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Ionizing radiation (IR) is a known human breast carcinogen. Al-
though the mutagenic capacity of IR is widely acknowledged as the
basis for its action as a carcinogen, we and others have shown that
IR can also induce growth factors and extracellular matrix remod-
eling. As a consequence, we have proposed that an additional
factor contributing to IR carcinogenesis is the potential disruption
of critical constraints that are imposed by normal cell interactions.
To test this hypothesis, we asked whether IR affected the ability of
nonmalignant human mammary epithelial cells (HMEC) to undergo
tissue-specific morphogenesis in culture by using confocal micros-
copy and imaging bioinformatics. We found that irradiated single
HMEC gave rise to colonies exhibiting decreased localization of
E-cadherin, �-catenin, and connexin-43, proteins necessary for the
establishment of polarity and communication. Severely compro-
mised acinar organization was manifested by the majority of
irradiated HMEC progeny as quantified by image analysis. Dis-
rupted cell–cell communication, aberrant cell–extracellular matrix
interactions, and loss of tissue-specific architecture observed in the
daughters of irradiated HMEC are characteristic of neoplastic
progression. These data point to a heritable, nonmutational mech-
anism whereby IR compromises cell polarity and multicellular
organization.

Epidemiologic data indicate that women exposed to ionizing
radiation (IR) for either therapy (1, 2), diagnostic purposes

(3), or as a consequence of atomic bombs (4) have an increased
risk of breast cancer. The action of IR as a DNA-damaging agent,
and consequently as a mutagen, is widely considered to be the
basis for its action as a carcinogen (5). However, tissue response
to radiation, and hence risk, is a composite of genetic damage
and epigenetic events, such as altered intercellular communica-
ton (6). Recent experimental models suggest that carcinogenesis
can be driven by abnormal interactions between cells and their
microenvironment (reviewed in refs. 7 and 8). We have shown
that irradiated mammary stroma promotes tumorigenesis of
unirradiated mammary epithelial cells (9), and that transforming
growth factor �1 (TGF-�) activation mediates cellular and tissue
response to IR (10–12). Thus, in addition to causing DNA
damage, radiation exposure alters key regulators of cell pheno-
type that affect, directly or indirectly, the ability of normal tissue
to suppress abnormal cell growth (13).

Epithelial cells depend on signals from the microenvironment
to establish the requisite polarity for functional differentiation
(14). Release from these constraints has profound consequences
on tumorigenesis, progression, and metastasis (reviewed in refs.
6, 8, and 15). Tumorigenic and nontumorigenic human mam-
mary epithelial cells (HMEC) are nearly indistinguishable when
cultured as monolayers, but readily diverge in terms of morpho-
genesis in an appropriate microenvironment, which is evident in
a three-dimensional reconstituted basement membrane (3D
rBM) assay that we developed (16). In this assay, nonmalignant
HMEC arrest growth and form lumen-containing acini similar to
those found in situ, whereas breast cancer cells continue to
proliferate and aggregate, rather than organize. Formation of
acini requires expression and appropriate localization of pro-

teins involved in the establishment of tissue structure and
polarity (17). HMEC colonies that develop into phenotypically
normal acini exhibit among other markers, E-cadherin at the
interface between cells, basolateral �1-integrin, and basal
�6-integrin (18). In contrast, breast cancer colonies exhibit
disorganized, decreased, or aberrant expression of these mark-
ers, similar to what is observed in primary breast cancer.

If radiation exposure affects not only the phenotype of stromal
but also of epithelial cells, such alterations could potentially
promote neoplastic progression in susceptible cells. To test this
hypothesis, we asked whether sublethal IR doses perturbed the
ability of HMEC to undergo mammary-specific morphogenesis
in a physiological context by using the 3D rBM assay. To
replicate a key component of the irradiated stroma (10–12),
TGF-� was added to some cultures. To measure the global
consequences of irradiation, we used confocal microscopy and
an imaging bioinformatics system for integrated image acquisi-
tion, annotation, and hierarchical image abstraction to register
localization and expression information of targets along with
positional references and morphological features (19).

We found that irradiated single HMEC gave rise to colonies
where nearly all progeny failed to establish basal polarity and lost
organizational integrity as measured by several parameters. As
shown by quantitative image analysis, these changes were shared
by the majority of the population. This finding is inconsistent
with a radiation-induced mutational mechanism, which was
confirmed by the absence of measurable changes in the popu-
lation genome analyzed by comparative genomic hybridization
analysis. Moreover, because the phenotype is exhibited by the
daughters of individually irradiated cells, these data suggest that
radiation causes a heritable alteration in pathways affecting cell
adhesion, extracellular matrix (ECM) interactions, epithelial
polarity, and cell–cell communication. Thus, epigenetic events
after radiation exposure disrupt multicellular organization,
which we postulate will override the positive influence of tissue
architecture that usually impedes neoplastic progression.

Methods
Cell Culture. HMT-3522-S1 human mammary epithelial cells (S1;
passages 53–60) were grown as described (18). Although phe-
notypically normal and nonmalignant, the S1 are an established
cell line that have a number of chromosomal changes and an
extended life span in culture (20). S1 cell monolayers were grown
until 70% confluent before trypsinization, and single cells (8 �
105 cells per ml) were embedded into Matrigel (Collaborative
Research) with or without 400 pg�ml recombinant human
TGF�1 (R & D Systems) and irradiated within 5 h by using 60Co
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�-radiation at a dose rate of 90 cGy�min to a total dose of 2 Gy.
Dosimetry was determined by using a Victoreen ionization
chamber. Control plates were sham irradiated. Media were
changed on alternate days. Cells were grown in the presence of
epidermal growth factor for 6 days, and harvested at 10 days. For
immunocytochemistry cultures were embedded in Tissue-Tek
compound (Sakura Finetek, Torrance, CA), and frozen in a
dry ice�ethanol bath. Blocks were stored frozen until time of
sectioning.

Immunofluorescence. Cryosections (20 �m) were cut at �30°C
onto gelatin-coated coverslips. Sections were fixed by using
methanol�acetone (1:3) at �20°C for 10 min or 4% paraformal-
dehyde for E-cadherin. Nonspecific sites were blocked by using
the supernatant from a 0.5% casein�PBS (pH 7.4) solution for
1 h at room temperature (RT). Sections were incubated in
primary antibody diluted in blocking buffer for 1 h at RT in a
humidified chamber. Antibodies used were rat anti-mouse CD29
(Pharmingen) to integrin �1 chain monoclonal antibody, rat
anti-human CD49f monoclonal antibody (Pharmingen) to inte-
grin �6 chain, and mouse monoclonal antibody to E-cadherin
(BD Transduction Laboratories). Sections were washed in PBS
containing 0.1% BSA, before incubating in secondary antibody
conjugated to Alexa Fluor 488 (Molecular Probes) for 1 h at RT
in a dark humidified chamber, washed, and counterstained with
TO-PRO-3 iodide (Molecular Probes), before mounting with
Vectasheild mounting medium (Vector Laboratories, Burlin-
game, CA).

Image Acquisition, Processing, and Analysis. Dual immunofluores-
cence confocal images were acquired by using a Zeiss LSM 410
inverted laser scanning confocal microscope equipped with an
external argon�krypton laser. Confocal images were captured at
0.5-�m intervals as 8-bit images by using a Zeiss Fluor �40 (1.3
numerical aperture) objective. Images were standardized by
comparing only images stained with the same antibodies in the
same experiment, captured with the same parameters at the
same times, and scaled and displayed identically. Relative in-
tensity of images was scaled by using SCILIMAGE (TNO Institute
of Applied Physics, Delft, The Netherlands), which was used to
define a standard sized region of the TO-PRO-3 iodide image
(nuclei slice) without reference to the Alexa Fluor 488 images.
Statistical significance of the mean fluorescence intensity for
each region of interest (n � 20 colonies) and standard error for
each treatment group was determined by using the unpaired
Student’s t test (PRISM, GraphPad, San Diego). The displayed
images were those closest to the mean intensity for the treatment
group.

Segmentation of nuclei was used to determine acinar organi-
zation at the colony midsection (21). This model-based approach
assumes that the projection of each nucleus is quadratic in the
image space. Instead of grouping step and roof edges, the
segmentation is initiated from a representation that corresponds
to the zero crossings of the image. The zero crossing image is
then filtered with geometrical and illumination constraints to
form binarized clump of nuclei, which is then partitioned into
several nuclei through a process that is called centroid transform.

Protein Extraction and Immunoblotting. Cells in the 3D rBM assay
were isolated by ice-cold PBS�EDTA (0.01 M sodium phos-
phate, pH 7.2, containing 138 mM sodium chloride and 5 mM
EDTA) (18) and lysed in buffer as described (18). Equal
amounts of protein lysates were run on reducing SDS�PAGE
and then immunoblotted and detected by using a Pierce Super-
Signal system (Pierce). Blots were also probed for �-actin to
assess equal loading of protein. Exposed films were scanned and
subjected to densitometric analysis for the determination of
relative amount.

Comparative Genomic Hybridization. Array comparative genomic
hybridization was performed at the University of California, San
Francisco, Cancer Center as described (22). Briefly, 1 �g each
of test and reference genomic DNAs were fragmented by DPNII
digestion, labeled by random priming with CY3- and CY5-dUTP
(Amersham Pharmacia), respectively, coprecipitated with 80 �g
of human cot-1 DNA (Life Technologies), and resuspended in 20
�l of hybridization buffer (50% formamide�10% dextran sul-
fate�2� SSC�2% SDS�200 g of yeast tRNA). This mixture was
denatured at 75°C for 10 min followed by 60 min at 37°C. Just
before hybridization, array slides were processed following the
manufacturer’s recommendations (Surmodics, Eden Prairie,
MN). A frameseal frame was placed around each array, hybrid-
ization mix was added, and the slide was placed in a plastic slide
holder, prewarmed to 37°C, containing 200 �l of wash buffer
(50% formamide�2� SSC) to prevent evaporation. Hybridiza-
tion was carried out at 37°C for 48–72 h on a gently rocking
platform. After hybridization, slides were immersed for 15 min
at 48°C in wash buffer, followed by washes at 48°C in 2� SSC,
0.1% SDS for 30 min, and 0.1 M sodium phosphate buffer
containing 0.1% Nonidet P-40, pH 8.0, at RT for 10 min. Slides
were then rinsed in 2� SSC and dried by centrifugation.

Results
Progeny of Irradiated Cells Exhibit Perturbed Cell–ECM and Cell–Cell
Adhesion. To determine whether IR alters the ability of epithelial
cells to functionally interact with the microenvironment, we used
the 3D rBM assay of morphogenesis in a laminin-rich basement
membrane where changes in tissue structure can be quantified
(16). Single HMT-3522 S1 human mammary epithelial cells were
cultured, with and without the addition of TGF-�, and irradiated
with a dose of 2 Gy, except where noted, 3–5 h after plating in
Matrigel. Surviving cells, �80% (not shown), formed multicel-
lular colonies over 5–7 days and then underwent morphogenesis
into hollow spheres that recapitulate mammary acini by day 10.
Immunofluorescence of �1 and �6 integrins and �-catenin at the
colony mid-section were analyzed by using confocal microscopy
(Fig. 1A). HMEC colonies express basolateral �1-integrin and
basal �6-integrin, which are critical for acinar organization (23).
HMEC colonies arising from irradiated cells exhibited increased
�1-integrin immunoreactivity that was distributed throughout
the cytoplasm (Fig. 1 A). In contrast, the immunoreactivity of
�6-integrin, which partners with �4 integrin, was decreased in
colonies generated from irradiated cells. A collagen IV-
containing basement membrane was observed in all treatment
groups, indicating that changes in integrin expression were not
caused by the lack of appropriate ligand for this ECM receptor
(not shown). Treatment with TGF-� did not alter �1 integrin
localization but did reduce �6 integrin immunoreactivity further.
�-catenin, which is involved in cell–cell adhesion via the cy-
toskeleton and E-cadherin, was localized to the lateral cell
borders in colonies from nonirradiated cells. �-catenin immu-
noreactivity was decreased in colonies derived from irradiated
cells.

Disrupted Tissue-Specific Morphogenesis and the Irradiated Pheno-
type as Quantified by Image Analysis Reveal a Global HMEC Response.
The use of morphogenesis as a readout of cellular function
requires systematic analysis of colony organization and protein
localization to classify the degree of response. It is therefore
desirable to conduct population studies and correlate features
measured from images of cells with their treatment. The acinar-
like organization of colonies was analyzed by using the relative
nuclear position in confocal optical midsection as described in
Methods (Fig. 1 B–D). The degree of acinar organization around
a central lumen was determined by fitting the nuclei to an ellipse
(Fig. 1B). Acinar organization was significantly (P � 0.0001)
reduced in colonies arising from irradiated cells that were
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cultured with TGF-�. The number of cells per midsection was
also significantly increased (P � 0.001) in irradiated, TGF�-
treated HMEC colonies in comparison to colonies from control
cells or those exposed to single agents.

The assembly of cells into tissue-specific structures requires
the interaction of different cell adhesion systems. E-cadherin is
a crucial epithelial adhesion molecule that links cells via an
homophilic extracellular domain and is anchored intracellularly
to the cytoskeleton via dynamic interactions with the catenins
(24). Low E-cadherin immunoreactivity in breast cancer is
associated with poor prognosis (25), whereas restoration of
E-cadherin reverts the invasive phenotype of cancer cells (26).
We localized E-cadherin by using immunofluorescence, confocal
microscopy and image analysis (Fig. 2). Colonies from irradiated
cells cultured in the presence of TGF� showed a significant (P �
0.0001) loss of E-cadherin immunoreactivity compared with
control cells. The unlikely possibility that the colonies surviving
treatment were selected from a previously existing population
was addressed by examining the distribution of individual col-
onies within each treatment group in comparison to control
colonies. A representative analysis is shown for E-cadherin,
indicating that the dual treated colonies form a distinct popu-
lation (Fig. 2C). To determine whether the effect on cell
interactions was sensitive to radiation dose, we performed a
dose–response (Fig. 2D). E-cadherin immunoreactivity was sig-
nificantly decreased in colonies arising from cells exposed to as
little as 25 cGy, a dose that does not result in appreciable cell kill.
To determine whether radiation exposure and TGF-� treatment
resulted in significant changes in the genomic sequence, we

performed comparative genomic hybridization as described in
Methods. This analysis did not reveal any significant differences
between the untreated and double-treated populations (data not
shown), which supports the global population response revealed
by quantitative image analysis.

There is an intricate relationship between cell–ECM and
cell–cell adhesion in glandular tissues. To determine whether
other cell–cell adhesion molecules also change, we measured
connexin 43, a member of a family of proteins that assemble into
gap junctions and modulate the transfer of molecules between
cells. Breakdown of gap junctional complexes is induced by
tumor promoters (27) and correlate with breast cancer meta-
static potential (28, 29). Connexin 43 is also associated with the
function and signaling of E-cadherin (30, 31). In S1 HMEC
acinar colonies, connexin-43 was localized as distinct aggregates
between cells. The number of connexin 43 foci per colony
decreased after radiation exposure, regardless of TGF-� expo-
sure (Fig. 3). When normalized to the number of cells per colony,
the frequency of connexin foci decreased �3-fold in the daugh-
ters of irradiated cells (2.0 � 0.46, n � 8) compared with those
from unirradiated cells (6.9 � 1.1, n � 18).

Decreased E-Cadherin and �-Catenin Localization Are Not a Function
of Protein Abundance. E-cadherin localization can be modified by
the degree of association with the cytoskeleton via the catenins.
�-catenin and E-cadherin partner to link cells and the cytoskel-
eton via the adherens junction (32). To test whether decreased
immunolocalization was caused by a change in the compartmen-
talization of these adhesion molecules, sections were detergent

Fig. 1. Perturbed protein localization and acinar organization as a function of TGF-�, IR, and dual treatment. Colonies develop and organize in 3D rBM culture
over the course of 10 days, during which time the cells are fed every other day. EGF, to stimulate proliferation, is removed at day 6, and the cells are harvested
at day 10. (A) Representative images of colonies from control, TGF-�-, IR-, or dual-treated cultures. The image is representative of the mean intensity for each
marker based on image analysis of 20 randomly chosen colonies. Immunostaining of �1 integrin, �6 integrin, and �-catenin was detected by using secondary
antibodies labeled with Alexa Fluor 488 (green). Nuclei are counterstained with TO-PROR-3 iodide, shown in red. Note the loss of acinar organization in the
irradiated colonies. (B) Acinar organization was measured by nuclear segmentation of the colony confocal midsection fit to an ellipse as shown for a control (Left)
and dual-treated (Right) colony. (C) Acinar organization as a function of treatment group (n � 100 colonies per treatment). Acinar organization was significantly
(P � 0.0001) decreased in colonies that arose from irradiated cells that were cultured in the presence of TGF-�. (D) The number of nuclei per colony midsection
as a function of treatment group. The number of nuclei was significantly (P � 0.001) increased in colonies arising from irradiated cells treated with TGF-�.
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extracted to remove the soluble fraction. Detergent extraction
before fixation did not alter the pattern or intensity of E-
cadherin in dual-treated samples (data not shown). Consistent
with this finding, immunoblotting total protein extracts showed
that both E-cadherin and �-catenin levels were decreased in
TGF-�-treated colonies (Fig. 4A). �1 integrin protein abun-
dance, on the other hand, increased in irradiated samples
regardless of TGF-� exposure, which is consistent with the
increased cytoplasmic staining shown in Fig. 1B. In contrast, only
the progeny of irradiated cells showed a decrease in E-cadherin
immunolocalization. These data suggest that decreased E-
cadherin immunoreactivity at the cell junctions in the dual
treated colonies reflects both a TGF-�-induced decrease in
protein levels and a radiation-induced change in localization,
suggesting a change in complex formation at the cell surface.

Together, these data indicate that IR can generate a persistent
phenotype in daughter cells characterized by increased cytoplas-
mic �1 integrin, decreased �6 integrin, radically decreased cell
surface localization of E-cadherin and �-catenin, and loss of
connexin 43. The cumulative epigenetic changes in phenotype
results in a loss of tissue-specific architecture that is indicative of
malignant progression.

Discussion
In this study we show that irradiated single HMEC gave rise to
colonies that had more cells, failed to establish tissue-specific
organization, and expressed significantly less E-cadherin, �-cate-
nin, and connexin-43. It is remarkable that the phenotype was
exhibited by progeny of individually irradiated cells, suggesting

that IR causes heritable alterations in pathways affecting cell
adhesion, ECM interactions, epithelial polarity, and cell–cell
communication. Release from cell–cell interactions, as demon-
strated by experimentally induced loss and restitution of E-

Fig. 2. E-cadherin immunoreactivity and localization are significantly re-
duced by IR and TGF-�. (A) Confocal images of E-cadherin immunoreactivity in
midsections of colonies representative of the average response as measured
by image analysis of 20 colonies are shown for each treatment group. E-
cadherin (green) and nuclei (red) were detected as described in Fig. 1. (B)
Quantified E-cadherin immunoreactivity as a function of treatment group.
The mean intensity of E-cadherin immunofluorescence was significantly (P �
0.0001) reduced in TGF-�-treated, irradiated colonies. (C) Display of relative
intensity versus colony area for sham (black circles) and dual-treated (red
triangles) colonies. Comparison of the treated to control populations show
that �75% of the treated colonies exhibit loss of E-cadherin, a frequency that
cannot be explained by mutation rates. (D) Quantified E-cadherin immuno-
reactivity as a function of radiation exposure. The dose–response shows
significant loss of E-cadherin immunoreactivity at doses that do not lead to any
detectable loss of cell viability.

Fig. 3. Gap junctions are decreased in irradiated colonies. (A) Connexin 43
was localized by immunostaining and randomly selected colonies were im-
aged by confocal microscopy. Data shown are representative of two indepen-
dent experiments. The number of aggregates per colony are displayed for
8–18 colonies per treatment. (B) The average (�SE) number of connexin 43
foci per cell is displayed as a function of treatment group. Colonies arising
from irradiated cells showed significantly (P � 0.05, two-tailed t test) fewer
connexin foci than those from nonirradiated cells.

Fig. 4. Protein levels as a function of IR and TGF-�. (A) Representative
immunoblots of �1 integrin, E-cadherin, and �-catenin from total protein
extracted from cultures. �1 integrin protein abundance increased in irradiated
samples, regardless of TGF-� exposure. E-cadherin and �-catenin protein
abundance were decreased in extracts from TGF-�-treated cultures, regardless
of irradiation. Quantitation of E-cadherin (B) and �-catenin (C) protein abun-
dance from three independent experiments normalized to �-actin are shown
as mean and standard error. The protein levels in cell extracts were signifi-
cantly (P � 0.01) reduced in TGF-�-treated cultures.
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cadherin (26, 33), has profound consequences for breast cancer
tumorigenesis, progression, and metastasis. The features of
individual colonies measured by quantitative image analysis
showed that these changes were present in the majority of the
population, a finding inconsistent with the frequency of radia-
tion-induced mutations and confirmed by the absence of mea-
surable changes in the population genome. Thus epigenetic
mechanisms initiated by irradiation of HMEC result in a ma-
lignant-like phenotype in progeny generations after IR exposure.

Intercellular and extracellular signals are critical to the suppres-
sion of neoplastic cellular behavior. Disruption of cell–cell inter-
actions are implicated, if not required, in neoplastic progression (7,
8, 34). Radiation exposure alters the expression of many genes
involved in tissue processes such as proteases, growth factors,
cytokines, and adhesion proteins, which supports the view that
carcinogenesis could compromise tissue integrity by altering the
flow of information among cells (35, 36). Indeed, our recent
experimental studies demonstrate that multicellular architecture
can be dominant over genomic change in terms of malignant
cellular behavior (18, 37, 38). In these studies, breast cancer cells
treated with �1 integrin function-blocking antibodies revert from
disorganized colonies to organized acinar-like colonies that are
characterized by restoration of cytoskeletal organization, cell–cell
and cell–ECM interactions, and reduced tumorigenecity (18). Small
molecule inhibitors can also be used to cooperatively block aberrant
signaling and revert tumorigenic behavior (37, 38). These data, and
others in hematopoetic cancers (39), suggest that cancer can be
controlled by reestablishing appropriate contacts from the ECM
and stroma via outside-in signaling.

Although radiation can acutely regulate E-cadherin and
�-catenin levels (40), as well as integrin expression (41), in our
studies the phenotype is exhibited by the daughters of irradiated
cells several generations after radiation exposure. The redistri-
bution of �1 integrin (Fig. 1) in daughters of irradiated cells was
accompanied by increased protein determined by immunoblot-
ting (Fig. 4). In contrast, even though TGF-� treatment de-
creased E-cadherin and �-catenin protein levels (Fig. 4), local-
ization of E-cadherin and �-catenin immunoreactivity was only
affected in double-treated 3D rBM colonies (Fig. 2). Immuno-
staining can reveal protein access or conformation as well as
protein abundance. Preliminary studies suggest that the cell-
adhesion proteins of irradiated cells have altered cytoskeletal
associations (A.C.E. and M.H.B.-H., unpublished data).

Based on studies in mouse mammary gland, we have proposed
that the action of radiation as a carcinogen is augmented by its
ability to compromise signaling from the stromal microenviron-
ment (42). A functional test of this concept is provided by our
experiments showing that tumorigenesis is increased 4-fold when
unirradiated preneoplastic mammary epithelial cells are trans-
planted to an irradiated mammary stroma (9). One of the most
rapid and sensitive responses in the irradiated tissue is the

activation of TGF-� (43). TGF-� has a paradoxical effect during
carcinogenesis in that it suppresses tumorigenesis but promotes
neoplastic progression (44–46). Overexpression of active TGF-�
can also induce an epithelial-mesenchymal phenotypic transition
during progression in vivo (47). In culture, this phenotype is
characterized by loss of E-cadherin, acquisition of mesenchymal
cytoskeletal features, and increased cell motility and invasion
(48). In our experiments, this effect of TGF-� appears to be
augmented by preirradiation of the cells. Similarly, the loss of
E-cadherin after very low IR doses may further compromise this
essential mediator of cell–cell adhesion in preneoplastic breast
cells that already have less E-cadherin (49, 50), and could
promote progression.

The loss of cell polarity and multicellular organization exhibited
by the progeny of irradiated cells suggest that radiation exposure
could promote malignant progression by pathways initially inde-
pendent of mutational mechanisms. Consistent with this postulate
is the observation that colonies from irradiated HMEC contain
more cells, indicating that decreased cell–cell communication re-
sulted in loss of contact inhibition and greater proliferation. The
events leading to disrupted multicellular organization in the prog-
eny of irradiated HMEC could also contribute to genomic insta-
bility. Radiation-induced genomic instability evidenced by in-
creased frequency of mutation and cell death occurs in the progeny
of irradiated bone marrow (51, 52) and epithelial cell culture (53).
The disruption of cell contacts could permit abnormal cells to
persist (54) or dysregulate genome stability functions. Inappropri-
ate mammary expression of an activated metalloprotease in trans-
genic mice that disrupts cell–ECM interactions and cleaves E-
cadherin leads to genomic instability (D. Radisky and M.J.B.,
unpublished data) and mammary tumors (55, 56).

Here we show that IR can promote phenotypic progression by
affecting pathways that inhibit the ability of daughter cells to
interact with each other and the microenvironment. Agents
designed to protect irradiated tissue from disruption of cell–cell
communication (57), or those that can reverse the irradiated
phenotype, could provide a means of impeding its downstream
carcinogenic potential.
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