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Transforming growth factor-a (TGF-o) stimulates while TGF-p
inhibits mammary epithelial cell growth, suggesting that when
cells are treated concurrently with the growth factors their
combined effects would result in no net growth. However,
combined treatments stimulate proliferation and cellular trans-
formation in several cell lines. The objective of this paper was to
describe the effect of long-term (6 days) concurrent TGF-o and
TGF-p treatment on normal mammary epithelial cell growth
pattern, morphology, and gene expression. Growth curve
analysis showed that TGF-o enhanced while TGF-f suppressed
growth rate until Day 4, when cells entered lag phase. However,
cells treated concurrently with both growth factors exhibited a
dichotomous pattern of growth marked by growth and death
phases (with no intermittent lag phase). These changes in
growth patterns were due to a marked induction of cell death
from Day 2 (16.5%) to Day 4 (89.5%), resulting in the transition
from growth to death phases, even though the combined treated
cultures had significantly more (P < 0.05) cells in S phase on
Day 4. TGF-p stimulated epithelial to mesenchyme transdiffer-
entiation (EMT) in the presence of TGF-o, as characterized by
increased expression of fibronectin and changes in TGF-§
receptor binding. Expression patterns of genes that regulate
the cell cycle showed significant interaction between treatment
and days, with TGF-§ overriding TGF-a—stimulated effects on
gene expression. Overall, the combined treatments were marked
by enhanced rates of cellular proliferation, death, and trans-
differentiation, behaviors reminiscent of breast tumors, and thus
this system may serve as a good model to study breast
tumorigenesis. Exp Biol Med 232:1027-1040, 2007

Funding for this project was provided by the University of Vermont Agricultural
Experiment Station.

' To whom correspondence should be addressed at Department of Animal Science,
B290 Anthony Hall, Michigan State University, East Lansing, MI 48824. E-mail:
ande1218@msu.edu

Received September 3, 2006.
Accepted April 2, 2007.

DOI: 10.3181/0609-RM-218
1535-3702/07/2328-1027$15.00
Copyright © 2007 by the Society for Experimental Biology and Medicine

Key words: transforming growth factor-alpha (TGF-o); transforming
growth factor-beta (TGF-f); mammary; epithelial cell

Introduction

Transforming growth factor-alpha (TGF-a) and TGF-f
were initially partially purified together and described as
sarcoma growth factor (SGF; Ref. 1). SGF was charac-
terized as a TGF that induced both proliferation and
phenotypic transformation of rat kidney fibroblast cells
(1-3). When the growth factors were isolated and their
individual effects defined, it was quickly recognized that, in
general, TGF-o, stimulates while TGF-p inhibits epithelial
cell growth. In the mammary gland, TGF-o and TGF-f
influence ductal and alveolar morphogenesis during normal
development. However, aberrant expression of TGF-o and
TGF-B and/or their respective receptors is associated with
mammary neoplasia (4—12). Although the opposing effects
of these growth factors on cell proliferation suggests that the
net combined effect on cell growth would be zero, the early
studies demonstrated that together they produced cellular
transformation and proliferation that was greater than the
individual effects of the growth factors alone. Therefore, it
is critical to understand how the growth factors work in
concert to affect cell growth.

TGF-o is a potent mitogen and induces mammary
epithelial cell proliferation by binding to the epidermal
growth factor receptor (EGFR; Refs. 13, 14). Overexpres-
sion of TGF-u is associated with cellular transformation in
vitro and in vivo. A normal mouse mammary epithelial cell
line transfected with TGF-o ¢cDNA exhibited increased
growth rates and anchorage-independent growth in soft agar
(15, 16). Transgenic mice that overexpress TGF-o in
mammary epithelium form preneoplastic structures, hyper-
plastic alveolar nodules (HANs), that can develop into
mammary carcinomas (17-19). Expression of TGF-a has
been identified in invasive ductal carcinoma (9) and
correlates with increased neoangiogenesis in breast tumors
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(20). Carcinomas of the breast that have higher levels of
expression of TGF-o also express higher levels of EGFR
(21); thus, blockade of EGFR activation by using anti-
EGFR monoclonal antibodies has been shown to be a potent
anti—breast cancer therapy (22-24).

TGF-f3 decreases growth rates of epithelial cells by
causing cell cycle arrest and/or inducing apoptosis. These
cellular responses are elicited through its binding to the type
II receptor (TGF-BR2), which in turn dimerizes with the
type I receptor (TGF-R1) and activates signaling pathways
(25). Overexpression of TGF-B leads to mammary ductal
(26) and alveolar (27) hypoplasia and is associated with
resistance to 7, 12-dimethylbenz[a]anthracene (DMBA)-
induced mammary tumor formation in mice (28). In
contrast, conditional knockout of TGF-BR2 in mammary
epithelium results in lobuloalveolar hyperplasia (29). When
TGF-BR2 conditional knockout mice were mated with
PyVmT transgenic mice, tumor latency was shortened and
pulmonary metastases increased. These studies demonstrate
that the growth-inhibitory effects of TGF-B play an
important role in suppressing mammary tumorigenesis and
progression.

TGF-p also induces epithelial to mesenchymal trandif-
ferentiation (EMT) in culture. EMT is described as an entire
series of events involved in the transition from an epithelial
to a mesenchymal phenotype that include (i) decreased
expression of the epithelial markers E-cadherin, ZO-1, and
desmoplakins I and II; (ii) increased expression of
mesenchymal markers, such as fibronectin; and (iii) a
fibroblast-like reorganization of actin fibers (30, 31). During
embryonic development EMT allows cells to detach from
the epithelial tissue where they originate and to migrate.
EMT is also believed to be the mechanism by which
epithelium-derived tumor cells invade the stroma and
metastasize throughout the body. In fact, EMT has been
correlated with a more aggressive tumor phenotype (32, 33).
Thus, it is important to define and characterize TGF-B-
regulated EMT, as the dissociation of the growth-inhibitory
effects of TGF-B from its effects on EMT and the
extracellular matrix (ECM) appears to be the turning point
in its role as a tumor suppressor to its role as a breast cancer
progression and metastatic factor (34).

Although the early history of discovery of the TGFs and
their functions focused on their combined effects, little work
has continued in this area. More recent investigations have
focused on how each of these factors affects epithelial cell
growth and cell cycle gene expression alone. Furthermore,
the effect of these growth factors on the regulation of the cell
cycle has largely been limited to early response genes in the
culture system (35, 36). It is clear from previous work that
the interplay between these growth factors has an effect on
cell growth that is not merely additive, but results in a
transformed phenotype. Additionally, the combined effect
may vary over time depending on the stage of cell cycle,
presence of other factors, and period of exposure. For this
study we used a normal mouse mammary epithelial cell line,
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NOG-8, to investigate the combined effects of TGF-a and
TGF-B on cell growth and morphology. Further, we used
cDNA miniarray analysis to determine whether treatment
and day affected expression of cell cycle-related genes.
Real-time quantitative polymerase chain reaction (PCR) was
used to validate differences in gene expression among the
treatments and between days that fell into one of the three
broad categories of cell cycle progression, differentiation,
and cell death: Cdc25b, Trp63, and Mrel 1A, respectively.

Materials and Methods

Cell Culture. The normal mouse mammary epithelial
cell line, NOG-8, derived from NMuMG (37), was used to
characterize the effect of TGF-oo and TGF-B1 on cell
growth. NOG-8 cells were maintained at 37°C in a
humidified chamber with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma Chemical Corp., St. Louis,
MO), pH 7.2 to 7.3, supplemented with 100,000 U/
penicillin G, 100 mg/l streptomycin (Invitrogen, Carlsbad,
CA), 10% fetal bovine serum (FBS; Invitrogen), and 1 pg/
ml insulin (maintenance media; Sigma Chemical). The cells
were passaged when they reached approximately 90%
confluence by treatment with 0.25 mM trypsin and 0.03%
EDTA (Invitrogen), and they were seeded at 10,000 cells/
cm® for every experiment. All treatments were done in
duplicate, and experiments were repeated at least two times.

Determination of Optimal Serum and Growth
Factor Concentrations and Growth Curve Analysis.
To determine the optimal concentration of TGF-o (in 4 mM
HCI with 1 mg/ml bovine serum albumin [BSA]; R&D
Systems, Minneapolis, MN), TGF-1 (in 10 mM acetic acid
with 0.1% BSA; R&D Systems) and TGF-o plus TGF-B1
(the combined factors) on the growth of NOG-8 cells, cells
were incubated in DMEM with 10% FBS supplemented
with 0, 10, 25, or 100 ng/ml TGF-a, 0, 0.25, 2.5, or 10 ng/
ml TGF-Bl. Cells were seeded in six-well dishes in
maintenance media, allowed to plate overnight, and
synchronized by removing maintenance media and incubat-
ing for 24 hrs in serum-free DMEM. After 24 hrs, media
were replaced with DMEM supplemented with serum and
growth factors. Preliminary data showed that neither 10 mM
acetic acid nor 4 mM HCI with respective amounts of BSA
affected NOG-8 cell growth, so vehicle control treatments
were not necessary. Media were changed and growth factors
were replenished on Days 2 and 4. Cells were harvested 24
hrs after serum starvation (Day 0) or at 2, 4, and 6 days and
were resuspended in 0.4% trypan blue to stain dead cells.
Live and dead cells were counted on a hemacytometer to
obtain an independent measure of numbers of cells and the
ratio of live to dead cells. Statistical analysis was performed
using SAS General Linear Models (Statistical Analysis
System V8; Cary, NC) with growth factor, day, and growth
factor by day as main effects. If the overall F was
significant, multiple comparisons were analyzed using
Bonferroni ¢ test (38).
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To determine optimal serum concentration, media were
changed to DMEM supplemented with 0, 1%, 2%, or 10%
FBS after synchronization.

Cell Cycle Analyses. Flow cytometry was used to
determine the proportion of cells in each phase of cell cycle
during the 6-day growth period. NOG-8 cells were seeded in
75 cm? flasks (Corning Inc., Corning, NY) with main-
tenance media, synchronized, and treated as described
above for the 6-day experimental period.

At Days 0, 2, 4, and 6 the cells were harvested, washed
in phosphate-buffered saline (PBS) and stain solution (3%
polyethylene glycol 6000, 50 pg/ml propidium iodide [PI;
Sigma Chemicals, St. Louis, MO], 720 U/ml RNase
[Worthington Biochemical Corp., Lakewood, NJ], 0.1%
Triton X in 4 mM sodium citrate (pH to 7.8), and PBS +
0.1% sodium azide and 0.1% BSA), was added to the cell
suspension to a final concentration of 2 million to 4 million
cells/ml and was incubated at 37°C for 30 min. The
proportion of cells in each phase of the cell cycle was
determined with flow cytometry using a BD LSRII flow
cytometer equipped with DIVA software v4.1.1 (both from
BD Bioscience, San Jose, CA). Cells were analyzed at a
flow rate of 800 cells/sec. Data were evaluated using
analysis of variance with treatment and day as main effects
using SAS. If overall F was significant, multiple compar-
isons were analyzed using Bonferroni 7-test (38). Data were
expressed as percentage of the total analyzed population.

Bromodeoxyuridine (BrdU) Pulse-Chase Label-
ing and TUNEL Assay. To determine whether cells
underwent DNA synthesis prior to cell death, a BrdU pulse-
chase experiment was used, followed by the TUNEL assay
to measure apoptotic cells. Before the pulse-chase experi-
ment was begun, the length of the NOG-8 cell cycle was
determined. Cells were pulse labeled with 50 uM BrdU for 2
hrs and then were harvested every hour for 48 hrs (39).
BrdU incorporation was detected using the BrdU staining
kit from Zymed (Zymed Laboratories Inc., San Francisco,
CA). Regression of the percentage of labeled mitoses
against time was then used to determine the length of the
cell cycle and S phase (40). From these data we determined
that an 18-hr chase would follow the 2-hr pulse labeling
with BrdU for the pulse-chase experiments.

NOG-8 cells were seeded in DMEM plus 10% FBS,
synchronized, and treated as above. At 20 hrs prior to
harvesting, cells were pulse labeled with 50 pM BrdU in
serum-free DMEM (for Day 0) or DMEM plus 10% FBS
and appropriate growth factors (for Days 2, 4, and 6) for 2
hrs. Cells were washed with PBS, media were replaced, and
cells were incubated for an additional 18 hrs. After 18 hrs,
chase media were collected, and cells were harvested on
Days 0, 2, 4, and 6, and BrdU incorporation was measured
using flow cytometry (41) and the percentage of dying cells
determined with a TUNEL flow cytometry assay (42).

Evaluation of EMT and TGF-f1 Binding As-
say. NOG-8 cells were photographed using a light micro-
scope daily to monitor for change in morphology. Day of
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transdifferentiation was identified by a distinct visible
change in morphology, characterized by a change from an
epitheliallike cobblestone morphology to a fibroblastlike
morphology (EMT) in more than 75% of the cells. To
determine whether EMT was influenced by the ECM, NOG-
8 cells were plated on plates coated with laminin,
fibronectin, or collagen IV (Collaborative Biomedical,
Bedford, MA) in the presence of maintenance media plus
0 or 2.5 ng/ml TGF-B1.

Fibronectin expression was evaluated using immuno-
cytochemistry. Cells were plated in eight-well chamber
slides (Nunc, Naperville, IL) in the presence of O or 2.5 ng/
ml TGF-B1, grown to 90% confluence, and then fixed in 3%
paraformaldehyde. Cells were incubated for 1 hr at room
temperature with a 1:400 dilution of a rabbit anti-human
fibronectin antibody (Sigma, St. Louis, MO), followed by
immunodetection of the primary body using a Zymed
Histostain kit with the chromogen 3-amino-9-ethyl carba-
zole substrate for the streptavidin—horseradish peroxidase.

To determine whether TGF-p altered receptor binding
during EMT, TGF-B1 binding to NOG-8 cells was
measured after cells underwent a noticeable morphologic
change on each of the matrices. Cells were incubated with
2. TGF-B1 (Amersham, Arlington Heights, IL) and 0 or
10 ng/ml unlabeled TGF-B1 as described by Plaut and
Maple (43). To determine receptor subtypes, samples from
the binding assays were suspended in an equal volume of
2X sample buffer (125 mM Tris base, 20% glycerol, 138
mM sodium dodecyl sulfate, 10% B-mecaptoethanol, and
10% bromophenol blue) boiled for 2 mins, cooled, and then
loaded into an 8% polyacrylamide gel and run at 10 mA for
stacking and 20 mA for the separating gel. Gels were fixed
in 50% methanol-10% acetic acid, amplified with Amplify
(Amersham, Piscataway, NJ), dried on a Savant gel drier
(Savant Instruments Inc., Farmingdale, NY), and exposed to
Kodak XAR film (Rochester, NY) at —70°C for 2 weeks.
Film was developed, and the density of each band was
evaluated by scanning autoradiographs.

Miniarray. To determine the effect of growth factor
treatment on cell cycle—related gene expression, NOG-8
cells were seeded in a 25-cm? flask, synchronized by serum
starvation, and treated as described above for cell cycle
analysis. Total RNA was isolated using RNeasy Mini Kit
(Qiagen Inc., Valencia, CA) and was used as a template for
*32p_JCTP-labeled (PerkinElmer Life Sciences, Boston,
MA) cDNA probe synthesis (using the GEArray Q series
procedure; SuperArray, Bethesda, MD). Probes were
hybridized to mouse cell cycle genes using Mouse Cell-
cycle GEArray Q series (SuperArray). Image and data
analyses were performed using the Storm Phosphoimager
system (Molecular Dynamics, Sunnyvale, CA). Analysis of
variance was used to evaluate control genes. The control
gene Ppla was spotted in quadruplicate on each assay, and
the intraassay coefficient of variance was 14.2%. Since there
was a significant increase in expression in Ppal in response
to growth factor treatment, it was not compared across day
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Figure 1. To determine the effects of TGF-o and TGF-1 on the
growth rate of the NOG-8 cell line, cells were seeded in six-well
dishes at 10,000 cells per cm? in DMEM + 10% FBS (black
diamonds) supplemented with 10 ng/ml TGF-a (black squares), 2.5
ng/ml TGF-B1 (black triangles), or 10 ng/ml TGF-o. plus 2.5 ng/ml
TGF-B1 (black circles). Media were changed and growth factors
replenished every 2 days; cells were collected and resuspended in
0.4% trypan blue, and live cells were counted on a hemacytometer
on Days 2, 4, and 6. Data points are the mean = SE of duplicate
experiments.

or treatment. GAPDH, which was spotted in duplicate on
each array, did not vary by day or by treatment. The
interassay coefficient of variance for GAPDH was 12.8%;
therefore, GAPDH was used to correct for blot variability.
Gene expression was normalized to the control (10% FBS
with no growth factors) on each day.

Real-Time Quantitative PCR (RTq-PCR). RTq-
PCR was used to validate miniarray analysis of the cell
cycle genes Cdc25b, Mrel la, and Trp63. NOG-8 cells were
seeded in T-75 flasks, serum starved, and treated with TGF-
o, TGF-B1, and TGF-a plus TGF-B1 for 2, 4, or 6 days as
described above. Total RNA was prepared from cells using
TRIzol (Invitrogen) and treated with DNase (Ambion,
Austin, TX), and quantity was estimated using the Nano-
drop (NanoDrop Technologies, Wilmington, DE). The
quality of the RNA was assessed on a Bioanalyzer 2100
(Agilent Inc., Palo Alto, CA). High-quality RNA was
reverse transcribed into cDNA from 1 pg total RNA using
the hexamer reaction from the GeneAmp RNA PCR kit
(catalog no. N808-0017; Applied Biosystems, Foster City,
CA). Assays-On-Demand, the TagMan Gene Expression
Assays (Applied Biosystems) were used for the RTq-PCR
reactions for the following genes: mrella
(MmO00450600_m1), cdc25b (Mm00499136_m1), and
trp63 (Mmoo0495788_m1), following manufacturer specifi-
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cations. The 18S (hs99999901_s1) rRNA was used to
normalize the sample (44).

Results

Optimal Experimental Serum and Growth Fac-
tor Concentrations. To determine the concentration of
serum needed to measure the experimental effects of the
growth factors alone or in combination, growth curves were
performed with varying concentrations of FBS. Cells grown
in media supplemented with 0, 1%, or 2% FBS were growth
inhibited by approximately 70% or more on Day 6
compared with cells grown in media supplemented with
10% FBS (data not shown). Thus, to prevent masking of the
growth inhibitory effects of TGF-f1 by serum deprivation,
all subsequent experiments were performed with a control
medium of DMEM supplemented with 10% FBS.

To determine the optimal growth factor concentrations
to use for the studies, growth curve analyses were run with
varying concentrations of growth factors alone. All three
TGF-o concentrations (10, 25, and 100 ng/ml) significantly
increased NOG-8 cell growth rate compared with controls
(data not shown). Growth rates of cultures treated with 0.25
ng/ml TGF-B1 were not different from controls. However,
cultures treated with 2.5 ng/ml and 10 ng/ml TGF-f1
significantly inhibited NOG-8 cell growth through Day 6
relative to controls (P < 0.0007; data not shown). Thus, 10
ng/ml TGF-a and 2.5 ng/ml TGF-B1 were used for all
subsequent experiments, as these were the minimal
concentrations that significantly affected epithelial growth
rate and fell within reported physiologic concentrations (45,
46).

Cell Cycle Analysis. To determine the effect of the
combined growth factor treatments on long-term cell culture
growth patterns, 6-day growth curves were performed by
counting the total number of live and dead cells on a
hemacytometer (Fig. 1). As expected, when TGF-o. was
added in the presence of serum it enhanced the growth rate
of NOG-8 cells, whereas the addition of TGF-3 suppressed
growth relative to serum-treated controls. When the growth
factors were added together the pattern of growth was
marked by two phases: growth and death. During the first 2
days of culture there was an apparent equilibrium between
the two transforming growth factors, as the rate of growth
was equal to that of the control cells. Between Days 2 and 4
the rate of cell growth increased in the combined treatment;
however, it was intermediate between control and TGF-f.
Growth of cultures treated with TGF-a plus TGF-B
apparently “peaked” at Day 4 and then crashed into death
phase between Days 4 and 6 (Fig. 1). This was in contrast to
all other treatments, which appeared to enter a stationary or
lag phase, as indicated by the lack of change in slope of the
growth curve between Days 4 and 6 (Fig. 1).

Flow cytometry was used to determine how the
proportions of cells changed in each phase of the cell cycle
during this 6-day period. Figure 2 shows that following 24
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Figure 2. Flow cytometry was used to determine the proportion of cells in each phase of cell cycle during the 6-day experimental period. NOG-8
cells were seeded at 10,000 cells per cm? with DMEM supplemented with 10% FBS and were synchronized in the cell cycle by serum starvation
for 24 hrs (gray bars; Day 0). After synchronization, maintenance media (DMEM and 10% FBS) was added to cells alone (control; black bars) or
supplemented with 10 ng/ml TGF-a (striped bars), 2.5 ng/ml TGF-f (dotted bars), or 10 ng/ml TGF-a and 2.5 ng/ml TGF-$3 (white bars). The
proportion of cells in each phase of the cell cycle was determined with flow cytometry, and data were evaluated using analysis of variance, with
treatment and day as main effects using SAS. Experiments were done in duplicate; the data are expressed as mean percentage of the total
analyzed population = SE. Means with a different letter indicate treatment difference at P < 0.05 within each phase of the cell cycle.

hrs of serum starvation, cells were synchronized, with 73%
of cells arrested in Go/G; phase of the cell cycle. After 2
days of culture, control cells were cycling, with approx-
imately 20% fewer cells in Go/G; and 15% more cells in S
phase relative to Day O (Fig. 2). Cells treated with TGF-a
were cycling at a rate similar to that of control cultures (Fig.
2). When cells were cultured with TGF-f1, they also began
cycling, but at a slower rate: 68% of TGF-B1-treated cells
were in Gy/G; versus 52% of control cells (P < 0.05), and
12% of TGF-B1-treated cells were in S phase versus 23% of
control cells (P < 0.05), indicating that TGF-B1 does inhibit
DNA synthesis. Cells in the combined treatment also
entered the cell cycle at a slower rate relative to controls,
but the effect was less pronounced, with 21% of these cells
versus the 23% of the control cells (P < 0.05; Fig. 2) in the
S phase of the cell cycle. On Day 4 the combined treated
cultures had a significantly lower proportion of cells in G/
Gy phase and a significantly greater proportion of cells in S
phase relative to all other treatments (P < 0.05), and on Day
6 both the TGF-B-treated and the combined treated cultures
had a significantly lower proportion of cells in G/Gy
relative to control and TGF-o—treated cultures.

A significant change in the percentage of Pl-stained
cells with less than 2 N nuclear content was evident during
flow cytometry analysis, and thus led to the examination of
the dying population. Centrifugation of media and cells and
subsequent use of trypan blue exclusion verified that the

whole population of dead cells was being recovered. To
determine the rate of cell death in cultures, a TUNEL flow
cytometry assay was combined with a BrdU pulse-chase
experiment. The BrdU pulse-chase experiment was used to
determine whether cells underwent apoptosis prior to or
after S phase. Following serum starvation, approximately
33% of the population died, indicating that serum starvation
had a negative effect on the cell population. By Day 2, only
6%, 4%, and 17% of control, TGF-o—, and combined
growth factor—treated cells were dying. However, 40% of
TGF-pB—treated cells were dying at Day 2. For all treatments,
the dying cell population went through the cell cycle prior to
death (Fig. 3).

On Day 4, TGF-o-treated cultures were protected
against death compared with the other treatments. However,
the population of dying cells in the combined growth factor
treatment was increased from approximately 16% to 89%
from Day 2 to Day 4. The increase in the dying population
for other treatments was much smaller; 15%, 10%, and 22%
more cells were dying by Day 4 in the control, TGF-a, and
TGF- treatments, respectively (Fig. 3). For the control and
TGF-a treatments, two thirds of the dying cell population
was not cycling prior to death, and one third was cycling
before cell death. In contrast, the dying cell population was
split equally between the cycling and noncycling popula-
tions in both the TGF- and the combined treatments.

By Day 6, 50% of the TGF-p—treated cells were dying
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Figure 3. The dying population was examined using a TUNEL flow cytometry assay combined with a BrdU pulse-chase experiment. The pulse-
chase experiment was used to determine whether cells were cycling prior to cell death. Flow analysis was used to determine (i) the total dying
population, which was the proportion of the entire analyzed population (P1) positively stained with Tricolor using the TUNEL assay; (ii) the
percentage of cells dying and not cycling, which was the proportion of the P1 cells only labeled with Tricolor; and (iii) the percentage of cells
dying and cycling, which was the proportion of the P1 cells double labeled with Tricolor and fluorescein isothiocyanate. Gray bars, serum
starved 24 hrs; black bars, control; striped bars, 10 ng/ml TGF-«; dotted bars, 2.5 ng/ml TGF-f; white bars, 10 ng/ml TGF-a and 2.5 ng/ml TGF-
1. The experiment was done in duplicate; data are represented as mean + SE; statistical analysis indicated an overall treatment by day effect

on the percentage of dying cells (P < 0.05).

versus 90% in the combined treatment. Only 20% to 30% of
the cells were dying in either TGF-a or control cells. The
percentage of dead cells that were cycling decreased in all
treatments except the combined growth factor treatment, in
which the cycling cell population increased 26%. In the
control and TGF-a treatments, most of the cells were not
cycling before death. In the TGF-f treatment, the percen-
tages of the cycling and noncycling cells in the dying
population were approximately equal. For the combined
treatment, the percentage of the dying population that was
cycling before cell death was approximately four times
greater than the percentage of cell population that was not
cycling before cell death (Fig. 3).

Effect of Growth Factors on Cell Morphology
and TGF-p Receptor Binding. Cultures were examined
daily using a light microscope to monitor change in cellular
morphology. Control cultures and cultures treated with
TGF-o. maintained a cobblestone morphology typical of
epithelial cells throughout the 6-day experimental period
(Fig. 4). Cultures treated with TGF-B1 alone as well as
combined cultures were phenotypically transformed from a
cobblestone morphology to a spindle-shaped morphology

typical of fibroblast cells (EMT) on Days 2 and 4,
respectively (Fig. 4). Interestingly, on Day 6 the cultures
treated with TGF-a plus TGF-B1 often began to detach from
the bottom of cell culture plates, making them difficult to
study. Since TGF-o did not stimulate transdifferentiation in
the absence of TGF-[1, further investigations on EMT were
done with TGF-B1 alone. In order to further characterize
EMT, immunocytochemistry was used to evaluate the level
of fibronectin expression in culturesm, as increased
expression of mesenchymal markers is a hallmark of EMT
(30). Fibronectin expression increased in cells that under-
went EMT following 2 days of TGF-B1 treatment (Fig. 5),
supporting our microscopy observations of EMT.

EMT is also characterized by reorganization of the actin
cytoskeleton. Epithelial cells interact with a specialized
ECM, known as the basement membrane (BM), through
integrins, which are the major ECM receptors (47). Integrins
connect the BM to the intracellular actin cytoskeleton and
via recruitment of focal adhesion kinases, which in turn
initiate signaling cascades involved in regulating cell shape,
migration, and differentiation (48), suggesting that the
substrata that epithelial cells are plated on may affect their

Downloaded from ebm.sagepub.com at SAGE Publications on October 30, 2014


http://ebm.sagepub.com/

COMBINED EFFECTS OF TGF-o AND TGF-§

Figure 4. Cells were observed daily with a light microscope using phase contrast to examine any changes in morphology. Control cultures (A)
and cultures treated with 10 ng/ml TGF-o (B) maintained a cobblestone morphology typical of epithelial cultures throughout the 6-day
experimental period. However, EMT became evident on Day 2 in cultures treated with 2.5 ng/ml TGF- (C) and on Day 4 in cultures treated with

10 ng/ml TGF-a plus 2.5 ng/ml TGF-$ (D). Magnification: X100.

ability to undergo EMT. However, NOG-8 cells treated with
TGF-B underwent EMT on all three substrata tested:
laminin, fibronectin, and collagen IV (data not shown).
TGF-B—induced EMT has been shown to be stimulated
through pathways that are distinct from TGF-B—stimulated
growth inhibition and apoptosis in epithelial cells (2, 30,
49-51). Since TGF-B signaling cascades are initiated
through cell surface receptors, and alterations in receptor
numbers and/or stoichiometry may affect the stimulation or
inhibition of distinct signaling cascades, we measured
whether EMT was accompanied by changes in TGF-B
receptor binding or distribution of subtypes. TGF-B1
receptor binding was greatest in control compared with
TGF-B1-treated cultures on all matrices tested. Binding was
greatest in control cultures plated on fibronectin, but these
differences were not significant due to large variability in
response (Table 1). Polyacrylamide gel electrophoresis of
the cross-linked samples indicated that the receptor
population was redistributed in TGF-B-induced EMT
cultures compared with nontransdifferentiated control
cultures (Table 2 and Fig. 6). The proportion of cells plated
on plastic expressing TGF-BR2 increased from 43% to 64%,
and TGF-BR1 decreased from 38% to 11% (P < 0.05).

Further, EMT-associated redistribution of receptors oc-
curred, regardless of the matrix on which the cells were
plated (Table 2).

Growth Factor Effect on Cell Cycle Gene
Expression. The effect of growth factor treatment on
the expression of cell cycle-related genes was examined
using a cDNA miniarray with mouse cell cycle genes. There
was a significant interaction between treatment and day in
many of the genes (P < 0.05; Table 3). Differences in
patterns of gene expression between the treatments were
illustrated with arrows, indicating at least a 4-fold increase
or decrease in gene expression relative to control cultures on
each day (Table 3). From these data we selected three genes
that represented one of the main subgroups of the
miniarray—cell cycle regulatory (Cdc25b), differentiation
(Trp63), and cell death (Mrella)-to validate changes using
RTqg-PCR (Fig. 7). Ccd25b was induced by TGF-o on Day
2, dropped down to control levels on Day 4, and was
suppressed relative to control on Day 6. TGF-f and the
combined treatments had no effect relative to control
cultures on Cdc25b expression on Days 2 and 4, but on
Day 6 the expression was depressed relative to control.
TGF-o induced the expression of Trp63 relative to the
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Figure 5. Fibronectin expression was evaluated with immunocyto-
chemistry when cultures reached 90% confluence. Expression of
fibronectin was greater in cultures induced to undergo EMT in the
presence of 2.5 ng/ml TGF-p1 (A) versus nontransdifferentiated
control cultures (B). A mouse IgG control (C) was run with each
experiment and shows no staining. Magnification: X100.

control on Days 2 and 4 but was similar to control levels on
Day 6. On the other hand, Trp63 expression was suppressed
in TGF-B cultures on Days 2 and 6 relative to control
cultures and was suppressed in the combined treatment
relative to controls throughout the 6-day period. The
expression level of Mrella was similar in all cultures on

CASEY ET AL

Table 1. Effect of Extracellular Matrix on Binding of
TGF-B1 to NOG-8 Cells?
TGF-p1 TGF-p1

Matrix (ng/ml) bound/cell, nm SE
Plastic 0 398 353
2.5 242 262

Collagen IV 0 421 144
25 308 105

Fibronectin 0 1121 182
25 490 52

Laminin 0 701 606
25 192 98

2 NOG-8 cells were plated and exposed to 0 or 2.5 ng/ml TGF-B1.
When EMT was observed in TGF-p-treated cultures, receptor
binding assays were performed. Receptor binding was not signifi-
cantly different between TGF-$1—and control-treated cultures for any
matrix.

Day 2, but on Day 4 Mrella was suppressed relative to
controls in TGF-B and combined treatments, and then on
Day 6 the expression of Mrella was suppressed relative to
controls in all three growth factor treatments.

Discussion

Effects of Growth Factor Treatment on Cell
Growth and Morphology. TGF-o-treated mammary
epithelial cell cultures had the greatest sustained growth
rate. These cultures had more cells cycling and relatively
few dying cells throughout the 6-day experimental period.
These data are consistent with previous literature showing
that TGF-a is a mitogen in mammary epithelial cultures (12,
14). Cultures treated with TGF-oo maintained cobblestone
morphology typical of normal epithelial cells throughout the
experimental period, indicating that they did not undergo
EMT or transformation under these culture conditions.

The slower growth rate in TGF-B-treated cells was due
to both inhibition of DNA synthesis and induction of cell
death or apoptosis, as evident in the slower rate of entry into
the S phase of the cell cycle (Fig. 2) and the greater
percentage of cells dying throughout the 6 days (Fig. 3).
Interestingly, most of the cells induced to undergo cell death
on Day 2 had been in S phase 18-20 hrs earlier. As the
experimental days progressed, cells from both the non-
cycling and cycling populations were stimulated equally to
undergo cell death.

As expected, cultures treated with TGF-f1 underwent
EMT, as evident in the change in phenotypic morphology
and increased expression of fibronectin (Figs. 3 and 4).
Further, we found that TGF-B1 induced EMT on all types of
matrices tested, suggesting that TGF-f—induced EMT
overrides ECM-focal adhesion signaling. TGF-B—induced
EMT was also accompanied by a redistribution of TGF-f
receptor populations. The number of TGF-BR1s decreased
as TGF-BR2s and betaglycan (also known as the type III
receptor) increased. The significance of this change in
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Table 2. Effect of ECM and TGF-B1 on Distribution of
TGF-B Receptor Types?

Matrix TGF-B1 (ng/ml)  Type |l Typell Type lll
Plastic 0 39.4 40.7 19.9
25 21.2 71.3 7.5
Collagen IV 0 46.3 33.7 20.0
25 21.0 62.8 16.2
Fibronectin 0 33.2 40.5 26.4
25 0 43.4 56.6
Laminin 0 31.1 57.9 11.0
25 0 80.4 19.1

2 NOG-8 cells were plated and exposed to 0 or 2.5 ng/ml TGF-B1
until EMT occurred in TGF-p—treated cultures. Binding assays were
then performed by exposing cells to '?°I-TGF-p1 for 30 mins at 4°C
with or without 10 ng/ml TGF-B1. Following binding assays, samples
were resuspended in sample buffer, boiled for 2 mins, cooled and
loaded in an 8% polyacrylamide gel, and run at 10 mA for stacking
gel and 20 mA for separating gel. Gels were fixed, amplified, dried,
and exposed to X-ray film, and receptor population was measured by
densitometric analysis and expressed as percentage of total receptor
population.

receptor population is unclear, since TGF-BR2 and TGF-
BR1 normally work in concert, with a 1:1 stochiometry (25,
52, 53). It is possible that epithelial cells use divergent
pathways for EMT and growth inhibition (30, 50, 51), and
the change in receptor distribution reflects changes in
signaling pathways. Thus, the change in distribution of the
receptor population upon EMT is quite intriguing and needs
further investigation, as it may provide clues as to why
TGF-B switches from a tumor suppressor to a progression
factor. The role of TGF-B in cancer progression and
metastasis is believed to be due to the dissociation of its
growth inhibitory effects from its effects on the ECM (54) as
well as the inappropriate induction of EMT in tumors (33).
As expected, we observed a dichotomy of behavior
when cultures were treated with TGF-o and TGF-f
concurrently. These cultures were marked by high rates of
proliferation, death, and cellular transformation. The change
from a growth phase to a death phase in the cultures treated
with TGF-a plus TGF-B on Day 4 was due to a 5-fold
induction of cell death. These cells also had the greatest
proportion of cells in S phase on Day 4, suggesting that
TGF-a continued to stimulate cell growth while TGF-3 was
inducing cell death. Thus, even though a greater percentage
of cells were cycling, even more were dying, reflecting the
change from the growth to death phase and pointing to the
importance of not just relying on measuring DNA synthesis
as a marker of cell growth. Both the cycling and noncycling
pools of cells contributed equally to the dying population,
and it is important to note that this pattern of enhanced rates
of cycling cells coupled with high rates of cell death is
typical of what is seen in tumors. TGF-B is clearly the
molecular switch regulating the change in growth behavior
in the combined cultures, since TGF- stimulated cell death
while TGF-a suppressed cell death relative to controls.
Similar to TGF-p—treated cultures, the combined treat-

1035

kD

1 2 3 4

Figure 6. The effect of TGF-p treatment and EMT on distribution of
TGF-B receptor subtypes was examined by plating NOG-8 cells on
cell culture plastic at 10,000 cells/cm? with DMEM and 10% FBS
supplemented with 0 (lanes 1 and 2) or 2.5 ng/ml TGF-B1 (lanes 3
and 4). When cells underwent EMT after 2 days in TGF-p—treated
cultures, competitive recegtor binding assays were performed by
incubating samples with '2°I-TGF-1 + 0 ng/ml TGF-p1 (lanes 1 and
3) or "®*I-TGF-p1 + 10 ng/ml TGF-B1 (lanes 2 and 4). Following
binding assays, samples were prepared for electrophoresis and
loaded in an 8% polyacrylamide gel. A shift in receptor type was
noted from control cultures (lane 1) to cultures treated with 2.5 ng/ml
TGF-B1 (lane 3), as there was an increase in type Il receptors relative
to type I.

ment went through EMT, although it was on Day 4 in TGF-
o plus TGF-B-treated cultures versus Day 2 in cultures
treated with TGF-f alone. There is evidence that EMT may
be involved in the dedifferentiation program that leads to
malignant carcinoma and cell detachment from primary
tumors (33, 55). In this cell culture system, the combined
treatment frequently became detached in sheets from cell
culture dishes at Day 6. This may be indicative of
anchorage-independent growth. We know that this detach-
ment was not due to “overcrowding” of these cultures, as
both the control treated and TGF-o—treated cultures
contained many more cells than the combined treatment. It
also is not a phenomenon of low cell number, since TGF-f3—
treated cells did not detach. Since TGF-f1-induced EMT
did not cause cells to detach from cell culture plates, the
transformation we are seeing in these cultures appears to be
due to the combined effects of the TGFs, which may mimic
tumor growth behavior rather than cancel each other out.
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Table 3. Miniarray-Detected Changes in Cell Cycle—Related Gene Expression Patterns Expressed Relative to
Control-Treated NOG-8 Cells on Days 2, 4, and 62

Gene TGF-o TGF-B TGF-o +TGF-B
name Function Day 2 Day 4 Day 6 Day 2 Day 4 Day 6 Day 2 Day 4 Day 6

Cdk5r°  Homologous to Cdc2 expressed in apoptotic — — — | T 1 T — —
cells, upregulated to cause death

Ccnd1°  Cyclin D1, upregulated to stimulate cell cycle — — — ) T T T T T

; progression

E2f4 Transcription repressor, binds with p107 and T T 1 ) — — T T T
Smads 3 and 4 to repress c-myc

cdc25b®’ Phosphatase, activates cyclin-dependent T — l — — | — — !
kinases, activates cyclin a and b1 for G, to S

cdc20?  Activates anaphase-promoting complex by — T — T — — 1 1 —
degrading kip1p

cdc2a”  Associated with apoptosis and — T T — T T T 1 T

) hyperphosphorylation of Rb
mrella”  Endonuclease and exonuclease activity for — — ) — 1 i} — i} l
. DNA repair

Ubc/ Ubiquitin associated with stress response, T — T — — T 1 — T
binds with mdm2 to promote cell repair

trp63"  p53 homolog, needed for stem cell 1 ) — l — l ! ! l
maintenance

mdm2’  Binds to p53 and p63 and may rescue cells — T — T T T T T T
from apoptosis

bcl2™ Suppresses apoptosis 1 7 7 T T — 7 1 —

bax™ Dimerizes with bcl2; when overexpressed — T T — T T — T T

induces apoptosis

2 Mouse cell cycle GEArray Q series (SuperArray Inc.) cDNA miniarrays were used to measure gene expression in control cultures and cultures
treated with TGF-a,, TGF-B1, or TGF-a plus TGF-f for 2, 4, or 6 days following serum starvation. Miniarray analysis experiments were performed
two times, with duplicate arrays run for each treatment in each experiment. Blot variability was corrected by normalizing GAPDH expression
among blots, whereas gene expression was normalized to the control (10% FBS with no growth factors) on each day. There was a significant
interaction between treatment and day for many of the genes, including those listed in the table (P < 0.05). Arrows indicate at least a 4-fold
decrease (|) or increase (1) in gene expression relative to controls within each day. —, indicates that there was a less than 4-fold difference in
gene expression with RTg-PCR.

b zhu et al. (71).

° Barnes and Gillett (72).

9 Vairo et al. (73)

¢ Forrest and Gabrielli (74).

"Indicates that the pattern of change in gene expression was validated.

9 Gordon and Roof (75).

" Choi et al. (76).

"D’Amours and Jackson (77).

/ Conaway et al. (78).

K Dohn et al. (79).

"'Kadakia et al. (80).

" QOltvai et al. (81).

Effect of Growth Factor Treatment on Cell enable progression through the cell cycle; specifically,
Cycle Regulatory Gene Expression. There was a  Cdc25b activates the G,- and S-phase cyclin-cdk com-
significant interaction between treatment and day on the plexes, cyclin A-cdk2 and cyclin B, respectively (56, 57).
expression of many of the cell cycle regulatory genes that ~ The expression pattern of Ccd25b in TGF-o cultures is
were measured with ¢cDNA miniarrays. Overall, TGF-$ consistent with its role in cell cycle progression. Growth
appeared to dominate over TGF-o in transcriptional curves demonstrated a greater rate of growth in TGF-o—
regulation of cell cycle regulatory proteins (Table 3), as treated cultures concurrent with the greater level of Cdc25b
gene expression patterns of combined treatments were more  expression relative to control cells. As growth rate of TGF-o
similar to TGF-p—treated cultures than they were to TGF-o. cultures slowed and then entered into a lag phase, Cdc25b

RTg-PCR was used to validate the expression pattern of ~ expression levels dropped to control levels and below. In
a subset of these genes, Cdc25b, Trp63 and Mrella, that ~ TGF-f and the combined treated cultures, the expression of
had not yet been reported in the literature to be regulated by Cdc25b was not different from control cultures on Days 2
the TGFs. Cdc25b is a member of the Cdc25 family of  and 4 of the experimental period, but it was suppressed
phosphatases, which activate cyclin-dependent kinases to relative to controls on Day 6. This pattern of expression is
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consistent with the role of Cdc25b and the growth pattern of
the TGF-PB—treated cultures, in that between Days 4 and 6
the cells enter a lag phase of growth. However, the
expression pattern of Cdc25b in the combined treatment is
somewhat contrary to the cell cycle analysis data. On Day 4,
a significantly greater proportion of cells were in S phase
than all other treatments; however, the expression of
Cdc25b was similar to control levels, suggesting that levels
of Cdc25b mRNA may not be indicative of its activity.

Trp63 expression was greater in TGF-o—treated cul-
tures relative to controls on Days 2 and 4, whereas it was
suppressed relative to controls in TGF-f—treated cultures on
Days 2 and 6, and it was suppressed all three experimental
days relative to controls in the combined treatment. Trp63
appears to be essential for maintenance of a stem cell
population, as p63~~ mice have no hair follicles, no teeth,
and no mammary, lacrimal, or salivary glands (58, 59).
Further, trp63 stains the basal undifferentiated cells of the
mammary gland and other organs, including skin and
prostate, and has been suggested to be a marker of
undifferentiated basal mammary “stem” cells (58, 59).
Interestingly, overexpression of TGF-o in transgenic mice
specifically changes proliferative rates in cells characterized
as mammary stem cells (60). Together, these data suggest
that TGF-o not only stimulates proliferation in stem cells
but also stimulates genes that act to maintain the stem cell
population. Further, it is likely that the tumor-suppressive
role of TGF-B may in part override TGF-o—stimulated gene
expression, as TGF-f treatment suppressed Trp63 expres-
sion in the combined treated cultures, which was antago-
nistic to the action of TGF-o.

The Mrell protein is a subunit of a multisubunit
nuclease that is composed of Mrel1, Rad50, and Nbs1/Xrs2
(MRN; Ref. 61). MRN functions to repair DNA double-
stranded breaks by homologous recombination at the G,
checkpoint and at the G;/S checkpoint (62). Mrella
expression in TGF-o—treated cultures was not different
from controls during the first 4 days of the experimental
period, but it was suppressed on Day 6 relative to control
cultures. The suppression of Mrella expression relative to
controls indicates that fewer cells are being repaired to
reenter the cell cycle in TGF-o-treated cultures, which
reflects the fact that the cells are at a higher density than
controls and are clearly in a lag phase. The suppression of
Mrella in TGF-f and the combined treated cultures on
Days 4 and 6 is indicative of the greater percentage of cells
dying in these cultures and suggests that Mrel 1a expression

Figure 7. RT-gPCR was used to validate the patterns in the change
of expression of three cell cycle—related genes: (A) trp63; (B) cdc25b;
and (C) mre11a over the 6 days in culture in cells cultured with 10 ng/
ml TGF-a (striped bars), 2.5 ng/ml TGF-f (cross-hatched bars), or 10
ng/ml TGF-o and 2.5 ng/ml TGF-p (open bars). Changes in expression
of genes were expressed relative to the controls for each day.

Downloaded from ebm.sagepub.com at SAGE Publications on October 30, 2014


http://ebm.sagepub.com/

1038

is turned off or suppressed in dying cells, and fewer cells are
being repaired to reenter the cell cycle.

Conclusion. There is a critical balance between
apoptosis, or programmed cell death, and proliferation
during tissue morphogenesis and maintenance. An imbal-
ance between cell proliferation and apoptosis may contrib-
ute to tumorigenesis and tumor progression. The rate of
tumor growth depends in part on an excess of proliferation
over apoptosis (63), and many anticancer agents produce
their therapeutic effect by decreasing proliferation and
increasing apoptosis (64—66). Interestingly, tumors exhibit
both abnormally high rates of cell proliferation and
apoptotic cell death. In breast cancer, high apoptotic counts
are positively associated with proliferation index as well as
high histologic grade, a high risk of lymph node metastasis,
and shortened disease-free state (20, 63, 67-70). Late-stage
aggressive breast tumors are also characterized by lack of
differentiation and epithelial plasticity, EMT. Therefore, in
several ways, the treatment of normal epithelial cell cultures
concurrently with TGF-oo and TGF-f1 mimicked tumor
growth, as these factors induced enhanced rates of cell
proliferation and cell death as well as cellular trans-
formation. Thus, this culture system may serve as an
excellent model to study what occurs during the progression
of breast cancer, and may be used to help define targets for
anticancer therapy.
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