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Abstract

Subpopulation commensalism promotes Rac1-dependent invasion 
of single cells via laminin-332

By Sung Bo (Joseph) Yoon

Phenotypic heterogeneity poses a significant hurdle for cancer treatment but is under-
characterized in the context of tumor invasion. Amidst the range of phenotypic heterogeneity 
across solid tumor types, collectively-invading cells and single cells have been extensively 
characterized as independent modes of invasion, but their intercellular interactions have rarely 
been explored. Here, we isolate collectively-invading cells and single cells from the 
heterogeneous 4T1 cell line using Spatiotemporal Genomic and Cellular Analysis (SaGA) and 
observe distinct morphological differences between these subpopulations. Notably, collectively-
invading cells exhibit prominent intercellular attachment mediated by E-cadherin, while single 
cells exclusively invade as detached individual cells. Furthermore, we observe extensive 
transcriptional and epigenetic diversity across these subpopulations. By integrating these 
datasets, we identify laminin-332 as a protein complex exclusively secreted by collectively-
invading cells. Live cell imaging revealed that laminin-332 derived from collectively-invading 
cells increased the velocity and directionality of single cells. Despite collectively-invading and 
single cells having similar expression of the integrin α6β4 dimer, single cells demonstrated 
higher Rac1 activation upon laminin-332 binding to integrin α6β4. This mechanism suggests a 
novel commensal relationship between collectively-invading and single cells wherein 
collectively-invading cells promote the invasive potential of single cells through a 
laminin-332/Rac1 axis. To our knowledge, this finding represents the first characterization of a 
commensal interaction between cancer subpopulations wherein one subpopulation unilaterally 
provides a benefit to another subpopulation. The multi-omic workflow used to delineate this 
novel interaction can also be applied to other cancer subtypes to contribute towards a more 
comprehensive understanding of heterogeneous tumor dynamics.
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Chapter 1: Introduction

1.1 – Cancer invasion and metastasis

1.1.1. Progress and outlook on breast cancer

Over the last several decades, cancer has remained the second leading cause of death in 

the United States (1). Specifically, breast cancer has remained the most prevalent cancer subtype 

in females, being responsible for 31% of estimated new cancer cases and 15% of estimated 

deaths in 2023 (2). Significant advances have been made towards early detection and treatment 

methods over the last 30 years, resulting in a 43% decline in breast cancer mortality since 1989, 

but incidence of invasive breast cancer rates have steadily been increasing about 0.5% per year 

(1, 2). These statistics reveal the tremendous impact scientific research has had on breast cancer 

patient outcomes, while illuminating the need to more holistically understand and target this 

ever-evolving disease.

Amidst the significant advances made in detecting and treating local breast tumors, 

metastatic breast cancer—along with other metastatic cancer subtypes— remains largely 

incurable (3). This incurability stems largely from the heterogeneity of primary tumors 

contributing towards metastases at secondary sites with distinct transcriptional and epigenetic 

profiles (4). The potential for such diverse metastases emerging from a single tumor results in the

ineffectiveness of targeted therapeutics and the clinical dependency towards debilitating systemic

chemotherapy (4, 5). In an effort to curb the inevitability of metastatic disease, recent efforts 

have focused on tempering the ability of cancer cells to invade and metastasize. Such efforts 

have resulted in the development of therapies targeting genes crucial to the metastatic cascade, 

including denosumab—a humanized monoclonal antibody targeting the receptor activator of NF-



κB ligand—and cilengitide—a peptide inhibitor αvβ3 and αvβ5 integrins—but both therapies 

resulted in either negative clinical trials or discontinuation of use to target metastatic disease (5). 

These therapeutical incompatibilities represent the urgent need to discover novel strategies to 

inhibit metastatic progression.

1.1.2. The metastatic cascade

Despite being responsible for 90% of cancer-related deaths, regulation of metastasic 

processes remains poorly understood (6). Metastasis can be described as a multicellular response 

of cancer cells to nutritional and spatial restriction. The unnatural proliferation of a tumor 

presents physical constraints to the tumor itself as it continues to grow beyond the borders of the 

surrounding stroma (4, 6). Additionally, proliferating tumors require exponentially more 

nutrients than healthy tissue, resulting in the emergence of cells that do not depend on the 

primary tumor for survival, but are able to mobilize to attain the necessary nutrients to continue 

surviving and proliferating (7). These demands push cancer cells to undergo multiple genetic and

transcriptional transformations to adapt to the obstacles the body presents to halt such malignant 

dissemination (6). 

The metastatic cascade begins with the selective pressures a highly proliferative tumor 

presents. As tumors grow over 1 cm3 in volume, the number of cancer cells requiring oxygen 

outpaces the rate at which new blood vessels sprout, resulting in a hypoxic—low oxygen—

environment for the cancer cells in the center of the tumor (8). Cancer cells within a hypoxic 

environment react by inducing expression of the HIF1α transcription factor, which in turn results

in the secretion of VEGF (vascular endothelial growth factor) into the surrounding stroma (9, 



10). Secreted VEGF binds to VEGF receptors in local endothelial cells, which stimulates 

angiogenesis—the budding of nascent blood vessels from pre-existing blood vessels. 

Specifically, VEGF receptor activation through VEGF binding in endothelial cells stimulates 

both proliferation and migratory capabilities to guide the emerging blood vessel towards the 

VEGF-secreting cells (11). Nascent endothelial cells are guided by leading “tip” cells through 

VEGF-directed chemotaxis until they reach the cancer cells to supply oxygen and nutrients (11, 

12). In addition to providing the necessary nutrients for cell survival, nascent vasculature 

provides a direct route for hypoxic cancer cells to escape the nutrient scarce environment that a 

growing tumor presents (13, 14). From being physically restricted by nearby cells and often 

highly dense stroma, angiogenesis offers cancer cells a secondary route towards survival.

Despite the availability of nascent vasculature, cancer cells still face multiple physical 

obstacles that need to be overcome to enter into the bloodstream. To start, cancer cells must 

overcome basement membranes that surround the tumor itself and line blood vessels. Basement 

membranes are dense linings composed predominantly of laminins and non-fibrillar collagens 

and usually delineate flexible boundaries for healthy tissue (15). To penetrate this basement 

membrane, cancer cells develop capabilities to break down these extracellular matrix proteins, 

namely through the secretion of matrix metalloproteases (MMP) (16). Breakdown of this 

basement membrane enables the local dissemination of cancer cells to nearby tissues and 

initiates the spread of cancer cells to distant organs via the bloodstream (15, 16). To spread, 

proliferative cancer cells activate cell motility mechanisms, enabling them to move through 

dense stromal environments. The invasive modalities that cancer cells adopt to move will be 

further detailed below. In addition to these processes, cancer cells must also contend with the 

inflammatory response mounted against these cells upon breach of basement membrane 



components and heightened hypoxic and angiogenic conditions in the primary tumor (17). In 

response to these pressures, cancer cells evolve to evade the immune system via aberrant 

degradation of MHC molecules and expression of immune checkpoint molecules to hide from 

natural killer cells and cytotoxic T cells (18, 19).

While in circulation, cancer cells experience further selective pressures, including stress 

induced by high shear forces and anoikis—cell death induced from the detachment to solid 

substrates (20). Additionally, cancer cells in circulation are more vulnerable to immune attack 

due to the abundance of circulating surveillance immune cells (20). Due to these extrinsic and 

intrinsic pressures, the majority of cancer cells that enter the circulation do not survive, but a few

rare cells that have evolved anoikis resistance and immune evasion mechanisms can maneuver 

past blood vessels at distant organs (i.e. extravasation) and invade into a secondary site (21). 

Implantation of cancer cells into a secondary site does not always guarantee the formation of 

another mass as small clusters of cells can stay dormant for multiple years and remain largely 

undetectable (i.e. micrometastases) (22, 23). Among these micrometastases, some could develop 

capabilities to grow into proliferative masses (i.e. macrometastases) and cause significant 

damage to the secondary organ site in which it is embedded (21).

Due to the complex multi-step nature of metastasis, it is a highly inefficient process for 

individual cancer cells. As such, metastasis is a highly vulnerable process that is largely curtailed

by the innate and adaptive defenses posed by the human body. Despite this, efforts to prevent and

treat metastatic disease have proved futile (5), further illuminating the urgent need to more 

comprehensively understand the underpinnings and regulatory mechanisms of metastatic disease.



1.1.3. Collective cell invasion

Among the numerous potential therapeutic targets for metastasis, the vast majority of 

targets involve cancer cell invasion (5). Despite this, effective targeting of invasive cancer cells 

has proved challenging due to the vast spectrum of distinct invasive phenotypes cancer cells 

employ (24). The majority of these modalities fall within two broad categories of cell invasion: 

collective and single-cell invasion. 

Collective invasion is characterized as invasive cells moving in adhered groups, 

frequently forming a chain of connected cells (24). The ability for cells to move collectively is 

not unique to cancer cells. In particular, healthy endothelial cells proliferate and move 

collectively during angiogenesis to generate nascent blood vessels in response to VEGF 

signaling, and various cell types move collectively during embryogenesis to reach distant sites or

form complex organ shapes (11, 25). To move collectively, cells upregulate a variety of cell-cell 

junction proteins, including E-cadherin and N-cadherin, while sequentially activating both Rho 

and Rac GTPases for actomyosin contractility (24). Collective movement also often entails the 

emergence of a leading “tip” cell and following “stalk” cells, as is classically termed from 

branching morphogenesis during nascent blood vessel formation (11). The spatial polarity of 

“tip” and “stalk” cells also represents a polarity in phenotypic attributes, namely in the elevated 

secretion of MMPs and increased formation of filopodia within the “tip” cells to help navigate 

and eventually penetrate dense stromal barriers (11, 12).

Cancer cells adopt these intrinsic mechanisms to invade collectively, and as a result 

collective invasion is observed in the majority of solid tumor types and represents the 

predominant mode of invasion in these solid tumors (26). In lung cancer, distinct “leader” and 

“follower” subpopulations within collective chains have been shown to cooperate to invade 



through dense matrices and abrogation of this heterogeneity restricted the ability for these cells 

to invade collectively (27). In particular, leader cells in lung cancer cells have been shown to 

drive collective invasion through robust filopodial extensions and fibronectin micropatterning, 

while follower cells secrete growth factors to support leader cell survival (27, 28). Despite 

existing together in a collective pack, leader and follower cells exhibit significant transcriptional 

differences and mutually exclusive metabolic dependencies that together enable more resilient 

and efficient cancer cell invasion (28, 29). In contrast, leader and follower cells in breast cancer 

are less phenotypically distinct, as these metabolically-distinct subpopulations have been shown 

to alternate in leading collective chains (30). Instead, the co-existence of cells invading as 

collective packs and as single cells within the same tumor has been of recent interest within 

metastatic breast cancer, as further detailed below.

Cancer cells invading collectively have higher tendencies to circulate in the bloodstream 

as clusters of cells (31). Relative to single cells, circulating tumor clusters have demonstrated the

ability to form metastatic sites more robustly, suggesting that clustering presents a metastatic 

advantage to cancer cells compared to individualization (32). Multiple reasons have been 

uncovered for the metastatic advantage to clustering, including increased resilience against cell 

death imposed by high shear forces in the bloodstream and elevated anoikis resistance due to the 

persistence of cell-cell junctions like E-cadherin while circulating cells are clustered (32, 33). 

Additionally, circulating tumor clusters have shown higher immune evasion capabilities, notably 

through binding to platelets and myeloid-derived suppressor cells which act as shields against 

immune surveillance (34, 35). Due to these advantages, quantification of circulating tumor 

clusters versus circulating tumor single cells in both breast and prostate cancer patient blood 

samples showed a significantly higher percentage of clustered cancer cells (32). These findings 



suggest that collective invasion enables more robust metastatic disease in multiple solid tumor 

types.

1.1.4. Single cell invasion

Single cell invasion is characterized as invasive cells moving independently of cell-cell 

adhesions (24). Single cell invasion is most common in tumors wherein the host tissue is not 

predominantly epithelial, including tumors in connective tissue and immune malignancies (24). 

Relative to collective invasion, single cell invasion is broadly considered more stochastic in 

nature due to the absence of any physical restraints posed by cell-cell interactions. Like 

collective cell movement, single cell movement is not unique to cancer or other disease states. 

Within the healthy human body, single cell movement is most prominently observed in the vast 

majority of immune cells, which often need to penetrate dense matrices and cell-cell barriers 

such as endothelial linings to reach damaged tissue (36). In particular, two predominant modes of

single cell movement have been demonstrated: mesenchymal and amoeboid single cell 

movement.

Mesenchymal single cell movement is characterized as individual cells that rely on 

actomyosin contractility and filopodial extrusions to penetrate dense stromal matrices (24). Like 

collectively-invading cells, mesenchymal cells activate Rho and Rac GTPases to generate 

traction forces via actomyosin contractility and form new focal adhesions by integrin binding 

(37). Despite the absence of cell-cell adhesions with other nearby cells, mesenchymal cells 

display highly directional movement (38). The flexibility offered by the increased surface area 

provided by the absence of direct intercellular adhesions allows for high cell velocities for 



mesenchymal cells (24). Mesenchymal cells also express and secrete MMPs from filopodial 

extrusions to break down ECM components and also have capabilities for ECM remodeling (39, 

40). Furthermore, inhibition of MMP secretion or Rho activation have been sufficient to abrogate

mesenchymal invasion, revealing the importance of these pathways for maintenance of the 

mesenchymal phenotype (41, 42).

In direct contrast to mesenchymal movement, amoeboid single cell movement is 

characterized as individual cells that do not depend on generating traction forces or secretion of 

extracellular proteases to move (24). Instead, amoeboid cells have highly plastic cell 

morphologies and low adhesion of collagen and other ECM substrates, allowing for efficient 

maneuvering through tight spaces (24). In the human body, most lymphocytes move using 

amoeboid-like movement through “gliding” motions consisting of short-lived and weak cell-

substrate interactions (24, 43). In contrast to stress fibers that mesenchymal cells use to propel 

forward and form focal adhesion sites, amoeboid cells depend on force generated from cortical 

filamentous actin to adapt to their surrounding substrates (43, 44). Due to these characteristics, 

amoeboid invasion allows for the most rapid and efficient mode of dissemination from a primary 

tumor among invasive modalities, often resulting in early lymphatic and metastatic spread (45, 

46). 

1.1.5. Plasticity between invasion modalities

A distinct hallmark of cancer cells is their ability to adapt to different environments and 

selective pressures (47). To adapt, cancer cells can transition between distinct phenotypes to 



promote survival, and effective navigation and penetration of a diverse range of stromal 

components.

Among these phenotypic transitions, epithelial-to-mesenchymal transition (EMT) is the 

most well characterized. Cells in tissues of epithelial origin express high levels of cell-cell 

adhesion proteins, including E-cadherin, claudins, and ALCAM, all of which allow for retention 

of intercellular adhesion and distinct apical-basal cell polarity (48). As epithelial cells become 

anaplastic, some cells lose these epithelial markers to allow for cell movement in response to 

nutritional scarcity and oxygen depletion (48). In particular, secreted VEGF from angiogenic 

blood vessels activates EMT transcription factors, such as Snail, Slug, and Twist, which in turn 

upregulates expression of proteins that support cell movement including vimentin and 

fibronectin (49). Through EMT, cells acquire the ability to form filopodial extrusions and lose 

apical-basal cell polarity, resulting in spindle-like morphology and cell individualization (48, 49).

Despite the seemingly linear nature of EMT, recent work has established a great appreciation for 

partial EMT states that exist within the EMT spectrum, including cancer cells that have 

simultaneous expression of both epithelial and mesenchymal markers (50, 51). Collectively-

invading cells are considered to exhibit one of these partial states due to the concomitant 

presence of cell-cell junction proteins and filopodia-dependent cell movement (52).

Mesenchymal cells can also transition into amoeboid cells through mesenchymal-to-

amoeboid transition (MAT). MAT is observed most commonly in response to therapeutic agents 

that target proteins involved in filopodia-dependent cell movement, including MMPs and focal 

adhesion kinase (46, 53). Through activation of Rho and ROCK GTPases, mesenchymal cells 

can reduce their dependency to these mechanisms for cell motility, reducing the efficacy of these 

therapies (54). In addition to external pressures, lysophosphatidic acid, Met overexpression, and 



cytokines secreted from tumor-associated macrophages have also induced MAT in multiple 

cancer cell lines (53). The process of epithelial cells becoming amoeboid cells through both EMT

and MAT has also been implicated with increased dedifferentiation, with cells undergoing MAT 

in particular being associated with increased stemness (24, 55). Much still remains undiscovered 

regarding the clinical applications of inhibiting MAT, although like EMT, the existence of 

heterogeneous partial states within MAT is likely.

In addition to EMT and MAT, reverse transitions have also been observed in cancer cells, 

albeit being less prevalent. Mesenchymal-to-epithelial transition (MET) has been observed at 

metastatic sites in particular, where motile and morphologically flexible cells colonize and begin 

proliferating at the secondary site by adopting an epithelial phenotype (56). Interestingly, a 

unique subset of myeloid cells have been shown to secrete the proteoglycan versican to induce 

MET in lung metastases by suppressing Smad2 (57). Additionally, lineage labeling experiments 

in pancreatic adenocarcinoma have found circulating tumor cells (CTCs) expressing E-cadherin, 

suggesting that MET can also occur while cancer cells are in circulation (58). Additionally, 

amoeboid-to-mesenchymal transition (AMT) has been found to be induced by ERK activation 

through TGF-β1 in oral squamous cell carcinoma (59). In this model, AMT was found to be 

actively repressed by cofilin-1 expression to maintain the amoeboid phenotype, suggesting that 

amoeboid cells have high phenotypic persistence (59). 

In all, cancer cells are highly adaptable and can transition between transcriptional cell 

states to optimize their survival and motility. This flexibility poses a significant roadblock for 

cancer treatment, highlighting the importance of better understanding the basis for these diverse 

cell states and the mechanistic underpinnings of these phenotypic transitions.



1.2 – Subpopulation interactions and dynamics

1.2.1. The genomic and epigenomic basis for phenotypic heterogeneity 

The long-term ineffectiveness of systemic chemotherapy and single-agent cancer 

treatments have revealed the vast heterogeneity of tumors and metastases in cancer patients (60). 

In addition to the high adaptability of cancer cells to diverse environments and pressures, the 

innate variability of phenotypes within many solid tumors poses a seemingly insurmountable 

challenge for cancer treatment (60). Despite this, recent technological advances in the ability to 

tease apart and isolate cells with distinct phenotypic criteria has led to a more robust 

understanding of the phenotypic composition of heterogeneous solid tumors (61).

Phenotypic heterogeneity is a direct consequence of the abnormal proliferative nature of 

cancer cells, which results in genomic instability and irreparable DNA damage (62, 63). In 

healthy cells, cell division yields a 0.00001% failure rate for complete DNA replication, largely 

due to inherent corrective mechanisms within DNA polymerase, but also due to post-replication 

DNA repair mechanisms including non-homologous end joining (NHEJ) and homology-directed 

repair (HDR) (64, 65). In most healthy cells, cell division checkpoints actively pause cell 

division if single-strand or double-strand breaks are detected (65). However, cancer cells that 

acquire loss-of-function mutations to these checkpoint proteins or the transcription factors that 

govern the expression of these checkpoint proteins—such as p53—lose the ability to sense the 

presence of this DNA damage, resulting in premature cell division and DNA replication (66). 

Additionally, loss-of-function mutations to crucial proteins within the NHEJ or HDR 

mechanisms—such as BRCA1/2—also increase the incidence of somatic frameshift mutations 

and lower genomic fidelity during replication (65, 67). This decreased genomic fidelity coupled 

with elevated growth stimuli results in clusters of cells with high mutational burden, which 



translates to the formation of a phenotypically heterogeneous tumor with multiple distinct 

subpopulations (60). 

In addition to genomic diversity induced by genomic instability, there has been a growing

appreciation for the epigenetic basis for phenotypic heterogeneity. During DNA replication, 

healthy cells also replicate DNA methylation and histone acetylation patterns with very high 

fidelity due to the prevalence and efficiency of writer, reader, and eraser proteins (68). However, 

abnormal regulation of the cell cycle or loss-of-function mutations to these epigenetic regulators 

can result in incomplete and inefficient replication of epigenetic patterns, resulting in widespread

epigenetic variance (69). Interestingly, in some cancer subtypes, the contribution of epigenetic 

alterations to intratumoral heterogeneity was shown to mirror that as of genomic alterations, 

revealing the need to more comprehensively understand the epigenetic basis for phenotypic 

heterogeneity (69, 70).

1.2.2. Phenotypically-distinct subpopulations

A direct consequence of intratumoral heterogeneity is the emergence of phenotypically-

distinct subpopulations of cells (60). Tumors comprised of phenotypically-distinct 

subpopulations boast a survival advantage over phenotypically homogeneous tumors, as different

subpopulations will have different sensitivities to drug treatments and other selective pressures 

imposed during the process of metastasis (71). In non-small cell lung cancer, rare drug-resistant 

subpopulations were detected in multiple drug-sensitive cell lines, rendering drug treatment of 

these cell lines ineffective due to the prevalence of these resistant cell subpopulations (72). 

Interestingly, HDAC inhibitors and histone demethylase knockdown reduced the emergence of 



these drug-resistant subpopulations, supporting an epigenetic basis for phenotypic heterogeneity 

within these cell lines (72). Similar drug-resistant subpopulations were found in metastatic breast

cancer cell lines, and these drug-resistant subpopulations were found to be transcriptionally 

distinct to drug-sensitive subpopulations through single-cell RNA sequencing experiments (73).

In addition to drug resistance, subpopulations with distinct invasive properties have also 

been characterized in multiple cancer subtypes (27, 30, 74). In particular, there has been a 

growing interest in leader and follower subpopulations present within collectively-invading 

cancer cell lines (27, 28, 29). When isolated and purified, leader cells in non-small cell lung 

adenocarcinoma are highly motile and spindle-like in morphology, mirroring mesenchymal cells 

(27). Leader cells depend on filopodia for cell movement and exhibit high expression of myosin-

X in their filopodia to regulate fibronectin micropatterning during cell invasion (28). In 3-D 

Matrigel matrices, leaders invade in robust chains of interconnected cells, while follower cells 

are significantly less motile and invade using sheet-like invasion in 3-D (27). Despite this 

decreased motility, follower cells are significantly more proliferative and maintain lower 

mutational burden than leader cells (27). Leader and follower cells also have contrasting 

metabolic dependencies, with leader cells predominantly using oxidative phosphorylation to 

convert glucose into ATP, while follower cells depend on glycolysis (29). Interestingly, these 

phenotypes are highly persistent within these subpopulations, suggesting that these cells are not 

in transitionally labile cell states.

In metastatic breast cancer, the existence of similarly phenotypically robust 

subpopulations that predominantly invade collectively or as single cells has been well 

documented (74, 75, 76). Tissue sections of breast cancer tissue both in mice and human biopsies

have consistently revealed the presence of both collective chains and single cells at the invasive 



edge of tumors, suggesting that cells exhibiting these phenotypes emerge together during cell 

invasion (75). Tissue fragmentation experiments using breast cancer organoids from genetically-

engineered mouse models have also revealed that cells with different methods of dissemination 

can be isolated in vivo and exhibit high phenotypic persistence when purified, cultured, and re-

introduced into mice (76). The phenotypic persistence of cell subpopulations that invade 

collectively or as single cells beyond primary tumor invasion is also highlighted in circulating 

tumor cell (CTC) quantification experiments that have shown consistent ratios of both clustered 

CTCs and single cell CTCs in both breast and prostate cancer blood samples (32). In all, these 

preclinical studies highlight the prevalence of invasive heterogeneity in metastatic cancers and 

the growing understanding of the subpopulations that these heterogeneous tumors consist of.

1.2.3. Cooperation between cancer subpopulations

Recent advances in cancer subpopulation studies have revealed that phenotypically-

distinct subpopulations not only co-exist within heterogeneous primary tumors, but also have 

capabilities to interact and communicate (27, 30). Interestingly, some of these interactions 

between subpopulations have been shown to promote the survival and invasion of the whole 

tumor, further highlighting the intrinsic advantage of intratumoral heterogeneity to tumor growth 

and metastasis (27, 30, 33). In particular, subpopulation interactions in cancer have been found to

mirror ecological interactions widespread in nature.

Despite the inherently competitive nature of survival, cooperation is a common behavior 

that is crucial to balanced and flourishing ecosystems (77, 78). In ecological terms, 

“cooperation” is defined as two or more organisms benefiting in a shared interaction with a 



common goal or purpose (79). Many insects with societal structures such as bees and ants 

display highly cooperative behaviors to survive and grow beyond their available resources (80, 

81). Notably, these organisms display stringent divisions of labor, each with designated roles that

contribute to the survival and growth of the whole (79, 81). Many animals also cooperate to ward

off predators and build long-term social bonds (79). Notably, vampire bats have been shown to 

cooperate with non-kin vampire bats by sharing blood to expand their network of possible donors

over time (82). Additionally, behaviors such as alloparental care and punishment of selfish 

behaviors also demonstrate the prevalence of cooperation within the animal kingdom (83, 84). At

the cellular level, cells within the healthy human body also cooperate to maintain structural 

integrity within epithelial tissues and to mount cohesive and robust immune responses against 

non-self entities (85). Classically, cancer cells have been considered to be “defectors” or 

“cheaters” among cooperative healthy cells due to their uncontrolled consumption of resources 

and rampant disregard for spatial restrictions (86). A growing understanding of intratumoral 

phenotypic heterogeneity, however, has revealed the prevalence of cooperation between cancer 

cell subpopulations (27, 30, 87). In melanoma cells, distinct “proliferative” and “invasive” 

subpopulations were shown to cooperate in heterotypic cell clusters, with “proliferative” cells 

surrounding “invasive” cells for efficient metastatic seeding (87). Metabolic cooperation is also 

common in multiple cancer subtypes wherein subpopulations that depend on glycolysis for ATP 

production produce lactate in hypoxic conditions for nearby cells to use (88). 

Collective invasion is also a prominent instance of subpopulation cooperation, as “leader”

and “follower” cells cooperate to advance the primary tumor beyond the basement membrane 

and into neighboring tissues (24, 27, 28). Notably, follower cells in non-small cell lung 

adenocarcinoma rescue mitotic deficiencies within leader cells, while leader cells use VEGF 



signaling to maintain directional chain-like movement by establishing focal adhesions and 

secreting MMPs (27). Functional experiments wherein leader or follower cells were ablated 

showed significant abrogation of collective invasion, further supporting the cooperative nature of

these heterotypic interactions (30, 89). Additionally, leader and follower cells in breast cancer are

less transcriptionally and phenotypically distinct, but still cooperate by alternating in leading 

collective packs to overcome energetic barriers present when penetrating dense stromal 

environments (30). As aforementioned, collective invasion precedes the formation of 

heterogeneous collective packs, which enable highly resilient and robust metastatic disease due 

to increased resistance to immune attack and high sheer forces in the bloodstream (31, 33, 35). 

These findings suggest that cooperative interactions during tumor invasion are crucial for 

efficient and effective metastatic processes and are in need of further elucidation to explore 

therapeutic strategies to disrupt these heterotypic interactions.

1.2.4. Selfish behavior in cancer

Despite the advantages of cooperative interactions in tumor metastasis, “selfish”—or 

non-cooperative—behavior is frequently observed in heterogeneous solid tumors in the form of 

detached single cells, as aforementioned (74, 75, 76). Despite this, selfish behavior within cancer

is less studied relative to cooperation, and the incentives for cancer cells to defect from 

cooperative interactions are not well understood. Computational modeling of population 

dynamics have revealed that selfish populations can actively benefit cooperative populations 

when co-existing, predominantly by trailblazing resources and space prior to the growth of 

cooperative populations (90). Yet, other computational models have predicted that selfish or 

“cheater” subpopulations can form highly aggressive “hypertumors” on existing tumors in large 



mammals, resulting in the eradication of these initial neoplastic tumors and a possible 

explanation for Peto’s paradox, which is the absence of correlation between cancer incidence and

body size within mammals (91). Furthermore, selfish cancer cells have also been genetically 

engineered and introduced into cooperating cancer cells from multiple cancer subtypes in an 

effort to intervene and suppress this intratumoral cooperation with mixed results (92). Such 

efforts have highlighted the potential benefit for more comprehensively understanding the 

evolutionary consequences of selfish behavior within heterogeneous tumors and the mechanisms 

by which selfish cell subpopulations interact with cooperative cell subpopulations.

1.2.5. Parasitism and commensalism

In ecology, parasitism and commensalism are two common relationships that organisms 

can also share aside from cooperation (or mutualism) (93). In ecological terms, parasitism is 

defined as one organism benefiting from a relationship, while the other is harmed (94). 

Parasitism is commonly affiliated with arthropods, nematodes and microbial organisms, ranging 

from protozoans or fungi that overtake hosts for growth and survival, to fleas that live in animal 

hair to feed on the host’s blood (95). Viruses are also considered parasitic to both prokaryotic and

eukaryotic cells due to the unilateral benefit viruses incur through rewiring of the host’s cellular 

machinery (95). As such, parasitism is the cause for the majority of infectious diseases in 

multicellular organisms (96). Similarly, cancer cells are considered to be highly parasitic to the 

healthy tissue they originate from and are surrounded by. As aforementioned, cancer cells 

classically represent “selfish” cells that disrupt the equilibrium of resource production and 

consumption in healthy tissues (86). Outgrowth of a proliferative tumor can cause severe 

necrosis in nearby healthy cells through nutrient depletion, hypoxia, and physical compression 

(97). Such rampant cell death left untreated at the primary tumor can ultimately cause organ 



failure and potentially death in some patients (98). Cancer cells also have shown the potential to 

parasitically drive the conversion of resident macrophages to tumor-associated macrophages that 

become transcriptionally rewired to secrete pro-angiogenic factors such as VEGF and TNF, and

immunosuppressive cytokines such as IL-10 and TGF (99). Between cancer subpopulations, 

however, instances of distinctly parasitic interactions between cell subpopulations beyond basal 

competition have yet to be discovered.

In ecological terms, commensalism is defined as one organism benefiting from another 

organism while not being harmed or benefited itself (100). Generally, commensal interactions are

most common between bacteria and multicellular organisms, largely due to the myriad of 

benefits a multicellular host can provide for resident bacteria including nutrients and a surface 

with consistent temperature regulation (101, 102). Unlike parasites, however, most resident 

bacteria do not harm nor provide a significant benefit to the host (100). Within the context of 

cancer, commensal interactions between cancer cells and the gut microbiome have been the most

prominent, particularly in gastrointestinal malignancies (103). P. gingivalis has been shown to 

activate NF-B signaling in esophageal carcinoma cells to stimulate cell proliferation and 

motility (104). In gastric cancer, H. pylori has been shown to secrete CagA protein, which 

promotes genetic instability through nuclear translocation of BRCA1 and YAP (105). 

Additionally, H. pylori has been shown induce CpG hypermethylation and activate ras protein 

activation-like protein 2 (RASAL2) to promote cell proliferation (106). Despite these microbes 

being parasitic towards the healthy human body, they are commensal to cancer cells as they 

actively benefit cancer cells while the bacterial populations are not benefited or harmed by the 

cancer cells themselves. Like parasitism, however, commensal interactions between cancer 

subpopulations within the same heterogeneous tumor have not been observed nor characterized.



1.3 – Dissertation goals

Intratumoral phenotypic heterogeneity poses a significant hurdle for cancer treatment due

to the myriad of subpopulations that arise within a single tumor with distinct phenotypic 

characteristics. Recent advances in tumor heterogeneity have also characterized heterotypic 

interactions between phenotypically-distinct subpopulations, most notably intercellular 

cooperation. Despite these advances, much remains undiscovered regarding the types of 

interactions that cancer subpopulations depend on for effective and efficient tumor invasion and 

metastasis. 

In this dissertation, we seek to characterize the interactions between collectively-invading

cells and single cells in the 4T1 mammary adenocarcinoma cell line, which mirrors human 

metastatic triple-negative breast cancer. In particular, we use Spatiotemporal Genomic and 

Cellular Analysis (SaGA) to isolate collectively-invading cells and single cells from the 4T1 cell 

line, which we then characterize using a multi-omic approach involving RNA sequencing, DNA 

methylation analysis, and mass spectrometry-based proteomics. We then integrate these datasets 

and identify significant over-expression of laminin-332 components within collectively-invading 

cells relative to single cells. Through live cell experiments, we find that laminin-332 secreted 

from collectively-invading cells bolsters the invasive potential of single cells by increasing cell 

velocity and directionality of movement. We further interrogate the mechanistic underpinnings of

this interaction and find that laminin-332 binds to integrin 6/4 to activate Rac1 in single cells. 

In all, this dissertation highlights a novel commensal interaction between phenotypically 

heterogeneous cancer subpopulations in metastatic triple-negative breast cancer.  



Chapter 2: Subpopulation commensalism promotes Rac1-dependent invasion of single cells

via laminin-332
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2.2 Abstract

Phenotypic heterogeneity poses a significant hurdle for cancer treatment but is under-

characterized in the context of tumor invasion. Amidst the range of phenotypic heterogeneity 

across solid tumor types, collectively-invading cells and single cells have been extensively 

characterized as independent modes of invasion, but their intercellular interactions have rarely 

been explored. Here, we isolate collectively-invading cells and single cells from the 

heterogeneous 4T1 cell line and observe extensive transcriptional and epigenetic diversity across 

these subpopulations. By integrating these datasets, we identify laminin-332 as a protein 

complex exclusively secreted by collectively-invading cells. Live cell imaging revealed that 

laminin-332 derived from collectively-invading cells increased the velocity and directionality of 

single cells. Despite collectively-invading and single cells having similar expression of the 

integrin α6β4 dimer, single cells demonstrated higher Rac1 activation upon laminin-332 binding 

to integrin α6β4. This mechanism suggests a novel commensal relationship between collectively-

invading and single cells wherein collectively-invading cells promote the invasive potential of 

single cells through a laminin-332/Rac1 axis.



2.3 Introduction

Tumor heterogeneity poses a significant hurdle to cancer treatment (60, 70, 107, 108, 

109). In particular, phenotypic heterogeneity—defined as distinct morphological and behavioral 

characteristics of subpopulations within a group of cells—plays a crucial role in therapeutic 

resistance (110). Identifying and characterizing the subpopulations that emerge as a tumor 

evolves are crucial to uncovering potential vulnerabilities for multi-targeted therapy. 

Within this wide range of phenotypic heterogeneity, recent studies have revealed the 

prominence of invasive heterogeneity across solid tumors (27, 30, 75, 111). Notably, human 

tissue sections of breast tumors show a co-existence of collectively-invading packs alongside 

single cells at the invasive edge (75). Intravital imaging of murine breast tumors corroborates 

these invasive modalities and demonstrates the spontaneous emergence of these distinct 

subpopulations upon mammary fat pad implantation (74). Additionally, primary organoids from a

genetically engineered mouse model of triple-negative breast cancer revealed that cells that 

persistently invade collectively or as single cells could be separated from the same tumor (76). 

Furthermore, circulating tumor cell (CTC) analysis in breast and prostate cancer patients have 

identified both circulating tumor clusters and single cells (32), supporting the maintenance of 

invasive heterogeneity after initial primary tumor invasion. 

As separate mechanisms of invasion, collective and single-cell invasion have been 

extensively characterized (24, 26, 112, 113, 114). Despite these observations, the interactions 

between invasively-distinct subpopulations require further elucidation. Collective invasion 

depends on the formation of an extensive network of cell-cell junctions to maintain cell-cell 

adherence during cell motility (115, 116). Collective “chains” of cells extend outward through 

highly motile leader cells, which drive directional movement through invadopodial protrusions in



3D and fibronectin micropatterning (27, 28). Collective packs of tumor cells have enhanced 

capabilities to intravasate into the circulation (15), override pro-apoptotic signaling induced by 

ECM detachment (117), and evade immune attack (118). Conversely, single cell invasion occurs 

independently of cell-cell junctions, exchanging invasive efficiency for dynamic flexibility. 

Single cell invasion is largely split into mesenchymal or amoeboid with the former dependent on 

filopodia and matrix metalloproteases to move, and the latter being independent of such 

protrusions and instead relying on physical cellular deformation to navigate porous extracellular 

matrix environments such as collagen (24, 114). The dynamic nature of amoeboid movement 

allows for cells to exhibit drastically higher velocities than collective packs whilst 

simultaneously being highly proliferative, enabling efficacious metastatic seeding into the lung, 

bones and nearby lymph nodes (46, 119). Despite extensive characterization of collective and 

single-cell motilities in cancer cells, little is known about how subpopulations that adopt these 

phenotypes interact to drive local cell invasion.

Recent discoveries have pointed to the predisposition for distinct subpopulations to 

interact to drive invasion and metastasis across multiple cancer models. “Proliferative” and 

“invasive” subpopulations of zebrafish melanoma cells have been shown to cooperate within 

metastatic clusters through TFAP2 to drive invasion (87). In human lung adenocarcinoma cell 

lines, distinct “leader” cells within invasive collective chains used VEGF signaling to bolster the 

invasive potential of “follower” cells, while follower cells actively secreted growth signals to 

support leader cell survival (27). Leader and follower cell dynamics have also been observed in 

breast cancer cells, wherein metabolically distinct leader and follower cells spatiotemporally 

alternate leading collective packs to overcome the energy barrier required for effective invasion 

through dense collagen matrices (30). Furthermore, ablation and isolation experiments wherein 



leader or follower cells were deprived of heterotypic interactions demonstrated suppression of 

overall invasion in a myriad of cancer subtypes (30, 89, 120). Despite these advances, the 

underlying mechanisms governing the interactions between collectively-invading and single cell 

subpopulations have yet to be explored.

Here, we sought to isolate the distinct subpopulations observed in triple-negative 

mammary carcinoma invasion to determine how invasively heterogenous subpopulations 

interact. We implemented an image-guided technique developed in our laboratory to precisely 

isolate cells that invade as collective packs or as single cells. RNA sequencing of collectively-

invading cells and single cells revealed vastly distinct transcriptional programs between these 

subpopulations. This prompted us to take a multi-omic approach involving RNA sequencing, 

methylation and proteomic analysis to identify proteins that collectively-invading cells secrete to 

alter single cells, and found laminin-332 components to be highly expressed and secreted in 

collectively-invading cells. We show that laminin-332 increases the velocity and directionality of

single cells through live cell imaging and uncover an enhanced capability for singles to utilize 

laminin-332 through integrin a6b4 to hyperactivate Rac1. Our work sheds light on the 

transcriptional and behavioral heterogeneity between collectively-invading and single cells and 

suggests a novel commensal relationship—whereby one subpopulation benefits from another 

subpopulation that is not being harmed nor benefited—between these subpopulations within a 

highly heterogeneous triple-negative breast cancer model.



2.4 Methods

Cell culture conditions

4T1 cells [American Type Culture Collection (ATCC); gift from Harold Moses (Vanderbilt 

University)] were cultured in DMEM media treated with penicillin-streptomycin (100 U mL−1) 

and supplemented with 10% fetal bovine serum (FBS) and maintained at 37°C and 5% CO2. 

SUM159 cells [gift from Paula Vertino (University of Rochester)] were cultured in DMEM/F12 

media supplemented with 5% FBS, 5 μg/mL insulin, 1 μg/mL hydrocortisone and treated with 

penicillin-streptomycin (100 U mL−1) and maintained at 37°C and 5% CO2. HCC38 cells [gift 

from Jennifer Spangle (Emory University)] were cultured in RPMI media treated with penicillin-

streptomycin (100 U mL−1) and supplemented with 10% fetal bovine serum (FBS) and 

maintained at 37°C and 5% CO2. Leader, follower and singles subpopulations were isolated from

4T1 cells transfected with H2B-Dendra2 using SaGA, as previously described (27, 61). Briefly, 

4T1 cells were transfected with nucleus-targeting H2B-Dendra2, a photoconvertible fluorescent 

protein that facilitates cell visualization during imaging. Prior to photoconversion, all cells emit 

green fluorescence (maximum excitation, 490 nm; maximum emission, 507 nm) and after 

excitation with a 405 nm laser, H2B-Dendra2 within selected cells photoconverts to emit red 

fluorescence (maximum excitation, 553 nm; maximum emission, 573 nm). While cells were 

invading in 3-D collagen type I, individual leader, follower and single cells were photoconverted 

separately without fluorescence conversion occurring in nearby cells. After photoconversion, 

cells were extracted from the collagen type I matrix and sorted using flow cytometry. All isolated

subpopulations were authenticated as 4T1 cells via STR analysis by IDEXX Laboratories Inc. 

(Columbia, MO) and as such were determined to be free of contamination from another cell line. 

All cell lines were routinely tested for mycoplasma contamination using a commercially 



available kit (MycoAlert Mycoplasma Detection Kit; Lonza) according to the manufacturer’s 

instructions.

Plasmids, transfections, and transductions

4T1 cells were transfected using Lipofectamine 3000 (Thermo Fisher Scientific, L3000001), per 

the manufacturer’s instructions, or transduced using lentiviral supernatant produced by 293T 

cells (121) with selection based on H2B-Dendra2 expression via flow cytometry. The 

pLenti.CAG.H2B-Dendra2.W was a gift from Rusty Lansford (Addgene plasmid #51005; 

http://n2t.net/addgene:51005; RRID:Addgene_51005). Sleeping Beauty transfections were 

performed using a 2:1 ratio of transposon to transposase ratio. The pSBbi-Pur-mCherry 

transposon vector and pCMV(CAT)T7-SB100 transposase vector were gifts from Eric Kowarz 

(Addgene plasmid # 60523; http://n2t.net/addgene:60523; RRID:Addgene_60523). CRISPR-

Cas9 knockout of mLama3 on leaders and clonal isolation of knockout cells was performed by 

Synthego (Redwood City, CA) (mLama3 gRNA: CUGCGGGGAGCGGGACCCAG). piggyBac 

transfections were performed using a 1:1 molar ratio of transposon vector to transposase mRNA 

ratio. mItga6 shRNA knockdown and scrambled vectors (shRNA target sequences: 

CGGAAATCCTTTCAAGAGAAA, CGAGAAGGAAATCAAGACAAA) and were designed 

and purchased from VectorBuilder (Chicago, IL). 

Reagents and antibodies

E-cadherin (CDH1) (Cell Signaling, 24E10) was used at 1:10,000 for immunoblotting and 1:500 

for immunostaining. Laminin-5 (Abcam, ab14509) was used at 1:200 for immunostaining for 

http://n2t.net/addgene:60523
http://n2t.net/addgene:51005


1:1000 for immunoblotting and experiments requiring inhibition of laminin-332 interactions. 

Integrin alpha 6 (Abcam, ab181551) was used at 1:1,000. Integrin alpha 6-APC (R&D Systems, 

FAB13501A) was used for flow cytometry. Integrin beta 4 (Abcam, ab236251) was used at 

1:1,000. Actin (Sigma-Aldrich, A2066) was used at 1:10,000. Peroxidase AffiniPure Goat Anti-

Rabbit IgG (H+L) (Jackson ImmunoResearch, 111-035-144) was used at 1:10,000. For laminin-

332 experiments, human Biolaminin-332 (BioLamina, LN332-0202) was adsorbed per 

manufacturer’s instructions. Manganese (II) chlorine solution (Sigma-Aldrich, M1787) was used 

at 1 mM to activate integrins.

RNA-seq

RNA-seq was performed in triplicate on 4T1 leader, follower and single cells. Cells were grown 

to 70% confluency and RNA was extracted using an RNeasy Mini Kit (Qiagen, 74104). RNA 

quality control and quantification were performed by the Emory Integrated Genomics Core using

a Bioanalyzer and Nanodrop. RNA-seq library preparation was performed at Novogene 

(Durham, NC) utilizing the NEBNext Ultra RNA Library Prep Kit for Illumina (New England 

Biolabs, E7530) by following the manufacturer’s recommendations. Sequencing libraries were 

validated on the Agilent 2100 Bioanalyzer System (Agilent Technologies) and quantified using 

Qubit 2.0 Fluorometer (Invitrogen) as well as by quantitative PCR (Applied Biosystems). The 

libraries were sequenced to 50M reads per sample on an Illumina sequencer using a 2x150 

Paired End (PE) configuration. Raw sequence data (.bcl files) was converted into fastq.gz files 

and de-multiplexed using Illumina's bcl2fastq software. Compressed, raw sequence data in 

fastq.gz format were trimmed using Trimmomatic v0.36 (122) to remove Illumina adapter 

contamination using parameters ILLUMINACLIP:20:10:8:TRUE in paired-end mode, and 



checked for quality control using FastQC v0.11.4 and MultiQC v1.12 (123) to generate complete

QC reports in HTML format. Trimmed data were also analyzed in FastQC to ensure removal of 

adapter content and then were aligned to the mm10 mouse reference genome using STAR aligner

v2.5.2 (124) with default parameters. HTseq-count v0.13.5 (125) was used via gene-id method to

assign counts per gene with the parameters “htseq-count -f bam -m union -r pos -i gene_id -a 10 -

s no”. The resulting counts tables per sample were merged into an overall counts matrix and 

analyzed downstream in DESeq2. 

DESeq2 was used to determine differentially expressed genes between two experimental groups 

(126). Raw gene expression counts were used as DESeq2 internally corrects for library size. The 

expression count table was assumed to follow a negative binomial distribution and the Wald Test 

was implemented for differential gene expression testing. Raw p-values were transformed using 

the Benjamini-Hochberg correction and a corrected p-value of less than 0.05 was considered for 

statistical significance (127). Heatmaps were generated using the R package pheatmap following 

the application of a variance stabilizing transformation (128). Volcano plots were generated using

the R package EnhancedVolcano. 

DNA methylation microarray

DNA methylation status was assessed in triplicate on 4T1 leader and single cells. Cells were 

grown to 70% confluency, trypsinized and then homogenized using QIAshredder (Qiagen, 

79654). DNA was isolated using the QIAamp DNA Mini Kit (Qiagen, 51304). DNA quality 

control was performed through the Quant-iT Broad-Range dsDNA assay kit (Invitrogen, 



Q33130) and agarose gel by the Emory Integrated Genomics Core. AKESOgen (Peachtree 

Corners, GA) performed an upfront quantification assay using the Quant-iT PicoGreen dsDNA 

assay kit (Invitrogen, P7589) to confirm DNA concentration and volume. Bisulfite conversion 

was performed on the DNA, and the DNA was applied to the Infinium Mouse Methylation 

BeadChip (Illumina, 20041558) and reagents. Data from each sample was first pre-processed by 

R package “sesame” (129), which includes masking sub-optimal probes (e.g., detection p-value >

0.01, on X and Y chromosomes, non-CpG probes, SNP-related probes, and repetitive element), 

background subtraction, and type-1 probe dye bias. The bias of type-2 probe values was 

corrected by method “BMIQ” implemented in R package “wateRmelon” (130). Batch effect was 

corrected by “combat” method in R package “ChAMP” (131) and between-array normalization 

was completed by R package “qsmooth” (132). Differentially methylated positions (DMPs) 

between group leaders and group singles were detected by function “dmpFinder” implemented in

R package “minfi” (133) with criteria absolute beta value difference greater than 0.2 and q-value 

smaller than 0.05. Differentially methylated regions (DMRs) were identified with function 

“combp” implemented in R package “ENmix” (134) with the following criteria: absolute 

difference of average betas in a region greater than 0.2, probe number greater than 1, sidak 

correction p-value smaller than 0.1 and minimum region size greater than 50 bp. Gene promoter 

information was derived from the ENCODE Project. 

LC-MS/MS

Proteomic analysis was performed on the conditioned media of adherent cells in 2-D plastic. 

Cells were grown to 50% confluency in complete media, then washed with 1× PBS before 

replacing with a serum-free defined media supplemented with 1× insulin-transferrin-selenium-



ethanolamine, 0.5 μg/mL hydrocortisone, 1 ng/mL cholera toxin, 50 nM O-

phosphorylethanolamine, 5 nM triiodothyronine and 10 ng/mL human EGF. Conditioned media 

was collected over 48 h, centrifuged at top speed using Vivaspin 20, 3 kDa MWCO 

polyethersulfone filters (Cytiva, 28-9323-58) at 4 C to extract secreted proteins, then flash 

frozen. Protein extracts were processed through the Emory Integrated Proteomics Core as 

previously described (135). Briefly, samples were normalized with 50 mM NH4HCO3, then 

treated with 5 mM dithiothreitol (DTT) at RT for 30 minutes, followed by 10 mM iodoacetimide 

(IAA) at RT for 30 minutes in the dark. Protein digestion was performed with 4 µg of lysyl 

endopeptidase (Fujifilm Wako Chemicals, 101974-094) at RT overnight and proteins were 

further digested overnight with 4 µg trypsin. Resulting peptides were desalted with an HLB 

column (Waters, 186002034) and were vacuum dried. 

Data acquisition by LC-MS/MS was adapted from a published procedure (136). Digested 

peptides were resuspended in 0.1% trifluoroacetic acid and separated on a Water's Charged 

Surface Hybrid (CSH) column (150 µm internal diameter (ID) x 15 cm; particle size: 1.7 µm). 

An EVOSEP liquid chromatography system was used to run the samples using the preset 

gradient (88 min). Samples were then monitored on a Q-Exactive Plus Hybrid Quadrupole-

Orbitrap Mass Spectrometer (ThermoFisher Scientific). The mass spectrometer cycle was 

programmed to collect one full MS scan followed by 20 data dependent MS/MS scans and MS 

scans (400-1600 m/z range, 3 x 106 AGC target, 100 ms maximum ion time) were collected at a 

resolution of 70,000 at m/z 200 in profile mode. The HCD MS/MS spectra (1.6 m/z isolation 

width, 28% collision energy, 1 x 105 AGC target, 100 ms maximum ion time) were acquired at a 

resolution of 17,500 at m/z 200. Dynamic exclusion was set to exclude previously sequenced 



precursor ions for 30 seconds. Precursor ions with +1, and +7, +8 or higher charge states were 

excluded from sequencing. 

Label-free quantification analysis was adapted from a published procedure (136). Andromeda 

was used to search the spectra, which where subsequently integrated into MaxQuant, against the 

2020 Uniprot mouse database (91,439 target sequences). Methionine oxidation (+15.9949 Da), 

asparagine and glutamine deamidation (+0.9840 Da), and protein N-terminal acetylation 

(+42.0106 Da) were variable modifications (up to 5 allowed per peptide); cysteine was assigned 

as a fixed carbamidomethyl modification (+57.0215 Da). Only fully tryptic peptides were 

considered with up to 2 missed cleavages in the database search. A precursor mass tolerance of 

±20 ppm was applied prior to mass accuracy calibration and ±4.5 ppm after internal MaxQuant 

calibration. The following additional search settings were also included: a maximum peptide 

mass of 6,000 Da, a minimum peptide length of 6 residues, 0.05 Da tolerance for orbitrap, and 

0.6 Da tolerance for ion trap MS/MS scans. The false discovery rate (FDR) for peptide spectral 

matches, proteins, and site decoy fraction were all set to 1%. The following quantification 

settings were applied: re-quantify with a second peak finding attempt after protein identification 

has completed; match MS1 peaks between runs; a 0.7 min retention time match window was 

used after an alignment function was found with a 20-minute RT search space. Protein 

quantification was performed using summed peptide intensities given by MaxQuant. The 

quantitation method only considered razor plus unique peptides for protein level quantitation.

3D invasion assays and spheroid microscopy



Spheroids were generated, as previously described (137). Cells were seeded in round bottom 96-

well plates at a density of 1,000 cells per well and centrifuged at 1500 RPM for 5 minutes. After 

incubating the plate at 37°C and 5% CO2 for 72 h, spheroids were embedded in 3 mg/mL rat-tail 

collagen type I (Corning, 354249) and seeded unto glass-bottom culture dishes (MatTek, P35G). 

The collagen matrix was allowed to polymerize at 37°C and 5% CO2 for 30 minutes prior to 

media supplementation.

Images were taken using an Olympus CKX41 microscope with an Infinity 1-3C camera [×4 air, 

0.13 numerical aperture (NA), UPlanFL N] at RT using Infinity image acquisition software. For 

spheroids with mixed subpopulations, cells were seeded together in round-bottom 96-well plates 

at a 1:1 ratio with 1,000 total cells per spheroid. Images of spheroids that required fluorescent 

imaging were taken with the Leica TCS SP8 inverted confocal microscope (×10) using 1-mm 

stack intervals, line scanning (488-nm argon, 561-nm diode-pumped solid-state), 4× line 

averaging, and both HyD and PMT detectors. Images were acquired at RT using Leica image 

acquisition software. Leica software was also used post-acquisition to perform maximum 

projections on multi-stack acquisitions and to export processed images.

Immunoblotting and immunostaining

For immunoblotting, whole cell lysate protein expression was assessed by western blotting. 

Briefly, adherent cells were rinsed with 1× phosphate-buffered saline (PBS) with Ca2+ and Mg2+ 

and lysed with RIPA buffer [50 mM Tris (pH 7.8), 2 mM EDTA, 150 mM NaCl, 1% Triton X-

100, 5% SDS, 5% sodium deoxycholate] supplemented with Halt Protease and Phosphatase 



Inhibitor Cocktail (Thermo Fisher Scientific, 78429). Lysates were then sonicated briefly to 

shear the DNA. Protein quantification was performed using a bicinchoninic acid (BSA) protein 

assay kit (Thermo Fisher Scientific, 23225) before SDS–polyacrylamide gel electrophoresis. 

After electrophoresis, proteins were transferred from the gel to a nitrocellulose membrane for 2 h

at 300 mA. The membrane was then blocked using 5% milk diluted in TBS-T for 1 h at RT prior 

to incubating with the primary antibody overnight at 4°C while rocking. After several washes 

with TBS-T, the membrane was incubated with the secondary antibody at RT for 50 min. 

Membranes were treated with horseradish peroxidase and developed via film or digital imaging.

For immunostaining (138), cells in 2D or spheroids embedded in rat-tail collagen type I were 

rinsed with 1× PBS with Ca2+ and Mg2+ and then immediately fixed with freshly prepared 4% 

paraformaldehyde diluted in 1× PBS with Ca2+ and Mg2+ for 20 min at room temperature. 

Spheroids were then rinsed with 100 mM glycine diluted in immunofluorescence buffer (130 

mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 0.2% Triton X-100, 0.05% Tween-20) prior to 

blocking with immunofluorescence buffer supplemented with 10% normal goat serum for 1 h at 

RT while rocking. Spheroids were then incubated with primary antibody overnight at 4°C while 

rocking. Spheroids were then washed with immunofluorescence buffer prior to secondary 

antibody incubation at RT for 50 minutes. After staining, cells in 2D or 3D spheroids were 

imaged using the Leica TCS SP8 inverted confocal microscope (×10) using 1-mm stack 

intervals, line scanning (488-nm argon, 561-nm diode-pumped solid-state), 4× line averaging, 

and both HyD and PMT detectors.



Flow cytometry

Relative expression of cell surface proteins and detection of cell apoptosis was measured through

flow cytometry. For measuring the expression of cell surface proteins, adherent cells were seeded

in 10 cm culture plates and grown to 80% confluency prior to dissociation with 1 mM EDTA 

diluted in 1X PBS. After dissociation, suspended cells were centrifuged into a pellet, washed, 

and stained with a fluorophore-conjugated antibody diluted in flow buffer (1 mM EDTA, 25 mM

HEPES, 1% dialyzed FBS diluted in 1X PBS) for 30 minutes at 4 C in the dark while agitated. 

Cells were then washed with flow buffer prior to resuspension for analysis using a BD 

FACSymphony A3. For detection of cell apoptosis, the PE Annexin V Apoptosis Detection Kit I 

(BD Pharmigen, 559763) was used, per manufacturer’s instructions. All data was further 

analyzed using FlowJo.

Live-cell imaging

Spheroids were embedded in rat-tail collagen type I and plated into cell culture plates with 

optical glass bottoms as previously described (27). Spheroids were then imaged using the Leica 

TCS SP8 inverted confocal microscope (×10) with a live-cell chamber (37°C and 5% CO2) using

1-mm stack intervals, line scanning using a resonant galvanometric tandem scanner (8 kHz; 488-

nm argon, 561-nm diode-pumped solid-state), 4× line averaging, and both HyD and PMT 

detectors. For conditioned media experiments where no fluorescence was required for image 

acquisition, images were acquired every 20 minutes for 24 hours. For mixed spheroid 

experiments, images were acquired every 20 minutes for 48 hours. Leica image acquisition 



software was used to acquire images and to perform maximum projections on multi-stack images

post-acquisition.

Image analysis

For image sequences of 3D spheroids, each 3D image (x, y and z) was flattened to 2D maximum 

projections (x and y). Relative velocity and track length of individual cells in 3D spheroids were 

measured using the MTrackJ plug-in in ImageJ (139). Tracks were drawn by manually selecting 

a random cell and following the cell’s movement at every time point in the image sequence. 5 

tracks were drawn per spheroid for 3 separate spheroids for each condition. Circularity of 

individual cells was measured at the end of each image sequence by manually outlining the cell 

border using ImageJ. 5 random cells were chosen from a randomized region for 3 separate 

spheroids for each condition. 

Rac1 G-LISA

Rac1 activity was measured using the colorimetric Rac1 G-LISA Activation Assay Kit 

(Cytoskeleton, BK128) per manufacturer’s instructions. Cells were grown to 70% confluency 

with complete media and then serum-starved overnight with serum-free DMEM media. For 

experiments wherein cells were treated with conditioned media derived from other cells, cells 

were pre-treated with 1 mM Mn2+ diluted in serum-free DMEM for 10 minutes to activate 

integrins. Proteins from conditioned media were extracted by centrifugation using Vivaspin 20, 3

kDa MWCO polyethersulfone filters (Cytiva, 28-9323-58) and protein concentration was 

quantified using a BSA protein assay kit (Thermo Fisher Scientific, 23225). Protein 



concentrations were normalized for each experiment and diluted in serum-free DMEM 

supplemented with 1 mM Mn2+ before stimulating serum-starved cells. 

Statistical analysis

Statistical analyses were performed using GraphPad Prism. For all experiments with a single 

variable and data points acquired from two independent samples, unpaired student T-tests were 

performed to evaluate significance. For all experiments with a single variable and data points 

acquired from three independent samples, one-way ANOVA tests with multiple comparisons 

were performed. For all experiments with two variables, two-way ANOVA tests with multiple 

comparisons were performed. For all ANOVA tests with multiple comparisons, a Tukey 

correction was applied. For all parametric tests, data distribution was assumed to be normal but 

this was not formally tested. All bar graph data show the mean, with error bars indicating SEM. 

For violin plots, thicker segmented lines indicate the mean, while the thinner segmented dots 

indicate the interquartile range. The figure legends indicate the number of biological replicates 

(n) for each experiment and all significance denotations.



2.5 Results

Collectively-invading cells and single cells can be isolated as distinct invasive 

subpopulations 

We used SaGA to isolate collectively-invading cells and single cells from invading 4T1 

spheroids (61). Collectively-invading cells were identified and isolated as cells invading while 

maintaining cell-cell junctions. Within a chain, leaders were isolated as the tip-most cell of a 

chain. Cells posterior to the leader and separated by 2-3 intermediate cells were isolated as 

followers (29). Conversely, singles were identified and isolated as individual cells that were not 

visually attached to other cells and were separated from the parental spheroid by multiple cell 

body lengths (Figure 1A, 1B). After sorting, isolated and purified leaders, followers, and singles 

were maintained separately and their phenotypes were assessed in 2-D and 3-D culture. In 2-D 

culture, leaders and followers continued to invade collectively and maintained a high density of 

E-cadherin positive cell-cell junctions (Figure 1C-E, Supplementary Figure 1A). Singles, in 

contrast, resembled a rounded amoeboid phenotype with little to no E-cadherin positive cell-cell 

junctions present between cells (Figure 1C-E, Supplementary Figure 1A). We did not observe 

expression of other cadherin junction proteins such as N-cadherin or P-cadherin within any of 

our subpopulations (Figure 1D). When embedded in a 3-D type I collagen microenvironment, 

SaGA-isolated leaders and followers exhibited collective movement, wherein cells would 

aggregate in chains to penetrate the surrounding stroma in a linear, unidirectional manner while 

singles invaded exclusively as detached, individual cells (Figure 1C). Surprisingly, these 

morphological and invasive phenotypes were retained over more than 40 passages, suggesting 

that leaders, followers, and singles are not merely cells existing in transient phases, but stable 

subpopulations with distinct programs that define their cellular behavior. Importantly, we have 



also observed invasive heterogeneity in the human SUM159 and HCC38 triple negative breast 

cancer cell lines. Similar to the 4T1 parental cell line, we observe both cell-cell adherent 

collectively-invading cells and detached single cells within the same spheroid (Supplementary 

Figure 1B). Taken together, these data support the presence of phenotypic heterogeneity across 

multiple cancer models, consistent with other published reports (74, 75, 76)

Collectively-invading cells and singles are transcriptionally and epigenetically distinct

To investigate potential underlying drivers governing the invasive phenotypes of the 

leader, follower, and single subpopulations, we performed bulk RNA sequencing on our purified 

subpopulations (Figure 2A). Principal component analysis revealed that singles have a distinct 

transcriptional profile when compared to leaders and followers (Figure 2B). Leaders and singles 

exhibited 1412 differentially-expressed genes (DEGs; | log2 fold-change | > 2, adjusted p-value < 

0.05), while followers and singles exhibited 991 DEGs (Figure 2D); importantly, both pair-wise 

comparisons included E-cadherin (Cdh1) as a highly expressed gene transcript in leaders and 

followers relative to singles (Figure 2C). In addition to Cdh1, leaders and followers also 

overexpressed Tacstd2, Krt14, Esrp1, Cldn4, and Lama3, all of which exhibited greater than a 

7.0 log2-fold change when compared to singles (Figure 2E). When Gene Ontology was 

performed, leaders and followers showed enrichment in multiple gene sets including substrate-

dependent cell migration (GO:0006695), cell-cell adhesion (GO:0098609) and tight junction 

assembly (GO:0120192) when compared to single cells. Conversely, single cells overexpressed 

Loxl3, Prex1, and Il17rd when compared to collectively-invading cells (Figure 2C), and showed 

enrichment in Collagen biosynthesis and modifying enzymes (R-HSA-1650814), RAC1 GTPase 



cycle (R-HSA-9013149), and Signaling by Receptor Tyrosine Kinases (R-HSA-9006934) gene 

sets.

Interestingly, leaders and followers exhibited only 416 DEGs, suggesting that leaders and

followers within the 4T1 cell line are transcriptionally similar subpopulations (Figure 2D). This 

result is consistent with evidence presented previously (30) detailing the fluidity of leader and 

follower phenotypes in breast cancer models. Due to this phenotypic and transcriptional fluidity, 

we proceeded to represent collectively-invading cells with the leader subpopulation.

To determine whether the transcriptomic differences between leaders and singles have an 

underlying epigenetic basis, we performed methylation analysis on leaders and singles.  Like the 

RNA sequencing analysis, we observed stark differences in the methylation patterns of CpG sites

across the epigenome of leaders and singles (Figure 2F). Leaders and singles exhibited 1714 

differentially-methylated regions (DMR; beta difference <-0.2 and >0.2), with singles exhibiting 

hypermethylation in 95.9% of its DMRs (Figure 2G). Among the hypermethylated CpG sites in 

singles, CpG sites across the gene bodies of Cdh1, Tacstd2, Krt14, Esrp1, Cldn4 and Lama3 

were significantly hypermethylated in singles with a mean beta score of 0.17, while being 

hypomethylated in leaders at a mean beta score of 0.75 (Figure 2H). Notably, Cdh1, Tacstd2, 

Cldn4 and Lama3 each had at least one differentially methylated position (DMP) within the 

promoter region. These data suggest that the methylation patterns that differentiate leaders and 

singles parallel the transcriptomic differences found between these subpopulations in the RNA 

sequencing analysis. These similarities support a methylation-driven transcriptional 

heterogeneity of invasively-distinct subpopulations, with singles notably exhibiting down-

regulation of key genes due to inherent hypermethylation of CpG sites across its cell genome. 

Taken together, these analyses show that collectively-invading cells and single cells have distinct



transcriptional and epigenetic programs that likely underlie their respective morphological and 

behavioral phenotypes.

Multi-omic analyses reveal overexpression of laminin-332 in collectively-invading cells

To identify gene transcripts that are both transcriptionally upregulated and 

hypomethylated at the promoter region of collectively-invading cells relative to singles, we 

integrated RNA sequencing and methylation array data from leaders and singles. Among the 9 

most over-expressed and hypomethylated gene transcripts in leaders, we identified two 

components of the laminin-332 complex, laminin alpha chain-3 (Lama3) and laminin gamma 

chain-2 (Lamc2) (Figure 3A). Compared to singles, leaders expressed 673-fold higher mRNA 

counts of Lama3 and 95-fold higher mRNA counts of Lamc2 (Figure 3B,C), while also 

exhibiting a mean beta difference of 0.23 and 0.45 in the promoter regions of the Lama3 and 

Lamc2 genes, respectively (Figure 3D). Additionally, the third component of the laminin-332 

complex, laminin beta chain-3 (Lamb3) had 144-fold higher mRNA counts in leaders (Figure 

3B) while also exhibiting a mean beta difference of 0.30 in the gene promoter (Figure 3C). To 

confirm that this enrichment in laminin subunits in leaders was not due to an overexpression of 

all laminins, we measured the relative expression of each laminin detected within our RNA 

sequencing dataset. Surprisingly, only 5 out of the 11 laminin subunits detected within the array 

were overexpressed in leaders, and the three most overexpressed subunits were Lama3, Lamb3 

and Lamc2, confirming the specific upregulation of the laminin-332 complex within leaders 

(Supplementary Figure 2).



To determine if laminin-332 protein was preferentially secreted by leaders, we performed 

an unbiased proteomic analysis using mass spectrometry on purified protein extracts from 

conditioned media of leaders and singles. Among the 17 most differentially secreted proteins 

present in leader conditioned media, laminin subunits α3 (Lama3), β3 (Lamb3), and γ2 (Lamc2) 

were all highly abundant exclusively in leaders (Figure 3E). In contrast, no protein was detected 

for Lama3, Lamb3 and Lamc2 in singles, corroborating the binary nature of laminin-332 

secretion by leaders (Figure 3F). Western blot analysis also revealed that laminin-332 was 

drastically overabundant in leaders conditioned media when compared to singles (Figure 3G). 2-

D and 3-D immunofluorescence staining using a laminin-332 antibody revealed higher 

expression of laminin-332 in leader spheroids than single spheroids (Figure 3H). Together, these 

data demonstrate that components of the laminin-332 complex are not only transcriptionally and 

epigenetically overrepresented in collectively-invading cells, but also exclusively and abundantly

secreted as proteins by collectively-invading cells.

Laminin-332 promotes the 3-D invasion of singles

The secretion of laminin-332 complex exclusively by collectively-invading cells led us to

hypothesize that collectively-invading cells could influence the invasive potential of single cells 

via laminin-332. To test this, we first observed the behavior of singles when treated with laminin-

332-expressing leader conditioned media (CM) compared to laminin-332-low single CM in a 3-

D spheroid model. Within a 24-hour time period, singles treated with leader CM exhibited a 

significantly higher velocity and track length than singles treated with single CM (Figure 4A). 

Additionally, singles treated with leader CM displayed a higher potential for directional 

movement through decreased cellular circularity and a higher meandering index (defined as 



displacement divided by distance) than singles treated with single CM (Figure 4A, 

Supplementary Figure 3A). To confirm the specific role of laminin-332 in the elevated invasive 

potential of singles, we treated singles with conditioned media from leaders with a CRISPR/Cas9

knockout of the Lama3 gene. Western blot analysis of the conditioned media of the knockout 

cells confirmed that Lama3 knockout was sufficient for reducing laminin-332 complex assembly 

and did not hinder the viability or invasive behavior of leaders (Figure 4B, Supplementary Figure

3D). Singles treated with conditioned media from two distinct clones of Lama3 knockout leaders

(clones C1 and D4) showed considerable repression of cell movement, velocity, and 

directionality when compared to singles treated with conditioned media from leaders with only 

the Cas9 endonuclease transfected (Lama3 WT cells) (Figure 4C, Supplementary Figure 3B). 

We further validated the role of laminin-332 in stimulating the invasive potential of single

cells by co-culturing Lama3-expressing or Lama3-null leaders with singles within a mixed 3-D 

spheroid. Singles were transfected with mCherry-Red and mixed with leaders with wildtype 

Lama3 or Lama3 knockout at a 1:1 ratio within a single spheroid, and allowed to invade in 

collagen type I over 48 hours (Figure 4D). Singles that were mixed with leaders with Lama3 

knockout invaded significantly less and with less directionality than leaders with Lama3 

wildtype (Figure 4D, Supplementary Figure 3C), supporting a model whereby local laminin-332 

secretion by collectively-invading cells promotes directional invasion in single cells within a 

heterogeneous tumor environment.

Singles hyperactivate Rac1 upon laminin-332 binding



The effect of laminin-332 on the invasive potential of singles led us to investigate the 

underlying molecular mechanism by which cell movement was being stimulated within singles. 

We sought to test whether singles over-express receptors that specifically bind to laminin-332. 

Canonically, laminin-332 binds to the integrin pairs α6/β4 and α3/β1, each resulting in the 

downstream activation of distinct small GTPase signaling cascades, Rac1 and Rho, respectively 

(140). RNA sequencing analysis of integrin expression between leaders and singles revealed that 

singles only showed significant transcriptional over-expression of integrins α6 (Itga6) and β4 

(Itgb4) relative to leaders, while integrins α3 and β1 were overexpressed in leaders relative to 

singles (Figure 5A, 5B). Interestingly, Western blot analysis on whole cell lysates of leaders and 

singles revealed no notable difference in total protein expression of integrins α6 and β4 in singles

relative to leaders (Figure 5C). Furthermore, flow cytometric detection of cell surface integrin α6

expression also showed no significant differences in protein abundance between leaders and 

singles (Supplementary Figure 4A). Thus, we hypothesized that singles exclusively activate Rac1

via the integrin α6/β4 receptor, despite leaders also expressing the heterodimer. 

To test this, we first evaluated the response of leaders and singles to Rac1 stimulation via 

EGF treatment. Interestingly, EGF exclusively led to Rac1 activation in singles, while in leaders 

we observed a gradual deactivation of Rac1 (Supplemental Figure 4B). To more directly assess 

the effect of laminin-332 on Rac1 activity, we proceeded to measure the Rac1 activity of leaders 

and singles upon interaction with purified human laminin-332. Surprisingly, laminin-332 only 

led to Rac1 activation in single cells, while Rac1 activity remained unchanged in leaders (Figure 

5D). Similar to purified laminin-332, treatment of leaders and singles to laminin-332-rich leader 

CM only led to activation of Rac1 in singles, while a gradual deactivation of Rac1 was observed 

in leaders (Figure 5E). Furthermore, treatment of singles with CM from Lama3 WT and two 



Lama3 KO leader clones yielded significantly higher Rac1 activity upon treatment with leader 

Lama3 WT CM when compared to the leader Lama3 KO CM after 10 minutes (Figure 5F). To 

confirm that the secretome of Lama3 WT and KO cells are similar (other than Lama3 protein), 

we performed mass spectrometry-based proteomic analysis of the CM of these cells and found 

only 33 differentially abundant proteins (|Student’s T-test Difference| > 1, p<0.05) out of 783 

total proteins (LFQ Score < 10), including Lama3, which had the lowest p-value by a 

considerable margin (Supplementary Figure 4C). In addition, treatment of singles with Lama3 

WT leader CM with a laminin-332 polyclonal antibody led to a reversal of Rac1 activation, 

further confirming the direct effect of leader-derived laminin-332 on Rac1 activity in single cells 

amongst the complex mixture of molecules found in leader CM (Figure 5G).

To confirm that laminin-332 binds to the integrin α6/β4 receptor within singles to activate

Rac1, we measured the Rac1 activity of singles with Itga6 knockdown (Figure 5G). When 

unstimulated, we observed no difference in Rac1 activity between vehicle and the knockdown 

cells (Figure 5H). Upon stimulation with Lama3 WT leader CM, however, we found that only 

the vehicle cells were able to activate Rac1, while the knockdown cells retained the same Rac1 

activity as the unstimulated cells (Figure 5H). Additionally, we observed a significant decrease in

Rac1 activity in shItga6 singles upon treatment leader Lama3 KO CM relative to the leader 

Lama3 WT CM, confirming the importance of both laminin-332 and integrin α6 for Rac1 

activity in single cells (Figure 5H). Taken together, these data support a model whereby single 

cells utilize integrin α6/β4 receptor binding to laminin-332 derived from collectively-invading 

cells for Rac1 activation.



Figure 1. Subpopulations derived from the invasively heterogeneous 4T1 cell line are 

morphologically distinct. (A) Schematic detailing the criteria by which leaders, followers and 



singles would be identified and isolated via SaGA. (B) Brightfield image (10X) of a 3-D 4T1 

parental spheroid embedded in 3.0 mg/mL rat-tail collagen type I after 24 h. Select leaders, 

followers, and singles are encircled with a red, blue and green circle, respectively, and zoomed 

in. Scale bar, 50 μm. (C) Brightfield images of 4T1 parentals and purified leaders, followers and 

singles in 2-D (20X) and 3-D culture (10X). Scale bar, 50 μm. (D) Protein levels of E-cadherin, 

N-cadherin, and P-cadherin in whole cell lysates of 4T1 parentals, leaders, followers and singles.

Actin was used as a loading control. (E) Immunofluorescence images of E-cadherin, N- on 3-D 

spheroids of 4T1 parentals, leaders, followers and singles at 1.25x zoom (left) and 5.0x zoom 

(right). Images were acquired at 10X magnification. Yellow in the overlay image denotes nuclei 

fluorescence emitted from H2B-Dendra2 and red denotes E-cadherin staining. Scale bar, 50 μm. 

For (D) and (E), three biological replicates were performed.



Figure 2. Collectively-invading and single cells exhibit distinct transcriptional and 

epigenetic programs. (A) Heat maps from RNA sequencing data for each pair-wise comparison.

Scale denotes z scores from log2-normalized expression counts of most differentially expressed 



genes. (B) Principal component analysis (PCA) plot of leaders, followers and singles based on 

RNA sequencing data (n=3). (C) Volcano plots denoting differentially expressed genes (DEGs) 

for each pair-wise comparison. DEGs (small, unbordered red dots) were classified as gene 

transcripts with -Log10P values of greater than 1.3 (y-axis) and a log2 fold change difference of 

greater than 2.0 or less than -2.0 (x-axis). Bordered red dots are select genes over-expressed in 

collectively-invading cells and bordered green dots are select genes over-expressed in single 

cells. (D) Number of DEGs between each pair-wise comparison. (E) RNA counts for Cdh1, 

Cldn4, Tacstd2, Esrp1, Lama3 and Krt14 in leaders, followers and singles (n=3). (F) Heat map 

of mouse methylation beta values between leaders and singles and representation of the 

percentage of hypermethylated regions across all differentially-methylated regions (DMR) 

between leaders and singles. Scale on heat map denotes beta value difference values for each 

DMR. L-1, L-2, L-3 denotes three replicates of leaders and S-1, S-2, and S-3 denotes three 

replicates of singles. (G) Annotation of DMRs in singles when compared to leaders. (H) Beta 

value comparison of CpG loci within the promoter region of Cdh1 (n=7), Cldn4 (n=4), Tacstd2 

(n=5), Esrp1 (n=6), Lama3 (n=7) and Krt14 (n=3) between leaders and singles. For all panels: 

mean ± SEM is shown. Unless noted, n.s., no significance, ** p≤0.01, *** p≤0.001, **** 

p≤0.0001. 



Figure 3. Collectively-invading cells over-express and abundantly secrete laminin-332. (A) 

Integration of RNA sequencing log2 fold change values (x-axis) and mouse methylation array 

beta difference values (y-axis) for the leaders vs. singles pair-wise comparison. Lama3, Lamb3 

and Lamc2 are highlighted as red dots among gene transcripts with high mRNA transcription in 

leaders and significant hypomethylation at the promoter region compared to singles. (B) Raw 

mRNA counts for gene transcripts of the laminin-332 subunits from RNA sequencing analysis 



(n=3, **** p<0.0001). (C) Volcano plot of the leaders vs. singles pair-wise comparison derived 

from RNA sequencing data highlighting Lama3, Lamb3 and Lamc2 (bordered red dots) as 

prominent DEGs. (D) Beta value comparison of distinct CpG loci within the promoter regions of 

Lama3, Lamb3 and Lamc2 between leaders and singles. (E) Volcano plot of differentially 

secreted peptides extracted via LC-MS/MS from conditioned media from leaders and singles. 

Red, unbordered dots denote peptides differentially secreted in leaders and green dots denote 

peptides differentially secreted in singles. (F) LFQ intensity quantification of Lama3, Lamb3 and

Lamc2 peptides. # denotes an absence of signal detected (n=3, **** p<0.0001). (G) Protein 

levels of laminin-332 in leaders conditioned media (CM) and singles CM. Total protein staining 

via Ponceau S was used as a loading control. (H) Laminin-332 immunofluorescence staining on 

invasive leaders and singles in collagen I 3-D culture (10X and 63X). Scale bar: 100 μm for 10X 

image, 20 μm for 63X image, and 10 μm for 63X zoomed image. For all panels: mean ± SEM is 

shown. For (G) and (H), three biological replicates were performed.



Figure 4. Laminin-332 enhances the invasive potential of singles. (A) Live-cell tracking 



analysis of singles spheroids after treating with singles CM or leaders CM for 24 h (n=15). 

Representative five tracks highlighted for each group. Scale bar, 50 μm. (B) Protein levels of 

laminin-332 in conditioned media extracted from leaders with wildtype Lama3 (WT), and 

Lama3 CRISPR/Cas9 knockout (clones C1 and D4). Total protein staining via Ponceau S was 

used as a loading control. Brightfield images were acquired after 24 h. Scale bar, 50 μm. (C) 

Live-cell tracking analysis of singles spheroids after treating with conditioned media from 

wildtype Lama3 leaders (WT) and Lama3 knockout leaders (clones C1 and D4) (n=15). 

Representative five tracks highlighted for each group. Scale bar, 50 μm. (D) Live-cell tracking 

analysis of mCherry-transfected singles within a spheroid mixed 1:1 with mCherry-transfected 

singles and either leaders WT, clone C1 or clone D4 (n=15). Representative five tracks 

highlighted for each group. Scale bar, 50 μm. For all experiments, three biological replicates 

were performed. For all panels: mean ± SEM is shown. Unless noted, n.s., no significance, * 

p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001.



Figure 5. Singles activate Rac1 activity via binding of integrin α6β4 to leader-derived 

laminin-332. (A) Log2 fold change of integrin subunits expressed in leaders and singles within 

the RNA sequencing data. Positive values denote gene transcripts that were upregulated in 

singles relative to leaders. Red arrows highlight Itga6 and Itgb4 as being upregulated in singles 

and blue arrows highlight Itga3 and Itgb1 as being downregulated in singles. (B) RNA counts for

Itga6 and Itgb4 in leaders and singles (n=3). (C) Protein levels of integrin α6 and β4 in whole 

cell lysates of leaders and singles. Actin was used as a loading control. (D) Relative Rac1 

activity of leaders and singles upon direct interaction with 1 μg/cm2 laminin-332 for 5 minutes 



(n=3). (E) Time course measurement of relative Rac1 activity in leaders and singles upon leader 

CM treatment (n=3). (F) Time course measurement of relative Rac1 activity in singles upon 

treatment with CM from leaders Lama3 wildtype (WT) and 2 distinct leaders with Lama3 KO 

(clone C1 and clone D4) (n=3). Statistical annotation only applies for the 10 minute time point. 

(G) Relative Rac1 activity of singles upon treatment with Lama3 WT or Lama3 KO CM with a 

laminin-332 antibody (1:1000 dilution) (n=3). Laminin-332 antibody was mixed in with CM for 

30 minutes prior to treatment. Rac1 activity of cells was measured after 5 minute treatment with 

CM. (H) Protein levels of integrin α6 and total Rac1 upon Itga6 shRNA knockdown in singles.  

Actin was used as a loading control. (I) Relative Rac1 activity in singles with Itga6 shRNA 

knockdown (shItga6) upon treatment with conditioned media from leaders Lama3 WT and 

leaders Lama3 KO. Rac1 activity was measured after 1 h treatment with CM (n=3). For (C), (D),

(E), (F), (G), (H) and (I), three biological replicates were performed. For all panels: mean ± SEM

is shown. Unless noted, n.s., no significance, ** p≤0.01, *** p≤0.001, **** p≤0.0001.



Supplementary Figure 1. Human triple-negative breast cancer cell lines are invasively 

heterogeneous. (A) High magnification images (20x and 63x) of E-cadherin 

immunofluorescence on 3-D spheroids of 4T1 leaders, followers and singles. Green in the 

overlay image denotes nuclei fluorescence emitted from H2B-Dendra2 and red denotes E-



cadherin staining. Scale bar, 50 µm. (B) Brightfield image of a SUM159 (10X) and HCC38 

(20X) spheroid embedded in rat-tail collagen type I after 24 h invasion. Red circles denote 

collective chains and green circles denote single cells. Scale bar, 50 µm.



Supplementary Figure 2. Fold change difference of laminin gene expression between 

leaders and singles.



Supplementary Figure 3. Lama3 KO does not affect leader cell viability and suppresses 

directional movement of single cells. (A-C) Meandering index quantification for singles (A) 

treated with leader or singles conditioned media (CM), (B) Lama3 knockout leaders CM, and (C)

mixed 1:1 with Lama3 knockout leaders (n=15). (D) Quantification of apoptotic events on 

leaders with Lama3 wildtype (WT) and knockout (KO) (n=2). For all panels: mean ± SEM is 

shown. Unless noted, n.s., no significance, * p≤0.05, *** p≤0.001, **** p≤0.0001.



Supplementary Figure 4. EGF activates Rac1 in single cells and not collectively invading 

cells. (A) Flow cytometric surface protein quantification of integrin α6 (Itga6) in leaders and 

singles. Dotted line denotes the unstained sample for each subpopulation. (B) Time course 

measurement of relative Rac1 activity in leaders and singles upon 50 ng/mL hEGF treatment 

(n=3, *** p<0.001, **** p<0.0001). Mean ± SEM is shown. (C) Volcano plot of differentially 

secreted peptides extracted via LC-MS/MS from conditioned media from leaders with Lama3 

wildtype (WT) and knockout (KO) (n=3). Red circles denote peptides differentially secreted in 

Lama3 WT leaders and green circles denote peptides differentially secreted in Lama3 KO 

leaders (|Student’s T-test Difference| > 1, p-value < 0.05).



Supplementary Table 1. Single tandem repeat (STR) analysis of 4T1 parentals, leaders, 

followers, and singles. Nine genomic markers spanning eight chromosomes are compared 

between the isolated subpopulations and the ATCC 4T1 cell line.



2.6 Discussion

Despite the prevalence of phenotypic heterogeneity across multiple solid tumor types, the

mechanisms underlying invasively distinct subpopulations remain largely unexplored. Using 

SaGA, we isolated and analyzed both collectively-invading cells (leaders and followers) and 

individually-invading cells (singles) within the 4T1 murine mammary adenocarcinoma model. 

We performed RNA sequencing on these purified cell subpopulations to investigate 

transcriptional differences and found that collectively-invading and single cells had vastly 

different transcriptomes that includes upregulation of key epithelial genes such as Cdh1, Krt14, 

Esrp1, Cldn4 and Tacstd2 in collectively-invading cells. E-cadherin (Cdh1) was only expressed 

in collectively-invading cells and not single cells, which has been observed previously (120), and

is required for metastasis in multiple breast cancer models (141). Similarly, Keratin-14 (Krt14) is

also a well-characterized biomarker for breast cancer leader cells within collective packs (115, 

142) and had significantly higher expression in collectively invading cells compared to singles. 

Furthermore, keratin-14 knockdown has previously been shown to abrogate the ability for cells 

to invade collectively and form clustered metastases (115). The relevance of Esrp1, Cldn4 and 

Tacstd2 within collectively-invading cells is less characterized, but they have been shown to 

drive cell invasion in multiple tumor models (143, 144, 145). In contrast to collectively-invading 

cells, cells that exclusively invade as single cells exhibited very low levels of canonically 

epithelial genes, including Cdh1, Esrp1, and Tacstd2, suggesting that single cells may represent a

hybrid amoeboid state within the epithelial-to-mesenchymal transition (EMT) program (46). 

Additionally, Gene Ontology on single cells showed statistically significant enrichment of 

multiple EMT-related pathways, including Regulation of epithelial to mesenchymal transition 

(GO:0010717) and Epithelial to mesenchymal transition (GO:0001837). The phenotypic 



persistence of single cells over multiple passages would suggest that single cells (and 

collectively-invading cells) are not in active transition within this spectrum, but the influence of 

related pathways to their single-cell phenotype cannot be ruled out.

Subsequent methylation analyses revealed that collectively-invading and single cell 

subpopulations exhibit significant epigenetic differences. Interestingly, gene transcripts with the 

highest fold changes in RNA expression between collectively-invading and single cells also had 

prominent differences in methylation patterns at both the promoter regions and gene bodies of 

the corresponding genes, including Cdh1, Krt14, Esrp1, Cldn4, Tacstd2 and Lama3. An 

epigenetic basis for the emergence of collectively-invading and single cells is supported by the 

stability we observe in the distinct phenotypes between collectively-invading and single cell 

subpopulations throughout multiple passages. The stability of these distinct phenotypes could 

also be attributed to genomic differences between the subpopulations. Although STR analysis of 

9 genomic markers revealed no prominent differences between these subpopulations 

(Supplementary Table 1), we cannot rule out a possible role for an underlying genomic 

heterogeneity governing these distinct phenotypes. Despite this, our data provide support for 

collectively-invading cells and single cells having distinct epigenetic programs that shape their 

distinct transcriptional profiles to influence cellular phenotype. 

Integration of RNA sequencing and methylation data identified gene transcripts of 

components of the laminin-332 trimeric complex—Lama3, Lamb3, and Lamc2—as being highly 

overexpressed and hypomethylated in collectively-invading cells relative to single cells. 

Furthermore, unbiased secretomic analysis confirmed that components of the laminin-332 

complex were being exclusively secreted by collectively-invading cells. In healthy skin, laminin-

332 is specific to the basement membranes of epithelial tissue, and is normally produced and 



secreted by keratinocytes to bolster cell survival and play a role in wound healing (146, 147, 

148). Similarly, cancer cells of epithelial origin have been found to abnormally express laminin-

332 to promote anoikis resistance and induce cell motility (149, 150). Recent work established 

the relevance of laminin-332 within collective invasion, largely focusing on its role in 

establishing cell-cell contacts within focal adhesions across collective chains (151). In healthy 

skin, the integrin α6β4 heterodimer in epithelial cells and laminin-332 in the underlying 

basement membrane bind to maintain hemidesmosome integrity across highly structured 

epithelial tissue (140, 152). Interestingly, we show that laminin-332 can also bind to integrin 

α6β4 as a secreted factor when integrin α6β4 is expressed in a spatially distant cell. Our work 

corroborates recent discoveries identifying laminin-332 as a factor secreted by collectively-

invading cells, further clarifying the role of laminin-332 in triple-negative breast cancer invasion 

(153). 

Interestingly, collectively-invading cells and single cells had similar protein expression of

the integrin α6β4 heterodimer, suggesting that laminin-332 binding to single cells is likely not an

exclusively paracrine interaction. Autocrine laminin-332 binding has been reported in skin 

squamous cell carcinoma and mammary tumor models, wherein laminin-332 binding to 

syndecan-1 or EGFR leads to further laminin-332 deposition in a positive-feedback loop (149, 

154, 155). Despite this, we show that one downstream target of integrin α6β4, Rac1, is 

exclusively activated in singles upon treatment with purified laminin-332 (Figure 5D) and 

laminin-332-rich conditioned media derived from collectively-invading cells (Figure 5E). 

Current work supports multiple possible explanations for this duality in Rac1 activation, 

including mutations or splice variants of either integrin α6 or β4. Instances of such mutations 

within the ITGB4 genes have been reported in cases of epidermolysis bullosa, wherein the 



mutations are predicted to reduce integrin α6β4 heterodimer stability (156). Additionally, splice 

variants of integrins α6 and β4 that affect proper dimerization and cell membrane anchoring have

been reported with different downstream targets such as ERK and JNK (157, 158). Further 

investigation is required to elucidate the stark differences in Rac1 activity stimulation between 

collectively-invading cells and single cells despite similar membrane-bound integrin α6 and β4 

expression.

Our work explores the intricacies of phenotypic heterogeneity within triple-negative 

cancer and unravels a commensal interaction between phenotypically-distinct cancer 

subpopulations. The attribution of ecological relationships to subpopulation cellular dynamics 

has been of recent interest, namely in the identification of cooperative interactions between 

subpopulations of heterogeneous cancer cell lines (27, 28, 87, 159). Thus far, breast cancer cells 

cooperate through leader-follower dynamics within collectively-invading chains to overcome 

energetic barriers presented by dense collagen matrices through perpetual “shuffling” of leader 

and follower cells (30). Additionally, lung adenocarcinoma models have profound increases in 

cell survival and DNA repair within highly dynamic leaders through secreted factors found in 

follower conditioned media (27). More recent evidence has revealed the advantage cooperating 

clustered cells have as opposed to individual invasive cells in overcoming immune attack from 

natural killer cells (118). Our work describes a commensal relationship, wherein collectively-

invading cells confer a unilateral invasive benefit unto single cells. To our knowledge, this 

represents a novel commensal interaction between cancer cell subpopulations, amidst extensive 

work that has characterized commensal interactions between the gut or skin and their respective 

microbiota (160, 161, 162). We speculate that Rac1 activation in singles due to laminin-332 

binding could be one aspect of a cooperative effort between collectively-invading cells and 



single cells, but further work is necessary to test the model that actively invasive single cells 

benefit collectively-invading cells to enhance the metastatic potential of a heterogeneous tumor. 

In summary, we isolated and characterized collectively-invading and single cells within a 

highly heterogeneous murine triple-negative breast cancer model and discovered the secretion of 

the laminin-332 complex exclusively by collectively-invading cells. We show that laminin-332 

derived from collectively-invading cells enhances the invasive potential of singles and also 

stimulates the Rac1 activity of singles. Through this mechanism, we suggest that collectively-

invading and single cells display a commensal relationship, wherein collectively-invading cells 

unidirectional benefit single cells. This commensal relationship does not exclude the possibility 

for additional work revealing a mutualistic relationship wherein both populations benefit one 

another. Our work contributes towards a more complete understanding of how phenotypic 

heterogeneity and subpopulation dynamics precedes cell invasion and metastatic progression, 

which we anticipate will be crucial to developing personalized treatments against this ever-

evolving heterogeneous disease.



Chapter 3: Discussion and Future Directions

3.1. Collectively-invading cells and single cells are phenotypically-distinct subpopulations

Collectively-invading cells and single cells have been observed to co-exist in primary 

breast tumors in both mice and humans, but the mechanistic implications of this co-existence 

have yet to be explored (74, 75, 76). Here, we find that collectively-invading cells and single 

cells that emerge from the 4T1 mammary adenocarcinoma cell line are distinct subpopulations 

with persistent cell morphologies and invasive behaviors (Figure 1C). The prominent phenotypic 

differences of these cell subpopulations allow for them to be isolated using Spatiotemporal 

Genomic and Cellular Analysis (SaGA) for transcriptional and epigenetic characterization (61). 

Interestingly, very minimal shifting of cell phenotypes are observed within these subpopulations 

over multiple passages. This suggests that collectively-invading and single cells are not in a 

transitive cell states that are highly susceptible to phenotype switching. This observation is of 

interest, as cell transitions such as EMT have classically been considered to be an important step 

for cancer cells to progress into a more malignant state (48, 49). Our work supports a more 

current understanding that subpopulations such as collectively-invading and single cells 

represent a more “differentiated” cell type that is not merely a stage en route to becoming a more

malignant cancer cell.

Collectively-invading cells represent a highly invasive subpopulation that depends on 

adherent cell-cell junctions for cell movement (24). In breast cancer, collectively-invading chains

consist of leader and follower cells that alternate in leading the chain to more effectively 

overcome energy barriers posed by dense stroma (30). Due to this alternating dynamic between 

these subpopulations in collective chains, leader and follower cells in breast cancer cells cannot 

be isolated purely based on spatial parameters, as in non-small cell lung adenocarcinoma cells. 



As such, we acknowledge that leader and follower cells that were isolated through SaGA like 

represent a mixed population of both leader and follower cells. Thus, we proceeded to use 

leaders as a representative for collectively-invading cells in the majority of experiments here, 

especially considering the transcriptomic similarities between the two isolated subpopulations 

(Figure 2D). Relative to single cells, we find that collectively-invading cells express high levels 

of E-cadherin and no expression of N-cadherin or P-cadherin (Figure 1D). The reliance on E-

cadherin for collective invasion suggests that collectively-invading cells exhibit epithelial 

characteristics despite being highly motile. This is further supported by high expression of 

epithelial program modulators such as Esrp1 and Tacstd2 and other common epithelial markers 

such as Cldn4 and Krt14 in collectively-invading cells (Figure 2C) (144, 145, 163, 164). The 

lack of N-cadherin expression also suggests that collectively-invading may not align with 

mesenchymal phenotypes despite exhibiting mesenchymal-like invasive properties, such as 

robust filopodia-dependent cell movement and spindle-like morphology (38).

In contrast to collectively-invading cells, single cells represent a highly flexible 

subpopulation that does not depend on cell-cell junctions for cell movement (24). In particular, 

the rounded shape of single cells in both 2-D and 3-D suggests that the single cell subpopulation 

in 4T1 cells is predominantly amoeboid morphologically (Figure 1C) (43, 46). Despite this, 

transcriptomic analysis of single cells revealed enrichment in gene sets associated with EMT, 

which suggests that single cells may represent a more mesenchymal phenotype transcriptionally 

despite an amoeboid morphology. Single cells exhibiting higher RNA and protein expression of 

the classically mesenchymal marker vimentin supports this (data not shown), despite vimentin 

also being implicated in promoting amoeboid movement in cancer cells (165). This suggests that 

single cells could potentially have transitioned from more epithelial-like cells through loss of 



cell-cell junctions and now represents a hybrid phenotype between mesenchymal and amoeboid 

profiles. The persistent phenotype of single cells and their stringent inability to invade in chains 

would suggest that this early transition is largely irreversible and restricted to early stages of 

tumor invasion. Whether a particular stimulus drives this transition or if it is a consequence of 

phenotypic heterogeneity remains unclear.

3.2. Collectively-invading cells over-express laminin-332

Integration of transcriptomic and DNA methylation analyses revealed a stark over-

expression of laminin-332 components in collectively-invading cells relative to single cells 

(Figure 3A). This over-expression was further validated through an unbiased proteomic analysis 

of conditioned media from collectively-invading cells (Figure 3C), and also through targeted 

antibody-based methods, including immunoblotting of conditioned media (Figure 3G) and 3-D 

immunofluorescence (Figure 3H). Laminin-332 over-expression has been commonly observed in

solid tumors and has largely been correlated with poor clinical prognosis and tumor progression 

(140, 155, 166). Despite these correlations, laminin-332 expression is not specific to cancer cells

—laminin-332 is a prominent component of basement membranes in healthy epithelial tissues is 

actively secreted by keratinocytes (140, 146). Furthermore, laminin-332 mediates 

hemidesmosome integrity when localized to the cell membrane as a transmembrane glycoprotein

(140). Through 3-D immunofluorescence, we show that laminin-332 is actively localized both in 

the cell membrane, endoplasmic reticulum, and in vesicles, suggesting that laminin-332 is being 

actively secreted through vesicular release, and potentially playing a role in hemidesmosomes 

between collectively-invading cells (Figure 3H). Interestingly, immunofluorescence staining of 

collectively-invading cells does not capture staining of extracellular laminin-332. Laminin-332 



staining in 3-D spheroids has previously been observed to resemble a halo around the spheroid, 

but these observations were made weeks after initial seeding in agarose gels (167). Staining of 

such laminin-332 deposition in collectively-invading 4T1 cells embedded in collagen pose a 

technical challenge due to the highly aggressive nature of the 4T1 cell line. Additionally, 

embedding 4T1 spheroids in agarose resulted in significant cell death within days of embedding 

(data not shown), further limiting the ability to image extracellular laminin-332 within 4T1 

spheroids.

 Despite the prevalence of laminin-332 expression in solid tumors, the link between 

laminin-332 and collective invasion is not well established. Laminin-332 has been found to be 

important in establishing cell-cell junctions between collectively-invading cells and promoting 

“contact following”—the phenomenon wherein cells move in the same direction mediated by 

intercellular adhesion—in epidermoid carcinoma cells (151). We find, however, that loss of 

laminin-332 through Lama3 CRISPR/Cas9 knockout does not abrogate the ability for cells to 

invade as adherent cells, suggesting that the laminin-332 complex may not be as critical for cell-

cell adhesion in 4T1 collectively-invading cells considering the expression of other adhesion 

proteins such as E-cadherin and other claudins (Figure 4B). Laminin-332 has also been found to 

be secreted by collectively-invading cells in multiple triple-negative breast cancer cell models, 

wherein laminin-332 secretion was downstream of Cdh3 signaling through -catenin (153). 

Although Cdh3 expression was undetectable both transcriptionally and in protein within our 4T1 

subpopulations (Figure 1D), these findings suggest that E-cadherin (Cdh1)-mediated signaling 

could impact laminin-332 expression in a similar manner within 4T1 cells. Further investigation 

is necessary to more comprehensively understand the molecular link between E-cadherin and 

laminin-332 in collectively-invading cells.



3.3. Laminin-332 activates Rac1 single cells

Through conditioned media treatment experiments, we show that the over-expression and

secretion of laminin-332 by collectively-invading cells has profound effects on the nearby single 

cells (Figure 4A-C). Notably, we find that laminin-332 enhances both the velocity and 

directionality of movement in single cells (Figure 4C). Due to limitations in the ability to image 

extracellular laminin-332 in 3-D, it is inconclusive whether single cells bind to laminin-332 

complexes that have polymerized or adhered to the collagen matrix or soluble laminin-332 

components in the media. The nature of conditioned media experiments would suggest that the 

spheroids would be interacting with soluble laminin-332 components, but the capability for 

soluble laminin-332 components to adhere and deposit into the polymerized collagen matrix 

throughout the duration of live cell imaging (i.e. 24-48 hours) is largely unknown. Despite this 

gap in understanding, the effect of laminin-332 on single cells is robust, as exemplified by the 

mitigated effect of conditioned media generated from collectively-invading cells with Lama3 

knocked out (Figure 4C). Furthermore, our mixed spheroid experiments wherein singles tagged 

with mCherry are combined with collectively-invading cells within the same spheroid show that 

these findings can be replicated in a model that recapitulates the physical proximity of 

heterogeneous cell subpopulations within a single tumor (Figure 4D). 

The activation of cell velocity and directionality in single cells upon laminin-332 binding 

led us to investigate whether Rac1 was involved downstream of this interaction. We show that 

laminin-332 derived from collectively-invading cells is sufficient to activate Rac1 in singles, and

that this activation is more robust in singles relative to collectively-invading cells (Figure 5E). 

Furthermore, we show that integrin 6 is required for laminin-332-induced Rac1 activation in 



single cells (Figure 5I). The binding of laminin-332 to integrin 64 has been shown to activate 

Rac1 in keratinocytes, which originally depend on RhoA activation for cell movement during 

wound healing (140, 149). The deposition of laminin-332 by these keratinocytes results in a 

gradual switching to Rac1 activation as these migratory cells begin to bind laminin-332 with 

integrin 64 (140). This GTPase activation switch from RhoA to Rac1 results in cells with 

higher directionality and invasion modalities that depend more on cell-cell adhesion (24). 

Interestingly, single cells also demonstrated higher directionality in movement and became less 

rounded morphologically upon laminin-332 exposure (Figure 4C, Supplementary Figure 3B). 

This suggests that singles, like keratinocytes, may originally activate RhoA to maintain their 

amoeboid phenotype and relatively higher stochastic movement, but switch to activate Rac1 

upon laminin-332 binding to mirror the directional movement of collectively-invading cells.  

It remains unknown the direct consequences of this increased cell invasion and 

directionality in single cells upon laminin-332 binding within the context of a heterogeneous 

cancer cell pool. The mirroring of directional movement between collectively-invading cells and 

single cells after laminin-332 binding may suggest a type of “cellular influencing” towards more 

spindle-like collective invasion, which represents the more effective mode of metastatic 

dissemination (32, 33). This would support a commensal interaction wherein collectively-

invading cells unilaterally provide higher metastatic fitness to single cells. It also remains a 

possibility that single cells could bolster collectively-invading cells as a response to this elevated 

directionality and velocity through the secretion of matrix-modifying proteins, growth factors, or 

other proteins that support robust collective invasion. RNA sequencing in single cells revealed 

upregulation of collagen modifying and remodeling proteins relative to collectively-invading 

cells (data not shown), suggesting the potential for the more agile single cells to remodel 



collagen structures ahead of collectively-invading cells to lower the energetic barriers required to

invade through these stromal components. Such an interaction would support a cooperative 

relationship between these co-existing cancer subpopulations. Thus, further investigation is 

necessary to clarify the potential role of single cells within this model and the interactions 

between these heterogeneous cancer cell subpopulations.

3.4. Conclusions and future directions

In all, the work highlighted in this dissertation contributes towards the ongoing 

exploration of intercellular interactions between cancer subpopulations within heterogeneous 

cancer models. We show that phenotypically-distinct subpopulations can be isolated from 

heterogeneous cancer pools, and that these subpopulations retain their distinctive phenotypes 

over multiple passages. Furthermore, we show that the distinct morphologies of collectively-

invading cells and single cells have both transcriptional and epigenetic underpinnings that are 

closely linked. Lastly, we show that these subpopulations do not merely co-exist, but interact 

through a laminin-332/Rac1 axis that provides a unilateral benefit to single cells. To our 

knowledge, this is the first characterization of a commensal relationship between cancer 

subpopulations. Considering the prevalence of these heterotypic interactions in cancer invasion 

and metastasis, the novelty of this work highlights the dire need for further identification and 

characterizations of these interactions. Despite tumor heterogeneity posing a significant obstacle 

for cancer treatment due to the diversity of subpopulations that exist within solid tumors, 

pharmaceutically hindering the interactions between these subpopulations has the potential to 

suppress the advantage tumor heterogeneity provides the tumor.



The novelty of this work sets the groundwork for more exploratory and pre-clinical 

investigation. The broad applicability of SaGA to a variety of solid tumors enables the isolation 

of phenotypically distinct subpopulations to more comprehensively understand the 

subpopulations that exist within heterogeneous tumors. Additionally, the multi-omic workflow 

presented in this work can be applied to other cancer subpopulations to uncover novel 

heterotypic interactions in metastatic tumors. The use of 4T1 cells in this work also enables a 

direct route to implanting these subpopulations into BALB/c mice (168). Investigating the 

prevalence of this commensal interaction between collectively-invading and single cells would 

provide a more complete understanding of the metastatic consequences of this interaction. 

Further work is also needed to explore whether Rac1 activation of single cells via laminin-332 

occurs in other heterogeneous cell lines wherein collectively-invading and single cell 

subpopulations co-exist. Despite recent advances in cancer treatment and drastic improvements 

in patient prognosis for metastatic cancers, much remains unanswered regarding the intricacies 

of phenotypic heterogeneity on tumor metastasis. The work presented in this dissertation 

contributes a crucial step towards overcoming the seemingly insurmountable challenges posed 

by such an ever-evolving disease.
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