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INTRODUCTION:

Apoptosis resistance regulates the pathogenesis, and treatment response of breast tumors.
Despite concerted effort towards understanding the molecular basis for apoptosis resistance in breast
tumors, progress in this area has been frustratingly slow. Lack of advancement may be attributed in part
to the current cell autonomous view of breast cancer etiology and treatment responsiveness. What we
now know is that the organ microenvironment can and does regulate the therapeutic responsiveness of
metastatic tumors™?, and that stromal-epithelial interactions influence mammary gland development,
tissue homeostasis and breast tumor progression®. Alterations in the mammary gland ECM correlate
with changes in mammary differentiation, involution (apoptosis) and tumor progression, and culture
experiments clearly show that the stromal ECM can modulate mammary epithelial cell (MEC) growth,
differentiation and survival and alter apoptotic responsiveness”*°. How the stroma_promotes
apoptosis-resistant breast tumors remains unclear.

We have been studying the role of integrin ECM receptors as key regulators of mammary tissue
behavior as well as malignant transformation and metastasis. We have been exploring the molecular
mechanisms whereby the ECM can regulate mammary tissue homeostasis, invasion and apoptosis
responsiveness. We found that integrin expression, organization and activity are consistently altered in
breast tumors and that perturbing integrin expression and activity can drive malignant behavior of non-
malignant and pre-malignant MECs, and that normalizing integrin activity represses expression of the
malignant breast phenotype in culture and in vivo®°. We also determined that integrins regulate cell
survival and modulate the apoptotic responsiveness of mammary tissues to a diverse array of exogenous
stimuli including various chemotherapies and immune receptor activators®’. We found that integrin-
dependent apoptosis resistance and survival are intimately linked to many of the biochemical pathways
and mechanisms that regulate tissue organization and specifically tissue polarity. For example, we found
that a6p4 integrin directs mammary epithelial cells to assemble polarized mammary tissue structures
that display apoptosis resistance to a wide spectrum of apoptotic insults. We are now exploring the
underlying mechanisms whereby integrin expression and/or function becomes altered in breast tumors,
how integrin modulate the survival of nonmalignant and transformed mammary epithelial cells, what the
molecular link could be between integrin-dependent survival and tissue polarity and the clinical
relevance of these findings.

We found that prior to malignant transformation the mammary gland exhibits a 'desmoplastic’
response that is associated with an incremental and significant increase in global elastic modulus
(stiffness) of the gland and elevated/altered expression of integrins and integrin adhesions ®°
(unpublished data). Consistent with results from other laboratories we determined that externally-applied
mechanical force regulates the behavior and phenotype of multiple cell types including endothelial,
fibroblasts, neurons, and MECs™**. Although the mammary gland is not traditionally viewed as a
mechanically-regulated tissue, MECs within the ductal tree and alveolus experience passive (isometric)
and active mechanical force throughout the lifetime of the mammary gland most notably during
development, lactation and involution®*. Similar to other solid tumors, the mammary gland also
becomes appreciably stiffer in association with its malignant transformation and mammary epithelial
cells within the tumorigenic mammary gland experience an array of additional compression and stress
and interstitial associated forces'®*®. During the process of metastasis and once at the metastatic site
breast tumor cells also encounter an array of external mechanical forces that could conceivably influence
their behavior and alter their response to treatment. For example, many of the common metastatic sites
for breast cancer differ appreciably with respect to their stiffness and biochemical compositions than a
normal mammary gland such as bone (very stiff, high vitronectin), in the vasculature (high pulsatile
pressures, high fibronectin and fibrin), pleural cavity (very compliant with high fibrin composition but
also adjacent fibrotic lung could be quite stiff with a high amount of elastin).
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Because physical forces so profoundly influence cell proliferation, survival and differentiation of
multiple cell types, we maintain that it is critical to understand how mechanical cues could influence
mammary tissue behavior and apoptosis responsiveness.

Accordingly, we predict that the physical organization of the ECM (which contributes to its
mechanical properties) constitutes an independent regulator of mammary epithelial behavior and
apoptosis resistance. Delineating the molecular basis for this phenotype will likely have important
consequences for tumor therapy. To rigorously test this idea we are in the process of achieving the
following specific aims:

Specific Aim 1. Engineer tractable 3D organo-typic model systems that recapitulate the
biophysical properties of primary and metastatic breast tumor tissues, and then use these models to
dissect candidate molecular stress-response mechanisms whereby ECM stiffness could regulate
apoptosis resistance in culture and in vivo.

Specific Aim 2. Develop xenograft and transgenic mouse models to test whether ECM stiffness
regulates apoptotic responsiveness of mammary epithelia in vivo.

Specific Aim 3. Build a computational model that can predict how changes in ECM compliance
could influence integrin-dependent apoptosis responsiveness of mammary epithelia and query this
model with clinical data.

Specific Aim 4. Develop non-invasive imaging tools that could be used to monitor changes in
ECM stiffness or stiffness-induced changes in mammary tissue phenotype.

Summary of Achievements - Proposal Body:

We are now conducting studies in this grant proposal on a "no cost" extension basis. The no cost
extension occurred for the following reasons:

1. We encountered several months delay (4 months duration approximately) in processing and acquiring
the original funds from the DOD when the award was first initiated at the University of Pennsylvania.
The consequence of this delay was an unexpended carry over from the first year of funding that was
approximately 25-35% -equal to an amount reflecting the delayed start date.

2. Secondly, in the midst of the second year of funding my group relocated to the University of
California, San Francisco. Despite initiating appropriate grant transfer procedure through DOD and
University of Pennsylvania - the funds transfer was delayed significantly - primarily due to difficulty
with the University of Pennsylvania administration. Consequently we could not use the DOD grant at
UCSF for almost one full year. Thus, expenditures on the grant were frozen for approximately 10
months. Rather than lay off individuals supported by the Scholar grant | instead chose to use my
allocation of UCSF "start up" funding (i.e. funds provided to me by UCSF Department of Surgery to
support my laboratory relocation. It was however not possible to use funds to hire new personnel
required to carry out many of the animal study and human tissues directed goals/tasks outlined in the
proposal. Only once funding and spending had been approved was | then permitted to proceed with
recruitment and hiring. This further delayed work on the project because there is a 3-6 month delay
between advertising for personnel, interviewing and hiring. Therefore, progress and spending on the
project were further delayed. The total delay here amounted to close to 1.5 years. However, once the
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new personnel were hired and trained progress on the project accelerated greatly. Thus, my group has
been able to make excellent progress on many other facets of the project as indicated by publications,
achieved goals and tasks completed in annual progress reports.

3. Due to the relocation to UCSF and the delay in the hiring of new personnel there was a significant
delay in initiating and executing the animal experiments and the human tissue analysis due to need to
submit and obtain approval for animal work and human studies. Thus, there was a delay in the
preparation, submission and procurement of the IRB application generation and human tissue project
initiation. In addition, IACUC paperwork and approval and animal procurement, breeding and
transgenic generation were substantially delayed.

All of these setbacks have now been addressed and work is proceeding well and goals are being
achieved. Thus, despite all of these setbacks as soon as funding became available and my group was
again re established at UCSF and new personnel were hired we began work on project goals in earnest.
IRBs and IACUCs were procured for the project and transgenic animals bred, experiments conducted
and transgenics generated and consequently progress on animal studies has been proceeding at an
excellent pace these past few years. Nevertheless, due to these unexpected delays we are behind our
stated schedule and have been carrying forward unexpended funds.

Thus, last year we asked for and were awarded a two year no cost carry over during which time our
objective has been to continue to generate new transgenic animals for pre clinical trials, to complete
many of the animal studies initiated at the University of Pennsylvania and to move forward on our
human tissue studies to address translational relevance of our findings. Our goal has also been to
translate our findings into published articles and obtain extramural funding to continue with our
project(s). We have been making excellent progress towards all of these stated goals such that we have
also initiated a few exploratory projects that expand the scope of the original work and assist with our
objective of eventually translating our findings to the clinic.

Task 1: Engineer tractable 3D organo-typic models that recapitulate the biophysical properties of
primary and metastatic breast tumor tissues, and use these models to dissect candidate molecular
mechanisms whereby ECM stiffness could requlate breast tumor behaviors including treatment
responsiveness in culture and in vivo.

PART A Development of natural 3D ECM models that recapitulate the biophysical
properties of primary normal and malignant and metastatic breast tissues.

Achievements as listed per Revised Statement of Work

In this first year of our no cost extension we have continued to develop and elaborate 3D organotypic
models.

a. Complete studies to_measure mechanical properties of natural biomaterials as well as

mouse tissues using newly developed micro indentor device'’ as well as nano AFM indentation
with CFP-tagged mouse models as well as fluorescence tagged DEXTRAN to mark the vasculature.
If/when possible we will also attempt to orient stiffness measurements in the context of infiltrating
immune cells. Objectives will include normal and various stages of malignant progression of breast
cancer in mouse models including but not restricted to PyMT mouse model, Her2/neu model and p53 -/+
mice. We will also examine physical changes/properties of liver, brain, bone and lungs to determine
whether cellular metastasis is also mediated in part by compatibility changes in tissue biophysical

6



W81XWH-05-1-330 Principal Investigator: Weaver, Valerie M. Ph.D.
properties. This analysis will include a comprehensive biochemical analysis of the state of collagen
processing and cross-linking in these tissues. (Months 0-24) Partially completed.

Towards this work goal we have successfully used a micro indentor device *” to measure the materials
properties of mammary gland tumors that developed in PyMT mice with and without inhibition of the
lysyl oxidase cross-linking enzyme. We could show that mammary glands stiffen as they progress
towards malignancy so that invasive breast tumors are significantly stiffer than normal glands. We could
also demonstrate that inhibiting collagen cross-linking using the pharmacological inhibitor of LOX
(BAPN) reduces stiffness towards that of a premalignant breast. This work was reported in last year's
progress report and therefore we have not included those data again here. Rather what became evident to
us through those studies, was that those mechanical measurement approaches do not have the resolution
needed to distinguish whether altered stiffness of the tissue relates to changes in epithelial behavior,
ECM remodeling or an altered vasculature. Accordingly, in the past few years we have been working to
develop a novel cryo preservation technique. In the past year this technique has now been perfected and
a summary of our results are now included in this report for review. This new technique permits us to
conduct high resolution Atomic Force Microscopy (AFM) force indentation on mouse and human breast
tissue. Our work shows that using freshly excised tissue we are able to measure regions in the tissue
using AFM and demonstrate that tumors are stiffer than normal tissue (Lopez et al., J Integ Biol,
Attachment 1; figure 1). However, using this approach it became rapidly evident that it is not clear what
precisely we are probing when we poke fresh tissue. Therefore we obtained transgenic mice in which the
epithelium is genetically marked with CFP so that we could be sure that AFM indentation of green cells
in fact was probing the mechanical characteristics of the mammary epithelium. Moreover, to determine
the mechanical integrity of the tissue associated with the vasculature we injected the animals with
Rhodamine lectin just prior to sacrificing them. This strategy marks the vasculature. Using this
technique we could show that the vasculature associated with breast tumors also progressively stiffens
and moreover that not all vessels exhibit similar stiffness characteristics. Thus, vessels within the core of
the tumor are significantly stiffer than those at the invasive front suggesting that the nature of the vessels
might be different in these different regions (Lopez et al., J Integ Biol Attachment 1; figure 2). To
address the issue of ECM stiffness contribution to tumor stiffness we developed a novel
cryopreservation approach (Lopez et al., J Integ Biol, Attachment 1; figure 3). Using this approach we
could show that the ECM progressively stiffens as breast tissue advances from normal through pre
malignant to invasive lesions (Lopez et al., J Integ Biol Attachment 1; figure 4). In fact, our conclusion
is that the epithelium, the blood vessels and the ECM simultaneously stiffen as a function of tumor
evolution but that the ECM appears to show the most profound increase in rigidity. Together all of these
components therefore account for the altered mechanical behavior of breast tumors.

In our last report we discussed our studies using the Her2/neu model and our peer reviewed article
published in Cell Journal in late 2009; 2. That article was discussed in our last progress report and
therefore will not be discussed here in this new report. Instead, we report here on current studies aimed
at exploring the interplay between ECM tension and breast tumor metastasis. Thus, we have used carry
over funding to complete two additional mouse studies with the PyMT mouse model. As shown in
figures 1-6 included in the body of this document, these studies illustrate that analogous to the Her2/neu
mouse model of breast cancer the PyMT mice show increased integrin adhesion activity during the early
stages of breast tumor progression i.e. commencing at week 8 when pre malignant MIN lesions have
developed in virtually all mammary glands of these mice. Thus, distinct from the Her2/Neu mouse
model of breast cancer the PyMT mice develop multi focal lesions very very quickly in ALL mammary
glands and these lesions progress quickly to invasive lesions by 11-12 weeks and then metastasize by 14
weeks in 100% of the mice (Figure 1A). Associated with this increase in integrin adhesion activity there
IS a progressive elevation in the levels of expression of LOX which becomes evident and significant by
8 weeks of age (Figure 1B). Importantly, inhibition of LOX activity using the pharmacological inhibitor
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BAPN delayed the formation of tumors in these mice by as much as 2-3 weeks as illustrated in Figure
1C. Yet, eventually all mice eventually developed palpable lesions and their histophenotype did not
appear to be markedly different as shown in the images below Figure 1C. Yet, significantly, we noted
that while the majority (greater than 60%) of the animals treated with the LOX inhibitor did not develop
lung tumors (Figure 1D and 1E) untreated animals all uniformly developed lung metastasis by 14 weeks
of age and the metastatic lesions that did form in the BAPN treated mice were markedly smaller than
those formed in the control untreated animals.

We were naturally curious to understand how LOX inhibition could be regulating breast tumor
metastasis. Therefore, we looked carefully at their histophenotype and also measured their stiffness
using the micro indentor. Although we did not note any obvious differences in the histophenotype of the
14 week old mammary glands treated with LOX inhibitor (Figure 2A) we did measure a significant
reduction in the stiffness of the tissue both at 8 and 14 weeks of age (Figure 2B) suggesting that LOX
inhibition did in fact reduce collagen cross-linking and prevent tissue stiffening. We are now interested
in understand whether the altered tissue stiffness could account for the reduced tumor metastasis and
how. Moreover, in the next year of support from this no cost extension we will be conducting AFM
indentation studies to assess specifically the physical properties of the ECM associated with the lesions
+/- BAPN treatment. We will also be conducting carefully cross-linking analysis studies.

Thus far to explore potential molecular mechanisms we have been exploring potential effects on tissue
inflammation and changes in immune function. We did not observe any obvious difference in CD45
positive cells (which mark immune infiltrate) between BAPN treated and nontreated PyMT mice.
However, we did note that there was a marked increase in infiltrating CD45+ immune cells in 14 week
old BAPN treated PyMT mice (Figure 3A). Upon further analysis we noted that there was an increase in
B220+Cd3-: B cells, CD3+Cd8+: cytotoxic T cells, and CD3+Cd4+: helper T cells and lower
CD11b+F4/80+: Macrophages in the BAPN treated PyMT tumors at 14 weeks. Although quite
preliminary these data do suggest that perhaps there is less inflammation and a more productive T cell
response which could explain the reduced tumor metastasis we have been consistently observing (Figure
3B). To address this possibility we profiled the chemokine/cytokine profile of PyMT tumors from mice
+/- BAPN treatment. We were encouraged to note that at 8 weeks of age BAPN treated mice had
reduced levels of these chemokines/cytokines - (Figure 4 bottom bar graphs) yet by 14 weeks of age the
levels were now higher than quantified in the 8 week old animals suggesting the animals had in fact
caught up and compensated with elevated levels of all of the soluble factors we tested including TNF
alpha and TGF beta etc, at least at the RNA level. Whether the RNA in fact truly reflects the activity
levels of these factors is not clear and is something we are now exploring (Figure 4 top bar graphs).

Tumor metastasis is also very tightly regulated by the state of tissue hypoxia. Therefore, we examined
the status of vascular integrity and infiltration of blood into the BAPN treated and non-treated tumors.
We found that the BAPN treated animals appeared to have greater vascular density and also that upon
perfusion there was a higher diffusion noted in the mice suggesting there should be reduced hypoxia
(Figure 5). These results actually make a lot of sense considering the fact that we noted that the BAPN
treated tumors were less stiff and that the tumors appears morphologically more integrated with ECM
stroma. This phenotype is consistent with the idea that BAPN treatment reduces ECM cross-linking and
potentially reduces interstitial pressure permitting efficient vascularization and perfusion of the tissue.
This in turn would reduce hypoxia and permit efficient immune cell infiltration of the tissues -
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Figure 1. LOX enzymatic activity is implicated in PyMT-induced mammary carcinoma and
metastasis.

A) Immnohistochemistry images of Bl-integrin and FAKp"™® in the mammary glands of
MMTV-PyMT mice as a function of tumor progression. B) Bar graphs of gPCR levels of Lysyl
Oxidase (LOX) expressed in PyMT mice as a function of tumor progression. Data illustrate that
while LOX levels are low to nonexistent in the mammary glands of control and 4 week old
PyMT mice that expression of the enzyme increases dramatically by 8 weeks and remains quite
high even at 14 weeks of age. C) (top) Line graphs indicating delayed mammary gland tumor
formation in PyMT mice following inhibition of LOX activity. (bottom) H&E images of
mammary glands from 14 week old MMTV-PyMT animals treated with and without BAPN
treatment D) (top) Bar graphs indicating that up to 40-60% of PyMT treated with BAPN
remained metastasis free (left) and that the total number of metastasis to the lungs was
significantly reduced in the BAPN treated mouse cohort (right). (bottom) H&E micrographs of
the lungs from PyMT mice treated with or without BAPN. Images reveal that even when lung
metastasis developed in the BAPN-treated animals the lesions were significantly smaller.
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Figure 2. Histophenotype, Immune Infiltrate markers and Mechanical Testing of
Mammary Glands from 8, 11 and 14 week old PyMT mice following treatment with the
LOX inhibitor BAPN.

A) Micrographs showing H&E images from 8, 11 and 14 week old mammary glands from PyMT
mammary tumors with and without inhibition of LOX activity using the pharmacological
inhibitor BAPN. Note that the mammary glands of both non treated (ctl) and BAPN treated
(BAPN) animals have abundant levels of infiltrated leukocytes. B) Bar graphs showing tissue
indentor measurements of the materials properties of the mammary glands of PyMT mice treated
with and without BAPN inhibitor at 8 and 14 weeks. Data show that mice treated with BAPN
had greatly reduced mammary gland stiffness.
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Figure 3. FACs analysis of immune cell infiltrate in PyMT mice treated with BAPN.

A) Scatter graph showing flow cytometric analysis of total leukocytes in the mammary tumors
from 11 and 14 week old PyMT mice treated with and without BAPN. The results show that
while the fraction of total hematopoietic cells (CD45 positive) is similar in the mammary glands
of the 11 week old mice there is a significant increase in immune cell infiltration in the 14 week
old mammary glands of mice treated with BAPN. B) Bar graphs depicting the nature of the
leukocyte populations infiltrating the mammary glands of 11 and 14 week old mice with and
without BAPN treatment. Flow cytometric analysis of leukocyte population was achieved using
25 cell surface markers specific for various subpopulations of Thymocytes, B lymphocytes,
Natural Killer cells, macrophages, dendritic cells, and monocytes. Data indicate that the levels of
CD11b+ly6G+ granulocyte cells is increased in the 11 week old mammary glands of PyMT
BAPN treated tumors, and reduced levels of CD11b+ly6C+ Monocytes and CD11b+F4/80+
macrophage fractions in the 14 week old mammary glands of PyMT BAPN-treated tumors. .
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Figure 4. Reducing mammary gland stiffness through inhibition of LOX activity modifies
the immune cytoskine profile of the tissue.

A) (top graphs) Bar graphs showing gPCR analysis of the expression of M1 and M2 macrophage
cytokines in the primary tumors from 14week-old mice. Data indicate that there is no difference
in the levels of M1 or M2 cytokines in the mammary glands of mice treated with BAPN by 14
weeks. These results suggest that while initially the BAPN might reduce levels of these
cytokines at least at the RNA level there is a compensatory rise in levels so that by 14 weeks of
age the difference is negligible. B) (bottom graphs) Bar graphs showing qPCR analysis of the
expression of M1 and M2 macrophage cytokines in the primary tumors from 8 week-old mice.
Results suggest that the expression of M2 cytokines is lower in the mammary glands of mice
treated with BAPN.
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Figure 5. Reducing mammary gland stiffness through treatment with BAPN delays in
infiltration of immune cells into the mammary gland of PyMT mice.

A) Images showing immnohistochemistry of the total macrophages (F4/80 Positive) and total
CD206 positive M2 macrophages associated with 11 (right) and 14 (left) week old mammary
tumors in the BAPN treated and untreated animals. Data indicate that BAPN treatment
significantly reduces the total number of macrophages infiltrating the mammary gland at 11
weeks of age. Nevertheless, by 14 weeks of age the difference has disappeared and the density of
macrophages appears to be greater. This is likely due to the fact that the BAPN treated mammary
glands are softer and hence more penetrable by immune cells. B) Bar graphs quantifying the
density of M2 and total macrophages in the mammary glands of 11 and 14 week old mice treated
with and without BAPN.
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Figure 6. BAPN treatment reduces mammary gland stiffness and facilitates vascularization
of PyMT breast tumors.

A) Doppler images of mammary glands from PyMT mice with and without BAPN treatment.
Images suggest that the mammary glands of the BAPN-treated animals have increased vascular
density and penetration. B) Bar graphs showing quantification of Doppler images taken from the
mammary glands of PyMT mice at 8, 11 and 14 weeks of age with and without BAPN treatment.
Data indicate that as tumors evolve and grow larger and more advanced their perfusion decreases
dramatically. However, BAPN treatment which reduces tissue stiffness delays this effect. C) Bar
graphs quantifying the amount of 10kDalton Dextran versus 70kDalton Dextran vascular leakage
into the mammary glands of PyMT mice treated with and without BAPN. Data suggest that the
mammary glands of animals treated with BAPN are significantly leakier than nontreated
animals.
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something immunohistochemistry suggested when we examined the immune infiltrate status of these
treated mammary tumors (Figure 6). In the next several months we intend to explore this possibility
further through analysis of interstitial pressure and hypoxia analysis. We hope to complete additional
mouse studies using the PyMT mouse model.

We are also in the process of initiating a set of collaborative studies with members of Georgia Technical
institute who have developed a novel technique that permits a comprehensive analysis of the visco
elasticity of the lungs of mice. Using this approach we hope to examine whether PyMT animals that
have been treated with LOX inhibitors exhibit lower levels of lung metastasis because there is reduced
cross-linking and stiffening of the lung tissue. This would suggest that circulating LOX could condition
the metastatic niche thereby fostering metastasis formation.

Moreover, to further examine the interplay between collagen cross-linking and tissue stiffening (ECM
stiffening) and breast tumor metastasis we have initiated collaborations with the Moses group. The
Moses group is assessing the effect of TGF beta and its effects on tissue inflammation and recruitment
of immature myeloid progenitor cells on breast tumor metastasis. Dr. Moses and colleagues showed that
analogous to human tumor that harbor loss of expression or mutations in the TGF beta receptor |1 PyMT
mice lacking this receptor develop tumors that are twice as aggressive as normal and these animals
develop lung metastasis after only 8 weeks! Intriguingly these mice show very strong myeloid
infiltration that precedes and is critical for this accelerated metastasis because inhibiting myeloid cell
recruitment prevents tumor metastasis. Our preliminary studies suggest that these myeloid cells secrete
high amounts of TGF beta into the tissue. Because TGF beta is a potent inducer of LOX expression we
are now assessing whether the accelerated tumor metastasis exhibited by these mice is linked to elevated
LOX mediated collagen cross-linking.

b. Write up experimental findings on biomaterial characteristics of primary and metastatic
murine tissues as a function of tumor type and stage and submit for publication in peer reviewed
journal. (Months 0-12) Completed.

This work was summarized and submitted for publication to the journal of Integrative Biology in July
2010. We received our reviews back from the journal in the fall of 2010. The work received favorable
comments however, several additional experiments were suggested. We therefore spent the fall and this
past winter conducting additional animal studies and AFM measurements on intact tissue as well as
isolated breast tumor cells. The work was resubmitted for consideration and we have received informal
communication that the work has now been accepted for publication (see Lopez et al., J Integrative Biol
Accepted; Attachment 1). We summarized our findings in this publication above and attach the article
for assessment in this report.

In addition to these in vivo studies we have also completed a comprehensive series of studies our studies
on characterization of self assembling peptide polymer gels. These studies include comprehensive
demonstration that analogous to collagen hydrogels (Miroshinova et al., J Physical Biology; attachment
2; figure 1), SAPs gels can be stiffened through increasing their concentration (Mirohsinova et al., J
Physical Biology, attachment 2; figure 2). Importantly, compliant SAPs and collagen gels incorporating
laminin 111 are able to support tissue morphogenesis and polarity (Miroshinova et al., J Physical
Biology; attachment 2; figure 3) and increasing SAP gel stiffness perturbs mammary tissue
morphogenesis (Miroshinova et al., J Physical Biology; attachment 2; figure 4). However, high collagen
concentrations simultaneously increase ligand binding sites, and reduce pore size. By contrast SAPs gels
with high concentration that are stiffer do not demonstrate changes in pore size, nor do they vary ligand
binding since they are synthetic. Thus, EM analysis showed that stiff collagen gels have greatly
diminished pore size and larger fibrils whereas stiff SAPs gels exhibit topologies strikingly similar to
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compliant SAPs (Miroshinova et al., J Physical Biology; attachment 2; figure 2). The physiological
relevance of this is illustrated by the fact that a stiff SAPs gel promotes MEC invasion whereas a stiff
collagen gel does not - something we are now exploring in greater detail. These studies demonstrate for
the first time that ECM stiffness per se may be sufficient to promote an invasive phenotype in human
breast tissue.

The results from this set of studies were summarized in the fall of 2010 and the manuscript was
submitted to the Journal of Physical Biology for consideration. We received favorable reviews back in
mid December 2010. After additional experiments were conducted to address reviewer suggestions, we
revised the article and sent it back to the journal. Recently, we received official email notification that
the article was accepted for publication. This week we received the galley proofs demonstrating that the
article went to press and should be published shortly. Therefore, we have attached the uncorrected galley
proofs as attachment 2 in this report. We expect that the article will be published either in the April or
May issues of the journal 2011 (Miroshinova et al., Journal Physical Biology 2011, In Press; attachment
2).

C. Assay using nano AFM, imaging methodologies and biochemical assessment the physical
and biochemical properties of human breast tissue as a function of breast tumor stage. This
will include an analysis of normal breast tissue, noninvasive breast lesions that have a
pathological phenotype consistent with nonprogression and those with an ™aggressive"
phenotype and invasive early stage ductal carcinomas. (Months 0-24). We have secured IRB
approval to conduct these studies and have been working with clinicians, surgeons and
pathologists at UCSF to acquire a repository of snap frozen human breast tumor specimens from
surgical discard tissue. Accordingly, these studies are well in progress.

We recently submitted our renewal for the IRB to conduct these studies and received approval. We were
able to complete the development of approaches with which to spatially map the materials properties of
these human surgically biopsied tissues and mastectomy tissue. tissues using AFM combined with
second generation harmonics, PS staining, IHC and H&E. This permits us to determine the precise
spatial relationship between changes in cell and ECM stiffness (AFM), remodeling and topological
features of the ECM and invasive behavior of the cellular fraction and tumor stage and progressive
nature. Thus far, in the past year we have been able to collect a range of normal adjacent,
noninvasive/premalignant/fibrotic and invasive breast tissue. See attached table of specimens (Table 1).
We have been systemically analyzing the physical properties of the ECM associated with these
developing lesions. Surprisingly, we determined that the visco elasticity of the normal human breast
mirrors that we measured in mouse tissue. Moreover, preliminary data suggest that the epithelial
architecture and region of the human breast dictates or is dictated by differences in ECM organization,
concentration and visco elasticity. In our next years report we hope to have completed a set of studies so
that we can make more definitive conclusions. We are also continuing to collect additional specimens
for our analysis. Thus far our preliminary data suggest that the human breast ECM in noninvasive
fibrotic lesions is significantly stiffer than that of the normal breast and that invasive tumors stiffen
further. Indeed, we noted that the invasive regions of human breast ECM are considerably stiffer than
normal breast ECM and significantly stiffer than that associated with a noninvasive, non-progressive
breast lesion (see Figure 7). Our goal for the upcoming year is to continue with our analysis of our
banked tissue specimens and to extend this work to different histophenotypes of breast tumors and
different stages of breast cancer versus non-progressive disease. Specifically, we are interested in
determining whether there is a difference in ECM rigidity between ER/PR positive and ER/PR negative
invasive breast lesions.
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TABLE 1

HUMAN BREAST SPECIMENS ACQUIRED FOR EXECUTION OF MECHANO
ANALYSIS OF MAMMARY GLANDS
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Figure 7 Mechanoanalysis of Human Breast as a function of Tumor Stage

Images: (Top row) Bright Field, (Second row) Hoechst staining for nuclei, (Third row) H & E
staining for histology (Bottom row) Atomic Force Microscopy (AFM) Heat Map images of visco
elasticity measurements of: normal, benign fibroadenoma and typical invasive ducatal carcoma
of human breast tissue. Bar graphs quantifying the AFM measurements reveal that normal
prophylaxis breast tissue contains normal looking ductal and alveolar structures and is quite
compliant. By contrast the mammary gland with a benign fibroadenoma is substantially stiffer
and that with an invasive ductal tumor is very stiff.
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d. Write up experimental observations on _human breast tissue including novel protocol to
measure "in situ™ human breast tissue and to build correlative spatial maps of invasive behavior.
(Months 18-24). This work is still in progress.

Some time this coming year we hope to be in a position to begin to assemble a paper with data compiled
throughout the winter and spring of 2011 so that by the end of the summer/early fall we will be able to
write a small article for a clinical journal. Dr. Weaver has been invited to present her findings at the
Annual San Antonia Breast Cancer meeting in December 2011 and hopes to be in a position to present a
completed body of work at the conference coincident with submission of an article for publication. Dr.
Weaver believes that disseminating these findings at this clinical meeting will greatly assist with clinical
translation of our work/ideas.

e. Continue to develop novel approaches to manipulate the stiffness of collagen and basement
membrane gels and apply new technology to modulate and re create the biophysical AND
biochemical properties of ECM microenvironment of the normal, pre malignant and
malignant breast. This will involve continued work with ribose cross-linkers but will also
extend to photo-activatable cross-linkers and incorporation of methods to orient collagen fibrils
and potentially to modulate their fibril architecture. Key parameters to be assessed will be
morphogenesis, proliferation, survival and invasive phenotype of nonmalignant epithelial cells
but also of pre malignant mammary epithelial cells (i.e. those with oncogenic/tumor suppressor
modifications typically found in DCIS or fibrotic human breast tissues (Her2, EGFR
amplification, altered myc, reduced BRCA1) (Months 0-24). These studies are still in progress.

Quantitative Assay of Collagen Cross-links in Mammary Tissue Thus far we have found that
intermolecular cross-links between tissue collagens represent an excellent means to increase the overall
mechanical rigidity of tissues without in principal increasing the overall collagen content. To this end we
identified lysyl oxidase (LOX) as a major enzyme that regulates intermolecular collagen and elastin
cross-links. We showed previously that reducing LOX activity increased stiffened the tissue and
inhibiting LOX activity reduced tissue stiffening. We then worked closely with collaborators to
biochemically assay the level and nature of the collagen and elastin cross-links present in tissues as they
progressively transformed and following LOX enzyme inhibition. In the past year we familiarized
ourselves with protocol to analyze collagen cross-linking in mouse and human tissue. Therefore, by
assaying accurately the tissue collagen content and numbers and types of collagen cross-links in normal
and tumorigenic mammary tissues we will be in a position to be able to determine if there is a positive
correlation with mammographic density in normal glands and whether collagen content/cross-links are
positively associated with tumor progression/histotype in murine models and human tumors and whether
there are positive correlations with other orthogonal metrics of tissue mechanics (ex AFM measurements
of tissue rheology).

To this end we have now begun applying previously published methods *° to sensitively identify and
quantify both tissue collagens and cross-links by HPLC of acid tissue hydrolysates. We have
successfully set up and validated both an assay for collagen content and that for both of the known
divalent cross-links in normal murine and human mammary glands, as well as human normal and
transformed tissue. Briefly, this technique involves using excised fresh or frozen tissues that have been
delipidated by extraction in chloroform:methanol, rehydrated, homogenized and then reduced by
treatment with sodium borohydride to stabilize divalent cross-links to acid hydrolysis. Following
reduction tissue homogenates are freeze-dried and then hydrolyzed to constituent amino acids by
treatment with 6N HCI for 24 hours at 110°C. After drying by evaporation amino acids cross-links are
redissolved in water and the sample is divided for assay of collagen content and the larger portion for
collagen cross-links. The smaller portion is used for assay of hydroxy-proline (OH-Pro) content by
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HPLC fractionation on a strong cation exchange column with post column derivatization using bn
ninhydrin and detection in an online flow through UV/Vis detector by absorbance at 440 nm. Integration
of the OH-Pro peak relative to a standard of known concentration allows conversion to molar content of
OH-Pro and molar collagen tissue content using the well established relationship of 14% mole fraction
of collagen as OH-Pro. Figure 8 shows baseline separation of OH-Pro peaks from Asp in purified
standards (Figure 8A), purified collagen I (Figure 8B) and in virgin murine mammary glands (Figure 8C)
validating the specificity of the assay and establishing sensitivity of detection in our hands of (estimated
from 4 week old virgin mouse mammary gland #4) of 1-2 mg wet weight of tissue (~0.5% of the total
gland). The larger portion of tissue acid hydrolysate is pre-fractionated on a column of fibrous cellulose
(CF-1) that enriches for cross-linked amino acids (that are adsorbed) and free (uncross-linked) amino
acids that flow through the column. Adsorbed cross-links are eluted in water, concentrated by
centrifugal evaporation and analyzed by HPLC fractionation on a strong cation exchange column with
post column derivatization using pthaldialdehyde and detection of the resulting derivatives in an online
flow through fluorometric detector with excitation of 334 nm and emission of 425 nm. Figure 9 shows
enrichment and excellent separation of the collagen cross-links hydroxyl-lysinoketonorleucine (HLKNL)
and dehydro-hydroxylysinonorleucine (A-HLNL) in CF-1 fractionated fresh frozen human normal and
mammary tumor acid hydrolysates. Validation of peak assignments (Figure 9A) is based on analysis of
demineralized bone (HLKNL> A-HLNL), relative orders of elution (HLKNL before A-HLNL),
similarity to published chromatograms *°, and most importantly peak loss in the absence of reduction
prior to acid hydrolysis (both HLKNL and A-HLNL are destroyed in the latter case). Unlike in
demineralized bone presumptively vascular elastin cross-links (isodesmosine and desmosine;
incompletely resolved and tentatively assigned based on published chromatograms™ are also detected in
normal and tumor mammary glands (Figure 8B). Figure 8A (Inset) also shows the improvement in
detection sensitivity realized using pthaldialdehyde and fluorometric detection vs ninhydrin and
absorbance detection as described by Avery et al.”®. As a result estimated sensitivities of detection for
HLKNL and A-HLNL are at about the level of 10 mg wet weight of tissue (human mammary gland)
corresponding to a cubic volume of tissue estimated at a 2-3 mm on each side. These sensitivities are
reliably below the size of tumor samples available to our laboratory. Current work is now focusing on
increasing assay throughput and expanding the number of analyzed samples.

f. To continue to manipulate and calibrate bioreactor device to apply a calibrated mechanical
force (compression) to 3D cellular organoids for the study of effects of force on tissue behavior -
in particular treatment responsiveness. (Months 0-18). These studies are still in progress.

We have on hand a force reactor and have been working with our colleagues from the University of
Pennsylvania to use HA gels to test the effect of 10-20% compression loading (constant versus cyclical)
on mammary tissue integrity. We have successfully calibrated this device and as reported in last years
summary we could show that 15% cyclical compression loading stress is sufficient to modify MEC acini
stability. These results have already been reported. However, one of the issues we have encountered
with the current device is that long term studies are problematic in that the current system does not
permit fluid exchange. Moreover, the gel size is quite small and therefore gene expression studies and
protein analysis is quite challenging. Therefore, as outlined below to address this issue we are in the
process of obtaining design drawings to build an in house set of compression loading devices with easy
fluid exchange capabilities. This will not only permit long term studies with excellent cell feeding
capabilities but will also permit us to conduct periodic samples of conditioned media. This should help
us to determine whether compression loading alters the expression and section of active factors e.g. pro
inflammatory chemokines and cytokines that could promote tumor evolution and progression as well as
modify treatment response.
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Figure 8. HPLC Assay for Tissue Collagen Content (Hydroxy-Proline).

Line graphs showing two buffer gradient HPLC fractionation of amino acids from standard
mixture (A.) or acid hydrolysates of purified mouse collagen I (B.) and mouse mammary gland
#4 (equivalent to 1 mg wet weight of tissue) on a strong cation exchanger (4.3 mm x 25 mm
column) detected by absorbance of post column ninhydrin derivatives with a timed programmed
detector change from 440 nm (secondary amines OH-Pro and Pro) and 570 nm (primary amines)
to enhance sensitivity of detection. Peak corresponding to OH-Pro standard is circled in red and
the corresponding peak in collagen (B.) or mouse mammary gland samples (C.) is indicated.

21



W81XWH-05-1-330 Principal Investigator: Weaver, Valerie M. Ph.D.

Figure 9. HPLC Assay for Tissue Collagen (and Elastin) Cross-links. Collagen cross-links detected and resolved
in a CF-1 bound fraction of acid hydrolysates from demineralized bone (A.) and human normal (prophylactic
mastectomy of contralateral breast, Brca2+; blue trace) and human tumor (Invasive Ductal Carcinoma, grade II;
Ductal Carcinoma In Situ, grade |, ER+/PR+, Her2+,Brcal/2-; red trace) (B.) by HPLC on a strong cation exchanger
(4.3 mm x 25 mm column).A. Identification of peaks corresponding to HLKNL (hydroxy-lysinoketonorleucine) and
A-HLNL (dehydro-hydroxylysinonorleucine) by comparison of identical samples of demineralized bone hydrolyzed
with (blue trace) or without (red trace) sodium borohydride reduction prior to acid hydrolysis. Both HLKNL and A-
HLNL are destroyed by acid hydrolysis if not reduced and are lost from the trace. HLKNL is more abundant than A-
HLNL in bone and is expected to elute before A-HLNL under these conditions leading the indicated assignments.
The same quantity of reduced sample of demineralized bone detected with post column derivatization with Ninhydrin
and detection of absorbance at 570 nm is shown in the inset in A. as compared to the larger trace showing fluorescent
detection of pthaldialdehyde derivatives indicating the large increase in sensitivity obtained using fluorescent
detection. B. Peaks with identical retention times to those indicated in samples from demineralized bone are
identified as HLKNL and A-HLNL in samples of human normal and tumor breast tissue. Presumptive elastin cross-
links, isodesmosine (I-Des) and desmosine (Des) (tentative identification based on elution positions of cross-links in
published chromatograms assayed under identical conditions and incompletely resolved) are also indicated.
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g. To modify the existing bioreactor so that it is encompasses a fluid exchange system that will
allow us to change media and maintain longer term culture conditions. We are also keen to try to
assess the effects of hypoxia AND mechanical changes in microenvironment together since these
two characteristics so often are changed in tandem in human breast. Both conditions are known
to drive/modulate treatment responsiveness. Thereafter, once the bioreactor has been developed
we will assess short term and long term consequences of modulating mechanical force on
mammary epithelial cell morphogenesis, proliferation, survival and invasiveness - in breast cells
that are nonmalignant and those that harbor pre malignant oncogenic and tumor suppressor
changes (see above). (Months 12-24). We are in the process of obtaining CAD CAM blueprints
from our collaborators at Olin Engineering College to build our modified device at UCSF.

h. Using new generation of biocompatible materials _assess the responsiveness of
nonmalignant __and __oncogenically/tumor__ suppressor _modified breast cells to
chemotherapeutic agents including doxorubicin, etoposide, paclitaxel and gamma radiation as
well as immune receptor activators such as TNFa and TRAIL. This will be deduced through
viability assays, apoptosis analysis and clonogenic survival curves and will encompass dose
dependency assessment as well as time course analysis. (Months 12-24). These studies are now
in process.

Our SAP studies illustrated that we could use these self assembling peptide polymer gels provided they
were spiked with small quantities of purified laminin or reconstituted basement membrane to generate
mammary acini that recapitulate that achieved using reconstituted basement membrane gels or collagen
gels spiked with basement membrane (see Miroshinova et al., J Physical Biology 2011; attachment 2;
figure 1 & 2). We also determined that increasing the concentration of the SAPs gels increased their
stiffness and this was sufficient to destabilize mammary epithelial tissue architecture. Importantly, we
noted that while increasing ECM stiffness by elevating collagen concentration simultaneously reduced
pore size, altered ECM fiber diameter and increased ligand binding sites in the range of stiffness we
used for the SAPs gel experiments none of these compounding effects were observed. This means that
we now have for the first time ever a tractable system with which to manipulate ECM stiffness
independently and study effects on tumor progression and treatment response. Indeed, independently
increasing ECM stiffness using the SAPs gels also suggested that ECM stiffness per se might be
sufficient to induce breast cell invasion EVEN in the absence of overt oncogenic changes! We also
worked out methods to conduct immunohistochemistry and monitor gene expression. These studies
illustrated that not only does ECM stiffness change the morphology of mammary epithelial tissues but
stiffness additionally modifies gene expression towards that found in breast tumors including increasing
total fibronectin gene and protein expression and elevating levels of the epidermal growth factor
receptor (see Miroshinova et al., J Phyiscal Biology 2011; attachment 2; figures 3 & 4).

I. Complete revisions required to publish articles identifying a novel repressor mechanism that
inhibits efficient treatment responsiveness in breast tumors that is mediated through N-
CoR2/HDAC3. This work is STILL in PROGRESS and we now hope that after further
modifications we should be finally able to have the article accepted for publication in a
sufficiently high profile journal.

This article was previously submitted to Nature Medicine and last year we were optimistic that we

would finally have word that the article was accepted and would be published. However, this task is

more challenging than originally anticipated. The article showed that Nuclear co-repressor 2

(NCoR2/SMRT) is part of the epigenetic mechanism which enhances cell survival by inhibiting pro-

apoptotic and pro-inflammatory genes and through which tumors resist treatment (see Tsai et al.,

revision Nature Medicine; attachment 3). NCoR2/SMRT (Silencing Mediator of Retinoid and Thyroid
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hormone receptors) and NCoR (Nuclear hormone receptor-Co-Repressor) were originally identified as
co-repressors for nuclear receptors however we and others now have demonstrated that the molecule
works as a more generic scaffolding molecule that can equally inhibit and stimulate gene expression 22,
We found much to our surprise that the molecule was significantly up-regulated in treatment resistance
breast tissues. When we generated an NCoR2 gene regulation signature we could demonstrate that this
gene expression signature had profound prognostic power. (Months 0-12)

Last year we finally received reviews back from Nature Medicine that requested extensive new
experiments. Therefore to address reviewer's comments and editorial suggestions we extensively revised
the article and extended our original findings to identify a novel bystander mediated death regulatory
mechanism. This was illustrated by demonstrating that NCoR2 interacts with and modifies the activity
of a key transcription factor that regulates inflammation and death induction in breast cells by
outcompeting CBP (see Tsai et al., revision Nature Medicine; attachment 3; figure 6). The article was
therefore resubmitted for consideration late fall 2010. However, despite the fact that these data are
highly significant a new set of reviewers again sent back a long list of comments and suggested
experiments. The reviewers remain unconvinced by some of the findings. This has more to do with the
fact that conventional wisdom views tumor cell survival as essentially a cell intrinsic mechanism
dictated primarily by a balance of pro apoptotic and anti apoptotic signaling as well as regulated
autophagy. Our data instead posit that treatment responsiveness is contingent upon initiating a tissue
wide amplification that depends upon up-regulation of pro inflammatory pro death secreted gene/factors.
This fact is based upon clinical observations and recent findings that virtually all therapies in tissues
respond through up regulation of factors such as TRAIL which can stimulate death induction in
surrounding cells. Yet, the main stream research community takes time and intensive experimental
evidence before they will accept such a new idea.

My group has been studying the role of cell and tissue context in tumorigenesis of the breast and
treatment responsiveness. We are highly committed to exploring this important issue so despite such
difficulties in publishing our findings we intend to continue the work until such time as it has been
accepted. Thus reviewers requested the addition of yet more experiments in animals and additional
molecular manipulations. Another critiqgue has to do with clinical relevance. Although we could
definitively show that an NCoR2 gene signature could accurately predict treatment resistance and
patient disease recurrence and mortality the reviewers insist upon further studies. They could not believe
that NCoR2 could be a conserved mechanism that elicits resistance to treatment. In particular, with such
a strong trend emphasizing personalized medicine and signaling pathway or oncogene involvement they
are insisting that we identify whether this pathway is enriched in tumor initiating or stem like cells or is
more represented in one sub class of breast tumors. Accordingly, we are now in the midst of conducting
experiments to address these newest concerns. We are in the process of determining whether NCoR2
regulated genes might prove useful for predicting non-responsiveness in high grade non-responsive
triple negative human breast tumors. This is being done through access of additional micro array data
sets as well as by collaborations with Laura Esserman and Laura Van Der Veer at UCSF with the
ongoing clinical trials for triple negative breast cancer as well as collaborations with Alana and Bryan
Welm at the Huntsman Cancer Clinic, University of Utah in Salt Lake City, Utah. These next 4-6
months will be dedicated to completing new studies and resubmitting the manuscript either back to
Nature Medicine or else to another suitable high profile Cancer related journal.

In addition to these ongoing studies we have been exploring additional mechanisms by which NCoR2
could influence breast tumor aggression and treatment resistance. Both NCoR2 and NCoR1 make direct
contact with their nuclear receptor partners and then recruit additional components of a large corepressor
complex that includes HDACs, TBL1, TBLR1 and GPS2%%. NCoR and NCoR2 also mediate
transcriptional regulation by variety of other factors, such as NF-kB®®, serum response factor?’, AP-1
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proteins?’, Smads®®, RBP-Jk/CBF-1%, c-Myb®, PLZF, BCL-6%, PBX/Hox proteins®’, ETO-1 and ETO-
2%, and MyoD** among others.

Our earlier work showed that NCoR2 enhances cell survival of mammary epithelial cells by recruiting
and activating histone deacetylase 3 (HDAC3), which prevents the expression of key apoptotic
mediators including the death receptor ligand tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) (Tsai manuscript in revision, attachment 3). Three regions of the co-repressors mediate the
interaction with HDAC3, the most N-terminal of these regions (deacetylase activation domain, DAD)
not only binds HDACS3, but also activates the enzyme, which is otherwise inert*>*. In addition to
HDACS3 (class | HDAC), NCoR2 interacts with class Il HDACs: HDAC4, HDACS and HDAC7, but in
vitro experiments showed that these HDAC proteins do not possess intrinsic enzymatic activity and
moreover they are inactive in the context of the NCoR2-HDAC3 complex and do not contribute to its
enzymatic activity, which suggests that class Il HDACs regulate transcription by bridging the
enzymatically active NCoR2/NCoR-HDAC3 complex and select transcription factors independently of
any intrinsic HDAC activity®”*. In contrast to class | HDACs, which are ubiquitously expressed in most
cell types, class Il HDACs are expressed in tissue specific manner and have been implicated in the
regulation of muscle and cardiomyocyte differentiation and in the processes of thymocyte maturation®*“°.
Class 1l HDACs have been shown to physically interact with several tissue-specific transcriptional
factors, among others with myocyte enhancer factor 2 (MEF2) transcription factors***®. MEF2D and
MEF2C members of the MEF2 family of transcription factors also directly bind HDAC3 (class |
HDAC). The interaction between HDAC3 and MEF2 proteins is mediated through MADS box, a
domain contributing to DNA-binding properties of MEF2 factors®. The MEF2 region responsible for
binding to HDAC4/5/7/9 is the second part of the DNA-binding domain localized away from the MADS
domain®. Moreover, in-vitro experiments showed that HDAC3, but not the other HDACs interacting
with MEF2D deacetylated and thus modulated its transcriptional activity. MEF2D also directly
interacted with full-length NCoR2 protein, which proved that MEF2D, HDAC3 and NCoR2 form a
trimeric complex and that NCoR2 cooperates with HDAC3 to repress MEF2-dependent transcription®,

The function of MEF2D and its interacting HDACT7 has been further studied in the context of thymocyte
maturation. HDACY is highly expressed in CD4+, CD8+ double-positive thymocytes, where it inhibits
the expression of Nur77, an orphan receptor involved in apoptosis and negative thymocyte selection, via
the transcription factor MEF2D. In resting thymocytes, the complex of MEF2D-HDAC? is nuclear and
functions as transcriptional repressor. HDAC?7 plays a critical role in determining the threshold level at
which a developing T cell undergoes positive versus negative selection, modulating the apoptotic
response of developing thymocytes in response to T-cell receptor (TCR) activation. Upon TCR
activation, HDAC?7 is exported from the nucleus leading to Nur77 expression and TCR-mediated
apoptosis***>. HDAC?Y is exported to the cytoplasm by a calcium-independent signaling pathway after
TCR activation. PKD1, a serine/threonine kinase, which is activated after TCR activation®® interacts
with HDAC?7 and phophorylates three serine residues at its N-terminus leading to the export of HDAC7
from the nucleus®’. Later after TCR activation myosin phosphatase specifically interacts and
dephosphorylates HDAC?7, which leads to nuclear import of HDACY. In the nucleus HDACY7 interacts
with MEF2D and they cooperatively repress Nur77 expression and thus inhibit the apoptosis*®. HDAC7
has been also reported a subject of nucleocytoplasmic shuttling in response to VEGF. VEGF plays a key
role in angiogenesis by regulating proliferation, migration and survival of endothelial cells. VEGF
induces phosphorylation of HDAC?7 via protein kinase D, which promotes nuclear export of HDAC7
and activation of VEGF-responsive genes in endothelial cells*.

Although NCoR2 and it interacting HDACs have been mostly studied in the context of thymocyte
maturation and muscle differentiation epigenetic regulation of gene transcription is becoming
particularly interesting in the cancer field. The result of epigenetic alterations can be aberrant
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transcriptional regulation that leads to change of expression pattern of genes involved in cellular
proliferation, survival and differentiation”*>°. Data suggest that deregulation of acetylation and
deacetylation leads to abnormal gene expression in some forms of cancer®*. For example, histone hypo-
acetylation associated with abnormal recruitment of HDACSs to promoter of tumor suppressor genes has
been shown to be related to the initiation and progression of acute promyelocytic leukemia®. Consistent
with this observation, HDACs are overexpressed in prostate, colon and breast cancers >*°’, which makes
them promising anti-cancer drug targets™.

We observed that HDAC-interacting NCoR2 protein was significantly elevated in 3D organotypic
cultures of mammary epithelial cells and this elevated NCoR2 expression endowed them a resistance to
cytotoxic drugs and radiation (Tsai, manuscript in revision; attachment 3), a phenotype similar to the
multidrug resistance phenotype found in human cancers®*®. While elevated NCoR2 expression level is
associated with tumor progression and treatment resistance in breast cancers, the NCoR2 is also
relatively broadly expressed in normal tissue. This observation indicates that NCoR2 has probably
different functions in normal and tumor tissue. It is believed that the level of NCoR2 expression, as well
as binding of NCoR2 to different proteins contributes to different functions of NCoR2 in normal and
transformed epithelial cells. Accordingly we have been focusing on the identification and
characterization of other proteins, which are part of the epigenetic NCoR2-HDAC complex in the
context of normal and tumor breast tissue.

Although MEF2D transcription factor has been shown to interact with HDAC3 and through other
HDACs with NCoR2 in maturing thymocytes*®*® and during muscle differentiation®, there is not much
known whether MEF2D or other MEF2 factors play a role in tumor progression and treatment
responsiveness. In vitro data suggest that up-regulated MEF2C levels possibly play a role in the
invasiveness of myeloid leukemia cells®®®. Since MEF2 transcription factors have never been
systematically studied in the processes of breast cancer tumor progression and treatment we have been
examining whether MEF2 proteins play a role in breast tumorigenesis and breast tumor cell survival and
if so whether this role is mediated through their interaction with epigenetic complex NCoR2-HDAC:sS.

In vertebrates MEF2 family of transcription factors comprises of four members: MEF2A, MEF2B,
MEF2C and MEF2D*. MEF2 proteins contain a highly conserved MADS-box and adjacent MEF2
domain, which together mediate binding to DNA and interaction with protein partners. They exhibit
partially overlapping expression patterns in during embryogenesis and in the adult tissues, with the
highest expression in cardiac and skeletal muscles and in the brain®. MEF2 proteins play a role in many
processes: in cardiac and skeletal muscle growth and differentiation®®® T-cell apoptosis during
thymocyte maturation®®*®, control of neuronal differentiation and survival®® ™. Interestingly, MEF2C
protects differentiating neurons from apoptotic death, which is in contrast with the pro-apoptotic role of
MEF2D during thymocyte development.

Breast malignancy is associated with reduced MEF2C expression

To determine the expression levels of MEF2 genes we performed quantitative RT-PCR analysis in
normal breast tissue and in samples from primary breast tumors. The analysis showed that levels of
MEF2C transcript were significantly reduced in ER+/PR+ (~46%) and ER-/PR- (~59%) primary
mammary tumors compared to normal breast tissue (see Figure 10A). Similar analyses of MEF2A and
MEF2D transcription levels did not show statistically significant results.

Analysis of the level of expression MEF2C from the NKI1-295 data set’? representing patients with
and without metastasis.
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The NKI-295 data set contains gene expression profiles of breast cancer biopsies collected from 295
patients with primary invasive breast carcinoma. The Student’s t-test with equal variance showed that
MEF2C expression was significantly reduced in patients with metastasis compared to non-metastatic
patients (p=0.023) (Figure 10B). These results are at least consistent with the notion that reduced
MEF2C expression is associated with breast malignancy and it is more pronounced in patients with
more aggressive disease, such as in patients with distant metastasis.

Low MEF2C expression is associated with decreased survival and shorter disease-free period in
breast cancer patients

We next examined whether the low or high expression level of MEF2A, MEF2B, MEF2C and MEF2D
genes was associated with survival and occurrence of metastasis in breast cancer patients. To answer this
question we used publicly available NKI-295 data set of gene expression microarray data of breast
tumor biopsies and their accompanying clinical outcome data 2. The NKI-295 data set was obtained
from Rosetta Inpharmatics (http://www.rii.com/publications/2002/nejm.html). This data set contains
gene expression profile of 24,496 genes in breast cancer biopsies collected from 295 patients with
primary invasive breast carcinoma and clinical data with the outcomes from patients of the same cohort.
The expression levels of MEF2A (NM_005587), MEF2B (NM_005919), MEF2C (NM_002397) and
MEF2D (NM_005920) were set as dichotomous variables with “high” expression defined to be more
than 1.2 times the average expression level for all patients in the cohort. All other patients were
classified as having “low” expression of the particular gene. The statistical analyses, which included
Kaplan-Meier estimates, log-rank test, Cox-proportional hazards model and unpaired Student’s t-test
was performed in statistical software STATA. The log-rank analyses were used to correlate high and
low expression of MEF2 genes with patient survival. These analyses showed that only MEF2C
expression levels, but not the levels of other MEF2 genes correlated with patient’s survival. The log-
rank test showed statistically significant difference between high and low MEF2C expression and
patient’s survival (p=0.02). The corresponding Kaplan-Meier (K-M) curves documented that low
MEF2C expression is associated with decreased survival in breast cancer patients (Figure 11A). The
Cox-proportional hazards model of the high and low MEF2C expression and patient survival showed
statistically significant result (HR=0.57; p=0.023; 95%CI 0.35 to 0.92). This result indicates that the risk
of death is 43% lower for person with high MEF2C expression than for person with low MEF2C
expression. As expected, the Cox-regression analyses of MEF2A, MEF2B and MEF2D expression and
patient survival did not show statistically significant results.

We then examined whether the expression level of MEF2 genes correlated with the recurrence of the
disease defined by diagnosis of metastasis. Similarly to survival analysis, only MEF2C was significantly
correlated with remaining disease-free (p=0.003). The K-M curves showed that low level of MEF2C
expression is associated with shorter disease-free period in breast cancer patients (Figure 11B). The
Cox-proportional hazards model of MEF2C expression and remaining metastasis-free showed that the
hazard of developing metastasis is 47% lower for patients with high MEF2C level than for patients with
low MEF2C level and this result was statistically significant (HR=0.53; p=0.004; 95%CI 0.34 to 0.81).
We also performed subgroup analyses to assess whether MEF2C level can predict survival in patients
with lymph node positive/negative and estrogen receptor positive/negative subgroups. Neither the result
of the log-rank analysis of MEF2C level and patient survival in the patients with lymph node positive
status (p=0.18) nor the result of the analysis of MEF2C level and patient survival in the patients with
lymph node negative status (p=0.06) showed statistically significant result, although the result of the
lymph node negative subgroup was approaching the level of statistical significance. The log-rank
analyses of MEF2C expression and patient survival in estrogen receptor 1 (ER1) positive and ER1
negative subgroups showed dramatically different results. While the high level of MEF2C expression
was highly correlated with increased survival in patients with ER+ tumors (p=0.007) (Figure 11C), the
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level of MEF2C expression was not correlated with patient survival in ER- subgroup (p=0.56) (Figure
11D). These data at least are consistent with the idea that the level of MEF2C transcription factor might
be used to predict metastatic dissemination and survival in breast cancer patients. Low expression level
of MEF2C transcription factor significantly correlates with shorter patient survival and with higher
occurrence of metastasis. Interestingly, the subgroup analysis revealed that perhaps the level of MEF2C
gene is strongly associated with survival only in patients with estrogen receptor positive, but not in
patients with estrogen receptor negative tumors which differ from results obtained using the NCoR2
signature which suggests a stronger relationship to triple negative breast tumors. This work is very
preliminary however and will require extensive experimentation. We also need to assess relationship to
NCoR2 and HDAC3 expression and function that associate with MEF2C.

MEF2C modulates survival of mammary epithelial cells

To explore the relationship of MEF2C expression and tumor cell grade, we examined the effect of
MEF2C loss on survival and tissue differentiation of mammary epithelial cells. We found that MEF2C is
moderately expressed in non-malignant mammary epithelial cell line MCF10A and were essentially
undetectable in the ER-, basal-like breast cancer cell line MDA-MB-231 (data not shown). The status of
MEF2C in a panel of breast tumor cell lines is under way.

Nevertheless, to address the functional significance of MEC2C and to determine if the molecule
regulates breast cell survival we used siRNAs to knock-down MEF2C levels in MCF10A cells. We
obtained a variety of MEF2CshRNA lentiviral clones to knockdown the gene and determined that one
clone (#15813, Sigma) was quite effective at reducing overall steady state MEF2C levels.

After verifying efficient MEF2C knockdown we assayed for effects on mammary tissue morphogenesis
using the reconstituted basement membrane assay. We could show that loss of MEF2C had little to no
effect on basal polarity and cell-cell junction formation as indicated by the ability of the breast cells to
deposit an endogenous basement membrane indicated by laminin 5 immunostaining at their basal
domains and to localize beta catenin at cell-cell junctions (Figure 12, top). However, and most
procovatively and consistent with its association with HDAC3 and NCoR2 MEF2C loss led to
retardation of lumen formation and reduced apoptosis induction induced in the breast epithelial cells
located within the central region of the mammary spheroids. Thus, the mammary colonies with reduced
levels of MEF2C failed to clear their lumens even after 3 weeks of culture within reconstituted basement
membrane (see Figure 14 for quantification) and this was likely due to reduced apoptosis induction
through loss of basement membrane interactions as indicated by lower levels of activated caspase 3 (see
Figure 13). These observations indicate that MEF2C interactions with NCoR2/HDAC3 may be
regulating breast epithelial cell survival. In the next year we will complete these studies and write and
submit an article for publication. We are anxious to determine if MEF2C co association with
NCoR2/HDAC3 might provide additional insight into the molecular function of NCoR2 in normal
versus breast tumor cells.
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Breast malignancy is associated with reduced MEF2C expression.

Figure 10 MEF2C expression is significantly reduced in breast cancer compared to normal
breast tissue.
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Figure 10A: MEF2C mRNA levels (normalized to 18S) are decreased in ER+/PR+ (N=10;
p=0.013) and in ER-/PR- (N=15; p=0.005) primary mammary tumors compared to non-
malignant tissue (N=5).

Figure 10B: MEF2C expression* is reduced in samples from patients with metastasis (met,

N=101) compared to patients without metastasis (no met, N=194; p=0.023) in the NKI-295
dataset (* in logarithmic scale normalized to the mean intensity for all samples).
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Fig.11 Low MEF2C expression is associated with decreased survival and shorter disease-
free period in breast cancer patients. The NKI-295 data set [van de Vijver 2002] was obtained
from Rosetta Inpharmatics. The predictor-intensity of gene expression was dichotomized with
“high” expression defined to be more than 1.2 times the mean expression level for all patients in
the cohort.

11A 11B

Figure 11A: Low MEF2C expression is associated with decreased survival in breast cancer
patients (p=0.02).

Figure 11B: Low MEF2C expression is associated with shorter disease-free period in breast
cancer patients (p=0.003).

11C 11D

Figure 11C, 11D: Subgroup analysis: low MEF2C level is associated with shorter survival only
in estrogen receptor 1 positive (ER+) (N=226; p=0.007), but not in ER- (N=69; p=0.56) patients.
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Fig. 12 Immunofluorescence images of B-catenin (red), B4 integrin (green), laminin-5 (green)
and nuclei (blue) in non-malignant MCF10A colonies and in colonies of MCF10A cells
expressing MEF2C shRNA. The cells have been cultured for 21 days in matrigel (scale
bar=20pum).
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Figure. 13 Immunofluorescence images of caspase-3 (red), phalloidin (green) and nuclei (blue)
in non-malignant MCF10A colonies and in colonies of MCF10A cells expressing MEF2C
shRNA. The cells have been cultured for 14 days in matrigel (scale bar=20um).
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Figure 14 Bar graph quantifying lumens observed in MCF10A colonies (N=100) and in colonies
of MCF10A cells expressing MEF2C shRNA (N=100) that have been cultured in matrigel for 21
days.
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Extracellular Matrix Context Dictates Cell Survival

In addition to these studies on MEF2C we have begun to explore why cells encountering a matrix in
three dimensions and not two dimensions exhibit such a profound enhancement of their survival
phenotypes. This has led us to explore in more detail the role of ECM topology in cell survival.

Apoptosis resistance plays a key role in malignant transformation, metastasis and development of multi-
drug resistance in breast cancer”. In mammalian cells, growth and apoptosis programs can be switched
by either promoting or preventing cell spreading’. Cell spreading is mediated by interaction and binding
of integrins in the plasma membrane to the extracellular matrix and integrin adhesion is considered to
promote cell survival. Furthermore, earlier work from our lab showed that in non-spread mammary
epithelial cells (MEC) grown in 3D to form acinis, cell survival is directed by a6B4 integrin binding to
laminin and requires Racl and NFxB'">"®. However it is not known how non-spread single cells survive
in 3D before dividing and forming multicellular structures.

The third dimension promotes survival in the absence of spreading.

To address this issue of non-spread cell survival in 3D, we generated laminin-1 coated micro-fabricated
matrices with defined surface area to restrict MEC spreading while maintaining laminin-ligation of
integrin receptors constant’’. Consistent with what has been previously reported for endothelial cells on
fibronectin coated surfaces’, we observed that cell spreading is also critical for MEC viability in 2D
(Figure 15A and 15B). Spreading surface had to be higher than a square of 25 um size to exhibit similar
survival rates as cells spread on unpatterned surfaces, without spreading limitations. MECs viability was
also severely compromised when we plated MECs on compliant (140-400 Pascals) 2D basement
membrane or laminin-1 conjugated polyacrylamide gels (PA gels) (Figure 15C) where MECs do not
spread. This was in striking contrast to the continued maintenance of growth and viability observed in
2D cultures of MECs plated on basement membrane-conjugated stiff gels which support cell spreading™.

To determine whether dimensionality could account for the enhanced viability in non-spread MECs
embedded within reconstituted basement membrane gels, we overlaid the non-spread MECs plated
either on the micro-fabricated laminin-coated surfaces (8, 12 and 17 um squares) or on the soft basement
membrane-conjugated PA gels with either 200 pug/ml of reconstituted basement membrane (Matrigel) or
purified laminin-1 (150 pg/ml) (Figure 15C and 15D). In both instances, application of three
dimensional laminin extracellular matrix was able to significantly rescue cell viability.

Laminin binding to a6p4 integrin mediates spreading independent survival in the third dimension.

To further characterize the components of the extracellular matrix and its integrin ligand needed to
maintain cells alive in 3D, fibronectin or collagen was applied as overlay at 150 ug/ml each on micro-
fabricated with the 8 um square pattern. None of those two matrices was able to restore cellular viability
to non-spread MECs, suggesting that cell viability of MECs in 3D depends upon a laminin extracellular
matrix (Figure 16A). The two major receptors for laminin known in MECs are integrin o331 and a.6p34
"8 We showed that integrin a.6B4 binding to autocrine laminin-5 is essential for anchorage-independent
survival in a 3D matrix of mammary epithelial tumor cells””. However, the MECs cells used in this
study (MCF-10A and HMT-3522 S1) are non-malignant mammary epithelial cells. To indentify the
potential binding partner, we blocked integrin B1 or B4 receptors with function blocking antibodies for
24 hours in cells grown in 3D with a laminin overlay on micro-fabricated surfaces with a pattern of 8
um side length and determined effects on cell viability. Compared to cells in a 3D laminin overlay with
or without IgG as controls, in these short term cultures, only blocking B4 integrin compromised the
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viability of non-spread MEC cells in 3D (Figure 16B), corroborating that spreading independent survival
in 3D is mediated by B4 integrin. To directly determine if 4 integrin is necessary for MEC survival, we
knocked down B4 integrin using lentiviral ShRNA. After validating that B4 integrin levels were
significantly reduced, viability of MECs in 3D laminin extracellular matrix was assayed. In accordance
to what we saw with 34 integrin function blocking antibodies, knocking down (34 integrin significantly
compromised the survival of 3D non-spread MECs (Figure 16C). Furthermore, to verify that survival is
not merely due to more binding of integrin a6B4 to laminin in 3D, we used HMT-3522 S1 over-
expressing integrin B4. The over-expressed protein was properly located at the plasma membrane as
shown by FACS sorting in Figure 16D. By performing an integrin-laminin cross linking assay in 2D, we
showed that these cells have more integrin B4 -laminin bonds than the parental HMT-3522 S1 cell line
(Figure 16E). However, over-expressing integrin B4 in those cells did not rescue the apoptotic
phenotype in 2D on soft substrate (Figure 16F). All together, these results strongly suggest that a6p34
integrin is critical for the viability of non-spread MECs, end that viability is not driven by more integrin
4 -laminin bonds in 3D.

Survival in the third dimension is supported by a6p4 integrin-dependent Racl activation.

It is well established that binding of integrin B4 to laminin can induces the activation of multiple
signaling cascades”. Signaling through the cytoplasmic tail of B4 leads anchoring-independent survival
in 3D of mammary tumor cells by activation of the small GTPase Rac1”, invasion and survival via Pl 3-
kinase® and mediates proliferation through a Ras-MAP kinase/ERK pathway®. Additionally, in non-
malignant MEC grown in 3D to form spheroids, resistance to apoptosis is supported by elevated o634
integrin-dependent Rac1-Pak signaling’®. However, it is unknown if Racl activation is involved in the
initial cell survival, before the single MEC grown in 3D divides to give rise to spheroids. To investigate
which B4 integrin dependent signaling pathway is involved in survival of non-spread cells in 3D, we
used pharmacological inhibitors for PI 3-kinase (LY29002), for the MEK1 and MEK2 (U0126) (leading
to downstream inhibition of ERK) and for the GTPase Racl (NSC237766). Only the inhibition of Racl
activation compromised viability of MECs in 3D (Figure 17A), suggesting that activation of Racl by
integrin 4 is responsible for the survival phenotype. To verify the role of Racl in survival, we assayed
cells grown for 24 hours on soft polyacrylamide gels of 150 Pa in 2D and 3D for Racl activation. The
level of active GTP-bound Racl was increased by a 2.5 fold in 3D non-spread MECs compared to 2D
non-spread cells (Figure 17B). The direct role of B4 integrin on Racl activation in MECs was verified in
HMT-3522 S1 cells over-expressing 4 integrin at the plasma membrane (Figure 17C). In these cells,
Racl activition was increased by a 10 fold compared to control HMT-3522 S1 cells (Figure 17C).
However, over-expression of the constitutively active mutant Rac1V12 in non-spread MECs did not
rescue cell death in 2D, suggesting that a tide regulation of the signaling pathway induced by laminin
binding to $4 and Racl activation is necessary for survival (Figure 17D).

p21l-activated kinase 1 activity downstream of Racl activation is necessary for survival in the third
dimension

Rho GTPases activate signaling pathways through effector proteins®®. The p21-activated kinase (Pak)
family of serine/threonine kinases are effectors for Rac and Cdc42, and have been involved in cellular
processes such as cell morphology, cell migration, survival, gene transcription, apoptosis and hormone
signaling®®. From earlier work, we know that a.6p4 integrin activates Rac-dependent Pak1 to drive NF-
«B-dependent resistance to apoptosis in 3D mammary acini’®. We now show that levels of
phosphorylated Pak (as read-out of activated Pak) are increased in 3D non-spread MECs, compared to

2D non-spread cells (Figure 17E). Apoptosis of 2D non-spread MECs was also partially rescued when
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we over-expressed Pakl WT, indicating again that Pak 1 is part of the signaling pathways promoting
non-spread MEC survival (Figure 17F).

Matrix dimensionality regulates MEC survival by inhibiting MMP activity.

Because Rac has a plethora of cellular effector targets - which can either promote or inhibit cell death
we wondered whether dimensionality could be restricting Rac effector actions. Consistently, we noted
that non-spread MECs in 2D produced high levels of ROS and that V12Rac greatly enhanced this effect.
In contrast, non-spread MECs in 3D had greatly diminished ROS levels and V12Rac only modestly
increased ROS in these cells (Figure 18A). Indeed, when we treated 2D non-spread MECs with a few
general ROS scavengers we observed a marked increased in cell survival (Figure 18B). Similarly, and
more importantly, when we expressed a V12Ainsert Rac which fails to interact with NADPH and
therefore cannot increase NADPH-dependent ROS we were able to fully rescue the viability of 2D non-
spread MECs (Figure 18B). A number of studies (reviewed in®*) have shown a direct link between ROS
production and activation of MMPs. We therefore investigated whether MMP activity was different in
2D than in 3D. Indeed, MMP activity was higher in non-spread cells in 2D than in non spread cells in
3D, and its activity was dependant on NADPH oxidase activity since NADPH oxidase inhibitor DPI
decreased MMP activity in 2D (Figure 18C). Inhibition of MMP activity with pharmacological
inhibitors rescued cell death in 2D (Figure 18D), and 2D conditioned media induced cell death in 3D
(Figure 18E). In addition, basement membrane was absent in 2D as shown by immune-staining for
Laminin-5 on non-spread cell (Figure 18E). All together, these results suggest matrix dimensionality-
dependent differential Rac signaling pathway activations.

Survival in the third dimension is supported by Arf6-dependent Racl and Pakl activation.

Having shown the necessity of Racl and Pak1l activation in the laminin- 34 integrin dependent survival
phenotype, we still do not know how exactly Rac is being activated by 4 integrin and how Rac activity
is sustained 3D. A number of studies have shown an activation of Racl downstream of the GTPase Arf6
activation in the case of actin polymerization and cell migration®®°. Arf6 is a member of the Arf (ADP-
ribosylation factor) Ras-related GTPase family. Arf6 is the only ArfGTPase mainly localized at the
plasma membrane and is involved in membrane trafficking and actin polymerization at the plasma
membrane?**!, We therefore tested Arf6 activation non-spread cells in 2D and 3D. MCF10A cell had
low levels of endogenous Arf6. To overcome this difficulty, we created MCF10A cells stably over-
expressing HA-tagged WT Arf6 by lentiviral infection. When activated Arf6 was assayed in these cells
in non-spread 2D and 3D conditions, the level of Arf6 was increased by a 2 fold in 3D compared to 2D
(Figure 19A), suggesting a possible activation of Racl by Arf6. We showed a similar activation of
endogenous Arf6 in HMT-3522 S1 with higher levels of endogenous Arf6 (Figure 19B). Rac-induced
survival being dependent on signaling initiated by B4 integrin binding to laminin, we tested Arf6
activation in MECs where the signaling by B4 integrin was abolished by over-expression of the tailless
mutant of 34 integrin. Activation of Arfé was decreased in these cells compared to control cells with
intact B4 integrin (Figure 19C), suggesting a B4 intregrin-dependent activation of Arfé. To verify a
possible involvement of Arf6 in cell survival, we tested MECs over-expressing HA-tagged WT Arf6 or
the HA-tagged fast-cycling mutant Arf6 T157A%. Both forms of Arf6 reverted cell death off non-spread
MECs in 2D to comparable levels of non-spread cells in 3D (Figure 19D). Furthermore, over-expression
of the HA tagged dominant-negative mutant Arf6é T27N induced cell death of non-spread MECs in 3D
(Figure 19E), clearly linking Arf6 to the signaling pathway inducing cell survival in 3D. To show that
Racl is indeed downstream and activated by Arf6 in MECs, we assayed cells over-expressing the fast-
cycling HA-tagged Arf6T157A for activated Racl. These cells had a 1.5 fold increase in active Rac
compared to control cells (Figure 19F), linking activation of Rac to activation of Arf6. We also
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confirmed that Pak1 activation was under control of Arf6 by assaying for phosphorylated Pakl in non-
spread 2D and 3D cells, and over-expressing WT Arf6, the constitutively active Arf6 Q67L mutant or
the dominant negative mutant Arf6 T27N. In non-spread 2D conditions, WT Arf6 and Arf6 Q67L
induced Pakl phosphorylation to comparable or higher levels of non-spread cells in 3D (Figure 19G),
and in 3D non-spread conditions Arf6é T27N inhibited Pakl phosphorylation (Figure 19G). All together
these results indicate that activation of Arf6 could contribute to survival of non-spread cells in 3D,
downstream of 34 integrin and upstream of Racl in the signaling cascade.

Arf6 activity is tightly regulated by GAPs (GTPase activating protein) and GEFs (Guanine nucleotide
exchange factors). In order to identify GAPs and GEFs involved involved in survival of non-spread cells
in 3D, we generated cell line where various GEFs or GAPs were knocked down by shRNAs. Knocking
down an involved GAP should induce survival in 2D, while knocking down an involved GEF should
induce cell death in 3D. By using this approach, we were able to identify the GAP ASAP1 and the GEF
GEP100 as being potentially involved in survival of non-spread cells in 3D by controlling the Arf6é
activity (Figure 20A & 20B). Interestingly, recent studies showed that the EGFR-GEP100-Arf6-ASAP1
pathway is involved in invasion and metastasis in breast cancer (reviewed in *%). One could speculate
that dimensionality somehow modifies EGFR activation or distribution at the plasma membrane leading
to activation of Arf6 in 3D and survival. If that is the case, how is dimensionality affecting plasma
membrane properties?

Survival in the third dimension can be linked to decrease membrane tension.

Because we could not merely account for the enhanced viability of MECs by elevated o634 integrin
signaling or Rac activity and to try to explain why Arf6 activity could be elevated in these non-spread
3D cultures of MECs we assayed for changes in cell shape, membrane remodeling and tension. Using
the membrane dye FM 1-43, we observed changes in cell sphericity, cell becoming more spheric in 3D
(Figure 21A). We also noted marked modifications in actin organization between 2D non-spread cells
and 3D non-spread cells (Figure 21B). To determine whether the observed changes in cell shape and
actin dynamics were reflected by an altered cellular rheology we used AFM. We noted that cells became
substantially softer when they were ligated in 3D as compared to cell in 2D (Figure 21C). To further
investigate if decreased cell tension could affect survival of non-spread cells, cells were treated with
pharmacological inhibitors of myosin (blebbistatin) or of the myosin light chain kinase (MLCK) (ML-7)
and we tested cell survival in 2D. Myosins, conjugated with actin filaments, are the major cytoskeletal
proteins regulating cell tension. Cells in 2D became softer when treated with the inhibitors (Figure 21D)
and surprisingly, myosin and MLCK inhibition, by decreasing cell tension, indeed induced survival of
non-spread cells in 2D (Figure 21E).

Based upon these data our current working hypothesis is that ligating a6p4 integrin in 3D alters cell
shape to reduce cell tension and induce cytoskeletal and membrane remodeling, which in turn, modify
the association of membrane factors that enhance Arf6 activity. Elevated Arf6 activity thereafter further
promotes membrane and actin cytoskeletal remodeling and enhances the activity of pro survival
signaling including Rac. By this mechanism we predict dimensionality can significantly modify cellular
behavior. We believe that we might have identified a novel 3D regulatory mechanism which we intend
to understand by exploring the link between Arf6, integrin B4, cell cytoskeleton, cell survival and
dimensionality.
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Figure 15. Matrix presentation in the 3rd Dimension promotes survival in the absence of
cell spreading.

A. Spreading of MEC is enhanced when the size of 2D micropatterned substrate is increased. B.
The rate of MEC survival increases as spreading is enhanced in 2D. C. Adding soluble laminin
in the growth media which allows MECs to interact with matrix all around the cells, i.e. 3D,
promoted MEC survival. D. 3D matrix presentation is essential for non-spread MEC survival on
a stiff matrix.
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Figure 16
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Figure 16: In the absence of cell spreading, laminin-a6p4 integrin mediates survival in 3D.
A. Specificity of the ligand Laminin-1 in cell shape regulated apoptosis. B. Laminin-1 ligation of
integrin B4 is necessary for the survival of MECs in 3D. C. 34 expression is necessary for
survival in 3D. D. Over-expressed integrin B4 is present at the plasma membrane. E. MECs
over-expressing integrin 4 have more integrin-laminin bonds. F. Integrin 4 over-expression
fails to rescue spreading-independent survival in 2D.
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Figure 17. Laminin-ligated a6p4 integrin activates Rac and Pak to mediate MEC survival
in 3D and is necessary but not sufficient for MEC survival in 2D.

A. Racl, but not ERK or PI3K, is necessary for survival in 3D. B. Rac activity is increased in
MECs in 3D. C. Pakl activity is increased when MECs are cultured in 3D. D. Constitutively
active RacV12 over-expression fails to rescue survival of non-spread MECs in 2D. E. Pak1 over-
expression partially mediates survival in 2D. F. Over-expression of Pak 1 WT partially rescues
survival of non-spread MECs in 2D.
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Figure 18: Matrix dimensionality regulates MEC survival by inhibiting MMP activity.

A. MEC produces less ROS in 3D. B. Decreasing ROS production induces MEC survival in 2D.
C. MMP activity is decreased in 3D, and is dependent on NADPH oxidase activity. D. Inhibition
of MMP activity through pharmacological agents permits the survival of non-spread MECs in
2D. E. Increased MMP activity in 3D permits MEC apoptosis. F. The basement membrane is
absent in 2D.
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Figure 19: a6B4 integrin-dependent Arf6 activation modulates survival of MECs in 3D by
activation of Pak.

A. HA-Arf6-GTP is increased in 3D in MCF10A cells over-expressing HA-Arf6. B. Arf6-GTP is
increased in 3D in S1 cells. C. Activation of Arf6 is dependent on signaling through B4 integrin.
D. Survival in 3D in compromised by dominant negative Arf6é T27N. E. Survival of MECs in 2D
in promoted by Arf6 over-expression. F. Activation of Racl is downstream of activation of Arf6.
G. Pak 1 activity is dependent on Arf6 activity.
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Figure 20
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Figure 20: Potential Arf GAPs and Arf GEFs involved in cell death and survival.

A. The Arf GEFs GEP100 and ARNO seem to be necessary for survival in 3D. B. The Arf GAP
ASAP1 seems to be involved in cell death in 2D.
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Figure 21: Cell shape and cell rheology is modulated by matrix dimensitonality.

A. Non-spread MECs in 3D adopt a more spherical shape than non-spread MECs in 2D. B.
Dimensionality modifies the actin cytoskeleton organization. C. Non-spread MECs ligated to
ECM in 3D are softer than non-spread MECs ligated to ECM in 2D. D. Myosin contraction
inhibitors decrease cell stiffness in 2D. E. Decreasing cell stiffness in 2D with myosin
contraction inhibitors rescues cell death.
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j.

Finish_writing and submit_article showing how matrix stiffness modulates chemotherapy
response, immune receptor response and radiation responsiveness by altering stress response
signaling through JNK and Rho. We anticipate that this work should be published in the next two
years. (Months 6-18).

NOTE: This work was completed using the matrix conjugated polyacrylamide gels in which
breast cells are overlaid with a basement membrane matrix. We hope to extend these studies in
the next two years to include ECMs that can be readily remodeled and conditions in which
mechanical force can be rigorously controlled. A draft of this manuscript has been generated and
is currently being revised. We hope to submit this revised article to either one of the PLOS
journals or else to the Journal of Cell Science by the summer of 2011.

PART B Continue to develop and characterize the biological behavior of nonmalignant and
oncogenically/tumor suppressor modified breast cells in synthetic 3D model systems that
recapitulate the biophysical and biochemical properties of primary and metastatic breast tumors.

a.

Complete assessment of epithelial morphogenesis behavior of nonmalignant and malignant
breast cells in self assembling peptide polymer gels with calibrated stiffness.(Months 8-18) This
work has been completed using SAPs gels and has been accepted for publication in the Journal
of Physical Biology.

We could show that ECM stiffness modulates ECM tissue morphology and gene expression to elicit a
tumor like phenotype at rigidities reaching 1000 Pascals and higher, similar to what we measured in
human and mouse breast tumors.

b.

Analyze the invasiveness behavior of normal and MECs transformed with oncogenes and
following knockdown of specific tumor suppressor genes in self-assembling peptide lattices for
3D studies with increasing stiffness with defined ECM (laminin) binding properties

(Months 8-20) These studies have yet to be initiated.

Analyze the growth behavior of normal and MECs transformed with oncogenes and following
knockdown of specific tumor suppressor genes in self-assembling peptide lattices of increasing
stiffness with defined ECM laminin binding properties. (Months 12-24) These studies have yet to
be initiated but we plan on conducting the work in this upcoming fiscal year.

Analyze the survival behavior of normal and MECs transformed with oncogenes and following
knockdown of specific tumor suppressor genes in self-assembling peptide lattices of increasing
stiffness with defined ECM laminin binding properties. (Months 12-24). These studies have yet
to be initiated but we plan on conducting the work in this upcoming fiscal year.

Analyze the apoptosis sensitivity of normal and MECs transformed with oncogenes and
following knockdown of specific tumor suppressor genes to chemotherapeutic agents (taxol,
doxorubicin, etoposide), and immune receptor apoptotic agents (TRAIL, TNFalpha) and gamma
radiation when embedded within self-assembling peptides lattices of increasing stiffness with
defined ECM laminin binding properties. (Months 16-24). These studies have yet to be initiated
but we plan on conducting the work in this upcoming fiscal year.

Analyze the morphogenesis behavior of normal and malignant MECs in HA gels of increasing
stiffness. These studies have not yet been initiated. We intend to begin these mid way through
this upcoming year.
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n.

Analyze the morphogenesis behavior of normal and malignant MECs in HA gels with added
rBM or laminin. (Months 16-24). These studies have not yet been initiated. We intend to begin t
hese mid way through this upcoming year.

Analyze the growth behavior of normal and malignant MECs in HA gels of increasing stiffness
with added rBM or laminin. (Months 12-36). These studies have not yet been initiated. We
intend to begin these studies midway through this upcoming year.

Analyze the survival behavior of normal and malignant MECs in HA gels of increasing
stiffness with added rBM or laminin. (Months 12-24). These studies have not yet been initiated.
We intend to begin these studies mid way through this upcoming year.

Analyze the apoptosis sensitivity of normal and malignant MECs to three commonly used
chemotherapeutic agents (taxol, doxorubicin, etoposide), and two immune receptor apoptotic
agents (trails, TNFalpha) and gamma radiation in HA gels with added rBM or laminin.

(Months 12-24). These studies have not yet been initiated. We intend to begin these studies mid
way through this upcoming year.

Analyze the invasive behavior of nonmalignant, malignant and oncogenically primed MEC
organoids in HA gels of increasing stiffness with added rBM or laminin with or without
incorporated MMP cleavable conjugated collagen sequences. (Months 18-24). These studies
have not yet been initiated. We intend to begin these studies mid way through this upcoming
year.

Task 2: Develop xenograft and transgenic mouse models to test whether ECM stiffness requlates
apoptotic responsiveness of mammary epithelia in vivo.

PART A. Xenograft studies to test whether ECM stiffness could regulate apoptotic responsiveness
of a mammary epithelium in vivo. These studies are being conducted in collaboration with Dr.
Bernhard from the Radiation Biology Department at the University of Pennsylvania.

e.

Based upon doses of established short-term and long-term re-growth assays Weaver laboratory
in_collaboration with Werb laboratory will then conduct xenograft assays of radiation
sensitivity of tumorigenic MECs in vivo following their injection and establishment of viable,
palpable tumors sub-cutaneously in nude mice based upon short-term viability effects as the end
point. (Months 6-36). Not yet initiated for the radiation treatment - However we have completed
an analysis of chemotherapy response as related to NCoR2 status - a putative mechano force
regulator of apoptosis resistance gene expression (see earlier comments and Tsai et al Nature
Medicine, In Revision.

Based upon doses of established short term and long term re-growth assays Weaver laboratory
in_collaboration with Werb laboratory will conduct xenograft assays of radiation sensitivity
of tumorigenic MECs in vivo following their injection and establishment of viable, palpable
tumors sub-cutaneously in nude mice based upon long-term re-growth assays as an end point.
(Months 12-36). Not yet initiated

Weaver laboratory will assess biocompatibility of PEG gels injected sub-cutaneously into nude
mice. (Months 24-36). Not yet initiated
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I. Weaver laboratory in _collaboration with Werb laboratory will assess effect of radiation
responsiveness of tumorigenic MECs embedded within soft versus stiff PEG gels and/or cross-
linked collagen gels or collagen gels co injected with LOX expressing fibroblasts to induce
collagen cross linking in vivo, injected sub-cutaneously into nude mice and assessed for short
term viability as the end point. (Months 24-36). Not yet initiated

J. Weaver laboratory in collaboration with Werb laboratory will assess effect of radiation
responsiveness of tumorigenic MECs embedded within soft versus stiff self-assembling peptides
and/or cross-linked collagen gels in vivo, injected sub-cutaneously into nude mice, and assessed
for long term re-growth as the end point. (Months 24-36). Not yet initiated

k. Weaver laboratory in_collaboration with Werb laboratory will assess effect of radiation
responsiveness of tumorigenic MECs embedded within soft versus stiff PEG gels and/or cross-
linked collagen gels in vivo, injected sub-cutaneously into nude mice, and assessed for long term
effects on tissue morphology as the end point. (Months 24-36). Not yet initiated

l. Weaver laboratory in_collaboration with Werb laboratory will assess effect of radiation
responsiveness of tumorigenic MECs embedded within soft versus stiff PEG gels in Vivo,
injected sub-cutaneously into nude mice, and assessed for long term effects on gene expression
markers as the end point. (Months 24-36). Not yet initiated

m. Weaver laboratory in_collaboration with Werb laboratory will assess effect of radiation
responsiveness of tumorigenic MECs embedded within soft versus stiff PEG gels and/or cross-
linked collagen gels in vivo, injected sub-cutaneously into nude mice, and assessed for long term
effects on apoptosis resistance/stress response protein expression as the end point.

(Months 24-36). Not yet initiated

PART B. Transgenic animal studies designed to test whether ECM stiffness could influence
apoptosis regulation in vivo. These studies are being conducted in collaboration with Dr. Zena
Werb.

a. Validation of beta 1 integrin cluster mutant ES cell generation (Months 0-4) Completed.

We created mice with conditional expression of a B1-Integrin Autoclustering Mutant by Knock-in into
the Ubiquitously Expressed ROSA26 Locus. Figure 22A outlines the strategy we used to create
conditional expression of the autoclustering 1 integrin mutant in transgenic mice by gene targeting to
the ubiquitously expressed ROSA26 locus. We successfully prepared the construct and were successful
in targeting the gene to the ROSA26 locus in 129SV embryonic stem cells. Our transfection yield had a
targeting efficiency of about 25% which is excellent and ensured success in obtaining transgenic mice
expressing the target gene of interest. Accordingly, we chose several for follow up and injection into
embryos.

b. Generation of transgenic beta 1 integrin mouse model through the UCSF Cancer Center
Sponsored cell center transgenic mouse resource. (Months 4-12) Completed.

We found that several clones of transfected ES cells produced chimeric males following injection into

C57BL/6 donor blastocysts. We then followed the animals and screened their progeny and were able to
determine that at least 3 yielded germline transmission of the targeted allele (Figure 22B).

47



W81XWH-05-1-330 Principal Investigator: Weaver, Valerie M. Ph.D.

Figure 22. Generation of the ""autoclustering™ f1 integrin mutant transgenic mouse.

A. Strategy for conditional expression of an “autoclustering” 1 integrin mutant in a wild type p1
integrin background by gene targeting into the ubiquitously expressed ROSA26 locus. A
bicistronic mMRNA coexpressing Bl integrin with a V737N mutation in the transmembrane
domain (that is predicted to increase the energy of interaction of the transmembrane domains of
two closely apposed integrins) and EGFP via an internal ribosome entry site (IRES) was cloned
downstream (relative to the direction of transcription from the ROSAZ26 locus; red arrow) of a
floxed (black arrow heads) neomycin phosphotransferase expression cassette (PGK-neo tpA) in a
ROSA 26 targeting construct and knocked into the wild type ROSA26 locus by gene targeting in
129SV embryonic stem cells. The presence of the neomycin expression cassette prevents
expression of the bicistronic mutant B1 integrin transgene by terminating the transcript at the
polyadenylation signal tpA. Tissue specific expression of cre recombinase will excise the
neomycin expression cassette (and tpA) juxtaposing a splice acceptor site (SA) upstream of the
bicistronic mutant B1 integrin transgene allowing its incoporation into a mature mRNA
transcribed from the ROSA26 locus. B. Southern blot of genomic tail DNA from an F3
backcross of F2 129SVXFVB/n heterozygous transgenic male with a FvVB/n female digested with
EcoRV and probed with the indicated 5° probe showing heterozygotes (11kb wild type allele and
3.8kb targeted allele) and wild type littermates (11kb allele only) demonstrating predicted
targeting and germline transmission of the targeted allele.
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C. Breeding and line generation of beta 1 integrin cluster mutant mouse model (Months 12-24) In
process.

At present we are in the process of backcrossing transgenic mice carrying the allele into FVB/n mice.
We are on our 5th backcross and already are at approximately 65-70% FVB background. We anticipate
having viable mouse colonies to begin experimentation with by early summer 2011. To expedite our
backcrossing we have begun to use speed congenics. Moreover, because many treatment studies are also
conducted in the BalbC mouse background we will begin to backcross into this genetic background.

d. Initial analysis of behavior of isolated mammaospheres in 2D and 3D culture from beta 1 integrin
cluster mutant transgenic mouse model (Months 24-36). These manipulations have not been
initiated.

We have begun to assess the activity of the transgene in these mice through CRE-LOX infection of
isolated fibroblasts and mammary epithelial cells. To this end we expect to conduct proof of principle
experiments to determine whether elevated expression of a beta 1 integrin cluster mutant in the
fibroblasts of mice would be sufficient to stiffen the tissue ECM and induce tissue fibrosis and
eventually enhance tumor progression. These studies will require that the animals be backcrossed into at
least 99% homeogeneous background FVB or BalbC. Once we have completed our back crossing we
will begin the long process of crossing our animals with inducible fibroblast specific lines including Tet
regulatable FAP and FSP promoters as well as MMTV mammary epithelial specific expression so that
we can examine effects on endogenous tissue behavior and tumorigenesis.

e. Assessment of the effect of beta 1 integrin clustering on breast tissue behavior in vivo using
xenograft manipulations and immortalized human mammary epithelial cells. (Months 0-24). In
our earlier reports we published our findings that enhancing beta 1 integrin clustering promoted
tumor invasion in vitro and increased tumor size in vivo using immortalized cell lines including
the MCF10AT cell line. This work was published in 2009 in Cell Journal Levental et al.

We are now elaborating these studies to further experiments in vivo and in this next year will be
exploiting the availability of MECs isolated from the transgenic model we generated as well as
examining the intact mammary gland behavior when the transgene is induced.

f. Characterization of the cross linking of mouse breast tissue before and during malignant
transformation using biochemical analysis. (Months 0-36) In Progress.

We have made excellent progress towards setting up a comprehensive cross linking analysis method at
our center at UCSF. Rather than using the traditional radioactive approach we have developed a new
fluorescence method that has enhanced sensitivity. This is important since we will now be in a position
to assay for changes in collagen cross-linking in small human biopsies. We present our data in this
report to illustrate our competence with this method. In the next year we will begin in earnest to conduct
cross-linking analysis on several banked mouse studies as well as on collected human breast tumor
biopsies. We describe our progress to date in an earlier section of this report.

g. Assessment of the status and effect of lysyl oxidase during breast tumorigenesis (Months 0-18)
Partially completed, additional studies in progress to extend the observations.

In an earlier progress report 2010 (2009-2010) we reported the progress we made on studies we had
conducted using the Her2/Neu mouse model and the initial very preliminary data we generated to
explore effects on a more aggressive tumor model called the PyMT mouse. We have continued with
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these studies and are pleased to report excellent progress towards defining the role of LOX on PyMT
induced tumor initiation, progression and metastasis. We have additionally extended these results to
include a very aggressive model with TGF beta receptor two knockdown. This PyMT crossed into the
TGF beta receptor two knockdown recapitulates aggressive, triple negative human breast tumors. In the
current report we present details of progress on the PyMT mouse studies and will report on our progress
on the more aggressive model in next years report when we have made further progress. Please refer to
earlier section in this report in which we discuss in detail our findings from these studies including
several associated figures summarizing current findings.

h. Assessment of the effect of increasing lysyl oxidase activity on breast transformation in vivo.
(Months 0-18). These results were reported as completed in an earlier report and were published
in 2009 Levental et al Cell.

I. Assessment of the effect of decreasing lysyl oxidase activity on breast transformation in vivo
using pharmacological inhibitors. (Months 6-18). In last years report we discussed our findings
on the Her2/Neu mouse model of breast cancer where we showed that LOX inhibition prevented
tumor progression and reduced tumor incidence. The results were published in Cell Levental et
al. 2009. We indicated that we were in the process of assessing the effect of LOX inhibition on
PyMT induced tumor metastasis. These studies are still ongoing - and although we had
anticipated that they would be completed by the end of this year - we have had to conduct several
additional animal studies each of which takes 6-8 months. Therefore the work is still ongoing.

Please see earlier section in which we discuss these studies in greater detail.

J. Assessment of the effect of decreasing lysyl oxidase activity on breast transformation in vivo
using antibody inhibition. (Months 8-18) Partially completed and further studies are now in
progress using additional mouse models.

In last years report we summarized our findings in the Her2/Neu mouse model where we showed that
inhibiting LOX activity using function blocking antibodies was a very potent inhibitor of tumor
progression. Thus we have been anxious to continue with this work and extend these findings to
additional breast tumor models to determine just how potent this effect could be and assess its suitability
for clinical studies. However, one of the issues is obtaining sufficient quantities of antibody for
experimental manipulation. To this end we have been collaborating with Giaccia's group at Stanford
University to obtain access to the function blocking antibody his group developed. However, there have
been quite a few delays that have prevented us from obtaining sufficient antibody to conduct our animal
work. This has obviously delayed progress on these experiments. Accordingly to address this difficulty,
we have offered to underwrite financially to generation of sufficient antibodies for our work. We have
been assured that new antibody is forthcoming and so we should be in a position to conduct studies on
our Metastasis models. Eventually we are considering alternate strategies such as sSiRNA mediated LOX
knockdown. Towards that goal we have identified and conducted preliminary analysis on a putative
SiRNA for Lysyl oxidase. In addition, we have been generating a conditional LOX knockdown model -
and while we successfully generated a targeting vector and were able to create ES knockout cells - and
even mouse! There were problems with the mouse line that we generated and the animals were not
fertile suggesting that somehow the insertion site corrupted the genome in these animals. Accordingly,
this past year we re generated the ES cell lines. The first round of injections was negative which was
most frustrating. However a second round of injections yielded multiple ES knockout clones. These
have been carefully screened and validated using PCR before we move to generate a mouse. We are now
validating these lines using southern analysis and once that has been accomplished we will be generating
several mouse lines. Thus far things are advancing well and we are optimistic that we will have mouse
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lines by mid summer. Our first goal will be to begin to rapidly backcross the mice as well as to validate
the LOX knockdown in vivo and ensure that we have in fact created a true transgenic that transmits the
genotype through the germ line. After that we will begin in earnest to conduct studies aimed at exploring
the importance of LOX expression in a tissue specific AND cell line specific fashion. Something we
have not been able to accomplish using either pharmacological OR LOX inhibitory antibody approaches.

k. Assessment of the effect of circulating lysyl oxidase on breast tumor metastasis in vivo
(Months 12-36). Partially completed. In our earlier report we summarized preliminary data which
showed that inhibiting LOX using pharamcological inhibitors prevented lung metastasis in the
PyMT mouse model.

This past year we have been able to confirm these results and are conducting additional studies to
explore this phenotype further. In addition, we have initiated new studies to explore whether LOX
inhibition will prevent lung metastasis in a very aggressive tumor type that recapitulates the tgfbeta
receptor two mutant/knockdown phenotype of triple negative human breast cancer. Studies are now
under way with the Moses group to assess the interplay between LOX mediated collagen cross linking
and TGF beta and tumor metastasis. We are also interested in exploring molecular mechanisms. Please
refer to earlier section of this report in which these studies have been discussed in more detail.

l. Assessment of the biophysical properties of COLA mutant mice which fails to turn over collagen
I due to a mutation in its MMP9 recognition site using shear rheology (Months 24-36). These
studies have not been initiated.

m. Assessment of the biophysical properties of the OS mouse which fails to assemble proper
collagen bundles. (Months 24-36) These studies have not been initiated.

n. Assessment of the effect of increasing collagen stiffness on breast tissue behavior and response
to therapy ex vivo using collagen generated from the COLA mouse (Months 24-36) These
studies have not been initiated.

0. Assessment of the effect of decreasing collagen stiffness on breast tissue behavior and response
to therapy ex vivo using collagen generated from the OS mouse. (Months 24-36). These studies
have not been initiated.

Task 3: Build a computational model that can predict how changes in ECM compliance could influence
inteqrin-dependent apoptosis responsiveness of mammary epithelia and query this model with clinical
data.

Incorporate mechanical force values and assumptions into the basic adhesion model. These studies
are to be conducted in collaboration with Dr. Hammer from the University of Pennsylvania
Bioengineering Department.

a. Amend basic cell adhesion model published in PLOS Computational - Paszek et al 2009 to
incorporate force parameters. (Months 28-36) These studies are still in progress.

b. Test mechano-adhesion model and compare theoretical values with experimental data obtained

using cell culture model. (Months 24-36) These studies are close to completion and we anticipate
in the next year we will be able to write and submit an article for publication.
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C. Adjust mechano-adhesion model to incorporate experimental data. (Months 24-36) Not yet
initiated.

PART D. Initiate modeling studies using micro array data sets from the cell culture models.

a. Isolate RNA from MECs within a 3D matrix with varying matrix compliances. (Months 0-12)
Not yet initiated.

b. Purify and prepare samples for micro array analysis. (Months 0-12) Not yet initiated.

C. Generate micro array data sets from samples of MECs in 3D matrices of varying compliances.
(Months 12-18) Not yet initiated.

d. Conduct statistical analysis of micro array data sets generated from MECs in 3D matrices of
varying compliances. (Months 18-24) Not yet initiated.

e. Conduct bioinformatics analysis of micro array data sets generated from MECs in 3D matrices of
varying compliances. (Months 18-24) Not yet initiated.

f. Verify validity of micro array analysis by RT-PCR or real time PCR of 10 target genes.
(Months 24-36) Not yet initiated.

PART E. Initiate pilot studies to analyze micro array data sets and clinical samples from
neoadjuvant breast cancer clinical trial data using a simple model generated using gene data from
culture systems. These studies are to be conducted in collaboration with Breast Surgeons Drs.
Esserman and Hwang and Breast Pathologist Dr. Yunn Yi Chen from the University of California
San Francisco.

a. Select clinical samples to be examined in collaboration with Drs. Esserman and Hwang.
(Months 6-18) We have been working closely with Drs Hwang and Esserman with consultation
through the UCSF Cancer Center Pathology core and Alfred Au as well as Yunn Yi Chen to
identify patient samples and collect these for analysis. In addition, last year we secured an IRB
approval for a protocol which we have just gotten renewed for another year.

In the next year we will continue to acquire patient samples for this study.

b. Obtain micro array data sets from clinical samples. (Months 12-18) In process. We have
included some of these data analysis in an article that is now in revision for Nature Medicine.

C. Conduct statistical analysis of clinical micro array data sets. (Months 12-24) In process.
d. Conduct bioinformatics analysis of clinical micro array data sets. (Months 12-36). Not yet
initiated.

e. Test predictability of N-CoR2 gene signature in micro array data sets.(Months 24-36) Partially
completed. We have completed initial analysis using publically available data sets and some of
these data were included in the Tsai et al., Revised Nature Medicine article.

In this next year we intend to expand our analysis to include new publically available data sets as well as
to access the data sets available through the UCSF SPORE program.
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f.

Secure clinical biopsy specimens for experimental validation. (Months 24-36) These studies are
partiallycompleted. In the past year we have made encouraging progress towards securing these
specimens and have assembled blocks for subsequent analysis.

Target assessment of tractable biomarkers from the N-CoR2 signature using
immunohistochemistry and/or in situ analysis. (Months -30-36). Not yet initiated.

Begin to write IRB with Dr. VVan Der Tier and Esserman so that we can incorporate the N-CoR2
gene therapy response signature into the 1-SPY 1l study to determine if N-CoR2 gene signature
can be used to predict therapeutic response to targeted therapies including some of the new
generation kinase inhibitors as well as TRAIL Agonists and HDAC inhibitors. Completed and
each year this task is completed through securing IRB renewals. Thus, the protocol has now been
successfully renewed for another year.

REPORTABLE OUTCOMES

PUBLICATIONS

1.

Lopez, J.I., Kang, I., You, W.K., MacDonald, D. and Weaver V.M. In Situ Force Mapping of
Mammary Gland Transformation. J Integrative Biology, 2011, Resubmitted. The final submitted
article has been attached to the current report. NOTE: We refer to this in the text of this
report as ATTACHMENT 1. Figures referred to are as per the figure number in the article.

Miroshnikova, Y.A., Jorgens, D.M., Spirio, L., Auer, M., Sieminski, A.L., Weaver V.M.
Engineering strategies to recapitulate epithelial morphogenesis within synthetic 3 dimensional
matrix with tunable mechanical properties. J Physical Biology, 2011, In Press. The uncorrected
galley proofs have been attached to the current report. NOTE: We refer to this in the text of
this report as ATTACHMENT 2. Figures referred to are as per the figure number in the
article.

Tsai K.K.C. Chatterjee, C., Su, J.J.M. Main, S., Werner, M.E., Jonathan N. Lakins, and Weaver V.M.
N-CoR2 induces therapy resistance in tumors by repressing apoptosis amplification. Nature
Medicine, In Revision. The final article will be attached to next years report - attached to the
current report is the version that was resubmitted and went out to the reviewers at Nature
Medicine in late December 2010. NOTE: We refer to this in the text of this report as
ATTACHMENT 3. Figures referred to are as per the figure number in the article.

Gilbert, P., Mouw, J., Unger, M., Lakins, J.N., Gbegnon, M.K., Clemmer, V., Benezra, M., Feldman,
M.D., Boudreau, N., Welm, A.L., Tsai, K.K.C., Weber, B., and Weaver, V.M. HoxA9 regulates
BRCAL1 expression to modulate mammary tissue growth and survival. J Clin Invest., 120:1535-50,
2010. PMCID: 2860938. The final published version has been attached to the current report.
ATTACHMENT 4.

Cohet, N., Stewart, K.M., Mudhasani, R, Asirvatham, A.J., Mallappa, C., Imbalzano, K.M., Weaver,
V.M., Imbalzano, A.N., and Nickerson, J.A. SWI/SNFQ1 Chromatin Remodeling Enzyme ATPases
Promote Cell Proliferation in Normal Mammary Epithelial Cells. J Cell Physiol. 223:667-78, 2010.
PMID: 20333683. The final published version has been attached to the current report.
ATTACHMENT 5.
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6.

10.

Brown, X.Q., Bartolak-suki, E., Williams, C., Walker, M.L., Weaver, V.M., and Wong, J., Effect of
substrate stiffness and PDGF on the behavior of vascular smooth muscle cells: implications for
atherosclerosis, J. Cell. Phys. 225:115-22, 2010 PMCID: 2920297. The final published version has
been attached to the current report. ATTACHMENT 6.

Egeblad, M., Rasch, M.G., Weaver, V.M. Dynamic interplay between the collagen scaffold and
tumor evolution. Curr. Opin. Cell Biol. 22:697-706, 2010 PMCID: 2948601. The final published
version has been attached to the current report. ATTACHMENT 7.

Frantz, C., Stewart, K.M., Weaver, V.M. The ECM at a Glance. J Cell Sci., 123:4195-4200 2010
PMCID: 2995612. The final published version has been attached to the current report.
ATTACHMENT 8.

Yu, H., Mouw, J.K., Weaver, V.M. Forcing Form and Function: Biomechanical Regulation of
Tumor Evolution. Trends in Cell Biol. 21:47-56 2011 PMCID: 3014395. The final published
version has been attached to the current report. ATTACHMENT 9.

Dvorak, H.F., Weaver, V.M., Tlsty, T.D. and Bergers, G. Tumor Microenvironment and Progression.
J Surgical Oncology 2010, In Press. The final published version has been attached to the current
report. ATTACHMENT 10.

ABSTRACTS ATTACHMENT 11.

1.

Yu, H. and Weaver, V.M. Collagen remodeling and tissue mechanics at different mammary tumor
development stages. AACR annual meeting, April 17"-21% 2010.

Lopez, J.I., DuFort, C., Yu, H., Kang, I., Acerbi I., Hwang, S., Au, A., and Weaver, V.M. Force
Characterization of Tissue from Normal, Pre-invasive and Invasive Breast Cancer. BMES annual
meeting, October 6™ -9™ 2010.

Lopez, J.I., Kang, I., You, W.K., MacDonald, D. and Weaver, V.M. In Situ Force Mapping of Breast
Tissue Transformation. BMES annual meeting, October 6" -9™ 2010.

Cassereau, L., Lopez, J.I., Weaver, V.M. The Interplay Between Three Dimensional
Microenvironment and Breast Cancer Invasion. BMES annual meeting, October 6™ -9™ 2010.

Acerbi, 1., Au, A., Lopez, J., DuFort, C., Hwang, H., Weaver, V.M. Cancer in Human Mammary
Gland Shows Greatest Stiffness on Tumor Edge. ASCB annual meeting, Dec 11"-15" 2010.

Lopez, J.I., Miroshnikova, Y., Cassereau, L., Lakins, J., Weaver, V.M. o581 Integrin-Fibronectin
interactions mediate force response of cells to the microenvironment. ASCB annual meeting, Dec
11"-15" 2010.

Frantz, C., Friedland, J., Lakins, J., Lopez, J.I., Chernoff, J., Schwartz, M., Santy, L.C., Alcaraz, J.,
Chen, C., Boettiger, D., Weaver, V.M. Deconstructing the 3rd Dimension: How matrix
dimensionality promotes survival. ASCB annual meeting, Dec 11"-15" 2010.

Cassereau, L., Lopez, J. I, Weaver, V. M. The Interplay Between Three Dimensional
Microenvironment and Breast Cancer Invasion. ASCB annual meeting, Dec 11™-15" 2010.
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9.

Miroshnikova, Y.A., Jorgens, D.M., Auer, M., Spirio, L., Sieminski, A.L., Weaver V.M.
Engineering strategies to recapitulate epithelial morphogenesis in synthetic 3 dimensional matrix
with tunable mechanical properties. ASCB annual meeting, Dec 11"-15" 2010.

C. Oral Presentations Meetings Major Symposia and Mini Symposia

1.

10.

11.

12.

Weaver, V.M., Invited Symposium Speaker, “Forcing Transformation and Metastasis”, First Annual
NCI Physical Sciences - Oncology Network' Meeting, Washington, DC 4/07/2010

Weaver, V.M., .Invited Symposium Speaker, "Mechanics, Malignancy and Metastasis", Meet The
Expert Sunrise Session, AACR 101st Annual Meeting 2010, Washington, D.C. 4/18/2010

Weaver, V.M., Invited Symposium Speaker, "Mechanics Meet Morphogenesis and Malignancy",
Disease Microenvironment and Tumor Progression, 2nd EMBO Conference on Cellular Signaling
and Molecular Medicine, Black Forest, Germany, 5/25/2010

Weaver, V.M., Invited Session Speaker, Gradients and Flow of Soluble Factors in the Tumor
Microenvironment, "Mechanical Context and Tumor Progression”, Workshop, NCI/TMEN Gradient
Workshop, Bethesda, Maryland, 5/27/2010

Weaver, V.M., Invited Symposium Speaker, Metastasis and the Matrix, "The Force Journey of a
Tumor Cell", Joint MRS-AACR Conference, Philadelphia, PA, 9/14/2010

Weaver, V.M., Invited Session Speaker, "The Force Dialogue of a Tumor Cell", UCSF/UCB
Bioengineering Conference, UCSF/UCB Graduate Group in Bioengineering Fall 2010 Group
Conference, UCSF/UCB , South Lake Tahoe, 9/24/2010

Weaver, V.M., Invited Symposium Speaker, “Sweet and Slimy Forces Regulate Integrin Adhesions”,
Conference on Cell Adhesion in Cancer, University of Missouri-Columbia, Columbia, MO,
10/18/2010

Weaver, V.M., Yaswen, P. and Werb Z. Invited Session Presenter, NIEHS/NCI Breast Cancer
Meeting, Environmental Forces Regulate Breast Cancer, Susceptibility, New York, NY, 11/16/2010

Weaver, V.M., Invited Symposium Speaker, “The Interplay Between Force and Cancer”, Asia
Pacific Congress on Pancreas and Biliary Tract Cancer in Conjunction with the 14th Annual Meeting
of theTaiwan Cooperative Oncology Group, 11/20/2010

Weaver, V.M., Invited Symposium Speaker, “Sweet and Slimy Forces Regulate Tumor Phenotype &
Tissue Structure™, 50th ASCB Annual Meeting, Philadelphia, PA, 12/11/2010

Weaver, V.M., Invited Symposium Speaker, "Force and Death Resistance: Implications for Tumor
Therapy”, Special Interest Subgroup on Epigenetics of Cancer, 50th ASCB Annual Meeting,
Philadelphia, PA, 12/11/2010

Weaver, V.M. Invited Session Speaker, "Forcing Tumor Progression and Metastasis", “Session 5:
Matrix, Stroma, and Metastatic Sites”, NC12011 Winter TMEN, Meeting, Bethesda, MD, 2/16/2011
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13.

14.

15.

Weaver, V.M., Invited Symposium Speaker, “Cell and Tissue Mechanics and Modeling - AFM and
Rheology, Small to Tissue Scale Session”, The Force Journey of a Tumor Cell, Biophysical Society
Meeting 2011, Baltimore, MD, 3/05/2011

Weaver, V.M., Invited Symposium Speaker, “Session 4: Tumor Cell and Stroma Therapeutics”,
“Frontiers in Cancer Research and Therapy, "Forcing Tumor Progression and Metastasis”, Nobel
Forum, Karolinska Institutet, Stockholm, Sweden, 3/10/2011

Weaver, V.M., Symposium Speaker, Session on Cell in Context. Sweet and Slimey Forces Regulate
Tumor Progression, Max Planck Mechanobiology Conference, Dresden, Germany, 3/23/2011

. Invited Institutional Presentations:

Weaver, V.M., “Forcing Tumor Progression and Metastasis”, Department of Bioengineering, Invited
Seminar Speaker, University of Pittsburgh, Pittsburgh, PA,, 4/22/2010

Weaver, V.M., The Force Journey of a Tumor, UCSD Department of Bioengineering, Invited
Seminar Speaker, San Diego, CA, 4/30/2010

Weaver, V.M., Forcing Form and Function, Invited Retreat Speaker UCSF Helen Diller Family
Comprehensive Cancer Center Retreat, Mill Valley, CA, 5/04/2010

Weaver, V.M., Force, Tissue Homeostasis and Malignancy, National Institute of Cancer Research
Invited Institutional Speaker Visiting Scientist, National Health Research Institute, Taiwan,
11/24/2010.

Weaver, V.M., The force journey of a tumor, Cancer Biology & Genetics Research, Invited Seminar
Speaker (CBG-RSS), Sloan Kettering Medical School, Department of Oncology New York, NY,
12/02/2010

Weaver, V.M., “The Force Journal of a Tumor Cell”, Florida International University, Department
of Biological Sciences Invited Seminar Speaker, Miami, FL, 1/30/2011.

Weaver, V.M. “The Force Journey of a Tumor’, UCSD Department of Cell and Developmental
Biology Invited Seminar Speaker, San Diego, CA, 2/07/2011.

Weaver, V.M., "Tissue Context and Treatment Resistance in Breast Tumors", Joint PSOC-ICBP
Meeting, Invited Session Speaker, Berkeley, CA, 3/16/2011.

Weaver, V.M., "The Force Dialogue of a Tumor Cell", UCSF Special Conference on the Biophysics
of Cancer, Mission Bay Campus, Helen Diller Comprehensive Cancer Center, San Francisco, CA,
3/18/2011.

F. Student Matriculation/Ph.D. Degrees

Ryan Giles, Masters Degree Bioinformatics UCSF 2011

F. Extramural Funding Acquired due to funding from the current award

1.

P50 CA 58207 (van’t Veer) 5/1/2010 - 4/30/2011 Effort as required
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NIH/NCI SPORE (Pilot Project PI) $23,000
Risk to Malignancy and Immune and Collagen Status

The major goals of this project are to assess functional links between immune infiltrate, collagen status
and breast tumor risk and progression in primary fresh human breast specimens.

2. 1U01 ES019458-01 (Werb) 7/1/2010 - 6/30/2015 0.6 calendar
NIH/NCI (Collaborator) $95,000
Environmental Effect on the Mammary Gland across the Lifespan

The major goal of this program is to determine the susceptible times in breast developments and how
they are affected by environmental stressors.

3. RO1 (Moses) 4/1/2011 - 3/31/2016 1.2 calendar
NIH/NCI (Weaver: Co-Pl) $65,000
TGF-R Suppression and Promotion of Mammary Carcinomas

The major goal of this project is to study the role of TGF beta on mammary tumor metastasis.
4. RO1CA140663-01A2 (Parvin) 4/1/2011 - 3/31/2015 1.2 calendar
NIH/NCI (Weaver: Co-Pl) $70,000

High Content Representation and Association of 3D Cell Culture Models

The major goal of this study is to apply new quantitative strategies to clarify the molecular mechanisms
whereby mechanical force could regulate malignant transformation.

Progress Summary and Conclusions

In this past fiscal year of year one of our no cost extension we successfully completed the work for,
summarized findings and submitted studies for several peer reviewed publications dealing with the
interplay between tissue tension - and in particular ECM stiffness and breast tumor progression and
metastasis. Several additional manuscripts have been accepted and other articles directly relating to
treatment resistance are in their second round of revision or are undergoing additional peer review. We
have managed to use research findings generated through studies funded by this Scholar Award to
obtain extramural NIH/NCI funding and have initiated several research collaborations with a focus on
breast cancer and environmental risk factors as well as clinical translation (see above). Over the past
year we have given over two dozen invited formal presentations at National and International
Conferences and through invitations to research institutions and universities. We have also successfully
assisted another student to complete their academic training with completion of a Masters degree in
Bioinformatics from UCSF.

Experimentally we have continued to expand the scope of our analysis of the relevance of tissue tension
on tumor progression through a series of studies to examine effects on tumor metastasis using several
existing breast tumor models. These studies demonstrated that tissue tension primarily mediated through
ECM remodeling and cross-linking significantly regulates not only primary tumor evolution but also
breast tumor metastasis. Preliminary findings suggest that an altered ECM could promote tumor
aggression by altering immune function and promoting tumor inflammation through modulation of
chemokines and cytokines. Moreover, we found that reducing ECM tension also restores vascular
perfusion of the tumor suggesting one potential mechanism whereby tissue tension promotes aggression
could be by inducing tumor hypoxia. Studies in the upcoming year will focus on exploring these
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mechanisms in more detail. In this regard, we have initiated collaborations with Dr. Harold Moses at
Vanderbilt who has been studying how loss of TGF beta receptor two function in breast tumor
epithelium promotes tumor aggression and metastasis through recruitment of myeloid progenitor cells.
We found that myeloid progenitor cells express high levels of TGF beta. Because TGF beta directly
regulates LOX expression we are in the process of exploring the functional importance of LOX
mediated collagen cross linking and stiffness to this aggressive tumor type. Fortunately, we were able to
secure NIH funding to partially fund this new work (see above).

We have made additional progress towards assessing the clinical relevance of ECM remodeling and
stiffening. We have secured IRBs to explore the interplay between collagen remodeling, tumor
inflammation and tumor progression and have begun to collect surgical discard tissue for mechanical
analysis. Preliminary studies indicate that analogous to mouse cancer - human breast tumors are
significantly stiffer than normal tissue. More exciting however is our observation that non progressive
breast lesions, while stiffer than normal are not nearly as stiff as invasive breast lesions. In the next year
we will be examining the status of the collagens in these tissues using an array of imaging as well and
biochemical assays including a new cross-linking assay we set up recently in the laboratory. Thus, we
have set up and validated a collagen cross-linking assay in our laboratory using HPLC which can now
be used not only for our animal studies but also to assess the relevance of collagen cross-linking in
human breast tumor risk to malignancy and tumor progression. It is our hope that this assay could assist
with identifying high risk populations of women and stratify patients into groups with poor versus good
prognosis.

To expedite our studies we have in addition, successfully generated a novel animal model in which beta
1 integrin is induced to cluster and assemble mature focal adhesions. Because studies using human cell
lines indicated that clustering of beta 1 integrin promotes tumor progression and that ECM tension
promotes tumorigenesis by inducing beta 1 integrin clustering and focal adhesion assembly we expect
that this mutant will be a strong tumor promoter. The availability of this model will provide the breast
cancer research community with an important new tool with which they can explore the interplay
between tissue tension and integrin-dependent signaling in tumor progression and treatment
responsiveness. In addition to this animal model we have also made excellent progress towards
generating a second valuable LOX knockout model which should reduce ECM tension. This model will
allow a careful examination of the importance of ECM stiffness in breast tumor progression and
metastasis.

With respect to treatment responsiveness we have identified a novel molecular mechanism mediated
through NCoR2 that induces treatment resistance in breast tumors by regulating IRF-1 dependent stress
gene expression. The NCoR2 treatment resistance mechanism we identified and explored in our studies
illustrates the importance of eliciting a field effect through gene amplification to efficiently
treatment/eradicate breast tumors in situ. The clinical relevance and translation utility of an NCoR2 gene
expression signature we generated is something we are now in the process of exploring in collaboration
with the UCSF Breast Cancer Spore and with colleagues from the Huntsman Cancer Institute.
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Introduction

It has long been understood that the development of malignancy resulting from tumor
progression is contingent on the tumor epithelium acquiring characteristics that enable
migration away from the site of origin and invasion of distant tissues. To become
malignant, tumor epithelial cells must first limit their interactions with neighboring cells,
compromise and penetrate the extracellular matrix that sequesters them at their site of
origin, and gain the ability to efficiently migrate through tissues in order to access potential
sites of dissemination such as lymphatics or vasculaturel,2. The acquisition of migratory
and invasive characteristics by tumor cells is reliant upon both intrinsic genetic changes
within the tumor epithelium, as well as a number of extrinsic biochemical and
biomechanical changes that accumulate within tumor tissues as they progress towards
malignancy 3,44 Historically, cancer research has focused on understanding the genetic
and biochemical regulation of tumor progression while the biomechanical influences of
tumor progression have only recently been studied in depth as technologies develop that
enable researchers to closely and accurately examine the mechanical characteristics of the
tumor epithelium and its microenvironment. Clear evidence has emerged indicating that
mechanical forces arising from the increased volume of epithelial cells as they grow,
contractile forces exerted by the tumor epithelial cells, and the desmoplastic response, are
closely associated with tumor progression. In fact, it is becoming apparent that
biomechanical cues are integrated with biochemical and genetic cues at every step of

tumor progression from initiation through malignancy.



While numerous studies have come to the clear conclusion that biomechanical forces
within the extracellular environment of the tumor epithelium widely affect tumor
progression and malignancy at the cellular level, the methods used to examine the effect of
biomechanics during tumor progression in vivo have been limited to low-resolution force
measurements such as sonal elastography, as well as confined and unconfined compression
testing. Nonetheless, acquisition of high-resolution force measurements of the in vivo
tumor microenvironment is necessary to clearly identify the makeup and structural
features of the tumor microenvironment that biomechanically influence tumor
progression. Methods for acquiring high-resolutions force measurements with tools such
as the atomic force microscope (AFM) are very attractive since measurements can be
obtained while samples remain unfixed and hydrated at physiologic temperatures and in
physiologically relevant buffers. In fact, AFM has been successfully utilized to obtain elastic
measurements of soft tissues such as articular chondrocytes and cartilage from dissected
tissues. Damage to tissues resulting from sharp AFM indentors, the strong adhesiveness
between indentors and soft adipose tissues, precise optical positioning of indentors at the
microscale and uneven tissue surfaces have all limited the use of AFM force measurements
in the mammary gland. In this paper we describe a novel approach for obtaining a reliable
young’s modulus measurement from soft mammary tissues that relies on the rapid
cryopreservation of the tissue in a manner that preserves the mechanical properties of the
tissue. Using cryopreservation we are then able to section the tissue to obtain a proper
geometry to increase the reliability of our young’s modulus measurements, as well as
improving our optical abilities in such a way that mechanical force mapping can be married

to biochemical visualization methods such as immunofluorescence,



immunohistochemistry, or two-photon second generation harmonics generation

microscopy.

Results
In Situ biomechanical measurements of mammary gland transformation.

A variety of techniques such as unconfined compression, ultrasound and MRI
elastography, have been used to measure the mechanical properties of mammary gland
transformation (Ref). However, while the determination of the mechanical properties of
the mammary gland using these techniques have clearly associated an altered
biomechanical landscape with mammary epithelial transformation and progression, the
relatively low resolution mapping used by these techniques have not yet clarified the

nature of biomechanical transformation at a molecular level.

To examine how the biomechanical environment is altered during tumor
progression at high resolution, we use AFM as it permits the acquisition of accurate and
reproducible elasticity measurements with high spacial precision, even as tissue is
immersed in a physiologically appropriate solution. Rhodamin (Rh) labeled lectin was
perfused into the vasculature prior to the sacrifice of 8-12 week old FVB/MMTV-PyV
mT/ACTB-ECFP female mice. Normal mammary gland and mammary gland tumors were
excised and sub-dissected to measure 1 cm. in diameter and 2-5 mm. thick and adhered
onto positively charged microscope slides. Processing of tissues in this manner allows for
adequate visualization of the gross morphology of the ex-vivo tissue when placed under

phase contrast or fluorescence lighting on an inverted microscope while also allowing the



correct placement of the AFM tip for indentation. Adipose cells resident in the mammary
gland are clearly visualized under phase lighting yet remain optically clear to fluorescence
allowing visualization of the tumor epithelium and of the tissue vasculature by CFP
fluorescence and Rh-Lectin fluorescence imaging (FigurelA). The fluorescently labeled
mammary tumor allows the precise positioning of the AFM cantilever to either the
mammary gland tumor or the surrounding tissue including the vasculature. Force mapping
indentation experiments were carried out in the regions indicated (Figure 1A, Box). 9
indentations were collected for each region in a raster fashion to generate force maps
(Figure 1A, graph). All indentations were carried out using pyramidal indentors
(k=0.06N/m) that were coupled with a 5pm borosilicate sphere to minimize damage to the

tissue, while also collecting measurements at the micro-scale.

AFM indenter positioning with high precision over the tumor epithelium, the
vasculature or the surrounding tissue, allows for spacially precise examination of the
mechanical properties of distinct regions in the mammary gland tumor associated with
transformation. The mammary gland duct undergoes increased stiffening as it progresses
from a normal duct, to hyperplasia and finally a tumor (Figure 1B), consistent with
previously published measurements #°>. However, measurements obtained by AFM
indentation builds on previous work as indenter positioning can be placed to distinguish
the tumor epithelium from the surrounding tissue. Improved positioning allows
measurements of distinct regions within the tumor such as the invasive front of the tumor,
or non-invasive areas (Fig 1B). Measurements taken in these regions show large
biomechanical differences. The invasive fronts of the tumor measure approximately 4

times stiffer than non-invasive tumor fronts. This strongly suggests a role for the



biomechanical properties of the surrounding stroma in promoting the invasiveness of the

mammary epithelium.

In the process of this study we discovered that although reliable elastic modulus
measurements can be obtained from fresh mammary gland tissues numerous limitations
and difficulties with this technique remain. Dissection of the tissue with surgical tools and
shaping into the proper geometry to prepare for AFM indentation leads to the creation of
tissue surfaces that, on occasion, restrict access of the AFM indenter and complicate the
optical positioning of the AFM indenters. Sharp AFM indentors are not ideal for the
acquisition of force measurements as these easily damage soft tissue. Instead, large
spherical indenters should be used to acquire measurements at a greater scale and with
less damage to the delicate mammary tissue. However, the natural adiposity of the
mammary gland leads to strong adhesiveness between the large spherical indenters and
the tissue making the acquisition of measurements a highly time consuming task that
cannot not be performed in a routine manner. Additionally, the acquisition of
measurements is limited a short time after dissection to maintain tissue freshness and
preclude tissue degradation in an effort to maintain accurate and physiologically significant
mechanical measurements. Thus, we found it necessary to improve our technique to

maximize efficiency while also improving the reliability and repeatability of the technique.

Vitrification of mammary gland tissue does not alter mechanical properties.

To address the limitations of AFM when taking mechanical measurements on fresh tissues,

we found it necessary to section the excised mammary gland tissues. Sectioning of tissue



sections creates a surface that is thin enough to provide optical clarity, and uniformly level
to maximize access of the AFM indentor while minimizing adhesive forces between the
spherical indentor and the tissue. The flat geometry of sectioned tissues improves the
power of the Hertz equation to model the stiffness of a flat substrate when using a spherical
indentor. Given the extremely pliable and adhesive nature of the mammary gland,
attempts at sectioning freshly dissected mammary tissue on a conventional microtome or a
vibratome were unsuccessful as the blades failed to cut into the tissue uniformly and often
glide over the surface of the tissue causing significant damage. This holds true even when
tissue is embedded in various kinds of molds to stabilize the tissue. To section the
mammary gland tissue with conventional microtomes or vibratomes, it is necessary to
either fix the tissues or chemically treat them, thus potentially compromising their

biomechanical integrity.

Cryosectioning is commonly used during histologic examination to section
mammary gland tissues, preserving the specimen biochemically intact to enable immuno-
staining of difficult antigens. However, it remained unclear whether freezing in the
absence of fixatives preserves the biomechanical properties of the mammary gland.
Damage to tissue resulting from freezing occurs due to rapid changes in osmolarity as well
as the formation of ice crystals. Pure water exists in 3 distinct solid states; hexagonal
crystals, cubic crystals or in a vitreous, amorphous form>¢. Crystalline ice expands and
physically damages tissues and may compromise the mechanical properties of the tissue.
However, ice in the vitreous form remains amorphous, in a glass like state that does not
expand upon solidification making it a highly desirable state of ice for the freezing and

preservation of biological specimens. The solid state that water acquires depends not



temperature, but rather the rate at which the water is frozen. Slow freezing water
promotes the formation of crystalline solid states of water, while high rates of freezing will
confine water to its amorphous, vitreous form. Importantly for the preservation of
biological specimens, water in the vitreous form can restructure into crystalline forms if
deep freezing is not maintained. Amorphous ice can restructure into cubic crystals at
temperatures above -121C and into hexagonal crystals at temperatures above -80C.
Fortunately, the restructuring of water from one solid state to another is a slow conversion

that depends largely on temperature gradients and the purity of the water.

To examine if rapidly freezing mammary gland tissue preserves the biomechanical
properties of the specimens, we excised mammary glands from 12-14 week old MMTV- PyV
mt/FVB mice as described above. The tissues were sub-dissected as described above and
placed on a custom-made chamber. The tissues were indented as described above taking
note of the placement of the AFM indenter on the tissues. Tissues were then either frozen
slowly by progressively moving the custom-chamber through isopropanol chilled to -20C
and -80C prior to immersing the tissue in liquid nitrogen, or tissues were flash-frozen in
place by rapid immersion into liquid-nitrogen. The tissues were then thawed slowly by
progressively moving the chamber in the reverse order to when frozen, or rapidly thawed

by immersing the tissue in relatively large quantities of PBS at room temperature.

Tissues which had been slowly frozen and then slowly thawed showed large
changes in their physical appearance that reflect damage inflicted by the expansion and
crystallization of water (Figure 2A). Adipose cells appeared lysed, the volume of the tissue

decreased, the optical clarity of the tissue was increased and the borders of the tissue were



less defined. Importantly, the measured young’s modulus of the tissue decreased an
average of 60% after slow-freeze and slow-thaw. On the other hand, tissue that was
rapidly frozen and rapidly thawed maintained its morphology intact (Fig 2B). The small
size of the dissected tissues and the large volume of liquid-nitrogen used relative to the size
of the dissected tissues, minimize the formation of thermal gradients within the tissues that
leads to the formation of crystals in the interior of the tissue. The cells in the tissue did not
lyse, the optical density of pre and post frozen tissues were similar and the tissue
maintained a similar shape and borders. Most importantly, indentation showed no
significant changes in elastic mechanical properties of the tissue. Rapid-freezing/rapid-
thawing of the tissue led to just an average 6% change in the Young's elastic modulus, while
rapid-freezing/slow-thawing and slow-freezing/slow-thawing led to a 52% and 64%
change in the Young's elastic modulus. Furthermore, the young’s elastic modulus did not
change regardless of the initial stiffness of the tissue. Biomechanical properties of the
mammary gland were preserved on both stiff and soft tissues as long as the freezing and

thawing rate of the cryopreservation occurred rapidly.

Given the high resolution of AFM indentation, even when using a 5um indenter, and
the heterogeneous nature of mammary gland tissues, we wanted to repeat the above
experiment without moving the tissue on the stage to ensure that the pre-freeze and post-
freeze indentations occurred in precisely the same geographic location on the tissue. To do
this we mounted fresh tissue onto the custom-made chamber and indented the tissue in 5
locations as described above across a region containing fibrous tissue as well as adipose
cells, making note of the precise geographic location of the indenter in software and then

lifting the AFM head away from the tissue. Without moving the chamber or the tissue on



the stage, the tissue was immersed in liquid nitrogen while still on the AFM stage for 1min.,
the liquid nitrogen was then removed and rapidly perfused with large quantities of room
temperature PBS to achieve a rapid freeze and a rapid thaw. The AFM head was then
replaced in its original location and indentations then repeated at the same location on the
tissue. Rapid freezing and thawing in this manner maintained tissue position on the stage
and ensured that the AFM indenter could be placed precisely as it had been prior to
freezing. Some differences could be observed in the optical clarity of the tissue,
presumably due to the fact that liquid nitrogen immersion while tissues remain on the
stage doe not allow liquid nitrogen ready access to the base of the tissue (Figure 3b). This
creates a temperature gradient within the tissue that can lead ice crystallization at the base
of the tissue. In contrast, the surface of the tissue shows intact structures including
adipose cells while the tissue maintained its shape and overall morphology. Most
importantly, however, the elastic modulus of the surface of the tissue remained laregely
unchanged (Figure 3A). Indentations across the 5 different points showed variable elastic
modulus ranging from 20-70kPa. Trends in the variation across these 5 points were
maintained after rapid-freezing and rapid-thawing the tissue. The absolute values of the
measurements also remained relatively constant varying only an average of 7% overall.
These results indicate a potential for vitrification in preserving the mechanical properties
of mammary gland tissue. However, it is clear that vitrification must occur in a uniform
manner that is largely dependent on ready access of the liquid nitrogen to the tissue to

prevent the formation of thermal gradients.



In Situ high resolution force mapping of mammary gland tissues.

The biomechanical preservation of tissues by vitrification in liquid nitrogen
facilitates sectioning of the tissue in a geometry that optimizes AFM indentation while
improving optical clarity to ensure precise positioning of the indenter on regions of
interest (Figure 4A). The flat geometry of sectioned tissue also minimizes the adhesive
interactions between the tissue and the indenter material to increase the rate of
indentation acquisition across the tissue. High-resolution force maps can be obtained with
high geographic accuracy on the tissue, and in a very rapid manner. In fact, multiple force
maps are easily generated from a single tissue section, representing multiple different

microenvironments present within the tissue.

By positioning the tip at the interface between the tumor epithelium and the stroma,
force maps are generated that demonstrate distinct biomechanical properties of the
extracelluar matrix across tumor types or between different areas of a single tumor. As the
mammary epithelium progresses from normal, to pre-malignant and finally malignant
tumors, a progressive increase in the young’s elastic modulus of the ECM surrounding the
tumor epithelium is mapped (Figure 4A). The young’s elastic modulus of the ECM
surrounding the ductal epithelium increases from an average of 1.1 kPa in the normal duct,
to 1.3 in pre-malignant ducts and 1.5 kPa in malignant ducts. The Young’s elastic modulus
of adipose or epithelial cells remain unchanged, however. While cells are visible by phase
contrast lighting, or when fluorescently tagged with Hoecst 3332 to label the nuclei, the

mechanical integrity of these cells is compromised when cryo-sectioned. As a result,



measurements obtained from these compartments do not necessarily reflect the cortical

stiffness of the cells.

AFM force mapping can be coupled to techniques traditionally used to visualize
biomolecules using immunofluorescent or histochemical staining techniques to identify the
molecular nature of biomechanical features that have been shown to affect tumor
progression. Collagen crosslinking has been recently shown to alter the biomechanical
properties of the microenvironment surrounding the mammary epithelium leading to
biochemical changes in the epithelium such as enhanced PI3 kinase activity, promotion of
focal adhesions and increased integrin clustering’. Force mapping of cryosectioned
mammary gland tissue was coupled to histological examination of collagens by picrosirius
red to visualize how changes in the collagen content of tissues relates to its biomechanical
properties. It is clear that as the epithelium progresses from hyperplasia, to ductal
carcinoma in situ and finally to invasive carcinoma, drastic changes in collagen content
surrounding the tumor are associated with progression. Normal epithelium and pre-
malignant tumors are surrounded by a high degree of thick collagen fibers as indicated by
red picrosirius red staining (Figure 4A, top and middle row). On the other hand, invasive
tumors are surrounded by increased amounts of thinner collagen bundles as indicated by

the yellow color of the picrosirius red statining (Figure 4A, bottom row).

Discussion

Sonal and MRI elastography, and physical palpations leave no doubt that the

pathogenesis of metastatic breast cancer is clearly influenced by the biomechanical



microenvironment of the tumor epithelial cells and can be used as a prognostic to detect
disease progression. While the influence of biomechanics on tumor epithelial cell behavior
has been successfully studied in vitro, studies capable of examining the underlying physical
changes leading altered biomechanical microenvironment with high resolution in situ have
been limited by the available technology. In this paper we present a method of
cryopreserving tissues in situ that allows the collection of accurate physical measurements

of mammary tissue with AFM while also allowing subsequent biochemical examination.

The formation of damaging ice crystals and osmotic gradients during freezing is
contingent on the rate of freezing. Rapid freezing and rapid thawing can preclude the
formation of damaging ice crystals and osmotic gradients. In this study we demonstrate,
that by utilizing these principles both the biochemical and biomechanical nature of the
tissue can be preserved when tissues are rapidly frozen and then rapidly thawed. In fact,
sectioning of tissues that have been cryo-preserved improves the biomechanical accuracy
of AFM measurements as the geometry necessary for Hertz modeling of a spherical
indentor interacting with a flat substrate is optimized. The optical clarity of thin tissue
sectioning enables precise geographical positioning of the AFM indentors in a manner that
allows subsequent histochemical examination of the very same location within the tissue.
We present an example of sequential biomechanical and biochemical examination utilizing
the Wnt mouse model of breast cancer. The ECM surrounding the ducts of these mice were
force mapped and then stained for picrosisius red so that a direct correlation can be made
between collagen content and the nature of collagen fibers as well as their mechanical

properties.



Despite the improvement in examining the nature and properties of the ECM that
cryopreservation and AFM provide, this technique does not provide reliable information
regarding the mechanics of the tumor epithelium. Sectioning of cryogenically preserved
tissues results in lethal damage to cells that prevents the direct acquisition of mechanical
measurements of cells. Thus, this technique is limited to querying the non-cellular tissue
elements for their mechanical properties. Additionally, the use of spherical indentors to
preclude tissue damage and adhesion that occurs with sharp indentors significantly
increases the cost of this technique and require fitting AFM force curves to the Hertz model
to derive the Young's elastic modulus, a labor and time intensive effort. Future
improvements in Hertz model analysis and the fabrication of AFM spherical indentors can

potentially alleviate this concern and improve the throughput of this type of assay.

Methods such as these open up the field of biological mechanics to a new line of
inquiry that can ask questions regarding the biomechanical properties of pathological
tissues and relate the physical properties of tissues to their biochemical makeup. This will
allow new insight by indentifying the cell types and molecules are directly responsible for
altered microenvironments such as those seen during the desmoplastic response, or
whether epithelial cell metastasis follows cues other than chemotactic cues that can
influence their malignancy. Additionally, a new metric for metastatic disease diagnosis
may also emerge if it is found that a distinct biomechanical signature correlates with

malignancy that may augment current histologic and biochemical diagnosis.



1.

Chambers, A.F., Groom, A.C. & MacDonald, I.C. Dissemination and growth of cancer

cells in metastatic sites. Nat. Rev. Cancer 2, 563-572 (2002).

2.

3.

Wiseman, B.S. & Werb, Z. Stromal effects on mammary gland development and breast
cancer. Science 296, 1046-1049 (2002).

Butcher, D.T., Alliston, T. & Weaver, V.M. A tense situation: forcing tumour progression.
Nat Rev Cancer 9, 108-122 (2009).

. Levental, K.R. et al. Matrix crosslinking forces tumor progression by enhancing integrin

signaling. Cell 139, 891-906 (2009).

. Paszek, M.]. et al. Tensional homeostasis and the malignant phenotype. Cancer Cell 8,

241-254 (2005).

. Blackman, M. & Lisgarten, N.D. The Cubic and Other Structural Forms of Ice at Low

Temperature and Pressure. Proceedings of the Royal Society of London. Series A,
Mathematical and Physical Sciences 239, 93-107 (1957).

. Pegg, D.E. Principles of cryopreservation. Methods Mol. Biol 368, 39-57 (2007).



Figure Legends:
Figure 1:

Biomechanical characterization of tumor progression. Excised mammary gland tumors are
directly visualized by GFP fluorescence and the vasculature is visualized by perfused RH-
Lectin fluorescence to precisely position the AFM indenter to force map the noted areas
(A). Force map analysis of mammary tumor progression from normal epithelium to
invasive tumor shows a corresponding progression in the biomechanical properties of the
tumor and the surrounding stroma (B). Scale bar represent 100um.

Figure 2:

Vitrification by rapid cryopreservation maintains biomechanical properties of mammary
gland tissue. Cryopreservation of tissue by slow rate freezing causes extensive damage to

the tissue while compromising the biomechanical properties of the tissue (A, top row).
Rapid cryopreservation of tissue allows vitrification which does not damage tissue while
preserving the biomechanical properties of the tissue in tact (A, bottom row).
Quantification of the young’s elastic modulus of tissue subjected to distinct
cryopreservation techniques that that rapid-freeze /rapid-thaw does not lead to changes in
the biomechanical properties while rapid-freeze/slow-thaw or slow-freeze/slow-thaw do
significantly alter the young’s elastic modulus of the tissue (B). Scale bar represent 100um.
Error bars represent standard error of the mean. *P<0.05, **P>0.05.

Figure 3:

In situ vitrification and indentation do not alter mechanical properties of tissues. Tissues
pre-freeze (B, left) or post-freeze (B,right) were indented in a custom chamber without

moving the tissue from the AFM stage to ensure no changes in indentation locations.
Young’s modulus obtained from these tissues indicates that vitrification preserves
biomechanical properties across a wide range of stiffness (A). Scale bar represent 100pum.

Figure 4:

In situ force mapping of cryosectioned mammary glands can be coupled to traditional
histopathological techniques. Cryosectioning of tissues improves visual clarity and
geometry of the tissue sample (A). Coupling of AFM with light microscopy enables precise
placement of the AFM indenter and force mapping of multiple regions in the tissue (A,
forced mapped region). Scale bar represent 100um. Error bars represent standard error of
the mean. *P<0.05, **P>0.05.




Statistics

Statistical analysis was performed with GraphPad Prism with a paired student’s t-test or
two-way ANOVA.
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Abstract

The mechanical properties (e.g. stiffness) of the extracellular matrix (ECM) influence cell fate
and tissue morphogenesis and contribute to disease progression. Nevertheless, our
understanding of the mechanisms by which ECM rigidity modulates cell behavior and fate
remains rudimentary. To address thisissue, a number of two and three-dimensiona (3D)
hydrogel systems have been used to explore the effects of the mechanical properties of the
ECM on cell behavior. Unfortunately, many of these systems have limited application because
fiber architecture, adhesiveness and/or pore size often change in parallel when gel elasticity is
varied. Here we describe the use of ECM-adsorbed, synthetic, self-assembling peptide (SAP)
gelsthat are able to recapitulate normal epithelial acini morphogenesis and gene expression in
a 3D context. By exploiting the range of viscoelasticity attainable with these SAP gels, and
their ability to recreate native-like ECM fibril topology with minimal variability in ligand
density and pore size, we were able to reconstitute normal versus tumor-like phenotype and
gene expression patterns in nonmalignant mammary epithelial cells. Accordingly, this SAP
hydrogel system presents the first tunable system capable of independently assessing the
interplay between ECM stiffness and multi-cellular epithelial phenotype in a 3D context.

I ntroduction

Cellsin vivo are constantly exposed to an array of biophysical
forces such as hydrostatic pressure, shear stress, compression
loading and tensional forces. Cells rely on these physical
cues to maintain homeostasis and adapt to them by atering
cell signaling and gene expression and by remodeling their

6 Author to whom any correspondence should be addressed.

1478-3975/11/000000+13$33.00

local microenvironment [1, 2]. From an organisma point
of view, extracellular matrix (ECM) compliance directs the
development of tissues[1, 3] and influences the onset of many
pathological conditions, including cardiovascular disease [4],
arthritis[5] and neural degenerative diseases[6, 7]. The ECM
also progressively stiffensin tumors and recent work suggests
this phenotype has functional significance because increasing
ECM rigidity promotes malignant transformation, while

© 2011 IOP Publishing Ltd  Printed in the UK
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inhibiting ECM stiffening reduces tumor incidence [8-10].
Accordingly, clarifying the role by which ECM compliance
influences diverse cellular and tissue level functionsis central
to understanding the molecular basis for development and
organ homeostasis. Nevertheless, the molecular mechanisms
whereby ECM compliance regulates cellular behavior and
tissue phenotype remain poorly understood.

Onefrequently employed simplified model system usedto
study the effect of ECM stiffness on cell behavior is protein-
conjugated polyacrylamide gels (PA gels) [11-15]. These
nearly elastic 2D gels permit the systematic and predictable
modulation of ECM compliance by changing cross-linker
concentration while maintaining ligand density and growth
factor milieu constant. PA gels have proved quite useful
in exploring fundamental links between ECM stiffness and
cell behavior, and when used in conjunction with a matrix
overlay assay, they have illustrated a role for ECM tension
in epithelial morphogenesis [3, 6, 10, 16-20]. These PA
gels have aso been used to identify molecular mechanisms
by which ECM stiffness modulates cell phenotype including
highlighting how ECM compliance can regulate cell behavior
by influencing integrin adhesions and growth factor receptor
signaling [10, 21-24]. Indeed, studies using PA gels have
proved instrumental inillustrating how physical cuesfrom the
ECM are sensed and propagated and how ECM tension can
ater membrane receptor function and nuclear morphology
to modify gene expression [25-27]. Yet, most cells exist
within the context of a three-dimensional (3D) tissue and it
is now recognized that dimensionality per se is a profound
regulator of cell and tissue phenotype [28-36]. In this regard,
PA gels represent a pseudo 3D rigidity assay system because
only the basal domain of the cell remains in contact with, and
therefore respondsto, the el asticity of the protein-laminated PA
gel. Moreover, while animal studies have yielded important
insight regarding the interplay between ECM topology, and
rigidity within a 3D context [10, 35, 37, 38] in vivo tissues
are inherently complex and hence do not lend themselves as
readily to rigorous mechanistic manipul ations and quantitative
analysis. Accordingly, tractable in vitro systems are needed
with which to study the molecular basis by which ECM
stiffness influences cellular fate in the context of a 3D ECM.

A variety of natural matrices, such as Matrigel (rBM),
collagen | (col 1), and fibrin gels have been exploited with
varying degrees of success to explore the effect of ECM
stiffness and topology in vitro on cellular behavior and fate
in a 3D context [39-43]. Using these hydrogel systems
gel stiffness has been routinely modulated by atering the
concentration or composition of the gel constituents or
by varying crosslink density. Such approaches as these
however, simultaneously alter gel pore size, fiber architecture,
and/or the number or availability of adhesion sites [44, 45].
Further, these natura ECM systems frequently display
inconsistencies and batch-to-batch variation. By contrast,
synthetic biomaterials promise greater control of mechanical
and adhesive properties. Inthisregard, avariety of approaches
have been undertaken to design 3D scaffolds that combine
biological functionality and the architecture of natural ECM
materialswith the robust controllability of synthetic materials.

These scaffoldsinclude agarose-stiffened collagen | gels[46],
polyethylene glycol (PEG) gels with tethered adhesion and
degradation sites [47-50], as well as a variety of systems
with dynamic biophysical and biochemical properties[51, 52].
Unfortunately however, many of these gel systems lack the
appropriate ECM-like fiber architecture and display limited
pore size with increased ECM stiffness.

Self-assembling peptides (SAPs) are a family of 8-32
amino acid peptides that, when exposed to physiological
salt solutions, self-assemble into fibrils [53, 54]. SAPs are
chemically defined and biologically compatible biomaterials
that mimic the architectural features observed in some natural
matrices such as type | collagen gels [55]. Moreover,
SAP family members support cell adhesion and can direct
the differentiated behavior of neural stem cells [56],
osteoblasts [57], hepatocytes [58, 59] and endothelial cells
[55]. Motivated by these results we decided to explore
the applicability of PuraMatrix, one type of commercially
available SAP, to study the interplay between ECM stiffness
and mammary epithelial cell (MEC) morphogenesis in 3D.
We determined that laminin-adsorbed (ligation of laminin
receptors promotes MEC tissue polarity and differentiation)
PuraMatrix SAPsnot only support MEC acinar morphogenesis
but that stiff SAPs promote an invasive epithelial tumor-like
phenotype and do so without significantly changing pore size
or gel architecture. Accordingly, we contend that these studies
represent the first demonstration of a tractable, well-defined
hydrogel systemthat isableto recapitul ate the biochemical and
micro architectural featuresof the native normal tissue ECM so
that theinterplay between ECM compliance and multi-cellular
tissue behavior can be studied in a 3D ‘tissue-like’ context.

M ethods

Chemicals and antibodies

We used commercial EHS matrix (Matrigel ™ Collaborative
Research) for the rBM assays, telopeptide intact type | rat
tail collagen (1%; Sigma) for the collagen type | hydrogels
and agueous RAD16-I (1%; AcN-(RADA)4-CNH2; BD
PuraMatrix, Becton Dickinson) for the SAP gels. Primary
antibodies used in these studies included: mouse monoclonal
anti-human cleaved caspases-3 (clone E83-77; Epitomics),
E cadherin (clone 36; BD Transduction Laboratories), g4
integrin (clone 3E1; Chemicon) and Ki-67 (clone 7B11,;
Invitrogen); rat monoclona anti-human g1 integrin (clone
AlIB2), and rabbit polyclonal anti-human fibronectin |
(Millipore) and g-catenin (Sigma). Secondary antibodies
used were: Alexa Fluor 488- and 555- and 633-conjugated
anti-mouse, anti-rat and anti-rabbit 1gGs (molecular probes).
Additional reagents included TRITC-conjugated Phalloidin
(molecular probes), diaminophenylindole (DAPI; Sigma),
laminin (L2020, Sigma), and fetal bovine serum (Invitrogen).

Cell culture

Human nonmalignant MEC MCF10 As were propagated as
monolayers on tissue culture plastic and assembled into 3D
colonies in either rBM or collagen/rBM gels, as described
[8, 60].
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Cell death stimulation and analysis

MECs grown in rBM for 10-12 days (3D multi-cellular
spheroid) were assayed for endogenouscell death viaapoptosis
through immuno-detection of activated caspase 3 or using a
modified Live/Dead assay (Invitrogen). Percent death was
quantified as the number of cells stained positive for activated
caspase 3 or scored positive for death divided by the total
number of cells, as described [34, 61]. The minimum number
of cells scored was 200-300 per experimental condition.
Cellswere visualized using afluorescence microscope (Nikon
Inverted Eclipse TE300 microscope).

Immunofluorescence analysis

Cells were either triton extracted (0.1% Triton X-100; 5 min)
and then fixed or directly fixed using paraformaldehyde (4%;
Electron Microscopy Sciences). Specimens were thereafter
incubated with primary antibody, followed by either Alexa
Fluor 488 or 568-conjugated secondary antibody. Nuclel
were counterstained with DAPI or Hoechst 33342. Cellswere
visualized using a Zeiss Laser Scanning Confocal microscope
attached to a Nikon Diaphot 200 microscope. Images were
recorded at 600x magnification.

Three-dimensional culture within self-assembling peptides

To assay for growth within a 3D SAP gel, trypsinized MECs
(0.05%; trypsin/EDTA; Invitrogen) were washed and re-
suspended in sterile 20% sucrose containing either laminin
(100 g mi—1; Sigma L2020) or rBM (Matrigel; 2 mg ml—1
protein; Becton Dickinson). The cell suspension (2x final
desired cell concentration) was then combined 1:1 with a2x
solution of SAP (from 1% w/v sonicated peptide stock) to
attain a final cell concentration of 1 x 10° cells mi—1. A
cellular—ECM mixture of 200 ul was thereafter aliquoted into
inserts (PICM-012-50, Millipore) and gelation was induced
by exposure to cell culture medium (DMEM F-12, 10% FBS,
pH 7.4; Invitrogen). After 1 h, the gelation medium was
decanted and replaced with MEC growth medium. Cultures
weretypically fed every other day and maintained for 18 days.

Scanning electron microscopy

Cell-free collagen and SAP gelswerefixed in Jonson’sreagent
(24 h; 4C; Electron Microscopy Sciences) and cut into 4-5
smaller gelsprior to further processing and staining to increase
the number of exposed surfaces. After fixation samples were
rinsed (3x; 10 min; RT; 0.1 M sodium cacodylate buffer,
pH 7.2; Tousimis), stained with 1% osmium tetroxide (1 h;
RT), and rinsed with 0.1 M sodium cacodylate buffer (3x;
5 min; RT). Samples were then subjected to ascending al cohol
dehydration, followed by critical point drying procedure with
an AutoSamdri 815 CPD critical point dryer (Tousimis).
Samples were then transferred onto carbon-taped SEM stubs,
sputter coated (Tousimis) with gold palladium and imaged
with a Hitachi S-500 scanning electron microscope operated
at 30 kV (resolution 3-5 nm).

Rheometry

Cell-free SAPs, and collagen/rBM gels of varying
concentration were gelled in cylindrical molds (~7.5 mm
ID), attached to 10% FBS/PBS-wetted parchment paper,
polymerized under physiological conditions (48 h; 37C),
released from molds, and transferred to a rheometer with an
8 mm plate (AR 2000ex, TA Instruments) [55]. The shear
modulus (Gp) was recorded at a constant frequency of 1 rad
s~ for al samples; TA Instruments software accompanying
the rheometer was used to fit all dataand extract shear moduli
from raw data (n = 5 gelsfor al conditions).

Extracellular matrix fibril quantification and data analysis

Projected fiber diameter and pore size were measured from
the SEM images (five representative 60000x images/each
concentration of collagen and SAP) using Imagel. Projected
pore size was quantified via averaging two diagonals of every
pore with clear edges on the SEM images. The projected
fiber diameter was quantified by averaging measurements of
at least 100 fibers/SEM image. A colony areawas traced and
analyzed in ImageJ (n = 50 acini /condition).

Satistical analysis

Statistical significance was assessed by performing 1/2-tailed
student t-tests. P-values of less than 0.05 were considered to
be significant as indicated by a* symbol in text and graphs,
unless otherwise specified.

Quantitative PCR

RNA was isolated using phenol—-chloroform extraction and
total RNA for each sample was reverse transcribed using
random primers (Amersham Biosciences). 18SrRNA primers
run in paralel were used as controls. Quantitative PCR
reactions (10 ul) were conducted using a LightCycler (Roche
Diagnostics) withaLightCycler Fast Start DNA Master SYBR
Mix (Roche) and a1 pmol primer mixture.

Results

Increasing collagen concentration and rigidity stimulate
epithelial growth and survival and compromise tissue
mor phogenesis and integrity

Primary and immortalized MECs have been used to study the
role of the ECM and its receptors in tissue morphogenesis
and differentiation. When incorporated into a 3D rBM
(Matrigel) human and murine MECs assemble into growth-
arrested, polarized multi-cellular structures that resemble
termina ductal lobular units of the in vivo mammary gland
[31, 39]. MECs will aso assemble into nonpolarized 3D
organoids when grown within type | collagen gels and can
be induced to polarize if either purified laminin or rBM
(2mg ml~1) is added [62].

The viscodlasticity of collagen | gels is proportiona to
their concentration. Assuch collagen gelsprovidean attractive
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Figure 1. Increasing collagen concentration and rigidity stimulate epithelial growth and survival and compromise tissue morphogenesis and
integrity. (A) (Top) phase contrast images of multi-cellular MEC colonies embedded within type 1 collagen gels of increasing concentration
(1.2-3.2 mg mi~1) and stiffness (150-1400 Pa) for 12 days. Bar equals 30 wm. (Bottom) laser confocal immunofluorescence images of
multi-cellular MEC colonies as above, stained for 81 integrin (red), laminin V (green), and nuclei (DAPI; blue). Bar equals 40 um. (B) Bar
graphs showing quantification of luminal clearance measured in colonies shown in A. (C) Bar graph showing average colony diameter of
colonies shown in A. *indicates p < 0.001. Values shown in (B) and (C) represent mean + SEM of multiple measurements from at |east

three independent experiments.

system with which to study the effect of modulating ECM
stiffness in a 3D context on tissue behavior. Accordingly,
to study the effect of modulating ECM rigidity on epithelial
behavior we generated type | collagen gels ranging from
1.2 to 3.2 mg mi~* incorporating rBM (Col/rBM cultures,
2 mg mli—) as a polarity cue. We showed previously that
these concentrations of collagen achieve gel stiffness that
recapitul ates the viscod agticity typically found in a normal,
pre-malignant and early invasive tumorigenic human and
mouse breast [8, 10, 63]. We then assayed for the effect
of varying ECM tiffness in a 3D context on the growth
and survival and morphogenesis of the nonmalignant human
MEC line MCF10A, an immortaized human MEC line that
undergoes multi-cellular epithelial morphogenesisin response
to compliant 3D rBM cues [10].

Similar to what we and others observed previously,
although the nonmalignant MECs incorporated into highly
compliant Col/rBM gel (156 Pa + 42 Pa) grew rapidly for

the first 6 days, by day 10 they assembled growth-arrested
acini as indicated by colonies with persistent diameters of
60.2 + 54 um (figure 1(A); DIC image; figure 1(C)).
After 10 days of culture mammary acini in the compliant
gels (1.2 mg mi—?) also showed evidence of cleared lumens
(see arrow figure 1(A) DIC, top and immunofluorescence,
bottom) and achieved apical-basal polarity as demonstrated
by basal deposition of laminin and apical—basal localization
of B1 integrin (figure 1(A); lower left-hand panel). By
contrast, even moderate stiffening (2.2 mg ml—1) of the
Col/rBM (457 + 67.3 Pa) significantly increased colony size
suggestive of elevated cell proliferation (116.5 + 24.2 um;
figure 1(A) DIC top middle panel, figure 1(C)). Yet, when gel
stiffness approached that quantified in the stroma surrounding
a pre-malignant breast epithelium [10], luminal clearing
was compromised, indicative of enhanced cell surviva
(figure 1(B)). Furthermore, a collagen stiffness approaching
800-1000 Pa, similar to that measuredinthe ECM surrounding



Phys. Biol. 8 (2011) 000000

Y A Miroshnikovaet al

early invasive breast lesions, significantly disrupted apical—
basal polarity, as revealed by the diffuse localization of
laminin V and relocalization of 1 integrin along the basal
domain of the colony (figure 1, bottom middle panel).
Intriguingly, not only did MECs embedded within Col /rBM
gels with ECM dtiffness approaching that measured in breast
tumors (1411 + 350.3 Pa) grew quite large (161.3 =+
21.1 um; figure 1(C)) and formed highly disorganized,
nonpolar colonies that lacked lumens (figure 1(A); lower
panel right and figure 1(B)) but these colonies also showed
a propensity to form membrane protrusions that projected
into the surrounding ECM, consistent with the notion that
ECM stiffness promotes a tumor-like phenotype. Importantly
however, despite these provocative findings, none of the
nonmalignant MECs from the mammary colonies assembled
within the rigid rBM /collagen | gels invaded into the gels
(figure 1(A) DIC top right).

Thus far, our findings were consistent with the notion
that ECM stiffness compromises epithelial morphogenesis
and tissue integrity and induces a ‘tumor-like’ phenotype
even in nontransformed epithelial cells. Nevertheless, we
noted that the interpretation of data obtained with these
gels was complicated by the fact that collagen ligand
available to bind to cell surface receptors including integrins
and discoidin receptors aso significantly increased when
the gel concentration was increased to stiffen the ECM.
Moreover, SEM analysis revealed that the projected pore
size and fiber thickness also changed dramaticaly as the
concentration of the collagen gel was progressively increased
(figure 2(A)). Because ligand binding and pore size can
significantly modify cell invasion, these findings indicate
that studies aimed at assessing the interplay between ECM
stiffness and cell invasion may be compromised using
this approach. Furthermore, matrix topology per se can
significantly modulate cellular phenotypefurther complicating
the interpretation of experiments conducted using this gel
system [46, 64-67]. Thus, these results emphasize that it
isdtill not clear if ECM stiffness per se can induce invasion of
nontransformed epithelial tissues. Indeed, the dataimply that
although collagen gels offer an attractive model system with
whichto rapidly assessthe effect of modulating ECM stiffness
on cellular behavior in a 3D context, several confounding
variables seriously compromise any ability to rigorously
isolate and interpret the effect of matrix stiffness per se on
cellular behavior using this hydrogel model.

Self-assembling peptides (SAP): flexible, protein-absorhbing,
synthetic matrix that mimics collagen architecture

A number of materials are readily available whose elasticity
can be dynamicaly modulated by maintaining ligand
binding constant. Materials such as hyaluronic acid,
poly(ethylene) glycol, and polyglycolic acid can be modified
to providerigorously controlled biochemical cues[46, 68—74].
Unfortunately, the architecture of these materialsis strikingly
different from that of natural ECMs such as type | collagen,
thereby compromising their utility as natural ECM substrates.
By contrast, SAP hydrogels are biocompatible synthetic

substratesthat not only mimic themicro-architecture of natural
collagen gels (figure 2(C)) but lend themselves to chemical
modification. SAPs are composed of 16 repeating amino
acid residues (alternating hydrophilic and hydrophobic chains)
that self-assemble to form nanofibers under physiological
salt conditions due to hydrophobic (between aanines) and
ionic bonding (between arginine and aspartic acid residues)
between the amino acids [55]. Although SAPs can be
mechanically tethered with ligand [59, 75], these peptides
are also protein adsorbing [76]. Thus, athough they
do not contain integrin-binding sites, and cannot therefore
mediate ligand-dependent ECM receptor signaling, they can
be readily conjugated, tethered or adsorbed with quantifiable
concentrations of ligand via direct peptide conjugation or
through ECM protein adsorption. Moreover, by varying the
concentration of the SAPR, the stiffness of the gel can be
modulated over aphysiologically appropriate range to achieve
aviscoelasticity similar to soft tissues such as a healthy breast
on the one hand and a cancerous breast on the other hand
[8, 77-79].

To explore the utility of SAPs as biocompatible
materials for exploring the effect of ECM stiffness on
epithelial morphogenesis and homeostasis, we characterized
the physical topology and mechanical properties of one of
these commercially available SAP gels, PuraMatrix, over
the range of viscoelasticity deemed useful for the study
of normal and transformed epithelial behavior. We found
that varying SAP concentration from 1.2 to 3.2 mg mi—!
generated a'Young's modulus that ranged from 120 to 1200 Pa,
anal ogousto what we were ableto achieve by varying collagen
concentration from 1.2 to 3.2 mg ml—* (figures 2(B) and (D)).
Importantly, SEM analysisrevealed that unlike collagen | gels,
themicro-architecture of SAPgelsdid not substantially change
within this stiffness range and gel concentration. Indeed, we
noted that pore size only varied by approximately 10% and
fibril topology remained within the range of 45-75 nm even
when gel contraction was varied from 1.2 to 3.2 mg mi—*
(figures2(E) and (F)). By contrast the pore size of the collagen
gels varied by over 30% and fibril topology ranged from 50
to 170 «m when collagen concentration was modified across
this same range (figures 2(E) and (F)). Curiously, although we
detected no statistically significant differences in the overall
fiber organization and matrix topology as a function of SAPs
gel concentration and stiffness, we did quantify a modest,
but consistent increase in peptide mass per volume (data not
shown). The fact that the observed difference was only a 10%
increase in the fraction of soluble peptide at the highest gel
concentration indicates that the elevated gel stiffness likely
reflects a subtle increase in either the fiber diameter, length,
or absolute number. In this respect, we determined that the
projected pore size and overal fiber mesh did not change
drastically, suggesting that SAP gel stiffness was more than
likely due to an increase in fiber diameter and/or enhanced
fiber density. Indeed, there was a positive but-insignificant
trend between SAP stiffness and decreased projected pore size
and increased fiber thickness. The fact that we could not
accurately document changes in these variables is more than
likely due to the resolution limitation of our detection method
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Figure 2. Self-assembling peptides (SAP): flexible, protein-absorbing, synthetic matrix that mimic collagen architecture. (A) SEM
microscopy images of collagen gelstaken at high (top) and low (bottom) magnification illustrating the structural changes induced in
collagen morphology, topology and pore size when collagen concentration isincreased. Bar equals 5 um. (B) Bar graph quantifying
Young's modulus of collagen gels of varying concentration as measured by shear rheology. (C) SEM microscopy images of SAP gels taken
at high (top) and low (bottom) magnification illustrating minimal structural changesin gel fiber morphology, topology and pore size when
gel concentration isincreased. Bar equals 200 nm. SEM resolution is 3-5 nm (according to the manufacturer). (D) Bar graphs quantifying
SAP gd stiffness as afunction of gel concentration as measured by shear rheology. (E) Graphical depiction of fiber diameter quantified asa
function of collagen (filled boxes) and SAP (open boxes) gel concentration. (F) Graphical depiction of pore size measured as projected pore
sizein collagen (filled boxes) and SAP (open boxes) gels as afunction of gel concentration. *indicates p < 0.001. Vaues shownin B and
(D) and (F) represent mean + SEM of multiple measurements from at |east three independent experiments.

which is unable to detect such subtle nano-scale differences
in fiber diameter and pore size variability. Consistently, the
stiffness of a fibrous material can be largely attributed to
the sum of the bending moments of all the fibers. Second
moment of inertia is a shape property that can be used to
predict deflections and stresses in the beams/fibers, which
would be representative of its bulk stiffness. Assuming a

circular cross-section of the fibers, the moment of inertia, |,,
would be proportional to the radius raised to the fourth power
(I, = mr?/4), such that incredibly small changesin the radius
would be reflected by an increased capacity to dramatically
ater thebendability or stiffnessof thematerial. Inthesestudies
we observed an approximate six-fold increase in gel stiffness
between the soft and the tiff SAP gels which can easily be
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accounted for by a mere 2 nm change in fiber thickness. As
such, the theoretical differences between soft and stiff SAP
gels are well beyond the 3-5 nm resolution capacity of SEM
imaging. Moreover and importantly, despite the fact that it is
obvious that SAP morphology must vary to some degree as a
function of gel concentration/ stiffness, the magnitude of such
a modest nanometer-scale variation would exert a negligible
effect on cellular functions, such as migration and invasion,
because cells operate on alength scale of 10-50 wm. Instead,
variations in pore and fiber diameter within tens to hundreds
of nanometers, which is comparable to what we quantified
for collagen gels of increasing concentration/stiffness, are
likely to significantly ater cellular invasion and migration.
These findings suggest that SAP gels could provide a viable
aternative ECM for studying the effect of ECM rigidity on
epithelial invasive phenotype in a 3D context.

SAP gels support epithelial morphogenesis and direct
apical—basal tissue polarity

To explore the utility of SAP gels as atractable matrix system
for studying theinterplay between ECM stiffnessand epithelial
cell behavior in 3D, we grew MECs within un-conjugated,
compliant, SAP gelsin the absence of adsorbed ECM protein.
We noted that MECs embedded within SAP gels survived and
grew to assemble epithelial colonies. However, colony size
was non-uniform and immuno-fluorescence analysis revealed
that the colonies lacked polarity (data not shown). We
therefore supplemented the SAP gels with laminin (100 ug
mli—1) or rBM (2 mg ml~; 10%) and assayed for effects
on MEC growth, survival and multi-cellular morphogenesis.
Analogous to MECs embedded within rBM or a mixture of
collagen | and rBM, MECs embedded within the laminin-
or rBM-supplemented SAP gels proliferated rapidly for the
first 56 days after which they growth-arrested, as revealed
by loss of Ki-67 immuno-staining and the maintenance of a
stable colony diameter, and initiated tissue morphogenesis,
asindicated by elevated numbers of cellsin the center of the
coloniespositivefor activated caspase 3 (figures 3(B), 4(C) and
(D)). Consistently, MEC colonies generated in the laminin-
supplemented SAP gels assembled acini with cleared lumens
that had similar diameters to those generated in rBM and
collagen 1 /rBM gels (figures 3(A) and (C), quantified in 3B).
Moreover, acini generated in the laminin-supplemented SAP
gels achieved apical—basal polarity, as revealed by basally
localized B4 integrin (figure 3(D), left panel, see arrow),
basal-1ateral A1 integrin, and cell—cell localized S-catenin
(figure 3(D), middle and right panels, see arrows). These
phenotypes are analogous to those observed in rBM or in
1.2 mg mi~* collagen | gels supplemented with laminin or
rBM (figure 1(A)). Moreover, and importantly, similar to
what we and others have routinely observed using rBM gels,
SAP gels were able to support stable acini development as
reveadled by uniform colony differentiation and repression
of genes that compromise acini stability and differentiation,
such as fibronectin (figure 3(D), right panel; figures 4(E) and
(F)). These findings indicate that compliant SAP gels, when
supplemented with the appropriate biochemical ECM cues,

can support normal MEC growth and viability and direct multi-
cellular tissue morphogenesis.

Modulating SAP stiffness perturbs epithelial morphogenesis,
disrupts apical-basal tissue polarity, and induces pro-tumor
gene expression

We next asked whether increasing SAPs gd stiffness could
perturb MEC morphogenesis and tissue integrity to induce a
tumor-like phenotype. MECs were embedded within 1.2—
3.2 mg m~! SAP gels at concentrations that generated
mechanical properties (Young's modulus) that recapitul ated
what we previously measured for normal and early stage breast
tumor tissue, respectively [10] (figure 2(D)). Similar to MECs
within rBM gels, MEC colonies embedded within highly
compliant laminin-supplemented SAPs assembled growth-
arrested acini that showed negligible Ki-67 staining by day 10
of culture (figures 4(C) and (D)). Mammary acini within soft
SAPs also consistently cleared their lumens, likely through
induction of apoptosis in the cells lacking contact with the
protein-adsorbed SAP gels, as revealed by elevated number
of cells within the day 10-12 colony lumens with activated
caspase 3 staining (figure 4(B)). By contrast, MEC colonies
embedded within rigid SAP gels continued to proliferate, as
revedled by elevated Ki-67 staining throughout the colony
(figure 4(D)), showed negligible death of the cells within the
center of the colony, as revealed by reduced activated caspase
3 positive cells in the center of the colonies (figure 4(C)),
and consequently failed to clear their lumens (figures 4(A)
and (B)). The colonies assembled within the rigid SAPs also
lacked apical—basal polarity, as revealed by highly diffuse 8-
catenin and 81 integrin (figure 4(E)). Intriguingly, we noted
that the MECs embedded within the stiff SAPs matrix also
showed severely compromised colony integrity, as revealed
by gross disorganization of the colony and individual MECs
disseminating away from the colony and invading into the
surrounding matrix (figure 4(E)). These findings imply that
matrix stiffness ‘per s€ may in fact promote cell invasion
given the appropriate matrix context and cell state. In
this regard, by way of a plausible mechanism, we noted
that SAP iffness induced the expression of two genes
implicated intumor progression andinvasion, fibronectin 1 and
EGFR (figure 4(F)), and additionally enhanced fibronectin 1
deposition by the M ECs embedded within the gel (figures4(E)
and (F)).

Discussion

We exploited the unique properties of one SAP ge
(PuraMatrix) to study theinterplay between ECM stiffnessand
multi-cellular epithelial morphogenesis and transformation.
SAP gels provide a versatile model system with tunable
mechanical properties and a native-like ECM fibril
morphology. We were able to show that 3D laminin- or
rBM- adsorbed compliant SAP gels are able to recapitulate
MEC morphogenesis and that a stiff SAPs gel disrupts
tissue architecture, compromises tissue polarity and induces
fibronectin and EGFR expression to promote an invasive,
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Figure 3. SAP gels support epithelial morphogenesis and direct apical—basal tissue polarity. (A) (Top) phase contrast images of
representative multi-cellular MEC acini following growth within reconstituted basement membrane (rBM, Matrigel), type | collagen gels
mixed with 10% rBM, or SAPs containing 100 n.g ml~* laminin for 20 days. (Bottom) laser confocal immunofluorescence images of
cryosections (10 pm) of multi-cellular MEC colonies stained with DAPI to reveal nuclei (blue) showing presence of cleared lumensin acini
generated in all gel conditions as described above. Bar equals 25 m. (B) Line graphs showing growth curves for mammary colonies grown
within rBM (green diamond), type 1 collagen gels mixed with 10% rBM (orange box) and SAPs supplemented either with laminin (red
circle) or rBM (blue triangle). (C) Bar graphs showing quantification of cleared lumensin mammary acini grown in rBM, type 1 collagen
gels mixed with 10% rBM and SAPs supplemented either with laminin or rBM (differences in the diameters were not statistically
significant). (D) Laser confocal immunofluorescence images of cryosections (10 i.m) of multi-cellular acini generated in SAPs
supplemented with laminin stained with (left image) 84 integrin (green), (middle image) S-catenin (green) and S1 integrin (red) and (right
image) fibronectin (green) and 81 integrin. All colonies were counter stained with DAPI (blue) to reveal nuclei. Bar equals 30 um. Values
shown in (B) and (C) represent mean + SEM of multiple measurements from at |east three independent experiments.

tumor-like phenotype without substantialy atering ECM
topology, pore size and ligand density. Thus, we maintain
that this matrix is a defined and tractable system that could
be used to definitively study the effect of ECM tension
on multi-cellular epithelial cell behavior in a 3D tissue-like

context.  The availability of such a versatile system
could have profound clinical implications by permitting the
execution of experimentsaimed at clarifying the biophysically
driven changes in tissue phenotype and molecular signature
associated with tumor progression. One could imagine using
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Figure 4. Modulating SAP stiffness perturbs epithelial morphogenesis, disrupts apical—basal tissue polarity, and aters gene expression.

(A) (Left) phase contrast images of representative multi-cellular MEC acini following growth within rigid SAPs containing 100 g ml—*
laminin for 20 days. (Right) laser confocal immunofluorescence image of a cryosection (10 wm) of amulti-cellular MEC colony, generated
as described above, stained with DAPI to reveal nuclel (blue) showing absence of cleared lumen in colony generated in arigid SAP. Note the
arrow pointing to the cells migrating into the stiff SAP gel suggestive of invasive behavior. Bar equals 25 um. (B) Bar graphs showing
quantification of cleared lumens in mammary acini grown in rBM as compared to MEC colonies assembled in the soft and stiff SAPs
supplemented with laminin. Note the high percent of luminal clearance quantified in the acini assembled in either the rBM gels or the
compliant SAP gels and a significant reduction of cleared lumens quantified in the colonies generated in the stiff SAP gels. (C) Bar graphs
quantifying the number of caspase three positive lumens in colonies generated in rBM gels versus those assembled within compliant versus
stiff SAP gels supplemented with laminin. Data indicate that SAP stiffness represses apoptosisin MECs. (D) Bar graphs quantifying the
number of Ki67 positive colonies detected in rBM gels versus those assembled within compliant versus stiff SAP gels supplemented with
laminin. Data show that SAP stiffness promotes MEC proliferation. (E) Laser confocal immunofluorescence showing representative image
of cryosections (10 wm) of amulti-cellular MEC colony generated in a stiff SAP supplemented with laminin that was stained with (left)
fibronectin (green) and (right) g-catenin (green) and 81 integrin (red) and counter stained with DAPI (blue) to reveal nuclei. Bar equals

30 um. (F) Bar graphs showing the relative expression (by quantitative PCR) of fibronectin 1 and EGFR in acini isolated from soft and stiff
laminin-supplemented SAP gels. Values shown in (B) and (D) and (F) represent mean + SEM of multiple measurements from at least three
independent experiments.
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this system for high throughput drug screening to identify
novel therapeutics that would provide improved, personalized
cancer therapeutics designed to not only target tumor cells but
alsototreat their phenotypic responseto modificationsin their
surrounding ECM.

Unlike natural gels which exhibit striking changes in
architecture, decreased pore size and atered ligand density
as matrix stiffness is increased, SAP gels offer a tractable
system with which to vary ECM stiffness over a dynamic
range without significantly affecting any of these variables.
In this regard, while other synthetic systems, including HA
gels and PEG gels, have been adapted to study the effect
of ECM rigidity on cell and tissue behavior these substrates
fail to recapitulate the topology of natural matrices, cannot
be remodeled without conjugation of collagenase digestible
peptides, and often limit invasion due to minute pore size
features (unpublished findings). Two major approaches
for engineering in vitro systems with tunable mechanical
properties have been the conjugation of cell-compatible
adhesion peptides into synthetic matrices [48, 80-82] or
the application of biophysically modified natural matrices
(e.g. varying collagen gel concentration and/or cross-linking).
Synthetic matrices alow for arobust control of ligand density
as a function of stiffness, however, they typicaly fail to
recapitul ate the appropriate topological cues programmed in
the networks of natural materials. On the other hand, natural
materials not only offer physiologically relevant architectures,
but aso introduce an array of confounding biophysical cues
when concentration isvaried or cross-linking statusis changed
(as means to vary stiffness). This includes profound effects
on ligand density, fiber diameter, pore size and overall
micro-architecture. These complicating variables are not
insignificant inthat cell sareableto senseand respond to matrix
topology and presentation [83-87]. For instance, tumors show
elevated contractility and enhanced crosstalk with stromal
fibroblasts in response to changes in matrix topology and this
perturbed dialogue promotes tension-dependent remodeling
and linearization of collagen fibers that promote an invasive
tumor matrix that can foster metastasis [88, 89]. Thus, due
to amyriad of limitations endemic to current in vitro systems,
the issue as to whether or not ECM compliance per se can
modulate tissue morphology and transformation (as well as
the identification of molecular mechanisms that drive these
phenomena) remains unresolved. In this regard, the SAP
system described here has a multitude of positive features
that might overcome many of these limitations, and while
mechanical fragility remainsone challenge when manipulating
these gels, their net benefit at present far outweighs this minor
experimental difficulty.

Prior studies using 3D collagen gels with increasing
concentration and/ or elevated collagen cross-links (and hence
stiffness) indicate that ECM stiffness perturbs multi-cellular
epithelial morphogenesis but fails to induce invasion unless
combined with elevated growth factor or oncogenic signaling
[3, 10]. Such findings imply that ECM stiffness collaborates
with oncogenes to drive tumor progression and argue that
stiffness is a tumor promoter rather than initiator. We
noted that elevating SAP stiffness was sufficient to drive
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epithelial invasion suggesting stiffness alone could promote
cell invasion. One plausible explanation for why prior
studies failed to demonstrate invasion causality through
ECM tiffness is that stiffened collagen gels (mediated
through elevated protein concentration or cross-linking)
simultaneously decrease pore size and limit growth factor
diffusion, thereby complicating data interpretation because
these variables woul d themsel vesimpede and delay migration.
Indeed, prior studies suggest that stiffer collagen or fibrin
gels can in fact reduce the rate of cell migration and that
migration within such gelsreliescritically on MM P-dependent
matrix remodeling to permit tumor cell invasion [90-92]. Yet,
ECM dtiffness promotes invadopodia [92-94] and modulates
integrin adhesion dynamics [23, 64, 95, 96]. Furthermore,
ECM rigidity enhances cell contractility to enhance cell
motility and promotes invasion through ECM reorganization
and alignment, suggesting ECM stiffness should promote and
not impede invasion. These findings indicate that ECM
stiffness could be both a tumor promoter and initiator, a
possibility that now needs to be rigorously addressed. In this
regard, SAP gels could prove instrumental in addressing this
intriguing possibility.

In conclusion, tumor progression is associated with loss
of tissue organization and disassembly of multi-cellular tissue
structures. We observed that compliant |aminin-supplemented
SAP gels are able to support MEC acini morphogenesis and
that a stiff SAPs gel perturbs tissue polarity, destabilizes
cell—cell adhesions and increases the expression of tumor
promoting genes including fibronectin and the EGF receptor.
These findings are consistent with the notion that ECM
rigidity per se, in conjunction with appropriate architecture,
could promote tumor progression through destabilization of
tissue architecture, a findings that we now stand prepared to
investigate using the SAP system of epithelial morphogenesis.
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ABSTRACT

Death resistance in tumors contributes to therapeutic failure. We identified nuclear receptor

co-repressor 2 (N-CoR2) modulation of |RF-1-dependent gene transcription as a mechanism

whereby breast tissues resist chemotherapy, immune receptor and radiation-induced death.

Multi-variant analysis showed that high N-CoR2 correlates with percent relapse-free and

overall reduced breast cancer patient survival. Moreover, an N-CoR2-associated gene

signature identified primary breast tumors predisposed to chemotherapy resistance and poor

therapeutic outcome. Consistently, molecular studies in vitro and in vivo demonstrated that

the N-CoR2/HDAC3 complex confers death resistance in breast tissues by restricting the

CBP-IRF-1-dependent transcription of a network of pro-apoptotic genes. Thus, by exploiting

a three-dimensional tissue-based assay we identified a novel transcriptional reprogramming

mechanism up-regulated in aggressive, recurrent breast tumors that induces pleiotropic

treatment resistance and associates with patient mortality.



INTRODUCTION

The development of drug resistance by tumor cells significantly limits the efficacy of
anti-neoplastic treatment and is the major cause of patient mortality. Despite significant
advances in understanding how apoptosis is executed at the cellular level? and clarifying the
molecular basis of cell death resistance in vitro® we still know relatively little about the
pathogenesis of treatment resistance in cancerous tissuesin vivo™*>.

Therapeutic failure of human cancers could arise from environmental pressures that
favor the growth and survival of a genetically-modified tumor cell population®’. Treatment
resistance might also derive from the inherent survival advantages intrinsic to pre-existing
“stem-like” or “pluripotent” cells within the tumor®®*°. Furthermore, treatment response
varies between cancer cells located within the primary tumor tissue versus those at different
metastatic sites, indicating tissue context and the tissue stroma also influence the treatment

response of a tumor-121315

. In this regard, the extracellular stroma modulates tissue
architecture, and tissue polarity and dimensionality significantly modulate the survival and
apoptosis responsiveness of three-dimensional (3D) spheroids in culture and xenografted
tumors in vivo™. How tissue architecture modulates cell survival and treatment resistance and
the clinical relevance of these findings remains unclear.

Cells within 3D spheroids are more resistant to apoptotic stimuli than cells grown as a

two dimensional (2D) monolayer'®*’. Multi-cellular "spheroid" resistance has been attributed



to reduced drug penetration, altered cell proliferation and tissue hypoxia™"%. Yet, mammary
epithelia cells (MECs) incorporated into 3D polarized, normoxic spheroids exhibit
significant apoptosis resistance to diverse exogenous death stimuli, regardiess of proliferation
status and despite excellent drug penetration>'®. This finding suggests additional factors
associated with tissue architecture influence cell survival.

Tissue development is associated with epigenetic modulation of gene expression™.
Morphogenesis of MECs in 3D reconstituted basement membrane (rBM) is likewise
associated with striking changes in nuclear architecture and chromatin structure and altered
patterns of histone acetylation and DNA methylation®®?. Consistent with the notion that
epithelia  morphogenesis is linked to epigenetic reprogramming, spheroid (acini)

2223 and treatment of

morphogenesis correlates with global modulation of gene expression
acini with HDAC or methylation inhibitors disrupts MEC differentiation, modifies gene
expression and perturbs tissue architecture’®?*. These findings suggest functional links exist
between tissue organization, epigenetic reprogramming and cell survival. Consistently,
HDAC inhibitors can induce apoptosis in multidrug-resistant (MDR) tumor cells and HDAC
inhibitors can sensitize cancer cells to chemotherapeutic agents and ionizing radiation
(IR)*®?%. As a consequence, HDAC inhibitors have been developed to treat cancers and are

being tested in clinical trials as potential anti-tumor agents”®®. Here we asked whether the

apoptosis resistance phenotype exhibited by breast spheroids could be attributed to epigenetic



reprogramming of gene expression, and how. We reasoned that treatment resistant tumors

might exploit a similar mechanism to evade treatment so that identifying the molecular

mechanism underlying this phenotype would provide novel insight towards solving the

intractable clinical problem of treatment resistance in tumor tissues.



RESULTS

Treatment resistance in multi-cellular spheroidsislinked to chromatin remodeling

We observed that nonmalignant S-1 HMT-3522 (S-1) MECs within rBM (3D) assemble acini
with marked chromatin hypoacetylation indicated by reduced acetylated H3 and H4 and
hypermethylation, as shown by high trimethyl (Me3)-H3K27 and Me3-H3K9 (Fig 1la).
Chromatin remodeling was accompanied by increased levels of the methylation regulatory
protein methyl-CpG-binding protein 2 (MeCP2) and heterochromatin protein 1 (HP1; Fig 1a)
and a global modulation of gene expression (not shown). The acini also displayed a
dose-dependent apoptosis resistance to the death receptor ligand TNF-related apoptosis
inducing ligand (TRAIL), the chemotherapeutic agent paclitaxel and to IR exposure when
compared to rBM-ligated MECs grown in 2D (Fig 1b)'°. Criticaly, the acini were
significantly sensitized to all death stimuli following pre-treatment with the HDAC inhibitor
trichostatin A (100 nM; 12 hrs; TSA) (Fig. 1b) or the DNA methyltransferase inhibitor

5-Aza-2 -deoxycytidine (Supplementary Fig. 1a). These observations suggest that tissue

morphogenesis, gene transcription and death resistance are coordinately regulated through an

epigenetic mechanism.

N-CoR2 mediates treatment resistance in mammary acini

To identify candidate epigenetic regulators linked to tissue morphogenesis we interrogated



expression arrays for genes differentially-expressed between rBM-ligated MECs plated as 2D
versus MECs within acini (3D; not shown). We focused on genes encoding nuclear proteins
implicated in epigenetics. Nuclear receptor co-repressor 2 (N-CoR2; NCOR2) was identified
as a gene significantly and consistently up-regulated at the mRNA and protein level in the
S-1sin 3D as compared to 2D (Fig. 1c,d).

N-CoR2 and its paralog N-CoR are transcriptional co-repressors that mediate
transcriptional repression through specific histone hypoacetylation®-? by recruiting nuclear

cofactors and activating HDACs®*

. We observed that a component of the N-CoR2 protein
complex, G protein pathway suppressor 2 (GPS2), was aso up-regulated in the
death-resistant acini, whereas HDAC1, another cellular deacetylase effector that binds to
N-CoR2, and N-CoR1 (NCORL), a paralog of N-CoR2, were not*32*,

To explore the functional significance of N-CoR2 we stably knocked down endogenous
N-CoR2 using retrovirus-based RNA interference and assayed for effects on treatment
response (Fig. le). Stable knockdown of N-CoR2 did not modify growth or acinar

morphogenesis nor did it compromise survival whether the S-1s were grown in 2D or 3D

(Fig. 1le; Supplementary Fig. 1b). However, loss of N-CoR2 substantially increased the

death responsiveness of acini to TRAIL-, paclitaxel-, doxorubicin- and IR-induced death, so

that apoptosis levels were equivalent to that exhibited by either S-1s grown in 2D or 3D acini

that had been treated with TSA (Fig. 1f). These results suggest that N-CoR2 contributes to the



death resistance phenotype of mammary acini.

N-CoR2 promotestreatment resistancein breast tumors

Because tumors often exploit developmental pathways to survive, and N-CoR2 regulates T
cell development™®, we surveyed a cohort of 38 breast cancer specimens for N-CoR2 status.
We found that greater than 50 percent of breast tumor tissues (72.5%) expressed high
N-CoR2 (= 2+) and that a large proportion showed robust nuclear staining (Fig 2a).
Multivariate analysis demonstrated that N-CoR2 expression associates significantly with the
likelihood of breast cancer disease relapse and mortality, independent of standard

clinico-pathological variables (CPV) and molecular subtype (see Supplementary Table 1

and Fig. 2b online). Moreover, in alarge cohort of 295 breast cancer patients®, those tumors
that expressed higher levels of N-CoR2 had a significantly greater probability of

post-therapeutic disease relapse and mortality (see Supplementary Fig. 2a online). We noted

that N-CoR2 expression significantly associated with clinical outcome in patients who had
received adjuvant chemotherapy (CT; Fig. 2b) implying N-CoR2 contributes to poor
prognosis by attenuating the sensitivity of breast tumors to CT-induced regression.

To clarify links between N-CoR2 and tumor treatment, we retro-viraly elevated
N-CoR2 in two malignant, triple-negative breast tumor cell lines, HMT-3522 T4-2 (an early

transformed progeny of S-1 cells'™ and MDA-MB-231 MECs (metastatic breast cancer cells),



using a full-length, GFP-tagged N-CoR2 (Fig. 2c; top). Nuclear expression of GFP N-CoR2

(Fig. 2c; bottom) had minimal effects on cell proliferation and tissue architecture (data not

shown) and rendered the tumor cells highly resistant to apoptosis following stimulation with

TRAIL and paclitaxel (Fig. 2d). N-CoR2 aso enhanced clonogenic survival, asillustrated by

the rapid colony re-growth in rBM observed following acute exposure of breast cancer cells

to IR (Fig. 2f). Both breast cancer cell lines expressing high N-CoR2 showed significantly

enhanced death resistance whether they were plated in 2D or within 3D rBM as single cells or

multi-cellular spheroid structures indicating N-CoR2 mediates death resistance through an

intrinsic mechanism (Fig. 2d,e).

To explore the in vivo relevance of N-CoR2, MDA-MB-231 MECs retro-viraly

expressing a firefly luciferase together with empty vector or N-CoR2 were ortho-topically

implanted into the mammary fat pads of immuno-deficient NOD-SCID mice. The injected

mice were then assayed over a 6 week time frame for tumor growth using bioluminescence

imaging (BLI) and cellular proliferation (Ki67) and viability (activated caspase 3) were

monitored using immunohistochemistry in excised tissues. N-CoR2-expressing tumor cells

showed similar proliferation rates to those formed by vector controls cells and formed lesions

of asimilar size 5-6 weeks after tumor cell implantation (Fig. 2i and see Supplementary Fig.

2c online). To determine whether N-CoR2 could modify the treatment responsiveness of

these breast lesions, two weeks following tumor cell transplantation (when tumor size was



similar), weekly administration of a clinically relevant dose of paclitaxel (20 mg/kg) was

initiated, and tumor growth was monitored using BLI. Paclitaxel treatment of the control

tumors resulted in a 50% reduction of tumor bulk whereas the MDA-MB-231-N-CoR2 tumor

xenografts remained refractory to the paclitaxel treatment. Thus, 4 weeks after treatment the

N-CoR2 tumors were approximately double the size of the paclitaxel treated vector control

tumors (Fig. 2i), and dissected tumors showed significantly reduced numbers of caspase

positive cells (Fig. 2h and see Supplementary Fig. 2c online). Furthermore, compared with

mice harboring vector control tumors, animals with N-CoR2-expressing tumors exhibited

significantly reduced survival (P < 0.001) so that none of these animals survived 3 months

beyond paclitaxel treatment (Fig. 2j). These findings identify N-CoR2 as an intrinsic and

clinically relevant breast tumor treatment modifier in culture and in vivo.

N-CoR2 collaborates with HDAC3 to mediate treatment resistancein tumor cells

We next asked whether N-CoR2 regulated death responsiveness in breast cancer cells by

modulating HDA C-driven chromatin remodeling. In line with this possibility, treatment with

either the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) or TSA significantly

increased the sensitivity of N-CoR2 expressing tumor spheroids to TRAIL (Fig. 3a) and

chemotherapy-induced death (not shown). T4-2 cells expressing high N-CoR2 were also

markedly sensitized to death stimuli and exhibited apoptosis levels comparable to tumor cells
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with low N-CoR2 when HDAC3 was stably down-regulated using retroviral-mediated RNAI
(Fig. 3b). Consistently, T4-2 cells expressing a mutant N-CoR K449A, which binds HDAC3
and inhibits its deacetylase activity, were remarkably sensitive to death stimuli (Fig. 3c,d)*.
In fact, the apoptotic levels achieved by K449A expression greatly exceeded the amount of
death induced in the T4-2 vector controls, consistent with the competitive inhibitory function
of this mutant N-CoR2 on HDACS3 activity (Fig. 3e). These data indicate that the nuclear
deacetylase activity of HDAC3 is critical for N-CoR2-mediated death resistance in breast

tumor cells.

N-CoR2/HDACS transcriptional activity predictstreatment refractorinessin human
breast cancers

We next addressed the clinical significance of N-CoR2. Analysis of the M.D. Anderson
Cancer Center (MDACC) neoadjuvant chemotherapy (NACT) trial microarray data set,
representing a cohort of 130 breast cancer patients with pathologically-defined treatment
responsiveness who had received preoperative combination CT with paclitaxel and
fluorouracil-doxorubicin-cyclophosphamide (T/FAC)* showed that tumors with higher
N-CoR2 expression had a 2.2-fold increased odds ratio of NACT response failure when

compared to tumors with lower N-CoR2 (Fig. 4a and see Supplementary Table 2 online).

We also noted that the link between elevated N-CoR2 and treatment refractoriness in cancer
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patients was not CT regimen-specific, because we observed a similar association in breast
cancer patients who had received other NACT chemotherapies including docetaxel®® and
epirubicin versus cyclophosphamide®(Fig. 4a).

N-CoR2 is subject to complex post-transcriptional regulation and interacts with a
multitude of cofactors that influence its nuclear locaization and function*®*!. To address this
issue we used a polygenic approach to monitor its transcriptional regulatory activity. We
profiled the gene expression of vector control versus N-CoR2-expressing T4-2 rBM
mammary spheroids (Fig. 4b) by compiling a list of 304 genes (represented by 350
Affymetrix probe sets) whose expression was significantly altered by N-CoR2 (Fig. 4b,c).
We identified a list of 107 genes from these N-CoR2-associated genes (represented by 116
Affymetrix probe sets, designated as “NCOR2-116") whose baseline expression variability
correlated with the treatment response of the 130 breast tumors in the patients represented
within the MDACC data set (P < 0.05 by Student’s t test). An unsupervised hierarchical
clustering algorithm segregated these 107 genes into a distinct biphasic pattern of gene
expression such that the 130 tumors segregated into highly chemo-responsive versus
non-responsive groups (Fig. 4d). To verify associations between our experimentally-derived
gene expression data set and clinical responsiveness of patients from the MDACC study we
used Pearson’s correlation coefficient to develop a similarity score (Sucorz) (Fig. 4€). Tumors
with a high Sycore (i.e. that showed the greatest gene expression similarity to N-CoR2
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expressing T4-2 spheroids) had a 10.7-fold increased odds ratio of NACT response failure

(see Supplementary Table 2 online). Moreover, compared with standard CPV of breast

cancers such as age, tumor size, grade, LN, ER and HER2 status, the Sycore SCOre measure

was the strongest (odds ratio 8.9) and most significant (P < 0.001) independent predictor of

reduced NACT response (Fig. 4f). Application of the unsupervised, hierarchical clustering

algorithm to the 110 breast tumors in the NKI data set of patients who had received adjuvant

CT additionally showed a strong association between the N-CoR2-associated gene signature

(*NCOR2-63", which corresponds to the genes in NCOR2-116) and reduced time to relapse

and percent survival (Fig. 4g,h). These findings imply that N-CoR2-associated polygenic

transcriptional activity contributes to the intrinsic treatment responsiveness of human breast

tumors in both the neoadjuvant and adjuvant settings. Accordingly, N-CoR2 transcriptional

activity has potential significance as a predictor of patient outcome.

Functional gene annotation and clustering analysis showed that genes encoding secreted

proteins and those involved in inflammatory response, migration, adhesion, differentiation

and proliferation were enriched in the 304 N-CoR2-associated gene set (see Supplementary

Fig. 3 online). Nevertheless, genes directly regulating cell death execution and

responsiveness or MDR were surprisingly under-represented, suggesting N-CoR2 must

mediate cellular death resistance behavior through additional mechanisms.

Because N-CoR2 regulates the expression of inflammatory genes including NF-«B,
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AP-1, and ETS-dependent genes*™*, and the efficiency of tumor treatment in patients relies
upon transcriptional up-regulation of pro-apoptotic pathways that participate in death
amplification and bystander-mediated cell death***°, we asked whether N-CoR2 rendered
tumor cells treatment resistant by preventing apoptosis amplification. We acutely treated
N-CoR2 and vector control T4-2 spheroids with TRAIL (4 hours), a gene up-regulated in
response to CT and radiation treatment™, in the presence of caspase inhibitors to prevent
apoptosis execution. A Differential Response Index (DRI) was then used to identify 1328
genes (represented by 1620 Affymetrix probe sets, designated as “NCOR2-1620") whose
induced or repressed differential expression depended upon N-CoR2. Most of these genesin
NCOR2-1620 were less inducible in the tumor spheroids with the higher N-CoR2 (Fig. 4b)
and Venn analysis revealed that only 166 (12.5 %) of these 1328 genes overlapped with the
N-CoR2-associated gene expression profile found in cells in the absence of exogenous stress
stimuli (Fig. 4c). Functiona gene clustering and promoter analysis of the NCOR2-1620 gene
data set demonstrated that following TRAIL treatment N-CoR2 profoundly repressed the
expression of genes involved in organelle organization and biogenesis, acetylation and
programmed cell death (PCD) including those implicated in bystander-mediated cell killing
(Fig. 5a and data not shown). These data are consistent with the idea that N-CoR2 actively

represses PCD and tempers amplification of cell killing following treatment**“2.
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N-CoR2 attenuates death induction by repressing the transcription of a signature of

programmed cell death genesthat regulate cell death amplification

To explore the molecular pathways by which N-CoR2 confers resistance to death stimuli

in breast tumor cells, we focused on a list of 64 programmed cell death genes (PCD genes,

G0:0012501; represented by 75 Affymetrix probe sets; Fig. 5b), derived from the

NCOR2-1620 gene set. Analysis showed that the majority of these PCD-related genes were

less inducible following TRAIL or chemotherapy exposure when N-CoR2 expression was

elevated (52 genes; see Supplementary Table 3 online). Furthermore, several anti-apoptotic

proteins, including TRAF1, MYBL2, BIRC5 and BCL2L1, were more inducible by TRAIL
exposure and chemotherapy treatment in the tumor cells expressing high N-CoR2 (Fig. 5b,e).
Promoter analysis revealed that the 5 promoter region of many of these PCD-related genes
contained the consensus binding site for pro-inflammatory transcription factors (TFs) such as
interferon regulatory factor-1 (IRF-1), signa transducer and activator of transcription-1
(STAT-1), the forkhead box (FOX) protein forkhead-related activator 2 (FOXF-2) and the
ETS domain protein ELK-4 (Fig. 5c). Although FOX and ETS family proteins, including
FOXP-1 and TEL, interact with N-CoR2 in other cell types, and Fox proteins regul ate cancer
pathology***, the most prevalent TF binding site identified in these PCD-related gene
promoters was IRF-1 (n = 28; 50% of the genes anayzed; Fig. 5b (yellow bars) and see

Supplementary Table 4 online). Moreover, the IRF-1 regulated genes were by far the most
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significantly repressed by N-CoR2 following TRAIL treatment (Fig. 5¢), and IRF-1 is an
important regulator of PCD*". Based upon these observations we chose IRF-1 for additional
analysis.

We verified that N-CoR2 consistently and significantly repressed TRAIL-dependent
up-regulation of several IRF-1-regulated genes including TNFSF10 and STAT1 in both T4-2
and MDA-MB-231 breast tumor cells (Fig. 5e and data not shown). N-CoR2 also reduced the
ability of the chemotherapeutic agents paclitaxel and doxorubicin from inducing the same
PCD genes including IRF1 and TNFSF10 (Fig. 5d). Consistent with its ability to augment
death, we identified Janus kinase-1 (JAK1), a kinase that regulates the interferon (INF)
signaling, as another gene whose transcription was severely reduced in response to death
stimuli when N-CoR2 levels were elevated (Fig. 5e). We thereafter implicated IRF-1
transcriptional repression as a key mechanism by which N-CoR2-mediates death resistance in
tumor cells by demonstrating that several pro-apoptotic |RF-1-regulated enzymes, including
caspases 1, 7 and 8, were also transcriptionally-repressed following TRAIL treatment in
tumor cells expressing elevated N-CoR2 (Fig. 5b,e)**°.

We directly implicated IRF-1 transcriptiona regulation in N-CoR2-mediated death
resistance by demonstrating that N-CoR2 co-precipitated with IRF-1 in tumor cells
ectopically-expressing GFP-labeled N-CoR2 (Fig. 6a (left)) and aso interacted with the
endogenous N-CoR2 expressed in the nonmalignant S-1 MECs (Fig. 6a (right)). Moreover,
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while TRAIL treatment of breast tumor cells significantly increased the activity of an IRF-1
luciferase reporter containing the IRF regulatory factor element (IRF-E), ectopic expression
of N-CoR2 significantly inhibited TRAIL-stimulated IRF transcriptional activity (Fig. 6b
(Ieft))®. Indeed, IRF-1 luciferase activity assays demonstrated that N-CoR2 directly
attenuates IRF-1-dependent transcription (Fig. 6b (right)). Importantly, chromatin
immuno-precipitation (ChlP) assays showed that N-CoR2 and HDAC3 were directly

recruited to the IRF-E consensus sequences in the promoter region of TNFSF10 (Fig. 6¢ and

see Supplementary Fig. 4 online). Furthermore, ectopic expression of N-CoR2 induced
significant histone hypoacetylation of the TNFS=10 promotor and substantially attenuated
interactions between IRF-1 and its coactivator CREB binding protein (CBP) indicative of
dramatic effects on chromatin remodeling (Fig. 6¢,d)*®. These findings suggest that N-CoR2
represses the transcriptional activity of IRF-1 by preventing co-activator recruitment and
inducing HDA C3-dependent histone deacetylation (Fig. 6g).

The functional relevance of a link between IRF-N-CoR2 and HDAC3 and apoptosis
resistance was illustrated by demonstrating that N-CoR2 was able to inhibit |RF-1-mediated
cell death®. Thus, whereas HEK 293 cells transiently transfected with IRF-1 died rapidly by
engaging pro-death apoptotic signaling, those cells simultaneously expressing exogenous
N-CoR2 were significantly protected (Fig. 6€). Because the ChlP studies indicated that the
cooperative recruitment of N-CoR2Z/HDAC3 and IRF to the TNFSF10 promoter was
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associated with local histone hypoacetylation (Fig. 6c), we asked whether chromatin
remodeling and HDAC activity was critical to this death-resistance phenotype. Consistent
with its repressor function N-CoR2 failed to inhibit expression of PCD genes in the absence
of HDAC3 activity, as revealed by the strong TRAIL-stimulated induction of PCD genes in
tumor cells expressing the functionally-deficient N-CoR2 (K449A) (Fig. 5€). These studies
showed that HDAC3/N-CoR2 attenuates death induction in tumor cells by repressing the
transcriptional amplification of a cassette of PCD genes critical for efficient cell killing.
Indeed, many of the PCD genes are secreted and themselves induce apoptosis through the
extrinsic pathway suggesting N-CoR2 restricts cell death in tumor cells not only by
repressing cell death amplification but aso likely by restricting bystander-mediated cell

killing.

HDACS3/N-CoR2-mediates treatment resistance by tempering TRAIL -dependent
bystander-mediated cell death amplification

The efficiency of tumor treatment relies on the concomitant transcriptional up-regulation of
pro-apoptotic/pro-inflammatory cytokines such as TNFa and the TRAIL ligand, that
following their secretion feedback through autocrine and paracrine signaling to amplify
tumor cell killing by engaging cell death receptors®™®2. Consistent with this paradigm,
amongst the N-CoR2-IRF-regulated PCD genes we observed that TNFSF10 (TRAIL) was
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repressed the most (i.e., the lowest DRI) in response to death stimuli (Fig. 5b). Based on this
result and the finding that transcriptional up-regulation and secretion of TRAIL induced cell
death in leukemia cells following HDAC-inhibitor treatment™, we reasoned that
HDAC3/NCoR2 could repress death in breast cancer cells by blunting TNFSF10 (TRAIL)
transcription. Indeed, we could show that retroviral-mediated RNAi down-regulation of
endogenous TNFSF10 (TRAIL) significantly attenuated cell death induction in T4-2 breast
cancer cells by approximately 50% (Fig 6f). These results underscore the importance of cell
death amplification for efficient therapeutic responsiveness of tumors. They also identify a
clinically-relevant "epigenetic' repressor mechanism that cripples this critical death

amplification circuit to drive treatment resistance in tumors.
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DISCUSSION

By exploiting a ssimple 3D MEC organoid model we defined a novel treatment resistance
mechanism, mediated by the NCoR2 repressor complex, that is frequently up-regulated in
recurrent, aggressive breast cancers and that predicts patient mortality. We found that breast
tumor cells that express high levels of a functiona N-CoR2/HDAC3 complex resist a
plethora of pro-apoptotic stimuli (chemotherapies, immune receptor activators, gamma
irradiation) and demonstrate enhanced clonogenic survival because this complex
“epigenetically-inhibits cell death amplification” (Fig. 6g). Our findings indicate that this
intrinsic N-CoR2-mediated death-resistance mechanism pre-exists within cells in the primary
tumor, and that the phenotype is not confined to one breast cancer subtype. Our observations
imply that this cell-death inhibitory phenotype manifests its effects following exposure to
stress, at which time the complex confers profound resistance by coordinately modulating the
levels of multiple components of the extrinsic and intrinsic cell death pathways. The data
accord with the notion that apoptosis amplification, as exemplified by bystander-induced cell
death, is a conserved, critical mechanism whereby the efficiency of tumor cell killing is
increased in patients undergoing CT and radiation-treatment***. The results are consistent
with literature reporting that reduced expression or mutations in components of either the
extrinsic or intrinsic cell death pathway account for some of the blunted therapy
responsiveness observed in cultured cancer cells, in experimental tumors in vivo and in

20



cancer patients®. By extrapolation, the NCoR2-mediated survival mechanism builds upon the
single hit mutation/selection/survival paradigm to define a novel mechanism whereby the
activity of a few key chromatin remodeling proteins can dynamically modulate the level of
multiple cell death regulatory molecules to significantly potentiate the treatment survival of a
cell. As such, this PCD resistance mechanism could explain the quick evolution of MDR that
arises in some cancers by incorporating the concept that chromatin remodeling can rapidly
drive treatment resistance to a broad spectrum of reagents by epigenetically regulating
intrinsic and extrinsic cell death signaling®*®3°. Accordingly, this novel “epigenetic”
mechanism may account for the enhanced mortality rates associated with many
treatment-resistant, primary and metastatic human breast tumors. Indeed, our findings explain
the observation that N-CoR2 is an independent predictor of poor outcome in breast cancer
patients* and why high N-CoR2 associates significantly with some aggressive,
therapy-resistant glioblastomas and ovarian carcinomas (data not shown). These results
suggest that N-CoR2-mediated PCD gene regulation could be a fundamental mechanism by
which many cancers evade therapy.

We identified NCoR2 as a death response regulator in MECs; findings that accord with
work showing that N-CoR2 contributes to breast tumor recovery from IR by modulating the
DNA-dependent protein kinase complex®. Our studies expand this phenotype to show that
N-CoR2 regulates the expression of a myriad of cell death signaling molecules (Fig. 5c).
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While N-CoR2 was originally described as a repressor of non-ligated nuclear receptors®, it is
now appreciated that it facilitates gene silencing of a variety of non-receptor transcriptional
factors™. Consistently, we showed that the NCoR2/HDAC3 repressor complex augments the
apoptotic responsiveness of cancer cells by actively competing with CBP to modulate the
gene transcription of a network of 1RF-1-regulated extrinsic and intrinsic cell death pathway
molecules (Fig. 6d). In this respect our findings that TNFSF10 (TRAIL) is tightly (and
directly) regulated by the IRF-1/N-CoR2/HDAC3 complex echoes the idea that HDAC
inhibitors efficiently enhance the killing of leukemia cells because they permit the
re-expression of TNFSF10 (TRAIL) to enhance bystander-mediated tumor kill*%. Our data
bolster the argument that tumor exploit molecules directing developmental programs to their
advantage because the N-CoR2/HDAC3/HDAC7 complex regulates surviva in lymphocytes
during positive and negative T cell selection and in endothelial cells during vascular
remodeling®™*’. Indeed, severa PCD genes that enhance cell survival during development,
such as c-FLIP, the BCL2 family proteins and the inhibitor of apoptosis protein (IAP) family
proteins, are frequently up-regulated in human cancers and are associated with tumor
aggression, apoptosis resistance and poor patient prognosis®. Not only do our findings concur
with these data, but they place the N-CoR2 complex upstream of and in control of many of
these PCD regulatory molecules, implying that the complex can act as a master regulator of
cell death. Indeed, because we showed that N-CoR2 expression and the N-CoR2-associated
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gene expression signature is strongly linked to the therapeutic outcome of a primary breast
tumor this implies that the MDR phenotype is acquired at an early stage of tumor
development and is consequently epigenetically pre-determined prior to therapy. Accordingly,
our N-CoR2 gene signature could be used to predict the sensitivity of a tumor to therapeutic
agentsincluding HDAC inhibitors or agents that target epigenetic pathways.

Genetic and epigenetic aterations contribute to tumor heterogeneity and influence the
treatment response of cancer cells'. While gene therapy could restore levels of tumor
suppressors such as p53 that would enhance treatment response, pharmacological agents that
inhibit the activity of HDACs and DNA methyltransferases are more clinically tractable®. We
identified high NCoR2 levels in aggressive, treatment resistant cancers and showed that it
confers apoptosis resistance by inhibiting the stress-induced expression of a cassette of PCD
genes (Fig. 5b) by remodeling chromatin through cooperative interactions with HDACS3 that
modulate the expression of IRF-1, FOXF-2, STAT-1, and ELK-4-dependent gene
transcription (Fig. 5¢). Thereby, N-CoR2 joins the arsenal of chromatin remodeling proteins
that promote tumor aggression. Yet, our findings also provide the first example by which
MDR in malignant tissues can be driven through multi-gene expression aterations
coordinated by a developmentally-conserved epigenetic mechanism. Thus, while a single
gene-mediated resistance mechanism, mediated for instance via the methylation-dependent
silencing of individual genes involved in DNA repair and apoptosis, such as APAF1 and
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hMLH1® is the prevailing dogma, our data suggest that the MDR phenotype is poly-genically
and multi-factorially related. It therefore follows that other epigenetic regulators that
modulate PCD during development might also be exploited by tumors to promote the MDR

phenotype.
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METHODS

Chemicals and antibodies. Antibodies and reagents used are in Supplementary M ethods.

Cell culture. Human mammary HMT-3522 S-1, T4-2, MDA-MB-231 and HEK293 cells

were propagated and manipulated as previously described™®*®.

Cell death stimulation and analysis. MECs either in 2D or 3D were treated with death
stimuli and assayed for apoptosis 12-48 hrs after treatment, as described™®. IR experiments
employed a calibrated Mark | Cesium 137 irradiator (JL Shepherd & Associates). Clonogenic
survival was assayed in single cells in rBM following exposure to IR (9 Gy) and outgrowth
was monitored by weekly measurement of colony size followed by viability assay after 1

month.

Immunofluorescence and tissue microarray analysis. Cells and tissues were
immunostained using protocols previously described’®®®. TMA of human breast cancers was
obtained from US Biomax, Inc., code BR804. The nuclear and cytoplasmic staining patterns

of N-CoR2 were quantified using the histological score (H-score; Supplementary M ethods).

Chromatin immunoprecipitation (ChlP) and reporter assays. ChlIP assays were
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performed as per manufacturer's directions (Upstate) (Supplementary Methods). Reporter

assays were conducted in transiently transfected HEK293 cells and employed the IRF-1

luciferase reporter vector pTL-Luc-1RF1 (Panomics)*®.

Gene manipulations. Stable retroviral-mediated knockdown of N-CoR2, HDAC3 and
TRAIL was achieved using previously described oligonucleotide sequences™. Murine
NCOR2 cDNA was sub-cloned into pLZRS-MFG-tet-EGFP. Mutant N-CoR2 (K449A) was
generated using the QuickChange Site-Directed Mutagenesis kit (Stratagene). Stable
populations of MECs expressing EGFP-tagged retroviral constructs were FACS sorted or
antibiotic selected and re-infected with high titer MFG virus expressing the

tetracycline-controlled transcriptional transactivator.

Orthotopic breast tumorigenesis models and bioluminescence imaging (BLI).
pSFP-GFP-FFLuc (gift from R.J. Brentjens, Memorial Sloan Kettering Cancer Center), was
transduced into MDA-MB-231-N-CoR2 cells. Cells (2 x 10° cells in 100 pl 1:1 mixture
rBM:HBSS) were inoculated into the mammary fat pads of 8-week-old female NOD/SCID
mice (National Laboratory Animal Center, Taiwan). Once tumors had formed the mice were
given intraperitoneal injections of paclitaxel (20 mg/kg) or vehicle every week for 6
consecutive weeks. Bioluminescence of the tumor mass was assessed by using the IVIS
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Imaging System (Xenogen) weekly prior to treatment (Supplementary M ethods).

HDAC activity assay. Nuclear protein extracts prepared from HEK 293 cells expressing
myc-tagged N-CoR2, N-CoR2 (K449A) or a control EGFP construct were
immunoprecipitated using mouse anti-myc antibody, and HDAC activity was determined in

normalized aliquots using the Fluor de Lys™ Assay System (Biomol).

Gene expression profiling and quantitative RT-PCR analysis. Total RNA from 3-4
independent organotypic culture experiments (Day 12-14 3D rBM culture, +/- N-CoR2, +/- 4
hours TRAIL treatment; 1 ng/mL; 4 hours + caspase inhibitors) was extracted (RNeasy Mini
Kit; Qiagen), labeled, and cRNA was prepared, fragmented and hybridized to U133A 2.0
GeneChips containing 22,283 probes, as recommended (GeneChip™ protocol, Affymetrix,

Inc.; Supplementary Methods). The gene expression data have been deposited in NCBI

Gene Expression Omnibus (GEO, http://www.nchi.nlm.nih.gov/geo/) and are accessible

through GEO Series accession number GSE8346. For RT-PCR analysis, cDNA synthesized

using MMLYV reverse transcriptase (Promega) was used as template for PCR amplification

using the LightCycler System (Roche). Oligonucleotide primers were designed according to

Primer Bank (http://pga.mgh.harvard.edu/primerbank/index.htmt).
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Bioinformatics analysis. The criteria for gene selection are in Supplementary Methods.

Differences in gene expression between N-CoR2 and TRAIL-treatment status and control

was measured using the equation “logx(NT/N) - logx(VT/V)”, which is designated as a

differential response index (DRI).

Gene ontology (GO)-based functional classification of the identified genes was

performed systematicaly by DAVID (http:/david.abcc.nciferf.gov/). TRANSFEC

(http://www.gene-regul ation.com/pub/databases.html) and oPOSSUM

(http://www.cisreg.ca/cgi-bin/loPOSSUM/opossum) were used to search for enriched TF

binding sites in the promoter regions of different sets of genes identified from transcript

profiling. Results were further processed and displayed wusing HotGene

(http://www.hotgene.net/) (Hotgene Informatics). Tumor transcriptome data sets used for

therapeutic outcome and survival analysis were reported previously and obtained from

respective sources (Supplementary M ethods).

Unsupervised clustering and construction of Sycore. Average linkage clustering on the

medium-centered gene expression values in the NCOR2-116 gene set used the Cluster and

TreeView software (http://ranalbl.gov/eisen). The degree of resemblance between the

expression profiles of the N-CoR2-associated genes in breast tumors and those in T4-2

spheroids with high (N-CoR2) versus low N-CoR2 (Vector) was assessed using Pearson’s
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correlation coefficient, which yielded rycore and Fyector, respectively. Tumors with greater

'ncorz than ryecior Were viewed as exhibiting elevated N-CoR2-dependent transcription and

the value of Sycore Was used to represent the difference between rycore @and ryector, Sucore =

Incore - Mvector (SUpPPlementary M ethods).

Satistical analysis. We used the InStat software (Graphpad) and the SPSS 10.0 software

(SPSS) for statistical analysis. Unless otherwise stated, two-tailed Student t-test was used for

simple significance testing. Survival curves were generated using the method of Kaplan and

Meier. The curves were plotted and compared using the log-rank test using the GraphPad

Prism 5.02 software (GraphPad Software). Statistical significance was considered P < 0.05.
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LEGENDS

Figure 1. N-CoR2 is necessary for treatment-resistance in 3D mammary tissues. (a) Left,

representative immunoblot images showing total nuclear acetylated (Ac)-histone H4 (Ac-H4);

acetylated-histone H3 (Ac-H3); trimethyl (Me3)-H3K 27 (Me3-H3K27); MeCP2; Me3-H3K9;

HP1 and H2B in HMT-3522 S1 nonmalignant HMT-3522 mammary epithelial cells (S1

MECs) grown as two dimensional monolayers on rBM (2D) or as three dimensional acini in

rBM (3D). Right, confocal images of S-1 MECs grown in 2D versus 3D stained for

acetylated-histone H4K5 (Ac-H4K5); acetylated-histone H3K9 (Ac-H3-K9); Me3-H3K9;

Me3-H3K27 and HP1 (red). Scale bar, 20 um. (b) Line graphs showing percent cell death in

response to increasing dose of TRAIL, paclitaxel and ionizing irradiation (IR) in S-1 MECs

grown in 2D versus 3D, with and without prior TSA (100 nM) trestment. (c) Bar graphs of

relative mRNA levels of chromatin remodeling molecules in S-1 MECs grown in 2D versus

3D. (d) Left, representative immunoblots of N-CoR2, GPS2 and histone 2B (H2B) in S1

MECs grown in 2D versus 3D. Right, quantification of immunoblots shown at left. (€) Top,

immunoblots showing total cellular protein level following sShRNA-mediated knockdown of

N-CoR2 in S1 MECs. Bottom, confocal images of S1 MEC rBM acini with and without

shRNA-mediated knockdown of N-CoR2 treated with and without TRAIL (0.5 pg/ml; 24 h)

and stained for a6 integrin (red; indicated by arrows), cleaved caspase 3 (green; see arrow in

lower right hand image) and DAPI (nuclei; blue). Scale bar, 20 um. (f) Line graphs showing
35



percent cell death in S1 MECs grown in 2D versus 3D, with and without sShRNA-mediated

knockdown of N-CoR2 in response to increasing dose of TRAIL, paclitaxel, doxorubicin and

IR. Error bars represent mean £ s.em. (n = 3-6) for b, ¢, d, and f. **P < 0.01; ***P < 0.001.

Figure 2. N-CoR2 mediates treatment resistance in human breast cancersand in

mammary tumorsin cultureand in vivo. (a) Left, representative immunohistochemistry

images of breast tumors showing intense (3+; top) or low staining (1+; bottom) for nuclear

N-CoR2. Scale bars, 100 um. Right, bar graphs quantifying N-CoR2 nuclear (open bars) and

cytoplasmic staining level (solid bars) in cancerous human breast tissues (38 specimens). (b)

Line graphs showing Kaplan-Meier survival analysis of the NKI data set following

illustrating patient survival disparities with (left) and without (right) systemic CT based upon

partitioning into quartiles by N-CoR2 status. P values were calculated using the log-rank test.

(c) Top, representative immunoblots showing N-CoR2 levels in HMT-3522 T4-2 (T4-2) and

MDA-MB-231 breast cancer cells expressing GFP or GFP-tagged N-CoR2. Bottom,

representative immunofluoresence images of T4-2 (upper) and MDA-MB-231 (lower) cells

expressing GFP or GFP-tagged N-CoR2. Scale bars, 25 um. (d) Line graphs showing percent

death of T4-2 cells expressing N-CoR2 or empty vector when grown as a monolayer on rBM

(2D; right) or as single cells (middle) or multicellular spheroids embedded within rBM (3D;

left) following exposure to increasing dose of TRAIL (upper graphs) or paclitaxel (lower

36



graphs). (e) Line graphs showing percent death of MDA-MB-231 cells expressing N-CoR2

or vector grown in 2D following exposure to increasing dose of TRAIL. (f) Line graph

showing rate of T4-2 colony re-growth following exposure to IR. (g) Bioluminescence

images (BLI) of NOD-SCID mammary fat pads inoculated with MDA-MB-231 cells

expressing SFG-GFP-FFLuc and either N-CoR2 or empty vector 4 weeks following

treatment with paclitaxel (10 mg/kg; weekly) or vehicle. (h) Left, immunohistochemistry of

activated caspase-3 levelsin the MDA-MB-231 tumor cell epithelium with (bottom) and

without (top) ectopic overexpression of N-CoR2 after four weeks of growth and two rounds

of paclitaxel treatment in the mammary glands of NOD-SCID mice. Scale bars, 100 um.

Right, bar graph quantifying images shown at left. (i) Tumor bulk quantified as BLI

normalized photon counts as a function of time in mice described in g. Arrows indicate the

time of paclitaxel treatment. (j) Percent survival as afunction of time following paclitaxel

treatment of mice inoculated with MDA-MB-231 cells expressing N-CoR2 or empty vector.

Error bars represent mean £ s.em. (n = 3-6) for d, g, f, h, and i. **P < 0.01; ***P < 0.001.

Figure 3. N-CoR2-mediated treatment resistancein MECsis HDAC3-dependent. (a) Bar

graphs showing percent death induced in response to TRAIL (0.5 pg/ml) in HMT-3522 T4-2

breast cancer cells (T4-2 cell) expressing either empty vector or N-CoR2 with or without

prior treatment (24 hours) with SAHA (1-5 uM) or TSA (0.5-1.0 uM). (b) Left, representative
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immunoblots of HDAC3 and B-tubulin in T4 cells before and after shRNA-mediated
knockdown of HDACS3. Right, line graphs showing percent cell death in response to
increasing dose of TRAIL in T4-2 cells expressing either empty vector or N-CoR2 either with
or without shRNA-mediated knockdown of HDAC3. (c) Representative immunaoblots of myc,
HDAC3 and lamin B1 in total nuclear lysate (bottom) or myc-immunopreciated nuclear
lysate (top) from HEK 293 cells expressing myc-tagged N-CoR2, N-CoR2 (K449A) or empty
vector. (d) Bar graphs showing relative HDAC activity before and after TSA treatment in
myc-immunoprecipitated nuclear lysates from the HEK 293 cells described in c. (€) Line
graphs showing percent cell death in response to increasing dose of TRAIL in T4 cells
expressing empty vector, wild-type N-CoR2 or N-CoR2 (K449A). Error bars represent mean

tsem. (n=3-6)ina, b, d, and e. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 4. N-CoR2-regulated gene expression predicts NACT and CT responsiveness in
breast cancer patients. (a) Box plots showing N-CoR2 transcript levels of responding (R)
and nonresponding (NR) breast cancer patients receiving NACT with T/FAC (n = 130)%,
docetaxel (n = 24)*® or EC (n = 82)*. (b) Upper, schemata depicting experimental protocol
used to construct basal and TRAIL-stimulated N-CoR2 transcript profile. Lower, percent
repressed and induced N-CoR2 regulated steady-state and TRAIL-regulated genes. (c) Venn
diagram showing steady-state and TRAIL-regulated genes differentially modulated by
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N-CoR2 in T4-2 breast cancer cells grown as 3D rBM spheroids. (d) Hierarchical clustering

of the 130 breast tumors in the MDA CC data set using the 107-gene N-CoR2-regulated gene

set. The relative level of gene expression is depicted either as a high (red) or low (green)

colorgram. A dendrogram shown at the top segregates the tumors into two subgroups with

tumors from the Rs or NRs denoted. (€) Schematic representation of the derivation of Sycore.

The tumors in the MDACC data set have been sorted in descending order according to Sycorz

and then classified into two NACT response groups with optimal accuracy (solid line). (f)

Multivariate analysis illustrating the likelihood of patient failure to respond to NACT.

Tumors were segregated into subcategories according to clinic-pathological variables and

Sucore With optimal classification accuracy as shown in e Cl denotes 95% confidence interval.

(g) Hierarchica clustering of the 110 breast tumors in the NKI data set who had received

adjuvant CT time using the 63-gene N-CoR2-associated gene set applying a colorgram

scheme as described above in d. (h) Line graphs showing Kaplan-Meier analysis of percent

relapse free (left) and percent survival (right) of the patients represented by the NKI data set

illustrating patient relapse and survival rates based upon cluster A versus B gene expression

similarity as shown in g. P values were calculated using the log-rank test.

Figure 5. N-CoR2 coordinately modulates the expression of key programmed cell death

regulators. (a) Enriched functional gene categories (EFGC) and their predicted associations
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in the NCOR2-1620 gene set. Each EFGC was segregated according to gene ontology

biological process (GO-BP) and Swissprot Keywords (SPK) and are depicted as squares with

the cross sectional area and the intensity of the red color margin representing the number and

the average fold gene change of the genes included each category. (b) Expression patterns of

the 64 PCD genes (75 probe sets) ranked according to DRI. The fold change in mean

transcript level (on a log, scale) have been plotted to illustrate their differential response to

TRAIL. Those genes with IRF-1 consensus sites in their promoter are highlighted in yellow.

(c) The transcription factor (TF)-target gene association network indicating 5 of the top

ranked N-CoR2-modulated PCD genes. TFs with binding sites enriched in the PCD

promoters are illustrated as squares with the cross sectional area representing the number of

regulated target genes and red delineating increased and green depicting decreased DRI

following TRAIL treatment. (d) Transcript levels of IRF1 (top) and TNFSF10 (lower) in T4-2

cells expressing empty vector or N-CoR2 as a function of time following TRAIL (0.5 pg/ml;

not shown), paclitaxel (500 nM) or doxorubicin (1 uM) treatment. (€) Fold change in mRNA

of selected PCD genes following TRAIL treatment normalized to vehicle control in T4-2

cells expressing empty vector, wild type N-CoR2 or mutant N-CoR2 (K449A). Error bars

represent mean £ s.em. (n=3-6) ind and e. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 6. N-CoR2 suppresses |RF-1-dependent transcription to restrict
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bystander-mediated cell death amplification. (a) Left, representative immunoblots of

(bottom) total cellular GFP-tagged N-CoR2, and IRF-1, HDAC3 and H2B and (top) IRF-1,

HDAC3 and 1gG co-immunoprecipitated with exogenously expressed, GFP-tagged N-CoR2

in T4-2 breast cancer cells. Right, total cellular (bottom) N-CoR2, IRF-1, HDAC3 and H2B

and (top) IRF-1, HDAC3 and 1gG co-immunoprecipitated with endogenous N-CoR2 in S-1

nonmalignant MECs with shRNA-mediated knockdown of N-CoR2 or control shRNA. (b)

Left, bar graphs showing transcriptional activity of IRF-1 (pTL-Luc-IRF1) as measured by

luciferase activity in HEK293 cells with and without N-CoR2 expression (+/- doxycycline)

before and after TRAIL treatment. Right, bar graphs quantifying IRF-1 promoter activity (as

in b) with and without co-expressed N-CoR2, before and after ectopic IRF-1 expression

(pcDNA3-IRF-1). (¢) Representative ChlP assay data showing results of N-CoR2 association

with the TRAIL promoter in T4-2 tumor cells using anti-GFP, HDAC3, Ac-H3, and mouse

IgG antibodies. (d) Representative immunoblots of total (bottom) cellular CBPR, IRF-1 and

H2B and (top) IRF-1 and IgG co-immunoprecipitated with CBP before (left) and after (right)

N-CoR2 expression in T4-2 breast cancer cells. (€) Bar graphs showing percent death in

HEK 293 cells expressing IRF-1 with and without DOX-induced N-CoR2. (f) Left, bar graphs

showing level of RNAi-mediated knockdown of TRAIL in T4-2 cells. Right, bar graphs

showing percent TRAIL-induced cell death (0.5 ug/ml) induced in T4-2 control cells

compared to T4-2 cells in which TRAIL was knocked down or rendered non-inducible
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through ectopic expression of N-CoR2. Error bars represent mean £ s.em. (n = 3-6) in b, g,

and f. P < 0.05; **P < 0.01; ***P < 0.001. (g) A cartoon depicting a model by which

N-CoR2 induces treatment resistance in breast cdls. In the absence of N-CoR2, IRF-1

interacts readily with CBP to facilitate chromatin remodeling and favor promoter accessibility

which permits cells to up-regulate a plethora of pro-death IRF-1-regulated genes in response

to an exogenous cell death cue. One of the more prominent of these genes is TRAIL, which

via a positive feed back bystander-mediated effect engages the extrinsic cell death machinery

to gignificantly enhance cell killing. In the presence of N-CoR2 this transcriptiona

amplification mechanism is severely inhibited. Thus, when the N-CoR2 complex is active

CBP-IRF-1 interactions are outcompeted and |IRF-1-mediated transcription is repressed so

that the induction of stress-induced genes such as TRAIL is severely inhibited following

exposure to death stimuli. The net result is that cells expressing an activated N-CoR2

repressor complex exhibits a greatly blunted response to cell death induction and bystander

mediated death amplification is critically curtailed. While this mechanism protects normal

cells from death it can impede the efficiency of tumor treatment.
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Supplementary Figure 1. (a) The DNA methyltransferase inhibitor 5-Aza-2’-deoxycytidine
(ADC) sensitizes S1 rBM acini to an array of death stimuli. Left, line graphs showing percent
cell death in response to increasing concentration of TRAIL ligand (/eff) or the chemotherapy
agent paclitaxel (right) in S1 MECs grown as a 2D monolayer or within rBM acini that had been
pre-treated (12 hours) with either ADC (0.5 uM) or vehicle. (b) N-CoR2 does not affect growth
of the nonmalignant HMT-3522 S-1 MECs. Line graphs showing the rate of grow of HMT-3522
S1 nonmalignant MECs stably expressing either N-CoR2 shRNA or control shRNA. Cells were
seeded on culture plastics and cell number was determined at indicated time points. Population
doubling was calculated as /n (cell number at day n/cell number at day 0)//n2. Error bars
represent mean £ s.e.m. (n =3) foraand b. **P <0.01; ***P <0.001.
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Supplementary Figure 2a. Kaplan-Meier analysis of the probability that a patient from the 295
breast cancer patients from the NKI data set will remain relapse-free or survive following
therapy'. Line graphs showing patient data stratified according to lymph node (LN) and estrogen
receptor (ER) status, and whether or not they received adjuvant chemotherapy (CT). For
assessment data were combined irrespective of breast cancer molecular subtype”. In each group,
the patients were grouped into quartiles according to the level of N-CoR2 expression. The

log-rank test was used to calculate the P value.
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Supplementary Figure 2b. N-CoR2 expression and its prognostic value in breast cancer is
independent of molecular subtype. (a.) Box plot graphical depiction of the level of N-CoR2
transcript in breast cancers of different molecular subtypes® using the NKI' or Serlie® data sets.
The data contain all outliers. The P values were determined using ANOVA. Notably, NCOR2
transcript levels were not elevated even within the poor prognostic ERBB2+ or basal-like breast
cancer subtype relative to levels found in the other breast cancer subtypes. (b.) Table showing
multivariate analysis of the 110 breast cancer patients who received adjuvant CT in the NKI data
set for distant metastasis-free and overall survival according to NCOR2 and breast cancer
molecular subtype. Breast cancer molecular subtype is based on nearest centroid classification as
described by Serlie er al.>. NCOR?2 transcript expression was modeled as a continuous variable.
CI denotes confidence interval. Data illustrate that NCOR2 expression is the most significant
prognostic predictor (P < 0.001) even when the different molecular subtypes of breast cancer are
included in the model.
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Supplementary Figure 2c. Breast tumors with ectopic N-CoR2 expression retain viability and
demonstrate apoptosis resistance in vivo following interval treatment of mice with paclitaxel. (a.)
Left, representative images of tissues stained for cleaved (activated) caspase-3 from the
xenografted tumors of MDA-MB-231 cells expressing N-CoR2 (bottom) or vector (top)
following interval treatment with paclitaxel or vehicle. Right, representative images of tissues
stained for Ki-67 from the xenografted tumors of MDA-MB-231 cells expressing N-CoR2
(bottom) or vector (fop). Scale bars, 100 um. (b.) Bar graphs quantifying the images shown in (a.)
using the H-score. Data are mean + s.e.m. (» = 3 mice per group). ***P < 0.001.
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Supplementary Figure 3. Functional clustering of the 304 N-CoR2-associated genes. Shown is
a cartoon of the enriched functional gene categories (EFGC) associated with N-CoR2 in T4-2
multicellular spheroids. The EFGC according to gene ontology biological processes (GO-BP,
yellow) and Swissprot Keywords (SPK, blue) are depicted as squares with the cross sectional
area and the intensity of the red color margin representing the number and the average fold
change (absolute value), respectively, of the genes included in that specific category. The width

of the lines represent the number of shared genes between the two connected EFGC.
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Supplementary Figure 4. Approach used to map the N-CoR2 binding site within the TNFSF10
promoter. (a) Cartoon showing the 5’flanking sequence of TRAIL gene with the putative and
known cis-acting elements plotted according to previous reports®>. The regions amplified by the
different primer sets in the ChIP-PCR are shown below the promoter cartoon. Nucleotide
numbering is referenced to the transcription start site (+1). (b) Representative images showing
ChIP achieved using antibodies against GFP and normal IgG for the different TNFSF10 promoter
regions within T4-2 tumor cells ectopically expressing tetracycline (fef) regulated, GFP-tagged
N-CoR2 with (tet-) and without (fez+) induction of N-CoR2 expression.
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Supplementary table 1 Multivariate analysis for distant metastasis-free and overall

survival according to N-CoR2 and N-CoR2 complex and CPV in breast cancer

patients who received adjuvant CT

Variable Relapse Death
Hazard Ratio P Value  Hazard Ratio P Value
(95% CI) (95% CI)
NCORI 0.191 0.154 0.347 0.422
(0.02-1.86) (0.026-4.591)
NCOR2 5.589 <0.001 9.327 <0.001
(2.36-13.235) (2.975-29.237)
HDACI 0.743 0.689 0.303 0.235
(0.173-3.188) (0.042-2.174)
HDAC3 1.667 0.538 9.235 0.019
(0.327-8.495) (1.446-58.963)
GPS2 0.766 0.767 1.621 0.678
(0.131-4.471) (0.165-15.904)
TBL1 1.442 0.56 2.189 0.306
(0.422-4.929) (0.488-9.829)
Age (per 10-yr increment) 0.663 0.264 0.562 0.19
(0.322-1.364) (0.237-1.331)
Tumor size (per cm) 1.518 0.044 1.798 0.023
(1.011-2.279) (1.085-2.979)
Tumor grade 0.576 0.281
Grade 2 vs. grade 1 1.223 0.739 2.327 0.342
(0.375-3.986) (0.407-13.308)
Grade 3 vs. grade 1 1.839 0.331 3.974 0.119
(0.538-6.287) (0.7-22.564)
Positive LN status vs. 0.59 0.518 0.371 0.276
negative status (0.119-2.923) (0.062-2.211)
Positive ER status vs. 0.265 0.055 0.077 0.003
negative status (0.069-1.028) (0.014-0.415)
Hormonal treatment vs. no 0.48 0.287 0.143 0.107
treatment (0.124-1.854) (0.013-1.52)
Mastectomy vs. 0.83 0.648 0.964 0.94
breast-conserving therapy (0.374-1.845) (0.377-2.464)
Molecular subtype 0.719 0.383
Normal-like & luminal B 1.398 0.592 3.504 0.19

vs. luminal A

(0.41-4.764)

(0.538-22.814)
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Basal & ERBB2+ vs. 0.897 0.885 1.791 0.554
luminal A (0.208-3.87) (0.261-12.302)

The analysis included the 110 breast cancer patients who had received adjuvant
systemic CT in the NKI data set. Molecular subtypes of breast cancers are based on
nearest centroid classification as used by Sorlie ef al. NCORI, NCOR2, HDACI,
HDAC3, GPS2 and TBL] transcript expression, and age and tumor size were modeled

as continuous variables. CI denotes confidence interval.
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Supplementary table 2 Odds ratio for NACT non-responsiveness stratified according

to N-CoR2 or NCOR2-116 level

Predictor Group NR (%) R (%) OR (95% CI)  Pvalue
High 50(76.9) 15(23.1) 2.2 (1.0-5.1) 0.029
N-CoR2
Low 39 (60) 26 (40) 1
Subgroup B 67 (87.0) 10 (13.0) 9.4 (3.7-24.6) <0.001
NCOR2- Subgroup A 22 (41.5) 31(58.5) 1
116 High Sncorz 69 (87.3) 10(12.7) 10.7 (4.2-28.2) <0.001
Low Sycor2 20 (39.2)  31(60.8) 1

The analysis included the 130 patients with breast cancers who received NACT from the
MDACC data set. The tumors were segregated into subgroups according to the
expression level of N-CoR2, unsupervised hierarchical clustering based on NCOR2-116
(Fig. 4d) or Sycor: determined based on NCOR2-116 (Fig. 4e). NR, non-responder; R,
responder; OR, odds ratio; CI, 95% confidence interval. P values were calculated with

use of Fisher’s exact test.
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Supplementary table 3 The identity of the 64 PCD genes (represented by 75 Affymetrix probe sets) listed in Fig. Sb and their predicted role in

PCD. The genes are ranked descendingly according to their respective value of DRI. Data in the last column indicate whether the expression of the
gene is more TRAIL-inducible in either T4-2-vector control colonies (V) or T4-2 colonies expressing N-CoR2 (N).

Affymetrix Gene RefSeq Description Rolein PCD DRI (absolute More induced
probe set ID symbol Transcript ID value) by TRAIL
214329 x at  TNFSFI10 NM 003810 Tumor necrosis factor (ligand) superfamily, Apoptosis 2.48 14
member 10
200887 s_at STATI NM 007315 Signal transducer and activator of Apoptosis 243 vV
NM 139266 transcription 1
210511 s _at INHBA NM 002192 Inhibin, beta A Apoptosis 2.21 14
209969 s at STAT1 NM 007315 Signal transducer and activator of Apoptosis 2.11 Vv
NM_139266 transcription 1
201845 s at RYBP NM 012234 RING1 and YY1 binding protein Apoptosis 2.09 14
201687 s_at API5 NM_006595 Apoptosis inhibitor 5 Anti-apoptosis 2.04 14
201150 s at TIMP3 NM_ 000362 TIMP metallopeptidase inhibitor 3 Apoptosis 2.04 Vv
202688 _at TNFSFI10 NM_ 003810 Tumor necrosis factor (ligand) superfamily, Apoptosis 2.02 vV
member 10
201710 at MYBL2  NM 002466 v-myb myeloblastosis viral oncogene Anti-apoptosis 1.99 N

homolog (avian)-like 2
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202677 at

204020 at

202687 s _at

204274 at

204278 s at

201844 s at

201302 _at

219209 at

221478 at

RASAI

PURA

TNFSFI10

EBAGY

EBAGY9

RYBP

ANXA4

IFIHI

BNIP3L

NM_ 002890
NM_022650
NM_005859

NM_003810

NM_004215
NM_198120
NM_004215
NM_198120
NM 012234
NM_001153

NM_022168

NM_004331

RAS p21 protein activator 1

Purine-rich element binding protein A
Tumor necrosis factor (ligand) superfamily,
member 10

Estrogen receptor binding site associated,
antigen, 9

Estrogen receptor binding site associated,
antigen, 9

RING1 and YY1 binding protein

Annexin A4

Interferon induced with helicase C domain
1

BCL2/adenovirus E1B 19kDa interacting

protein 3-like

Regulation of
apoptosis
Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis
Anti-apoptosis
Regulation of

apoptosis

Apoptosis

1.96

1.73

1.71

1.71
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207181 s at

212593 s at

217746_s_at

204924 at

209863 s at

202094 at

212354 at

CASP7

PDCD4

PDCD6IP

TLR2

TP73L

BIRCS

SULF1

NM 001227
NM 033338
NM 033339
NM 033340
NM 014456
NM_ 145341

NM 013374

NM_003264
NM_003722
NM_001012270
NM_001012271
NM_001168

NM_015170

Caspase 7

Programmed cell death 4

Programmed cell death 6 interacting
protein

Toll-like receptor 2

Tumor protein p73-like

Baculoviral IAP repeat-containing 5

(survivin)

Sulfatase 1

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Anti-apoptosis

Apoptosis

1.64

1.64

1.61

1.58

1.57
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211368 s at

204131 s at

202985 s at

205681 at

201424 s at

201846 s at

207113 _s_at

CASPI

FOX034

BAGS

BCL241

CUL44

RYBP

TNF

NM 001223
NM_033292
NM_ 033293
NM 033294
NM 033295
NM_001455
NM_201559
NM_001015048
NM_001015049
NM_ 004873

NM_004049

NM_001008895
NM_003589
NM 012234

NM_000594

Caspase 1, apoptosis-related cysteine

peptidase (interleukin 1, beta, convertase)

Forkhead box O3A

BCL2-associated athanogene 5

BCL2-related protein A1l

Cullin 4A

RING1 and YY1 binding protein

Tumor necrosis factor

Apoptosis

Apoptosis

Apoptosis

Anti-apoptosis/
regulation of
apoptosis

Apoptosis

Apoptosis
Apoptosis/anti-

apoptosis

1.52

1.48

1.46

1.45

1.45

1.45

1.44
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210334 x at

200004 at

203628 at

200599_s_at

202095 s at

222108 at

217999 s at

215037 s at

BIRCS

EIF4G2

IGFIR

HSP90B1

BIRCS

AMIGO2

PHLDAI

BCL2L1

NM 001012270
NM_001012271
NM_001168

NM 001418

NM_000875

NM_003299

NM_ 001012270
NM_001012271
NM 001168

NM_181847

NM_007350

NM_001191

NM_ 138578

Baculoviral IAP repeat-containing 5

(survivin)

Eukaryotic translation initiation factor 4
gamma, 2

Insulin-like growth factor 1 receptor
Heat shock protein 90kDa beta (Grp94),
member 1

Baculoviral IAP repeat-containing 5

(survivin)

Adhesion molecule with Ig-like domain 2

Pleckstrin homology-like domain, family

A, member 1

Bel2-like 1 (Bcl-xL)

Anti-apoptosis

Cell death

Anti-apoptosis

Anti-apoptosis

Anti-apoptosis

Regulation of

apoptosis

Apoptosis

Anti-apoptosis

1.44

1.43

1.43

1.42

1.38

1.36

1.35

1.32
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213373 s at

200690 _at
202693 s at

210025 s _at

205599 at

201849 at

206295 at

200608 s at

200658 _s_at

213026 _at

CASPS

HSPA9B

STK174

CARDI0

TRAF1

BNIP3

IL18

RAD21

PHB

ATG12

NM 001228
NM_033355
NM 033356
NM 033358
NM 004134
NM_004760

NM_014550

NM_005658

NM_004052

NM_001562

NM_006265

NM_002634

NM_004707

Caspase 8, apoptosis-related cysteine

peptidase

Heat shock 70kDa protein 9B (mortalin-2)
Serine/threonine kinase 17a

Caspase recruitment domain family,
member 10

TNF receptor-associated factor 1
BCL2/adenovirus E1B 19kDa interacting
protein 3

Interleukin 18

RAD21 homolog

Prohibitin

ATG12 autophagy related 12 homolog

Apoptosis

Anti-apoptosis
Apoptosis
Regulation of
apoptosis
Anti-apoptosis

Apoptosis

Apoptosis
Apoptosis
Regulation of
apoptosis

Autophagy

1.28

1.25

1.25

1.24

1.22

1.22

1.21

1.2
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201637 s at  FXRI

200807 s at  HSPDI

205263 at BCLI0
209476_at TXNDC
200602 at APP

210118 s at ILI1A

217997 _at PHLDAI

200681 _at GLOI

212719 at PHLPP

NM 001013438
NM_001013439
NM_005087
NM_ 002156
NM_ 199440
NM_003921
NM_030755
NM_000484
NM 201413
NM 201414
NM_000575

NM_007350

NM_006708

NM_194449

Fragile X mental retardation, autosomal

homolog 1

Heat shock 60kDa protein 1

B-cell CLL/lymphoma 10
Thioredoxin domain containing

Amyloid beta (A4) precursor protein

Interleukin 1, alpha

Pleckstrin homology-like domain, family
A, member 1

Glyoxalase |

PH domain and leucine rich repeat protein

phosphatase

Apoptosis

Regulation of
apoptosis
Apoptosis

Anti-apoptosis

Apoptosis

Apoptosis

Apoptosis

Anti-apoptosis

Apoptosis

1.19

1.18

1.18

1.17

1.15
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202984 s at

201167 x_at

203489 at

201084 s at
211300 s at
38158 at
211936 _at
202076_at
200691 s at

210260 s at

204211 x_at

BAGS

ARHGDIA

SIVA

BCLAFI

TP53

ESPLI

HSPAS5

BIRC2

HSPA9B

TNFAIPS

EIF24K2

NM_001015048

NM_001015049

NM_004873

NM_ 004309

NM 006427
NM_021709
NM 014739
NM_000546
NM_012291
NM_005347
NM_001166
NM 004134

NM_014350

NM_002759

BCL2-associated athanogene 5

Rho GDP dissociation inhibitor (GDI)
alpha

CD27-binding (Siva) protein

BCL2-associated transcription factor 1
Tumor protein p53

Extra spindle poles like 1

Heat shock 70kDa protein 5
Baculoviral IAP repeat-containing 2
Heat shock 70kDa protein 9B

Tumor necrosis factor, alpha-induced
protein 8

Eukaryotic translation initiation factor

2-alpha kinase 2

Apoptosis

Anti-apoptosis

Regulation of
apoptosis
Apoptosis
Apoptosis
Apoptosis

Anti-apoptosis

Anti-apoptosis

Anti-apoptosis

Regulation of
apoptosis

Apoptosis

1.12

1.1

1.09

1.09

1.08

1.08

1.08

1.07

1.05

None

None
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214988 s at

201012_at
201371 s at

200797 s_at

211316 _x_at

SON

ANXA1

CUL3

MCLI

CFLAR

NM 003103
NM_032195
NM_058183
NM_ 138925
NM_ 138926
NM_ 138927
NM_000700
NM_003590
NM 021960
NM_ 182763

NM_003879

SON DNA binding protein

Annexin Al
Cullin 3

Myeloid cell leukemia sequence 1

CASPS8 and FADD-like apoptosis regulator

Anti-apoptosis

Anti-apoptosis
Apoptosis
Regulation of
apoptosis
Regulation of

apoptosis

1.04

1.02

1.01

1.01

1.01




Tsai et al.

Supplementary table 4 Genes that contain conserved IRF1 and STAT1 binding sites in
the N-CoR2-associated PCD genes listed in Fig. 5b

Gene Entrez RefSeq Description Binding sites'
symbol gene ID Transcript ID
TNFSFI10 8743 NM_003810 tumor necrosis factor IRF1?
superfamily, member 10
STATI 6772 NM 007315 signal transducer and IRF1°
NM 139266 activator of transcription 1
INHBA 3624 NM 002192 inhibin, beta A IRF1
RYBP 23429 NM 012234 RING1 and YY1 binding IRF1
protein
TIMP3 7078 NM 000362 TIMP metallopeptidase IRF1
inhibitor 3
RASAI 5921 NM 002890 RAS p21 protein activator I ~ IRF1, STAT1
NM_022650
PURA 5813 NM_005859 purine-rich element binding IRFI1, STAT1
protein A
IFIH] 64135 NM 022168 interferon induced with IRF1, STAT1
helicase C domain 1
PDCD4 27250 NM 014456 programmed cell death 4 IRF1
NM 145341
TP73L 8626  NM 003722 tumor protein p73-like IRF1, STAT1
SULF1 23213  NM 015170 sulfatase 1 IRF1
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CASPI

FOX034

IGFIR

CASPS

CARDI0

TRAF1

IL18

RAD21

ATGI2

APP

PHLPP

834

2309

3480

841

29775

7185

3606

5885

9140

351

23239

NM_001223
NM_033292
NM 033293
NM_033294
NM_033295
NM_001455
NM_201559

NM_000875

NM_ 001228
NM_033355
NM_033356
NM_033358

NM_ 014550

NM 005658

NM_001562
NM_006265

NM_004707

NM_000484
NM 201413
NM 201414

NM_ 194449

caspase 1, apoptosis-related
cysteine peptidase
(interleukin 1, beta,

convertase)

forkhead box O3A

insulin-like growth factor 1
receptor
caspase 8, apoptosis-related

cysteine peptidase

caspase recruitment domain
family, member 10

TNF receptor-associated
factor 1

interleukin 18

RAD21 homolog

ATGI12 autophagy related
12 homolog

amyloid beta (A4) precursor

protein

PH domain and leucine rich

repeat protein phosphatase

IRF14

IRF1

IRF1, STATI

IRF1>¢

STAT1

IRF1

IRF1

IRF1

IRF1

IRF1, STAT1

IRF1, STAT1
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BCLAF1

TP53

ESPLI

BIRC2

TNFAIPS

EIF24K2

SON

CUL3

9774

7157

9700

329

25816

5610

6651

8452

NM_014739

NM_ 000546
NM 012291

NM 001166

NM_014350

NM_002759

NM_003103
NM_032195
NM 058183
NM_138925
NM_ 138926
NM_ 138927

NM_ 003590

BCL2-associated
transcription factor 1
tumor protein p53

extra spindle poles like 1
baculoviral IAP
repeat-containing 2
tumor necrosis factor,
alpha-induced protein 8
eukaryotic translation
initiation factor 2-alpha
kinase 2

SON DNA binding protein

cullin 3

IRF1

STAT1

IRF1, STAT1

IRF1

IRF1, STATI

IRF1, STAT1

IRF1

IRF1

'Conserved IRF1 and STAT1 binding sites detected by oPOSSUM. A total of 54 genes from
the original 64 PCD genes were analyzed, amongst which 24 contain conserved IRF1

binding sites and 12 have conserved STAT1 binding sites identified at their promoter

regions.
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SUPPLEMENTARY METHODS

CHEMICALS AND ANTIBODIES

The caspase-3, 6 and 8 inhibitors DEVD-CHO and Ac-IETD-CHO (Biomol) were used at 1 pM
in DMSO. The histone deacetylase inhibitor trichostatin A (Upstate) was used at 100-500 nM in
DMSO and suberoylanilide hydroxamic acid (SAHA) was at 1-5 uM in DMSO (Merck Research
Laboratories). The methylase inhibitor, 5-Aza-2’-deoxycytidine (ADC; Sigma-Aldrich) was used
at 0.5 uM and dissolved in DMSO. The chemotherapy agent paclitaxel (Sigma-Aldrich) was
used at 10-40 uM in ddH,O and doxorubicin (Calbiochem) was at 5 mM in PBS. For
immunoblotting and/or immunostaining experiments, we used rabbit polyclonals:
anti-acetyl-histone H4, and anti-trimethyl-histone H3 (Lys9) (Millipore), anti-MeCP2 (Affinity
BioReagents), anti-cleaved caspases-3 (Cell Signaling), anti-IRF-1 (H-205), anti-histone-H2B
(FL-126), anti-HDAC3 (H-99), and anti-mouse-SMRTe (H-300; Santa Cruz) as well as
anti-lamin B1 (Abcam). We also used the rat monoclonals (mAbs) anti-a6 integrin (NKI-GoH3),
rabbit mAb anti-actetyl (Lys27)-histone H3 (D2W; Millipore), anti-acetyl (Lys5)-histone H4
(EP1000Y), anti-caspase-3 (active) (E83-77) and anti-acetyl (Lys9)-histone H3 (Y28)
(Epitomics), and anti-HPla (C7F11) and anti-trimethyl-histone H3 (Lys 27) (C36B11, Cell
Signaling) as well as the mouse mAbs anti-GPS2 (3C4; Abnova), anti-B-tubulin (SH1; BD
Transduction Laboratories), and anti-Ki-67 (7B11, Invitrogen). For IP and ChIP experiments, we
used mouse mAb anti-GFP (7.1 & 13.1, Roche Applied Science), rabbit polyclonal anti-SMRTe
(Millipore) and anti-CBP (A-22; Santa Cruz). The hybridoma cell line producing the monoclonal

anti-N-CoR2 (gift from M. A. Lazar, University of Pennsylvania) was described previously®.

CELL CULTURE AND DEATH ASSAYS



Tsai et al.

Cell culture

The HMT-3522 nonmalignant S-1 and tumorigenic T4-2 MECs lines were propagated as
monolayers on tissue culture plastic or culture dishes coated with a layer of 1:100 Matrigel
diluted in PBS in chemically defined medium as previously described’. MECs were embedded
and grown for 12 days to form 3D structures within rBM (Matrigel, BD Biosciences).
MDA-MB-231 and HEK293 cells were grown as monolayers on tissue culture plastic in DMEM

supplemented with 10% fetal bovine serum and antibiotics.

Induction and analysis of cell death

Cell death was initiated either by treatment with recombinant, purified human TRAIL peptide
(Biomol) or various chemotherapeutic agents or by inducing DNA damage by exposure to
gamma irradiation using a Mark I Cesium 137 irradiator (JL Shepherd & Associates). Cell death
was determined by quantifying percent active caspase 3 by indirect immunofluorescence (Cell
Signaling) or counting the nuclei of dead cells using the CYTOX-orange or CYTOX-blue dyes
(Invitrogen) and normalizing dead cells to total cell number estimated by counterstaining nuclei
with the cell permeable dye Hoechst 33342 (Invitrogen)®. In select experiments, cells
constitutively expressing human nuclear histone H2B-GFP or H2B-mRFP fusion protein were
used to estimate the number of cells present in the 3D organoids. Clonogenic survival was
assessed in 3D rBM cultures by monitoring spheroid outgrowth and measuring the size of
colonies formed by single seeded cells exposed to IR as a function of time (9 Gy; four weeks

incubation).

GENE EXPRESSION MANIPULATIONS

N-CoR2 or HDAC3 knockdown was achieved by retroviral-mediated RNAi using
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oligonucleotide sequences previously described’. The oligonucleotides specifying the small
hairpin RNAs (shRNAs) were sub-cloned from pSilencer-H1 into pLZRS-MFG-CMV-Neo-U6, a
recombinant self-inactivating retroviral vector constructed from the backbone of an MFG
provirus that directs the expression of SIRNA under the control of the U6 promoter'™"". Stable
knockdown of TRAIL was achieved by the pRetroSuper-puro system (OligoEngine) using
oligonucleotide sequences previously described'?. The retroviral construct used for inducible
expression of HA- and EGFP-epitope tagged N-CoR2 was prepared by subcloning murine
NCOR?2 cDNA (e isoform, NCBI RefSeq #NM_011424) from pCMX-FLAG-NCOR?2 (gift from
M. A. Lazar, University of Pennsylvania)'® into pBluescriptIl KS+ (Stratagene) to facilitate the
addition of the N-terminal HA-epitope tag, which was then recloned into a modified hybrid
Epstein-Barr virus/retroviral vector pLZRS-MFG-fet-EGFP that contains a tetracycline regulated
promoter that allows stable multicopy episomal replication in the retroviral packaging lines'*"
to generate the final expression construct pLZRS-MFG-tet-HA-EGFP-NCOR2. The mutant
N-CoR2 (K449A) was constructed using the QuickChange Site-Directed Mutagenesis kit
(Stratagene) using pMFG-tet-HA-EGFP-NCOR?2 as template. The retroviral vector encoding the
human histone H2B-GFP, pCLNR-H2BG (gift from G. M. Wahl, Salk Institute), has been
described previously'®. The retroviral expression construct for the histone H2B-monomeric red
fluorescence protein (mRFP) fusion protein was generated by fusing the genes encoding mRFP
and human histone H2B by PCR amplification and subcloning from pcDNA3.1-mRFP (Addgene)
and pCLNR-H2BG into the pMXs-IRES-blasticidin retroviral vector (Cell Biolabs).
Amphotropic retrovirus was produced in modified 293 cells or in Phoenix ampho cells (G. Nolan,
Stanford University) with packaging vectors pCgp and pVSVG to boost viral titer. Cells were
spin infected with retrovirus carrying wild-type or mutant N-CoR2, followed by infection with a

high titer MFG virus expressing the tetracycline-controlled transcriptional transactivator
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produced in the packaging cell line 293GPG as described'’. To obtain a polyclonal population of
cells in which the majority of cells can competently induce N-CoR2 or mutant N-CoR2
expression cells were expanded in the presence of tetracycline (1  g/mL) and wild type or
mutant N-CoR2 expression was induced by withdrawal of tetracycline (2-4 days), followed by
FAC sorting for GFP positive cells. Sorted cells were thereafter expanded in the presence of
tetracycline. The tetracycline-regulated expression of N-CoR2 or its mutant was thereafter
activated 2-3 days prior to cell manipulation to maintain high transgene expression in the
population. Cells expressing the various shRNA constructs were generated using a similar
protocol. Level of gene expression and/or knockdown was verified by real-time PCR (RT-PCR)
and confirmed through immunoblot analysis. The IRF-1 expression vector, pcDNA3-IRF-1, was
a kind gift from J. Park, Sungkyunkwan University, Seoul, Korea'®. Transient transfection

experiments were performed using Lipofectamine 2000 (Invitrogen).

ANIMAL EXPERIMENTS AND IMMUNOHISTOCHEMISTRY STUDIES

Xenograft breast tumorigenesis models and paclitaxel treatment

The retroviral vector encoding GFP or GFP-tagged N-CoR2 and firefly luciferase,
pSFP-GFP-FFLuc (gift from R.J. Brentjens, Memorial Sloan Kettering Cancer Center)'’ were
transduced into MDA-MB-231 cells and the GFP-positive cells were sorted by FACS. Cells (2 %
10° cells in 100 1 1:1 mixture of Matrigel and HBSS) were inoculated into the mammary fat
pads of 8-week-old female NOD/SCID mice (National Laboratory Animal Center, Taiwan). Ten
days post inoculation when tumor bulk was similar between the two groups (similar
bioluminescence imaging (BLI) intensity and palpable tumors), mice were given intraperitoneal
injections of paclitaxel (20 mg/kg) or vehicle (15% ethanol in 0.9% NaCl) every week for six

consecutive weeks. Tumor mass was assessed by BLI weekly before each treatment. The
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antitumor effect of paclitaxel was evaluated using the T/C value (%), where T is the relative
tumor bulk of the treated group and C the relative tumor bulk of the control group®’. The relative
tumor bulk was determined by calculating the ratio of the bioluminescence signal intensity of the
tumor at a given time and that of the initial tumor size (i.e. at time of treatment initiation). The
protocols for animal care and experiments were approved by the Institutional Animal Care and

Use Committee (IACUC) of National Health Research Institutes, Taiwan.

Immunohistochemistry of human specimens.

TMA of breast cancer was obtained from US Biomax, Inc., code BR804. TMA sections were
deparaffinized, hydrated, immersed in citrate buffer at pH 6.0 for epitope retrieval in a
microwave. Endogenous peroxidase activity was quenched in 3% hydrogen peroxidase for 15
minutes, and slides were then incubated with 10% normal horse serum to block nonspecific
immunoreactivity. The indicated antibody was subsequently applied and detected by using the
DAKO EnVision kit (DAKO). For negative controls, the primary antibody was replaced by the
citrate buffer. All the immunohistochemical and TMA staining were evaluated by the same
pathologist and the nuclear and cytoplasmic staining patterns of N-CoR2 were quantified using

the histologi