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Abstract. Chromatin in interphase nuclei exhibits a to-
pology that is associated with the transcriptional state
of cells. We examined the spatial, intranuclear distribu-
tion of chromosome 17 and the ERBB-2 (HER2/neu) se-
quence thereon, relative to that of DNase-hypersensitive
chromatin (DHC), in breast tumour cells exhibiting dif-
ferent levels of expression of ERBB-2. These sequences
were specifically associated with the nuclear periphery,
within a band of DHC. The remainder of the chromosome
17 mass showed no preferential position within the nucle-
us. The peripheral placement of ERBB-2 sequences is as-
sociated with a specific conformation of chromosome 17.
We propose that the conformational organization of chro-
mosome territories might represent a fundamental control
mechanism in gene expression.

Introduction

The interphase nucleus is structurally and functionally
compartmentalized into regions that contain factors in-
volved in RNA synthesis, processing and transport
(Carmo-Fonseca et al. 1991; Huang and Spector 1992;
Carter et al. 1993; JimØnez-Garcia and Spector 1993;
Sahlas et al. 1993; Xing et al. 1993; Park and De Boni
1996). Specific chromatin domains also occupy distinct,
spatial positions, the pattern of which has been associated
with the transcriptional state of the cell (Borden and
Manuelidis 1988; Janevski et al. 1995, 1997; Naegele
et al. 1995). This led to the concept that one level of con-
trol of gene expression is exerted by spatially coupling
those components that participate in transcription and
RNA processing (Jackson 1991; Clemson and Lawrence
1996). It is unknown, however, whether such compart-
ments are randomly distributed within the three-dimen-
sional (3-D) nuclear space or are organized into a specif-
ic, non-random topology. Previous studies showed that

factors involved in transcript processing, as well as
spliced mRNAs, are detected in close proximity to their
cognate gene (Lawrence et al. 1989; Carmo-Fonseca
et al. 1991; Huang and Spector 1992; JimØnez-Garcia
and Spector 1993; Xing et al. 1993, 1995; Matera et al.
1995; Huang and Spector 1996), where they form discrete
ªtranscription factoriesº, considered to be randomly dis-
persed throughout the nucleus (Fakan et al. 1976; Fakan
and Puvion 1980; Zhang et al. 1994; Carmo-Fonseca
et al. 1996). In contrast, other evidence and theoretical
considerations suggest that there exists a non-random to-
pology within the 3-D nuclear space, formed by a cell
type-specific and cell function-specific spatial arrange-
ment of nuclear domains (Blobel 1985; Hutchison and
Weintraub 1985; de Graaf et al. 1990; Krystosek and
Puck 1990; Puck and Krystosek 1992; Sahlas et al.
1993; Park and De Boni 1996).

Chromatin domains are frequently rearranged in inter-
phase nuclei (De Boni and Mintz 1986; Park and De Boni
1991; Buchenau et al. 1997). We had postulated that this
rearrangement serves to transpose transcriptionally active
sequences to the nuclear periphery, in association with
changes in transcriptional demands (Park and De Boni
1996). Recently, we have demonstrated that differentia-
tion of PC12 cells is assompanied by the formation of a
peripheral shell of DNase-hypersensitive chromatin
(DHC) and small nuclear ribonucleoproteins apposed to
the inner nuclear membrane, as the nuclear geometry
changes from a prolate ellipsoid to a sphere (Sahlas et al.
1993; Park and De Boni 1996). Given that transcription-
ally active sequences are sensitive to nuclease digestion,
we tested the hypothesis that specific, actively transcribed
sequences are positioned within this peripheral DHC
shell. We examined, by dual-colour fluorescent in situ hy-
bridization (FISH), the spatial, intranuclear distribution of
ERBB-2 (HER2/neu) sequences, and of chromosome 17,
which carries that sequence, with respect to the peripheral
DHC shell. The human breast tumour cell lines MCF-7,
SK-Br-3 and ZR-75-1 were chosen as models because
of the differences in copy number and in the level of ex-
pression of the ERBB-2 sequence among these cells.
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Materials and methods

Cell culture. MCF-7, SK-Br-3 and ZR-75-1 cells obtained from
ATCC (Rockville, Md.) were maintained in 25 cm2 tissue culture
flasks in their respective media (MEM, McCoy's 5a medium, and
RPMI 1640 for MCF-7, SK-BR-3 and ZR-75-1, respectively) sup-
plemented with 10% (v/v) FBS (all from GIBCO-BRL). They were
subcultured weekly at 1:3 onto glass coverslips pre-treated with
poly-d-lysine hydrobromide (0.1 mg/ml; ICN) and maintained for
a minimum of 3 days prior to use.

Fluorescent in situ hybridization. Genomic, biotinylated probes spe-
cific to ERBB-2 sequences were obtained by nick translation of
cRCNeu1 and cRCNeu4 clones (gifts from M. Leppert, Howard
Hughes Medical Institute, Salt Lake City, Utah). Labelling condi-
tions were optimized for uniformity in probe size of 400�200 bp.
To 0.5 �g of labelled probe was added 15 �l of Cy-3 conjugated
chromosome 17 paint (Cambio, Cambridge, UK) and 25 �g human
placental DNA. The cocktail was precipitated and redissolved in
15 �l of hybridization buffer.

Cells on coverslips were fixed for 30 min in 4% paraformalde-
hyde (w/v), PBS, washed three times in PBS for 5 min each washing
extracted with 0.25% Triton X-100, 0.25% NP-40 in 0.2 N HCl for
30 min, then digested for 60 min with RNase A (Boehringer Mann-
heim; 100 �g/ml) at 37� C. This was followed by digestion with pro-
teinase K (10 �g/ml) at 21� C for 14, 17 and 16 min, for MCF-7,
SK-Br-3 and ZR-75-1 cells, respectively. These times were empir-
ically determined based on hybridization efficiency and on preser-
vation of morphology. To avoid distortion of morphology associated
with dehydration, cells were left to equilibrate in 70% formamide,
2XSSC overnight, then denatured for 2 min at 70� C in 70% form-
amide, 2XSSC) and re-equilibrated in 50% formamide, 2XSSC at
0� C. (1XSSC is 0.15 M NaCl, 0.015 M sodium citrate.) 15 �l of
probe cocktail was added per coverslip and cells incubated for
72 h at 37� C. After washes, probes were marked by an anti-biotin
monoclonal antibody (mAb) and detected by fluorescein isothiocy-
ante (FITC)-conjugated anti-mouse IgG (Boehringer Mannheim).
Cy-3 signals (chromosome 17) and FITC signals (ERBB-2) were si-
multaneously visualized by a ZEISS LSM410 confocal microscope.
The procedures employed did not result in a distortion of the nuclear
morphology as determined by phase contrast microscopy (Fig. 2). In
fact, the morphological preservation of each cell analysed was as-
sured by the acquisition of corresponding phase contrast images,
at the same time as the collection of fluorescent images.

In situ nick translation. To test the hypothesis that the spatial intra-
nuclear position of a transcribed sequence coincides with that of
DHC, it would be ideal to employ dual labelling using in situ nick
translation and FISH on the same cell. However, because the two
techniques are incompatible, the spatial positions of ERBB-2 se-
quences and DHC domains were derived for cells from separate cul-
tures. Fixed and extracted cells (see above) were briefly rinsed in
nick translation buffer (50 mM TRIS-HCl, pH 7.8, 5 mM MgCl2,
10 mM b-mercaptoethanol, 10 mg/ml BSA), then incubated (1 h)
in a mixture of 40 �M dNTP, 40 �M biotin-16-dUTP, 10 units/ml
DNase I, 10 units/ml DNA polymerase I, in nick translation buffer.
After washes in 20 mM EDTA and in PBS, cells were blocked (4%
BSA in PBS), the labelled chromatin marked by in cutsation for 1 h
with an anti-biotin mAb (Boehringer Mannheim; 1:100 dilution in
4% BSA) and detected by a FITC-conjugated secondary antibody.

Morphometric analysis. The intranuclear positions of ERBB-2 sig-
nals and chromosome 17 signals were simultaneously recorded as
serial, confocal images, at 0.5 �m increments, spanning the entire
z-axis of the nucleus, which was usually 14 to 16 optical sections.
The spatial distribution of chromosome 17 was quantified as a nor-
malized ratio of areas of chromosome 17 per radial annulus by di-
viding the nuclear area at the midnuclear plane into 10 concentric
annular areas at equal radial increments. The area occupied by
chromosome 17 in each annulus was expressed as a fraction of

the total chromosomal area in that optic section, and normalized
for the area of the annulus. For quantification of the spatial, intranu-
clear distribution of ERBB-2 signals, a series of projected views of
the 3-D nuclear volume, rotated at 10� increments, was rendered for
each nucleus from serial optical sections using ZEISS LSM soft-
ware. For each signal, the view in which it was maximally displaced
from the axis of rotation was considered the optimal orthogonal
view of the nucleus, and was chosen for analysis. The radial vector,
in this 3-D view, that connects the centroid (geometric centre) of the
nucleus to the signal was measured and expressed as a fraction of
that same vector extended to the nuclear envelope. The nearest dis-
tance of each signal from the nuclear envelope was similarly mea-
sured. For this, the readily discernible discontinuity in background
labelling was used to define the nuclear border (arrows, Fig. 1).
Comparison with the position of the nuclear envelope derived from
phase contrast images of the same cells (Fig. 2), recorded at the
same time, clearly shows that the error associated with this measure-
ment is less than 0.1 �m. The position of the ERBB-2 signal with
respect to the territory of chromosome 17 was quantified by measur-
ing the angle subtended between the two vectors that connect the
centroid of the nucleus to the centroid of the chromosome and that
which connects the centroid of the chromosome to the signal (Fig.
8). The spatial distribution of DHC within nuclei was recorded as
serial optical confocal sections, using identical recording parameters
for all cells examined. For analysis, the optical section that repre-
sented the mid-nuclear plane of each cell was converted to a binary
image, at identical threshold levels, and the width of the DHC band
measured along eight radial lines originating at the centroid of the
nucleus, at equal angular intervals.

Results

ERBB-2 sequences were routinely detected near the nu-
clear envelope in all three cell types, regardless of the ex-
tent of amplification and/or overexpression (Fig. 1).
Analysis of the distributions of radial distances of signals
indicates that ERBB-2 sequences are located at mean ra-
dial distances of 80%�2.0% (mean�SEM), 90%�0.6%
and 79%�2.0% for MCF-7, SK-Br-3 and ZR-75-1 cells,
respectively (Fig. 3). Given that the volume of a shell in-
creases as the cube of the radius, with the outermost
20.6% of the radius representing 50% of the nuclear vol-
ume, we tested whether the observed distribution results
from a random occurrence of signals within the nuclear
volume or represents their actual peripheralization. The
results showed, however, that the spatial distribution of
the ERBB-2 signals was not random (Fig. 4). Measure-
ments of the positions of the ERBB-2 signals with respect
to the nuclear envelope revealed mean nearest distances
of 0.91�0.10 �m (mean�SEM), 0.52�0.02 �m and
0.59�0.08 �m in MCF-7, SK-Br-3 and ZR-75-1 cells, re-
spectively (Fig. 5).

Fig. 1A±C©. Spatial localization of ERBB-2 sequences (green) and
chromosome 17 (red) in nuclei of MCF-7 (A, A©), SK-Br-3 (B, B©)
and ZR-75-1 (C, C©) cells. Yellow represents co-localization. Arrows
point to nuclear envelope. Note co-localization of ERBB-2 (arrow-
heads) with chromosome 17 in single confocal sections (A, B, C)
and in stacks (A©, B©, C©). ERBB-2 signals in stacks may appear re-
mote from the nuclear periphery owing to the viewing angle which
is different from the orthogonal view employed for quantification of
distances (see Materials and methods and Fig. 5). Bar represents
5 �m
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Fig. 2A±C. Phase contrast micrographs of the same MCF-7 (A),
SK-Br-3 (B) and ZR-75-1 (C) cells as shown in Fig. 1. The images
were acquired at the same time as the fluorescent images (Fig. 1),
following all fluorescent in situ hybridization (FISH) labelling pro-
cedures, including digestion and denaturation. Note preservation of
nuclear morphology. Bar represents 2.5 �m

Fig. 3. Radial distributions of ERBB-2 sequences. Note localiztion
of majority of signals within peripheral 20% of the nuclear radius.
MCF-7, n=22 nuclei, 45 signals; SK-Br-3, n=14 nuclei, 164 signals;
ZR-75-1, n=27 nuclei, 55 signals

DHC, labelled by in situ nick translation, was present
as a clearly defined shell, at the nuclear periphery, in all
three cell types. Morphometric analysis revealed a mean
width of 1.68�0.07 �m, apposed to the nuclear envelope
(Figs. 5, 6), in all three cell types. While it is recognized
that the extent of nucleotide incorporation during nick
translation depends on labelling conditions, the width of
the DHC band did not differ among the three cell types
(Kruskal-Wallis, P>0.05) under the conditions employed
here. Together with the data that show a close association
of individual ERBB-2 signals with the nuclear envelope,
this indicates that 89%, 99% and 93% of the ERBB-2 sig-
nals in MCF-7, SK-Br-3 and ZR-75-1 cells, respectively,
occupy spatial positions in the nucleus that fall into this
peripheral, DHC compartment (Fig. 5).

The populations of MCF-7, SK-Br-3 and ZR-75-1
cells chosen randomly for analysis displayed respective
means of 2.09�0.02 (mean�SEM) (n=31 cells),
2.46�0.16 (n=18 cells) and 2.11�0.08 (n=30 cells) chro-
mosome 17 signals per cell. In MCF-7 and ZR-75-1 cells,
each chromosome co-labelled with one ERBB-2 signal of
reproducible size (Fig. 1A, C). In contrast, in SK-Br-3
cells, chromosome 17 territories were irregular in shape
and frequently exhibited thin protrusions that extended
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from the main chromosomal mass (Figs. 1B, 6C). Ampli-
fication of ERBB-2 sequences was evident in SK-Br-3
cells, with several signals routinely decorating both the
main chromosomal mass as well as its protrusions (Fig.
6C, inserts). Possible clustering of sequences was also in-
dicated by non-uniformity in signal size (Fig. 6A, C). In
addition, in SK-Br-3 cells, signals were observed without
apparent contact with chromosome 17 (Figs. 1B, 6A).
These signals were positioned near chromosome 17. In
all three cell types, ERBB-2 signals were invariably posi-
tioned at the surface of the chromosome 17 territory.

The cells employed here showed neither an associa-
tion of chromosome 17 with the nucleolus or with the
nuclear periphery, nor was its spatial position, within
the nuclear space, reproducible. In fact, statistical anal-
ysis of the data derived from the normalized frequency
of occurrence of chromosome 17 domains within a given
nuclear area failed to identify a preferential positioning
of chromosome 17 within the nuclear space (Fig. 7).
Given that ERBB-2 sequences occupy positions at the
nuclear periphery, while the chromosome 17 territory
in toto lacks such an association, we tested the hypoth-
esis that the ERBB-2 sequences are placed at the nuclear
periphery by a specific conformation of the chromosome
17 mass. For this we quantified the position of ERBB-2
signals within the territory of chromosome 17. Relative
angles, derived from this assay, showed that in all three
cell types, ERBB-2 signals faced the nuclear periphery,

with respect to the major chromosomal mass. No differ-
ences were detectable among the three cell types (Krus-
kal-Wallis, P>0.05), with pooled data showing that
87.9% of all ERBB-2 signals faced the nuclear periphery
(Fig. 8).

Discussion

The data indicate a preferential positioning of ERBB-2 se-
quences at the nuclear periphery. They also indicate that
this sequence is located, in all three cell types, not only at
the surface of the chromosome 17 territory, in agreement
with previous reports (Cremer et al. 1993; Eils et al.
1996; Kurtz et al. 1996), but specifically at those surface
of chromosome 17 that face the nuclear periphery. This is
taken to indicate the presence of a conformational organi-
zation of chromosome territories.

Aneuploidy has been reported in all three cell types
studied (Engel et al. 1978; Szöllösi et al. 1995; Schröck
et al. 1996). The present data, however, which show a de-
tected chromosomal complement of approximately two
per nucleus in MCF-7 and ZR-75-1 cells, indicate that
the results reported here are not related to alterations in
the copy number of chromosome 17. Moreover, the find-
ing of two ERBB-2 sequences per nucleus in MCF-7 and

Fig. 4. Frequency of occurrence of ERBB-2 sequences (solid line)
normalized for increase in volume with increasing nuclear radius.
Note the lower than expected frequency of occurrence of signals
for a uniform distribution (dotted line) in the internal 50% of the nu-
clear volume (79.6% of radius), increasing progressively to a higher
than uniform frequency in the 50% of the volume represented by the
outer 20.4% of the radius. A signal density expected for a uniform
distribution (dotted line) was derived by dividing the total number
of signals, pooled from all three cell types, by the total nuclear vol-
ume. The nuclear volume was divided into 10 concentric shells at
increments of 10% of the nuclear radius and the observed number
of signals in each shell was expressed as a fraction of the expected
number

Fig. 5. Relative positions of the ERBB-2 sequences (curves line)
shown in Fig. 3, with respect to the nuclear envelope (0.0 �m).
The majority of signals fall within the peripheral DNase-hypersensi-
tive chromatin (DHC) domain indicated by the width of the box.
n=10 nuclei, 78 measurements. Error bar represents SEM
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ZR-75-1 cells indicates that, in agreement with other data
(Kraus et al. 1988), the ERBB-2 sequence is not amplified
in these cells and supports the argument that the confor-
mation of the territory of chromosome 17 itself might re-
sult in the placement of the sequence to the nuclear pe-
riphery.

In contrast, and in keeping with previous reports
(Kraus et al. 1987, 1988), amplification of ERBB-2 se-
quences was evident in SK-Br-3 cells. For this cell type,
interpretation of the data is difficult owing to uncertainty
of the nature of ERBB-2 amplification. It must be consid-
ered that at least a fraction of the many sequences detect-

Fig. 6A±C. Confocal images showing spatial positions of ERBB-2
sequences with respect to the chromosome 17 territory and to the nu-
clear DHC domain. Composite of SK-Br-3 cell (A) shows phase
contrast image and extensions from chromosome 17 territory
(red), decorated with ERBB-2 sequences (green/yellow), the latter
extending into the peripheral DHC domain, as shown in a different
cell (B, DHC green; nucleoli counterstained with ethidium bromide,

red). Some ERBB-2 sequences appear remote from the nuclear pe-
riphery in A due to inclusion of sections near top and bottom of nu-
cleus. Their peripheral position (green/yellow) and association with
extension of the chromosome 17 territory is clearly shown in a sin-
gle confocal section (C) and in two consecutive enlarged, confocal
sections thereof (*, **). Bar represents 6�5 �m
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ed in this cell type might represent extrachromosomal
amplifications. If those signals that, at the resolution em-
ployed, appear detached from the main chromosomal
mass represent double minutes, it is noteworthy that even
these sequences are spatially positioned near the nuclear

periphery and, moreover, are restricted to a relatively
small nuclear volume near chromosome 17 (Figs. 1B,
6A). Alternatively, it can be considered that all detected
sequences are amplified within chromosome 17. The sig-
nals that appear detached might maintain connections to
chromosome 17 by extensions of the latter that are nor re-
solvable by fluorescence microscopy. This view is consis-
tent with the observation of the presence of elongated
protrusions, some at the limit of resolution, continuous
with and extending from, the main mass of chromosome
17 and extensively decorated with ERBB-2 sequences
(Fig. 6A, C).

Chromosomes have been reported to be anchored to
the nucleolus and/or the peripheral nuclear lamina (Com-
ings 1980; Hochstrasser and Sedat 1987; Glass and
Gerace 1990; Sukegawa and Blobel 1993; Luderus et al.
1994; Carmo-Fonseca et al. 1996; Marshall et al. 1996).
In the cells employed here, chromosome 17 territories
in toto exhibited no preferential position within the nucle-
ar space. This indicates that the observed association of
ERBB-2 sequences with the nuclear periphery does not
result from an anchoring of the entire chromosome 17 ter-
ritory to the nuclear periphery. Rather, the data suggest
that an additional level of organization exists in the nucle-
us, consisting of changes in the conformation of chromo-
some 17 territories, and that accomodates the placing of
ERBB-2 sequences towards the nuclear periphery, into
the DHC domain.

Cells with spherical nuclei display peripheral shells of
DHC, proposed to include transcriptionally active se-
quences (Park and De Boni 1996), a finding that stands
in contrast to the observation that many cell types display
heterochromatin at the nuclear periphery. However, the
cells employed here show no ultrastructural evidence of
such peripheral heterochromatin but rather, show aggre-
gates of heterochromatin throughout the nucleus (not
shown). Moreover, given that the extent of labelling, by
in situ nick translation, depends on enzyme concentra-
tions and/or reaction duration, it might be argued that
the observed labelled DNA represents remnants of in-
complete digestion of the total genomic DNA content.
However, when specifically assayed, the peripheral shell
of DHC was routinely the first site to be labelled with in-
creasing concentrations of DNase I, indicating that these
sites do indeed represent the most sensitive domain.
Moreover, the data are consistent with the report that
the promoter associated with the ERBB-2 sequence in
MCF-7 and ZR-75-1 cells contains DNase-sensitive sites
(Scott et al. 1994). While an association of actively tran-
scribed sequences with this peripheral shell of DHC
would ideally be testable by dual labelling employing
in situ nick translation and FISH, the two techniques
are incompatible. Nevertheless, the observation that the
majority of ERBB-2 sequences are positioned within this
DHC domain at the nuclear periphery strengthens the
view that this DHC shell represents a transcriptionally
competent compartment.

While the data reported here were derived from three
cell lines, the peripheral positioning of active sequences
as well as the conformational organization of chromo-

Fig. 7. Normalized ratios of chromosome 17 areas per radial annu-
lus (mean�SEM). Ratios for each annular area, while highly vari-
able, did not differ (ANOVA, multiple comparison test, P<0.05).
This indicates that subdomains of the territory of chromosome 17
are present with equal probability throughout the nuclear space.
For each nucleus the nuclear area at the mid-nuclear plane was di-
vided into 10 concentric annular areas (inset, A..nA), at equal radial
increments. For each annulus the area occupied by chromosome 17
was expressed as a fraction of the total chromosome area (inset, C)
and normalized for the area of the annulus. n=19 nuclei (7 MCF-7, 6
SKBr-3, 6 ZR-75-1)

Fig. 8. ERBB-2 sequences within the territory of chromosome 17
face the nuclear envelope. Shown are frequency histogram and third
order regression (curved line) of the distribution of relative angles
between vectors originating at the centroid (geometric centre) of
the chromosome and extending to the nuclear centroid (inset, C)
and the signal (inset, open circle). Angles <90� (q) represent posi-
tions facing the nuclear centre, while angles >90� (f) indicate that
a signal is located on the peripheral aspect of the territory. Mean an-
gular measurements for MCF-7, SK-Br-3 and ZR-75-1 cells were
113.1��34.3�, 127.8�35.2� and 118.4��31.4�, respectively. The
means do not differ among the three cell types (Kruskal-Wallis,
P<0.05). n=63 nuclei, 264 signals
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some territories might well apply generally to transcrip-
tionally active sequences and thus might represent a fun-
damental control mechanism in eukaryotic gene expres-
sion.
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