University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Doctoral Dissertations

Dissertations and Theses

November 2016

Extracellular Matrix Control of Breast Cancer Metastasis and
Dormancy
Lauren Barney
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2
Part of the Biological Engineering Commons, Biomaterials Commons, Cancer Biology Commons,
Molecular, Cellular, and Tissue Engineering Commons, and the Other Chemical Engineering Commons

Recommended Citation
Barney, Lauren, "Extracellular Matrix Control of Breast Cancer Metastasis and Dormancy" (2016). Doctoral
Dissertations. 729.
https://doi.org/10.7275/9036614.0 https://scholarworks.umass.edu/dissertations_2/729

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.

EXTRACELLULAR MATRIX CONTROL OF BREAST CANCER METASTASIS AND
DORMANCY

A Dissertation Presented
By
LAUREN EMILY BARNEY

Submitted to the Graduate School of the
University of Massachusetts, Amherst in partial fulfillment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY

September 2016

Department of Chemical Engineering

© Copyright by Lauren Emily Barney 2016
All Rights Reserved
Portions of Chapter 1 © Elsevier 2016
Portions of Chapter 2 © The Royal Society of Chemistry 2015
Portions of Chapter 5 © American Chemical Society 2015

EXTRACELLULAR MATRIX CONTROL OF BREAST CANCER METASTASIS AND
DORMANCY

A Dissertation Presented

By

LAUREN EMILY BARNEY

Approved as to style and content by:

____________________________
Shelly R. Peyton, Chair

____________________________
T.J. Mountziaris, Member

____________________________
D. Joseph Jerry, Member

____________________________
Mario Niepel, Member

____________________________
John Klier, Department Head
Department of Chemical Engineering

DEDICATION
To my husband,
for all of our palm tree dreams;
And my family,
I love you.

ACKNOWLEDGEMENTS
I am incredibly grateful to my advisor Shelly Peyton for going on this journey with me.
Shelly has taught me so much more than just science – that good enough is never good enough,
that you will only do great science if you are truly excited about it, that research and working in
the lab should be fun, and that you should always explore and try things, even if they may not
work (and you never show them to her). She has given me tremendous opportunities for
collaborative projects, travel, mentoring, and exploring within my own projects, and I feel like my
experience in her lab was far superior to what it could have been in many others. To quote Shelly,
she “raised us to be strong, independent women,” and I truly think she does a great job as an
academic mom.
I would like to thank my committee for all of their extremely helpful feedback throughout
the past several years. Lakis Mountziaris tried tirelessly to help Shelly and me with mathematical
modeling in my first and second year, and although it failed terribly, I am grateful for the
experience. Joe Jerry and Mario Niepel have both provided incredibly insightful comments about
my work in our meetings. Joe helped tremendously in guiding the genetics figure in my Integrative
Biology paper, which helped us to decide to pursue that rather than IHC. I have collaborated with
Mario quite a bit, and he always gave me quick and insightful responses to any question I had for
him.
I would not have gotten through these five years if it weren’t for such a fun group in the
Peyton Lab. Alyssa makes me laugh seven days a week, (nearly) 365 days a year in lab and I
would not have survived without her friendship, gossip, and, recently, gelato trips. I’m going to
miss seeing her so frequently, but I know we will be friends for a long time. Lauren and I have
been here together the longest, and I’m truly sorry that now she gets all the “Lauren
responsibilities,” because now when Shelly comes into lab yelling “Lauren,” it definitely means
her. Thuy was always so uplifting, he gave me paper rejection hugs, and stayed in and drank
wine with me when my paper was rejected from PNAS during AIChE, and I’m so grateful for his
friendship. Chris joined much more recently and has contributed to my upcoming paper

v

significantly, and always was so positive about my project whenever he knew I was not and
needed some motivation. Everyone else (Will, Dannielle, Elizabeth, Sualy, Lenny, Igor, Yen, Sam,
Katie, Maria, Marcos) always gave me great feedback and was fun to work with. I was also lucky
enough to mentor many great undergrads (Erinn, Elyse, Isaac, Matt, Patrick, Shayna, Ari) who
were easy to teach, excited about science, and tremendously helpful and fun to work with.
I have made many lifelong friends outside the Peyton Lab along the way, and their
friendships were so important to my time here. My first year class suffered through classes
together while we lost power during a freak Halloween snowstorm. Christoph was my homework
buddy and he was always up for a walk to go get coffee or anything on campus. Raghu patiently
taught us how to solve basically all of the homework problems, and Nate, Heather, and Oskar
were great friends to all of us. I am extremely grateful for my friendship with Katrina, Cole, and
Logan. Katrina and I suffered and complained through grad school together, planned weddings,
and lived in the same condos with our cats. Our microscope room talks, wedding planning crises
(and solutions), and “I’ll only go if you go” events were so important to my time here. I am also
lucky to have met the tripod and others in the transportation engineering department. Cole’s
sarcasm is second to none, and Ian is the most happy and fun person I know (meow). I am also
lucky to have had Mike and Beth Knodler as mentors and friends, and grateful for all they did to
try and keep Keith, Cole, and Ian in one piece. Finally, although we did not meet in grad school, I
am forever grateful for my friendship with Erica, Brian, and Kira. Our visits were always such a
welcome break from grad school, whether in Amherst or Tyngsboro, and whenever I complained,
Erica never failed to tell me “I knew a PhD was a bad idea” as only your best friend could.
I would not have gotten to this point in life without my family. My parents, Lynn and Doug,
are the furthest from scientists, but they always supported me in everything I wanted to do,
especially grad school. They are the most important influences in my life, and I am so grateful to
have such loving, supportive parents. My siblings are what motivate me: David is following my
lead and pursuing a political science PhD here at UMass, Nick is such a passionate reader and
talented writer, and I know that 9-year-old Kiley will be able to do absolutely anything she puts her

vi

mind to. I am grateful for all the support from the rest of my family, including Luanne, aunts and
uncles, cousins, Keith’s family, and especially my grandparents. I would especially like to
acknowledge my Grandpa Dave, who was so excited about what I am doing, and I know is
beyond proud of this, and my Grandma Carolyn, who is incredibly brave, strong, determined, and
positive, and who has motivated me every day for the past few months. I love you all.
Finally, absolutely zero of this could have been done without my husband Keith. Keith
kept me fed, did grocery shopping, errands, and chores while I went to lab on the weekend, and
would do anything to make my life easier during these last five years. I can honestly say that he
put in as much effort into this as I did, and none of it would have happened without him. If anyone
loves me enough to marry me while I was a crazy grad student, he must be special. He’s been
with me for 8 years through college and grad school, and I hope he still likes me when I’m no
longer a student. I am so excited for what’s to come next for us and so incredibly lucky to have
found someone so special.

vii

ABSTRACT
EXTRACELLULAR MATRIX CONTROL OF BREAST CANCER METASTASIS AND
DORMANCY
SEPTEMBER 2016
LAUREN EMILY BARNEY, B.S., UNIVERSITY OF RHODE ISLAND
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shelly Peyton
To metastasize, a cell must travel through circulation to a secondary tissue, and this
process causes 90% of all cancer deaths. Although inefficient, metastasis is not random, and only
capable seeds in hospitable soils are capable of outgrowing into detectable metastases. The
overall hypothesis in this work is that the secondary tissue microenvironment, particularly the
extracellular matrix (ECM), mediates metastasis. We posit that the ability of metastatic cells to
survive dormancy, exit quiescence, and colonize a tissue depends upon the ability of the soil to
sustain survival, and subsequently trigger outgrowth.
We created a simple biomaterial platform with systematic control over the ECM protein
density and composition to determine if integrin binding governs how metastatic cells differentiate
between secondary tissues. Instead of examining individual behaviors, we compiled large
patterns of phenotypes associated with adhesion to and migration on these controlled ECMs. In
combining this novel analysis with a simple biomaterial platform, we created an in vitro fingerprint
that is predictive of in vivo aggressive integrin-mediated metastasis in live cells and in patient
data. We propose that this predictive approach is much simpler, faster, and more economical
than complex 3D biomaterials or mouse models.
However, approximately two-thirds of all breast cancer deaths occur after the five-year
survival mark, and many patients develop metastatic disease several years after remission. In
these patients, tumor cells have disseminated, survived, but remained dormant, before
outgrowing into a metastatic lesion. When inducing dormancy in vitro via mitogen withdrawal, we
have found that both a capable seed and a hospitable soil are required for sustained quiescence.
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Collagen is required for early survival, and long-term latency requires remodeling the extracellular
matrix and creation of a rich, organized fibronectin matrix, which mediates survival through
sustained adhesion and activation of ERK signaling. This survival mechanism can be enhanced
by local stromal cells, which are recruited by the tumor cells to assemble extremely dense
fibronectin matrices. Together, this work suggests that both a competent seed and a proper soil
are required for metastasis, and emphasizes the dynamic changes in the microenvironment that
can promote survival and growth of disseminated tumor cells.
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CHAPTER 1
THE CLINICAL SIGNIFICANCE OF CANCER METASTASIS AND IMPORTANCE OF THE
MICROENVIRONMENT

1.1 Breast Cancer Metastasis is an Unsolved Problem in Human Health
Breast cancer is the most common cancer in women, affecting 1 in 8 women, and
accounting for over 300,000 new cases and 40,000 deaths in the United States in 2015 [1]. When
primary tumors can be successfully resected with surgery and treated with chemotherapy,
prognosis is generally very good. Ductal carcinoma in situ (DCIS) and stage 1 tumors have a
nearly 100% five-year survival rate, which drops with increasing stage to a staggering 26% fiveyear survival for stage 4 (metastatic) patients (Fig. 1.1) [1]. However, when the tumor cells have
spread locally, either to the lymph nodes, or further to distant tissue sites (a process called
metastasis, Fig. 1.2a), the cancer is no longer curable and only treatable, with the goal of
prolonging life. Between 20 and 50% of all breast cancer patients are expected to develop
metastatic disease, with a median survival of 3 years [2], and metastasis, across all cancers, is
responsible for 90% of all cancer-related fatalities [3]. Metastasis is so deadly primarily because
the tumor cells have spread to critical organs (i.e., brain, lung, bone marrow, liver, and others),
increasing tumor burden within the patient, and ultimately affecting the function of these organs.
There is a great clinical need to accurately predict prognosis and identify the most
efficacious therapeutic for an individual patient. Stage and grade remain the greatest clinical
predictors of outcome, and other histological measures such as Ki67 can also provide useful
prognostic insight [4]. However, clinical subtypes, defined by expression of the estrogen receptor
(ER), progesterone receptor (PR), and the human epidermal growth factor receptor 2 (HER2), can
significantly dictate patient prognosis, and also provide opportunities for targeted therapies (i.e.
hormone therapy such as tamoxifen or letrozole for ER+ breast cancer patients, or trastuzumab
or lapatinib for HER2+ breast cancer) [5]. Prognosis, rate of relapse, and overall survival is so
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heterogeneous that the breast cancer clinical subtypes can be described as different diseases [47]. These heterogeneous subtypes even vary in their overall rates of metastasis, with basal and
HER2+ tumors metastasizing more frequently and relapsing sooner than ER+ tumors [6, 7].
However, despite these biomarkers, it is still difficult to determine those patients who
need treatment, and the aggressive nature of the treatment required to completely eliminate the
tumor [8]. It has recently been recognized that breast cancer is heavily over-treated [9], which can
be harmful to the patient and is a heavy cost burden nationwide. There is a ground swell toward
personalized medicine to treat each patient with a specific therapeutic cocktail tailored to her
unique disease, but this has yet to be implemented beyond a small set of known biomarkers with
targeted drugs (e.g., ER in hormonal cancers, HER2 in breast cancer, EGFR in breast and lung
cancer, BRAF V600E in melanoma). Several genetic and histological tests have been
commercialized to predict outcome or drug treatment regimen (Oncotype DX, Mammaprint,
Prosigna, Mammostrat) [10-13], but these have not been widely adopted in the clinic. These tools
are promising, and after further clinical experience and validation, may eventually be used more
widely to inform treatment decisions. However, biopsies and gene profiles only provide one
snapshot of a tumor, with limited ability to predict any stochastic changes in phenotype or
mutations that may occur. There is a clear clinical need for additional tools to accurately predict
which patients will develop metastatic disease, and which therapeutics will be most effective. This
is especially important in early stage patients, in order to direct treatment to prevent disease
spread or eliminate any existing, but undetectable, micrometastases.
1.2 Metastatic Spread is Inefficient but Not Random
Successful metastasis requires migration from the primary tumor, entrance into and exit
from circulation, and colonization of a secondary tissue. Each of these steps is critical, and
metastasis is in an inherently inefficient process (Fig. 1.2a). Metastasis selects for cells that have
acquired properties, through oncogenic mutations and altered phenotypes, allowing for survival
and eventual proliferation into a secondary tumor [14]. Thus, in the heterogeneous primary tumor
population, only a small fraction of cells have acquired the traits to actually produce metastases
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[14]. While many cells have the ability to extravasate, and millions of circulating tumor cells can
enter into circulation each day, only a small fraction actually produce metastases (0.01% of
circulating tumor cells), suggesting that colonization is the rate-limiting step [15]. Ovarian cancer
patients with malignant ascites provide clinical evidence of this metastatic inefficiency. To relieve
the painful ascites, the fluid was shunted into circulation, unintentionally introducing the malignant
cells directly into the bloodstream [16]. Even then, most patients did not develop metastases,
because these circulating cells had not acquired all the traits necessary for colonization [17].
More recently, when Ghajar et al. injected highly aggressive and metastatic MDA-MB-231 breast
cancer cells into mice, solitary disseminated tumor cells were detected in all organs examined
[18], suggesting that not all cells capable of reaching secondary tumor sites are immediately
competent to grow into metastatic tumors.
Cancer does not metastasize randomly, and instead, each type shows a unique distinct
tissue-specific pattern of spread, called tropism [19]. In some types, like colon [20] and ovarian
cancer [21], metastasis is dictated by circulation patterns, anatomical proximity, and relies largely
on physical entrapment of disseminated cells at narrow capillaries. But other types of cancer can
metastasize with high specificity to distant organs, and independently of circulation. Prostate
cancer metastasizes nearly homogeneously to the bone [22], pancreatic cancer to the lung or
liver, and other types, like breast and non-small cell lung cancer, display heterogeneous spread
to many tissues (Fig. 1.2b) [19]. This non-random metastasis was initially hypothesized to be a
result of seed and soil interactions by Dr. Stephen Paget in 1889, where he proposed that both
the capable seed (the disseminated tumor cell) and the hospitable soil (the tissue
microenvironment) are required for metastatic colonization. Over a century later, this is still the
prevailing hypothesis of metastatic tropism. Several recent studies have found that breast cancer
clinical subtype dictates the organs (most commonly bone marrow, lung, liver, and brain, but not
kidney, skin, or colon) to which a patient’s tumor is likely to spread [4, 23, 24]. Luminal (hormone
receptor positive) patients, generally display late relapse, primarily in the bone, whereas triple
negative patients have early and aggressive metastases in all of these different tissues (Fig. 1.2c)
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[7, 23]. Thus, the molecular profile of the seed, even within a specific cancer type, can dictate the
tissue specificity of metastatic spread.
In the academic setting, genetic profiles of these metastatic seeds can be used to predict
risk of relapse and response to treatment. In vivo studies have traditionally been used identify
gene signatures that indicate increased risk for metastasis, and these have yielded many genes
that mediate tissue-specific spread. In pioneering studies by Joan Massagué and colleagues,
cells were passaged serially in mice to isolate highly metastatic, and tissue-specific
subpopulations of cells. These studies have identified critical genes that mediate breast cancer
tropism to the bone, brain and lung sites, providing insight into the genetic predisposition of tissue
tropism [25-27]. For example, bone tropic populations overexpress CXCR4, which promotes
homing and extravasation, MMP1, which facilitates invasion, CTGF and FGF5, which aid
angiogenesis, and IL11 and OPN, which are involved with osteolysis and remodeling the bone
matrix [26]. Lung tropism relies on many extracellular growth factors and matrix components,
including EREG, a ligand for the EGFR family of receptors, the chemokine CXCL1, proteases
MMP1 and MMP2, and tenascin C, a matrix protein that is known to mediate lung metastasis [27,
28]. In brain metastasis, ST6GALNAC5 mediates blood-brain barrier extravasation, COX2
promotes extravasation, and HBEGF, another EGFR family ligand, enhances invasion [25]. The
variety of genes encoding extracellular matrix proteins, growth factors, and proteases involved in
tropism emphasizes the significant involvement of the microenvironment. In this collection of
work, these genes do not necessarily cause homing of cells to tissues; the acquisition of these
traits instead provides metastatic cells with the competence to colonize the organ and proliferate
into a metastatic tumor [25-27]. However, genetic changes are likely insufficient to cause tissuespecific colonization by themselves [29], and other factors within the secondary tissue site may
determine metastatic success or failure. While many of these gene signatures hold when applied
to clinical patient data [25, 30-33], the variability between comparable genetic signatures limits
their general clinical applicability [34, 35], and they have yet to produce new anti-metastatic
therapeutics. The heterogeneity across mice, large number of variables inherent to in vivo
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experimentation, and differences between mouse and human physiology are challenges in the
application of in vivo results.
1.3 Role of the Microenvironment in Tumor Progression
1.3.1 Cells Bind to the Extracellular Matrix via Integrins
The extracellular matrix (ECM) is the non-cellular structural support that surrounds cells
in vivo. There are many proteins, proteoglycans, and glycoproteins that make up the ECM, and
cells and tissues can sense both biochemical and biomechanical cues from these proteins that
direct their proliferation, differentiation, morphogenesis, and homeostasis [36]. Cells interact with
the ECM through different families of transmembrane receptors, including integrins, syndecans,
and discoidin domain receptors. These receptors transduce signals from an extracellular cue into
an intracellular biochemical signal. Integrins are the most common ECM adhesion molecule, and
are comprised of a dimer of one alpha and one beta chain (Fig. 1.3). There are many possible
alpha and beta combinations, and together, the combination of alpha and beta subunit provides
specificity for the matrix protein ligand (Fig. 1.4). As examples, α1β1 and α2β1 bind to collagen,
α5β1 binds to fibronectin, whereas αvβ3 binds to fibronectin, vitronectin, osteopontin,
thrombospondin, and other adhesion molecules containing the RGD binding sequence [37].
These integrins can transduce extracellular signals into many different downstream signaling
pathways, modulating migration, proliferation, adhesion, and survival [38].
1.3.2 Primary Tumor
To date, the majority of cancer research has focused on specific mutations and
overexpressed proteins to develop novel and specific cancer therapeutics. However, the
environment in which a cell resides is known to play a significant role in many cellular functions,
including stem cell differentiation [39], tumorigenesis [40, 41], cell migration [42-44], and drug
resistance [45]. Thus, the soil is an important contributor to this seed-soil relationship. It is
therefore not surprising that the tumor microenvironment plays a significant role in modulating
tumor growth at the primary tumor site. The tumor microenvironment is a complex niche
comprising many different resident cell types, and recruited pro-inflammatory macrophages,
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fibroblasts, and stem cells [46]. There are also many different cytokines, chemokines, and growth
factors all residing within the extracellular matrix that can alter tumor cell behavior (Fig. 1.5). The
microenvironment is known to change during tumor progression: it stiffens via collagen crosslinking [40, 41], which can be used as tracks for cells to travel and become invasive [40, 47],
proinflammatory stromal cells can be recruited [48], and the matrix protein profile evolves [49, 50],
suggesting that changes in the microenvironment may promote disease progression.
1.3.3 Bone, Brain, and Lung Microenvironments as Unique Soils for Metastatic Outgrowth
ECM properties, such as tissue stiffness [40], local growth factors, stromal cells [48], and
specific ECM proteins [28, 51, 52] can each individually promote metastasis. However, we are
only beginning to understand the role of each of these features in tissue-specific metastatic
colonization. While each of these factors is known to alter cell behavior, and have been implicated
in primary tumor growth, the role of the microenvironment is significantly less well characterized
in secondary sites. The secondary tissue sites commonly colonized by breast cancer cells (bone
marrow, brain, lung) are also considerably more diverse in their stiffness, matrix composition, and
resident stromal cells.
Bone is comprised of soft marrow surrounded by hard cortical bone. The cortical bone is
very stiff (14-20 MPa), and is rich in collagen I [53-55]. The soft inner marrow is comprised of
collagen I, fibronectin, fibrinogen, and a variety of proteoglycans, and is rich in fibroblasts,
macrophages, adipocytes, and endothelial cells [56]. Bone is constantly being remodeled by
osteoclasts and osteoblasts, where osteoclasts degrade bone, while osteoblasts form new bone
tissue. Osteoblasts secrete the extracellular matrix and inorganic (mineralized) matrix, including
bone-specific matrix proteins such as osteopontin, osteocalcin, and bone sialoproteins. This
constant remodeling releases cytokines and growth factors that can support the survival and
growth of disseminated tumor cells, supporting the “vicious cycle” of bone metastasis [54, 57].
When dysregulated, this remodeling provides a hospitable environment for metastatic latency and
outgrowth. Tumor cells often hijack the mechanism of either osteoclasts or osteoblasts and form
osteolytic (degrading bone, often observed in breast cancer) or osteoblastic (forming new bone,
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often observed in prostate cancer) metastases. Bone metastasis is further enhanced by TGFβ
signaling, a prominent growth factor in the bone microenvironment, which activates CTGF and
IL11 that are overexpressed in the bone metastatic gene signature [26]. Metastatic outgrowth in
the bone marrow is dependent upon Src [33, 58], collagen I, and adherens junctions [59]. Bone
metastatic multiple myeloma cells have increased cytokine and adhesion signaling [60], and
outgrowth depends upon paracrine signaling and matrix remodeling, suggesting that bone
metastasis requires matrix remodeling by the tumor and stromal cells [61].
In contrast, the brain is very soft (0.5-1 kPa), and the matrix is comprised of hyaluronic
acid, lecticans, tenascin-R, and proteoglycans with few fibrous matrix proteins [62-64]. However,
brain metastasis requires cells to traverse the blood-brain barrier, a process selecting for cells
with this specific trait [65]. Brain metastasis has been observed through intravital imaging, which
revealed arrest of single disseminated tumor cells at vascular branches, extravasation, and then
vascular cooption, angiogenesis, or sustained dormancy in the perivascular localized cells [66].
Paracrine interactions between breast cancer cells and astrocytes can facilitate brain metastasis
[67], while metastatic cells can create an inflammatory environment to alter paracrine signaling,
supporting their own outgrowth [68].
The lung (9-25 kPa) is rich in elastin, collagen I, collagen IV, laminin, fibronectin,
tenascin, and proteoglycans [53, 69, 70], but provides additional opportunities for metastatic
seeding because the entire cardiac output travels through the narrow lung capillaries, physically
entrapping cells, and encouraging extravasation [71]. Lung metastasis is mediated by expression
of Coco, a BMP agonist, which promotes outgrowth instead of BMP-mediated dormancy [72].
Fibrosis in the lung promotes metastatic growth through increased collagen I-β1 integrin signaling
[73], while stromal secreted fibronectin primes lung tissue for breast cancer colonization [74],
again suggesting that matrix remodeling is a prerequisite to metastatic outgrowth.
1.3.4 Relationship Between Matrix Remodeling, Matrix Adhesion, and Metastasis
Expression of fibronectin, osteopontin, and tenascin C are all poor prognostic factors for
breast cancer, suggesting that the ability to remodel the matrix is an acquired trait promoting
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colonization [75, 76]. Osteopontin can drive cancer progression by increasing invasion, upregulating growth factor signaling pathways, and modulating cross talk with osteoclasts,
perpetuating the vicious cycle of osteolytic bone metastasis [57, 76, 77]. Tenascin C promotes
invasion and proliferation [78], and overexpression indicates a higher risk of local and distant
recurrence [78, 79]. Breast cancer cells can promote their own metastatic colonization of the lung
by producing tenascin C, prior to stromal production [28]. Collectively, gene expression profiles
with overexpression of extracellular matrix proteins, chemokines, and proteases can be predictive
of poor prognosis [80]. Subpopulations displaying metastatic preference to a specific tissue
overexpress various genes encoding matrix proteins, cytokines, and proteases, suggesting that
the ability to remodel the matrix is a prerequisite for metastatic colonization [25-27]. In addition,
both the tumor cells and stromal cells can contribute uniquely to matrix remodeling during tissuespecific metastatic progression [81].
Similarly, many integrins have been shown to mediate tumor progression and metastasis.
High expression of both β1 [82] and α6 [83] integrins drives tumorigenicity and metastasis, while
α2 integrin is a tumor suppressor [84]. α3β1 integrin mediates lung metastasis [85, 86], while
αvβ3 integrin mediates bone metastasis [87]. Other examples are α11β1, which mediates
metastasis to the bone, kidney, and brain through collagen cross-linking [88], α4, which mediates
lymph node and liver metastasis [89], and α5 and β3, which are required for bone metastasis [90,
91]. Others have shown that metastasis depends upon β1 integrin activation [92-94], illustrating
how integrin function may be more critical than just integrin expression. Cilengitide, a cyclic RGD
peptide used as an anti-angiogenic in glioblastoma clinical trials, is effective at preventing lung
metastasis, suggesting an alternative use for this adhesion targeted drug [95].
1.4 Metastatic Dormancy is a Widespread Phenomenon that Contributes Negatively to
Outcomes
Approximately two-thirds of all breast cancer deaths occur after the five-year survival
mark, and many patients often develop metastatic disease several years to decades after initial
diagnosis, successful tumor resection, and chemotherapy [96]. This suggests that despite
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successful treatment of the primary tumor, malignant cells have disseminated early during tumor
progression. These disseminated tumor cells (DTCs) have remained latent, or dormant, (defined
as minimum residual disease), until they become capable of proliferating into a detectable
metastatic lesion. In this latency period, called tumor dormancy, single DTCs can survive
undetected in tissues for long periods, entering quiescence (reversible growth arrest) before
outgrowing into an obvious metastatic lesion. Dormant tumor cells are most often found in the
bone marrow, a protective niche for both resident stem cells and tumor cells. Single DTCs have
been observed in the bone marrow in many cancer types, including breast, prostate, melanoma,
colon, pancreatic and non-small cell lung cancer, and many patients are found to have solitary
cytokeratin positive tumor cells in their bone marrow at autopsy, even after a death unrelated to
their cancer [97]. In addition, the presence of DTCs in the bone marrow is risk factor for
metastatic disease and cancer-related death, indicating that these disseminated tumor cells do
contribute to metastasis and poor outcomes [98, 99]. In breast cancer, dormancy is most
common in luminal patients, who present late relapse specifically in the bone marrow, indicating
that certain seeds are more capable of entering long term quiescence and eventually growing into
an overt metastatic lesion [23].
There are several hypotheses to explain the clinical phenomenon of tumor dormancy.
Cellular dormancy hypothesizes that cells enter quiescence, or a reversible growth arrest, due to
an initially inhospitable microenvironment. Immune-mediated dormancy posits that outgrowth of
disseminated tumor cells is kept in check by immune cells [100]. Angiogenic dormancy
hypothesizes that micrometastases remain dormant because they are unable to recruit
vasculature to supply nutrients, and similarly, tumor mass dormancy hypothesizes that
micrometastases undergo both proliferation and apoptosis, resulting in no net outgrowth. The
specificity of the bone marrow as a sanctuary for tumor cells suggests that cellular dormancy, a
reversible growth arrest where the seed is initially unfit to colonize the current soil, is the
predominant mechanism. Mathematical modeling has also suggested that cellular dormancy best
explains the clinical phenomenon of dormancy, but all of these hypotheses are not mutually
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exclusive [101, 102]. However, there is limited clinical evidence for many of these phenomena,
and therefore clinical dormancy likely has contributions from each of these hypotheses.
Quiescent cells are non-proliferative, and thus do not express Ki67, but do express some
cell cycle inhibitors (i.e., p21, p27), and may undergo rare cell divisions [103]. These cells can
also be identified by high dye retention or low EdU or BrdU incorporation [72, 104]. Dormancy is
hypothesized to be induced by stress of reaching an inhospitable microenvironment, which can
include insufficient matrix, inability to bind via integrins, and low mitogenic signaling. Therefore,
dormant tumor cells often have high stress signaling (phospho-p38, phospho-JNK) and low
mitogenic signaling (phospho-ERK) when compared to a proliferative population [97]. In addition,
the role of senescence in dormancy is not yet determined. Some disseminated tumor cells may
enter into senescence, which can be reversible in some cases, possibly contributing to late stage
metastatic outgrowth, but this has yet to be thoroughly explored [97].
Genetic signatures can be used to identify dormant cells, providing potential mechanistic
targets for therapeutic intervention. One signature predicts higher rates of dormancy in ER+
breast cancer [105] and includes COL1A1, COL4A1, IGFBP5, MMP2, TGFB2, THBS1 (upregulated) and CDKN3, EGFR, IGF1R and MMP1 (down-regulated), which was confirmed
between cell lines and patient tumors [105]. The switch between dormancy and fast growing
tumors undergoing angiogenesis is associated with up-regulation of EGFR, IGF1R, and genes
regulating angiogenesis, organ morphogenesis, transcription, and metabolism [106]. Most
recently, single disseminated prostate cancer cells were isolated from patients with or without
evidence of disease progression. The patients with advanced disease had up-regulation of
cytokine and chemokine signaling genes, while the DTCs from patients without evidence of
disease were similar to previously determined dormancy signatures in breast cancer and head
and neck squamous carcinoma [105, 107]. These gene signatures emphasize the importance of
the microenvironment and the predominance of stress signaling in dormancy across tumor types,
at least in the several tumor types and cell lines examined by these labs.
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1.5 The Microenvironment Mediates Metastatic Tumor Dormancy
Researchers have identified many factors that mediate dormancy or metastatic
outgrowth, and there are both cancer cell and microenvironment-derived components that
promote DTC quiescence and outgrowth. TGFβ2, expressed in the bone marrow, can induce
dormancy in head and neck squamous cell carcinoma [108], while cell-secreted Coco, a BMP
antagonist, can overcome BMP-mediated growth suppression in DTCs in the lung [72]. Recent
work has shown that specific combinations of bone marrow or hepatic stromal cells can induce
breast cancer cell dormancy via cytokine secretion [109, 110]. Other bone marrow cytokines,
such as bFGF, can induce quiescence, and bFGF-induced dormancy requires α5β1 binding to
fibronectin through up-regulation of α5β1 [111].
Interactions with the extracellular matrix are critical in both maintaining quiescence of
DTCs and supporting proliferation into a metastatic lesion. Loss of integrin expression or function
often leads to loss of tumorigenicity and metastasis, due to decreased proliferation [73, 112]. This
may be similar to the mechanisms leading to metastatic dormancy, where loss of integrin
engagement may lead to growth arrest. In head and neck carcinoma, dormancy is mediated by
uPAR, α5β1 integrin and fibronectin [113, 114]. The urokinase receptor activates α5β1 integrin,
recruits FAK and EGFR, which promotes proliferation through ERK [113, 114]. Loss of one of
these components causes quiescence (G0 arrest) and metastasis suppression [113, 114].
Interestingly, expression of α5β1 integrin in colon carcinoma cells causes them to be growth
arrested, but binding to fibronectin reverses this growth inhibition [115]. Ghajar et al. identified
endothelial cell-derived thrombospondin-1 as a mediator of breast cancer cell dormancy across
many secondary tissues [18]. In the lung, fibrotic collagen I can promote outgrowth of dormant
cells via Src [116], and β1 integrin binding and fibronectin production are both required for
progression to micrometastases [117]. Dormant leukemia cells in the bone marrow are
preferentially localized with osteopontin [118], and activated osteoclasts can promote expansion
of micrometastases into metastatic lesions through an α4β1 integrin-mediated mechanism [119].
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Together, these data suggest that integrin-mediated adhesion to the matrix is a major factor in
determining survival and outgrowth of disseminated tumor cells.
1.6 Biomaterial Models as Precursors and Alternatives to In Vivo Experiments
The microenvironment is a critical regulator of metastasis, [120] and in vivo studies have
provided insight into many microenvironment-mediated mechanisms [25-28, 74]. Metastasis is
traditionally studied in mice, either in spontaneous metastasis models, which recapitulate all steps
of the metastatic cascade beginning at dissemination, or experimental metastasis models, which
seed tumor cells directly into circulation. Although these systems capture much of the complexity
inherent to metastasis, spontaneous models are slow and inefficient, while experimental models
bias metastasis to specific tissue sites [121, 122]. In addition, although the immune system is
recognized to be a key factor in mediating tumor progression, immunocompromised mice are
commonly used in these studies. Alternatively, syngeneic models with intact immune systems can
be used, but in these models, the tumor cells are mouse derived. There are differences between
human and mouse stroma, and therefore, all results need to be considered within the constraints
of the model system used.
In contrast to a traditional in vivo approach, an ideal system to study metastasis would
have controlled and decoupled variables, be tunable, highly reproducible, and easily transferrable
to different laboratories. Engineers are well suited to create controllable in vitro tissue models for
studying molecular and phenotypic changes in tumor cells induced by the metastatic
microenvironment. There is significant interest in creating tissue models to study metastatic
colonization, and these models could be designed to mimic the stiffness, cell-cell interactions,
cell-matrix adhesion, or soluble factors present in tissues in vivo.
Biomaterials have been used to model every step of metastasis [123], providing a cheap,
reproducible way to parse the roles of the biochemical and biophysical components of the ECM.
These models often mimic the primary site, providing insight into physical and chemical effects of
the matrix on therapeutic response and local invasion [123]. Two and three-dimensional
hydrogels, electrospun scaffolds, 3D tumor spheroids, and microfluidic devices allow for
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investigation of cell migration away from the primary site, intravasation and extravasation, which
are critical but not rate limiting steps in metastatic outgrowth [123]. Studies have identified many
genes promoting invasion and metastasis, growth factors and physical properties of the breast
tissue that facilitate migration, including stiffness and collagen fiber alignment, as well stromal cell
interactions using co-culture systems [40, 123, 124]. Extravasation has been studied in depth
using in vitro models that capture transendothelial cell migration or vascular permeability [125],
while others are using microfluidics to look at adhesion of circulating tumor cells to the
vasculature [126, 127].
However, in vitro studies of secondary site colonization have been limited, often focusing
on mechanisms driving site-specific metastasis, rather than how cells distinguish between
different tissues, which each vary in ECM proteins, growth factors, and the presence of local
stromal cells. Bone metastasis has been investigated most thoroughly due to its high occurrence
in breast cancer [57]. Most studies use simple extracellular matrices [128, 129], which do not
recreate the entire microenvironment, or their models are variable matrices derived from in vivo
sources, which may not appropriately model human bone [130, 131]. Others are using co-culture
systems to study cell-cell interactions or decellularized human bone matrices to more accurately
model metastasis [132]. Brain and lung metastasis are less commonly studied in vitro, however
the development of blood-brain barrier transmigration assays [25] and organ-on-a-chip devices
[133] provide new opportunities to study these types of tropic metastases in vitro. While these
systems have begun to unravel specific mechanisms regulating breast cancer tropism, they have
not yet differentiated between bone, brain, and lung tropism. Furthermore, many studies have
used variable matrices, where it is hard to deconvolute the parameters. In contrast, controlled
combinations of various ECM proteins are known to modulate cell phenotypes [52], providing
more accurate controlled models of the in vivo environment. Controllable, tunable tissue mimics
have recently been used to explore the role of stromal cells, vasculature, and stiffness in
metastasis and dormancy [109, 110, 134-137]. Models that recapitulate the differences in tissues
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are necessary to elucidate the mechanisms by which metastatic cells decide their tropism postextravasation.
On the biophysical level, metastatic cells have deregulated cell-matrix interactions,
including decreased adhesion, increased invasion, and the ability to degrade the extracellular
matrix [138, 139]. Thus, behavioral measurements may be more consistent across patients than
genetic profiles, and are promising to yield new anti-metastatic therapeutics. Sheetz and
colleagues reported that in vitro stiffness preference is determined by a cell’s tropism. Using
single cell populations isolated from the MDA-MB-231 cell line, they reported that cells prefer an
in vitro material stiffness more similar to the stiffness of the tissue they preference in vivo, while
non-metastatic cells are insensitive to stiffness changes [140]. Similarly, recent work has shown
that ovarian cancer, which spreads to soft tissues, and breast cancer, which primarily spreads to
stiffer tissues, have divergent responses to material stiffness [141]. Cells that prefer stiffer tissues
have increased expression of actomyosin tension related genes, both when comparing breast to
ovarian carcinomas and bone and lung tropic breast cancer subpopulations [141]. Because the
tissues often recipient of breast cancer metastasis have striking differences in microenvironment
composition, our lab and others have hypothesized that cell-matrix interactions may mediate
tissue-specific metastasis. Bhatia and colleagues developed an ECM microarray and used
adhesion phenotyping to differentiate metastatic and non-metastatic cells [52]. They identified
adhesion to fibronectin, in combination with either galectin 3, galectin 8, or laminin, via α3β1
integrin as a phenotype unique to metastatic cells, and thus a novel therapeutic target [52]. We
have recently shown that integrin-mediated adhesion and motility phenotypes, compiled into a
phenotypic fingerprint using a systems biology-like approach, can be used to predict bone, brain,
or lung metastasis in breast cancer [42]. This quick in vitro screen both differentiates genetically
similar, but tropism-specific subpopulations of cells, and accurately predicts in vivo metastatic
sites in more heterogeneous cell lines. In contrast to current predictive tools that rely on genetics
or fixed tumor tissue (Oncotype DX, MammaPrint, MetaSite Breast, and Prosigna), these novel
engineering approaches focus on using live cell behaviors and interactions with the
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microenvironment to predict outcomes, and, importantly, may capture results missed by
traditional approaches.
In modeling dormancy, cell line series with dormant and metastatic counterparts (4T1 and
D2 hyperplastic alveolar nodule) are valuable to understand mechanisms in vivo and in vitro [142,
143]. However, these cell lines model discrete dormant or proliferative phenotypes, while
dormancy is actually a continuous process of induction of growth arrest, survival during latency,
and subsequent reactivation. In combination with these biomaterial systems, traditional culture
platforms allow for selection of quiescent subpopulations, via isolating dormant cells after
therapeutic administration [144] or from biomaterial systems or culture conditions that induce
dormancy. By coupling these subpopulations with engineered microenvironments modeling the
dormancy niche, it will be possible to accurately determine how therapy may be directed to induce
dormancy or eradicate quiescent cells, preventing metastatic outgrowth altogether [145].
1.7 Hypothesis
The microenvironment plays a key role in primary tumor growth and metastatic
progression, at both the primary and secondary tumor sites. While many microenvironmentmediated disease progression mechanisms have been elucidated at the primary and secondary
sites, it is still unclear how cells distinguish between different metastatic sites, and how the tissue
extracellular matrix niche supports latency versus aggressive outgrowth. The overall hypothesis
in this work is that the tissue microenvironment, in particular the extracellular matrix, mediates
tissue specific latent and aggressive metastasis. We posit that the ability of metastatic cells to
survive dormancy, exit quiescence, and colonize a specific tissue depends upon the ability of the
soil to first sustain survival, and subsequently trigger outgrowth. Here, we focus specifically on the
extracellular matrix, whose role in driving tissue-specific metastasis has been largely ignored.
However, because the tissues often colonized by breast cancer cells (bone, brain, and lung) have
distinct matrix compositions, and the matrix evolves during metastatic progression, we
hypothesize that it plays a key role in dictating survival and reactivation of disseminated tumor
cells in a tissue-specific manner.
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1.8 Objectives
The following were the objectives for this dissertation:
1. Explore the roles of many relevant microenvironment features (matrix composition,
stiffness, dimensionality, growth factor supplementation) in motility and metastasis.
2. Design an in vitro platform to predict metastasis based upon cell-ECM interactions.
3. Create a novel continuous and reversible in vitro dormancy model.
4. Determine the role of the extracellular matrix in permitting dormancy and promoting
dormancy escape.
5. Create an improved drug-screening platform to understand microenvironmentmediated drug resistance in cell lines and primary cells.
1.9 Significance
The microenvironment is known to mediate tumor progression through soluble factors,
paracrine signaling, and stromal remodeling, but the role of the extracellular matrix in mediating
survival and outgrowth post-extravasation has been largely ignored. The work presented in this
dissertation addresses this deficit in the literature in the areas of breast cancer metastasis and
dormancy. First, the role of functional integrin binding in metastasis was explored, and resulted in
the creation of a novel phenotypic fingerprint that can quickly and accurately predict sites of
metastatic spread. This is the first functional predictive tool of this kind, and with optimization to
decrease experimental and analytical burden, may have a clinical impact to predict metastatic risk
and screen therapeutics using a patient’s own cells. Second, a novel model of dormancy was
developed, which can induce a growing population to be dormant, and reactivate the latent
population in a continuous manner. This is a significant improvement on current dormant and
proliferative cell line subpopulations, and selects for a small fraction of cells capable of survival,
representing the known metastatic inefficiency. This model was used to implicate cell-secreted
fibronectin in mediating tumor dormancy, and identified αv and β1 integrins, FAK, MEK, and ERK
as novel anti-dormancy targets to eliminate micrometastases, and TGFβ and TGFBR1 as stromal
targets to reduce the matrix production that reinforces survival of disseminated cells. Specifically,

16

cilengitide is an αv integrin-targeted drug that failed in Phase 3 glioblastoma clinical trials as an
anti-angiogenic, but may have a novel application in this repurposed role as an anti-dormancy
treatment. Finally, the knowledge of how the microenvironment mediates metastasis and
dormancy was used to build a drug-screening platform that incorporates features of the
microenvironment. This tool can be used for screening cell lines and primary patient-derived
tumor cells to understand microenvironment-mediated resistance, which may give false positive
hits in traditional screening assays. This platform could identify these false positives prior to
significant pre-clinical in vivo work. Together, this dissertation provides engineered tools that may
be used in patient-specific screening of metastatic risk and drug response, and provides
reproducible platforms that may reduce the heavy burden on in vivo models.
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1.10 Figures
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Figure 1.1. Five year survival of breast cancer patients.
Data retrieved from [1].

Figure 1.2. Breast cancer metastatic spread patterns.
a. Overview of metastatic process. b. Common sites of breast cancer metastasis, adapted from
Barney et al. [42]. c. Through a large clinical study, Kennecke et al. found correlations with breast
cancer subtype and frequency of metastases found at specific tissue sites, data reproduced from
[23] (ER = estrogen receptor, PR = progesterone receptor, and HER2 = human epidermal growth
factor receptor 2, and TN = triple negative). Figure reproduced with permission from [146].
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Figure 1.3. Integrins bind to extracellular matrix proteins and translate extracellular cues
into intracellular signaling.

Figure 1.4. Diagram of the common integrin heterodimers.
Figure reproduced from [37].
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Figure 1.5. Common microenvironment features that affect breast cancer progression.
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CHAPTER 2
A CELL-ECM SCREENING METHOD TO PREDICT BREAST CANCER METASTASIS

2.1 Abstract
Breast cancer preferentially spreads to the bone, brain, liver, and lung. The clinical
patterns of this tissue-specific spread (tropism) cannot be explained by blood flow alone, yet our
understanding of what mediates tropism to these physically and chemically diverse tissues is
limited. While the microenvironment has been recognized as a critical factor in governing
metastatic colonization, the role of the extracellular matrix (ECM) in mediating tropism has not
been thoroughly explored. We created a simple biomaterial platform with systematic control over
the ECM protein density and composition to determine if integrin binding governs how metastatic
cells differentiate between secondary tissue sites. Instead of examining individual behaviors, we
compiled large patterns of phenotypes associated with adhesion to and migration on these
controlled ECMs. In combining this novel analysis with a simple biomaterial platform, we created
an in vitro fingerprint that is predictive of in vivo metastasis. This rapid biomaterial screen also
provided information on how β1, α2, and α6 integrins might mediate metastasis in patients,
providing insights beyond a purely genetic analysis. We propose that this approach of screening
many cell-ECM interactions, across many different heterogeneous cell lines, is predictive of in
vivo behavior, and is much simpler, faster, and more economical than complex 3D environments
or mouse models. We also propose that when specifically applied toward the question of tissue
tropism in breast cancer, it can be used to provide insight into certain integrin subunits as
therapeutic targets.
2.2 Introduction
Breast cancer is the most common cancer in women, and metastasis is responsible for
90% of all cancer deaths. The microenvironment is a critical regulator of metastasis [120], and in
vivo studies have provided insight into many microenvironment-mediated mechanisms [25-28,
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74]. However, these studies lack features of human physiology, contain uncontrolled variables,
and are often not comparable across different mouse models. Thus, it is difficult to parse the
varying contributions of each factor, limiting the broad applicability of these results. In contrast, in
vitro models can be either oversimplified [140], or highly complex, expensive, low-throughput, and
limited to highly specialized laboratories [147]. Because metastasis remains both largely
incurable and poorly understood, there is a need for quick, cost-efficient in vitro model systems
with enough complexity to recapitulate certain aspects of in vivo biology, while maintaining
affordability and efficiency.
Two-dimensional in vitro disease models are appropriately low cost and simple, however,
it is now generally appreciated that two-dimensional cell behaviors are usually not conserved in a
three-dimensional context. One recent example of this is work by Meyer et al, who showed that
only two-dimensional growth-factor induced membrane protrusion, but not any other measured
2D motility parameter, accurately predicts 3D motility [148]. This suggests that individual twodimensional measurements will also not be predictive of even more complex in vivo cell
phenotypes. We suggest that a better approach may be to avoid measurements of single, likely
non-predictive metrics, and instead, measure patterns of many phenotypes across several
conditions and several cell sources [52].
Breast cancer metastasis is a clear candidate for this type of approach because of its
striking, yet unexplained, clinical patterns of metastatic spread (tropism) to the bone, brain, liver,
and lung, but not to tissues such as the skin, heart, uterus, or spleen [23, 149]. This tropism is
hypothesized to depend upon an unknown relationship between metastatic cells (the seeds) and
hospitable microenvironments (the soils) [149]. Because the tissues often colonized by breast
cancer cells each have a distinct ECM, we posit that integrin binding to the ECM is one feature
that plays a critical role in the early stages of tissue-specific colonization and fate of extravasated
cancer cells. It is known that secondary site colonization requires activation of integrin-mediated
signaling [52, 73, 150-152], and several individual integrins have been implicated in breast cancer
metastasis in vivo [85-87, 153]. However, this research is limited to metastasis at a single tissue
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site, or to the effect of a single integrin, which is not representative of the variety of cell-matrix
interactions simultaneously occurring in vivo during cell adhesion to a secondary tissue site postextravasation.
To this end, we created a novel biomaterial platform comprised of complex ECMs that
can present any combination of full-length proteins with high fidelity, reproducibility, and is
permanent during the cell culture period. We used this biomaterial to quantify how different
metastatic breast cancer cell lines differentiate between secondary sites via integrin binding. We
compiled sixty-six distinct cell phenotypes associated with cell adhesion and motility, both with
and without epidermal growth factor (EGF) stimulation. By collating all the responses to each
biomaterial ECM surface together, we created a phenotypic fingerprint of bone, brain, and lung
metastasis, which is both capable of distinguishing between genetically related tropic
subpopulations of cell lines, as well as predictive of the in vivo metastasis of several other more
heterogeneous cell lines, thereby predicting in vivo fate with a quick in vitro screen. Taken
together, we propose this comprehensive analysis of cell-matrix interactions as a tool to predict in
vivo fate, as well as understand the roles of integrins in tropism, thus providing insight toward
integrins as druggable targets for metastatic disease.
2.3 Materials and Methods
2.3.1 Cell Culture
Human breast cancer cell lines MDA-MB-231, BT549, MCF7, and SkBr3 were generous
gifts from Shannon Hughes at the Massachusetts Institute of Technology. Highly metastatic MDAMB-231 variants, isolated from in vivo selection, were kindly provided by Joan Massagué [25-27].
These cell lines preferentially metastasize to the bone (1833 BoM), brain (831 BrM2a) or lung
(4175 LM2). All were routinely cultured in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (P/S), 1% L-glutamine, and 1%
non-essential amino acids. The MDA-MB-361, SUM1315 MO2, MDA-MB-468, HCC 1954, and
ZR-75-1 cell lines were provided by Mario Niepel at Harvard Medical School. SUM1315 MO2
cells were cultured in Ham’s F-12 medium supplemented with 5 µg/ml insulin, 10 ng/ml EGF, 10
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mM HEPES, 10% FBS, and 1% P/S. MDA-MB-361 cells were cultured in Leibovitz’s L-15 medium
with 20% FBS and 1% P/S. MDA-MB-468 cells were cultured in Leibovitz’s L-15 medium with
10% FBS and 1% P/S. HCC 1954 and ZR-75-1 cells were cultured in RPMI medium with 10%
FBS and 1% P/S. Ascites samples were pelleted, resuspended, and cultured in DMEM with 10%
FBS, 1% P/S, 1% L-glutamine, and 1% non-essential amino acids. With the exception of the
MDA-MB-361 and MDA-MB-468 cells, which were cultured without supplemental CO2, all cell
lines were cultured at 37°C and 5% CO2. All cell culture supplies were purchased from Life
Technologies (Carlsbad, CA).
2.3.2 Preparation of ECMs
Glass coverslips (15 mm and 18 mm diameter, Fisher Scientific, Agawam, MA, USA)
were UV ozone treated for 10 minutes (Bioforce Nanoscience), and silanized through vapor
phase deposition of (3-Aminopropyl)triethoxysilane (Sigma-Aldrich, St. Louis, MO, USA) at 90°C
for a minimum of 18 hours [154]. The coverslips were rinsed sequentially in toluene (Fisher
Scientific), 95% ethanol (Pharmco-AAPER, Brookfield, CT, USA), and water, and dried at 90°C
for one hour. They were then functionalized with 10 g/L N,N-disuccinimidyl carbonate (SigmaAldrich) and 5% v/v diisopropylethylamine (Sigma-Aldrich) in acetone (Fisher Scientific) for two
hours [155]. Coverslips were rinsed three times in acetone and air-dried. ECM protein cocktails
were then covalently bound to the glass coverslips through reactive amines [156], using cocktails
2

that were inspired by the ECM of secondary sites as follows: ECM 1 (bone): 5 µg/cm of 99%
2

collagen I and 1% osteopontin; ECM 2 (brain): 1 µg/cm of 50% fibronectin, 25% vitronectin, 20%
2

tenascin C, and 5% laminin; and ECM 3 (lung): 2 µg/cm of 33% laminin, 33% collagen IV, 15%
collagen I, 15% fibronectin, and 4% tenascin C (all weight%) (Table 2.1). Rat-tail collagen I and
natural mouse laminin were purchased from Life Technologies; human tenascin C, human
vitronectin, and human osteopontin from R&D Systems (Minneapolis, MN, USA); human collagen
IV from Neuromics (Edina, MN, USA); and human plasma fibronectin from EMD Millipore
(Billerica, MA, USA). Coverslips were incubated with proteins at room temperature for three
2

hours, rinsed three times with PBS, then incubated with 10 μg/cm MA(PEG)24 (Thermo Scientific,
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Rockford, IL, USA) for two hours to block non-specific protein adsorption on any remaining
surface area. Coverslips were rinsed three times with PBS, epoxied to the plate (Devcon 5 minute
epoxy) and UV-sterilized prior to cell seeding.
2

An ELISA was used to quantify coupling of collagen III (Fig. 2.1, 0, 1, 10 and 50 µg/cm ;
Fibrogen, San Francisco, CA, USA). Surfaces were blocked with 10 mg/ml BSA (Fisher Scientific)
for 1 hour, reacted with 1:200 primary antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for
1.5 hours, and then 1:200 HRP-conjugated secondary antibody (Abcam, Cambridge, MA, USA)
for 1 hour at room temperature, rinsing four times with PBS in between each step. Coverslips
were incubated with 0.1 M sodium acetate (pH 5.5) containing 1 mg/ml 3,3’,5,5’tetramethylbenzidine (Sigma-Aldrich) and 0.05 wt% hydrogen peroxide (Fisher Scientific) and the
reaction proceeded for 30 minutes, then was stopped with 1M H2SO4 (Sigma-Aldrich). The
absorbance at 450 nm was read immediately (Biotech ELx800, Winooski, VT, USA).
2.3.3. Cell Adhesion, Polarization, and Blebbing
2

Cells were seeded at 4000 cells/cm in growth medium, medium supplemented with 40
ng/ml epidermal growth factor (EGF, R&D Systems) immediately, or with antibody pre-treatment,
which occurred for 30 minutes prior to seeding. Anti-β1 integrin (clone P5D2, R&D Systems) was
used at 0.83 µg/ml, and anti-α2 and anti-α6 integrins were used at 3.3 µg/ml (α2: clone P5E6, α6:
clone NK1-GoH3, both from Millipore). Cell adhesion was captured through imaging cells
beginning 10 minutes after seeding in an environment-controlled Zeiss Axio Observer Z1
microscope (Carl Zeiss, Oberkochen, Germany) using an AxioCam MRm camera and an EC
Plan-Neofluar 20x 0.4 NA air objective. Images were taken using AxioVision (Carl Zeiss) at fiveminute intervals for a minimum of 2 hours until cells had reached steady-state. ImageJ (National
Institutes of Health, Bethesda, MD, USA) was used to trace cell areas using the built-in
measurement function. Spreading rate was defined as the slope of the linear portion of the area
versus time graph during initial adhesion. Individual cells were marked when they had polarized,
and the fraction of cells that had polarized at 2 hours post-seeding was quantified for comparison
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across conditions. Cells that contacted other cells, underwent division or apoptosis, or were not
fully in frame were excluded. N ≥ 2 independent biological replicates, N ≥ 40 cells/condition.
2.3.4 Cell Migration
2

Cells were seeded at 4000 cells/cm and given 18 hours to adhere in growth medium.
Seeded cells were treated with a live-cell fluorescent dye (CMFDA, Life Technologies), and then
provided fresh medium or medium supplemented with EGF and/or integrin antibodies (as
described above) 4 hours prior to microscopy. Brightfield and fluorescent images were taken at
15-minute intervals for 12 hours using an EC Plan-Neofluar 10x 0.3 NA air objective (Carl Zeiss).
Cells were tracked using Imaris (Bitplane, St. Paul, MN, USA) to generate individual cell paths.
Individual cell speeds were determined by calculating a speed at every 15-minute time interval,
then averaging these over the entire 12 hours. Displacement was defined as the net change in
position of the cell over the total time. Chemotactic index is the ratio of a cell’s net displacement
to path length. Individual cell average speeds, net displacements, and chemotactic indices were
then averaged to determine a mean population value. Cells that contacted other cells, underwent
division or apoptosis, or were not fully in frame for the entire 12 hours were excluded. N ≥ 2
independent biological replicates, N ≥ 90 cells/condition.
2.3.5 Fingerprinting
We quantified adhesion and migration phenotypes for the three tropic subpopulations,
both under normal and EGF-stimulated conditions. To create phenotypic fingerprints, first, we
calculated the CoV (standard deviation divided by average, calculated for final mean values for
one measurement across the three ECMs) for each tropic cell line to determine their ECMsensitivity in each parameter (a CoV greater than 0.1 was considered ECM-sensitive; Fig. 2.4a,
d). Second, we quantified the fold-change in these metrics in response to EGF stimulation on
each ECM (fold-changes greater than 1.15 or less than 0.85 were defined as significant; Fig.
2.4b, e). Finally, we did all pairwise statistical comparisons across ECMs (via a one-way ANOVA,
described below), and quantified ordering of values (i.e., for normal speed measurements, was
ECM 1 greater than, equal to, or less than ECM 2; Figs. 2.4c, 2.6b). We then compiled this data
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to create a fingerprint of the 66 phenotypes associated with a specific tissue preference (Figs.
2.4d-e, 2.6b). Upon comparison of each phenotype across the three tropic subpopulations, only
those phenotypes which were identified in just one tropic cell line were retained, and all
phenotypes shared in two or three of the cell lines were ignored (Fig. 2.4d-e, 2.6b, dark colors).
To validate these fingerprints, we calculated these same criteria for other cell lines with known in
vivo metastasis. We then overlaid these patterns onto each tropic fingerprint, and quantified the
fractional similarity between each cell line and the unique phenotypes within these fingerprints
(Figs. 2.4g, 2.7a).
Null distributions of bone, brain, and lung tropisms were generated via a custom code
written in MATLAB R2012a (The MathWorks, Inc., Natick, MA). 10,000 random cell line
phenotypes were generated and were compared with the unique features of the bone, brain, and
lung fingerprints to obtain tropism similarity values. The distributions were ordered, percentiles
assigned, and then the heterogeneous cell lines were compared with each of these null
distributions, matching their similarity with the percentile associated with this same similarity in
the appropriate null distribution. Because our distributions were comprised of 10,000 cells with
only 13 or 15 possible discrete values, each percentile for a cell line had a range, illustrated via
the error bars in Fig. 2.4g. Cell lines in the top or bottom 5% of the ordered distributions were
considered to be significantly higher or lower than the null distribution. Specifically, the lowest and
highest 500 randomly generated cells had p ≤ 0.05.
2.3.6 Collagen Gel Invasion
2

Cells were seeded at 600 cells/cm in normal growth medium and given 12 hours to
adhere. Collagen gels (2 mg/ml) were made by mixing 5% v/v 1M NaOH (Fisher Scientific),
growth medium and type I collagen (Life Technologies) on ice. The medium was removed from
the seeded coverslips, and gel solutions were overlaid onto the cells. Gelation proceeded for 30
minutes at 37°C and 5% CO2, then 250 µl growth medium was added to each well. EGF and
integrin antibodies were included in the gel solution and the supernatant medium as described
above. For accurate comparisons, an equal number of randomly selected positions were
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observed in all conditions. N=2 independent biological replicates, each with three technical
replicates, and 25 positions were imaged per technical replicate.
2.3.7 Gene Expression Analysis
Gene expression data from primary breast tumors (GSE 2034, GSE 2603, GSE 5327,
and GSE 12276) was retrieved from the NCBI Gene Expression Omnibus (GEO) database. Each
was RMA normalized using the R platform (Vienna, Austria) [157]. Datasets were cross-mapped
based upon common probes, and batch effects were corrected with an Empirical Bayes method
using the ComBat algorithm in R [158]. Genes represented by more than one probe were
collapsed to the probe with the highest mean value. For metastasis-free survival analysis,
patients with known metastasis and clinical subtype information were classified into groups of
high and low gene expression based upon median expression. Published survival and clinical
subtype information was used [25, 33]. Survival was analyzed in Prism v6.0b (GraphPad
Software, La Jolla, CA, USA), and significance was evaluated using a log-rank (Mantel-Cox) test.
To analyze integrin expression in the tropic cell lines, GSE 2603 and GSE 12237 were
retrieved from the NCBI GEO database, RMA normalized, combined using the ComBat algorithm
as previously described, and data corresponding to the cell subpopulations used here (1833,
BrM2a, and 4175) were extracted. Individual integrin genes were extracted, values were
collapsed to the probe with the highest expression, and a heat map was generated in R.
2.3.8 Western Blot
Western blotting was performed according to standard protocols using nitrocellulose
membranes. The following antibodies were used: integrin β1 (sc-8978, 1:250, SCBT) integrin α6
(ab124924, 1:1000, Abcam), EGFR (D38B1, 1:1000 CST), and β-actin (ab75186, 1:1000). 800nm
rabbit secondary (926-32212, LI-COR) was used at 1:20,000, and 700nm rabbit secondary (92668021, LI-COR) was used at 1:10,000 and imaged using the LI-COR system.
2.3.9 Statistical Analysis and Correlations
Statistical analysis was performed using Prism v6.0b. Data are reported as mean ±
standard error. Statistical significance was evaluated using a one-way analysis of variance,

35

followed by a Tukey’s post-test for pairwise comparisons. Significance between proportions (i.e.,
fraction of cells polarized) was evaluated with a Fisher’s exact test with two-tailed p-values. To
determine significance between slopes (i.e., spreading rate), an analysis of covariance was used,
with a one-way analysis of variance for multiple comparisons, defining the sample size as the
degrees of freedom plus one. Spearman correlations were calculated from mean values paired by
condition, and significance was determined using two-tailed p-values. Principal component
analysis was performed in MATLAB R2015b and plotted in Prism. p < 0.05 was considered
statistically significant. p < 0.05 is denoted with *, ≤ 0.01 with **, ≤ 0.001 with ***, and ≤ 0.0001
with ****; p ≥ 0.05 is considered not significant (‘ns’).
2.4 Results
2.4.1 Rapid Biomaterial Screening of Cell-ECM Interactions
The ECMs present in secondary tissues often recipient of breast cancer colonization are
each strikingly complex and distinct [49], suggesting that cell-matrix interactions play a role in
mediating metastasis. Our goal here was to create a simple in vitro biomaterial system to
investigate the role of integrin binding in breast cancer tropism. These biomaterial surfaces are
glass coverslips, modified via straightforward silane chemistry. They present covalently coupled
ECM proteins, and they remain stable throughout the cell culture period (at least 72 hours). This
method can be used to couple any combination of full-length proteins or peptides of interest,
providing control over cell-matrix interactions in a highly robust (Fig. 2.1), scalable, and facile
process. It is particularly well suited to observe integrin-mediated phenotypes of adherent cell
lines, and allows for functional investigation of real-time binding to the ECM.
We used this approach to create three ECM microenvironments containing combinations
of ECM proteins inspired by the biochemical cues found at the in vivo tissues to which breast
cancer commonly spreads (Table 2.1). ECM at these tissues has significant patient-to-patient
variability [157], and can be remodeled by both tumor and stromal cells over time [28, 74]. Our
approach was to determine if integrin binding alone, at early time points (directly after
extravasation), was sufficient to direct or predict tissue-specific spread. Therefore, we created
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three biomaterial surfaces containing combinations of ECM proteins that isolate distinct integrin
heterodimers, independently of the in vivo heterogeneity, inspired by the ECM protein content of
healthy tissues at these sites [64, 70, 74, 159-161].
As a first attempt to capture the heterogeneity of breast cancer, we screened phenotypes
associated with adhesion and motility across a large panel of human cell lines that span the
clinical subtypes [162] and metastatic specificity to the bone, brain, and lung sites [25-27, 163168]. (Fig. 2.2a). We first measured spreading and polarization of cells during initial adhesion to
the ECMs, quantifying time-dependent cell area, spreading rate, and polarization of the
population (Figs. 2.2c top, 2.3a-c). Next, we observed long-term motility, and quantified cell
migration speed, displacement, and chemotactic index (ratio of path length to displacement,
quantifies migration straightness) (Figs. 2.2c bottom, 2.3d-f). Altogether, 550 individual cell
observations were made per cell line on average (Figs. 2.2b-c, 3). In combination with an ELISA
characterization of the protein coupling (Fig. 2.1), these measurements validate the biomaterial
platform as being able to elicit differential cell line responses via integrin binding alone (Fig. 2.3).
2.4.2 Phenotypic Screen Predicts Tissue Tropism in vivo
We hypothesized that an in vitro analysis of integrin-mediated phenotypes would be
capable of differentiating cell lines with different tropisms in vivo, reflecting the functional binding
interactions required for successful metastatic outgrowth. We began by phenotyping three highly
tropic subpopulations of the MDA-MB-231 parental cell line, which were selected from in vivo
metastases by Massagué and colleagues [25-27]. These genetically distinct MDA-MB-231
subpopulations each display strong tropism to either the bone (“bone tropic”) [26], brain (“brain
tropic”) [25], or lung (“lung tropic”) [27] in mice, and have been used to identify genetic
determinants of tissue-specific metastasis. We found that these tissue-specific cell lines each
responded to the ECMs in unique ways (Fig. 2.5).
We immediately noticed that for each different measurement we took, the tropic cell lines
were sensitive to the ECMs in some cases, while insensitive in others. As an example, when we
quantified cell speed, the bone and brain tropic cell lines had very different cell speeds on each
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ECM surface, whereas the lung tropic cells had similar cell speeds on all three ECMs. To
quantifiably demonstrate this, we applied a statistical tool called the coefficient of variation (CoV)
to each set of measurements for a given cell line. This measurement quantifies dispersion of a
data set, and is computed by dividing the standard deviation of a set of measurements by their
mean. In its application here, higher CoV values identify adhesion or motility measurements
where a cell line is highly sensitive to the different ECM surfaces (i.e., the relative standard
deviation of the measurements across each ECM is at least 10%). Because these cell lines were
created to exhibit strong in vivo metastasis to one site, we first wanted to validate that this in vivo
selectivity was reflected in the in vitro cell-ECM screen. This CoV analysis showed that each of
the tropic cell subpopulations was significantly more sensitive to the ECMs than the parental cell
line in each of the adhesion and motility phenotypes we quantified (Fig. 2.6a), validating this
approach.
Given that tropic cell lines have heightened sensitivity to growth factors [169], we then
quantified the change in each adhesion and motility metric in response to EGF stimulation, and
found that the patterns of adhesion and motility across the ECMs under normal and EGFstimulated conditions varied significantly between the tropic cell lines (Fig. 2.5). The effect of EGF
stimulation was especially striking in the tropic cell adhesion. EGF slowed spreading and
polarization of the bone tropic cell line, while it increased the spreading rate of the brain and lung
tropic cell lines in an ECM-dependent fashion (Fig. 2.5a-f). Growth factor sequestration and
growth factor signaling both depend on the composition of the ECM [170, 171], which, in addition
to the differences in the tropic subpopulations, is likely one reason for the differences in EGF
responses.
With this collection of measurements, we sought to identify all the phenotypes unique to
cells metastasizing to the bone, brain, or lung by compiling them en masse into a heat map. All
the adhesion and motility measurements were organized across three separate classes of
observable responses to the ECMs (coefficient of variation, response to EGF, and pairwise
ordering across ECMs, Fig. 2.4a-c). As the first feature of these collective tropic phenotypes,
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measurements in which the cell line was either highly sensitive or insensitive to changes in the
ECM were identified (Fig. 2.4a). For example, the lung tropic line has a high spreading rate CoV,
whereas the brain tropic cell line has a low chemotactic index CoV under EGF stimulation (Fig.
2.4a). We then quantified whether each phenotype measured increased, decreased, or remained
unchanged in response to EGF stimulation on each of the three ECMs (Fig. 2.4b). As examples,
the lung tropic cells increased their displacement with EGF stimulation, the bone tropic cell line
spreading area was unchanged, and the brain tropic cell speed decreased upon EGF stimulation
(Fig. 2.4b). Finally, a pairwise statistical test was used to compare each phenotype measured
across each of the ECM surfaces, resulting in an “ECM ordering” (Fig. 2.4c). As an example, the
lung tropic cell line has the statistically highest spreading rate on ECM 3, followed by ECM 1, and
is lowest on ECM 2 (Fig. 2.4c). In contrast, the chemotactic index of the brain tropic cell line was
statistically equivalent on all ECMs.
We computed each of these features for all phenotypes and compiled this into a heat
map, creating a row for each tropic cell line (Fig. 2.4d-e, 2.6b). The color of each box identifies
the value of the phenotype for the respective cell line. For the CoV measurement, highly sensitive
measurements (CoV > 0.1) are identified with a blue box, while insensitive measurements (CoV <
0.1) are identified with a grey box (Fig. 2.4d). In Figure 2.4e, EGF changes are determined via
fold change from the normal measurement. An increase (fold change > 1.15) is red, a decrease
(fold change < 0.85) is green, and no change (0.85 < fold change < 1.15) is grey (Fig. 2e). In
Figure 2.6b, for each pairwise comparison, a blue box indicates that the first measurement is
greater than the second, a grey box indicates that they are equal, and a red box indicates that the
second measurement is greater than the first. Altogether, greater than 1,000 individual cell
observations per tropic cell line were quantified and compiled together to create sixty-six features
of integrin-mediated phenotypes for each tropic cell subpopulation (Figs. 2.4d-e, 2.6b, rows).
Looking down each column in Figures 2.4d-e and 2.6b, we then identified behaviors that
were specific to only one of each of the three tropic cell lines. These instances are identified by a
dark shaded box of the appropriate color. Looking across each row, thirteen measured
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phenotypes are unique to bone tropism, a separate thirteen features are unique to lung tropism,
and fifteen to brain tropism (Figs. 2.4d-e, 2.6b). Although no singular adhesion or motilityassociated phenotype was predictive of breast cancer tropism (not shown), this collective
analysis of many cell responses to ECMs combined to create phenotypic fingerprints of bone,
brain, and lung metastasis (Figs. 2.4d-e, 2.6b).
We repeated all these measurements using more heterogeneous cell lines with known,
literature-reported metastasis in vivo (Fig. 2.2a), and overlaid each cell line’s pattern of behaviors
onto the three fingerprints of tissue-specific metastasis we created (Fig. 2.4f). The measurements
from each cell line can be compared to the tissue-specific fingerprints generated from the tropic
cell lines, resulting in a fractional similarity value that represents the amount of unique phenotypic
features shared with the cell lines that specifically metastasize to either the bone, brain, or lung
(Fig. 2.7a). As a control, a null distribution of 10,000 cell lines with random phenotypes was
generated in silico to represent “random metastasis” (Fig. 2.7a-d). We determined how similar the
patterns were between each of the heterogeneous cell lines and the bone, brain, and lung tropic
fingerprints (Fig. 2.7a), and represented this as a percentile of the respective null distribution (Fig.
2.4g).
With this in vitro method, we predicted the in vivo metastasis of seven out of the eight
heterogeneous cell lines tested. First, the SUM1315 MO2 cell line, which metastasizes highly to
bone [172], most highly matches the bone fingerprint and is clearly anti-brain and anti-lung tropic.
Both the MDA-MB-468 [168] and BT549 [163] cell lines metastasize to the lung in vivo, and are
clearly lung tropic by our fingerprint. The HER2+ cell line HCC 1954 is lung metastatic [167] and
phenotypically lung tropic. The HER2+ MDA-MB-361 cell line was derived from a brain
metastasis, metastasizes to the brain in mice [173], and is comparatively brain tropic by our
fingerprint. The parental MDA-MB-231 is spontaneously metastatic to many sites upon orthotopic
implantation into the mammary fat pad [18] and intracardiac injection [25, 174], and metastasizes
to the bone more than to the brain or lung through the latter technique [174]. Our fingerprint
identified this cell line as highly bone tropic (0.62 fractional similarity, 90th percentile of the
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randomly generated bone tropism null distribution), significantly greater than to the brain and lung
fingerprints, reflecting this feature of in vivo behavior (Figs. 2.4g, 2.7a). We focused on this
particular aspect of MDA-MB-231 behavior, as this is the parental cell line from which the bone,
brain, and lung tropic cell lines were derived by Massague. This is also in agreement with other
observations of the parental MDA-MB-231 cells clustering more with bone tropic subpopulations
than those from other sites [141]. As a non-tropic control, the MCF7 cells are only moderately
metastatic, and not tissue-specific [164, 165], and were not tropic to any one tissue based on our
fingerprint. Finally, the HER2+ SkBr3 cells were identified as brain tropic in our approach, but
they are not highly tumorigenic or metastatic to the brain or other sites in vivo [166]. HER2overexpressing tumors often spread to the brain in humans [23], which may explain the prediction
we obtained. However, we would argue that this example shows that this approach, although
highly predictive, is not 100% accurate, and is only a predictor of tissue selectivity, not metastatic
capability.
When looking more closely, we discovered that the unique features making up each
fingerprint are primarily comprised of differential responses to EGF stimulation. In fact, all of the
features in the bone tropic fingerprint are related to EGF stimulation, 80% for the brain fingerprint,
and 62% for the lung fingerprint. Concurrently, we found that the cell lines with higher EGFR
mRNA expression displayed stronger matching to just one of the tropic fingerprints than the cell
lines with lower EGFR expression (Figs. 2.4g and 2.7e). Using published proteomic data [175],
we discovered a strong correlation between basal EGFR expression in our cell lines and the CoV
of the in vitro tropism (Fig. 2.7f), confirming this qualitative trend. Although outside the scope of
this study, we speculate that a more exhaustive screen of additional growth factor responses, or
across different ECM protein combinations, could lend even more specificity for this fingerprinting
approach, potentially resolving the inconsistency we observed in the SkBr3 cell line.
In sum, we compiled sixty-six features of integrin-mediated phenotypes observed in bone,
brain, and lung tropic cell lines into an in vitro fingerprint, which predicted the in vivo metastasis of
other more heterogeneous cell lines. We stress that this result was impossible to achieve using
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any single adhesion or motility measurement, and instead required quantification of patterns of
behavior. Because only some singular features of two-dimensional cell behavior can predict
responses in a more realistic three-dimensional environment [148], this requirement was perhaps
not surprising. The divergence between two and three-dimensional phenotypes necessitated this
new method of analysis to accurately connect measurements made in a two-dimensional context
to in vivo outcomes.
2.4.3 Targeting Integrin Binding on In Vitro ECMs Reveals the Need for Subtype-Specific
Analysis
Integrins have been explored as cancer therapeutics in pre-clinical and clinical trials, but
many of these drugs have only shown limited success [176]. We hypothesized that this lack of
clinical efficacy may be in part from differential responses across the heterogeneity of breast
cancer subtypes. Because we are controlling for integrin-binding on our ECM protein-coupled
surfaces, our predictive phenotyping platform provides a unique opportunity to investigate
integrins as therapeutic targets for metastatic disease. We focused on triple negative and HER2+
cancer, which both have particularly poor prognosis. As proof of concept, we chose MDA-MB-231
as a representative triple negative cell line, and used the SkBr3s to examine HER2+ breast
cancer. We focused on integrin subunits with various affinities to the proteins on each of our
ECMs: β1, which is involved in binding to many proteins across all the in vitro ECMs; α2, which
binds primarily to collagens but also to laminin (collagen is present on ECMs 1 and 3; laminin is
present on ECMs 2 and 3); and α6, which specifically binds laminin (present on ECMs 2 and 3)
[37].
We performed the same adhesion and motility experiments from Figure 2.2c in the
presence of function-affecting antibodies to these three integrins. Targeting the function of each
integrin reduced both cell adhesion and migration of the MDA-MB-231 cell line on the three
ECMs. When cell adhesion measurements were plotted against cell migration measurements for
each antibody of interest (as well as without antibody and with EGF stimulation), the responses
clustered together (Fig. 2.8a-b). This revealed that the MDA-MB-231 cells were overall more
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sensitive to the antibody treatments and EGF stimulation than they were to the three ECMs
(Figure 2.14). Each antibody had a different potency, resulting in a strong correlation between two
measurements of cell adhesion (spreading rate and maximum area) and motility (migration speed
and displacement, Spearman correlations and p-values shown in Fig. 2.8a-b).
This same clustering of responses around each ECM was not observed in the HER2+
SkBr3 cell line. Most surprisingly, treatment with the β1 and α2 integrin antibodies actually
caused an increase in ECM sensitivity in these cells. Specifically, the SkBr3 cells migrated faster
and farther on the collagen-rich ECM 1 (Fig. 2.8c-d, arrows) in the presence of both of these
function-affecting antibodies. Looking closer at videos of the cell behaviors, we determined that
the increase in motility was caused by complete detachment of individual SkBr3 cells, which
would then re-adhere at different locations, essentially hopping along the surface of the
biomaterial (Figs. 2.8e-f, 2.9a, Movie 2.1). This behavior resulted in a small population of cells
that had abnormally fast migration speeds and long displacements (Fig. 2.8e-f, 2.9a). This
phenotype was observed most often on ECM 1 in the presence of the β1 and α2 integrin
antibodies, and rarely in the three other conditions (Fig. 2.9b). This was never observed in the
MDA-MB-231 cells.
This behavior did not resemble traditional adherent cell motility, and we suspected that
these weakly-to-non adherent cells might be highly invasive in a 3D context, perhaps resembling
an amoeboid-type motility [177]. When these same β1 and α2 integrin antibodies were
administered to SkBr3 cells that were seeded onto ECM 1 overlaid with a 3D collagen gel, we
observed increased upward 3D invasion by three to four fold compared to the control (Figs. 2.8g,
2.9c). The SkBr3 cell line has lower integrin protein expression of each of these integrin subunits
in comparison to the MDA-MB-231 cell line [112, 178], which is potentially responsible for the
detachment and invasion phenotypes. However, there were no differences in β1 integrin mRNA
expression (Fig. 2.11a), suggesting that a proteomic, but not a genomic analysis could have
predicted this result. We propose that the motility and invasion of some cancer cell lines can
actually be increased when targeting integrins [179], potentially limiting the efficacy of this class of
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therapeutics in some patients. The striking differences in antibody responses of the triple negative
MDA-MB-231 and HER2+ SkBr3 cell lines highlight the heterogeneity in response to integrin
therapeutics observed across different breast cancer clinical subtypes, potentially explaining the
limited efficacy of these drugs thus far.
2.4.4 Integrin Binding and Expression Dictates Tropism
The β1, α2, and α6 integrin subunits each have a reported role in cancer: high
expression of both β1 [82] and α6 [83] integrins drives tumorigenicity and metastasis, while α2
integrin is a tumor suppressor [84]. Although all three integrins appear important in overall patient
prognosis, none have been directly connected with tissue-specific metastasis. Given the results in
Figure 2.4, where tropic cells shared similar integrin-mediated phenotypes, and Figure 2.8, where
the triple negative MDA-MB-231 and HER2+ SkBr3 cell lines had divergent responses to integrin
targeting, we hypothesized that targeting β1, α2, and α6 integrins could shift the observed in vitro
tropism of these cell lines.
We compiled the adhesion and motility measurements for the MDA-MB-231 and SkBr3
cell lines that were performed in the presence of integrin antibodies into our predictive fingerprint.
This treatment with integrin antibodies, which lowers the binding ability with these integrin
subunits, shifted the tropism predictions of both cell lines (Fig. 2.10a-b). In the MDA-MB-231
cells, treatment with any of the integrin antibodies shifted the tropism from bone to brain (Fig.
2.10a). In other words, blocking binding via β1, α2, or α6 integrins made the MDA-MB-231 cells
less similar to the bone tropic fingerprint, and instead, they more resembled the brain tropic cell
subpopulation (compare the tropism category containing the highest black bar with the tropism
category containing the highest colored bars for each integrin). The SkBr3 cells shifted from brain
to bone tropic upon β1 integrin inhibition, they became equally brain and lung tropic when α2
integrin is blocked, and α6 integrin targeting had no effect (Fig. 2.10b). Just as we found in Figure
2.8, the MDA-MB-231 cell line was far less sensitive to differences in ECM during integrin
targeting than the SkBr3 cell line. Interestingly, the only response that was shared between the
MDA-MB-231 and SkBr3 cell lines was the “null effect” of targeting α2 and α6 integrins on lung
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tropism. Overall, these results suggest that targeting any one of these integrins may effectively
prevent bone metastasis in the triple negative cell line, while β1 integrin may be an efficacious
therapeutic target to prevent brain and lung (but not bone) metastasis in the HER2+ cell line.
For this approach to have significant impact, it must be compared with clinical patient
outcomes. We analyzed gene expression data from 630 breast cancer patients with known
metastatic outcomes (combined from GSE 2034, GSE 2603, GSE 5327, GSE 12276; includes
214 bone metastases, 35 brain metastases, 101 lung metastases). We first determined whether
expression of these integrin genes was associated with tissue-specific metastasis in the clinic
(Fig. 2.10c-e), and then compared this with the results predicted from our in vitro fingerprinting
approach when targeting integrin binding (Fig. 2.10a-b). As one example, the gene expression
data sets revealed that low α2 integrin expression in the primary tumor correlates with higher
rates of brain metastasis, and, similarly, decreasing α2 integrin binding significantly increased the
MDA-MB-231 brain tropic phenotype in vitro (compare Fig. 2.10a, increase in brain tropism from
black to red, with Fig. 2.10d, increased risk of brain metastasis from black to red). As another
example, α6 integrin has no effect on lung metastasis, in both clinical patient outcomes and the
tropism of both cell lines (Fig. 2.10a-b, e). In this case, when these same patients are classified
into clinical subtypes using published annotations [25, 33], and survival analysis is repeated in
these smaller, specific patient populations, the subtype-specific trends in tropism match the
behavior of corresponding the cell line we examined (Fig. 2.10f). We want to stress that this latter
result was only one of two shared outcomes we found between the triple negative and HER2+ cell
lines, highlighting the need for individual analysis of subtypes, as demonstrated in Figure 3.
Interestingly, when this clinical analysis is expanded to examine all integrin subunits,
many are associated with metastasis to the brain, bone, or lung, but these same genes are not
conserved within the triple negative and HER2+ subtypes (Fig. 2.10g, 2.11b). Strong examples
are α1, α3, and β2 integrins, where altered expression of these genes is correlated with tropism
to a specific tissue across breast cancer broadly, but they are not correlated with tropism within
these two subtypes. Instead, different integrin subunit genes are correlated with tissue-specific
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metastasis within each of these subtypes. As two examples, low α8 integrin expression is
correlated with bone metastasis in the HER2+ subtype, and high β1 integrin expression is
correlated with lung metastasis in the triple negative subtype.
When we compared our in vitro phenotyping approach to this existing gene data set, we
found that our in vitro tropism responses imperfectly correlated with these genetic indicators. High
β1 expression is associated with poor prognosis [82], and in our work, targeting β1 integrin makes
the MDA-MB-231 cell line much less bone tropic, matching this result (Fig. 2.10a). However, the
SkBr3 cell line significantly increased in bone tropism upon targeting β1 integrin, (Fig. 2.10b), and
our clinical analysis surprisingly showed that the magnitude of β1 integrin gene expression is not
predictive of bone metastasis in patients (Fig. 2.10c). However, the divergent responses of the
two candidate cell lines, from different clinical subtypes, combine to match the clinical pattern.
Although our β1 integrin targeting results were not predictive of these clinical outcomes, we
emphasize that this highlights the divergence expected between a genetic-focused approach and
a protein-based, functional approach, as we have taken here.
In sum, we have used a simple integrin-mediated phenotyping approach to predict breast
cancer metastasis in a large panel of cell lines, and we implicate β1, α2, and α6 integrin binding
in tissue-specific spread distinctly across several disease subtypes, a phenomenon that is
prevalent across many integrin gene-tissue combinations in clinical patient populations (Fig.
2.10g, 2.11b). Importantly, our integrin targeting results provide many insights not apparent in
gene expression data, highlighting the need for functional, protein-centric screens of cell
behaviors. We emphasize the utility of this phenotyping approach as quick, bench-top screening
tool that can be used to predict in vivo observations. Here, we have illustrated this functionality by
predicting metastatic outcomes and identifying biomarkers potentially overlooked when analyzing
gene data sets from heterogeneous clinical patient populations.
2.4.5 Proof of Concept Application to Primary Cells
As proof of concept, we performed this experimental approach using primary tumor cells
from malignant ascites from a breast cancer patient (5104M5). This patient was diagnosed with
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breast cancer in 1983, and there was recurrence in 2001 with nodal and esophageal involvement.
From 2001 through sample receipt (04/27/12), the patient underwent various chemotherapeutic
regimens as the disease kept progressing. At initial diagnosis, the tumor was ER+, but retesting
of the malignant ascites sample determined that the cells were ER-, PR-, HER2+, evidence that
tumor cells can gain and lose receptor expression as disease progresses [180].
Tumor cells were established in culture and cultured for several weeks before the onset
of senescence (Fig. 2.15a). Adhesion and motility experiments were successfully performed, and
although there is large heterogeneity in the patient cell sizes, cells were larger on the lung ECM
than the brain ECM, similar to results in other cell lines (Fig. 4.15b-d). Migration was minimal and
did not vary across ECMs (Fig. 4.15d). Interestingly, approximately two thirds of primary cells had
large vacuoles after approximately a week in culture (Fig. 4.15a). These structures are likely
autophagosomes, indicating autophagy, potentially as a stress response to in vitro culture. There
was variation in size and number of these vacuoles during adhesion (Fig. 4.15e-f), and variation
across ECMs. Cells reached senescence in culture before enough data was collected to do the
fingerprinting analysis, but in the future, experiments could be conducted more quickly to achieve
accurate patient-specific predictions. In addition, ascites fluid contains many different cell types,
and in the future, enrichment of tumor cells, through FACS or antibody-based positive and
negative selection, could be used to isolate the malignant population of interest and analyze a
more homogeneous tumor cell population.
2.5 Discussion
2.5.1 A Phenotypic Screening Method to Predict Metastasis Based on Integrin Binding
Extracellular matrix (ECM) properties, such as tissue stiffness [140], local growth factors
[57], stromal cells [74, 181], and ECM proteins [28, 51, 52], can each individually promote
metastasis. However, we are only beginning to understand the role of each of these properties in
tissue-specific

metastatic

colonization.

[28,

51,

74,

181].

To

truly

understand

the

microenvironmental factors that mediate metastasis, each factor must be systematically isolated
from other cues, and investigated functionally in a controlled system that closely represents the in
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vivo microenvironment. While others have used adhesion phenotyping to differentiate metastatic
and non-metastatic cells [52], and tropic subpopulations [169], these studies have either used
end-point analyses or have included multiple convoluted microenvironmental factors. The
biomaterial platform we designed overcomes these limitations by mimicking some of the
biochemical complexity present in in vivo ECMs, while limiting microenvironmental cues to only
those ECM proteins presented by the system, with growth factors supplemented as desired. This
can then be used for observing differences in adhesion and motility resulting from differential
binding to these multi-protein ECMs.
We propose this system as a potential bridge between the overwhelming complexity of in
vivo observations and simple in vitro cell biology, without the need for expensive or lab-specific
3D models. The first challenge we noted was that genomics is the increasingly popular approach
for identifying cancer biomarkers due to its ease and increasingly low cost, facilitating large-scale
patient-specific analysis. However, gene expression does not necessarily correlate with protein
expression or function. Therefore, we attempted to connect gene-centric patient data with a
protein-centric cell screening approach. Breast cancer was a suitably complex target to study, as
it is a notoriously heterogeneous disease [23]. This heterogeneity may be why integrins were not
consistently strong genetic biomarkers across large, diverse patient populations (Fig. 2.10). Our
protein-centered approach mirrored this inconsistency between the SkBr3 and MDA-MB-231 cell
lines (Figs. 2.8, 2.10), and we quantified significant differences in cell adhesion and motility
between the three MDA-MB-231 tropic subpopulations (Fig. 2.5), which have minimal differences
in integrin expression (Fig. 2.11a, c, 12) [25-27].
The immediate conclusion is that differences in gene expression of integrin subunits
alone are not sufficient to mediate metastasis to different tissues. This remains an open question,
as gene expression of several integrins was strongly correlated with tropic metastasis in patients
(Fig. 2.10g), but most of these integrins have not yet been functionally examined in vivo. For
those that have, the in vivo reports we found did not match the clinical correlations in our analysis
of the gene data sets. For example, α3β1 integrin binding is known to mediate lung metastasis in
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rats and mice [85, 86]. However, high α3 integrin gene expression showed only a non-significant
correlation with lung metastasis, and only when we isolated the analysis to triple negative
patients. Across all subtypes of patients, high α3 integrin gene expression actually more highly
correlated with bone metastasis (Fig. 2.10g). As another example, αvβ3 integrin has been linked
to bone metastasis in rats [87], however, β3 integrin gene expression in these data sets does not
predict for bone metastasis, and αv integrin gene expression is only more strongly associated
with bone metastasis in the triple negative and HER2+ subtypes than across all patients (Fig. 4g).
It is important to note that clinical tumor samples contain stroma, are often contaminated with
immune cells, fibroblasts, and epithelial cells [182], and even the best dissection techniques only
produce tumor contents near 70% [27], which could skew genetic analysis. We stress that based
on this conflict between our data and the genetic analysis we performed, alongside obvious
conflicts between these gene data sets and literature reports, successful risk assessments of
tropic metastasis require an integrated proteomic and genetic approach.
A recent publication has implicated integrins in organotropism, but through integrins
localized on tumor associated exosomes, rather than expressed on the cancer cells [183]. These
exosomes preferentially interact with resident stromal cells at specific tissue sites through the
integrins that are present, priming the tissue to receive disseminated tumor cells. In this work,
integrins α6β4 and α6β1 mediate lung metastasis through fibroblasts and endothelial cells, and
αvβ5 mediates liver metastasis through Kupffer cells [183]. Interestingly, there were no integrins
that specifically associate with bone metastasis, suggesting integrin-independent metastasis
[183]. These results are not in agreement with our gene expression analysis of clinical primary
tumor data, but we do observe that targeting α6 integrin (which only dimerizes with β1 or β4)
decreases lung tropism of the MDA-MB-231 cell line, demonstrating some overlap between
exosome and cell autonomous integrin-dependent metastasis.
Our results suggest that tropism depends more upon how cells are able to use their
integrins to bind to the ECM, rather than variations in gene expression, even in genetically similar
cell lines. We propose that this type of functional screen, across many heterogeneous cell lines,
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and many phenotypes, is independent of these conflicts observed between genetic and proteomic
analyses. This is demonstrated by the fact that the bone, brain, and lung tropic phenotypes we
obtained were well-conserved across cell lines that share the same preferred metastatic site, but
that have very different integrin gene and protein expression (Fig. 2.4g). As an example, the
MDA-MB-231 and SUM1315 MO2 cells are both bone metastatic in mice [26, 172], and both
matched our bone fingerprint, even though the MDA-MB-231 cell line has significantly higher
surface expression of α2 and α5 integrins, and lower expression of αvβ3, than the SUM1315
MO2 cell line [132]. Others have shown that metastasis depends upon activation, rather than
simply expression, of integrins [92-94]. It is known that splicing variation of a single integrin can
initiate cancer stem cell plasticity and likely impact tropism [152]. Taken together, this suggests
that understanding the true role of integrins in mediating tropism requires a functional analysis of
how metastatic cells interact with the tissue site, as we have taken here, rather than a limited
view of only gene expression profiles.
One study took a similar approach to ours and examined cancer cell behavior on different
biomaterial surfaces, but focused on stiffness as the driving force [140]. They found that
measurements of cell area were not predictive of metastasis, but there was a weak correlation
between both migration and proliferation with metastatic site preference [140]. Upon our own
closer examination, their data shows that tropic subpopulation cell areas were more sensitive to
the biomaterial environments than the non-tropic subpopulations, consistent with our results (Fig.
2.6a). This suggests that applying our approach to other microenvironment cues, such as
material stiffness, would provide further insight into the biophysical regulation of tropism and add
another dimension to the fingerprint reported here.
Others have also explored stiffness as a driving factor in mediating tropism of breast
cancer, which often metastasizes to stiffer tissues, and ovarian cancer, which preferentially
spreads to the soft omentum fat pad [141]. This preference is dependent upon fundamental
differences in cellular contractility, resulting in increased proliferation, drug resistance, and
migration on stiff substrates (breast cancer cells) or on soft substrates (ovarian cancer cells)
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[141]. Interestingly, they found that less metastatic cell lines (breast cancer: MCF7, MDA-MB-361;
ovarian cancer: OVCAR-3) were largely insensitive to substrate stiffness within the stiffness
range explored [141]. This is in agreement with our observation that the highly tropic
subpopulations were more sensitive to matrix composition and growth factor supplementation.
Interestingly, our approach was unable to predict bone metastasis in the ZR-75-1 cell
line, which is known to exhibit a six month latency period in vivo (Fig. 2.13) [184]. Because this
tropic fingerprint was generated using behaviors from subpopulations selected based upon their
aggressive metastatic capability to tissue sites, it is perhaps not surprising that latent bone
metastatic cells do not behave similarly to aggressive bone metastatic cells. It has been shown
that separate subpopulations derived from the MDA-MB-231 cell line can colonize bone in either
an aggressive, osteolytic manner, or through a relatively latent phenotype, with the tumor cells
largely contained within the bone marrow cavity [58], suggesting that similar metastatic outcomes
can occur by different mechanisms.
2.5.2 Toward Patient-Specific Integrin Theraputics
Integrins are attractive therapeutic targets for metastasis because they mediate adhesion
to the tissue microenvironment, can confer resistance to treatments, and drive disease
progression and stemness [152, 185, 186]. However, integrin-targeted therapeutics have
experienced limited clinical success [176], and some potentially dangerous outcomes have been
reported [187, 188]. Others have shown that inhibiting β1 integrin can reduce primary tumor
growth, but this subsequently promotes lung metastasis by switching the migration mode of triple
negative 4T1 mouse breast cancer cells from collective to single cell migration, observed both via
knockdown and antibody targeting [188]. Similar to these results, we saw both efficacious and
dangerous cell adhesion and motility phenotypes when we targeted integrin binding on our ECMs.
β1 and α2 integrin antibody treatment on ECM 1 prevented spreading, but increased both 2D
motility and 3D invasion of the SkBr3 cell line (Fig. 2.8c-g). In the highly metastatic MDA-MB-231
cell line, our β1, α2, and α6 integrin antibodies each reduced adhesion and motility (Fig. 2.8a-b),
but also dangerously increased the phenotypic similarity to brain tropism (Fig. 2.10a). These
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dangerous phenotypes may result from plasticity and adaptability of metastatic cells when
integrins are targeted [187, 189], which is potentially responsible, in part, for the lack of clinical
success of integrin thereapeutics.
These results highlight the known heterogeneity challenge in breast cancer, and there is
a ground swell toward personalized therapeutics. As proof of concept toward using our platform
for discovery of treatments for metastasis in this heterogeneous disease, we examined cell lines
from two clinical subtypes with poor prognosis, and found that they displayed striking differences
in response to integrin antibodies. In our fingerprinting results, these cell lines only shared two of
nine possible responses to the integrin antibodies, suggesting subtype-specific roles for β1, α2,
and α6 integrins in bone, brain, and lung metastasis. The MDA-MB-231 tropism was equally
affected by each of these integrin antibodies, while the SkBr3 cell line was much more sensitive
to β1 integrin targeting than to targeting α2 or α6 integrins. Supporting the subtype-specific
responses we observed, there is in vivo evidence for distinct roles of the same integrin in
tumorigenesis and metastasis in different types of breast cancer [189]. In PyV-MT tumors, β1
integrin is required for tumor initiation. However, in mice that also express active erbB2 (HER2),
β1 integrin is only necessary to mediate lung metastasis, while tumorigenesis is independent of
β1 integrin [189]. In our work, β1 integrin targeting had no effect on the MDA-MB-231 lung
tropism, but significantly decreased lung tropism in the HER2+ SkBr3 cell line. However, of the
eleven cases where integrin gene expression predicts for tropic metastasis in the clinic, only two
were conserved for both the triple negative and HER2+ patient subpopulations (Fig. 2.10). This
indicates that integrins are not conserved biomarkers across the entire heterogeneous patient
population, necessitating subtype- or even tumor-specific screening to identify successful integrin
therapeutics. We suggest that this type of functional screening would be capable of identifying
efficacious tumor-specific therapeutics, providing additional insight in combination with current
genetics-based approaches.
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2.6 Conclusions
Here, we developed a simple, yet robust in vitro biomaterial platform that allowed us to
quantify many different cell phenotypes associated with adhesion and motility in order to take a
comprehensive view of how integrin-ECM interactions regulate bone, brain, and lung metastasis.
Importantly, these results would not have been realized by simply looking at individual
measurements or using common data analysis approaches (Fig. 2.16), and required us to instead
quantify patterns of measurements. This compiled pattern of measurements created a phenotypic
fingerprint, which is dependent only on integrin binding to the ECM, and can predict integrinmediated metastatic spread in cell lines. Our results suggest that targeting integrins across the
heterogeneous breast cancer clinical subtypes is not appropriate (Figs. 2.8, 2.10), potentially
explaining the lack of success of integrin-targeted therapeutics thus far. Importantly, our results
are largely independent of integrin gene or protein expression, highlighting the need for this type
of functional approach, particularly when comparing among different breast cancer subtypes. We
emphasize the utility of this biomaterial platform to screen integrin-ECM interactions rapidly and
reproducibly, and by collectively quantifying patterns of phenotypes en masse, the ability to
predict in vivo fate with a simple in vitro approach.
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2.7 Tables
Table 2.1. Composition of tissue-inspired biomaterial ECMs
ECM 1 (Bone)

ECM 2 (Brain)

ECM 3 (Lung)

High

Low

Moderate

In Vivo ECM Proteins

Collagen I
Fibronectin
Osteopontin

Laminin
Fibronectin
Collagen IV
Tenascins
Proteoglycans
Hyaluronic Acid

Fibronectin
Collagens
Laminins
Elastin
Tenascin C
Proteoglycans

In Vitro ECM Density

5 μg/cm

In Vivo ECM Density

In Vitro ECM Proteins

2

1 μg/cm

2

50% Fibronectin
25% Vitronectin
20% Tenascin C
5% Laminin

99% Collagen I
1% Osteopontin
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2 μg/cm

2

33% Laminin
33% Collagen IV
15% Collagen I
15% Fibronectin
4% Tenascin C

2.8 Figures

Figure 2.1. ECMs have controlled protein binding.
Binding of Collagen III to our surfaces was measured using a modified ELISA. # identifies
conditions that are significantly different from all others. Data are mean ± SEM. N = 3
independent replicates.

Figure 2.2. Biomaterial platform for integrin-mediated phenotyping.
a. Breast cancer cell lines with their known in vivo metastatic tropism [25-27, 163-168]. b. Three
distinct ECM microenvironments regulate integrin binding. c. Adhesion and motility phenotypes of
the MDA-MB-231 cell line. Black: ECM 1; blue: ECM 2; green: ECM 3.
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Figure 2.3. Detailed view of cell adhesion and motility across all cell lines.
a. Spreading rate, b. maximum area, and c. fraction of cells polarized. d. Migration speed, e.
displacement, and f. chemotactic index. Black bars: ECM 1; blue: ECM 2; green: ECM 3.
Abbreviations: 231: MDA-MB-231; 549: BT549; SUM: SUM1315 MO2; 468: MDA-MB-468; 1954:
HCC 1954; 361: MDA-MB-361; Sk: SkBr3. N ≥ 2 biological replicates. a-c: N ≥ 40 cells/condition,
d-f: N ≥ 90 cells/condition.
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Figure 2.4. Phenotypic fingerprint predicts bone, brain, and lung metastasis.
Development of phenotypic fingerprints of bone, brain, and lung tropism from patterns of integrinmediated behavior. The a. CoV, b. EGF response, and c. measurement ordering features were
measured for each tropic cell line to create a fingerprint. d-e. Phenotypic fingerprints of tropic
behavior (rows), with unique identifiers distinguished in dark colors. d. Coefficient of variation for
both the normal and EGF-stimulated conditions. Blue: high CoV (>0.1); grey: low CoV (<0.1). e.
EGF response on each ECM. Red: increase (fold change > 1.15); grey: no change; green:
decrease (fold change < 0.85). Pairwise ordering is provided in Fig. 2.6b. Abbreviations: 1: ECM
1; 2: ECM 2; 3: ECM 3; SR: spreading rate; A: area; P: polarization; S: speed; D: displacement;
CI: chemotactic index. f. Fingerprint of heterogeneous cell lines overlaid onto tropic fingerprints
allows for quantification of similarity to each tropic subpopulation. Colored boxes in overlaid cell
lines identify features shared with each tropic cell line. Black: bone tropic, red: brain tropic, blue:
lung tropic. g. In vitro tropism of the MDA-MB-231, SUM1315 MO2, BT549, MDA-MB-468, HCC
1954, MDA-MB-361, SkBr3, and MCF7 cell lines. Black: bone tropic, red: brain tropic, blue: lung
tropic. Bars represent the percentile of the null distribution where each heterogeneous cell line
lies, with error bars displaying the range of the respective percentile. High percentiles indicate cell
lines that are highly phenotypically tropic to a tissue site. Statistics shown above bars indicate
that the cell line is significantly higher or lower than the null distribution for the indicated tropism.
Top labels: known in vivo tropism. Bottom labels: clinical subtype designation.
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Figure 2.5. Detailed view of all measurements for the tropic cell line subpopulations.
a, c, e. Cell area and b, d, f. polarization measurements at 10 minute intervals after seeding for
the a, b. bone, c, d. brain, and e, f. lung tropic subpopulations. Long-term migration g. speed, h.
displacement, and i. chemotactic index for the tropic cell lines. Asterisks directly over EGF
stimulated conditions indicate significance between the EGF-stimulated and normal
measurements on the same ECM. # identifies an ECM condition that is significantly different than
the other two corresponding normal or EGF ECM conditions. N ≥ 2 biological replicates. a-f: N ≥
40 cells/condition, g-i: N ≥ 90 cells/condition.
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Figure 2.6. Tropic cell line subpopulations are more sensitive to engineered ECMs than
parental cell line.
a. Heat map displaying coefficient of variation calculations for adhesion and motility metrics of
parental and tropic cell lines. Darker colors indicate higher CoV values. b. Pairwise ordering
features of the phenotypic fingerprints, expanded from Figure 4.2, capturing statistical ordering of
measurements. Dark colors indicate unique features. 1v2: ECM 1 versus ECM 2; 1v3: ECM 1
versus ECM 3; 2v3: ECM 2 versus ECM 3. Blue: first measurement is higher; red: first
measurement is lower; grey: both are equal. Abbreviations: 1: ECM 1; 2: ECM 2; 3: ECM 3; SR:
spreading rate; Pol: polarization; Disp: displacement; CI: chemotactic index.
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Figure 2.7. Fingerprinting of heterogeneous cell lines.
a. Raw fractional similarity of heterogeneous cell lines to the bone, brain, and lung tropic
fingerprints. Dashed lines indicate the average of the null distribution, comprised of 10,000
randomly generated cell lines. Black: bone tropic, red: brain tropic, blue: lung tropic. b-d.
Histograms of the null distributions (b: bone tropism, c: brain tropism, d: lung tropism), with
heterogeneous cell lines overlaid at their associated experimentally observed value. e. RT-PCR
for EGFR expression in cell lines. f. Correlation between coefficient of variation calculated from
tropism predictions (percentiles from Fig. 2g) and basal EGFR expression retrieved from [175].
Abbreviations: 361: MDA-MB-361; SUM: SUM1315 MO2; 231: MDA-MB-231; 468: MDA-MB-468;
1954: HCC 1954; 549: BT549. RT-PCR in e was performed by Lauren Jansen.
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Figure 2.8. Correlations between adhesion and migration responses identify potent
integrin antibodies in vitro.
Pairwise comparisons between adhesion and migration measurements in the a, b. MDA-MB-231
and c, d. SkBr3 cell lines across normal, EGF-stimulated, and integrin antibody conditions.
Arrows highlight conditions where integrin antibodies increased migration metrics. Spearman
correlations are indicated on each plot with two-tailed p-values. Circle: ECM 1; square: ECM 2;
triangle: ECM 3; black: normal; green: EGF; blue: anti-β1 integrin; red: anti-α2 integrin; orange:
anti-α6 integrin. e, f. SkBr3 migration mechanisms are displayed via 10 random cell paths under
e. normal and f. anti-β1 conditions. Red paths identify cells detaching and adhering elsewhere on
the surface. Inset: Representative images of cell morphology. Scale bar is 25 µm. g. Individual
cells that invaded into an overlaid 3D collagen gel from the ECM 1 surface after 48 hours. Bar
indicates mean distance invaded of all invading cells. Inset: schematic of cells invading upward
from the ECM surface into an overlaid gel.
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Figure 2.9. Integrin antibody treatment causes SkBr3 detachment and invasion.
a. Histogram of SkBr3 cell speeds on ECM 1 with β1 integrin antibody treatment. The detaching
cells are highlighted in red. Inset: magnified y-axis. b. Fraction of total cells observed detaching
during migration in all conditions. c. Mean number of SkBr3 cells invading into an overlaid
collagen gel, and average distance invaded after 48 hours.
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Figure 2.10. Integrin binding and gene expression predict breast cancer metastasis.
Integrin antibodies shift tropic fingerprinting of a. MDA-MB-231 and b. SkBr3 cell lines. Compare
the tropism containing the highest black bar (normal) with the category containing the highest
value for each colored bar (blue: β1, red: α2, orange: α6 integrin). c-e. Magnitude of integrin gene
expression dictates c. bone, d. brain, and e. lung metastasis clinically (analysis of GSE 2034,
GSE 2603, GSE 5327, GSE 12276). f. Left, effect of β1, α2, and α6 integrin gene expression on
clinical metastasis in all patients, only triple negative patients, and only HER2+ patients. Right,
effect of β1, α2, and α6 integrin antibodies on tropic fingerprint in the MDA-MB-231 (triple
negative) and SkBr3 (HER2+) cell lines. Red: high expression or binding predicts for increased
metastasis; blue: low expression or binding predicts for increased metastasis; white: no effect. g.
Heat map displaying integrin genes that significantly predict for tissue-specific metastasis in
patients. Blue: low expression of the gene predicts for increased risk of metastasis; red: high
expression of the gene predicts for increased risk of metastasis; white: no effect on metastasis.
Asterisks indicate statistically significant relationships, but other clearly visible trends are included
for completeness. Abbreviations: Bo: bone metastasis; Br: brain metastasis; Lu: lung metastasis.
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Figure 2.11. Integrin gene expression in vitro and clinical metastasis predictions.
a. RT-PCR for β1, α2, and α6 integrin genes for the three tropic subpopulations, the parental
MDA-MB-231, and the SkBr3 cell lines on the ECMs. b. Heat map displaying integrin genes that
significantly predict for tissue-specific metastasis in patients. Compared to Fig. 2.4g, this heat
map is modified to include larger p-values to further display trends in data despite lack of
statistical significance. Blue: low expression of the gene predicts for increased risk of metastasis;
red: high expression of the gene predicts for increased risk of metastasis; white: no effect on
metastasis. Asterisks indicate statistically significant relationships. Abbreviations: Bo: bone
metastasis; Br: brain metastasis; Lu: lung metastasis. c. Integrin gene expression heat map of the
tropic cell lines used in this work, compiled from GSE 2603 and GSE 12237. RT-PCR in a was
performed by Lauren Jansen.
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Figure 2.12. Protein level confirmation of integrin and EGFR expression in MDA-MB-231
variants.
Western blots for β1 integrin, α6 integrin, and EGFR using β-actin as a loading control.
Expression is determined for cells cultured on plastic. (231: parental, BoM: bone tropic, Br: brain
tropic, LM2: lung tropic).
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CHAPTER 3
MANY RELEVANT MICROENVIROMENT FACTORS AFFECT ADHESION AND MOTILITY

3.1 Abstract
Many microenvironment factors, in addition to extracellular matrix density and
composition illustrated in Chapter 2, can affect adhesion, motility, and eventual metastasis. Here,
we demonstrate that substrate stiffness affects motility more than adhesion, and that basal
protease gene expression and protease activity are required for invasion and motility in 3D
collagen. High levels of proteases allow for significant mesenchymal motility, while lower levels
only permit several cells to migrate, or only allow migration without any productive displacement.
In addition, drugs and altered metabolic conditions both affect integrin-mediated behavior.
Lapatinib treatment increases motility on collagen in an α2β1 integrin-dependent manner, while
supplemented acetate, to produce acetyl-CoA, promotes adhesion in low glucose conditions
through up-regulation of non-collagen binding integrins. Targeting integrin-mediated adhesion
results in non-apoptotic blebbing, reminiscent of amoeboid migration, and suggesting phenotypic
plasticity as a potential mechanism of evasion of integrin-targeted therapeutics. Finally, we have
created a large panel of stable fluorescently labeled breast cancer and stromal cell lines for
tracking without the use of temporary dyes, facilitating future motility, co-culture, and in vivo
labeling experiments. Each of these variables is a relevant part of the tumor microenvironment,
and in vitro experiments can help to understand metastatic mechanisms. In combination with the
phenotypic fingerprinting approach from Chapter 2, a large screen of adhesion and motility across
stiffness, dimensionalities, and drug or metabolic growth conditions may lead to an improved
predictive model of metastatic risk. An initial screen of many important microenvironment factors
suggests that matrix composition, drug treatment, and metabolism most highly influence adhesion
and motility, suggesting these as extensions of the tool developed in Chapter 2.
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3.2 Introduction
There are many features of the microenvironment that affect adhesion, motility, tumor
progression, and metastasis. Chapter 2 explored how the extracellular matrix and integrin-ECM
protein interactions affect cell adhesion and motility, leading to a particular metastatic tropism.
However, the composition of matrix is only one of many important microenvironment properties.
Microenvironment stiffness is a major driving force in the pathology of diseases, including
atherosclerosis, cancer, and also driving normal embryonic development [190, 191]. In cancer,
mechanotransduction (how physical forces can be translated to affect cell behavior) is critical
during tumor progression [40, 41] and metastatic outgrowth [140, 141]. Beyond the
microenvironment biochemical and biomechanical properties, the dimensionality of the
environment, including degradability, adhesivity, pore size, topography or contact guidance cues
can dramatically alter cell behavior [43, 179, 192]. Proteases are used to remodel the
environment and permit migration through dense 3D matrices, and many are required for
metastasis [179, 193]. Therefore, the extracellular matrix may also regulate behavior and
metastasis through its stiffness, dimensionality, and degradability in addition to its biochemical
composition.
In Chapter 2, I demonstrated that targeting integrins via function affecting antibodies can
alter adhesion, motility, and eventual predictions of metastatic spread. In general, targeting
integrins caused decreased cell adhesion and motility, but there are additional consequences of
targeting adhesion that may be dangerous. When adhesion is poor, or when cells are constrained
in 3D environments, cells can display non-apoptotic membrane blebbing. Blebbing is a feature of
amoeboid motility, a non-proteolytic mechanism of migration through confined spaces mediated
by cellular contractility [177]. It has recently been appreciated that blebbing is not just a feature of
apoptosis, but can also mediate invasion [177]. Importantly, many cell types cell types can switch
between mesenchymal/proteolytic motility and amoeboid motility, demonstrating phenotypic
plasticity that may lead to evasion of some targeted therapeutics and eventual metastasis [177].
While decreased adhesion to a tissue may prevent colonization, a switch to an amoeboid
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phenotype may increase invasiveness. Therefore, it is critical to explore the consequences of
targeting binding on altered adhesion and motility.
Chapter 2 also demonstrated proof of concept that a phenotypic approach can predict
changes in metastasis that result from a drug treatment. These results demonstrated that integrin
inhibitors can be efficacious in some cell types, but not others, illustrating the need for subtype
and patient-specific screening. The overwhelming majority (93-97%) of drugs that enter phase I
clinical trials will never be FDA approved, suggesting that improved preclinical drug screening is
necessary to identify false positives. Many of these drugs can decrease cell proliferation or even
induce apoptosis in culture and reduce tumor burden in in vivo models, but ultimately fail in the
clinic. It is likely that some of these failed drugs have adverse effects in patients that were never
observed during early drug development. Incorporation of a phenotypic assay into drug screening
may capture some of these adverse effects prior to a Phase I clinical trial. Observations of
phenotypic changes in response to drug treatment, such as through metastatic risk screening in
Chapter 2, or through observed changes in markers of invasiveness, such as migration or
invasion in vitro, would provide insight into the efficacy or potential danger associated with a
specific drug.
In this chapter, I will explore the effect of several microenvironment cues on adhesion
and motility, and relate this to eventual metastasis. Specifically, I will present the effect of 2D
substrate stiffness on adhesion and motility, the relationship between protease activity and 3D
motility and invasion, and the effect of drug treatment or metabolic stress on integrin-mediated
adhesion and motility. Finally, I have generated a panel of fluorescently labeled breast cancer and
stromal cell lines to facilitate future motility analysis and to determine cell identity in co-culture or
in vivo assays.
3.3 Materials and Methods
3.3.1 Effect of Stiffness on Adhesion and Motility
MDA-MB-231 and MCF7 cells were provided by Mario Niepel at Harvard Medical School
and were cultured in DMEM with 10% heat inactivated FBS and 1% P/S (Life Technologies).
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Cells were seeded onto PEG-PC gels prepared by Thuy Nguyen [194]. The basement membrane
2

gel was 6 kPa, and protein coated with 5 µg/cm basement membrane protein cocktail (46%
collagen IV (Sigma), 46% fibronectin (Life Technologies), 8% laminin (Life Technologies). The
2

inflammatory hydrogel was 55 kPa, and was protein coated with 5 µg/cm inflammatory protein
cocktail (65.3% collagen I, 32.7% collagen III, and 2% fibronectin). Adhesion and migration
experiments were performed and analyzed as described in Chapter 2.
3.3.2 Analysis of Blebbing During Adhesion
Dynamic non-apoptotic blebbing was quantified in adhesion experiments performed in
Chapter 2. At each time point area and polarization measurements were made, the determination
of if the cell was blebbing was also recorded.
3.3.3 Effect of Lapatinib Pretreatment on 2D Adhesion and Motility
HCC 1806 cells were provided by Mario Niepel at Harvard Medical School and cultured in
RPMI supplemented with 10% FBS and 1% P/S (Life Technologies). Cells were seeded at
875,000 cells/well in a 6 well plate and pretreated with either 10 µM lapatinib (LC Laboratories) or
DMSO (Sigma) control for 24h (2.8 ml volume of medium). Cells were subsequently trypsinized,
and then adhesion, migration, or collagen invasion assays performed as described in Chapter 2
(bone, brain ECM protein cocktails previously described, or untreated glass coverslips), with cells
reseeded in complete RPMI without lapatinib or DMSO.
3.3.4 Effect of Lapatinib Pretreatment on 3D Invasion and Motility
Collagen gel invasion with integrin antibodies was performed as described in Chapter 2.
Motility in 3D collagen gels was assayed by suspending 10,000 cells in a 10 µL volume 2 mg/ml
collagen gel (modified from method described in Chapter 2). Cells were pre-treated with lapatinib
or DMSO control for 24h, then fluorescently labeled with CMFDA (Life Technologies) prior to
seeding in complete medium without DMSO or lapatinib. 3D motility was assayed 24h later by
imaging every 15 minutes for 12 hours on a Zeiss Spinning Disc Cell Observer SD. 3D cell
speeds and displacements were analyzed in Imaris using drift correction as necessary.
3.3.5 Effect of Lapatinib Pretreatment on Subsequent Proliferation
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Proliferation was assayed after the pretreatment as described above, reseeding HCC
1806 cells at 10,000 cells/well in a 96 well plate, and quantification by MTS assay (CellTiter 96
AQueous One Solution) at 1 and 4 days after seeding.
3.3.6 Effect of Metabolism of Adhesion and Motility on Glioblastoma Cells
LN229 glioblastoma cells were provided by Katy Wellen at the University of
Pennsylvania. They were routinely cultured in RPMI with 10% FBS and 1% P/S. For pretreatment
with different nutrient conditions, 250,000 cells were seeded per well in a 6 well plate in complete
RPMI for 24h. Then, cells were washed once with PBS and dosed with glucose free RPMI
containing 10% dialyzed FBS supplemented with either 1 mM glucose (low glucose), 10mM
glucose (high glucose), or 1mM glucose + 5 mM acetate (low glucose plus acetate). After 24h of
treatment, the cells were trypsinized and reseeded for adhesion or motility experiments on
coverslips prepared as previously described (Chapter 2) with either 1 µg/cm

2

“brain ECM

proteins” or collagen I. Adhesion experiments were seeded in low glucose medium and imaged
immediately for 2h. Migration experiments were seeded in low glucose medium and imaged for
12h beginning 8h after seeding. With these exceptions, adhesion and migration experiments were
performed and analyzed as described in Chapter 2.
3.3.7 Cell Culture and Lysate Collection for Protease Activity
AU565, HCC 38, HCC 70, HCC 202, HCC 1395, HCC 1419 were cultured in RPMI with
10% FBS and 1% P/S, and BT549, HCC 1806, MCF7, MDA-MB-231, SkBr3, ZR-75-1, and
SUM1315 MO2 were cultured as previously described. All were grown to confluence in a 6 well
plate, and lysed in zymography lysis buffer (20 nM Tris-HCl at pH 7.5, 5 mM EGTA, 150 mM NaCl,
20 mM β-glycerol-phosphate, 10 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100, 0.1%
Tween-20; provided by the Platt Lab) with freshly added 0.1 mM leupeptin on ice (100 µL lysis
buffer per well of 6 well plate). Lysates were stored at -80°C and subsequently shipped overnight
on dry ice to the Platt Lab at Georgia Tech for zymography analysis.
3.3.8 3D Invasion and Motility Analysis
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Invasion into collagen gels was performed as previously described, with seeding 7000
2

cells per well into a 24 well plate onto 15mm coverslips linked with 5 µg/cm Collagen I or 1
2

µg/cm fibronectin. Gene expression data was obtained from [162], and probes for the same gene
were collapsed to the probe with the highest value. Motility in collagen gels was performed as
described above, without any pretreatment other than CMFDA labeling.
3.3.9 Lentiviral Particle Generation and Cell Line Transduction
Plasmids encoding for eGFP and mCherry, in lentiviral constructs, along with packaging
plasmids (pMDL g/pRRE, pRSV-Rev, pMD2.G) were obtained from Addgene. Bacteria were
grown in 150 ml cultures of lysogeny broth, pelleted, lysed, and plasmids were purified using
Zyppy Plasmid Maxiprep Kit (Zymo Research). We thank Nele Van Dessel and Vishnu Raman
(Neil Forbes Lab, UMass Chemical Engineering) for assistance with bacterial culture, lysis, and
generation of glycerol stocks. Lentiviral particles were generated by transfecting 70-80%
confluent HEK 293T cells (ATCC) with 8 µg transfer vector, 4 µg pMDL g/pRRE, 4 µg pRSV-Rev,
4 µg pMD2.G in a 10 cm dish using lipofectamine according to the manufacturer’s protocol (Life
Technologies). Supernatant was collected after 72h and stored at -80°C. Cell lines were cultured
as previously described and were transduced with different titers of lentiviral particles to obtain a
transduction efficiency near 100%. Fluorescently labeled cell lines for cell tracking were
generated in collaboration with Ryan Carpenter and Jungwoo Lee (UMass Chemical
Engineering). Transduced MDA-MB-231 cells were compared phenotypically in their morphology,
migration, and proliferation (performed as previously described, with the exception that migration
was only imaged in brightfield and analyzed through manual tracking in ImageJ, and cells were
seeded on TCPS).
3.4 Results
3.4.1 Effect of Stiffness on Adhesion and Motility
Consistent with previous results on 2D coverslips in Chapter 2, the MDA-MB-231 cells
migrated faster and further than the MCF7s on 2D PEG-PC hydrogels (Fig. 3.1a-b). Both cell
lines were sensitive to the healthy and basement membrane extracellular matrix and stiffness
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conditions, with the MDA-MB-231 cells migrating faster on the soft, basement membrane-like gel,
and the MCF7 cells achieving a greater displacement on the basement membrane gel (Fig. 3.1ab). Adhesion of cells to the gels was less sensitive to gel condition, with no difference in area or
polarization of the MDA-MB-231 cells (Fig. 3.2). The MCF7 cell area during adhesion was
insensitive to gel condition, but there was increased polarization of the MCF7s on the
inflammatory hydrogel, likely due to the higher stiffness promoting spreading and focal adhesion
formation (Fig. 3.2). Both the triple negative MDA-MB-231 and the luminal MCF7 cell lines are
more sensitive to stiffness and ECM composition in adhesion than motility.
When seeded at low densities (to achieve primarily single cell motility and observations of
independent cells), there is some random contact between cells, and these cells were not
analyzed to eliminate cell-cell contact as a confounding variable. However, when seeded on
these soft hydrogels, the MCF7 cells often formed multicellular clusters of cells that could migrate
via collective migration, often being led by a clear leader cell (Fig. 3.1c, Movie 3.1). These
clusters likely form due to the poor cell-matrix adhesion when seeded onto a soft gel, and instead,
the cells adhere more strongly to each other. This collective motility was observed on both the
basement membrane and inflammatory hydrogels, but not during motility on stiff glass coverslips
(Chapter 2, not shown) and does not appear to be a function of gel condition.
3.4.2 Dynamic Non-Apoptotic Blebbing During Cell Adhesion
Cell adhesion is a process mediated by integrin ligation, focal adhesion formation, and
cytoskeletal polarization, and subsequent migration. While polarization is often observed in the
highly metastatic, and quickly adherent, cell lines (i.e., MDA-MB-231 and BT549), other cell lines
adhered more slowly, and often only after a period of non-apoptotic blebbing. Blebbing is
characterized by a bulge, or round bubble-like protrusion in the plasma membrane where the
cytoskeleton detaches from the plasma membrane (Fig. 3.3a) [177]. This phenomenon is driven
by contractility and intracellular pressure, bleb expansion and retraction are on the order of 30
seconds and 2 minutes, respectively, and can sometimes be observed in real time [177, 195].
Blebbing is a common feature of apoptosis, but also occurs during normal cell functions including
adhesion, 3D motility (amoeboid motility), and cell division [177, 195].
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Here, the blebbing phenotype was defined as a cell observed with rapid round membrane
protrusions. Blebbing cells were largely weakly adherent, and could remain adhered in one spot
despite a moving microscope stage, but some were completely non-adherent. Blebbing was a
dynamic phenotype during adhesion, which was most often observed immediately after seeding,
and decreased with increasing adhesion time (Fig. 3.3c). Cells often adhered and polarized after
a period of blebbing, or could begin blebbing again after a period of adhesion and spreading.
Blebbing was observed in many cell lines, including weakly and strongly metastatic cells, and was
dependent upon the ECM environment (Fig. 3.3b). Function affecting antibodies, which decrease
the ability of a cell to adhere, greatly increase the frequency of the blebbing phenotype (Fig.
3.3b). Despite the significant proportion of cells blebbing, especially with supplemented integrin
antibodies, adhesion and polarization was still achieved, demonstrating the phenotypic transitions
between weak and strong adhesion.
3.4.3 Drug Treatment Alters Migration Phenotype
Similar to treating cells with integrin antibodies to alter adhesion and motility, drug
treatment, with clinically relevant breast cancer drugs, can also affect integrin-mediated
phenotypes. Previous work by Mario Niepel at Harvard Medical School has shown that treatment
of HCC 1806 cells with relatively high concentrations of the dual EGFR/HER2 targeted drug
lapatinib caused up-regulation of osteoactivin, a transmembrane protein implicated in bone
metastasis [196]. In collaboration with Mario, we then hypothesized that this may alter integrinmediated adhesion and motility.
As a control experiment, we first observed that HCC 1806 cells migrated significantly
faster on the bone ECM than the brain ECM or untreated glass, where, on the latter two
conditions, cells failed to migrate noticeably over twelve hours (Fig. 3.4a). Pretreatment with
10µM lapatinib significantly increased the migration speed of the HCC 1806 cell line only when
seeded onto the bone ECM, where the cells were capable of migrating (Fig. 3.4b). Despite the
increased 2D motility, when cells were pretreated and then reseeded without lapatinib, they
proliferated more slowly than the DMSO control even at day 4 after removal from lapatinib
treatment, suggesting divergent regulation of motility and proliferation in response to lapatinib.
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Function affecting integrin antibodies demonstrate that this increased motility with lapatinib
pretreatment on the bone ECM (primarily collagen I) is mediated by α2β1 integrin (Fig. 3.4a).
Despite the increase in motility observed with lapatinib pretreatment, there was no
difference in HCC 1806 adhesion to these ECMs with lapatinib pretreatment (Fig. 3.5a) and no
difference in motility of the SkBr3 cell line when treated with lapatinib (Fig. 3.5b), indicating that
this phenomenon is specific to the HCC 1806 cell line and the motility phenotype observed on the
bone matrix proteins. To determine whether this lapatinib-induced HCC 1806 motility holds in 3D,
two different 3D motility and invasion assays were performed. First, we measured invasion from
the coverslip surface upward into an overlaid collagen gel and saw no difference with drug
pretreatment, likely due to the long time period post lapatinib removal to final analysis (72 hours).
This was confirmed by measuring single cell motility in a 3D collagen gel, where lapatinib treated
cell migrated similarly to the DMSO control after only 24h after lapatinib removal, which was the
same time frame as the 2D motility experiments. This difference in lapatinib-induced motility on
collagen in 2D, which was lost in 3D, may be a result of the significantly lower speeds observed in
3D due to the increased confinement.
3.4.4 Altered Metabolism Affects Cell Adhesion via Non-Collagen Binding Integrins
Metabolism is an important consideration in cancer biology, because of the hypoxic core
often observed in tumors and the altered metabolism often observed in tumor cells as a result of
Warburg effect [29]. Katy Wellen and Joyce Lee at the University of Pennsylvania are interested
in the effect of metabolism on glioma cell lines. They hypothesize that acetylation can be used for
nutrient-sensing, and this regulates cell functions in response to metabolic conditions, particularly
through levels of acetyl-CoA. In their work, they observed transcriptional up-regulation of many
integrins (α4, α2b, α7, α9) in response to acetate, which is required for formation of acetyl-CoA
and subsequent metabolism.
In collaboration with Katy and Joyce, we hypothesized that these acetyl-CoA induced
changes would alter adhesion and motility phenotypes. The integrins up-regulated in response to
acetyl-CoA do not bind to collagen, but do bind to proteins included in our “brain ECM,” which is
most relevant to the brain-resident glioblastoma (α4: fibronectin, thrombospondin, osteopontin;
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α2b: fibronectin, fibrinogen, vWF, vitronectin; α7: laminin; α9: tenascin; bolded proteins are
included in our in vitro brain ECM). They also observe changes in H3K27ac near the integrin
genes in response to acetate treatment via ChIP seq, suggesting metabolism-mediated
epigenetic regulation. Therefore, we compared the adhesion and motility of LN229 glioblastoma
cells under different pretreated metabolic conditions on collagen I and the brain ECM.
There was little difference in 2D motility in response to the pretreatment conditions or
ECM condition (Fig. 3.7a) when cells were pretreated for 24h, and reseeded in low glucose
medium for 8h prior to motility analysis. However, during adhesion, where there is very little time
to recover from the treatment, the effect of pretreatment with low glucose, high glucose, or low
glucose plus acetate was striking (Fig. 3.7b). Acetate has a strong effect on both matrices, and
cells pretreated with low glucose plus acetate spread more quickly and are much larger than cells
pretreated with high glucose or low glucose after 2 hours (Fig. 3.7b). Cell area was much larger
on the brain ECM than collagen I in both the low glucose plus acetate and high glucose
conditions, likely as a result of the integrins they up-regulate that can bind to the brain ECM
proteins but not collagen I (α4, α2b, α7, α9). This also demonstrates how a more relevant
microenvironment, in this case using brain extracellular matrix proteins rather than just collagen I,
improves adhesion and spreading of the brain-resident glioblastoma cells.
3.4.5 Protease Expression Dictates Migration in 3D
To this point, with the exception of invasion experiments, all presented data has been in a
two-dimensional setting. However, the in vivo microenvironment is three-dimensional, and 3D
environments require altered motility mechanisms through either amoeboid migration or
proteolysis for cell displacement [177]. Proteases are required for motility, matrix remodeling, and
are associated with poor prognosis [179, 193]. Therefore, in collaboration with Manu Platt at
Georgia Tech, we hypothesized that different cell lines would have different basal protease
expression, resulting in differential 3D invasion and motility. Specifically, we were interested in
matrix metalloproteinases (MMPs), which are proteases that degrade matrix and affect protein
function, and cathepsins, proteases involved in matrix remodeling and tissue turnover.
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We selected a panel of breast cancer cell lines from various clinical subtypes, which vary
in gene expression levels of MMPs and cathepsins (Fig. 3.8a-b). Zymography revealed cell linespecific activity of MMPs and cathepsins (Fig. 3.8c), which does not correlate with the published
gene expression data. A functional invasion assay of cells seeded onto coverslips into an overlaid
collagen gel revealed differential invasive capability of these cell lines (Fig. 3.8d). Invasion into 3D
2

2

collagen from coverslips with 5 µg/cm collagen and 1 µg/cm fibronectin was similar (fibronectin
data not shown), even though adhesion is significantly better to collagen than fibronectin (not
shown). This invasion measurement, again, does not correlate directly with overall protease
activity, but highly invasive cell lines do have very high expression of at least one of the MMP or
cathepsin genes of interest. Collagen can be degraded by cathepsin K, cathepsin L, MMP1,
MMP2, MMP9, and several other proteases. BT549 is one relatively highly invasive cell line,
which has high activity of collagen-degrading proteases Cathepsin K and pro-MMP2, while the
less invasive MCF7 cell line has lower expression of Cathepsin V and pro-MMP9.
To further explore the relationship between protease activity and 3D invasion, we
performed 3D motility experiments in three cell lines with varying invasiveness and protease
expression. We chose BT549, which is moderately invasive, with high protease activity; HCC 70,
which is highly invasive with relatively low protease activity; and ZR-75-1, which is very weakly
invasive, with low expression of protease genes. In 3D collagen, we observed the most migrating
cells in the BT549, then HCC 70, and the fewest in the ZR-75-1 cell line (Fig. 3.8e). When only
the migrating cells were included in the analysis, the cells all moved at approximately the same
speed (Fig. 3.8f), but the ZR-75-1 and BT549 cells achieved greater displacements than the HCC
70 cells (Fig. 3.8g). Further analysis of the time-lapse movies of motility provided insight into the
cell line-specific mechanisms. The BT549 cells, with high protease activity, have many cells that
migrate, the cells are elongated, and they can migrate over a measureable displacement during
the 12h experimental time course. In contrast, the HCC 70 cells, while many can migrate, are
rounded and move within the same space, but do not actually move to a new location in the gel,
owing to their low protease activity. This motility was similar to the blebbing observed in 2D and is
reminiscent of amoeboid motility. Lastly, only very few of the ZR-75-1 cells migrated, and those
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that did were elongated and migrated similarly to the BT549s. Together, we conclude that high
MMP and/or cathepsin activity is required for productive migration in 3D collagen, and that
migration mechanisms vary across cell lines.
3.4.6 Lentiviral Transduction of Stable Fluorescent Cell Lines for Tracking
A large panel of breast cancer cell lines and stromal cell lines were transduced to stably
express cytoplasmic eGFP or mCherry to facilitate future in vitro imaging and migration analysis,
in vivo imaging, and to distinguish cell types in co-culture experiments in the Peyton Lab (Table
3.1, Figure 3.9). Transduced MDA-MB-231 (eGFP or mCherry) were indistinguishable from the
parental cell line in morphology, proliferation, and motility (Fig. 3.10). This is an alternative to
fluorescent dyes (i.e., CMFDA), which are temporary, can be transferred from one cell type to
another (not shown), and may affect cell proliferation and morphology (Fig. 3.11).
3.5 Discussion
The microenvironment is known to change during tumor progression: it stiffens via
collagen cross-linking [40, 41], which can be used as tracks for cells to travel, and eventually
metastasize to distant tissues [40, 47]. Many engineers are deeply interested in understanding
mechanotransduction in the context of cancer, which is how cells translate a biomechanical cue
into biochemical signaling that dictates proliferation, motility, differentiation, and metastasis [39,
44, 140, 141, 197]. Here, in a limited screen of two cell lines and just two material stiffnesses, we
demonstrated that stiffness sensitivity is more prevalent in long-term, steady-state motility than
the dynamic process of cell adhesion. Because focal adhesions and contractility are known to be
mediated by substrate stiffness [44, 197, 198], perhaps, with a larger cell line panel, and a larger
range of biomaterial mechanical properties, cell area during adhesion would also vary with
stiffness. Mechanosensing has also been implicated in breast and ovarian cancer tropism [140,
141], so adding substrate stiffness as an extra dimension to the phenotypic fingerprint from
Chapter 2 would likely lend further predictive power to this tool.
Drug screening is extremely costly and time consuming, and many promising falsepositive drugs fail in animal models and clinical trials. Here, we demonstrate two suggested
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improvements to the drug-screening pipeline. First, screening metastatic risk through the
phenotypic fingerprint in Chapter 2 identified integrin-targeted therapeutics for metastasis, and we
suggest that it could similarly be applied to common cytotoxic and targeted chemotherapeutics,
such as lapatinib. Second, the increased motility observed for lapatinib treated HCC 1806 cells is
alarming, but this suggests that phenotypic screening should be directly incorporated in the drug
development process. Importantly, others have demonstrated increased motility with lapatinib
[199], and integrin-mediated lapatinib resistance [185, 200]. This may be one of many cases of
false positives, where a drug halts proliferation or even induces apoptosis, but also has
unexpected, and potentially dangerous, off-target effects. To overcome these false positives, we
suggest incorporation of a motility or invasion assay into drug screening to examine efficacious
drugs for dangerous phenotypes. While tracking individual single cell motility, as was done here,
cannot reasonably be applied in a high throughput manner, it is possible that a transwell invasion
assay could be modified to a high throughput platform where invaded cells can be quantified
through a luminescent viability measurement. While there is great interest in developing improved
disease models and more physiological in vitro platforms for screening, we suggest that
incorporating a phenotypic readout of invasiveness or motility is equally important in improving
the drug discovery process and developing both safe and effective therapeutics [201].
Analogous to the lapatinib-induced motility, we observe similar results with integrin
targeting, which induces non-apoptotic blebbing often during the process of cell adhesion, but
also more rarely during steady-state motility. This blebbing is dynamic, and cells can transition
between blebbing and spreading or polarized several times during the 2-6h adhesion time course.
Our observations suggest a spectrum of phenotypes, rather than strictly mesenchymal versus
amoeboid motility. Others in the literature observe several distinct transitional phenotypes. Similar
to amoeboid motility, elongated fibroblasts in cell derived matrices can form lobopodia (blunt,
cylindrical protrusions), and can migrate despite being non-polarized [202]. This lobopodiamediated migration is mediated by RhoA, ROCK, myosin II, and the mechanical properties of the
matrix. Two other variations of the amoeboid phenotype have recently been described [203]: A1:
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where cells are round, with a small leading edge, and A2: where cells migrate very quickly, and
have elongated cell bodies and a large uropod (rounded, long protrusion). The description of the
A2 phenotype, where cells have very high contractility, was highly reminiscent of a subpopulation
of SkBr3 cells observed during adhesion, and this phenotype was more often observed during
integrin targeting, again demonstrating the phenotypic plasticity cells exhibit in response to
different microenvironment cues. Finally, targeting β1 integrin has been shown to disrupt
collective motility and induce single cell, β1 integrin independent cell crawling [204], a phenotype
similar to MCF7 motility after adhesion during β1 integrin targeting.
Many extracellular proteases are involved in disease progression through remodeling the
tumor microenvironment, and some proteases are biomarkers for poor prognosis [205]. Cells
expressing proteases are capable of migrating in degradable 3D environments through
mesenchymal motility, dependent on adhesion and proteolytic activity [179]. It is important to
compare this 3D motility with motility in response to integrin targeting or drug treatment to
determine if invasive, mesenchymal cell lines switch their mode of migration to amoeboid motility
in response to a therapeutic treatment. Adhesion and protease targeted drugs have not been
clinically successful, and it is suggested that this is due to the plasticity and reprogramming of
motility phenotypes [206]. Again, migration or invasion quantification during drug screening would
rule out false positives that may lead to adaptive responses in vivo.
When dosing with a drug or certain experimental condition, it is difficult to determine the
appropriate and relevant timeline to complete a functional assay. In both the cases of HCC 1806
with lapatinib and LN229 with metabolic conditions, dosing low cell densities, sufficient for single
cell motility analysis, with the same medium condition used to treat high densities often results in
significant toxicity, making the phenotypic experiment useless. Since these were collaborative
projects, cells needed to be pretreated in the same manner across labs, especially because
signaling and drug resistance can be mediated by the microenvironment [45]. Therefore, in these
experiments, cells needed to be pretreated at a high seeding density on TCPS, and reseeded on
biomaterials without the drug or nutrient condition to maintain viability. In the case of the LN229
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metabolism experiments, treating at a low density on coverslips did not retain any viable cells,
while pretreating for 24h, and reseeding all conditions in low glucose medium for 24h prior to
motility analysis (to allow cells to reach steady state on the ECMs), had no effect on motility (it
likely reverses any effects of the initial treatment). In the future, designing assays with
knockdowns or treatment conditions that can be used throughout the course of the phenotypic
assay, will aid in the interpretation of results.
Cancer cells are known to have altered metabolism, both due to the presence of a
hypoxic core deep within the tumor, and due to the Warburg effect [207]. Dysregulated
metabolism is a new hallmark of cancer, recently proposed by Hanahan and Weinberg in 2011
[29]. Cancer cells proliferate rapidly, and therefore require additional nutrients for continued
growth, and often acquire fuel for growth opportunistically. This can lead to altered metabolismmediated gene expression, sustained proliferation, and eventually disease progression. We
observe significant differences in cell adhesion due to the presence of acetate, even in low
glucose conditions, which cells use to make the acetyl-CoA required for metabolism. This
suggests that altered metabolism can affect interactions with the extracellular matrix, which may
lead to altered matrix-mediated signaling. The effect of metabolism also has applications in tumor
dormancy and drug resistance, where cells may evade normal metabolic mechanisms or survive
with suppressed metabolism.
3.6 Conclusions
In conclusion, there are many prominent features of the tumor microenvironment, such as
stiffness, matrix composition, degradability, metabolic environment, and chemotherapeutic
presence, that all affect adhesion and motility. Interestingly, in our limited screen, material
stiffness appears less important than matrix composition (Chapter 2), treatment with drugs, or
different nutritional conditions in altering cell adhesion and motility. Our results reveal some
alarming findings, such as increased motility with lapatinib treatment, which importantly can be
reversed by co-targeting β1 integrin. However, integrin targeted therapeutics can be equally
frightening, as they can increase invasion (Chapter 2) and promote amoeboid-like adhesion and
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motility. Together, these results suggest that screening of drugs requires an integrated approach
with many phenotypic readouts beyond cell viability, including some metric of motility or invasion,
to rule out false positives and dangerous adaptive responses early in the screening process.
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3.7 Tables
Table 3.1. Cell lines transduced with cytoplasmic eGFP or mCherry.
Breast Cancer Cells
Cell Line
Color
MDA-MB-231
BT549
MCF7
SkBr3
eGFP
ZR-75-1
Hs578T
HCC 1954
MDA-MB-231 BoM
MDA-MB-231
mCherry
HCC 1954
Stromal cells
hTERT MSC
HASMC (primary)
eGFP
HUVEC (primary)
hTERT MSC
mCherry
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3.8 Figures
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Figure 3.1. Stiffness sensitivity of MDA-MB-231 and MCF7 cells during motility.
a. Migration speeds of MDA-MB-231 and MCF7 cells seeded onto soft PEG-PC hydrogels. b.
Displacement achieved over 12h. c. Image of MCF7 cells on the basement membrane hydrogel
illustrating single cells and multicellular clusters, where collective motility was observed in timelapse imaging.
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Figure 3.2. Stiffness sensitivity of MDA-MB-231 and MCF7 cells during adhesion.
Adhesion of a. MDA-MB-231 and b. MCF7 to basement membrane and inflammatory hydrogels.
c-d. Observation of polarization, blebbing, and cell migration during adhesion.
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Figure 3.3. Non-apoptotic blebbing is a common adhesion phenotype.
a. Image of SkBr3 cell blebbing during adhesion to a bone ECM. Scale: 25 µm. b. Quantification
of the maximum fraction of cells blebbing at a single time point during adhesion for MDA-MB-231,
BT549, MCF7, and SkBr3 cells in response to EGF and integrin antibodies (data from Chapter 2).
c. Quantification of fraction of cells blebbing over time for the Skbr3 cells on the lung ECM in
response to EGF and integrin antibodies.
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Area (µm2)

a

Bone
1500

1000

1000

500

500

0

b
Fraction of Cells Polarized

Brain

1500

0

50

100

150

200

250

0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0.0

0

50

100

150

200

250

0.0

DMSO
Lapatinib

0

50

100

150

200

250

0

50

100

150

200

250

Time (min)

Time (min)

d

SkBr3

15
10
5
0

SkBr3

30

20

Displacement (µm)

Speed (µm/h)

c

Bone

Brain

20

10

0

Glass

DMSO
Lapatinib

Bone

Brain

Glass
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3D collagen gel with pretreatment prior to encapsulation.
Migration

a

15

Displacement (µm)

Speed (µm/h)

20
15
10
5
0

10

Low Glucose
High Glucose
Low Glucose + acetate

5

0

Brain ECM

Collagen I

Brain ECM

Collagen I

Adhesion

b
Area (µm2)

2000

Brain Low Gluc
Brain High Gluc
Brain Low + ac
Collagen I Low Gluc
Collagen I High Gluc
Collagen I Low + ac

1500
1000
500
0

0

50

100

150

Time (min)

Figure 3.7. Effect of metabolism conditions on motility and adhesion of LN229
glioblastoma cells.
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experiments were performed in collaboration with Alyssa Schwartz.
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Figure 3.8. Protease expression and activity dictates 3D invasion and motility.
a. Gene expression of selected MMPs, and b. cathepsins, in breast cancer cell line panel (data
retrieved from [162]). c. Zymography for cathepsin and MMP activity in breast cancer cell lines
cultured on TCPS in growth medium, performed by the Platt Lab. d. Number of cells invaded
from a collagen-coated coverslip into a collagen gel at 48h post addition of the gel. e-g. 3D
motility in 2 mg/ml collagen gel. e. Percent of cells visibly migrating over 12h, f. speed of the
migrating cells, and g. displacement of the migrating cells.
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Movie 3.1. Collective motility of MCF7 cells on basement membrane hydrogel.
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CHAPTER 4
CELL-SECRETED FIBRONECTIN MEDIATES SURVIVAL IN AN IN VITRO MODEL OF
INDUCIBLE AND REVERSIBLE DORMANCY

4.1 Abstract
Dormancy is most commonly observed in the bone marrow, which is thought to be a
protective niche supporting disseminated tumor cell survival. Clinical bone metastases, but not
healthy bone marrow tissue, are enriched for extracellular matrix and integrin genes compared to
other tissue sites, suggesting that matrix-mediated signaling and remodeling mediates bone
marrow colonization. We hypothesize that the ability of metastatic cells to enter and exit
dormancy, and colonize the bone marrow depends upon the ability of the bone marrow soil to first
sustain survival, and then trigger outgrowth. To this end, we created a biomaterial platform to
investigate how the bone marrow matrix regulates entrance into dormancy. When inducing
dormancy in vitro via mitogen withdrawal, we have found that both a capable seed and a
hospitable soil are required for sustained quiescence and subsequent outgrowth. Collagen I is
required for early survival, and long-term latency requires remodeling the extracellular matrix and
creation of a rich, organized fibronectin matrix. This matrix reorganization is dependent upon α5
integrin-binding, ROCK-mediated tension, and ERK activation. Fibronectin can also be secreted
by the local fibroblasts and mesenchymal stem cells, which are actively recruited by the latent
tumor cells, to improve tumor cell survival. This stromal-secreted fibronectin is mediated by TGFβ
ligands secreted by the latent tumor cells and TGFBR1 signaling by the stromal cells. This
suggests that both a capable seed and a hospitable soil are required for metastatic latency, and
emphasizes the dynamic changes in the microenvironment that can promote survival of
disseminated tumor cells in the bone marrow.
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4.2 Introduction
Thirty percent of early stage primary breast tumors will eventually metastasize, and an
astonishing 62% percent of breast cancer deaths occur after the five-year survival point [96, 97,
208]. This relapse, several years to decades after successful chemotherapy and resection,
contributes significantly to cancer mortality, and thus is an important disease feature to predict
and target. Dormancy is hypothesized to be a result of early dissemination of tumor cells to many
secondary sites, which undergo long-term latency and survival (clinically defined as minimal
residual disease), and eventually, these dormant cells switch to proliferation and overt metastatic
outgrowth [209, 210]. Dormancy is most commonly observed in the bone marrow, which is
thought to be a protective niche supporting disseminated tumor cell survival. Specifically, the
endosteal and perivascular niches are stem cell niches that may mediate tumor and stem cell
dormancy through similar mechanisms [211]. There is evidence for extremely late recurrence,
often in the bone marrow, in prostate cancer, melanoma, and renal cell carcinoma [209]. The
presence of disseminated tumor cells in the bone marrow is a prognostic marker of increased
metastatic risk and poor outcomes [98, 99], indicating that dormant disseminated tumor cells in
the bone marrow do indeed contribute to poor outcomes.
There are several hypotheses to explain the clinical manifestation of metastatic
dormancy. Early work from the 1970s hypothesized that dormancy results from lack of
angiogenesis, where a metastatic tumor cannot expand due to lack of nutrients [212]. A related
hypothesis is termed population or tumor mass dormancy, where disseminated cells undergo
balanced proliferation and apoptosis, and do not expand on a population level. There is now
evidence for cellular dormancy, a prolonged G0-G1 arrest (reversible quiescence) that permits
survival until eventual microenvironmental or epigenetic changes allow outgrowth. Dormancy can
also result from immunosurveillance [100], where the immune system prevents overt metastatic
outgrowth until tumor cells can overcome the immune cells by changing their antigen expression
or stimulating apoptosis of cytotoxic CD8+ T-lymphocytes [97]. Mathematical modeling has
suggested that cellular dormancy best explains the clinical phenomenon of dormancy, but these
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hypotheses are not mutually exclusive [101, 102]. However, it is likely that there is not one
universal model of metastatic dormancy, and many of these features contribute to dormancy and
late metastasis in the clinic.
Dormancy has been significantly understudied due to the lack of relevant model systems.
In vivo models generally use xenograft models [209], and only rarely, are spontaneous in vivo
metastasis models used [18] . Most in vivo models use direct injections, facilitating metastasis to
a specific site, or use cell lines with distinct proliferative or dormant potentials (e.g., 4T1 and D2
series) [72, 73, 142, 150, 213, 214]. A system where cells can disseminate, remain dormant, and
eventually grow is largely missing from the literature. Using the 4T1 series, a recent screen
identified genes responsible for metastatic reactivation, but this approach is dependent upon
gene level regulation [213]. Even so, tracking individual cell proliferation requires either intravital
imaging [104], which is low throughput and a highly specialized technique, or dye retention
assays [118]. With the exception of intravital imaging, which can track cell divisions, drug
resistance, and stromal interactions, determinations of dormancy are endpoint measurements
and rely heavily on defining dormant cells by low expression of Ki67, low EdU incorporation, or
high cell cycle inhibitor expression (i.e., p27) [18, 72, 108]. Although it has been suggested that
dormant micrometastases may be a mixture of arrested, quiescent, and slow cycling cells [97],
these endpoint analyses do not consider the population as a heterogeneous mixture cells, and do
not capture very slow cycling cells by just one measurement alone. To overcome this limitation, in
vivo selected cells can be propagated in culture. Even so, it is only possible to study the
population capable of continued outgrowth [108], and the timeline of phenotypic stability in culture
is unknown. This is a significant disadvantage, because in vitro follow-up analysis is limited to
only the expanded population, which may differ from the initial dormant population. In vitro culture
allows for high-throughput time course imaging to track cell divisions, and scale up of experiments
to examine expression of many cell cycle markers in the dormant and outgrowing populations to
determine the proliferation state of an entire potentially heterogeneous latent population.
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While 80% of the millions of circulating tumor cells can extravasate, metastasis is a
process characterized by massive attrition. Only 3% of circulating tumor cells can form
micrometastases, and only 0.02% of cells actually contribute to detectable metastatic disease
[15]. The majority of reported mechanisms that mediate dormancy are suppressive features, or
things that induce dormancy in otherwise proliferation supportive niches. As examples, stromal
TGFβ2 in the bone marrow induces dormancy in head and neck cancer [108], BMP mediates
dormancy in the lung [72], thrombospondin 1 from endothelial cells mediates breast cancer
dormancy localized on the microvascular endothelium in many tissues [18], and osteopontin
mediates leukemia dormancy in the bone marrow [118]. Conversely, there is a lack of information
regarding supportive features that mediate disseminated tumor cell survival in otherwise
suppressive environments. While in vitro models provide advantages in imaging, throughput,
controllability and reproducibility, they seed large, heterogeneous populations and do not capture
this attrition [109, 110]. An in vitro dormancy model where a subpopulation capable of entering
latency can be selected, and reactivation can be modeled in the same cells, would be a major
advancement in dormancy research. Here, we have developed an inducible and reversible model
of latency, and demonstrated that matrix remodeling by the tumor or the stroma supports survival
of latent tumor cells.
4.3 Materials and Methods
4.3.1 Clinical Gene Expression Analysis
Gene expression from primary tumors with known metastases (GSE 2034, GSE 2603,
GSE 5327, GSE 12276) or from breast cancer metastases in the bone, brain, liver, and lung were
retrieved from GSE 14017 and GSE 14018 were combined as previously described [42].
Individual genes were extracted and collapsed to the probe with the highest average value. Gene
set enrichment analysis (GSEA) was performed with the Broad Institute application using the
KEGG gene sets [215].
4.3.2 Cell Culture
4.3.2.1 Breast cancer cell culture
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AU565, BT474, HCC 1395, HCC 1419, HCC 1428, HCC 1806, HCC 1954, HCC 202,
HCC 38, HCC 70, ZR-75-1 were cultured in RPMI supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S). BT549, Hs578T, MCF7, MDA-MB-231, MDA-MB-468,
MDA-MB-231 BoM (bone tropic), MDA-MB-231 BrM2a (brain tropic), MDA-MB-231 LM2 (lung
tropic), SkBr3 were cultured in DMEM with 10% FBS, 1% P/S. MDA-MB-175 were cultured in
Leibovitz’s L-15 medium with 10% FBS and 1% P/S without supplemental CO2, and MDA-MB-134
and MDA-MB-361 were cultured in Leibovitz’s L-15 medium with 20% FBS and 1% P/S without
supplemental CO2. All cells were cultured at 37°C and with 5% CO2, unless otherwise noted. All
cell culture supplies were purchased from Life Technologies. Tropic variants were a kind gift from
Joan Massague [25-27]; MDA-MB-231, BT549, MCF7, and SkBr3 were provided by Shannon
Hughes; and all others were provided by Mario Niepel. Where noted, medium was supplemented
with 1 ng/ml EGF (R&D Systems), 100 ng/ml FGF1 (R&D Systems), 100 ng/ml IGF1 (R&D
Systems), 100 ng/ml HGF (R&D Systems), 1 ng/ml TGFβ1 (Sigma), and 100 ng/ml SDF1α (R&D
Systems) or conditioned medium collected from mesenchymal stem cells to stimulate reactivation
and growth. Where noted, medium as supplemented with 100 ng/ml EGF (R&D Systems), 100
ng/ml FGF1 (R&D Systems), 100 ng/ml TGFα (R&D Systems), 1 ng/ml TGFβ1 (Sigma) or 2 ng/ml
TGFβ2 (Sigma) in serum free or serum-containing medium to promote survival or proliferation.
4.3.2.2 Stromal cell culture
Immortalized marrow-derived mesenchymal stem cell lines (hTERT MSC), human lung
fibroblasts (IMR-90) and NIH 3T3 were cultured in DMEM with 10% FBS, 1% P/S at 37°C and 5%
CO2. hTERT MSC was provided by Linda Griffith, IMR-90 was purchased from ATCC, and NIH
3T3 was provided by Whitney Stoppel. Where noted, medium was supplemented with conditioned
medium from latent HCC 1954 (1:1 with serum free RPMI), or with 100 ng/ml human TGFβ1
(Sigma), TGFβ2 (Sigma), IL6 (Abcam), or VEGF-A (Abcam).
4.3.3 Biomaterial Preparation
Glass coverslips (5, 15, and 18mm) and 2D PEG-PC hydrogels were prepared as
previously described [42, 194]. Hydrogels were prepared by Alyssa Schwartz. Tissue culture
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plates for seeding on coverslips were coated with 100 µg/cm polyHEMA prior to seeding to
ensure selective adhesion to the biomaterial, and were air dried prior to use. Tissue culture plastic
(TCPS) was coated with serum-containing medium at 37°C for at least 1h prior to cell seeding on
TCPS in serum-free medium. Extracellular matrix proteins were used at 2 µg/cm

2

unless

otherwise noted in the text. Collagen I and natural mouse laminin were purchased from Life
Technologies, human plasma fibronectin from Millipore, human Collagen IV from Sigma Aldrich,
recombinant human tenascin C, osteopontin, thrombospondin-1, and vitronectin from R&D
Systems, and Laminin 511 and Laminin 521 from Biolamina.
4.3.4 Spheroids in 3D PEG gels and single cells in collagen gels
Single cells were suspended in 2 mg/ml collagen gels (Life Technologies) diluted in
serum free medium at 10,000 cells/gel. Gelation proceeded for 30 minutes at 37°C prior to the
addition of culture medium. Spheroids were grown via encapsulation of a single cell suspension in
polyNIPAAM-PEG (Cosmobio USA) at 100,000 cells/ml on ice. 150 µL gels were pipetted into a
well plate, gelled at 37°C for 5 minutes, and medium was added to the plate for long-term culture,
with regular media changes over 14 days. Spheroids were collected via addition of cold serum
free medium, gel dissolution for 5 minutes on ice, and then collection by gravity sedimentation for
30 minutes. Spheroids were encapsulated in 3D PEG-maleimide (PEG-Mal) hydrogels at a ratio
of 1 polyNIPAAM-PEG gel to 9 PEG-Mal gels. PEG-Mal gels were prepared at 10 wt% solution
with a 20K 4-arm PEG-mal (Jenkem Technology) with 2mM of adhesion peptide CRGD
(synthesized by Lauren Jansen) and crosslinked at a 1:1 ratio with 1K linear PEG-dithiol (Sigma)
in sterile 2mM triethanolamine (pH 7.4). Gels were polymerized in 10 µL volumes for 5 minutes at
37°C before the addition of culture medium.
4.3.5 Establishment of Latent Cells
Breast cancer cells were seeded onto biomaterials in serum free medium using the
specified culture medium for each cell line. For seven-day experiments on different ECM proteins,
2

protein concentrations, and hydrogels in Fig. 4.7, cells were seeded at 11,000 cells/cm . For all
2

other experiments, cells were seeded at 47,000 cells/cm . Increased seeding density experiments
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were performed at 235,000 cells/cm . Serum free medium was changed every 2-3 days for the
duration of the experiment, and in cases where inhibitors used, medium was changed and
replaced with new inhibitor-containing medium for the duration of the experiment. Where noted,
inhibitors or antibodies were included in the medium at the concentrations provided in Table 1. At
specified time points, cells were changed to serum-containing medium to grow a recovered
population. Recovery was assessed after seven days of growth, and in some cases, recovered
cell lines were maintained in culture long-term. For co-culture experiments, stromal cells were
2

seeded in to HCC 1954 cultures at 2 weeks culture on collagen at 4000 cells/cm , and samples
were fixed at 4 weeks after initial seeding of HCC 1954s (2 weeks of co-culture). Controls for co2

culture experiments were also seeded at 4000 cells/cm and assessed after 2 weeks of culture.
HCC 1954 cells were differentiated from stromal cells by immunofluorescence detection of HER2.
4.3.6 Migration and Protrusion Assays
2D and 3D migration was performed as previously described in Chapters 2 and 3. For
growth factor stimulated membrane protrusion, cells were seeded on TCPS and serum-starved
for 24h. The plate was moved to an Axio Observer Z1 microscope with incubation and
atmospheric control, allowed to reach equilibrium at 37°C and 5% CO2. Medium was quickly
changed to medium containing serum or growth factors, and imaging commenced every 5
minutes for 30 minutes.
4.3.7 BrdU and EdU Incorporation and Staining
10 µM BrdU (Life Technologies) was dosed for 3 days in serum free medium for 72h prior
to the day 28 endpoint. At day 28, the BrdU containing medium was removed, cells washed once
in serum free medium, and then stimulated with serum-containing or serum-free medium
containing 10 µM EdU (Life Technologies). Cells were fixed after an additional 72h or 7 days.
Cells were permeabilized in TBS-T, DNA denatured with 1M HCl (10 min, on ice), 2M HCL (10
min, RT), and phosphate-citric acid buffer (10 min, RT). Then, staining for EdU was performed
according to the manufacturer’s protocol (Life Technologies), and, subsequently BrdU staining
was performed using antibody labeling.
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4.3.8 Collection and Prevention of Detached Cells
Detached cells were collected at day 5 in culture after 1 medium change at day 3, spun
down, resuspended in 20 µl serum free medium, encapsulated in polyNIPAAM-PEG, and
continually cultured in serum free medium. Live/dead staining was performed at day 14 of total
culture. Cell detachment was prevented by overlaying a 3 mg/ml collagen gel onto cell-seeded
coverslips 24h after seeding.
4.3.9 Decellularized Matrices
Matrices generated from latent HCC 1954 cells on collagen I for 28 days were
decellularized according to a published protocol and stored at 4°C for up to 1 month prior to use
[216]. Decellularized ECMs from hTERT MSCs were created from cells seeded on collagen at
2

4000 cells/cm and cultured in HCC 1954 conditioned medium for 14 days. Coverslips containing
decellularized matrices were transferred to new well plates and rinsed in PBS and serum free
medium prior to re-seeding.
4.3.10 Characterization of Latent Cells via Live/Dead Staining and Immunofluorescence
Viability was assessed after 8 weeks of culture by staining with 4 μM ethidium
homodimer-1 and 2 μM calcein AM (Life Technologies). Any condition where at least one viable
cell was identified was considered positive for the presence of viable cells. Proliferation was
assessed with immunofluorescence for Ki67, G1/S arrest by immunofluorescence for p21, and
senescence by senescence-associated β-galactosidase (SA-β-gal) staining (Sigma Aldrich).
Where noted, proliferation in serum (5000 cells seeded per well in a 96 well plate) was quantified
with

CellTiter96

MTS

assay

(Promega)

according

to

the

manufacturer’s

protocol.

Immunofluorescence was performed according to standard protocols, and imaging was
performed using a Zeiss Axio Observer Z1 with color and monochrome cameras, a Zeiss
Spinning Disc Cell Observer SD, or Nikon Laser Scanning Confocal A1R with TIRF Illuminator. All
antibodies used for immunofluorescence are provided in Table 2.
4.3.11 Phospho-Protein Quantification
2

Day 2 lysates were seeded at 47,000 cells/cm and adhesion lysates were seeded at
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47,000 cells/cm , and both the adherent and suspension cells were lysed 15 minutes after
seeding. Samples were washed once with ice cold PBS prior to lysis in RIPA buffer supplemented
with protease (EDTA-free Protease Inhibitor Cocktail Tablets, 1 tablet in 10 ml, Roche,
Indianapolis, IN) and phosphatase (1x phosphatase inhibitors cocktail-II, Boston Bioproducts,
Boston, MA) inhibitors, 1 mM phenylmethylsulfonyl fluoride (Thermo Scientific, Rockford, IL), 5
μg/ml pepstatin A (Thermo Fisher Scientific, Waltham, MA), 10 μg/ml of leupeptin (Thermo Fisher
Scientific), 1 mM sodium pyrophosphate (Thermo Fisher Scientific), 25 mM β-glycerophosphate
(Santa Cruz, Dallas, TX). Protein concentration was determined with a BCA assay (Sigma).
Lysate concentrations were adjusted to 400 µg/ml and were quantified with the MILLIPLEX MAP
Multi-Pathway Magnetic Bead 9-Plex - Cell Signaling Multiplex Assay (analytes: CREB (pS133),
ERK (pT185/pY187), NFκB (pS536), JNK (pT183/pY185), p38 (pT180/pY182), p70 S6K (pT412),
STAT3 (pS727), STAT5A/B (pY694/699), Akt (pS473) supplemented with additional EGFR (pan
Tyr) and MEK1 (pS222) beads according to the manufacturer instructions, with the exception that
beads and detection antibodies were diluted four-fold. Controls were performed to ensure that
samples were within the linear dynamic range. Additionally, samples were quantified the
MILLIPLEX MAP Phospho Mitogenesis RTK Magnetic Bead 7-Plex Kit (analytes: c-Met/HGFR
(panTyr), EGFR (panTyr), ErbB2/HER2 (panTyr), ErbB3/HER3 (panTyr), ErbB4/HER4 (panTyr),
IR (panTyr), and IGF1R (panTyr) using the same protocol.
4.3.12 Chemotaxis Assay
15,000 cells were seeded into the upper chamber of 24 well transwell inserts (Matrigel
coated, 8µm pores, Corning). 600µl chemoattractant media was loaded into the well. Media
conditions include serum free medium, 10% serum medium, conditioned medium from HCC 1954
or BT549 after 3 weeks, 72h culture time, or serum free medium supplemented with 100ng/ml
IL6, VEGF-A, TGFβ1, or TGFβ2.
4.3.13 Conditioned Medium Collection
Conditioned medium was collected from HCC 1954 cells on collagen between 3 and 4
weeks of latency. The medium was collected after 72h incubation with cells. MSC conditioned
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medium for growth stimulation was collected from 4444 cells/cm for 72h grown in DMEM with
2.5% FBS, 1% P/S. Conditioned medium was filtered through a 0.45 µm syringe filter, stored at 80°C until use, and medium from latent HCC 1954 was diluted 1:1 with serum free medium to
restore sugars and amino acids before use.
4.3.14 Cytokine Secretion
HCC 1954, BT549, HCC 1395, ZR-75-1 (normal and higher density), MDA-MB-231, and
2

MDA-MB-468 cells were seeded onto coverslips at 47,000 cells/cm . Conditioned medium was
collected after 48h culture, at day 2 and day 7 (MDA-MB-231 or MDA-MB-468) or day 28 (all
other cell lines). At each time point, biomaterial samples were fixed, stained with DAPI, imaged on
a Zeiss Axio Observer Z1, and total cell number was quantified with a custom MATLAB code
written by Lauren Jansen. Cytokine levels were quantified with Biorad cancer panels 1 and 2,
human cytokine panel 2, and TGFβ panel kits according to the manufacturer’s protocol, with the
exception that beads and detection antibodies were diluted four-fold (Biorad). Samples were
determined to be within the linear dynamic range of the assays.
4.3.15 Immunohistochemistry
Immunohistochemistry was performed on FFPE mouse bone marrow samples provided
by Lauren Jansen. Two samples each were obtained from control BALB/c mice, or from mice IP
injected with either MDA-MB-231 or SkBr3 conditioned medium for 10 days (experiment
performed by Lauren Jansen). Samples were deparaffinized in xylenes (3x 3 minutes; Sigma),
rehydrated in ethanol (100%, 2x 5 minutes; 95% 1x 5 minutes; Fisher), and PBS-T. Antigen
retrieval was performed at 90°C for 20 minutes in sodium citrate buffer (pH 6), and then samples
cooled to room temperature for 20 minutes. Non-specific protein absorption was blocked using
several drops of Protein Block (Dako) sealed with parafilm for 1 hour, and primary anti-TGFβ2
(Abcam, ab66045) antibody was incubated at 5 µg/ml at 4°C overnight. Slides were rinsed 3x 5
minutes in PBS-T, and incubated with 1:500 secondary antibody (Life Technologies), rinsed 3x 5
minutes with PBS-T, mounted with Vectashield mounting medium with DAPI (Vector Labs), and
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coverslips sealed with clear nail polish. Imaging was performed on a Zeiss Spinning Disc Cell
Observer SD and fluorescence intensity quantified in FIJI.
4.3.16 Statistical Analysis
Statistical analysis was performed using Prism v6.0b. Data are reported as mean ±
standard error. Statistical significance was evaluated using a one-way analysis of variance,
followed by a Tukey’s post-test for pairwise comparisons. p < 0.05 was considered statistically
significant. p < 0.05 is denoted with *, ≤ 0.01 with **, ≤ 0.001 with ***, and ≤ 0.0001 with ****; p ≥
0.05 is considered not significant (‘ns’).
4.3.17 Lentiviral Particle Generation and Cell Line Transduction
Plasmids for Ki67-GFP (blasticidin), Ki67-geminin-GFP (blasticidin), Ki67-Cdt-RFP
(neomycin) were provided by Alexander Zambon (Keck Graduate Institute, UCSD) and lentiviral
particles generated as previously described in Chapter 3. BT549, HCC 1954, and ZR-75-1 cells
were selected with 5-10 µg/ml blasticidin based upon cell tolerance.
4.3.18 Mammosphere Assay
HCC 1954 cells serum starved on TCPS for 4 weeks were trypsinized on day 28 and
seeded directly into polyNIPAAM-PEG gels at 15,000 cells/gel and grown for 2 weeks in RPMI
with 10% FBS and 1% P/S or mammosphere medium as previously described. Cells were
imaged at day 1, 7 and 14 post-seeding and compared to parental cell growth under the same
conditions.
4.3.19 Entosis
eGFP-HCC 1954 and mCherry-HCC 1954 were seeded at a 1:1 ratio on TCPS in serum
free medium as previously described. Time-lapse imaging was performed weekly for 18h at day 1
and for 4 consecutive weeks post-seeding, with imaging in brightfield and fluorescence channels
on a Zeiss Spinning Disc Cell Observer SD with incubation control.
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4.4 Results
4.4.1 Matrix and MAPK Signaling Differentiate Late Relapse and Bone Marrow Metastases
in the Clinic
Disseminated tumor cells are most often found in the bone marrow than the other tissues
often aggressively colonized by tumor cells (brain, liver, lung). We first performed gene set
enrichment analysis on data from primary breast cancer primary tumors in patients with late
relapse, and found that they were enriched in cell adhesion molecule and MAPK signaling genes,
which are common pathways downstream of cell-adhesion molecules (Fig. 4.1a). Similarly,
clinical breast cancer metastases in the bone were also enriched in ECM-receptor interaction
(NES=1.72, p=0.002) and focal adhesion (NES=1.76, p<0.000, not shown) gene sets (Fig. 4.1b-c)
compared to brain, liver, and lung. Genes related to the MAPK signaling pathway were also
enriched in the bone metastases (NES=1.66, p=0.015, Fig. 4.1b). These bone metastases have
higher expression of many matrix proteins, including fibronectin, collagens, and osteopontin than
brain, lung, and liver metastases (Fig. 4.1d). Importantly, these genes, and those within the core
enrichment, are not overexpressed on the protein level in healthy human tissues (Fig. 2) [56],
indicating that the increase in this matrix-mediated signaling may be reinforced via remodeling by
the tumor cells. Together, this suggests that late metastases specifically in the bone marrow are
dependent upon cell-matrix signaling through the FAK and MAPK pathways, and that bone
metastasis and latency are mediated by similar matrix-dependent mechanisms.
4.4.2 Development of an In Vitro Model of Dormancy in the Bone Marrow
Because the matrix is associated with both bone metastasis and late relapse, we
hypothesized that bone marrow matrix properties may regulate dormancy. Ligand composition,
density, and stiffness cannot be independently tuned in vivo or with natural or cell-derived
biomaterial systems, so we developed a synthetic in vitro biomaterial platform with the capability
to vary matrix properties within the physiological range for marrow tissue. The extracellular matrix
in bone marrow was quantified on the RNA and protein levels using the Protein Atlas (Fig. 4.3a-b)
[56], and a suitable in vitro bone marrow matrix was determined to be: 50% collagen I, 15%
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laminin 521, 12% fibronectin, 8% tenascin C, 8% osteopontin, 5% laminin 511, 2% vitronectin.
Many proteins included in this in vitro mimic were detected in healthy human bone marrow
samples via mass spectrometry (Fig. 4.3c). We used three distinct biomaterials: glass coverslips
with covalently linked matrix proteins [42], 2D PEG-PC hydrogels to control both the matrix
proteins presented to cells as well as the substrate stiffness within the bone marrow elastic
modulus range [194, 217], and traditional tissue culture plastic (TCPS) (Fig. 4.4a).
We set out to design a system where dormancy can be induced independently of the
many microenvironment features that can be tuned in our system, and can be induced in a
proliferative cell population. Here, latency is induced via continued culture in mitogen free
medium, which decreases both cell number and number of actively cycling cells (Ki67+) cells over
time, indicating entrance into quiescence and selection of a population capable of entering
latency (Fig. 4.4b). Similar approaches have been used to isolate cell lines with increased bone
marrow survival and outgrowth [33]. Here, we define latency as a cell population that is not
increasing in number, but remains viable and recoverable upon stimulation with mitogenic
signals. Ki67, which is only expressed during active phases of the cell cycle, is commonly used to
identify dormant or quiescent tumor cells in vitro and in vivo, and is used here as a metric of
proliferation (Fig. 4.4b). Importantly, at the endpoint, cells can be re-stimulated to grow with
serum, and both cell number and proliferation resume (Fig. 4.4b). This induction of dormancy
allows for system parameters, such as insoluble and soluble ECM, dimensionality, and stromal
cells to be varied independently, and complexity can be built in as desired, while using the same
mechanism to induce latency. An initial screen demonstrated how survival can be modulated by
varying the cell line, matrix protein, dimensionality, or supplemented mitogenic growth factors
(Fig. 4.4c-f).
4.4.3 Long-term Dormancy is Reversible
While short-term dormancy (1-2 weeks) was reversible, it was important to show that
long-term dormancy, closer to the magnitude hypothesized for clinical cellular dormancy, is also
reversible. ZR-75-1 cells were serum-starved on TCPS for 3 months and then re-grown and
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passaged in serum-containing medium indefinitely. Proliferation resumed and recovered within
seven days (Fig. 4.5a), and growth factor stimulation resulted in a more homogeneous response
in the recovered population, suggesting less heterogeneity, and reduced mitogenic signaling, in
the population in the first few days of reactivation and growth (Fig. 4.5b). When seeded into
polyNIPAAM-PEG within 1-2 weeks of recovery, the recovered cells formed several
mammospheres, while the parental population did not. As culture continued, the recovered
population actually began to proliferate slightly faster than the parental cell line, likely due to the
extended time in culture. However, after several weeks of culture, there was no difference in
morphology, 2D or 3D migration, or drug resistance to cytotoxic or EGFR-targeted
chemotherapeutics (Fig. 4.6a-e). Importantly, survival is not improved in the recovered cell lines
when reseeded and compared to the parental populations (Fig. 4.6f-g). This suggests that serumstarvation has not selected for a more invasive or drug resistant subpopulation, that dormancy is
reversible, and the cells have recaptured the heterogeneity of the initial culture.
4.4.4. In Vitro Dormancy Model Reveals that Early Survival is Restricted to Collagen I
With this dormancy model in place, we initially screened survival of 23 breast cancer cell
lines across three ECMs (TCPS, collagen I, and the bone marrow extracellular matrix) to identify
cell lines capable of entering latency (Fig. 4.7a). Interestingly, when ranked by ability to maintain
confluence over time, the top-performing cell lines primarily belong to the more aggressive triple
negative subtype. There is a correlation between survival and doubling time, indicating that
increased proliferation predicts for improved survival (Fig. 4.8a). There were 8 cell lines capable
of remaining viable on at least one matrix, but only five of these cell lines were recoverable when
stimulated to grow with mitogenic signals (Fig. 4.7a-b). In the bottom performing two-thirds of cell
lines, we repeated the survival experiment with an increased cell seeding density (Fig. 4.7b), and
found an additional three cell lines capable of surviving in these conditions, and these cell lines
resume proliferation upon recovery (not shown). The long-term latency capable cell lines span all
clinical subtypes, but are enriched in triple negative cell lines. Recently, Massague and
colleagues selected for latency competent cell lines (LCCs) in vivo, and identified HCC 1954 was
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one of two cell lines capable of generating LCCs [218]. HCC 1954 is one of the top performing
cell lines in our assay, and is one of two that remains viable on all three ECMs in our system,
supporting our in vitro latency model.
To examine the effects of bone marrow matrix properties on survival of latent cells, we
expanded our biomaterial platform to screen the effect of bone marrow matrix properties, such as
matrix protein type, density, and material stiffness, all within the physiological range for bone
marrow tissue [56, 217]. We chose to examine three cell lines with varying survival: the HER2+
HCC 1954 cell line, which remains viable on all three ECMs, the triple negative BT549 cell line,
which only survives long-term on TCPS, and the luminal ZR-75-1 cell line, which survives on
TCPS and bone marrow, but only when seeded at high densities. Matrix protein type had the
greatest impact on survival (Fig. 4.7c-e), and collagen I, a prominent marrow component, is
required for short-term survival in these and many other cell lines. Tissue culture plastic
performed very well in this short-term assay, likely due to the diversity of proteins and mitogenic
factors present in serum. In most cases, increasing protein density has no effect on survival once
passing a low threshold (Fig. 4.7d). Laminin alone does not support survival of these cell lines,
with the exception of high concentrations in the HCC 1954s. Additionally, an extended panel of
cell lines survives preferentially on collagen but not laminin, supporting this result (Fig. 4.4c).
Hydrogel stiffness does not affect survival within the range of bone marrow elastic modulus (0.2525 kPa), and varying matrix protein type or concentration does not improve survival on hydrogels
(Fig 4.7e-g) [217]. Matrix-dependent survival can be altered by inhibiting integrins that bind to the
matrix (i.e. integrin β1 or α2 and collagen), while activating integrins did not affect two cell lines,
but actually decreased BT549 survival presumably due to decreased adhesion and increased
motility (Fig. 4.7h-i).
After four weeks of mitogen withdrawal, the majority of the cells were Ki67-negative, and
were less proliferative on a biomaterial ECM than TCPS (Fig. 4.8b). Extending the length of the
experiment did not further decrease the percentage Ki67-positive cells (Fig. 4.8c), indicating that
the latency phenotype was stable by 4 weeks. Because approximately 10-20% of cells were still
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Ki67-positive after long latency periods, we hypothesized that subpopulations of the cells were
either still proliferative or cell cycle arrested, rather than quiescent. Time lapse imaging identified
a small population of proliferating cells that were observed undergoing mitosis within a 12h time
course after 4 weeks of latency (Movie 4.1), indicating that some cells are still cycling. We also
performed RT-PCR for cyclin dependent kinase inhibitors, and found that p21 and p15 were
significantly elevated in our latent populations, indicating cell cycle arrest. We performed
senescence-associated β-galactosidase (SA-β-gal) staining to ensure that mitogen withdrawal
was not inducing senescence, and we found that only approximately 25% of surviving HCC 1954
cells on TCPS are senescent. Co-staining of Ki67, p21, and SA-β-gal revealed a heterogeneous
distribution of phenotypes within the population (Fig. 4.8e). The majority of the population is p21
positive and Ki67 negative, indicating that the surviving population is arrested and quiescent.
Recovery increases the percentage of cells expressing Ki67, and proliferation is nearly fully
recovered within a week in permissive microenvironments (Fig. 4.8b). Dual labeling of BrdU to
label cycling cells during latency, and EdU to identify cells that began to proliferate specifically
during serum-stimulated recovery determined that proliferating cells do continue to outgrow
during reactivation. However, there is a large population that is truly quiescent, and did not
incorporate BrdU during latency, but did incorporate EdU during recovery. During three days of
recovery, as the population begins to re-enter the cell cycle, there was still a large population of
non-proliferating cells. Extending the recovery time to a full seven days increased the EdUpositive population. Labeling with BrdU and then EdU while keeping cells in serum free medium
for three days each identified some cells that were only BrdU or EdU positive. Because the HCC
1954 doubling time is 46h when grown normally [219], this suggests that the cells are very slow
cycling.
4.4.5 Survival is Primarily Limited to Cells in Multicellular Clusters
In most cell lines, cells form multicellular clusters as time with mitogenic stress
progresses. When seeded at low densities (less than confluent), we found that the number of
cells residing in clusters decreases over time, and Ki67+ cells are primarily located in these
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multicellular clusters (Fig. 4.9a-b). ZR-75-1 survival and recovery is significantly improved when
seeding density, and therefore cell-cell contact, is increased (Fig. 4.4e). At day 14, survival is
improved with supplemented EGF, and further improved with increased seeding density in serum
free medium. This increased seeding density increases the presence of clusters, but the
percentage of Ki67-positive cells is unchanged across the serum free, increased density, and
EGF conditions, suggesting that these cells are quiescent regardless of the additional external
survival signals (Fig. 4.9c). The ability of cell lines to harbor proliferating cells within clusters is
cell line-dependent and is more common to the less migratory luminal cell lines (Fig. 4.9d). When
cell lines are seeded at higher densities, survival is also primarily limited to large clusters at long
time points (4-8 weeks, not shown).
4.4.6 Cell Clusters that Detach from 2D ECMs are Viable
Many cells that survive in our dormancy assay form clusters and large clumps of cells,
which often detach from the 2D surface and get removed during media changes. In cell lines with
very poor adhesion in our dormancy assays (i.e., BT474, HCC 1419), some of these cell clumps
were large enough to see by eye (Fig. 4.10a-b). We hypothesized that these cells could remain
viable, despite their inability to maintain cell-matrix adhesion in our 2D biomaterial culture
platform. Detached cells were collected, spun down, and encapsulated in polyNIPAAM-PEG gels
for extended culture in serum-free medium. The large clumps and single detached cells could be
encapsulated in these gels, and only the large clusters, but not single cells, could maintain
viability through 14 days of culture (Fig. 4.10c). In addition, overlaying a collagen gel onto cellseeded collagen coverslips improves survival of HCC 202, BT474, HCC 1419, ZR-75-1, and
BT549 through 4 weeks by preventing detachment from the 2D matrix (Fig. 4.10d and not
shown). Overlaid polyNIPAAM-PEG gels also promote 2D adhesion and survival, but are more
easily lost during media changes and are harder to handle in small quantities. This indicates that
many cell lines that survive poorly in 2D due to loss of adhesion may survive significantly better in
3D environments.
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4.4.7 Fibronectin-binding Integrins are Up-regulated by Latent Cells Cultured on Collagen
Because long-term survival is highly dependent upon the matrix in our large matrix
property screen, we hypothesized that cells would up-regulate integrins to maintain matrixdependent survival signaling. An RT-PCR screen revealed that HCC 1954, ZR-75-1 and BT549
cells up-regulate more than half of the integrin genes upon 28 days of latency in conditions where
they are capable of survival. In the HCC 1954 cells, which survive on all ECMs, integrins were upregulated further in latent cells on collagen or bone marrow coverslips than those on TCPS (Fig.
4.11a, 4.12a-b). HCC 1954s up-regulate collagen binding integrins α1, α2, and β1 both during 4
weeks of passaging on collagen or bone marrow, and also during 4 weeks latency on collagen or
bone marrow. The integrin profiles during latency were nearly indistinguishable on collagen and
bone marrow, likely because the in vitro bone marrow matrix composition is dominated by 50%
collagen I. For this reason, and because collagen I is required for short-term survival in many cell
lines, all following HCC 1954 experiments were performed on a collagen I ECM unless explicitly
stated otherwise.
Interestingly, there are many integrins up-regulated during dormancy on collagen that
bind to fibronectin (α5, αv), laminin (α3, α6) or vitronectin, osteopontin, thrombospondin (αv) (Fig.
4.11a, 4.13a). Therefore, we hypothesized that cells were up-regulating these integrins
simultaneously with the corresponding matrix proteins to support their survival. We performed
immunofluorescence to examine expression and localization of matrix proteins and found that
laminin, vitronectin, and osteopontin were all up-regulated in latent cells, but all were primarily
localized intracellularly (Fig. 4.11b). Only fibronectin, which was robustly produced, was also
secreted (Fig. 4.11b). HCC 1954 cells organize a dense fibronectin matrix over 4 weeks of
latency, but not growth, on all ECMs (TCPS, collagen I, and bone marrow), and assemble denser
matrices on collagen I and bone marrow compared to TCPS (Fig 4.11c). Both ZR-75-1 and
BT549 also assemble fibronectin during latency in microenvironment conditions where they are
capable of remaining viable (Fig. 4.12c). Interestingly, when cells are recovered for 7 days in situ,
the local fibronectin matrix is lost, suggesting specificity to the latency phenotype (Fig. 4.11c).
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General MMP activity levels are coincident with this matrix assembly and disassembly, where
MMP activity is high in cells grown in serum, is undetectable in the latent cells, and is recovered
with one week of culture in serum (Fig. 4.11f). Immunofluorescence suggests that MMP2 and
MMP14 are likely candidates to mediate fibronectin disassembly (Fig. 4.13c). Cathepsin and
MMP zymography also demonstrates loss of protease activity in the latent cells, and suggests
that MMP2 mediates fibronectin disassembly (Fig. 4.11d-e). Interestingly, a pan MMP inhibitor
significantly reduces the number of cells capable of recovery (Fig. 4.11g), suggesting that
fibronectin degradation is required for the transition to outgrowth. Analysis of RNAseq data from
the in vivo selected LCCs also showed enrichment of matrix-related genes, and specifically
fibronectin was up-regulated in both LCC populations compared to the corresponding parental
cell lines, suggesting a more general phenomenon [218] (Fig. 4.12d-e).
4.4.8 Cell-secreted Fibronectin Matrix Mediates Survival via αv Integrin and ERK
Fibronectin was robustly assembled by many cell lines and across ECMs (Fig. 4.12c), so
we hypothesized that survival of latent cells is dependent upon fibronectin. Seeding on covalently
bound fibronectin, which is not organized, does not support survival, but re-seeding onto
decellularized fibronectin matrices assembled by latent HCC 1954s significantly improves survival
in several cell lines (Fig. 4.11d, Fig. 4.12f), suggesting that the cell-secreted matrix supports
survival of latent cells. Many common signaling pathways, such as ERK, Akt, p38, and JNK are
downstream of integrins, so we performed a bead-based ELISA screen of phospho-protein levels
to identify signaling pathways mediating survival through the organized fibronectin matrix during
latency. Most signaling pathways did not show a connection between expression during latency
and activation during adhesion to the decellularized ECM (Fig. 4.14a-d). Stress signaling,
particularly through p38, is often elevated in dormant cells, but there was no change in levels of
phospho-p38 in our latent cells (Fig. 4.14c, 4.15b). However, phospho-ERK was elevated in the
latent cells compared to the parental on collagen, and phospho-ERK is stimulated specifically
during adhesion to a decellularized ECM compared to collagen, fibronectin, bone marrow, or
tissue culture plastic (Fig.4.14a, 4.15a). Phospho-ERK was also elevated in the latent BT549 and
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ZR-75-1 cells (Fig. 4.15e-d), which also assemble fibronectin during latency, suggesting a
conserved mechanism. This suggests that ERK signaling, transduced from the cell-secreted
fibronectin matrix, allows for long-term latency and survival.
Signal transduction from the extracellular matrix is mediated by integrins through focal
adhesion kinase to activate downstream signaling, including the Ras-Raf-MEK-ERK pathway
[220]. Using pharmacological inhibitors, we demonstrated that β1 integrin, focal adhesion kinase,
MEK, and ERK are required for survival independent of matrix, both during short-term assays on
collagen and fibronectin, and also when targeting latent cells with an established cell-secreted
fibronectin matrix (Fig. 4.14e-f, Fig. 4.15e). To test whether the cell-secreted fibronectin matrix is
required for survival, we used cilengitide, which is a cyclic RGD drug that targets αv integrins with
100-1000x higher affinity than the linear RGD ligand [221]. In seven days, cilengitide shows
complete efficacy, specifically on fibronectin and not collagen (Fig. 4f-g). When allowing cells
seeded on collagen to assemble a fibronectin matrix before dosing, cilengitide is highly effective
at eliminating latent cells, indicating that binding to the cell-assembled fibronectin matrix via αv
integrin is critical to survival of the latent population at long culture times. Seeding on HCC 1954
decellularized ECMs improves survival compared to collagen and fibronectin coverslips, and
pharmacologic inhibition of β1 integrin, focal adhesion kinase, MEK, ERK, and αv integrin
(cilengitide) all decrease survival (Fig. 4.14g), supporting a fibronectin-αv-β1 integrin-FAK-MEKERK survival pathway driven by the assembled fibronectin matrix.
4.4.9 Fibronectin Matrix Assembly is Mediated by α5 Integrin and ROCK
While cilengitide is capable of disrupting fibronectin-mediated survival via αv integrin, we
hypothesized that latent cell survival would be inhibited if matrix assembly is blocked. Fibronectin
is assembled by α5, but not αv, integrin, which supports high levels of RhoA activity [222]. RhoA
then activates rho kinase (ROCK), increasing contractility and generating tension to expose
cryptic self-assembly sites in fibronectin, resulting in the assembly of an insoluble fibronectin
matrix [222-225]. Targeting integrin α5 with a function-affecting antibody does not affect shortterm survival on collagen (Fig. 4.16a), but does disrupt survival after establishment of the
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fibronectin matrix (Fig. 4.16b) and eliminates latent cells by day 28 of continuous treatment on
collagen (Fig. 5c). While expression of α5 integrin is low in these cells, α5 integrin is found in
focal adhesions in dormant cells (Fig. 4.13b). A high concentration of ROCK inhibitor Y-27632
inhibits short-term survival on collagen, but is less effective when cells have been allowed to
establish the fibronectin matrix (Fig. 4.16c). Ten and one hundred-fold lower Y-27632
concentrations have no effect on collagen at day 7, but decrease survival significantly by day 28
of dosing. Both the α5 integrin function affecting antibody and low doses of Y-27632 inhibit
survival by significantly decreasing fibronectin matrix assembly (Fig. 5d). This supports a
mechanism where fibronectin is produced as a result of mitogenic stress, is assembled by α5
integrin through ROCK, to support survival through αv and β1 integrin-mediated adhesion and
sustained ERK signaling. While high expression of fibronectin alone does not predict for
increased risk of bone metastasis, co-expression of high levels of fibronectin and α5 integrin does
indicate earlier bone metastasis in patients (Fig. 4.16e). Together, this suggests that bone
metastasis may be specifically dependent on fibronectin assembly by α5 integrin, and that
fibronectin assembly is a prerequisite to bone metastatic outgrowth.
4.4.10 Latent Cells Up-regulate Cytokine Secretion, Recruiting the Stroma to Assemble
Additional Fibronectin
There is a clear role for autocrine fibronectin in survival of latent tumor cells. However,
the bone marrow contains many stromal cells, such as mesenchymal stem cells (MSCs) and
fibroblasts, which are also known for matrix remodeling. Others have seen that breast cancer
cells express tensacin C in the lung to support metastasis at early time points, until the stroma
takes over tenascin C production, suggesting that the stroma may sustain survival and eventual
outgrowth through matrix remodeling initiated by the tumor cells [28]. We therefore wondered
whether the latent tumor cells could recruit stromal cells, which may assemble additional
fibronectin. A bead-based ELISA was used to quantify expression of 58 soluble factors at day 2
and day 28 in culture to identify a latency-associated cytokine signature. In the HCC 1954 cells,
the majority of the proteins were increased in the latent culture (Fig. 4.17a, 4.18a), indicating that
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cytokine production was globally increased. Hierarchical clustering separated the day 2 (early
dormancy) and day 28 (late dormancy) samples (Fig. 4.18b). Human mesenchymal stem cells
(MSC), human lung fibroblasts (HLF), and mouse fibroblasts (NIH 3T3) all chemotax toward
soluble factors collected from latent the HCC 1954 culture more than media with 10% serum,
while the HCC 1954 cells are more attracted to medium with serum than their own secreted
factors, suggesting that the HCC 1954s are actively recruiting the stroma (Fig. 4.17b, 4.18c). IL6,
VEGF-A, TGFβ1, and TGFβ2 were all highly expressed by the HCC 1954s and are all
chemotactic for the stromal cells (Fig. 4.18d).
With this in mind, we designed a co-culture experiment to test if the stromal cells could
improve HCC 1954 survival. We established a latent culture of HCC 1954 for 2 weeks, and then
seeded in a low density of stromal cells, containing significantly fewer stromal cells than the
remaining cancer cells. Both the mesenchymal stem cells and lung fibroblasts improved tumor
cell survival by nearly two-fold, while the NIH 3T3 did not improve survival because the majority
did not survive (Fig. 4.17c). In both co-cultures with improved HCC 1954 survival, we detected an
extremely dense fibronectin matrix (Fig. 4.17d), which is significantly denser than the matrix
assembled by the HCC 1954 cells. This fibronectin matrix is stimulated by the latent HCC 1954
soluble factors, specifically the TGFβ ligands, and is not assembled by the stromal cells cultured
in mitogen free medium (Fig. 4.17e-f, Fig. 4.18f). Importantly, matrix assembly can be blocked
with a pan-TGFβ antibody or pharmacologic inhibition of TGFBR1 but not TGFBR2 (Fig. 4.17g,
and not shown), providing a potential anti-dormancy therapeutic. TGFβ2 expression is also higher
in mouse bone marrow after exposure to soluble factors from cancer cells, suggesting that the
tumor cells may signal to the stroma to remodel in preparation for tumor seeding in vivo (Fig.
4.19a). Although VEGF-A and IL6 do not stimulate matrix production in the stromal cells, they do
significantly improve survival (Fig 4.18e), suggesting a role in this larger pathway.
However, because TGFβ2 was highly expressed by the HCC 1954 cells, we
hypothesized that it may affect their survival as well. TGFβ2 improves cancer cell survival without
affecting proliferation in serum, and stimulates significant matrix production in HCC 1954 (Fig.
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4.18b-d). Importantly, survival is also decreased by inhibiting TGFβ signaling, suggesting that
TGFβ initiates the remodeling that mediates survival (Fig. 4.18b). Interestingly, while the
conditioned medium stimulates significant matrix production in stromal cells, it only modestly
improves survival in the tumor cells (Fig. 4.20a). We find that receptor tyrosine kinase signaling is
suppressed in the dormant cells, suggesting that autocrine signaling through soluble mitogenic
factors is not mediating survival (Fig. 4.20b). We also observe that latent populations are much
less sensitive to mitogenic stimulation several days after recovery (Fig. 4.5b), supporting that
mitogenic signaling is suppressed, and sustained ERK signaling is mediated by an alternative,
microenvironment-mediated mechanism. We conclude that dense fibronectin matrices, secreted
by either the tumor cells or the stroma, can facilitate survival of disseminated tumor cells.
In summary, we have developed an in vitro model of reversible and inducible latency that
is tunable in complexity and can track individual live cells. We have discovered that cells need
collagen I to survive latency at early time points, but that tumor cells can assemble a fibronectin
matrix to support survival through a β1 integrin-FAK-MEK-ERK pathway. At the same time, latent
cells turn on a pro-secretory phenotype to recruit stromal cells, such as fibroblasts and
mesenchymal stem cells, which assemble very dense fibronectin matrices in response to TGFβ
ligands secreted by the latent tumor cells, acting through TGFBR1 on the stromal cells, to
improve latent tumor cell survival even further.
4.5 Discussion
4.5.1 Improved In Vitro Reversible Dormancy Model
In vitro models can present tunable microenvironment cues, and have been used to
demonstrate spontaneous dormancy [109, 110, 211]. In these systems, a large heterogeneous
cell population is seeded in, which does not account for the significant attrition that occurs postextravasation, and seeds in many cells that likely would not survive the metastatic cascade. Here,
we have demonstrated an improved in vitro model of dormancy where a proliferative,
heterogeneous cell line of interest can be induced to become latent via mitogenic stress. After
several weeks of culture under these conditions, a viable cell population, capable of entering
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latency, can be selected. Depending on the length of the experiment, the selected population can
be <1%-25% of the initial cell density. This resulting latent population is primarily composed of
quiescent, arrested, and slow cycling cells, which can be stimulated to grow again with mitogenic
factors (Figs. 4b, 7a-b, 8). The use of a common in vivo stress, such as mitogen withdrawal or
hypoxia, to select for populations with increased capability has shown success, as these cells can
be primed for migration and metastasis in specific organs [33, 226-228]. This approach is similar
to others in the drug resistance literature, where, after drug treatment, residual populations can be
selected, and regain drug sensitivity with time in culture [144, 229]. Similarly, others have shown
that serial passage on collagen I can select for a highly bone metastatic population with elevated
α2β1 expression [230]. Here, we have used features of each of these approaches to select for a
population of cells capable of entering long-term latency, and examined the consequences of
soluble and insoluble microenvironment factors on both survival and subsequent reactivation of
the latent population.
We screened the survival and reactivation of a large panel of breast cancer cell lines that
cover both the clinical subtype and metastatic heterogeneity of breast cancer [162]. In addition,
glioblastoma cells and prostate cancer cells, which can both enter dormancy in vivo [231, 232],
survive well in these assays (LN229 glioblastoma results not shown, prostate cancer experiments
performed by Dr. Chris Hall and not shown). In the breast cancer cell lines, surprisingly, the
aggressive triple negative cell lines were the best survivors, but not all cell lines capable of
survival were capable of outgrowth (Fig. 4.7a-b). These viable, but unrecoverable, cells would not
contribute to metastatic burden in vivo because they are incapable of growth and reactivation. As
an example, the highly aggressive MDA-MB-231 cell line can remain viable for 8 weeks on both
tissue culture plastic and collagen I, but are non-recoverable because the cells become
senescent within 1-2 weeks of serum free culture (not shown). In our hands, the MDA-MB-231
cells grow extremely rapidly in complete serum medium, but are highly sensitive to serum levels
and quickly die in medium with less than 2.5% serum even when seeded at very high densities
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(not shown). These cells are highly aggressive in vivo, and, while they can enter dormancy, may
not survive latency at long times.
Late relapse is most common in ER+ patients [23], and luminal cell lines are more likely
to express a dormancy signature [105]. Genes up-regulated in the dormancy signature include
many matrix-related genes, such as collagens, cathepsin D, thrombospondin-1, and TGFβ2,
while EGFR, IGF1R, and other mitogenic genes are down-regulated, which is in agreement with
our immunofluorescence, protease activity, RTK phosphorylation data. However, there is actually
a negative correlation between the ranked expression of the published dormancy signature and
our in vitro survival data (Fig. 4.22), suggesting that some cell lines may be capable of entering
dormancy in a hospitable microenvironment regardless of underlying genetics. In fact, some of
the best surviving cell lines (HCC 1954, BT549, Hs578T) actually have very low dormancy
scores, but survive robustly and can be reactivated quickly in vitro. These cell lines are generally
more proliferative, and can recover proliferation and basal signaling levels more quickly than
slower growing cell lines, such as ZR-75-1, which do not recover basal signaling within 7 days of
recovery and proliferate very slowly in culture. Some of the discrepancies between dormancy
score and our in vitro data may result from several cell lines, such as HCC 202 and BT474, which
have high dormancy scores, but detach from our 2D ECMs within 1-2 weeks of serum free
culture. Because these detached clumps of cells can remain viable over long time periods in 3D
cultures, these cells should be considered to have improved survival, and the data would better
agree with their published dormancy signature score.
By tracking live cells during long-term dormancy, this in vitro model has revealed the
presence of persisting cycling cells, providing evidence for population dormancy among a
population that is largely quiescent and arrested. This does not directly contradict data in the
literature, which generally identifies dormant versus proliferating populations based upon overall
percentages of cells expressing Ki67 or an arrest marker (i.e., p21 or p27), and generally 70-80%
Ki67-negative or p27-positive is accepted as proof of cellular dormancy [18, 108]. However, the
remaining 20-30% of Ki67-positive cells could be either cell cycle arrested or proliferating, which
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is consistent with our detailed population level immunofluorescence and time-lapse imaging
analysis. In addition, VEGF-A secretion is increased in many of the latent cell populations,
suggesting that these cells may be trying to promote angiogenesis to escape from angiogenic
dormancy.
This in vitro model also demonstrated that the presence of collagen I, a significant
component of the bone marrow matrix, is required for initial survival of disseminated latent cells in
many breast cancer cell lines. Many have demonstrated the importance of collagen I for
metastasis [230, 233], and primary tumor collagen I density, stiffness, and fiber alignment is well
known to impart poor outcomes in patients [40, 47, 192]. Barkan has shown that collagen I
fibrosis is required for metastatic outgrowth [73, 116], while more recently, Giancotti and
colleagues reported that collagen I mediated signaling, through DDR1, is required for metastatic
reactivation in many different organs [234]. In vitro, latent breast cancer cells can only survive
long culture times on matrices containing Collagen I, presumably because of increased integrinmediated adhesion. Because the bone marrow matrix is rich in collagen I, which is the most
abundant matrix protein in the body, it provides a protective niche for latent tumor cell survival
and subsequent reactivation.
4.5.2 Fibronectin-mediated Dormancy is a Conserved Mechanism
Work out of the Weinberg lab has demonstrated that dormancy in the lung is a result of
loss of β1 integrin mediated adhesion, leading to lower activation of focal adhesion kinase, and
ultimately cell cycle arrest [150]. The lifetime of these filipodium-like protrusion is mediated by an
ILK-β-parvin-cofilin pathway [142], demonstrating the importance of the cytoskeleton in
determining dormancy or outgrowth. Similar results have been shown by Barkan and colleagues,
where β1 integrin, FAK signaling, and matrix remodeling, via collagen and fibronectin production,
are required for metastatic outgrowth [73, 116]. In a tumorigenesis model, FAK is required for
proliferation, and loss of β1 integrin resembles a dormancy-like phenotype [235]. FAK is clearly
required for proliferation and metastatic outgrowth, which may explain why inhibition of FAK was
so potent in our system, with nearly zero cells surviving 7 days of inhibition and the majority of
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death occurring within 24-48h of dosing (not shown). In contrast, our system provides a
biomaterial with a sufficient collagen ECM to maintain adhesion, and survival is through matrixmediated, rather than mitogenic signaling. Our data suggests that cells can remain dormant
through increased integrin-mediated adhesion via fibronectin matrix deposition sustaining ERK
signaling.
Fibronectin is a large glycoprotein with roles in tumor progression and wound healing
[236, 237]. Expression of fibronectin in primary tumors is associated with lymph node
involvement, increased Ki67 staining, poor outcomes [75], and fibronectin has reported roles in
EMT [238, 239]. Fibronectin is highly expressed at blood vessels and invasive edges of tumors,
allowing haptotaxis and invasion via α5 integrin [240]. Fibronectin has also been implicated in
initiation of metastasis at the pre-metastatic secondary site [74]. We observe that fibronectin is
secreted by dormant cells in luminal, triple negative, and HER2+ breast cancer cell lines, and
survival is uniformly mediated through ERK signaling in microenvironment conditions that permit
their long-term survival (Figs. 12c, e, 15c-e). Survival is improved on matrices and in cell lines
that assemble denser fibronectin matrices (i.e., HCC 1954). Fibronectin and many other matrix
proteins are significantly up-regulated in clinical breast cancer bone metastases compared to
other sites, while healthy bone marrow is not enriched for these proteins (Figs. 1-2). This
suggests that fibronectin assembly is a prerequisite for bone marrow metastasis in patients. In
contrast, low expression of integrin α5, the integrin that mediates fibronectin assembly, inhibits
bone metastasis in a xenograft model [241]. Together, this suggests that expression of fibronectin
may mediate disseminated tumor cell survival, and is a prerequisite to metastatic outgrowth.
Fibronectin mediates survival and outgrowth in other in vitro and in vivo systems. Similar
to our data, fibronectin prevents serum-deprivation induced apoptosis via MEK1 and ERK
signaling, while in contrast, survival on laminin is mediated by PI3K/Akt [242]. Fibrillar fibronectin,
which is assembled by our dormant cells and stromal cells in response to soluble TGFβ ligands,
has been shown to promote proliferation through the altered matrix architecture, leading to FAK
signaling [243]. When dormancy is induced in breast cancer cells by basic fibroblast growth

123

factor, cells survive growth arrested on fibronectin, but not collagen or laminin by up-regulation of
integrin α5β1 and signaling through PI3K/Akt [244]. In an in vitro model of prostate cancer
dormancy, decreased β1 integrin-fibronectin interactions lead to proliferation rather than
dormancy, and fibronectin expression was higher in prostate cancer patients with no evidence of
disease compared to those with metastasis [245]. Fibronectin and TGFβ1 are also highly
expressed in dormancy-escape promoting endothelium environments [18], while collagen and
fibronectin production, and binding via β1 integrin, allows the transition from quiescence to
outgrowth via ERK [73, 116]. In Weinberg’s work, the cells capable of proliferating in the lung
express integrin α5 in their focal adhesions, together, suggesting a role for fibronectin as a
prerequisite for metastatic outgrowth [214].
Remodeling at the secondary site is a common mechanism that primes tissues for
metastatic growth. Others have also observed that cytokine-mediated stromal remodeling in the
bone marrow promotes metastatic outgrowth [246]. Bone metastasis can be promoted by integrin
α4β1-positive osteoclast progenitors, which stimulate osteoclast-mediated remodeling, furthering
the vicious cycle of bone metastasis [119]. Tumor cells need to trigger stromal periostin secretion
to metastasize to the lung [247], while breast cancer cell-derived tenascin C also promotes lung
metastasis [28]. Bone-marrow derived and cancer-cell derived osteopontin supports dormancy of
acute lymphoblastic leukemia cells in the endosteal niche [118]. Laminin was also up-regulated
(but not secreted) in our dormant cells, and cell-produced LAMA4 and β1 integrin are required for
tumor re-initiation, proliferation, and colonization in multiple organs [248]. Interesting, transcription
of integrin α6, which binds to laminin and is regulated by HIF, mediates breast cancer metastasis
[249]. Most recently, metastatic reactivation in the bone, brain and lung is dependent upon noncanonical collagen I-DDR1 signaling, and the metastases were surrounded by aligned collagen
fibers of unknown (tumor or stromal) origin [234]. Fibronectin is a component of the pre-metastatic
niche, and is produced by the stroma to support survival of incoming disseminated tumor cells
[74]. Fibronectin matrices assembled by the stroma are stiffer and promote altered adhesion
when stimulated by tumor cells, potentially altering signaling promoting survival and proliferation
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[250]. Fibronectin secretion, in combination with collagen production, was required for the
proliferation from quiescence to outgrowth [73], and Rho-dependent remodeling and contraction
can also promote invasion and metastasis [251]. Similarly, we observe faster and more complete
reactivation in cases where cells assemble denser fibronectin matrices (i.e., HCC 1954 on
collagen coverslips versus TCPS). Similar to our dormancy data, drug treatment can also
promote fibronectin production through MAPK signaling to improve survival [252]. Fibronectin
knockdown sensitized the cells to ERK inhibition, but increased secretion of tenascin C,
suggesting this as a compensatory resistance mechanism. In addition, fibronectin may play a role
in drug resistance through β1 integrin activation of PI3K/Akt and ERK1/2 pathways [253], while
co-targeting fibronectin-mediated adhesion increases radiosensitivity [254].
Perhaps the most striking comparison is that with work by Agurre-Ghiso, which has
thoroughly characterized an α5β1/EGFR/uPAR/fibronectin mechanism mediating proliferation
versus dormancy in human head and neck carcinoma cells [113, 255]. This proliferation is
mediated by ERK activation downstream of uPAR and α5β1 integrin. The presence of fibronectin
fibrils blocks p38 activity characteristic of dormant cells, resulting in sustained ERK signaling and
proliferation [255-257]. Dormant cells are deficient in this signaling pathway by downregulation of
uPAR, EGFR, or the inability to assemble fibronectin matrices from exogenous fibronectin [255].
This led to the conclusion that dormant cells are characterized by high p38 and low ERK activity
across many cancer types, including several breast cancer cell lines [256]. Our data
demonstrates that α5 integrin and cell-synthesized and assembled fibronectin fibers also
suppress p38 activity and stimulate ERK activity (Fig. 4.14a,c, 4.15a-d), but that this supports
latent cell survival and low levels of proliferation, rather than rapid growth. The high phospho-ERK
levels we observe are not due to a small subpopulation of proliferating cells (Fig. 4.15a), although
there is heterogeneity in levels of phospho-p38 (Fig. 4.15b), suggesting that a subpopulation of
our latent cells may be activating stress signaling as suggested by Aguirre-Ghiso [256]. Others
have observed that reversible quiescence by serum withdrawal first decreases ERK activity,
which is later regained and sustained in quiescent fibroblasts [258], consistent with our data (Fig.
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4.14a, 4.15a, c-d). Because fibroblasts are well known for remodeling the matrix, this reported
sustained ERK signaling may actually be a result of matrix-dependent signaling, similar to our
results. In another example, reversible embryonic stem cell growth arrest is also coincident with
an increase in integrin-mediated signaling genes, suggesting a broader dormancy mechanism of
matrix-supported survival, beyond the tumor dormancy mechanism demonstrated here [259].
The mechanisms mediating proliferation in Aguirre-Ghiso’s work and mediating latency
and survival in our own are surprisingly similar. However, the published work compared dormant
and proliferative cell lines, while we used a continuous model of latency, first inducing dormancy
in a growing cell line, and then reactivating growth. Our dormant cells have very high expression
of soluble uPA (Fig. 4.18a), but low basal phospho-EGFR, suggesting a deficiency in the
signaling pathway previously described [114, 260]. Because of the missing mitogenesis cue in
our model, this pathway is used initially for survival, and then to prime the cells for outgrowth (Fig.
4.8b). Aguirre-Ghiso demonstrated that the MDA-MB-231 cells do not assemble fibronectin and
are dormant [256]. While this cell line can enter spontaneous dormancy in many organs [18], it is
generally thought to be one of the most aggressive, tumorigenic, and metastatic breast cancer
cell lines. In our hands, the MDA-MB-231 cells do not enter reversible dormancy (Fig. 4.7a-b),
and do not assemble fibronectin even in response to TGFβ2 stimulation (Fig. 4.19d), suggesting
that the ability to synthesize and assemble fibronectin is required for latency and survival rather
than aggressive outgrowth. Interestingly, more recent work out of the Aguirre-Ghiso lab has
implicated stromal TGFβ2 in mediating dormancy in the bone marrow [108]. Similarly, we observe
that supplemented TGFβ2 increases survival of latent cells, and blocking TGFβ signaling inhibits
survival (Fig. 4.19b). TGFβ ligands are well known for regulating matrix production [261], and
TGFβ2 is actually more efficient than TGFβ1 in promoting fibronectin production in our stromal
cells (Fig. 4.17f). This suggests that the reported TGFβ2 dormancy mechanism may also involve
matrix remodeling. Because TGFβ2 is highly expressed by our dormant cells (Fig. 4.17a, 4.18a),
this implies a broader autocrine and paracrine regulation of matrix assembly by the tumor and
stromal cells to promote metastatic latency.
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4.5.3 Toward Eliminating Undetectable Dormant Micrometastases in the Clinic
While surgery, cytotoxic chemotherapy, and radiation remain the most common
treatments for the majorities of cancers, targeted therapies are providing opportunities for
increased specificity, improved efficacy, and patient-specific treatments. Here, we have
demonstrated that targeting integrin binding or integrin mediated signaling can decrease survival
of latent cells, suggesting that integrin targeted drugs may be an efficacious new class of targeted
therapeutics. We and others have proposed treatment regimens to target growing tumors,
metastases, and dormant micrometastases by targeting angiogenesis, microenvironmentmediated adhesion, signaling, survival, and growth (Fig. 4.23) [146, 209, 262, 263]. Perhaps
some of the most promising approaches are patient-specific drug screening and metastatic risk
assessment using live cells, eliminating the need for single predictive biomarkers [42, 45].
However, these approaches are largely limited to the rapidly proliferating cells in the primary
tumor and detectable metastases.
Treatment regimens for eliminating dormant cells are more difficult due to the stochastic
nature of reactivation, and the extremely long time before relapse [209]. Early chemotherapy does
not

prevent

later

metastases,

because

dormant

cells

are

often

less

sensitive

to

chemotherapeutics targeting rapidly dividing cells and are capable of persisting [264]. Because
recurrence is so late, and dormant cells are generally less sensitive to chemotherapeutics, it has
been suggested that the dosing schedule for an anti-dormancy therapeutic be altered, and dosed
regularly over several years [209] or perhaps even more significantly delayed. Interestingly, in
ER+ breast cancer, where late relapse is most common, delaying letrozole treatment for over 10
years (but not shorter periods) post tamoxifen treatment significantly improves metastasis-free
survival, but the success of these extremely long treatment periods are limited by patient
compliance, cost, and toxicity [264]. Additionally, a major challenge is identifying those patients
with minimum residual disease, and the biomarkers to determine the appropriate treatments [263,
264].
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There have been three methods suggested to treat dormant tumor cells in the clinic:
reinforce dormancy to prevent reactivation, reactivate the cells and target with traditional
chemotherapy, and target survival through signaling pathways or niche components that mediate
latency [209, 262, 263]. Reinforcing dormancy is costly, would require treatment throughout a
patient’s lifetime, would have drug delivery challenges with big proteins (i.e. TSP1), and there is
always a chance that other signals will overcome the dormant signals and induce metastatic
outgrowth [262]. While reactivating cells may seem dangerous, it has been effective in other
clinical settings [262]. Finally, eliminating dormant cells via sensitization to chemotherapeutics, by
targeting survival signaling, is promising [209, 262, 263]. Co-targeting osteopontin adhesion
sensitized dormant leukemia cells to therapy [118]. Because the microvasculature mediates
dormancy in many organs, targeting these interactions to prevent dormancy presents a feasible
treatment option [262]. Specifically, targeting αvβ3 integrin, which binds to many metastatic niche
components

(fibronectin, thrombospondin, osteopontin) has been proposed to disrupt

interactions with the metastatic niche [262]. In our data, targeting αv integrin with cilengitide is
highly effective at eliminating latent cells dependent upon their own assembled fibronectin matrix
for survival. There is already promising evidence of efficacy of cilengitide as an anti-metastatic
[95, 265, 266], and co-targeting dormant cells with cilengitide may provide a novel method to
prevent metastatic outgrowth. Cilengitide has been shown to inhibit breast cancer bone
metastasis by decreasing expression of αvβ5 integrin on the tumor cells, angiogenesis factors,
bone resorption factors, and bone matrix remodeling (i.e., collagen I) [265, 266], and also inhibits
lung metastasis (but not primary tumor growth) in osteosarcoma [95]. Fibronectin is expressed at
high levels during development, but then is decreased later, and is expressed at relatively low
levels in healthy tissues (Fig. 4.24, [56]), indicating that specificity to the micrometastases may
not be a major issue.
Therapeutic screening could even be performed in live cell assays, where a biopsy could
be collected, seeded into our dormancy assay, and tested for survival, fibronectin production, and
response to cilengitide and other chemotherapeutics or adhesion targeted drugs. While the
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timeline for reactivation is generally on the order of years, and anti-dormancy treatment is often
delayed by several years, these results could be returned to the clinician within a month, which is
sufficient to be relevant for anti-dormancy therapeutic administration.
4.6 Conclusions
Here we have developed a model of dormancy where growing cells can be induced to be
latent, they become largely quiescent and arrested, and then can be reactivated, or stimulated to
grow. This has improvements on other models because of the continuous nature of inducing
dormancy and reactivation, rather than the use of known dormant and proliferating cell
populations. The use of biomaterials provides insight into the balance of quiescence, arrest, and
proliferation during dormancy, and these materials improved the survival of dormant cells by
providing an extracellular matrix for sustained adhesion.
Using this model, we demonstrated that the presence of collagen I is required for short
term survival during latency, but long-term survival requires matrix assembly initiated by the tumor
cells and supported by the stromal cells. Cells specifically assemble fibronectin and survive
through a FN-αv-β1-FAK-MEK-ERK pathway dependent upon the assembled fibrillar fibronectin
matrix. This mechanism can be augmented by resident stromal cells, such as fibroblasts and
mesenchymal stem cells, which are recruited by the dormant tumor cells and stimulated to
assemble dense fibronectin matrices in a TGFβ-dependent manner. This fibronectin-mediated
survival can be ablated using a specific αv integrin inhibitor, cilengitide, suggesting the use of
cilengitide to target dormant micrometastases in vivo. Another viable therapeutic opportunity is to
target the stromal remodeling with a pharmacologic TGFBR1 inhibitor, which prevents the
substantial stromal fibronectin assembly stimulated by the latent tumor cells. Together, we have
used a biomaterial platform to create a novel model of dormancy and to understand matrixmediated mechanisms of disseminated tumor cell survival in the bone marrow.
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4.7 Future Directions
4.7.1 Heterogeneity of Cell Cycle States During Dormancy
Here, we demonstrated a dormancy model that induced a growing population of cells to
be largely quiescent and growth arrested. The use of BrdU or EdU to label cycling cells through
incorporation in new DNA synthesis is an advance on static measures like Ki67 expression, but
still only provides an endpoint measurement of proliferation, or DNA synthesis, observed within a
certain time period. In our experiments, live imaging, even 4-8 weeks after induction of dormancy,
demonstrated the presence of persisting proliferating cells that can be observed dividing during a
12h time course. It is critical to further characterize the cell cycle (Fig. 4.25) state of these cell
populations through live imaging using fluorescent reporters to determine how many cells are
cycling, how fast they progress through the cell cycle, if there are Ki67+ cells that are functionally
cell cycle arrested, and if there are stochastic transitions between quiescent and proliferating cells
(or vice versa) during long-term latency. A complete understanding of the cell cycle state is critical
to the development of successful anti-dormancy therapeutic regimens.
HCC 1954, BT549, and ZR-75-1 cells have been transduced with a plasmid encoding
cytoplasmic GFP downstream of the Ki67 promoter (provided by Alexander Zambon, [267]) to
facilitate tracking of Ki67 expressing cells and for imaging re-entry into the cell cycle upon
reactivation from latency (Fig. 4.26). Because GFP has a long half-life (26 hours), this reporter is
insufficient to observe exit from the cell cycle over short time periods. For example, after a week
in serum free medium, nearly all BT549 cells are still expressing GFP by microscopy, even when
seeded at low densities that have ~50% Ki67-positive cells by immunofluorescence (not shown).
A large advance in live cell cycle tracking is the FUCCI sensor [268], which is available
commercially through Life Technologies as a transient vector. The sensor is comprised of a GFP
labeled geminin, and a RFP labeled Cdt1. Cdt1 is expressed during G1 phase of the cell cycle,
helps to form the pre-replication complex, and is degraded during the initiation of S phase.
Geminin is a DNA replication inhibitor that inhibits Cdt1, is expressed during S, G2, and M phases
of the cell cycle, and is degraded during the metaphase anaphase-transition of mitosis. This
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sensor therefore can be used to image cells as they transition from G1-S phases, then S through
M, and back to G1. However, because expression only lasts several days and the reagent
volumes required for large seeding densities are not cost effective using the commercial product,
it is not suitable for analyzing cell cycle phenotypes in our dormancy assay (not shown). As an
alternative, Prof. Alexander Zambon, who pioneered the Ki67-GFP reporter [267], has developed
a modified lentiviral FUCCI sensor, where expression of both geminin and Cdt is driven by the
Ki67 promoter, allowing for tracking of progression through the cell cycle in only the Ki67-positive
cells. At this time, BT549 and HCC 1954 have successfully been transduced with geminin-GFP
and selected in blasticidin. The Cdt-RFP plasmid was recently received and can be used to
complete these cell lines containing the cell cycle sensor. Imaging using this cell cycle sensor
throughout a dormancy experiment (perhaps 72h time courses weekly, beginning at day 1,
through 4-8 weeks of culture) will allow for quantitative determination of the number of cells
actively cycling, if any are arrested, and if cells transiently switch between Ki67-positive and Ki67negative states. In the original Ki67-GFP sensor, GFP has a long half-life (26h), limiting the ability
to track cells that become Ki67-negative to a resolution of several days or longer. However,
expression of geminin and Cdt1 is tightly controlled, so this should reflect Ki67 positivity or
negatively very quickly.
The FUCCI sensor has been used to provide insight into many important mechanisms
and there are FUCCI mice available that facilitate large scale in vivo studies [268]. For example,
imaging a tumor throughout chemotherapy revealed cell cycle arrest post-treatment in 80-90% of
the cells, and that cells began cycling again after drug treatment ended [269]. Other applications
are in stem cell biology [270], embryonic development [271], and intravital imaging of tumors
[272]. Bacteria [273], yeast [274], and embryonic stem cells [259] can reversibly enter and exit
quiescence, stochastically and randomly. Therefore, it is likely that within our heterogeneous
population of quiescent, arrested, and cycling cells, there are cells undergoing transitions
between proliferation and dormancy. While this has been demonstrated in other systems, tumor
dormancy is largely thought to be a result of quiescent cells, so demonstrating phenotypic state
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transitions, in vitro and in vivo, would be a major advance in our understanding of tumor
dormancy and would challenge the paradigm of cellular dormancy. Ultimately, understanding the
cell cycle state of the population of latent cells will help to direct efficacious anti-dormancy
treatments.
4.7.2 Cancer Stem Cell Properties
The cancer stem cell hypothesis, while controversial, is often intertwined with the
dormancy literature. Tumors are hierarchically organized, undergo clonal evolution, and
metastatic cells can disseminate early or late during progression. There is significant evidence to
suggest that metastases often arise from rare clones within the primary tumor [14], which is in
agreement with the massive attrition disseminated cells undergo throughout the metastatic
cascade [15]. Metastatic capability is often linked to expression of stem cell factors, dormant
tumor cell survival has been shown to be in niches similar to adult stem cell niches, and many
known stem cell self-renewal pathways are also activated in dormant cells. Therefore, exploring
the stem-like properties of dormant tumor cells selected in our in vitro assay would provide insight
into their tumorigenicity and the observed relationship between stemness and dormancy.
A common phenotypic measurement of stemness is the ability of a cell population to form
mammospheres in non-adherent conditions. The HCC 1954 cell line does not form
mammospheres when cultured in polyNIPAAM-PEG gels over 14 days, even with supplemented
growth factors, and only slightly expands in cytokine rich media from clinical ascites samples (Fig.
4.27). In contrast, although very few cells survive serum starved on TCPS for 4 weeks, when
reseeded into polyNIPAAM-PEG, the cells formed several large mammospheres during 2 weeks
of culture, suggesting that the population was enriched for cancer stem cells compared to the
parental population. Similar work in the MDA-MB-231 cells found that chronic metabolic stress,
achieved by not changing the medium on cells for long time periods, selected for a population that
was more tumorigenic, more capable of forming mammospheres, and more drug resistant
through a stochastic transition dependent upon the Wnt pathway [275]. While we have not
examined a large panel of stem markers in the dormant cells, α6 integrin, a putative cancer stem
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cell marker [152], was also up-regulated in our dormant cells in Chapter 4, suggesting that latency
is enriching for a more stem-like population in our assay.
Many components of dormant niches are also components of stem cell niches, and they
can regulate both dormancy and stem-like states in cancer cells. Breast cancer cell production of
tenascin C modulates stem cell signaling and mammosphere formation through WNT and Notch
[28]. Periostin in the lung mediates metastasis by a small population of cancer stem cells via
WNT signaling [247]. Coco, a BMP agonist that promotes reactivation in the lung, also enhances
cancer stem cell traits [72]. The tetraspanin TM4SF1, which promotes metastatic reactivation
through DDR1 and STAT3 signaling, sustains a cancer stem cell phenotype [234]. In vivo
selected latency competent cells have cancer stem cell like behaviors, and sustain a slow cycling
state through secretion of the WNT inhibitor DKK1 [218]. Together, this suggests that stem-like
phenotypes, mediated by metastatic niche factors, are associated with metastatic reactivation.
Fibronectin is also a component of the stem cell niche [276], and our in vitro selected cells better
form mammospheres (Fig 4.27), suggesting that a larger mechanism of fibronectin mediating a
stem-like state may be occurring in our system.
Although often coincident, it is unknown whether dormant and stem-like states are
mechanistically linked. PDX models of breast cancer have demonstrated that metastatic cells in
low burden tissues are more stem-like, and they express pro-survival and dormancy-related
genes when compared to high metastatic burden tissues [277]. In contrast, cancer stem cells can
transition between slow and fast proliferation, or can remain dormant [278]. Metastasis-initiating
cells likely have special properties, because they are a rare population of cells extremely fit for
survival under stress in a foreign tissue, and eventually capable of transitioning to a rapid growth
phenotype. However, recent work has shown that bone colonization is significantly enhanced in a
very slow cycling population of prostate cancer cells, which were not specifically stem-like [279],
suggesting that latency and stemness may be distinct, although related, phenotypes. Similarly,
whether EMT is required for metastasis remains controversial [280, 281]. While the cells capable
of entering latency may not require stem-like properties, this prolonged latency, especially in the
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presence of stem cell niche components, may actually create the cancer stem cells that
contribute to overt metastasis. To this end, the association between dormancy and stemness
could be a result of the environment selecting for cancer stem cells. Alternatively, the latent
phenotype may cause or enrich for stem-like cells. For example, TGFβ, which is highly expressed
by our latent tumor cells, is known to induce an EMT and cancer stem cell activity by an autocrine
mechanism [282]. The interplay between stemness, EMT, and dormancy is something that could
be examined in our in vitro assay by sorting for slow versus fast cycling populations or cancer
stem cell populations, and tracking cell cycle states and stemness markers.
4.7.3 Metabolism Considerations and Entosis in Dormant Cells
Metabolic reprogramming is an emerging hallmark of cancer, which is downstream of
oncogenes activation and silencing of tumor suppressors [283]. Metabolic stress can act as a
selective pressure to enrich for cells capable of surviving in low glucose conditions [284], and
cells can reprogram their metabolism in response to loss of a specific nutrient [285]. To overcome
metabolic stress, tumor cells are opportunistic, and can scavenge nutrients from the extracellular
environment through macropinocytosis [286] or activate autophagy [287]. Cells can even eat
other live cells through the process of entosis, where a cell can be completely engulfed within
another cell, and this occurs under non-adherent conditions as a cell clearance mechanism [288].
Because our dormancy assay induces latency via a mitogenic stress, these cells may also have
altered metabolism. It is important to understand the mechanisms of altered metabolism, and any
metabolic rewiring that occurs during latency, in order to efficiently target and eliminate dormant
micrometastases.
Induction of metabolic stress has been shown to select for a stemlike population of cells
that better survive additional metabolic stress or mitogenic stress [275]. Similarly, our latent
populations, selected through mitogenic stress, may be more resistant to metabolic stress
through a suppressed or rewired metabolism. Because proliferation is significantly decreased,
metabolism requirements are likely also lowered. However, some metabolism is required, as
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confluent ZR-75-1 cells, which can survive indefinitely in serum free medium, completely die
within 6 days of culture in glucose free medium (not shown).
To observe entosis, stably green and red labeled HCC 1954 cells were seeded at a 1:1
ratio in serum free medium and time lapse imaging was performed weekly. Time lapse imaging
was helpful to observe active entosis (Fig. 4.29), although z-stacking could also clearly identify a
cell-in cell phenotype (Fig. 4.28). Time lapse imaging first recorded an instance of live cell
engulfment after three weeks of serum free culture (Movie 4.2, Fig. 4.29), demonstrating that our
latent cells do undergo entosis, either as a nutrient source for survival or due to decreased
adhesion [288]. In other assays, through immunofluorescent or brightfield images, the cell-in-cell
phenotype and curved nuclei characteristic of entosis was observed (Fig. 4.30) [288]. At the end
of four weeks, the majority of cells were still one color. Although entosis could have occurred in
green to green or red to red cells, we only observed several instances of red to green (or vice
versa) out of several hundreds of cells, suggesting that entosis is a rare occurrence. Autophagy is
a similar survival mechanism implicated in the survival of some dormant cells, where cells recycle
and degrade cellular components for energy [96]. While a phenotype reminiscent of autophagy
was observed in some cells (Fig. 4.31), it was not overwhelmingly evident in all cultures and in all
cells, suggesting that autophagy and entosis are not the primary mechanisms of survival. Finally,
we have made no direct observations of macropinocytosis or other endocytic mechanisms, where
nutrients can be selectively taken into the cell from the environment, but it is possible that cells do
use nutrients from apoptotic cells debris.
I would hypothesize that the dormant cells have decreased metabolic activity, and some
dependence on opportunistic and alternative survival pathways (i.e., autophagy, endocytosis, and
entosis), which together, lead to sustained dormancy and survival. The roles of autophagy and
entosis could be confirmed by using autophagy inhibitors, or blocking cadherin interactions or
contractility required for entosis [288, 289].

Quantification of metabolism could be achieved

through glycolysis and oxidative phosphorylation assays, which are the two most common
metabolic pathways in mammalian cells, or NMR can be used to more quantitatively determine
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fluxes of specific analytes such as glucose [290]. It is important understand the role of
metabolism in dormancy, including the requirements for survival, and the alternate methods, such
as entosis, that may provide nutrients. In addition, it is critical to understand if common metabolic
pathways are altered during latency, as these may all provide novel targets for elimination of
dormant micrometastases.
4.7.4 Drug Screening Platform
It is becoming increasingly apparent that the microenvironment plays a critical role in
determining drug efficacy and resistance, and significant effort is being invested in developing
preclinical models to improve drug screening success by modeling the microenvironment [45,
291, 292]. However, there has been very limited attention to how cells in different cell states, i.e.,
quiescent or proliferating, respond to common chemotherapeutics, especially across different
microenvironments [144, 293, 294]. Therefore, in order to develop therapeutics to efficiently
eliminate dormant micrometastases, which have reduced proliferation, and often reside in
metastatic or stem cell niches, a drug screening platform should be developed to screen
therapeutics in latent cells in the dormant niche.
Metastasis prevention through targeting dormancy will likely rely on an approach to
eliminate micrometastases. Dormancy and micrometastatic prevention is not a logical approach
because cells likely disseminate and are dormant in secondary tissue sites prior to diagnosis and
treatment. While a strategy to reinforce dormancy may be effective for a period of time, the cells
could be reactivated through alternative mechanisms or changes in the microenvironment at any
time [262]. Therefore, it is critical to screen drugs that can target the latent disseminated cells in
an appropriate microenvironment.
While it has been suggested that dormant cells are more resistant to cytotoxic
chemotherapy because they are not cycling, this is not a universal phenomenon. As an example,
cancer stem cells can change between slow and fast proliferation, or remain largely dormant
[278]. While many of these cells are eliminated by chemotherapy, the dormant cells can actually
be reactivated by drug treatment. In addition, sometimes the microenvironment can provide
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resistance to non-proliferative cells [262, 295]. We have demonstrated that a latent population is
not only comprised of quiescent, non-proliferating cells, but also contains 10-20% of cells that are
still cycling, potentially at a slower rate, and that both the quiescent and proliferating cells
contribute to reactivation and outgrowth. Therefore, therapeutics that target cells independently of
cell cycle state, or combination regimens that can independently target quiescent and proliferating
populations, will be necessary for effective treatments. Combining drug screening with cell cycle
imaging will reveal drugs that target only the quiescent or proliferating populations, and may
reveal phenotypic transitions as resistance mechanisms.
In order to identify therapeutics that can eliminate an entire latent population, a screening
platform that uses a dormant population of cells with appropriate niche cues should be used. To
start, latency can be induced in cells cultured on collagen I coverslips in a 96 well plate to
facilitate drug screening (Chapter 4). Due to the heterogeneity in survival across technical
replicates, it is suggested that additional replicates be included per condition for drug response
experiments (perhaps 6, dependent upon reproducibility of preliminary experiments). Instead of
IC50, the GR50 should be used to account for low growth rates [296]. This drug screening assay
should be combined with phenotypic measurements, such as time-lapse imaging of cell motility,
or an invasion assay to ensure that therapeutics are not causing undesired or dangerous effects
(Chapter 3). The panel of drugs should include common chemotherapeutics used for breast
cancer patients based upon their clinical subtype (i.e., doxorubicin, cyclophosphamide, paclitaxel,
lapatinib, trastuzumab, tamoxifen, etc.). These drugs should be screened individually and in
combination with drugs targeted toward the dormant niche. Our work has identified cilengitide,
FAK Inhibitor 14, and PD0325901 as promising treatments to eliminate dormant cells, but other
known niche components, such as osteopontin, periostin, TGFβ2, BMPs, thrombospondin 1 or
tenascin C could also be targeted [18, 28, 72, 108, 118, 247]. Importantly, where integrin targeted
antibodies increased invasion in Chapter 2, detached dormant cells targeted with cilengitide were
visibly apoptotic (not shown), demonstrating that the mechanism of action is through both
disrupting adhesion and downstream signaling events. It is likely that co-screening a
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chemotherapeutic and a dormant niche-targeted drug may reveal novel treatments to eliminate
metastatic dormancy and ultimately prevent reactivation.
This system could be improved by developing a 3D model, using the 3D PEG-Mal
hydrogel (described in Chapter 5), building in complexity with additional integrin binding sites, or
as a co-culture platform to simulate bidirectional interactions and drug effects on both tumor and
stromal cells such as MSCs or fibroblasts. With increased complexity comes increased cost and
time burden, so this should only be used if the hits identified in the 2D screen are false positives
in vivo. The development of this dormancy drug screening platform is a novel approach to
identifying new drug targets and combination treatments to prevent recurrence.
4.7.5 Implications and Importance of Future Work
The future work described in this chapter is critical to the development of successful
therapeutic regimens to eliminate dormant micrometastases and prevent metastatic outgrowth.
The association between stemness, stem cell niche components, and dormancy demands a
mechanistic understanding of the connection between these phenotypes. Because cancer stem
cells are thought to be the cells initiating tumor growth, metastasis, and drug resistance, it is
critical to be able to target these cells if they are contributing to minimum residual disease and
tumor re-initiation. Understanding the cell cycle state of the heterogeneous latent population,
which includes cycling, quiescent, arrested, and senescent cells, is critical to determining
effective therapeutic regimens that can eliminate all latent cells. Identification of drugs and drug
combinations that effectively eliminate dormant cells, by screening in our dormancy assay, may
reveal novel targets to prevent metastatic outgrowth, thereby improving outcomes in a very large
proportion of patients. It is important to perform this drug screening in a large panel of dormancy
competent cell lines to ensure the consistency of the result, and to perform phenotypic
experiments to confirm that there are no potentially dangerous off-target effects. Currently, there
are no therapeutics to prevent metastatic reactivation, and metastasis is largely incurable, so the
clinical implications of these simple in vitro experiments are significant.
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4.8 Tables
Table 4.1. Inhibitors and activators used in experiments
Target
Product
Company
ERK

FR180204

Sigma

Working
Concentration
20 µM

FAK

FAK inhibitor 14

Sigma

10 µM

Integrin
activation
Integrin α2

Manganese Chloride
Tetrahydrate
P5E6

Sigma

Integrin αv

Cilengitide

Integrin β1

500 µM Mn

+2

Millipore

3.3 µg/ml
100 µM

MAB17781

Apex
Biotechnology
R&D Systems

MEK

PD0325901

Sigma

10 µM

MMP (pan)

GM6001

Millipore

25 µM

ROCK

Y-27632

Millipore

10, 1, 0.1 µM

TGFβ (pan)

AB-100-NA

R&D Systems

20 µg/ml

TGFBR1

LY-364947

Sigma

5 µM

TGFBR2

AF-241

R&D Systems

20 µg/ml

Table 4.2. Antibodies used for immunofluorescence
Target
Company
Product
BrdU

Abcam

ab8039

1 µg/ml

Dilution
2 µg/ml

Collagen I

Abcam

ab6308

1:200

EdU

Life Technologies

Click-iT EdU

Per manufacturer’s protocol

ERK (phospho Thr202/Tyr204)

Cell Signaling

4370

1:200

Fibronectin

BD

563100

1:200

HER2

Abcam

ab31891

5 µg/ml

Integrin α3

Abcam

ab131055

1:100

Integrin α5

Abcam

ab150361

1:100

Integrin αv

Abcam

ab179475

1:500

Integrin β1

R&D Systems

MAB17781

1:200

Ki67

Abcam

ab16667

1:200

Laminin (pan)

Abcam

ab11575

1:100

MMP14

Abcam

ab51074

1:200

MMP2

Abcam

ab92536

1:250

Osteopontin

Abcam

ab8448

1:1000

p38 (phospho Thr180/Tyr182)

Cell Signaling

4511

1:800

p21

Abcam

ab7903

1:100

TGFβ2

Abcam

ab66045

1 µg/ml

Vitronectin

Abcam

ab13413

1 µg/ml
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Figure 4.1. Metastasis-associated matrix distinguishes clinical breast cancer bone
metastases from brain, lung and liver metastases.
a. Gene set enrichment analysis comparing primary breast tumors with relapse after 5 years to
those before 5 years (data retrieved from GSE 2034, GSE 2603, GSE 5327, GSE 12276,
analyzed as described in [42]). b. Gene set enrichment analysis comparing clinical breast cancer
bone metastases to brain, lung, and liver metastases (data retrieved from GSE14020). c.
Hierarchical clustering of clinical breast cancer metastases using all KEGG ECM-receptor
interaction genes. d. Gene expression of extracellular matrix proteins in breast cancer
metastases.
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Figure 4.3. Design of in vitro bone marrow ECM.
a. Diagram of workflow to design an in vitro bone marrow extracellular matrix using data from the
Human Protein Atlas [56]. b. RNA and protein quantification of proteins chosen for in vitro bone
marrow matrix. c. Summary of proteins identified in two healthy human bone marrow samples
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a. Biomaterial platforms to study microenvironment regulation of dormancy include traditional
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Figure 4.7. In vitro extracellular matrix composition regulates latent cell survival during
mitogen withdrawal.
a. Survival of breast cell lines on tissue culture plastic, collagen I coated coverslips, or “bone
marrow matrix” coated coverslips. Average time to decrease confluence from 100% to 25% is
displayed in red, and conditions where viable cells were detected at 8 weeks in culture are
labeled in black. b. Top, best performing cell lines were cultured on TCPS for 6 weeks, and were
stimulated with varying media conditions. Heat map shows increase in confluence over 7 days
stimulation. Bottom, survival of poor surviving cell lines when seeded at increased cell density.
GF: growth factor cocktail (1 ng/ml EGF, 100 ng/ml FGF1, 100 ng/ml IGF1, 100 ng/ml HGF, 1
ng/ml TGFβ1, and 100 ng/ml SDF1α); CM: conditioned medium collected from mesenchymal
stem cells. c-e. Survival of BT549, HCC 1954, and ZR-75-1 at day 7. c. Survival across varying
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matrix proteins at day 7 (all at 2 µg/cm ). d. Survival across varying densities of collagen,
fibronectin, and laminin at day 7. e. Survival across PEG-PC hydrogels with varying stiffness (with
2
2 mg/cm collagen I). f. Survival across varying protein densities on 18 kPa hydrogels. g. Survival
2
across different hydrogel stiffnesses with 2 or 10 µg/cm collagen I. h. Survival on collagen I with
function affecting antibodies. i. Survival and j. morphology with 500µM manganese on collagen I.
Hydrogels used in Fig 4.7 e-g were provided by Alyssa Schwartz (Peyton Lab).
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Figure 4.11. Latent cells up-regulate fibronectin and fibronectin-binding integrins.
a. RT-PCR for integrin subunits. Basal expression is displayed for cells on TCPS in serum, and
other conditions are displayed a fold change from the parental. b. Immunofluorescence for matrix
proteins in HCC 1954s on collagen for 2 and 28 days, and for fibronectin in HCC 1954s grown for
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g. Number of nuclei and % Ki67 positive after recovery of cells treated with a pan MMP inhibitor.
RT-PCR in a was performed by Dr. Chris Hall. Zymography in d-e was performed by Akia
Parks (Platt Lab, Georgia Tech).
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Figure 4.12. Fibronectin is consistently up-regulated across many cell lines.
a. RT-PCR for integrin subunits in BT549 on TCPS. b. RT-PCR for integrin subunits in ZR-75-1
on TCPS. c. Immunofluorescence for matrix in BT549 and ZR-75-1 on TCPS. Scale: 100µm. d.
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Figure 4.24. Fibronectin expression in healthy human tissues is low.
a. Protein expression via IHC. b. RNA expression. Data reproduced from ProteinAtlas.org [56].
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Figure 4.28. Z-stack imaging reveals red HCC 1954 cells completely encapsulated within
HCC 1954 green cells after 4 weeks serum starvation on TCPS.
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Figure 4.29. Time lapse imaging confirms observation of entosis.
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Figure 4.30. Brightfield and DAPI images are suggestive of the presence of entosis in
latent HCC 1954 cells on collagen.
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Figure 4.31. Autophagosomes are observed in serum starved HCC 1954 cells.
Movie 4.1. Proliferating HCC 1954 cells after 4 weeks of latency on collagen I. Movie is 12h
long.
Movie 4.2. Entosis is observed in HCC 1954 after 3 weeks latency on TCPS. Movie is 18h.
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CHAPTER 5
IMPROVED CULTURE MODELS FOR DRUG SCREENING

5.1 Abstract
Many drugs are tremendously successful in preclinical studies, but fail in clinical trials due
to toxicity or lack of efficacy. While it is hard to reduce toxicity, better preclinical models may
provide improved predictions of efficacy prior to extensive development of a therapeutic
compound. Initial high-throughput drug screening is typically performed on cell lines seeded into
stiff tissue culture plastic (TCPS) plates, while the tumor microenvironment is orders of
magnitudes softer, has three dimensions, and contains many other cellular and extracellular
matrix components that may affect proliferation and drug sensitivity. Similarly, cell lines have
been passaged on TCPS for decades, and often are not good representations of primary patient
tumors. To improve upon these limitations, I have developed a method to enrich for malignant
tumor spheroids from primary ovarian cancer ascites samples, and demonstrated proof of
concept that these can be used for drug screening. In order to better recapitulate the cell-cell
contacts present in tumors and in these ovarian cancer ascites-derived spheroids, we developed
a method to grow tumor spheroids from single breast cancer cells. The spheroid growth of twentythree breast cancer cell lines was screened, and approximately half of these cell lines can grow
into spheroids over a fourteen-day time course. These spheroids are relatively small (~100µm
diameter), decreasing the nutrient or drug diffusion limitations common to larger spheroids. The
small size allows for many spheroids to be encapsulated in synthetic or natural hydrogels with
high viability. Finally, we have compared several different drug-screening platforms, including
tumor spheroids encapsulated in 3D PEG gels, and found significant microenvironment-induced
drug resistance in spheroids and cells cultured on 2D hydrogels. This resistance is due to
suppressed signaling in 3D environments and adaptive resistance in 2D environments. JNK
signaling is an obvious target due to observed adaptive activation, and efficacy of a JNK inhibitor
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in combination with sorafenib in spheroids would have been predicted in a 2D TCPS screen.
However, we found that MEK/ERK signaling is the driver of variation in response to platform and
drug, and have demonstrated efficacy of co-administration of a MEK inhibitor with sorafenib only
in 3D culture platforms. This non-intuitive response was not observed using TCPS, and required a
more complex screening approach to be identified. Together, these results provide new culture
platforms for drug screening of primary patient tumor cells or cell lines, and have identified
MEK/ERK signaling as the major driver of microenvironment-mediated drug resistance.
5.2 Introduction
Cell lines are a great resource to screen therapeutics and determine mechanisms in the
lab. They grow quickly, generally provide reproducible results, and when many are screened
collectively, can capture the heterogeneity in human disease [162]. This is useful for determining
conserved mechanisms across the broad spectrum of breast cancer subtypes. However, most of
the commonly used cell lines have been in culture for several decades, and often do not mimic
clinical disease [298]. A cell line is derived from a tumor from a single patient, is inherently the
subpopulation of the tumor cells can survive, and proliferates indefinitely on TCPS. Behavior,
RNA profiles, and mutational landscapes within a single cell line vary from lab to lab and even
over time within the same lab [299]. Although controls are often in place to limit this variation
[139], while cells are continually cultured on rigid plastic for decades, the cells move further and
further away from a good representation of a patient-derived tumor.
The use of primary cells isolated from patients would improve upon many of the
limitations of cell lines, while also providing an opportunity to make patient-specific predictions of
drug response or mechanisms of disease progression. Obtaining live tumor cells for in vitro
analysis, however, is difficult, because most tissue removed during surgical resection is typically
fixed for histological analysis and needed for pathology. Live malignant cells are only easily
accessible to research labs in cases where samples are large and there is significant excess.
Ovarian cancer with malignant ascites is a relatively common disease that meets these criteria.
Ascites is the build-up of fluid containing malignant cells in the peritoneal cavity, which is a sign of
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poor prognosis. Because ovarian cancer is generally diagnosed at a late stage, ascites is
common (about a third of patients present with ascites at diagnosis) [300]. Ascites fluid often
contains malignant tumor cells, which are shed from the primary tumor into the peritoneum, and
can further metastasize from there [300]. Often, several liters of ascites fluid are removed from
the peritoneum to relieve pain and discomfort, generally after a cancer diagnosis has been made,
and there is excess, live sample, providing a tremendous resource of live human tumor cells to
researchers. Here, we have established a protocol to isolate and culture cells derived from
malignant ovarian cancer ascites samples for in vitro culture, analysis, and drug screening.
Two dimensional model systems are simple, cost-effective, and easily adapted to highthroughput screens. Some measurements made in 2D can predict more complex 3D or clinical
outcomes [42, 148], but even 2D systems with controlled matrix composition, stiffness, and
soluble factors lack the dimensionality cells inherently encounter in vivo. This dimensionality
provides constraints on migration, allows for adhesion in three dimensions and proteolytic
degradation of the surroundings, and alters cell-cell contacts [43, 137, 179]. Inherently, each of
these factors affects proliferation, and therefore may affect drug response. As an example,
spheroids isolated from ovarian cancer ascites proliferate more slowly [301], which may mediate
resistance to cytotoxic chemotherapeutics that target rapidly dividing cells.
Incorporation of appropriate dimensionality may improve predictions of drug response or
determination of molecular mechanisms of disease progression that are microenvironmentdependent. Tumor spheroids capture the dimensionality and cell-cell contacts reminiscent of an in
vivo tumor, and can be used for high-throughput drug screening. Traditional tumor spheroid
models are very large, generally created through the hanging drop method or through high
density culture on a non-adherent plate [302-304]. These assays often use just one large
spheroid within a well of a 96-well plate, and are limited by the presence of a necrotic core [295],
which would affect drug response. Additionally, if the extracellular microenvironment is of interest,
these extremely large spheroids cannot easily be incorporated into biomaterials. A system that
can generate many smaller tumor spheroids, with diameter of 50-100 µm (to limit diffusion and
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hypoxia effects and allow encapsulation in tissue mimetic hydrogels), would be an improvement
on current 3D drug screening models. Together, improved culture systems with more relevant
dimensionality, microenvironment cues, and incorporated primary tumor cells may yield better
predictions, with fewer early false positives, more conserved mechanisms, also potentially
patient-specific outcomes.
5.3 Materials and Methods
5.3.1 Breast Cancer Cell Culture
Cell lines were routinely cultured as previously described in Chapter 4. Cells were grown
into spheroids via seeding a single cell suspension in polyNIPAAM-PEG (Cosmobio USA) at
100,000 cells/ml on ice. 150 µL gels were pipetted into a well plate, gelled at 37 °C for 5 minutes,
and medium was added to the plate for long-term culture, with regular media changes over 14
days of growth. Separately, spheroids or single cells from ascites samples were encapsulated in
polyNIPAAM-PEG gels and maintained in culture. In polyNIPAAM-PEG culture, cell lines were
grown in their routine culture medium, ascites-derived cells were grown in several medium
conditions: DMEM with 20% FBS and 1% P/S, in supernatant fluid collected from the patient
samples, or in mammosphere medium (DMEM (Life Technologies) with 20 ng/ml EGF (R&D
Systems), 20 ng/ml bFGF (Sigma), 1:50 B27 (Life Technologies), 10 µg/ml heparin (Sigma). In all
cases, spheroids were handled with cut pipet tips to minimize shear.
5.3.2 PEG-Maleimide Gels
3D PEG-maleimide (PEG-Mal) hydrogels were prepared at 10 wt% solution with a 20K 4arm PEG-mal (Jenkem Technology) with 2mM of the adhesion peptide CRGD (synthesized by
Lauren Jansen) and cross-linked at a 1:1 ratio with 1K linear PEG-dithiol (Sigma-Aldrich) in sterile
2mM triethanolamine (pH 7.4). Gels were polymerized in 10 μL volumes for 5 min before the
addition of culture medium. Single cells were encapsulated at 5000 cells/gel, and spheroids were
encapsulated at a ratio of 1 polyNIPAAM-PEG gel to 9 PEG-Mal gels.
5.3.3 Ovarian Cancer Ascites Culture
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All primary ovarian cancer ascites samples were de-identified and were IRB exempt.
Primary ovarian cancer ascites samples were received from patients undergoing paracentesis at
UMass Medical School. Excess sample was transported on ice to UMass Amherst on the day of
collection, and was used immediately upon receipt. The ascites fluid was centrifuged, the
supernatant saved for cytokine analysis or use as a growth medium, and the pellet seeded onto
tissue culture plastic (TCPS). All primary cells were grown in DMEM with 20% FBS and 1% P/S.
Where noted, red blood cells were lysed in RBC lysis buffer (0.83% ammonium chloride,
0.1% potassium bicarbonate, and 0.0037% EDTA) [305]. The cell pellet was resuspended in 1 ml
of medium, and then 14 ml of cold RBC lysis buffer was added. The tube was rocked at room
temperature for 10 minutes, cells spun down and washed with PBS once prior to seeding.
Ascites fluid was filtered through a 40 µm cell strainer to collect malignant spheroids. The
retained spheroids were collected by inversion of the cell strainer and the use of a cut pipet tip,
and seeded directly onto non-adherent plates, into polyNIPAAM-PEG hydrogels, or into PEG-Mal
gels. Non-adherent plates were made by coating with 100 µg/cm

2

poly(2-hydroxyethyl

methacrylate), allowed to air dry, and rinsed once in PBS prior to seeding.
5.3.4 Staining and Western Blot
Immunofluorescence and SA-β-gal staining were performed as previously described in
Chapter 4. The following antibodies were used for immunofluorescence: E-cadherin (ab40772,
1:200), alpha smooth muscle actin (ab7817, 1:200), CD15 (ab665, 1:200), CD163 (ab170501,
1:200), Ki67 (ab16667, 1:200) all from Abcam, and EGFR (D38B1, 1:100) from Cell Signaling
Technology. Secondary antibodies (Life Technologies) were all used at 1:500, and DAPI (Life
Technologies) was used at 1:10,000. Live/Dead staining was performed as previously described
in Chapter 4. Brightfield imaging was performed on a Zeiss Axio Observer Z1 and fluorescence
on a Zeiss Spinning Disc Cell Observer SD. Western blots were performed as previously
described, and the following antibodies were used: E-cadherin (ab40772, 1:10,000), N-cadherin
(ab98952, 1:500), and β-actin (ab75186, 1:1000). 800nm rabbit secondary (926-32212, LI-COR)
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was used at 1:20,000, and 700nm rabbit secondary (926-68021, LI-COR) was used at 1:10,000
and imaged using the LI-COR system.
5.3.5 Cytokine Analysis
Human cytokine panel 2, human cancer panels 1 and 2, and the human TGFβ 3-plex kits
(Biorad) were run as described in Chapter 4. All analytes were detected within the linear range of
the assay.
5.3.6 Cell Viability on Chitosan-Pectin Hydrogels for Wound Healing
Rat-tail Collagen 1 (Life Technologies) was passively adsorbed to sterile chitosan-pectin
2

hydrogels (provided by Nathan Birch, Jessica Schiffman Lab) at 1 µg/cm at room temperature
overnight. Hydrogels were rinsed four times in sterile phosphate-buffered saline, UV-sterilized for
6-12 hours, then incubated with complete cell culture medium overnight. hTERT MSCs were
2

seeded onto the gel surfaces at 10,000 cells/cm and medium was changed every two days for
14 days. At days 1, 4, 7, 10, and 14, live/dead staining was performed as previously described.
Imaging was performed in a Zeiss Spinning Disc Cell Observer SD. Area of cell spheroids was
quantified via manual tracing in ImageJ. N = 2 independent biological replicates.
5.3.7 Protein Absorption Quantification on Chitosan-Pectin Hydrogels
2

Bovine serum albumin at concentrations ranging from 0-1250 µg/cm was passively
absorbed to gel surfaces at room temperature for 24 hours on a rotator. Gels were rinsed four
times with phosphate-buffered saline, 250 µL Bradford reagent (Pierce Biotechnology, Rockford,
IL) was added per well, and absorption at 600 nm was read (Biotech ELx800, 783 Winooski, VT,
USA) after incubation for 5 minutes. Data are normalized to the blank for each gel condition. N =
2 independent replicates.
5.3.8 IC50 Experiments
Cells were seeded for 24 hours prior to dosing. Cells were seeded at 10,000 cells/well on
tissue culture plastic pre-coated with serum-containing medium or onto 1% or 3% PEG-PC
2

hydrogels with 3.3 µg/cm collagen I (prepared by Alyssa Schwartz, Peyton Lab). Single cells
were encapsulated into 3D PEG-Mal gels at 5000 cells/gel, and spheroids were collected from 1
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polyNIPAAM-PEG gel and encapsulated within 9 PEG-Mal gels. Cell lines were seeded in DMEM
with 1% P/S, 20 ng/ml EGF, 20 ng/ml PDGF or DMEM with 10% FBS and 1% P/S where noted.
Ascites cells were seeded in DMEM with 20% serum and 1% P/S. Sorafenib (LC Laboratories)
was used from 0-64 µM, doxorubicin (LC Laboratories) from 0-50 µM, neratinib (LC Laboratories)
was used from 0-64 µM, sunitinib (LC Laboratories) was used from 0-64 µM, PD0325901 (MEK
inhibitor, Sigma) at 3 µM, SP600125 (JNK inhibitor, LC Laboratories) at 20 µM, and DMSO was
used as a vehicle control. Viability was assayed after 48 hours using the CellTiter Glo
luminescent viability assay (Promega), viability was measured in a BioTek Synergy H1 plate
reader, and IC50 or GR50 [296] calculated using GraphPad Prism v6.0h.
5.3.9 Phospho-Protein Quantification
Samples were seeded as described for IC50 experiments, but without supplemented
EGF or PDGF. After 24h, cells were dosed with either 8 µM sorafenib, 8 µM lapatinib, 25 µM
temsirolimus, or DMSO control in serum free medium (or serum containing medium where noted)
for 4 hours and lysed for signaling analysis. Cells on TCPS or 2D gels were lysed directly in the
well plate. 3D hydrogels were rinsed once in ice cold PBS, scooped into a cold 1.5 ml tube, and
lysis buffer was added, and samples frozen at -80°C indefinitely. Upon thawing on ice, and while
the samples were still partially frozen, a pipet tip was used to manually break up the gel and
release protein into the lysis buffer for 1 minute per gel. Drug dosing samples were analyzed as
described in Chapter 4, using with the MILLIPLEX MAP Multi-Pathway Magnetic Bead 9-Plex Cell Signaling Multiplex Assay (analytes: CREB (pS133), ERK (pT185/pY187), NFκB (pS536),
JNK (pT183/pY185), p38 (pT180/pY182), p70 S6K (pT412), STAT3 (pS727), STAT5A/B
(pY694/699), Akt (pS473) supplemented with additional EGFR (pan Tyr) and MEK1 (pS222)
beads. SkBr3 cells seeded on TCPS, stiff 2D hydrogels, and as spheroids in soft 3D PEG gels
were serum starved for 24h and stimulated with 100 ng/ml EGF. Samples were lysed at 0, 5, 15,
and 60 minutes post-stimulation, and samples were quantified the MILLIPLEX MAP Phospho
Mitogenesis RTK Magnetic Bead 7-Plex Kit (analytes: c-Met/HGFR (panTyr), EGFR (panTyr),
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ErbB2/HER2 (panTyr), ErbB3/HER3 (panTyr), ErbB4/HER4 (panTyr), IR (panTyr), and IGF1R
(panTyr) as described in Chapter 4.
5.4 Results
5.4.1 Development of Primary Ovarian Cancer Ascites Drug Screening Model
Five fresh malignant ascites samples were received from the UMass Medical School
Tissue and Tumor Bank between 09/2015-12/2015 after paracentesis to relieve symptoms (Table
5.1). The four patients (two samples were from the same patient) had varying diagnoses,
treatment histories, and tumor burden (Table 5.1). Each fluid sample contains many cell types
(fibroblasts, macrophages, neutrophils, red blood cells, etc.), pieces of intact tissue, and
malignant cells, which are often present as spheroids (Fig. 5.1a-c) [300]. The fluid sample can be
pelleted by centrifugation, and cells cultured on tissue-culture plastic. Malignant cells can
generally be detected by expression of E-cadherin, which is often expressed in the malignant
spheroids (Fig. 5.1c). Through either overgrowth or loss of E-cadherin expression, over time the
culture loses E-cadherin positive cells and is primarily comprised of αSMA-expressing fibroblastlike cells (Fig. 5.1c). Across all patients, neutrophils (CD15), macrophages (CD163), fibroblasts
(αSMA), and malignant cells (E-cadherin) were identified, and the ratios changed with culture
time (Fig. 5.2). In order to try to maintain the malignant cells and prevent expansion of the
fibroblasts, several ascites samples were cultured on soft PEG-PC hydrogels or on TCPS
cultured with different matrix proteins, but there was no noticeable difference in population
compared to TCPS (not shown). Cells were generally senescent by 2 weeks of culture as
detected by SA β-gal staining and lack of expansion in culture, and senescence could not be
prevented by culture on soft hydrogels (not shown). Freezing in DMEM with 10% FBS and 5%
DMSO only gives ~20% viability upon recovery, but samples can be frozen in FBS with 10%
DMSO and recovered with ~75% viability for later analysis.
Because the pellet population is comprised of many cell types, we used several protocols
to enrich the malignant cells for further analysis and drug screening. The malignant cells are often
located within spheroids approximately 50-100 µm in diameter, allowing for collection with 40 µm
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cell strainer (Fig. 5.3a). These spheroids were then seeded onto tissue culture plastic with less,
but non-zero, stromal contamination, encapsulated into polyNIPAAM-PEG gels for non-adherent
culture, seeded onto non-adherent tissue culture plates for culture, or encapsulated into 3D PEGMal or collagen gels for long-term culture or drug screening. Red blood cells (RBCs) were
removed from the sample either at the first medium change, or via hypotonic RBC lysis on the
day of receipt (Fig. 5.3 b). However, it should be noted that in one sample, the RBC lysis step
disrupted the spheroid structure. Stromal contaminants were also removed with partial
trypsinzation, which preferentially detaches the stromal cells and leaves the malignant cells
behind (Fig. 5.3c). However, although partial trypsinization was effective in the short-term,
residual contaminating stromal cells eventually overtake the culture within an additional week of
culture (Fig. 5.3c). Both Ficoll and Percoll separations (alone, and in series) were unsuccessful at
isolating only the epithelial, malignant cells or purifying the population in any appreciable way (not
shown). In addition, cell number loss limited the use of either of these methods in our hands.
The long-term culture of patient-derived spheroids is useful for drug screening
applications. Malignant cells often can be cultured in non-adherent environments, so both the
pelleted and heterogeneous cells and isolated spheroids were cultured on non-adherent plates
and in polyNIPAAM-PEG gels (Fig. 5.4a-c). Specifically, others have seen that the malignant cells
grow in suspension, while stromal cells can attach to the low adhesion plate [306]. Additionally,
several of the samples were only weakly adherent to TCPS, even in medium containing 20%
serum. Although growth was slow, and we saw minimal adhesion to the polyHEMA-coated plate,
cells did expand in these environments (Fig. 5.4c). When comparing the same cells, growth was
better in the supportive polyNIPAAM-PEG gel compared to suspension culture on a non-adherent
tissue culture plate. In these non-adherent culture methods, DMEM with 20% FBS,
mammosphere medium, and the initial cytokine-rich supernatant were all used to grow the cells,
and each sample had a unique optimal growth medium (Fig. 5.4a-d). These culture methods
retained the malignant spheroids, while decreasing the stromal population that eventually
expands and overtakes the cultures in 2D.
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The ascites fluid is known to be cytokine-rich, and was capable of stimulating nonadherent growth of the primary malignant cells and breast cancer cell lines. Certain cytokine
profiles are known to be predictive of outcome in patients [307, 308]. To begin to identify the
soluble factors responsible for promoting growth in vitro, and dictating prognosis or drug
resistance in vivo, we performed multiplexed ELISAs to determine expression of 58 different
soluble factors across the different samples (Fig. 5.5). Unsurprisingly, there is significant
heterogeneity across patients, and even heterogeneity within the same patient. Samples 7882M
and 7892M were from the same patient, with samples collected from the patient 10 days apart.
7892M (the subsequent sample) had significantly elevated expression of many soluble factors,
suggesting that altered and increased expression of cytokines can indicate disease progression.
Finally, we demonstrated proof of concept that drug screening can be performed on fresh
or cultured primary ascites samples using patient 5 (7990M). The day of receipt, fresh sample
was seeded into different biomaterial conditions (pelleted cells seeded onto TCPS, TCPS coated
with collagen I, soft and stiff 2D PEG-PC hydrogels with collagen I, and spheroids were collected
via cell strainer and encapsulated into 10 wt% PEG-Mal gels). The doxorubicin IC50 was
determined after 48h dosing, and the primary cells were more resistant to doxorubicin as
spheroids in 3D or on the collagen-coated 2D PEG hydrogels (Fig. 5.6a). We also compared the
drug resistance in fresh spheroids with those cultured for 14 days in polyNIPAAM-PEG (either in
DMEM or the patient’s own supernatant fluid) (Fig. 5.6b). The cells lose doxorubicin resistance
with extended culture time, suggesting that accurate drug screening on primary cells should be
performed on freshly isolated cells.
5.4.2 Tumor Spheroids as an Improved In Vitro Model for Drug Screening
We developed a culture platform using a commercial thermo-reversible polyNIPAAMPEG hydrogel to generate tumor spheroids in many breast cancer cell lines. This hydrogel allows
for simple encapsulation of single tumor cells, which grow into spheroids over 14 days of culture
(Fig. 5.7a-b). The gel is liquid upon cooling to 4°C, allowing for a concentrated cell suspension to
be uniformly mixed into the liquid gel. The gel solution can then be made into small (150 µL) gels
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in a well plate by pipetting, and gelation occurs after a 5 minute incubation at 37°C. Post-gelation,
culture medium can be added to the well plate, and the gels are stable for at least 14 days in
culture, allowing spheroids to be grown with regular medium changes. Upon cooling the gels on
ice for 5 minutes, the gels dissolve and spheroids can be collected by centrifugation or gravity
sedimentation. The spheroids can then collected for analysis or encapsulated into a new set of
hydrogels for the desired analysis. There is no cell binding site within the polymer network, which
promotes compact spheroid formation and allows for efficient spheroid retrieval. Specifically, this
system is used to produce large amounts of relatively small spheroids, which can then be
distributed through many, smaller 3D hydrogels for cell motility or drug screening applications.
With the spheroid growth method in place, we screened the spheroid growth ability of 23
breast cancer cell lines to determine those that are compatible with this method (Fig. 5.7a). Many
cell lines form large spheroids that have at least a 2-fold increase in mean diameter over 14 days
of culture, with many reaching approximately 100 µm in diameter (i.e., AU565, HCC 1419, HCC
1428, MCF7, MDA-MB-231, SkBr3, ZR-75-1 all form relatively uniform, large spheroids).
Spheroid growth was not correlated with clinical subtype of the cell line or the 2D growth rate (Fig.
5.8). Some cell lines (i.e., HCC 1954, Hs578T) were incapable of growing into spheroids and
most cells died within the 14-day time course). Other cell lines formed sparse large spheroids
(i.e., HCC 1806, MDA-MB-468, MDA-MB-231 LM2, HCC 70), indicating that only a subpopulation
of the cell line is capable of growing under non-adherent conditions. All cell lines that formed at
least several large spheroids were collected after 14 days of culture and encapsulated into 10
wt% PEG-Mal gels with 2mM RGD, and viability was assessed after 3 additional days of culture in
normal culture medium (Fig. 5.7c). The majority of the spheroids were viable, and with small
spheroid diameters achievable in our culture system, there is no evidence of a necrotic core (Fig.
5.7c). The live/dead images shown in Figure 5.7c highlight the variability in spheroid size
achievable in different cell lines, and the variation in compact versus loose spheroids. Although Ecadherin expressing cells were better able to form compact spheroids, we did not see changes in
E-cadherin or N-cadherin as a result of spheroid culture (Fig. 5.10b).
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To increase applicability of this system, we aimed to improve or induce spheroid growth
in cell lines that did not grow into spheroids by varying media conditions. Supplemented
epidermal growth factor (EGF) improves growth in some cell lines, but is insufficient to support
the non-adherent growth of the HCC 1954 or Hs578T cell lines (Fig. 5.9a). Surprisingly, the effect
of EGF does not correlate with basal EGFR expression (Fig. 5.10a). Next, we hypothesized that
the medium traditionally used for mammosphere assays (‘mammosphere media’), containing
additional supplements, may promote non-adherent growth (Fig. 5.9b). In the MDA-MB-231 cells,
which grow well as spheroids, spheroid growth was similar to DMEM with 10% serum. However,
in cell lines that do not grow into spheroids, the mammosphere media had little effect. Finally, we
hypothesized that extremely cytokine rich media, such as the fluid obtained from malignant
ascites patients, may provide enough growth cues to stimulate non-adherent growth. We received
ascites fluid from three separate patients (patients 3-5 described previously), spun down to collect
the cells, and saved the cytokine-rich supernatant fluid. The ascites fluid was filtered (0.45 µm)
prior to use, and when used as the growth medium for cells seeded into polyNIPAAM-PEG
hydrogels, stimulates spheroid growth in a patient-specific manner (Fig. 5.9c). The cytokine-rich
ascites supernatant from the three patients is the only medium that was capable of stimulating the
HCC 1954 cells to grow into spheroids, providing a method to grow spheroids from even very
difficult cell lines.
In collaboration with Jessica Schiffman and Nathan Birch, we explored the
cytocompatibility of a novel, natural wound healing hydrogel created from chitosan (CS) and
pectin (Pec). We demonstrated cytocompatibility of these hydrogels with mesenchymal stem
cells, and quantified protein absorption to explain the observed differences in preparation
methods (Fig. 5.11). Even with passive absorption of an adhesive ligand for cell adhesion, there
was a low level of cell adhesion to the CS/Pec hydrogels; the stem cells did not adhere or spread.
Instead, the stem cells adhered to other cells and formed spheroids, which have been previously
reported for chitosan-based hydrogels. We found that the low level of cell adhesion and lack of
cell death over 14 days of culture demonstrate that the CS/Pec hydrogels are both safe for
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physiological use and likely will not stick to wounds if used as a bandage, thus facilitating the
changing of dressings. Although outside the scope of this project, these hydrogels could provide
an alternative approach to rapidly form spheroids, as spheroid formation was observed quickly
(within 24h of seeding). In contrast to our polyNIPAAM-PEG gel, where sparse single cell
suspensions are seeded, co-culture spheroids would be much more easily generated in this
system.
5.4.3. Evaluation of Improved Drug Screening Platform
Our lab has shown that microenvironment stiffness, within a 2D context, modulates drug
resistance [45]. On soft substrates, breast cancer cells are more sensitive to sorafenib, while on
stiffer substrates, JNK signaling mediates increased resistance. Recently, Thuy Nguyen, a former
Peyton Lab graduate student, screened drug sensitivity of breast cancer cell lines to targeted and
cytotoxic chemotherapeutics in many screening platforms of varying complexity (TCPS, 2D
hydrogels, 3D hydrogels with encapsulated single cells or spheroids) (Fig. 5.12). While IC50 was
insensitive to the cytotoxic drug doxorubicin, lapatinib (EGFR and HER2 targeted) and sorafenib
(Ras-Raf-MEK-ERK targeted) both showed increased resistance in certain microenvironments
(i.e., stiff substrates, or under serum stimulation). While IC50s were often higher on stiffer 2D
gels, there was also stiffness-mediated in resistance in the 3D environments (single cells or
spheroids). However, IC50 is highly dependent upon proliferation rate, and proliferation varies
across the microenvironment platform (Fig. 5.12). Therefore, we reanalyzed our data to calculate
a GR50 value, which determines the growth inhibition due to drug treatment and eliminates the
effect of proliferation (Fig. 5.13) [17]. This reanalysis demonstrated similar trends in the data (Fig.
5.13), and confirms that the microenvironment-mediated resistance we observe is due to the
microenvironment, and not any associated changes in proliferation.
To validate that these screening platforms are more predictive of outcomes, we identified
drugs that failed in breast cancer clinical trials due to efficacy rather than safety to test in our
assays. Here, we hypothesized that if these drugs failed due to microenvironment-induced drug
resistance, we would observe increased resistance in 3D environments compared to TCPS. We
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tested the sensitivity of both the MDA-MB-231 and SkBr3 cell lines to neratinib (EGFR and HER2
inhibitor) and sunitinib (VEGFR and PDGFR inhibitor) (Fig. 5.14). For both drugs, and similar to
the results from the initial drug panel, the SkBr3 cells were generally more sensitive as single
cells encapsulated in 3D gels, while the MDA-MB-231 cells were slightly more resistant on TCPS.
The SkBr3 cells were nearly two-fold more resistant to sunitinib when treated as spheroids,
suggesting that this poor clinical success would have better been predicted by a more advanced
3D culture platform.
We hypothesized that the resistance often observed in 3D spheroids is due to differences
in signaling. Ki67 staining revealed that fewer cells are proliferating in spheroids, but there is no
evidence of a necrotic core, indicating that diffusion limitations are not affecting cell growth or
survival (Fig. 5.15). When stimulated with EGF on tissue culture plastic, pEGFR is elevated within
5 minutes and EGFR is internalized within an hour (Fig 5.16a-c). However, when SkBr3 spheroids
are encapsulated in 3D gels, pEGFR is only very modestly stimulated and EGFR localization
does not change with EGF stimulation, suggesting that signaling is suppressed in spheroids in a
3D environment. We observe a similar response with HER2 and pHER2 in response to EGF
stimulation (Fig. 5.16d-f).
This platform-dependent signaling analysis was expanded to include many different
analytes spanning several signaling pathways. Lysates were collected four hours after dosing
with lapatinib, sorafenib, temsirolimus, or DMSO control, in order to capture the early effects of
the inhibitors on signaling in each of the specific biomaterial platforms (TCPS, 2D gel, 3D gel:
single cells, 3D gel: spheroids, 3D gel: spheroids with serum). Most strikingly, basal levels of
nearly every analyte were significantly lower in 3D than 2D, indicating that basal signaling is
dramatically suppressed in 3D (Fig. 5.17). Additionally, signaling significantly clusters by
dimensionality, not drug, suggesting that the microenvironment is a more significant force in
dictating cell signaling than drug treatment, even though the drugs target distinct pathways (Fig.
5.18). Several phospho-proteins were actually increased in response to some inhibitors (e.g.,
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pJNK in response to sorafenib), but this was only in the 2D conditions, again suggesting that
even adaptive signaling is suppressed in 3D (Fig. 5.17, 5.19).
Because JNK was up-regulated in 2D conditions in response to sorafenib (Fig. 5.19), and
our lab has previously demonstrated that stiffness-mediated sorafenib resistance is mediated by
JNK [45], JNK is a clear target to decrease microenvironment-mediated drug resistance. We
therefore co-treated a JNK inhibitor with sorafenib across several screening platforms. The JNK
inhibitor sensitizes the MDA-MB-231 cells to sorafenib in all cases, but only sensitizes the SkBr3
spheroids, but not TCPS condition, perhaps a result of the very high increase in JNK in the
sorafenib treated SkBr3 cells in 2D. The efficacy of the JNK inhibitor in the MDA-MB-231 cells
would have been predicted in the simple TCPS assay.
In collaboration with Aaron Meyer at MIT, linear regression and PLSR models were used
to reveal non-intuitive relationships in the signaling data, and these models revealed that MEK
variability was the key factor associated with viability in response to drug treatment (Fig. 5.19).
Although MEK/ERK signaling was not an obvious choice from looking at the signaling data, we
also co-treated cells in different platforms with both sorafenib and a MEK inhibitor. In the MDAMB-231 cells, where sorafenib decreases phospho-MEK and ERK levels on TCPS and in
spheroids (but not spheroids with serum). The MEK inhibitor modestly decreases IC50 in the
spheroids, and significantly decreases IC50 in the most resistant spheroids in serum condition. In
the SkBr3 cells, which surprisingly had increased phospho-MEK and ERK in response to
sorafenib in 2D but not 3D, the MEK inhibitor only decreases IC50 in the spheroid condition. In
both cell lines, there is no efficacy of co-treating sorafenib with a MEK inhibitor in a TCPS
screening setting, but cells can be sensitized in 3D environments where signaling is suppressed.
Therefore, the efficacy of the MEK inhibitor in combination with sorafenib would only have been
realized in the 3D screening platform, and not using traditional TCPS. Others in our lab are
currently evaluating sorafenib and the MEK inhibitor in an in vivo breast cancer model, and
preliminarily, the MEK inhibitor improves the efficacy of sorafenib in vivo by approximately 50%,
confirming our in vitro results.
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5.5 Discussion
5.5.1 Ovarian Cancer Ascites Drug Screening Platform
The presence of ascites is extremely common in ovarian cancer, with approximately a
third of patients presenting with ascites at diagnosis and nearly all patients by the time of
recurrence [300]. Thus, ascites fluid, which is often removed when symptomatic, provides a
significant resource of live, malignant cells that is generally collected in excess beyond what is
needed for pathology. Ascites fluid is a highly complex mixture comprised of malignant ovarian
epithelial cells, often present as large floating spheroids, with many different resident or recruited
immune cells, mesothelial cells, and fibroblast-like stromal cells [300]. This complex fluid allows
for many different cell types of interest to be isolated for analysis. Our focus is on the malignant
epithelial cells, which can be enriched, but not completely purified, by collection in a 40 µm cell
strainer [301]. Other labs simply plate the cells on plastic prior to use [295], but our data indicates
that the population evolves over time (10-14 days, 1-4 passages), and is eventually overtaken by
fibroblasts prior to population-level entrance into senescence. Because malignant cells are
generally <0.1% of the total cell population [309], specific and efficient purification strategies will
likely be required. Improved purity would be obtained with positive or negative selection using
FACS or bead-based separations, but these approaches are limited by the markers chosen to
enrich or deplete the population [310]. Common ovarian cancer biomarkers include E-cadherin,
cancer antigen 125, EpCAM, and cytokeratins [306, 311]. However, ovarian cancer is comprised
of different subtypes and does not have one identifying biomarker. Here, we chose E-cadherin as
the epithelial marker, and detected E-cadherin-positive cells via immunofluorescence in four of
the five samples (all but 7962M), reinforcing the need for patient-specific markers of malignant
cells.
Ascites is an extremely common complication of ovarian cancer, and the presence of
ascites indicates disease progression and poor prognosis [300]. The disseminated cells and
spheroids in the peritoneum are also those that go onto be metastatic, and are also the cells that
contribute to drug resistance and recurrence [312, 313]. Ascites fluid is enriched for cancer stem
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cells, which can form tumors in vivo [311]. Therefore, patient-specific drug screening of the cells
isolated from ascites would be extremely beneficial to inform treatment decisions that likely
impact outcomes. The clinical application of drug screening would be relatively easy because the
fluid is in such excess in many patients. However, only few labs have performed drug screening
in ascites samples [295, 310], and they have demonstrated that ascites responses mimic cell line
data. Sensitivity to carboplatin and paclitaxel in ascites-derived cells treated in vivo mimicked the
clinical chemosensitive or chemoresistant phenotype in each patient [310]. In sample 7990M,
resistance to doxorubicin was increased about 3-fold based in some microenvironment conditions
compared to seeding on TCPS, suggesting that the microenvironment may play a role in ovarian
cancer drug resistance. Our data also indicates that the 7990M cells become more sensitive to
doxorubicin over 14 days of non-adherent culture, suggesting that screening should be performed
on fresh samples and culture time should be limited.
An additional in vitro predictive outcome could be obtained through cytokine screening,
where multiplex technology allows for quantitative screening of many different analytes with very
small sample volumes (25 µL total per multiplex assay, which can analyze 20+ analytes).
Expression of different soluble factors has been linked to poor outcomes, and generally, higher
expression of certain cytokines indicates a poor prognosis [307, 308]. Many cytokines have been
shown to be elevated in malignant ascites (e.g., IL6, IL8, IL10, angiopoietin-2, leptin, MCP-1, MIF,
OPG, and uPAR) [307]. Our samples also have very high levels of IL6, leptin, and MIF, but
moderate angiopoietin-2 in two samples, and moderate IL8 in only one sample, suggesting
significant heterogeneity across patients. As one example, high levels of leptin are associated
with shorter progression-free survival [307, 308], and it was very highly expressed in four of our
five samples, which had all progressed, metastasized, or had significant previous drug treatment.
The one metastatic sample (7962M) had comparatively higher levels of many cytokines, including
HGF, prolactin, and follistatin, while the sample with the longest treatment history (7990M) had
high expression of CTACK, endoglin and MIF, suggesting these as potential biomarkers or
mediators of poor prognosis or drug resistance.
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It has been shown that growth factors in human ovarian cancer ascites fluid are required
for ovarian adenocarcinoma cells to grow in the peritoneum in vivo [308]. Similarly, we see that
ascites fluid stimulates growth of the primary ascites-derived cells and breast cancer cell lines
cultured in non-adherent polyNIPAAM-PEG gels, and in some cases, can stimulate growth where
even medium with 10% serum cannot, suggesting that the concentration or composition of
cytokines is particularly mitogenic. Others have similarly shown that ascites derived cytokines
stimulate invasion, proliferation, and spheroid formation in ovarian cancer cell lines in a patientspecific manner [314]. Comparisons between the growth induced by the cytokine-rich supernatant
of different patients (not directly shown, compare Figs. 5.4b, 5.5, 5.9c) suggest that VEGF-A or
angiopoietin-2 may be candidates to stimulate spheroid growth of the HCC 1954 cells. If
individual cytokines alone are not sufficient for spheroid growth, conditioned medium from proinflammatory cells, such as mesenchymal stem cells or macrophages, may provide a cytokinerich growth medium to support growth. Many similar soluble factors were highly expressed by an
immortalized, marrow-derived hTERT mesenchymal stem cell line when compared to the ascites
samples (Fig. 5.22). Others have shown that bone marrow-derived MSCs improve growth of ER+
but not ER- breast cancer cell lines [130], suggesting that MSC-derived cytokines contain
significant mitogenic signals.
5.5.2 In Vitro PolyNIPAAM-PEG Grown Breast Cancer Spheroids for Drug Screening
Most methods to generate tumor spheroids use a hanging drop or microfluidics-based
method to force cell-cell adhesion and aggregation by the lack of cell-matrix adhesion
[291, 302, 304, 315, 316]. These spheroids are generally very large, and one spheroid can be
made in a single well of a 96 or 384 well plate, over several days. Specialized equipment is often
required for implementation, automation, image quantification, and application to drug screening.
In contrast, our method, although it requires longer culture time in preparation, does not require
specialized equipment and utilizes a commercially available thermo-reversible hydrogel for
spheroid culture that can be purchased from Cosmo Bio USA. Our method generates thousands
of smaller spheroids grown from single cells per polyNIPAAM-PEG gel, which can then be
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encapsulated in smaller natural or synthetic hydrogels for additional analysis or drug screening
using a simple luminescence cell viability assay. The polyNIPAAM-PEG grown spheroids are 50100 µm in diameter (cell line-dependent), which decreases oxygen and nutrient diffusion
limitations common in much larger tumor spheroids.
The polyNIPAAM-PEG system can create spheroids in cell lines that are unable to form
spheroids in other systems. For example, SkBr3 do not form spheroids when seeded onto soft
agar, but grow into compact, 100 µm spheroids in polyNIPAAM-PEG gels (Fig. 5.7a) [317]. MCF7
and MDA-MB-231 form spheroids in both assays, and Hs578T do not form spheroids in either
(Fig. 5.7a) [317]. In other work, cell lines that grow well in our polyNIPAAM-PEG gels surprisingly
do not form spheroids in a similar assay to ours where cells were seeded at low density onto nonadherent plates, and cultured in semi-solid medium to prevent aggregation [318]. MCF7 and
BT474 form spheroids in both assays, but SkBr3, MDA-MB-231, and MDA-MB-468, which form
large spheroids in polyNIPAAM-PEG, were unable to form compact spheroids and to be serially
propagated as spheroids in this published work [318]. The polyNIPAAM-PEG hydrogel supports
growth of spheroids in greater than half of the cell lines tested, independent of clinical subtype
and 2D doubling time (Fig. 5.8), and improves upon other methods of spheroid formation in the
literature.
Iglesias et al. demonstrated that cell lines capable of being continuously propagated as
spheroids are dependent upon E-cadherin expression [318]. In our polyNIPAAM-PEG gels, many
cell lines with low E-cadherin expression can grow into large spheroids (e.g., MDA-MB-231,
SkBr3, AU565, HCC 70, HCC 1806, LM2, MDA-MB-468), but we also observe large spheroids in
many cell lines with high E-cadherin expression (e.g., BT474, HCC 1419, MCF7, ZR-75-1), and
E- and N-cadherin expression is unchanged as a result of spheroid culture (Fig. 5.10b). However,
there is a qualitative relationship between compact spheroids and high E-cadherin expression.
The ER/PR+ cell lines that grow into spheroids have higher expression of E-cadherin and
generally form smaller, but much more compact spheroids over 14 days of growth (e.g., BT474,
HCC 1419, MCF7, ZR-75-1). This is reminiscent of work from the Bissell lab that identified four
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different morphologies of cells grown in 3D laminin-rich ECM: round, mass, grape-like, and
stellate [319]. The cell lines that grow as the mass phenotype, which is characterized by
disorganized nuclei, robust cell-cell adhesion, and a very compact appearance include BT474
and MCF7, which form very compact spheroids in polyNIPAAM-PEG. The grape-like cell lines,
which are disorganized and have poor cell-cell adhesion, include AU565, SkBr3, and MDA-MB468, which also display a grape-like appearance as spheroids in polyNIPAAM-PEG. Finally, the
stellate cell lines, which are elongated and invasive, with poor cell-cell adhesion, include BT549,
Hs578T, and MDA-MB-231. BT549 form compact spheroids, MDA-MB-231 form large, loose
spheroids, while Hs578T does not grow in our 3D culture. Because there are no cell matrix
adhesion sites in the polyNIPAAM-PEG gel and it is non-degradable, we never observe invasion
or cell spreading that is reminiscent of the stellate morphology. We did not examine any cell lines
that were categorized by Bissell as round.
Many have performed drug screening of spheroids, and generally see increased
resistance in spheroids compared to culture on TCPS [302, 303, 315, 316, 320, 321]. However,
many of these findings are likely a result of the large size of the spheroid, which has decreased
proliferation due to the presence of a necrotic and hypoxic core [322]. Spheroids are often more
resistant to cytotoxic drugs, likely because these drugs target actively cycling cells, and
proliferation is decreased in 3D and as a result of hypoxia [302, 315, 316, 322]. Interestingly,
these systems allow for identification of inhibitors that are more effective in 3D. Targeting hypoxia
that is present in very large spheroid via tirapazamine is actually more effective against spheroids
than cells on TCPS, a result that may not have been captured in our platform [302]. Separately,
many have observed that Akt inhibitors are surprisingly more effective in 3D, which is a result that
would have been overlooked in 2D cultures [301, 315, 323, 324], and would be an interesting
result to repeat in our hands.
5.5.3 Application of Advanced Culture Models for Improved Drug Screening
Our group, and others, have employed engineered materials to determine drug response
in response to biophysical and biochemical stimuli. Synthetic materials are desirable because
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biochemical and biomechanical properties can be independently tuned with high fidelity. Twodimensional synthetic hydrogels allow for controlled integrin binding and a physiological stiffness,
while three-dimensional hydrogels present physiological dimensionality, degradability, and can
include homotypic or heterotypic cell-cell interactions, and all of these microenvironment cues can
alter the signaling networks targeted by chemotherapeutics. For example, our lab developed a
high-throughput drug screening platform based on a poly(ethylene glycol)-phosphorylcholine
(PEG-PC) hydrogel and reported that increases in substrate stiffness imparted resistance to
sorafenib through JNK [45]. Others have investigated stiffness-sensitive paclitaxel resistance in
cancer cell lines [325] and fibroblasts [326], or as spheroids compared to monolayer culture [292].
Because substrate stiffness and culture dimensionality affect proliferation and cytoskeletal
tension, it is not surprising that resistance to paclitaxel, a cytotoxic, microtubule targeted drug, is
stiffness-mediated. While stiffness is a significant driving force for drug resistance across a broad
mechanical range, within the more modest range explored here, drug resistance was relatively
unchanged (Fig. 5.12). In contrast to these cases proliferation-mediated resistance, non-intuitive,
adaptive responses, such as JNK mediating stiffness-mediated sorafenib resistance [45] are
more interesting. When we account for differences in proliferation by instead calculating a GR50
value, the microenvironment-mediated resistance holds, suggesting that the context of the
environment, rather than differences in proliferation, is imparting resistance.
The GR50s we report are 1-2 orders of magnitude higher than similar results reported in
the literature. For example, the SkBr3 IC50 to lapatinib is ~ 0.1 µM, and IC50s to other drugs
such as sunitinib are also on that order of magnitude [327, 328]. Many of our IC50 or GR50
values determined from cells on TCPS are one order of magnitude higher, but once cells are
seeded into biomaterials, the IC50 or GR50 increases another order of magnitude higher due to
microenviroment-mediated resistance. These discrepancies between our work and the literature
may result from how the experiments were performed across different laboratories, due to
different medium conditions or culture times. While our GR50 calculation should account for these
differences, these are not available for the published studies, making this direct comparison
impossible. In addition, the SkBr3 cells are HER2-overexpressing, and should therefore be more
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sensitive to lapatinib than the triple negative MDA-MB-231 cells. Our data demonstrates similar
sensitivities for both cell lines. However, lapatinib targets both EGFR and HER2, and because the
MDA-MB-231 cells overexpress EGFR, they may have increased lapatinib sensitivity.
Targeted therapeutics are desirable for their specificity to proteins often over-expressed
by the tumor cells, decreasing side-effects while maintaining efficacy. However, drug resistance is
commonly observed to targeted drugs, often independently of acquired mutations, where tumor
cells can alter their signaling pathways to bypass the effect of certain chemotherapeutics. This
adaptive resistance poses a significant challenge for this class of drugs. For instance, PI3K/Akt
activation promoted resistance of hepatocellular carcinoma cells to sorafenib, which targets Raf
kinase [329]. Similarly, we observe increased phospho-Akt in the SkBr3s treated with sorafenib in
2D conditions. Triple-negative breast cancer cells treated with a MEK inhibitor resulted in a rapid
kinome reprogramming of many receptor tyrosine kinases (RTKs), cytokines, and downstream
signaling pathways [330]. In melanoma, activation of the Akt pathway mediated resistance to
BRAF inhibitor [331]. In our data, while the specific drug targets are decreased, we see activation
of stress signaling pathways (JNK and p38) in response to sorafenib, temsirolimus, and lapatinib,
and EGFR and MEK in response to temsirolimus, suggesting that cells adapt quickly via diverse
mechanisms to overcome drug treatment in 2D.
Context also facilitates in rapid adaptive chemotherapeutic resistance, making the timing
of therapeutics critical to sensitize tumor cells to drugs via rewiring from an oncogene-addicted
state [332]. We observe significant increases in resistance to targeted drugs in 3D screening
platforms, where cells are incapable of activating alternative signaling pathways. Unlike the
previous paclitaxel research, there is no intuitive pathway to explain this resistance. While we do
not observe obvious reprogramming in 3D, analysis of a different time point after drug treatment
may reveal unexpected results, such as changes in pMEK. Many others have observed
reprogramming in response to drug targeting in 3D, which can impart drug resistance. As an
example, when spheroids are grown in Matrigel, only the outer, matrix-attached cells are resistant
to PI3K/mTOR inhibition and capable of reprogramming their kinomes [295]. Stromal remodeling
that permits high β1 integrin-FAK signaling is sufficient to provide resistance to PLX4720 in
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BRAF-mutant melanoma [333]. Together, this suggests that the microenvironment context is
critical for successful chemotherapeutic treatment, and it may mediate resistance, in part, by
dictating reprogramming.
However, in our 3D systems, basal and drug-stimulated signaling is significantly
suppressed. Because spheroid size is small, this is not due to diffusion limitations or hypoxia.
Diffusion of small molecule drugs should reach equilibrium within approximately 5 minutes (data
not shown, from Lauren Jansen), so the signaling data is not altered by poor diffusion. Instead,
because cells are less able to form adhesions in 3D [334], they may be less capable of activating
downstream signaling. Previous work has compared gene expression profiles of cell lines
cultured in 2D and 3D laminin-rich ECM [319]. Although the cell lines clustered together,
independently of culture platform, there were significant changes in gene expression based upon
dimensionality, particularly in genes related to signal transduction. Because signal transduction is
often regulated by protein expression levels, phosphorylation, and other post-translational
modifications, the changes observed in gene expression would likely be even more profound in
activity, which our phospho-protein signaling data supports.
Although it is clear that the ECM regulates drug resistance, and many engineers are
interested in developing screening platforms that are more predictive of in vivo and clinical
outcomes, it is not always clear how much complexity is needed to improve predictive ability in
vitro. Chemotherapeutics are traditionally screened on TCPS plates, which are extremely
adaptable to high throughput screening, but confer a super-physiological stiffness and an
irrelevant biochemical profile. While more complex systems better recapitulate native tissue,
these platforms are labor and cost intensive, difficult to fabricate, and it is still unknown if these
models better predict in vivo drug response. In particular, screening of tumor spheroids, in our
hands, takes an additional 14 days of growth compared to a comparable TCPS assay, but did
reveal that co-treating a MEK inhibitor improves sorafenib efficacy, a result that would not have
been realized in cells treated on TCPS or without modeling analysis. However, sorafenib targets
the Ras-Raf-MEK-ERK pathway, and therefore, co-treating with an additional MEK inhibitor does
not add any new targets. Others have seen similar improved efficacy in HER2+ breast cancer
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when co-treating lapatinib and trastuzumab, suggesting that combination therapies targeting the
same pathway can have improved therapeutic effects [335]. The efficacy of a MEK inhibitor was
also observed in melanoma with acquired resistance to BRAF inhibitors [336], and is promising in
our lab’s ongoing in vivo work in combination with sorafenib.
Here, we found that resistance to lapatinib (EGFR) and sorafenib (Ras/Raf/MEK/ERK),
but not temsirolimus (mTOR) or doxorubicin (cytotoxic) varied across platform. ERK is a
downstream target of both lapatinib and sorafenib, and MEK (up-stream of ERK) was the
signaling node that best differentiated the different conditions through linear regression models,
suggesting that altered ERK signaling is responsible for biomaterial platform-induced drug
resistance. In addition, we screened efficacy of two additional drugs, neratinib (EGFR and HER2
inhibitor) and sunitinib (VEGFR and PDGFR inhibitor), which have not yet been FDA approved,
but have varying success as breast cancer therapeutics. Both neratinib [337, 338] and sunitinib
[339, 340] are promising, well-tolerated chemotherapeutics for breast cancer, with varying
success thus far in the clinic. The SkBr3 cells were more sensitive to both neratinib and sunitinib
when seeded as single cells in 3D, while the MDA-MB-231 cells were most resistant on TCPS.
Interestingly, the SkBr3 cells were nearly two-fold more resistant to sunitinib as spheroids
compared to tissue culture plastic, potentially explaining the limited success in the clinic. The
mixed responses we observe across cell lines mimic the variable reports of success in the clinic
for both neratinib [337, 338] and sunitinib [339, 340]. Together, because we have performed an
expanded drug resistance screen across many more physiologically relevant platforms, we can
capture stiffness-, cell-contact-, or dimensionality-dependent drug resistance that may explain the
failure of some drugs in the clinical setting. In particular, we have uncovered MEK/ERK as a
mediator of drug resistance in 3D environments, and suggest that co-targeting MEK with
sorafenib may improve efficacy in vivo.
5.6 Conclusions
Here, we have demonstrated the development of new 3D drug screening platforms for
drug screening of primary cells and cell lines as spheroids encapsulated in tissue-mimicking
hydrogels. Our spheroid growth platform can be used to generate thousands of small tumor

194

spheroids, and growth can be modulated with different growth factor cocktails. Malignant
spheroids from ascites cells can be encapsulated in hydrogels for drug screening, and should be
tested immediately after sample collection. Moving forward, this system can be for personalized
medicine screening, and for the identification of new targeted therapeutics. Importantly, this
system incorporates relevant cues from the microenvironment that may impart resistance, and
the stiffness and integrin binding could be tuned to better mimic the primary tumor or metastatic
site of interest in a given patient. An expanded screen of additional ovarian cancer patients, in
other cancer types, and comparing in vitro and in vivo or clinical resistance would provide merit to
this approach.
We have also shown that co-treating MEK and JNK inhibitors in combination with
sorafenib can have increased efficacy in a tumor spheroid screening platform, indicating that this
therapeutic regimen may be effective in vivo. Importantly, there was no improvement in drug
sensitivity with the MEK inhibitor when cells were screened in TCPS, demonstrating the need for
screening in this 3D system. We observe that basal and EGF stimulated signaling is suppressed
in 3D environments, and that this may explain the lack of efficacy of some targeted therapeutics
(i.e., lapatinib) we tested. In the future, this system should be used to screen novel, unproven, or
failed therapeutics to identify new efficacious therapeutics. Our results demonstrate that many
false positives and false negatives may be identified early in the drug development process
through the use of 3D screening platforms.
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5.7 Tables
Table 5.1. Ascites patient characteristics
Patient

Date Sample
Received

Diagnosis

Previous Treatment

Spheroid
Density

7882M
=7892M

09/24/15

Endometrial
serous carcinoma

06/2015
Paclitaxel
carboplatin

Moderate

7892M
74 yr old
=7882M

10/06/15

Endometrial
cancer, recurrent
ascites

SAME PATIENT AS
ABOVE

Moderate

7962M

12/10/15

Ovarian cancer
with omental
metastasis

None

Low

12/17/15

Papillary cancer,
recurrent ascites

Start 7/2014
Carboplatin
Paclitaxel
Doxorubicin liposomal
(only 1 dose)
Gemcitabine
Topotecan

High

12/29/15

Ovarian cancer,
new ascites
noticed over past
3 weeks

Start 9/2013
Carboplatin
paclitaxel

Extremely high,
Extremely
metabolically
active

7961M2
66 yr old

7990M
85 yr old
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5.8 Figures

a

b

7990M

c

7882M Day 1

7882M Day 12

DAPI
E-cadherin

DAPI
E-cadherin
aSMA

100µm

Figure 5.1. Primary ascites samples are complex mixtures and evolve during culture time.
a. Image of remaining ~25ml of ascites fluid sample 7990M as received. Some large pieces of
intact tissue are present. b. E-cadherin staining of a malignant spheroid from sample 7882M 1
day after seeding on tissue culture plastic. c. Long-term culture on TCPS enriches for αSMApositive stromal cells and E-cadherin-positive malignant cells are not detectable after 10-14 days.

Neutrophils

b

Macrophages

c

Stromal Cells

Day 1

a

DAPI
E-cadherin
CD163

DAPI
E-cadherin
αSMA

Day 7

DAPI
E-cadherin
CD15

100µm

Figure 5.2. Ascites samples are complex, evolving cell populations.
a. Immunofluorescent staining of neutrophils (CD15), b. macrophages (CD163), and c. fibroblastlike stromal cells (αSMA) with E-cadherin-positive malignant tumor cells from sample 7990M.
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Retained by Cell Strainer

Passed Through Cell Strainer

Pure Ascites

RBCs Lysed

Cell Strainer

a

RBC Lysis

b

100µm

Partial Trypsinization

c

Trypsinized Off, Day 1

Remaining Cells, Day 1

Trypsinized Off, Day 6

Remaining Cells, Day 6

Figure 5.3. Methods to isolate malignant cells from ascites samples.
a. Left, spheroids collected in cell strainer, and right, mixed population that passed through cell
strainer from sample 7962M. b. Left, sample 7962M seeded directly into a well plate, or right, with
RBCs lysed prior to seeding. c. Partial trypsinization to remove stromal cells from sample 7990M
at day 1 and day 6.
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Figure 5.4. Spheroids and cells collected from ascites can grow under non-adherent
conditions.
a. Image of collected spheroids encapsulated into polyNIPAAM-PEG gel. b. Growth of each cells
and spheroids from each patient sample in polyNIPAAM-PEG gel under different medium
conditions. c. Diameter of spheroids seeded into polyNIPAAM-PEG or onto non-adherent plates
after 10 days of culture in either DMEM with 20% serum or mammosphere medium. d.
Histograms of diameters of single cells from 7962M after 1 and 14 days of culture in
polyNIPAAM-PEG with varying media. e. Histograms of diameters of spheroids collected from
7962M after 1 and 14 days of culture in polyNIPAAM-PEG with varying media.
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7882M 7892M 7962M 7961M2 7990M

Concentration (pg/ml)

Figure 5.5. Cytokine expression heterogeneity across patients.
Heatmap of cytokine concentrations in supernatant from each ascites patient.
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Figure 5.6. Microenvironment and culture time dictates doxorubicin sensitivity.
a. Doxorubicin IC50 across biomaterial platforms with seeding cells isolated from fresh sample. b.
Doxorubicin IC50 for spheroids encapsulated in PEG-Mal gels either seeded immediately from
fresh sample, or after 14 days culture in polyNIPAAM-PEG under varying medium conditions.
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Figure 5.7. Many breast cancer cell lines can be grown into spheroids in polyNIPAAMPEG.
a. Day 14 growth of 23 breast cancer cell lines into spheroids in polyNIPAAM-PEG. b. Mean
diameter as a function of days in culture for MDA-MB-231, ZR-75-1, and HCC 1954 grown in
serum. c. Live/dead images of spheroids encapsulated in 10 wt% PEG-Mal gels with RGD.
Images taken 3 days post-encapsulation.
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Figure 5.8. 3D spheroid growth does not correlate with 2D doubling time.
Doubling time data retrieved from [219].
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Figure 5.9. Medium can be varied to increase spheroid growth.
a. Effect of supplemented EGF on spheroid growth across 23 cell lines. b. Effect of
mammosphere medium on spheroid growth. c. Effect of ascites supernatant fluid on spheroid
growth. ND: not done.
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Figure 5.10. Spheroid growth is independent of basal levels or changes in receptor
expression.
a. Correlation between basal EGFR expression and effect of EGF on spheroid growth. EGFR
expression data obtained from [175]. b. Western blot for E-cadherin and N-cadherin expression
for cells cultured on TCPS or grown as spheroids for 14 days.

Figure 5.11. Chitosan-pectin hydrogels are cytocompatible and minimally adhesive.
a. Representative images of mesenchymal stem cells cultured on (top) rinsed and (bottom)
nonrinsed 0.00 M HCl CS/Pec hydrogels at day 14 of culture. Live cells are stained green (calcein
AM) and dead cells are stained red (ethidium homodimer-1). Scale: 50 μm. b. Average stem cell
spheroid area on rinsed and nonrinsed 0.00 M HCl CS/Pec hydrogels is quantified as a function
of time in days. c. The passive absorption of BSA to the rinsed and nonrinsed 0.00 M HCl CS/Pec
hydrogels is also provided. Figure reproduced, with permission, from [341]. Hydrogels in these
experiments were provided by Nathan Birch (Jessica Schiffman Lab).
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Figure 5.12. Sorafenib and lapatinib resistance are dictated by the biomaterial culture
platform microenvironment.
a. Different drug screening culture platforms include TCPS, 2D hydrogels, and 3D hydrogels with
either encapsulated single cells or spheroids. b. Growth of MDA-MB-231 spheroids in
polyNIPAAM-PEG over 14 days. c. Live/dead stain of MDA-MB-231 spheroid after 3 days
encapsulation in 10 wt% PEG-Mal gel (Green: all cells, red: dead cells). d. Timeline for IC50
experiment for each biomaterial platform. e. Heatmap of basal proliferation and IC50 in response
to doxorubicin, temsirolimus, sorafenib, and lapatinib for SkBr3 and MDA-MB-231 cell lines. Data
in Figure 6.11e was performed by Thuy Nguyen.
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Figure 5.13. GR50 trends are similar to IC50 trends.

Supplemental: Cells are prolifera?ng throughout spheroids, 231s proliferate more than SkBr3s

Figure 5.14. Failed clinical drugs have mixed platform-sensitivity.
SkBr3 and MDA-MB-231 neratinib and sunitinib IC50s.
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Figure 5.15. Proliferation varies with platform dimensionality.
Ki67 staining of cells on TCPS or as spheroids in PEG-Mal gels in serum one day postencapsulation for a. MDA-MB-231 and b. SkBr3. Scale: 100 µm.
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Figure 5.16. 3D dimensionality suppresses EGF-stimulated signaling.
a-b. Immunofluorescence for total EGFR in SkBr3 in response to EGF stimulation for varying
times for a. cells on TCPS and b. spheroids in PEG-Mal gels. Scale: 100 µm. c. Phospho-EGFR
(panTyr) in response to EGF stimulation for cells on TCPS and spheroids in PEG-Mal gels. a-b.
Immunofluorescence for total HER2 in SkBr3 in response to EGF stimulation for varying times for
a. cells on TCPS and b. spheroids in PEG-Mal gels. c. Phospho-HER2 (panTyr) in response to
EGF stimulation for cells on TCPS and spheroids in PEG-Mal gels. Scale: 100 µm. c and f were
performed in collaboration with Alyssa Schwartz.
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Figure 5.17. Signaling in response to drug treatment is platform and drug dependent.
a. MDA-MB-231 and b. SkBr3 phospho-protein levels in response to drug treatment. Conditions
were ordered by IC50 for each drug, and heatmap shows fold change with drug treatment from
the DMSO control. The IC50 experiments were performed by Thuy Nguyen, and signaling
experiment was performed in collaboration with Alyssa Schwartz.
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Plot of MB231 model parameters.
# Extract the model coefficients for plotting
plotD <- data.frame(model.sum$coefficients)
ggplot(data = plotD, aes(x = Estimate, y = log10(Pr...t..), label = rownames(plotD))) +
geom_point() + theme_bw() + geom_text(nudge_y = 0.06) + scale_y_reverse() + xlim(-1.2, 1.2) +
ylab("Log10 P-Value") + ggtitle("MB231 Viability Linear Model") +
geom_errorbarh(aes(xmin = Estimate - Std..Error, xmax = Estimate + Std..Error))
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Figure 5.20. Linear regression model determines that MEK explains the majority of the
3
variability in MDA-MB-231 data.
This analysis was done by Aaron Meyer at MIT.
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Figure 5.21. MEK and JNK inhibitors have efficacy in 3D systems.
a. MDA-MB-231 and b. SkBr3 IC50 in response to sorafenib with MEK or JNK inhibitors when
seeded on TCPS, as spheroids in 3D gels, or as spheroids in 3D gels in serum-containing
medium. MEK and JNK inhibitor data was collected in collaboration with Alyssa Schwartz,
control data collected by Thuy Nguyen.
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CHAPTER 6
CONCLUSIONS AND FUTURE CONSIDERATIONS

6.1 Abstract
The work presented in this thesis demonstrated the use of biomaterials in predicting
metastatic tropism and studying dormancy, identifying integrins as therapeutic targets for both
aggressive and dormant metastatic disease. We have also developed a novel drug screening
platform, where primary spheroids from ascites fluid or in vitro grown cell line spheroids can be
encapsulated into biomaterials and treated with drugs. This platform revealed a novel
combination of sorafenib and a MEK inhibitor that improved sorafenib efficacy only in the complex
3D environments. Together, this dissertation has demonstrated the use of biomaterials to
understand disease mechanisms and drug resistance. Here, we discuss the broad implications of
these findings and the future of biomaterials-based approaches to studying disease.
6.2 Overall Conclusions
6.2.1 2D Adhesion and Motility Can Be Used to Predict Metastatic Outcomes
In Chapter 2, I demonstrated how a simple phenotypic screening method can be used to
predict breast cancer metastasis and identify novel integrin targets to prevent tissue-specific
metastatic spread. This was a novel approach for predicting metastasis, which could be applied
clinically with live patient biopsies. This tool could potentially be significantly simplified to require
only endpoint measurements, facilitating clinical implementation. Chapter 3 explored the effect of
other microenvironment features on adhesion and motility, and interestingly, in our data, ECM
composition is a more critical feature than tissue stiffness. Drug treatment and altered metabolism
both have significant effects on cell phenotypes, and sometimes have dangerous effects, which
could be incorporated into the fingerprinting prediction or into a drug screening assay. Together,
we demonstrated that simple integrin-mediated adhesion and motility phenotypes can provide a
large insight into metastatic outcomes and drug resistance.
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6.2.2 An In Vitro Model of Reversible Latency
Metastasis can be either aggressive or dormant, and currently, there are no continuous
models of dormancy disease progression in vitro or in vivo. Using mitogenic stress, through
serum starvation, we found that latency can be induced in a population of growing cells, where
cell number slowly declines over time. The cells are a mixed population of truly quiescent,
arrested, senescent, and proliferating cells, which has not been demonstrated previously. This
latent population can be re-stimulated to grow, and phenotypically, the parental and recovered
populations are largely indistinguishable, suggesting nearly full reversibility of the latent
phenotype.
6.2.3 Tumor and Stroma Secreted Fibronectin Supports Metastatic Latency
Using the reversible dormancy model, I discovered that survival of latent cells is mediated
by autocrine fibronectin secretion and assembly, which is mediated by integrin α5-mediated
adhesion and ROCK-generated tension. This fibronectin assembly by latent tumor cells is specific
to the latency phenotype, and surprisingly, is degraded by proteases during reactivation.
Fibronectin mediates survival through a αvβ1 integrin-FAK-MEK-ERK pathway, and fibronectinmediated survival can be enhanced through matrix assembly mediated by stromal fibroblasts or
mesenchymal stem cells. These stromal cells are recruited by soluble factors secreted by the
latent tumor cells, and their matrix assembly is mediated by TGFβ ligands secreted by the tumor
cells through stromal TGFBR1 signaling. This work identifies fibronectin-mediated adhesion, and
downstream signaling (FAK, MEK, ERK) as targets to eliminate dormant micrometastases, and
TGFβ and TGFBR1 as novel stromal targets to prevent matrix remodeling and decrease tumor
cell survival.
6.2.4 Drug Screening Platforms
Finally, I demonstrated how drug screening can be improved with engineered drug
screening platforms. By isolating malignant spheroids from primary ovarian cancer ascites
samples, I developed a system to screen drugs on primary tumor samples on the day of
collection without any required preparation. This eliminates any artifacts of tissue culture,
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including the onset of senescence or significant stromal contamination. A similar system was
developed in breast cancer cell lines, where the spheroid formation ability of 23 cell lines was
screened. These cells can be grown into spheroids and encapsulated in 3D hydrogels for drug
screening. Finally, we compared traditional and engineered drug screening platforms for two cell
lines and several targeted drugs, and identified JNK (adaptive response, an obvious target) and
MEK (non-intuitive target identified through modeling) as mediators of microenvironment-specific
resistance and efficacious adjuvants in combination with sorafenib. Importantly, the efficacy of cotargeting JNK with sorafenib would have been identified in a traditional TCPS assay, but the
efficacy of co-targeting MEK in 3D and in vivo would not have been. Together, these systems can
be used to screen drug efficacy in more physiologically relevant microenvironments, and
hopefully identify false positives (i.e., sunitinib) and false negatives (i.e, sorafenib with MEK
inhibitor) early in the drug development process.
6.3 Clinical Implications of Presented Results
Here, we have demonstrated how simple biomaterials can used as tools to predict
metastasis and dormancy, and to understand mechanisms of metastatic spread. We focused
here on integrins, which have largely been unsuccessful metastatic targets in the clinic, likely a
result of some of the alarming motility and invasion results we report. We suggest that these
simple in vitro models can be used to screen drugs to prevent aggressive metastasis and
recurrence of latent disseminated cells, and specifically identify cilengitide as a potential antidormancy therapeutic to prevent metastatic outgrowth. I envision that cilengitide may be used in
combination with anti-TGFβ or LY-364947 to alleviate stromal remodeling, and with a
chemotherapeutic to target any residual cycling cells. This is a promising new use for a previously
failed anti-angiogenic drug that works very well in vitro and was well-tolerated in patients.
6.4 Importance of In Vitro Models in Cancer Biology and Tissue Engineering
In vitro models will be critical to understanding mechanisms of disease progression in
cancer and other diseases [342]. Because these materials are controllable and tunable, they can
be used to understand specific mechanisms (matrix protein-, stiffness,- growth factor-mediated,
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etc.) in a generally reproducible manner [42, 140, 141]. While some measurements made in 2D
can predict 3D outcomes [42, 148], it is well appreciated that traditional cell culture platforms and
many simple 2D biomaterials are poor representations of tumors in vivo, and even well-controlled
simple materials lack many other features of tissue physiology. Therefore, these results need to
be considered within the limitations of the culture platform used, because many potentially
important factors are missing. Complex biomaterials can improve upon simple biomaterial
systems to better represent actual tumors and tissues by adding in complexity, such as a 3D
dimensionality, many relevant microenvironment cues (e.g., soluble and insoluble matrix
composition, stiffness, appropriate stromal cells, spatial and temporal heterogeneity). As each
feature is included, its effect on a specific phenotypic or disease mechanism can be
systematically examined. Some complexity can be engineered with composite biomaterials, which
can represent interfaces often present in tissues [343, 344]. In current biomaterial platforms, there
are few controlled synthetic spatially and/or temporally dynamic materials [345-348], but these will
be critical to appropriately modeling the heterogeneity and dynamics inherent to disease
progression in vivo in synthetic in vitro systems.
Many tissue engineering approaches are more recently intersecting with the field of
cancer biology, providing improved tissue models to study disease mechanisms [349]. These
tissue scaffolds and artificial tissues can be built from the ground up using 3D bioprinting, or by
creating scaffolds for cell seeding, resulting in tissue regeneration that can occur in vitro and in
vivo [343, 344, 350-352]. Some are engineering metastatic tissues using scaffolds, and then
introducing tumor cells into these tissue surrogates, bridging the gap between in vitro simplicity
with an in vivo-like tissue representation [353]. As another example, implantable tissue
engineering scaffolds can mimic human bone marrow and provide a hospitable niche for
metastasis [354]. Entire artificial tissue mimics would include all of the relevant stromal cell types,
spatial heterogeneity, and tissue architecture, and upon appropriate scale up of sample number,
and scale down of tissue size, could be used to understand mechanisms of metastasis or drug
resistance. These tissue representations, once validated to accurately represent the tissue of
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interest, will provide unlimited power of screening for disease mechanisms of tumor progression
or metastasis in controllable, physiologically relevant microenvironments.
Using these tissue surrogates, drug screening of cells in the appropriate tissue
microenvironment will be key to identifying patient-specific therapeutics and novel anti-metastasis
drugs [355]. Because nearly all of the relevant tissue cues will be incorporated into these models,
all microenvironment mediated mechanisms of metastasis and drug resistance can be thoroughly
investigated. These artificial tissues will be highly controlled because they were engineered from
the ground up, providing significant reproducibility, but could also be developed using a patient’s
own cells (or a panel of cells from many patients) in order to understand patient-specific disease
mechanisms or the effects of patient heterogeneity. Because these models can capture spatial
and temporal heterogeneity, they can also provide a window into the effect of a drug treatment on
tissue architecture or function, providing insight into compensatory resistance mechanisms or
potential toxicity and side effects. Complete collaboration between tissue engineers and cancer
biologists will be necessary to fully implement these tissue mimics for drug screening and study of
metastasis mechanisms.
6.5 Limitations of Model Systems
Every model system, either in vitro or in vivo, has its own limitations. Synthetic in vitro
systems are limited by the complexity built in to the model, system constraints on material
properties, and they inherently lack many features of clinical disease. With these limitations, it is
nearly impossible to know if an in vitro mechanism, no matter how robust, really occurs in vivo or
in patients. However, in vivo experiments are limited by the presence of mouse stroma and
physiology, studying human cancer in a mouse, studying mouse cancer, or studying cancer
without an intact immune system, and all are inherently inaccurate representations of human
disease. The most probable clinical result observed in a model system is one that can be
confirmed on the in vitro, in vivo, and clinical levels, and in our work, we found large
discrepancies between clinical and in vitro data in some data (Chapter 2) but not others (Chapter
4). It is likely that there will be greater success in identifying conserved mechanisms beginning
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with in vitro data generated from a more physiologically relevant environment rather than cells
cultured on tissue culture plastic. Together, confirmation of mechanisms comes from a correlation
of similar findings from in vitro and in vivo experiments and clinical patient data, which all limited
by inherent challenges in experiment design.
One of the biggest challenges with designing complex in vitro systems and comparing in
vitro and in vivo systems is determining the appropriate tradeoff between complexity and
time/monetary costs. While complex tissue mimic biomaterials or organoids may provide better
models of the tissue microenvironment, these can be technically difficult to fabricate, require
lengthy preparation to grow organoids or tumor spheroids (weeks to months) and are significantly
more expensive than simple culture platforms. This cost versus complexity tradeoff is an
important consideration in tissue engineering, in creating in vitro tumor models, and in developing
drug screening platforms. In the context of drug screening, for example, many cell lines should be
screened for drug sensitivity across platforms of varying complexity (including in vivo models and
using clinical data validation) to determine the platform that best captures the in vivo and clinical
outcomes. Importantly, none of these engineered platforms will be incorporated into clinical or
industrial applications unless they are cheap, easy, and quick to implement [356]. Therefore,
scientists and engineers must identify the most predictive platform with minimal cost tradeoff for
these tools to be translated into the clinic and used on a large scale across many academic and
industrial laboratories.
6.6 Future of Biomaterials in Cancer Biology
In conclusion, the use of biomaterials and tissue engineered artificial and mimetic organs
will be critical to understanding mechanisms of metastasis, for identification of novel drugs, and
for personalized medicine decisions [357]. The challenges lie in the tradeoff between complexity
and cost, validation of in vitro findings, and large-scale clinical validation and implementation. The
success of this approach is dependent upon significant interdisciplinary collaboration between
biomaterial scientists, cancer biologists, and clinicians, and the combination of in vitro, in vivo,
and clinical data. While many of these collaborations are beginning to form through national
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funding and scientific organizations, there is still an incredible amount of work to be done for
biomaterials to be used as viable drug screening and metastatic-mechanism screening platforms.
However, when all of these researchers come together, the resulting model systems will be
robust, cheap, transferrable to different academic and industrial laboratories. Ultimately, this
approach will also be applicable to other diseases, such as diabetes and cardiovascular disease,
providing an alternative method to develop novel therapeutics for these critical diseases.
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