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Abstract
In this study we examined the ability of interferon-γ (IFN-γ) to regulate mammary epithelial cell
growth and gene expression, with particular emphasis on two genes: Maspin (a member of serine
protease inhibitor superfamily), and the lysosomal aspartyl endopeptidase cathepsin D (CatD).
The protein products of these genes are critically involved in regulation of multitude of biological
functions in different stages of mammary tissue development and remodeling. In addition, the
expression of Maspin is down-regulated in primary breast cancer and is lost in metastatic disease,
while CatD is excessively produced and aberrantly secreted by breast cancer cells.

We report that IFN-γ receptors are expressed in mammary epithelial cells, and receptor
engagement by IFN-γ transduces the IFN-γ signal via Stat-1 resulting in decreased vacuolar pH.
This change in vacuolar pH alters CatD protein processing and secretion concurrent with increased
Maspin secretion. In addition, IFN-γ exerts a suppressive effect on cell growth and proliferation,
and induces morphological changes in mammary epithelial cells.

Our studies also reveal that breast cancer cells, which are devoid of Maspin, are refractory to IFN-
γ with respect to changes in vacuolar pH and CatD. However, Maspin transfection of breast cancer
cells partially sensitizes the cells to IFN-γ’s effect, thus providing new therapeutic implications.
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The aspartyl endopeptidase Cathepsin D (CatD) is synthesized as a preproenzyme(von
Figura & Hasilik, 1986) and subsequently undergoes post translational modifications to
form the intermediate active 48 kDa (intermediate CatD) enzyme. Further cleavage into the
two chain (34 and 14 kDa) mature enzyme occurs in the acidic lysosome (Kornfeld and
Mellman, 1989; Hasilik and Neufeld, 1980). Under normal conditions ∼10% of CatD
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escapes processing and is secreted (Dittmer et al., 1997), however aberrant and excessive
secretion of CatD has been reported in many types of cancers (Rochefort et al.,1987; Garcia
et al. 1990) and is associated with increased growth, invasive and metastatic attributes of the
cancer phenotype.

Maspin, a member of clad 5 B serpins, is mostly a cytosolic protein but is also localized to
the nucleus and membrane, and is secreted (Pemberton et al., 1997). In addition to its critical
role in mammary gland development Maspin is involved in numerous biological processes
including (but not limited to) apoptosis, cell motility, matrix remodeling, angiogenesis,
regulation of cell phenotype and redox system (Shi et al., 2003; Sheng, 2004; Khalkhali-
Ellis, 2006). The recent identification of Maspin’s binding partners has been instrumental in
deciphering new aspects of Maspin’s molecular mechanisms (Blacque and Worrall, 2002;
Bailey et al., 2005; Yin et al., 2005). Studies from our laboratory have indicated a close
partnership between Maspin and CatD in the extracellular milieu (Khalkhali-Ellis and
Hendrix, 2007). Specifically, secreted Maspin incorporated into the extracellular matrix
inhibits CatD-mediated matrix degradation (Khalkhali-Ellis and Hendrix, 2007).

To identify the regulatory mechanism(s) governing CatD/Maspin expression (and
interaction) and its significance in the mammary gland, we examined the ability of IFN-γ to
regulate Maspin and CatD in normal mammary epithelial cells. IFN-γ exerts its pleiotropic
function through binding to IFN receptor(s) (IFN-γ RI and II) (Jung et al., 1987). The
interaction of two receptor subunits transduces the IFN-γ signal(Bach et al., 1996) by
phosphorylating proteins such as Stat-1, which translocates to the nucleus and binds to
cognate cis-acting IFN-γ activation sequences (GAS sites)(Darnell, 1998). Although
downstream effects of IFN-γ such as regulation of cellular proliferation, differentiation
(Lash et al., 2006; Haque et al., 2007; Hollenbaugh and Dutton, 2006) and apoptosis have
been investigated in numerous systems, few studies address the significant effect of this
cytokine on mammary tissue (Harvat, and Jetten 1996; Grunberg et al., 2000). In addition,
the expression of IFN-γ receptors has not been established in normal mammary epithelial
cells. Thus, the ensuing experimental approach was developed to examine the modulatory
effect(s) of IFN-γ on mammary epithelial cells under normal and neoplastic conditions.

MATERIALS AND METHODS
Cell Culture

Normal human mammary epithelial cells HMEC (Cell Applications Inc, San Diego, CA)
and HMEC1330 (Biowhittaker, Inc. Wakersville, MD) were maintained in defined
mammary epithelial cell basal medium provided by the respective companies. As both cell
lines gave comparable results in the experiments described in this manuscript, they are
simply referred to as HMEpCs through out the text.

MCF-7, MDA-MB-231 breast cancer cells and their Maspin gene transfected counterparts
(generated in our laboratory, Khalkhali-Ellis and Hendrix, 2007) were maintained in RPMI
[containing 10% fetal calf serum (FCS) and gentamicin (50mg/l)]. Cultures were determined
to be mycoplasma free using the GeneProbe rapid detection system.

Antibodies
Monoclonal antibody to IFN-γ RI was from Santa Cruz, while those against early endosome
antigen-1 (EEA-1), lysosomal associated protein-1 (LAMP-1), Stat-1, phosphor-specific
Stat-1 (pY701), Maspin and CatD were from BD Pharmingen. Polyclonal antibodies to IFN-
γ R II and ZO-1 were from Santa Cruz, polyclonal goat antibody to CatD was from R&D
Systems and antibodies against “E” (27kDa) and “a” (100kDa) subunits of v0 ATPase were
raised in the laboratories of Drs. Moshe Reuveni and Stephen L. Gluck respectively
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(Reuveni et al, 2001, Sautin et al. 2005). Peroxidase labeled secondary antibodies for
Western blot analysis were from GE Healthcare, and Alexa 488, 633 and 660 conjugated
secondary antibodies for immunohistochemistry were from Molecular Probes.

IFN-γ Treatment of Normal Mammary Epithelial and Breast Cancer Cell Lines
IFN-γ (BD Pharmingen, 0.5-2.×108 Units/ml) treatment was performed on 60-75%
confluent cultures at concentrations of IFN-γ ranging from 100-5000 pg/ml for 96 hrs In the
case of breast carcinoma cell lines the media was exchanged with that containing 1% FCS
and Mito+ serum free supplement prior to the treatment with INF-γ. Following the treatment
regimen, conditioned media (CM) was collected and concentrated (Microcon Ultracell 10k
MW cut off, Millipore Corporation, Bedford, MA). Cells were either taken in Trizol solution
for mRNA extraction, or scraped and lysed in lysis buffer for subcellular fractionation.

For JAK 1 inhibitor studies, cells were treated with variable concentrations of the JAK 1
inhibitor Pyridone 6 [(p6) Calbiochem, 100-750 nmoles/l] for 2 hrs prior to the addition of
IFN-γ. Cells treated with vehicle alone (DMSO) served as controls.

Real Time PCR
Total RNA was extracted using Trizol RNA isolation reagent (Life Technologies, Inc.).
Total RNA (1 μg) was reverse transcribed using the Advantage PCR kit (Clontech). Real-
time PCR was performed on a 7500 Real Time PCR System (Applied Biosystems, Foster
City, CA) using TaqMan® gene expression human primer/probe sets for the following
genes: Maspin (Hs00184728_m1), v0ATPase (Hs00748673_s1), beclin1 (Hs00186838_m1)
and cathepsin-D (Hs00157205_m1). cDNA (5 μl), 1.25 μl 20X Gene Expression Assay Mix,
and 12.5 μl 2X TaqMan® Universal PCR Master Mix were mixed and 20μl was amplified
with the following thermocycler protocol: 1 cycle at 50°C for 2 min; 1 cycle at 95°C for 10
min; and 40 cycles at 95°C for 15 seconds/60°C for 1 min. Target gene expression was
normalized to the endogenous control gene GAPDH (GAPDH: 4333764F). Data were analy
using Applied Biosystems Sequence Detection Software (Version 1.2.3). Each experiment
was repeated twice and each sample was performed in triplicate.

Subcellular Fractionation
Cytosolic fractions were prepared as described previously (Khalkhali-Ellis and Hendrix,
2003). Briefly, control and IFN-γ treated cells were lysed in buffer A (10mM HEPES buffer
pH 7.9 containing 10mM NaCl, 1mM DTT, 10% glycerol, 15mM MgCl2, 0.2mM EDTA,
0.1%NP40, protease inhibitor cocktail, [Roche Applied Bioscience, Indianapolis, IN]),
subjected to 3 freeze-thaw cycles and centrifuged (4500×g, 10 min) to yield a post-nuclear
cytosolic fraction. The protein content of the fractions was determined using BCA reagent
and 20μg total protein was used for Western blot analysis and CatD enzymatic activity
assay.

CatD Activity Assay
The assay was performed in a 96-well black ELISA plate utilizing 20μg total protein in
reaction buffer (0.1 M sodium acetate, 5mM DDT, 1mM EDTA, pH 5.5, final volume of
100μl) at room temperature and in the presence or absence of pepstatin (specific aspartyl
protease inhibitor). Each sample was assayed in triplicate and the protease activity of CatD
was measured by the addition (10μM) of the fluorogenic peptide substrate Mca-P-L-G-L-
Dpa-A-R-NH2 (R&D Systems, Inc) using the fluorescence plate reader FluoStar Optima
(BMG Labteck GmbH, Durham, NC) with excitation and emission of 320nm and 405nm
respectively.
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Immunohistochemical Analysis of HMEpCs
The effect of IFN-γ on the expression of specific proteins was examined in HMEpCs grown
either as a monolayer on glass coverslips or in transwell culture dishes (membrane pore:
4microns). Confluent cultures in transwell dishes polarized in 7-10 days as confirmed by
staining a representative culture for Muc-1 which is reportedly an apical marker in
mammary epithelial cells (Pimental et al. 1996,). HMEpCs under both culture conditions
were treated with or without IFN-γ for 96 hrs. The CM was collected from top and bottom
wells separately, concentrated 7x to determine apical and basolateral secretion of Maspin
and CatD. The cells were fixed in 4% paraformaldehyde (or ice cold methanol) and
permeablized in 0.1% Triton x-100/PBS. They were then treated with monoclonal antibodies
against early endosome antigen-1 (EEA-1, an endosomal marker), lysosomal associated
protein-1 (LAMP-1), polyclonal goat antibody to CatD, polyclonal rabbit antibodies against
“E” (27kDa) and “a” (100kDa) subunits of v0 ATPase, and ZO-1. The secondary antibodies
were Alexa 488, 633 and 660 (Molecular Probes), or rhodamin conjugated.

Lysosomal pH Alteration and Its Effect on CatD Gene Expression and Protein Processing
The lysosomotropic agent chloroquine (CQ), and inhibitor of vATPase bafilomycin A1 (Baf,
Sigma, St. Louis MO) were utilized to alter lysosomal pH. HMEpC cultures (60-75%
confluent) were treated with CQ at 50-100μM and Baf at 50-100nM for time periods
specified in the figure legends. The CM was collected and the cells were either taken in
Trizol solution for mRNA extraction or lysed in lysis buffer for subcellular fractionation
(described above). The vacuolar pH and its alteration in response to different treatment
regimens was assessed using LysoSensor Yellow/Blue DND160 (Molecular Probe), an
acidotropic agent which accumulates in acidic organelles as a result of protonation and emits
yellow/blue light depending on the acidity of the particular organelle. LysoSensor was added
at a final concentration of 2μM (2 min, 37°C), the cells were then washed with PBS and
viewed either by fluorescence microscopy using a Dapi filter (280nm excitation, 460nm
emission) or confocal microscopy.

Transmission Electron Microscopy (TEM)
Cells were harvested by trypsinization, peletted and fixed in 0.1 M sodium cacodylate-
buffered pH 7.4, 2.5% glutaraldehyde and 2% paraformaldehyde solution for 2 hrs. The
pellets were washed three times in 0.1 M sodium cacodylate buffer, pH 7.4, 7.5% sucrose,
postfixed in 1% OsO4 solution (2 h), dehydrated in an ethanol gradient (50-100% ethanol
(10 min), and embedded in Araldite 502. Ultra thin sections were stained with uranyl acetate
and lead citrate and examined in a JEOL 1200EX electron microscope (JEOL, USA, Inc.
Peabody, MA).

RESULTS
IFN-γ Regulation of HMEpC Phenotype and Gene Expression

Western blot analysis of cytosolic fractions from control and IFN-γ treated HMEpCs
confirmed the presence of IFN-γ receptor I and II and verified that receptor engagement by
low concentrations (100-250pg/ml) of IFN-γ induced the expression of IFN-γ RI (∼ 2 fold)
without affecting receptor II, while higher IFN-γ concentrations reduced the level of both
receptors (Fig.1A). Maximum induction was apparent by 10-24 hours, and longer incubation
period reduced the receptor levels (data not shown).

INF-γ treatment of HMEpCs suppressed proliferation (∼50% reduction in response to
250ng/ml IFN-γ, plateauing thereafter) and altered epithelial cell morphology (Fig.1B). The
latter was further examined using polarized HMEpCs, which indicated the morphological
changes were associated with disruption of cell polarity (at concentrations >1ng/ml),
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internalization of the polarity-indicator apical marker Muc-1 and breach in cell-cell contacts
confirmed by disrupted ZO-1 (zonula occluden, a tight junction scaffolding protein
component) staining (Fig. 1C-I).

To determine whether the observed effect(s) of IFN-γ were associated with changes in CatD
and Maspin expression, we utilized real time PCR analysis, which indicated no significant
changes in the mRNA levels of either gene (data not shown). However, Western blot
analysis of cytosolic extract and CM depicted a dramatic reduction of intermediate CatD
(∼48kDa) and secreted CatD with no apparent change in mature CatD (34kDa) compared to
controls (Fig.2A&B). Although IFN-γ exerted minimal effect on cell associated Maspin
(data not shown), it induced a concentration dependent increase in secreted Maspin which
inversely correlated with the changes in secreted CatD (Fig. 2A). Other endosomal/
lysosomal markers such as early endosome antigen-1(EEA-1) and Lamp-1 were found
minimally affected thus indicating that the observed effects were more specific to CatD (Fig.
2C). The changes in secreted Maspin and secreted CatD in response to IFN-γ were further
examined under polarized conditions. This approach indicated that in polarized HMEpCs,
secretion of Maspin and CatD is mostly at the apical surface. IFN-γ treatment, apart from its
reciprocal effect on Maspin and CatD secretion, instigates a concentration dependent
basolateral release of Maspin with limited effect on CatD secretion (Fig. 2D). Earlier studies
indicated that vacuolar pH greatly affects processing of CatD, and lysosomotropic agents or
inhibitors of vacuolar ATPase were shown to significantly alter CatD processing (Braulke et
al., 1987). However, contrary to IFN-γ, these compounds prompted accumulation of
intermediate CatD and reduced lysosomal mature CatD (Fig. 3E). Examination of the
vacuolar pH using LysoSensor Yellow/Blue DND160 revealed decreased vacuolar pH
(indicated by increased yellow fluorescence emission) in IFN-γ treated HMEpCs compared
to control (Fig. 3A-C). In addition to lower pH, a considerable increase in vacuolar size and
number was noted in IFN-γ treated HMEpCs (data not shown), with some vacuoles
exhibiting intense yellow fluorescence emission after exposure to LysoSensor Yellow/Blue
DND160 (arrow Fig. 3C).

Acidification of the lysosomal compartment is mostly achieved through the action of v H+

ATPase (Stevens and Forgac, 1997), and changes in the assembly of the subunits and/or
their recruitment to the membrane could alter the activity of this multi-unit enzyme (Kane,
1995, Gluck, 1996). Examination of mRNA from IFN-γ treated HMEpCs indicated a
concentration dependent increase in the “e” subunit of the V0 sector of vATPase compared
to that of control (Fig. 3D). This was further confirmed by Western blot analysis of cytosolic
fractions depicting differential expression of the 100kDa “a” subunit of the V0 sector (Fig.
3E).

These observations prompted examination of the enzymatic activity of cell associated CatD
which revealed ∼3 fold enhanced activity of CatD in response to INF-γ (Fig.3F). Increased
proteolytic activity of CatD, associated with changes in vacuolar size and pH, could reflect
the requirement for increased intercellular proteolysis, a process intrinsic to autophagy
which is known to occur during the mammary remodeling process (Motyl et al.,
2006,Zarzyńska et al., 2007). To evaluate this possibility we examined the effect of INF-γ
on the mRNA and protein expression of an autophagic marker beclin 1(Levine and Yuan,
2005), and observed a concentration dependent increase in both mRNA and protein (Fig.
4A-B). The presence of autophagosomes (some containing organelles) detected by TEM in
HMEpCs in response to INF-γ further supported the real time PCR and Western blot
analysis (Fig. 4C-E).

IFN-γ exerts its effects by binding to cognate receptors on target cells, thereby activating
Stat-1 and leading to the transcription of a significant portion of IFN-γ induced genes
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(Klampfer et al., 2007). Our studies also indicate that downstream effects of IFN-γ reported
in this manuscript are associated with induced Stat-1 protein expression and its tyrosine 701
phosphorylation (Fig.5A). By utilizing the JAK 1 inhibitor Pyridone 6 (P6), we were able to
demonstrate that P6 mitigated IFN-γ-induced Stat-1 phosphorylation, normalized CatD
processing (Fig.5B), and inhibited vacuolar acidification and morphological changes in
HMECs (Fig. 3D compared with 3B&C).

Effect of IFN-γ on MCF-7 and MDA-MB231 Breast Cancer Cell Lines
Although IFN-γ is utilized as a therapeutic agent for many types of cancers (DeVita Jr. and
Rosenberg, 2001), the majority of breast cancer cell lines are found to be refractory to this
cytokine [(Harvat and Jetten, 1996), Z-Khalkhali-Ellis, unpublished observation]. As a
prelude to understanding the mechanism(s) of this nonconformity, we employed MCF-7 and
MDA-MB-231 breast cancer cell lines and confirmed minimal expression of IFN-γ Rs in
both cell lines (data not shown). These cell lines were refractory to INF-γ with respect to
proliferation and changes in vacuolar pH (Fig.6). Indeed, application of LysoSensor
revealed far fewer and more basic vacuolar networks in MCF-7 and MDA-MB-231 breast
cancer cells compared to HMEpCs (Fig.6). In addition, IFN-γ exerted minimal effects on
CatD processing in these cell lines (except a slight increase in MDA-MB-231 intermediate
CatD at low IFN-γ concentrations) (Fig. 7A&C). These cancer cell lines are devoid of
Maspin and IFN-γ treatment did not alter their Maspin expression. However, transfecting the
Maspin gene rendered MCF-7 cells responsive to IFN-γ with respect to proliferation and
CatD processing while it exerted minimal effect on the MDA-MB-231 cell line (Fig.
7B&D).

Both MCF-7 and their Maspin transfected counterpart formed polarized structures when
cultured in transwell culture dishes (Fig. 7E). However, the disruption of tight junctions in
response to INF-γ (as seen in HMEpCs) was only observed in Maspin transfected MCF-7
cells (Fig. 7F-I), mimicking the effects observed in HMEpCs. In addition, higher
concentrations of INF-γ caused a modest increase in beclin 1 expression in Maspin
transfected MCF-7. MDA-MB-231 and its Maspin transfected counterpart failed to polarize
under the experimental conditions employed (Fig.8).

DISSCUSION
Although downstream effects of IFN-γ such as regulation of cellular proliferation,
differentiation and apoptosis have been investigated in numerous systems, few studies
address the significant effect of this cytokine on mammary epithelial cells under normal or
neoplastic conditions (Harvat and Jetten, 1996; Grunberg et al., 2000). In addition, the
presence of IFN-γ receptors on HMEpCs has not been previously reported. Our studies
indicate that HMEpCs possess functional receptor I and II, and receptor engagement results
in activating the JAK pathway, leading to phosphorylation of Stat-1 and downstream effects
of IFN-γ such as reduced proliferation and loss of epithelial morphology. By utilizing
polarized HMEpCs we observed disruption of cell polarity (at IFN-γ concentrations >1ng/
ml) and breach in cell-cell contacts confirmed by disruption of the tight junction protein
ZO-1. Disassembly of the tight junctions and abrogation of polarized structures are critical
steps in normal tissue remodeling and pathogen-induced disruption of epithelial barriers
(Ivanov et al., 2004). Such a process is observed in milk stasis (or mastitis) and could
constitute a signal for initiation of mammary gland involution (Shamay et al., 2002).

Our studies indicate that IFN-γ decreases the pH of the vacuolar system in HMEpCs, thus
altering secretion, processing and enzymatic activity of the aspartyl endopeptidase CatD.
Increased proteolytic activity of CatD associated with changes in vacuolar size and pH could
reflect the requirement for increased intercellular proteolysis, a process intrinsic to
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autophagy which is known to occur during the mammary remodeling process (Motyl et al.,
2006; Zarzyńska et al., 2007). Indeed, IFN-γ induced concentration dependent increases in
mRNA and protein expression of an autophagic marker beclin 1(Levine and Yuan, 2005),
concurrent with the appearance of autophagosomes (some containing organelles) was
detected by TEM in HMEpCs. To our knowledge this is the first report of INF-γ induction
of the autophagic process in mammary epithelial cells and could have important
implications in mammary tissue homeostasis -- under normal and pathological conditions.

The effect of INF-γ on secretion of Maspin (and CatD) might reflect INF-γ induced changes
in vacuolar biogenesis. Maspin is a member of clad 5B serpins and possesses a facultative
secretion signal in its N-terminal region which determines it’s bi-topological (inter- and
extra-cellular) distribution (Pemberton et al., 1997). Reduced vacuolar pH could promote
Maspin’s Golgi to plasma membrane transport. This premise is indeed plausible given that
inhibition of vATPase is shown to impede the intra-Golgi or Golgi to plasma membrane
trafficking of other serpins (Yilla et al., 1993). It is noteworthy that in polarized HMEpCs,
secretion of Maspin and CatD is mostly at the apical surface. IFN-γ treatment, apart from its
reciprocal effect on Maspin and CatD secretion, instigates a concentration dependent
basolateral release of Maspin with limited effect on apical release of CatD. This altered
localized secretion could affect multiple biological functions of mammary tissue including
differentiation, cell proliferation and extracellular matrix proteolysis. Studies (Laurent-
Matha et al., 2005, Vetvicka et al., 1994) indicate that CatD acts as a mitogen via autocrine
and paracrine effects, thus, reduced CatD secretion could be a rate limiting factor in cell
proliferation. In addition, based on our previous findings (Khalkhali-Ellis and Hendrix
2007), secreted Maspin could incorporate into the extracellular matrix and regulate
extracellular proteolysis and/or cell differentiation --processes fundamental to mammary
gland remodeling. The actual occurrence of these events during mammary tissue remodeling
is currently under investigation in our developmental mouse model.

Interestingly, the majority of breast cancer cell lines are refractory to INF-γ [(Harvat and
Jetten, 1996), Z-Khalkhali-Ellis, unpublished observation]. This is further supported by our
finding of minimal expression of IFN-γ Rs in breast cancer cell lines tested and the failure of
IFN-γ to inhibit proliferation, vacuolar acidification and CatD processing in these cell lines.
By utilizing LysoSensor we observed far fewer and more basic vacuolar networks in MCF-7
and MDA-MB-231 breast cancer cells compared to HMEpCs. This is in agreement with the
reported observation that cancer cells have a diminished ability to acidify their lysosome/
endosomes (Kokkonen et al., 2004). Of the two cancer cell lines tested, MCF-7 cells could
form polarized structures, yet in contrast to HMEpCs these were impervious to the effect of
IFN-γ. These cancer cell lines are devoid of Maspin, and IFN-γ treatment did not alter their
Maspin expression. However, Maspin transfection of these cell lines rendered them more
responsive to INF-γ. Specifically, polarized Maspin transfected MCF-7 displayed disrupted
tight junctions (similar to those observed in HMEpCs) and a modest increase in beclin-1
when treated with 1ng/ml INF-γ. MDA-MB-231 and its Maspin transfected counterpart
failed to polarize under the experimental conditions employed. The differential response of
MCF-7 and MDA-MB-231 breast cancer cell lines to INF-γ is unclear and might be the
consequence of their tumorigenic potential and differentiation status, which could also
reflect the sensitivity of their Maspin transfected counterparts. Our findings define Maspin
as a critical component of the INF-γ signaling pathway in mammary epithelial cells and
illuminate (at least in part) why breast cancer cells are refractory to IFN-γ. The mechanism
by which Maspin sensitizes these cancer cells to this cytokine is currently under
investigation in our laboratory and has significant therapeutic implications.

In conclusion, this study provides evidence that IFN-γ receptors are expressed in mammary
epithelial cells, and that receptor engagement by IFN-γ regulates vacuolar pH, CatD and
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Maspin expression. This is achieved by increasing the vacuolar membrane associated V0
sector of vATPase, leading to decreased vacuolar pH and increased CatD activity
concomitant with the induction of autophagy, mostly through activation of JAK pathways.
Novel aspects of IFN-γ’s effects combined with the ability of Maspin to partially sensitize
breast cancer cells to this cytokine might lead to identifying mechanisms which directly
activate the antitumor effects of IFN-γ while avoiding its adverse systemic effects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Western blot analysis of post-nuclear cytosolic extract from control and IFN-γ treated
HMEpCs demonstrates the presence of IFN-γ R I (multiple bands of∼80-95 kDa), and RII
(∼38kDa major band and a smaller molecular mass of ∼33-35kDa, most likely a cleavage
product of the 38kDa form).
Changes in epithelial cell morphology in response to IFN-γ was assessed using monolayer
cultures either on plastic (non-polarized) (B), or on transwell culture dishes (polarized) (C-
I). Immunofluorescence staining of polarized HMEpCs with antibody to Muc-1 reveals the
presence of Muc-1 (green fluorescence) at the apical surface determined by Z stacking of the
confocal image (F). CatD staining (red) is included to indicate changes in CatD distribution
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and intensity in control versus treated HMEpCs. Tight junctions are highlighted by ZO-1
staining (red fluorescence) of untreated HMEpCs (G), and their disruption (arrows)
following IFN-γ treatment is depicted in (H-I). Original magnifications are 63x. C, F, and G
depict control untreated and D, E, H, and I represent IFN-γ treated HMEpCs.
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Fig. 2.
Western blot analysis of CM (A) and cytosolic extracts (B) from control and IFN-γ treated
HMEpCs indicate concentration-dependent decreases in secreted CatD (sCatD) and
intermediate CatD (ICatD) with minimal changes in 34kDa mature CatD (MCatD) (A&B).
For comparative purpose, Western blot analysis of early endosomal antigen 1 (EEA1) and
Lamp-1 are included (C) to indicate minimal effect on other endosomal/lysosomal enzymes.
Note the inverse correlation between secreted Maspin (sMaspin) and secreted CatD (sCatD)
in response to IFN-γ treatment (A). The secretion of Maspin and CatD in polarized HMEpCs
are mostly at the apical surface and IFN-γ treatment instigates basolateral release of Maspin
without affecting the CatD apical secretion (D).
Contrary to IFN-γ, chloroquine (CQ) and bafilomycin A (Baf) treatment of HMEpCs result
in accumulation of ICatD and decreased MCatD (E). The SDS-PAGE was performed on a
10% (A, B & C) and 12.5% (D) resolving gel. For loading control either ß-actin or a picture
of the stained post transfer gel is included.
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Fig.3.
Examination of vacuolar pH with LysoSensor prior to (A) and after IFN-γ treatment (B&C),
1 and 5 ng/ml IFN-γ, respectively indicates reduced pH resulting in increased yellow
emission(arrow). The effect of IFN-γ on pH and CatD processing is abrogated using the
JAK inhibitor p6 (D, magnification: 40x). PCR analysis of mRNA from the control and
IFN-γ treated HMEpCs reveals a concentration dependent increase in the “E” subunit of
v0ATPase (E). This is confirmed by Western blot analysis of the cytosolic fraction of control
and IFN-γ treated HMEpCs probed for the 100kDa subunit “a” of the V0 sector of vATPase
(F). The band corresponding to ∼50kDa is most likely a degradation product of the 100 kDa
subunit. Changes in cell associated CatD enzymatic activity in response to IFN-γ is depicted
in (G). For loading control a picture of the stained post transfer gel is included in (F).
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Fig. 4.
Concentration-dependent changes in beclin 1 mRNA (A) and protein expression (B) in
HMEpCs in response to IFN-γ. TEM of control (C) and IFN-γ treated HMEpCs (D) indicate
the presence of membrane bounded vacuoles (open arrow) in the HMEpCs treated with 1ng/
ml IFN-γ. Autophagic vacuoles were identified by their characteristic double membrane
(arrow, E). Note the numerous vacuoles (most probably secretory vacuoles) in both treated
and control cells. Direct magnification is 10,000 (C&D) and 75,000 (E).
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Fig.5.
Western blot analysis of cytosolic fractions from HMEpCs (prior to and after exposure to
IFN-γ) depicts elevated Stat-1 expression and phosphorylation in response to increasing
concentrations of IFN-γ (A). Utilizing the JAK inhibitor P6 mitigates the effect of IFN-γ on
Stat-1 (B) and normalizes CatD processing (C). A 10% SDA-PAGE was used in these
experiments and a picture of the stained gel is included to confirm equal loading.
ICatD: intermediate CatD, MCatD: mature CatD.
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Fig. 6.
The vacuolar pH of MCF-7 and MDA-MB-231 breast cancer cell lines and their Maspin
transfected counterparts prior to and after IFN-γ treatment was examined using LysoSensor
Blue/Yellow DND160. Note the higher vacuolar pH in cancer cell lines compared to that of
HMEpCs (depicted in Fig. 3 A-D of the manuscript).
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Fig.7.
Western blot analysis of post-nuclear cytosolic extracts from control and IFN-γ treated
MCF-7 and MDA-MB-231 breast cancer cells indicate minimal changes in intermediate
CatD (ICatD) (except a slight increase in MDA-MB-231 at low IFN-γ concentrations) in
both cell lines (A&C). Maspin transfection of MCF-7 and MDA-MB-231 cells sensitizes
them to IFN-γ effect (B&D). 10 % SDS-PAGE gels were used in these experiments.
MCF-7 breast cancer cells form polarized structures determined by immunostaining with the
polarity indicator Muc-1 (green) and Z stacking by confocal microscopy (E). The aggregates
of MCF-7 formed in culture are also polarized (arrow heads). Red fluorescence depicts CatD
and the nuclei are counterstained with Dapi. Examination of tight junction integrity with an
antibody against ZO-1 indicates minimal effect of IFN-γ on tight junction assembly in
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MCF-7 cells (F&G), while tight junction integrity was abrogated (arrows) in IFN-γ treated
Maspin transfected MCF-7 (H&I). The green fluorescence (Alexa 488) depicts EEA-1
staining. Bar depicts 10μm and the original magnification is 63×10 with 2.5xscan zoom.
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Fig.8.
MDA-MB-231 breast cancer cells fail to form polarized structures when cultured in
transwell tissue culture dishes; Maspin transfection did not alter the response. Muc-1 (green
fluorescence), CatD (red fluorescence, rhodamine) and the nucleus (blue, Dapi)
immunostaining of control and IFN-γ treated (1 and 5ng/ml) cells are depicted in A-C, and Z
stacking is shown in D. E represents control MDA-MB-231 immunostaining with anti-
EEA-1 (green) and ZO-1 (red) to demonstrate the absence of tight junctions.
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