iterations of 130 ms). Under these conditions, ~97% of the Cy5 or ~30%
of Alexa 633 were bleached from the entire centrosomal region. Three images of the Alexa 555 (donor) channel
were acquired pre bleaching and three images of the same field were taken after photobleaching. No increase in
the donor channel fluorescence intensity occurred in control samples labeled only with Alexa 555 or in the neg-
ative control. FRET efficiency was calculated as: (IDa-IDb)/IDa, being IDa and IDb the fluorescence intensity of
the donor channel at the quenched area after and before the photobleaching, respectively.

2D and 3D MDCK culture. For analysis of epithelial polarity in 2D MDCK culture, cells were grown on
transwells containing 0.4 um pore size polycarbonate membrane inserts (Corning Inc.) for 2 days. MDCK cells
were fixed to analyze cell polarization by immunofluorescence. Cells were stained and analyzed by confocal
microscopy as described above.

For cystogenesis analysis, MDCK cells were seeded as single-cell suspension (8.10* cells per ml) in Matrigel
(BD Biosciences). After 2 or 3 days, the gels were washed with PBS and fixed (4% paraformaldehyde, 30 min at
room temperature or methanol, 7 min, —20°C). Cells were pre-treated with 0.5% Triton X-100/PBS (10 min,
4°C) and then permeabilized and blocked with 1% serum albumin/0.2%Triton X100/0.05% Tween/PBS30 min at
room temperature. Incubations with antibodies were performed in blocking solution for a minimum of 2h at RT.
Images were obtained by confocal microscopy as described above.

Inmunoprecipitation. AKAP350NTD cells grown on plastic were washed, scrapped and lysed by the addi-
tion of lysis buffer (1% Triton X-100, 10% glycerol, 137 mM NaCl, 2mM EDTA, 20 mMTris-HCl), supplemented
with protease inhibitors. Cell lysates (300 pg/sample) were incubated overnight with 5pl of anti-EB1 or without
antibody (control) under constant agitation at 4 °C. Protein A-Sepharose (Sigma Chemical Co.) was added to each
tube to reach a concentration of 4 mg/ml in a final volume of 200 pl and samples were further incubated for 2 h.
After that, samples were centrifuged 5min at 5,000 rpm. Pellets were washed three times with PBS and proteins
bound to the Protein A-Sepharose were dissolved in 20 ul sample buffer and heated at 90 °C for 10 min. The com-
plete volumes of these recovered immunoprecipitates and 10% of their supernatants (non-bound material) were
loaded and subjected to immunoblot analysis.

Immunoblotting. Cells were washed with cold PBS, scraped and pelleted at 200 g for 5 min at 4 °C. Pelleted
cells were resuspended in Triton X-100 1% in PBS pH 7.4 with protease inhibitors, and subjected to two freeze-
thaw cycles. Lysates were centrifuged at 1000 g for 5min, and the clear supernatants were conserved. Total pro-
tein concentrations were measured according to Lowry et al. (1951). Samples were heated for 10 min at 70°C in
sample buffer (20 mMTris-HCI, pH 8.5, 1% SDS, 400 uM DTT, 10% glycerol). Then, they were subjected to SDS
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polyacrylamide gel electrophoresis (4-10% gradient to verify AKAP350 silencing or 10% otherwise). The proteins
in the 4% gel were transferred to nitrocellulose membranes (Amersham Pharmacia Biotech), whereas the 10%
gel proteins were transferred to polyvinyl difluoride membranes (Perkin Elmer Life Sciences). Blots were blocked
with 5% nonfat dry milk in PBS, 0.3% Tween-20 (PBS-Tween). Nitrocellulose blots were then probed with the
primary antibody mouse anti-AKAP350 (1:500), and polyvinyl difluoride membranes were probed with mouse
monoclonal antibodies against a-tubulin (1:5000), and rabbit monoclonal antibodies against EB1 (1:1000) or
GFP (1:500, Santa Cruz). The blots were then washed and incubated with the horseradish peroxidase-conjugated
corresponding secondary antibodies, and bands were detected by enhanced chemiluminescence (Pierce, Thermo
Scientific). Autoradiographs were obtained by exposing the blots to Kodak XAR film. The bands were quantitated
by densitometry using the NIH Image ] program.

Analysis of EB1 localization. EBI localization in mitotic cells. Images of EB1 and ~-tubulin or a-tubulin
co-staining were obtained by confocal microscopy, as described above, and analyzed using appropriate Image]J
plugins. Mitotic cells undergoing pro-metaphase and anaphase were identified according to the level of chromo-
some segregation. After removing the background, centrosomal localization of EB1in those cells was determined
by setting a threshold on the ~-tubulin channel to define a mask, which was used to automatically outline the cen-
trosomal voxels. Localization of EB1 at astral microtubules was determined by defining a mask in the EB1 channel
which included the voxels corresponding to the entire spindle apparatus, and clearing out from the region of
interest defined by that mask the voxels corresponding to the centrosomes and the kinetochore fibers, which were
defined in y—tubulin or a-tubulin channels. Intensity of EB1 fluorescence at the centrosomes or at spindle asters
were related to total EB1 fluorescence, which was determined using a threshold on the EB1 channel to define a
mask to outline total voxels for EB1 staining.

EBI1 localization at the centrosome in nocodazole treated cells. In order to analyze centrosomal EB1 in an
additional condition associated to conspicuous microtubule remodeling, cells were subjected to chemical disrup-
tion of microtubules induced by treatment with 33 uM Nocodazol for 2h in ice and 1h at 37 °C. After nocodazole
treatment, cells were washed with PBS, fixed, stained and analyzed as described for mitotic cells. Alternatively,
centrosome-enriched fractions were prepared by centrifugation on a Fycoll cushion, using a method based on
Blomberg-Wirschell and Doxsey*’. Briefly, cells were treated with Nocodazole (1.65 pM) and Cytochalasin (390
nM) for 30 min, and washed with PBS. Cells were resuspended and gently sonicated in lysis buffer containing
ImMTRIS-HCI [pH 8], 0.5% [3-Mercaptoethanol, 0.5% Triton X-100 and protease inhibitors. Components were
added to cell lysates to achieve a final concentration of 10 mM PIPES, 1 mM EDTA. In order to eliminate unbro-
ken cells and nuclear fractions, cell extracts were centrifuged at 1,500 ¢ for 15 min. The supernatant was filtered
through a nylon mesh and loaded on the top of a 20% (w/v) Ficoll cushion in buffer 10 mM PIPES/1 mM EDTA
with 0.1% Triton X-100 and tubes were spun at 25,000 g in a swinging bucket rotor. Centrosomes were taken from
the top of the Ficoll cushion using a Pasteur pipet, and EBI levels at this fraction analysed by western blot.

Analyzis of microtubule nucleation. MDCK cells were seeded 24 h before the experiment, incubated
with 8 uM Nocodazol for 2h in ice and 1 h at 37 °C and allowed to recover at 37 °C for 15 min. For analysis of cen-
trosome nucleation of microtubules, cells were immediately treated 45 sec with extraction buffer (60 mM PIPES,
25mM HEPES, 10mM EGTA, 2 mM MgCl2, 0.1% Saponin, pH 6.9, supplement with 0.25nM nocodazole and
0.25nM paclitaxel). Cells were then fixed and stained as described in Immunofluorescence Confocal Microscopy.
Microtubule nucleation was analysed using the Microtubule tools plugin of the Image] software.

Statistical analysis. Data are expressed as mean =+ s.e.m. and are representative of at least three experiments.
Pajred Student’s t-test was used for comparison between experiments or for comparisons within each experiment
when mixed populations of cells were used. Otherwise, non-parametric Mann-Whitney test was used for com-
parisons within each experiment. P < 0.05 was considered statistically significant.

References
1. Lu, M. S. & Johnston, C. A. Molecular pathways regulating mitotic spindle orientation in animal cells. Development 140, 1843-1856
(2013).
2. Zheng, Z. et al. LGN regulates mitotic spindle orientation during epithelial morphogenesis. J. Cell Biol. 189, 275-288 (2010).
3. Myllymiki, S. M., Terédvainen, T. P. & Manninen, A. Two distinct integrin-mediated mechanisms contribute to apical lumen
formation in epithelial cells. PLoS One. 6, 19453 (2011).
4. Martin-Belmonte, F. et al. PTEN-mediated apical segregation of phosphoinositides controls epithelial morphogenesis through
Cdc42. Cell 128, 383-397 (2007).
5. Tuncay, H. et al. JAM-A regulates cortical dynein localization through Cdc42 to control planar spindle orientation during mitosis.
Nat Commun. 6, 8128 (2015).
6. Compton, D. A. Focusing on spindle poles. J. Cell Sci. 111, 1477-1481 (1998).
7. Berrueta, L. et al. The adenomatous polyposis coli-binding protein EB1 is associated with cytoplasmic and spindle microtubules.
Proc. Natl. Acad. Sci. USA 95, 1059610601 (1998).
8. Korinek, W. S., Copeland, M. J., Chaudhuri, A. & Chant, J. Molecular linkage underlying microtubule orientation toward cortical
sites in yeast. Science 287, 2257-2259 (2000).
9. Lu, B,, Roegiers, E, Jan, L. Y. & Jan, Y. N. Adherens junctions inhibit asymmetric division in the Drosopila epithelium. Nature 409,
522-525(2001).
10. Akhtar, N. & Streuli, C. H. An integrin-ILK-microtubule network orients cell polarity and lumen formation in glandular epithelium.
Nat Cell Biol. 15, 17-27 (2013).
11. Takahashi, M., Yamagiwa, A., Nishimura, T., Mukai, H. & Ono, Y. Centrosomal proteins CG-NAP and kendrin provide microtubule
nucleation sites by anchoring gammatubulin ring complex. Mol. Biol. Cell 13, 3235-3245 (2002).
12. Larocca, M. C,, Jin, M. & Goldenring, J. R. AKAP350 modulates microtubule dynamics. Eur. J. Cell Biol. 85, 611-619 (2006).
13. Rivero, S., Cardenas, J., Bornens, M. & Rios, R. M. Microtubule nucleation at the cis-side of the Golgi apparatus requires AKAP450
and GM130. EMBO J. 28, 1016-1028 (2009).

SCIENTIFICREPORTS | 7: 14894 | DOI:10.1038/s41598-017-14241-y 13



www.nature.com/scientificreports/

14. Wang, J. et al. CAMSAP3-dependent microtubule dynamics regulates Golgi assembly in epithelial cells. ] Genet Genomics. 44, 39-49
(2017).

15. Mattaloni, S. M. et al. AKAP350 Is involved in the development of apical “canalicular” structures in hepatic cells HepG2. J Cell
Physiol 227, 160-71 (2012).

16. Tonucci, F. M. et al. AKAP350 and CIP4 act in concert to define centrosome/Golgi polarity in migratory cells. J Cell Sci. 128,
3277-89 (2015).

17. Kierbel, A. et al. Pseudomonas aeruginosa exploits a PIP3-dependent pathway to transform apical into basolateral membrane. J Cell
Biol. 177,21-7 (2007).

18. Horikoshi, Y. et al. Interaction between PAR-3 and the aPKC-PAR-6 complex is indispensable for apical domain development of
epithelial cells. J Cell Sci. 15, 1595-606 (2009).

19. Peyre, E. et al. A lateral belt of cortical LGN and NuMA guides mitotic spindle movements and planar division in neuroepithelial
cells. J Cell Biol 193, 141-154 (2011).

20. Bergstralh, D. T. et al. Pins is not required for spindle orientation in the Drosophila wing disc. Development 143, 2573-2581 (2016).

21. Hurtado, L. et al. Disconnecting the Golgi ribbon from the centrosome prevents directional cell migration and ciliogenesis. J Cell
Biol. 193, 917-33 (2011).

22. Askham, J. M., Vaughan, K. T., Goodson, H. V. & Morrison, E. E. Evidence that an interaction between EB1 andp150(Glued) is
required for the formation and maintenance of a radial microtubule array anchored at the centrosome. Mol Biol Cell. 13, 3627-45
(2002).

23. Orimo, T. et al. Proteomic profiling reveals the prognostic value of adenomatous polyposis coli-end-binding protein 1 in
hepatocellular carcinoma. Hepatology 48, 1851-63 (2008).

24. Dong, X. et al. Oncogenic function of microtubule end-binding protein 1 in breast cancer. ] Pathol 220, 361-9 (2010).

25. Sugihara, Y. et al. Proteomic-based identification of the APC-binding protein EBI as a candidate of novel tissue biomarker and
therapeutic target for colorectal cancer. ] Proteomics. 75, 5342-55 (2012).

26. Liu, M. et al. EB1 acts as an oncogene via activating beta-catenin/TCF pathway topromote cellular growth and inhibit apoptosis. Mol
Carcinog. 48, 212-9 (2009).

27. Gillingham, A. K. & Munro, S. The PACT domain, a conserved centrosomal targeting motif in the coiled coil proteins AKAP450 and
pericentrin. EMBO Rep. 1, 524-529 (2000).

28. Fleming, E. S., Temchin, M., Wu, Q., Maggio-Price, L. & Tirnauer, J. S. Spindle misorientation in tumors from APC(min/+) mice.
Mol Carcinog 48, 592-598 (2009).

29. Fischer, E. et al. Defective planar cell polarity in polycystic kidney disease. Nat Genet 38, 21-23 (2006).

30. Tamura, N. & Draviam, V. M. Microtubule plus-ends within a mitotic cell are ‘moving platforms’ with anchoring, signalling and
force-coupling roles. Open Biol 2, 120132 (2012).

31. Berrueta, L., Tirnauer, J. S., Schuyler, S. C., Pellman, D. & Bierer, B. E. The APC-associated protein EB1 associates with components
of the dynactin complex and cytoplasmic dynein intermediate chain. Curr. Biol. 9, 425-428 (1999).

32. Baas, A. F. et al. Complete Polarization of Single Intestinal Epithelial Cells upon Activation of LKB1 by STRAD. Cell 116, 457-466
(2004).

33. Tonucci, E. M. et al. Microtubules Regulate Brush Border Formation. J Cell Physiol. https://doi.org/10.1002/jcp.26033 (2017).

34. Vaughan, S. & Dawe, H. R. Common themes in centriole and centrosome movements. Trends Cell Biol. 21, 57-66 (2011).

35. Robles-Valero, J. et al. Integrin and CD3/TCR activation are regulated by the scaffold protein AKAP450. Blood. 115, 4174-84 (2010).

36. Jaffe, A. B., Kaji, N., Durgan, J. & Hall, A. Cdc42 controls spindle orientation to position the apical surface during epithelial
morphogenesis. J Cell Biol. 183, 625-33 (2008).

37. Martinez-Campos, M., Basto, R., Baker, J., Kernan, M. & Raff, ]. W. The Drosophila pericentrin-like protein is essential for cilia/
flagella function, but appears to be dispensable for mitosis. J Cell Biol. 165, 673-83 (2004).

38. Chen, C. T. et al. A unique set of centrosome proteins requires pericentrin for spindle-pole localization and spindle orientation. Curr
Biol. 24,2327-34 (2014).

39. Gierke, S. & Wittmann, T. EB1-recruited microtubule + TIP complexes coordinate protrusion dynamics during 3D epithelial
remodeling. Curr Biol. 22, 753-762 (2012).

40. Komarova, Y. et al. Mammalian end binding proteins control persistent microtubule growth. J. Cell Biol. 184, 691-706 (2009).

41. Bieling, P. et al. Reconstitution of a microtubule plus-end tracking system in vitro. Nature. 450, 1100-1105 (2007).

42. Tirnauer, J. S., Canman, J. C., Salmon, E. D. & Mitchison, T. J. EBI1 Targets to Kinetochores with Attached, Polymerizing
Microtubules. Mol Biol Cell. 13, 4308-4316 (2002).

43. Luo, Y. et al. ASK1 controls spindle orientation and positioning by phosphorylating EB1 and stabilizing astral microtubules. Cell
Discov. 2, 16033 (2016).

44. Zyss, D., Ebrahimi, H. & Gergely, F. Casein kinase I delta controls centrosome positioning during T cell activation. J Cell Biol. 195,
781-97 (2011).

45. Schmidt, P. H. et al. AKAP350, a multiply spliced protein kinase A-anchoring protein associated with centrosomes. J Biol Chem. 274,
3055-66 (1999).

46. Kenworthy, A. K. & Edidin, M. Distribution of a glycosylphosphatidylinositol -anchored protein at the apical surface of MDCK cells
examined at a resolution of <100 A using imaging fluorescence resonance energy transfer. J Cell Biol. 142, 69-84 (1998).

47. Blomberg-Wirschell, M. & Doxsey, S. J. Rapid isolation of centrosomes. Methods Enzymol. 298, 228-38 (1998).

Acknowledgements

This work was supported by CONICET (PIP0287 to M.C.L.) and Agencia Nacional de Promocién Cientifica y
Tecnolégica (PICT 2012-2198 and PICT2015-2755 to M.C.L.). We thank Dr. Federico Marziali (IBR-CONICET)
for his technical assistance in the FRET experiments.

Author Contributions

Conceptualization, M.C.L. and E.A.; Methodology, E.A., M.C.L., A K. and ].G.; Investigation, E.A., ET, S.I,, EH.,
AF, AP, RV and M.C.L; Writing - Original Draft, E.A. and M.C.L.; Writing - Review & Editing, A.K., C.E.
and J.G.; Funding Acquisition, M.C.L.; Resources, M.C.L., ].G. and A.K,; Supervision, M.C.L., C.E, ].G. and A.K.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14241-y.
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | 7: 14894 | DOI:10.1038/s41598-017-14241-y 14


http://dx.doi.org/10.1002/jcp.26033
http://dx.doi.org/10.1038/s41598-017-14241-y

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 14894 | DOI:10.1038/s41598-017-14241-y 15


http://creativecommons.org/licenses/by/4.0/

	Akap350 Recruits Eb1 to The Spindle Poles, Ensuring Proper Spindle Orientation and Lumen Formation in 3d Epithelial Cell Cu ...
	Results

	Decrease of AKAP350 expression leads to spindle missorientation and defective cystogenesis. 
	AKAP350 interacts with EB1 at the centrosomes in mitotic cells. 
	Reduction of AKAP350 levels results in decreased EB1 localization at spindle poles and astral microtubules. 
	EB1 overexpression rescues AKAP350KD induced defective spindle orientation. 
	AKAP350 delocalization from the centrosome induces decreased EB1 localization at spindle poles and astral microtubules, and ...
	Interference with AKAP350/EB1 interaction leads to defective cystogenesis. 

	Discussion

	Materials and Methods

	Cell culture. 
	Reduction of AKAP350 expression. 
	Generation of stable cell lines. 
	Inmunofluorescence. 
	Imaging FRET measurements. 
	2D and 3D MDCK culture. 
	Inmunoprecipitation. 
	Immunoblotting. 
	Analysis of EB1 localization. 
	Analyzis of microtubule nucleation. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Decrease of AKAP350 expression induces defective lumen formation.
	Figure 2 Reduction of AKAP350 expression leads to spindle missorientation.
	Figure 3 AKAP350 interacts with EB1 at the centrosomes.
	Figure 4 Reduction of AKAP350 levels results in decreased EB1 localization at spindle poles and astral microtubules.
	Figure 5 EB1 overexpression rescues AKAP350KD induced defective spindle orientation.
	Figure 6 AKAP350 delocalization from the centrosome induces decreased EB1 localization at spindle poles and astral microtubules leading to defective lumen formation.
	Figure 7 Interference with AKAP350/EB1 interaction is sufficient to induce defective cystogenesis.




