
OPEN

ORIGINAL ARTICLE

Structural centrosome aberrations favor proliferation by
abrogating microtubule-dependent tissue integrity of breast
epithelial mammospheres
D Schnerch and EA Nigg

Structural centrosome aberrations are frequently observed in early stage carcinomas, but their role in malignant transformation is
poorly understood. Here, we examined the impact of overexpression of Ninein-like protein (Nlp) on the architecture of polarized
epithelia in three-dimensional mammospheres. When Nlp was overexpressed to levels resembling those seen in human tumors, it
formed striking centrosome-related bodies (CRBs), which sequestered Ninein and affected the kinetics of microtubule (MT)
nucleation and release. In turn, the profound reorganization of the MT cytoskeleton resulted in mislocalization of several adhesion
and junction proteins as well as the tumor suppressor Scribble, resulting in the disruption of epithelial polarity, cell-cell interactions
and mammosphere architecture. Remarkably, cells harboring Nlp-CRBs displayed an enhanced proliferative response to epidermal
growth factor. These results demonstrate that structural centrosome aberrations cause not only the disruption of epithelial polarity
but also favor overproliferation, two phenotypes typically associated with human carcinomas.
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INTRODUCTION
Epithelia are important barriers that line the cavities and external
surfaces of the human body.1 In addition to protective functions,
they operate as gatekeepers to facilitate absorption or secretion.
Epithelial functions depend on apical basal polarity and tight
cell-cell interactions mediated by specialized junctions. These
properties constitute prerequisites for tissue integrity and the
formation of polarized layers of tissue.1 Most human cancers
derive from epithelia2 and loss of tissue organization is a
prominent feature of cancer (reviewed in Lee and Vasioukhin3).
What mechanisms trigger the loss of epithelial integrity during
carcinogenesis remains to be fully understood.
Critical for the polarization of epithelial cells are microtubules

(MTs), which sustain apical basal polarity through their intrinsic
polarity and inherent dynamics.4 MT minus ends are anchored to
adherens junctions and structures near the apical membrane
adjacent to the lumen,4,5 while MT plus ends extend to the basal
compartment adjacent to the basement membrane. MT plus ends
contribute to the positioning of basal adhesion proteins and
hence promote the tight connection of epithelial cells to the
basement membrane.6 Most MTs are originally nucleated at
centrosomes, the main MT-organizing centers of animal cells.7,8

Centrosomes consist of a pair of centrioles, surrounded by
pericentriolar matrix.8–11 The pericentriolar matrix comprises more
than 100 proteins,12,13 including γ-tubulin ring complexes that are
essential for MT nucleation.14 Importantly, in epithelial cells, many
MTs are released from centrosomes and anchored at the cell
periphery.15,16 Release of MTs and their transport towards
peripheral anchoring sites is mediated by Ninein.16,17 Thus, the
centrosomal abundance of Ninein must be tightly regulated, as
even a moderate surplus of centrosomal Ninein abrogates MT
release and, in consequence, interferes with MT-dependent
functions such as cell migration.18

A large proportion of human carcinomas exhibit centrosome
aberrations already during early stages of carcinogenesis.19–28

Centrosome aberrations have traditionally been subdivided into
numerical and structural aberrations.24,29 Most numerical aberra-
tions are characterized by centrosome amplification, most
commonly caused by supernumerary centrioles that result from
deregulated centriole duplication or division failure, whereas
structural centrosome aberrations refer to altered shapes and
compositions of the pericentriolar matrix with normal centriole
numbers. Numerical aberrations and their consequences have
been studied extensively.30–36 In contrast, the origin and role of
structural centrosome aberrations has received comparatively
little attention.37–39

Here, we have explored the consequences of structural
centrosome aberrations for the architecture and function of
MCF10A breast epithelial cells grown in two-dimensional (2D) and
three-dimensional (3D) tissue culture. We focused on structural
centrosome aberrations induced by overexpression of Ninein-like
protein (Nlp).40 This distant relative of Ninein localizes preferen-
tially to mother centrioles and contributes to MT organization in
interphase cells.40 Cell cycle regulation of Nlp expression and
localization is required for mitotic spindle formation40 and
accurate progression through mitosis.41–45 Intriguingly, Nlp is
strongly overexpressed in various types of human cancer
(including breast cancer),46–49 and Nlp overexpression is asso-
ciated with enhanced proliferation as well as reduced sensitivity to
anticancer treatment, which has been proposed to contribute to
an adverse clinical course of disease.46,48,49 Supporting these
findings, transgenic mice overexpressing Nlp spontaneously
develop invasive breast cancer.47 Moreover, in 2D culture EGFP-
Nlp was previously shown to form striking centrosome-related
bodies (CRBs)40,50 that closely resemble the structurally aberrant
centrosomes seen in human cancers.33,36,37 Here, we demonstrate
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that Nlp overexpression profoundly impacts on the MT organiza-
tion of epithelial cells. In 3D culture mammospheres, this results in
a drastic disruption of epithelial architecture and enhanced
responsiveness to growth factor stimulation.

RESULTS
Overexpression of EGFP-Nlp prevents epithelium formation in 3D
tissue culture
Structural centrosome aberrations in cancer cells are presumed to
result from deregulated expression of centrosomal proteins.23,24,51

We therefore applied a retroviral system to study the effects of
overexpression of selected centrosomal proteins in MCF10A breast
epithelial cells (Supplementary Figure S1). Importantly, this
experimental set-up made it possible to induce the overexpres-
sion of EGFP-tagged proteins at defined time points, allowing
the initial morphogenesis of 3D mammospheres to remain
unperturbed (Supplementary Figure S1). Analysis of a number of
centrosomal proteins revealed distinct consequences of protein
overexpression in 2D culture (Figure 1a). While some proteins
localized primarily to centrosomes, others additionally filled up
the cytoplasm or formed multiple cytoplasmic aggregates, as
illustrated by the fates of Cep192, Cep68 or Cep135, respectively
(Figure 1a). Most strikingly, the overexpression of Nlp caused large
centrosome-associated patches, confirming and extending pre-
vious results.40,50 In the following, we refer to these structural
centrosome aberrations as CRBs (Figure 1a).
As Nlp is frequently overexpressed in human cancers47 and

considering that Nlp-induced CRBs closely resemble the structural
centrosome aberrations seen in cancer tissue sections,37,39 we
asked how overexpression of Nlp would affect the morphology of
mammospheres. Generation of inducible MCF10A cell lines
allowed maximal expression of EGFP-Nlp within 24–48 h of
doxycycline induction, and similar kinetics of induction were
observed for EGFP-Cep68 analyzed for control (Figure 1b).
Importantly, the levels of Nlp achieved in these experiments were
in a comparable range with those reported for human cancers.47

Mammospheres were allowed to grow until they had reached
maximal sizes with polarized epithelia, before overexpression of
centrosomal proteins was induced at day 9 and the consequences
studied 8 days later (Figure 1c and Supplementary Figure S1b).
The proficiency of mammospheres to align their nuclei in a
spherical layer provided a first convenient readout to distinguish
aberrant from normal tissue architecture (Figure 1c). This analysis
revealed that the overexpression of EGFP-Nlp abolished the
proper basal alignment of nuclei in most mammospheres,
whereas the overexpression of EGFP-Cep68 did not detectably
disrupt mammosphere architecture (Figure 1c). As expected, the
penetrance of the Nlp-induced phenotype correlated with the
extent of overexpression (Supplementary Figures S1c and d).
To more directly address the impact of Nlp CRBs on epithelial

polarity, we also probed mammospheres for the basement
membrane component laminin5 and the Golgi protein GM130,
markers for basal and apical (luminal) compartments, respectively.
As shown in Figure 1d, Nlp CRBs caused a major disruption of
epithelial polarity, whereas overexpression of Cep68 did not. The
consequences of Nlp CRBs on tissue architecture could also be
seen in chimeric clusters of mammospheres where parts expres-
sing little or no transgene were located immediately adjacent
to cells expressing high levels of EGFP-Nlp (Figure 1e). While
gland-like structures were preserved in the former parts of the
chimeras, the latter parts exhibited a striking disruption of tissue
architecture, reminiscent of tumors (Figure 1e).
To determine the specificity of the phenotype observed upon

overexpression of Nlp in 3D mammospheres, we next studied the
consequences of overexpression of other centrosomal proteins.
When examined in the exact same assay as used for Nlp, none of

the other proteins listed in Figure 1a produced major effects on
mammosphere architecture, although minor effects were seen
sporadically (Supplementary Figure S2). These results not only
attest to the specificity of the Nlp phenotype, but also support the
hypothesis that Nlp overexpression in human tumors may causally
contribute to carcinogenesis.47 In light of a recent study reporting
the induction of an invasive phenotype in response to centriole
amplification,35 we were surprised that overexpression of the
centriole duplication factors Plk4 or Sas-6 did not detectably
induce invasive growth or major perturbations of epithelial cell
polarity, although both proteins clearly induced centriole ampli-
fication (Supplementary Figure S2).

Nlp CRBs alter the organization of the MT cytoskeleton
To determine the mechanisms by which excess Nlp interferes with
epithelial cell organization, we examined the impact of Nlp CRBs
on centriole numbers, MT organization and MT-dependent
processes. No evidence was obtained for aberrations in centriole
numbers upon overexpression of Nlp (data not shown), in line
with previous reports.50 However, both γ-tubulin and centrin-2/3
were recruited to Nlp CRBs in both 2D and 3D tissue culture
(Figures 2a and b), confirming and extending previous results.40 In
these respects, Nlp CRBs are highly reminiscent of the large
γ-tubulin and centrin staining structures observed in sections of
breast adenocarcinoma.37,38 To explore the impact of γ-tubulin
recruitment on MT organization, we carried out MT regrowth
assays in MCF10A cells (Figures 2c and d). When MTs were allowed
to regrow for 10 min, Nlp CRB-containing cells generally displayed
denser MT asters than controls (Figure 2c), seemingly in line with
the increased MT nucleation activity of structurally aberrant
centrosomes in permeabilized tumor sections.37,39 However,
during early phases of MT regrowth, notably after 1 min, we
observed that Nlp CRBs caused a reduction in MT nucleation
kinetics when compared with Cep68-expressing or control cells
(Figure 2d). This surprising result raised the question of how to
reconcile initial suppression of MT nucleation activity by excess
Nlp with higher density of MT asters at steady state.
The density of centrosomal MT asters at steady state is

determined not only by the rate of MT nucleation, but also by
the rate of MT release. Thus, we explored the possibility that
excess Nlp might conceivably suppress both MT nucleation and
release. To this end, we examined the localization of Ninein, one of
the key components regulating MT release from centrosomes.16,17

Interestingly, Ninein was clearly recruited to Nlp CRBs in both 2D
and 3D cultures (Figure 2e). As the centrosomal accumulation of
Ninein was previously shown to abrogate MT release from
centrosomes,18 these results indicate that the concomitant
accumulation of Nlp and Ninein reduces the rates of both MT
nucleation and release. Assuming that the latter effect prevails
over time, this readily explains the high MT density observed
around Nlp CRBs (see also Casenghi et al.40).
To corroborate the notion that accumulation of Ninein has a

major role in tethering MTs to Nlp-induced CRBs, we sought a way
to determine the impact of Ninein mislocalization on CRB
structure and MT organization. We took advantage of a previous
study demonstrating that the overexpression of a C-terminal
Ninein fragment (Supplementary Figure S3a) acts in a dominant-
negative manner and causes the mislocalization of endogenous
Ninein.15 High levels of C-terminal Ninein fragment indeed caused
a strong reduction in centrosomal Ninein signals in control cells,
confirming the functionality of the expression construct
(Supplementary Figure S3b). Moreover, when the same C-terminal
Ninein fragment was expressed in cells overexpressing EGFP-Nlp,
we observed a marked loss of Ninein from Nlp-induced CRBs
(Supplementary Figure S3c). Concomitantly, CRBs underwent
fragmentation (Supplementary Figures S3c and d) and MT
networks lost their focus on CRBs (Supplementary Figure S3d).
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Figure 1. Nlp CRBs interfere with apical basal polarity in 3D tissue culture. (a) Localization of overexpressed EGFP-tagged centrosome proteins
in 2D culture, as visualized by fluorescence microscopy. (b) Western blots indicate levels of overexpression of EGFP-tagged centrosome
proteins after induction (Dox) over time. (c) Top panel: schematic illustrating experimental design for protein induction in 3D culture; bottom
panel: DAPI staining of mammospheres, illustrating proficiency or deficiency in basal alignment of nuclei. See also Supplementary Figure S1.
(d) Analysis of mammospheres expressing EGFP-Nlp or EGFP-Cep68 by immunofluorescence microscopy. EGFP-Nlp and EGFP-Cep68 are
shown in green, Laminin5 and GM130 in red, and DNA in blue (DAPI). See also Supplementary Figure S2. (e) Chimeric mammosphere cluster,
illustrating the impact of Nlp CRBs on 3D architecture. Staining as in b. Asterisks indicate parts of the cluster showing glandular morphology
and basal laminin5 staining.
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Together, these data support the view that Ninein accumulation
contributes to the characteristic shape and properties of
Nlp-induced CRBs.

To investigate the functional consequences of the altered
dynamics in MT organization induced by Nlp CRBs, we next
examined the ability of the MT cytoskeleton to reorganize in
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response to monolayer wounding. This assay induces rapid cell
polarization towards the wound edge, providing an opportunity to
monitor MT re-organization between leading and lagging cell
compartments (for definition, see Figure 2f). In line with the
observation that centrosomes of epithelial cells do not generally
re-orient towards the wound edge,52 108 out of 120 control
MCF10A cells at the wound retained their centrosomes in the
lagging compartment (data not shown). Yet, in both control and
Cep68-expressing cells, the bulk of MTs redistributed to the
leading compartment (Figure 2f). In striking contrast, this
reorganization of the MT cytoskeleton in response to wounding
was markedly suppressed in cells harboring Nlp CRBs (Figure 2f).
This strongly supports our conclusion that excess Nlp suppresses
the release of MTs from centrosomes and demonstrates that Nlp
CRBs prevent the reorganization of the MT network in response to
cell polarization.

Nlp CRBs affect mammosphere architecture
Having established a profound effect of Nlp CRBs on the dynamics
of the MT cytoskeleton in 2D culture, we considered it important
to extend these results to polarized single cell layers of epithelium
in 3D culture. Mammospheres harboring Nlp CRBs lost the
prominent enrichment of MTs near the outer confinement and
instead showed higher MT densities near the lumen, demonstrat-
ing major reorganization of the MT cytoskeleton also in 3D culture
(Figure 3a). However, because mammospheres progressively
change their architecture in response to Nlp CRBs, it was difficult
to analyze the MT phenotype in individual cells. To circumvent this
problem, we induced Nlp expression at different times during 3D
culture and compared the kinetics of alterations in the MT
cytoskeleton relative to the onset of architectural alterations. We
indeed found conditions that induced detectable reorganization
of the MT cytoskeleton concomitant with CRB formation but prior
to major alterations in tissue architecture (Supplementary Figure S4;
shaded panel). This made it possible to study the impact of
CRBs on the MT cytoskeleton of individual cells (Figure 3b and
Supplementary Figure S4). In line with the data obtained in 2D
cultures, cells harboring Nlp CRBs typically exhibited a higher
density of α-tubulin in the apical, CRB-containing compartments,
adjacent to the lumen of the mammosphere (Figure 3b and
Supplementary Figure S4).
Tumors are generally thought to originate from individual

founder cells within otherwise healthy tissues. To phenocopy
this condition in mammospheres and study the behavior of
isolated CRB-harboring cells in an otherwise unperturbed epithe-
lial structure, whole mammospheres were incubated with lentiviral
particles to stably integrate expression cassettes encoding EGFP-Nlp
into the genome of single cells. This approach led to the generation
of mammospheres containing isolated cells harboring Nlp CRBs.

Importantly, these Nlp CRB-containing cells characteristically showed
an intense α-tubulin staining adjacent to the CRB in the apical
compartment near the lumen, in stark contrast to normal
bystander cells (Figure 3c). This indicates that the localized
emergence of structural centrosome aberrations is sufficient to
trigger a reorganization of the MT cytoskeleton, which in turn
exerts a profound impact on epithelial architecture.

Nlp CRBs interfere with the positioning of basal adhesion and
lateral junction proteins
Epithelial cell biology is characterized by two key aspects. First,
robust adhesion to the basement membrane is essential for line-
up of polarized epithelial cells and maintenance of epithelial
architecture.1,53 Second, tight intercellular connections between
neighboring cells are critical for proper lateral adhesion.1 This
prompted us to ask to what extent the reduced density of MTs in
the basal compartment of cells harboring Nlp CRBs affects the
positioning of basal adhesion and lateral junction proteins. While
mammospheres formed from cells expressing excess EGFP-Cep68
exhibited proper α6-integrin localization, this basal adhesion
component was partially lost from the basal compartment in
mammospheres expressing Nlp CRBs (Figures 4a and c), highly
reminiscent of early stage human breast cancer.54 Likewise, the
ligand of α6-integrin, laminin5, was largely lost from the basal
membrane in mammospheres expressing Nlp but normally
distributed in Cep68 controls (Figures 4b and c; see also
Figures 1d and e). Furthermore, the extent to which these basal
adhesion proteins were lost from the basal cortex clearly
correlated with the extent to which Nlp CRB formation disrupted
tissue architecture (Figure 4c). To determine whether Nlp CRBs
also perturb the localization of lateral junction proteins, we
probed for E-Cadherin, an important mediator of junction belt
initiation.1 While E-Cadherin decorated the lateral boundaries
between neighboring cells in control and EGFP-Cep68-
overexpressing mammospheres, those harboring Nlp CRBs clearly
showed more dispersed and irregular distribution of E-Cadherin
(Figure 4d). In addition to being important for junction belt
organization, E-Cadherin also recruits the polarity protein and
tumor suppressor Scribble to the basolateral membrane.55 As
Scribble is frequently lost or mis-localized in breast cancer,55–58 we
next examined the consequences of Nlp CRBs on Scribble
localization. Consistent with the results obtained for E-Cadherin,
mammospheres harboring Nlp CRBs displayed a profoundly
dispersed and irregular Scribble staining pattern when compared
with controls (Figure 4e). Taken together these results demon-
strate that structural centrosome aberrations, as triggered here by
excess Nlp, impact not only the MT cytoskeleton but also
profoundly disturb key proteins implicated in epithelial adhesion
and cell-cell interactions.

Figure 2. Nlp CRBs anchor a surplus of MTs. (a, b) Sequestration of γ-tubulin (a) and centrin (b) to Nlp CRBs in 2D (upper panels; plus/minus
Dox) and 3D cultures (lower panels; right hand panels show magnification of boxed area). γ-Tubulin and centrin in red, EGFP-Nlp in green and
DNA in blue (DAPI). (c, d) MT regrowth in cells expressing Nlp or Cep68, analyzed for control, before and after protein induction (Dox). Upper
panels show merged data in pseudo-color (α-tubulin in red, EGFP-Nlp and EGFP-Cep68 in green, and DNA in blue (DAPI)); arrowheads indicate
the location of the centrosome/CRB. Lower panels show α-tubulin staining in grey; dashed ring illustrates MT density in proximity to
centrosome/CRB. Histogram to the left shows quantification of mean extension of the MT cytoskeleton. Histogram to the right shows
quantification of mean diameter of MT asters; n indicates sample size; data are from three independent experiments (N= 3); error bars indicate
standard deviation and P-values were derived from unpaired, two-tailed Student's t-test. (*) indicates P-value o0.05, (**) o0.01 and (***)
o0.001. (e) Sequestration of Ninein to Nlp CRBs in 2D (upper panels; plus/minus Dox) and 3D cultures (lower panels; right hand panels show
magnification of boxed area). Ninein in red, EGFP-Nlp in green and DNA in blue (DAPI). (f) Impact of Nlp CRB on MT reorganization in MCF10A
cells in response to monolayer wounding-induced cell polarization by immunofluorescence microscopy. Pseudo-colors show α-tubulin in red,
γ-tubulin in yellow, EGFP-Nlp in green and DNA in blue (DAPI) (left panel); cells were compartmentalized (white dashed and dotted lines) to
monitor MT reorganization, as illustrated schematically in the upper right panel (dashed lines delineate the leading compartment, dotted lines
the lagging compartment). Histogram in the lower right panel shows quantifications of the ratios of MT fluorescence intensities between the
leading and lagging compartments; n indicates sample size; data are from three independent experiments (N= 3); error bars indicate standard
deviation and P-values were derived from unpaired, two-tailed Student's t-test. (*) indicates P-value o0.05, (**) o0.01 and (***) o0.001.
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Deregulation of epithelial architecture by Nlp CRBs increases
responsiveness to growth stimulation
Loss or aberrant localization of Scribble has been reported to
enhance cell proliferation in response to epidermal growth factor

(EGF).56,59 This prompted us to speculate that Nlp CRBs might
disrupt not only MT networks and epithelial organization, but
additionally confer a growth advantage to mammospheres. To
explore this hypothesis, we examined the activation state of the
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MAP kinase pathway, as monitored by phospho-ERK staining
(Figure 4f), as well as the proliferative response of mammospheres
to EGF (Figure 4g). We found that cells harboring Nlp CRBs
displayed a more intense phospho-ERK staining in response to
growth factor stimulation than controls expressing Cep68
(Figure 4f). Moreover, the surplus in MAP kinase pathway activity
clearly translated into increased proliferation of cells harboring Nlp
CRBs. While increasing doses of EGF had only a moderate effect on
mammospheres expressing Cep68 (Figure 4g), mammospheres
harboring Nlp CRBs showed a clear dose response and grew to
progressively larger sizes (Figure 4g, right panel). Remarkably,
differential responses to high doses of EGF could be seen even
within single mammospheres. Regions with high Nlp expression
showed marked expansion, while parts characterized by low
expression showed no significant response (Figure 4g). Finally,
when grown in the presence of a high dose of EGF, mammo-
spheres harboring Nlp CRBs also showed increased numbers of
cells staining positive for the proliferation marker Ki-67 (Figure 4h).
This supports our conclusion that structural centrosome aberra-
tions induced by Nlp-CRBs favor proliferation of disrupted
epithelia in response to EGF, although additional effects on cell
growth (volume) are not excluded.

DISCUSSION
Structural centrosome aberrations are common in human tumors,
but their impact on the biological properties of tumor cells is
poorly understood. To explore the mechanistic consequences of
structural centrosome aberrations on epithelial organization, we
have developed a 3D culture model based on overexpression of
the centrosomal protein Nlp in mammospheres derived from non-
transformed MCF10A cells. We show that overexpression of Nlp
results in the formation of CRBs, highly reminiscent of the
structural centrosome aberrations described in human
cancers.37,38 Furthermore, we demonstrate that Nlp CRBs trap
MT minus ends through sequestration of the MT release factor
Ninein. This in turn affects the organization of the MT cytoskeleton
as well as the localization of adhesion and junction proteins,
resulting in a profound disruption of apical basal polarity. Finally,
we show that the Nlp CRB-induced alterations in epithelial
architecture favor sustained proliferation in response to growth
factor stimulation. Collectively, these results demonstrate that
aberrant expression of a single centrosomal protein in otherwise
non-transformed epithelial cells induces profound structural
centrosome aberrations. These in turn confer properties to 3D
mammospheres that closely resemble typical features of human
carcinoma cells.
The Nlp CRB model analyzed here shares several important

properties with CRBs that are commonly observed in sections of
primary human tumor tissue, notably their altered shape and size
and the striking accumulation of both γ-tubulin and centrin.37,38

Moreover, we emphasize that the centrosomal protein Nlp, used

here to induce CRBs, is frequently overexpressed in human
cancers.47 Although it is difficult to directly compare expression
levels between different samples, we emphasize that the extent
of Nlp overexpression in MCF10A cells (Figure 1b) appears
comparable with that observed in tumor material.47 Previously,
CRB formation has been correlated with an increase in the
abundance of MTs associated with these structures, both in
cultured cells40 and in sections of primary tumor samples.37,39

However, although our data confirm that CRB formation results in
increased MT density, presumably reflecting enhanced MT stability
at steady state, MT regrowth assays revealed that excess Nlp
exerts a suppressive effect on MT nucleation. This apparent
paradox could be resolved by showing that Nlp CRBs also
sequester Ninein, which then suppresses MT release,18 resulting in
a net increase of MT accumulation at CRBs over time. These
observations can explain how structural centrosome aberrations,
induced here by Nlp, can trap MT minus ends and thereby impair
the ability of the MT network to reorganize in polarizing cells. This
in turn has profound consequences for the organization of
epithelial cell layers.
In a recent study, the overexpression of the centrosome

duplication factor Plk460,61 was reported to induce invasive
growth of epithelial cells.35 As this work was performed using a
3D culture assay similar to the one used here, we were initially
surprised by the apparent lack of phenotype associated with
overexpression of either Plk4 or Sas-6 in our mammospheres.
Although both of these proteins produced the expected centriole
amplification, we saw no evidence for mammosphere deformation
indicative of invasive growth. When interpreting these negative
results, it is important to consider that mammosphere formation
involves different stages.62 While we generally allowed mammo-
spheres to reach maximal size before inducing centrosomal
proteins at day 9, Godinho and coworkers35 induced Plk4
overexpression before seeding of cells into matrigel, resulting in
cells harboring supernumerary centrioles prior to 3D expansion
and initial polarization.62 Furthermore, we note that Godinho and
coworkers cultured mammospheres in the presence of type I
collagen, which is known to enhance the stiffness of matrigel
preparations and sensitize the assay for detection of invasive
growth.63 Thus, we consider it likely that our inability to detect
invasive growth in response to centrosome amplification reflects
the above differences in experimental design and/or assay
conditions.
Interestingly, the proficiency of epithelial cells to generate non-

centrosomal MTs correlates with differentiation state.64 While cells
residing in stem cell compartments mostly exhibit MT asters
emanating from the centrosome, differentiated epithelial cells as
well as neurons display an abundance of non-centrosomal
MTs.64–66 Release from centrosomes and vectorial transport of
MT minus ends depends on Ninein16 and, as we show here, this
process is suppressed by Nlp CRBs. We emphasize that structural
centrosome aberrations are not the only cause for aberrant MT

Figure 3. Nlp CRBs alter the organization of MTs in polarized epithelia of mammospheres. (a) Impact of Nlp CRBs on MT organization in
mammospheres. Micrographs show juxtaposition of two mammospheres, only one of which expresses Nlp in response to Dox. Left panel:
merge of pseudo-colors illustrating EGFP-Nlp in green, α-tubulin in red and DNA in blue (DAPI). Middle and right panels: single stainings for
α-tubulin highlight disruption of MT organization and concomitant misalignment of nuclei, respectively. (b) Polarization of MT reorganization
in mammosphere epithelia at single cell level. Top left panel: schematic illustrating experimental design for protein induction in 3D culture;
bottom left panel: micrographs show impact of Nlp CRBs on MT organization (center). Panels show overviews (above) and magnifications of
box areas (below). Staining as in a. Right panels: schematic illustrates compartmentalization of polarized mammosphere epithelial cells into
apical (luminal) and basal compartments. Histogram shows quantification of ratio of α-tubulin fluorescence intensities in the two
compartments (n indicates sample size). Data were obtained from all cells shown in the micrographs of panel (b); virtually identical results
were obtained in three independent experiments. See also Supplementary Figure S3. (c) Reorganization of MT cytoskeleton in single cells
harboring Nlp CRBs in otherwise unperturbed mammospheres. Viral infections were carried out as indicated in the cartoon to the left.
Micrographs to the right illustrate the impact of Nlp CRB on MTorganization. Staining in left hand panels as in a, while right hand panels show
α-tubulin staining alone (grey).
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organization in cancer cells and several important tumor
suppressors, including adenomatous polyposis coli, RASSF1A,
VHL, E-Cadherin and merlin, were reported to perturb MT
networks during early carcinogenesis.67 However, whereas muta-
tional inactivation of a tumor suppressor generally requires two
genetic hits, upregulation of Nlp (or other centrosomal proteins
conferring similar structural centrosome aberrations) is expected
to exert a dominant effect in response to a single genetic event.
The functionality of epithelia depends on their ability to form

uniformly polarized layers of differentiated cells.1 From the
perspective of carcinogenesis, it is important that the formation
of epithelial cell-cell interactions have been recognized as an
important barrier against the outgrowth of transformed single
cells68–70 (reviewed in Fujita,71 Hogan,72 and Yamauchi and
Fujita73). Conversely, detachment from the epithelial layer and
intraluminal proliferation of cells constitutes a hallmark of early
breast cancer.68,74 Concomitantly, the loss of polarity that
accompanies the evasion from the epithelial sheet abolishes the
segregation of growth factor receptors and their activators
into distinct membrane domains, allowing promiscuous
interactions.75,76 Our present study shows that perturbation of
the MT network through Nlp CRBs triggers a profound disruption
of epithelial integrity, as illustrated by mislocalization of α6-
integrin, laminin5 and E-Cadherin. Moreover, the tumor suppres-
sor Scribble, normally associated with basolateral membranes, was
found to be dispersed in cells harboring Nlp CRBs. In consideration
of data showing mislocalization and downregulation of Scribble in
early breast cancer55–58 and reports linking Scribble depletion to
activation of the MAP kinase pathway,57,59,77 this observation
prompted us to explore the response of mammospheres to
growth factor stimulation. Strikingly, when mammospheres were
treated with EGF, we observed that structures harboring Nlp CRBs
grew to larger sizes than controls. Moreover, the extent of
proliferative response was proportional to EGF concentration.
These results support the view that structural centrosome
aberrations disrupt not only epithelial architecture but also favor
cell expansion in response to proliferative stimuli.
In conclusion, our results demonstrate that structural centro-

some aberrations exert a profound impact on the biological
properties of developing tumor cells, indicating that they deserve
as much attention in future studies as numerical centrosome
aberrations.

MATERIALS AND METHODS
Cell culture
MCF10A ecoR cells, authenticated by Short Tandem Repeat profiling, were
a kind gift from Tilman Brummer (University of Freiburg) and grown as
described previously.62 Phoenix ampho cells and HEK293T cells (provided
by Stefan Zimmermann and Ralph Wäsch, respectively; University Medical
Center Freiburg) were grown in Dulbecco's modified Eagle's medium

supplemented with 10% fetal calf serum, sodium pyruvate and Pen/Strep.
Tissue cultures were routinely tested for mycoplasma contamination by
PCR using growth medium from high density cultures as a template.
Doxycycline-inducible MCF10A ecoR cell lines allowing expression of
selected EGFP-tagged centrosomal proteins were generated as illustrated
in Supplementary Figure S1a. For antibiotic selection, hygromycin and
puromycin were used at concentrations of 100 μg/ml and of 2 μg/ml,
respectively. Doxycycline was used at a final concentration of 2.5 μg/ml.
For generation of mammospheres in 3D culture, MCF10A ecoR cells were
plated and grown in matrigel using the overlay method as described
previously.62

Generation of retroviral and lentiviral expression constructs
The retroviral vector pBabe rtTA Hygro was kindly provided by Cheuk
Leung (University of Minnesota).68 Coding sequences of EGFP-Nlp,
EGFP-Cep68, EGFP, EGFP-γ-tubulin, EGFP-Cep135, EGFP-C-Nap1, EGFP-
Cep192, EGFP-Plk4 and EGFP-Sas-6 were PCR-amplified and ligated
into pRetroX tightPur (Clontech, Mountain View, CA, USA). The lentiviral
vector pLeGO-iC2 was obtained from Boris Fehse via Addgene
(Addgene plasmid #27345; Cambridge, MA, USA).78 For the generation of
pLeGO EGFP-Nlp-iC2, the sequence encoding EGFP-Nlp was PCR-amplified
and ligated into LeGO-iC2. For the generation of pLeGO Ninein1885-2134-iC2,
the sequence encoding Ninein1885-2134 was PCR-amplified and ligated into
LeGO-iC2. The template plasmid encoding full-length human Ninein was a
kind gift from Yi-Ren Hong (Kaohsiung Medical University, Taiwan). The
packaging plasmids psPAX2 (Addgene plasmid #12260) and pMD2.G
(Addgene plasmid #12259) were obtained from Didier Trono via
Addgene.79 Retroviral particles were generated by transfection of 10 μg
of calcium phosphate-precipitated retroviral plasmid DNA onto Phoenix
ampho cells according to the Nolan lab protocol (Stanford University
Medical Center). Lentiviral particles were generated by cotransfecting 8 μg
of lentiviral plasmid DNA with packaging plasmids (8 μg of psPAX2 and 4 μg
of pMD2.G) onto HEK293T cells. Viral transductions were carried out by
incubating MCF10A ecoR cells in virus particle-containing supernatant in
the presence of 8 μg/ml polybrene.

Fluorescence microscopy
Immunolabeling of 2D cultures was performed using standard fixation and
labeling protocols, using ice-cold methanol.40 Procedures for staining of 3D
mammospheres were adapted from previously published protocols.62 For
detection of γ-tubulin, centrin and phospho-p44/42 MAPK mammospheres
were fixed using ice-cold methanol (15min). Primary antibodies used in
this study were anti-α-tubulin (T9026, Sigma, St Louis, MO, USA), anti-γ-
tubulin (for 2D: R60;80 for 3D: T-6557, Sigma), anti-γ-tubulin-Dy647
(ab27076, Abcam, Cambridge, MA, USA), anti-Sas6-Cy5,81 anti-CP110-
Cy5,82 anti-Ninein (R154),83 anti-Centrin2/3,84 anti-Laminin V (MAB19562)
and anti-α6 integrin (MAB1378) (both from Merck Millipore, Darmstadt,
Germany), anti-GM130 (610822) and anti-E-Cadherin (610181) (both from
BD, Franklin Lakes, NJ, USA), anti-Scribble (sc-11049, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-Ki-67 (18-0191Z, Invitrogen
Corporation, Camarillo, CA, USA) and anti-phospho-p44/42 MAPK (9101,
Cell Signaling, Danvers, MA, USA). Secondary antibodies (all from Life
Technologies, Carlsbad, CA, USA) were AlexaFluor647 goat anti-rabbit
(A21245), AlexaFluor568 goat anti-mouse (A11004), AlexaFluor647 goat

Figure 4. Nlp CRBs impair localization of basal and lateral adhesion proteins and confer enhanced responsiveness to EGF stimulation.
(a, b) Impact of Nlp CRBs on basal localization of α6-integrin (a) and laminin5 (b) by immunofluorescence (IF) microscopy. Pseudocolors show
EGFP-Nlp- and EGFP-Cep68 in green, α6-integrin and laminin5 in red, and DNA in blue (DAPI). (c) Panels to the left show merge of
pseudocolors, panels to the right show single stainings in grey for α6-integrin (above) and laminin5 (below). Overviews and blow-ups illustrate
correlation between Nlp CRBs and displacement of basal adhesion proteins. (d, e) Impact of Nlp CRBs on lateral localization of E-Cadherin (d)
and Scribble (e) by IF microscopy. E-Cadherin and Scribble in red, EGFP-Nlp and EGFP-Cep68 in green, and DNA in blue (DAPI). (f, g, h) Nlp
CRBs confer enhanced responsiveness to EGF. EGF treatment of mammospheres, as illustrated schematically in f, enhance p-ERK1/2 staining (f)
and, concomitantly, cause mammospheres to grow to larger size (g). Representative micrographs in g show effect of EGF on the proliferative
expansion of mammospheres harboring Nlp CRBs; EGFP-Nlp in green, DNA in blue (DAPI); arrowhead points to control mammosphere
showing minimal Nlp expression and asterisk marks part of chimeric mammosphere that fails to express EGFP-Nlp. Histogram to the right
shows quantification of dose-dependent response to EGF by measurement of equatorial sections (illustrated in graph; dashed plane (red)).
Representative micrographs in h show Ki-67-positive cells in mammosphere harboring Nlp CRBs next to a non-expressing mammosphere;
upper micrograph shows merge of EGFP-Nlp in green, DNA in blue (DAPI) and Ki-67 in red. Lower micrograph shows Ki-67 in greyscale.
n indicates sample size; data are from three independent experiments (N= 3); error bars indicate standard deviation and P-values were derived
from unpaired, two-tailed Student's t-test. (*) indicates P-value o0.05, (**) o0.01 and (***) o0.001.
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anti-mouse (A21236), AlexaFluor647 donkey anti-goat (A21447) and
AlexaFluor647 goat anti-rat (A21247). Immunofluorescence microscopy
on 2D cultures was performed using an Applied Precision DeltaVision
system (GE Healthcare, Little Chalfont, UK) equipped with a × 20/0.75 U
Plan S Apo air objective as well as × 60/1.2 Plan Apo N and × 100/1.4 UPLS
Apo oil immersion objectives. Alternatively, analyses were performed using
a FEI MORE wide-field system (FEI Munich, Graefelfing, Germany) equipped
with a × 40/0.95 U Plan S Apo air objective and a × 60/1.49 TIRF APON oil
immersion objective. Confocal images were acquired using a Leica SP5-II-
MATRIX point scanning confocal microscope (Leica Microsystems, Wetzlar,
Germany) equipped with × 10/0.30 HC PL Fluotar and × 20/0.70 HCX Plan
Apo CS air objectives and a × 63/1.40-1.60 HCX Plan Apo lambda blue oil
immersion objective. A 405-nm diode laser light was applied for DAPI
staining, 488 nm Argon laser light for visualization of EGFP and 633 nm
HeNe laser light for visualization of AlexaFluor647 stainings. Image
analyses and final adjustments were carried out in Omero 5.0.2.

Biochemical and cell biological techniques
For western blotting, cell pellets were lysed in Tris lysis buffer (20 mM

Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% IGEPAL CA-630) with protease and
phosphatase inhibitors, before 20 or 50 μg of total protein were
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto polyvinylidene fluoride membranes. These
were incubated with primary antibodies diluted in phosphate-buffered
saline/5% skim milk powder (w/v). Primary antibodies were anti-
human Nlp (R110),40 anti-GFP (ab290, Abcam) and anti-α-tubulin
(DM1A (T9026), Sigma). Horse radish peroxidase-conjugated secondary
antibodies were obtained from Bio-Rad (170-6515 and 170-6516,
Hercules, CA, USA).
MT regrowth assays were performed essentially as described

previously.80 In brief, MCF10A ecoR cells allowing inducible overexpression
of centrosomal proteins were seeded on Ibidi eight-well microscopy slides
(ibidi GmbH, Planegg-Martinsried, Germany) and grown in the absence or
presence of doxycycline. MTs were depolymerized by cold treatment
(30min), before MT regrowth was triggered by addition of warm (37 °C)
medium for 1 or 10min, and cells were fixed using ice-cold methanol.
Monolayer wounding assays were performed essentially as described.85

In brief, 100 000 MCF10A cells were cultured to confluence on Ibidi
eight-well microscopy slides, before wounding using a plastic pipette tip.
After 24 h, cells were fixed with ice-cold methanol and examined by
immunofluorescence microscopy.

Statistical analyses
Statistical analyses were carried out using Microsoft Excel 2010. Sample
sizes (n) were chosen to allow the detection of statistically significant
differences between subgroups within biological replicates (N). Inclusion
and exclusion of samples was carried out based on viability and typical
appearance of the negative control sample, which was run side by side
with the test sample. Standard deviation and variance were calculated and
served as estimates of variation within each group of data. For statistical
comparison of groups with similar variance, a homoscedastic t-test was
performed. For statistical comparison of groups with diverging variance, a
heteroscedastic t-test was applied. A statistically significant effect was
assumed for P-valueso0.05.
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