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ABSTRACT OF THE DISSERTATION

Context dependence of cancer cell migration and metastasis

by

Daniel Ortiz Vélez

Doctor of Philosophy in Bioengineering

University of California San Diego, 2018

Professor Stephanie I. Fraley, Chair

Cancer is a leading cause of death worldwide. During metastasis, cells from a primary tu-

mor escape, invade local tissues and spread to distant organs. Even though this process represents

the highest risk for cancer related death, a lot remains unknown about the principles behind its

beginning and progression. The main barrier that cancer cells face at each step of the metastatic

process is a complex 3D extracellular matrix (ECM), which they need to bind to, pull on and

degrade. In this dissertation I use 3D culture systems to mimic a native 3D ECM in vitro, to

quantitatively study the role of the ECM structure and physical properties on the development of

invasive phenotypes and gene expression programs.

xiv



In chapter 1, I identified a switch to a highly persistent and polarized cell motility in a high

density environment and discovered that cells undergoing this migration formed multicellular

structures. Using RNA sequencing I found an upregulated 70 gene module that together with

the motility response has been describes as vasculogenic mimicry (VM). I show evidence that

the identified transcriptional program predicts survival in patient data across nine distinct tumor

types, suggesting it may represent a conserved metastatic response.

In chapter 2, I investigate the biophysical mechanisms of cell-ECM interactions. I find

that matrices with low degradability limit cell adhesion. Cells in these matrices display hallmarks

of anchorage independent growth, including oxidative stress. They show decreased expression of

several mTOR target genes and downregulation of TCA cycle and pyruvate metabolism pathways.

Lastly, I show that as part of the response to low adhesion state, cells upregulate key NOTCH

signaling molecules.

In chapter 3, I propose the use of in vivo models to deconstruct the role of collagen density

in promoting cancer cell metastasis. I present preliminary data and future directions for these in

vivo models.

The data presented in this dissertation provides a multiscale view of the role of the collagen

microenvironment in the development of cancer cell invasive motility and metastatic phenotypes.

The discoveries presented hereby highlight the value of using 3D culture assays in combination

with quantitative analysis to uncover biological phenomenon with high translational potential.
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Chapter 1

3D collagen architecture induces a

conserved migratory and transcriptional

response linked to vasculogenic mimicry

1.1 Introduction

An initial step in cancer metastasis is the migration of tumor cells through the extracellular

matrix (ECM) and into the lymphatic or vascular systems[1]. Several features of the tumor ECM

have been associated with progression to metastasis. In particular, regions of dense collagen

are co-localized with aggressive tumor cell phenotypes in numerous solid tumors[2], including

breast[3], ovarian[4], pancreatic[5] and brain cancers[6]. However, sparse and aligned collagen

fibers at the edges of tumors have also been reported to correlate with aggressive disease[7].

It remains unclear whether and how collagen architectures have a role in driving metastatic

migration programs or if they simply correlate with progression of the tumor.

Intravital microscopy studies have shown that distinct collagen architectures are associated

with specific cell motility behaviors. Cancer cells migrating through densely packed collagen

1



within the tumor use invadopodia and matrix metalloproteinase (MMP) activity to move, whereas

cells in regions with less dense collagen and long, aligned fibers migrate rapidly using larger

pseudopodial protrusions or MMP-independent ameboid blebbing[8, 9]. Likewise, we previously

showed in vitro that cell migration speed, invasion distance, and cellular protrusion dynamics are

modulated by collagen fiber alignment, but that this relationship breaks down at high collagen

densities (>2.5 mg ml−1)[10]. These findings suggest that distinct motility regimes exist in

low-density and high-density collagen, which may have implications for metastatic progression.

1.2 Results

1.2.1 High-density collagen promotes fast and persistent migration

To first investigate the role of 3D collagen density in modulating the migration phenotype

of breast cancer cells, we embedded MDA-MB-231 cells in collagen I matrices at densities

mimicking normal breast tissue, 2.5 mgmL−1 collagen and cancerous breast tissue, 6 mgmL−1

collagen[10, 11]. We observed that cells migrating in dense collagen initially appeared to be

trapped and were unable to invade. However, after one division cycle, most cells switched

to a highly invasive motility behavior, significantly increasing their persistence, velocity, and

total invasion distance (Fig. 1.1 a-d, left panels). This behavior was not observed in cells

embedded in the low-density matrix, where cell migration was the same before and after division

(Fig. 1.1 a-d, right panels). Interestingly, cells that were in contact with the coverslip and not

fully embedded in the high-density condition did not undergo the same migration transition

upon division (Supplementary Fig. 1.1 a, b). The motility responses we observed in 2.5 and

6 mgmL−1collagen matrices were not unique to MDA-MB-231 breast cancer cells. Similar

migration patterns were observed for HT-1080 fibrosarcoma cells embedded in the same collagen

matrix conditions (Supplementary Fig. 1.1c), suggesting that these responses may be conserved

among distinct cancer types. To further examine whether the observed migration behavior was

2



cell-type dependent, we tested the response of normal mesenchymal human foreskin fibroblasts

(HFF-1) to low-density and high-density collagen conditions. Over an observation period of

48h, HFF cells migrated consistently with very low persistence. Cells invaded less than three

cell lengths in low-density collagen. In high density, HFFs elongated to reach cell lengths up to

300µm but did not invade significantly (Supplementary Fig. 1.1d).

Figure 1.1: High-density 3D collagen microenvironment promotes a switch to persistent
cell migration in cancer cells. a.Mean squared displacement (MSD) and persistent time of
MDA-MB-231 cells before and after cell division in high-density collagen. The persistent time
was calculated from the MSDs using the persistent random walk model (see Methods). MSDs are
shown for 12 representative cell trajectories. b.Mean MSD and persistent time of MDA-MB-231
cells before and after cell division in low-density collagen. The persistent time was calculated
from the MSDs using the persistent random walk model (see Methods). MSDs are shown for
12 representative cell trajectories. c. Single-cell velocity measured at 2min intervals before
and after cell division. d. Single-cell net invasion distance before and after cell division for
cells in high-density and low-density collagen. Box plots show quartiles of the dataset with
whiskers extending to first and third quartiles. n=3 biological replicates for all experiments
unless otherwise noted. Statistical significance was determined by Mann-Whitney U test and is
indicated as *, **, *** for p<0.05, p<0.01, p<0.001, respectively

3



1.2.2 Density-induced migration results in cell network structures

It was unexpected that both MDA-MB-231 and HT-1080 cancer cells migrated faster and

further in high-density collagen conditions. Intuitively, cell migration would be expected to slow

in dense conditions where more matrix must be remodeled to enable cell movement. Moreover,

this behavior was common to both cancer cell types but not displayed by normal fibroblasts, which

represent residents of the stroma and also undergo mesenchymal migration in collagen. This

motivated us to investigate the long-term implications of the rapid migration phenotype induced

in cancer cells under high-density conditions. After 1 week of culture in high-density collagen,

breast cancer cells undergoing rapid, and persistent migration formed interconnected network

structures that resembled the early stages of endothelial tubulogenesis (Fig. 1.2a, left). The

average length of cell networks after 1 week was 437µm (Fig. 1.2 b). Interestingly, these network

structures do not appear to be caused by cells aligning along collagen fibers (Supplementary

Fig. 1.1e). In contrast, cells cultured in low-density collagen for 1 week migrated slowly with

low persistence, and remained as single cells (Fig. 1.2 a, right). HT-1080 cells also formed

network structures in high-density collagen and remained as single cells in low-density collagen

(Supplementary Fig. 1.1 f). HFFs remained as single cells in both high-density and low-density

conditions (Supplementary Fig. 1.1g). The transition of cancer cells from single-cell migration to

network formation suggested a potential transdifferentiation event, and the cell networks were

reminiscent of a cancer phenotype known as vasculogenic mimicry (VM). VM is thought to

arise from tumor cells that acquire the ability to form networks in the tumor ECM lined with

glycogen-rich molecules and basement membrane proteins that can be perfused with blood.

However, the tumor cells lining these networks do not express endothelial surface markers such

as CD31[5, 6]. Periodic acid schiff (PAS) staining of the networks formed in our high-density

collagen condition confirmed the presence of glycogen-rich molecules (Fig. 1.2 c) and immunoflu-

orescence confirmed the presence of basement membrane protein COL4A1 (Fig. 1.2 d), as in VM.
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Previous pioneering studies have shown that several aggressive melanoma cell lines,

which produce VM in vitro also intrinsically form VM network structures when cultured on top

of Matrigel or collagen I in a 2D in vitro context [12, 13]. Recently, other aggressive tumor cell

types have been shown to intrinsically form VM-like network structures on top of Matrigel or in

2.5D culture in Matrigel [14, 15, 16, 17, 18]. Here, it is important to note that variations exist

in the consistency of commercial ECM products as well as the terminology used to describe 3D

culture. We define 3D culture strictly as a condition where cells are fully embedded, in contact

with ECM on all sides, and located a sufficient distance away from the coverslip bottom and

sides of the culture dish to avoid their influence. We define 2.5D culture as a pseudo 3D culture

where cells are embedded in the ECM but in contact with coverslip. Our previous studies have

demonstrated the importance of these distinctions, as cell behavior and protein localization are

differentially regulated in each context [19, 20, 21]. Therefore, we sought to understand whether

the network phenotype induced by a 3D collagen I environment was distinct from that induced by

a 2D Matrigel environment. First, we asked whether our cells formed network structures on top of

Matrigel. Few cells aligned within the first 24hrs of culture, and nearly all cells aggregated after

72 h (Fig. 1.2 e). Next, we embedded MDA-MB-231 cells inside of Matrigel, in 3D culture. In

this context, cells did not form network structures but instead formed rough-edged, disorganized

spheroids (Fig. 1.2 f). Thus, high-density collagen uniquely induced the network-forming

phenotype in a more physiologically relevant 3D context.

1.2.3 A conserved transcriptional response precedes migration

We hypothesized that the persistent migration phenotype of cancer cells leading to network

formation in high-density collagen conditions (collagen-induced network phenotype, CINP) could

be the result of a transdifferentiation event wherein a unique cell motility gene module was

upregulated. To test this, we conducted RNA sequencing of MDA-MB-231, HT-1080, and HFF

cells cultured in low-density and high-density collagen matrices after 24h (Fig. 1.3 a), the time
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Figure 1.2: Density-induced migration results in cell network structures. a. Representative
image of MDA-MB-231 cells cultured in a 6 mgmL−1(left) and in a 2.5mgmL−1 (right) collagen
I matrix after 7 days of culture. Cells are stained with Alexa-488 Phalloidin (F-Actin) and
DAPI (nuclei). Scale bar 250µm. b. Quantification of mean structure length in low-density
and high-density collagen, from images acquired in three independent experiments. c. PAS
stain of MDA-MB-231 cells cultured for 7 days in a 3D collagen gel of high-density (left)
and low-density (right). Scale bar 100µm. d. Immunofluorescence staining of MDA-MB-231
cells for collagen IV after 7 days of culture in 6 vs. 2.5 mgmL−1. Representative images of
n=2 biological replicates. Bar graph shows mean and s.e.m. of quantification of stained area
performed in 15 different fields of view. Scale bar 100 µm. e. MDA-MB-231 cells cultured on
top of growth factor-reduced matrigel after 24h (left) and after 72 h (right). Scale bar 250 µm. f.
MDA-MB-231 cells cultured inside growth factor-reduced matrigel in 3D culture for 7 days.
Scale bar 100 µm. Box plots show quartiles of the dataset with whiskers extending to first and
third quartiles. n=3 biological replicates for all experiments unless otherwise noted. Statistical
significance was determined by Mann-Whitney U test and is indicated as *, **, *** for p<0.05,
p<0.01, p<0.001, respectively

point just before most cancer cells in the high-density collagen matrix underwent at least one cycle

of cell division and began to invade with increased persistence. As the majority of cancer cells

cultured under high-density conditions participated in network formation, we expected their bulk

transcriptional profile to be dominated by this phenotype[22]. Then we asked whether common

stem cell and differentiation markers were upregulated in association with the network-forming

phenotype. Indeed, several known stem cell markers were upregulated (Fig. 1.3 b), and three
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were common to both cancer cell types: JAG1, ITGB1, and FGFR1. This suggested that both

cancer cell types harbored stem-like qualities, which could facilitate significant transcriptional

reprogramming.

Analyzing more broadly, we then asked which genes were differentially regulated (TPM

fold change >1.5) in high-density collagen compared to low-density collagen in each cell type

and whether these genes represented unique or conserved transcriptional response modules. As

expected, cell type accounted for the most variance in gene expression (Fig. 1.3 c). However, after

a z-score transformation of the gene expression of each cell type, the collagen matrix condition

accounted for the bulk of the remaining variance in gene expression (Fig. 1.3 d). This suggested

the presence of gene expression programs linked to collagen matrix conditions.

Using a Venn diagram approach to identify conserved expression modules, we discovered

a set of 70 genes that were upregulated by both cancer cell types but not normal cells in response

to high-density collagen (Fig. 1.4 a; Supplementary Fig. 2a). Gene ontology (GO) enrichment

analysis revealed that these 70 common-to-cancer genes were significantly enriched for anno-

tations in blood vessel development and regulation of migration (Fig. 1.4 b,c). Importantly,

changes in the threshold for differential expression did not significantly alter the primary gene

ontology categories identified (Supplementary Fig. 2d; Supplementary Table 1). Key genes

involved in Notch signaling, i.e., RBPJ and LFNG, were among the 70. Importantly, LAMC2,

JAG1, and THBS1 genes identified in this common-to-cancer gene set have been previously

associated with a VM phenotype intrinsically displayed by metastatic melanoma, which was

assessed by targeted microarray analysis for angiogenesis, ECM, and cell adhesion genes [23, 24].

Upregulated surface markers were not endothelial in nature, and did not represent any specific

tissue or cell type (Fig. 1.4 c).

Further exploration of our dataset with respect to individual cancer cell types revealed

that, beyond the conserved transcriptional response, high-density collagen also triggered the

expression of genes related to vasculogenesis in a cell type-dependent manner. For example, breast
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Figure 1.3: Differential transcriptional states modulated by 3D extracellular matrix a.
Schematic of the experimental approach. Each cell line in each condition was cultured in
biological triplicate, and each replicate was sequenced (n=3 for each cell type per condition).
b. List of genes upregulated in each of the cancer cell lines that are known stem cell or
differentiation markers. c. Principal component analysis of raw RNA-Seq data shows cell type
as main driver of variance in gene expression. d. Principal component analysis of z-score
transformed data shows culture condition as the main driver of variance in gene expression.

cancer cell networks upregulated VEGFA fold change= 1.65 and MMP14 fold change=1.72, but

fibrosarcoma cell networks did not. Some of these genes have been previously associated with

the VM network phenotype of melanoma cells (Supplementary Fig. 2c) [23].

Next, we assessed the 35 genes that were upregulated in response to high-density collagen

by all three cell types (Fig. 1.4 a). These genes were enriched primarily for annotations in

regulation of cell differentiation (Fig. 1.4 d). However, it is important to take into account the
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Figure 1.4: A conserved transcriptional response precedes migration a. Venn diagram
showing the overlap between genes upregulated in 6 vs. 2.5 mgmL−1 collagen in the three
cell lines analyzed. b. Gene ontology (GO) of biological processes enriched in the 70 genes
upregulated by cancer cells in 6 mgmL−1collagen. Number at the end of the bars represents
number of genes annotated for the particular GO term. c. Lists of genes with annotations
relevant to the observed phenotype. Left: regulation of cell migration. Middle: regulation of
anatomical structure development. Orange color highlights genes annotated for blood vessel
development. Right: surfance markers. d. GO of biological processes enriched in the 35 genes
shared by cancer cells and HFF-1 fibroblasts. Number at the end of the bars represents number
of genes annotated for the particular GO term. See Methods for analysis details.

inherent flaws associated with GO enrichment analysis. For example, some categories showing

enrichment in the 35 genes common-to-all cell lines contain very few genes and may not represent

real enrichment. However, this limitation is not observed in the top enriched categories in the 70

genes common-to-cancer cells, where most category contains at least 10 genes (Fig. 1.4 b). The

genes associated with each enrichment category are given in Supplementary Tables 2 and 3.

Interestingly, SERPINE1, a secreted protease inhibitor involved in coagulation and inflam-
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mation regulation, was identified in the common-to-all gene module (Supplementary Fig. 2b).

Several Serpine protein family members have previously been implicated as drivers of metastasis

correlating with VM [17] and with brain metastases of lung and breast cancers [25].

1.2.4 Physical properties of the 3D ECM involved in CINP

We next sought to identify the matrix feature triggering transdifferentiation. The physical

parameters of stiffness, pore size, and fiber organization differ between the low density 2.5

mgmL−1 and high density 6 mgmL−1 collagen matrices [26] . Chemical cues may also change.

For example, adhesive ligand density and binding site presentation to integrins and other matrix

receptors may differ [27, 28]as well as accumulation or release of autocrine and paracrine signals

sequestered by the ECM [29, 30, 31]. Each of these features could potentially impact cancer cell

motility behavior and gene expression.

As matrix stiffness has been implicated in driving epithelial-to-mesenchymal transitions

(EMT) and aggressive phenotypes [4, 22, 23] we first asked whether increased stiffness of the

high-density collagen matrix was responsible for triggering transdifferentiation. To test this,

we developed a collagen polymerization procedure (Methods) that increases the stiffness of the

low-density matrix to match the stiffness of the high-density matrix (Fig. 1.5a). By lowering the

polymerization temperature from 37 to 20◦C, polymerization slowed, allowing fibers to form

more organized and reinforced fiber structures with larger pores (Supplementary Fig. 1I). Breast

cancer cells cultured in this stiffened low-density condition did not undergo network formation

(Fig. 1.5 b), suggesting that 3D stiffness is not sufficient for triggering the transdifferentiation.

Next, we sought to determine whether the smaller pore size of the high-density matrices

triggered transdifferentiation. One way in which smaller pore sizes could influence cell behavior

is by restricting the diffusion of molecules to and from the cells [32]. More specifically, the

imbalance between oxygen diffusion to cells and oxygen consumption by cells in 3D matrices

has been shown to promote hypoxic conditions in some cases [33]. Since regions of VM have
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Figure 1.5: Cell network formation is not triggered by hypoxia or matrix stiffness but
rather by matrix architecture a. Storage modulus of collagen gels as estimated by shear
rheology after polymerization at different temperatures. b. Representative images of cells
after 7 days of culture in low-density collagen polymerized at 20◦C (high stiffness, 440Pa). c.
HIF1 A expression in low-density and high-density 3D collagen after 7 days of culture under
normoxic (21% O2) or hypoxic (1% O2) conditions. d. Representative images of MDA-MB-231
cells in low-density and high-density 3D collagen after 7 days of culture under hypoxic (1%
O2) conditions, scale bar 250µm. e. Quantification of mean structure length after 7 days of
culture under hypoxic (1% O2) conditions in low-density and high-density collagen. f. Confocal
reflection images of collagen fibers in 3D matrices. Left: 2.5 mgmL−1 collagen I, center: 6
mgmL−1 collagen I, and right: 2.5 mgmL−1 collagen + 10 mgmL −1 PEG. Insert shows a 2x
zoom. Scale bar 100µm.g. Quantification of pore size in the three conditions showed in f. h.
Fiber length and i. fiber width as measured from the confocal reflection images in the three
conditions showed in f. j. Representative image of MDA-MB-231 cells cultured for 7 days
in a 2.5 mgmL−1 collagen + 10 mgmL−1PEG 3D matrix. Cells are stained with Alexa-488
Phalloidin (F-Actin) and DAPI (nuclei). Scale bar 250µm. k. Representative bright field image
of MDA-MB-231 breast cancer cells cultured in a 2.5 mgmL−1 collagen matrix where 10
mgmL−1 PEG was added to the media after polymerization. Scale bar 125 µm. Bar graphs
represent mean ±s.d. and data in box and whiskers plots is presented using Tukey method. n=3
biological replicates for all experiments unless otherwise noted. Statistical significance was
determined by ANOVA (a, c, g,i) and Mann Whitney U test (e) and is indicated as *, **, *** for
p<0.05, p<0.01, p<0.001, respectively . Bars plots are mean ±s.d
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previously been associated with markers of hypoxia in vitro [34, 35], we hypothesized that cells

in high-density collagen created a more hypoxic condition than in low-density collagen and that

low-oxygen levels could trigger network formation. To test this, we cultured MDA-MB-231 cells

in low-density collagen under a hypoxic atmosphere of 1% oxygen for 1 week. To confirm that a

hypoxic response was achieved, we assessed the level of HIF1A mRNA expression by RT-qPCR

at day 7 and found a significant decrease in HIF1A expression (Fig. 1.5 c). This is a common

response to long-term hypoxia by various cancer cell lines [36, 37, 38]. However, hypoxia was

not sufficient to induce network formation in any portion of the cancer cell population in the

low-density collagen matrix (Fig. 1.5 d, left). For comparison, we also assessed the HIF1A

mRNA expression of breast cancer cells cultured for 1 week in low-density collagen under

21% oxygen, in high-density collagen under 1% oxygen, and in high-density collagen under

21% oxygen (Fig. 1.5 c). These results suggested that cells cultured in high-density collagen

experience increased hypoxia compared to cells cultured in low-density collagen under normal

atmospheric conditions. Nevertheless, the hypoxic response achieved in low-density collagen

under 1% oxygen exceeded that induced by high-density matrix alone. Cells in high-density

matrix under 1% oxygen continued to predominately display a network phenotype (Fig. 1.5

d, right), but the average network length (Fig. 1.5 e) was significantly shorter than cells in

high-density collagen under normoxic conditions (Supplementary Fig. 1h). Previous studies

have reported that hypoxia is not sufficient to induce a VM phenotype in melanoma cells in vitro

[12]. It is possible that in vitro, additional stromal cell secreted factors or cell-cell interactions

modulated by hypoxia may indirectly influence the VM process[35, 39].

To further explore whether pore size reduction induced transdifferentiation of cancer cells,

we sought to interrogate this parameter independently of collagen density. In our model, the

high-density condition contains 2.4 times more collagen than the low-density condition. This

increase in total collagen reduces pore size, but also presents more adhesive ligands to cells,

which could increase integrin activation. To separate pore size from bulk density, we developed
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a collagen structure engineering technique that reduced the pore size and fiber length of the

low-density matrix to approximate that of the high-density matrix. Under normal polymerization

conditions, low-density collagen self-assembles into relatively long, structured fibers. When non-

functionalized, inert polyethylene glycol (PEG) was mixed into collagen monomer solution prior

to polymerization, molecular crowding-restricted fiber formation. This resulted in shorter, more

interconnected fibers yielding smaller pores (Fig. 1.5f-i) without increasing stiffness (Fig. 1.5a).

Breast cancer cells encapsulated in this pore size-reduced low-density matrix underwent network

formation over the course of 1 week (Fig. 1.5j). To control for the possible influence of PEG

itself, PEG was added into media on top of a normally polymerized low-density gel embedded

with cells and allowed to diffuse into the interstitial spaces among the fibers to reach the same

final concentration as was used in the pore size-reduced low-density matrix (10 mg/mL−1 PEG).

Cells maintained in this molecularly crowded condition over 1 week did not form networks, but

instead remained as single cells. However, a noticeable slowing of cell migration occurred, which

resulted in an anisotropic patterning of single cells throughout the matrix (Fig. 1.5 k). These

results suggested that the fiber architecture of high-density collagen induces network formation

independently of the bulk increase in adhesive ligand density and confirms that bulk matrix

stiffness is not involved.

1.2.5 Integrin-β1 upregulation is required for CINP

The short, more isotropic arrangement of fibers associated with both the high-density

collagen and low-density PEG crowded collagen conditions could act on cells through local

cell-matrix interactions transduced by integrin signaling. Integrin-β1 (ITGB1) is a canonical

receptor for collagen I, a central node in ECM signal transduction, and a critical mediator of

breast cancer progression in mouse and in vitro models [40]. Here, ITGB1 was upregulated

by both cancer cell types in response to confining matrix conditions (Fig. 1.3 b). Thus, we

next asked whether the network-forming phenotype observed in confining matrix conditions was
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mediated by ITGB1. CRISPR-Cas9 technology was used to silence ITGB1 expression with single

guide RNAs (sgRNAs), and constructs expressing sgRNAs targeting eGFP were used as controls

(Fig. 1.6 a). Silenced and control cells were embedded separately and sparsely in low-density

and high-density collagen matrices. Cells were monitored by time-lapse microscopy for early

migration behavior then imaged again after one week. In low-density collagen, ITGB1-silenced

cells maintained a similar level of migration capability to wild type (WT) cells in low-density

matrices, but used an ameboid blebbing migration phenotype instead of a mesenchymal migration

phenotype (Fig. 1.6b). In high-density conditions, ITGB1-silenced cells migrated faster than

WT cells, but were significantly less persistent and did not invade (Fig. 1.6 c-e). Surprisingly,

after 1 week ITGB1-silenced cells in high-density collagen-formed spheroid structures instead

of cell networks, whereas control cells exhibited the same behavior as the WT in both collagen

conditions (Fig. 1.6 f). Retrospective analysis of WT MDA-MB-231 cells in high-density

collagen revealed that a small fraction spontaneously formed spheroid structures (Fig. 1.6g).

These findings suggest that either basal expression level or upregulation of ITGB1 dictates the

network-forming phenotype. To distinguish between these two possibilities, we next sorted the

parental WT population based on basal ITGB1 expression level and then embedded high and low

expressing cells separately in confining high-density collagen matrices (Fig. 1.6 h). We observed

no appreciable differences in the percentage of networks versus spheroids formed by the sorted

populations after one week. However, ITGB1 low cells proliferated less and displayed fewer total

number of network or spheroid structures (Fig. 1.6i) even though the initial seeding density was

the same (Supplementary Fig. 3a).

To further explore the link between the upregulated transcriptional module and the

network-forming phenotype, we asked whether ITGB1-silenced spheroid-forming cells showed

different gene expression patterns than WT network-forming cells. To assess this, we conducted

qRT-PCR analysis of a subset of the 70-gene panel in the two cell phenotypes. Upregulation

of several key genes were maintained in the spheroid-forming cells, whereas other genes were

14



Figure 1.6: Integrin-β1 upregulation is required for CINP a. Schematic of lentiCRISPR V2
vector used for targeting ITGB1 gene and western blot validation of the protein depletion after
7 days of cell transduction. b. Comparison of MDA-MB-231 cells WT and ITGB1 depleted
in low-density 3D collagen. Left: micrographs showing a representative image of a WT cell
undergoing mesenchymal migration and an ITGB1-depleted cell undergoing ameboid migration.
Right: quantification of mesenchymal vs. ameboid migration within the cell populations. c.
Quantification of the effect of ITGB1 depletion on mean cell velocity when cells are cultured
in 6 mgmL−1 collagen. d. Cell persistence and e. cell invasion distance. Comparison for
c-e was performed using Mann-Whitney U test. f. MDA-MB-231 WT, ITGB1-depleted, and
control sgRNA cell phenotypes after 7 days of culture in low-density collagen (top row) and
high-density collagen (middle row). Scale bar 250µm. Bottom row shows high-magnification
micrographs highlighting the difference between chain structures and spheroids. Scale bar
100µm.
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Figure 1.7: Integrin-β1 upregulation is required for CINP g. Quantification of proportional
number of structures in each cell line when cultured in high-density collagen. h. Fluorescence-
activated cells sorting (FACS) was used to separate the parental WT MD-MB-231 cell line
population into high-ITGB1 and low-ITGB1 expressing populations. i. ITGB1 high and ITGB1
low cells after 7 days of culture in high-density 3D collagen (top row) and low-density (bottom
row). Scale bar 200µm. j. RT-qPCR quantification of a small subset of genes identified in the
70-gene module in WT control- and ITGB1-silenced cells when cultured in low-density and
high-density collagen. Data show mRNA levels relative to GAPDH and relative to low-density
collagen level. Statistical significance evaluated between WT and gITGB1 groups, Statistical
significance was determined by ANOVA test. Bar graphs represent mean±s.d. and data in
box and whiskers plots is presented using Tukey method. n=3 biological replicates for all
experiments unless otherwise noted. Significance is indicated as *, **, *** for p<0.05, p<0.01,
p<0.001, respectively
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no longer upregulated (Fig. 1.6j). These results show that ITGB1 regulates some aspects of the

transcriptional module associated with the network-forming phenotype.

Finally, we asked whether upregulated genes in our transcriptional module that have

previously been implicated as drivers of VM in vitro were functionally active in our network-

forming phenotype. LAMC2 (Ln-5, gamma 2 chain) was previously found to be upregulated

in aggressive melanoma cells that intrinsically display the VM phenotype compared to less

aggressive melanoma cells that do not display VM. Moreover, it was implicated as a driver of VM

network formation, since the cleavage of this secreted matrix molecule by MMP-2 and MT1-MM

P produces pro-migratory fragments. In 2D culture of aggressive melanoma cells on top of

collagen I, the inhibition of LAMC2 cleavage blocked VM network formation [41]. Using shRNA

to knockdown LAMC2, we found that LAMC2 KD MDA-MB-231 cells maintain their ability to

form network structures in 3D high-density collagen (Supplementary Fig. 3b, c). COL4A1 is

another matrix molecule upregulated by cells undergoing the network phenotype (Figs. 1.2d and

1.4c) and previously implicated in driving migration [42]. COL4A1 KD in MDA-MB-231 cells

also did not inhibit the ability of cells to form network structures in 3D high-density collagen

(Supplementary Fig. 3b, c).

1.2.6 CINP transcriptional module predicts poor prognosis in human can-

cer

Finally, we sought to determine whether the CINP triggered by our 3D system was

clinically relevant. To test this, we first asked whether the 70 common-to-cancer genes associated

with the CINP could predict cancer patient prognosis. We anticipated that if this gene signature

was indicative of a more metastatic cancer cell migration phenotype, its expression would correlate

with poor patient outcomes. Since late stage tumors are already characterized by migration of

tumor cells to distant lymph nodes or organs, we hypothesized that a gene signature associated

with metastatic migration would correlate with prognosis in early (stage I and II) but not late
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(stage III and IV) stage tumors. Using the cancer genome atlas (TCGA), we first analyzed data

for breast cancer patients with respect to the expression of the 70-gene signature. An expression

metagene was constructed using the loadings of the first principal component (CINP PC1) of a

195 Stage I patient by 70-gene matrix (Supplementary Fig. 4a, also see Methods). Then a survival

analysis was conducted, comparing patients with the highest (top 30%) and lowest (bottom 30%)

expression metagene scores by log-rank test. The cumulative survival rate of these two groups

differed significantly (log-rank p=0.049); however, there was insufficient data to power a hazard

ratio (HR) calculation (Fig. 1.7a). Analysis using the more data-rich METABRIC microarray

database of breast cancer patients showed similar results for Stage I, confirming the prognostic

value of the gene set (log-rank p=0.037, HR=1.40, Cox p=0.002, Fig. 1.7b). Applying the same

analysis to stage II breast cancer patients revealed that the CINP metagene was associated with a

marginally significant difference in 5-year survival by TCGA analysis but not by METABRIC

analysis (Supplementary Fig. 4b, c). One caveat to this analysis is that data for 11 of the genes

in our 70-gene panel were not available in the METABRIC dataset. The CINP metagene also

did not separate patients with better prognosis in late stage tumors (Supplementary Fig. 4d).

These results indicate that the CINP gene module could have clinical predictive power in the early

stages of breast cancer. Importantly, further analysis of stage I patients by molecular subtype[43]

revealed that the CINP metagene provided significant prognostic value for Luminal A and triple

negative breast cancer patients (Table 1).

Next, we screened the predictive value of the gene module in additional cancer types in

TCGA independently of stage or subtype using only age and CINP score as covariates. The CINP

gene module was a significant predictor of survival in lung adenocarcinoma (LUAD), lower grade

glioma (LGG), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC),

pancreatic adenocarcinoma (PAAD), mesothelioma (MESO), adrenocortical carcinoma (ACC),

bladder urothelial carcinoma (BLCA), and kidney chromophobe carcinoma (KICH) (Table 2),
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Figure 1.8: The transcriptional response module associated with the collagen-induced
network phenotype (CINP) is predictive of poor prognosis in human tumor datasets. a.
Kaplan-Meier survival analysis of stage I breast cancer patients from TCGA and b. METABRIC
databases, when the PC1 loadings were used as an expression metagene. High CINP refers
to the highest metagene expression scores and low CINP to the lowest expression scores. HR
indicates hazard ratio. c. Sections of a primary breast carcinoma displaying the clinical VM
phenotype of chain-like cell structures surrounded by a matrix network. Column 1: red blood
cells, stained by an antibody against GYPA, are indicated by arrows. Several red blood cells are
traversing the matrix surrounded by cancer cells. Column 2: tumor cells are negative for CD31
but in healthy tissue, stained regions colocalize to vessel structures. Column 3: tumor cells stain
strongly for glycogen synthase, which likely contributes to the generation of a glycogen-rich
matrix between the chains of cells. Columns 4-6: tumor cells undergoing VM stain strongly for
three of the most upregulated genes in our 70-gene module. Image credit for c. Human Protein
Atlas, patient ID 1910, available from www.proteinatlas.org [44]. See Methods for analysis
details

but was not a significant predictor in several other tumor types found in TCGA (Supplementary

Table 3).

Finally, we sought to determine whether the in vitro network-forming phenotype and

associated transcriptional signature were related to the clinical VM phenotype. Using the Human

Protein Atlas (www.proteinatlas.org)[44], we first identified breast cancer tumor slices displaying

hallmarks of the VM phenotype, namely linear chains of cells lining glycogen-rich matrix
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Table 1.1: Table1 CINP score potential to predict prognosis in stage I patients from metabric
database broken down by molecular subtype

Metabric
molecular
subtype

Patient
count

Death
observed

HR Cox p

Luminal B 126 33 1.2461 0.3194
Luminal A 202 34 1.5996 0.0162
Triple negative 63 14 3.8537 0.0070
HER2+ 39 13 0.7152 0.3405

networks that conduct blood flow but do not stain positively for CD31 [12]. The tumor of

patient 1910 displayed linear chains of cancer cells lining interconnected matrix networks (Fig.

1.7c). An immunohistochemical stain for GYPA showed red blood cells flowing through the

matrix networks in tumor tissue but highly concentrated in vessel-like structures in healthy tissue.

A stain against CD31 showed that there were no endothelial cells lining the matrix networks

in the tumor tissues. Although a PAS stain was not available in the protein atlas database,

which would determine whether the matrix networks were positive for glycogen, a stain against

glycogen synthase (GSK3A) was available and showed that the chains of cancer cells significantly

expressed this enzyme. The network-forming cell phenotypes combined with IHC evidence are

consistent with the previously described histopathology of VM[12]. Next, we asked whether

highly upregulated genes in our 70-gene CINP module were evident at the protein level in this

clinical sample of VM. Stains for THBS1, JAG1, and EDN1 were available in the protein atlas

database for the same tumor and showed significant expression of all three genes from our CINP

transcriptional module in the VM tumor tissue but little stain in healthy tissues.
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Table 1.2: Table 2 TCGA pan cancer analysis independent of stage

Cancer type Patient
count

Death
observed

HR Cox p

LGG 508 92 1.8434 1.1E-13
ACC 79 25 3.1863 2.8E-04
CESC 304 60 1.6560 5.2E-04
MESO 85 28 1.6101 6.9E-04
PAAD 178 59 1.5948 2.2E-03
BLCA 409 111 1.3338 0.0053
LUAD 521 124 1.2448 0.0169
KICH 64 8 2.9277 0.0210

1.3 Discussion

Our transcriptional, histopathologic, and phenotypic data suggest that the in vitro CINP

and clinical VM share many commonalities. To our knowledge, this is the first time that collagen

fiber architecture, characterized by short fibers and small pores, has been identified as an inducer of

cancer transdifferentiation associated with a VM-like phenotype or more normal acinar phenotype,

depending on the capacity of cells to upregulate ITGB1. More broadly, our findings show that

collagen fiber architecture modulates the role ITGB1 plays in migration. In one architectural

context, ITGB1 facilitates a switch from mesenchymal to ameboid migration and in another

architectural context it mediates migration persistence and the shape of structures formed by

collective morphogenesis.

Although ITGB1 was critical for directing the fate of cells during collagen-induced

transdifferentiation, it was not necessary for initiating the transition from single cell to collective

morphogenesis. Thus, it is not yet clear how cells sense the collagen architecture to initiate this

process, but the response appears to be unique to stem-like cancer cells (MDA-MB-231 and

HT-1080) as opposed to normal cells (HFF-1). Since, in our system, cells are embedded sparsely

and undergo transcriptional reprogramming prior to cell division, the involvement of cell-cell

interactions does not appear to have a role in transdifferentiation initiation. It is possible that cell
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interactions with the unique matrix architecture involve matrix sequestration of soluble factors

and autocrine signaling. Indeed, TGFβ pathways were implicated by GO enrichment analysis

(Fig. 1.3b). Alternatively, the initial confinement and rounded geometry of the cells enforced

by the matrix may play a role. Several studies support a role for cellular geometry in numerous

cellular processes including gene expression and differentiation [45, 46, 47, 48, 49] some of

which is mediated by RhoA and cytoskeletal tension. However, confinement in Matrigel did not

trigger the same process, indicating a unique requirement for cell-collagen interaction. Future

work will address these questions.

ECM molecules, COL4A1 and LAMC2, were also upregulated by CINP cells and have

previously been implicated in driving migration and VM network formation in 2D culture [41, 42].

In our 3D collagen system, knockdown of either gene was not sufficient to block the VM-like

phenotype (Supplementary Fig. 3). This suggests that regulation of in vitro cell network formation

in a more physiological 3D culture context is distinct from regulation in a 2D culture context,

which has implications for understanding molecular mechanisms. Given the significantly different

requirements for cell movement in 3D ECM, such as matrix degradation and remodeling, our study

highlights the importance of both the type of matrix and the dimensional context for studying

physiological migration strategies. This echoes previous studies, which have shown that cell

motility proteins function distinctly in a more physiologically relevant 3D context [19, 20, 21].

Interestingly, SERPINE1, a secreted protease inhibitor involved in coagulation and in-

flammation regulation, was upregulated by cancer cells as well as normal fibroblasts in response

to confining collagen architectures. A recent study of cancer cell heterogeneity using mouse

mammary carcinoma 4T1 cells and validated in human MDA-MB-231 breast cancer cells showed

that cells which intrinsically expressed SERPINE family members were most efficient at spread-

ing hematogenously, a characteristic that also correlated with their capacity to undergo VM in

vitro [17]. Together, with our findings, this suggests that both cell-intrinsic and ECM factors

may contribute to the emergence of VM. Interestingly, our finding that fibroblasts and cancer
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cells both upregulate SERPINE1 expression in confining collagen conditions hints at a potential

supporting role for stromal cells in SERPINE-mediated VM metastasis[17].

The significant predictive value of our CINP gene signature in several tumor types may

signify the physiological relevance of the ECM context and network-forming migration phenotype

we created in vitro to a conserved mechanism of solid tumor metastasis. It is possible that gene

expression analysis of additional cancer cell types induced into VM-like behavior by our 3D

collagen system could help to further refine the conserved CINP gene module. This would

facilitate prioritization of the genes for targeted functional studies to identify key regulators and

potential therapeutic targets. In addition to regulators of the CINP, the conserved gene module

also likely contains elements responsive to collagen but not directly involved.

Profiling additional cancer cell types and patient-derived tumor cells could also help to

refine the gene modules prognostic value in the nine tumor types already identified or define addi-

tional cancer-specific versions of the CINP. Validation of the prognostic value of this gene module

could help patients avoid the long-term side effects of aggressive radiation and chemotherapy if

the likelihood of metastasis is very low. A recent meta-analysis of histological VM in over 3000

patients with various solid tumor types found that the visual presence of this cancer phenotype

is specifically associated with poor prognosis [50]. Molecular detection of VM markers could

provide a more quantitative measure.

1.4 Methods

1.4.1 Cell culture

HT-1080 and HFF-1 were purchased from (ATCC, Manassas, VA) MDA-MB-231 cells

were provided by Adam Engler (UCSD Bioengineering). All cell lines were cultured in high

glucose Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum

(FBS, Corning, Corning, NY) and 0.1% gentamicin (Gibco Thermofisher, Waltham, MA), and
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maintained at 37◦C and 5% CO2 in a humidified environment during culture and imaging. The

cells were passaged every 2-3 days. Cell culture under hypoxia was done on a humidified and

temperature controlled environment at 1% O 2. Cells were tested for mycoplasma contamination

using the Mycoalert kit (Lonza, Basel, Switzerland) before performing experiments.

1.4.2 3D culture in collagen I matrix

Cells embedded in 3D collagen matrices were prepared by mixing cells suspended in

culture medium and 10X reconstitution buffer, 1:1 (v/v), with soluble rat tail type I collagen in

acetic acid (Corning, Corning, NY) to achieve the desired final concentration[19, 20]. A solution

of 1M NaOH was used to normalize pH in a volume proportional to collagen required at each

tested concentration (pH 7, 10-20µL 1M NaOH), and the mixture was placed in 48-well-culture

plates and let polymerize at 37◦C. Final gel volumes were 200µL.

1.4.3 Cell tracking and motility analysis

Cells were embedded in 3D collagen matrices in 48 well plates and left polymerize for

1?h in a standard tissue culture incubator and then 200µL of complete growth medium were

added on top of the gels. The gels were transferred to a microscope stage top incubator and cells

were imaged at low magnification (10x) every 2min for 48h. Coordinates of the cell location

at each time frame were determined by tracking single cells using image recognition software

(Metamorph/Metavue, Molecular Devices, Sunnyvale, CA). Tracking data were processed using

custom written python scripts based on previously published scripts [51] to calculate cell speed,

invasion distances, and mean-squared displacements (MSDs). For cell motility analysis before

and after division the time-lapse videos were scanned to identify dividing cells within the imaging

period and the division point was identified as the frame at which a clear separation could be

identified between daughter cells. The dividing cell was tracked up to the division point and
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one of the daughter cells (randomly chosen) was tracked from that point until the 48h time

point. For collective cell invasion distance, the 48h time-lapse video was processed to obtain the

maximum intensity projection (MIP), which highlights the tracks taken by the cells/groups of

cells. Individual tracks distinguishable in the MIP were measured to obtain an equivalent invasion

distance. All cell tracking data comes from three independent experiments performed on different

days and with different cell passages.

1.4.4 Persistence random walk model implementation

To quantify the differences in the MSDs, we fitted the MSDs for each condition using the

persistent random walk model (PRW model) as described in refs. [51, 52]. Briefly, the MSDs

were calculated as in Eq. 1. The Eq. 2 describing the PWR was fitted using python’s lmfit library

for each MSD. The persistent time (parameter P) was then extracted to calculate differences

between groups as presented in Fig. 1a, b.

MSD(τ) = 〈(x(t + τ)− x(t))2 +(y(t + τ)− y(t))2〉 (1.1)

where, x and y are the coordinates of the position of a cell at each time point and tau is

the time lag.

MSD(τ) = 2S2P(τ−P(1− e−
τ

P ))+4σ
2, (1.2)

where, S is the cell speed and P is the persistence time and σ is a function of the error in

the position of the cell as described in ref. [47].
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1.4.5 Collagen stiffness modification and measurement using shear rheol-

ogy

To modify the stiffness of collagen matrices without increasing density of material, we

kept 2.5 mgmL−1 gels at 20◦C for 30 min until they were fully polymerized. After the initial

polymerization the gels were placed on a humidified tissue culture incubator at 37 ◦C for at least

1 hour extra before adding cell growth media on top. To measure the effect of polymerization

temperature on the gel stiffness, we recreated the polymerization conditions for rheology testing

(hybrid rheometer (DHR-2) from TA Instruments, New Castle, DE) using a cone and plate

geometry with a sample volume of 0.6 mL. Shear storage modulus G’ was measured as reported

before[10]. Briefly, we first performed a strain sweep was from 0.1 to 100% strain at a frequency

of 1 rad s−1 to determine the elastic region. Then a frequency sweep was performed at a strain

within the linear region (0.8%) between 0.1 and 100 rad s−1. Three independent replicates were

performed for each condition tested.

1.4.6 Collagen structure modification using polyethylene glycol

To modify the structure of the collagen fibers within the gels without changing the final

collagen concentration, Polyethylene glycol (PEG, MW=8000, Sigma, St. Louis, MO) was

solubilized in phosphate-buffered solution (PBS), filter sterilized. Solubilized PEG was then

mixed into the cells, reconstitution buffer solution described above to produce a final PEG

concentration of 10 mgmL−1 in the collagen gel. The gels were allowed to polymerize in the

same conditions as collagen only gels. Collagen structure modification was verified using confocal

reflection microscopy.
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1.4.7 RNA Isolation and purification

3D collagen I gels were seeded in three independent experiments and harvested after

24h of culture for RNA extraction and directly homogenized in Trizol reagent (Thermofisher,

Waltham, MA). Total RNA was isolated following manufacturerx instructions. Isolated RNA was

further purified using High Pure RNA Isolation Kit (ROCHE, Branford, CT). RNA integrity was

verified using RNA Analysis ScreenTape (Agilent Technologies, La Jolla, CA) before sequencing.

1.4.8 RNA sequencing and data analysis

Biological triplicates of total RNA were prepared for sequencing using the TruSeq

Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA) and sequenced on the Illumina

MiSeq platform at a depth of>25 million reads per sample. The read aligner Bowtie2 was used

to build an index of the reference human genome hg19 UCSC and transcriptome. Paired-end

reads were aligned to this index using Bowtie255 and streamed to eXpress [53] for transcript

abundance quantification using command line “bowtie2 -a -p 10 -x /hg19 -1 reads R1.fastq -2

reads R2.fastq |express transcripts hg19.fasta“. For downstream analysis TPM was used as a

measure of gene expression. A gene was considered detected if it had mean TPM>5.

1.4.9 Gene ontology term overrepresentation analysis

To assess the overrepresented GO terms the cytoscape app BiNGO[49] was used. Statisti-

cal test used was hypergeometric test, Benjamini-Hochberg false discovery rate (FDR) correction

was used to account for multiple tests and the significance level was set at 0.05. For a given term,

to assess the sensitivity of the enriched gene sets to the genes used in the analysis, we varied

the threshold for including a gene as differentially upregulated from a fold change of 1.3 to a

fold change of 1.9. The probability of a gene enriched with term is (# of genes in background

with term)/(# of genes in background). The fold enrichment is the observed number of genes
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associated with term divided by the expected number of genes associated with term.

1.4.10 Gene expression using qPCR

For qPCR experiments, RNA was extracted as stated above and cDNA was synthe-

sized using superscript iii first-strand synthesis system (Thermofisher, Waltham, MA). Relative

mRNA levels were quantified using predesigned TaqMan gene expression assays (Thermofisher,

Waltham, MA). Relative expression was calculated using the DCt method using GAPDH as

reference gene. Assays used were: GAPDH (Hs02758991 g1), HIF1A (Hs00153153 m1),

THBS1 (Hs00962908 m1), TGFBI (Hs00932747 m1), TPM1 (Hs04398572 m1), LAMC2

(Hs01043717 m1), and HMOX1 (Hs01110250 m1).

1.4.11 Immunofluorescence and cell imaging

For cell imaging after 7 days of culture to visualize VM structures collagen gels were

fixed using two washes of 4% PFA for 30 min each at room temperature. F-actin was stained

using AlexaFluor R© 488 Phalloidin (Cell signaling technology, Danver, MA) and the nuclei were

counterstained with DAPI. For immunofluorescence staining the gels were incubated with the

primary antibody for 48-72 h. Anti-COL4A1 (1:200 dilution, NB120-6586, Novus Biologicals).

1.4.12 Confocal reflection imaging and quantification

Confocal reflection images were acquired using a Leica SP5 confocal microscope (Buffalo

Grove, IL) equipped with a HCX APO L 20X 1.0 water immersion objective. The sample was

excited at 488 nm and reflected light was collected without an emission filter. For the estimation of

pore size we used modification of a previously reported digital imaging processing technique[10].

Briefly, the images were normalized to account for uneven illumination effects. Then a threshold

was applied to generate a binary mask where pores were identified as the darkest areas of the
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image. Pore diameter was measured using NIS elements software (Nikon Instruments Inc.,

Melville, NY) measure objects tool.

1.4.13 Gene suppression

The lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid #52961). We cloned

small guide RNAs targeting the genes of interest into the lentiCRISPR v2 following Zhang’s lab in-

structions. The sg RNA sequences using were taken from the GECKO human library A [54]. Used

sequences were: ITGB1 sg RNA1 (5’-TGCTGTGTGTTTGCTCAAAC-3’), ITGB1 sg RNA2

(5’-ATCTCCAGCAAAGTGAAACC-3’), EGFP sgRNA (5’-GGGCGAGGAGCTGTTCACCG-

3’). The lentiCRISPR v2 vectors with the cloned desired sgRNA were sequence verified and

viral particles were generated by transfecting into lentiX293T cells (Clonetech, Mountain View,

CA. Cat #632180) along with packaging expressing plasmid (psPAX2, Addgene #12260) and

envelope expressing plasmid (pMD2.G, Addgene #12259). Viral particles were collected at 48

h after transfection and they were purified by filtering through a 0.45 µm filter. Target cells

were transduced with the viral particles in the presence of polybrene (Allele Biotechnology, San

Diego, CA). After overnight incubation media was changed and cells were left 24-48h in normal

growth media and then changed to puromycin selection media (2.5 µgmL−1 puromycin) for

7 days before experiments were performed. For shRNA-mediated gene knockdown, glycerol

stocks of TRC2-pLKO.1-puro shRNA targeting LAMC2 (NM 005562.1-1019s1c1: CCGGGCT-

CACCAAGACTTACACATTCTCGAGAATGTGTAAGTCTTGGTGAGCTTTTTG), COL4A1

(NM 001845.3-3859s1c1:CCGGCCTGGGATTGATGGAGTTAAACTCGAGTTTAA CTCCAT-

CAA TCCCAGGTTTTTG), and a non-targeting scramble sequence (SHC016:CCGGGCG

CGATAGCGCTAATAATT TCTCGAGAAATTATT AGCGCTATCGCGCTTTTT) were pur-

chased from Sigma-Aldrich packaged in LentiX293T (Clonetech, Mountain View, CA. Cat

#632180) along with packaging expressing plasmid as described above. Lentiviral particles were

transduced into target cells and stably expressing cells were selected with puromycin (2µgmL−1 )
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for at least 5 days before using.

1.4.14 Western blotting

Cells were grown to >90% confluency in 100 mm dishes. After washing 2X with PBS

cells were collected into 100 µL of lysis buffer with 1X Halt protease inhibitor cocktail (Pierce IP

lysis Buffer, Thermofisher, Waltham, MA) by thoroughly scraping the dish surface. Cell lysate

was incubate in ice with constant shaking for 30 min and then centrifuged at 15,000Xg for 20 for

protein purification. Samples were loaded at 50 µg total protein concentration for SDS-PAGE.

Membranes were probed with antibodies against ITGB1 (#4706 from Cell signaling technology,

Danver, MA. 1:10,000 dilution) and α-Tubulin (TU-01 MA1-19162, Thermofisher, Waltham,

MA. 1:30,000 dilution).

1.4.15 Fluorescence-activated cell sorting

Wild type MDA-MB-231 cells were grown in collagen I-coated tissue culture dished until

80% confluence. Cells were harvested using HyClone HyQtase (GE Healthcare Life Sciences,

Marlborough, MA) and resuspended in FACS buffer (1% BSA, 0.5 mM EDTA in PBS). The cell

suspension was then labeled using a monoclonal antibody against human CD29 (β1 integrin)

conjugated to AlexaFluor 488. A cell suspension without added antibody was used as negative

control. After labeling, the cells were analyzed within 1 h of detachment at the stem cell core of

Sanford Consortium of Regenerative Medicine (La Jolla, CA) using a BD Influx cell sorter (BD,

Franklin lakes, NJ). Cells were sorted based on fluorescence intensity into the top-expressing

population ( 15%, ITGB1 high) and bottom-expressing population ( 13%, ITGB1 low). Sorted

cells were replated into collagen-coated dishes and left to recover overnight. After recovery, the

cells were embedded in 3D collagen gels as described above.
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1.4.16 Experimental data analysis and statistics

All cell motility data were analyzed for statistical significance using the Scipy Python

package. Additional experimental data were analyzed using prism Graphpad (San Diego, CA).

Significance is indicated as *, **, *** for p<0.05, p<0.01, p<0.001, respectively. Additional

relevant information is detailed in the figure captions.

1.4.17 TCGA data reprocessing and survival analysis

The TCGA raw data were downloaded from CGHub directly using gtdownload [55]. Cor-

responding clinical metadata were obtained from the TCGA data portal (https://tcga-data.nci.nih.g

ov/docs/publications/tcga/). RNA-seq fastq files were realigned and quantified using sailfish

v.0.7.6 [56] with default parameters. Only primary tumors were considered in our analysis. In the

analysis of breast invasive carcinoma, only the patients with reported histological staining for the

three markers (Her2, ER, PR) could be associated with a molecular subtype. Patients for which

any of the histological markers were not evaluated or were detected at an equivocal level were

assigned to an ’unknown’ subtype. TCGA data for stage I, II, III, and IV breast cancer patients

were analyzed by principal component analysis (PCA) with respect to the 70 CINP genes to

construct gene expression meta-markers as previously described [57]. PCA-based score quantiles

were mapped to CINP high and CINP low categories based on mean CINP gene expression levels.

Because the CINP signature comprised only genes that were upregulated in the presence of the

network phenotype, the overall mean expression of CINP genes was used to map PCA score to

CINP signature activity level.

1.4.18 METABRIC data retrieval and survival analysis

We retrieved the clinical and microarray expression dataset from cBioPortal (http://www.

cbiopor tal.org/study?idb̄rca metabric). We were able to map 59 out of 70 CINP genes to

31



METABRIC microarray data (missing genes: ZNF532, TRMT13, AMIGO2, KIN, NKX3-1,

TANC2, TVP23C, SDHAP1, MTND2P28, GTF2IP4, H2BFS). Survival analysis was performed

using the same method as described above for TCGA data. The Cox multiple regression uses

CINP score, age, and three molecular subtype categories as covariates.

1.4.19 TCGA pan cancer analysis

Tumor types for which at least 100 patients had both expression and clinical metadata

were analyzed to determine correlation between a CINP gene expression and 5-year survival.

Only primary tumors were considered. Kaplan-Meier analysis was performed comparing the

30% of individuals with the lowest CINP expression score to the 30% with the highest score. The

cox multiple regression uses age and CINP score as covariates. Both analyses use the Lifelines

python library (https://lifelines.readthedocs.io/en/latest/). The log-rank test was used to determine

significance of survival differences between groups.

1.4.20 Human Protein Atlas data

The online database Human Protein Atlas [44] was used to identify breast cancer tumor

slices displaying hallmarks of the VM phenotype and subsequently assess protein expression of

the genes associated with our in vitro network-forming phenotype. The tumor of patient ID 1910

was found to display linear chains of cancer cells lining interconnected matrix networks and had

been stained for numerous other proteins of interest. Histological images shown in Fig. 1.7c can

be found at www.proteinatlas.org by searching for the gene name in the breast cancer database

and selecting patient ID 1910.
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1.4.21 Code availability

Relevant scripts for the analysis of TCGA and METABRIC data are available at: https://g

ithub.com/brianyiktaktsui/Vascular Mimicry.

1.4.22 Data availability

All sequencing data from this study has been deposited in the National Center for Biotech-

nology Information Gene Expression Omnibus (GEO) and is accessible through the GEO Series

accession number GSE101209. All other relevant data are available within the article and

supplementary files, or from the corresponding author upon request.
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1.5.1 Supplementary figures
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Figure 1.9: Supplementary Figure 1 a. Representative bright field image of MDA-MB-231
cells embedded in a 6 mg/mL collagen gel but in contact with the coverslip. Scale bar 100 µm
b. Representative trajectories of cells cells embedded in a 6mg/mL collagen gel but in close
contact with the coverslip before and after cell division. The trajectories show no appreciable
differences between the cell movement before or after division.c. Mean Squared Displacement
(MSD) and persistent time of HT-1080 cells before and after cell division for cells in low
density and high density collagen. MSDs shown are 12 representative cell trajectories. d.
Total invasion distance of single cells and their progeny for HFF-1 fibroblasts cells in 6mg/mL
(left) and 2.5mg/mL (right) collagen gels in units of cell length (see methods) after 48 h of
cellencapsulation. e. Representative confocal reflection image showing collagen fibers around
a chain structure formed by MDA-MB-231 cells cultured in high density collagen gel for 7 days,
dotted lines show the outline of the chain structure. Scale bar 100µm. f. Representative bright
field images of HT-1080 cells after 7 days of culture in 2.5 mg/mL (left) and 6 mg/mL (right)
collagen I matrix. Scale bar 250 µm. g. Representative bright field images of HFF-1 fibroblast
cells after 7 days of culture in 2.5 mg/mL (left) and 6 mg/mL (right) collagen I matrix. Scale
bar 250 µm. h. Mean structure length formed by MDA-MB231 cells cultured in high density
3D collagen after 7 days under normoxia (21% O2) or hypoxia (1% O2). Comparison was
performed using Mann-Whitney U test. i. Representative confocal reflection image showing
a 2.5mg/mL collagen gel polymerized at 20◦C Scale bar 100 µm. Representative images of
n=3 biological replicates for all experiments unless otherwise noted. Statistical significance is
ndicated as *, **, *** for p<0.05, p<0.01, p<0.001, respectively.

by the TCGA Research Network: http://cancergenome.nih.gov/.
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Figure 1.10: Supplementary Figure 2 a. Bar plot showing mean of n=3 expression values of
the 70 genes upregulated by both cancer cell lines. MDA-MB-231 (top), genes sorted by low to
high level of expression. HT1080 (bottom) gene order from top panel. b. Bar plot showing mean
of n=3 expression values of the 35 genes upregulated by cancer cells and HFF-1 fibroblasts.
MDA-MB-231 (top), genes sorted by low to high level of expression. HT1080 (middle) and
HFF-1 (bottom) gene order from top panel

S.I.F. and lab members are supported by a Burroughs Wellcome Fund Career Award at

the Scientific Interface 1012027, NSF CAREER Award 1651855, and UCSD CTRI, FISP, and

AIM pilot grants. H.C. and lab members are supported by the NIH grant DP5-OD017937 and

UCSD FISP grant.
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Figure 1.11: Supplementary Figure 3 a. Mean of n=3 expression levels of genes previously
reported as being involved in vasculogenic mimicry and upregulated by cancer cells in high
density collagen. For this panel TPM>5 was not required for analysis.b. Sensitivity analysis
of Gene Ontology Analysis presented in Figure 2. Left Panel: Plot showing number of genes
included in the analysis as a function of fold change threshold (yellow) and fold enrichment
of 2 key terms (blood vessel development and regulation of cell migration, blue and green
respectively) for the two gene sets cancer specific (70 Genes) and common to all cell lines
analyzed (35 genes). Right panel shows the full sensitivity analysis when the fold change
threshold is varied from 1.3 to 1.9. Details of the analysis can be found in the Methods section.
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Figure 1.12: Supplementary Figure 4 a. ITGB1 sorted MDA-MB-231 cells at day 1 of
embedding in high density and low density collagen matrices and plated on tissue culture plastic
(2D). Scale bar 200 µm. b. RTqPCR validation of shRNA mediated knock down of LAMC2 and
COL4A1c. Representative images of MDA-MB-231 cells expressing shRNA constructs against
a scramble sequence, COL4A1, or LAMC2 after 7 days of culture in high density collagen Scale
bar 200µm. N=3 biological replicates for all experiments unless otherwise noted. Statistical
significance was determined by Wilcoxon rank sum test and is ndicated as *, **, *** for p<0.05,
p<0.01, p<0.001, respectively.
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Figure 1.13: Supplementary Figure 5 a. Loadings of the first principal component (PC1) in
stage I breast cancer patients of the 70 CINP associated genes identified in this study (Figure
1.2). b. Loadings of the first principal component (PC1) in stage II breast cancer patients of
the 70 CINP associated genes identified in this study (Figure 1.2).c. Kaplan Meier survival
analysis of stage II breast cancer patients in TCGA (left) and Metabric (right) databases when
the PC1 loadings were used as an expression metagene. d. Kaplan Meier plots showing survival
prediction by the CINP gene signature in Stage III and Stage IV breast cancer from TCGA data
and stage III from metabric
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Figure 1.14: Supplementary Figure 6 Uncropped Western blots from Figure 1.4A. a. Integrin
B1 Western blot. b. Alpha tubulin western blot.
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Chapter 2

Collagen architecture-induced metabolic

and oxidative stress precede collective

migration

2.1 Introduction

Collective cancer cell migration is thought to be the predominant means of metastatic

dissemination in many solid human tumors[58, 59, 60]. In mouse models of cancer metastasis

and in 3D in vitro tumor models, collectively migrating cells are typically more invasive and

are resistant to chemotherapeutics[60, 61, 62, 63]. Improved mechanistic understanding of how

collective migration is initiated may reveal novel strategies for metastasis treatment or prevention.

We and others have demonstrated that the fibrillar architecture of 3D collagen plays a

unique role in inducing collective migration, independently of matrix stiffness and density[64,

65, 66, 67]. 3D collagen matrices characterized by short fibril architectures and small pores

induce collective migration, both in spheroid and single cell culture models, whereas culture in

Matrigel or on top of collagen or Matrigel does not induce collective migration. Importantly,
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a conserved transcriptional state is associated with this collective migration phenotype and is

clinically relevant to patient outcomes in nine human tumor types[66]. These findings provide

translational incentive for further investigation as well as insight into the role of the extracellular

matrix in initiating collective migration behaviors. However, it remains unclear how cancer cells

sense and transduce these physical matrix cues. Here, we sought to address this knowledge

gap by determining how distinct matrix architectures affect the four key biophysical processes

involved in cell-matrix interactions: adhesion, cytoskeletal polymerization, contractility, and

matrix remodeling.

By tuning the architecture of collagen without changing stiffness or density, we find

that more confining architectures, i.e. shorter fibrils and smaller pores, are less susceptible to

degradation by matrix metalloproteinases (MMPs). We show that cell-matrix adhesive coupling

relies on matrix degradation, and low-degradability matrices force cells into a state of low

adhesion, both biophysically and biochemically. The cellular response to this state is characterized

by upregulation of protease activity, Notch signaling, and transition into collective migration.

These findings suggest that the extracellular matrix may modulate the initiation of collective cell

migration through loss-of-adhesion stress.

2.2 Results

2.2.1 3D collagen crosslinking is tuned by molecular crowding

To study the influence of matrix architecture on cellular behavior, we previously developed

a collagen polymerization technique that allows us to modify fibril length and pore size of the

network without altering matrix stiffness. Collagen fibril architecture is tuned independently

of altering density and stiffness by molecular crowding with polyethylene glycol (PEG) during

polymerization and cell embedding[66]. PEG, an inert crowding agent, is subsequently washed

out of the polymerized matrix. Low density 2.5 mg/ml collagen polymerized in the presence of
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10 mg/ml PEG crowding agent (P10) produces a more confining matrix architecture with short

fibrils and small pores, which is similar to high density 6 mg/ml collagen matrices in terms of

architecture but not mechanical properties (Figure 2.1a). Both MDA-MB-231 breast cancer and

HT-1080 fibrosarcoma cells embedded sparsely in P10 or 6 mg/ml matrices undergo a migration

transition characterized by rapid, persistent, invasive, and collective cell migration (Figure

2.1b)[66]. However, in 2.5 mg/ml matrices not crowded with PEG (P0), collagen forms long

fibrils and large pores, and cells migrate individually in a persistent random-walk, mesenchymal

migration mode.

Using reflection confocal imaging of these fibril architectures (Figure 2.1a) we verified that

the differences between mesenchymal migration-inducing P0 and collective migration-inducing

P10 and 6 mg/ml matrices were mainly in fiber length and pore size, i.e. confinement (Figure

2.1c-d). Since changes in fiber architecture could affect the mechanical properties of the matrices

and thereby cellular behavior, we measured bulk as well as local matrix stiffness using shear

rheology and atomic force microscopy (AFM), respectively (Figure 2.1e). We find that neither

bulk nor local stiffness could explain the observed cell migration phenotype. Here, we use this

model system to further study how cells sense and respond to matrix architecture.

2.2.2 Confining architectures reduce protrusion stability independently of

actin dynamics

Cells interact with their surrounding matrix using four key biophysical processes: cy-

toskeletal polymerization, adhesion, contractility, and matrix remodeling. To study the effect of

fibril architecture on these cell-matrix interactions, we first assessed protrusion and cytoskeletal

dynamics. Time-lapse microscopy of GFP-expressing HT-1080 cells from 1-36h after embedding

in collagen revealed that cells in more confining P10 and 6mg/ml matrices maintained a rounded

shape for extended periods of time, as shown by cell circularity measured at 8h (Figure 2.2a)

and by circularity measured as a function of time after 3D embedding (Supplementary Figure
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Figure 2.1: 3D collagen crosslinking is tuned by molecular crowding. a. Confocal reflection
images showing the fiber architecture of collagen matrices at 2.5 mg/mL (P0, characterized
by low bulk collagen density and long fibers), 6mg/mL (characterized by high bulk collagen
density and short fibers) and 2.5 mg/mL+10 mg/mL PEG (P10, characterized by low bulk
collagen density and short fibers). b. Bright field micrographs of HT1080 cells cultured in
collagen gels for 7 days, scale bar 50 µm.b. Quantification of mean fiber length in the 3 matrix
conditions shown in A. c. Quantification of pore area in the 3 matrix conditions shown in A.d.
Quantification of pore area in the 3 matrix conditions shown in A e. Stiffness of matrices of
the 3 different conditions shown in A as measured by shear rheology (bulk stiffness, left panel)
and Atomic force microscopy (AFM) (local stiffness, right panel). n=3 biological replicates for
each experiment, statistical significance described as *, **, *** for p<0.05, p<0.01, p<0.0001
respectively

1a). On the other hand, cells in P0 matrices took on spindle-shaped mesenchymal morphology

immediately after 3D collagen embedding (Supplementary Figure 1a-b). Cells in P10 and 6

mg/ml conditions also interacted with the matrix using shorter-lived and smaller protrusions than

in the P0 matrices (Figure 2.2b and c). In the P0 matrix, where fibril lengths averaged 13.5 µm,

protrusions extended to 31.4µm and lasted for 46 min on average. On the other hand, in P10

and 6 mg/ml matrices having average fibril lengths of 9.5 and 10 µm respectively, protrusions

extended to 15.7 and 13.7 µm and lasted 19 and 16 min on average. No statistically significant

differences were observed between cells in P10 and 6 mg/ml conditions.
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To assess cytoskeletal dynamics, we performed fluorescence recovery after photo bleach-

ing (FRAP) on the protrusions of HT-1080 cells expressing fluorescent Actin (Dendra2-LifeAct).

We detected no significant differences in the fluorescence recovery time between the P0, P10,

and 6 mg/ml matrix conditions (Figure 2.2d), suggesting that differences actin polymerization

processes could not explain the observed differences in cell protrusion dynamics. Collectively,

these results suggest that more highly confining matrix architectures influence cell shape and

protrusion dynamics independently of actin dynamics, matrix stiffness, or bulk collagen density.

Figure 2.2: Confining architectures reduce protrusion stability independently of actin
dynamic. a. Circularity of cells embedded in the 3 matrix conditions at 8 hours after seeding b.
Protrusion lifetime and c. length for cells embedded in the 3 matrix conditions. d. Fluorescence
recovery after photo bleaching (FRAP) analysis of actin dynamics in cellular protrusions in the
3 described matrix conditions. Scale bar 25 µm. n=3 biological replicates for each experiment,
statistical significance described as *, *, ** for p<0.05, p<00.01, p<0.0001 respectively.
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2.2.3 Confining matrix architectures destabilize cell adhesion

Since we observed small and short-lived protrusions in P10 and 6 mg/ml architectures

where cells remained rounded, we hypothesized that these protrusions were less stable in their

adhesion to and contraction of the matrix. Simultaneous confocal reflection imaging of collagen

fibrils and the cell?s actin cytoskeleton in the P10 and 6 mg/ml conditions showed that cells were

primarily moving without causing large matrix deformations. On the other hand, cells in the P0

condition showed significant pulling and displacement of fibrils (Supplementary Figure 1b).

To quantitatively assess the ability of cells to adhere to and contract the matrix, we

embedded GFP+-HT-1080 cells in each matrix condition along with carboxylated fluorescent

microspheres, which covalently bind to collagen fibrils and allow for high resolution, time-

resolved tracking of cell traction by simultaneously monitoring bead and cell movements (Figure

2.3a, Supplementary Figure 1c and Methods). Quantification of the maximum bead displacement

(Supplementary Figure 1d) by cells in each condition revealed a significant decrease in matrix

deformation in the P10 and 6 mg/ml matrices compared to the P0 condition (Figure 2.3b).

Further detailed analysis of protrusion and matrix movement revealed that in the P0

architecture, cellular protrusions pull on the matrix as they near a maximum extension length,

producing large bead displacements with little protrusion extension or retraction (See Methods

and Supplementary Figure 2 and 3). This phenotype is characterized by high matrix pulling

even when the cell’s protrusion displays little local movement and is not visually translocating

(Figure 2.3c). However, cells in the more confining P10 and 6 mg/ml matrices erratically push,

pull, and lose attachment to the matrix as their short-lived protrusions probe the surroundings

(Figure 2.3d). Additionally, we observed that a fraction of the cells in the P10 and 6 mg/ml

collagen matrices exhibited a ’tumbling’ phenotype, characterized by rapid cell movement without

detectable bead movement around them (Figure 2.4a), as opposed to the well-defined protrusion

associated deformations observed in P0 matrices . This suggested that cells remained contractile,

but adhesion was reduced.
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Figure 2.3: Confining architectures limit cell interactions with matrix. a. Representative
maximum intensity projection fluorescent micrographs of GFP+ cells embedded in 3D collagen
matrices containing fluorescent microbeads. Scale bar 25 µm b. Average max bead displacement
around cells in the 3 different matrix architectures. c. Min max normalized data for protrusion
extension- retraction and mean trajectory of the top 25% moving beads overlaid in a single plot
highlights the pulling phenotype, where with little protrusion displacement a large deformation
is caused in the matrix in 2.5 mg/mL matrix and. d. Min max normalized overlaid plots for the
more confining 6 mg/mL and 2.5 mg/mL +10PEG matrix conditions showing no clear pattern
of pulling by the cells.

To quantitatively characterize cell adhesion to the matrix, we simultaneously calculated

the instantaneous velocity of the cells and instantaneous velocity of the beads adjacent to each cell.

Cells well-coupled to the matrix are expected to produce bead movements roughly equivalent to

the movement of the cell body. In contrast, beads around weakly adhered cells are expected to

move at lower instantaneous rate than the cell body. Using this logic, we calculated the cell slip

ratio as the ratio between the instantaneous velocity of cell body and the instantaneous velocity

of the surrounding beads (Supplementary Figure 1e). We observed a significantly higher slip

ratio (slip ratio>1) for cells embedded in P10 and 6 mg/ml matrices compared to cells in P0

(Figure 2.4b). In P0 matrices, cells are well coupled to the matrix (slip ratio∼1) or occasionally

exhibited tread-milling on the matrix (slip ratio<1), where matrix was pulled along the cell body.

Analyzed cells in all conditions showed similar levels of local movement (Supplementary Figure
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1f), suggesting that cells in more confining matrix architectures have similar contractility but low

adhesion to the collagen.

Based on these observations, we hypothesized that cells are unable to stabilize adhesions

in the more confining P10 and 6 mg/ml matrix architectures. This, in turn, would be expected to

lower the amount of activated focal adhesion kinase (FAK) in the cells. Western blot analysis

of phosphorylated FAK at tyrosine residue 397 (pFAK) showed a decrease in pFAK in cells

embedded in the more confining matrices (Figure 2.4c). As a control, we compared this to

pFAK levels in cells grown in non-adherent plates, which showed a significant decrease to almost

undetectable levels, as has been previously reported[68, 69]. This suggests that more confining

matrix architectures alter protrusion dynamics by reducing, but not eliminating, cell adhesion to

the matrix.

Non-adherent culture conditions are known to induce metabolic and oxidative stress[70,

71]. Since cells in confining matrices maintained a low level of adhesion and pFAK, we sought

to determine the extent to which they experience low-adhesion stress. Phosphorylated FAK is

an important negative regulator of Tuberous Sclerosis Complex 2 (TSC2)[72], which in turn

negatively regulates the mammalian target of rapamycin (mTOR) pathway. It has been shown

that decreased pFAK can lead to increased TSC2 activity, which downregulates key mTOR target

genes related to glycolysis, phosphate pentose pathway, and lipid biosynthesis pathways[73, 74].

Thus, we asked if the reduced levels of pFAK we observed in confining collagen matrices

impacted this pathway. Analysis of RNA sequencing data revealed that mTOR target genes were

largely downregulated in cells in more confining matrix conditions, consistent with their low

levels of pFAK (Figure 2.4d). Further gene set enrichment analysis also revealed a decrease in

the enrichment of TCA cycle and pyruvate metabolism pathways (Figure 2.4e) for cells growing

in 6mg/mL matrices compared to P0.

Loss of attachment to ECM has also been shown to reduce glucose and glutamine uptake

and promote accumulation of reactive oxygen species (ROS)[70, 71, 75]. To further explore the
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Figure 2.4: Confining matrix architectures destabilize cell adhesion a. Quantification of
number of observed cells showing a tumbling phenotype in the different matrix architectures
b. Whole cell slip ratio quantified from traction force microscopy data and single cell tracking
(see methods). c. Western blot analysis of phosphorylated focal adhesion kinase (FAK) of cells
cultured on 2D tissue culture treated dishes (lane 1), low attachment plates (lane 2), and the three
collagen matrix architectures (lanes 3-5). d. Gene expression changes between culture in P0 and
6mgmL-1 matrices as measured by RNASeq for genes previously reported to be target of the
mTOR pathway and critical mediators of cellular metabolism. e. Gene set enrichment analysis
(GSEA) showing a reduced enrichment for genes of the TCA cycle and pyruvate metabolism
pathways. n=3 biological replicates for each experiment, statistical significance described as *,
*, ** for p<0.05, p<00.01, p<0.0001 respectively.

parallels between how cells experience confining collagen compared to anchorage-independent

growth, we asked whether cellular ROS levels were elevated to similar extents in both envi-

ronments. ROS levels were measured after 8 hours of 3D embedding and quantified by the

mitochondrial superoxide sensitive dye MitoSOX. We observed that cells in P10 and 6 mg/ml ma-
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trices displayed higher ROS levels than cells in P0 (Figure 2.5a). This increase was also observed

in cells grown in non-adherent plates compared to traditional tissue culture plates (Supplementary

Figure 4a) and was also detectable with the ROS sensitive dye cellROX (Supplementary Figure

4b). Additionally, measurement of glucose consumption and lactate production by cells at 24 h

after collagen embedding revealed reduced glycolytic activity in the highly confining matrices

(6mg/mL and P10) compared to non-confining matrices (P0). Cells consumed 10-20 % less

glucose and secreted 10-20% less lactate in confining matrices than in low confining matrices.

This biochemical state resembled that of cells cultured in non-adherent plates (Supplementary

Figure 4c-d). Glutamine uptake was also reduced in confining matrices (15-20% lower) as well

as in cells in non-adherent plates (40% lower) (Supplementary Figure 5a). Quantification of cell

division within the 24 hr measurement time window showed a slight decrease in cell divisions in

6 mg/mL, but no statistically significant differences across the conditions (Supplementary Figure

5b). This confirms that the observed differences in glycolytic activity are not due to differences

in proliferation rates at this time point. Taken together, these data indicate that confining colla-

gen architectures are weakly-adhesive and induce metabolic changes in cells similar to that of

anchorage-independent growth, which promotes downregulation of mTOR pathway target genes

and a state of oxidative and metabolic stress.

2.2.4 Cell adhesion is regulated by matrix degradation

To test whether this reduction in adhesion was due to the fiber topology alone or was a

function of culture dimensionality, we seeded cells on top of P0, P10, and 6 mg/ml matrices. We

analyzed the state of FAK phosphorylation at 30 and 60 minutes after seeding using western

blotting. We only observed an increase in pFAK at 60 minutes for cells on top of the P0 matrix

(Figure 2.5b). Cells on top of P10 and 6 mg/ml matrices maintained a low level of pFAK, as was

observed for cells fully embedded in these matrices.

Previous reports have shown that matrix crosslinking (i.e. smaller pores and shorter

49



fibers, i.e. confining architectures) can be associated with a reduction in matrix degradability[76].

Using an in vitro assay of collagen degradation with purified recombinant human MMP-8

(Supplementary Figure 5c), we found that the more confining P10 and 6 mg/ml matrices were

significantly more resistant to degradation than the P0 matrix (Figure 2.5c). As a control, we

measured the diffusivity of molecular weight-matched fluorescent dextran and found no significant

differences among the different collagen architectures (Supplementary Figure 7).

We next hypothesized that matrix degradability could modulate the ability of cells to

create stable adhesions to the matrix. If this were the case, then inhibition of MMP activity

would be expected to decrease cell adhesion. To test this, we embedded GFP+ HT-1080 cells

in bead-laden matrices with the addition of a broad-spectrum MMP inhibitor (Marimastat) and

measured the cell slip ratio as described above. MMP inhibition significantly increased cell slip

across all matrix conditions (Figure 2.5d-f), indicating that matrix degradation activity is required

for effective cell adhesion.

To test if the requirement for MMP activity in adhesion is dimensionality dependent,

we repeated the experiment where we cultured the cells on top of the P0 matrix condition and

measured pFAK, but this time including Marimastat treatment. MMP inhibition repressed pFAK

recovery at 60 min post seeding compared to control conditions (Figure 2.5g) suggesting that

MMP activity was also necessary for proper cell-ECM attachment in 2D conditions.

2.2.5 Cells upregulate proteases and Notch signaling in response to low

attachment in confining architectures

Since MMP activity is required for successful cell-ECM coupling (Figure 2.5d-f), and

cells in confining matrices eventually migrate to form collective networks (Figure 2.1b), we

hypothesized that cells may upregulate proteolytic activity as a means of overcoming their low-

adhesion state. Gene expression analysis of cells cultured in 6 mg/ml versus P0 matrices at

24 h after embedding showed significant increased expression of MMP-1, -2, and -14 (Figure
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Figure 2.5: Cell adhesion is regulated by matrix degradation a. Mitochondrial superoxide
levels as measured by MitoSOX intensity from confocal microscopy for cells growing in P0
,6mgmL-1 and P10 matrices, scale bar 25µm. b. .(left) Schematic representation of the steps
followed to analyze FAK phosphorylation for cells cultured on top of collagen matrices. (right)
Western blot analysis of phospho FAK for cells cultured for 30 or 60 minutes on top of P0, 6
mg/mL and P10 matrices. c. Degradability of the 3D collagen matrices of the 3 conditions
presented as measured by DQ collagen fluorescence per unit time after the addition of purified
recombinant human MMP8. d. Slip ratio analysis for cells cultured in the presence of 10µM
marimastat in 2.5mg/mL. e. 6 mg/mL and f. 2.5mg/mL +10PEG matrices. g. Western blot
analysis of phospho FAK for cells cultured for 30 or 60 minutes on top of a 2.5mg/mL matrix
with the MMP inhibitor Marimastat. Western blot images and quantifications are representative
of n=1 experiments. n=>3 biological replicates for each experiment, statistical significance
described as *, **, *** for p<0.05, p<00.01, p<0.001 respectively.

2.6a). To assess whether this transcriptional program was functional, we used dye quenched (DQ)

collagen to measure pericellular matrix degradation patterns. DQ collagen emits strong green
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fluorescence when fibrils are cleaved and the attached fluorescein dye is no longer quenched[77].

Confocal imaging of the DQ collagen fluorescent signal 24 hours after 3D embedding revealed a

significant increase in collagen degradation surrounding cells in confining architectures (Figure

2.6b-c). Very little collagen degradation was observed in P0 matrices (Figure 2.6b-d), and no

significant difference was observed between the DQ collagen intensity around the cell body versus

protrusions (Supplementary Figure 6b).

Surprisingly, cells in confining matrices accumulated the fluorescent cleaved collagen

in their cytoplasm (Figure 2.6b, white arrows), suggesting increased collagen internalization.

Internalization of fluorescent collagen was completely absent during the first few hours of cell-

ECM interaction (Supplementary Figure 6a), suggesting internalization was an active process.

High resolution z-stack imaging confirmed the intracellular localization of the internalized

collagen (Figure 2.6d). This phenomenon was significantly more prevalent in cells cultured

in the more confining P10 and 6 mg/ml matrices (Figure 2.6e) compared to P0. Interestingly,

gene expression analysis identified upregulation and significant enrichment of genes involved in

collagen catabolic processes (23.8 fold enrichment, p=3x10-6) in cells embedded in confining

matrices. Included in this set was MRC2, a gene encoding for Endo180, which is the main

collagen endocytic receptor responsible for the internalization of degraded collagen[78, 79].

Using qRT-PCR, we also found that this gene is upregulated by cells growing in non-adherent

plates (Figure 2.6f). However, these cells do not have access to extracellular collagen.

Genes in the Notch signaling pathway were also upregulated and significantly enriched

(26.52-fold enrichment, p=0.03) by cells in confining matrices, including the Notch ligand JAG1,

the transcription factor RBPJ, and Notch target genes HES1 and HEY1 (Figure 2.6g)[80].
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Figure 2.6: Cells upregulate proteases and Notch signaling in response to low attachment
in confining architectures a. MMP gene expression changes between culture in P0 and 6mgmL-
1 as measured by RNASeq. b. Fluorescent micrographs showing HT1080 cells embedded in
collagen type I matrices containing 100 ug/mL DQ-collagen type I (top row), white arrows point
to areas around the cells with increased DQ collagen intensity, and respective bright field images
(bottom row), scale bar 25 µm. c. Quantification of DQ intensity around cells cultured in the
three different collagen architectures. d. Representative confocal Zstacks showing degraded
collagen fragments internalized by cells (white arrows) growing in short fiber architectures (6
mg/mL and 2.5 mg/mL+10PEG) but not in long fiber 2.5mgmL-1 matrix, scale bar 15 µm. e.
Quantification of the fraction of cells where internalized collaged was observed F. qRT-PCR
quantification of MRC2 expression in cells growing on tissue culture plates (TC) versus cells
growing in low attachment plates (left) and RNASeq data showing transcript abundance for
MRC2 for cells growing in 2.5mgmL-1 and 6mgmL-1 collagen matrices (right). f. qRT-PCR
quantification of MRC2 expression in cells growing on tissue culture plates (TC) versus cells
growing in low attachment plates (left) and RNASeq data showing transcript abundance for
MRC2 for cells growing in 2.5mgmL-1 and 6mgmL-1 collagen matrices (right). g. Gene
expression changes between culture in P0 and 6mgmL-1 for genes associated with NOTCH
pathway as measured by RNASeq. . n=¿3 biological replicates for each experiment, statistical
significance described as *, **, *** for p<0.05, p<00.01, p<0.001 respectively.
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2.3 Discussion

Our study reveals that changes in the fibrillar architecture of collagen, independent of

stiffness or density, influence cell-ECM adhesive coupling. Fiber architectures that are more

crosslinked and confining, i.e. smaller pores and shorter fibers, reduce cell adhesion and cause

cells to exhibit hallmarks of anchorage-independent growth despite being surrounded by matrix.

This results in reduced glycolytic activity and increased oxidative stress, which mimics stress

induced by suspension culture or growth on non-adherent plates[70, 74]. Subsequent upregulation

of genes involved in collagen catabolism, in combination with increased collagen degradation and

internalization in 3D confining collagen, suggests that an endocytic pathway may play a role in

overcoming oxidative and glycolytic stress associated with a 3D low-adhesion state. Interestingly,

recent studies have shown that collagen internalization is upregulated in nutrient-starved cells,

where collagen-derived proline is used as a substitute to fuel the TCA cycle and maintain cell

survival[81]. Similarly, it has been shown that macro pinocytosis of proteins can be used as

an amino acid supply by transformed cells[81, 82]. Symptoms of limited nutrient availability

also include upregulation of MMPs[83, 84] and MRC2[81], alluding to the possibility that low

adhesion and nutrient deprivation stress responses may be linked.

Collagen matrices with small pore sizes have previously been found to drive collective cell

migration behavior and the upregulation of MMPs due to biophysical confinement and restriction

of the nucleus[65, 85, 86]. However, matrix degradability and cell adhesion were not assessed in

these earlier studies. Our study shows that a major difference in how cells interact with confining

matrices is that they are unable to stabilize adhesions, which leads to oxidative stress, and oxidative

stress has previously been linked to the upregulation of MMPs through NF-kB[87, 88, 89, 90].

However, further study is needed to determine if NF-kB is activated in this system. We also show

that the Notch pathway is upregulated by cells in confining collagen. This pathway is implicated

in regulating collective migration by differentiating leader versus stalk cell phenotypes in normal
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tissue development and in tumor growth and metastatic invasion[60, 91, 92, 93, 94]. There is

evidence for NF-kB crosstalk with Notch[95] and Notch regulation by ROS[96, 97],but further

examination in the context of collective cancer cell migration is necessary.

We also demonstrate that matrix degradation activity is required for efficient adhesion in all

of the 3D fibrilar collagen matrices we tested, not only the more confining conditions. Interestingly,

the requirement for MMP activity in efficient cell-matrix adhesion offers a mechanistic explanation

as to why MMP inhibitors and integrin blocking antibodies have the same effect of promoting

mesenchymal to amoeboid switching in 3D collagen matrices[65, 98]. The dependence on matrix

degradability for proper adhesion and traction has been reported previously in a synthetic hydrogel

model system as well. In this case, mesenchymal stem cells (hMSCs) embedded in proteolysis-

resistant hydrogels could not generate cytoskeleton tension and thus produced insignificant

deformations to the surrounding matrix[99]. Recent studies show that MMP proteolytic activity

is also required for cell adhesion and spreading on collagen monomer-coated 2D substrates[100].

The requirement for matrix degradation in cell-ECM adhesion in fibrillar collagen I

suggests that either binding sites must be revealed through degradation or that cells need to bundle

and reorganize fibers to create stable adhesions. High- and low-affinity integrin-binding motifs

are present in collagen fibrils[101] and could be differentially accessible based on architecture.

Changes in the complex molecular assembly of bundled triple helices within the collagen fibril

can make essential ligand binding sites cryptic or hidden from the molecular surface[101]. Indeed,

it has been shown that collagen binding motifs can be differentially presented depending of fibril

conformation and that this can modulate interaction with crosslinking enzymes and cell-ECM

adhesion proteins[26]. It is believed that cell-collagen interactions are regulated by cryptic

binding motifs being exposed upon structural reorganization or degradation of the fibril. Our

results suggest that structural reorganization and degradation are linked. in vitro, deposition of

collagen that is resistant to degradation occurs in fetal tissues[102, 103], fibrosis[104, 105, 106],

and cancer[107, 108, 109, 110, 111]. Thus, the collagen-induced low adhesion state we identified
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herein may be relevant to the onset and progression of these processes.

2.4 Methods

2.4.1 Cell culture

HT-1080 and MDA-MB-231 fibrosarcoma cells were purchased from (ATCC, Manassas,

VA) and cultured in high glucose Dulbeccos modified Eagles medium supplemented with 10%

(v/v) fetal bovine serum (FBS, Corning, Corning, NY) and 0.1% gentamicin (Gibco Thermofisher,

Waltham, MA) and maintained at 37◦C and 5% CO2 in a humidified environment during culture

and imaging. The cells were passaged every 2?3 days as required.

2.4.2 Low attachment cultures

For measurements of cell activity under loss of attachment we used low attachment plates

(Corning, corning, New York). Cells, were trypsin zed from standard cell culture flasks and

passage into low attachment plates to a 50-60% confluency. For RNA extraction cells were

collected by resuspension in PBS and centrifugation. For metabolism measurements, supernatant

was collected from culture and spun down to clear cell debris.

2.4.3 3D culture in collagen I matrix

Cell laden 3D collagen matrices were prepared by mixing cells suspended in culture

medium and 10X reconstitution buffer, 1:1 (v/v), with soluble rat tail type I collagen in acetic

acid (Corning, Corning, NY) to achieve the desired final concentration[112, 113, 10] as described

previously by our group. 1 M NaOH was used to normalize pH in a volume proportional

to collagen required at each tested concentration (pH 7.0, 10-20 µL 1 M NaOH). Gels were

polymerized at 37◦C in a humidified incubator. To modify the structure of the collagen fibers
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to obtain LDSF gels we used a technique previously reported by our group[114]. Briefly,

Polyethylene glycol (PEG, MW=8000, Sigma, St. Louis, MO) was solubilized in phosphate-

buffered solution (PBS) and filter sterilized. Solubilized PEG was then mixed into the cells,

reconstitution buffer solution described above to produce a final PEG concentration of 10 mg/mL

in the collagen gel. The gels were allowed to polymerized in the same conditions as collagen

only gels. Collagen structure modification was verified using confocal reflection microscopy.

2.4.4 Confocal reflection microscopy

Confocal reflection images were acquired and processed as we have previously reported[66].

Briefly, Images were acquired using a Leica SP5 confocal microscope (Buffalo Grove, IL)

equipped with a HCX APO L 20X 1.0 NAwater immersion objective. The sample was excited at

488?nm and reflected light was collected without an emission filter. Collagen fibril length was

analyzed using the free software ctFIRE (http://loci.wisc.edu/software/ctfire) [115, 116].

2.4.5 Fluorescence recovery after photobleaching (FRAP)

To quantify actin polymerization activity at cell protrusion tips, HT1080 were stably trans-

duced with Dendra-2-Lifeact (Dendra2-Lifeact-7 was a gift from Michael Davidson (Addgene

plasmid # 54694)). Stably expressing cells were sorted (BD influx, FACS) to select for cell

expressing the construct at low levels to avoid off target effects caused by high copy numbers.

Cells were embedded into 3D collagen matrices as described before and incubated for 24 hours

before assayed. FRAP was performed using an inverted confocal microscope equipped with

temperature, CO2 and humidity controls for life cell imaging (Olympus FV100). Two images

were taken as baseline, then a ROI was drawn around the protrusion tip (5 µm diameter circle)

and the fluorescence was bleached during 10s, after that images were taken every 30 s until the

fluorescence intensity was stable. Acquired baseline, photobleaching and recovery images were
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processed offline using imageJ. Intensity traces were fitted using a single exponential curve and

the mean recovery time was recovered from the exponential time constant tau.

2.4.6 3D matrix-bound fluorescent bead displacement analysis

To quantify collagen matrix deformations due to cellular forces, fluorescent carboxylate

microspheres (1 um, Thermofisher Scientific, Waltham, MA) were added to the cell-gel solution

before polymerization and GFP+ HT1080 cells were used to accurately track cell movements and

protrusion extensions. Thoroughly mixed gels were the poured into custom made PDMS wells

mounted on glass bottom dishes (Fluorodish, World precision Instruments). The gels were left

to polymerize for at least 3 hours and full culture medium was added on top of the gels before

imaging started. Imaging was performed using a Nikon TI inverted microscope equipped with a

40X (NA: 1.15) long working distance objective (Nikon Instruments Inc., Melville, NY). For each

experiment replicate, between 6-9 cells were randomly selected around the matrix at different

depths and a Z stack of images of the beads (red channel) and cells (green channel) was acquired

every 0.8 µm, covering 17.5 µm above the cell and 17.5 µm below the cell every 2 minutes for

120 minutes. Offline analysis was performed by generating a extended depth of focus image

(EDF) for each time point and tracking individual beads using ImageJ software (NIH, Bethesda,

Maryland, USA, https://imagej.nih.gov/ij/). During data collection, special care was taken to

select only cells that appeared mostly in polarized in the XY plane to avoid underestimation of Z

movements by EDF analysis. We confirmed that the largest deformations imposed by the cells

into the matrix happen in the cell plane (XY in this case). Although some information might

be lost due to projection to a single plane of a 3D volume our internal controls confirm that

deformations happening in the Z directions are significantly smaller than those happening in the

XY directions Supplementary figure 3e.
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2.4.7 Fluorescent beads trajectory analysis

Analysis of individual bead movements as a function of time yielded X,Y coordinates

for each bead in the field of view for each time point. Supplementary Figure 2 describes the

algorithm followed to extract different metrics from that coordinate data. First, a filter was applied

to analyze only trajectories of beads that were picked up by the PIV software at all time points.

Thus, beads that became out of focus of some imagining artifact impeded proper tracking were

discarded. Second, the displacement at each time point from the initial point was calculated for

each bead, which yielded trajectories like the ones depicted in Supplementary Figure 2b. Next, to

identify beads that were actively pulled by the cells we used a moving standard deviation approach

were we calculated the standard deviation of consecutive points across the entire bead trajectory.

With this, as can be visualized in Supplementary Figure 3c, we were able to identify the parts of

the trajectory that significantly deviate from the rest, which corresponds to a deformation in the

matrix. Importantly, when examining the trajectories that are thresholded out using this method

versus the ones that are kept, we can see that a bead that is very close to a cellular protrusion, and

thus being strongly pulled, is kept (Supplementary Figure 2f), whereas a trajectory that shows

only a drift like movement is thresholded out (Supplementary Figure 2e). From the trajectories

that passed this threshold we then calculate max bead displacement (Figure 2.3b) and cell slip

ratio metrics (Figure 2.4b).

2.4.8 Whole cell slip ratio calculation

Slip ratios were calculated as the ration between the instant cell velocity and the surround-

ing beads instant cell velocity. Cell instant velocity was calculated by tracking single cells using

metamorph software (Molecular devices, San Jose, CA). Cell tracking produces x,y coordinates

for the cell body at every time-lapse frame and instant velocity is computed as the distance

traveled by the cell between consecutive frames. For surrounding beads instant velocity, we

59



tracked the trajectory of all beads in a 165x165 µm square around the cell body using ImageJs

plugin MOSAIC particle tracker (http://mosaic.mpi-cbg.de/?q=downloads/imageJ). For beads

trajectories, we performed the same analysis as for cell trajectories to obtain a frame by frame

velocity. Slip ratio was calculated as the cell velocity divided by the average of all bead velocities

around the cell (Supplementary Figure 1d).

2.4.9 Western blotting from 3D constructs

Whole 200µL 3D collagen constructs from the different culture conditions were scooped

out if the well into vials containing 2mL of PBS and immediately spun down at 1500xg for 5 mins.

Supernatant was the discarded and 200µL of lysis buffer containing proteases and phosphatates

inhibitor cocktails was added to the pellets (Thermofisher Scientific, Waltham, MA). The samples

were then sonicated on ice for 30s and immediately after loading buffer containing SDS and DTT

was added to get a final 1X concentration. The samples were incubated on ice in loading buffer

for 1h with vortexing every 10-15 mins. After this, the samples are spun down at 12000xg for 10

mins and then boiled at 95C for 5 mins. Proteins are separated by SDS-PAGE and transferred

to a PVDF membrane. Membranes were probed with antibodies against phosphorylated FAK

(44-624G, Thermofisher) and tubulin (TU-01, thermofisher).

2.4.10 Gene expression using RNA Sequencing

A previously generated RNA Sequencing dataset was used to investigate gene expression

changes associated with short fiber architecture[66]. Briefly, total RNA was extracted using

Trizol and prepared for sequencing on the Illumina MiSeq platform at a depth of ¿25 million

reads per sample. The read aligner Bowtie2 was used to build an index of the reference human

genome hg19 UCSC and transcriptome. Paired-end reads were aligned to this index using

Bowtie262 and streamed to eXpress63 for transcript abundance quantification using command line
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bowtie2−a− p10−x/hg19−1readsR1. f astq−2readsR2. f astq|expresstranscriptshg19. f asta.

For downstream analysis TPM was used as a measure of gene expression.

2.4.11 Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed using the Broad institute GSEA tool soft-

ware.broadinstitute.org/gsea/index.jsp) with standard settings. Rank list were constructed from

mean log2 fold change from 2.5 mg/mL to 6 mg/mL culture conditions across 3 biological

replicates.

2.4.12 Gene expression analysis using panther database

To identify gene expression programs upregulated in highly confining matrices, we

used a gene module previously reported by us that is commonly upregulated to HT1080 fi-

brosarcoma cells and MDA-MB-231 breast cancer cells cultured in this matrix (6 mg/mL colla-

gen). The 70 gene module was used as input for panther database analysis (http://www.panthe

rdb.org/geneListAnalysis.do) and enrichment test was performed.

2.4.13 Glucose, lactate and glutamine measurements

Medium from the indicated culture conditions was harvested after 24h of incubation under

standard cell culture conditions. Aliquots were spun down at maximum velocity to clear cell

debris. Glucose, glutamine and lactate were measured in the collected samples and in medium

incubated under the same conditions but without cells, using a YSI 2950 biochemistry analyzer

(YSI, Yellow Springs, OH). Consumption and production was calculated as a delta between the

experimental samples and the non-cell counterparts.
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2.4.14 DQ collagen degradation assay

Local matrix degradation was measured using DQ collagen (Thermofisher Scientific,

Waltham, MA). Briefly, collagen matrices were prepared as described above with 100 µg/mL

of DQ collagen mixed in. Cell laden DQ-gels were incubated for 24hs in standard cell culture

conditions in the presence of full cell culture medium. 3D gels were imaged using a confocal

microscope equipped with a 40X objective (NA:0.75) (Olympus FV100). Zstacks were acquired

at a 0.4 µm step size covering the entire cell body. Images were processed offline using ImageJ.

DQ intensity was quantified as the mean intensity around the cell body minus the mean intensity

of an ROI of the same area in a gel area without cells to account for background DQ signal. In

order to measure degradation by Matrix Metalloproteinase 8 (MMP8), 3D Collagen I-DQ matri-

ces were formulated as previously described. Recombinant Human MMP?8 (rhMMP-8) (R&D

Biosystems, Catalog # 908-MP) was activated at 100 µg/mL with 1 mM p-aminophenylmercuric

acetate (APMA) (Sigma, Catalog # A-9563) in TCNB Assay Buffer at 37 ◦C for 1 hour. Fol-

lowing incubation, activated rhMMP-8 was diluted to 1.0 ng/µL in TCNB assay buffer and was

added on top of each of the gels to a final concentration of 0.45 µg/mL. Within 10 minutes of

MMP8 exposure, florescence was measured using a Tecan Infinite 200 Pro (Tecan, Mannedorf,

Switzerland) at the stem cell core of Sanford Consortium of Regenerative Medicine (La Jolla,

CA). Florescence top reading was measured at excitation (488 nm) and emission (525 nm) over a

kinetic cycle of 13 hours with 2 minute intervals.

2.4.15 Diffusivity analysis

To assess whether diffusion was limited in more confining matrices (Supplementary Figure

7), we prepared collagen gels as described above and polymerized them inside commercially

available rectangular microchannel (µ-Slide VI 0.4, IBIDI, Munich, Germany). 88 µM solutions

of fluorescein conjugated dextran were prepared and added to one end of the microchannel
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while keeping cell growth medium in the other end. The gels were then placed in the stage of a

fluorescence microscope and imaged at 1 min intervals for 8 hours to monitor the fluorescence

signal as an indicator of dextran concentration along the collagen matrix. Images were then

analyzed using imageJ and a concentration profile was acquired for each time point. The obtained

data was fitted to a 1-D diffusion process using equation 1 and the parameter D extracted.

C(t,X) =Cmax ∗
(

1− er f
(

X
2
√

Dt

))
where Cmax is the initial concentration at the source and erf is the error function.

2.4.16 Quantitative reverse transcription PCR (RT-qPCR)

For qPCR experiments RNA was extracted using High Pure RNA Isolation Kit (Roche,

Basel, Switzerland). cDNA was synthesized using superscript iii first-strand synthesis system

(Thermofisher, Waltham, MA). Relative mRNA levels were quantified using predesigned TaqMan

gene expression assays (Thermofisher, Waltham, MA). Relative expression was calculated using

the DCt method using GAPDH as reference gene. Assays used were: GAPDH (Hs02758991g1),

MRC2 (Hs00195862m1).

63



2.5 Supplementary material

2.5.1 Supplementary figures

Figure 2.7: Supplementary Figure 1 a. Time dependent evolution of cell circularity in the
three matrix conditions as measured by low magnification bright field time-lapse microscopy.
b. Overlay images of cells expressing Dendra-2-LifeAct (Actin) and the surrounding collagen
fibers as imaged by confocal reflection microscopy. c. Schematic representation of the strategy
used to quantify cell-ECM interactions and estimate cell slip ratio. d. Schematic representation
of the metrics used to quantify matrix deformations upon bead tracking. Max bead displacement
is the maximum distance a bead is displaced from its initial (0,0) position. e. Definition of the
whole cell slip ratio metric used to estimate the level of cell adhesion to the surrounding ECM
(see methods). f. Instant cell velocity for cells analyzed to calculate slip ratio.
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Figure 2.8: Supplementary Figure 2 a. Flow chart describing the algorithm followed to
analyze the bead movement around cells (see methods). b. Representative data for a cell in a
LF matrix. Each line represents the trajectory of a single bead respect to its initial position in
the matrix. The big dip observed between 20-40 minutes corresponds to a protrusion associated
deformation event. c. Moving standard deviation of each of the trajectories depicted in B.
Large moving standard deviation signify a large sudden displacement from the overall trajectory,
and it served to differentiate bead displacements caused by active cell pulling versus random
motion or microscope drift. d. Coordinate map of all the beads in the same representative
cell, where a highly moving bead (close to cell protrusion) and a non- moving bead (far away
from cell protrusion, are highlighted. e. Trajectory of the non-moving bead and f. Highly
moving bead, showing how thresholding by a high moving standard deviation can select moving
vs non-moving.
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Figure 2.9: Supplementary Figure 3 a. Schematic representation of the approach used
to simultaneously analyze protrusion extension/retraction and bead movement around it. b.
A representative coordinates field for beads in a 2.5 mg/mL matrix. Shown in green is the
location of the extending cell protrusion and highlighted in red are the top 25% moving beads.
c. Analysis of bead movement in XY vs ZY planes. Maximum intensity projections for both
planes were constructed and single bead tracking was performed. (See methods)
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Figure 2.10: Supplementary Figure 4 a. Representative micrographs and quantification of
mitochondrial ROS using mitoSOX dye in HT1080 cells cultured in 2D plastic culture dished
(TC) or low attachment plates (Non-adherent). b. Quantification of cellular ROS using CellROX
dye in short fiber architecture 3D cultures (left) and 2D cultures in tissue culture treated dished
(TC) or low attachment plates (Non-adherent). c. Relative glucose uptake for cells growing in
6mgmL-1 and P10 as compared P0 matrices.
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Figure 2.11: Supplementary Figure 5 a. Relative lactate production and b. Relative glutamine
uptake for cells growing in 6mgmL-1 and P10 as compared P0 matrices. c. Fraction of cells
diving in the 3 matrix conditions at 24h after seeding. d. Schematic representation of the in
vitro collagen degradability assay (see methods) used to quantify differences in the architecture
dependent degradability of collagen gels. n>=3 biological replicates for each experiment,
statistical significance described as *, **, *** for p<0.05, p<0.01, p<0.001 respectively
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Figure 2.12: Supplementary Figure 6 a. Micrographs of HT1080 cells embedded in a 6
mg/mL collagen matrix with DQ collagen at 1 hour after embedding (left) and 24 hours after
embedding (right), scale bar 25 µm b. Confocal micrographs focused at a protrusion of a
cell in a 2.5 mg/mL collagen gel with DQ collagen, showing no signal above the background
around the protrusion. c. Confocal micrographs of a MDA-MB-231 breast cancer cell where
internalization of DQ collagen is evident in the 6mg/mL SF matrix but not in the 2.5m/mL LF
matrix. D. Representative images and quantification of internalized DQ collagen in HT1080
cells in a 6 mg/mL SF matrix with (bottom) and without (top) treatment with the broad spectrum
MMP inhibitor Marimastat.
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Figure 2.13: Supplementary Figure 7 a. Micrographs showing a time series of 70kDa FITC
dextran diffusion into P0 and 6 mg/mL gels b. Concentration profiles for the conditions shown
in A c. Estimated Diffusion coefficient for the conditions presented in A.
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Chapter 3

In vivo Models to Deconstruct the Role of

Collagen ’Density’ in the Tumor

Microenvironment in Promoting Cancer

Cell Metastasis

3.1 Introduction

A dense stromal microenvironment has been widely recognized as an epidemiological

risk factor for the development and progression of cancer, especially in breast cancer [117, 118].

Pioneering work from Patricia Keely and colleagues, causally linked collagen density in the

breast stroma to tumorigenesis[3]. Using a mouse model of increased collagen deposition in the

mammary fat pad, they identified high density collagen content in the stroma of breast tumors as

a key determinant of tumor incidence and metastatic potential. Even though this seminal work

laid the grounds for an understanding of dense stroma as a risk factor, the molecular mechanisms

leading to cancer cell transformation into aggressive phenotypes remain largely unknown.
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Importantly, the mechanism by which Keely and colleagues were able to establish a mouse

model of increased stromal density in the context of mammary carcinogenesis was by using a

mouse model for decreased collagen degradability. Briefly, this model harbors a targeted mutation

at the known collagenase cleavage site in the collagen type I gene[119]. In this model, reduced or

(in the homozygous case) completely impaired, collagen degradation promotes a general buildup

of collagen I, including in the mammary gland. When combined with a model of spontaneous

mammary carcinoma development such as the Polyomavirus middle-T mice under the control of

the mammary specific MMTV promoter (abbreviated PyVT), they were able to obtain mammary

tumors with a dense collagen stroma. Thus, in this model, collagen degradability is the primary

perturbation, and increased density is a consequence. This convoluted interplay between collagen

density and other physical properties such as crosslinking, degradability or stiffness has made the

experimental dissection of key parameter regulating cell behavior challenging.

Using 3D culture models, we have demonstrated that low-degradability collagen matri-

ces can trigger breast cancer cells to switch to highly persistent and collective cell migration,

regardless of overall collagen density. This shift in cell behavior then leads to the development

of multicellular structures highly enriched in basement membrane production, which resem-

ble a phenotype known as vasculogenic mimicry (VM) [66]. Furthermore, we show that this

phenomenon is induced independently of matrix stiffness or hypoxia, but rather by collagen

fibril architecture, which determines collagen degradability by cellular matrix metalloproteinases

(MMPs). At a molecular level, our work suggests this highly aggressive phenotype is initiated by

a cell stress response to low ECM attachment that is in part mediated by the incapacity of the

cancer cells to effectively degrade the surrounding collagen. In this model, cancer cells enter a

state of low attachment, due to their inability to effectively use MMPs and properly attach to the

fibers. This state of low attachment then triggers metabolic stress signatures such as production of

reactive oxygen species, decreased glycolysis and a transcriptional response characterized by the

downregulation of the mTOR pathway and upregulation of antioxidant response genes, NOTCH
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signaling genes, and conserved gene module associated with transdifferentiation to multicellular

structure formation (chapter 2 and [66, 70]).

Given these characteristics of the mouse model used by the Keely group, and considering

the in vitro results previously reported by our group, we propose that low degradability of the

collagen in the tumor microenvironment and not density per se might be a key trigger for the

development of highly aggressive phenotypes. Furthermore, we propose that loss of attachment

stress due to low degradability might represent the basis for the molecular mechanism explaining

dense stroma as a risk factor for metastatic breast cancer. Animal models can address these

question and confirm our observations in vitro. Importantly, animal models attempting to study

the role of collagen in tumor progression and metastasis, should allow for the uncoupling of

collagen density and other physical properties such as degradability. Here we present the use of

two different animal model approaches to ask whether low-degradability induced transformation

of cancer cells into collective migration and a VM-like state represents an in vivo mechanism

for metastasis: i) First, we combine our 3D culture approaches with an orthotropic mouse model

of breast cancer to ask whether collagen induced collective migration in vitro represents a more

metastatic phenotype in vivo and whether this phenotype is functionally equivalent to VM in vivo;

ii) Second, we build on the work by the Keeley group using a model of spontaneous mammary

tumor development in a low-degradability collagen microenvironment to determine whether this

environment induces VM in vivo and whether VM can explain the enhanced metastasis observed

in this model.

3.2 Orthotropic implantation of 3D cultured breast cancer

cells

For this model we used a cell line of highly metastatic triple negative breast cancer (MDA-

MB-231). This cell line was used in our previous studies where we discovered the transcriptional
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response and phenotype associated with VM. To be able to quantify the number of cells present

in different organs at the end of the experiment, we used a green fluorescent protein (GFP)

expressing version of this cell line (MDA-MB-231 GFP+) and implanted them into NSG mice

(NOD-SCID-Il2rg-/-) after 5 days of culture in different matrix conditions that allow for the

decoupling of collagen density and degradability i) VM inducing matrices (6 mg/mL, high density

low degradability and 2.5 mg/mL + 10mg/mL PEG, low density low degradability) and ii) non

VM inducing matrix (2.5 mg/mL, low density high degradability). A schematic representation of

the protocol followed in this experiment is shown in (Fig 3.1 a). Previous studies of orthotropic

implantation into immunocompromised mice [120] showed a high capacity for metastasis into

the lungs, liver and spleen. Therefore, we will focus on those organs for the quantification of

metastatic burden.

3.2.1 Tumor growth is not affected by collagen degradability

Tumors consistently developed and grew after implantation in the 3D constructs irrespec-

tive of matrix condition (7/7 for 2.5 mg/mL and 6/6 for 6 mg/mL), indicating a high capacity

of these cells to engraft and grow in the NSG mouse model. Measurement of tumor volume at

different time points during the experiments showed a great heterogeneity in the tumor growth,

and thus, we saw no significant differences in the tumor sizes when comparing cells implanted on

a VM phenotype (6 mg/mL, high density low degradability) vs cells implanted as single cells on

a collagen matrix (2.5 mg/mL, low density high degradability). Additionally, we observed no

evident differences in the macroscopic appearance of the tumors after dissection at week 6 (Fig

3.1 b-c). Current work involves the use of an additional matrix (2.5 mg/mL collagen + 10mg/mL

PEG, low density low degradability), which allows for the decoupling of ligand density and

degradability and their effect in tumor growth.
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Figure 3.1: Orthotropic implantation of 3D cultured breast cancer cells into immunocom-
promised mice a.Schematic description of the experimental protocol followed. n=6 mice for
2.5 mg/mL and n=7 mice for 6 mg/mL. b. Tumor volume changes with time. c. Dissected tumor
show no evident differences. d. Changes in mouse body weight between the beginning of the
experiment and the endpoint. Statistical significance was determined by Mann-Whitney U test
and is indicated as *, **, *** for p<0.05, p<0.01, p<0.001, respectively

3.2.2 Metastatic burden is increased by low-degradability collagen

At the end point of the experiments, we observed a noticeable difference in the overall

health of the mice as was evidenced by the relative changes in body weight between the two

groups, where the mice in the non-VM inducing matrix had gained around 10% body weight

during the tumor growth period, the mice implanted with the VM-induced cells either remained

at their initial weight or lost weight (Fig 3.1 c). This observation indicated the possibility of

higher metastatic disease in the VM-induced implanted group compared to the non-VM group.

To test this, we harvested key target organs (Fig 3.1 a), dissociated them and analyzed the load of

GFP+ cells present in each organ as a metric of metastatic disease (see methods). We observed

that the organ with the highest metastatic burden were the lungs, as observed by macroscopic

examination and by GFP+ cell quantification, consistent to what has been reported for this model
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[121]. However, we observed no significant differences between the two experimental groups

(Fig 3.2 a). In the spleen we observed no visible metastatic lesions by macroscopic examination,

and even though there was a small increase in the percent of GFP+cells recovered in the spleens

of the 6 mg/mL group, the differences were not significant either (Fig 3.2 b). Interestingly, we

observed the most differences between both groups when looking at the liver tissue, in this case

the percentage of recovered GFP+ cells was significantly higher in the 6mg/mL mice compared

to the 2.5 mg/mL and macroscopic examination showed visible metastatic lesions of a larger size

in the 6 mg/mL mice (Fig 3.2 c). In this analysis, inclusion of a matrix with low density and low

degradability (2.5 mg/mL + 10mg/mL PEG) will serve to uncouple density and degradability and

dissect their role in increased metastatic potential.

Figure 3.2: Quantification of metastatic cells in organs of interest Flow cytometry was used
to quantify the amount of GFP+ cells is the organs of interest. Top figures show % metastatic
cells quantification and bottom figures show macroscopic appearance of a.Lungs. b. Spleen.
and c. Liver. n=6 mice for 2.5 mg/mL and n=7 mice for 6 mg/mL. Statistical significance
was determined by Mann-Whitney U test and is indicated as *, **, *** for p<0.05, p<0.01,
p<0.001, respectively
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3.2.3 Preliminary Conclusions and Future Direction

Taken together, these results suggest to us that in this model, 6 weeks of tumor growth

represent a late stage, where lungs and liver are colonized and in the case of the 6 mg/mL group,

the health of the animals is diminished. Importantly, the observation of significant differences in

metastatic burden in the liver but not the spleen or the lungs, suggest to us that there might be an

organ colonization path, were cells first establish on the lungs and later on the liver. Observation

of higher number of cells in the livers of mice implanted with VM forming cells, thus suggest

that those cells might have left the primary tumor earlier and thus had longer incubation times

in distant organs like the liver. Future work in this area is focused on establishing a timeline for

progression of metastatic burden in different organs. For this, we propose the use of luciferase

expressing cells, and the performance of in vivo imaging at different time points after implantation.

We hypothesize that if VM forming cells represent a highly metastatic phenotype, and they are

able to colonize earlier the lungs and liver, we would detect luciferase signal in such organs

at earlier time points. Additionally, to confirm that the observed VM phenotype could have a

functional role increasing tumor perfusion, we propose to use intravital microscopy to measure

localization of blood flow relative to VM like structures in vivo.

3.3 PyVT/COL1A1 Model

Based on our previous observation in vitro that low degradability collagen can trigger

a migration and transcriptional response in cancer cells that is correlated with VM, we asked

whether this in vitro phenotype could mechanistically explain the observations made in the

PyVT/COL1A1 mouse model. As described before, in this model, increased density is achieved

by impairing collagen degradability, which makes it an ideal model to study the role of low

degradability in the development of VM and metastasis. To do this, we first stained tumor sections

using Periodic Acid Schiff (PAS), the most well accepted marker for VM in histology slides [122]
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and used an image processing algorithm to quantify the abundance of PAS positive structures

in tumors with dense collagen (PYVT/COL1A1 heterozygous) in comparison to tumors with

normal collagen levels (PyVT/COL1A1 wt) (Fig. 3.3 a).

3.3.1 PyVT/COL1A1 mouse mammary tumors show evidence of VM

Evaluation of PAS+ structures in 4 mice of each genotype, revealed a significant increase

in the PyVT/COL1A1 heterozygous mice compared to the wild type counterparts (Fig. 3.3 b).

These results suggest the possibility that VM like structures identified in vitro might also be

present in this mouse model in vivo.

3.3.2 Preliminary Conclusions and Future Directions

Further exploration of these tumor tissue and sections is required for more detailed

characterization of the observed PAS+ structures to be able to link them to metastatic potential.

More detailed characterization includes: i) double staining of CD31 (endothelium marker) and

PAS to identify CD31-PAS+ structures (vessel like structures denuded of endothelium)[17]. ii)

visualization of tumor cells relative to stromal cells to identify chain like or network structures

resembling in vitro VM. iii) visualization of red blood cells relative to possible VM structures with

increased tumor perfusion. And iv) RNA analysis for the identification of a VM gene expression

signature. Additionally, since in vitro we observe signs of a collective migration phenotype being

activated in low degradability matrices, future directions include the staining for known markers

of leader cell phenotype in collective migration[60].
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Figure 3.3: Analysis of tumor sections from PyVT/COL1A1 mouse model a.Schematic
description of the strategy followed to analyze the PAS stained tumor sections. b. Quantification
of PAS positive area in tumors from COL1A1 wild type mice vs. COL1A1 heterozygous mice.
n=4 mice per experimental group. From each tumor section 5 fields of view were randomly
selected for analysis. Statistical significance was determined by Mann-Whitney U test and is
indicated as *, **, *** for p<0.05, p<0.01, p<0.001, respectively

3.4 Methods

3.4.1 Cell maintenance and 3D culture in collagen I matrix

For implantation experiments, MDA-MB-231 breast cancer cells expressing green flu-

orescent protein (GFP) were used. Cells were cultured in high glucose Dulbecco’s modified

Eagle’s medium supplemented with 10% (v/v) fetal bovine serum (FBS, Corning, Corning, NY)

and 0.1% gentamicin (Gibco Thermofisher, Waltham, MA), and maintained at 37◦C and 5%

CO2 in a humidified environment during culture and imaging. The cells were passaged every

2-3 days. Cell laden 3D collagen matrices were prepared by mixing cells suspended in culture

medium and 10X reconstitution buffer, 1:1 (v/v), with soluble rat tail type I collagen in acetic

acid (Corning, Corning, NY) to achieve the desired final concentration[19, 20]. A solution of 1M
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NaOH was used to normalize pH in a volume proportional to collagen required at each tested

concentration (pH 7, 10-20µL 1M NaOH), and the mixture was placed in 48-well-culture plates

and let polymerize at 37◦C. Final gel volumes were 200µL.

3.4.2 Animal experiments involving surgical procedures

All experiments were approved by the University of California San Diego, Institutional

Animal Care and Use Committee, and conducted according to the Guide for the Care and Use

of Laboratory Animals (US National Research Council, 2010). For surgical implantation of 3D

collagen tissue constructs, NSG mice (NOD.Cg-PrkdcscidIl2rgtm1W jl/SzJ , Jackson laboratories

stock #005557) were used. Anesthesia was induced using 3-4% and maintained with 2-3%

isoflurane, after verification of deep anesthesia via toe pinch test, the area adjacent to the second

mammary fat pad was cleaned and all fur removed. A small incision between 5 to 10 mm long,

was performed in the area were the fat pad could be visualized. Using blunt dissection and forceps,

the tissue surrounding the fat pad was dissected in order to create a space for the implantation of

the collagen plug. After this, the cell laden collagen gel was inserted and the incision sutured

using prolene sutures (Ethicon, Somerville, NJ). After verifying that the incision was properly

closed, the animals were left to recover in their cages and monitored daily for signs of infection

or pain.

3.4.3 Quantification of metastatic burden using flow cytometry

After the 6 week tumor growth period was completed, animals were sacrificed by CO2

asphyxiation as per IACUC guidelines. Immediately after death was confirmed via cervical

dislocation, the organs of interest were harvested, phtographed and immediatley immersed

in a ice cold PBS solution. After all organs were harvested, the PBS solution was replaced

by a solution containing 2mg/mL collagenase (Sigma, St. Louis, MO) and each organ was
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dissociated mechanically using surgical scissors. Once the whole organ was homogenized, they

were incubated at 37C for 1 hour with shaking every 15 min. After a homogeneous dissociated

organ solution was obtained, they were strained trough a 70µm filter and resuspended in 500µL of

FACS buffer (PBS, 1% BSA, 1mM EDTA). Then 75µL of each sample were run on a benchtop

flow cytometer (BD, Accuri C6, BD, Franklin Lakes, NJ) to quantify the number of GFP+ cells

in each sample. Percent of metastatic cells was calculated as:

%Metastaticcells =
#GFP+ cells

Totalnumbero f cells
∗100

3.4.4 Animal model of collagen dense stroma

The animal model for collagen dense stroma was first developed in the Keely lab. All the

experiments described in this chapter involved the analysis of tissues kindly shared by Patricia

Keely and her group. Briefly, mice having a highly collagen dense mammary tumors were

generated by crossing PyVT mice ( FVB/N-Tg(MMTV-PyVT)634Mul/J, Jackson laboratories

stock #002374) with mice that harbor a mutation in their collagen 1 gene (COL1A1) that renders

their stromal collagen type I resistant to degradation by collagenases and thus, develop and

accumulation of collagen in their tissues including the mammary fat pads. Offspring of this

cross breeding strategy could be PyVT carrier and COL1A1(WT) or COL1A1(het). Mice from

the genotype corresponding to COL1A1 heterozygous develop spontaneous tumors with dense

stromal whereas mice with genotype COL1A1 wild type generate spontaneous tumors with

normal collagen levels.

3.4.5 Tissue section staining

Paraffin embedded tissue sections from tumors from WT and COL1A1 heterozygous mice

were obtained from Patricia Keeley’s lab at The University of Wisconsin, Madison. Periodic

82



acid schiff (PAS) stain was performed using a kit from sigma-aldrich following manufacturer?s

instructions (detection kit 395B-1kt, Sigma, St. Louis, MO) and imaged at the histology core of

the Moore’s cancer center (University of California, San Diego).
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