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Profiling of Differentially Expressed Genes
Induced by High Linear Energy Transfer Radiation
in Breast Epithelial Cells

Debasish Roy,* Gloria Calaf, and Tom K. Hei

Center for Radiological Research, College of Physicians and Surgeons, Columbia University, New York, New York

Methods to define patterns of gene expression have applications in a wide range of biological systems. Several
molecular biological techniques are used to study expression patterns during the neoplastic progression of breast
epithelial cells. In the present study, differential expression of human oncogenes/tumor suppressor genes in human
breast epithelial cell lines irradiated with low doses of high linear energy transfer radiation and treated with estrogen
was assessed with cDNA expression arrays. Transformed and tumorigenic cell lines were compared with the control
cell line to identify differentially expressed genes during tumorigenic progression. Autoradiographic analysis showed
that of the 190 genes analyzed, 49 genes showed a high level of altered expression, and 12 genes had minor
differences in expression levels. Among these 49 genes, 17 genes were altered at all stages of transformation, 21 were
altered only at the early stage, and the remaining 11 were at the late stage of transformation to the tumorigenic stage
of progression. Among the 11 late stage—associated genes, seven genes were altered exclusively in the tumorigenic
cell lines and in Tumor-T. Of the 17 all-stage genes, six were randomly selected, and we confirmed their altered
expression by gene-specific semiquantitative reverse transcription polymerase chain reaction, followed by Northern
blot analysis. The results showed that the mRNA expression patterns of all these genes were consistent with the
expression pattern seen on the array. Among these six genes, five genes, including c-myc, puf, MNDA, c-yes, and Fra-1
showed upregulation, and the other gene, RBA/p48, showed downregulation in the transformed and tumorigenic cell
lines compared with the control MCF-10F cell line. Investigation of these genes should help establish the molecular
mechanisms of progression that are altered by radiation and estrogen treatment. A number of candidates reported
here should be useful as biomarkers involved in breast carcinogenesis. © 2001 Wiley-Liss, Inc.
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reverse transcription polymerase chain reaction; Northern blot

INTRODUCTION

Breast cancer is the most common malignancy
and the second major cause of cancer-related deaths
among women in the United States [1]. Amplifica-
tion of several proto-oncogenes, such as c-myc, has
been shown to be a major risk factor for human
familial breast cancer in different types of mammary
carcinomas [2]. The development and progression
of cancer and the experimental reversal of tumor-
igenicity are accompanied by complex changes in
the patterns of gene expression [3,4]. The genetic
alterations include loss of a functional suppressor
gene or activation or enhanced expression of several
cellular proto-oncogenes that have been implicated
to varying degrees in the development and progres-
sion of human malignancies [5-8].

The biological heterogeneity of breast cancers

and tissues have important applications in a variety
of biological systems and are influenced by exposure
to chemical carcinogens or by ionizing radiation
[11,12].

At present, substantial information is available
about chemically induced cellular transformation
and differential gene expression in breast tissue
[13,14], but little is known about such regulation by
ionizing radiation, particularly high linear energy
transfer (LET) radiation. Based on the study of
Japanese atom bomb survivors, radiation has been
shown to induce breast cancer; but the exact
mechanism of radiation-induced carcinogenesis
remains unknown [15]. For accurate risk assessment

may arise from many possible molecular changes in
the neoplastic process, with variable efficiency at
each step. This heterogeneity also may result from
various mutations in the malignant growth process
involving many genes and signaling pathways
controlling cell proliferation, death, and differentia-
tion [9,10]. Patterns of gene expression in cell lines
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of human exposure to high LET radiation, mainly by
o particles, and to examine the molecular mechan-
isms involved in radiation-induced human breast
carcinogenesis, we used a model system based on
spontaneously immortalized human breast epithe-
lial MCF-10F cell lines irradiated with graded doses
of o particles and treated with 17f-estradiol (E) [12].
MCEF-10F cell lines are unique in the sense that they
have all the morphologic characteristics of normal
breast epithelial cell lines [11,13,16]. With the help
of this unique model system, it is possible to study
different stages of cellular transformation by radia-
tion- and estrogen-induced human breast epithelial
cell lines.

The sequential process of cellular transformations
also is initiated to different degrees by exposure to
various carcinogens. Experimental studies have
shown that high LET radiation, in general, is more
effective at inducing mutagenic and oncogenic
transformation in cultured cells than X-rays or y-
rays at equivalent doses [17,18]. In addition, high
LET radiation, such as a particle radiation, can
induce many biological effects by direct interaction
with DNA [19]. It induces expression of certain DNA
repair genes in some prokaryotic and lower eukar-
yotic cells and modulates the regulation of gene
expression as well as the pattern of protein synthesis
in mammalian cells [20,21].

To better understand radiation- and estrogen-
induced breast carcinogenesis, we need to have a
large body of information regarding the alteration
of various genes involved in this process. To this
end, we have applied a relatively new technique,
differential gene expression through cDNA expres-
sion array [22], which can show the expression
profiles of thousands of genes in a single experi-
ment, providing clues to the functional role of
many genes, including potentially important onco-
genes and tumor suppressor genes [23]. This altera-
tion in gene expression associated with a specific
dose of radiation and estrogen treatment may be an
efficient way to uncover clues to the specific
molecular derangements that contribute to cancer
progression and thus ultimately help identify the
appropriate targets for therapeutic intervention
[24,25]. Here we report the identification of a series
of oncogenes and tumor suppressor genes whose
expressions were altered with stepwise neoplastic
transformation of human breast epithelial cells with
respect to radiation and estrogen treatment.

MATERIALS AND METHODS

Cell Lines

The spontaneously immortalized human breast
epithelial cell line MCF-10F was derived from the
mortal human breast epithelial cell line MCF-10M
[16]. MCEF-10F cells have a near-diploid karyotype
and are of luminal epithelial origin. These cells

retain all the characteristics of the normal epithe-
lium in vitro, including anchorage dependence,
noninvasiveness, and nontumorigenicity in nude
mice [11,13,16,26]. The recently established model
developed to study breast carcinogenesis in vitro
was used in these studies [12]. Cell lines were
irradiated with graded doses of 150 keV/um o
particles, accelerated with the 4-MeV van de Graaf
accelerator at the Columbia University Radiologi-
cal Research Facilities, as described previously
[12,27,28].

In the present study, MCF-10F cell cultures were
grown in Dulbecco’s modified Eagle’s medium
(DMEM)/F12(1:1) supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin, 2.5 pg/mL
amphotericin B, 10 pg/mL insulin (all from Life
Technologies, Grand Island, NY), 5% equine serum
(Biofluids Inc., Rockville, MD), 0.5 pg/mL hydro-
cortisone (Sigma Chemical Co., St. Louis, MO), and
0.02 pg/mL epidermal growth factor (Collaborative
Research, Bedford, MA). The following cell lines
were used as controls [12,29]: MCF-10F cell lines,
and MCF-10F cell line treated with E (0.01 pM)
(Sigma Chemical Co.), named MCF-10F + E. One
experimental cell line used was the MCF-10F cell
line irradiated with a double dose of 60 cGy of o
particles, named 60/60 cGy (passage 48 as an early
passage and passage 95 as a late passage). This cell
line was anchorage independent but non-tumori-
genic in nude mice. The MCF-10F cell line also was
subjected to a double dose of 60 cGy of o particle
and treated with E before each radiation exposure;
this line was named 60 cGy + E/60 cGy + E (passage
45). This cell line was both anchorage independent
and tumorigenic in nude mice and produced tumors
in 3/6 animals injected. The Tumor-T (passage 25),
one of the three primary tumor cell lines, was
derived from this tumorigenic cell line.

Atlas Human Oncogene/Tumor Suppressor cONA
Expression Array

The Atlas Human Oncogene/Tumor Suppressor
cDNA Expression Array membranes were purchased
from Clontech (Palo Alto, CA) [30-32]. Each
membrane contained c¢DNAs from 190 known
oncogenes and tumor suppressor genes as well as
nine housekeeping genes for control purposes. Each
of these genes was amplified by polymerase chain
reaction (PCR) with gene-specific primers, to gen-
erate 200- to 500-bp products. One hundred nano-
grams of each PCR product was spotted in duplicate
onto a positively charged membrane.

Preparation of cDNA Probes From mRNA

Total RNA was isolated from both the control and
transformed cell lines with TRIzol solution (Gibco-
BRL, Long Island, NY). Each sample, comprising 500
ng of total RNA, was treated with 5 uL. of DNAse I (10
U/uL) (Boehringer Mannheim, Indianapolis, IN) for
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60 min at 37°C. Then 10x Termination Mix (0.1 M
EDTA at pH 8.0 and 1 mg/mL glycogen) (Clontech)
was used to stop the reaction. Each sample was then
purified following established procedure [33]. The
amount of each purified RNA sample was first
measured by a spectrophotometer and then electro-
phoresed on denaturing formaldehyde/agarose/
ethidium bromide gel, to check its quality. Each
sample of 500 ng of purified total RNA then was
subjected to polyA* RNA analysis with the Oligotex
mRNA Purification Kit (QIAGEN Inc., Valencia, CA).
About 1 pg of polyA™* RNA from all the cell lines was
separately mixed with 10x CDS Primer Mix (Clon-
tech), and deionized water was added to a final
volume of 3 pL.

The mixture was incubated in a preheated PCR
thermal cycler at 70°C for 2 min; the temperature of
the thermal cycler was reduced to 50°C, and the
incubation was continued for another 2 min. Then
8 pL of the master mix (1 x reaction buffer, 1x dNTP
mix [for dATP label], 35 uCi of [¢->2P]dATP [3000 Ci/
mmol, 10 mCi/mL], 100 mM dithiothreitol, and 50
U of Moloney murine leukemia virus reverse
transcriptase [50 U/uL]) was added to all the tubes
(already in the thermal cycler), and incubation
continued at 50°C for another 25 min. Then 1 pL
of 10x Termination Mix was added to stop the
reaction. Purification of 3?P-labeled cDNA from
unincorporated *?P-labeled nucleotides and small
(< 0.1 kb) cDNA fragments was performed with
CHROMA SPIN-200 DEPC-H,0 columns (Clontech)
that had been warmed according to the manufac-
turer’s protocol. Then the elution profile was
checked, and the required fraction was collected.
The required fraction contained the maximum
amount of *?P-labeled cDNA to use as a probe for
differential hybridization.

Differential Hybridization of Atlas Human Oncogene/
Tumor Suppressor cDNA Expression Array

For the hybridization of cDNA probes to the Atlas
Array membrane, 15 mL of ExpressHyb solution
(Clontech) was preheated to 68°C for each sample
and mixed with 1.5 mg of sheared salmon-sperm
DNA (Sigma Chemical Co.). The mixture was kept at
68°C until used. Before addition of the sheared
salmon-sperm DNA to the ExpressHyb solution, the
mixture was denatured at 95-100°C for 5 min and
chilled quickly on ice. The Atlas Array membrane
was then wetted with deionized water and pre-
hybridized with 10 mL of ExpressHyb mixture for
each sample for 30 min, with continuous agitation
at 68°C. Labeled cDNA probes (about 200 pL, 2-5 x
10° cpm) were mixed with one-tenth of the total
volume (about 22 pL) of 10x denaturing solution (1
M NaOH and 10 mM EDTA) and incubated at 68°C
for 20 min. Then 5 pL (1 pg/pl) of Cotl DNA
(Clontech) and an equal volume (about 225 uL) of
2x neutralizing solution (1 M NaH,PO,4 at pH 7.0)

were added to this mixture, and the incubation
continued at 68°C for 10 min.

Probe solution was mixed with the remaining 5
mL of ExpressHyb solution to act as a hybridization
solution. Prehybridization solution was replaced by
hybridization solution, and hybridization contin-
ued for 18 h with continuous agitation at 68°C.
Subsequently, array membranes were washed in
wash solution 1 (2x sodium chloride sodium citrate
and 1% sodium dodecyl sulfate) for 60 min, with
continuous agitation at 68°C. After a second wash
was performed at the same temperature, with
continuous agitation for 60 min in wash solution
2 (0.1x sodium chloride sodium citrate and 0.5%
sodium dodecyl sulfate), array membranes were
exposed to X-ray film (Kodak BioMax MS Film;
Kodak Corp., Rochester, NY) with the correspond-
ing intensifying screen at —70°C for 24-48 h.

In each cell line tested, mRNA was isolated and
purified from different passages, and cDNA probes
were prepared from each of them and hybridized to
the respective membranes. To assess the reproduci-
bility of the hybridization array assays, pairwise
comparisons between array data sets for each cell
line obtained by repeated hybridization and the
mRNAs prepared in different lots were represented
in scatter plots with multiple regression (Figure 1).
In each case, expression levels of 95% of the genes
had repeated values that were within twofold of
each other. Experiments using the same mRNA
preparation were repeated two or three times, and
measurable, median-normalized expression values
for each gene were compared to avoid false-positive
signals. No significant differences were observed
with cDNA probes generated from total RNA or
mRNA.

The quality of the array images obtained with the
Atlas Array from Clontech was normalized to the
averaged signals of housekeeping genes by exactly
following the Atlas cDNA Expression Arrays Users
Manual (PT3140-1). Atlas hybridization probes were
sufficiently less complex than probes generated
with oligo(dT) or random primers, which results in
an approximately eightfold to tenfold increase in
sensitivity with a concomitant reduction in the
level of nonspecific background. The background
hybridization signals were within the permissible
range, but in some cases when they varied, values
were adjusted by means of different exposure times.

Quantification of Array Hybridization

Quantification of hybridization signals on the
expression array membranes was carried out from
the autoradiographic film by estimating in a
densitometric scanner (model 300A; Molecular
Dynamics, Sunnyvale, CA) with the ImageQuant
program (Molecular Dynamics). Volume quantita-
tion was performed by calculating the volume under
the surface created by a three-dimensional plot of
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pixel locations and pixel values. An optical density
range of 0.01-4.0 was chosen in optical density
units, whereas spatial resolution was selected at 100
points/cm in both X and Y directions. Signal
resolution was selected at 4096 levels (12-bit) of
optical density. The Image Quant value of the
intensity of hybridization of each gene of the array
was given by Q. The ratios between the absolute
values of irradiated and estrogen-treated tumori-
genic cell lines (I) and the control MCF-10F (C) and
MCF-10F + E (CE) cell lines (C) give us the value of Q
that indicates either the upregulation (positive) or
downregulation (negative) of gene expression.

To delineate the potential signal interference
between adjacent strong hybridization signals,
ellipses of equal size were drawn around each signal
area (hybridization spots) with Image Quant soft-
ware and were separately scanned and compared
with housekeeping genes, so that the chances of
interference between adjacent strong hybridization
signals were minimized. Normalization of the
expression levels of different housekeeping genes
from many autoradiographic exposures between
different hybridization experiments was effected
by averaging the signals of each of the housekeeping
genes. Data from only higher concentration spots
were used. The median background was subtracted,
and signals that were < 1.5-fold above background
levels were considered too low to measure accu-
rately and were omitted from the analysis. Signals
for individual genes also were normalized to the
geometric mean of the expression level of that gene
across the set of membranes being compared. Mean
signals were calculated from quadruplicate measur-
able spots or if three of the four spots were
measurable.

Construction of Gene-Specific Primers

For gene-specific reverse transcription (RT)-PCR
and labeling of gene-specific probes, we used PCR
primers (Genset Oligos, La Jolla, CA) to amplify
the randomly selected six genes and human -
actin (Clontech) as a control amplifier set. Table 1
shows the base pair length of amplified cDNA of
the six genes under study and the sequence of
sense and antisense primers to amplify those
cDNAs.

Gene-Specific RT-PCR Analysis

To confirm differential expression of the six genes
under study, gene-specific probes were generated by
a gene-specific RT-PCR technique [34]. Different
amounts of cDNAs and various numbers of PCR
cycles were used to generate gene-specific probes. A
linear increase was noted in product generation in
all cases except myeloid cell nuclear differentiation
antigen (MNDA), for which the required amount of
cDNA was double that of others (data not shown).
Based on the findings of this experiment, we used

100 ng of cDNA (200 ng in the case of MNDA) and 35
cycles of PCR for amplification of the six genes by
RT-PCR.

About 500 pg of total RNA was treated with 5 pL of
DNAse I (10 U/uL) (Boehringer Mannheim, India-
napolis, IN) for 60 min at 37°C. The RNA was
extracted and precipitated with 7.5 M ammonium
acetate at pH 5.2. A sample of 0.5-1 pg of total RNA
was used for first-strand cDNA synthesis with the
Advantage RT-for-PCR Kit (Clontech) with oli-
go(dT);s and random hexamer primers. Approxi-
mately 100 ng of the first-strand cDNA synthesis
product was used for carrying out RT-PCRs with
gene-specific primers, with an initial denaturation
at 94°C for 4 min followed by 35 cycles. Each cycle
comprised denaturation at 94°C for 30 s, annealing
at 65°C for 1 min, and extension at 68°C for 1 min,
with a 5-min final extension at 68°C. The PCR
product was run on a 1.2% agarose gel. Differen-
tially expressed gene-specific DNA bands were
eluted from the gel and purified with the help of
the QIAquick Gel Extraction Kit (QIAGEN Inc.)
(Figure 2). These gene-specific DNA bands were used
as a probe in Northern blotting. They then were
labeled with the Multiprime DNA Labelling Systems
(Amersham Inc.) and subjected to Northern hybri-
dization analysis (Figure 3). A human f-actin
control amplifier set probe also was used in North-
ern hybridization to confirm similar expression in
all the samples.

RESULTS

Several genes were detected with the Atlas Human
Oncogene/Tumor Suppressor c¢DNA Expression
Array. Expression of these genes was altered by
radiation and estrogen treatment. These alterations
were noted from early and late stages of transforma-
tion to the tumorigenic stage. The types of altered
genes identified here by expression array elucidate
the process of tumorigenic progression.

Altered expression of the genes fell into two main
categories. Some genes were upregulated, whereas
others were downregulated in the transformed and
tumorigenic cell lines with respect to the control
MCEF-10F cell line. Of 190 oncogenes and tumor
suppressor genes examined, 61 genes showed altered
expression at different stages of progression: 49
genes were very prominent (Q > + 1.60), whereas 12
others showed minor differences in their expression
(Q < £1.20) (data not shown). The absolute gene
expression values of the 49 genes in different
irradiated tumorigenic and control cell lines are
listed in Table 2, and their ratios are summarized in
Table 3.

Of the 49 differentially expressed genes, 21 were
altered only at the early stage of transformation.
Seventeen genes were altered at all stages of
transformation. Four genes were altered from the
late stage of transformation to the tumorigenic stage
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Table 1. Primers of Six Differentially Expressed Genes Selected for Gene-Specific RT-PCR Analysis

GAN* Gene name Product length? Primer*
V00568 c-myc Proto-oncogene protein 222 bp 1-GCTCCTGGCAAAAGGTCAGAGTCTGG
1"-GGGGCTGGTGCATTTTCGGTTGTTGC
L16785+ NDK-B [c-myc transcription 282 bp 1-CCTTCATCGCCATCAAGCCGGACG
M36981 factor (puf)] 1"-GCTTTGAATCTGCTGGATTGGTCTCCC
M81750 Myeloid cell nuclear differen- 324 bp 1-CCACCGCAAGAAACAAACTGACATCGG
tiation antigen (MNDA) 1"-TAAATGGCGCTGTTGCTTTCAGTACCAC
M15990 Proto-oncogene tyrosine pro- 351 bp 1-TGGTTGATATGGCTGCTCAGATTGCTGA
tein kinase (c-yes) 1'-AGACATTGGCTAGGGTGGCATCTGCA
X16707 Fra-1 (fos-related antigen) 280 bp 1-CCCTGCCGCCCTGTACCTTGTATC
1"-AGACATTGGCTAGGGTGGCATCTGCA
X74262 RBA/p48 211 bp 1-AGAGTGCAACCCAGACTTGCGTCTCC

1'-CCAGGAAACATCTTCTACTACTGCCG

*@GenBank accession number.

fLength of cDNA product amplified by gene-specific RT-PCR analysis.

PCR primer sequences used to generate a product of the indicated size, listed in a 5 to 3’ orientation. 1, forward; 1’, reverse.

of progression, and the remaining seven genes were
altered exclusively at the tumorigenic stage.
Among these 17 all-stage genes, 15 were upregu-
lated and two were downregulated at early and late
stages of transformation and in tumorigenic and
Tumor-T cell lines compared with control MCF-10F
cell line. The group of 15 upregulated genes
included c-myc, insulin-like growth factor 1 receptor
(IGFR1), TEL, c-jun, puf, MNDA, hyaluronidase
(lucal), Fra-1, focal adhesion kinase (fak), cdc25B,
glycogen synthase kinase 3 (gsk3), c-myc binding
protein, E2F-1 pRB binding protein (e2f1), Wnt-5a,
and Tyr-PK-YES (c-yes). The two downregulated
genes were RBA/p48 and EBI (Table 3). From these
15 genes, six (Q > £2.0) were randomly selected
(Table 1) and amplified by RT-PCR to use as a probe
for Northern hybridization analysis (Figure 2). Four
genes—c-kit, EZRIN, FZD3, and Notch-4—were upre-
gulated at the late stage of transformation and in
tumorigenic and Tumor-T cell lines, whereas the

1000 bp —>
500 bp —

Figure 2. Gel electrophoresis pattern of six amplified gene
fragments from gene-specific RT-PCR analysis required to generate
gene-specific probes. 1: Human B-actin (983 bp); 2: 100-bp DNA
ladder; 3: c-myc (222 bp); 4: puf (282 bp); 5: MNDA (324 bp); 6: c-
yes (351 bp); 7: Fra-1 (280 bp); 8: RBA/p48 (211 bp).

remaining seven genes—EGFR/ERBBI1, yboxbpl,
RhoA, Tyr-PK-FGR (fgr), TOB, dvl and Ser/Thr-PK
(pctaire 1)—were upregulated only in tumorigenic
and Tumor-T cell lines compared with control MCF-
10F cell line (Table 3).

Six randomly selected genes were studied by
Northern blot analysis, and all of them showed
exactly the same expression pattern as seen with the
Atlas Human cDNA Expression Array procedure
(Figure 3). Of these six genes, five (c-myc, puf,
MNDA, c-yes, and Fra-1) showed upregulation, and
one (RBA/p48) showed downregulation at all stages
of transformation to tumorigenic stages of progres-
sion. Ratios of gene expression values (Q) of all these

L)
&
&
5
B
& @{\.ﬂf&i@*ﬁ
Gt el
L
el <-NDK-B(puh
EE&& W < MNDA
<-c-yes
<--Fra:l
<.- RBA/pi8

|

<-- Human beta-actin

Figure 3. Northern blot analysis of gene-specific RT-PCR amplified
fragments of six genes (c-myc, puf, MNDA, c-yes, Fra-1 and RBA/
p48) identified by differential hybridization of the cDNA expression
array.



Table 2. Absolute Range of Expression Levels of Altered Genes Identified by Image Quant in Different cDNA Expression

Array Experiments*

GenBank 60/60 60/60 MCF- 60 cGy + E/
accession MCF- cGy cGQy Tumor-T 10F+E 60 cGy+E
no. Gene name 10F (C) (p48) (1) (p95) (1) (I (CE) (p45) (I3)
X07282 Retinoic acid receptor 2 289.55 532.09
KO0650 c-fos 268.34 551.57
M97935 Stat1 560.34 898.91
U47686 Stat5B 541.79 925.35
J02958 met 468.30 774.08
M76125 axl (Tyr-pk-receptor-ufo) 346.11 711.38
X03996 Pro-oncogene Tyr-pk (src) 278.06 453.90
X66362 Ser/Thr-PK-(pctaire-3) 709.06  1176.58
Uo7236 Pro-oncogene Tyr-pk (Ick) 392.41 695.97
uU61262 Tumor supp. protein (dcc) 341.31 556.08
M63167 akt1 (rac-pk-o) 484.58 249.83
X12795 coup Tf 487.02 848.80
X15218 ski oncogene 723.26 1186.53
U17075 Cdkinase 4 inhibitor B 1026.2 1627.33
(cdk41)
M36089 xrccl 431.34 793.08
U22398 Cdkinase inhibitor 1C 859.17  1509.19
(cdkl p57)
M33294 Tumor necrosis factor 421.44 785.02
receptor
S85655 Prohibitin 799.83 409.20
U49262 (avl)+(dvi3) 431.13 721.01
U43318 frizzled 5 335.64 529.70
X74594 RB2/p130 411.01 716.45
V00568 Cc-myc proto-oncogene 1123.0 2049.14  2231.16  3689.11 11031 3086.02
protein
X04434 IGFR1 74786  1306.38  1388.29  2063.02 731.60 1765.46
U11732 ETS-related protein (TEL) 879.99  1551.98 1671.26  2402.37 886.24 2094.24
JO4111 C-jun proto-oncogene 371.01 625.84 723.46 1120.45 358.01 916.50
L16785 c-myc (puf) 2010.4 3758.70 424190  5989.80 2059.6 5869.80
M81750 MNDA 741.25 1289.72  1430.61 2312.70 760.02 2029.21
U03056 Hyaluronidase (luca 1) 1141.8 2009.64  2089.55  2911.69 1122.2 2547.53
X16707 Fra-1 (fos-related antigen) 400.3 752.56 824.61 1393.04 386.21 1073.66
U43408 Focal adhesion kinase (fak) 842.87 142289  1525.59  1744.74 856.22 1668.88
M81934 cdc25B 1046.2 1893.52  2165.67 3096.81 1054.3 2857.36
L40027 Glycogen synthase kinase 3 1080.7 675.45 345.28 220.10 1036.1 310.55
D89667 c-myc binding protein 1217.5 2167.78  2240.32  2873.46 1240.3 2567.46
M96577 E2F-1 pRB binding protein 1086.2 1976.99  2063.89  3084.97 1109.2 2529.09
L20861 Wht-5a 911.12  1503.34  1713.05  2414.46 930.48 2009.83
M15990 Tyr-pk (c-yes) 1063.0 584.10 571.54 433.90 1025.3 453.69
X74262 RBA/p48 532.24 899.48 1053.83  1841.55 547.66 1511.37
U24166 EB1 847.67 155848  1763.15  2661.68 869.20 2285.99
X06182 c-kit proto-oncogene 627.71 1048.25  1870.54 663.40 1426.31
X51521 EZRIN (villin 2) 826.94 1554.57  2207.82 848.32 1746.88
Us2169 FZD3 917.43 1697.19  2532.02 936.23 1984.74
U95299 Notch-4 726.26 1256.32  1764.66 776.10 1528.91
X00663/ EGFR/ERBBI 680.22 2299.14 691.40 1597.13
U48722
M83234 Ybox binding protein | 810.02 1547.13 790.33 1327.70
L25080 Transforming protein RhoA 568.15 1176.07 584.92 1046.97
M19722 Proto-oncogene Tyr-PK (fgr)  249.60 586.56 260.00 473.20
D38305 TOB 594.30 1331.20 572.80 979.48
U46461 Disheveled homolog (dvi) 442.26 827.02 459.10 743.74
X66363 Ser/Thr-pk (pctaire-1) 365.20 792.48 371.44 720.51

*C, volume intensity in control MCF-10F; CE, volume intensity in MCF10F +E; |4, volume intensity in 60/60 cGy (p48); I, volume intensity
in 60/60 cGy (p95); I3, volume intensity in 60 cGy + E/60 cGy + E’ (p45); I, volume intensity in Tumor-T. Each absolute value is an average
of two to three array hybridization experiments and is expresed by volume intensity. Blank spaces indicate values similar to control, i.e., no

change.
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Table 3. Identification of Differentially Expressed Genes in Irradiated and Tumorigenic Breast (MCF-10F) Cell Lines

60 cGy + E/60

60/60 cGy 60/60 cGy cGy+E Tumor-T

Gene name MCF-10F (Q=1L/O)* (Q=1,/O)* (Q=I5/CE)* Q=1/0)*
Retinoic acid receptor 2 A (183
c-fos (2.05)
Stat1 (1.61)
Stat5B (1.71)
met (1.65)
axl (Tyr-pkreceptor-ufo) (2.05)
Pro-oncogene Tyr-pk (src) (1.64)
Ser/Thr-pk (pctaire-3) (1.65)
Pro-oncogene Tyr-pk (Ick) (1.77)
Tumor supp. protein (dcc) (1.63)
akt1 (rac-pk-alpha) (1.74)
coupTf (1.64)
ski oncogene (1.59)
Cdkinase4 inhibitor B (1.83)

(cdk4l)
xrccl (1.76)
Cdkinase inhibitor 1C (1.87)

(cdkl p57)
Tumor necrosis factor (1.68)

receptor
Prohibitin (1.56)
(avi)+(avi3) (1.74)
frizzled 5 +(f 1.95)
RB2/p130 (—1.94)
C-myc proto-oncogene A (1.82) A (1.98) A (2.79) A (3.28)

protein
IGFR1 (1.74) (1.88) (2.41) (2.76)
ETS-related protein (TEL) (1.76) (1.90) (2.38) (2.73)
c-jun proto-oncogene (1.68) (1.95) (2.56) (3.02)
c-myc (puf) (1.87) 2.11) (2.85) (2.98)
MNDA (1.74) (1.93) (2.67) (3.12)
Hyaluronidase (luca 1) (1.76) (1.83) (2.27) (2.55)
Fra-1 (fos-related antigen) (1.88) (2.06) (2.78) (3.48)
Focal adhesion kinase (fak) (1.68) (1.81) (1.98) (2.07)
cdc25B (1.80) (2.07) (2.71) (2.96)
Glycogen synthase kinase 3 (1.78) (1.84) (2.07) (2.36)
c-myc binding protein (1.82) (1.90) (2.28) (2.84)
E2F-1 pRB binding protein (1.65) (1.88) (2.16) (2.65)
Whnt-5a (1.69) (1.98) (2.76) (3.46)
Tyr-pk (c-yes) (1.84) (2.08) (2.63) (3.14)
RBA/p48 (—=1.60) (—=3.13) (—3.48) (—4.91)
EB1 +(—1.82) *(—1.86) * (—2.26) *(—2.45)
C-kit proto-oncogene (1.67) A (2.15) A (2.98)
EZRIN (villin 2) (1.88) (2.06) (2.67)
FZD3 (1.85) (2.12) (2.76)
Notch-4 (1.73) (1.97) (2.43)
EGFR/ERBBI A (2.31) A (3.38)
Ybox binding protein 1 (1.68) (1.91)
Transforming protein RhoA (1.79) (2.07)
Proto-oncogene Tyr-pk (fgr) (1.82) (2.35)
TOB 1.71) (2.24)
Disheveled homolog (dvl) (1.62) (1.87)
Ser/Thr-pk (pctaire-1) (1.94) (2.17)

*Ratio (Q) of the Image Quant value of the volume intensity of irradiated (1) and control (C) cells. The (1) sign indicates the upregulation
and (|/-) indicates the downregulation of gene expression. Blank spaces indicate the values similar to control, i.e., no change.
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genes showed a gradual change (either upregulation
or downregulation) moving from the transformed
to the tumorigenic stage. Expression of c-myc, puf,
MNDA, c-yes, and Fra-1 genes was enhanced almost
twofold at early and late stages of transformation,
whereas expression was enhanced threefold or more
in the tumorigenic and Tumor-T cell lines. More-
over, the expression of RBA/p48 was suppressed
about 1.5-fold at early stages of transformation to
fourfold or more in tumorigenic and Tumor-T cell
lines compared with the control MCF-10F cell line.
The expression of the human f-actin control
amplifier set, other housekeeping genes (ubiquitin,
phospholipase A,, tubulin alpha, ribosomal protein
$9), and negative controls (M13mp18[+] strand
DNA, ADNA, and pUC18) remained similar in all
the cell lines.

DISCUSSION

Several cytologic and molecular biological tech-
niques [35] can be used to identify the genetic
changes involved in the progression of breast
carcinogenesis. A differential hybridization techni-
que in the form of a cDNA expression array has been
used extensively to study gene expression [36]. In
the present study, we used this technique to
examine the effects of different known oncogenes
and tumor suppressor genes in immortalized
human breast epithelial cell lines, after they were
subjected to different doses of high LET radiation
and estrogen.

The association between breast cancer develop-
ment and prolonged exposure to estrogens suggests
that this hormone has a causative role in this
disease. To examine this correlation, we treated
the MCF-10F cell line with E, the most active
estrogen, and assessed its effect on radiation-
induced breast carcinogenesis. Although the par-
ental MCF-10F cell line was negative for estrogen
receptor (ER-o and ER-f ), the tumorigenic cell lines
in this model were found to be positive for these
receptors [29]. These data indicate that changes in
proliferative activity during the carcinogenesis
process were mediated either by alteration in ER
regulation or by an unknown non-receptor-
mediated mechanism of action [37].

There is evidence that the increase in the ER-o/ER-
B ratio commonly seen in primary breast tumors is
due to an increase in ER-o and a corresponding
decrease in ER-B mRNA expression [38]. We suggest
that the role of ER-o—driven and ER-B-driven path-
ways or their interactions probably change during
breast tumorigenesis. Thus, it is clear that ER-
mediated regulation of gene expression plays many
significant roles in normal and cancer cells [39], and
the role of estrogen as an endogenous carcinogen
must be further studied.

Comparable to the ongoing phenotypic changes
associated with tumor progression in MCF-10F cell

lines exposed to o particles and estrogen, a corre-
sponding series of changes in the expression levels
of various oncogenes and tumor suppressor genes
also was identified. We found that among the 61
genes altered at different stages of the neoplastic
process, only seven were detected exclusively at the
tumorigenic stage. In all these cases, transformed
cell lines were anchorage independent, but invasive
behavior was seen only from the late stage of
transformation to the tumorigenic phase [12].

From the 17 genes shown to be differentially
expressed at all stages of the transformation process,
six were randomly selected to confirm their differ-
ential expression with gene-specific RT-PCR and
Northern blotting. Among them, the c-myc proto-
oncogene was upregulated in all of our cell lines,
and it has been reported to be amplified in breast
cancer and is crucial for cell proliferation [40,41]. A
previous study confirmed that the level of c-myc
protein expression is higher in human breast
epithelial cell lines transformed by high LET radia-
tion and estrogen [42]. He et al. [43] have shown
that c-myc is changed at the late stage in the
dysregulated Wnt/APC/B-catenin pathway. Another
altered gene, nucleoside diphosphate kinase B (puf),
was found to be upregulated in our study. It
stimulates gene transcription by acting as a c-myc
transcription factor in cellular differentiation and
tumor metastasis [44]. We also identified the
elevated expression of c-yes, of the c-src family of
protein kinases, at different stages of transforma-
tion. Muthuswamy and Muller [45] have shown that
c-yes kinase activity is elevated in neu-induced
mammary tumors. Thus, overexpression of this
gene may be a suitable marker for detection of
breast carcinogenesis.

It is also interesting to note the upregulation
of the Fra-1 gene at all stages of transformation right
up to the tumorigenic stage of progression. Differ-
ential expression of Fra-1 on human cutaneous
epithelial cells by ultraviolet exposure and its role in
retinoid action have been established [46,47]. Anti-
sense research has shown the role of different genes
of the AP-1 complex, including Fra-1 and others, in
neoplastic transformation [48,49]. Expression of
another cell-cycle regulatory protein gene, RBA/
p48, was downregulated in transformed and tumori-
genic MCF-10F cell lines. It seems to coordinate
cellular growth and differentiation and function as a
tumor suppressor gene [S0]. Several authors have
shown that the protein product of RBA/p48 can
regulate transcription both in vivo and in vitro by
interacting with the cell-cycle regulator cdc2 kinase
and mammalian D-type cyclins [51,52]. Thus,
downregulation of RBA/p48 could indicate a loss of
tumor suppressor function that ultimately may lead
to neoplastic progression in the cell. Our results also
showed the elevated expression of the nuclear
protein MNDA, but because not much is known
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about its role in breast cancer progression, further
study is needed.

Apart from the six genes already mentioned, the
other 11 genes also were analyzed. Ten genes were
upregulated, and the EBI gene was downregulated
from the early stage of transformation to the
tumorigenic stage of progression. Within this group
of genes, IGFR1 was overexpressed in all of our cell
lines, and it has been shown [53] to synergize with E
in stimulating the growth of human breast cancer
in vitro. The TEL gene, a member of the family of
ETS transcription factors, also was upregulated. It is
known to be overexpressed in hyperplasia, in ductal
carcinoma in situ, and in invasive breast carcinoma
[54]. The elevated expression of the lucal and fak
genes was consistent with the results of other breast
cancer studies. This elevated expression has estab-
lished their role in tumor formation and as signaling
molecules in tumor cell invasion [55,56].

Enhanced expression of the cdc25B gene was
noted in all of our cell lines. This finding may be
important, because upregulation of this gene has
been observed in various human cancers, including
breast [57]. The overexpression of the gsk3 gene
identified here corroborated the results of other
studies that have found that it interacts with the
tumor suppressor genes PTEN, B-catenin, and E-
cadherin in breast cancer progression [58,59]. The
threefold to fourfold upregulation of the e2f-1 and
Whnt5a genes seen in the transformed and tumori-
genic cell lines was also consistent with the results
of other breast cancer studies [60,61].

All the genes upregulated at the late stage of
transformation and the tumorigenic stage of pro-
gression were related to some membrane receptor—
associated genes, such as the c-kit proto-oncogene,
EZRIN (villin2), FZD3, and Notch-4 genes. The proto-
oncogene c-kit has been known to be overexpressed
in breast tumors [62]; similarly, EZRIN is a family of
cytoskeleton-associated membrane proteins directly
regulated by estrogen in ER-containing breast
cancer cell lines [63]. The FZD3 and Notch-4 genes
are human transmembrane receptor proteins
expressed predominantly in various organs [64,65],
but further study is needed to identify their role in
breast cancer progression.

Among the 49 genes studied, elevated expression
of seven genes was seen exclusively at the tumori-
genic stage of progression. Within these seven
genes, it is interesting to note from our results that
EGFR/ERBB1 and proto-oncogene fgr were both
altered; this finding confirmed what several authors
have shown during breast cancer progression [66].
The rhoA gene also was overexpressed. The finding
of elevated expression of the y-box binding protein
1 and TOB genes in tumorigenic cell lines was novel,
in the sense that they are generally known to be
associated with proliferation of liver and NIH-3T3
cells [67]. The dvl and pctaire]l genes are widely

expressed in various human organs, but there has
been no report of their activity in breast cancer.

In conclusion, differential expression of various
human oncogenes and tumor suppressor genes can
elucidate the different stages of the transformation
process, which is modified by such factors as
radiation and estrogen treatment. Some genes were
modified either at the early stage or at the late stage
of transformation, whereas others were altered from
the very early stage of transformation to the
tumorigenic stage. Genes that were altered exclu-
sively at the tumorigenic stage of progression might
prove useful as biomarkers to detect tumor induc-
tion in breast carcinogenesis.
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