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Autophagy is a conserved cellular process for bulk degradation of intracellular protein and organelles in lysosomes.
In contrast to elegant studies of beclinl using mouse models and cultured cells demonstrating a tumor
suppression function for autophagy, knockout of other essential autophagy proteins such as ATG5, ATG7, ot
FIP200 (FAK family-interacting protein of 200 kDa) in various tissues did not lead to malignant tumor
development in vivo. Here, we report that inhibition of autophagy by FIP200 ablation suppresses mammary tumor
initiation and progression in a mouse model of breast cancer driven by the PyMT oncogene. Deletion of FIP200
resulted in multiple autophagy defects including accumulation of ubiquitinated protein aggregates and p62/
SQSTM1, deficient LC3 conversion, and increased number of mitochondria with abnormal morphology in tumor
cells. FIP200 deletion did not affect apoptosis of mammary tumor cells or Ras-transformed mouse embryonic
fibroblasts (MEFs), but significantly reduced their proliferation in both systems. We also observed a reduced
glycolysis and cyclin D1 expression in FIP200-null mammary tumor cells and transformed MEFs. In addition, gene
profiling studies revealed significantly elevated expression of interferon (IFN)-responsive genes in the early tumors
of FIP200 conditional knockout mice, which was accompanied by increased infiltration of effector T cells in the
tumor microenvironment triggered by an increased production of chemokines including CXCL10 in FIP200-null
tumor cells. Together, these data provide strong evidence for a protumorigenesis role of autophagy in oncogene-

induced tumors in vivo and suggest FIP200 as a potential target for cancer therapy.
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Autophagy is an evolutionarily conserved cellular process
for bulk degradation of regions of the cytoplasm through
sequestration within double-membrane-bound vesi-
cles called autophagosomes and delivery to lysosomes
(Mizushima 2007; Simonsen and Tooze 2009; Yang and
Klionsky 2010). It is induced by starvation and other
stresses to clear the damaged proteins and organelles and
provide cellular energy and building blocks for biosyn-
thesis by enabling the recycle of the degraded cellu-
lar components. Thus, autophagy is crucial to maintain
cellular nutrient and energy homeostasis, and dysfunc-
tions in autophagy have been associated with a variety of
human diseases including cancer (Levine and Kroemer
2008; Mizushima et al. 2008; Virgin and Levine 2009;
Kroemer et al. 2010; Rabinowitz and White 2010).
Deficient autophagy was first linked to tumorigenesis
by the observation of very frequent monoallelical deletion

Present addresses: * Dana Farber Cancer Institute, 450 Brookline Avenue,
Boston, MA 02215, USA; 5Texas A&M Health Science Center, Temple,
TX 76508, USA.

SCorresponding author.

E-mail jlguan@umich.edu.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.2051011.

of the mammalian autophagy gene beclinl in sporadic
human breast cancers and ovarian cancers (Aita et al. 1999)
and the demonstration that haploinsufficiency in beclinl
promoted spontaneous malignancies including lung and
liver cancers and lymphomas in mouse models (Liang
et al. 1999; Qu et al. 2003; Yue et al. 2003). Recent studies
using cancer cell lines provided significant mechanistic
insights into the increased tumorigenesis upon inhibition
of autophagy (Mathew et al. 2007; White and DiPaola 2009).
It was found that in apoptosis-defective tumor cells, in-
hibition of autophagy caused by heterozygous loss of beclinl
or homozygous deletion of Atg5 induced accumulation of
p62, damaged mitochondria, and reactive oxygen species
(ROS), and increased DNA damage, leading to tumor
promotion (Karantza-Wadsworth et al. 2007; Mathew
et al. 2007, 2009). Moreover, autophagy inhibition has
also been shown to reduce oncogene-induced senescence
to increase tumorigenesis (Young et al. 2009).

Contrary to the better characterized tumor-suppressive
roles of autophagy, other studies suggested that the pro-
survival function of autophagy under stress conditions (e.g.,
nutrient deprivation, hypoxia, and therapeutic stress) could
promote tumor growth and progression (Dalby et al. 2010;
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Liang and Jung 2010; Roy and Debnath 2010; Tschan and
Simon 2010). Pharmacological or genetic inhibition of
autophagy has been shown to sensitize tumor cells to the
cytotoxic effects of chemotherapy and ionizing irradiation
to enhance cancer treatments (Degenhardt et al. 2006;
Abedin et al. 2007; Amaravadi et al. 2007; Gonzalez-Polo
et al. 2007; Nishikawa et al. 2010). Interestingly, recent stud-
ies also suggested that autophagy may facilitate proliferation
and survival of oncogenic Ras-transformed cells by pro-
moting cancer cell metabolism, as inhibition of autophagy
results in deficient aerobic glycolysis and depletion of tri-
carboxylic acid cycle metabolites and cellular energy level in
these cells (Guo et al. 2011; Lock et al. 2011). Despite these
studies using cancer cell lines and immuno-compromised
nude mice, the protumorigenesis function of autophagy has
not been evaluated directly by using loss-of-function ap-
proaches directed at essential autophagy genes in oncogene-
driven mouse models of breast or other cancers in vivo.

FIP200 (FAK family-interacting protein of 200 kDa)
encodes an evolutionarily conserved protein characterized
by a large coiled-coil region containing a leucine zipper
motif, which was initially identified based on its interaction
with FAK and Pyk2 (Ueda et al. 2000; Abbi et al. 2002;
Chano et al. 2002a). It has been shown to regulate a number
of intracellular signaling pathways through interactions
with other proteins such as TSCI, p53, and PIASy (Gan
and Guan 2008; Martin et al. 2008). Several recent studies
have also suggested an important function for FIP200 in
the regulation of autophagy in mammalian cells. FIP200
was identified as a component of the ULK1-ATG13-
FIP200-ATG101 complex and shown to be essential for
autophagosome formation (Hara et al. 2008; Ganley et al.
2009; Hara and Mizushima 2009; Hosokawa et al. 2009;
Jung et al. 2009; Behrends et al. 2010). Moreover, our recent
studies showed that mouse tissue-specific FIP200 deletion
in neurons and hematopoietic stem cells (Liang et al. 2010;
Liu et al. 2010) caused defective phenotypes overlapping
with those observed in mutant mice with deletion of other
autophagy genes (e.g., Atg5 and Atg7)in these tissues (Hara
et al. 2006; Komatsu et al. 2006, 2007; Mortensen et al.
2010). In this study, we created and analyzed FIP200 con-
ditional knockout in the MMTV-PyMT mouse model of
human breast cancer to study the potential protumori-
genesis functions of autophagy in vivo. Our studies showed
that FIP200 deletion in mammary epithelial cells (MaECs)
reduced tumor initiation and progression by both impairing
tumor cell proliferation and inducing increased immune
surveillance. These results provide strong support for a pos-
itive role of autophagy in oncogene-driven tumor models in
vivo and also identify FIP200 as a potential therapeutic
target based on the recently proposed “autophagy addic-
tion” model in certain cancers (Guo et al. 2011).

Results

Conditional deletion of FIP200 in MaECs suppresses
breast cancer initiation, progression, and metastasis

To investigate the potential protumorigenesis functions of
autophagy in vivo, we introduced conditional knockout

FIP200 in mammary tumorigenesis

(CKO) of the essential autophagy protein FIP200 into the
MMTV-PyMT mouse model of breast cancer. MMTV-
PyMT is a well-characterized model that undergoes multi-
step progression to the rapid appearance of multifocal
mammary adenocarcinomas following PyMT-mediated ac-
tivation of Ras, Src, and PI3K (Guy et al. 1992; Lin et al.
2003). FIP200 CKO mice (Wei et al. 2009) were crossed with
MMTV-PyMT mice to generate three cohorts of female
mice with the genotypes of FIP200/;MMTV-Cre;MMTV-
PyMT (designated CKO-MT mice), FIP200*;MMTV-
Cre;MMTV-PyMT (designated Cre-MT mice; with de-
letion of FIP200 in one allele in MaECs), and FIP200";
MMTV-PyMT (designated Ctrl-MT mice; equivalent to
MMTV-PyMT mice as the floxed FIP200 allele does not
affect the function of FIP200 or other genes in the absence
of Cre). Mammary tumor development in these mice was
monitored by physical palpation as described previously
(M Luo et al. 2009). As shown in Figure 1A, Ctrl-MT and
Cre-MT mice developed palpable mammary tumors
rapidly, with mean tumor onset ages (T5o) of 56 and 62
d, respectively. Surprisingly, CKO-MT mice showed a sig-
nificantly increased tumor-free interval with a Tsq of 85 d.
Moreover, the decreased tumor burden also prolonged the
survival time for CKO-MT females as compared with
Ctrl-MT and Cre-MT mice (Fig. 1B). Consistent with the
decreased tumorigenesis in CKO-MT mice, whole-mount
analyses of mammary glands at 10 wk of age revealed
a significant reduction of PyMT-induced mammary intra-
epithelial neoplasia (MIN) lesions in CKO-MT mice
compared with Ctrl-MT mice (Fig. 1C). Quantification
of multiple samples indicated >60% decrease in the
epithelial surface occupied by the hyperplastic nodules
for CKO-MT mice compared with that for Ctrl-MT mice
(Fig. 1D). Consistent with these results, we found an
~2.5-fold reduction in the average mass of the mammary
glands of CKO-MT mice compared with that of Ctrl-MT
mice (Fig. 1C, insets).

To ensure that the reduced tumorigenesis in the CKO-
MT mice was not due to changes in the expression of
PyMT oncoprotein, lysates were prepared from multiple
primary tumors and analyzed by Western blotting. Figure
1E shows the abolished expression of FIP200 in the
tumors from CKO-MT mice but not those from Ctrl-
MT mice, as expected. Comparable levels of PyMT
oncoprotein were detected in tumors from both mice.
Furthermore, similar activation as measured by their
phosphorylation status of PyMT downstream targets
Akt and Erk was observed for tumors from CKO-MT
and Ctrl-MT mice. Lastly, immunofluorescent staining of
tumor sections also showed expression of PyMT onco-
protein at similar levels in CKO-MT and Ctrl-MT mice
(data not shown). These results suggest that the reduced
tumorigenesis in CKO-MT mice was not due to changes
in the expression of PyMT oncoprotein.

We also examined the effect of FIP200 inactivation on
metastasis of mammary tumors developed in CKO-MT
mice. At 7 wk after the initial detection of palpable
primary tumors for both mice, CKO-MT and Ctrl-MT
mice were sacrificed and examined for metastatic nodules
on the lung surface. As shown in Figure 1F, significantly
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Figure 1. Conditional deletion of FIP200 in
MaEC suppresses breast cancer initiation,
progression, and metastasis. (A) Kaplan-Meier
analysis of mammary tumor development in
the Ctrl-MT (n = 44), Cre-MT (n = 21), and
CKO-MT (n = 35) mice. CKO-MT versus Ctrl-
MT or Cre-MT: P < 0.01 by the log-rank test.
(B) Scatter plots showing days of survival for
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fewer nodules were found for CKO-MT mice compared
with Ctrl-MT mice. Quantification of multiple samples
indicated a 10-fold reduction in metastasis for the CKO-
MT mice (Fig. 1G). At dissection time, the size of primary
tumors was generally smaller in CKO-MT compared with
that in Ctr]-MT mice; therefore, we could not exclude
that the reduced primary tumor burden in CKO-MT mice
may contribute to the decreased metastasis in CKO-MT
mice. Together, these results suggest that suppression of
autophagy by FIP200 inactivation significantly inhibited
mammary tumor initiation, progression, and metastasis,
providing support for a protumorigenesis role of autophagy
in vivo.

Ablation of FIP200 Ileads to autophagic defects
and decreased proliferation in mammary tumor cells

To investigate the cellular and molecular mechanisms
of the decreased mammary tumorigenesis in CKO-MT
mice, we first evaluated autophagy deficiency in FIP200-
null tumors as well as isolated tumor cells. Consistent
with its crucial role in autophagy induction (Hara et al.
2008; Ganley et al. 2009; Hara and Mizushima 2009;
Hosokawa et al. 2009; Jung et al. 2009) and our previous
findings in neurons (Liang et al. 2010), large ubiquitin-
positive aggregates and p62-positive aggregates, which
are both associated with defective autophagy (Hara et al.
2006; Komatsu et al. 2006; Liang et al. 2010), were found
in mammary tumors of CKO-MT mice but not those in
Ctrl-MT mice (Fig. 2A). Further analysis of mammary
tumors by transmission electron microscopy revealed
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deformed and branched mitochondria in FIP200-null
tumor cells in contrast to the smooth and extended
morphology of mitochondria in control tumor cells (Fig.
2B, arrows). Similar to findings in other autophagy-de-
ficient cells by inactivation of various autophagy genes
(Komatsu et al. 2005; Nakai et al. 2007; Ebato et al. 2008),
we also detected an increased number of mitochondria
per nucleus in FIP200-null mammary tumor cells (25 + 3)
compared with that in Ctrl-MT mice (14 + 2) (Fig. 2B). We
next examined the number and respiratory status of
mitochondria in isolated tumor cells by staining with
the MitoTracker Green (for total) and MitoTracker Deep
Red (for live or respiring), respectively, followed by flow
cytometry. We found an increased accumulation of both
total and healthy mitochondria mass in FIP200-null
tumor cells compared with control cells (Fig. 2C,D). Lastly,
a reduced LC3 conversion was observed in FIP200-null
mammary tumor cells under starvation condition in the
presence of bafilomycin A;, an inhibitor for the vacuolar
H* ATPase that can block autophagosome-lysosome
fusion and thus LC3-II degradation (Fig. 2E; Yamamoto
et al. 1998). The defective autophagosome formation was
also found in CKO-MT tumors in vivo, as measured by
accumulation of LC3-I (i.e., reduced conversion of LC3-I
to LC3-II) in lysates prepared from tumors of CKO-MT
mice compared with those from Ctrl-MT mice (Fig. 2F).
Together, these results demonstrate that FIP200 deletion
results in autophagy defects in mammary tumor cells.
Given the previous findings of the prosurvival function
of autophagy (Degenhardt et al. 2006; Hara et al. 2006;
Komatsu et al. 2006), it is possible that defective autophagy
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Figure 2. Ablation of FIP200 leads to autophagic defects in mammary tumor cells. (A) Sections from mammary tumors of Ctrl-MT and
CKO-MT mice were analyzed by immunohistochemistry using anti-ubiquitin (top panels) or anti-p62. Note the ubiquitin- and p62-
positive aggregates in tumor cells from CKO-MT mice (red arrows, right panels), but not Ctrl-MT mice (left panels). Bars, 25 pm. (B)
Mammary tumor sections of Ctrl-MT and CKO-MT mice were examined by transmission electron microscopy. Note the abnormal
morphology of mitochondria in CKO-MT tumor cells (red arrows, right panel). Bar, 1 pm. (C,D) Mammary tumor cells from CKO-MT
or Ctrl-MT mice were analyzed for total mitochondrial mass by MitoTracker Green staining (C) or for respiring mitochondria mass by
MitoTracker Deep Red staining (D). (E) Mammary tumor cells from CKO-MT or Ctrl-MT mice were incubated in the complete or
starvation medium (HBSS) for 1 h with or without 100 nM bafilomycin Al (Baf), as indicated. The cell lysates were then prepared and
analyzed by immunoblotting using anti-LC3 antibody. (F) Lysates were prepared from four tumors in four different Ctrl-MT (left four
lanes) and CKO-MT (right four lanes) mice and analyzed by immunoblotting using antibodies against various proteins as indicated.
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upon FIP200 ablation increases apoptosis of tumor
cells to inhibit tumorigenesis in CKO-MT mice. Consis-
tent with previous findings in conditional deletion of
FIP200 in neurons (Liang et al. 2010), examination of
MIN lesions by cleaved caspase-3 staining showed an
increased apoptosis in CKO-MT tumors compared with
Ctrl-MT tumors (Fig. 3A). Analysis by BrdU incorpora-
tion assays also indicated a reduction of tumor cell
proliferation in CKO-MT mice (Fig. 3B). Surprisingly,
however, we did not detect significant difference in
apoptosis between mammary tumor cells isolated from
primary tumors of CKO-MT and Ctrl-MT mice, as de-
termined by TUNEL analysis (Fig. 3C), suggesting that
the increased apoptosis in vivo is likely due to multiple
unique microenvironmental stresses (e.g., increased im-
mune surveillance; see below) not present in ex vivo
tumor cell cultures. In contrast, measurement of cell
cycle progression by BrdU incorporation assay in primary
tumor cell culture showed a significant decrease in pro-
liferation of mammary tumor cells from CKO-MT mice
compared with those from Ctrl-MT mice (Fig. 3D). CKO-
MT tumor cells also showed a significant decrease in
anchorage-independent growth in soft agar compared
with Ctrl-MT tumor cells (Fig. 3E). Interestingly, we also
observed a decreased glucose uptake and intracellular
lactate production in CKO-MT tumor cells (Fig. 3FG),
which is consistent with a recent study showing that
inhibition of autophagy reduced proliferation as well as
glycolysis in Ras-transformed cells (Lock et al. 2011).
Lastly, similar to the observation in CKO-MT mice,
although they appear grossly normal with functional
mammary glands for nursing (Wei et al. 2009), CKO
mice also exhibited a reduced proliferation in terminal
end buds (TEBs) of developing mammary glands as
measured by BrdU incorporation and consequently re-
tarded mammary ductal outgrowth compared with Ctrl
mice (Supplemental Fig. S1), supporting a role of FIP200
in promoting cell proliferation.

Previous studies suggested that FIP200 can bind to the
TSC1-TSC2 complex and inhibit its activity, leading to
the activation of mTOR and its target S6K, and that
FIP200 down-regulation causes compromised mTOR
activation (Gan et al. 2005). To study mTOR and other
signaling pathways in FIP200-null mammary tumor cells,
lysates were prepared from the isolated tumor cells and
analyzed by Western blotting (Fig. 3E). Similar to direct
analysis of tumor lysates (see Fig. 1E), FIP200 expression
was abolished in the tumor cells from CKO-MT mice.
Consistent with previous results in other cells (Gan et al.
2005, 2006), decreased phosphorylation of S6K was found
in CKO-MT tumor cells compared with Ctrl-MT tumor
cells. However, direct analysis of tumor lysates only
detected a slight, but statistically insignificant, decrease
in phosphorylation of S6K in tumors from CKO-MT mice
compared with those from Ctrl-MT mice (Supplemental
Fig. S2). No apparent differences in the activation status
of Erk or Akt were detected between tumor cells from
CKO-MT and Ctrl-MT mice (data not shown). Lastly,
consistent with the reduced proliferation, the expression
level of cyclin D1 was decreased in the tumor cells from
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CKO-MT mice compared with those from Ctrl-MT mice.
Moreover, ectopic expression of cyclin D1 in FIP200-null
tumor cells partially rescued the growth of CKO-MT
tumor cells (Fig. 3I), suggesting that reduced cyclin D1
expression upon FIP200 deletion could contribute to the
intrinsic defective cell growth of FIP200-null tumor cells.
Together, these data suggested that defective autophagy
upon FIP200 ablation could lead to reduced cell pro-
liferation in mammary tumor cells, contributing to the
suppression of tumorigenesis in CKO-MT mice.

Deletion of FIP200 reduces proliferation
of Ras-transformed primary mouse embryonic
fibroblasts (MEFs)

While consistent with the reduced tumorigenesis of
CKO-MT mice, the reduced proliferation of FIP200-null
mammary tumor cells appears to be in apparent conflict
with our previous results showing inhibition of cell cycle
progression by overexpression of FIP200 in breast cancer
cell lines, although the effect of FIP200 inactivation in
these cell lines was not examined directly (Melkoumian
et al. 2005). To address whether endogenous FIP200 may
also play a positive role in oncogenesis in other cell types,
we investigated the effect of the genetic ablation of
FIP200 on transformation of MEFs by oncogenic Ras.
Primary MEFs isolated from embryos of floxed FIP200 mice
(i.e., FIP200"f MEFs) (Gan et al. 2006) were immortalized by
infection with a retrovirus encoding E1A, followed by
infection with a retrovirus encoding the oncogenic Ha-
RasV12, as described previously (Deng et al. 2005; Sun
et al. 2007). Coexpression of E1A and oncogenic Ras in
the transformed FIP200"* MEFs is shown in Figure 4A.
These cells were then infected by recombinant adeno-
viruses encoding Cre recombinase (Ad-Cre) or LacZ
(Ad-LacZ) as a control to generate E1A/RasV12-trans-
formed MEFs with FIP200~/~ and FIP200"* alleles
(designated FIP200 KO and control cells, respectively).
As shown in Figure 4B, efficient deletion of the FIP200
gene and removal of endogenous FIP200 protein was
obtained by Ad-Cre infection compared with that in-
fected by Ad-LacZ.

The effect of FIP200 inactivation in the transformed
MEFs was first assessed by examining multiplication of
the cells in vitro. Figure 4C shows an ~50% decrease in
the number of FIP200 KO cells compared with control
cells over a period of 6 d of culture under normal
conditions. We next investigated the effects of FIP200
inactivation on the proliferation and apoptosis of the
transformed MEFs to determine their possible contribu-
tions to the reduced growth of FIP200 KO cells in culture.
Analysis of cell apoptosis by TUNEL assays showed little
difference between FIP200 KO and control cells (Fig. 4D).
Figure 4E shows a decreased cell cycle progression of
FIP200 KO cells in comparison with control cells, as
measured by BrdU incorporation. In addition, analysis of
anchorage-independent growth in soft agar showed a sig-
nificant reduction in the number of colonies (Fig. 4F) as
well as their average size (data not shown) from FIP200 KO
cells compared with control cells. Similar to FIP200-null
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Figure 3. Inactivation of FIP200 decreases proliferation of mammary tumor cells. (A,B) The apoptosis and proliferation of tumor cells
in MIN lesions of Ctrl-MT and CKO-MT mice in vivo were measured by immunohistochemistry using anti-cleaved caspase 3 (A) and
BrdU incorporation assays (B), respectively. Bars, 50 um. Data on the right side graphs are mean + SD (n = 4 for each sample) of relative
numbers of cleaved caspase 3" or BrdU* cells in MIN lesions. (C-E) Mammary tumor cells isolated from Ctrl-MT and CKO-MT mice
were measured for apoptosis using TUNEL assay (C), proliferation by BrdU incorporation assay (D), and anchorage-independent growth
in soft agar (E). Data on the right side graphs are mean = SD. Bars: C,D, 50 wm; E, 300 um. (F,G) CKO-MT and Ctrl-MT tumor cells were
analyzed for the level of glucose uptake (2-NBDG uptake) following 6 h of incubation (F) or for intracellular level of lactate in growth
medium (G), as described in the Materials and Methods. (H) Lysates were prepared from mammary tumor cells isolated from Ctrl-MT
and CKO-MT mice and analyzed by immunoblotting using antibodies against various proteins as indicated. (I) Tumor cells from
FIP200",MMTV-PyMT mice were infected by recombinant adenoviruses encoding Cre (Ad-Cre) or a control insert (Ad-lacZ) to produce
FIP200 KO and Ctrl tumor cells, respectively. These tumor cells were then infected with recombinant retroviruses encoding HA-tagged
cyclin D1 (cyclin D1) or control viruses (Mock) to prepare stable pools of the infected cells. After 6 d of incubation in growth medium,
the cells were counted, and the mean = SD of relative growth is shown. The inset shows expression of HA-tagged ectopic cyclin D1 in
KO cells (right lane) but not vector-infected Ctrl cells (left lane) or KO cells (middle line).

GENES & DEVELOPMENT 1515



Wei et al.

& Q& 5009 o FIP200"
RFR-E1A | > g ;
GEP-Raso™2v & & - -o-FIP200"
o
o — e o
—_—— + FIP200 -
[
F=1
—— ]\ Ctin E
(=
3
Q

D & E 100 F 12, P<0.01
1
P<0.01 | I
% P=0.29 » 181 E 90 4
< ‘- 1 = c
@ >
2 Q e
3 L 5 5 3 60
3 = 8
o o
=% m @
< 21 = 2
e
R 25 T 304
x
FIP200"  FIP200* O T FiP200" " FiP200" O FiP2007 FIP200+
G _ Fir2oov FIP200--

o N

o — == Cyclin D1
FBS & & o N H |

o
S g¢
ot 17| == = Vinculin

e e e w— w062 -
[P 120 P<0.05 []Mock P<0.01
— = — = | p-S6K —/ . &
S6K il M Rapamycin £ 15
— — — . | RS ‘% g
— % & 2
= —3 [
=y ¥ ¥ ¥ 3" 3 604 =
—_—— — — —|pakt g %
o = 3
— e — Cyclin D1
—_——— — — — |pm
4 04
_—— — = — — |p21 m I - Y
o0 o0 (#h a0
— ——— — —\ i i F\?'l ?\?1' \2\0 ('ﬁc'\\‘\

Figure 4. Analysis of FIP200 deletion in Ras-transformed primary MEFs. (A) Primary MEFs from FIP200 floxed mice were infected
with retroviral vectors encoding RFP-E1A and GFP-Ha-RasV12. After staining with DAPI, the cells were viewed under a fluorescent
microscope for the expression of E1A and RasV12 (left) and nuclei (right). Bar, 50 um. (B-F) RFP-E1 A/GFP-RasV12-transformed primary
MEFs from FIP200 floxed mice were infected with recombinant adenoviruses encoding Cre (Ad-Cre) or a control insert (Ad-lacZ) to
produce FIP200 KO (FIP200~/~) and control (FIP2007) cells, respectively. (B) Lysates from the cells were analyzed by immunoblotting
using antibodies against FIP200 or actin as indicated. The cells were measured for multiplication (C), apoptosis using TUNEL assay (D),
proliferation by BrdU incorporation assay (E), and anchorage-independent growth in soft agar (F). Data in C-F are mean *+ SD. (G) FIP200
KO (FIP200/~) and control (FIP2007f| cells were grown in medium containing the indicated concentration of serum for 24 h. Cell
lysates were then prepared and analyzed by immunoblotting using antibodies against various proteins as indicated. (H) FIP200 KO
(FIP200~/~) and control (FIP200%f) cells were incubated in growth medium in the presence or absence (Mock) of rapamycin (100 nM), as
indicated. After 24 h, the cells were counted, and the mean = SD of relative growth is shown. (I) FIP200 KO cells were infected by
recombinant retroviruses encoding HA-tagged cyclin D1 (cyclin D1) or control viruses (Mock) to prepare stable pools of the infected
cells. After 3 d of incubation in growth medium, the cells were counted, and the mean + SD of relative growth is shown. (Inset)
Expression of ectopic cyclin D1 in cyclin D1 cells (right lane) but not Mock cells (left lane).

mammary tumor cells, we found a decreased glucose To further examine the potential mechanisms of re-
uptake and intracellular lactate production in FIP200 KO duced cell proliferation upon FIP200 deletion in Ras-
cells compared with control cells (Supplemental Fig. transformed MEFs, we analyzed the activation status of
S3A,B). Also consistent with previous results (Lock signaling pathways downstream from Ras as well as those
et al. 2011), FIP200 KO cells were insensitive to reduced known to be affected by FIP200. Lysates were prepared
glucose availability, whereas it decreased proliferation of from FIP200 KO and control cells grown in media con-
control cells (Supplemental Fig. S3C). Together, these taining decreasing concentrations of serum and then used
results suggested that abrogation of endogenous FIP200 for Western blotting with various antibodies (Fig. 4G). As
expression also inhibited cell proliferation in Ras-trans- expected, p62 showed increased accumulation in FIP200
formed primary MEFs. KO cells compared with control cells, consistent with
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defective autophagy after FIP200 deletion (Hara et al.
2008; Ganley et al. 2009; Hara and Mizushima 2009;
Hosokawa et al. 2009; Jung et al. 2009). Similar to the
observation in mammary tumor cells (see Fig. 3E) and in
other cells previously (Gan et al. 2005), phosphorylation
of S6K was significantly decreased in FIP200 KO cells,
suggesting reduced mTOR signaling upon deletion of
FIP200 in these cells. Consistent with the idea that re-
duced mTOR signaling could contribute to the decreased
proliferation of FIP200 KO cells, further inhibition of
mTOR by rapamycin did not affect proliferation of these
cells, although it readily inhibited the control cells as
expected (Fig. 4H). As expected, deletion of FIP200 did not
affect the expression level of Ras itself. Moreover, neither
Erk nor Akt signaling pathways were affected in FIP200
KO cells compared with control cells, although a slight
increase of Akt phosphorylation was found in FIP200 KO
cells at 0.1% serum. These data suggest that deletion of
FIP200 did not reduce cell proliferation through these
major Ras downstream pathways. The increased phos-
phorylation of Akt in FIP200 KO cells in low serum
concentrations might be caused by feedback mechanisms
of the deregulated mTOR pathway (Huang and Manning
2009). Although our previous studies suggested that
FIP200 can interact with p53 and stabilize p53 protein
when overexpressed in breast cancer cells (Melkoumian
et al. 2005), we did not observe differences in the
expression of p53 or its target p21 between FIP200 KO
and control cells. However, we found that, similar to
mammary tumor cells, the level of cyclin D1 expression
was markedly reduced in FIP200 KO cells under different
serum concentrations, which is consistent with their
decreased proliferation (see Fig. 4D). Moreover, expres-
sion of ectopic cyclin D1 rescued the proliferation defect
in FIP200 KO cells (Fig. 4I). Together, these studies
suggest that, in agreement with mammary tumor cells,
FIP200 deletion could lead to reduced proliferation of
transformed primary MEFs.

Increased expression of immune responsive genes
in mammary tumors of CKO-MT mice

To further explore potential cellular and molecular
mechanisms by which deletion of FIP200 suppressed
mammary tumorigenesis, we examined the gene expres-
sion profile of mammary tumor tissues by microarray
analysis. Mammary tumors at early stages from CKO-MT
or Ctrl-MT mice were isolated and pooled for mRNA
preparation and reverse transcription to generate probes
for the Affymetrix gene chip mouse genome 430 2.0 array.
Two independent samples were generated for CKO-MT
mice (each from a pool of four mice) and analyzed against
two samples from Ctrl-MT mice (each from a pool of four
mice). The microarray analyses identified 161 up-regu-
lated genes (by 209 probe sets) and 29 down-regulated
genes (by 31 probe sets) with at least twofold changes in
tumors from CKO-MT mice compared with those from
Ctrl-MT mice (Fig. 5A,B; Supplemental Tables 1, 2).
Further evaluation of the data using Gene Ontology
(Ashburner et al. 2000) indicated that the most prominent

FIP200 in mammary tumorigenesis

feature of the genome-wide alterations of CKO-MT
tumors is the increased expression of genes encoding
proteins involved in response to IFN stimulation and
other immune responses (Supplemental Fig. S4). The up-
regulated genes linked to IFNs include the transcription
factors Irf7, Statl, and Stat2; the GTPases Mx1 and Mx2;
the 2',5'-oligoadenylate synthetases Oas2, Oasl2, Oasll,
and Oas3; and the IFN-induced proteins with tetratricopep-
tide repeats Ifit1-Ifit3. We next performed quantitative
RT-PCR (qRT-PCR) analyses to verify these results for
a subset of genes (both up-regulated and down-regulated)
using the same set of mRNAs. We found that the relative
expression levels of a wide range of IFN-responsive genes,
including Statl, Mx1, Uspl8, Irf7, Ifitl, and Osa2, are up-
regulated from threefold to 15-fold in CKO-MT tumors in
relative to Ctrl-MT tumor samples (Fig. 5C). Consistent
with microarray data, we found that the expression levels
of two down-regulated genes, Pip and MuclO, are severely
decreased in CKO-MT tumors compared with Ctrl-MT
tumor samples (Fig. 5D). Considering that up-regulated
IFN signaling plays an important role in anti-tumor
immune responses (Dunn et al. 2006; Swann and Smyth
2007), these results suggested that FIP200 deletion might
trigger enhanced anti-tumor immune surveillance and
contribute to the suppression of mammary tumorigenesis
and progression in these mice.

Increased immune cell infiltration in mammary
tumors of CKO-MT mice

Our microarray analyses revealed that many target genes
of type I (IFN-a/B) and type II (IFN-y) IFN were highly
elevated in mammary tumors from CKO-MT mice. The
increased expression of these genes could be due to an
increased tumor cell response to IFNs and/or an increased
production of IFNs in the tumor microenvironment of
these mice. To examine the former possibility that
FIP200 may be involved in the IFN-responsive pathway
per se, mammary tumor cells were isolated from CKO-
MT and Ctrl-MT mice and examined for their responses
to IFN stimulation in culture. Upon stimulation with
IFN-a or IFN-y (Fig. 6A), expression of several genes
including Oas2, Ifitl, Irf7, Uspl8, Mx1, and Statl did
not display a larger increase, but some even decreased
response; e.g., Ifitl, in tumor cells from CKO-MT mice
compared with those from Ctrl-MT mice. Therefore,
these results suggested that the increased expression of
IFN-responsive genes is not caused by increased sensitiv-
ity of tumor cells to IFN stimulation in CKO-MT mice.

We then investigated the latter possibility that more
IFN-producing immune cells may infiltrate tumor tissues
of CKO-MT mice. We first examined the presence of
CD45" leukocytes in the tumors of CKO-MT and Ctrl-
MT mice. The levels of leukocytes were significantly
increased in the tumor tissues of CKO-MT mice over
those of Ctrl-MT mice (Fig. 6B, top panels). Given the
crucial function of cytotoxic T cells in controlling tumor
growth, we next compared the infiltration of CD8"* T cells
in the tumors of these mice. While only a few CD8" T
cells were detected in the tumors from Ctrl-MT mice, the
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Figure 5. Global changes in gene expression profile of mammary tumors from CKO-MT mice. (A,B) Heat map of genes showing
differential up-regulation (A) or down-regulation (B) of at least twofold in tumors from CKO-MT mice compared with those from Crtl-
MT mice. Representative up-regulated and down-regulated genes are marked on the right. (C,D) A select group of up-regulated genes
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experiments is shown.

tumors from CKO-MT mice were infiltrated with signif-
icantly higher amounts of CD8" T cells (Fig. 6B, bottom
panels). To further investigate the functional subsets of
tumor-infiltrating immune cells, single cell suspensions
were prepared from mammary tumors (Araki et al. 2009)
and analyzed by a flow cytometry analyzer. Consistent
with data by immunofluorescent staining, there was
a significantly higher percentage of CD45" cells in the
tumors from CKO-MT mice compared with those from
Ctrl-MT mice (Fig. 6C). We further observed significantly
increased fractions of both IFN-y*CD8* and IFN-y*CD4*
T cells (Th1) in CKO-MT samples compared with Ctrl-
MT samples (Fig. 6D). It is known that regulatory T cells
(Tregs) contribute to inactivation of antigen-presenting
cells and suppression of effector cell functions including
IFN-vy-producing Thl cells, CD8"* cytotoxic T lympho-
cytes (CTLs), and NK cells (Zou 2006). Th17 cells, a new
subset of CD4* T cells expressing IL-17, might also
regulate tumor development (Dong 2008; Zou and Restifo
2010). We did not observe a significant difference in the
infiltration of these T-cell subsets (Fig. 6E; data not
shown) in CKO-MT and Ctrl-MT samples. Together,
these results suggested that the increased infiltration of
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IFN-y-producing CD8* and CD4" T cells may be respon-
sible for the up-regulation of IFN-y-responsive genes
observed by microarray analyses in the mammary tumors
of CKO-MT mice.

The host immune responses and immune surveillance
have been widely recognized as a critical barrier to the
development and progression of various human cancers
including breast cancer (Dunn et al. 2004; Koebel et al.
2007; Finn 2008). While several types of immune cells
participate in cancer immune surveillance, the CD8*
effector T cells play a critical role in the elimination of
tumors (Dunn et al. 2004; Zou 2006). To examine
whether the increased infiltrating CD8* T cells indeed
contribute to suppressed mammary tumor initiation and
progression in CKO-MT mice, we depleted CD8" T cells
using specific antibodies in these mice (Supplemental Fig.
S5). As shown in Figure 6F, CKO-MT mice in the IgG
isotype control-treated group developed mammary tu-
mors with a similar kinetics as the untreated mice (see
Fig. 1A). In contrast, CD8" T-cell-depleted CKO-MT mice
showed an accelerated mammary tumor initiation. More-
over, we found that IFN-y inhibited growth of mammary
tumor cells from CKO-MT mice by about a similar degree
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as those from Ctrl-MT mice in vitro (Fig. 6G,H). Together,
these results suggest that the increased infiltration of IFN-
v-producing CD8" T cells plays an important role in the
suppression of mammary tumorigenesis in CKO-MT mice.

FIP200 deletion leads to increased chemokine
production in mammary tumor cells

Chemokines play crucial roles in the recruitment of
T cells into the tumor microenvironment (Khan et al.
2000; Frigerio et al. 2002; Zou 2005). Our microarray data

revealed that CXCL9, CXCL10, and CXCL11, which can
attract activated T cells (Farber 1997; Yu et al. 2004;
Kryczek et al. 2009), as well as a number of other
chemokines are up-regulated in CKO-MT tumors com-
pared with Ctrl-MT tumors (Supplemental Table 3). We
confirmed with qRT-PCR that the levels of CXCL9,
CXCL10, and CXCL11 were elevated by threefold to
fivefold in the purified primary tumor cells from CKO-
MT mice compared with those from Ctrl-MT mice (Fig.
7A). Consistent with these results, we found enhanced
migration of tumor-associated CD8* T cells in response to
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Figure 7. Increased chemokine production in FIP200-null tumor cells and a working model. (A) Mammary tumor cells were isolated
from Ctrl-MT or CKO-MT mice. RNA was isolated from the purified cells and subjected to analysis by qRT-PCR to detect the
expression of various chemokines as indicated. The mean * SD of relative levels (normalized to Ctrl-MT tumors) from three
independent experiments is shown. (*) P < 0.05; (**) P < 0.01. (B,C) Mammary tumor cells from Ctrl-MT or CKO-MT mice (B)
and FIP200 KO (FIP200~/~) or control (FIP200%Y] cells (C) were transfected with 10 pg/mL poly(I:C) or mock using Lipofectamine. RNA
was isolated at 8 h after stimulation and subjected to qRT-PCR analysis for the relative level of IFN-B (left) and CXCL10 (right). (**)
P <0.01. (D) Mammary tumor cells from Ctrl-MT or CKO-MT mice were stimulated by poly(I:C) for 8 h as described in B. The amount
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the potential mechanisms of suppression of mammary tumorigenesis and progression in CKO-MT mice. Inactivation of FIP200 results
in defective autophagy in tumor cells that may trigger multiple events leading to the inhibition by mammary tumorigenesis through
both reduced cell proliferation and increased immune surveillance in the host.
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the extracts of tumor tissues from CKO-MT mice com-
pared with those from Ctrl-MT mice as well as an in-
creased amount of CXCL10 in the extracts from CKO-MT
mice (Supplemental Fig. S6). These results suggest that the
enhanced immune surveillance in CKO-MT mice may be
mediated by effector T cells and Th-1-type chemokines
produced by FIP200-null tumor cells.

Recent studies suggested that autophagy deficiency
could sensitize cellular responses via the RIG-I-like re-
ceptor (RLR) signaling to induce type I IFN production
(Jounai et al. 2007; Tal et al. 2009; Levine et al. 2011).
Moreover, defective autophagy has also been shown to
synergize with environmental factors including viral in-
fections in inflammatory diseases in an IFN-y-dependent
manner (Cadwell et al. 2008, 2010; Saitoh et al. 2008). As
inflammatory chemokines like CXCL10 are known tar-
gets of RLR signaling (Borden et al. 2007), it is possible
that suppression of autophagy by FIP200 deletion may
lead to enhanced production of CXCL10 through an
increased sensitivity to environmental stimuli such as
viral infection or dsRNAs released by dead tumor cells
(Zitvogel et al. 2010). To investigate such a possibility,
mammary tumor cells from CKO-MT and Ctrl-MT mice
were treated with poly(I:C), a synthetic dSRNA. Consis-
tent with previous studies in ATG5-null cells (Jounai
et al. 2007; Tal et al. 2009), a significantly increased
expression of IFN-B is detected in CKO-MT tumor cells
compared with Ctrl-MT tumor cells upon poly(L:C) stim-
ulation (Fig. 7B, left). As expected, an increased response
in the IFN target gene CXCL10 was also found in CKO-
MT tumor cells (Fig. 7B, right). A similar sensitized
response was found in FIP200 KO MEFs in comparison
with control cells (Fig. 7C). Lastly, ELISA analysis verified
the corresponding increase in protein expression and
secretion of CXCL10 by CKO-MT tumor cells (Fig. 7D).
Together, these results suggest that FIP200 deletion
resulted in increased chemokine production and secre-
tion by tumor cells, which could lead to the increased
infiltration of CD8" effector T cells contributing to the
suppression of mammary tumorigenesis in CKO-MT
mice.

Discussion

Consistent with a well-established tumor suppression
function of autophagy based on studies using tumor cell
lines and mouse models (Liang et al. 1999; Qu et al. 2003;
Yue et al. 2003; Mathew et al. 2009), earlier work showed
that deletion of the FIP200 gene was found in a fraction of
primary mammary tumor samples (Chano et al. 2002b) and
that overexpression of FIP200 inhibited cell cycle pro-
gression in several breast cancer cell lines (Melkoumian
et al. 2005). Despite these early data implicating a role of
FIP200 in suppressing breast cancer, our recent analyses
using mouse models indicated that deletion of FIP200 did
not lead to spontaneous development of breast cancer or
augment lymphomagenesis upon inactivation of p53 (Wei
et al. 2009), casting doubts on its putative tumor suppres-
sor function. Here, we present data showing that sup-
pression of autophagy by FIP200 ablation in MaECs

FIP200 in mammary tumorigenesis

suppressed mammary tumor initiation and progression
driven by the PyMT oncoprotein in a well-characterized
mouse model of human breast cancer. Complementing
a number of recent studies using cancer cells and xeno-
graft models (Guo et al. 2011; Lock et al. 2011), our results
showing a positive role for FIP200 using mouse models of
human breast cancer provide the first direct demonstra-
tion of a protumorigenesis role of autophagy in oncogene-
induced tumorigenesis and progression in animals with an
intact immune system.

Our analysis of FIP200-null mammary tumor cells from
the MMTV-PyMT mouse model as well as Ras-trans-
formed primary MEFs provides several lines of evidence
that deficient cell proliferation contributes to the sup-
pressed tumor formation and progression upon deletion of
FIP200. Primary tumor cells isolated from CKO-MT mice,
in comparison with those from Ctrl-MT mice, exhibited
significantly reduced proliferation without apparent differ-
ence in apoptosis in vitro. Consistent with these data,
decreased cell cycle progression as measured by BrdU
incorporation was also found in early primary tumors in
CKO-MT mice. Moreover, reduced proliferation was found
in TEBs of developing mammary glands with a correspond-
ingly retarded mammary ductal outgrowth in CKO mice
compared with Ctrl mice. Lastly, deletion of FIP200 in
E1A/Ras-transformed primary MEF cells also reduced
their proliferation. While these data suggest a role of
FIP200 in promoting tumor cell proliferation that at least
partially accounts for the suppressed tumorigenesis in
CKO-MT mice, it should be noted that our previous
studies showed an inhibition of cell cycle progression by
overexpression of FIP200 in breast cancer cell lines and
fibroblasts (Abbi et al. 2002; Melkoumian et al. 2005). This
earlier study suggesting a negative role of FIP200 in cell
proliferation appears to be in apparent conflict with data
presented in the present study, although the effect of
FIP200 inactivation in cultured cell lines was not pre-
viously examined directly. It is possible that FIP200 may
function differently in its regulation of cell proliferation
depending on cellular context. In this regard, we also found
that FIP200 deletion led to decreased cell proliferation in
primary keratinocytes (Wei et al. 2009). A more intriguing
possibility to explain the apparent discrepancy, however, is
that FIP200 plays a key role in cell cycle regulation, and its
level of expression needs to be tightly controlled; thus,
either protein ablation or overexpression could inhibit cell
proliferation, perhaps through influencing different signal-
ing pathways. Despite these remaining issues to be resolved
in future studies, data presented here strongly indicate that
intrinsic defects in tumor cell proliferation upon deletion of
FIP200 contribute at least in part to suppressed tumorigen-
esis in vivo.

Although the mechanisms by which inactivation of
FIP200 led to reduced tumor cell proliferation are still
not well understood at present, defects in several cellular
and molecular processes could be involved. Consistent
with recent findings of FIP200 as an essential component
of mammalian autophagy (Hara et al. 2008; Ganley et al.
2009; Hara and Mizushima 2009; Hosokawa et al. 2009;
Jung et al. 2009), deletion of FIP200 in MaECs resulted in
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increased accumulation of large ubiquitin-positive aggre-
gates and p62-positive aggregates as well as reduced LC3
conversion. Interestingly, recent studies showed that
inhibition of autophagy in tumor cell lines driven by
oncogenic Ras decreased their proliferation and compro-
mised glycolytic capacity in these cells (Lock et al. 2011).
Consistent with their findings, we also found impaired
glucose uptake and intracellular lactate production as well
as decreased sensitivity to reduced glucose availability in
FIP200-null primary MEFs transformed by Ras. Therefore,
deficient glycolysis after deletion of FIP200 could contrib-
ute to the decreased proliferation of mammary tumor cells
in CKO-MT mice. We also found a decreased expression of
cyclin D1 upon FIP200 deletion in both mammary tumor
cells and transformed MEFs. Moreover, ectopic expression
of cyclin D1 rescued the cell proliferation defect in these
cells. Therefore, reduced glycolysis and cyclin D1 expres-
sion could be responsible for the intrinsic defects in pro-
liferation of FIP200-null tumor cells in CKO-MT mice.

In addition to intrinsic mechanisms of tumor cells such
as cell proliferation, tumor microenvironments and tumor—
host cell interactions also play important roles in tumor
initiation and progression of breast and other cancers in
vivo (Hanahan and Weinberg 2000, 2011; Wiseman and
Werb 2002; J Luo et al. 2009). In particular, the host
immune defense mechanisms play a crucial role in tumor
immune surveillance and removal of cancerous cells
(Dunn et al. 2004; Koebel et al. 2007; Finn 2008). De Palma
et al. (2008) showed recently that PyMT-driven tumor
growth and metastasis were effectively inhibited by tu-
mor-targeted interferon-a delivery through up-regulation
of interferon target genes such as Irf7. Interestingly, our
microarray analysis of mammary tumors revealed signif-
icantly increased expression of interferon target genes
including Irf7 in tumors isolated from CKO-MT mice
compared with those from Ctrl-MT mice. Moreover, fur-
ther analysis showed that this is not caused by an increased
response of tumor cells to interferons upon FIP200 deletion,
but rather is due to the increased infiltration of CD8*IFN-y*
and CD4*TFN-y* T cells in the tumor microenvironment of
CKO-MT mice. While several types of immune cells
participate in cancer immune surveillance, the CD8*
effector T cells play a critical role in the elimination of
tumors (Dunn et al. 2004; Zou 2006). Indeed, impaired
interferon signaling is a very common immune defect
(Critchley-Thorne et al. 2009), and tumor-infiltrating
effector T cells are associated with improved prognoses
in multiple human cancers (Zhang et al. 2003; Sato et al.
2005; Galon et al. 2006; Kryczek et al. 2009). Recent
studies using mouse models demonstrate that developing
tumors are indeed recognized and destroyed by the intact
immune systems through anti-tumor immune surveil-
lance mechanisms (Shankaran et al. 2001; Dunn et al.
2002; Bui and Schreiber 2007). It is also well established
that IFN-y produced by both CD8* and CD4" cells (i.e.,
infiltrated CD8*IFN-y* and CD4*IFN-y* T cells in the
tumor microenvironment) mediates anti-tumor immunity
(Dunn et al. 2004; Finn 2008). Consistent with previous
findings of inhibition of cell growth by IFN-y in various
cells (Gooch et al. 2000; Platanias 2005), we also observed
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that IFN-y could inhibit growth of mammary tumor cells
driven by PyMT. Moreover, we showed that depletion of
CD8" T cells restored the more rapid mammary tumori-
genesis in CKO-MT mice. Thus, our results suggest that
an increased anti-tumor immunity might also contribute
to the decreased tumorigenesis in CKO-MT mice.

The mechanisms by which FIP200 inactivation in mam-
mary tumor cells led to the increased immune surveillance
of the host is not well understood at present. Interestingly,
several chemokines including CXCL9 and CXCL10 were
found to be increased in the tumor cells of CKO-MT mice,
suggesting that increased production and/or secretion of
these chemokines in FIP200-null tumor cells could initiate
the increased immune surveillance. Moreover, we detected
a significantly increased production of IFN-B as well as
CXCL10 upon stimulation of the RLR signaling in FIP200-
null mammary tumor cells compared with control cells.
dsRNAs may be released by dead cells and activate RLR
signaling pathway (Zitvogel et al. 2010). Interestingly, we
found increased apoptosis in MIN lesions of CKO-MT
mice. This suggests that dead cells may trigger IFN pro-
duction by the RLR signaling pathway in CKO-MT mice.
These results are consistent with several recent studies
showing sensitized cellular responses in autophagy gene
deletion or knockdown cells with increased production of
IFNs and their target genes in viral infection and inflam-
matory diseases (Jounai et al. 2007; Cadwell et al. 2008;
Saitoh et al. 2008; Tal et al. 2009; Virgin and Levine 2009).
Although further studies will be required to clarify the
mechanism, our results suggest the intriguing possibility
that autophagy deficiency upon FIP200 ablation may lead
to increased production of chemokines like CXCL10 for
the increased recruitment of effector T cells and immune
responses in CKO-MT mice.

In summary, our studies identify a protumorigenesis
function of an essential autophagy protein FIP200 in
mouse models of human breast cancer in vivo and show
that ablation of FIP200 in mammary tumor cells inhibits
tumor initiation and progression through both intrinsic
and extrinsic mechanisms, as summarized in a working
model (Fig. 7E). These results provide novel insights into
the modulation of breast cancer development and pro-
gression by autophagy pathway and proteins. They also
suggest that inactivation of FIP200 may serve as a potent
new strategy for human anticancer therapy on multiple
levels for tumor inhibition by not only inducing cell cycle
arrest but also enhancing immune surveillance through
augmenting the effectiveness of CD8" T cells. This “kill
two birds with one stone” strategy is urgently needed in
treating patients with cancer.

Materials and methods

Mouse strains and tumor monitoring

Floxed FIP200, FIP200 CKO mice, and MMTV-PyMT transgenic
mice have been described previously (Gan et al. 2006; M Luo
et al. 2009; Wei et al. 2009). Mouse genotyping for floxed FIP200,
Cre, and PyMT alleles was performed using genomic DNA
prepared from tails, as described previously (M Luo et al. 2009;



Wei et al. 2009). Floxed FIP200 and FIP200 CKO mice were kept
in 129 and C57BL/6 mixed background and used for mammary
gland development studies. For tumorigenesis studies, FIP200
CKO mice were backcrossed into FVB/n strain for more than five
generations, and then intercrossed with MMTV-PyMT mice
(FVB/n) to generate breeding cohorts. After weaning, female
mice were examined twice a week for the development of
mammary tumors by palpation. Mice were sacrificed when
tumor burden became excessive. In some experiments, mice
were injected intraperitoneally with 100 pg of anti-CDS8 anti-
body (clone 2.43) or control IgG every 5 d after weaning to
monitor the effect of CD8" cell depletion, as described previously
(Loeser et al. 2007). The antibody was produced by University of
Michigan Hybridoma Core facility. For metastasis studies, mouse
lungs were harvested for analyses at 7 wk after palpable mam-
mary tumors were found. Lung metastasis burden was deter-
mined by counting the number of visible surface tumor nodules
on the lungs. All animals were maintained under pathogen-free
conditions and handled according to local, state, and federal
regulations, and all Materials and Methods were carried out
according to the guidelines of Institutional Animal Care and Use
Committee at the University of Michigan.

Whole-mount analysis, immunohistochemical
and immunofluorescent staining, and transmission
electron microscopy

For whole-mount analysis, the number 4 inguinal mammary
glands were dissected at the indicated ages. They were fixed in
Carnoy’s solution, stained in carmine alum, and then viewed
under a Leica dissecting microscope (Leica Microsystems GmbH)
and photographed, as described previously (M Luo et al. 2009).

For immunohistochemical analysis, tumor samples were fixed
in formalin and embedded in paraffin. They were sectioned at
4-pm thickness, deparaffinized, rehydrated, and subjected to anti-
gen retrieval procedures, as described previously (M Luo et al.
2009). Immunostainings were performed using VECTASTAIN
ABC peroxidase/DAB staining kits (Vector Laboratories) with
antibodies against ubiquitin (DAKO), p62 (Enzo Life Sciences), or
cleaved caspase-3 (Cell Signaling).

For immunofluorescent staining, mammary tumors were
embedded into OCT compound (Tissue-Tek) and frozen on dry
ice. Sections were prepared at 8-pm thickness and staining with
antibodies against CD45 or CDS8 (both from eBioscience) fol-
lowed by FITC conjugated secondary antibodies. Cell nuclei
were counterstained by 4/,6’-diamino-2-phenylindole (DAPI).

For transmission electron microscopy, tumor samples were
prepared and analyzed as described previously (Liang et al. 2010).

Isolation of mammary tumor cells

Mammary tumor cells were isolated essentially as described pre-
viously (M Luo et al. 2009) with minor modifications. Briefly, the
tumors were dissected and then digested for 2-3 h at 37°C in
DME:F12 medium containing 0.125% Collagenase Il (Worthington)
and 0.1% Hyaluronidase (Worthington) plus 5% FBS. Cells were
spun down, resuspended in 0.25% trypsin (Invitrogen), and in-
cubated for 10 min at 37°C. They were then spun down again and
resuspended in HBSS (Invitrogen) with 2% FBS and 20 U/mL
DNase I (Worthington) for an additional 10-min incubation before
passing through 40-wm filters to remove debris. The isolated
mammary tumor cells were cultured in plates coated with the
growth factor-reduced Matrigels (1:20 dilution) in 1:1 DME:F12
medium (Invitrogen) supplemented with 2% FBS, 10 ng/mL EGF
(Invitrogen), 10 wg/mL insulin (Sigma), 1 wg/mL hydrocortisone
(Sigma), and 100 ng/mL cholera toxin (Sigma).

FIP200 in mammary tumorigenesis

Preparation of recombinant retroviruses and infection
of primary MEFs

A cDNA fragment containing Ha-RasV12 mutation was
obtained by PCR using a plasmid containing Ha-RasV12 (gener-
ous gift of Drs. Richard Cerione and Jianbin Wang, Cornell
University) as a template, and then inserted into pLEGFP-C1
(Clontech) or pLERFP-C1 (derived from pLEGFP-C1 by replacing
GFP with RFP) to produce pLEGFP-RasV12 or pLERFP-RasV12.
Similarly, a ¢cDNA fragment containing full-length adenovirus
5 E1A was prepared by PCR using a plasmid containing the gene
(kind gift of Dr. Scott Lowe, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY). It was then cloned into pLERFP-CI to
generate pLERFP-E1A. HA-tagged cyclin D1 plasmid (Addgene
plasmid 9050 from Dr. William Hahn, Harvard University) was
purchased from Addgene. FIP200 floxed primary MEFs were
isolated from embryonic day 13.5 (E13.5) embryos and cultured
in DME supplemented with 10% FBS, as described previously
(Gan et al. 2006). They were infected by viral supernatants of
recombinant retroviruses encoding E1A and RasV12 followed by
antibiotic selection, essentially as previously described (Wei
et al. 2006), to obtain the transformed primary MEFs. They were
then infected with recombinant adenoviruses encoding Cre
recombinase or lacZ control (Gene Transfer Vector Core, Uni-
versity of Iowa), as described previously (Shen et al. 2005). In
some experiments, FIP200 KO cells were infected by viral
supernatants of recombinant retroviruses encoding HA-tagged
cyclin D1 followed by puromycin selection.

Western blotting

Protein extracts were prepared from mammary tumors, isolated
tumor cells, or transformed primary MEFs by lysis in modified
RIPA buffer as described previously (Wei et al. 2009). They were
then analyzed by Western blotting analysis as described pre-
viously (Wei et al. 2006). Antibodies against the following pro-
teins were used: FIP200 (Ueda et al. 2000), PyMT, S6K, cyclin D1,
actin, p53, p21, and GFP (for detection of GFP-RasV12) (all from
Santa Cruz Biotechnology); p-Erk (Y204), Erk, p-Akt (S473), Akt
and p-S6K (T389), and LC3B (all from Cell signaling); or p62 (Enzo
Life Sciences).

Flow cytometric analysis

For analysis of mitochondria content, mammary tumor cells
were trypsinized and resuspended. They were then stained with
Mitotracker Green (100 nM) and Mitotracker Deep Red 633 (100
nM; Molecular Probes) for 30 min at 37°C. The cells were then
washed and resuspended for FACS analysis using a FACStarPLUS
(Becton Dickinson) flow cytometer. DAPI staining was used to
distinguish live from dead cells.

For analysis of mammary tumor-infiltrating immune cells, the
thoracic and inguinal mammary tumors were dissected at 1 wk
after appearance of palpable tumors. Single-cell suspensions
were then prepared, and immune cells were separated from
tumor cells by Ficoll gradient centrifugation (GE Healthcare),
as described previously (Kryczek et al. 2007a,b; Araki et al. 2009).
They were then subjected to FACS analysis using the following
antibodies: anti-CD45, anti-CD3, anti-CD4, anti-CD8, anti-IFN-y
(all from BD pharmingen), or anti-Foxp3 (eBiosciences). For in-
tracellular cytokine stimulation, cells were treated with phorbol
myristate acetate (50 ng/mL; Sigma), ionomycin (1 wM; Sigma) for
4 h at 37°C before staining. Cells were first stained extracellularly
with specific antibodies, then were fixed and permeabilized with
Perm/Fix solution (eBioscience), and finally were stained intra-
cellularly for anti-IFN-y antibody. FACS analyses were performed
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on an LSR II sorter (BD Biosciences), and data were analyzed with
DIVA software (BD Biosciences).

BrdU incorporation and TUNEL assays

For BrdU incorporation assay in cell culture, cells were deprived
of growth factors for 24 h, incubated in the complete medium
with 100 uM BrdU for 15 h, and then subjected to anti-BrdU
staining using a BrdU staining kit according to the manufac-
turer’s instructions (Invitrogen). For BrdU incorporation in vivo
assays, mice were injected intraperitoneally with BrdU (Sigma;
100 pg per gram body weight). After 3 h, mice were sacrificed,
and mammary glands were prepared, fixed overnight in formalin,
and embedded in paraffin. BrdU uptake was detected using the
same BrdU staining kit (Invitrogen). Apoptosis analyses in cell
culture were performed using the ApopTag Peroxidase In Situ
Apoptosis Detection kit (Chemicon International).

Cell growth assays

To measure multiplication of cells, the same number of cells
were plated on cultured dishes and incubated in DMEM con-
taining 10% FBS for various times as indicated. They were then
counted to determine growth under the various conditions. In
some experiments, rapamycin was included in the culture
medium as indicated. In other experiments, the cells were in-
cubated in DMEM lacking glucose (Invitrogen), which was
supplemented with 25 mM or 5.5 mM glucose, 10% dialyzed
FBS, penicillin, and streptomycin to determine the sensitivity of
cells to diminished glucose availability.

To measure anchorage-independent growth, cells (1 X 10%
were resuspended in culture medium with 0.3% agarose and
plated on the top of 0.5% agarose in culture medium in 35-mm
culture dishes. Three weeks after seeding, colonies were stained
with p-iodonitrotetrazolium violet (Sigma), and those >50 pm in
diameter were counted under a microscope.

Measurements of glucose uptake and lactate levels

Glucose uptake was measured by FACS detection of uptake of
2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxyglucose
(2-NBDG; Invitrogen) in cultured cells as described previously
(Lock et al. 2011). Intracellular lactate level was measured using
Lactate Assay Kit II (Biovision).

RNA isolation, microarray gene expression profiling,
and qRT-PCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. For microarray gene
expression profiling, two independent mammary tumor samples
were prepared each from a pool of four mice for both CKO-MT and
Ctr]-MT mice (designated CKO-MT1, CKO-MT2, Ctrl-MT1, and
Ctrl-MT2) at 1 wk after the appearance of palpable tumors.
Microarray and data analyses were carried out by the University
of Michigan Comprehensive Cancer Center Affymetrix and
Microarray Core Facility using the Affymetrix mouse 430 2.0
gene chip according to standard protocols. Genes were selected if
their signals were up-regulated or down-regulated at least twofold
in CKO-MT1 and CKO-MT?2 samples compared with Ctrl-MT1
and Ctrl-MT2 samples. For qRT-PCR analyses, equal amounts of
RNA were reverse-transcribed by SuperScript I first-strand
synthesis system (Invitrogen) with oligo(dT) as a primer, and then
the resulting cDNA templates were subjected to qRT-PCR using
the SYBR Green PCR Core reagents system (Qiagen). Primer
sequences are available upon request.
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Statistical analysis

Statistical significance was evaluated by a paired T-test, using
P < 0.05 as indicative of statistical significance. Kaplan-Meier
tumor-free survival data were compared using the log-rank test.
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