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Understanding the Biology of Residual Neoplastic Disease - A cardinal feature of human breast
cancers is the survival and persistence of residual neoplastic cells in a presumed quiescent state
following the apparently successful treatment of the initial tumor. Ultimately, these residual
cells re-emerge from their dormant state and resume growth, leading to cancer recurrence.
Indeed, analyses of bone marrow samples show that disseminated cells are present in 20-40% of
primary breast cancer patients without any clinical or histopathological signs of metastasis. As
such, residual neoplastic disease is a major obstacle to the successful treatment of breast cancer
and other human cancers. Accordingly, the purpose of this project is to investigate the biological
properties of residual neoplastic cells, since these cells represent the reservoir from which tumor
recurrences invariably arise.

Project Overview

A particular difficulty in understanding the mechanisms of breast cancer recurrence has been the
challenge of identifying and isolating residual neoplastic cells in patients, and the lack of animal
models that recapitulate this key feature of breast cancer progression. We have generated
conditional transgenic mouse models for breast cancer and have obtained important preliminary
evidence indicating that essentially all oncogene-induced mammary tumors that have regressed
to a non-palpable state following oncogene down-regulation leave behind residual neoplastic
cells. These represent a unique set of genetically engineered models for residual neoplastic
disease in breast cancer induced by defined oncogenic pathways. In this project, we propose to
use these models to define critical features of residual neoplastic disease relevant to developing
improved therapeutic approaches to human cancers.

The specific aims of this project are: Aim I: Identify morphological lesions containing residual
neoplastic cells; Aim I1I: Analyze the cellular components of residual neoplastic lesions; Aim
I11: Determine if autophagy is a survival mechanism for residual neoplastic cells. These aims
will be accomplished by using doxycycline-inducible transgenic mouse models in which
oncogenic pathways important in human cancer can be conditionally activated or inactivated.
Following tumor development in these models, tumor regression can be induced by oncogene
down-regulation in a manner that simulates the treatment of patients with molecularly targeted
agents. The tumor cells that survive oncogene down-regulation will first be identified in the
mammary glands of these animals by histopathological and cell marking approaches. The
cellular components and cellular microenvironment of these residual neoplastic cells will then be
defined by co-localization of cell-type specific markers. Finally, the role of autophagy in the
survival of residual neoplastic cells will be determined by retroviral transduction approaches.
Together, these approaches should permit clinically relevant insights into the biology of residual



neoplastic cells and should facilitate the development of more effective therapies targeted against
this critical population of cells in patients.

Expected Research Outcomes and Benefits

Breast cancer is typically treated by resection of the primary tumor followed by treatment with
some combination of radiation, chemotherapy, and adjuvant hormonal therapy. Depending upon
a spectrum of factors including tumor size and grade, lymph node status, and histological
characteristics, patients will either remain disease-free following this course of treatment, or else
develop recurrent breast cancer—either locally or at distant sites in the body. While the
pathways leading to the initial growth of primary breast cancers have been extensively studied,
far less is known about the genes and processes that govern the ability of tumor cells to survive
and recur following therapy. This paucity of information is due in large part to the lack of
animal models suitable for studying this critically important process.

This research strategy should help to illuminate the biology of the critical population of tumor
cells that survives molecularly targeted therapies and that ultimately give rise to tumor
recurrence. This project will improve our understanding of breast cancer in several important
ways. First, understanding the mechanisms by which tumors recur should aid in the diagnosis
and clinical management of breast cancer. Furthermore, the tumor markers and pathways
identified will represent potential targets for therapeutic intervention. Drugs targeting pathways
that promote survival of residual tumor cells are most likely to extend the survival of patients
with dormant, residual disease.

In summary, we have developed a novel set of genetically engineered mouse models to study
tumor progression and have coupled these with a unique approach to study the biology of tumor
cells that are important for recurrence. This research strategy should provide important insight
into the biology of breast cancer recurrence, a process that receives scant attention and remains
poorly understood, but that is critically important for the survival of patients with breast cancer.

Summary of Research
Residual lesions are observed in tumor bearing mammary gland wholemounts

The latency of primary tumor formation in MMTV-rtTA/TetO-neu (MTB/TAN) bitransgenic
mice dosed on 2 mg/mL doxycycline is 48 days. We have reported transgene-independent tumor
recurrence following doxycycline withdrawal and full regression occurring as early as 50 days
and even longer than 200 days post-deinduction. After deinduction of the primary tumor and
prior to spontaneous tumor recurrence, there is a period where the mammary tumor is fully
regressed and the tumor is non-palpable. Wholemounts harvested at and beyond 28 days post-
deinduction in tumor bearing mammary glands revealed a visible residual lesion that was not
present in non-tumor bearing mammary glands (Fig. 1A). Residual lesions were distinctly
visible in glands harvested as long as 112 days after full regression of the tumor.

Residual lesions are also prominent in carmine-stained tumor-bearing wholemount glands (Figs.
1B, 2A). Although the average latency of tumor induction is 48 days, glands that have been



induced with 2 mg/mL doxycycline for a period as long as 56 days show no evidence of a
residual lesion in mice in which there was no tumor formation (Fig. 1C). Glands induced with
doxycycline showed epithelial hyperplasia at early time points up to 15 days, but after that period
glands appear normal until a focal tumor is identified. This further suggests that residual lesions
are the result of focal tumor formation and not from doxycycline-induced epithelial hyperplasia.

To locate and identify residual tumor cells in lesions, we developed an orthotopic model.
MTB/TAN primary tumors were harvested and the isolated neu-driven epithelial tumor cells
labeled with a green fluorescent histone (H2B-GFP) binding protein. Recipient mice maintained
on doxycycline were injected with 2x10°"5 MTB/TAN cells in the #4 mammary gland. After the
formation of tumors, recipient mice were deinduced and the glands examined for evidence of
residual lesions. Tumor bearing glands were positive for residual lesions (Fig. 1D, 1E), which
were absent in control PBS-injected glands (Fig. 1F). This further supports the conclusion that
lesions are the residue from focal tumor formation and not from doxycycline induction or injury
at the injection site.

Importantly, residual lesions appeared morphologically identical to the lesions in the inducible
bitransgenic model. In addition, GFP-labeled cells were located solely within residuals lesion
and were not observed outside of the lesion or in any other compartment of the gland (Fig. 11).
As such, this orthotopic model in which tumor cells are labeled with a nuclear H2B-GFP protein
(Fig. 1G) enables the identification of tumor cells from the stromal and endogenous epithelial
cells present in mammary glands bearing residual lesions (Fig. 1H).

Characterization of residual lesions

Hematoxylin and eosin (H&E) staining of residual lesions revealed an architecturally abnormal
microenvironment populated by numerous cell types, including epithelial, mesenchymal,
endothelial, and immune cells, surrounded by an abnormal stroma (Fig. 2B, 2D, 2E). Acinar
structures were also observed on occasion (Fig. 2C), but generally the environment of the lesion
was characterized by a tortuous and chaotic extracellular milieu surrounding the many cell types
present.

Examination of tissue sections containing residual lesions at higher magnification stained by
H&E or Masson’s Trichrome revealed the heavy deposition of collagen fibers in the
microenvironment of the lesion. (Fig. 2F). Collagen was present only in the stromal
compartment of MTB/TAN primary tumors, whereas recurrent tumors expressed collagen
throughout the tumor, reflecting an abundant stromal component.

Further investigation by immunofluorescence with antibodies specific for collagen type | versus
collagen type IV revealed the collagen present in the lesion to be type I, which was uniformly
distributed throughout the lesion (Fig. 2G). Type IV collagen was found at the boundaries of the
residual lesion (Fig. 2H). Strikingly, however, type IV collagen was not found in contact with
H2B-GFP-positive tumor cells, which were confined within the collagen type I-positive matrix.



Macrophages are abundant in residual neoplastic lesions

Collagen has been reported to be deposited by fibroblasts as well as leukocytes. Given the low
number of Fsp-1-positive fibroblasts observed in residual lesions, as well as the presence of
hemosiderin in many of the lesions, we considered the possibility that macrophages were present
within residual lesions.

To identify macrophages, we performed immunohistochemistry on residual neoplastic lesions
using the murine anti-macrophage antibody, F4/80. We first quantified macrophages as a
percentage of total cells in normal mammary adipose tissue and stroma surrounding terminal end
buds, where they have been reported to reside. We then compared the percent of macrophages
present in primary recurrent tumors to the percent present in the residual lesion.

In the stroma of the nulliparous mammary gland, macrophages were found to represent 7.6% of
total cells present, although this percentage increased to 9.7% at terminal end ducts (Fig. 3A).
Macrophages are required for terminal end bud elongation during puberty. Within MTB/TAN
primary tumors, macrophages constituted as few as 1% of total cells present within epithelial
regions, however in the stromal compartment of the primary tumor this number increased to
17.3% (Fig. 3B). Recurrent tumors showed no such compartmentalization and the percent of
F4/80-positive cells was 19.7% throughout the entire tumor (Fig. 3C). Remarkably, F4/80-
positive cells represented 22% of the total cells present in residual lesions (Fig. 3D). This
unexpected finding raises the possibility that the innate immune response may play a critical role
in the mechanism of tumor recurrence.

Residual lesions are well-vascularized

To investigate the status of perfusion and vascularization of residual lesions, we performed a
series of immunofluorescent studies using the antibody CD31(PECAM), which is specific for
endothelial cells (Fig. 4). Both primary and recurrent tumors in intact bitransgenic and
orthotopic models were found to be well-vascularized with only rare areas of necrosis evident in
large tumors. Tumors were positive for CD31 expression throughout the lesion, consistent with
the lack of necrosis observed in H&E stained sections of lesions. These findings suggest that
angiogenesis may not be a rate-limiting step for tumor recurrence in our model system.

To characterize the properties of residual tumor cells present in the mammary glands of
previously tumor-bearing mice, we developed an orthotopic model based upon neu-driven
epithelial tumor cells labeled with a green fluorescent histone (H2B-GFP) binding protein.
Recipient mice maintained on doxycycline were injected with 2x10"5 MMTV-rtTA/TetO-neu
cells in the #4 mammary gland. After the formation of tumors, recipient mice were deinduced
and the glands examined for evidence of residual lesions. Tumor bearing glands were positive
for residual lesions, which were absent in control PBS-injected glands. Residual lesions
appeared morphologically identical to the lesions in the intact inducible bitransgenic model
previously described by our laboratory. In addition, GFP-labeled cells were located solely
within residuals lesion and were not observed outside of the lesion or in any other compartment
of the gland. This orthotopic model in which tumor cells are labeled with a nuclear H2B-GFP
protein, which enables the identification of tumor cells from the stromal and endogenous



epithelial cells present in mammary glands bearing residual lesions, was used for the following
experiments to characterize residual tumor cells.

Rare GFP-labeled tumor cells are positive for basal epithelial markers

In order to assess and characterize markers expressed by residual GFP-labeled tumor cells in the
lesion, a series of immunofluorescence experiments were performed in the above orthotopic
model. MTB/TAN primary tumor cells are predominantly positive for the luminal epithelial
marker cytokeratin 8 (CK8). There are areas of the primary tumor in which the myoepithelial
marker CK14 is also highly expressed, and some CK14-positive cells are also positive for CK8.
Other areas of the primary tumor have rare single CK14 positive cells and these two expression
patterns reflect the heterogeneity of MTB/TAN tumors. Recurrent tumors had very rare, low-
expressing CK8 positive cells. CK14 was expressed at higher levels than CK8, but again, rare
cells were positive. The residual lesion reflects the status of the recurrent tumor more than the
primary tumor. There are a small number of CK8 light-positive cells in the residual lesion in the
bitransgenic model, but in the orthotopic model no GFP positive cells have been observed as
CK8 positive. In the residual lesion there are a higher number of CK14-positive cells and some
individual cells, though not all, are also GFP-positive (Fig. 5A). Single, individual GFP positive
cells are double-positive for CK5 (Fig. 5B), and a slightly smaller number are positive for CK6
(Fig. 5C).

GFP-labeled residual tumor cells are negative for mesenchymal and stromal markers

The morphology of MTB/TAN primary tumors is epithelial, but this changes to a mesenchymal
morphology in recurrent tumors. Therefore, we investigated the following markers for
mesenchymal cells. GFP positive cells are negative for PDGFR-alpha (CD140-alpha), although
PDGFR-alpha is expressed primarily as a border around the residual cells in the lesion (Fig. 5D).
The GFP positive cells are nestled in a region clearly negative for PDGFR-alpha. Nevertheless,
GFP-positive tumor cells are seen to express PDGFR-alpha in the recurrent tumor.

In the residual lesion, immunoreactivity for alpha-smooth muscle actin (a-SMA) showed a
pattern similar to primary tumors displaying an irregular structure and patterning. However,
none of the GFP-positive cells have been observed to co-express a-SMA (Fig. 5E). Fsp-1
positive cells were present in the stromal regions of the primary tumor and were found uniformly
throughout the recurrent tumor. In the orthotopic residual lesion, GFP-positive tumor cells do
not express Fsp-1. Residual lesions consistently expressed abundant extracellular matrix
proteins, including fibronectin and vimentin (Fig. 5F) and residual lesions could thereby be
identified by the high and contrasting expression amongst the mammary stroma.

GFP-labeled tumor cells in the residual lesion are non-proliferating
To examine the proliferation status of the tumor cells in the residual lesion, we examined the
lesion by immunoreactivity with the antibody Ki-67 (Fig. 6). In the orthotopic primary tumor,

where as many as 60% of the cells are GFP positive, Ki-67 positivity accounts for up to 50% of
the cells. However, only ~16% of GFP-positive cells were Ki67-positive. In the orthotopic
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residual lesion, where GFP-positive cells can account for up to 37 % of the cells present, none of
the residual tumor cells were positive for Ki-67 (Fig. 6).

To further investigate the cycling status of the residual cells over a longer time period, a 7-day
BrdU label of the lesion after full regression of the primary tumor was performed. This revealed
that, despite the longer labeling period, no GFP-positive cells were labeled with BrdU. As many
as 6% of the surrounding cells in the mammary gland are labeled with BrdU which reflects
normal turnover. Consequently, residual lesions could be identified by the lack of BrdU label in
the area compared to the surrounding normal mammary gland stroma.

Residual neoplastic disease in intact deinduced MMTV-rtTA/TetO-Ras mice

Given that fully regressed MTB/TRAS tumors recur spontaneously in the same location of the
original tumor, this raised the possibility that residual neoplastic cells remained following
deinduction that serve as target cells for tumor recurrence that we could visualize in intact animal
models. We therefore examined deinduced, fully regressed MTB/TRAS tumors histologically
and immunocytochemically for evidence of residual neoplastic disease. We observed that
mammary glands bearing tumors that had fully regressed in response to dox withdrawal, lacking
any palpable outgrowths still contained microscopic lesions that may represent residual tumor
cells that fail to be cleared upon deinduction (Fig. 7A). These cells retained luminal epithelial
character as evident by staining for Cytokeratin 18 (Fig. 7A). Typically, there was a large
increase in hemosidarin deposits present by histological staining (Fig. 7A). Changes in
myoepithelial content were not evident based upon Ck14 staining (Fig. 7B). By contrast, non-
tumor bearing glands harvested from these mice did not display any such lesions by histological
staining or by Ck18 immunofluorescence (Fig. 7A)

As both primary and recurrent tumors overexpress the Ras transgene relative to MTB/TRAS
hyperplastic epithelium (Fig. 7B), we questioned whether these residual lesions overexpressed
oncogenic Ras, or whether overexpression of Ras was detectable exclusively in actively growing
tumor cells. Bioluminescence in vivo suggested that Ras transgene levels were completely
down-regulated several weeks after deinduction, but were re-activated at a point prior to tumor
recurrence. Upon staining for total Ras protein at a time point near the median tumor recurrence
latency, we found that these lesions expressed Ras at levels comparable to either primary or
recurrent tumors, and significantly higher than surrounding tissue or non-tumor-bearing glands
(Fig. 7B). However, despite this overexpression of Ras, the rates of proliferation within lesions
were dramatically lower than in either primary or recurrent tumors, as shown by BrdU
incorporation (Fig. 7B). This suggested transgene reactivation occurs prior to recurrence, but is
insufficient to re-stimulate proliferation within residual disease lesions.

We next questioned whether direct re-activation of the Ras transgene could accelerate
proliferation of residual lesions. We therefore re-induced mice bearing fully regressed tumors
with 0.012 mg/mL dox for 48 hrs. Upon re-induction, we did observe an increase in
proliferation in residual lesions containing high Ras expression, similar to levels present in
recurrent tumors (Fig. 7B). This could indicate that other cells must re-activate the Ras
transgene, beyond those observed in fully regressed, non-reinduced glands (Fig. 7B). Itis
noteworthy that levels of total Ras protein in residual lesions reinduced with doxycycline are
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comparable to levels in deinduced residual lesions that have reactivated the Ras transgene,
suggesting that the effects observed are not due to alterations in transgene expression levels in
the residual neoplastic cells themselves (Fig. 7B).

Tumor cells within the MRL express mesenchymal markers

Minimal residual disease (MRD) in breast cancer patients is detected in bone marrow using
markers specific to epithelial cells. While some clinical studies suggest that residual breast
cancers in humans following chemotherapy display a mesenchymal phenotype, the fraction of
tumor cells that undergo epithelial-mesenchymal transition (EMT) following therapy in clinical
scenarios is difficult to measure. Additionally, whether residual disease from HER2/neu-driven
tumors displays mesenchymal markers following targeted therapy remains unknown.

In order to address residual disease following targeted oncogene inhibition, we chose to
investigate residual disease in a previously described model of HER2/neu-driven tumorigenesis,
MTB/TAN bitransgenic mice. The proto-oncogene HER2/neu is amplified and overexpressed in
up to 30% of human breast cancers, and multiple targeted therapies which inhibit HER2
signaling are clinically approved and in wide use. In MTB/TAN mice, doxycycline
administration leads to hyperplasia, development of invasive adenocarcinomas and metastasis.
Following doxycycline withdrawal, primary tumors in MTB/TAN mice regress and become non-
palpable. Intriguingly, these tumors spontaneously recur with variable latency, suggesting a
period of tumor dormancy.

We investigated the expression of epithelial and mesenchymal markers on H2B-eGFP labeled
MTB/TAN tumor cells in both primary tumors and MRLs using immunofluorescence staining.
Staining revealed that primary tumors expressed epithelial markers, including CK8, CD24 and
CDA49f. These markers were strikingly absent in the majority of tumor cells within the MRL. In
the MRL, CK8 was detectable in less than 1/1000 cells, while CD24 and CD49f were detectable
in fewer than half of all tumor cells. A panel of an additional ten epithelial markers revealed the
absence of common luminal epithelial and myoepithelial markers in residual lesion tumor cells.

More than half of all tumor cells within the residual lesion expressed the mesenchymal markers
FSP-1 and CD49e, though these markers were not expressed by cells within the primary tumor.
Enrichment of mesenchymal markers within the residual lesion is consistent with clinical
descriptions of mesenchymal cells within residual disease.

As tumor cell-stroma interactions may in part regulate dormancy, we investigated the
composition of the extracellular matrix (ECM) within the residual lesion. The ligand for CD49e,
fibronectin, was abundant within the residual lesion. Additionally, collagen type-I was abundant,
but collagen type-I1V was absent, reminiscent of ECM changes associated with scarring.
However, fibroblasts within the MRL expressed PDGFRa, but not aSMA, indicating that they
are not myofibroblasts found within scars and remain similar to fibroblasts normally associated
with mammary ducts.

Tumor cells within minimal residual lesions are dormant and not senescent
Clinical data suggest that residual disease following therapy is dormant. Conclusive
demonstration of dormancy is challenging to demonstrate in MRD in humans, however, as the
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specific population of cells responsible for recurrence is unknown in breast cancer. Growth
kinetics of spontaneous tumor recurrence in both MTB/TAN mice and nude mice with orthotopic
MTB/TAN tumors suggest that a period of post-treatment dormancy precedes recurrence,
analogous to that seen clinically. Therefore we hypothesized that the latency of tumor recurrence
may be explained by dormancy within MRLSs.

Consistent with a role for cellular dormancy in this model, the percentage of GFP+ cells
expressing Ki67 in the MRL either 28 or 56 days after doxycycline was less than 0.1%,
compared to over 10% in the primary tumor (Fig. 8A, D). As tumors can remain non-palpable
for extended periods of time, we hypothesized that the extremely low rate of tumor cell
proliferation within minimal residual lesions is balanced by a low rate of tumor cell apoptosis.
Consistent with this, we identified a rare population of tumor cells within minimal residual
lesions that expressed the apoptosis marker, cleaved caspase-3.

In light of the extremely low level of proliferation within MRLs, we implanted osmotic pumps
loaded with BrdU into mice with MRLs to quantify the number of cells entering the cell cycle
over a 2-week period. An average of 8% of the tumor cells within MRLs entered S phase over a
2-week period, compared with over 90% in the primary tumor (Fig. 8B, E). The ratio of Ki67+
cells in the MRL to the primary tumor (~1:100) is much lower than the ratio of 2-week BrdU
uptake for the same populations (1:9). This suggests that the rare cells within MRLs that
incorporate BrdU enter the cell cycle less frequently than cells in the primary tumor.

Both senescence and dormancy can explain cell cycle arrest in tumor cells, however senescent
cells are incapable of re-entering the cell cycle. In order to functionally test whether tumor cells
in the MRL are dormant and not senescent, we re-administered doxycycline for 3 days to MRLSs,
28 days after initial doxycycline withdrawal. We found that the proliferation rate in the MRL
following re-induction is identical to that seen in primary tumors, suggesting that tumor cells
within the MRL were not senescent (Fig. 8C, F).

While this functionally demonstrates that many of the residual tumor cells are dormant, it is
possible that a sub-population of MRL tumor cells are senescent. To ascertain whether any tumor
cells within the MRL are senescent, we performed immunofluroescence for p16Ink4a, a marker
for senescence and cell cycle arrest. No tumor cells within MRLs expressed p16, indicating that
tumor cells within MRLs are not senescent (Fig. 8G)

Minimal residual lesions are well-vascularized with functional vasculature and are not hypoxic
Several models have indicated that insufficient angiogenesis is a major mechanism regulating
dormancy both in primary tumor development and following oncogene downregulation. It is
unknown whether post-treatment residual disease and tumor relapse are limited by angiogenesis.

We used immunofluorescence staining to determine whether MRLs may be growth-limited by a
lack of vascularization. Surprisingly, MRLs were well-vascularized and contained many
contiguous CD31+ blood vessels (Fig. 9A, B). In order to assay whether these represent
functional vessels, we injected Lectin-Streptavidin-AF647 intravenously prior to sacrifice. Over
90% of CD31+ blood vessels were labeled with Lectin-Streptavidin-AF647, demonstrating that
CD31+ vessels are well-perfused.
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To determine whether diffusion of small molecules from blood vessels into the MRL is a
limiting factor for nutrient supply to MRLs, we injected Lectin-Streptavidin-AF647 in
combination with Hoechst 33342. Tissue sections from mice injected with Lectin-Streptavidin-
AF647 in combination with Hoechst 33342 revealed that small molecules can diffuse from these
blood vessels into tumor cells within the MRL (Fig. 9C). This suggests that tumor cells within
MRLs are not hypoxic.

In order to directly test whether MRLs are hypoxic, pimonidazole was injected with Hoechst
33342 in order to directly assess whether MRLs are hypoxic. Pimonidazole forms covalent
adducts in hypoxic microenrivonments (pO2<10mmHg), and is sufficiently sensitive to detect
physiological hypoxia surrounding hepatic veins. Though pimonidazole was present within low-
oxygen regions of the liver adjacent to venous vasculature (Fig. 9G, arrowhead), pimonidazole
did not bind within the MRL in the same mouse, indicating that these MRLs are not hypoxic.

MTB/TWNT and MTB/TOM tumors leave MRLs following tumor regression

While up to 30% of human tumors overexpress HER2/neu, the oncogenes that drive other breast
cancers are heterogeneous. The Wnt pathway is implicated in human breast cancer progression
and signals through pathways distinct from the HER2/neu pathway. Additionally, the oncogene
Myc is involved in numerous oncogenic processes and multiple human cancers, including breast
cancer. To test the hypothesis that MRLs result from tumor regression due to targeted therapy
against oncogenes other than HER2/neu, we investigated residual disease in doxycycline-
dependent WNT1-driven and c-Myc-driven tumors. These models demonstrate spontaneous
recurrence following doxycycline withdrawal, suggesting the presence of residual disease.

Consistent with the MTB/TAN model, glands from MTB/TWNT and MTB/TOM mice which
previously bore tumors harbored foci that were absent from glands that did not bear tumors (Fig.
10A, B). As tumor cells within MRLs formed from the MTB/TWNT and MTB/TOM lines
express the epithelial marker CKS8, this marker was sufficient to specifically identify residual
tumor cells within these intact models.

As was seen in the MTB/TAN model, tumor cells within the MTB/TWNT and MTB/TOM
MRLs do not take up BrdU, suggesting they are dormant (Fig. 10D). Re-administration of
doxycycline to previously tumor-bearing MTB/TOM mice indicated that previously tumor
bearing glands harbored residual disease that was capable of re-initiating growth upon re-
administration of doxycycline. MTB/TWNT residual cells are also not senescent, as they are able
to begin proliferating upon re-administration of doxycycline (Fig. 10D, E, data not shown).

Finally, to determine whether vascularization is a common feature in MRLs from tumors driven
by different oncogenes, we performed immunofluorescence staining for CD31. This revealed the
presence of large blood vessels, indicating that these MRLs are also well-vascularized (Fig.
10C). Erythrocytes within blood vessels were visible on H&E, suggesting that functional
vascularization is not a limiting factor for tumor dormancy in either of these models (Fig. 10B).
Aim I11. Determine if autophagy is a survival mechanism in residual neoplastic cells.

The anti-HER2 targeted therapy trastuzumab has been reported to induce autophagy in breast
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cancer cell lines in vitro. Therefore, we wished to determine whether HER2/neu pathway down-
regulation induces autophagy in vivo. Primary tumor cells were generated from a primary
mammary adenocarcinoma that arose in an MTB/TAN mouse and cultured in the presence of
doxycycline to maintain HER2/neu levels. These cells were then subjected to acute doxycycline
withdrawal to induce HER2/neu down-regulation. HER2/neu protein levels were rapidly down-
regulated following doxycycline withdraw (Fig. 11a). A decrease in HER2/neu expression was
accompanied by an acute increase in levels of LC3-11, the cleaved, lipidated form of rat
microtubule-associated protein 1 light chain 3 (LC3) that serves as a marker for autophagy.
Consistent with this, analysis of these cells by electron microscopy revealed an increase in the
number of double-membraned autophagosomes per cell upon doxycycline withdrawal (Fig.
11b,c).

In addition to these steady-state methods of monitoring autophagy, we wanted to determine
whether cytoplasmic contents sequestered by the autophagosome were reaching the lysosome
and being degredaded in our primary MTB/TAN tumor cells. To test this, acute doxycycline
withdrawal was combined with chloroquine treatment. Chloroquine (CQ) raises lysosomal pH
and inhibits protein degradation within the autolysosome. Cells that have flux through the
autophagic pathway show an additional increase in LC3-I1 levels when treated with chloroquine.
The combination of HER2-neu down-regulation and chloroquine treatment resulted in an
increase in LC3-11 in primary MTB/TAN tumor cells compared to cells undergoing acute
HER2/neu down-regulation alone (Fig. 11a).

These results suggest that acute HER2/neu down-regulation induces autophagy as well as flux
through the autophagic pathway. To further confirm these results, we generated a MTB/TAN cell
line that stably expressed the autophagy marker EGFP-LC3. Induction of autophagy induces the
incorporation of cleaved, lapidated LC3-11 into autophagosomes, which gives rise to a change in
LC3 subcellular localization from diffusely cytoplasmic to a punctate distribution. Doxycycline
withdrawal from EGFP-LC3 expressing primary tumor cells resulted in an increase in the
number of EGFP-positive punctae per cell compared to cells grown in the presence of HER2/neu
(Fig. 11d,e). Together, these results indicate that acute HER2/neu down-regulation triggers
autophagy in vitro.

We next asked whether acute HER2/neu down-regulation induces autophagy in vivo. HER2/neu
expression was deinduced in primary MTB/TAN mammary tumors by doxycycline withdrawal
for 48 hours and p62 levels were analyzed by immunoblotting. p62 (also known as SQSTM1)
recognizes ubiquitin-marked proteins and sequesters them for degradation through autophagy.
As a consequence, p62 itself is degraded in cells undergoing autophagy. Consistent with our in
vitro observations, acute HER2/neu down-regulation resulted in a reduction in total p62 protein
levels compared to primary tumors (Fig. 12a). The in vivo induction of autophagy by oncogene
down-regulation was further supported using primary tumors generated from MTB/TAN tumor
cells expressing EGFP-LC3. These tumors exhibited an increase in the number of EGFP-
positive punctae per tumor cell following acute HER2/neu down-regulation (Fig. 12b). These
results suggest that autophagy is induced in actively growing primary tumor cells following
acute HER2/neu down-regulation.
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While autophagy has been shown to occur in vitro in actively growing tumor cells subjected to
multiple cellular stresses, whether autophagy occurs in dormant tumor cells in vivo has not been
established. We have demonstrated that a small number of primary MTB/TAN tumor cells
survive HER2/neu down-regulation and persist in a dormant state within residual lesions within
the mammary gland, where they remain competent to resume growth, resulting in recurrent
tumors. Analysis of EGFP-LC3-labeled dormant tumor cells in residual lesions in vivo by
fluorescence microscopy revealed a greater number of EGFP-positive punctae per cell compared
to actively growing orthotopic primary tumors (Fig. 12b). Together, these observations suggest
that autophagy is triggered in tumor cells in vivo following acute HER2/neu down-regulation and
that dormant residual tumor cells undergo autophagy in vivo.

Our observations that autophagy occurs in vivo, is triggered by acute HER2/neu down-regulation
in actively growing primary tumor cells, and persists in dormant mammary tumor cells, were
equally consistent with models in which autophagy was either tumor suppressive or tumor
promoting. To begin to distinguish between these possibilities, we treated MTB/TAN tumor-
bearing mice with chloroquine. Chloroquine is an attractive approach to inhibiting autophagy in
vivo since this drug has a favorable therapeutic index and has been used safely in millions of
people worldwide for the prevention and treatment of malaria. Additionally, in this experimental
context use of a therapeutic agent permits the temporally controlled inhibition of autophagy in
existing primary tumors in mice, while avoiding complicating effects of autophagy inhibition
during primary tumor development and growth. To determine the effect of chloroguine
treatment on mammary tumor recurrence, female nu/nu mice maintained on doxycycline were
injected with primary MTB/TAN tumor cells. Once primary tumors formed, tumor regression
was induced by doxycycline withdrawal and HER2/neu down-regulation as previously described
and, coincident with doxycycline withdrawal, daily treatment with chloroguine was initiated
(Fig. 13a). Mice bearing fully regressed primary tumors were then monitored for recurrence.
This revealed that daily chloroguine administration markedly delayed the onset of tumor
recurrence in mice, with the mean latency for tumor recurrence increasing from 84 to 140 days
(H.R.=2.27[1.45-6.72], P = 0.007; Fig. 13b). This findings suggested the possibility that
autophagy promotes, rather than inhibits, mammary tumor recurrence.

To extend these results, we determined the effect on tumor recurrence of genetically inhibiting
autophagy by knocking down the expression of Atg5 or Atg7, each of which is required for
autophagy. Atg5 and Atg7 are components of an ubiquitin-like conjugation system wherein the
E1-like molecule Atg7 and the E2-like molecule Atgl10 covalently link Atg5 to Atgl2. Atgs-
Atgl12 then forms a complex with Atg16 that is necessary for the formation of the
autophagosome. To determine if inhibiting autophagy genetically delays tumor recurrence,
primary MTB/TAN tumor cells were generated that expressed ShRNAs targeting either Atg5 or
Atg7. gRT-PCR and immunoblotting confirmed knockdown of Atg5 and Atg7 (Fig. 14a-d).
These cells were then injected orthotopically into the mammary glands of nu/nu mice on
doxycycline, as were cells transduced with a vector control. As above, once primary tumors
reached a target size, doxycycline was withdrawn to induce HER2/neu down-regulation, which
resulted in the regression of the tumors to a non-palpable state. Mice were then monitored for
recurrence. This analysis revealed that genetic inhibition of autophagy by either Atg5 or Atg7
knockdown dramatically impaired tumor recurrence (H.R. =5.35[1.72-16.62], P = 0.004;
H.R.=7.56 [2.33-24.58], P < 0.001; Fig. 14e). These results were consistent with results
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obtained from the pharmacological inhibition of autophagy by chloroquine, and further suggest
that autophagy in this context is tumor promoting insofar as it is required for the recurrence of
HER2/neu-induced tumors.

Our results suggest that autophagy is a pro-tumorigenic process that is required for breast cancer
recurrence as inhibition of autophagy significantly delays the onset of recurrence in mice. This
is contradictory to the multiple lines of evidence that suggest autophagy is a tumor suppressive
process in primary breast cancer. In particular, we show that the tumor suppressor Beclin 1
actually promotes HER2/neu-induced mammary tumor recurrence. These context-specific
functions of autophagy highlight the differing mechanisms, and therefore potential therapeutic
targets, of recurrent cancer compared to primary cancer.

Figure 1: Identification of residual neoplastic lesions and residual tumors cells in mammary
glands following HER2/neu down-regulation in mice bearing H2B-GFP-labeled primary
orthotopic tumors.
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Figure 2: Histological characterization of residual neoplastic lesions.
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Figure 3: Immunohistochemical demonstration of abundant macrophages in residual neoplastic

lesions.

Figure 4: CD31 staining reveals that residual neoplastic lesions are well-vascularized.
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Figure 5 — Immunofluorescence analysis of epithelial and stromal markers in residual lesion. (A)
Occasional residual tumor cells (green) express CK14 (red); (B) Occasional residual tumor cells
(green) express CK5 (red); (C) Occasional residual tumor cells (green) express CK6 (red); (D)
PDGFR-a expression (red) is located around lesion and GFP positive cells are found in center of
lesion which is negative for PDGFR-a 200X. (E) a-SMA (green) in residual lesion infiltrates
and runs through residual lesion but GFP-positive cells are negative for a-SMA 400X. (F)
Residual lesion can be identified by dense fibronectin expression (red). 100X

Figure 6 — GFP labeled residual cells are negative for proliferation markers. (A) BrdU labeled
cells (red) are predominantly found outside the lesion 200X. (B-C) GFP-labeled cells do not
costain with BrdU label (red) 100X.
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Figure 7 — Residual neoplastic disease in MTB/TRAS mice. (A) Cytokeratin 18 and
hematoxylin and eosin staining (10 mm frozen sections) of fully regressed MTB/TRAS tumors
deinduced or reinduced with 0.012 mg/mL dox for the indicated times. (B) Immunofluorescent
staining for total Ras, Cytokeratin 14, and BrdU in MTB/TRAS mammary glands. Both residual
disease lesions and surrounding areas of tumor-bearing glands are pictured.
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Figure 9. Minimal Residual Lesions are well-vascularized and not hypoxic.
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Figure 11 HER2/neu down-regulation induces autophagy in primary tumor cells in vitro. (a-e)
MTB/TAN primary tumor cells subjected to doxycycline withdrawal and/or 50 uM chloroquine
treatment for 24 h. (a) HER2/neu levels and conversion of LC3-1to LC3-11 determined by
western blotting. B-tubulin is shown as a loading control. (b) Representative images of double-
membraned autophagosomes (arrows) visualized by electron microscopy. Bar = 500nm. (c)
Quantification of autophagosomes per cell in (b). (d) Representative images of subcellular
localization of EGFP-LC3 visualized by fluorescence microscopy. Original magnification, x400.
(e) Quantification of average EGFP-LC3 punctae per cell in (d). Data represent mean * s.e.m.
**P <0.001, ***P < 0.0001.
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Figure 12 HER2/neu down-regulation induces autophagy in primary and dormant tumor cells in
vivo. (a) HER2/neu and p62 levels evaluated by western blotting in orthotopic MTB/TAN
primary tumors in the presence of doxycycline or following doxycycline withdrawal for 2 d. (b)
Representative images of subcellular localization of EGFP-LC3 in MTB/TAN primary orthotopic
tumors or orthotopic tumors subjected to 2 d or 28 d of doxycycline withdrawal. Original
magnification, x400.
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Figure 13. Chloroquine treatment delays recurrence of HER2/neu-induced tumors. (a)
Schematic of orthotopic recurrence model and timing of chloroquine treatment. (b) Recurrence-
free survival of female nu/nu mice harboring MTB/TAN orthotopic primary tumors induced to
regress by doxycycline withdrawal and treated with vehicle (n = 24) or 60 mg/kg/d chloroquine
(n = 26) as described in (a). Mean recurrence latencies indicated.
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Figure 14 Atg5 and Atg7 are required for mammary tumor recurrence. (a,b) gRT-PCR analysis
of (a) Atg5 or (b) Atg7 expression levels in parental primary MTB/TAN tumor cells, or MTB/TAN
tumor cells expressing a vector control, or ShRNAs targeting Atg5 or Atg7 (shAtgb or shAtg7).
Expression is normalized to Tbp. Data represent mean + s.e.m. (c,d) Western blot analysis of (c)
Atg5-Atgl2 and (d) Atg7 levels in parental primary MTB/TAN tumor cells, or vector control,
shAtg5, or shAtg7-expressing MTB/TAN tumor cells. B-tubulin is shown as a loading control.

(e) Recurrence-free survival of female nu/nu mice harboring fully regressed orthotopic tumors
derived from vector control (n = 14), shAtg5 (n = 9), or shAtg7-expressing MTB/TAN tumor
cells (n =11). Mean recurrence latencies indicated.
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18. Extent of Clinical Activities Initiated and Completed. Items 18(A) and 18(B) should be
completed for all research projects. If the project was restricted to secondary analysis of
clinical data or data analysis of clinical research, then responses to 18(A) and 18(B) should
be “No.”

18(A) Did you initiate a study that involved the testing of treatment, prevention or
diagnostic procedures on human subjects?
Yes
X _No

18(B) Did you complete a study that involved the testing of treatment, prevention or
diagnostic procedures on human subjects?
Yes
X___No
If “Yes” to either 18(A) or 18(B), items 18(C) — (F) must also be completed. (Do NOT
complete 18(C-F) if 18(A) and 18(B) are both “No.”)

18(C) How many hospital and health care professionals were involved in the research
project?
Number of hospital and health care professionals involved in the research
project

18(D) How many subjects were included in the study compared to targeted goals?

Number of subjects originally targeted to be included in the study
Number of subjects enrolled in the study

Note: Studies that fall dramatically short on recruitment are encouraged to
provide the details of their recruitment efforts in Item 17, Progress in Achieving
Research Goals, Objectives and Aims. For example, the number of eligible
subjects approached, the number that refused to participate and the reasons for
refusal. Without this information it is difficult to discern whether eligibility
criteria were too restrictive or the study simply did not appeal to subjects.

18(E) How many subjects were enrolled in the study by gender, ethnicity and race?

Gender:
Males
Females
Unknown

Ethnicity:
Latinos or Hispanics
Not Latinos or Hispanics
Unknown
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Race:
American Indian or Alaska Native
Asian
Blacks or African American
Native Hawaiian or Other Pacific Islander
White
Other, specify:
Unknown

18(F) Where was the research study conducted? (List the county where the research
study was conducted. If the treatment, prevention and diagnostic tests were offered in
more than one county, list all of the counties where the research study was
conducted.)

19. Human Embryonic Stem Cell Research. Item 19(A) should be completed for all research
projects. If the research project involved human embryonic stem cells, items 19(B) and
19(C) must also be completed.

19(A) Did this project involve, in any capacity, human embryonic stem cells?
Yes
X No

19(B) Were these stem cell lines NIH-approved lines that were derived outside of
Pennsylvania?

Yes

No

19(C) Please describe how this project involved human embryonic stem cells:

20. Articles Submitted to Peer-Reviewed Publications.

20(A) Identify all publications that resulted from the research performed during the funding
period and that have been submitted to peer-reviewed publications. Do not list journal
abstracts or presentations at professional meetings; abstract and meeting presentations should
be listed at the end of item 17. Include only those publications that acknowledge the
Pennsylvania Department of Health as a funding source (as required in the grant
agreement). List the title of the journal article, the authors, the name of the peer-reviewed
publication, the month and year when it was submitted, and the status of publication
(submitted for publication, accepted for publication or published.). Submit an electronic
copy of each publication or paper submitted for publication, listed in the table, in a PDF
version 5.0.5 (or greater) format, 1,200 dpi. Filenames for each publication should include
the number of the research project, the last name of the PI, the number of the publication and
an abbreviated research project title. For example, if you submit two publications for Pl
Smith for the “Cognition and MRI in Older Adults” research project (Project 1), and two
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publications for Pl Zhang for the “Lung Cancer” research project (Project 3), the filenames
should be:

Project 1 — Smith — Publication 1 — Cognition and MRI

Project 1 — Smith — Publication 2 — Cognition and MRI

Project 3 — Zhang — Publication 1 — Lung Cancer

Project 3 — Zhang — Publication 2 — Lung Cancer
If the publication is not available electronically, provide 5 paper copies of the publication.

Note: The grant agreement requires that recipients acknowledge the Pennsylvania
Department of Health funding in all publications. Please ensure that all publications listed
acknowledge the Department of Health funding. If a publication does not acknowledge the
funding from the Commonwealth, do not list the publication.

Title of Journal Authors: Name of Peer- Month and | Publication
Acrticle: reviewed Year Status (check

Publication: Submitted: | appropriate box
below):

1.

OSubmitted
None CJAccepted
OPublished

21.

22,

20(B) Based on this project, are you planning to submit articles to peer-reviewed publications
in the future?

Yes X No

If yes, please describe your plans:

As follow-up studies are performed under the auspices of future projects, the research
findings described herein will be submitted for publication and will acknowledge
Pennsylvania Department of Health funding, as appropriate.

Changes in Outcome, Impact and Effectiveness Attributable to the Research Project.
Describe the outcome, impact, and effectiveness of the research project by summarizing its
impact on the incidence of disease, death from disease, stage of disease at time of diagnosis,
or other relevant measures of outcome, impact or effectiveness of the research project. If
there were no changes, insert “None”; do not use “Not applicable.” Responses must be
single-spaced below, and no smaller than 12-point type. DO NOT DELETE THESE
INSTRUCTIONS. There is no limit to the length of your response.

None, at present.

Major Discoveries, New Drugs, and New Approaches for Prevention Diagnosis and
Treatment. Describe major discoveries, new drugs, and new approaches for prevention,
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23.

diagnosis and treatment that are attributable to the completed research project. If there were
no major discoveries, drugs or approaches, insert “None”; do not use “Not applicable.”
Responses must be single-spaced below, and no smaller than 12-point type. DO NOT
DELETE THESE INSTRUCTIONS. There is no limit to the length of your response.

No major discoveries.

Inventions, Patents and Commercial Development Opportunities.

23(A) Were any inventions, which may be patentable or otherwise protectable under Title 35
of the United States Code, conceived or first actually reduced to practice in the performance
of work under this health research grant? Yes No X

If “Yes” to 23(A), complete items a — g below for each invention. (Do NOT complete items
a-gif23(A)is “No.”)

a. Title of Invention:
b. Name of Inventor(s):

c. Technical Description of Invention (describe nature, purpose, operation and physical,
chemical, biological or electrical characteristics of the invention):

d. Was a patent filed for the invention conceived or first actually reduced to practice in
the performance of work under this health research grant?
Yes No

If yes, indicate date patent was filed:

e. Was a patent issued for the invention conceived or first actually reduced to practice in
the performance of work under this health research grant?
Yes No__
If yes, indicate number of patent, title and date issued:
Patent number:
Title of patent:
Date issued:

f.  Were any licenses granted for the patent obtained as a result of work performed under
this health research grant? Yes No

If yes, how many licenses were granted?

g. Were any commercial development activities taken to develop the invention into a
commercial product or service for manufacture or sale? Yes No
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If yes, describe the commercial development activities:

23(B) Based on the results of this project, are you planning to file for any licenses or patents,
or undertake any commercial development opportunities in the future?

Yes No X

If yes, please describe your plans:

24. Key Investigator Qualifications. Briefly describe the education, research interests and
experience and professional commitments of the Principal Investigator and all other key
investigators. In place of narrative you may insert the NIH biosketch form here; however,
please limit each biosketch to 1-2 pages. For Nonformula grants only — include information
for only those key investigators whose biosketches were not included in the original grant
application.
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