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Introduction 

TTie purpose of this research project was to characterize growth inhibitory effects of interleukin- 

4 (IL-4) in breast cancer cells and identify key signaling molecules which may be targets for future strategies to 

enhance the negative growth effects of IL-4.   We have reported that IL-4-mediated growth inhibition is 

associated with increased apoptosis. Furthermore, we have identified that IL-4 activates two important signaling 

molecules IRS-1 and STAT6. Inhibition of IRS-1 does not block IL-4-mediated growth effects while inhibition 

of STAT6 decreases IL-4-mediated growth inhibition and apoptosis.  Additionally, over-expression of STAT6 

mimics the effect of DL-4 by decreasing growth and increasing apoptosis. In addition to these findings, we have 

also explored several other aspects of growth inhibition and apoptosis in breast cancer cells.  We found that 

IGF-I is an effective mediator of survival following treatment with chemotherapy agents which induce 

apoptosis.   Also, we have shown that the appearance of DNA laddering represents an end-stage processing 

mechanism that is not an accurate indicator of apoptosis in all strains of MCF-7 cells. Finally, we examined the 

mechanism of EFN gamma -mediated growth inhibition of breast cancer cells in vitro.  In addition to the JAK- 

STAT pathway, interferon gamma   decreases breast cancer cell growth in p21 dependent and independent 

pathways.   In conclusion, our research on the mechanism and signal transduction pathways of IL-4 in human 

breast cancer cells has resulted in numerous original and significant findings as well as expanded our knowledge 

of mechanisms of apoptosis and growth inhibition of human breast cancer cells. 



Annual Summary 

The title of this research grant is "Over-expression of IL-4 signaling pathway to inhibit breast tumor 

growth". In the annual summary for 1998-1999, we reported significant progress on this project including 

publication of several key findings. First, we reported that interleukin-4 induces growth inhibition and apoptosis 

in human breast cancer cells [ 1 ]. While it had previously been reported that IL-4 inhibits the growth of some 

transformed cells, we were the first to describe a possible mechanism, apoptosis, for the growth inhibitory 

effect. The next step in this research project involved examining the signaling pathway activated by IL-4 in 

human breast cancer cells in vitro and determining what signaling molecules were required for IL-4-mediated 

growth effects. We found that IL-4 treatment resulted in the phosphorylation of two important signaling 

molecules, IRS-1 and STAT6. Using an inducible anti-sense strategy to inhibit IRS-1 expression in MCF-7 

breast cancer cells, we showed that IRS-1 is not required for IL-4-mediated growth inhibition and apoptosis. In 

contrast, MCF-7 cells stably expressing anti-sense IRS-1 were less sensitive to IGF-I-mediated proliferation and 

protection from apoptosis [ 2 ]. As a result, we examined the importance of STAT6 in IL-4-mediated growth 

effects. Using a dominant-negative STAT6 molecule, we demonstrated that IL-4 failed to inhibit the growth of 

MCF-7 cells when STAT6 activity was inhibited by over-expression of a dominant negative protein. 

Furthermore, over-expression of full-length STAT6 resulted in growth inhibition [ 3 ]. Therefore, we concluded 

that while IL-4-mediated growth effects are associated with phosphorylation of IRS-1, STAT6 and not IRS-1 is 

required for IL-4-induced growth inhibition and apoptosis. 

In addition to work directly addressing characterization and over-expression of IL-4 signaling pathway 

in breast cancer cells, this research project also generated several other publications involving growth inhibition 

and apoptosis of breast cancer cells. First, we examined the ability of IGF-I to enhance survival of breast 

cancer cells following treatment with chemotherapy drugs [ 4 ]. Next, we examined the effect of strain-specific 



differences on the ability of MCF-7 cells to undergo DNA laddering [ 5 ] Finally, we showed that IFN gamma 

inhibits the growth of breast cancer cells in both p21-dependent and independent mechanisms [ 6 ]. 

IL-4 and IGF-I (insulin-like growth factor-I)-share common signaling molecules, namely IRS-1.   In 

contrast to IL-4, however, IGF-I induces proliferation and increases survival of breast cancer cells.  Although 

our work eventually demonstrated that IRS-1 is not required for IL-4-mediated growth effects, we were 

interested to further explore the growth effects mediated by IGF-I via IRS-1.  As a result, we examined the 

ability of IGF-I to increase survival of breast cancer cells following treatment with two common chemotherapy 

agents, doxorubicin and paclitaxel [ 4 ].   Because many breast cancer cells express components of the IGF-I 

pathway and therefore potentially sensitive to growth effects mediated by IGF-I, it is possible that some tumors 

are less responsive to chemotherapy agents which rely on induction of apoptosis. In fact, we showed that IGF-I 

increased survival and decreased the apoptosis of MCF-7 breast cancer cells after treatment with both anti- 

cancer drugs.  Interestingly, we found that IGF-I may have multiple mechanisms for enhancing survival.  For 

example, in the case of doxorubicin-mediated apoptosis, IGF-I treatment resulted in a decrease in apoptotic 

cells, but no change in cell number or cell cycle distribution. In contrast, following paclitaxel treatment, IGF-I 

mediated an increase in cell number and a shift of cells into the S-phase of the cell cycle, both indicating 

proliferation, but did not change the actual number of cells undergoing apoptosis. In support of IGF-I activating 

two different mechanisms to enhance cell survival, we found that IGF-I's protective effect following 

doxorubicin-induced cell death required activation of both PI-3 kinase and Erkl/Erk2 MAPK while IGF-Fs 

protective effect following paclitaxel required only Erkl/Erk2 MAPK.  As PI-3 kinase has been implicated in 

inhibition of apoptosis and Erkl/Erk2 is commonly associated with proliferation, it is apparent that IGF-I can 

both decrease apoptosis and increase proliferation to enhance survival. 



The observation that IL-4 induced apoptosis in breast cancer cells was made only after multiple indices 

for apoptosis were confirmed. These included appearance of pyknotic nuclei, chromosome condensation, 

cleavage of poly-ADP-ribose polymerase (PARP), appearance of sub-Gl DNA content on FACS sorting, and 

degradation of DNA into internucleosomal fragments. In the course of these experiments, we learned that 

internucleosomal fragmentation of DNA into so called DNA ladders was controversial in some cells, including 

MCF-7 breast cancer cells. While some investigators, including us, have published DNA laddering following 

various apoptotic stimuli including IL-4, other laboratories have reported that MCF-7 cells do not undergo DNA 

laddering at all. However, it has previously been reported that MCF-7 cells maintained in different laboratories 

for extended periods of time exhibit unique characteristics that suggest the development of different strains of 

MCF-7 cells. Therefore, we hypothesizd that the apparent difference in the ability of MCF-7 cells to undergo 

DNA laddering might be strain-specific. Accordingly, we found that when a panel of MCF-7 cells from 

different laboratories was treated with adriamycin, only 3 strains produced ladders while 3 did not [ 5 ]. The 

lack of DNA laddering was not due to a lack of sensitivity to the drug as all cell lines were growth inhibited in a 

dose-responsive manner. Nor was the absence of DNA ladders due to a failure to undergo apoptosis as a 

comparable portion of cells from laddering and non-laddering strains had sub-Gl DNA content by FACS 

sorting. From this work, we were able to conclude that while laddering may be a convenient way to detect 

apoptosis, it may not be accurate in all cell lines. 

The final set of data which stemmed from our work on IL-4 in breast cancer cells came about while we 

examined IL-4-mediated activation of the JAK-STAT pathway. Other groups have shown that the 

immunoregulatory cytokine interferon gamma may enhance growth inhibition of breast cancer cells by other 

cytotoxic agents and has been shown to act via activation of STATs. Therefore, we examined DNA binding of 

STATs using a specific element from the c-fos gene promoter. While IL-4 failed to activate binding of STATs , 
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interferon gamma treatment resulted in a protein-DNA complex containing STAT1 and possibly STAT3. (We 

later learned that IL-4 activation of STATs was limited to STAT6 and required a very specific DNA binding 

sequence which was different from the one we used to identify interferon gamma-mediated activation of 

STAT1.) We then went on to characterize interferon gamma-mediated effects on breast cancer cell lines. [ 6 ] 

We found that interferon gamma inhibited growth of several cell lines and this was associated with changes in 

the cell cycles mainly an increase of cells in Gl. Interestingly, interferon gamma did not inhibit anchorage 

independent growth of one cell line, MDA-MB-231. We found that this loss of inhibition in soft agar was 

associated with a lack of the cyclin dependent kinase inhibitor, p21. While p21 mRNA was present, p21 

protein was not induced interferon gamma treatment in MDA-MB-231 cells as it was in other breast cancer cell 

lines. Finally, we found that the loss of p21 protein could be rescued by inhibiting the proteosome, suggesting 

that degradation of p21 is enhanced in this cell line and may be one mechanism or inactivating this cell cycle 

regulating protein. 

In conclusion, our work on this DOD funded research project has been exciting and fruitful. We have 

contributed to knowledge about the role of IL-4 and its signaling pathway in breast cancer cells. Additionally, 

we have pursued related questions as they stemmed from this work. I have now published 4 original papers in 

reputable journals (with 2 still in submission) and have successfully completed a dissertation titled, "The role of 

IRS-1 in IGF-I and IL-4 - mediated growth effects in human breast cancer cells." Thank you for your support 

of this project and of my doctoral taining. 
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Key Research Accomplishments 

1. Interleukin-4 inhibits growth of breast cancer cell lines and induces apoptosis. 

2. IL-4 activates IRS and JAK-STAT signaling pathways in breast cancer cell lines. 

3. IL-4-mediated growth inhibition and apoptosis occurs even when IRS-1 protein and mRNA are reduced. 

4. Inhibition of STAT6 blocks IL-4-mediated growth inhibition and apoptosis and overexpression STAT6 

increases IL-4-mediated growth effects. 

5. IGF-I is a potent survival factor for MCF-7 breast cancer cells and acts by both increasing proliferation and 

decreasing apoptosis. 

6. The appearance of DNA ladders does not correspond to the induction of apoptosis in different strains of 

MCF-7 cells. 

7. Interferon gamma also inhibits the growth of breast cancer cells and utilizes both p21 -dependent and p21- 

independent pathways. 
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Report 

Insulin-like growth factor (IGF)-I rescues breast cancer cells from 
chemotherapy-induced cell death - proliferative and anti-apoptotic effects 

Jennifer L. Gooch1, Carla L. Van Den Berg2, and Douglas Yee1 

^Department of Medicine/Division of Medical Oncology, University of Texas Health Science Center, San Antonio, 
TX, USA; 2School of Pharmacy, University of Colorado Health Science Center, Denver, CO, USA 

Key words: apoptosis, breast cancer, doxorubicin, IGF-I, paclitaxel 

Summary 

Insulin-like growth factor (IGF)-I protects many cell types from apoptosis. As a result, it is possible that IGF- 
I-responsive cancer cells may be resistant to apoptosis-inducing chemotherapies. Therefore, we examined the 
effects of IGF-I on paclitaxel and doxorubicin-induced apoptosis in the IGF-I-responsive breast cancer cell line 
MCF-7. Both drugs caused DNA laddering in a dose-dependent fashion, and IGF-I reduced the formation of 
ladders. We next examined the effects of IGF-I and estradiol on cell survival following drug treatment in mono- 
layer culture. IGF-I, but not estradiol, increased survival of MCF-7 cells in the presence of either drug. Cell 
cycle progression and counting of trypan-blue stained cells showed that IGF-I was inducing proliferation in 
paclitaxel-treated but not doxorubicin-treated cells. However, IGF-I decreased the fraction of apoptotic cells in 
doxorubicin- but not paclitaxel-treated cells. Recent work has shown that mitogen-activated protein kinase (MAPK) 
and phosphotidylinositol-3 (PI-3) kinase are activated by IGF-I in these cells. PI-3 kinase activation has been 
linked to anti-apoptotic functions while MAPK activation is associated with proliferation. We found that IGF- 
I rescue of doxorubicin-induced apoptosis required PI-3 kinase but not MAPK function, suggesting that IGF-I 
inhibited apoptosis. In contrast, IGF-I rescue of paclitaxel-induced apoptosis required both PI-3 kinase and MAPK, 
suggesting that IGF-I-mediated protection was due to enhancement of proliferation. Therefore, IGF-I attenuated the 
response of breast cancer cells to doxorubicin and paclitaxel by at least two mechanisms: induction of proliferation 
and inhibition of apoptosis. Thus, inhibition of IGF-I action could be a useful adjuvant to cytotoxic chemotherapy 
in breast cancer. 

Introduction 

Insulin-like growth factor (IGF)-I is an important 
factor for the development, survival, and prolifera- 
tion of many tissues including neoplastic tissues [1]. 
IGFs have also been shown to play an important role 
in proliferation and survival of transformed cells [2], 
and possibly in transformation itself [3,4]. The role of 
IGFs in breast cancer has been studied, and it is clear 
that IGF-I is a potent mitogen for breast cancer cells 
in vitro and in vivo [5, 6]. 

In addition to its effect on proliferation, IGF-I 
has been shown to enhance tumor growth through 
the induction of survival pathways which inhibit ap- 
optosis. In vitro experiments have shown that cells 

which over-express IGF-I receptor (IGF-IR), and are 
subsequently more responsive to IGF-I, are protec- 
ted from etoposide-induced apoptosis [7]. The inverse 
is also true that cells which are deficient in IGF- 
II (an IGF-IR ligand) production are more sensitive 
to apoptotic stimuli, including chemotherapy drugs 
[8]. Finally, targeted disruption of the IGF-IR by ex- 
pression of either a dominant-negative mutant or a 
truncated form of the receptor results in the induction 
of apoptosis [8, 9]. 

The role of IGF-I as a survival factor as well as a 
mitogen has also been demonstrated in vivo. For ex- 
ample, tumors of a variety of origins including breast, 
lung, colon, and kidney over-express IGF-IR as well 
as produce IGF-I and IGF-II, suggesting a possible 
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autocrine/paracrine activation of the IGF pathway [3]. 
Also, a decrease in IGF-IR results in the induction of 
apoptosis in transplantable rodent and human tumors. 
Conversely, over-expression of IGF-IR protects cells 
from apoptosis in vivo [4]. Interestingly, analyses of 
the IGF-IR have revealed distinct regions of the cyto- 
plasmic domain of the receptor which are responsible 
for proliferative and anti-apoptotic signal transduction 
[10]. However, the specific mechanism whereby IGF-I 
promotes cell survival when challenged with cytotoxic 
agents has not been clarified. 

Since many chemotherapeutic agents may induce 
apoptosis, the influence of IGF-I as a survival factor 
could, in part, determine whether a cytotoxic agent is 
successful at inhibiting tumor cell growth. In fact, it 
has been proposed that IGF-I may play a role in the 
development of multi-drug resistance by increasing 
proliferation and inhibiting apoptosis of drug-treated 
cancer cells [11, 12]. Two of the most active agents 
in breast cancer treatment are doxorubicin and pac- 
litaxel; both have been shown to induce apoptosis 
[13-15]. Therefore, we were interested to determine 
if IGF-I treatment could alter proliferation and the in- 
duction of apoptosis of breast cancer cells treated with 
doxorubicin or paclitaxel. 

Some molecules activated by IGF-I have been 
identified, including mitogen-activated protein kinase 
(MAPK) and phosphotidylinositol-3 (PI-3) kinase. 
Our laboratory and others have shown that these two 
molecules are required for IGF-I-induced prolifera- 
tion [16, 17]. Recent work into IGF-I anti-apoptotic 
signaling has also demonstrated the importance of 
PI-3 kinase and its downstream substrate, Akt [18- 
20]. Further, a direct link between PI-3 kinase and 
the apoptosis-regulating Bel family of proteins has 
been established through Akt phosphorylation of BAD 
[21, 22]. Therefore, activation of this pathway could 
also be important for IGF-I-mediated inhibition of 
chemotherapy-induced cell killing. 

Using an IGF-I-responsive breast cancer cell line, 
MCF-7, we show here that IGF-I reduces apoptosis 
in doxorubicin- and paclitaxel-treated cells. However, 
IGF-I did not have any effect on doxorubicin-mediated 
growth inhibition of an IGF-I non-responsive cell line, 
MDA-MB-435A. Interestingly, the effects of IGF-I 
on doxorubicin- and paclitaxel-induced cell death ap- 
pear to involve at least two mechanisms: induction of 
proliferation and inhibition of apoptosis. Therefore, 
we conclude that IGF-I may decrease the respons- 
iveness of breast tumor cells to apoptosis-inducing 
cytotoxic agents. As a result, inhibition of the IGF- 

I pathway may be a useful adjunct to cytotoxic 
therapies. 

Materials and methods 

Materials 

MCF-7 cells were provided by C. Kent Osborne (San 
Antonio, TX) and were maintained in improved min- 
imal essential medium (IMEM) (Gibco, Bethesda, 
MD) plus phenol red supplemented with 5% fetal 
bovine serum (Summit, Ft. Collins, CO). MDA-MB- 
435A cells were obtained from Nils Briinner (Copen- 
hagen, Denmark) and were maintained in IMEM 
without phenol red and supplemented with 5% fetal 
bovine serum. IGF-I was from GroPep (Adelaide, 
Australia). Doxorubicin was from Sigma (St. Louis, 
MO) and paclitaxel was from Bristol-Myers (Prin- 
ceton, NJ). PD098059 was from CalBioChem (Cam- 
bridge, MA) and wortmannin was from Sigma. 

DNA laddering 

MCF-7 cells were plated at 1.0 x 106 cells per 10 cm 
dish and MDA-MB-435 cells were plated at 0.5 x 106 

cells per 10 cm dish. Cells were allowed to recover for 
24 h and were then washed once with 1 x PBS alone 
or with growth factor before drug treatments were ad- 
ded as indicated. After 48 h, the cells were washed 
with 1 x PBS, harvested with trypsin-EDTA, pelleted 
(including any cells from the medium), washed with 
1 x PBS, pelleted again, and then lysed in 0.15 M 
NaCl, 10 mM Tris-HCl (pH 7.8), 2 mM MgCl2, 
1 mM dithiothreitol (DTT), and 0.5% NP-40 on ice 
for 40 min. Lysates were centrifuged at 1000 x g for 
10 min and pellets were resuspended in 0.35 M NaCl, 
10 mM Tris-HCl, 1 mM MgCl2, and 1 mM DTT 
on ice for 20 min. Lysates were then extracted once 
with phenol-chloroform and DNA was precipitated 
with 0.01 M MgCl2 and 2.5 volumes 100% ethanol 
overnight at -20°C. DNA was pelleted at 14,000 x g 
for 20 min, resuspended in Tris-EDTA plus 0.1 mg/ml 
RNase A, and incubated at 37°C for 1 h. 1 mg/ml pro- 
teinase K was added followed by incubation at 37°C 
for an additional hour. DNA was then electrophoresed 
in 1.5% agarose gels containing ethidium bromide. 

Monolayer growth assay 

Growth assays were performed by 3-[4,5-dimethyl- 
thiazol-2-yl]2,5 diphenyltetrazolium bromide (MTT) 
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assay as described [23]. MCF-7 cells were plated 
in quadruplicate at a density of 15,000 cells per 
well in 48-well cell culture plates. Cells were al- 
lowed to adhere overnight and were then washed once 
with 1 x PBS. Following treatment, 30 p.1 of MTT 
(5 mg/ml in PBS) was added to each well for 4 h. Me- 
dium and MTT were then removed, DMSO plus 2.5% 
IMEM was added, and absorbance was measured at 
540 nm with a differential filter of 690 nm. 

Flow cytometry 

MCF-7 cells were plated at 0.5 x 106 cells per 60 mm 
dish. Cells were allowed to recover for 24 h and 
were then washed once with 1 x PBS. Serum-free 
medium was added overnight. The next day, drug 
treatments were added as indicated. Treatments were 
continued for 48 h and then cells were washed once 
with 1 x PBS, harvested with trypsin-EDTA, pelleted, 
washed once with 1 x PBS, pelleted again, and resus- 
pended with 200 p,l of PBS. 200 pJ of ice-cold 70% 
ethanol was added dropwise while vortexing. Cells 
were fixed overnight at -20°C and then 0.5 ng/ml 
propidium iodide plus 0.5 mg/ml RNAse A was added. 
Cells were analyzed using a Facstar Plus (Becton- 
Dickinson, San Jose, CA) flow cytometer, gated on 
forward light scatter, pulse height, and pulse width 
for analysis of cell cycle fractions, and ungated mode 
for detection of cells with subGl DNA content. Res- 
ulting histograms were evaluated using Modfit LT™ 
software (Verity House, Topsham, ME). 

Results 

IGF-I has been reported to enhance tumor growth 
both by increasing cell proliferation and by inhibit- 
ing programmed cell death [4, 5]. Programmed cell 
death, or apoptosis, is commonly seen after treat- 
ment of cells with cytotoxic agents [13]. Therefore, 
we were interested to find out if IGF-I could alter the 
response of breast cancer cells to treatment with the 
chemotherapy agents doxorubicin and paclitaxel. We 
treated IGF-I-responsive MCF-7 cells with increas- 
ing concentrations of doxorubicin and paclitaxel and 
examined the effect of IGF-I on apoptosis by DNA 
laddering. Both doxorubicin and paclitaxel treatments 
resulted in DNA laddering characteristic of apoptosis 
in MCF-7 breast cancer cells. IGF-I decreased the 
amount of fragmented DNA induced by doxorubicin 
and paclitaxel over a range of drug concentrations 

(Figure 1 A). Further, the protective effect of IGF-I was 
dose-responsive - increased protection was observed 
with increasing amounts of IGF-I (Figure IB). 

We next examined the effect of IGF-I treatment on 
doxorubicin- and paclitaxel-induced growth inhibition 
in monolayer culture. MCF-7 cells were treated with 
doxorubicin and paclitaxel plus vehicle control (SFM), 
IGF-I, or estradiol. As estradiol is also a potent mi- 
togen for MCF-7 breast cancer cells, it was included 
as a control. Figure 2A shows that IGF-I significantly 
increased survival of both doxorubicin- and paclitaxel- 
treated cells. In contrast, estradiol had only a slight ef- 
fect on cell number following drug treatment. We also 
examined the effect of IGF-I on doxorubicin-induced 
growth inhibition of an IGF-I non-responsive cell line, 
MDA-MB-435A. MDA-MB-435A breast cancer cells 
express IGF-IR but although IGF-I may play a role 
in invasion and metastasis of this cell line [26], the 
cells do not proliferate in response to IGF-I. We found 
that IGF-I did not have any effect on proliferation or 
survival of doxorubicin-treated MDA-MB-435A cells 
in monolayer culture (Figure 2B). 

We next determined whether the apparent decrease 
in apoptosis seen with IGF-I treatment was a result of 
more total cells due to IGF-I-mediated proliferation 
or a result of fewer dying cells due to IGF-I induc- 
tion of anti-apoptotic mechanisms. To investigate this 
we examined the effect of IGF-I on cell cycle pro- 
gression of doxorubicin- and paclitaxel-treated cells. 
Flow cytometric sorting of only intact cells was used 
to determine the fraction of cells in G1/G0, S, and 
G2/M-phases of the cell cycle; as a result, no sub- 
Gl peak is visible. Both doxorubicin and paclitaxel 
treatments resulted in an increased proportion of cells 
in G2/M compared to SFM treatment. This is consist- 
ent with the fact that both doxorubicin and paclitaxel 
have been described to block cells in G2/M [24, 25]. 
In cells treated with SFM, IGF-I resulted in a 28% 
decrease in G0/G1, a 35% increase in S, and a 22% 
increase in G2/M (Figure 3). All changes were statist- 
ically significant (Table 1). Doxorubicin-treated cells 
showed no significant response in G0/G1 or S-phase 
due to IGF-I. Interestingly, there was a small but stat- 
istically significant increase in G2/M (Table 1). In 
contrast, paclitaxel-treated cells demonstrated a re- 
sponse to IGF-I that was comparable to control (SFM) 
with a 46% decrease in Gl, a 6% increase in S- 
phase and a 25% increase in G2/M. Changes in G0/G1 
and G2/M due to IGF-I were statistically significant 
(Table 1). Therefore, paclitaxel-treated cells respon- 
ded to IGF-I with changes in the cell cycle similar 
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Figure I. IGF-I reduces DNA laddering induced by doxorubicin and paclitaxel. (A) MCF-7 cells were treated with doxorubicin and paclitaxel at 
the concentrations indicated either alone or with 50 ng/ml IGF-I. Fragmented DNA was collected and separated by agarose gel electrophoresis. 
Data shown are representative of three separate experiments. (B) MCF-7 cells were treated with 0.25 p.g/ml doxorubicin or 0.01 |xg/ml pac- 
litaxel along with increasing amounts of IGF-I. Fragmented DNA was collected and separated by agarose gel electrophoresis. Data shown arc 
representative of three separate experiments. 

to control, implying that these cells are proliferating 
in response to IGF-I. In contrast, doxorubicin-treated 
cells failed to respond to IGF-I-mediated proliferation. 

We next looked at induction of apoptosis as meas- 
ured by sub-Gl DNA content. Figure 4 shows the 
effect of IGF-I on the percentage of apoptotic cells 
in control, doxorubicin- and paclitaxel-treated cells. 
Flow cytometric sorting of all cells (including non- 
intact cells) was used to determine the fraction of 
cells with sub-Gl DNA content. IGF-I significantly 
(/; < 0.003) reduced the amount of cells under- 
going apoptosis in doxorubicin-treated cells but not 
paclitaxel-treated cells. 

To further clarify the mechanism of IGF-I- 
mediated inhibition of doxorubicin- and paclitaxel- 
induced apoptosis, we treated cells with doxorubicin 

and paclitaxel alone or with IGF-I and then stained 
cells with trypan-blue to distinguish dead cells from 
living cells. Figure 5 shows that IGF-I induced a sig- 
nificant increase in total paclitaxel-treated cells (p < 
0.02) but had no effect on the percentage of dead 
cells. In contrast, IGF-I induced only a small in- 
crease in total cells following doxorubicin treatment 
that was not significant. However, addition of IGF-I 
significantly reduced the percentage of dead cells after 
doxorubicin treatment (/; < 0.04). 

Results of DNA laddering experiments and mono- 
layer growth experiments show that IGF-I reduces the 
efficacy of doxorubicin and paclitaxel. Flow cytometry 
analyses and cell counts suggest that IGF-I reduces 
the efficacy of doxorubicin and paclitaxel by at least 
two distinct mechanisms. In doxorubicin-treated cells, 
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Figure 2. IGF-I increases survival of doxorubicin but not paclitaxel-treated cells. (A) MCF-7 cells were grown in monolayer culture and treated 
with increasing concentrations of doxorubicin or paclitaxel along with serum-free medium (SFM), 50 ng/ml IGF-I, or 10~9 M estradiol. Growth 
was measured by MTT assay. Data are plotted using absorbance values (540 nm). Error bars represent ± SEM of quadruplicate samples. Data 
shown are representative of three separate experiments. (B) MDA-MB-435A cells were grown in monolayer culture and treated with increasing 
concentrations of doxorubicin along with SFM or 50 ng/ml IGF-I. Growth was measured by MTT assay. Data are plotted using absorbance 
values (540 nm). Error bars represent ± SEM of quadruplicate samples. Data shown are representative of three separate experiments. 
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Figure 3. IGF-I stimulates entry into S-phase of paclitaxel-treated cells but not doxorubicin-treated cells. MCF-7 cells were treated with SFM 
(control), 0.25 u.g/ml doxorubicin, or 0.01 p,g/ml paclitaxel with and without 50 ng/ml IGF-I. Cells were ethanol fixed, stained with propidium 
iodide, and sorted by flow cytometry in gated mode to analyze only intact cells for DNA content. Modfit LT™ software was used to determine 
cell cycle fractions. Representative histograms of triplicate samples are shown for each treatment. Data shown are representative of three 
separate experiments. 
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Table I. IGF-I induces statistically significant changes in the cell cycle of doxorubicin- 
and paclitaxel-treated cells 

IGF-I G0/G1 P S P G2/M P 

Control 

- 69.4 ± 0.8 27.2 ± 0.5 3.5 ±0.3 

+ 46.7 ± 0.4 0.001 47.7 ± 1.2 0.002 5.7 ±0.7 0.05 

Doxorubicin 
- 73.7 ± 2.5 17.0 ±1.6 9.3 ± 0.9 

+ 74.5 ± 0.9 0.77 12.7 ± 1.0 0.09 12.8 ± 0.3 0.02 

Paclitaxel 
- 34.5 ± 2.0 22.1 ±1.1 43.4 ± 2.7 

+ 18.7 ±1.3 0.003 23.5 ± 1.3 0.45 57.8 ±1.9 0.01 

Results of flow cytometry were analyzed using Student's f-test (2-tailed, unpaired). 
Data shown are the mean of triplicate samples ± SEM. 
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Figure 4. IGF-I reduces apoptotic fraction in doxorubicin-treated 
cells but not paclitaxel-treated cells. MCF-7 cells were treated with 
SFM (control), 0.25 u,g/ml doxorubicin, or 0.01 \ig/ml paclitaxel, 
with or without 50 ng/ml IGF-I. Cells were ethanol fixed, stained 
with propidium iodide, and analyzed by flow cytometry using an 
ungated method to analyze all cells for sub-Gl DNA content. Modfit 
LT™ software was used to determine the fraction of apoptotic cells 
in each sample. Asterisk represents a statistically significant differ- 
ence {p < 0.003) between doxorubicin and doxorubicin plus IGF-I. 
Error bars represent ± SEM of triplicate samples. Data shown are 
representative of three separate experiments. 

an increase in overall cell survival and a reduction of 
apoptotic fraction is observed although the proliferat- 
ive response to IGF-I appears less than in controls. In 
contrast, paclitaxel-treated cells appear to proliferate 
in response to IGF-I but do not demonstrate increased 
cell survival or decreased numbers of apoptotic cells. 
In this case, the reduction of DNA laddering seen 
with IGF-I treatment was possibly due to an overall 

increase in cell number corresponding to a decreased 
apoptotic fraction. 

IGF-I has been shown to activate both MAPK 
and PI-3 kinase in these cells. While both molecules 
have been implicated in proliferation, PI-3 kinase has 
also been linked to induction of anti-apoptotic path- 
ways. We have previously shown that IGF-I induction 
of MAPK and PI-3 kinase can be effectively inhib- 
ited by PD090859 and wortmannin, respectively, in 
these cells [17]. Therefore, we used these inhibit- 
ors to determine whether IGF-I depends on either 
MAPK or PI-3 kinase activation to block apoptosis. 
We show in Figure 6 that, as before, both doxorubicin 
and paclitaxel induced DNA laddering, and addition 
of IGF-I reduced the appearance of ladders. Inhibi- 
tion of MAPK by PD090859 blocked IGF-I rescue 
of paclitaxel-induced DNA laddering but had no ef- 
fect on IGF-I's ability to reduce doxorubicin-induced 
DNA laddering. Wortmannin, a PI-3 kinase inhib- 
itor, blocked IGF-I rescue of both doxorubicin- and 
paclitaxel-induced apoptosis. Therefore, IGF-I inhib- 
ition of doxorubicin-induced DNA laddering appears 
to require PI-3 kinase but not MAPK, while IGF-I in- 
hibition of paclitaxel-induced apoptosis requires both 
PI-3 kinase and MAPK. 

Discussion 

IGF-I reduces the fraction of cells undergoing 
apoptosis induced by doxorubicin and paclitaxel treat- 
ments, as measured by DNA laddering. Also, IGF-I 
enhances survival of cells exposed to increasing con- 
centrations of drug in monolayer culture. However, 
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Figure 5. IGF-I increases total cells following paclitaxel treatment but decreases the percentage of dead cells following doxorubicin treatment. 
MCF-7 cells were treated with 0.25 (xg/ml doxorubicin or 0.01 ng/ml paclitaxel, alone or with 50 ng/ml IGF-I. Cells were harvested and 
stained with 4% trypan-blue to differentiate dead cells from living cells. Total cells as well as dead cells in each treatment group were counted 
in triplicate. Data are shown as percentage of total cells from doxorubicin or paclitaxel alone treatments. Error bars represent ± SEM of 
duplicate samples. Asterisks represent statistically significant differences. For the effect of IGF-I on total paclitaxel-treated cells p < 0.02 and 
for the effect of IGF-I on the percentage of dead cells following doxorubicin treatment, p < 0.04. Data are representative of two separate 
experiments. 

results from flow cytometry and cell counts of trypan- 
blue stained cells suggest that IGF-I may use different 
mechanisms to reduce apparent cell killing due to the 
two drug treatments - inhibition of apoptosis follow- 
ing doxorubicin treatment and induction of prolifera- 
tion after paclitaxel treatment. 

IGF-I mediates an anti-apoptotic effect following 
doxorubicin treatment and decreases the number of 
cells undergoing apoptosis but does not appear to in- 
duce proliferation. Analysis of sub-Gl-DNA as well 
as cell counts of trypan-blue stained cells show that 
the number of apoptotic cells due to doxorubicin 
treatment is reduced by IGF-I. Moreover, follow- 
ing doxorubicin treatment, the proliferative response 
to IGF-I appears to be impaired - G0/G1 and S- 
phases do not change significantly and the number of 
trypan-blue excluding cells also remains unaffected. 
Therefore, IGF-I decreases the formation of DNA lad- 
ders by decreasing the number of cells undergoing 
apoptosis. 

In contrast, IGF-I does not appear to change the 
number of apoptotic cells following paclitaxel treat- 
ment and instead induces proliferation in the surviving 
cells. Paclitaxel-treated cells still respond to IGF-I 
by moving into the cell cycle. Also, cell counts re- 
vealed that the total number of cells treated with both 

IGF-I: -   +  +  + -    +    +  + 

PD98059 : -    -   +  - -    -    +    - 

Wortmannin : -    -    -   + -    -    -   + 

paclitaxel    doxorubicin 
Figure 6. IGF-I inhibition of paclitaxel-mediated apoptosis re- 
quires MAPK but not PI-3 kinase; IGF-I inhibition of doxo- 
rubicin-mediated apoptosis requires both MAPK and PI-3 kinase. 
MCF-7 cells were pre-incubated with inhibitors of PI-3 kinase 
(250 nM wortmannin) or MAPK (25 nM PD098059) and then 
were treated with 50 ng/ml IGF-I plus 0.25 u.g/ml doxorubicin or 
50 ng/ml IGF-I plus 0.01 p-g/ml paclitaxel. Fragmented DNA was 
collected and separated by agarose gel electrophoresis. 
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IGF-I and paclitaxel was greater than paclitaxel alone, 
indicating that IGF-I was able to induce prolifera- 
tion. Interestingly, the number of dead cells increased 
slightly in this experiment. This could be due to the 
fact that paclitaxel inhibits cell division by impairing 
microtubule function, so that by inducing cells to di- 
vide, IGF-I could push some cells toward cell death. 
Analysis of sub-Gl-DNA and cell counts of dead cells 
demonstrated that IGF-I did not decrease the number 
of apoptotic cells. Thus, in these two assays, the abso- 
lute number of cells undergoing apoptosis remained 
constant despite the addition of IGF-I. However, at 
sub-lethal doses of paclitaxel, IGF-I induced prolifera- 
tion in the remaining cells. The net effect is an increase 
in total cell number due to IGF-I. DNA laddering ap- 
pears to be decreased since the relative proportion of 
apoptotic cells decreases after the total cell number 
increases. 

Also, IGF-I-mediated inhibition of doxorubicin- 
induced apoptosis requires PI-3 kinase, a molecule 
which has been identified as an important transducer 
of anti-apoptotic signals, but not MAPK; this sup- 
ports the observation that IGF-I effects are primar- 
ily due to the inhibition of apoptosis. By contrast, 
IGF-I inhibition of paclitaxel-induced apoptosis is 
blocked by inhibitors of both PI-3 kinase and MAPK. 
As MAPK and PI-3 kinase have been shown to 
be required for IGF-I-induced proliferation of MCF- 
7 cells, this supports the requirement for prolif- 
erative signaling in IGF-I inhibition of paclitaxel- 
induced apoptosis. However, the roles of MAPK and 
PI-3 kinase are complex and involve considerable 
cross-talk [16]. As a result, it is difficult to com- 
pletely separate the functions of these two signaling 
proteins. 

The activation of two different mechanisms to re- 
duce cell kill by chemotherapy agents could be related 
to the mechanisms of action of the drugs. In addi- 
tion to DNA-damage, doxorubicin has been shown 
to induce activation of stress-associated signaling mo- 
lecules such as Jun N-terminal kinase (JNK) [27] and 
perpetuate a signal cascade that may ultimately result 
in apoptosis. Paclitaxel has also recently been shown 
to activate JNK [28], but it is generally believed that 
paclitaxel induces apoptosis by directly interfering 
with microtubules, thus blocking DNA strand separa- 
tion during mitosis [29, 30]. Thus, it seems likely that 
IGF-I can inhibit doxorubicin-induced apoptosis by 
blocking the pro-apoptotic signal and activating anti- 
apoptotic molecules. In the case of paclitaxel-induced 
apoptosis, however, damage to microtubules cannot 

be undone; therefore IGF-I increases cell number by 
inducing proliferation. 

IGF-I has long been recognized as an import- 
ant mitogen and more recently as a survival factor 
for many cell types. However, its role as a mitogen 
and survival factor in human breast cancer cells is 
less well-defined. Also, the consequences of IGF-I 
responsiveness on chemotherapy-induced cell killing 
have not previously been evaluated. We have shown 
that the ability of a tumor cell to respond to IGF-I may 
have important consequences for the induction of ap- 
optosis by doxorubicin and paclitaxel. IGF-I protects 
cells from chemotherapy-induced apoptosis by at least 
two mechanisms: increasing proliferation and directly 
inhibiting programmed cell death. Importantly, cells 
which are not responsive to IGF-I-induced prolifera- 
tion (and are usually estrogen receptor negative) do 
not derive any protective effect against apoptosis from 
IGF-I. Therefore, if addition of IGF-I decreases ef- 
ficacy of chemotherapy drugs in IGF-I responsive 
cancer cells, the converse may also be true - that 
is, inhibition of IGF-I could increase effectiveness of 
apoptosis-inducing therapies. 

In conclusion, IGF-I action in breast cancer cells 
results in multiple growth-related effects including 
proliferation, co-operative enhancement of estrogen 
signaling [31], and inhibition of programmed cell 
death. While inhibition of the IGF-I pathway will un- 
doubtedly have direct consequences on the growth of 
a tumor, it is likely that there will also be other effects, 
such as the loss of protection from apoptosis-inducing 
chemotherapeutic agents. As IGF-I is known to have 
an even greater effect on cells in suspension than on 
cells grown in monolayer culture [3], it is possible that 
the consequences of IGF-I protection from cytotoxic 
drugs may be more significant in vivo than in vitro. As 
such, inhibition of IGF-I action could be a useful ad- 
junct to cytotoxic chemotherapy in patients with breast 
cancer. 
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Abstract 

We tested the ability of seven MCF-7 strains to undergo DNA fragmentation, as measured by DNA laddering, following 
doxorubicin-induced apoptosis. Four strains were found to undergo DNA laddering while three were not. All strains were 
inhibited by doxorubicin, although sensitivity differed. Finally, we show by detection of sub-Gl DNA that doxorubicin induced 
the same fold increase in apoptosis in MCF-7-ATCC, which did not ladder, and MCF-7-MG, which did ladder. Therefore, 
detection of DNA ladders is not an accurate indicator of apoptosis in MCF-7 cells as fragmentation of DNA appears to vary 
between strains. © 1999 Elsevier Science Ireland Ltd. All rights reserved. 
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1. Introduction 

Apoptosis, or programmed cell death, is a process 
whereby cells undergo an active process of cell 
suicide. Apoptosis is induced during normal develop- 
mental processes, and by environmental changes such 
as extracellular calcium and growth factor depletion, 
DNA-damaging agents such as UV irradiation, and 
cytotoxic agents such as doxorubicin and paclitaxel 
(for review, see [1]). Apoptosis has been well charac- 
terized and is thought to proceed through a series of 
conserved steps. Early steps include chromatin 
condensation, nuclear membrane blebbing, and cyto- 
plasmic shrinkage. Late steps include loss of adher- 
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ence, degradation of DNA, packaging of compacted 
organelles, condensed cytoplasm, and nuclear mate- 
rial into membrane-bound apoptotic bodies, and, 
finally, phagocytosis by neighboring cells [2,3]. 

Many techniques have been developed to detect 
programmed cell death. One of the most commonly 
used techniques for confirmation of apoptosis is iden- 
tification of DNA ladders. This is based on the obser- 
vation that cells undergoing apoptosis appear to 
cleave their DNA into very precise fragments of 
180-200 base pairs [4], representing cleavage at inter- 
nucleosomal junctions. DNA fragmented in this way 
forms a 'ladder' which can generally be detected by 
gel agarose electrophoresis of DNA isolated from 
apoptotic cells. However, identification of apoptosis 
based on DNA laddering has led to controversy as 
some cells show apparent morphologic induction of 
apoptosis in the absence of DNA fragmentation. One 
such cell line is the breast cancer cell line, MCF-7. 

MCF-7 cells were the first human breast cancer 
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cells to be permanently maintained in cell culture (for 
review, see [5]). Over the years, MCF-7 cells have 
been distributed to laboratories all over the world 
and have been continually maintained. This has led 
to the development of apparent 'strains' of MCF-7 
cells. In some instances, selection for strain-specific 
characteristics has been done purposely as in the case 
of MCF-7-doxorubicin resistant (MCF-7-AdR) cells 
[6]. Beginning in 1985, researchers began reporting 
differences in MCF-7 characteristics between cells, 
which had been maintained in different laboratories, 
including differential sensitivity to tamoxifen [7], and 
differences in levels of expression of ER and PR as 
well as responsiveness to estrogen [8]. More recently, 
Burrow et al. reported that MCF-7 cells from different 
laboratories exhibit different susceptibility to tumor 
necrosis factor a (TNFa)-induced apoptosis [9]. 

While there are some published reports of MCF-7 
cells producing apoptotic DNA ladders, [10,11] the 
majority of reports state that MCF-7 cells do not 
undergo   apoptotic   DNA   fragmentation   [12-15] 
leading some investigators to conclude that there are 
differences in the apoptotic process itself in these 
cells. Oberhammer et al. [15] examined the relation- 
ship between induction of morphologic characteristics 
of apoptosis including loss of adherence and chro- 
matin condensation in a variety of cells and found 
that MCF-7 breast cancer cells exhibited changes in 
nuclear structure consistent with apoptosis but failed 
to  produce  DNA ladders.  Further,  Miller et  al. 
reported that cell death due to serum deprivation, 
TNFa, or doxorubicin in MCF-7 cells was not asso- 
ciated with degradation of DNA [13]. Several other 
investigators    have    reported    similar    findings 
[12,14,16]. Due to the apparent conflict surrounding 
the formation of DNA ladders in MCF-7 cells, we 
decided to investigate to possibility of strain-specific 
differences in the ability of MCF-7 cells to undergo 
DNA fragmentation. 

2. Materials and methods 

2.1. Materials 

The following strains of MCF-7 cells were obtained 
from various sources and maintained in our laboratory 
(University of Texas Health Science Center, San 

Antonio, TX), and for the purposes of these experi- 
ments were maintained in improved minimal essential 
medium (IMEM) plus phenol red supplemented with 
5% fetal calf serum (Summit, Ft. Collins, MO): MCF- 
7-ATCC (passage 128), MCF-7 BK (passage 30, 
Benita Katzenellenbogen, University of Illinois City, 
IL), MCF-7-C and MCF-7-AdR (C- passage 125, 
AdR-  passage  30,  Ken  Cowen,  NIH,  Bethesda, 
MD), MCF-7-D (passage  118,  Hassadah Degani, 
Weiz'mann Institute of Science, Rehovot, Israel), 
MCF-7-L (passage 70, Marc Lippman, Georgetown 
University,   Washington   D.C.),   and   MCF-7-MG 
(passage 254, William McGuire, UTHSCSA, San 

Antonio, TX). 

2.2. DNA laddering 

Protocol was  adapted from Lowe et al.   [17]. 
Various strains of MCF-7 cells were plated at 2.0 X 
106 cells per 10-cm dish. Cells were allowed to 
recover for 24 h and were then washed once with 1 X 
phosphate-buffered saline (PBS) before drug treat- 
ments were added in serum-free medium (SFM). 
After 48 h, adherent and non-adherent cells were 
collected, centrifuged at 1200 revVmin for 5 min to 
pellet all cells, washed with 1 X PBS, pelleted again, 
and then lysed in cold 0.15 M NaCl, 10 mM Tris-HCl 
(pH 7.8), 2 mM MgCl2, 1 mM dithiothreitol (DTT), 
and 0.5% NP-40 on ice for 40 min. Lysates were 
centrifuged at 1500 rev./min for 10 min and pellets 
were resuspended in cold 0.35 M NaCl, 10 mM Tris- 
HCl, 1 mM MgCl2, and 1 mM DTT on ice for 20 min. 
Lysates were then extracted once with phenol-chloro- 
form and DNA was precipitated with 0.01 M MgCl2 

and 2.5 volumes 100% ethanol overnight at -20°C. 
DNA was collected by centrifugation at 14 000 rev./ 
min for 20 min, resuspended in 10 mM Tris-1 mM 
EDTA plus 0.1 mg/ml RNase A, and incubated at 
37°C for 1 h. Proteinase K (1 mg/ml) was added 
followed by incubation at 37°C for an additional 
hour. DNA was then electrophoresed in 1.5% agarose 
gels containing ethidium bromide. 

2.3. Growth assay 

Growth assays were performed by 3-[4,5- 
dimethylthiazol-2-yl]2,5diphenyltetrazolium brom- 
ide (MTT) assay as described [18]. MCF-7 cells 
were plated in quadruplicate at a density of 15 000 
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cells per well in 48-well cell culture plates. Cells were 
allowed to adhere overnight and were then washed 
once with 1 X PBS before increasing concentrations 
of drug were added in SFM for 48 h. Following treat- 
ment, 30 ui of MTT (5 mg/ml in PBS) were added to 
each well for 4 h. Medium and MTT were then 
removed, DMSO plus 2.5% IMEM was added, and 
absorbance was measured at 540 nm with a differen- 
tial filter of 690 nm. 

2.4. Flow cytometry analysis 

MCF-7 cells were plated at 2.5 X 105 cells per well 
in a 6-well plate. Cells were allowed to recover for 24 
h and were then washed once with 1 X PBS. The next 
day, drug treatment was added in SFM. Treatments 
were continued for 48 h and then adherent and non- 
adherent cells were collected, centrifuged at 1200 
rev ./min for 5 min to pellet all cells, washed with 
1 X PBS, pelleted again, and then resuspended in 50 
JJLI of PBS. Ice-cold 70% ethanol (100 JJLI) was added 
dropwise while vortexing. Cells were fixed overnight 
at -20°C and then 0.5 ng/ml propidium iodide plus 
0.5 mg/ml RNase A were added. Cells were analyzed 
using a Facstar Plus (Becton-Dickinson, San Jose, 
CA) flow cytometer for detection of cells with sub- 
Gl DNA content. We have previously found that sub- 
Gl DNA content correlates well with other measures 
of apoptosis in MCF-7 cells [19]. 

3. Results 

In order to determine if strain-specific differences 
affect the ability of MCF-7 cells to undergo DNA 
laddering, we treated seven different strains of 
MCF-7 cells with doxorubicin, a cytotoxic agent 
which is a well-characterized inducer of apoptosis 
[20,21]. We collected fragmented DNA and visua- 
lized laddering by agarose gel electrophoresis (Fig. 
1). MCF-7-ATCC and MCF-7-BK did not produce 
DNA ladders following doxorubicin treatment 
whereas MCF-7-C, MCF-7-D, MCF-7-L and MCF- 
7-MG strains did produce DNA ladders. MCF-7- 
AdR cells, which were selected for resistance to 
doxorubicin, were included as a negative control. 
Interestingly, there appeared also to be differences 
in the amount of DNA laddering formed following 
doxorubicin  treatment.   Doxorubicin  treatment  of 
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Fig. 1. MCF-7 cells show strain-specific differences in the induction 
of apoptotic DNA laddering. MCF-7 strains were treated with SFM 
alone or SFM plus 0.25 (ig/ml doxorubicin for 48 h. Fragmented 
DNA was collected and separated by agarose gel electrophoresis. 
Data shown are representative of three separate experiments. 

MCF-7-C and MCF-7-D produced a large amount of 
fragmented DNA while smaller amounts were seen in 
MCF-7-L and MCF-7-MG formed an intermediate 
amount. Also, MCF-7-C cells seemed to be more 
sensitive to growth factor withdrawal, as culture in 
SFM alone stimulated production of DNA laddering. 
To rule out the possibility that some MCF-7 strains 
fail to form DNA ladders following doxorubicin treat- 
ment alone, we also treated MCF-7 strains with pacli- 
taxel, another potent inducer of apoptosis in human 
breast cancer cells [22]. MCF-7-ATCC, MCF-7-BK 
and MCF-7-AdR all failed to produce DNA ladders 
following paclitaxel treatment (data not shown). 
MCF-7-AdR cells, which express a multi-drug resis- 
tance phenotype, did produce ladders when grown to 
confluence in serum-starved conditions (data not 
shown). 

MCF-7 cells appeared to have strain-specific differ- 
ences in their ability to undergo DNA fragmentation 
following doxorubicin treatment. We, therefore, 
examined the responsiveness of the various strains 
to doxorubicin in monolayer culture. We treated the 
MCF-7 strains with increasing concentrations of 
doxorubicin and determined the effect of drug treat- 
ment on survival (Fig. 2). All strains were growth 
inhibited by doxorubicin in a dose-responsive manner, 
except for MCF-7-AdR, which were again included as 
a negative control. Therefore, the lack of DNA 
laddering observed in MCF-7-ATCC and MCF-7- 



34 
J.L. Gooch, D. Yee I Cancer Utters 144 (1999) 31-37 

•o    0.50 

l0-2 l0-> 10" 101 

doxorubicin (|ig/ml) 

Fig. 2. MCF-7 strains show dose-dependent inhibition to doxoru- 
bicin in monolayer culture. MCF-7 strains were plated in quadru- 
plicate in 48-well plates and treated with increasing concentrations 
of doxorubicin. Growth was determined after 48 h by MTT assay. 
Error bars represent the mean of quadruplicate samples ± SEM. 
Data shown are representative of two separate experiments. 

BK was not due to a lack of growth inhibition by 
doxorubicin. In fact, MCF-7-BK cells were the most 
sensitive strain to doxorubicin-mediated growth inhi- 

bition. 
Finally, we confirmed that doxorubicin induced 

apoptosis in the MCF-7 strains by an independent 
assay for measurement of apoptosis. The presence of 
sub G-l DNA has been shown to correlate with apop- 
tosis detected by other means [3,23] and can be used 
to quantitate the fraction of cells in a population which 
are undergoing apoptosis. We, therefore, examined 
sub-Gl DNA content by flow cytometry following 
doxorubicin treatment. Drug treatment resulted in a 
3.2- and 3.7-fold increase of cells with sub-Gl DNA 
content in  MCF-7-ATCC  and MCF-7-MG  cells, 
respectively; a small change (1.7-fold) was seen in 
MCF-7-AdR    following    doxorubicin    treatment, 
although the absolute level of sub Gl-DNA remained 
much lower than in the doxorubicin-sensitive cells 
(Fig. 3). Thus, an inability to detect DNA laddering 
is not associated with a deficiency in the capacity to 
undergo apoptosis. 

4. Discussion 

We have shown that MCF-7 strains differ in then- 

ability to undergo apoptotic DNA fragmentation. Two 
strains, MCF-7-ATCC and MCF-7-BK do not appear 
to form DNA ladders after doxorubicin treatment 
while MCF-7-C, MCF-7-D, MCF-7-L, and MCF-7- 
MG do form DNA ladders. MCF-7-AdR cells were 
included in these experiments as a negative control for 
doxorubicin-induced apoptosis as they are resistant to 
doxorubicin. However, MCF-7-ATCC and MCF-7- 
BK also failed to undergo DNA ladders when treated 
with paclitaxel, another potent inducer of apoptosis in 
human breast cancer cells [22]. We have also shown 
that failure to exhibit apoptotic DNA ladders is not 
associated with a lack of response to cytotoxic drug as 
all breast cancer cell lines (except MCF-7-AdR) were 
growth-inhibited by doxorubicin in a dose-dependent 
manner. Furthermore, the lack of DNA laddering was 
also not associated with a failure to undergo apoptosis 
as doxorubicin induced the appearance of a sub-Gl 
peak in both MCF-7-ATCC and MCF-7-MG. 

Our data suggest two things. First, DNA laddering 
represents a late event in the progression through 
apoptotic cell death and is not related to the ability 
of MCF-7 cells to undergo apoptosis, or to the amount 
of induction of apoptosis. Second, the ability of MCF- 
7 cells to undergo DNA fragmentation appears to be 
an event which has been either acquired or lost as a 
result of cell culture in some MCF-7 strains. 

Degradation of DNA into internucleosomal frag- 
ments may represent an end-stage event. As a result, 
the exact nature of the DNA degradation may not be 
as important as the initiating events and thus apoptosis 
can occur fully in the absence of DNA fragmentation. 
Several investigators have offered alternative theories 
to explain the lack of precise packaging of DNA into 
internucleosomal   fragments   in   some   cells.   For 
example, Oberhammer et al. demonstrated the forma- 
tion of 50- and 300-kb DNA fragments in a variety of 
cell   types   including   MCF-7   cells.   The   authors 
suggested that the large fragments represented clea- 
vage of higher-order chromatin structures prior to and, 
in some cases, instead of degradation into 180- to 200- 
bp internucleosomal fragments [15]. This idea is 
supported by several other investigators [14,24,25]. 
Therefore, it appears likely that apoptotic degradation 
of DNA is a multi-step process that begins with clea- 
vage of higher-order chromatin into large fragments 
followed by, in some cells, cleavage into internucleo- 
somal fragments. 
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Fig. 3. MCF-7 strains undergo apoptosis irrespective of DNA laddering. MCF-7-ATCC, MCF-7-MG, and MCF-7-AdR were plated in triplicate 
in 6-well plates and treated with SFM alone or SFM plus 0.5 u.g/ml doxorubicin for 48 h. Cells were collected, ethanol-fixed, stained with 
propidiura iodide, and sorted by DNA content. Error bars represent the mean of triplicate samples ± SEM. Data shown are representative of 

three separate experiments. 
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It also appears likely that more than one endonu- 
cleolitic activity is required for the entire process. The 
identification of DFF40 by Wang et al. as the endo- 
nuclease responsible for targeted cleavage at the 
nucleosome linker histone HI [26] begins to complete 
the story of apoptotic DNA degradation. Neverthe- 
less, there may be other factors which act upstream 
of DFF40 that function in the early steps of DNA 
cleavage. Investigators tend to agree, however, that 
whether cells undergo internucleosomal DNA frag- 
mentation or just higher-order cleavage, processing 
of DNA is a late event and apoptosis occurs indepen- 
dent of DNA laddering. Recent data from DFF45 (the 
regulatory subunit of DFF40) knockout mice show 
that while cells from a variety of tissues from 
DFF45 -/- mice fail to produce DNA ladders, the 
mice appear normal and undergo normal immune 
system development [27]. This further supports the 
idea that DNA laddering is a processing step that is 
not required for normal apoptosis. 

The ability to undergo DNA fragmentation appears 
to represent a strain-specific characteristic of cultured 
MCF-7 cells. It is interesting to speculate that this 
characteristic is the result of either a gain-of-function 
or a loss-of-function due to prolonged cell culture. 
Cells from the original tumor were either capable of 
undergoing DNA fragmentation and some strains 
have subsequently lost the ability, or cells from the 
original tumor did not form DNA ladders and some 
strains have subsequently gained this function. Either 
of these possibilities may represent clonal selection. 
While much has been learned since DNA fragmenta- 
tion was first reported in 1980 [4], the significance of 
precise apoptotic DNA fragmentation has yet to be 
fully defined. While DNA laddering appears to be a 
poor indicator of apoptosis in MCF-7 cells, these cells 
may provide a unique opportunity to further explore 
and perhaps manipulate DNA fragmentation and 
apoptosis. 
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Abstract 
IFN-y-mediated growth inhibition requires signal 
transducers and activators of transcription (STAT)-1 
activation and may require induction of the cyclin- 
dependent kinase inhibitor p21. Using an 
electrophoretic mobility shift assay, we identified 
STAT1 activation after IFN-y treatment in breast cancer 
cell lines. Accordingly, IFN-y inhibited proliferation of 
monolayer cultured MCF-7 and MDA-MB-231 breast 
cancer cells. Interestingly, IFN-y inhibited anchorage- 
independent growth of MCF-7 cells but had no effect 
on MDA-MB-231 colony formation. Because p21 has 
been shown to play a role in anchorage-independent 
growth and is a transcriptional target of STAT1, we 
examined the effect of IFN-y on p21 mRNA. We found 
that IFN-y induced p21 mRNA in MCF-7 cells but not in 
MDA-MB-231 cells. Furthermore, IFN-y induced 
activation of a p21 promoter-luciferase reporter 
construct that contained the STAT1-inducible element 
in MCF-7 cells, but not in MDA-MB-231 cells. IFN-y 
treatment resulted in increased p21 protein in MCF-7 
cells, whereas MDA-MB-231 cells did not appear to 
express detectable p21, even after IFN-y treatment. 
However, in MDA-MB-231 cells, p21 protein was 
detected only after proteosome inhibition, suggesting 
that degradation may be responsible for the 
undetectable level of p21 in these cells, despite the 
abundant mRNA levels. Finally, focus formation of 
MDA-MB-231 cells was inhibited by overexpression of 
p21. In conclusion, STAT1 activation does not appear 
to be sufficient for IFN-y-mediated growth inhibition. 
Furthermore, the role of p21 appears to be complex 
because monolayer growth inhibition occurs in the 
absence of p21, but anchorage-independent growth 
inhibition may require p21. Breast cancer cells may 
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provide a unique model for further study of IFN-y 
signaling. 

Introduction 
IFN-y is a pleiotropic immunoregulatory cytokine that func- 
tions to enhance cellular immune response by increasing 
T-cell cytotoxicity and natural killer cell activity. Furthermore, 
IFN-y increases expression of HLA genes and up-regulates 
expression of HLA class I and II molecules in untransformed 
as well as transformed cells (1, 2). In addition to its role as a 
immunoregulatory factor, IFN-y inhibits the growth of a num- 
ber of nonhematopoietic cell types, including tumor cells 
(3-7). In fact, IFN-y has been considered as an antitumor 
therapeutic and has been tested in the treatment of human 
cancer (8-11). In metastatic breast cancer, IFN-y has been 
shown to enhance the growth-inhibitory effect of tamoxifen 
(12, 13). 

IFN-y action begins with binding of the cytokine to a het- 
erodimeric receptor that induces activation of the JAK3/STAT 
pathway (14, 15). JAK proteins are tyrosine kinases that 
associate with non-tyrosine kinase receptors and phospho- 
rylate the receptor, other JAK proteins, and downstream 
signaling molecules such as STAT proteins. In the case of 
IFN-y signaling, JAK1 and JAK2 associate with the receptor 
and then recruit and phosphorylate STAT1. After phospho- 
rylation, STAT1 dimerizes and then translocates to the nu- 
cleus to activate transcription (16). Several cell cycle-regu- 
latory proteins have been shown to be modulated by IFN-y 
treatment, including CDK inhibitor p21 (17, 18), retinoblas- 
toma protein (19), and CDK2 (17). 

STAT1 is activated by a number of ligands besides IFN-y 
including prolactin, platelet-derived growth factor, colony- 
stimulating factor 1, EGF, interleukin 10, and IFN-a (20-22). 
It has been shown that EGF- and IFN-y-mediated growth 
inhibition requires activation of STAT1. EGF-mediated 
growth inhibition of A431 cells is abrogated by the expres- 
sion of dominant negative STAT1 (23). Also, the STAT1- 
deficient cell line U3A was found to be unaffected by IFN-y 
(24, 25). When STAT1 was transfected into this cell line, 
IFN-y-mediated growth inhibition was restored (18,26). Chin 
et al. (18) demonstrated that after EGF stimulation, STAT1 
and STAT3 molecules can bind to SIEs within the p21 pro- 
moter. Furthermore, up-regulation of p21 mRNA and protein 
has been shown to be associated with IFN-y-mediated 
growth inhibition (18, 27). As a result, it has been proposed 

3 The abbreviations used are: JAK, Janus-activated kinase; STAT, signal 
transducers and activators of transcription; CDK, cyclin-dependent ki- 
nase; EGF, epidermal growth factor; SIE, c-s/s-inducible element; 0-gal, 
ß-galactosidase; IMEM, improved MEM; MTT, 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide; SFM, serum-free medium. 
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that the mechanism of IFN-y-induced growth inhibition is 
STAT1 -mediated transactivation of p21. 

Whereas IFN-y signaling has been characterized in some 
systems, less is known about IFN-y-mediated growth inhi- 
bition and signal transduction in breast cancer cells. Harvat 
and Jetten (3) showed that IFN-y significantly inhibited the 
growth of normal mammary epithelial cells and induced a G-, 
arrest but only slightly inhibited the growth of breast cancer 
cells. The authors proposed that the difference in response 
to IFN-y was due to defects in the IFN-y signal transduction 
pathway in breast cancer cells. Therefore, we examined the 
effect of IFN-y on the growth of breast cancer cell lines and 
investigated IFN-y activation of STAT1 and its putative tran- 
scriptional target, p21. 

We show that two breast cancer cell lines activate STAT1 
in response to IFN-y. In addition, IFN-y inhibits monolayer 
growth of MCF-7 and MDA-MB-231 breast cancer cell lines, 
but anchorage-independent growth is inhibited only in 
MCF-7 cells. Whereas MCF-7 cells up-regulate p21 mRNA 
and protein levels after IFN-y treatment, MDA-MB-231 cells 
failed to up-regulate p21 mRNA in response to IFN-y. MDA- 
MB-231 cells do not express detectable p21 protein, except 
in the presence of specific inhibitors of the proteosome. 
Therefore, degradation of p21, in addition to transcriptional 
regulation, may be a mechanism for controlling expression. 
As a result, the role of p21 in IFN-y-mediated growth inhibi- 
tion appears to be complex; inhibition of growth in monolayer 
culture occurs in the absence of p21, but inhibition of an- 
chorage-independent growth appears to require p21. Breast 
cancer cell lines may provide a unique model system for 
further elucidation of the role of p21 in IFN-y-mediated signal 
transduction. 

Results 
MCF-7 and MDA-MB-231 Cells Activate STAT1 in Re- 
sponse to IFN-y. IFN-y-induced growth inhibition has been 
shown to be dependent on activation of the transcription 
factor STAT1 (18, 28). We examined IFN-y induction of ac- 
tivated STAT1 in MCF-7 and MDA-MB-231 cells by electro- 
phoretic mobility shift assay using the high affinity SIE site 
from the c-fos gene as a probe. The fibroblast cell line A431 
has been previously shown to activate STAT1 and STAT3 
after stimulation with EGF (29, 30) and was therefore in- 
cluded as a positive control for STAT1 activation. After IFN-y 
treatment, extracts from both MCF-7 and MDA-MB-231 cells 
formed DNA-protein complexes that appeared to contain 
STAT1 (Fig. \A). We confirmed the identity of the DNA- 
protein complex by incubating MCF-7 and MDA-MB-231 
protein extracts with an antibody to STAT1. We observed a 
supershifted complex in both cell lines, whereas the addition 
of STAT2 antibody had no effect on the mobility of the 
complex (Fig. 16). 

IFN-y Inhibits the Growth of Breast Cancer Cell Lines in 
Monolayer Culture and Increases the G0-G1 Fraction of 
the Cell Cycle. IFN-y has been reported to inhibit the 
growth of a number of different cell types, including normal 
mammary epithelial cells and breast cancer cell lines (3,4, 7, 
8). We first examined the monolayer growth of two breast 
cancer cell lines treated with IFN-y over a period of 4 days 
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Fig. 1. STAT1 DNA binding is activated by IFN-y in both MCF-7 and 
MDA-MB-231 cells. A, MCF-7 and MDA-MB-231 whole cell lysates were 
treated with and without 10 ng/ml IFN-y and incubated with the labeled 
probe representing a STAT1 consensus binding site from the c-fos pro- 
moter. A431 cells treated with 30 ng/ml EGF were included as a positive 
control for STAT1 and STAT3 binding. Complexes were resolved by PAGE 
and autoradiography. S, MCF-7 and MDA-MB-231 whole cell lysates 
were incubated with labeled probe, and antibodies to STAT1 or STAT2 
were added. Complexes were resolved by PAGE and visualized by auto- 
radiography. Only STAT1 antibodies resulted in a supershift of the com- 
plex. 

and found that growth of MCF-7 cells and MDA-MB-231 
cells was significantly inhibited by IFN-y (Fig. 2; P < 0.002 
and P < 0.001 for MCF-7 and MDA-MB-231 cells, respec- 
tively). However, MCF-7 cells, which are hormone and 
growth factor dependent, experienced a lag in proliferation 
when incubated with IFN-y. This inhibition was seen only in 
the presence of a low amount of serum (0.25%) or estradiol 
(data not shown) and not when cells were cultured in the 
absence of mitogenic stimulation. Thus, cell proliferation was 
required to see the inhibitory effects of IFN-y, although the 
effect was weak because IFN-y was unable to inhibit the 
growth effects of 5% serum. This supports previous findings 
that IFN-y-mediated growth inhibition is related to control of 
the cell cycle. 

IFN-y-mediated growth inhibition has previously been at- 
tributed to an arrest of the cell cycle in G1 (17,19). Therefore, 
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Fig. 2. IFN-y inhibits the growth 
of MCF-7 and MDA-MB-231 cells 
in monolayer culture. MCF-7 cells 
were cultured in SFM plus 0.25% 
serum, and MDA-MB-231 cells 
were cultured in SFM alone. IFN-y 
(10 ng/ml) was added, and growth 
was determined by MTT assay at 
days 0, 2, and 4. Each point rep- 
resents the mean of triplicate sam- 
ples ± SE. Asterisks represent 
statistically significant differences 
due to IFN-y. *, P < 0.002; **, P < 
0.001. 
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we examined the cell cycle distribution of MCF-7 and MDA- 
MB-231 cells after IFN-y treatment by flow cytometry. Table 
1 shows cell cycle distributions of MCF-7 and MDA-MB-231 
cells treated with IFN-7. Both cell lines demonstrated a sta- 
tistically significant increase in G0-G., cells (P < 0.05 for 
MCF-7 cells and P < 0.04 for MDA-MB-231 cells) and de- 
creases in S-phase and G2-M-phase cells after IFN-y treat- 
ment, consistent with the decrease observed in monolayer 
growth. 

Because growth in soft agar is one hallmark of the trans- 
formed phenotype, we also examined the response of breast 
cancer cell lines to IFN-y in an anchorage-independent 
growth assay. Colony formation of MCF-7 cells in soft agar 
was significantly inhibited by the addition of IFN-y (P < 
0.007). However, IFN-y had no effect on the colony formation 
of MDA-MB-231 cells (Fig. 3). It has been reported previously 
that growth in soft agar has different requirements than pro- 
liferation in monolayer culture. Growth under anchorage- 
independent conditions has been associated with changes in 
cell cycle-regulatory proteins (31, 32). Furthermore, anchor- 
age-independent growth can be inhibited by overexpression 
of p21 (33, 34). Because p21 is also a putative STAT1 tran- 
scriptional target, we next examined the effect of IFN-y on 
p21 protein levels. 

MCF-7 Cells, but not MDA-MB-231 Cells, Up-Regulate 
p21 mRNA in Response to IFN-y. It has been reported that 
IFN-y may induce growth inhibition by increasing transcrip- 
tion of the CDK inhibitor p21 (17, 35). It has also been 
reported that p21 may be transcriptionally up-regulated by 
STAT binding to a SIE within the p21 promoter (18). More- 
over, IFN-y-mediated up-regulation of p21 appears to be 
concomitant with activation of STAT1 DNA binding (27). Us- 
ing a RNase protection assay, we examined the effect of 
IFN-y on p21 mRNA levels in MCF-7 and MDA-MB-231 cells. 
RNA from A431 cells treated with EGF was included as a 
positive control for p21 mRNA up-regulation. Eight h after 
exposure, the levels of p21 were quantitated by densitomet- 
ric analysis and then normalized by the levels of 36B4 (in- 
cluded as a loading control). In MCF-7 cells, a modest in- 
crease in p21 mRNA was detected after IFN-y treatment. 
Whereas p21 mRNA was detectable in MDA-MB-231 cells, 

Table 1   IFN-y-mediated growth inhibition is associated with an 
increase in G0-G, and a decrease in S phase and G2-M phase of the 
cell cycle 

MCF-7 and MDA-MB-231 cells were cultured in IMEM plus 5% FCS 
and treated with 10 ng/ml IFN-y for 24 h. Cells were fixed in ethanol, 
stained with propidium iodide, and sorted by DNA content. Data shown 
are the mean of duplicate samples ± SD. Data shown are representative 
of three separate experiments. 

G0-G1 S phase      P    G2-M phase    P 

MCF-7 
Control 44.4 ± 3.1             37.7 ± 3.1 17.9 ± 0.2 
IFN-y 53.2 + 1.0" 0.05  31.9 ±0.5    0.10 14.5 ± 1.5    0.17 

MDA-MB-231 
Control 51.2 + 3.8            33.4 ± 2.3 15.3 ±1.6 
IFN-y 66.9 ± 1.7a 0.04 25.9 ± 0.4" 0.04 7.1 ± 1.5a   0.03 

: 0.05. 

IFN-y treatment did not appear to increase the level of mRNA 
(Fig. 4). Also, labeled probe hybridized with tRNA, which did 
not result in a protected band, was included as a negative 
control (data not shown). 

A Region of the p21 Promoter Containing the STAT- 
inducible Element Is Required for IFN-y-mediated Tran- 
scriptional Activation. We next examined IFN-y-mediated 
transcriptional activity of a p21 promoter-luciferase con- 
struct. It has been shown that STAT1 binds to a SIE element 
located at -603 bp and induces transcription of the p21 
gene (18). Therefore, we looked at activation of the p21 
promoter by IFN-y in MCF-7 and MDA-MB-231 cells using a 
series of deletion constructs. MCF-7 cells showed significant 
(P < 0.05) inducible activation of the -837-bp promoter 
fragment when treated with IFN-y. When MCF-7 cells were 
transfected with a promoter fragment that was -567 bp in 
length and therefore lacked the SIE, no induction by IFN-y 
was seen (Fig. 5). Also, activity on a promoter fragment that 
was -143 bp in length was comparable with activation of 
vector alone. In contrast, when compared with raw luciferase 
values in MCF-7 cells, IFN-y treatment resulted in only min- 
imal induction of the -843-bp fragment in MDA-MB-231 
cells. j3-gal values, determined as a control for transfection 
efficiency, were similar in MCF-7 and MDA-MB-231 cells and 
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Fig. 3. IFN-y inhibits anchorage-independent growth of MCF-7 cells but 
not MDA-MB-231 cells. MCF-7 and MDA-MB-231 cells were plated in soft 
agar with or without 10 ng/ml IFN-y. Colonies were allowed to form and were 
counted after 10 days. Error bars, the mean of duplicate samples ± SE. 

did not change with transfection of different constructs or 
IFN-y treatment (data not shown). Therefore, IFN-y appears 
to induce activation of the p21 gene primarily through a 
region containing the SIE in MCF-7 cells, but in MDA-MB- 
231 cells, IFN-y did not significantly induce the activity of any 
p21 promoter fragments. 

IFN-y Treatment Results in Increased p21 Protein in 
MCF-7 Cells; no p21 Protein Is Detectable in MDA-MB- 
231 Cells, Even after IFN-y Treatment. We next deter- 
mined whether the increase in p21 mRNA due to IFN-y 
resulted in increased p21 protein in MCF-7 cells. The fibro- 
blast cell line A431 which has also been shown to up-regu- 
late p21 in response to EGF, was included as a positive 
control. After 8 h of treatment, both A431 and MCF-7 cells 
responded with an increase in p21 protein. Interestingly, 
MDA-MB-231 cells did not appear to express detectable p21 
protein, even after IFN-y treatment (Fig. 6). 

We considered that the absence of p21 protein in the 
presence of detectable p21 mRNA could be due to a muta- 
tion in the coding region of the gene. Although mutations of 
p21 are rare, several have been described previously (36,37). 
After sequencing the complete coding region of the p21 gene 
in MDA-MB-231 cells, we determined that the gene con- 
tained a previously described Ser-Arg polymorphism at 
codon 31 (38), but no mutations (data not shown). An alter- 
native explanation for the lack of detectable protein could 
therefore be constitutive degradation of p21 protein in MDA- 
MB-231 cells. Therefore, we treated MDA-MB-231 and 
MCF-7 cells with lactacystin, an inhibitor of the p26 subunit 
of the proteosome (39,40), for increasing lengths of time and 
examined p21 protein expression. In Fig. 7, we show that 
lactacystin treatment increased p21 protein levels in MCF-7 
cells after about 4 h. Interestingly, we also found that inhi- 
bition of the proteosome resulted in rescue of p21 protein in 
MDA-MB-231 cells as well. 

To further investigate the loss of p21 protein in MDA-MB- 
231 cells and the role of p21 in growth inhibition, we tran- 
siently transfected MDA-MB-231 cells with p21 and then 

36B4 

Fig. 4. IFN-y induces increased p21 transcription in MCF-7 cells but not 
in MDA-MB-231 cells. RNA from MCF-7 and MDA-MB-231 cells treated 
with and without 10 ng/ml IFN-y was collected, and p21 mRNA expres- 
sion was detected by RNase protection assay. RNA from A431 cells 
treated with and without 30 ng/ml EGF was included as a positive control. 
Hybridization to labeled probe representing 36B4 was used as a loading 
control. p21 message was quantitated, and values for p21 divided by 
36B4 are depicted as a bar graph. Data shown are representative of three 
independent experiments. 

examined the ability of MDA-MB-231 cells to form foci. 
MCF-7 cells were also transfected as a positive control. Fig. 
8A shows that p21 protein was expressed in pooled MDA- 
MB-231 cells transiently transfected with a copy of the p21 
gene, but not when cells were transfected with vector alone. 
Colony formation was significantly (P < 0.05) inhibited in 
both MCF-7 and MDA-MB-231 cells after transfection with 
p21 (Fig. 8S). 

Discussion 
In MCF-7 cells, IFN-y treatment results in the activation of 
STAT1, up-regulation of p21 mRNA and protein, and activa- 
tion of a p21 promoter construct containing a SIE. These 
data, along with the finding that IFN-y inhibits the growth of 
MCF-7 cells in both monolayer and anchorage-independent 
growth, strongly support the idea that IFN-y inhibits growth 
via activation of STAT1, which subsequently transcriptionally 
up-regulates p21. MDA-MB-231 cells, however, are inhibited 
in monolayer culture by IFN-y and show a statistically sig- 
nificant increase in G0-G1 phase but do not up-regulate p21 
mRNA in response to IFN-y or express detectable p21 pro- 
tein. This suggests that IFN-y may inhibit monolayer growth 
via a p21-independent signaling mechanism. Interestingly, 
MDA-MB-231 cells were not inhibited by IFN-y in an an- 
chorage-independent growth assay, but foci formation is 
inhibited when p21 is ectopically expressed, suggesting a 
possible role for p21 in IFN-y-mediated inhibition of colony 
formation. 
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Fig. 5. STAT1 transactivates a p21 promoter-luciferase reporter con- 
struct in MCF-7 cells but not in MDA-MB-231 cells. MCF-7 and MDA- 
MB-231 cells were transfected with constructs containing a luciferase 
gene downstream of various p21 promoter constructs. The cells were 
treated with 10 ng/ml IFN-y for 24 h, and then luciferase was measured. 
Error bars, the mean of triplicate samples ± SE. The asterisk represents a 
statistically significant difference between control and IFN-y (P < 0.05). 
Data shown are representative of three separate experiments. 

Our data show that the inability of IFN-7 to induce p21 is 
due to at least two defects in MDA-MB-231 cells. First, 
whereas STAT1 is activated after IFN-y treatment and can 
bind to a SIE construct, no increase in p21 mRNA or pro- 
moter activity can be detected. The lack of p21 mRNA in- 
duction by IFN-y and the lack of promoter activation asso- 
ciated with STAT1 suggest that there may be transcriptional 
defects in this pathway in MDA-MB-231 cells. Recent work 
by Zhang era/. (41) suggests that STAT1 may cooperate with 
other transcription factors to activate transcription at dis- 
crete sites within a promoter. In MDA-MB-231 cells, STAT1 
activation alone is insufficient to enhance transcription of 
STAT1 -regulated genes. 

Second, the lack of detectable protein despite the produc- 
tion of mRNA suggests that regulation of p21 expression in 
MDA-MB-231 cells could also occur posttranscriptionally. 
Our data indicated that p21 was regulated by degradation of 
the protein. Inhibition of the proteosome with lactacystin 
restored a detectable level of p21 in MDA-MB-231 cells. The 
p21 protein level could also be enhanced by inhibition of 
degradation in MCF-7 cells, indicating that degradation may 
be a common means of regulating p21 protein. In addition to 
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Fig. 6. p21 protein is induced by IFN-y in MCF-7 cells but not in MDA- 
MB-231 cells. Total protein was collected from MCF-7 and MDA-MB-231 
cells treated with and without 10 ng/ml IFN-y. Lysates were then sepa- 
rated by SDS-PAGE and immunoblotted with p21 antibody. Total protein 
from A431 cells treated with EGF was included as a positive control for the 
induction of p21 protein. 
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Fig. 7. Inhibition of the proteosome rescues p21 protein in MDA-MB-231 
cells. MCF-7 and MDA-MB-231 cells were treated with lactacystin (10 
JJ,M), a specific inhibitor of the proteosome, for increasing lengths of time. 
p21 protein was then detected by Western blotting. 

degradation of the protein, it is also possible that p21 is 
regulated by other posttranscriptional mechanisms. Esposito 
ef a/. (42) reported that induction of p21 protein in cells 
exposed to oxidative stress (a p53-independent mechanism) 
occurs via a posttranscriptional mechanism of mRNA stabi- 
lization. The authors suggest that manipulation of mRNA 
stability might be a way to rapidly control levels of p21 
protein in the absence of p53. In the case of MDA-MB-231 
cells, it is interesting to speculate that in addition to mutation 
of the p53 gene (43), the hormone- and growth factor-inde- 
pendent cell line has developed a mechanism that enhances 
protein degradation in addition to a means that prevents the 
transcriptional induction of p21 by inhibitory cytokines such 
as IFN-y. 

Our data show that whereas IFN-y inhibits the growth of 
both MCF-7 and MDA-MB-231 cells in monolayer culture, 
only MCF-7 cells are inhibited in anchorage-independent 
growth. There is ample evidence in the literature to suggest 
that there are different requirements for adherent growth 
such as monolayer culture and anchorage-independent 
growth in soft agar (31, 32). Transformation releases cells 
from dependence on an adherent matrix for growth and 
allows the formation of colonies in soft agar. This release 
from anchorage dependence has been characterized by al- 
terations in cell cycle proteins and activities. Therefore, it is 
particularly interesting that IFN-y-mediated growth inhibition 
of MCF-7 cells represents a reversion of the transformed 
phenotype, as evidenced by decreased growth in soft agar, 
whereas IFN-y fails to change MDA-MB-231 anchorage- 
independent growth. One explanation for this difference may 
be the lack of p21 expression by MDA-MB-231 cells because 
increased p21 expression has been shown to be associated 
with decreased colony formation in soft agar (33, 34). 
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Fig. 8. Transfected p21 is expressed in MDA-MB-231 cells and inhibits 
foci formation. A, MDA-MB-231 and MCF-7 cells were transfected with 
p21 or vector alone (pCDNA3.1), and lysates were collected, separated by 
SDS-PAGE, and immunoblotted for p21. B, MDA-MB-231 and MCF-7 
cells were transfected with p21 or vector alone and then selected with 
neomycin for 3 weeks. The resulting foci were stained with 1 % crystal 
violet and counted. Asterisks represent statistically significant differences 
due to p21 (P < 0.05). 

Breast cancer cells suggest a complex role for p21 in 
IFN-y-mediated growth inhibition. Monolayer growth of 
breast cancer cells is inhibited by IFN-y, although p21 pro- 
tein is not detectable in MDA-MB-231 cells, suggesting that 
IFN-y-mediated growth inhibition may be p21 independent. 
However, anchorage-independent growth of MDA-MB-231 
cells is not inhibited by IFN-y, and this is associated with a 
lack of p21 protein. Therefore, whereas monolayer growth 
inhibition by IFN-y may occur in the absence of p21, anchor- 
age-independent growth appears to require p21 expression. 
The inability of IFN-y to inhibit tumor growth could be due to 
multiple post receptor defects, and human breast cancer cell 
lines appear to provide a unique model system for further 
investigation. 

Materials and Methods 
Materials 

MCF-7 cells were provided by C. Kent Osborne (University of Texas 
Health Science Center, San Antonio, TX) and maintained in IMEM (Life 
Technologies, Inc., Bethesda, MD) plus phenol red supplemented with 5% 
fetal bovine serum (Summit, Ft. Collins, CO). MDA-MB-231 and A431 cells 
were obtained from American Type Culture Collection (Manassas, VA) and 
grown in IMEM without phenol red plus 5% fetal bovine serum. Insulin-like 
growth factor I was obtained from GroPep (Adelaide, Australia), and IFN-y 

was obtained from Sigma (St. Louis, MO). STAT1, STAT2, and p21 anti- 
bodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 

Electrophoretic Mobility Shift Assay 

STAT1 was detected with the high-affinity STAT-binding site from the 
c-fos gene promoter (GTGACATTTCCCGTAAATC; Ref. 44). Extracts were 
made as follows: cells were treated with 10 ng/ml IFN-y for 45 min and 
then washed once with 1 x PBS and harvested with trypsin-EDTA. Cells 
were centrifuged, and pellets were resuspended in high-salt homogeni- 
zation buffer [20 min Tris-HCI (pH 7.5), 2 rriM DTT, 20% glycerol, 0.4 M KCI, 
10 mg/ml pepstatin, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml 
antipain, and 100 rriM phenylmethylsulfonyl fluoride]. Protein (10 /j,g) was 
incubated with end-labeled probe at room temperature for 30 min. For the 
supershift reaction, 1 ng of antibody was added to protein extracts and 
incubated at room temperature for 30 min before the addition of labeled 
probe. Reactions were run on nondenaturing 4% acrylamide, 0.5% Tris- 
borate EDTA gels. Gels were dried and exposed to film. Data shown are 
representative of three separate experiments. 

Cell Growth Assays 

All growth assays were performed at least three separate times. 
Monolayer Growth. Growth assays were performed by MTT assay as 

described previously (45). MCF-7 cells were plated in triplicate at a density 
of 18,000 cells/well, and MDA-MB-231 cells were plated at 12,000 cells/ 
well in 24-well cell culture plates. Cells were allowed to adhere overnight 
and then washed once in 1 x PBS; culture medium was replaced with SFM 
overnight. Cells were then treated with IFN-y in SFM supplemented with 
1 % FCS. After treatment, 60 ;ul of MTT (5 mg/ml in PBS) were added to 
the medium for 4 h. Medium and MTT were then removed, DMSO and 
2.5% DMEM were added, and absorbance was measured at 540 nm. 

Anchorage-independent Growth. MCF-7 cells were plated at a den- 
sity of 15,000 cells/plate, and MDA-MB-231 cells were plated at a density 
of 7,500 cells/plate. Cultures were prepared with a base layer of IMEM 
supplemented with 20% FCS and containing 0.5% low-melting point 
agarose (Sea Plaque; FMC Bioproducts, Rockland ME). Cells were then 
plated over the base layer in duplicate in IMEM supplemented with 10% 
FCS and containing 0.5% low-melting point agarose. IFN-y was added at 
a concentration of 10 ng/ml, and cells were allowed to grow for 7-10 days 
before colonies of at least 20 cells were counted. 

Flow Cytometry. MCF-7 and MDA-MB-231 cells were plated at 0.5 x 
106 cells/60-mm dish. Cells were allowed to adhere overnight and then 
washed once in 1 x PBS; culture medium was replaced with SFM over- 
night. Cells were then treated with IFN-y in SFM supplemented with 1 % 
FCS. Treatments continued for 48 h, and cells were then washed with 1 x 
PBS, harvested with trypsin-EDTA, pelleted, washed with 1 x PBS, pel- 
leted again, and resuspended in 100 /xl of PBS. Ice-cold 70% ethanol (200 
fj.fl was added dropwise while vortexing. Cells were fixed overnight at 
-20°C, and then 0.5 ng/ml propidium iodide and 0.5 mg/ml RNase A were 
added. Cells were analyzed using a FACStar Plus flow cytometer (Becton 
Dickinson, San Jose, CA) and gated on forward light scatter, pulse height, 
and pulse width for analysis of cell cycle fractions. Resulting histograms 
were evaluated using Modfit LT software (Verity House, Topsham, ME). 

Western Blots 

Cells were treated with 30 ng/ml EGF or 10 ng/ml IFN-y for 8 h, harvested 
with trypsin-EDTA, pelleted, and washed with 1 x PBS. Protein was ex- 
tracted using a buffer containing 50 IHM Tris-HCI (pH 7.4), 2 mu EDTA, 1 % 
NP40,100 r™ NaCI, 100 rriM sodium orthovanadate, 100 /xg/ml leupeptin, 
20 /xg/ml aprotinin, and 10"7 M phenylmethylsulfonyl fluoride. Protein (50 
/xg) was analyzed by 12% SDS-PAGE, and after transfer of the proteins to 
nitrocellulose, the membrane was incubated in 5% milk-Tris-buffered 
saline Tween 20 [.15 M NaCI, .01 Tris-HCI (pH 7.4), .05% Tween 20] and 
then immunoblotted with a 1:1000 dilution of anti-p21 antibody. Horse- 
radish peroxidase-conjugated goat antimouse secondary antibody was 
added at a 1:2000 dilution, and proteins were visualized by enhanced 
chemiluminescence (Pierce, Rockford, IL). Data shown are representative 
of repeated experiments. 
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RNase Protection Assay 

RNA from A431, MCF-7, and MDA-MB-231 cells treated with SFM or SFM 
plus 10 ng/ml IFN-y for 8 h were isolated using the guanidinium thiocy- 
anate method (46), measured by spectrophotometry, and checked for 
integrity by separation on a 1 % formaldehyde-agarose gel. RNase pro- 
tection was performed according to our previously published method (47), 
and RNA loading was corrected with the ribosomal protein 36B4 (48). 
Briefly, 20 ju.g of RNA were hybridized with radiolabeled antisense com- 
plementary RNAs (cRNAs) transcribed from p21 and 36B4 cDNAs. The 
p21 RNase protection probe was generated by Psfl restriction digestion. 
The resulting 300-bp fragment was subcloned into pGEM4Z. pGEM4Z- 
p21 was linearized with Xho, and transcription with T7 RNA polymerase 
was carried out in the presence of p2P]UTP to produce labeled antisense 
cRNA. For 36B4, a 145-bp Psfl-Psrl fragment was cloned into pGEM4Z, 
linearized with feoRI, and transcribed with T7 RNA polymerase. After 
hybridization of RNA with radiolabeled probe, single-stranded RNA was 
digested with RNase A, and samples were separated on 8 M urea/6% 
SDS-PAGE. tRNA was hybridized as a negative control. The gel was dried 
and exposed to X-ray film. Data shown are representative of repeated 
experiments. 

Promoter Assays 

p21 promoter-luciferase constructs were made as described previously 
(49) and were a gift from Dr. L P. Freedman (Memorial Sloan Kettering 
Cancer Center, New York, NY). Cells (2.5 x 105) were plated in triplicate 
in DMEM + 5% FCS in 6-well plates and transfected the next day. Briefly, 
cells were washed once with PBS and transiently cotransfected with 1.0 
lig of each promoter construct plus 0.1 /ng of pSVß-gal using Lipofectin 
transfection reagent (Life Technologies, Inc.) according to the manufac- 
turer's instructions. Transfected DNA was left on the cells overnight. The 
next morning, media were changed to control or 10 ng/ml IFN-y for 24 h. 
Cells were harvested, and luciferase was measured using the Luciferase 
Assay System (Promega, Madison, Wl) according to the manufacturer's 
instructions. ß-Gal activity was measured as described by Rouet ef a/. 
(50). Luciferase values were divided by the appropriate ß-gal value. Re- 
sulting values for each p21-promoter-luciferase construct were then nor- 
malized by values for vector alone and are therefore expressed as arbi- 
trary units. Data shown are representative of repeated experiments. 

Statistics 

Statistical analyses were calculated on representative experiments. For 
MCF-7 and MDA-MB-231 monolayer growth, two-way ANOVA was used. 
For analysis of anchorage-independent growth, reporter assays, and foci 
formation assays, Student's f test was used. 
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