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Summary
The remodeling of nuclear organization during
differentiation and the dramatic alteration of nuclear
organization associated with cancer development are well
documented. However, the importance of tissue
architecture in the control of nuclear organization remains
to be determined. Differentiation of mammary epithelial
cells into functional tissue structures, in three-dimensional
culture, is characterized by a specific tissue architecture
(i.e. a basoapical polarity axis), cell cycle exit and
maintenance of cell survival. Here we show that induction
of partial differentiation (i.e. basal polarity only, cell cycle
exit and cell survival) by epigenetic mechanisms in
malignant breast cells is sufficient to restore features of
differentiation-specific nuclear organization, including
perinucleolar heterochromatin, large splicing factor
speckles, and distinct nuclear mitotic apparatus protein

Introduction
Epithelial tissue differentiation is accompanied by the
maintenance of both cell survival and growth arrest. The
architecture of differentiated epithelial tissues, which is
characterized by a basoapical polarity axis (Bilder and
Perrimon, 2000; O’Brien et al., 2001), is a supreme epigenetic
pathway (i.e. unrelated to changes in DNA sequence) in the
maintenance of functional differentiation (Plachot and
Lelièvre, 2004; Nelson and Bissell, 2006). In glandular
epithelia, the basal pole of the polarity axis is against the
extracellular basement membrane, and the apical pole of the
polarity axis is next to the lumen. Each of these cellular poles
includes specific adhesion complexes (Caplan, 1997; Plachot
and Lelièvre, 2003): hemidesmosomes are located at the basal
pole, where they connect cells to the basement membrane; and
tight junctions are located towards the apical pole, where they
seal the intercellular space and maintain basoapical polarity
and, thus, proper tissue function (e.g. vectorial secretion into
the central lumen) by creating a barrier between basolateral and
apical domains (Rodriguez-Boulan and Nelson, 1989;
Cereijido et al., 1998). Hemidesmosomes play a crucial role in
epithelial tissue homeostasis by maintaining differentiation and
cell survival (Dowling et al., 1996; Weaver et al., 2002) and
tight junctions are involved in the control of cell proliferation
(Balda et al., 2003; Gonzalez-Mariscal and Nava, 2005).
Besides the basoapical polarity axis, another structural
feature characteristic of epithelial differentiation is the

(NuMA) foci. Upon alteration of nuclear organization using
an antibody against NuMA, differentiated non-neoplastic
cells undergo apoptosis, whereas partially differentiated
malignant cells enter the cell cycle. Non-neoplastic cells
cultured under conditions that prevent the establishment of
apical polarity also enter the cell cycle upon NuMA
antibody treatment. These findings demonstrate that the
differentiation status rather than the non-neoplastic or
neoplastic origin of cells controls nuclear organization and
suggest a link between nuclear organization and epigenetic
mechanisms dictated by tissue architecture for the control
of cell behavior.
Key words: Mammary epithelial differentiation, Nuclear structure,
Proliferation, Tumor reversion, NuMA, Three dimensional cell
culture

organization of the cell nucleus. The specific location of both
nonchromatin and chromatin structures within the cell nucleus,
which is referred to as higher order nuclear structure, has been
shown to change dramatically upon differentiation.
Nonchromatin splicing factor speckles have been observed to
be larger in differentiated cells compared with
nondifferentiated cells (Lelièvre et al., 1998; Gribbon et al.,
2002). Heterochromatin domains or chromodomains have been
found to localize to different nuclear areas in differentiated
cells compared with nondifferentiated cells (Manuelidis, 1985;
Martou and De Boni, 2000). Using the three-dimensional (3D)
cell culture model of human mammary epithelial cell (HMEC)
differentiation into glandular structures (acini) – where cells
first proliferate, then exit the cell cycle and undergo basoapical
polarization (Petersen et al., 1992; Weaver et al., 2002; Plachot
and Lelièvre, 2004; Lelièvre and Bissell, 2005) – we have
identified certain modifications in higher order nuclear
structure associated with cell cycle exit (Lelièvre et al., 1998;
Kaminker et al., 2005), and additional modifications at later
stages of differentiation (Lelièvre et al., 1998). Moreover, we
have shown that disrupting higher order nuclear structure by
altering the distribution of a specific nuclear protein, either
upon expression of its truncated form [e.g. truncated TIN2;
truncated nuclear mitotic apparatus protein (NuMA)] or
introduction of an antibody against the protein (e.g. antiNuMA
antibody), leads to a lack of proper polarity and the
maintenance of cell cycle activity, in the case of TIN2
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(Kaminker et al., 2005), and the alteration of the basement
membrane, a crucial component of basal polarity, in the case
of NuMA (Lelièvre et al., 1998; Abad et al., 2007). It has long
been recognized that the organization of the cell nucleus
appears quite different in malignant cells compared with nonneoplastic cells (reviewed by Zink et al., 2004). However, the
reasons for such differences are not known. Here we have
asked whether the dramatic changes in nuclear organization
observed in cancer cells are associated with the loss of
epithelial tissue architecture.
Using different models of mammary acinar differentiation in
3D culture, we show that the differentiation-specific
organization of certain markers of higher order nuclear
structure is lost in malignant cells arranged into nonpolarized
nodules; however, in malignant cells induced to form growtharrested and basally polarized (but not apically polarized)
acinus-like structures (i.e. structures with partial
differentiation), these markers of higher order nuclear structure
are organized similarly to those seen in phenotypically normal
acini. Alteration of higher order nuclear structure using
antibodies against the nuclear structural protein NuMA is
associated with apoptosis in non-neoplastic cells and entrance
into the cell cycle in partially differentiated malignant cells. We
further show that altered tissue architecture characterized by
the absence of apical polarity, prior to antibody inducedalteration of nuclear organization, is a determining factor for
entry into the cell cycle.
Results
Reversion of malignant HMECs in 3D culture is
accompanied by the establishment of features of higher
order nuclear structure
Concentration of heterochromatin at the nucleolar and/or
nuclear periphery and formation of enlarged splicing factor
speckles are nuclear features of differentiation in several cell
types, including mammary epithelial cells (Manuelidis, 1985;
Antoniou et al., 1993; Chaly and Munro, 1996; Lelièvre et al.,
1998; Martou and De Boni, 2000; Gribbon et al., 2002; Beil et
al., 2002; Garagna et al., 2004; Abad et al., 2007). To assess
whether features of nuclear organization that are characteristic
of mammary acinar differentiation are lost in breast cancer
cells, we cultured non-neoplastic S1 cells (Briand et al., 1987)
and S1-derived malignant T4-2 cells (Briand et al., 1996) in
MatrigelTM in 3D for 10 days. Upon this culture period we
verified that S1 cells had formed fully differentiated acini.
HMEC acinar differentiation in 3D culture is commonly
determined by cell cycle exit (i.e. no Ki67 expression) and the
correct distribution of markers of basolateral polarity (e.g.
collagen IV uninterrupted around the acinus, hemidesmosome
component ␣6-integrin at the basal cell membrane, ␤-catenin
at cell-cell junctions) and apical polarity (e.g. mucin-1 at the
lateroapical and apical cell membranes) (Petersen et al., 1992;
Weaver et al., 1997; Plachot and Lelièvre, 2004; Lelièvre and
Bissell, 2005) (Fig. 1A,B). We also verified that tumor-like
nodules formed by malignant cells showed cell cycle activity
and displayed disorganized basolateral and apical polarity
markers (Petersen et al., 1992; Weaver et al., 1997; Wang et
al., 1998; Lelièvre and Bissell, 2005) (Fig. 1A,B). Results from
visual scoring of the distribution of differentiation markers
show that ~74% of S1 acini are completely surrounded by
collagen IV versus ~8% of T4-2 nodules. As illustrated in Fig.
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1A, the correct distribution of ␣6-integrin and mucin-1 is found
in ~73% and ~15% of S1 acini, respectively, versus ~10% and
0% of T4-2 tumor nodules, respectively. [Note that Mucin-1 is
not detected in the remaining 85% of S1 acini. Our hypothesis
is that it may be removed from the lumen during the
immunostaining process.]
The organization of the cell nucleus was studied by assessing
the distribution of markers specific for chromatin and
nonchromatin
compartments.
Immunostaining
for
heterochromatin markers histone 4 methylated on lysine 20
(H4K20m) and histone 3 methylated on lysine 9 (H3K9m)
(Lachner et al., 2001; Fischle et al., 2003; Schotta et al., 2004)
revealed their concentration around the nucleolus in S1 acinar
cells. By contrast, these markers appeared mostly as small foci
throughout the nuclear space, without any remarkable
concentration in specific nuclear areas, in malignant T4-2 cells
(Fig. 1C). Nuclear proteins such as promyelocytic leukemia
(PML) protein (Zhong et al., 2000), nuclear shell protein lamin
B (Moir et al., 1994), splicing factor SC35 (Fay et al., 1997)
and NuMA (Compton and Cleveland, 1994; Abad et al., 2004)
have been proposed to play a crucial role in nuclear structure,
possibly by organizing other nuclear components, including
chromatin (Barboro et al., 2002; Shumaker et al., 2003; Abad
et al., 2004; Hall et al., 2006; Abad et al., 2007). Some of these
markers are known to adopt a specific organization in
differentiated cells. Visual observation has revealed the
formation of distinct and large NuMA foci upon breast acinar
differentiation (Lelièvre et al., 1998). The PML protein
distribution changes from diffuse to distinct foci upon
differentiation of leukaemic cells (Andre et al., 1996). Splicing
factor speckles are enlarged in differentiated erythroid cells
compared with those in neoplastic cells (Antoniou et al., 1993).
Upon comparison of differentiated S1 and malignant T4-2 cells
for NuMA distribution on a per cell basis using the local bright
feature (LBF)-radial analysis (Knowles et al., 2006), we have
found that NuMA was typically organized into distinct
domains concentrated in mid-nucleus in S1 acini, whereas its
distribution appeared diffuse (i.e. no concentration of staining
foci in specific areas of the cell nucleus) in T4-2 tumor nodules
(Knowles et al., 2006) (Fig. 1D). Visual observation did not
reveal striking differences in PML distribution when
comparing breast malignant T4-2 cells and non-neoplastic
differentiated S1 cells. However, the distribution of SC35, a
marker of splicing factor speckle organization consisted of a
few large domains often arranged as a ring in mid-nucleus in
acinar S1 cells, whereas speckles were smaller and distributed
throughout the nuclear space in malignant T4-2 cells (Fig. 1D).
Interestingly lamin B, an integral protein of the inner nuclear
membrane, remained peripheral in both cell types, but clearly
revealed the twisted nuclear shape in malignant cells. Thus,
tumor nodule formation is accompanied by dramatic
alterations in important nuclear structural features when
compared with acinar differentiation.
We reasoned that if the features of nuclear organization
observed in acinar S1 cells depend on differentiation rather
than on the non-neoplastic nature of the cells, induction of
phenotypic reversion in malignant cells should lead to the
restoration of the same features. Malignant T4-2 cells were
induced to differentiate according to protocols used previously
(Weaver et al., 1997; Wang et al., 1998; Wang et al., 2002) and
the distribution of the set of proteins described above was
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Fig. 1. Tumor nodules display altered tissue polarity and nuclear organization compared with acini formed by non-neoplastic cells. S1 and T4-2
cells were cultured in 3D in the presence of MatrigelTM for 10 days and labeled for differentiation markers collagen IV, ␣6-integrin, ␤-catenin,
mucin-1 and Ki-67, and markers of nuclear organization H3K9m, H4K20m, NuMA, SC35, PML and lamin B. (A) Immunostaining for basal
polarity markers collagen IV (green) and ␣6-integrin (green), lateroapical polarity marker ␤-catenin (red), and apical polarity marker mucin-1
(red) in acinar S1 cells (top panel) and malignant T4-2 cells (bottom panel). Drawings show the organization of S1 and T4-2 cells after 10 days
of 3D culture; nuclei are represented in black. (B) Immunostaining for cell cycle marker Ki67 (green). Nuclei are counterstained with DAPI
(blue). Bar graph shows the percentage of cells in the cell cycle based on Ki67 expression. (C) Organization of heterochromatin markers
H3K9m (red) and H4K20m (red) in the nuclei of acinar (S1) and malignant (T4-2) cells. Arrows indicate the concentration of H3K9m and
H4K20m around the nucleolus (*) in differentiated cells. (D) Organization of coiled-coil protein NuMA (green), splicing factor speckle marker
SC35 (green), PML (red, with DAPI-counterstained nuclei in blue) and lamin B (red) in the nuclei of acinar (S1) and malignant (T4-2) cells.
The arrowhead indicates the formation of enlarged NuMA foci in mid-nucleus in S1 cells. SC35 is organized into large domains in the nucleus
of S1 cells (dotted line delineates the cell nucleus). The arrow points to the twisted shape of the malignant nucleus as shown by lamin B
staining. Bars, 5 m.

analyzed. Reversion protocols restore aspects of
phenotypically normal tissue architecture, and cellular growth
arrest and survival although the genotype remains the same as
in malignant cells (Weaver et al., 1997). Malignant T4-2 cells
were treated with reverting agent AG1478, an inhibitor of the
EGFR pathway and cultured in 3D for 10 days to induce
differentiation (Weaver et al., 1997; Wang et al., 1998). We
verified that the multicellular structures formed by reverted T42 (RT4-2) cells, referred to as spheroids, exited the cell cycle,
as shown by the absence of Ki67 expression, and displayed
basolateral polarity as shown by the distribution of the
basement membrane component collagen IV (correctly
organized in ~78% of spheroids) and adhesion complex protein
␣6-integrin (correctly organized in ~60% of spheroids) (Fig.
2A,B). However, spheroids formed by RT4-2 cells lacked
proper apical polarity. All the spheroids in which mucin-1 was

detected (~12% of the spheroids) displayed a basal or
peripheral location of the staining for mucin-1 (compare RT42 spheroids Fig. 2A with S1 acini Fig. 1A). This particular
location of mucin-1 has been referred to as inverted polarity
(Gudjonsson et al., 2003). Thus, with the exception of mucin1, a majority of RT4-2 spheroids displayed a correct
organization of the differentiation markers analyzed.
Visual scoring revealed that higher order nuclear
organization in a significant portion of the RT4-2 cell
population was characterized by a concentration of
heterochromatin markers H4K20m and H3K9m at the
nucleolar periphery, which is similar to the organization seen
in S1 acinar cells. By contrast, T4-2 cells incubated with
DMSO, the vehicle for AG1478, displayed smaller
heterochromatin domains dispersed throughout the nuclear
volume similarly to the distribution found in control T4-2 cells
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populations of RT4-2 cells and S1 cells, based on NuMA
distribution. Whereas, there was a statistically significant
difference between RT4-2 and T4-2 cell populations, based on
NuMA distribution (Fig. 2D,E).
To verify that the features of higher order nuclear structure
observed in RT4-2 cells were not specific to AG1478
treatment, we induced the phenotypic reversion of T4-2 cells
with another agent, LY294002 (Wang et al., 2002), which acts
as an inhibitor of the phosphoinositide (PI) 3-kinase pathway.
LY294002-induced reversion was accompanied by the proper
organization of basolateral polarity markers collagen IV, ␣6integrin, and ␤-catenin, but not the apical polarity marker
mucin-1 (Fig. 3A). In LY294002-induced RT4-2 cells, the
distribution of markers of higher order nuclear structure, as
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(compare Fig. 2C with Fig. 1C; Fig. 2E), the distribution of
SC35 into a few large domains was also restored in a
significant portion of the RT4-2 cell population (Fig. 2D,E).
Application of the radial-LBF analysis to measure NuMA
distribution demonstrated that cell populations could be
subdivided into cells with a high density of foci-like
distribution of NuMA, characteristic of differentiation, and
cells with a flat distribution of NuMA, corresponding to
nondifferentiated stages. Classification into these two groups
allowed us to determine the ratio of numbers of cells with
differentiation-like and cells with nondifferentiation-like
distributions of NuMA in differentiated (S1), malignant (T4)
and reverted (RT4-2) cell populations. Analyses of the results
showed that there was no statistical difference between
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Fig. 2. AG1478-induced phenotypic reversion of malignant cells is accompanied by partial tissue polarity and the re-establishment of the
organization of markers of higher order nuclear structure. Malignant T4-2 cells were treated either with the reverting agent AG1478 or vehicle
DMSO for 10 days in 3D culture in the presence of MatrigelTM and labeled for differentiation markers collagen IV, ␣6-integrin, ␤-catenin,
mucin-1, and Ki67, and for nuclear proteins H3K9m, H4K20m, NuMA, SC35 and lamin B. (A) Immunostaining for basal polarity markers
collagen IV (green) and ␣6-integrin (green), lateroapical polarity marker ␤-catenin (red), and apical polarity marker mucin-1 (red) in malignant
T4-2 cells (top panel) and reverted RT4-2 cells (bottom panel). Drawings represent the organization of T4-2 and RT4-2 cells after 10 days of
3D culture. Nuclei are represented in black. (B) Immunostaining for cell cycle marker Ki67 (green). Nuclei are counterstained with DAPI
(blue). Bar graph shows the percentage of cells in the cell cycle based on Ki67 expression. (C) Organization of heterochromatin markers
H3K9m (red) and H4K20m (red) in the nuclei of malignant (T4-2) and reverted (RT4-2) cells. Arrows indicate the concentration of H3K9m
and H4K20m around the nucleolus (*) in differentiated cells. (D) Organization of coiled-coil protein NuMA (green), splicing factor speckle
marker SC35 (green), and lamin B (red) in the nuclei of malignant (T4-2) and reverted (RT4-2) cells. The arrowhead indicates the formation of
enlarged NuMA foci in mid-nucleus in RT4-2 cells. SC35 is organized into large domains in the nucleus of RT4-2 cells (a dotted line delineates
the cell nucleus). The arrows point to the twisted shape, as shown by lamin B staining, of the nucleus in malignant and reverted cells. (E) Left
histogram: Percentage of nuclei in S1 acini, T4-2 tumor nodules, and RT4-2 spheroids with nuclear proteins displaying a distribution
characteristic of acinar differentiation. Drawings show the distributions of H4K20m, H3K9m and SC35 representative of acinar differentiation.
Right histogram: ratios of cells with differentiation-like distribution of NuMA over cells with nondifferentiation-like distribution of NuMA in
the S1, RT4-2 and T4-2 populations.*P<0.01. Bars, 5 m.
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shown by H4K20m, NuMA and SC35 staining, was similar to
that observed in AG1478-induced RT4-2 cells (compare Fig.
3B and Fig. 2C,D). Control and DMSO-treated T4-2 3D
cultures usually display a number of small nodules in addition
to the large tumor-like nodules at day 10. Therefore, we
confirmed that the specific features of nuclear organization
observed in acinar S1 cells and RT4-2 cells did not occur in
malignant cells that formed small tumor nodules. Results
show that although certain nodules formed by DMSO-treated
T4-2 cells have sizes similar to RT4-2 spheroids, their
architecture is disorganized, as in larger tumor nodules, and
the distribution of markers of higher order nuclear structure in
these small tumor nodules is also similar to that seen in larger
tumor nodules (compare Fig. 3A,B, left panels and Fig.
2A,C,D).
We conclude that the phenotypic reversion of malignant
cells, characterized by the formation of growth-arrested and
basolaterally polarized multicellular spheroids, is accompanied
by the reorganization of markers of higher order nuclear
structure, despite the existence of DNA abnormalities (Weaver
et al., 1997) and an altered nuclear shape.

Fig. 3. LY294002 induced-phenotypic reversion of malignant cells is
accompanied with the re-establishment of basal polarity and higher
order nuclear structure. Malignant T4-2 cells were treated either with
the reverting agent LY294002 or vehicle DMSO for 10 days in 3D
culture in the presence of MatrigelTM and labeled for differentiation
markers collagen IV, ␣6-integrin, mucin-1 and Ki67, and nuclear
proteins H4K20m, NuMA and SC35. (A) Immunostaining for basal
polarity markers collagen IV (green) and ␣6-integrin (green), apical
polarity marker mucin-1 (red), and proliferation marker Ki67 (green)
in malignant (T4-2) cells (small tumor nodules are shown) and
reverted (RT4-2) cells. Nuclei are counterstained with DAPI (blue).
(B) Organization of heterochromatin marker H4K20m (red), coiledcoil protein NuMA (green; arrowheads indicate the presence of
enlarged foci in mid-nucleus) and splicing factor speckle marker
SC35 (green) in the nuclei of malignant (T4-2) and reverted (RT4-2)
cells. The dotted line delineates the cell nucleus. Bars, 5 m.

Alteration of nuclear organization in reverted tumor cells
leads to the loss of differentiation
The re-establishment of features of nuclear organization
characteristic of differentiation in RT4-2 cells in 3D culture
raises the question whether such reorganization is important for
the differentiation stage observed in these cells. We had shown
previously that the distribution of NuMA observed in S1 acini
was crucial for the maintenance of acinar differentiation
(Lelièvre et al., 1998). Indeed, upon introduction of
antiNuMA-C-terminus (CT) antibodies in live acinar cells,
endogenous NuMA became diffusely distributed and,
subsequently, acinar differentiation became altered, as shown
by the absence of complete collagen IV staining at the
periphery of the acini (Lelièvre et al., 1998; Abad et al., 2007).
We further showed that NuMA played a crucial role in acinar
differentiation by controlling higher order organization of
chromatin measured by the distribution of chromatin markers
H4K20m and acetyl-H4 (Abad et al., 2007). We reasoned that,
similarly, if the reorganization of NuMA observed in RT4-2
spheroids is linked to differentiation, perturbing NuMA
distribution in these spheroids should alter their differentiation
stage. To do so, we used the antiNuMA antibody-based method
that enables us to alter NuMA in already formed multicellular
structures in 3D culture. S1, T4-2 and RT4-2 cells were
cultured in 3D for 10 days to induce the formation of acini,
tumor nodules, and spheroids, respectively, and incubated with
antiNuMA antibodies or control nonspecific immunoglobulins
(IgGs) for 4 days following a 30-second permeabilization with
digitonin, according to a procedure used previously (Lelièvre
et al., 1998; Abad et al., 2007). As shown before for S1 acinar
cells (Lelièvre et al., 1998), the distribution of endogenous
NuMA was diffuse in RT4-2 cells incubated with antiNuMA
antibody (~82% of S1 cells and ~78% of RT4-2 cells treated
with antiNuMA antibody showed a diffuse distribution of
NuMA in these experiments compared with ~11% of cells
treated with nonspecific IgGs). Whereas, no change could be
detected in T4-2 cells in which NuMA distribution remained
diffuse (Fig. 4A). As expected, S1 cell cultures showed a 3.2fold increase in acini with incomplete collagen IV staining
upon incubation with antiNuMA antibody (14.2% of acini with
incomplete collagen IV staining in IgG-treated cultures
compared to 46% of acini with incomplete collagen IV staining
in antiNuMA antibody-treated cultures). Similarly, there was a
2.4-fold increase in RT4-2 spheroids with incomplete collagen
IV staining upon incubation with antiNuMA antibody (22% of
acini with incomplete collagen IV staining in IgG-treated
cultures compared to 47% of acini with incomplete collagen
IV staining in antiNuMA antibody-treated cultures) (Fig. 4B).
Although T4-2 nodules are not commonly surrounded by a
basement membrane, T4-2 cells often secrete high amounts of
collagen IV (see Fig. 1). The percentage of nodules showing a
significant amount of collagen IV did not change in T4-2 cell
cultures incubated with antiNuMA antibody compared with
cultures incubated with nonspecific IgGs (Fig. 4B).
The presence of an intact basement membrane is crucial for
the survival of normal epithelial tissue (Pullan et al., 1996;
Chrenek et al., 2001); therefore, apoptosis rate was measured
in S1, T4-2 and RT4-2 cells incubated with nonspecific IgGs
and with antiNuMA antibody. There was a fourfold increase in
apoptosis rate in S1 cells incubated with antiNuMA antibody.
However, upon antibody treatment, neither T4-2 cells nor RT4-
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2 cells showed an increase in apoptosis rate (Fig. 4C). Since
cell proliferation may be an alternative to apoptosis upon
alteration of basement membrane components (Lochter et al.,
1998; Ortega and Werb, 2002), we also assessed the percentage
of cells in the cell cycle. RT4-2 spheroids incubated with
antiNuMA antibody had a fourfold increase in the percentage
of cells in the cell cycle; incubation with antiNuMA antibody
also triggered the formation of mitotic spindles (Fig. 4D). By
contrast, upon antibody treatment, neither S1 acini nor T4-2
tumor nodules showed an increase in the percentage of cells in
the cell cycle (Fig. 4D). Thus, although the nuclear
organization of NuMA plays a role in the maintenance of
differentiation in both S1 acini and RT4-2 spheroids, the
response to NuMA alteration differs between non-neoplastic
and reverted cells.
The cell behavior induced by the alteration of NuMA is
controlled by tissue polarity
The reason that RT4-2 cells re-enter the cell cycle upon NuMA
antibody treatment could be associated with either their
malignant status or their stage of differentiation. RT4-2
spheroids do not display mucin-1 at the apical cell membranes
(Figs 2, 3), which indicates that substructures essential for the
establishment of apical polarity, a major aspect of the
differentiation of epithelial tissues (Aijaz et al., 2006), are
probably perturbed. The formation of tight junctions is
paramount for the establishment of apical polarity in epithelial
tissues. Interestingly, tight junctions have been involved in the
control of cell proliferation (Balda et al., 2003; GonzalezMariscal and Nava, 2005). ZO-1 is a central regulator of tight
junction formation (Mitic et al., 1999; Ryeom et al., 2000) and
it is present at the apical side of acini in normal breast epithelial
tissue (Martin et al., 2004) and in 3D culture (Plachot and
Lelièvre, 2004). To determine the status of tight junctions in
the different phenotypes studied above, we immunostained for
ZO-1 in S1, T4-2 and RT4-2 cells cultured under 3D conditions
for 10 days. ZO-1 was apically distributed in acinar S1 cells
(~72% of acini show an apical concentration of ZO-1) and it
was located throughout the cytoplasm in all malignant T4-2
cells. ZO-1 was absent from the apical pole of ~98% of RT42 spheroids, which confirmed that RT4-2 spheroids have an
altered architecture (Fig. 5A).
To test whether the lack of proper tissue polarity could
influence the response of non-neoplastic cells to NuMA
alteration, we used a particular cell culture procedure to
produce growth-arrested and basally polarized (but not apically
polarized) acinus-like structures. S1 cells were cultured in the
presence of collagen I for 9 days, to induce the formation of
growth-arrested multicellular structures of sizes similar to acini
formed in MatrigelTM, but lacking basoapical polarity (Weaver
et al., 2002; Gudjonsson et al., 2003). Then, we replated
collagen I-induced S1 multicellular structures in MatrigelTM
for 24 hours to allow the establishment of basal polarity
(Weaver et al., 2002), but not apical polarity (Fig. 5B), before
digitonin permeabilization and incubation with NuMA
antibodies for 3 days. After 4 days in MatrigelTM, basal polarity
was restored in the majority of replated S1 multicellular
structures. However, apical polarity was still absent in a
significant portion of these multicellular structures compared
with control cultures (i.e. cells in 3D MatrigelTM for the entire
culture period) (Fig. 6A). Ki67 immunostaining revealed that

Fig. 4. Alteration of NuMA induces apoptosis in non-neoplastic S1
cells and entry into the cell cycle in reverted T4-2 cells. Nonneoplastic S1 cells and malignant T4-2 cells treated with or without
the reverting agent AG1478 were cultured in 3D MatrigelTM for 10
days, followed by digitonin permeabilization and incubation with
antibodies against NuMA (NuMA mAb) or nonspecific mouse
immunoglobulins (IgGs) for 3 days. (A) Immunostaining with a
FITC-tagged antibody against mouse IgG reveals the location of
IgGs in the cytoplasm and NuMA mAb in the cell nucleus of
permeabilized RT4-2 and/or T4-2 cells. Arrowheads indicate the
location of NuMA at the poles of mitotic spindles in malignant cells.
(B) Immunostaining for collagen IV (green, see arrowhead) in RT4-2
and T4-2 multicellular structures. Arrows indicate the lack of
continuous collagen IV staining in RT4-2 cells treated with NuMA
mAb. (Note that fluorescent staining for NuMA mAb can be seen in
the nuclei; both collagen IV and NuMA antibodies are mouse IgG1,
thus they are recognized by the same secondary antibody.) Nuclei are
counterstained with DAPI (blue). (C) Histograms of the percentage
of apoptotic cells. (D) Histograms of the percentage of cells in the
cell cycle (Ki67-positive). Immunostaining for NuMA (green) shows
evidence of mitotic spindle formation in NuMA mAb-treated RT4-2
cells (see image and arrowhead). A minimum of 300 cells were
scored per replicate in three independent experiments. *P<0.05.
Bars, 5 m.

antibody-treated cultures containing a high percentage of
multicellular structures lacking apical polarity had a fourfold
increase in the number of Ki67-positive cells compared with
NuMA antibody-treated cultures containing a high percentage
of fully polarized acini (Fig. 5C, Fig. 6B). To confirm that the
absence of apical polarity primes cells to enter the cell cycle
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Fig. 5. S1 cells that form multicellular structures with incomplete
tissue polarity are induced to enter the cell cycle upon incubation
with NuMA antibodies. (A) Ten day 3D MatrigelTM culture of nonneoplastic S1, malignant T4-2 and reverted RT4-2 cells
immunostained for tight junction marker ZO-1 (green). Apical
polarization of S1 acini is indicated by the apical location of ZO-1.
Arrows indicate the presence of ZO-1 in the nucleus of RT4-2 cells.
(B) Immunostaining for collagen IV (green), ␣6-integrin (green), ␤catenin (red) and ZO-1 (red) in non-neoplastic S1 cells cultured in
collagen I for 10 days (Coll I) or cultured in collagen I for 9 days and
replated in Matrigel for 24 hours (Coll I + MG). Multicellular
structures in collagen I display alterations in all markers tested, as
shown by the absence of continuous peripheral staining of collagen
IV, the overlap of ␣6-integrin and ␤-catenin staining at cell-cell
junctions – see yellow – and the diffuse location of ZO-1. By
contrast, only ZO-1 staining remains altered in multicellular
structures replated in MatrigelTM, as shown by the presence of
staining at the basal side of cells (see arrows). (C) Non-neoplastic S1
cells were cultured in MatrigelTM for 10 days to produce basoapically
polarized acini (MG) or in collagen I for 9 days before replating in
MatrigelTM for 24 hours (Coll I + MG) to produce a population
enriched with only basally polarized multicellular structures. Acini
and multicellular structures were then permeabilized with digitonin,
incubated with NuMA antibodies (NuMA mAb) or nonspecific
immunoglobulins (IgGs) for 3 days and immunostained for Ki67
(red) and mouse immunoglobulin (green). Immunostaining for
mouse immunoglobulins highlights the nuclear location of NuMA
mAb and the cytoplasmic location of nonspecific mouse IgGs.
Arrows indicate Ki67-positive cells. Nuclei are counterstained with
DAPI (blue). Bars, 10 m.

regardless of the method used to alter apical polarity, we
performed similar experiments with S1 acini treated with
EGTA. In different cell models, it has been shown that
chelation of Ca2+ by EGTA induces the loss of tight junction
organization and thus, apical polarity (Pitelka et al., 1983; Bhat
et al., 1993). Treatment of S1 acini with 1.5 mM EGTA
efficiently altered apical polarity as shown by the absence of
apical location of ZO-1 in the majority of the acini population
after 24 hours of incubation (Fig. 6C). Following 1 hour of
incubation with EGTA, plasma membranes were briefly
permeabilized with digitonin and acini were incubated with
antiNuMA antibody or nonspecific IgGs in the presence or
absence of EGTA for 24 hours, and then in EGTA-free medium
for another 48 hours. Results showed that acini treated with
both EGTA and antiNuMA antibody had a fourfold increase in
the number of Ki67-positive cells compared with acini treated

with antiNuMA antibody only (Fig. 6D). To further assess the
relationship between NuMA and tissue architecture for the
control of proliferation, we used S1 cells transfected with
siRNA NuMA on 2D, then replated in 3D culture 24 hours later
(Abad et al., 2007), and stained for NuMA and Ki67 or NuMA
and apoptosis after 8 days. This period of time is long enough
to induce differentiation and still permits silencing of NuMA
in a significant portion of the cell population. NuMA was
absent in 14% and 28% of the cells treated with 10 nM and 50
nM of siRNA, respectively, as shown by immunostaining
(Abad et al., 2007). Results indicate that silencing NuMA
during the differentiation process (i.e. before full polarity can
be achieved) prevents cells from exiting the cell cycle (Fig.
6E), since ~29% and ~42% of cells transfected with 10 and 50
nM NuMA siRNA show Ki67 staining, respectively, compared
with ~6% in control lipofectamine, ~11% in cells transfected
with 50 nM nontargeting siRNA, and ~16% of cells transfected
with 50 nM GAPDH siRNA. By contrast, no increase in
apoptosis was observed compared with controls (~0.6% and
~3% of apoptosis in cells transfected with 10 nM and 50 nM
NuMA siRNA, respectively, compared with ~5%, ~3% and
~2.5% in cells treated with lipofectamine only, cells transfected
with 50 nM nontargeting siRNA, and cells transfected with 50
nM GAPDH siRNA, respectively). Raising the concentration
of NuMA siRNA to 100 nM abrogated the effect on Ki67,
which suggests that the influence of silencing NuMA on the
cell cycle might be counteracted with this higher concentration
of siRNA upon induction of nonspecific actions (Persengiev et
al., 2004). We conclude from these experiments that the degree
of tissue differentiation, as measured by the status of tissue
polarity, prior to induced-alteration of NuMA determines the
cellular response to nuclear changes.
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Fig. 6. Partially differentiated acini enter the cell cycle upon
NuMA alteration regardless of the method used to induce
incomplete polarity. (A) Histogram of the percentage of S1
multicellular structures obtained following 9 days in collagen I and
4 days in MatrigelTM (black bars) that possess intact collagen IV
and ␣6-integrin staining, and apical location of ZO-1 compared
with S1 cells cultured in MatrigelTM (shaded bars) for 13 days.
(B) Non-neoplastic S1 cells were cultured in MatrigelTM for 10
days to produce basoapically polarized acini (shaded bars) or in
collagen I for 9 days before replating in MatrigelTM for 24 hours
(black bars) to produce a population enriched with only basally
polarized multicellular structures. Acini and multicellular structures
were then permeabilized with digitonin, incubated with NuMA
antibodies (NuMA mAb) or nonspecific immunoglobulins (IgGs)
for 3 days. Shown is the percentage of cells positive for cell cycle
marker Ki67. 300 cells were scored in each replicate in three
independent experiments. (C) Histogram of the percentage of S1
multicellular structures with ZO-1 apically located after treatment
with EGTA for 24 hours. (D) Acini and multicellular structures
were treated with EGTA for 1 hour, then briefly permeabilized with
digitonin and incubated with NuMA antibodies (NuMA mAb) or
nonspecific immunoglobulins (IgGs) for 3 days. EGTA was only
left in the culture medium during the first 24 hours of antiNuMA
antibody treatment. Shown is the percentage of cells positive for
cell cycle marker Ki67. 300 cells were scored in each replicate in
three independent experiments. *P<0.05. (E) Dual staining for
NuMA (red) and Ki67 (green) in acini formed by cells transfected
with 50 nM siRNA NuMA or 50 nM nontargeting siRNA and
cultured in 3D for 8 days. Nuclei are counterstained with DAPI
(blue). Arrowheads indicate strong Ki67 staining in nuclei that lack
NuMA staining.
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Discussion
We have shown that a significant portion of reverted malignant
cells that form acinus-like structures in 3D cultures display
features of higher order nuclear organization similar to those
seen in differentiated non-neoplastic cells. Since reverted T42 malignant cells conserve an altered genome like that found
in the initial malignant T4-2 cell population (Weaver et al.,
1997), we propose that the loss of nuclear organization in
malignant cells is linked to the loss of differentiation rather
than the intrinsic non-neoplastic or neoplastic status of cells.
The difference in nuclear organization observed between
differentiated and malignant cells is unlikely to be the result of
gross alterations in nuclear volume and shape in the cancerous
stage. For example, the design of the LBF analysis allows us
to measure differences in NuMA distribution that are not
biased by differences in nuclear volume (Knowles et al., 2006).
Moreover, the reorganization of NuMA and other nuclear
proteins in reverted cells occurs although nuclei maintain an
altered shape, as shown by lamin B staining. We propose that
malignant reversion is a powerful means to identify features of
nuclear organization that are crucial for differentiation. The
current concept is that differentiation-specific nuclear structure
locks the expression of genes crucial for differentiation in an
off or on position (Goldman et al., 2002). It had been shown
previously that the distribution of heterochromatin regions, as
well as the formation of large SC35 domains coincided with
the differentiation of leukemic cells (Antoniou et al., 1993; Beil
et al., 2002). We show that this paradigm holds true for the
tissue-like differentiation of breast epithelial cells. It is known
that heterochromatin domains, such as H3K9m-rich
chromocenters (Lachner et al., 2001; Maison et al., 2002), can
induce the silencing of genes located in their vicinity (Brown
et al., 1997), and that splicing factor speckles can stimulate the
expression of genes located in their vicinity (Moen, Jr et al.,
2004). Since these domains can be involved in the control of
differentiation genes, it is not surprising to observe their
reorganization upon induction of differentiation in tumor cells.
Differentiation of epithelial cells is dependent on the
formation of a specific tissue architecture characterized by
basoapical polarity. Interestingly, upon induction of the
differentiation of the malignant T4-2 cells, there is only
restoration of basal polarity. Because some of the major
characteristics of differentiation-specific nuclear organization
(i.e. perinucleolar accumulation of heterochromatin regions
and formation of large SC35 domains) are restored in a
significant portion of this population of reverted cells it could
easily be concluded that this partial stage of differentiation is
sufficient to maintain cellular homeostasis associated with
normalcy. However, the experiments conducted to disrupt
NuMA organization demonstrate that this is not quite the case.
Although NuMA distribution seems to return to normal in
reverted malignant cells, we show that the influence of altering
NuMA on cell behavior (i.e. apoptosis versus proliferation) is
dependent on the status of apical polarity. These data suggest
that both tissue architecture and nuclear organization work in
concert to control cell fate and maintain tissue homeostasis.
The difference in cell behavior originates from the alteration
of a nuclear protein; hence, it may be linked to a different
nuclear organization between fully polarized and partially
polarized acinar structures. Interestingly, we observe tight
junction protein ZO-1 within the nuclei of RT4-2 cells. ZO
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proteins have been previously found in the cell nucleus
(Gottardi et al., 1996), notably in association with the
ribonucleoprotein network (Traweger et al., 2003), where they
are thought to act as regulators of gene expression (Jaramillo
et al., 2004). The absence of proper apical polarity may
influence nuclear structure by enabling cytoplasmic or cell
membrane molecules, such as ZO-1, to concentrate in the cell
nucleus, which in turn impinges on the distribution and/or
function of nuclear substructures. Alternatively, it is possible
that extranuclear signaling initiated by the alteration of
nuclear organization triggers a different cell fate depending on
the intracellular signaling network. Indeed, signaling
pathways appear to organize and branch differently in
nondifferentiated and differentiated cells, and specifically in
cells that display or do not display apical polarity (Weaver et
al., 1997; Balda et al., 2003; Ang and Constam, 2004; Liu et
al., 2004).
Our findings demonstrate that the combination of alterations
in tissue polarity and nuclear organization plays a crucial role
in directing cells to enter the cell cycle. These data shed light
on the possible mechanisms by which alterations in tissue
architecture participate in cancer development. Loss of apical
polarity is one of the earliest changes observed in tissue
architecture in breast neoplasia (Sawada et al., 2003) (and our
unpublished data). Such an alteration may represent a crucial
step in the loss of tissue homeostasis that leads to uncontrolled
proliferation by sensitizing cells to intracellular or extracellular
factors that can impact nuclear organization and function.
Materials and Methods
Cell culture
The HMT-3522 mammary epithelial cells were cultured in H14 medium (Briand
et al., 1987; Briand et al., 1996) consisting of DMEM/F12 (Gibco/BRL, St Louis,
MO) with 250 ng/ml insulin (Boehringer Mannheim, Indianapolis, IN), 10 g/ml
transferrin (Sigma, St Louis, MO), 2.6 ng/ml sodium selenite (BD Biosciences,
Bedford, MA), 10–10 M estradiol (Sigma), 1.4 M hydrocortisone (BD
Biosciences) and 5 g/ml luteotropic hormone (Sigma). The non-neoplastic S1
cells were cultured on plastic in the presence of 10 ng/ml epidermal growth factor
(EGF; BD Biosciences), and the malignant T4-2 cells were cultured on collagen
type I-coated dishes (Vitrogen 100, Celtrix Laboratories, Palo Alto, CA) in the
absence of EGF. H14 medium was routinely changed every 2-3 days. S1 cells and
T4-2 cells were induced to recapitulate the formation of polarized glandular
structures (acini) and tumor nodules, respectively, using a technique called 3D
culture (Petersen et al., 1992), in which cells are plated on an exogenous
extracellular matrix enriched in laminin (MatrigelTM, BD Biosciences) and cultured
in the presence of 5% MatrigelTM in the H14 medium. Following 7 days of 3D
culture, S1 cells were induced to arrest proliferation by culturing them in H14
medium without EGF. Acinar morphogenesis, characterized by the formation of a
layer of cells surrounding a lumen and delineated by an endogenous basement
membrane, is routinely observed by day 8 to 10. Phenotypic reversion of T4-2 cells
and formation of acinus-like structures (spheroids) was induced by culturing T42 cells in 3D with H14 medium containing 100 nM EGF receptor (EGFR) inhibitor
Tyrphostin AG1478 (Calbiochem, San Diego, CA) or 8 M PI3-kinase inhibitor
LY294002 (Calbiochem) (Wang et al., 1998; Wang et al., 2002). AG1478 and
LY294002 were dissolved in DMSO and added to the culture medium every 2 days
for 10 days. Control cultures were treated with vehicle only. No significant
cytotoxicity was measured during the 10-day treatment with AG1478 or
LY294002.
To induce the formation of glandular structures that lack apical and basal polarity,
non-neoplastic S1 cells were cultured in type I collagen (Cellagen Solution AC-5,
ICN biomedicals, Costa Mesa, CA) as described previously (Weaver et al., 2002;
Gudjonsson et al., 2003). Medium was changed every 2 days.

siRNA transfection
To silence NuMA during acinar differentiation, monolayers of S1 cells were
transfected with 10, 50 or 100 nM siRNA NuMA (ON-TARGETplus SMARTpool,
Dharmacon, Lafayette, CO) using lipofectamine (LipofectamineTM Transfection
Reagent, Invitrogen, Grand Island, NY) 24 hours before plating in 3D, as described
previously (Abad et al., 2007). Controls included 50 nM nontargeting siRNA (ONTARGETplus siCONTROL Nontargeting pool, Dharmacon), 50 nM siRNA

GAPDH (ON-TARGETplus siCONTROL GAPD pool, Dharmacon) and cells
treated with lipofectamine only.

Indirect immunofluorescence
Cells were cultured in four-well chamber slides (Nalge Nunc International,
Naperville, IL), and incubated for 10 minutes in situ in permeabilization buffer
[0.5% Triton X-100 in cytoskeleton buffer (100 mM NaCl, 300 mM sucrose, 10
mM pipes, pH 6.8, 5 mM MgCl2)] with protease and phosphatase inhibitors [1 mM
Pefabloc (Roche Diagnostics, Indianapolis, IN), 10 g/ml aprotinin (Sigma), 250
M NaF], before fixation in 4% paraformaldehyde (Sigma). Immunostaining was
performed as described previously (Lelièvre et al., 1998), using mouse monoclonal
antibodies against NuMA (Clone B1C11, kindly provided by Jeffrey A. Nickerson,
University of Massachusetts Medical School, Worcester, MA), splicing factor SC35
(Sigma), lamin B (clone 101-B7; EMD Biosciences, San Diego, CA), promyelocytic
leukemia protein (PML) (clone PG-M3; Santa Cruz Biotechnology, Santa Cruz,
CA), collagen IV (clone CIV 22; DakoCytomation, Carpinteria, CA), ␤-catenin
(clone 14; BD Biosciences), and mucin-1 (anti-human CA 15-3, clone DF3;
DakoCytomation), rat polyclonal antibody against ␣6-integrin (clone NKI-GoH3;
Chemicon, Temecula, CA), and rabbit polyclonal antibodies against H4K20m
(Abcam, Cambridge, MA), H3K9m (kindly provided by Thomas Jenuwein,
Research Institute of Molecular Pathology, Vienna, Austria), Ki67 (Novocastra
Laboratories, Newcastle upon Tyne, United Kingdom) and ZO-1 (Zymed, Carlsbad,
CA). Apoptosis was analyzed by TUNEL assay using an in situ cell death detection
kit, TMR red (Roche Diagnostics). DNA was stained with 4⬘,6-diamidino-2phenylindole (DAPI).

Cell permeabilization for antibody treatment
Cells were permeabilized with 0.01% digitonin in permeabilization buffer [25 mM
Hepes, pH 7.2; 78 mM KHOAc, 3 mM MgHOAc, 1 mM EGTA, 300 mM sucrose,
1.0% bovine serum albumin (Sigma)], and incubated with 15 g/ml of nonspecific
mouse immunoglobulins (IgGs) (Zymed) or mouse monoclonal antibodies directed
against NuMA (which induce the redistribution of endogenous NuMA) for 72 hours
according to a procedure described earlier (Lelièvre et al., 1998). Then, cells were
permeabilized with 0.05% Triton X-100 (Sigma) in cytoskeleton buffer including
protease and phosphatase inhibitors (see Indirect Immunofluorescence) and fixed with
4% paraformaldehyde. To visualize the location of NuMA antibodies and nonspecific
IgGs, treated cells were only incubated with FITC®-conjugated goat antimouse
secondary antibodies (Jackson Immunoresearch, West Grove, PA) after blocking with
10% goat serum in immunofluorescence buffer (Weaver et al., 1997). NuMA
antibodies are usually found in the nuclei of more than 80% of permeabilized cells.
In this study, NuMA antibodies were found in more than 89% of the S1, T4-2 and
RT4-2 cells. Control experiments have shown that antibodies cannot get into cells that
are not permeabilized. Furthermore, treatment of cells with antiNuMA antibodies
without prior cell permeabilization does not induce changes in the distribution of
endogenous NuMA or in the differentiation markers (Lelièvre et al., 1998).

Imaging and data processing
Images of immunofluorescence labeling displayed in the figures were recorded
using a laser scanning MRC-1024 UV (Bio-Rad Laboratories, Hemel Hampstead,
UK) linked to a Diaphot 300 (Nikon, Tokyo, Japan) inverted microscope, and oil
immersion 60⫻, numerical aperture (NA) 1.4 apochromatic and 40⫻, NA 1.4 fluor
lenses. Optical sections were 0.2 m. Images were converted into tiff files using
Confocal AssistantTM 4.02 (Bio-Rad Laboratories, Hercules, CA) and assembled
using Adobe Photoshop® 6.0 (Adobe Systems, San Jose, CA). Visual scoring of
nuclear (with the exception of NuMA) and differentiation markers was performed
on fluorescently immunostained 3D cultures of cells using an Olympus BX51
florescence microscope. For the radial local bright feature distribution analysis
(radial-LBF) of NuMA, images containing several dozen cells in 3D culture were
acquired on a Zeiss 410 confocal laser scanning microscope with a
planapochromatic 63⫻, 1.4 NA lens. The resulting voxel dimensions of the 3D
images were 0.08 m ⫻ 0.08 m in the plane of the slide, and 0.5 m along the
optical direction. These images were then analyzed to report the radial nuclear
distribution of bright NuMA features, on a per cell basis, as previously described
(Knowles et al., 2006). In this work, we calculated the integral (i) of the radial-LBF
distributions function above the distribution mean, on a per nucleus basis, to assess
the percentages of cells with differentiation-like and nondifferentiation-like
distributions of NuMA. Since the radial-LBF distribution is normalized, the integral
i is dimensionless and ranges between 0 and 1. Nuclei were then classified into four
categories: i<0.1; 0.1⭐i<0.2; 0.2⭐i<0.3; and i⭓0.3, where i<0.1 corresponds to a
flat distribution density of NuMA (i.e., no increased concentration of bright features
of staining within specific nuclear areas) as seen in the majority of malignant
invasive cells. Increasing i values correspond to increasing densities of bright NuMA
features, as seen when S1 cells differentiate (Knowles et al., 2006). For each image
taken, the ratio of percentages of cells in the 0.1⭐i<0.2 category (‘differentiationlike’ pattern found in the majority of acinar S1 cells) over the i<0.1 category
(‘nondifferentiation-like’) was calculated. These ratios were then compared among
the different cell types (i.e. S1, T4-2 and RT4-2 cells) using statistical analysis. A
minimum of four images was acquired per cell type.

Nuclear structure in differentiation
Statistical analysis
Data are presented as means±s.e.m. The unpaired t-test was used to determine the
probability (P-value) that the sample means are equal using Prism 3.0 software.
Values of P<0.05 were considered to be significant.
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