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ABSTRACT

MIS is a member of the TGFR family. The purpose of this study is to test the
hypothesis that MIS and IFN-g might be moreeffective in the inhibition of breast
cancer cell growth than either agent alone. We observed MIS and IFN-g co-
stimulate IRF1 expressionthrough NFkB and STAT pathways, respectively with a
synergistic induction of CEACAM1 and MHCII mRNA expression,
genesdownstream of IRF1. In concordance with this observation, treatment of
MDA-MB-468 cells with either MIS or IFN-g inhibited growth andthe presence of
both inhibited growth better. We observed that MIS promotes IFN-g-induced
apoptosis demonstrating a functionalinteraction between these two classes of
signaling molecules in regulation of breast cancer cell growth. To evaluate
whether MIS and IFN-gmay be useful in breast cancer therapy, we determined
whether the growth inhibitory effect of MIS and IFN-g observed in vitro would
berecapitulated in vivo. Both MIS and IFN-g decreased the gain in tumor volume
of MDAMBA468 xenografts established in SCID mice.C3(1)Tag transgenic mouse
model carries the SV40 large T antigen targeted to the epithelium of the
mammary and prostate glands andprogression of disease in these animals
correlates well with progressive stages of human breast cancer. Mammary
tumors arising in theC3(1) T antigen mouse model expressed the MIS type Il
receptor. Administration of MIS to mice was associated with a lower number
ofpalpable mammary tumors and the mean mammary tumor weight as compared
with the control group (p=0.029). Different doses of mIFN-gwere injected into 10
week old C3(1)Tag transgenic mice for 5 weeks intraperitoneally. Both 10ng and
100ng mIFN-g significantly reducedthe tumor volumes and tumor weights in this
mouse model. Analysis of PCNA expression and caspase-3 cleavage in tumors
revealed thatexposure to MIS or mIFN-g was associated with decreased
proliferation and increased apoptosis, respectively, and not due to decline in T-
antigen expression. Thus MIS and mIFN-g can suppress the growth of mammary
tumors in vivo. Since, MIS improves the growth inhibitoryeffects of mIFN-g on
breast cancer cell lines in vitro by augmenting IFN-gamma induced gene
expression and apoptosis. Next, we treatedC3SV40 transgenic mice with mIFN-
g(10ng) and MIS (20ug) independently and in combination for 4 weeks. We
observed that micereceiving both MIS and mIFN-g had less mean tumor volume
as compared to mice receiving independent treatments. Thus, these
resultsdemonstrate that MIS can improve the growth inhibitory effects of IFN-
gamma in vivo. This study indicates the possibility of using MIS.
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Introduction

Mullerian Inhibiting Substance (MIS) is a member of the TGFR family, a class of molecules
that govern a myriad of cellular processes including growth, differentiation, and apoptosis.
However, a postnatal role for MIS in males and females has yet to be defined. MIS inhibits breast
cancer cell growth by interfering with cell cycle progression and inducing apoptosis. We recently
demonstrated the presence of MIS receptors in mammary tissue and in breast cancer cell lines
suggesting that the mammary gland is a likely target for MIS (Segev, et al, 2000). In the rat
mammary gland, expression of the MIS type Il receptor is suppressed during puberty when the
ductal system branches and invades the adipose stroma and during massive expansion at pregnancy
and lactation, but is upregulated during involution, a time of tissue regressio. The decline in MIS
type Il receptor expression during various stages of postnatal mammary growth suggested a growth
suppressive role for MIS in the mammary gland (Segev et al, 2001).

Interferon regulatory factor-1 (IRF-1), a gene known for its growth inhibitory functions in
breast cancer cells is induced by MIS and IFN-y through a NFkB and STAT pathway respectively.
Treatment of breast cancer cells with MIS and interferon-y (IFN-y) co-stimulated the expression of
IRF-1 and CEACAML1, a target gene of IRF1. A combination of IFN-y and MIS inhibited the
growth of breast cancer cells to a greater extent than either one alone as assessed by MTT assay.
Both reagents significantly decreased the fraction of cells in the S-phase of the cell cycle, an effect
not enhanced when they were used in combination. Thus the enhanced inhibition of breast cancer
cell growth by MIS and IFN-y could not be explained by combined changes in cell cycle
progression compared to treatment with either agent alone (Hoshiya et al, 2003).

We have demonstrated that MIS promotes IFN-y-induced apoptosis demonstrating a
functional interaction between these two classes of signaling molecules in regulation of breast
cancer cell growth. To evaluate whether MIS and IFN-y may be useful in breast cancer therapy, we
determined whether the growth inhibitory effect of MIS and IFN-y observed in vitro would be
recapitulated in vivo. Assaying the effect of MIS on mammary tumor models in vivo is critical to
determine whether MIS could act as an anti-tumor agent. We have developed human breast cancer
xenografts in SCID mice using MDA-MB-468 cells and demonstrated that both MIS and IFN-y-
when injected intraperitoneally can inhibit the growth of these breast cancer xenografts in mice.
Using a C3(1)Tag mouse model, which carries the SV40 large T antigen targeted to the epithelium
of the mammary and prostate glands and develops spontaneous mammary tumors, we have
observed that mean mammary tumor weight and growth of tumors in IFN-y and MIS treated
animals to be significantly lower than the vehicle treated controls. Analysis of PCNA expression
and caspase-3 cleavage in tumors revealed that exposure to MIS was associated with decreased
proliferation and increased apoptosis, respectively.

Since, MIS improves the growth inhibitory effects of IFN-y on breast cancer cell lines in
vitro by augmenting IFN-gamma induced gene expression and apoptosis. Next, we treated C3SV40
transgenic mice with mIFN-y(10ng) and MIS (20ug) independently and in combination for 4
weeks. We observed that mice receiving both MIS and mIFN-y had less mean tumor volume as
compared to mice receiving independent treatments. Thus, these results demonstrate that MIS can
improve the growth inhibitory effects of IFN-gamma in vivo. This study indicates the possibility of
using MIS independently or in combination with IFN-gamma as an alternative therapy for the
breast cancer cure.



Final Report (Body)

Title: Mullerian Inhibiting Substance (MIS) augments IFN-y mediated inhibition of
breast cancer cell growth.

Specific Aim I: Characterization of the molecular mechanism that integrates IFN-y and
MIS mediated signaling. (12 months)

Task 1: To identify the molecular mechanism by which MIS and IFN-y induce IRF-1
expression in breast cancer cells. (completed)
MIS and IFN-y function through distinct molecular pathways.

MIS and IFN-y induce IRF-1 expression in breast cancer cells. In order to identify
the molecular mechanisms, by which MIS and IFN-y induce IRF-1 expression, gel shift
assays were carried out using NFKB or STAT-inducing element (SIE) oligonucleotides
containing the relevant DNA binding consensus sequences. MIS induced NFkB DNA
binding activity. The supershift experiments performed using anti p50 and anti p65
antibodies demonstrated that the complex consists of p50 and p65 NFKB subunits in
T47D cells (figure 1a). Binding to the SIE DNA sequence was not observed suggesting
that MIS does not evoke STAT DNA binding in these cells. IFN-y however induced SIE
DNA binding activity but did not activate the DNA binding activity of NFkB. Antibody
supershift experiments demonstrated that the STAT-DNA protein complex induced by
IFN-y contained the STAT-1 protein but not STAT-3 or STAT-5a (figure 1b).
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Fig. 1. T47D cells were treated with 35 nM MIS or 1 ng/ml of IFN-y or both for 1 hour
and 3 ug of nuclear proteins were analyzed by gelshift assay using 32P-labelled
oligonucleotides containing the consensus DNA binding site for NFkB (a) or the STAT
(b) proteins. (SIE: Stat Inducing Element)



MIS and IFN-y costimulate IRF1 expression through NFkB and STAT pathway.

T47D cell clones, which express the dominant negative inhibitor of IkB (IkBao-
DN) were generated. Induction of IRF-1 by MIS was greatly reduced in the clone
harboring IkBa.-DN compared to cells transfected with the empty vector, however it did
not interfere with induction of IRF-1 by IFN-y. MIS and IFNg costimulated the IRF1
expression in T47D cells via NFKB and STAT pathway (fig. 2) (JBC, 2003).

Vector IkBDN-1
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& VW O ™ & Fig. 2. Vector and IkBo-DN-expressing T47D
cells were treated with 35 nM MIS or 1 ng/ml
IRF-1 = - “ - as of IFN-y or both for 2 hours and total RNA
(5pg) was analyzed for IRF-1 expression.
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Task 2: To determine if MIS mediated activation of IRF-1 occurs via Smad pathway
(completed).

Induction of IRF1 by MIS is independent of the Smad pathway

MIS a member of TGFb family signals through Smadl pathway. T47D cells stably
expressing the Smad1DN transgene gene in which serines at residues 462, 463 and 465
were converted to alanines were identified by northern blot. Similar levels of IRF-1
induction by MIS in vector and Smad1DN transfected T47D cells (fig. 3) demonstrated
that MIS mediated induction of IRF-1 does not require phosphorylation of Smad1l.

Vector Clone5 Clone 16
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‘ Fig. 3 Expression of IRF1 in vector transfected and
SmadIDN was analysed by northern blot.

Task 3: To test the effect of MIS and IFN-y on the gene expression of growth regulatory
genes (completed)

MIS and IFN-y induce the expression of CEACAML1 (JBC, 2003), p21 and MHC
classll

CEACAM1 (carcinoembryonic antigen-realated cell adhesion molecule) also
known as biliary glycoprotein (BGP) is a Ca”* dependent cellular adhesion molecule that
is expressed in epithelial cells ( Thompson et al, 1994; Cheug et al, 1993 ). Both MIS and
IFN-y induced CEACAML expression in T47D cells. Interestingly, simultaneous addition
of MIS and IFN-y resulted in synergistic induction of CEACAML expression (figure 4a).
IRF1 can inhibit tumor growth through the induction of p21, a growth inhibitory gene
(Dornan et al, 2004). We observed that both MIS and IFN-y induce p21 expression in
T47D cells as observed by Western blot analysis but the expression was not further
affected when cells were treated with a combination of MIS and IFN-y for 4hrs (Fig. 4b)

MHC classll, another gene downstream of IRF1 was upregulated by IFN-y (Storm



van's Gravesande, 2002). T47D cells when treated for 48hrs with MIS and IFN-y
demonstrated a synergistic induction of MHCII mRNA (Fig. 4c).
Thus, we have observed that MIS and IFN-y costimulate the expression of IRF1

with a synergistic induction of the downstream genes CEACAM1 and MHCII in breast
cancer cells.
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CEACAM1 = W Fig. 4a. T47D cells were treated with 35 nM MIS or 1
ng/ml of IFN-g or both for 24 hours. Total RNA iso-
lated from cells was analyzed for CEACAMI expres-
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Fig.4b. Expression of p21 in T47D cells treated with IFN- Fig.4c. Expression of MHCII in T47D cells
g( 5Sng/ml) and MIS (Sug/ml) for 2 and 4 hrs as assessed by treated with IFN-g( Sng/ml) and MIS (Sug/ml)
Western blot analysis for 48 hrs as assessed by Northern blot analysis

Specific Aim 11: Test the effect of MIS, IFN-y, or both on breast cancer cell growth
using in vitro and in vivo model systems. (24 months)

Task 4: To characterize the mechanism by which MIS and IFN-y inhibit breast cancer
cell growth (completed)

Effect of MIS and IFN-y on breast cancer cell growth

Since the signaling events initiated by MIS and IFN-y converge to increase the
magnitude of gene expression, we next tested their effect on the growth of breast cancer
cells over a period of 1-8 days. Treatment of MDA-MB-468 cells with either MIS or
IFN-y inhibited growth and the presence of both inhibited growth better (figure 5; n=8).
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- 6 cells seeded in a 96 well plate. Cell viability was
2 determined after 1, 2, 4, 6 and 8 days by analysis of
= 4 MTT conversion. Plates were anlyzed in an ELISA
& 1 plate reader at 550 nm with a reference wave length

of 630nm (n=8).
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MIS and IFN-y synergistically increased apoptosis (JBC, 2003, article attached).

Translocation of annexinV from the inner surface of the plasma membrane to the
outside occurs after initiation of apoptosis and thus serves as a marker of apoptosis.
MDA-MB-468 cells were treated with MIS, IFN-y or MIS+IFN-y for 96 hours and cell
surface expression of annexinV was analyzed by staining cells with a FITC-annexinV
antibody (Fig. 6a). Both MIS and IFN-y increase number of annexin V positive cells.
However, treatment of cells with a combination of MIS+IFN-y together resulted in a
synergistic increase in the fraction of cells in early and late stages of apoptosis. Thus
growth inhibition of MDA-MB-468 cells following co-treatment with MIS and IFN-y
results from enhanced apoptosis.
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Fig. 6a MDA-MB-468 cells were treated with

4 5ng/ml IFNg or Sug/ml MIS or both for 96 hrs. Cells
were stained with annexinV-FITC and DAPI and
analysed by FACS. Percentage of cells undergoing
apoptosis is shown. Statistical analysis was done
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Thus, we have observed that a combination of MIS and IFN-y led to a greater
degree of growth inhibition compared with either agent alone due to enhanced apoptosis
rather than a combinatorial effect on cell cycle progression.

Effect of MIS and IFN-y on activated caspase-3

Both MIS and IFN-y increased the cleaved caspase3, an apoptosis marker in MDA-MB-
468 cells with an increase in the activated/ cleaved caspase3 when cells were treated in
combination with MIS and IFN-y for 3 days as demonstrated by Western blot analysis in
fig. 6b

Untreated IFNg MIS MIS+IFNg

~ Fig. 6b MDAMBA468 cells were treated with
By — MIS (5ug/ml) and IFN-y(5ng/ml) for 3 days. Acti-
casapse3 — — u vated caspase3 was assessed using Western blot
analysis.

Task 5: To test the growth inhibitory effect of MIS and IFN-y in vivo, selection of
mouse model (completed).



In order to test the effect of MIS and IFN-y in vivo, we tested MDA-MB-468 and T47D
breast cancer cell lines in nude and SCID mice by injecting the cells subcutaneously on
the dorsal flanks. MDA-MB-468 breast cancer cell line formed xenografts robustly in
SCID mice.

Establish xenografts in SCID mice

The MDA-MB-468 cells are ER negative, Rb negative, harbor a mutant p53 and
are highly responsive to MIS and rhulFN-y treatment in vitro.

4x10° cells/site in 50pl of DMEM were injected subcutaneously into the bilateral
dorsal flanks of, 6-week old female SCID mice. Tumors appeared within one week of
injections and did not demonstrate central necrosis. Mice were ear-tagged to monitor the
kinetics of tumor growth at each site. Four weeks after the injection of cells, animals with
tumors > 250mm?® were randomly divided into treatment groups. Thus, the SCID animals
with MDA-MB-468 xenografts established on the dorsal flanks were used for further
studies.

Spontaneously arising mammary tumors in mice

A transgenic mouse model for spontaneous mammary carcinoma was obtained
from Dr. Jeffrey Green at NIH, in which targeted expression of the early region of the
SV40 large tumor Ag was achieved using the promoter of the rat prostatic steroid binding
protein. Mammary tumors in this model occur in 100% of mice with very early onset.
Atypia of the mammary gland develops at ~8 weeks progressing to intraepithelial
neoplasia resembling human DCIS at ~12 weeks with development of invasive
carcinomas at about ~16-24 weeks. It has also been utilized in several studies to test
novel therapeutic strategies on various stages of tumor progression (Wigginton , 2001).
These tumors are ER negative and have functionally inactive p53 and Rb and thus
complement MDA-MB-468 xenografts in SCID mice (Yin et al, 2001).

Task 6: Determining the dose of MIS and IFN-y required for tumor regression studies
(completed).

Female SCID mice were injected with a single dose of 1pg rhulFN-y and blood
samples were drawn at various time intervals. Serum rhulFN-y concentrations, estimated
based on a standard concentration curve, increased in proportion to the dose, peaked at
~1-3 hours and was undetectable at 24 hours. Serum of animals injected with 10 and 100
ng rhulFN-y once intraperitoneally had undetectable levels of rhulFN-y 6-24 hrs after
injection. Although, rhulFN-y as high as 10ug injected once intraperitoneally did not
cause any harmful effects to the animals but because of the known toxic effects of IFN-y,
10-100ng rhulFN-y will be injected intraperitoneally to these animals 5 days a week for
4-5 weeks

Human and mouse interferon-y proteins share 41% sequence homology and are
species specific. Thus mouse IFN-y (mIFN-y; R & D systems) will be used to inject
C3SV40 Tantigen mouse.



Previously, we have observed that 10ug rhMIS/ animal inhibits the growth of
human ovarian cancer cell xenografts grown in nude mice (Drs. Patricia Donahoe and
David McLaughlin; personal communication). Since, this dose had no harmful effects on
animals and in order to further improve its anti-tumor effects we have injected 20 ug
rhMIS/ animal intraperitoneally for 5 days a week with two treatment free days/ for 4-5
weeks.

Task 7: Once optimal dosages are estimated, animals with established tumors will be
divided into four groups to administer (1) vehicle, (2) MIS, (3) IFN-y and (4) MIS + IFN-
v. Serum MIS and IFN-y concentration will be measured by ELISA. The tumor size will
be measured by using calipers (completed).

Ia) Effect of MIS on MDA-MB-468 tumor growth in SCID mice

Results published in Gupta et al, PNAS 2005 (article attached)

I b) MIS inhibits the growth of spontaneously arising mammary tumors in C3(1)
Tag mice in vivo

Results published in Gupta et al, PNAS 2005 (article attached)

IIa) Effect of IFN-y on MDA-MB-468 tumor growth in SCID mice

MBA-MB-468 xenografts were grown subcutaneously and bilaterally in the dorsal flanks
of 6-week old female SCID mice. A set of 10 mice with established tumors were divided
into two groups of 5 each. Both groups were treated at the same time with either PBS or
10ng rhu IFN-y/animal for 5 days a week with a treatment free interval of two days for 4
weeks. Volume was calculated as LxW? [length=L and width=W] at regular intervals.
Gain in volume was calculated at the end of the treatment. IFN-y significantly reduced
the growth of xenografts as compared to control animals (p=0.0043).

Fig.7. Effect of IFN-y on MDA-MB-
468 tumor xenografts established in
SCID mice. Tumor volumes were
measured during treatment using
calipers.

Gain in volume
~ w N

control IFNg

IIb) IFN+y inhibits the growth of cells established from C3(1) Tag mice
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In order to test the effect of low levels of IFN-y on mammary tumor growth in vivo, we
first determined if IFNy could inhibit the in vitro growth of M6 cells established from
C3(1) Tag mouse tumors. M6 cells (2500/ well) were treated with 0, 10, and 100 ng/ml of
IFN-y for 6 days and cells numbers were quantified at 4, 5 and 6 days of treatment. As
shown in figure 8, both 10 and 100ng/ ml mIFN-y inhibited the growth of M6 cells by
51%, 74% and 86%, respectively (p<0.001 by two-sided Students’ t-test) suggesting that
these mammary tumor cells are responsive to the growth inhibitory effects of IFNy.
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Effect of IFN-y on the growth of mammary tumors in C3(1)SV40Tantigen animals

C3(1)SV40Tantigen transgenic mice were divided into three groups of 8 mice each. 10-
week old mice were injected with 1) PBS 2) 10ng mIFN-y 3) 100 ng mIFN-y each day
for 5 days a week for 5 weeks. Two weeks after the start of treament animals started
having palpable tumors which were measured at regular intervals using calipers. At the
end of the experiment, animals were sacrificed and tumors excised and weighed. Mice
receiving mIFN-y had significantly less number of tumors as compared to control animals
(Fig. 9) and the tumor growth in these mice was very slow compared to PBS animals in
which tumors once appeared grew robustly. However, some of the mIFN-y treated groups
with no palpable tumors also had hyperplasia or early stages of tumorigenesis. Animals
receiving 10ng mIFN-y had a 50% decrease in tumor weight (p=0.03) with a 70%
decrease (p=0.009) in mice receiving 100ng mIFN-y as compared to PBS receiving mice
after 5 weeks of treatment (Fig. 9b).

11



PBS 10 ng IFN

2500 2500 =

2000 2000

1500 1500

_—
/. ////’

1000

20d 25d 28d 31d 35d

100 ng IFNg
Fig. 9. C3 SV40Tagmice divided into three groups
received PBS or 10 or 100ng mIFN-g 5 weeks. Tumor
volumes were measured at regular intervals using call-
pers.

2000

1000

2.5 7

Fig.9b Effect of mIFN-y on the mean
tumor weights in C3SV40 after 5
weeks of treatment.

[
o

o
‘

Tumor weight (gm)

o
@
—

T
PBS 10 ng IFN 100 ng IFN

Task 8: The tumors will be tested histopathologically to evaluate the histology of grafts
(completed).

Both MIS and IFN-y suppress proliferation of mammary tumors in vivo

In order to determine whether suppression/delay in mammary tumors observed in
MIS and IFN-y treated mice was due to decreased proliferation and/or increased
apoptosis compared with that observed in PBS-treated controls, tumors were stained with
antibodies against PCNA, a marker of proliferation, and cleaved caspase-3, a marker of
early stage apoptosis. The extent of PCNA staining in the mammary adenocarcinomas
resected from PBS-treated animals was uniform through out the tumors while the MIS-
treated adenocarcinomas demonstrated PCNA positive regions interspersed with PCNA
negative patches (figure 10 a). The nodular atypical hyperplasia and mammary

12



intraepithelial neoplasia in the mammary glands of MIS-treated mice also demonstrated
patchy PCNA staining.

Figl10a.Immunohistochemical
expression of PCNA (anti PCNA
antibody from Zymed lab in
tumors resected from PBS and
MIS treated mice. A
representative tumor from each
group is shown

In case of tumors from Interferon gamma treated mice, PCNA staining was dramatically
decreased in both 10ng and 100ng IFN gamma treated animals.

10ng IFNg 100ng IFNg

Fig. 10b.Immunohistochemical expression of PCNA in tumors resected from PBS and
Interferon gamma treated mice. A representative tumor from each group is shown

Activated caspase3 was increased in MIS treated tumors as compared to PBS. In
IFNgamma treated animals also staining for cleaved caspase3 was prominent and most of
the tumors from Interferon gamma treated mouse stained positive for cleaved caspase3 as
assessed by Immunohistochemistry analysis of tumors from PBS and Interferon gamma
treated mice.

13



Fig. 11a, b. Caspase3 cleavage in PBS and MIS treated tumors (Fig. 11a) and PBS and
IFN-y treated tumors (Fig. 11b) as assessed by immunohistochemically using anti
caspase3 antibody from Cell Signalling. A representative tumor from each group is
shown

III) To test if MIS and IFN-y can inhibit the breast tumor growth better than MIS
or IFN-y alone in vivo

10 week old mice were divided into four groups of 5 animals each and received 1)
PBS; 2) mIFN-y (10ng/ day); 3) MIS (20ug/ day); 4) MIS (20ug) + mIFN-y (10ng)/ day
for 5 days a week with a treatment free interval of 2 days for a total of 4 weeks. Two
weeks after the start of treatment animals start showing palpable tumors. Tumor volumes
were measured at regular intervals during the treatment and tumor weights were
measured at the end of treatment. Tumor volumes which were obtained by LXWxW were
found to be decreased in all the groups as compared to PBS control. Both MIS and
mIFN-y reduced the tumors weights independently, however the combined treatment of
MIS and mIFN-y reduced both the tumor weights and tumor volumes further as compared
to the independent treatments. Thus, these results suggest that MIS can improve the
growth inhibitory effects of IFN-y (fig. 12).

14



1800 -

1600

1400

1200

1000

800

600

Tumor volume burden (mm3)

400

200

o ‘ ‘ ]

PBS MIS IFNg MIS+IFNg

Fig. 12. C3Sv40 mice were divided into four groups of 5 mice each and received

PBS, 10ng mIFNg, 20ug MIS independently or in combination for 4 weeks and the tumor
volumes were measured as LXWxW.

Key Accomplishments:

MIS and IFN-y function through distinct molecular pathways. MIS induced NFkB
DNA binding activity in breast cancer cells where as IFN-y functions through Statl
DNA binding activity as is observed by Gel shift assays.

MIS and IFN-y costimulate IRF1 expression in breast cancer cells through
activation of NFkB and STAT pathways, respectively.

MIS mediated induction of IRF-1 does not require phosphorylation of Smad1l as
similar levels of IRF-1 induction are observed by MIS in vector and Smad1DN
transfected T47D cells.

MIS and IFN-y costimulate the expression of IRF1 with a synergistic induction of
the downstream genes CEACAM1 and MHCII in breast cancer cells.

Treatment of MDA-MB-468 cells with either MIS or IFN-y inhibited growth and
the presence of both inhibited growth better.

MIS and IFN-y co-stimulate the expression of activated caspase3, an apoptosis
marker in MDA-MB-468 cells.

MIS and IFN-y together resulted in a synergistic increase in the fraction of cells in
early and late stages of apoptosis as observed by enhanced translocation of annexinV
from the inner surface of the plasma membrane to the outside, which occurs after
initiation of apoptosis.
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To test the growth inhibitory effect of MIS and IFN-y in vivo, MDA-MB-468
xenografts were established by bilaterally injecting 4x10° cells/site in 501 of DMEM
subcutaneously onto the dorsal flanks of SCID mice.

For in vivo experiments, IFN-y and MIS doses are determined. 10- 100ng
rhulFN-y were injected intraperitoneally to the SCID animals and mIFN-y to
C3SV40Tantigen mice, 5 days a week with two treatment free days/ for 4 weeks.

MIS treatment (20 ug/ animal for 5 days a week with two treatment free days/ for
4 weeks) decreased the rate of mean volume gain of tumors established as xenografts
in SCID mice as compared to vehicle treated group.

Administration of MIS to C(3)SV40Tantigen mice with spontaneous mammary
tumors was associated with a lower number of palpable mammary tumors compared
with vehicle-treated mice, and the mean mammary tumor weight in the MIS-treated
group was significantly lower compared with the control group.

rhulFN-y (10ng) reduced the net gain in tumor volumes as well as tumor weights
of the MDAMB468 xenografts in SCID mice.

Adiministration of mIFN-y (10ng or 100ng) per day for 5 days a week for 5 weeks
to C3SV40Tag mice resulted in a decrease in net tumor weight and tumor volume in
these mice.

Analysis of PCNA expression and caspase-3 cleavage in tumors revealed that
exposure to MIS as well as IFN-y was associated with decreased proliferation and
increased apoptosis, respectively, and not due to decline in T-antigen expression.

In order to test if combined administration of MIS and IFN-y can improve the
growth inhibitory effects of IFN-y, we injected 20ug MIS,10ng mIFN-y or a
combination of MIS and IFN-y to C3SV40Tag mice for 4 weeks and tumor weights
and volumes were measured. Mice receiving both MIS and IFN-y had less mean
tumor weights and voulumes as compared to either treatment alone. Thus these
results suggest that MIS may improve the growth inhibitory effects of IFN-y and
possibly we can further reduce the dose of IFN-y in combination with MIS as MIS
does not have any known toxic effects.

Reportable outcomes:
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Conclusions:

1.

2.

10.

MIS and IFN-y function through distinct molecular pathways in breast cancer
cells.

MIS and IFN-y induce IRF1 expression in T47D cells through NFKkB and STAT
pathway repectively.

MIS mediated induction of IRF1 expression does not require Smadl
phosphorylation.

MIS and IFN-y synergistically induce CEACAM1 and MHC11 expression in
T47D cells.

MIS improves the growth inhibitory effect of IFN-y in breast cancer cells.

MIS and IFN-y together resulted in a synergistic increase in the fraction of cells
undergoing apoptosis.

MDA-MB-468 cells grow robustly as xenografts in SCID mice when injected as
4x10° cells/site in 501 of DMEM subcutaneously onto the dorsal flanks.

MIS treatment decreased the rate of mean volume gain of tumors established as
xenografts in SCID mice as compared to vehicle treated group.

Administration of MIS to C(3)SV40Tantigen mice with spontaneous mammary
tumors was associated with a lower number of palpable mammary tumors and the
mean mammary tumor weight as compared with the control group.

Interferon gamma reduced the growth of MDA-MB-468 xenografts in SCID
mice.
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11.

12.

13.

Both 10ng and 100ng mIFNgamma reduced the growth of tumors and net tumor
weight of mammary tumors in C3SV40Tag mice.

Analysis of PCNA expression and caspase-3 cleavage in tumors revealed that
exposure to either MIS or IFN-y was associated with decreased proliferation and
increased apoptosis, respectively, and not due to decline in T-antigen expression.
To test if MIS and IFN-y can reduce the growth of mammary tumors better than
IFN-y alone, mice with spontaneously arising tumors (C3SV40Tag) received both
MIS (20ug) and IFN-y (10ng) in combination or independently for 4 weeks. At
the end of treatment mice receiving combination of MIS and IFN-y had lesser
tumor weights and volumes as compared to either MIS or IFN-y treated mice.
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Mullerian inhibiting substance suppresses tumor
growth in the C3(1)T antigen transgenic mouse

mammary carcinoma model
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Mullerian inhibiting substance (MIS} inhibits breast cancer cell
growth in vwitro. To extend the use of IS to treat breast cancer, it
is essential to test the responsiveness of mammary tumaor growth
ta MIS in wivo. Mammary tumars arising in the C3(1} T antigen
mouse model expressed the MIS type 1 receptor, and MIS in witro
inhibited the growth of cells derived from tumars. Administration
of MI5 to mice was assodated with a lewer number of palpable
mammary tumors compared with wehicle-treated mice (P = 0,048},
and the mean mammary tumor weight in the MiIS-treated group
wias significantly lower compared with the contrel group (P =
0.029). Analysis of proliferating cell nuclear antigen (FCNA) expres-
sion and caspase-3 deavage in tumors revealed that exposure to
MIS wias assodiated with decreased proliferation and increased
apoptosis, respectively, ard was not caused by a decling in T
antigen expressian, The effect of MIS on tumaor growth was alse
evalisated on xenagrafted human breast cancer cell line MDA-MB-
A58, which is estregen recegtar- and retinablastoma-negative and
eXpresses mutant ps3, and thus complements the CI01]Tag mowse
mammary tumars that do nat express estragen receptor and have
functional inactivation of retineblastoma and p53. In agreement
wilth results observed in the transgenic mice, MIS decreased the
rate of MDA-MB-A58 tumar growth and the gain in mean temes
velume in severe combined immunadeficient mice compared with
wehicle-treated controls (P = 0U004), These results suggest that MIS
can suppress the growth of mammary tumars (0w,

prodiferation | apoptosis | cimisn virgs 40 lege T antigen

ullernan mhibilasg sebatacee (MIS) 5 a member of the

TGE-G lamily, @ cliass of moleculs that govern a myriad
of cellular processes meludmg growth, diflerentzaten, and spo-
plosis. Synthesis of MIS demonstrates a sexually dirmorphoe
pattern and 15 produced by Sertol cells of the letal and adwll
testis and granulesa cells ol the posteatal ovary, In male
cmbryos, MIS causes regression of the Mulleran duct, the
anlagen of the Fallopman tebes, wieres, and upper vagma (1)
However, o postnatal role or MIS in mals and lemales kas yel
to b defmed. Signaling vy MIS 15 propagated by bmding of MIS
to the MIS type 1 receplor, a tramsmembrane sering, threonine
kenase expressed at hagh levels in the Mulleriae duet, Sertols
cells, and granulosa cells of the eonbrvonic and adull gonads and
mothe wieres (2-4) The MIS-bourd type 1 receplor subse-
guently recruits a type I receptor. Activin-like kinase 2 [(ALKZ),
ALKY, and ALKS have been implicaled m o medizing MIs
sipnaling in cells (5-9).

We recently demonstrated the presence of MILS receplors
m marmmary lssue and breast cancer cell Lnes, sepgesting Ul
the mammiry gland & a hkely target for MI5 (6, 10, 171). In the
ral mammary gland, expresson of the MIS wpe 11 recepror 15
supprissed during puberty when the ductal system branches and
mvades the adipose stroma and during massive expansion st
pregrancy and lactation, but s ep-regulated durmg mvolution,
i tme ol bssue regression (11, 12) The declne in MIS type 11

e s 0rg,oglidol (10,1071 pras 008709102

recplor expression during various stages ol postnatal mamonsary
growth sugpsied a growth-supprssave role for MIS m the
mammary gland. Consstent with this concept, M5 mubited the
growth of both estrogen receplor-positve and -pegatnve bremst
cancer cells by nducmg cell cycle arrest and apoptoss (1),
Moreover, mjectaon of BMIS mto female mice mdweed apoploss
in Lhe epithelum ol mammary Ussue compared with vchicle-
injected eontrol anmmals (11).

To evaluate whether MI3 may be usclul an breast cancer
therapy, we determmed whether the growth inhetitory effect of
MIS oimerved G witro would be recapiiulated in wive, Assaying
the elffect of MIS or mammary tumor models in vive 15 criticl
Ior dieterminmg whetker MIS could act as an antilumor agent o
a miliew replete witk several growth Teetors thatl promote turmioe
growth, The C3{1)JTag transgemic mowse maclel carnes Lhe
siman virus S0 {8VA0) large T antagen targeted W the epitheliem
ol the mammary and prostate glands, The transgense lemale
mece sponrtaneously develop atypreal dectal hvperplasm by 8
wicks, nodular atypacal hyperplasia by 12 weeks, and iovasmve
carcinomas by 16-20 weeks. [Disease progression m Lhis model
ooturs within & relatrvely short perod and correlates well with
progressve stages of human breast cancer (13), and has been
uscd i several studees W0 sl novel therapeuts strategees on
varnous stages of mammary lumor progressson (13, 14).

The oncogenic 540 large T antgen-induced tumongeness
invalves funetsonal insetivation ol e [umar Suppresser genes
retinoblastoma (Ab) and pS3 (15, 16), and invaswe Geranomaes
arising in ths model are estrogen-mdependent. Mulations in £
are prevaleot o 20% ol buman breast cancers and pS3 mula-
vionsfalterations are detected in =50% of promary bueman breast
lumors (17, 18}, suggesting that mactivation of these two tummior
suppressors may be ertical in human breest lemonigenesis, The
eilrogen receplor-negalve buman brcast cancer cell lme MIDA-
MB-468 = Rb oegatve, harbors mutant p33, overexpresses Lhe
FOF roceplor (19, and m hghly responsive o MIS trealment dn
wifrer {20, Thus testing the elliceey of MIS in severe combined
immunodefiient (3CID) mace bearing MDA-MB-4658 Lumors
winld validate the antiumor studies m the C3(1 ) Tag madel For
sponlancous mammary carcinoma. In ths study, we evieluaied
whither MIS can inkibi the growtlh of mammary lumors in Lhe
CH 1 Tag model as well a3 MDA-MB-A68 senogralls estatlished
0 SO maee. Our resulls demonstrate that MIS sepprosies
the growih of mammary lumors movive m both experimentil
syslems.

Methods

Cell Lines, Reagents, and Growth Inhibition Assays. The MB tumor
cells establisked Trom C3(1)Tag mace and MDA-MB-468 cells

Abbresiations WIS, Mulleran inkibneg subsance: POMA, prolterating ol rachear st
g Ab retinablamoma: SO, seeere combired immunodefcient S0 simian ving 40
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were grown in DMEM supplemented with 10% female FHS,
glutamine, and peoxille/sireplomyan, To measure mhabitaon
of Mb cell proliferation by MIS, cells were plated in e 24-well
plate at a densaty of 250k cells per well and treated witk 1, 5, and
10 pgml ol MIS for 4 days. Cell numbers were quantilied by
using a hemocytometer. Recombmant human MIS was immu-
noallinity-purificd from CHO cells transfected with tee kuman
MIS gene (21) followed by desalting and ooncentration by
centroon (Millipors) and gquantilcaton by the BinRad method.

Antibodies and Western Blot Analyses. The rabbat M5 type 11
receplor antibody kas been deseribed (2I). The anti-5%V40 Large
Tag antiboady was purchased from Pharmingen, and the ant-
cleaved caspase-3 antibody wis from Cell Sigraling Technology,
Bewverly, MAL. Western amalyins was perlormed a8 described {23).

Amimal Studies, C3{1ITag Mice, All amimals were cared Tor apd
experiments were performed at The Wellman Animal Facilivy,
Masachusetts General Hospital under American Association
for Laboratory Anmmal Science gusbelings using prolocols ap-
prived by the Instlebigne] Review Board-lnstitelional Animal
Care and Use Committes of the Massachusetls General Hospe-
tal. A pair o yourg bomaeygous male and female C3(1) Tag mice
were wied o build @ mowse colony. Twenty-fve Hbweck-old
lemile meoe (Comaslmg of seven separale ltters born 2-3 days
apart) were randomized into twa growps W recenve PES (vebele
control, 13 animals) and 30 gg of MLS per animal per day (12
animals) by Lp. mjectons. Anamals were injected for 5 days wak
I days ol treatment-free mierval for & weeks, Mice were mon-
tered dasly For evidence of wwaaty and found te be healtby and
active durimg the entire course of treatment. None of the animals
bad externally viesile tumors at the eommencement of reat-
ment. Three weeks alter treatment began palpable tumaors
cmirged in some animals, Al the end ol the experiment, animals
were killed, and tumors were excised, weighed, and snap-Trozen
or fixed for histologic and biochemeal evaluation.

MIS ELISA (24) wo determace MIS concentratzon i blood

collected from mace @l the end ol the experiment was analyeed
m dupbcate al s sersal ddutons by using a standard curve
construcled with lowr-parameter logstical curve itimg Delta-
Soft 11 (BioMetallics, Prmocton, MI). Assay sensitmvily wis 0.5
og/ml; and tke mtreassay and mierasay coslicients of vanation
were 9% and 15% rospectively. The ELISA did nol recogniae
lwtemiaeg bormaone, follicle-stimulating hormeone, activin, -
b, TGE-8, or bovine or rodent MIS.
SC0 mice. MIDA-MEB-d65 xenogralls were cstablished by balater-
ally imjectng 4 * 107 cells per site in 50 pl of DMEM se. nlo
the dorsal [hanks of 106-week-old female S3C1P mice maintained
m the Bdwm Lo Sielle Laboratory for Tumor Biology, Bostoa.
Mice were ear-lagged o monitor the kinetics of wmor growth
at cach site. Aller =d weeks palpable tumors were observed in
B of 10 animals. Some developed wemors bilaterally (7,10,
whizrcas another kad just one tumor {1700 The aght anmmals
with palpratle lumors were diveded randomly mbo wo ireatment
groups. The PHS-treated group had four animals, three of which
bad two tumors aed oce of which bad one tumos, The MIS
treatment group had four anmmils, cach of which had two
Larmers.

Treatment of botk groups began ot the same tme. The lwmor
volumes in the anmmials i the two groups were comparable, Mo
were injected daily ip. witk FES (1HF pl) o 20 pe MIS per
animal lor 5 days a week with a treatment-Iree mierval of 2 days.
Turmors were measured by wsing calipers just belore treatment
began and al regular intervals throwghouot the treatment perosd.
Virlume was caleulated as £ = W2 {1, length: W, wadlk). Serum
MIS concentration wias measured at the end of the experiment
by MIS-ELISA.

230 WA NS 0 gl od BN priss. (MOS0 MR

Serum MI5S Measurement. Blood was collected by cardiac puncture
Iram PES- and MIS-treated mice and placed in 1.5-ml micro-
centrifuge hes o facilinate elol formation, The clos were
ceotrifuged, and serum was removed o measure serum MIS
concenlralions as descrabed {25).

Statistical Analyses. The number of measurable lumors i each
group on Lthe last day of treatment was comprred by wsing
one-sided Fisher's exsct test. Differences were comsidered 1o be
signilicanl when F = (LO5.

The mean lumor weights at the end of the expenment m PHS-
and MIS-treated C3{1) Tag mice were compared by wsmg the
Kruskal-Wallis test, and dalferences were considercd o be
sgralicant when P (105,

Beouwie cach mouse B an experimental wnil our caloulations
are based on otal wumaor volume per animal. In MDA-MB-265
lwmor-hearing SO mice, lemor volumes were coamparable
Between sies and were summed o oblan Wlal lumor volame
per animal. The gain in lemor solume per mouse, al the eed of
the cxperiment, was caliulaled as flemar violumigy,, — tumior
volumeping + tumor volumemia b Statsoeal analysis was per-
lormed by wsing twoesided Stedents ¢ west. Differences were
comsadered W be signalicant when P o< 0L05.

Immunchistochemical Analyses. Tisues were lxed in formalin and
embedded m parallin. Sections of 5-p thickness were stained
with homatixylin and eosm, To delect apoplosis, sosoliions wire
immunostamed with Cleaved Caspase-3 antibody (Asp-175, Cell
Signaling Technology) aconrding wo the manufaciurer's instruc-
tions. Briefly, seetions were deparallinized, treated with catrate
bufler at subboiling (emperaturne W retrieve antigen, and cooled,
and peroxmdase quench was added. The shdes wens washed and
Blocked, and primary antibody was added and incubated over-
night. Alter washmg three lmes, shdes were incubated with
seeondary antbody For 4 min, and Avidin Brotin solulion was
added. Color was developed with substrate chromapgen, and
sections were counterstaned with hematoxyling

Proliferation in lumors was assessed by staining sections with
the prolderating cell nueclear antgen (PCMNA) stammg ki
[Ayvmed). Sectoms were Lreatled with hydrogen perocwde U0
inhihal endogenous peroxidase, and antigen was retrieved by
merowaveng the samples moetrate bulfer. Shdes were stamned
with a biotinylaled PONA mAb (clone PCHE) followed by
streptavadin-peroxidase as a sqgnal generator and daminoben-
ridine as chromogen. Seclwons were counlerstamed with
hematoxylin.

Results
MIS Inhibsits the i Witrs Growth of Cells Estalslished fram Mammary
Tumors Arising in C3(11Tag Mice, We had demonstrated thar M13
inhibits the growth of breast caneer eells in vitro {10). To conlirm
these obssrvations in wee, the effect of M1% on the grmwth of
marnenary twmors e the C301 ) Tag mice was lested. Western blog
analysis of proteins Bolated [rom mammary lumaors i the
CH D Tag mice demonstrzled the expresswn of MIS gpe 1
receplor. Proteins extracted from vector and MIS type 11 recep-
tor-translected COS5 cells were used as negative and positive
controls, respectvely (Frg, 14 )

Before testing the effect of MIS on mammary tumos growth
i wive, we st determuned whether M5 eowld mbhiban the i wviteo
growth of M6 cells established from C3(1)Tag mouse lumors.
Mo cells were treated with 1, 5, and 10 pe/ml of MIS for 4 days,
and cell numbers were guantilied. As shown o Fag. 18, MIS
inhibated the growth ol Ma cells by 51%, Td%, and 86%,
respectvely (7 < OLEH by two-spded Student’s @ ust), suggesting
that these mammary lemos cells are responsmve Lo Lhe growih
inhiialory elfects of MIS. Copsstent witk thi observation,
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Fig. 1. WA inkunits ME coll growth in witno, [4) WIS type l receprior expreasion
iRC 3 Tagmause ma manany turmons. Tota | protein from tamors was analyzed
ey Mdestesrn blot. Usitrarad ectied ard MIS type 1 receptar-traralected 005 cells
wre uhed as negatie and positive coatrols, mes pectively. Paaition of the MIS
typd |l necegbar protin is showan. {B) Eguad num bers of MS cells were treated
with Incriasing cancenarations of MIS. The number of cellsineach well afrer
A days of MI5 treatmaent and a representative wiew of the wiells & shown.

stanimg the cells for PONA demorstrated that MIS suppressed
the proliferation of M& cells m cullure (data mol shown).

W15 Inhibits the Growth of Spontancously Arising Mammary Tumors
im €3[1]Tag Mice in Wivo. Two groeps of 10-week-old mice were
myjected with cither FBS ar 20 pg of MIS daily for 5 days with
I days of treatment-free interval for s eyeles. The PBS- and the
MIS-mjected groups consisted of 13 and 12 mice, respectively.
Externally palpable lumors were ool observed mmoany ol the
animals at the commencement of treatment. One mouse in the
XIS gprowp was removed [rom the expenment within a week ol
Lreatmi srause of a large nonmammary tumdar, which caused
dscomlort w0 the animal, Except lor this anonmal, there was
aeither weght lods mor any other discernible adverse effects m
the anmmals within the wo groups,

During ke eourse ol treatment, Whanmals e the PES-treated
growp and b animals m the MIS-inecied group descloped
externally palpable twmoss, OF the 10 animals that developed
palpatle twumors in the PES-myected growep, 7 presented with
tumars on day 28, 1 on day 32, 1 oo day 37, and another on day
42 ol treatment. Al death, an sdditsonal two animals m ths growp
were loend 1o have measurable lumars in therr mammary gland
In the MIS-treated group, two animals presented witk externally
palpatle turmors on day I8 of treatment, one presented on day
32, and an additional three anmals presented with tumors on day
42. Interestingly the animals i ths group, which did nol present
wilh extermally palpable tumors, ded col bave aey large lemoaor
masses al death. These results indwate that by 42 days ol
treatment MIS exposure 15 assocated wilk animals baving fewer
palpatle tumors (Fig. 24; F =< LEE by one-subed Fisher's Exset
Lest).

Al the end ol the expermment, anmals were killed and tumiors
were excred and weighed. The tumor weights in Lhe PBS-treated
control animals ranged Drom 008 1o 463 mg with & mean lemoaos
welght of L.7] mg and & median of (038 mg. The tumor weights
m the MIS-treated anmmals ranged from (07 w b2 mg with a
mean weight of (L16 mg and a median of 010 mg. The lowest
tamer (07 mgh n ths group represents the ozl weight ol
micronodlules of tumor that cowld nod be excased free of normal
tmsue, The mean lemor weight m animils was signiliGantly lower
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Fig-2. MISireatenent & assedated with a decrease in the number of palpable
TEars im animals, (4] Tensweek-old C3{1]Tag mice were injecied with either
PES{R = 13)ar M {n = V1), and animal s were meaitoned farpalpable wmans
The graph shows the percentage of animak with measurabke wmarns in each
graup v, the diys of treatment. On the £&2nd day after reatment, the total
mumibir of measurable tumoss was lewer in the MIS groaun coempared with the
PES growp. P < 005 by one-sided Fisher's Exact test. (5] A1 the end of
e experEnent, anmak were Killed, and tumos were excibed and weighed
The tumor weight in eadn animal is given, THM (umar net measurable)
FepARsEnts animak in which Tamars could not be detected by palpatian. The
graph shoas thee mean tumes weight = standard efrar in the PES- and
MiS-injected groups. {O) Proteins extracted from tumess in PBS- and MIS
treated amimak were immuncblotied with an ant-5W80Tag antibody. The
positean of the SVAD large T antigen is shown

in the MIS-treated growp compared with controls (Fg, 28; # =
(LU29 by Kruskal-Wallis test). The statistical amalyss was re-
peated excleding the largest tumors (4627 mg) present in a mouse
in the FHES-treated grovp and mdicated that the differesce in
lumor welghts between the two groups was sull sigmalant (=
(LIME). To ensure that the decrease in lumor growth o ke

MIS-treated animals was nol caused by suppression of SVl T

anbgen i umors, Wwenor sampls from PES- and MIS-treated
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Fig. b, M decresses proliferation and intreses apopbass n marmemery tumces, (4] Hematoedin and eosn steireng of palpabl e memmarny tumors excised from,

the M5 ard POS-trested animals, Histology of a represertative tumos & shawen, {0} Histodogical srsbysis of the mammary glanch of MiS-treated mice, which did
raot present with palpeh e tumers, The hagher magrdications (neets] demarstrate regicra of stypical byperplasis (Waht] ard mammary ntraepithalial recplasa
[Lpwver el [C) POMW, expressan i tuman resected from PES- anc MS-Srested mice, A represerdatisn temar from each group & showen, (0] Capene- 1 clepeage
im PRS- ared MiS-trested suman. (& and o} Tumers fram tao POS-Erested snimals, (o and o} Higher magnifications of & snd ¢ ivmeds sre shown in 8 and o,
respectvely, Arroehesds shorey el poaitive for caepee- 1 deavage. { Fand ) Tumaon from tevo Mid-treated snimals, {e and B Higher magnificeti ons of £ and
§ inaets are sherwn in g arvd b, respectively, (] Probers extracted from M505- ard MiS-treated tumers were snalyzed by Western blat waing an antibody sgeemst

deaved caapaan-l

mice were analyzed by Western blot, As demonstrated in Fig. 20,
MIS wreatment did not alter the expression of $V4A0 T antigen in
Larmnirs,

MIS Suppresses Proliferation ard Induces Apoptesis In Mameary
Tumars in Vive. Both PES- and MIS-treated anmals with grossly
palpable twmors had well developed invasive adenocarcinomas
(Fig. 34). Histologieal evaluation of tssees demonstrated that
the mammary glands of MIS-treated animals that did ot have
externally palpable tumors had rodular atypieal hyperplasia
and mammary mtraepithelial reoplasia, in which neoplaste
cells filled the lumens of the duct, but did non present with
ivasave carcinomas [Frg 38). To determine whether suppres-
sion/delay in mammary lumors observed in MIS-treated mice
wiss caused by decreased proliferation and,/or inereased apo-

2333 WA NS 0 gl od BN priss. (MOS0 MR

plosis compared with thar observed in PBS-treated contnols,
tumors were stained with antibodies against PONA, a marker
ol proliferation, and eleaved caspase-3, a marker of carly-stage
apoplosis. The extent of POCNA staiming in the mammary
adenocarcinomas resected from PRS-treated animals was uni-
form throwghoul the tumors, whereas the MIS-treated adeno-
carcinomas demonstrated PCNA-positive regions interspersed
with PCNA-megative patches (Fig. 30). The nodwlar atypacal
hyperplasia and mammary mtracpithelial neoplasia in the
mammary glands of MIS-treated mice also demonsirated
patchy PUMA staining. These results indicate that mammary
tumars exposed o MIS wndergo less proliferation compared
wilh thode m PBS-treated conlools,

Stainimg the wuemors for activated caspase-3 revealed a marked
increase in the number of apoptotic cells m the MI5-treated

Gupta efa
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Fig. £, MIE deoreasin the grosth of MDA-ME-468 tumos xerogratis eftaks
lished im SCID mice. (&) MDA-MB-468 tumor xenografis wene stablished in
mie. Animals vaith padpalbe tumees wer e treated with PES (0 = 4) or MIS (7
4}, ared tumor volures were mexbured. The graphs demonstrate changes in
rotal turmar valume in sach animad duning the counse of theatment in the tao
grouns. The thick line represenis the mean gain in tumor valume and the
hanchad line repeesernts thie trend line derived fnom the means, assiming that
tumor growith i expenenitial. (9] The rates of tummar grawth within the tao
grouns swaere cakiulated based an the equations derived from trend lines. [0
The mean of the gain in WM volume in sadh group = sandard erec is
shoawny, thie gair in the WIS reated group was signiticantly different trom the
PAS.treated group (P < 0UDOS by twa-sided Student's T test).

tumirs compared with PES-inpected controls (Fig. 300), sugpest-
mg Lhat exposure w0 MIS inducs apoptoss o the mammary
turmirs i vive, This idea was also conlirmed by immunoblolling
tumir profeing for cleaved caspase-3 (Fig. 387,

M5 Suppresses MDA-ME-468 Tumor Growth in SO0 Mice. The human
breast cancer ool boe MDA-MB-G6H 15 Sirogen roceplon-
pegative and Rb-megatve and karbors mutant p53. MIS inhabsits
the growth of MIDA-MB-468 cells fnowiro. To valudate and
confirm the relevance of the results etaieed 1o rassgense mace,
wi lested the growth inhibitory elTects of MIS on MIDA-MB-468
senigralis establshed in SCI0D mce, Ths experimental syslom
closely complements the C3(1)Tap mouse mammary lemos
mistel in whach the temors are estrogen-mdependent (13) and
arEe bedause ol lunctonal mactvation of B and p33 by the
oncogenie T antipen (15, 16).

MDA-MB-468 senografts wene grown s and bilaterally m
the dorsal flanks of G-week-old female SCITD mice. Alter =d
weeks, the emht animals with palpable tumors were randomized
e Lwor groups with Iour anmmals i the PHS control group and
four mee e the MIS treatment group. Bolk growps were treated
il the same Ume with either PBS or 20 pg MIS per anmmal for
3 dlizys aowock wilh & treatment-Iree mlerval of 2 days Lor 4 wecks
Volume was caleulated as L % W2 (L leagth; B width) at regulas
miervals (Fig. 44). Analysis ol the rate of mean growth during
the treatment demonstrated that temors o the PHS group were
prowing mare rapadly compared witk Lemors in the MIS-treated
group (Fig 48), The gain o tumar solume over (he course ol
treatment was caleulated a8 volume al the end of treatrment
volume at Lthe begmning of treatment/voleme al the begmning
ol trestment. The PHS group had & kigher gain o tamor volume

Gupta of @

thano the MIS group (Fig. 4C; F = (L by two-tatled Stodent™s
[T

Discussion

The presece of MIS mm the serum well alter regression and
differentiztion of the Mullerian duct 0 mals and lemales,
respectvely, (24, 26) sugpests Lkt MIS may have a postnatal role
in aduls, Moreover, the expression of MIS roceplors o nongo-
nadal tssues seck a8 the mammary and prostate glasds (=12,
27) suggests additional functons lor thss hormone besudes the
inducton ol apogptotse regressaon of the Mullerzan duet. We kad
demonstrated that MLS inhabits breast cancer cell growth i st
By preventmg cell evele progression and inducing apoptasis (1),
In this artsele, usimng twio fn v moadel sastems, we demonstirale
that adminmstraton of MIS suppresses mammiry umdar growih
0 mice. We had previously inpected @ smmple dose of W0 pe of
MIS mio female moce and tested the inductvon of fEX-T, a
MlS-induesle gere, i the mammary glands of mace. These
results demonstrated that MIUS at thas high dose could induce the
expression of JEX-T (11). Subsequently, Stephen er al, (28),
tested the ellicecy of MES agamst ovarian cancer oell lines in vivo
and reported that dady myections of 10 e of purified exogenows
recnmbimant human MIES suppreised lumor growth i immuwne-
suppressed mice, Based on these resulls & comparable dose of
MIS (20 pg per animal per day) was wsed i these experments,

In the C3(1)Tag model, lewer anmals in the MIS-treated
group developed palpable tumors compared witk PBS-myected
eontrols. Although the measurable tumors i both groups pro-
gressed o adenocarcmomas, bstologc] asalyies of Lemoss
indcated that tumors m the MIS-treated group were Less dense
compared with those 1o the FBS-treated group. This observation
% comssienl with the remarkable merease m apoploss and
curtailed prolderation m M1S-treated tumaors compared with the
FHS-mjocted controls. The presence of nodular atypical hyper-
plasia and mammary imtracpithelal neoplsssa mthe MIS-treated
mpce Lhat didd not present with palpable tumaors suggests that MI3S
may ool block neoplastc tramslormation by the SVl large
lumor anfigen bl suppresses or delays lumor progression,
resulting in the overall delay m the appearance of palpable
tumoss m the MIS-treated group.

This concepl 1% further supported by the resalts observed in the
MD-MB-463 xenograll model, in which adminsteneg MIS w
anmmals with establshed wmors decreased the rate of umor
growth compared with vehscle-treated controls, Although ke
mean lemor weight at the end ol the experiment was higher in
the PHS group than in the MIS group ([L31 v, (33 mg), ths
differenee was not statistically sapmiliceet (P = (013 by two-saded
Student’s ¢ test). This lncing was surprsing given thit the gain
10 mcan tmmor volume durmg the course of the expermment was
signilicantly higher in the PES-treated animals (F < (LIHM) than
m Lhke MIS-treated moace. However, ths reselt could rellect
vitrialions in mitial lumor werghts, which could ool be measured.

The ability of MIS w0 imkabar MIDA-MB-268 lumor growth in
SO mace is lkely vo occur directly at the cellular level because
SCIs harbor a mutation that severely mmpairs the developeaeent
of T and B lymphotyts and MI3 can mhibit MIDA-MB-d68 cell
griwth im witro, Although MI5 bas oo koown oomune moduala-
tory effects, whetker its mhibitory effect on mammiary Lemoss
arising i the immune-compelentl transgenic mouwse madel in-
violis enhancement of hosl immune Tunchion remams o be
determined. We reeently demonstrated that MI5 sipnaling in-
terseets with the IFN-v patbway and enhances IFN-v mdeced
exprosann of downstream largel geoes sech as (RF-7 and
CEACAMI . Furthermore, a combmatmon ol 315 and [FMN-v led
e a greater degree ol growth mhibiion of breast cancer cells
comparcd with erther agent alone because of enhanced apopto-
s rather than a combinatoral eflect on cell cvele progresion
(20, The C3 1) Tag mace would provide an excellent expernimen-
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Mullerian Inhibiting Substance Promotes Interferon y-induced Gene
Expression and Apoptosis in Breast Cancer Cells*
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Yasunori Hoshiva, Vandana Gupta, Hirofumi Kawakubo, Elena Brachtel, Jennifer L. Carey,
Laura Sasur, Andrew Scotl, Patricia K. Donahoes, and Shyamala Maheswarans

From the Pediatric Sungival Besenrch Laborafories, Massochasedts General Hospitnd mnd Harvned Medical Srhool,

Buogfan, Mpssachuseils G214

This repert demonstrates that in sddition to interfer-
ons and cytokines, members of the TGFE superfamily
such as Mullerian inhibiting substance (MIS) and we-
tivin A also regulate IRF-1 expression. MIS induced
IRF-1 expression in the mammary glands of mice in eiee
and in breast cancer cells in vifro and stimulation of
IRF:1 by MIS was dependent on activation of the NFxB
pathway. In the rat mammary gland, IRF-1 expression
gradunlly decreased during pregnancy and lactation
but inecreased at involution. In breast cancer, the IRF-1
protein was absent in 13% of tumors tested compared
with matched normal glands. Consistent with its growth
suppressive activity, expression of IHF:1 in breast can.
ver eells induced apoptosis. Treatment of breast cancer
cells with MISE and interferon yp (IFN-y) co-stimulated
IRF-1 and CEACAMI expression and synergistic indue-
tion of CEACAMI by a combination of MIS and IFN-y
was impaired by antisense IRF-1 expression. Further-
more, a combination of IFN.y and MIS inhibited the
growth of breast cancer cells to a greater extent than
either one alone. Both reagents alone significantly de-
ereased the fraction of cells in the S-phase of the cell
eyele, an effect not enhaneed when they were used in
combination. However, MIS promoted IFN-yinduced
apoptosis demonstrating o functional intersction be.
tween these two classes of signaling molecules in regu-
lation of breast cancer eell growth.

Mullerian Inhibiting Substance (M151' is a member of the
TGFE fomily, o class of modecules that regulates growth, dif.
ferentintion, and apoptosis in many cell tvpes. In the male
embryo, MI5 causes regression of the Mullerian duet, the an-
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article must therefore be herehy morked “ndvertizement” in accordance
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! The ahbreviations used are: MIS, Mullerion inhibiting substance:
IRF, lnterfercn regulatory facter-1; TFN, interferon; MTT, 2.4, 06.d1-
methylthinzgel-2-v1+-2 5-diphenylietrozolium  bromide; STAT, signal
trapsdacer and activator of transeription: FACS, luoreseence-netivated
cell qorter; AL, 4 B-diamsding-2-phenylindole: SIE, stat-inducing el-
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lagen of the Fallopinn tubes, uterus, and the apper vagina (15
Huowever, o postnatal role for MI2 in males and females has yet
to be clearly defined. MIS receptor mENA in the mammary
gland significantly diminishes during puberty when the ductal
system branches and invedes the adipose stroma and during
the expansive growth at pregnancy and lactation, but is up-
regulated duning invelution, a time of regression and apoptosis
12, 31 The inverse correlation between MIS type [1 receptor
expression and various stages of mammary growth suggests
that MIS-mediated signaling may exert an inhibitory effect on
mammary gland growth. Consistent with this concept, MIS
inhibited the growth of both estrogen receptor (ER-positive
and -negative breast cancer cells by inducing cell ovele arrest
and apoptosis (45

Type 1{IFN-x and IFN-2) and type I1{IFN-y} interferons are
a family of antiviral cytokines that exhibit immunomodulatory
and anti-proliferative effects (5). The antitumor effects of cyto-
kines such ns interlenkin:12, in murine mammory carcinogen-
esis models correlate with high levels of serum 1IFN-y (6125
IFM-y induced tumor regression results from immune surveil-
lance of tumor cells and from direct cytotoxic effects 113-175,
which are evident from its ahbility to inhibit the growth aof
several tumaor-derived cell lines (18, 19) including breast concer
cells (20-22). Introlesional injections of IFN-o and IFN-y into
hreast cancer patients with skin recurrences resulted in either
complete or partial regression of the skin lesions but was as-
soriated with clinical toxicity in all patients {23). Thus identi-
fication of maolecules that enhance the antitumor effects of
IFM-y may render it effective at lower doses, reduce clinical
toxicity associated with high concentrations of the drog, and
expand their therapeatic applications,

[FN-winduced growth inhibition requires coordinate expres-
sion of specific genes. Interferon regulatory factor-1 {IRF-1) is
rohustly induced by both type I and type I interferons. In
addition to its important rele in innete and adaptive immunity
241, IRF-1 also plays o rode in regulating the growth of differ-
ent mammalinn cell lines (25) Different aspects of the tumar
suppressor function of IRF-1 may be explained, at least in part,
by the observation that it induces several growth regulatory
genes including those with anti-proliferative activity such ns
IFNaf, p2l, and the cell ndhesion moleculs CEACAMI (carci-
noembryonic antigen-related cell adhesion molecule) (25,

Using DNA microarrays to profile pene expression, we iden-
tified that treatment of breast cancer cells with MIE strongly
induces the expression of IRF-1. Since interferons also strongly
induce [RF-1 1151, we tested whether intersection of MIS and

ament; FITC, flusrsseein (sothiscyanate; CEACAMI, eareinoembevonic
antigen-reloted cell ndbesion molecule; EST, expressed sequence tag:
FPBS, phosphaote-bufered saline; ELIEA, enzyme-lnked impunmaor-
bent sseny,
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Fii. | Imdaction of TRF-1 by mem-

beers of the TGFE superfamdly. A, MIS a
induces 1EF-1 in estrogen recepior-posi-
tive and -negative bresst cancere cell lknes.
Upper panele, TATD and MDA-MB-465
cells were treated with 35 nu chMIS for
indicated pericds of time, and 7.5 g of
total BNA was analveed by Northsern blot
weing a human [RF-1 probe, Lower e
panel, total eellular proteln lysates (100
pgt horvested from TATD cells dreated
with 36 s MIS wore asalyzed by Weste-
ern hlob using a rabhit anti-1RF-1 anti-
Iedy. Lower right paned, binlagically inee-
tive, noncleavable MIS does not induce
IBF.1 expression. TATD cells were treated
with either 35 ni bisactive MIS 1B or 35
nu noneleavable biologically insetive gh- B
MIE (L9 or heat-inactivated MIS (BS-H)

for 2 b, and tetal BNA was analyzed for
IRF-1 expression. Hybrdizotion to 16 8
rBMNM I shown 1o ceatrol for londing. 5,
P pranel, M5 induces IRF-1 expression
in MCFIOA eells. MOFL0A cells were

IRF-1 =

5=

WIE 0h 1h 2h
IRF1—

BRCFTiA,

treated with 35 nu MIS and total RNA eSS
was analysed hy Nerthern blot. Dpper
right powel, activin A induces IRF-1 ex- —

pression in MCFI0A cells. MOCFLRA cells
were treated with 2 nyl activin A, and
total RMA was analvzed by Northern blot.
Hybridizotion to 18 5 rBNA is shown to
contred for londing. Lowser right penel,
TGFE  induces  THF-1  expression  in
MCF1I0A  colls. MOFL0A  eells  were
dreated with L pad TGFE, and 50 ug of
total protein were anolyzed by Western
blot using an anti-IRF-1 antibody, O, MIS
induses [RF-1 mBENA in the mammary
glanddes of mice. Mommary plands of c
Howeek-old femnle mice were larvested 1.

3, amd & h after intraperitoneal mjections

of 100 pg of MIEankmal, and total BMA

wae analyzed for IRF-1 expression. RMA

isolated Trom mammary glands of mice

& b after mtraperifoneal ingection of PES

was usid as control (k= 3 animals G

each  datn  pointl.  Hybridization  to

GAPDH s slswn to contrel for loading.

disease 301, Furthermore, both activin and TGFE indweed
IRF-1 in MCFL0A cells (Fig. 18, right panels). Thus IRF-1
expression in mammary epithelial cells may be under the reg-
ulation of multipls members of the TGFE family including KIS
We next determined whether exposure of mammary glands
to exogenous thMIE would result in the induction of IRF-1 in
wive. Intraperitonenl injection of rhBMIS inte mice induwced
IRF-1 expression in the mammary glands compared with FES-
injected controds (Fig. 10 The serum rhMIS levels averaged
2-4 pg'ml in the animals oz measured by ELISA (261
Expressior af IRF.1 in the Kot Maommary Gland and in
Human Breast Cancer—Expression analysis of IHF1 in the
mammary glands of virgin, pregnant, lactating, and weaned
rats demonstrated that IRF-1 mBENA was detectable in the
virgin animals but grodually declined during pregnaney (6G5-
G201 and reached a nodir at lote pregooney (G17-G21) and
lactation (PDE-PDD: lactatingl. Expression rebounded in the
mammary glands of weaned rats (FDE-FDI0E weaned) and
reached the level observed in virgin animals 3 doys after re-
muwviel of pups (Fig. 24, upper and locer paneds).
Immunostaining with an anti-IRF-1 antibody demonstrated
that [RF-1 was expressed predominantly in the epithelial cells
of the ducts and lobules of the mammary gland. Expression
pattern of the IRF-1 protein eoincided with that of the IRF-1
mBENA; expression was detectable in the mammary glands af
virgin and early pregnant (0G50 animals but not during late
pregnancy [G21) or in the lnctating glands (Fig. 28, upper and

WIS Ok 1h 2k 3h Bh Z4h

WS 0h 1 Zn 3k B8R 2dh

G1T05
T470 MO&-NB-468
fél2 ODh1h Zh Mn Bh Zd4h
s Bh 4h a3 - E3 LS - B EE-H
ee - . ~-
1~ A ———
Activin & Oh  1h  3h Gh b

185 =

TOFR O 1k 3h  8h Mk

L[]
Fas ih 5k &n

GAPDH =

{mwper paneds). No signal was detected when sections were
stained with either affinity-purified rabbit immunoglobulins ar
with anti-IHF-1 antibedy preincubated with the cognate pep-
tide (data not shown).

Since IRF-1 expression in the mammary epithelinl cells de-
creased during pregnancy, o time at which the cells undergo
massive priJiferation, we wished to determine whether expres-
sion of the IHF-1 protein would be lower in breast tumor tissue
compared with matched normal glands. We immunostained 23
tumaors of varpus histelogic grodes with an anti-1HF-1 anti-
hody. Expressinn of IRF-1 was absent in three tumors but
present in the sdjpcent normal uninvelved ducts and lobules
iFig. 20, wpper panel). Two of these were of poorly differenti-
ated histologic grade, and one tumaor was moderately differen-
tiated. In seven patients, staining for [RF-1 was patchy and
limited to 30 - B of the tumor tissue (dote not shownl. In the
other 13 patients expression of IHF-1 was detectable in both
the tumor amd the surrounding normal tissue (Fig. 20,
{mper panet ).

Since these results suggest a growth suppressive effect for
IRF-1 in breast cancer, we analyzed whether IRF-1 could in-
duce npoptosis of breast cancer cells. MDA-ME-465 cells in
logurithmic growth phase were transiently transfected with o
construct, which encodes for the IHF-1 protein, and o plasmid
encoding the cell surfvee marker CD20 as deseribed by Red. 28,
Vector-trunsfected cells were used ns controls. Cells were fixed
T2 h after transfection nnd stained for CD20 expression. An.
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In arder to determine whether activation of the NFxB =ig
naling casende by MIS wos responsible for the induction af
[RF-1 mENA we generated T47D cell clones which express the
dominant negative inhibitor of lwB {l&Bo-DN: In the rat
IxBo-DN tronsgene used in these experiments, two serine res
idues at positions 32 and 36 are replaced by planines. Hence
the resulting IlwBa-IIN protein cannot be phosphorylated in
response to activation signals. Thus it functions as o super
repressor of NFeB activation (310 Two T47D cell clones ex

pressing the IxBo-DN transgene were identified by the lack of

NF&B activatinn following MIS treatment (Fig. 30, wpper
panell. Induction of [RF-1 by MIZ was greatly reduced in the
two clones harboring [kBe-DN compared with cells transfected
with the empty vector (Fig. 3, fower perel). Thus M1S-in
duced IRF-1 requires nctivation of NFaB DNA binding nctivity.
We next tested whether co-stimulation of IHF-1 by MIS and
IFM-y would be impaired in cells expressing IkBa-DN. North
ern blot analysis of luBo-DN-expressing cells treated with
MIE, IFN-v or both demonstrated that expression of IxBo-INN
did not interfere with IFN-winduced IHF-1 expression. The
stimulation of IRF-1 mENA by n combination of MI2 and 1IFN-y
was equivalent to that induced by IFN-y alone since IRF-1
induction by BMIS was impaired in these cells (Fig. 380 Thus it
is likely that co-stimulation of IHF-1 by MIS and IFN-y in
hreast cancer cells is medinted through activation of NFeB and
STAT pathways, respectively. Co-stimulation of IRF-1 was alsa

observed when breast cancer cells were treated with o combi
nation of MIS and IFN-{, a class | interferon (Fig. 3F.

Synergistic Inductior of CEACAMI by MIS ard IFN.y Is
Mediated by IRF. I—CEACAMI also known as bilinry glyveopro
tein (BGE s a Ca® <dependent celluler adhesion molecule that
is expressed in epithelial cells (32, 330, An interferon-sensitive
response element (ISRE) in the CEACAM ! promater is specif-
ically protected by IRF-1 in DMA footprints and is required for
induction of 0 CEACAMT prompter<drven reporier construct
by IHF-1 1341 Both MIS and IFN-y induced CEACAM] expres
sion in T4TD cells (Fig. 44, lefi parel). Induction of CEACAR1
by these two lignnds was also observed in MIDA-MD-468 cells
tdata not shown . Interestingly, simultancous addition of MIS
and [FMN-y resulted in synergistic induction of CEACAMI ex
pression (Fig. 44, right perel),

In prder to determine whether induction of CEACAMIL by
MIE and IFN-y was mediated through IEF-1, we generated
TATD cells that stably express the antisense IRF-1 transcript.
The nhility of antisense IRF-1 to block the translation of IRF-1
protein was demonstrated by tronsient transfection of sense
and antisense [RF-1 constructs into CO3 cells (Fig. 480 Anti
sense IRF-1 expression inhibited the translation of IHF-1 pro
tein derived from an IRF-1 expression construct. Phosphorim
ager analysis of CEACAMI mBENA induction in breast cancer
cells expressing antisense [RF-1{Fig. 4C, upper pane! b demon
strated that MIS. and [FN-winduced CEACAM] expression by



MIS Promotes INF-vy Effects

A

Qh
Fii 4. Symergistie  induction  of
CEACAMI by MIZ and IFN-v is medi-
ated by IRF-1. A, bt penel, T4TD cells
were treated with 35 nyd MI13 or 1 ng'ml of
IFN-+ for increasing perieds of time. Total
BN A isoloted from cells was analyzed for
CEACAMI expressson by Northern blot
Hybridizotion to 18 5 rANA iz shown
Right paret, TATD lls were treated with
35 ned MIS or 1 ngfml of IFN-v or beth for B
24 b Total BNA isolated from eells was
analyzed for CEACAMI expression. Hy-
bridization te 18 £ sBNA s shown, 5,
antizense [RF-1 ablates tronslation of the
IBF-1 protein. Lysates from OO cells
tronsiently tronsfected with | pg of CMY-
driven sense (TRF.1.5) or 2.9 gg of anti-
sense [RF-1 (TRF-TAS) constracts or 2.9
ug of antisense + 10 gg of sense [RF-1
constructs were immunohlotted with an
antihedy to IRF-1. Position of the TRF-1
protein is indicated. O, symerpistic indoc- [
tion of CEACAMIL by BMIS and [FN-5 is
impoired in T4TD cells expressing anti-
sense [RF-1. Upper poned, Northern blot
analy=is of total RNA isolated from TATD
cells stably transfected with antsense
IRF-1 dememeirates the expression of an-
tisense JRF-1 transenpt. Lower panel,
cells were induced with 35 nsi MIS or 1
gl of [FN-y or bath for 24 h. Tetal BNA
was  anplvzed by MNorthern Blot for
CEACAMI expression. Fold change in
CEACAM expreseion quondified using
phespherimager and 1QMac dota analysis
software is shown below,
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3- and B-dfold, respectively, in control cells and by 2- and 5-fold,
respectively, in two clones expressing the antisense 1RF-1 tran-
script  suggesting that antisense IRF-1  slightly lowered
CEACAMI induction by MIE or IFN-y (Fig. 40, fower panelsh.
Huowever, the synergistic up-regulation of CECAM]1 mENA by
combined treatment with MIS and IFN-y was greatly impaired
by the expression of antisense [RF-1; M1S and [FN-y together
induced CEACAM] expression by 30-iold in control cells while
its induction was additive {6-T-fald) in both clones expressing
antisense-IRF-1 RNA (Fig. 40, lsewer panel ).

Effect of MIS ard IFN-y on Breast Cancer Cefl Growel
Since the signaling events initiated by MIS and [IFN-y converge
to increase the magnitude of gene expression, we next tested
their effect on the growth of breast cancer cells. Treatment af
MDA-MB-468 cells with either MIS or [FN-y inhibited growth
and the presence of both inhibited growth hetter (Fig. 54;
n = 8l

In arder to identify the mechanism by which MIS ond IFN.-y
inhibit growth, assays to estimate cell eyele progression and
apoptosis were performed. MDA-MEB-465 cells were treated
with MIE, IFN-y, or MIS=1FN-y for 72 h, and the fraction af

cells in each phase of the cell cycle was estimated by fluores-
cence-nctivated cell sorting {Fig. 58 Compared with untreated
cells, MIZ or IFN-y treatment consistently led to a statisticnlly
significant decrease in the number of cells in the S-phase of the
cell eyele (p = 0001 by Student’s ¢ test). [nterestingly, in
cultures treated with a combination of MIZ and IFN-v, the
percentage of cells in the S-phase did not demonstrate a greater
decrease compared with that seen with either agent alone and
these cultures did not exhibit any other extensive alteration in
cell gyele distribution compared with cells treated with either
agent plone. Thus the enhanced inhibition of bresst cancer cell
growth by MIS and IFN-y could not be explained by combined
changes in cell eyele progression compared with treatment with
either agent alone.

Translocation of annexin ¥ from the inner surfoce of the
plesma membrane to the outside occurs after initintion of apo-
ptosis and thus serves as o marker of apoptosis. MDA-MB-468
cells were treated with MIS, [FN-y, ar MIS+IFN-y for 86 h and
cell surface expression of annexin ¥ was analyzed by staining
with a FITC-annexin ¥V antibody. Quantification of annexin
Vepaositive cells demonstrated that IFN-y is o strong inducer af

by Westerm hlot, Upper poae!, Immunoblot analyass with an antiphospho-S3TAT] antrbody, Lower poosd, the blot was stripped and reanolyzed with
an antl-STATL antibady. Positions of STAT1e and STATIE are indicated. IFM.¢ specifleally indaced the phosphesylation of STATLa. D, MIS
induces IRF-1 threapgh activation of MFsB. TATD cells stably transfected with either vector or l«Bo-DN were treated with MIS for 0 ond 2 he pper
panel, nackear protelns were analyzed by gel-shift assay to determine NF<B DNA binding activity. Positeons of the NFeB, DNA protein complexes
are indicated. Lower pomed, total cellular BMA (7.5 pgl was analyzed for induaction of IRF-1. Hybridizatson 4o 18 3 rANA &2 shown a2 control for
loading. £, veetor and LeBu-DN-sxpressing T47D cells were treated with 25 naa MIS or 1 ngfml of [FN-+ or both for 2 b, and total BNA G ug) was
analyzed for IRF-1 expression. F, MIS andd IFN-8 co-stimulate IRF-1 expression, TATD cells were treated with 1 ngiml of 1FN-G or 17.5 na MIS
o# o enmdination of 1756 e MIS and 1 agleal of IFRLE for 2 b Total BNA salated from eclls was analvred by Nerthorn blot.
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apoptosis in breast cancer cells (Fig. 50 MIS consistently
increased apoptosis in severnl experiments but its effect wos
much less potent than that of IFN-y at the concentration
tested. However, treatment of cells with & combination of
MIE+IFN-y together resulted in a synergistic increase in the
fraction of cells in early and late stages of apoptosis. Thus
growth inhibition of MIMA-ME-483 cells following co-treatment
with MIS and 1IFN-y results from enhanced of apoptosis rather
than a combinatorial effect on the cell cyele.

DISCUSSI0N

MIE iz a sexually dimorphic hormone that plays an impor-
tant role in proper sexual development in male embryos (16
Interferons are antiviral and immuneregulatory  proteins,
which can negatively regulate growth in various cell types 1350
IRF-1 mediates many [FN-winduced responses within cells by
enhancing gene expression (14, 150 and its expression is nlso
mundulated by the cytokines THNF-, IL-1, IL-8, and prolectin
(151, TGFE can either ups or downeregulate the expression af
IRF-1 depending on its growth regulatory mole in a particular
cell type. In humon embrvonic lung fibroblasts, TGFE-stimu-
lated DNA synthesis wis pssoriated with suppression of IRF-1
expression wherens in human cholangioenreinoma cells, TGEFE
suppressed DNA synthesis through up-regulation of [RF-1 (36
Our results dempnstrate that in sddition to TGFE, MIS and
activin A also induce JHF-1 suggesting that members of the
TGFE superfamily may represent snother closs of molecules
that can regulate IHF-1 expression.

Anplysis of IRF-1 expression in the rat mammary gland
demonstrated a gradual decline in mENA that begins at the
early stages of pregnancy suggesting that it may be o negutive
regulator of growth andfor differentiation in mammary epithe-
linl cells. The BRNA and protein were almost undetectable dur-
ing Inte stages of pregnancy and lactation but recovered to
levels seen in virgin animals nearly 3 days after removal af
pups. However, Chapman ef el (370 analyzing total profein
isolated from mammary glands of lactating and weaned mice
by Western blot demonstrated that [RF-1 protein was ex-
pressed in the lactating mammary glands of mice and that
levels did not change significantly during 24, 48, 72, and 96 h
of invalution. Western blot analysis is o more sensitive analyt-
ical tood than immunostaining to detect low levels protein ex-
pressipn. Thus it is pessible that the discrepancy between these
twa observations resulis from the difference in sensitivity be-
tween the two techniques. Alternatively, the difference could
alsp be attributed to the samples analyzed: total IRF-1 expres-
zion in the mammary gland {37} versus expression in the epi-
thelinl compartment in which 1HF-1 profein expression is
muintained at very low levels during late pregnancy, lactation,
and early stages of involution but is up-regulsted ot wenning.

Many lines of evidence demonstrate that [RF1 plays o key
role in growth control (255 The IEF-T pene maps to the chro-
mupsomil region Sgdl.l that is frequently deleted in human
leukemia (38 The tumor suppressor activity of IHF-1 is also
suggested by loss of an IRF-T allele in esophagenl and gastric
cancer {38-41). [HF-1 immuncstaining of breast cancer speci-
mens demonstrated that the protein was not detectable in 14%
of invasive tumors. Expression did not correlate with estrogen
receptor status or Page grade but correlated with nuclear
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grile; it was undetectable in 41% of breast tumaors of high
nuclear grade 142). Consistent with the resulis reported by
Doherty ef wl. 142), our results demonstrated loss of IRF-1
expression in 13% (323 of breast fumers compoared with
mtehed normal control tissue. Furthermore, T tumoers demon-
strated patchy staining in 20-80% of the tumor tissue. Thus
szame breast cancers may by-pass the growth-inhibitory effect
exerted by IRF-1 by down-regulating its expression. In agree-
ment with this concept, expression of IHF-1 in breast cancer
cells results in the robust induction of apoptosis.

Parndoxically, examination of inveluting mammary glands
of IRF-l-null mice demonstrated accelernted apoptosis com-
pared with wild-type mice at 48 h of involution. However, no
difference in morpholegy wis evident in the mammary glands
isolated from control and IRF-L-null mice at 72 h of invelution
(371, These results suggest that IHF-1 may be a suppressor af
premature epithelial apoptosis in the mammary gland. Thus it
is possible that IRF-1 serves different functions during various
stages of postnatal mammary gland development, neoplastic
transformation, and tumorigenic process of the breast.

Induction of IHF-1 by 1FN-y pccurs through phosphorylation
of the latent transcription factor STAT], homodimers of which
hind to the fRF-J promoter (15) However, the presence of o
putative NFkB site within the IRF. ] promoter 143, 44) renders
it responsive to extracellular signols that activate the NFeB
pathway. Inductinn of [RF-1 by MIZ in breast cancer cells wos
medinted by activation of NFxB and addition of methylthinad-
ennsine to inhibit STAT] methylation 145) lvwered [FN-pin-
duced IRF-1 expression (data not shownt. Thus IHF-1 co-stim-
ulation by MIS and IFN-y in breast cancer cells may ocour
through activation of these two pathways.

Hevernl growth regulatory genes incluoding thoss with anti.
proliferative activity such ns IFN i, p21, and CEACAMI have
IRF-1 DNA recognition sites in their promoters (25, 340 In
Hela and HT-29 cells, IFN-y uperegulated a CEACAM ! pro-
muter-driven-lucifernse construct by 2- and 2Z.5-fold, respec-
tively, an effect that was ahrogeted upon mutating the inter-
feron response element that binds IRHF-1 (34). However, this
repart did not evaluate the effect of IFN-y and 1FN-pinduced
IRF-1 pn the induction of endogenous CEACAM] mENA. In
hreast enncer cells expression of antisense IRF-1, which ablates
translatinn of the IRF-1 protein decreased CEACAMI induc-
tion slightly when MIS and IFN-y were used alone suggesting
that IKF-1 may be partially responsible for this inductive proc-
ess, Quantification of band intensities demonstrated that in-
duction of CEACAM] by a combination of MLS and IFN-y was
strictly additive in T4TD cells expressing antisense [RF-1.
Huowever, the synergistic up-regulation of CEACAMI by MIS
and IFMN-y was completely abrogated in both TATD eell clones
stably expressing the antisense IRF-1 transcript suggesting
that IRF-1 may be invelved in the interaction between MI13 and
IFMN-y lending to the synergistic induction of CEACARMIL.

IRF-1 has heen implicated in mediating the IFN-y contribu-
tion to synergistic enhancement of transcription in other ex-
perimental systems. Enhancer elements that bind IFN-yere-
sponsive transcription factors including an IRF-1 hinding site
have been shown to be involved in the synergistic induction af
the :NOS prompter-driven luciferase construct by IFN-y (460

ineubated with propidivm iedide and KNase A DNA content was analveed by FACE. Cell evele analysis of untreated cells grown for 72 b is shown
s conkred, Btatistical anolvais woe done wsing Student’s § teat, O, MI3 prometes IFMN-pinduced spopdosis. MDA-MB-408 cells were treated with
MIE and IFN-y at o coneentration of 36 nu and G nglml, respeetively for 26 k. Cells were stained with apnexin V-FITC, and DAPL and analyzed
by FACE, Upper pomels, representotive experiments demonstrating DAP] 2 and anmexin V # cells ore shown, Zones A (DAP-negotive, annexin
Wonegative) and B DAPL-segative, annexin V-positive) represent lve and early apoptetic cells, respectively. Zomse O represents cells in late stage
apoptosis (DAPI-poaitive, annexin V-posstiver, Lower pome shows the perrentage of cells in eorly (Zowe Biand early 4 loke stages | Zones B+ O of

apoptosks (n = 31 Statistical anolvsis was dene askng Stadont’s ¢ tost.
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In IRF-1-null macrophages, the ability of IFKN-y to up-regulate
as well as synergistically induce Cox-2 mENA expression wis
abrogated (47). The synergistic inductinn of transcription by
IEF-1 has been shown to depend on protein-protein internction
(48501, Further analysis of the CEACAM! promoter-driven
reparter construct miy be required to delineate the process by
which IHF-1 medintes the synergistic interaction between MIS
and 1IFN-y in the induction of the CEACAMT gene in breast
cancer cells.

CEACAMI, located on chromaoseme 15 (510, is down-regu-
lated in human colon and prostate cancers (52, 531 and in about
A0% of breast carcinomas (54, 55). Consistent with its tumaor
suppressor function, introduction of CEACAM into MIA-BME-
468 cells suppressed tumorigenicity in nude mice {58). In nor-
mitl mammary epithelinl cells, CEACAMI staining is confined
to the luminal surface and its localized expression appears to
bhe important in lumen formation {55, 57) suggesting that
CEACAMI expression may be important in differentistion af
mammary epithelial  cells.  Furthermore, expression af
CEACAMI in the BGP-negative MCFT cells induces cell death
with oecasional formation of ncind when grown in extrocelluler
matrix (578, The synergistic up-regulation of CEACAMI by
MIE and IFN-ysuggests that the level of CEACAM ] expression
in the mammary epithelial cells may depend on the integrated
response to varipus extracellular signals received by the cell.
Whether the synergistic induction of CEACAMIL by MIS and
IFN-v can reinitiate the differentistion program in brenst coan-
cer cells remains to be determined.

IFM-y in combination with 1IFN-# has been shown to induce
the regression of human breast cancer cell lines MUFT and
HBT20 grown ns xenografts in nude mice (58 Although the
antitumor effect of [FN-y in wéizo has been well dorumented,
toxicity nssocinted with exposure to IFN-y has diminished its
utility in treatment 159). The ability of M1S to augment IFN-
winduced growth inhibitory/differentintion signals such as
CEACAMI and npoptosis of breast cancer cell growth, suggests
that MIS may prove to be beneficial in hamessing the antitu-
mnr effects of this cytokine, especially since high levels of MIS
have not shown any harmful effects in humans (G0
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