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Abstract 
 

Organotropism refers to the preferential but not random metastasis of tumor cells into specific 

organs, including brain. Brain metastasis is the most devastating cancer dissemination because 

of both the extremely poor patient survival and the perturbation of key neurological functions, 

such as cognition and sensation. Tumor microenvironment shapes metastatic organotropism, 

including brain tropism. Our previous study showed that long-term mechanical priming in soft 

niches in vitro shifted breast cancer organotropism to brain metastasis via the upregulation of 

histone deacetylase 3 (HDAC3) activity. However, it’s unclear whether and how the long-term 

soft-priming process is achieved in the mechanically heterogenous primary tumor to promote 

the brain metastasis. 

 

In this project, we developed a single-cell scale local niche softness biosensor, which enabled 

us to identify and separate tumor cells residing in local niches with different stiffnesses within 

tumor xenografts. With this biosensor, we found that local niche softness was not only 

correlated with the expressions of brain metastasis-related genes and HDAC3 activity, but also 

promoted the preferential metastasis of the resident cells into brain tissue. To unveil how soft 

niches impacted metastatic organotropism, we examined the influence of niche mechanics on 

cell mechanical behaviours, including durotaxis. Our results showed that soft-primed tumor 

cells and tumor cells isolated from local soft niches of xenografts were negative durotactic (i.e., 

migrating towards soft optimal microenvironment) and positive viscotactic (i.e., migrating 

towards microenvironment with high viscosity), both of which might ensure long-term residing 

of tumor cells in local soft niches of tumor xenografts. Importantly, soft niches promoted 

negative durotaxis via hyperactivation of integrin α10-Akt axis, which was required for niche 

softness-induced brain metastasis. Further, loss of brain metastatic potential abrogated negative 

durotaxis, indicating a reciprocal interaction between negative durotaxis and brain metastasis. 

We also uncovered a soft niche-specific cell competition that soft-primed tumor cells 

eliminated stiff-primed counterparts in an integrin α10-dependent manner. Besides, both soft-



primed cells and niche softness inactivate cancer-associated fibroblasts locally, which 

maintained local niche softness.  

 

Collectively, we deciphered the crosstalk between local niche mechanics and tumor cells 

residing in the mechanically heterogenous primary tumor, elucidating that local soft niches 

enabled negative durotaxis of tumor cells to empower persistent priming and the acquisition of 

brain metastatic capability. 
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Chapter I: Introduction 

  



1.1  Introduction 

Metastasis is one of the hallmarks of cancer, about 90% of cancer patient deaths are caused by 

metastasis according to epidemiology [1]. Metastasis is a complex cascade first found to happen at 

the late stages of cancer. Hematogenous metastasis is the most common route of metastasis, and 

consists of multiple steps, such as cell detachment from the primary lesion, local invasion, 

intravasation, circulation via vasculature, extravasation, and target organ colonization [2]. 

 

Since the “seed and soil” theory was first established in 1989, it’s well accepted that the cancer cell-

intrinsic phenotype and the secondary organ microenvironment determine metastasis probability 

and efficiency [3]. “Seed” refers to the cancer cells with advanced metastatic potential to overcome 

all the limiting obstacles, while “Soil” means the suitable microenvironment for cancer cell 

outgrowth in secondary organs. However, recent advances point out that both cancer cell phenotype 

and organ microenvironment can be modified by different factors, the interaction between them has 

become a hotspot in oncology research but few of them have been well-identified yet. 

 

For metastasis towards different organs, to achieve the steps mentioned above, cancer cells need a 

distinct series of signaling pathways or molecules, this leads to the fact that the metastasis process 

is not completely random to every organ but with a certain preference for different types of cancer 

cells. This explains why different cancer types or different subclones in the same cancer type show 

individual metastasis patterns, this organ-specific metastasizing phenomenon is called 

organotropism [4, 5]. Plenty of factors in the tumor microenvironment (TME) have been characterized 

to shift cancer cell organotropism, most of them are biochemical cues, such as gene alternations, 

cytokines, exosome, stroma cell interaction, pre-metastatic niche, immune defensive pattern, etc. [6-

15].  

 

Physical properties generally exist in all tissues and cells, many aspects are included in this concept. 

From macro to micro-/nano-meter scale: gravity is everywhere and fabricates our body in many 

ways [16, 17]; electromagnetic fields are sometimes artificially used in tissue engineering and 

regenerative medicine [18, 19]; Heart beat transport oxygen to whole body and blood flow exert shear 



stress to vascular wall, blood cells and circulating tumor cells (CTC) [20, 21]; hydrostatic pressure 

directs self-organized animal development [22]; inside crowding tissues, solid stress describes the 

compression force from surrounding tissue [23-25]; interstitial fluid pressure (IFP) appeared in tumor 

is originated from local liquid crowdedness caused by leaked vascular system and solid stress-

damaged liquid drainage system [26]; fluid viscosity educates cancer cells to metastasis [27]; 

normal/abnormal extracellular matrix (ECM) and viscoelasticity are the basis of cellular 

function/dysfunction [28-30]; besides mechanical properties, ECM component and architecture 

orchestrate modulating cell mechanotransduction reciprocally [31]; ECM tension directs cell 

migration through energy minimization [32]; geometry governs tissue development and symmetry 

breaking [33-36]; stretching and compressing cycling maintains cell hemostasis and sometimes 

induces inflammation [37, 38], cell-cell physical interaction inhibit transformation but also drive 

tumorigenesis [39-41] , focusing on (sub)cellular scale, external mechanical force can be 

directly/indirectly sensed by various mechanical sensitive membrane protein receptors (integrins, 

CD44, piezo channels, etc.) [42-45]; membrane tension/overall cancer cell stiffness determines cancer 

cell malignancy in many aspects [46-48]; PIP2-ERM as linkers between membrane and cytoskeletons 

maintain the basic physical structure and function in most cells [49, 50]; three types of cytoskeletons 

collectively transmit force or generate force actively [42, 43]; the generated polarized cell contractility 

transmitted inside-out determines the pace that cell migrates [29, 51, 52], nucleus eventually receives 

the outside-in stress and responds by modulating transcription and epigenetics to reprogram the 

cellular phenotype [53-57]; aiming at the nanoscale biomechanics, molecular viscoelasticity matters 

in protein function [58]; molecular level protein polarized entropy emerge in evolution with actual 

physiological function or in coincidence [59, 60]; quantum mechanics effects like electron tunnelling 

have been identified to participate fundamental cellular signaling [61-63], which possibly cause cancer 

[64], could be used to treat cancer as well [65]. 

 

Specifically in tumors, the abnormal physical properties are identified as a hallmark of cancer [66, 

67]. During or before cancer initiation, the tissue viscoelasticity, and ECM architecture have been 

altered, to sometimes support or limit cell transformation and cancer progression in different aspects 

[30, 68-70], uncontrolled cell proliferation generates solid stress inside the tumor, this compression-like 

force triggers symmetry breaking and promotes cancer progression and tissue damage [24, 71-73], 



elevated IFP and interstitial flow caused by irregular and permeable vasculature structure exert shear 

stress and hydrostatic pressure to resident tumor cells and increase the cell invasiveness [74, 75], 

moreover, primary tumor fluid viscosity enhances tumor cell invasion [27, 76]. For the late stage cancer, 

in the cancer metastasis cascade, firstly the cancer cells need to invade the basement membrane, and 

surrounding tissue and intravasate the local microvasculature, these processes rely on the 

mechanical microenvironment, it also generates intense cellular or nuclear deformation, which 

damages cancer cell and educate cancer cell invasion at the same time [25, 77, 78], after successful 

intravasation before extravasation, circulating tumor cell endures shear stress in vascular system, 

which damage cancer cell and educate cancer cell invasion at the same time as well [46, 79, 80], after 

another nuclear deformation during extravasation, colonizing at targeting organ brings entirely 

distinct mechanical microenvironment, both mechanical adaptation and mechanical memory 

determine the outcome: dormancy, micrometastasis or macrometastasis [81, 82]. 

 

Despite the above-mentioned general cancer cell malignant behaviors, recently biophysical 

properties were identified to impact cancer cell organotropism as well, including circulating system 

pattern, organ-specific vascular structure, and matrix stiffness [5, 20, 83-86]. Following our previous 

research focusing on the role of matrix stiffness in metastatic organotropism, the existing research 

is limited. Most research claimed increased matrix stiffness facilitates the gain of metastasis 

potential regardless of targeting organs by up-regulating cellular contractile forces [84, 87-89], 

interestingly some research revealed contradictory phenomena, some suggest that some cancer cells 

exhibit more aggressive/invasive/malignant/metastatic on soft matrix [90-98], some states that the 

cellular response to matrix stiffness across cell lines or clones seems to be a predictive parameter of 

metastatic targeting organ [86, 99]. Our previous research revealed that long-term softness stimulation 

shifts breast cancer organotropism to brain-tropic, another project found medium stiffness priming 

could even reverse the bone-tropism of bone-targeting breast cancer cells to lung metastatic (both 

under review). However, all our previous findings were based on polyacrylamide hydrogel, there’s 

no clue cancer cells follow the same trend in complicated TME. 

 

Currently, for the mechanical model, most research about matrix stiffness in mechanobiology 

territory including ours, hydrogel models are used as tools to mimic the microenvironment in vivo 



[41, 53, 84, 86-97, 99-103]. However, even though there are plenty of advanced innovations in hybrid 

biomaterials, coculture methods, or organoid culturing systems established recently, there’s still a 

huge gap between artificial systems and real tissues. Thus, it’s hard to judge controversial 

conclusions obtained from different vitro systems. Especially for TME where the mechanical 

microenvironment is heterogenous from large to single cell scale. Series contradictory phenomena 

are observed in different artificial systems, taking the role of matrix stiffness for example, besides 

the paradox that exists in how the above-mentioned metastatic organotropism or overall metastatic 

capacity is affected by tissue stiffness, there are more examples. From the beginning, some research 

supported that cancer initiation requires mechano-transduction supported by matrix stiffness [41, 68, 

69], the opposite conclusion was obtained using an animal model, suggesting collagen I, the biggest 

tissue stiffness contributor, constrains cancer initiation [70]. Similar situations occurred when 

interrogating how stiffness/softness impacts cancer cell/cancer stem cell (CSC) stemness, soft [54, 95, 

97, 104, 105] and stiff [55, 106-108] supporters both hold plenty of evidence. 

 

1.2 Research gaps 

Based on the existing conflict that has been mentioned in the above part, when investigating the role 

of mechanics in physiology or pathology, research in mechano-biology especially mechano-

oncology sometimes lacks solidity. Despite the vitro systems based on biomaterials, currently the 

approach to confirm the correlation in vivo usually is to apply immunohistochemistry 

(IHC)/immunofluorescence (IF) staining to stain some well-identified markers to represent the cell 

phenotype and function, then analyze the collagen (fiber) density using picrosirius red 

staining/secondary harmonic generation (SHG) to represent ECM stiffness (few research paper 

directly applied atom force microscopy (AFM) to measure the elastic modulus [109]), and eventually 

check whether there is spatial co-localization. However, this simple method shows plenty of 

limitations: 

1. Using collagens or other molecules to represent ECM stiffness is not convincing, ECM stiffness 

is a purely mechanical parameter, which could be affected by many variables including ECM 

type, structure, and residing cells [110, 111]; 



2. For the intratumoral mechanical microenvironment, the mechanical heterogeneity is from large 

scale to single cell scale [111-113], an unbiased method at single cell scale to separate cell 

populations from tumor is more convincing; 

3. Simply using established biomarkers to assume the functional phenotype is not exclusive; 

4. Current IF-based colocalization analysis is limited in limited scale, which is not comparable to 

the tumor size, this method is not unbiased. 

 

Thus, we believe there is an urgent need to establish a new strategy to confirm the preliminary 

conclusions obtained based on simple mechanically homogeneous biomaterials, and this strategy 

cannot be another more advanced biomaterial, directly studying in vivo could be a promising 

direction. It’s also unknown about the co-evolutional relationship between mechanical cues and 

residing cancer cells, so it’s worth clarifying the crosstalk and interaction. 

 

1.3 Objectives and scopes 

Following on our previous project entitled “Local soft niches in mechanically heterogeneous 

primary tumors promote brain metastasis via mechanotransduction-mediated HDAC3 activity”, the 

missing clue is the solid evidence that the correlation between tissue softness (and HDAC3) and 

brain metastasis potential indeed exists in local niches at single-cell scale in primary breast tumor. 

Thus, the specific research objectives are listed below: 

1. Present a solid conclusion that our previous finding is also true in vivo; 

2. Explain how this process is achieved in vivo. 

 

 
 
 
 



 
 
 
 
 
 
 

Chapter II: Literature Review 

  



2.1  Cancer 

Cancer is the malignant disease that cell proliferates in an uncontrolled manner, currently there’re 

three group of theories about cancer nature, one group claims that uncontrolled cancer cell 

proliferation is a result of random mutations (somatic mutation theory [114]), random mistakes made 

during DNA replication in stem cells (R-mutations), heritable (H-mutations) or caused by 

environmental carcinogens (E-mutations) (bad luck theory [115, 116]), another group of theories 

believe cancer is a tissue-targeting disease, neoplastic phenotypes are potentially 

reversible/inducible through interactions with healthy/neoplastic tissue (tissue organization field 

theory [117-128]), the third group compromises opinions from both sides, states cancer initiation is 

caused by the developmental phenotypic cell plasticity, which could be affected by external factors 

such as development, ageing and injury (ground state theory [129, 130]), or argues that disrupted ECM 

architecture or crosstalk as well as cellular oncogenic variation are both required for the successful 

cancer initiation (load-trigger mechanism [131]). 

 

Except for uncontrolled and growth factor-independent cell proliferation, cancer has plenty of other 

hallmarks and representative behaviors, including growth suppression (cell-cell contact, senescence, 

lacking mechanical support, etc.) insensitivity, immune escape capacity, replicative immortality, 

pro-inflammation, angiogenesis, genome instability, cell death resistance, cellular metabolism 

reprograming and ability to invade and metastasize [132]. 

 

2.2  Cancer metastatic organotropism 

Metastasis is a long process, for the most common hematogenous metastasis, cancer cells break 

through the basement membrane, invade the local tissue, intravasate into and circulate through the 

vascular system, be entrapped in the microcapillaries, extravasate out, (enter and exit dormancy) 

and colonize in the secondary organ. Even though cancer could occur to most proliferative cell types 

across all human organs, primary tumor growth is usually non-lethal and surgically removable. In 

clinical cases, metastasis and secondary colonization at distant organs account for about 90% of 



cancer-associated patient death, which is the top two leading causes of premature deaths in multiple 

countries as the leading cause of death in populations < 65 years and 24% of all-cause of death in 

China during 2014-2018 [133].  

 

For cancer metastasis, the common targeting organs include bone (typically an early or sometimes 

the only metastatic site), brain (typically the late metastatic site), liver, and lung [134]. However, since 

metastasis is such a complicated process, multiple signaling and molecules even biophysical 

processes are involved [135], so the overall metastasis outcome is not completely random, this cancer 

cell organ-selective dissemination is defined as metastatic organotropism [4-6, 10, 136]. Precisely, on 

the one hand, cancer dissemination organotropism pattern is primary organ-dependent, such as lung 

cancer prefers bone, liver, brain, and adrenal gland, while colorectal cancer prefers the liver and 

lung. More importantly, cancer cells are heterogeneous [24, 103, 112, 132, 137, 138], which brings specific 

advantage targeting a specific secondary site for different subpopulations [135]. Noting that another 

above-mentioned hallmark of cancer is plasticity, thus organotropism could also be modified and 

shifted along with the phenotypic reprogramming by the external stimulus and internal responses [5, 

6, 11, 13-15, 83, 85]. 

 

Currently there have been lots of preliminary clues about the regulating mechanisms of metastatic 

organotropism, C-X-C motif chemokine 12 (CXCL12)/stromal cell-derived factor 1 (SDF-1) - C-

X-C chemokine receptor type 4 (CXCR4) axis was identified as a bone metastasis regulator [139-141], 

CXCL12 pretreatment increased bone metastasis specific endothelial adhesion in vitro, CXCR4 

blockage inhibited the invasion of prostate cancer [141], CXCR4 neutralizing antibody or specific 

blocking peptide skeletal metastasis burden in vivo [140]. Autotaxin (ATX) was routinely stored in α-

granules of resting human platelets, cancer cell recruited and aggregated platelets, causing the 

releasement of ATX and the production of lysophosphatidic acid (LPA), which dominated the early 

dissemination of breast cancer bone colonization [142, 143]. Tumor cell-derived granulocyte-colony 

stimulating factor (G-CSF) directly remodeled the vascular endothelium, while the blockade of G-

CSF reduced bone metastasis burden [144]. Tumor cell-secreted DKK1 regulated canonical WNT 

signaling of osteoblasts to promote bone metastasis, on the other hand, PTGS2-induced macrophage 

and neutrophil recruitment was suppressed by DKK1 via antagonizing cancer cell non-canonical 



WNT/PCP-RAC1-JNK pathway in lung lesion, DKK1 also inhibited WNT/Ca2+-CaMKII-NF-κB 

axis and reducing LTBP1-mediated TGF-β secretion of cancer cells [7]. Moreover, IL13Rα2, SPARC, 

and VCAM1 were identified as lung microenvironment-specific metastagenicity genes, while ID1, 

CXCL1, Cox-2, and MMP1 inhibited both primary and secondary lung lesion establishment [145]. 

Similarly, Cox-2, HBEGF, and EREG were found to regulate both lung and brain extravasation 

while ST6GALNAC5 was classified as a molecule specifically mediating brain-blood barrier (BBB) 

adhesion and transmigration capacity [146, 147]. Additionally, lipid metabolism was reported as a key 

regulator of brain metastasis [148-151]. 

 

 
Fig. 2.1 Representative pathways in the invasion of primary tumor cells and metastasis at different 

distant organs [152] 

 

2.3  Breast cancer metastasis 

To study the regulating mechanism of internal or external cues in organotropism and understand the 

process of organ-specific metastasis, breast cancer is regarded as a good model because it can 

metastasize to all the major organs including the central nervous system (CNS) (10-30%), bone 

(70%), liver and lung, this multi-directional potential provides flexibility for researchers [136]. Breast 

cancer is a malignant disease that primarily occurs in the breast, it showed a peaky mortality in 1989 

then gradually decreased by 42% till 2021, but it’s still ranking No.1 in female cancer patient 

incidence and mortality [1]. There are four original major subtypes of breast cancer, luminal A (ER 

or PgR positive, or both, HER2 negative, low proliferation), luminal B (ER or PgR positive, or both, 

HER2 negative, high proliferation), HER2-enriched (HER2 positive and ER and PgR negative for 



non-luminal, (HER2 positive and ER or PgR positive or both positive for luminal), and triple 

negative (sometimes called basal-like) breast cancer (TNBC) [153-155].  

 

TNBC is the most aggressive breast cancer subtype, contributing > 85% of invasive breast cancer 

with BRCA1 germline mutations, irresponsive to endocrine therapy and HER2-targeting therapy, 

and extremely metastatic [156]. 

 

2.4  Breast cancer brain metastasis 

Among all the metastatic targeting organs, brain metastasis in breast cancer, contributing to about 

90% of the CNS lesions, is most devastating because of both the extremely poor patient survival 

and the perturbation of key neurological functions, such as cognition and sensory [157]. 

 

Brain metastasis is a complicated cascade of different types. Recent research discovers a new breast 

cancer leptomeninges metastasis pattern by abluminal migration along the blood vessels connecting 

calvarial or vertebral bone marrow and meninges by hijacking hematopoietic migration pathway, 

and mirror neurons under stress to recruit and co-opt macrophage to survive after arriving 

leptomeninges [158]. Except this, most brain metastasis cases are caused by colonization of trans-

BBB-migrated cancer cells. In brain-targeting hematogenous metastasis cascade, firstly brain-tropic 

cells invade the local tissues and intravasate into the vascular system, which have not been found to 

be organ selective; then CTCs non-randomly circulate to brain micro-capillaries, which is 

determined by blood vessel architecture [83]; after that CTCs adhere to blood vessel endothelial cells, 

which requires the receptor of brain-specific blood vessel endothelial cell ligand [159]; next adhered 

cancer cells trans-migrate through BBB, which also selects brain-tropic cancer cells [146]; at last 

cancer cells invade brain parenchyma and colonize in the brain-specific viscoelastic 

microenvironment in different patterns [160-162]. 

 



2.5  Mechano-oncology 

Recent advances in mechano-oncology suggest the crucial role of intrinsic cell mechanics and 

external mechanical microenvironmental cues in every stage of cancer progression, which will be 

introduced above respectively. 

2.5.1 Cell mechanics in oncology 

Cell stiffness is the most straightforward cell mechanics aspect. At cancer initiation or tumor cell 

transformation stage, cell stiffness transiently increased and dropped [163, 164]. Mature cancer cells 

are usually softer than normal counterparts except few counterexamples (some cervix squamous 

cancer, leukemia, and liver cancer cells [165-168]) [47, 48, 95, 97, 168-170], meanwhile, cancer cell softness 

often signified more malignant features, including metastatic phenotypes, with higher stemness or 

invasiveness and resistance to immune surveillance or chemo/radiotherapy [46, 171-178]. Manipulation 

of cancer cell stiffness by modulating cytoskeletons, ERM, cholesterol, and other molecules shifts 

stemness, invasiveness, and therapeutic and immune resistance [47-49, 97, 171, 172, 175, 179]. Interestingly, 

metastatic organotropism could also be affected by cytoskeleton polymerization and disruption [179]. 

 

Except for cell stiffness, another important concept in cancer cell mechanics is cell contractility or 

traction force, contractile force created by actomyosin machinery is generated in all cells to actively 

probe and adapt to their residing microenvironment features including the mechanical properties. 

Contractility empowers cell motility, however, if contractility is not in equilibrium because of some 

external cues, then cells would be “positively” dragged toward the winner direction, this 

phenomenon is called directional cell migration [29, 52, 102, 180, 181]. It’s generally accepted the traction 

force in cancer cells is higher than in normal cells despite some rare exceptions [96, 182, 183]. Similarly, 

contractility is required for plenty of cell behaviors, down-regulating contractility on soft 

microenvironment limits cell fundamental functions [184], cancer cell-intrinsic high contractility 

regardless of whatever external mechanical cues enables cancer cell extreme microenvironment 

adaptation capacity [183], using pharmacological agents or gene knock-down/off to perturbate 

contractility significantly restores cell normal behavior in both normal cells and cancer cells [183-188]. 



However, contractility or traction force in some special cell types is not monotonically increasing 

along with external microenvironment stiffness, for these specific cells, their best cell function 

performance may appear at an optimized stiffness [189-191]. 

 

2.5.2 Tissue mechanics in oncology 

Tissue mechanics and cell mechanically sensitively responsive signaling are important parts that 

control cell behaviors in many ways during the whole lifespan of all living creatures [184, 192-194]. In 

neoplastic tissues and cancer cells, all these aspects are disturbed [53, 55, 78, 84, 88, 91, 102, 103, 105, 106, 108, 

135, 177, 179, 183, 188]. The role of these mechanical cues, properties, or signaling is complicated, each 

individual factor could be a tumor suppressor, promoter, bi-functioned, or display as an opposite 

regulator in a distinct disease process. The details will be listed as follows. 

 

Abnormal tissue mechanics is the most straightforward feature of cancerous tissue. Thousands of 

years ago, ancient doctors diagnosed cancer based on how tissue “feels”, even though at that time 

this “unknown disease” was believed to be incurable. Nowadays, precise physically defined 

parameters are applied to describe the physical properties of tissues, monitoring whether the tissue 

is in homeostatic order in this specific scale. 

 

After cancer initiation and during cancer progression, due to the uncontrolled proliferation of 

malignant cancer cells, the room for cancer cells and adjacent healthy cells is limited, this is called 

solid stress in terminology. Basically, solid stress is a compression force, the direction of solid stress 

at the tumor periphery is tangential and it’s a tensile stretch-like force while the direction is radially 

inside at the tumor core [23, 195]. Solid stress accumulates along with the process that cancer grows, 

in relatively mild and less-invasive tumors, it is found compressive solid triggers so-called 

symmetry breaking by increasing cellular heterogeneity on epithelial-to-mesenchymal transition 

(EMT) level, creating both epithelial-like less-invasive and mesenchymal-like invasive cancer cells 

[24]. Moreover, these reprogrammed heterogeneous cell subpopulations would be sorted in a specific 

“mesenchymal at periphery, epithelial in core” residing order in both 2D and 3D culturing models, 



generating an imbalanced stress gradient for a burst-like collective migration once solid stress is 

released [24, 33, 196]. In advanced-stage cancer, especially in the tumor periphery, extreme solid stress 

causes DNA damage but also educates cancer cells to be more invasive and malignant [25, 72, 73]. 

Interestingly, solid stress displays tumor suppressive manner by limiting proliferation and inducing 

apoptosis [25, 197-200]. Solid stress also affects tumor progression by influencing cancer-associated 

stroma cells, a well-identified example is cancer-associated fibroblast (CAF) [197, 201, 202]. 

 

Except for the solid stress, overcrowding scenario also impacts the vascular system function and 

integrity, resulting in hypoxia [113], acid-like immune suppressive [203-205], nutrition-deficient [206], 

drug unavailable [207], and high viscosity microenvironment, which promotes cancer cell migration 

and metastasis directly [27, 76]. Meanwhile, the body fluid leaks out of the circulating system and 

travels inside the tumoral tissue because of the irregular vessel system structure and integrity, 

generating elevated interstitial flow and IFP [26, 208, 209], IFP (or hydrostatic pressure) directly 

promotes cancer progress [74, 75, 210], luckily the elevated IFP could be partially rescued by anti-

angiogenesis chemo-therapy [211, 212]. Besides IFP, interstitial flow (or shear stress) deteriorates 

cancer progression as well [213-216]. Nevertheless, primary tumor is not the only location where shear 

stress modifies cancer cells, after intravasation cancer cells circulate in blood vessels, intense shear 

stress damages cancer cells and induces an aggressive phenotype transition at the same time [46, 79, 

80]. 

 

Tissue viscoelasticity describes how much energy is stored, released, and transferred into internal 

energy after deformation. Viscoelasticity can be generally comprehended with storage modulus (G’) 

and loss modulus (G’’), G’ refers to the elastic part of the material feature, describing the difficulty 

the material is deformed in responses to compressive, stretching, or shear stress instantly, while G’’ 

is the vicious property of material, describing a time-dependent resistance manner to deformation. 

The role of G’ (elasticity or stiffness) will be discussed afterwards. The role of G’’ (vicious 

component) in cancer tissue or cancer cells was identified recently [217-223], pioneer studies showed 

elevated G’’ promoted cancer initiation and reprogrammed the interaction between cancer cells and 

CAF [30, 224]. 

 



 

Fig. 2.2 Physical traits of cancer [66] 



 

Fig. 2.3 Signaling responsive to physical traits of cancer [66] 

 

2.6  ECM stiffness in cancer 

For most solid tumors, increasement in ECM stiffness occurred along with tumor progression. This 

correlation has been used to diagnose cancer for decades. Plenty of processes have been identified 

and well-studied to be relevant to the overall stiffening effect in tumor tissue, especially the over-

secretion of ECM components by cancer cells and CAFs as well as the aberrant ECM remodeling 



such as realignment and crosslinking [32, 110, 202, 224-235]. However, because of the evolution of the 

technology of mechanical probing and sensing, researchers realized that the mechanical properties 

of tumor tissue are heterogeneous instead of relatively homogeneous, and this heterogeneity 

spectrum covers a wide range from tumor bulk scale to single-cell scale [84, 102, 103, 111, 112, 170, 217, 232, 

236, 237]. 

 

As for how ECM stiffness impacts cancer cell behavior and overall cancer progression, current 

research exhibited controversial evidence based on the biomaterials selected as the research model. 

For cancer initiation or malignant transformation, several research claimed cellular malignant 

transformation requires specific ECM composition, stiffness, and mechanosensing, perturbating the 

focal adhesion, cytoskeleton, or contractility as well as unsupportive ECM type limited/reversed 

transformation [68, 69, 238]. Senescence was regarded as an anti-transformation cellular protection, it 

was reported senescence process is limited on stiffened ECM, which benefits the transformation 

[239]. In vivo conditions, there’s another group of anti-cancer innate immune processes called cell 

competition. Epithelial defense against cancer (EDAC) is a typical cell competition process that 

surrounding normal cells positively extrudes out the “loser” transformed cells to maintain epithelial 

homeostasis, which was demonstrated to be ECM stiffness-dependent [41]. Interestingly, a new form 

of cell competition was discovered recently, transformed SmoM2-expressing basal cells win the 

competition by inducing differentiation and apoptosis in neighbors on collagen I-enriched back skin 

but failed cancer initiation [70]. For proliferation, it’s generally accepted that elevated ECM stiffness 

promotes cancer cell proliferation across multiple cancer types [88, 94, 104, 240], but soft fibrin-selected 

tumor-repopulating cells (TRC) rapidly proliferated in soft matrices [95, 104, 241-243]. For cell motility, 

in most biomaterials including on stiff polyacrylamide hydrogel compared with soft, cancer cells 

showed enhanced migration and invasion [52, 78, 90, 102, 188, 244-246], but this conclusion was not 

consistent in all models [90, 92-98, 240, 247]. For cancer cell and cancer stem cell stemness, soft matrix 

especially softness stimulation in 3D culture was reported to enhance stemness in many different 

systems [54, 95, 97, 104, 105], but in 2D conditions or some evidence obtained from vivo, stiff 

polyacrylamide hydrogel maintained cell stemness [55, 106-108]. 

 



2.7  Stiffness modulation and ECM modification in tumor 

For most major solid cancer types, the overall stiffening effect is dominant in most tumor tissues, 

three major processes are involved in this process, including 1. ECM synthesis and secretion; 2. 

ECM modification and remodeling; 3. ECM degradation.  

 

ECM synthesis and (over)secretion result in ECM component deposition in tissue, laminin, and 

collagen IV construct basement membrane, fibronectin correlates with invasive EMT phenotype, 

collagen I limits cancer progression independent of matrix stiffness [248], non-enzymatic glycation 

and sulfation, creating AGEs and sGAGs [229, 249], which results in CAF activation, more malignant 

cancer cell phenotype transition and worse patient outcomes [249, 250]. Among various ECM types, 

fibrous collagen especially collagen I impacts stiffness most [67, 70, 113, 251, 252], many cell types in 

TME secret collagen (I), such as cancer cells [253], CAF [227, 231, 248], pericyte [252], etc. 

 

There are two different ways of ECM modification and remodeling, one is through cellular 

mechanical force engagement, like “dragging” ECM fibers towards the cell [110, 254], or pushing the 

fibers away such as before and during mitosis [255, 256], the other is via biochemical reactions, such 

as enzymatic reaction or crosslinking by membrane protein, soluble proteins or exosome component 

[102, 105, 237]. Similarly, plenty of cell types participate in this process, including cancer cells and 

stroma cells [182, 235, 257]. Moreover, bone morphogenetic protein 1 and Tolloid-like proteinases 

synchronize matrix assembly, which displayed a correlation with worse clinical outcomes [258-260]. 

 

ECM degradation is mainly caused by enzymatic cleavage, the related enzyme could also be on the 

cell membrane, soluble, or in exosomes. (membrane-type) matrix metalloproteinases ((MT-)MMPs), 

disintegrin and metalloproteinases (ADAMs), and (disintegrin and metalloproteinases with 

thrombospondin motifs) ADAMTSs are major players in this process. Membrane-form MMPs and 

ADAMs mediate cancer cell invasion [261-263], and soluble or exosome-form MMPs, ADAMs and 

ADAMTS directly interact with ECM [264-266]. Both paths affect cancer progression. Besides, 

cathepsins are responsible for intracellular digestion and protein turnover of ECM components in 

lysosomes [260], hyaluronidase disorder is typically observed in cancer, resulting in hyaluronan 



accumulation, on the other hand, tumoral uncanonical hyaluronidases transmembrane protein 2 

(TMEM2) and CEMIP are often overexpressed in solid cancer, leading to increased hyaluronan 

turnover as well as excessive formation of hyaluronan fragments, both high molecular mass 

hyaluronan and bioactive hyaluronan fragments promotes cancer progression [267, 268]. 

 

 
Fig. 2.4 Aberrant extracellular matrix remodeling in human diseases [269] 

 



2.8  CAF in tumor 

For most major solid cancer types, overall stiffening is relatively the leading effect. In all these cell 

contributors, CAFs are identified to be the strongest even dominant impactor to ECM stiffness [32, 

110, 202, 224-235, 270-280].  

 

Fibroblast dysfunction results in CAF generation, interestingly this process could occur even before 

neoplastic transformation [281]. However, fibroblast could display a distinct tumor suppressive role 

in the cancer initiation stage [282, 283] In later stages, the reprogramming of fibroblast towards CAF 

by cancer cells could be through TGFβ family receptors and the lipid mediator lysophosphatidic 

acid paracrine [284], which furtherly activate SMAD signaling and promotes cytoskeleton contractile 

activity and αSMA expression Cancer cell-fibroblast contact also induced CAF phenotype and 

deteriorate patient outcome via Notch/Jag1 signaling [285]. Inflammation-related cytokine such as 

IL1/6 promotes CAF transition through different ligand interactions and downstream pathways [286, 

287]. All these stimuli induced an epigenetic switch on CAF phenotype [288, 289], which is also tissue 

and cell mechanics dependent [273, 290-294]. During cancer progression, CAFs are accumulatively 

recruited, mostly from local tissue instead of originating from circulating precursor cells [295]. CAF 

also proliferates along with tumor progress [270, 271]. At late-stage cancer, CAF exhibits a tumor-

promoting manner, drives malignancy [296], suppresses immune surveillance or therapeutic 

efficiency [297, 298], leads collective migration [299], promotes cancer invasion [274, 278, 300], triggers 

metastasis [274, 301, 302], many of these protumor behaviors are achieved or promoted by the matrix 

depositing and remodeling capacity [197, 202, 225, 227, 231, 254, 258, 274, 276-280, 290, 291, 296, 300]. Currently, 

therapeutic strategies are developed to target CAFs. In some cases, depletion of CAFs significantly 

normalizes cancer stiffness [233], and pharmacologic inhibition or inactivation of the protumor CAF 

phenotype shows a similar outcome [234, 280]. Sometimes this strategy deteriorates clinical outcomes 

[282, 283]. 

 



2.9  Directional migration, durotaxis and viscotaxis 

Cell motility and migration is a basic cell function, which is important in physiological homeostasis, 

developmental process as well as diseases, including cancer. In many cases, cell migration patterns 

are non-random but properly initiated and precisely guided, even in cancer cell migration, invasion, 

and metastasis, cancer cell still follows the cellular fundamental migration principles. This group of 

behaviors is classified as directed cell migration [180]. 

 

There are plenty of classes of directed cell migration behaviors, based on the signal type that the 

cell responds to and determines cell migration direction, chemotaxis (cell responds and follows 

chemical concentration gradient), haptotaxis (cell responds and follows ECM ligand gradient), 

topotaxis (cell responds and follows topological feature gradient), galvanotaxis (cell responds and 

follows electric potential gradient), durotaxis (cell responds and follows stiffness gradient) and 

viscotaxis (cell responds and follows material viscous behavior) are identified. 

 

The first step of directed cell migration for the cell is to sense the signal gradient, for durotaxis and 

viscotaxis, the signaling sensing is mainly via the physical interaction between ECM ligand and 

mechano-sensitive membrane proteins. Integrins in focal adhesion and piezo1/2 channels could 

directly bind to different ECM proteins, which could act as candidates for the initiator of the 

mechanical gradient sensing stage [303]. Moreover, the membrane itself has been clarified as a 

mechanical sensor to trigger matrix-directed migration through membrane tension-caveolae-GEF 

Ect2-RhoA-actin polymerization-rear retraction mechanism [304, 305]. Here we’ll skip the above-

mentioned axis-independent manners to initiate the sensing stage [306], which are less related to this 

thesis [307]. 

 

After sensing the signal gradient, to accomplish directed cell migration, the establishment of cell 

polarity is critical. Currently, there are two proposed possible mechanisms, one is that piezo1/2 

activation by stretching/curvature sensing could locally increase the concentration of second 

messengers such as intracellular calcium [308, 309], which could possibly establish the cellular 

signaling anisotropy and further form the cell polarity. CD44 and other direct mechanical sensors 



show similar probability [307, 310-313], but it’s not verified yet. The other well-identified mechanism is 

through clutch reinforcement, which has been extensively described in the motor-clutch model since 

first established in 1988 [189, 190, 314-319]. In brief, clutch reinforcement refers to the positive feedback 

between the external mechanical microenvironment and cell mechanotransduction, this loop 

initiates firstly by the confirmational change and the activation of integrins in nascent focal 

adhesions by external mechanical forces, which further activates p130cas [320], FAK, and recruits 

talin1/2, vinculin, paxillin, Zyxin and more integrins to form mature focal adhesion, and furtherly 

enhances mechanotransduction. Supposing a cell was residing on a stiffness gradient, distinct 

mechanical stimuli on different slides would trigger clutch reinforcement differently so that there 

would be more integrins recruited to bind with ECM ligands and generate force at the stiffer side, 

eventually the cells would be dragged towards the stiffer microenvironment, this is the classical 

motor-clutch model with clutch reinforcement to describe durotaxis [180]. 

 

For a long period, people believed durotaxis is the nature of all migrative cells. Recently the 

collective durotaxis evidence has been identified in vivo [29]. However, few cell types were identified 

to be adurotactic even negative-durotactic [189-191, 318, 321]. Firstly, it was found various mechano-

targeting pharmacological agents showed the capacity to affect the durotaxis features [52], even being 

able to shift the optimal stiffness for cell migration or block the durotaxis behavior [189, 318]. People 

realized ECM-integrin catch bond-mediated lifetime matters in determining the durotaxis pattern in 

a stiffness biphasic manner, but normally this effect on bond lifetime was overridden by clutch 

reinforcement. Meanwhile, it’s found retinal ganglion cell (RGC) axon growth is surprising towards 

a softer microenvironment [321]. After that, a pioneer study identified the first negative-durotactic 

cell line, U-251MG human glioblastoma cells, and clarified the reason why the biphasic response 

wasn’t covered by clutch reinforcement was because the mechanotransduction signaling pathways 

were mechano-insensitive, adjusting the mechano-sensitivity based on this could alter durotaxis 

pattern [190]. And the next negative-durotactic cell type, acral melanoma cells, were identified 

afterward [191]. Although, currently there’s completely no clue about why some special cells exhibit 

negative-durotaxis patterns, what signaling pathways accounted for this special behavior, and 

whether durotactic patterns could shift like phenotypic transition [322, 323]. 

 



Viscotaxis is the recently defined directed cell migration manner in response to material viscous 

behavior, it’s reported that mesenchymal stem cell migrates towards a less viscous direction because 

of the focal adhesion and cell shape instability [324, 325]. Interestingly it’s predicted that Spiroplasma 

and Leptospira dynamically change body shape to prevent them from drifting to low-viscosity 

regions where they swim poorly [326]. 

 

Cancer cells showed highly migrative and invasive capacity in vitro and in vivo, most cancer cells 

are claimed to be durotactic, and 231-WT cells have been addressed as a positive-durotactic cell 

type in plenty of research. The viscotaxis behavior of cancer cells is not addressed but is likely to 

follow the negative-viscotaxis pattern [324, 325]. But till now, the role of positive/negative-

durotaxis/viscotaxis in cancer progression is completely unknown. 

 



 

Fig. 2.5 Mechanisms of durotaxis and negative durotaxis [323] 

 

2.10 Cell competition in cancer 

Cell competition refers to a process in which one cell type or cell subclone (winner cell) outcompetes 

the other (loser cell) in the co-culture system or in vivo [327]. Currently, there have been a series of 

cell competition modes identified in development, homeostasis, and diseases, including cancer. 

 

Cell competition has various types, if there’s no gap in cellular fitness levels between competitor 

clones, this leads to stochastic replacement events in tissue to maintain the homeostasis in different 



species, which is defined as neutral competition; if the one competitor somehow (such as inducing 

differentiation) exhibits proliferative advantage, the phenomenon is defined as biased competition; 

if one competitor positively eliminates the other, then the phenomenon is defined as active 

competition [327]. Cell competition functions differently in different stages of cancer, and many of 

them are proven or potentially mechanics-related. 

 

In the cancer initiation stage, cancer cells compete with normal stroma cells, which could be neutral, 

cancer-suppressive, and cancer-promoting [327]. This cell competition pattern between stroma cells 

and cancer cells could be patient, organ type, cancer type, cancer cell number, stroma cell type, 

specific mutation even karyotypes dependent [328-334]. EDAC is well-known as a tumor-suppressive 

cell competition pattern in the cancer initiation stage, normal healthy epithelial layers can squeeze 

out transformed cells from tissue for maintaining homeostasis, which has been found in plenty of 

cancer types [335, 336]. Intercellular classical mechanical responsive molecule mutations (src [337], 

CDC42 [338], YAP [339]) trigger the neighbor EDAC against these cells. The EDAC process is found 

to be cell-cell physical interaction-related and dependent [340, 341]. Meanwhile, ECM mechanical 

property is also reported to regulate EDAC efficiency [41]. Clonal competition in the cancer initiation 

stage has also been identified [342, 343], notch signaling dominates whether the clonal competition is 

neutral or biased in stratified epithelia, while consistent biased competition causes lateral expansion 

of mutant clones and eventually leads to cancer initiation [343-345]. Notch signaling requires contact 

area-dependent cell-cell physical interactions [346], the required force magnitude is about 4 pN to 12 

pN measured by DNA “Nano Yoyo” as the mechanical sensor [347], while it is found ROCK signaling 

as well as the actomyosin contractility in cell is required for notch signaling activation between cells 

[348-350]. The clonal competition in the haematopoietic bone marrow niche is a good example of 

continuous biased competition results in cancer initiation. The early expansion event of 

‘preleukaemic’ HSCs is through clonal haematopoiesis, in this process both biased drift and active 

selection are involved [351-353], this competitive advantage is also found to enhance the physical 

adherence to the basement membrane niche [354-356]. In solid tissues, it’s reported that mutant clones 

sometimes display a competitive advantage over adjacent normal cells, the competition could be 

biased or active and has been observed in carriers of many mutation types, including p53 [357], K-



Ras [358, 359], and plenty mechano-sensitive signaling, such as PI3K-Akt axis [359], notch signaling 

[359], Apc-β-catenin signaling [360-363], and Hippo-YAP signaling [330]. 

 

In established tumors, cell competition also exhibits bifunction. Cancer cells show extensive 

heterogeneity and rapid proliferation [12, 24, 99, 103, 137, 138, 231, 261, 364-366], meanwhile, series signaling 

pathways that drive developmental cell competition during embryogenesis are reactivated, thus a 

process referred to as ‘cancer evolution’ [367, 368]. This process largely increases the fitness of cancer 

to stimuli and deteriorates patient outcomes [364-366]. Here, YAP is found to be involved in 

competition between cancer cell clones as well, which promotes tumorigenesis [369], in normal cells 

or between stroma cells and cancerous cells similar role of YAP is observed [330, 362, 370-372]. The 

underlying mechanism of YAP-mediated cell competition is yet unknown, one hypothesis is YAP 

activation level reflects the cell's capacity to resist mechanical pressures [327]. 

 

  



 
 
 
 
 
 
 
 
 

Chapter III: Methods and Materials 
  



3.1  Cell culture 

HEK-293T human embryonic kidney cell line was a gift from Dr. RUAN Yechun (The Hong Kong 

Polytechnic University), SK-BR-3, 231-TGL, 231-BrM, and 231-WT human breast cancer cell lines 

were purchased from Memorial Sloan Kettering Cancer Center, all biomaterial-primed or virus 

transinfected variants, including 231-0.6, 231-35, pNDRG1-mCherry-fluc-231, pNDRG1-

mCherry-fluc-231-scp1, pNDRG1-mCherry-fluc-231-scp1-0.6 and pNDRG1-mCherry-fluc-231-

scp1-35 were generated in our lab. All these cells were cultured in High Glucose Dulbecco's 

Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) 

(Gibco) and 1% penicillin/streptomycin (HyClone). Human Cerebral Microvascular Endothelial 

Cells (hCMEC/D3) were cultured with EndoGRO-MV complete culture media kit (Sigma-Aldrich), 

which was supplemented with 200 ng/mL human basic fibroblast growth factor (bFGF; Sigma-

Aldrich) and 1% (v/v) penicillin/streptomycin. Human astrocytes, which were isolated from the 

cerebral cortex of the human brain, were kindly provided by Prof. YANG Mo (The Hong Kong 

Polytechnic University) and cultured in Astrocyte Medium (ScienCell). MCF-7 human breast cancer 

cell lines were purchased from Memorial Sloan Kettering Cancer Center and were cultured in 

RPMI-1640 medium (Gibco) with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. The human 

umbilical vein endothelial cell (HUVEC) line was a generous gift from Prof. YANG Mo (The Hong 

Kong Polytechnic University). The HUVECs were cultured in Endothelial Cell Medium (ScienCell). 

NIH-3T3 murine fibroblast cell line was a generous gift from Dr. ZhaoXin (The Hong Kong 

Polytechnic University) and cultured in Minimum Essential Medium α (MEMα) with 10% (v/v) 

FBS and 1% (v/v) penicillin/streptomycin. Murine mesenchymal stem cell (shorted for mouse MSC) 

was generously provided by Dr. Wen Chunyi (The Hong Kong Polytechnic University), cultured 

ECM (Endothelial Culture Media) supplemented with 10% (v/v) FBS and 1% (v/v) 

penicillin/streptomycin. In some experiments, cells were treated with doxycycline, 20 μmol/mL 

LY294002 for 24 h, 10 μmol/mL SC79 for 24 h, 10 μmol/mL RGFP966 for 24 h, 10 μmol/mL 

fatostatin HBr for 24 h, or 5 μmol/mL docosahexaenoic acid for 24 h. 0.25% trypsin (for cells 

cultured on a petri dish) or Ethylene Diamine Tetraacetic Acid (EDTA) (Sigma) (only for cells 

cultured on hydrogel) was used to passage cells. All cell lines were cultured in a 5% CO2 incubator 

at 37 °C. 



 

3.2  Preparation of polyacrylamide hydrogel 

Polyacrylamide (PA) hydrogel was prepared as previously described by Justin R. Tse et al.[373], 

generally, coverslip was treated with 0.1mol/L NaOH until evaporated, 3-

Aminopropyltriethoxysilane (APES) for 5 min and 0.5% (v/v) glutaraldehyde in phosphate-buffered 

saline for 30 min, then acrylamide, bisacrylamide, 10% ammonium persulfate (APS), 

Tetramethylethylenediamine (TEMED) and ddH2O were added with appropriate formula between 

treated coverslip and Dichlorodimethylsilane (DCDMS) hydrophobically modified glass slides, 

after fabrication 1 mmol/L N-Succinimidyl-6-(4-azido2-nitrophenyl-amino)hexanoate (SANPAH) 

was added to react under ultra-violate (UV) light, a thin layer of collagen-I was formed after 

overnight coating. 

 

Elastic Modulus 

 (kPa) 

acrylamide 

 (wt.%) 

bis-acrylamide  

(wt.%) 

APS 

(wt.%) 

TEMED 

 (wt.%) 

0.6 

2 

5 

15 

35 

3 

4 

5 

10 

10 

0.06 

0.1 

0.15 

0.15 

0.3 

1 

1 

1 

1 

1 

0.1 

0.1 

0.1 

0.1 

0.1 

Table 1.1 polyacrylamide hydrogel formula 

3.3  Lentiviral transfection 

pNDRG1-mCherry-puro and 3×FLAG-fluc-Neo vectors were synthesized by YanMing Biotech, 

Shenzhen, the design of shRNAs were: TLN1 target sequence: CCCAGAGTATTAACGCTCCAA; 

TLN2 target sequence: ACGATGCGTGTCGAGTCATTC; MYH10 target seq: 

CGGGATTCCTTCCTGAAAGAT; ITGA10: 5’-ACACACAAACAGACTGAAT-3’. The vectors 

were co-transfected with pMD.2G and psPAX2 vectors into HEK293 cells with Opti-MEM and 

lipo3000 Kits following the manufactory’s instructions to package lentivirus, after 48 h, the 



supernatant was collected, filtrated with PES membrane filter and treated with lentivirus 

concentration solution kit, the concentrated lentivirus was resuspended in Opti-MEM and added 

into corresponding cells, cells were treated with puromycin or G418 to purify the transfected 

populations with corresponding drug resistance. At last, single-cell cloning was conducted to enrich 

pNDRG1-mCherry-fluc-231 cells with the same sensor element copy number. 

 

3.4  Reverse transcriptase quantitative polymerase chain reaction 

(RT-qPCR) 

All primer nucleotide sequences used are listed in Table 1. below, including the primers used in the 

remaining chapters. 

Target  Forward Primer Reverse Primer 

GAPDH 

ANGPTL4 

Cox-2 

EREG 

HBEGF 

ITGAV 

ITGB3 

ITGA10 

TLN1 

TLN2 

Piezo2 

PTEN 

SCNN1A 

SERPINB2 

ST6GALNAC5 

MYH10 

PPL 

BMF 

NDRG1 

GCGACACCCACTCCTCCACCTTT 

GTCCACCGACCTCCCGTTA 

CTGGCGCTCAGCCATACAG 

GTGATTCCATCATGTATCCCAGG 

ATCGTGGGGCTTCTCATGTTT 

ATCTGTGAGGTCGAAACAGGA 

GTGACCTGAAGGAGAATCTGC 

AACATCACCCACGCCTATTCC 

GACGATGCAGTTTGAGCCG 

GCGTGTCGAGTCATTCGGG  

ATGGCCTCAGAAGTGGTGTG 

TGGATTCGACTTAGACTTGACCT 

AGGGGAACAAGCGTGAGGA 

CAGCACCGAAGACCAGATGG 

CACTGGACGGATACCTCGGA 

TGGTTTTGAGGCAGCTAGTATCA 

CCGGAGCATCTCTAACAAGGA 

GAGCCATCTCAGTGTGTGGAG 

CTCCTGCAAGAGTTTGATGTCC 

TGCTGTAGCCAAATTCGTTGTCATA 

CCTCATGGTCTAGGTGCTTGT 

CGCACTTATACTGGTCAAATCCC 

GCCATTCATGTCAGAGCTACACT 

TTAGTCATGCCCAACTTCACTTT 

TGGAGCATACTCAACAGTCTTTG 

CCGGAGTGCAATCCTCTGG 

GTTGGTAGTCACCTAAGTGGC 

GGGTCATCATCTGACAGAAAGAG  

CCCTTTCCTCGGGTCTTCATC 

ATGTCCTTGCATCGTCGTTTT 

GGTGGGTTATGGTCTTCAAAAGG 

GGTGGAACTCGATCAGGGC 

CCTGCAAAATCGCATCAGGATAA 

TCTGTCTGGTCAATCTGGGAG 

AGTCCTGAATAGTAGCGATCCTT 

GCATCCGCCTCTAGCACAT 

GCCAGCATTGCCATAAAAGAGTC 

TCATGCCGATGTCATGGTAGG 



Table 1.2 Primer nucleotide sequences. 

 

The protocol of RT-qPCR has been extensively proved efficient. In detail, total mRNA was extracted 

using the E.Z.N.A.® Total RNA Kit (Omega) according to the manufacturer’s instructions. The 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher) was employed to synthesize cDNA 

from the extracted total RNA. Primers for quantitative RT-PCR were designed based on sequences 

from the National Center for Biotechnology Information (NCBI) database or Primer Bank 

(https://pga.mgh.harvard.edu/primerbank/index.html) and are listed in Table 1. Quantitative RT-

PCR was performed using the Forget-Me-Not EvaGreen qPCR Master Mix with Rox (Biotium) and 

the CFX96 Real-Time System (Bio-Rad). Relative gene expression was calculated using the 2-ΔΔCT 

method and normalized to the expression of human glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). 

 

3.5  Immune fluorescence (IF) staining 

The protocol of IF was listed below: Cells or tumor cryostat sections were fixed with pre-chilled 4% 

PFA for 20 minutes at room temperature. Then samples were permeabilized with 0.3% Triton X-

100 in PBS for 20 minutes and washed with PBS. After that, samples were blocked with 1% BSA 

and 22.52 mg/mL glycine in PBS containing 0.1% Tween 20 (PBST) for 1 hour at room temperature. 

Diluted primary antibodies in 1% BSA in PBST were incubated with the samples overnight at 4℃. 

The next day, samples were washed three times with PBST for 5 minutes each and incubated with 

diluted secondary antibodies in 1% BSA in PBST at room temperature for an hour. Then, decant the 

solution wash three times with PBST, and stain nuclei with DAPI. For F-actin staining, use the 

CytoPainter F-actin labeling kit (Abcam, # ab112125) or fluorescence-labeled phalloidin as per the 

user guidebook. Imaging was performed with a confocal microscope (Leica, TCS SPE) using 40× 

and 63× objectives to capture images. The fluorescence intensity results were analyzed with Fiji 

software. 

 

The primary antibodies used in the study are listed below: HDAC3 (1:500; Abcam, cat. no. ab32369), 

Ki-67 (1:200, Abcam, cat. No. ab15580), Runx-2 (1:200; Abcam, # ab23981), SerpinB2 (1:200; 



Abcam, # ab47742), mCherry (1:100; Invitrogen, # m11217) The secondary antibodies used in the 

study are Alexa Fluor 594 Goat Anti-Mouse IgG H&L (1:400, Abcam, # ab150116), TRITC Goat 

Anti-Rat IgG H+L (1:1000; Invitrogen, # 26-4826-82) and Alexa Fluor 647 Goat Anti-Mouse IgG 

H&L (1:400, Abcam, # ab15011). 

 

3.6  AFM measurements 

In this study, we utilized an atomic force microscope (AFM; BioScope Catalyst, Bruker) in 

conjunction with an inverted fluorescence microscope (Nikon) to visualize the probe and precisely 

control the cantilever tip and sample position in bright field (BF) while quantifying mCherry 

signaling excited by a 488 nm laser. Before measurement, cryostat-sectioned tumor slides were 

attached to coverslips pre-treated with poly-l-lysine. Silicon cantilevers (MLCT, Bruker) with a 

spring constant of 0.03 N/m were used for stiffness measurements of tissues and collagen gels in 

subsequent chapters. AFM software initialization, microscopy, cantilever setup, and calibration 

were performed according to the user manual. Specifically, we employed the contact mode and 

ScanAsyst in Fluid mode to measure tissue/hydrogel stiffness in PBS. Subsequently, laser position 

adjustment, AFM position adjustment, and cantilever calibration were conducted sequentially. To 

obtain Young’s modulus of the tissue/hydrogel, the force (F) produced by the indentation between 

the probe and the cell was calculated using the formula  

𝐹𝐹 = 𝑘𝑘 × 𝛿𝛿 

, where (k) is the spring constant of the cantilever and (δ) is the indentation, which equals the sample 

height minus the deflection. Sneddon’s modification of the Hertzian model was used to fit force-

indentation curves generated by AFM for cantilevers with a pyramidal indenter. We calculated 

Young’s modulus value using the formula  

𝐹𝐹 =
2
𝜋𝜋
⋅ tan𝛼𝛼 ⋅

𝐸𝐸
1 − 𝑣𝑣2

⋅ 𝑑𝑑2 

, where (d) represents the depth of indentation, (α) represents half the tip angle, and (v) equals 0.5. 

We set (d) below 500 nm to avoid sample damage. The elastic values of cells were obtained in the 

perinuclear area to minimize the effect of substrate-induced outliers. Force curves were randomly 

selected from cells without cell-cell contact or tissue sections to evaluate cell/tissue stiffness. To 

measure the viscous property of tissues, we used another AFM (JPK NanoWizard V BioScience 



AFM, Bruker), the parameters for data collections were similar, and to calculate the dissipation area, 

JPK data processing 8.1 software was utilized. 

 

3.7  Orthotopic injection 

Nude/SCID female mice were used in this study. Mice were kept in cages under specific pathogen-

free conditions. FACS assay, pNDRG1-mCherry-231-TGL/pNDRG1-mCherry-fluc-231-scp1 cells 

were cultured on a tissue culture plate in vitro for population expanding, then mice (4–8 weeks) 

were injected with 1,500,000 tumor cells with Matrigel into fat pad. The primary tumor growth 

process was monitored according to luminescence density until surgical resection. Analgesic 

buprenorphine was administrated through drinking water if signs of pain or discomfort were 

observed. The average time of this experiment would be about 4 – 8 weeks. At the endpoint of the 

study, mice were euthanized by carbon dioxide asphyxiation, primary tumor was harvested, minced, 

and digested in trypsin and collagenase, followed by FACS protocol to sort out cells into different 

groups. 

 

3.8  Intracardiac injection 

For metastasis assay in vivo, intracardiac injection was performed. The collected cells were 

resuspended in PBS and injected into Nude/SCID mice's left cardiac ventricle. To confirm a 

successful injection, the photon flux from the whole body of the mice was immediately measured 

using an IVIS Xenogen bioimager. The metastasis progression was monitored, and the luminescence 

was quantified at the indicated time points. The average time of the experiment is about 4 weeks. 

At the endpoint of the study, mice were euthanized by carbon dioxide asphyxiation, whole metastatic 

organs (brain, lung, and bone) were removed, incubated in DMEM medium with luciferin, and 

photon flux was measured afterwards. The tumor mass was minced, digested, or sliced for further 

biochemical analysis. Analgesic buprenorphine was administrated through drinking water if signs 

of pain or discomfort were observed. All animals were inspected, and their health condition was 

monitored daily throughout the experiment period. 



 

3.9  Flow cytometry 

Cells were harvested using trypsin or EDTA, and after washing with PBS, samples were filtered 

with a cell strainer. The percentage of each subpopulation was then detected by BD Accuri C6 flow 

cytometer (BD Biosciences) or BD FACSAria III Cell Sorter (BD Biosciences). Data was visualized 

using FlowJo software. 

 

3.10  FACS 

FACS was utilized to separate cell populations based on fluorescence level, for preparation, cell 

suspensions were filtered with cell strains into single cells, after that cell samples resuspended in 

PBS were loaded into BD FACSAria III Cell Sorter following the instruction of the instrument, 

sorted cells were collected into DMEM for lateral analysis. For some specific experiment designs, 

mCherryhi/lo pNDRG1-mCherry-231 cells harvested from TCP were defined as the 10% of the 

brightest/darkest mCherry populations; mCherry+/- pNDRG1-mCherry cells obtained from 

xenografts were gated based on the expression level of mCherry of the same clone harvested from 

0.6/35 kPa polyacrylamide hydrogel gel. 

 

3.11  MACS 

MACS was adopted to select cancer cells from digested xenograft cells.  Mouse Cell Depletion 

Kit (Miltenyibiotec) and MACS platform consisted of MidiMACS™ Separator, MACS® 

MultiStand, and LS columns were utilized strictly following the manufactory’s instructions. In detail, 

centrifuged cell mixtures were resuspended in 0.5% BSA-contained PBS buffer, then mouse cell 

depletion cocktail was added in and incubated at 2~8°C, after incubation, cell mixtures were added 

into buffer-pre-rinsed LS columns installing on MACS Separator and MultiStand for isolation and 

collection. 



 

3.12  HDAC3 activity assay 

HDAC3 activity was measured as follows: To prepare the cell lysis, cells were washed with ice-cold 

PBS, and lysed cells in a non-denaturing lysis buffer (Solarbio, #R0030) supplemented with a 

protease inhibitor cocktail. To quantify protein, the protein concentrations were measured in the cell 

lysates using the bicinchoninic acid (BCA) assay to adjust protein concentrations to the same level 

across all samples for consistency. For immunoprecipitation, cell lysates were incubated with the 

HDAC3 primary antibody (Abcam, #ab13770) overnight at 4°C with gentle rotation. Then 

immunocomplexes were collected by incubating the lysates with protein-A/G beads (Abcam, 

#ab193262) for 2 hours, followed by four times washing to remove non-specific bindings beads. To 

measure the HDAC3 activity, the immunoprecipitated samples were tested using an HDAC 

fluorometric kit (Abcam, #ab156064). 

 

3.13 Cryostat sectioning 

Briefly, for the xenograft tissue cryostats section, the harvested tumor was washed with PBS, then 

embedded with optimal cutting temperature compound (Sakura), and snap frozen in liquid nitrogen. 

Leica CM1950 cryostats were utilized to cut frozen sample blocks into 10μm sections at -20°C, 

after that, tissue sections were transferred to poly-l-lysine-coated glass bottom dish or positively 

charged glass slides and immersed in PBS with 1% proteinase inhibitors (Beyotime) for following 

analysis. 

3.14 B-Mode Ultrasound, and Shear Wave Elastography 

The method of B-mode ultrasound, shear wave elastography on orthotopic xenograft was previously 

described [105], eight weeks after injection, mice were anesthetized, and ultrasound gel 

(AQUASONIC CLEAR) was smeared on the skin outside the primary lesion. Tumor margins were 



determined by B-mode ultrasound, tumor stiffness was detected using shear wave elastography 

imaging with SL22-7lab detector (Superlinear) and Aixplorer model (SuperSonic Imagine, France). 

 

3.15 In vitro BBB-transmigration assay 

The protocol of BBB-transmigration assay was published in Nature Protocols [374]. Briefly, Human 

Cerebral Microvascular Endothelial Cells (hCMEC/D3) and Human Primary Astrocytes were 

prepared beforehand, for the preparation of 3 μm pore size transwell inserts (Corning, cat. No. 3415), 

the inserts were treated with 1 μg/ml poly-L-lysine (Sigma-Aldrich) overnight, then the inserts were 

washed for four times with PBS, followed by coating with 0.2% gelatin (Sigma-Aldrich) for 30 

minutes. For plating astrocytes, the inserts were placed upside down in a 12-well plate. 1 × 105 

primary human astrocytes were resuspended in 30 μl culture medium and plated on the membrane 

surface. The seeded astrocytes were fed every 15 minutes for 5 hours. Then flip the inserts and place 

them back in 24-well plates. Then, plate hCMEC/D3 cells, 5 × 104 hCMEC/D3 cells were seeded 

to the upper chamber of the inserts and incubated on the plate for 3 days without any disturbance. 

To label cancer cells, 1 × 105 cancer cells were collected and incubated with CellTracker Deep Red 

Dye (Invitrogen) according to the manufacturer’s instructions. After labeling with fluorescence, the 

labeled cells were resuspended in a serum-free medium and added to the upper chamber of the 

above-mentioned transwell inserts with hCMEC/D3 and astrocyte. Cells were incubated for 48 

hours for free migration towards serum gradient. At the endpoint of the incubation, non-invading 

cells were removed, and the chambers were washed with PBS and fixed with 4% PFA, after staining 

the cells with DAPI, immunofluorescence images of multiple fields from 3-6 inserts per experiment 

were captured with Nikon Eclipse Ti2-E Live-cell Fluorescence Imaging System and cell numbers 

were counted with Fiji software. 

 



3.16  Preparation of gradient stiffness/viscous component 

polyacrylamide hydrogel 

Gradient stiffness polyacrylamide hydrogel was prepared following Aleksi Isomursu’s publication 

[190], which was similar procedures of PA hydrogel except the hydrophilic coverslip was switched 

into confocal dish and fluorescence beads-labeled 40 kPa unfabricated droplet and another 5 kPa 

unfabricated droplet on the other side was added and covered with hydrophobically treated coverslip. 

Gradient viscous component polyacrylamide hydrogel was prepared following Pallavi Uday 

Shirke’s publication [324], the gradient gels were prepared using a two-drop diffusion technique as 

described earlier, and the formulations used were listed in the table below. After fabrication, the 

functionalization procedure was the same as introduced in 1.6.2. 

 

G’ 

(kPa) 

G’’ 

 (Pa) 

acrylamide 

 (wt.%) 

bis-acrylamide  

(wt.%) 

APS 

(wt.%) 

TEMED 

 (wt.%) 

1.1 

1.6 

45 

300.62 

6.68 

8 

0.06 

0.26 

1 

0.5 

0.1 

0.15 

Table 1.3 polyacrylamide hydrogel formula 

 

3.17  Single-cell trajectory 

For single-cell trajectory, cells were labeled with fluorescence dye or transfected with fluorescence 

proteins, seeded in chips, gradient stiffness polyacrylamide hydrogels or gradient viscous 

component polyacrylamide hydrogels with low serum media, after cell attachment and fully 

spreading, cell locations were captured every 15 min with Nikon Ti2-E bioluminescence live cell 

imaging system (Nikon) and analyzed with Fiji and Chemotaxis and Migration Tool (ibid). 

 



3.18 Vascular endothelial cell adhesion assay 

For vascular endothelial cell adhesion assay, endothelial cells were pre-seeded into a 24-well plate, 

after achieving full confluency, cancer cells labeled with fluorescence dye or transfected with 

fluorescence proteins were added into the media and incubated for 10 min in a 5% CO2 incubator 

at 37 °C. Then non-adhered cancer cells were washed out three times with PBS, after that the 

adhered cells were fixed with 4% PFA and imaged with Nikon Ti2-E bioluminescence live cell 

imaging system and analyzed with Fiji. 

 

3.19 Bioinformatic analysis of scRNA-seq 

For bioinformatic analysis of scRNA-seq, the Seurat package was used to process data, in the quality 

control procedure, only cells fulfilled 200 < nFeature_RNA < 7500 & percent.mt < 10 & percent.HB 

< 3 & nCount_RNA < 50000 were included. To determine the dimensionality of the dataset, 

ElbowPlot was used to choose the largest dimensionality with a strong enrichment of low p-value 

genes for downstream clustering. Clustering trees was used to determine the optimal resolution. 

PCA was conducted with the above-determined parameters and visualized with UMAP, and cell-

type annotations were conducted with publicized makers. The statistical analysis was visualized by 

R and LoupeR. 

 

3.20 Bioinformatic analysis of spatial transcriptomes 

For bioinformatic analysis of spatial transcriptomes, Loupe Browser was used to show the gene 

transcriptional level, visualize the correlation transcriptional level between genes, filter the barcodes 

into different subgroups, and conduct the statistical analysis. 

 



3.21  Brain slides co-culture assay 

Brain slices from adult mouse brains were prepared following a previously reported method [375]. 

Brains were obtained from female BALB/c nude mice aged 6-8 weeks and embedded in preheated 

low-melting agarose at 42°C. The agarose-embedded brains were then sectioned into 250 μm slices 

using a vibratome (Leica, VT1200S). Subsequently, brain slices were transferred to 0.8 μm pore 

membranes (Millipore), and slice culture medium (DMEM supplemented with HBSS, 5% FBS, 1 

mM L-glutamine, and 1% penicillin/streptomycin) was provided. After incubating the brain slices 

at 37°C with 5% CO2 for 1 hour, 2 μL of medium containing 3 x 104 tumor cells were added to the 

surface of each slice and incubated for 48 hours. To assess tumor cell colonization on brain slices, 

the slices were gently washed with PBS once. Finally, 1 mL of 300 μg/mL D-luciferin (Abcam) was 

added to each well to cover the slice, and bioluminescence signals were measured. 

  



 

 
 
 
 
 
 
 
 
 

Chapter IV: Intratumoral local niche 
softness correlates with breast cancer 

brain metastasis in vivo 

  



4.1 Objectives and scopes 

Besides the above-mentioned aspects that mediate metastatic organotropism in Chapters I and II, 

there have also been some clues about whether and how mechanical cues shift metastatic 

organotropism. Tissue architecture was proved to affect metastatic organotropism in zebrafish [83]. 

Exosomes with different subtypes of integrin remodeled target organs to establish the premetastatic 

niche, which determined organ-specific dissemination [85]. Accumulating evidence indicated that 

ECM stiffness, an important mechanical property of tumors, also regulated organotropic metastasis. 

A pioneer study showed how different single-cell clones proliferated on different substrates could 

be a parameter strongly correlating with metastatic organotropism [86]. Culturing TNBC cell line 

SUM159 on stiff polyacrylamide hydrogels for long term established a bone-targeting metastasis 

pattern [84]. Our previous project proved long-term soft-priming displayed a neuron-mimicking gene 

expression pattern and shifted the organotropism of TNBC cell line MDA-MB-231 to brain-tropism, 

which was dependent on the mechanotransduction-induced HDAC3 expression and activity. 

 

Thus, this Chapter aims to prove that there is a correlation between tissue ECM mechanics and 

cancer cell brain metastasis capacity in vivo. The specific research contents are listed as follows: 

1. Design a transcription-based single-cell scale local niche stiffness biosensor by screening the 

mechano-sensitive promoter candidate across multiple breast cancer cell lines; 

2. Verify the effectiveness of the pNDRG1-mCherry stiffness biosensor using in vitro biomaterials 

with different stiffnesses and mechanical heterogeneous xenografts; 

3. Based on this system, test the brain metastasis capacity of soft/stiff niche residing cells. 

4.2 Results 

4.2.1  Persistent priming in soft niches in vitro shifts breast cancer 

metastatic organotropism to brain-tropic  

As the above-mentioned findings concluded, culturing human TNBC cell line MDA-MB-231 on 

0.6 kPa polyacrylamide hydrogel gradually attenuates the bone-metastatic potential while 



enhancing the brain-metastatic potential compared with 35 kPa culturing. This chapter aims to 

provide solid proof that this scenario, which we induced using biomaterials in vitro, indeed 

happened in vivo. Here, firstly we applied non-invasive ultrasonic elastography to measure the 

tissue stiffness range of the established orthotopically transplanted tumor xenograft using MDA-

MB-231-TGL (shorted for 231-TGL), the results showed that the tumoral ECM stiffness ranges 

from 0.2 to 45 kPa while distributed randomly at large scale in tumor (Fig. 4.1a). This result is 

consistent with previous pioneer findings [111, 112, 170], meanwhile, this range well-covers the 0.6 kPa, 

5 kPa, and 35 kPa that polyacrylamide hydrogels our previous projects applied. 

 

Next, 231-TGL cells were seeded on 0.6 kPa and 35 kPa polyacrylamide hydrogel and stimulated 

for 30 days, these cells were named 231-0.6 and 231-35 afterwards. Just to double confirm the 

previous findings, we applied RT-qPCR to test the mRNA level of the classical brain/bone-

metastatic gene markers of 231-0.6 and 231-35, which to find the brain-metastatic gene spectrum 

were up-regulating after soft-priming while bone-metastatic genes were down-regulated (Fig. 

4.1b,c). The representativeness of brain metastasis gene Cox-2, SerpinB2, and bone metastasis gene 

Runx-2 was verified using IF by comparing 231-TGL and MDA231-BrM2-831 (shorted for 231-

TGL), an MDA-MB-231-TGL variant selected/reprogrammed by multiple rounds of intracardially 

injection and brain lesion enrichment (Fig. 4.1d-f), and we measured the Cox-2, SerpinB2 level as 

well as Runx-2 n/c ratio in 231-0.6 and 231-35 (Fig. 4.1g-i). Additionally, we intracardially injected 

231-0.6 and 231-35 into nude mouse fat pad, to find an increasement in brain metastasis intensity 

and incidence in the 231-0.6 group (Fig. 4.1j). In summary, soft-primed 231-0.6 showed advanced 

brain metastasis potential and limited bone metastasis potential, consistent with our previous finding. 

 



 
Fig. 4.1 Persistent priming in soft niches in vitro shifts breast cancer metastatic organotropism to brain-
tropic. (a). Ultrasonic elastography graph of mouse fat pad orthotopic tumor xenograft. (b). mRNA 
transcriptional level and statistical analysis (with two-tailed Welch's t-test) of representative bone 
metastatic genes in 231-0.6 and 231-35. (c). mRNA transcriptional level and statistical analysis (with 
two-tailed Welch's t-test) of representative brain metastatic genes in 231-0.6 and 231-35 (n=3). (d-f). 
Representative confocal microscopy images and statistical analysis (with Mann-Whitney U test) of Cox-
2 (n=76/43), SerpinB2 (n=66/61), and Runx-2 (n=42/41) in 231-TGL and 231-BrM. (g-i). Representative 
confocal microscopy images and statistical analysis (with Mann-Whitney U test) of Cox-2 (n= 64/82), 
SerpinB2 (n=64/61), and Runx-2 (n=40/42) in 231-35 and 231-0.6. (j). Representative bioluminescence 
images and statistical analysis of nude mice intracardiacally injected with 231-0.6 and 231-35 cells 
(n=5). (Error bars represent s.e.m., *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.) 
 

4.2.2  Strategy to identify and separate subpopulations residing in 

local niches with different stiffnesses 

Since we double-confirmed distinct overall mechanical stimulation on polyacrylamide hydrogel 

with different stiffness alters metastatic organotropism, especially what we focused on here, soft-

priming enhanced brain metastatic capacity. Next, we asked whether, in the real tumor, this 

regulating process occurred as well, at least we are supposed to provide evidence there is a solid 



correlation between tissue stiffness and brain metastatic gene expression, the mechanistic molecule 

(HDAC3 in previous finding) as well as brain metastatic related cellular functions.  

 

Like what was mentioned in the background part, the intratumoral stiffness properties vary in a wide 

range and are distributed in a heterogenous pattern [103, 111, 112, 232], moreover, it’s found cancer cells 

were able to sense stiffness at a certain distance away through fiber remodeling [182, 376], and cancer 

cells communicated with each other in tumor [330, 369, 377]. So, precisely clarifying our goal, we need 

to prove there’s a solid correlation between intrinsic self-established spatiotemporally 

heterogeneous intratumoral tissue stiffness (softness) at the local niche scale and the (brain) 

metastatic potential of individual niche resident cancer cells. 

 

To fulfill the requirement, the strategy we raised is to establish a single-cell scale local niche stiffness 

biosensor, this sensor should be fluorescence-based and well-functioning in live cells so that except 

staining the markers, we could also test the efficiency of the sensor using AFM in cryo-stats sections 

without PFA treatment, which has been proved to crosslink the ECM and impacts the tissue stiffness, 

we could even separate live cancer cell subpopulations harvested from tumor xenograft based on 

their previously residing local niche stiffness with magnetic-activated cell sorting (MACS) and 

fluorescence-activated cell sorting (FACS), then further analysis could be done. 

 

4.2.3  The design of a single-cell scale local niche stiffness biosensor 

Based on our ambition, here we summarized the features that our sensor should achieve: 

1. Responding to ECM stiffness; 

2. Fluorescence-based so that FACS could recognize; 

3. Signal should be sensitive and monotonic within the intratumoral stiffness range (Fig. 4.1a); 

4. Signal intensity MUST be strong, or the tissue autofluorescence may disturb the sensor 

signaling; 

5. The response to external mechanical cues CANNOT be transient, or the tissue digestion, MACS, 

and FACS procedures may perturb the signal outcome. 



 

Thus, here we established a sensor design consisting of fluorescence protein mCherry driven by an 

extremely mechano-sensitive promoter (Fig. 4.2a), which was inspired by the commonly used 

fluorescence reporter and a few previous projects [113, 377-379]. This sensor takes advantage of the 

intrinsic cell mechanosensing, which naturally functions at a single-cell scale, the external ECM 

mechanical features would be recognized by the cells, and the mechano-sensitive promoter would 

mechano-sensitively recruit transcription factors to produce mCherry mRNA for further protein 

synthesis. Meanwhile, mCherry is a very stable fluorescence protein with half a lifetime > 20 h [380]. 

 

4.2.4  Multiple transcriptome analysis screened pNDRG1 as the most 

mechanosensitive promoter across multiple human breast 

cancer cell lines 

Following the above-mentioned design, here we would like to find the most mechanosensitive 

promoter in breast cancer, if ignoring the post-transcriptional modification, the mRNA level could 

fully represent the promoter transcriptional activity under a certain circumstance, thus we applied 

an RNA-seq to 231-0.6 and 231-35, we set two requirements for the premising candidate gene 

expression: high fold changes and high mRNA fragments per kilobase million (FPKM) to optimize 

the output signal quality and resolution; to avoid the cell-line dependency, we utilized the similar 

RNA-seq data (GSE1278887) in which SUM159 TNBC cell line was cultured on soft vs stiff 

polyacrylamide hydrogels published by Adam W. Watson’s group and took the intersection part (Fig. 

4.2b) [381]. Venn graph showed 4 genes fulfilled both requirements in both cell lines [382], NDRG1, 

PPL, KLRC2, and BMF were up-regulated on soft (Fig. 4.2c); while no candidate up-regulated on 

stiff was identified (data not shown). 

 

Within these four candidate genes (promoters), NDRG1 showed localization at the top-right (Fig. 

4.2d), indicating a good performance. Besides signaling sensitivity comparing 231-0.6 with 231-35, 

we expect signal monotonically responds within the intratumoral stiffness range (Fig. 4.1a), so we 



seeded 231-TGL on 0.6 kPa, 5 kPa, 20 kPa, 35 kPa and TCP as positive control, check the mRNA 

transcriptional level of these genes, which to find only NDRG1 showed a smooth decrease in the 

whole interval (Fig. 4.2e). Thus, NDRG1 was finally selected to further construct the stiffness-

responsive biosensor. 

 

 
Fig. 4.2 Design and multiple transcriptome analysis screening of single-cell scale local niche stiffness 
biosensor lentiviral plasmid map consisting of the mechano-sensitive NDRG1 promoter-driven mCherry 
encoding gene (a). Lentiviral plasmid map of the sensor. (b). Workflow of multiple transcriptome analysis 
screening. (c). Venn graph for intersections of high fold changes and high mRNA FPKM in MDA-MB-
231 and SUM159 cells on soft polyacrylamide hydrogel. (d). Volcano plot of transcriptomes of 231-0.6 
and 231-35 cells. (e). mRNA transcriptional level and statistical analysis (with ordinary one-way ANOVA 
Tukey's multiple comparisons test) of NDRG1, PPL, KLRC2, and BMF in 231-TGL cells seeded on 0.6, 
5, 20, 35 kPa polyacrylamide hydrogel and TCP (n=3). (Error bars represent s.e.m., ****: P < 0.0001.) 

 

4.2.5  Verification of the effectiveness of pNDRG1-mCherry 

biosensor in vitro and in vivo 

After successful stable transfection and selection of pNDRG1-mCherry and 3X FLAG-fluc 

plasmids into a 231-WT cell line. To test the effectiveness of the sensor in vitro, we seeded the 

transfected pNDRG1-mCherry-fluc-231 cell line on 0.6 kPa and 35 kPa polyacrylamide hydrogels 

(Fig. 4.3a), confocal microscopy proved the mCherry level of (short-term) soft-primed pNDRG1-

mCherry-fluc-231 was significantly upregulated than stiff-primed (Fig. 4.3b). Flow cytometry 

confirmed the increasement trend, and the final positive ratio is about 13% (Fig. 4.3c). 

 



More importantly, the pNDRG1-mCherry-fluc-231 cell line was orthotopically injected into the fat 

pad to form a mechanical heterogeneous tumor xenograft, then we cryo-stat sectioned the tumor 

(Fig. 2.3d). We conducted SHG to visualize the collagen fibers as stiffness indicator, we found in 

both tumor core and periphery mCherry- cells co-localized with aligned collagen fibers while 

mCherry+ cells did not (Fig. 4.3e), then we directly measured the stiffness of the fresh cryo-stat 

sectioned tumor slides, the results showed mCherry only rose where Young’s modulus was 

extremely low (~ 1000 Pa or less), while Young’s modulus of other areas is ~10 kPa (Fig. 4.3e,f). 

These results substantiated the pNDRG1-mCherry biosensor well-functioned in vitro and in vivo 

with high efficiency, we would be able to identify and furtherly separate subpopulations residing on 

local niches with different stiffness. 

 

 
Fig. 4.3 Verification of the effectiveness of pNDRG1-mCherry biosensor in vitro and in vivo. (a) 
Workflow, (b) representative confocal microscopy images and statistical analysis (with Mann-Whitney 
U test) of pNDRG1-mCherry-231 cells seeded on 0.6 and 35 kPa polyacrylamide hydrogel 



(n=228/189). (c). Flow cytometry graph of pNDRG1-mCherry-231 seeded on 0.6 and 35 kPa 
polyacrylamide hydrogel. (d) Workflow, (e-g) Multiphoton microscopy, fluorescence microscopy, atom 
force microscopy, and statistical analysis (with simple linear regression and two-tailed Welch's t-test) of 
elastic modulus mapping of mouse fat pad orthotopic tumor xenograft generated from pNDRG1-
mCherry-231 cell line (n=60). (Error bars represent s.e.m., ****: P < 0.0001.) 

 

4.2.6 Fidelity of the developed biosensor to represent the local niche 

stiffness in vivo 

Before we start, there’s a series of issues that need solving. Firstly, we exclude cell line dependency 

by testing the effectiveness of the pNDRG1-mCherry sensor in the MCF-7 and SK-BR-3 cell lines 

(Fig. 4.4a). Then, our previous finding showed that in long-term culture scenarios, some specific 

genes (such as brain metastasis genes, bone metastasis genes, inflammation-related genes, neuro-

related genes, etc.) displayed a time-dependent increasing tendency, we hope our sensor signal to 

be stable and trustable, thus we cultured pNDRG1-mCherry-fluc-231 on 0.6 kPa and 35 kPa for 30 

days (shorted for pNDRG1-mCherry-fluc-231-0.6/35), check whether the signal outcome showed 

an accumulative effect, flow cytometry results found the mCherry peak slightly shifted, however, 

the positive ratio remains stably comparing long-term culture with short-term culture (Fig. 4.4b), 

we suppose this will not influence our actions afterwards. 

 

Next, we were concerned that the plasmid/lentivirus transfection process naturally introduced an 

extra variable, which is the copy number of the pNDRG1-mCherry element. mCherry signal 

outcome of pNDRG1-mCherry-fluc-231 cell line with imbalanced copy number cannot accurately 

reflect the local niche stiffness info, therefore, we conducted single cell clone technique and 

obtained pNDRG1-mCherry-fluc-231-scp1 cell line and check the sensor reporting performance. 

As a result, we observed a relatively narrow peak and a dramatic rise in the positive ratio in soft-

primed pNDRG1-mCherry-fluc-231-scp1 vs stiff-primed (Fig. 4.4c). This clone was applied for the 

remainder of this study. 

 

Next, regarding NDRG1, its role in tumor progression, especially metastasis, was controversial in 



previous research. Plenty of evidence has demonstrated that NDRG1 functions as a metastasis 

suppressor, such as recent research showed metixene, an anti-Parkinson drug, directly up-regulates 

and phosphorylates NDRG1 to prevent breast cancer (231-BrM and other cell lines) brain metastasis 

[383], meanwhile, some research claimed NDRG1 regulates or at least correlates with brain metastatic 

potential or related signaling (like lipid metabolism [148, 149, 151, 384-386]) [387-391]. 

 

On the one hand, the possibility that the inserted pNDRG1-mCherry element would competitively 

inhibit the increasing trend of brain metastasis cannot be easily excluded. So, we used RT-qPCR to 

confirm our previous finding, luckily the promoting effect of soft-priming on brain-metastatic 

potential remained in pNDRG1-mCherry-fluc-231-scp1-0.6 (Fig. 4.4d) 

 

Since we had excluded competitive inhibition, on the other hand, we wouldn’t expect NDRG1 itself 

could function as a brain metastasis regulator independent of tissue mechanics, or the methodology 

to use mCherry/pNDRG1 transcription level as a ruler to represent the local niche softness, then 

looking for a positive correlation between mCherry(pNDRG1) and brain metastasis capacity could 

be an entire circular argument. Hence, we applied FACS to sort out the mCherryhi and mCherrylo 

(defined by highest/lowest 10% mCherry level) from TCP cultured pNDRG1-mCherry-fluc-231-

scp1 (Fig. 4.4e), to check whether mCherry level naturally represented brain metastatic 

subpopulation independent of stiffness heterogeneity. Unexpectedly, we found mCherryhi group 

signified lower brain metastasis potential (Cox-2, SerpinB2 level) instead of higher (Fig. 4.4f,g), 

while had no impact on bone metastasis potential when stiffness was homogenous (Fig. 2.4h). 

 



 
Fig. 4.4 Fidelity of the developed biosensor to represent the local niche stiffness in vivo. (a). Flow 
cytometry graph of pNDRG1-mCherry-SK-BR-3 and pNDRG1-mCherry-MCF-7 cells seeded on 0.6 
kPa polyacrylamide hydrogel and TCP. (b). Flow cytometry graph of pNDRG1-mCherry-231 cells 
seeded on 0.6 and 35 kPa polyacrylamide hydrogel for 3 days and 30 days. (c). Flow cytometry graph of 
pNDRG1-mCherry-fluc-231-scp1 cells seeded on 0.6 and 35 kPa polyacrylamide hydrogel. (d). mRNA 
transcriptional level and statistical analysis (with two-tailed Welch's t-test) of representative brain 
metastatic genes in pNDRG1-mCherry-fluc-231-scp1-0.6 cells and pNDRG1-mCherry-fluc-231-scp1-
35 (n=3). (e). Workflow, (f-h) representative confocal microscopy images and statistical analysis (with 
Mann-Whitney U test and simple linear regression) of mCherryhi and mCherrylo cells identified by FACS 
from pNDRG1-mCherry-fluc-231-scp1 cultured on TCP (n=40/53 for Cox-2, n=42/81 for SerpinB2, 
n=32/38 for Runx-2,). (Error bars represent s.e.m., ns: no significance, ****: P < 0.0001.) 

 



4.2.7  Local niche softness within tumor xenografts correlated with 

breast cancer brain organotropism 

After all the above-mentioned preparation, we could use the sensor system to interrogate the brain 

metastasis potential of soft/stiff local niche residing cancer cells in orthotopic xenograft.  

 

First, we examined the brain metastasis potential of soft/stiff local niche residing cancer cells. Firstly, 

we conducted IF staining at cryo-stat sectioned tumor xenograft slides, and directly checked whether 

the brain metastatic gene positively correlated with mCherry softness-representing signal in situ 

(Fig. 4.5a). The results demonstrated compared with the previous result that brain metastatic genes 

negatively correlated with the mCherry signal without the presence of mechanical heterogeneity, 

which was the baseline (Fig. 4.5e-g), here the negative correlation between Cox-2 expression level 

and mCherry signal disappeared, meanwhile, the SerpinB2 level rose and displayed a significant 

positive correlation with mCherry level at single-cell scale (Fig. 4.5b and c), while Runx-2 N/C ratio 

(as bone-metastatic potential ruler [84]) showed a greatly negative correlation with mCherry signal 

at single-cell scale (Fig. 4.5d). We also stained F-actin (our previous study showed cytoskeletons 

are indicators of metastatic organotropism [179]) and HDAC3 (the mechanistic molecule we 

identified that softness induced to promote brain metastasis in vitro). We also noticed a 

positive/negative correlation between HDAC3 level as well as F-actin signaling and mCherry signal 

at single-cell scale (Fig. 4.5c and e). Noted that Runx-2 nuclear translocation and actin 

polymerization are both well-known direct mechanical responses, thus these results were another 

two proves that our single-cell scale pNDRG1-mCherry softness biosensor well-functioned in vivo 

as expected [192, 392-394]. 



 
Fig. 4.5 Intratumoral local niche softness correlated with brain metastatic markers and HDAC3 level in 
situ. (a). Workflow, (b-e) representative confocal microscopy images and statistical analysis (with simple 
liner regression) of mCherry, Cox-2 (n=55), SerpinB2 (n=59), F-actin (n=59), Runx-2 (n=43), and 
HDAC3 (n=41) in mouse fat pad orthotopic tumor xenograft slides generated from pNDRG1-mCherry-
fluc-231-scp1 cell line. 

 

In-situ colocalization analysis straightly links local niche softness and brain metastasis potential, 

nevertheless, metastasis is a process started after cancer cells shed from the primary tumor, this is 

currently what only we could do based on the established stiffness sensor system. Here we designed 

a “gating-in-vitro and sorting-from-vivo” workflow (Fig. 4.6a), in detail, to separate the soft/stiff 

local niche resident subpopulations, firstly we should define the precise level of mCherry signal, 

above which we could assume that single cell was likely to be harvested from soft local niche, so 

we cultured the pNDRG1-mCherry-fluc-231-scp1 cell on 0.6 kPa and 35 kPa polyacrylamide 

hydrogels in vitro, and define the mCherry level that stiff-primed could hardly reach (ratio < 1%) in 

vitro as “mCherry+ gate”. 

 

Next, the same pNDRG1-mCherry-fluc-231-scp1 clone was orthotopically injected into nude 

mouse fat pad. After the successful establishment of a pNDRG1-mCherry-fluc-231-scp1-based 

tumor xenograft with naturally self-established intrinsic mechanical heterogeneity, we harvested the 

tumor xenograft, minced the xenograft and digested it with trypsin and collagenase, the MACS 

procedure was applied to the digested tissue suspension with mouse cell depletion kit to exclude all 

non-cancer stroma cells afterwards, at last, we employed FACS to the collected cancer cell mixtures, 



and the subpopulation with mCherry level above the “mCherry+ gate” was defined as mCherry+ 

cells, we assume it was located in soft local niches in the tumor, while others were defined as 

mCherry- cells as a control. Please note that rigorously speaking, we can only guarantee mCherry+ 

cells were likely to have lived on soft niches in xenograft, however, we cannot be sure where 

mCherry– group was harvested from. From the results we can tell, compared with polyacrylamide 

hydrogel-primed pNDRG1-mCherry-fluc-231-scp1 clone, xenograft-derived cell population 

showed a wide and skew distribution where mCherry positive ratio was ~5% or less (Fig. 4.6b), 

suggesting most cells were residing on stiff local niches in tumor xenograft, consistent with the 

generally accepted notion at most tumor is globally stiffened along with cancer progression [53, 55, 78, 

84, 88, 91, 102, 103, 112]. 

 

We applied FACS to separate mCherry+ and mCherry- cells and did a similar comparison, the result 

came out similar, Cox-2 level in mCherry+ group cells increased to the level that is comparable with 

mCherry- group (Fig. 4.6c), SerpinB2 level in mCherry+ group increased and was even higher than 

mCherry- group (Fig. 4.6d), meanwhile the Runx-2 N/C ratio was much higher in mCherry- group 

than the counterpart in mCherry+ group (Fig. 4.6e). Besides, we detected the HDAC3 activity of 

mCherry+ and mCherry- cells, and the results were consistent with our previous finding in vitro, soft 

local niche residing mCherry+ cells exhibited higher HDAC3 enzymatic activity (Fig. 4.6f). All the 

above results indicated that in the primary tumor, local niche softness/stiffness strongly correlated 

with brain/bone metastatic potential. 

 



 
Fig. 4.6 Tumor cells residing in local soft niches of the xenografts displayed higher levels of brain 
metastasis markers and HDAC3 activity. (a). Workflow of “gating-in-vitro and sorting-from-vivo” and 
(b) flow cytometry graph of pNDRG1-mCherry-fluc-231-scp1 seeded on 0.6 and 35 kPa polyacrylamide 
hydrogel and the tumor cells harvested from pNDRG1-mCherry-fluc-231-scp1 mouse fat pad orthotopic 
tumor xenograft (n=3). (c-e). Representative confocal microscopy images and statistical analysis (with 
Mann-Whitney U test and simple linear regression) of mCherry, Cox-2 (n=139/92), SerpinB2 (n=99/67), 
and Runx-2 (n=108/72) in mCherry- and mCherry+ cells. (f). HDAC3 activity of and statistical analysis 
(with two-tailed Welch's t-test) of mCherry- and mCherry+ cells. (Error bars represent s.e.m., ns: no 
significance, *: P < 0.05, ***: P < 0.001, ****: P < 0.0001.) 

 

After that, we tested the classical cancer cell brain metastatic functions of soft/stiff-residing 

mCherry+/mCherry- cells obtained from tumor xenograft. 

 

BBB is an integrated semi-permeable structure that selectively permits specific molecules or cell 

types to pass, it consists of three components: brain endothelial cell of the brain microcapillary, 



astrocyte end-feet ensheathing the microcapillary, and pericyte to embed in the basement membrane 

of the brain microcapillary. BBB stops the passage of any harmful or unwanted pathogens, 

molecules, or cell types, cancer cells included. It’s believed that BBB is one of the biggest barriers 

for cancer cells to establish brain metastasis. Here we used an in-vitro BBB-transmigration model 

to examine the BBB trans-migration ability of mCherry+ and mCherry- cells, it was found mCherry+ 

group showed a significant BBB trans-migration ability advantage over than mCherry- cells (Fig. 

4.7a).  

 

Next, we check the proliferation ability of mCherry+ and mCherry- populations in a soft 

microenvironment. Both groups were seeded on 0.6 kPa and 35 kPa polyacrylamide hydrogels after 

FACS and applied Ki67 staining after 24 hours to interrogate their proliferation ability in different 

mechanical conditions, mCherry+ group showed a higher proliferation ratio on 0.6 hydrogel and 

compromised proliferation ability on 35 kPa comparing with mCherry- group (Fig. 4.7b), indicating 

soft/stiff-local niche residing cells displayed proliferative advantage in niches with corresponded 

niches and held stronger clonal expanding ability on brain/bone-stiffness mimicking biomaterial. 

Interestingly, for both groups the above-mentioned proliferative advantage remained after 7-day 

culture on TCP right after FACS from tumor xenograft (Fig. 4.7c), reminiscent of the long metastatic 

journey in vivo and mechanical memory in organotropism maintaining [2, 4, 13, 20, 31, 80, 81, 84, 99, 134, 136, 

157]. 

 

Then we validated the colonization ability of mCherry+ and mCherry- populations in complex real 

brain microenvironment by seeding mCherry+ and mCherry- cells on fresh vibratome sectioned brain 

tissue slides and co-culturing for 48h, then detected the bioluminescence intensity of cancer cells, 

which to find mCherry+ group showed superior brain colonization capability (Fig. 4.7d). 

 

These results indicated soft/stiff-local niche residing cells displayed advantages in each individual 

brain metastasis-related function, including transmigration through BBB to approach the brain, 

proliferation on niches with brain corresponded softness, and colonization in the complicated brain 

microenvironment. 

 



At last, we tested the overall brain metastasis potential of mCherry+ and mCherry- subpopulations 

in vivo, mCherry+ and mCherry- cells were intracardiac injected into left ventricles of healthy nude 

mice and routinely monitored the organ-specific metastasis condition with in vivo animal imaging 

system (ivis) every week, the mCherry+ cells exhibited superior brain macrometastasis 

establishment capacity than mCherry- cells (Fig. 4.7e). Moreover, the mouse brains were harvested 

after sacrificing, and ex-vivo luminescence imaging confirmed the metastasis advantage of 

mCherry+ cells in brain tissue (Fig. 4.7f). 

 

 
Fig. 4.7 Tumor cells residing in local soft niches of the xenografts exhibited brain metastatic capability 
in vitro and in vivo. (a). Representative fluorescence microscopy images and statistical analysis (with 
two-tailed Welch's t-test) of trans-BBB migration assay of mCherry- and mCherry+ cells (n=12). (b). 
Representative confocal fluorescence microscopy images and statistical analysis (with two-tailed Welch's 
t-test) of Ki67 of mCherry- and mCherry+ cells seeded on 0.6 (n=18) and 35 kPa (n=17/18) 
polyacrylamide hydrogel. (c). Representative confocal fluorescence microscopy images and statistical 
analysis (with two-tailed Welch's t-test) of Ki67 of mCherry- and mCherry+ cells seeded on 0.6 (n=28/26) 
and 35 kPa (n=24/30) polyacrylamide hydrogel after 7-day culture on TCP. (d). Representative 
bioluminescence images and statistical analysis (with Mann-Whitney U test) of brain slide co-culture 
assay of mCherry- and mCherry+ cells (n=6). (e). Representative bioluminescence images and statistical 



analysis (with two-way ANOVA Šídák's multiple comparisons test and log-rank survival test) of nude 
mice intracardiacally injected with mCherry- and mCherry+ cells (n=10). (f). Representative 
bioluminescence images and statistical analysis (with Mann-Whitney U test) of ex-vivo brains of nude 
mice intracardiacally injected with mCherry- and mCherry+ cells (n=10). (Error bars represent s.e.m., *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.) 

 

To fully understand the difference between mCherry+ and mCherry- subpopulations harvested based 

on local niche stiffness, here we did an RNA-seq analysis of these two groups. Three independent 

orthotopic tumor xenografts were examined (Fig. 4.8a), the result showed that consistent with our 

previous RNA-seq finding in vitro, brain but not bone metastatic genes exhibited a broad spectrum 

of increasement in mCherry+ group (Fig. 4.8b,c), meanwhile GO and KEGG analysis found series 

brain metastasis-related, neuron-related and inflammation-related terms and signaling pathways are 

enriched, suggesting mCherry+ displayed a brain-tropic phenotype reprogramming in vivo (Fig. 

4.8d,e). 

 



 

Fig. 4.8 Tumor cells residing in local soft niches of the xenografts exhibited brain metastatic phenotype 
and gene signature. (a). Volcano plot of transcriptomes of mCherry- and mCherry+ cells. (b). mRNA 
transcriptional level and statistical analysis of representative bone metastatic genes in mCherry- and 
mCherry+ cells (n=3). (c). mRNA transcriptional level and statistical analysis of representative brain 
metastatic genes in mCherry- and mCherry+ cells (n=3). (d,e). Signaling pathways enriched in mCherry+ 
cells with GO and KEGG enrichment. 
 

Noted in this series of experiments, no additional mechanical intervention was included, all the 

mechanical stimulation to both mCherry+ and mCherry- cells occurred in a self-organized naturally 

grown tumor xenograft (Fig. 4.5-3.8). All these results confirmed that the correlation between local 

niche softness, HDAC3, and brain-tropic metastasis potential truly existed without mechanical 

intervention in vivo.  



 
 
 
 
 
 
 
 
 

Chapter V: Compromised ECM 
remodeling, negative-durotaxis, 

positive-viscotaxis and cell competition 
promote niche softness-induced brain 

metastasis 
  



5.1 Objectives and scopes 

In the last Chapter, we confirmed the findings that long-term soft-priming enhanced brain metastatic 

potential in vitro did occur in tumor xenografts. Since the acquisition of brain metastatic potential 

requires persistent priming in soft niches and cell migration in vivo is dynamic, it remains intriguing 

how this process is successfully achieved in vivo, where the microenvironment is mechanically 

heterogeneous. 

 

In detail, three occasions should be well-explained: 

1. Tumor cells do not constantly reside in the same location, jamming behaviors and cellular 

streams emerge inside a heterogenous tumor [169], most cancer cells were believed to be 

durotactic [52, 180], especially MDA-MB-231 breast cancer cells [52, 190], if these cancer cells 

follow similar principles in vivo, soft niche resident might migrate towards stiff niche, which 

cannot explain how the long-term mechanical stimuli were achieved. On the other hand, the 

mechanical microenvironment in tumor tissue is complicated, is there some other mechanical 

property that is strongly associated with tissue softness in the local niche scale, to induce soft-

primed cells to migrate towards it? 

2. In our previous finding, clonal selection and reprogramming co-exist on soft biomaterials, 

actually this process could be more complicated, as cancer cells compete with each other as 

well as the stroma cells [41, 70, 327, 330-335, 344, 358, 360-363, 369, 371, 372, 395]. Since the sensor outcome 

varies in three days and the short-term external mechanical dosing governed brain metastatic 

organotropism, there must be a mechanism controlling the population dominance in a 

corresponding niche, the proliferative advantage of soft-primed cells and mCherry+ cells in the 

soft niche may partially explain the phenomenon, whether the cell competition between 

mechanically distinct local niche residing populations supports the clonal dominance remains 

unknown; 

3. In primary tumor, tissue ECM is dynamically under synthesis, secretion, modification, and 

degradation [102, 105, 110, 202, 224, 225, 227, 230, 231, 233, 234], it’s possible that for each cell, local niche 

stiffness gradually changes during tumor progression, is there a mechanism forbidding this 

possibility otherwise the long-term soft-priming cannot be guaranteed? 



 

In summary, currently how cancer cells continuously accept similar mechanical signals in 

corresponding mechanical microenvironments in heterogenous tumor mass is unclear. How the 

mechanically heterogenous microenvironment is formed is also not understood. 

 

To the best of our knowledge, the process of soft-priming in vivo is completely unknown. 

Uncovering the supporting mechanism of how mechanics-evoked organotropism is formed helps 

the academic society better understand the basic self-organization and co-evolution pattern of cancer 

cells and tissue mechanics in heterogeneous TME. 

 

Thus, we raised the research question: what are the mechanisms supporting the long-term softness 

stimulations so that brain organotropism could be established eventually? To tackle this problem, 

here we focused on three main objectives: 

1. Elucidate what makes soft-primed cells overcome durotaxis; 

2. Test whether cell competition collaborates with proliferation advantage, jointly support the 

clonal dominance of soft-primed cells in soft local niche; 

3. Clarify why the local niche around soft-primed cells is not stiffened. 

 

5.2 Results 

5.2.1 Soft-primed cells exhibit reduced mechanosensitivity to 

substrate rigidity-mediated YAP nuclear translocation and 

clutch reinforcement 

As explained in Objectives and scopes, we hypothesized that tumor cells residing in local soft niches 

were negative durotaxis, which could enable persistent priming of tumor cells in soft 

microenvironments. As introduced in the Literature Review, current explanation of the behavior of 

negative durotaxis was the loss of clutch reinforcement and the generation of maximized 



contractility on the substrate with optimal or relatively low stiffness[51, 322, 323]. Usually, the loss of 

clutch reinforcement meanwhile unsensitized cells to mechanical cues [51, 322, 323]. 

 

Firstly, we tested the mechano-sensitivity of soft-primed and stiff-primed cancer cells. The 

difference in proliferation rate is the most straightforward mechanical response, we noticed in Fig. 

4.8, that no proliferation-related signaling was enriched. Here we analyzed the mCherry level of 

proliferating and non-proliferating cells to check the local niche stiffness of each group in tumor 

xenograft to confirm, consistently no significant difference was found between the two groups (Fig. 

5.1a), suggesting soft niche residents were not in cell cycle arrest. YAP and focal adhesion mechano-

sensitivity were reported to correlate with diverse positive/negative-durotaxis patterns [51], YAP was 

also found to regulate negative-durotaxis levels in melanoma [191]. Thus, we focused on YAP nuclear 

translocation and focal adhesion formation level on polyacrylamide hydrogels with different 

stiffness. We seed 231-0.6 and 231-35 on polyacrylamide hydrogels of 0.6, 2, 5, 15, 35 kPa and TCP, 

YAP nuclear translocation level of 231-0.6 was dramatically unsensitized in responsive to 

mechanical stimulation than 231-35 (Fig. 5.1b), meanwhile, 231-0.6 formed limited focal adhesion 

on 35 kPa polyacrylamide hydrogel compared with 231-35 (Fig. 5.1c), this flaw sustained even 

culturing on glass with super-physilogical stiffness (Fig. 5.1d). We collected mCherry+ and 

mCherry- cells from tumor xenograft and seeded both groups on 0.6 and 35 kPa immediately, similar 

YAP nuclear translocation and focal adhesion formation mechano-insensitivity were detected (Fig. 

5.1e). All these results implied that mechano-sensitivity was compromised in both soft hydrogel-

primed cells in vitro and soft local niche residents in vivo. 

 



 



Fig. 5.1 Soft-primed cells are less sensitive to matrix rigidity-mediated YAP nuclear translocation and 
clutch reinforcement. (a) Representative confocal microscopy images and statistical analysis (with two-
tailed Welch's t-test) of mCherry and Ki67 in mouse fat pad orthotopic tumor xenograft slides generated 
from pNDRG1-mCherry-fluc-231-scp1 cell line (n=44/51). (b) Representative confocal microscopy 
images and statistical analysis (with two-way ANOVA Šídák's multiple comparisons test) of YAP in 231-
0.6 and 231-35 cells seeded on 0.6 (n=19/15), 2 (n=20/19), 5 (n=17/20), 15 (n=19/18) and 35 kPa 
(n=20/17) polyacrylamide hydrogel. (c) Representative confocal microscopy images and statistical 
analysis of YAP (with two-way ANOVA Šídák's multiple comparisons test) in 231-0.6 and 231-35 seeded 
on 0.6 (n=13/13), and 35 kPa (n=13/11) polyacrylamide hydrogel and zyxin (with Mann-Whitney U test) 
in 231-0.6 and 231-35 cells (n=18/16) seeded on 35 kPa polyacrylamide hydrogel. (d) Representative 
SIM super resolution microscopy images and statistical analysis of F-actin and zyxin (with Mann-
Whitney U test) in 231-0.6 and 231-35 cells seeded on glass (n=17/20). (e) Representative confocal 
microscopy images and statistical analysis of YAP (with two-way ANOVA Šídák's multiple comparisons 
test) in mCherry- and mCherry+ cells seeded on 0.6 (n=15/14), and 35 kPa (n=17/18) polyacrylamide 
hydrogel and zyxin (with Mann-Whitney U test) in mCherry- and mCherry+ cells seeded on 35 kPa 
polyacrylamide hydrogel (n=20/41). (Error bars represent s.e.m., ns: no significance, *: P < 0.05, **: P 
< 0.01, ***: P < 0.001, ****: P < 0.0001.) 

 

5.2.2  Tumor cells residing in local soft niches are negative durotactic 

Mechano-insensitivity was often associated with negative durotaxis in theory and practice [51, 322, 

323]. To determine whether soft priming indeed shifted cancer cell durotaxis pattern to negative-

durotaxis, we established 5-35 kPa hybrid gradient stiffness polyacrylamide hydrogel as previously 

described in other research [51, 191]. To check the migration direction of soft-primed cells, we utilized 

gradient stiffness hydrogel, live cell imaging, and single-cell trajectory (Fig. 5.2a). We found that 

soft-primed cancer cells displayed a negative-durotaxis pattern distinct from the stiff-primed control 

group (Fig. 5.2b). To confirm the soft niche resident in tumor xenograft shared similar negative-

durotaxis behavior, we did a similar experiment on mCherry+ and mCherry- cells, the result 

demonstrated soft niche-residing cells were also negative-durotactic (Fig. 5.2c,d). 

 



 
Fig. 5.2 Soft-primed cells are negative durotactic. (a). Workflow, (b) single cell trajectory and radar graph 
of 231-0.6 and 231-35 cells seeded on gradient stiffness polyacrylamide hydrogel. (c). Workflow, (d) 
single cell trajectory and radar graph of mCherry- and mCherry+ cells seeded on gradient stiffness 
polyacrylamide hydrogel. 

 

5.2.3  Soft priming shifts durotaxis pattern by hyperactivating 

integrin α10-Akt axis  

Different from previous sporadic reports about some negative-durotactic cell types [51, 191, 321], here 

we found a way to shift the durotaxis behavior in the same cell type, this new finding makes it 

possible for us to interrogate the underlying signaling mechanism of durotaxis. Currently motor-

clutch model without clutch reinforcement is the only explanation for negative-durotaxis behavior 

[190, 322, 323], the force between cells and substrate is generated by the ECM ligand-integrin bond. So 

we wonder if the negative-durotaxis and positive-viscotaxis behavior of 231-0.6 was caused by the 

down-regulation of some specific integrin subunit gene. Here we did an RNA-seq of 231-0.6 and 

231-35 and checked the integrin and focal adhesion-related signaling using Gene Ontology (GO) 



and Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment, surprisingly we found 

several integrins, focal adhesion signaling, and PI3K-Akt axis as the downstream were enriched in 

231-0.6 group (Fig. 5.3a). The volcano plot demonstrated integrin α10 encoding gene ITGA10 was 

the most impacted integrin gene in differentially expressed genes (DEGs) (Fig. 5.3b), suggesting 

the potential regulatory role. Existed research claimed that the Akt pathway was the dominant 

downstream of integrin α10 in many cellular functions in several cell types [396-399]. To confirm that 

the activation of the Akt signaling was mediated by integrin α10 in our case, we used small hairpin 

RNA (shRNA/Hairpin Vector) to knock down the ITGA10 gene before 30-day soft priming (Fig. 

5.3c) (stable cell line shorted for 231-shITGA10-0.6) and applied IF staining and found p-Akt level 

were higher in 231-0.6 and rescued after shITGA10 treatment (Fig. 5.3d,e). 

 



 



Fig. 5.3 Integrin α10-Akt signaling pathway was hyperactivated in soft-primed cells. (a). Integrins-PI3K-
Akt-related signaling pathways enriched in 231-0.6 cells with GO and KEGG enrichment. (b). Volcano 
plot of transcriptomes of 231-0.6 and 231-35 cells. (c). mRNA transcriptional level of ITGA10 gene in 
231-35 and 231-0.6 cells (n=3). (d) Representative confocal fluorescence microscopy images and 
statistical analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) of 
integrin α10 of 231-35 and 231-0.6 cells (n=60). (e). mRNA transcriptional level of ITGA10 gene in 
231-0.6 with shNC and 231-0.6 cells with shITGA10. (f) Representative western blotting images and 
statistical analysis (with Mann-Whitney U test) of p-Akt, t-Akt and GAPDH of 231-0.6 with shNC and 
231-0.6 cells with shITGA10 (n=4). (g) Representative confocal fluorescence microscopy images and 
statistical analysis (with Mann-Whitney U test) of 231-0.6 with shNC and 231-0.6 cells with shITGA10 
(n=30/27). (h) Representative confocal fluorescence microscopy images and statistical analysis (with 
Mann-Whitney U test) of FoxO1 of 231-0.6 with shNC and 231-0.6 cells with shITGA10 (n=11). (Error 
bars represent s.e.m., *: P < 0.05, **: P < 0.01, ****: P < 0.0001.) 

 

After that, we examined if the up-regulation of integrin α10 was required for durotaxis pattern 

shifting from positive to negative in 231-0.6, which to find the YAP mechano-sensitivity and focal 

adhesion formation on the stiff substrate were rescued with ITGA10 gene knocking down (Fig. 

5.4a,b), implicating the clutch reinforcement was normalized. Moreover, the single-cell trajectory 

results on gradient stiffness hydrogel showed the negative-durotaxis pattern shifting was reversed 

to positive after silencing ITGA10 (Fig. 5.4d). Then we checked if the integrin α10 downstream 

PI3K-Akt cascade impacted negative-durotaxis, we pharmacologically inhibited/activated the 

PI3K-Akt pathway with LY294002/sc79 in 231-0.6/35, surprisingly YAP mechano-sensitivity was 

not compromised by inhibition in 231-0.6 or enhanced by activation in 231-35 (Fig. 5.4a), but focal 

adhesion formation ability on 35 kPa polyacrylamide hydrogel or glass of 231-0.6 was normalized 

after inhibition similarly as knocking down ITGA10, and blocked in 231-35 after activation Akt 

(Fig. 5.4a,c). The direct single-cell trajectory analysis on gradient stiffness hydrogel demonstrated 

that the durotaxis pattern of 231-0.6 was reversed to positive after inhibiting the PI3K-Akt axis, and 

vice versa in 231-35 (Fig. 5.4d). 

 



 
Fig. 5.4 Integrin α10-Akt signaling pathway was required for soft priming-induced negative durotaxis. 
(a) Representative confocal microscopy images and statistical analysis of YAP (with two-way ANOVA 
Šídák's multiple comparisons test) in 231-0.6 (n=15/13) , 231-35 (n=13/13), 231-0.6 with shITGA10 
(n=30/11), 231-0.6 with LY294002 (n=28/12) and 231-35 cells with sc79 (n=25/11) seeded on 0.6, and 
35 kPa polyacrylamide hydrogel and zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's multiple 
comparisons test) in 231-0.6 (n=23), 231-35 (n=20), 231-0.6 with shITGA10 (n=16), 231-0.6 with 
LY294002 (n=15) and 231-35 cells with sc79 (n=17) cells seeded on 35 kPa polyacrylamide hydrogel. 
(b) Representative confocal microscopy images and statistical analysis of zyxin (with Kruskal-Wallis 
one-way ANOVA and Dunn's multiple comparisons test) in 231-0.6 (n=20/17), 231-35 (n=14/14) cells 
with shNC or shITGA10 seeded on glass. (c) Representative confocal microscopy images and statistical 
analysis of zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) in 231-
0.6 (n=36), 231-35 (n=30), 231-0.6 with LY294002 (n=26) and 231-35 cells with sc79 (n=29) seeded on 
glass. (d) Single-cell trajectory and radar graph of 231-0.6, 231-35, 231-0.6 with shITGA10, 231-0.6 



with LY294002, and 231-35 cells with sc79 seeded on gradient stiffness polyacrylamide hydrogel. (Error 
bars represent s.e.m., *: P < 0.05, **: P < 0.01, ****: P < 0.0001.) 

 

At last, we interrogated if the proposed integrin α10-Akt cascade correlated with local niche softness 

in vivo, we co-stained mCherry and integrin α10/p-Akt in tumor xenograft slides generated from 

pNDRG1-mCherry-fluc-231-scp1 cell line, and significant positive correlations were observed 

between mCherry and integrin α10/p-Akt signaling (Fig. 5.5a), in addition, integrin α10 level was 

up-regulated in mCherry+ subpopulations separated in FACS (Fig. 5.5b). 

 

 
Fig. 5.5 Integrin α10-Akt signaling pathway was correlated with local niche softness in situ. (a) 
Representative confocal microscopy images and statistical analysis (with simple liner 
regression) of mCherry, integrin α10 (n=44) and p-Akt (n=40) in mouse fat pad orthotopic tumor 
xenograft slides generated from pNDRG1-mCherry-fluc-231-scp1 cell line. (b). Representative 
confocal microscopy images and statistical analysis (with Mann-Whitney U test) of mCherry 
and integrin α10 in mCherry- and mCherry+ cells (n=43/46). (Error bars represent s.e.m., ****: 
P < 0.0001.) 

 



In summary, we identified the key integrin α10-Akt cascade as the dominant signaling pathway in 

soft priming-evoked negative-durotaxis shifting. 

 

5.2.4  Negative durotaxis is required for soft priming-induced brain 

metastatic organotropism 

Considering all the above-mentioned results, especially in Chapter IV, we noticed that soft-primed 

cells were negative-durotactic and eventually, they metastasized to the brain for colonization, we 

naturally suspected that negative-durotaxis was required for brain metastatic organotropism 

triggered by soft mechanical stimulation. Here we stably transfected shRNA to silence ITGA10, and 

qPCR revealed a broad spectrum of down-regulation of brain metastasis genes with shITGA10 

treatment than 231-0.6 control (Fig. 5.6a). We did a series of brain metastasis-related functional 

assays using multiple models. Following the metastasis journey, using an in-vitro endothelial cell 

monolayer assay, we found 231-shITGA10-0.6 displayed specifically compromised adhesion 

capacity on hCMEC/D3 brain endothelial cell but not HUVEC cell monolayer (Fig. 5.6b). Next, we 

applied an in-vitro BBB transmigration model, which found that the transmigration tended to be 

restrained in the 231-shITGA10-0.6 group (Fig. 5.6c). IF staining of Ki67 proved limited 

proliferation ability specific on 0.6 kPa polyacrylamide hydrogel but not glass (Fig. 5.6d). The 

overall brain colonization ability was measured by brain slide co-culture assay, which was 

dramatically repressed in the 231-shITGA10-0.6 group (Fig. 5.6e). The brain-tropic capability in 

vivo was tested using intracardiac injection, and the results discovered a huge reduction of brain 

metastasis on both intensity and incidence in 231-shITGA10-0.6 cells (Fig. 5.6f). To confirm our 

finding was clinically relevant, we compared the transcriptome of brain metastatic lesions and 

paired primary lesions in the same patient from GSE173661 in the GEO database, NCBI. We found 

ITGA10 gene transcriptional level was significantly enriched in brain metastatic subpopulations 

(Fig. 5.6g). In short, all these results illustrated that ITGA10-dependent negative-durotaxis was 

required for breast cancer brain metastasis. 

 



 

Fig. 5.6 Integrin α10-mediated negative durotaxis was required for soft priming-evoked brain metastasis 
in vitro and in vivo. (a). mRNA transcriptional level and statistical analysis (with two-tailed Welch's t-
test) of representative brain metastatic genes in 231-shNC-0.6 and 231-shITGA10-0.6 cells (n=3). (b).  
Representative fluorescence microscopy images and statistical analysis (with two-way ANOVA Šídák's 
multiple comparisons test) of endothelial cell adhesion assay of 231-shNC-0.6 (n=39/50) and 231-
shITGA10-0.6 cells (n=43/54). (c). Representative fluorescence microscopy images and statistical 
analysis (with two-tailed Welch's t-test) of trans-BBB migration assay of 231-shNC-0.6 and 231-
shITGA10-0.6 cells (n=38/34). (d). Representative confocal fluorescence microscopy images and 
statistical analysis (with two-tailed Welch's t-test) of Ki67 of 231-shNC-0.6 and 231-shITGA10-0.6 cells 
seeded on 0.6 kPa polyacrylamide hydrogel (n=16/15) and glass (n=15). (e). Representative 
bioluminescence images and statistical analysis (with Mann-Whitney U test) of brain slice co-culture 
assay of 231-shNC-0.6 and 231-shITGA10-0.6 cells (n=4). (f). Representative bioluminescence images, 
statistical analysis (with two-way ANOVA Šídák's multiple comparisons test and log-rank survival test), 
and radar graph of nude mice intracardiacally injected with 231-shNC-0.6 and 231-shITGA10-0.6 cells 
(n=4/5). (g). ITGA10 gene transcription level and statistical analysis (with Mann-Whitney U test) of 



paired primary tumor and brain lesion sample in GSE173661 (n=45). (Error bars represent s.e.m., ns: no 
significance, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.) 

 

5.2.5 Niche mechanics dependent/independent negative durotaxis is 

sufficient to promote brain metastasis 

Since negative-durotaxis was needed for brain organotropism, next we ask whether negative-

durotaxis was enough to independently trigger brain tropism. We found overexpressing ITGA10 

had no significant impact on negative-durotaxis (Fig. 5.7a), then we treated 231-35 with sc79 to 

activate PI3K-Akt signaling, qPCR results discovered PI3K-Akt activation increased most brain 

metastasis genes (Fig. 5.7b).  

 

 

Fig. 5.7 AKT activation upregulates brain metastasis genes of breast cancer cells while overexpression 
of ITGA10 has no effects on the durotaxis pattern. (a) Single-cell trajectory and radar graph of 231-35 
and 231-35 OE-ITGA10 seeded on gradient stiffness polyacrylamide hydrogel. (b) mRNA transcriptional 
level and statistical analysis (with two-tailed Welch's t-test) of representative brain metastatic genes in 
231-WT with DMSO and 231-WT cells with sc79 (n=3). (Error bars represent s.e.m., *: P < 0.05, **: P 
< 0.01.) 

 

However, the role of the PI3K-Akt pathway was exclusively reported including in breast cancer [400-

404], we supposed the strategy that claimed to modulate negative-durotaxis by targeting Akt signaling 

and test brain metastasis was by no means convincing enough. Thus, we sought other ways, 

currently the only way to switch positive-durotaxis to negative ever reported was silencing TLN1 



(encoding talin1) and TLN2 (encoding talin2) to forcibly delete clutch reinforcement [190, 322, 323], we 

established a doxycycline-induced 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cell line (Fig. 5.8a), 

we found short-term talin1 and talin2 deleting showed negligible influence on brain metastasis genes 

(Fig. 5.8b), then we mimicked the timeline of long-term priming, strikingly after 30-day 

doxycycline treatment, brain but not bone metastasis genes rose significantly, and immediately 

dropped even lower than the baseline control after we canceled the doxycycline induction for two 

days (Fig. 5.8c). Consistently, the YAP mechano-sensitivity and the focal adhesion formation ability 

dramatically decreased (Fig. 4.8d). This result encouraged the possibility that negative-durotaxis 

could independently provoke brain tropism. Pitiably, cancer cell basic cellular functions were 

seriously damaged by talin1+2-mediated focal adhesion maturation depletion, including collective 

migration (Fig. 5.8e), single-cell migration (Fig. 5.8f), proliferation (Fig. 5.8g) and substrate 

adhesion (Fig. 5.8h) [405, 406], we examined if silencing talin1+2 specifically enhanced the brain 

metastasis functions, including proliferation on soft matrix (Fig. 5.8i), BBB trans-migration (Fig. 

5.8j) and adhesion to brain vascular endothelial cells (Fig. 5.8k), the results still appeared negative 

(Fig. 5.8i-k). 

 



 
Fig. 5.8 Deletion of TLN1 and TLN2 for long term upregulates brain metastasis genes but not brain 
metastatic functions. (a). mRNA transcriptional level of TLN1 and TLN2 genes in 231-Tet-On-shTLN1-
Tet-On-shTLN2-fluc cells with DMSO and with Dox for 3 days (n=3). (b). mRNA transcriptional level 
of representative brain metastatic genes in 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc with DMSO and 
with Dox for 3 days (n=3). (c). mRNA transcriptional level of representative brain and bone metastatic 
genes in 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with DMSO, with Dox for 33 days and with 
30-day Dox followed by 3-day DMSO (n=3). (d) Representative confocal microscopy images and 
statistical analysis of YAP (with two-way ANOVA Šídák's multiple comparisons test) in 231-Tet-On-
shTLN1-Tet-On-shTLN2-fluc cells with DMSO (n=17/21) and with Dox (n=18/20) for 30 days seeded 
on 0.6 and 35 kPa polyacrylamide hydrogel and zyxin (with Mann-Whitney U test) in 231-Tet-On-



shTLN1-Tet-On-shTLN2-fluc cells with DMSO and with Dox for 30 days seeded on 35 kPa 
polyacrylamide hydrogel(n=19/18). (e). Representative bright field microscopy images and wound 
healing assay result of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with DMSO and with Dox for 30 
days. (f). Representative bright field microscopy images and statistical analysis (with two-tailed Welch's 
t-test) of transwell migration assay result of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with DMSO 
and with Dox for 30 days (n=6). (g). Representative confocal fluorescence microscopy images and 
statistical analysis (with two-tailed Welch's t-test) of Ki67 of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc 
cells with DMSO and with Dox for 30 days seeded on glass (n=15). (h). Representative confocal 
fluorescence microscopy images and statistical analysis (with two-tailed Welch's t-test) of collagen 
monolayer adhesion assay result of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with DMSO and 
with Dox for 30 days (n=37/27). (i). Representative confocal fluorescence microscopy images and 
statistical analysis (with two-tailed Welch's t-test) of Ki67 of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc 
cells with DMSO and with Dox for 30 days seeded on 0.6 kPa polyacrylamide hydrogel (n=14/15). (j). 
Representative confocal fluorescence microscopy images and statistical analysis (with two-tailed Welch's 
t-test) of trans-BBB migration assay result of 231-Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with 
DMSO and with Dox for 30 days (n=44/32). (k). Representative confocal fluorescence microscopy 
images and statistical analysis (with two-tailed Welch's t-test) of HCMEC adhesion assay result of 231-
Tet-On-shTLN1-Tet-On-shTLN2-fluc cells with DMSO and with Dox for 30 days (n=27/25). (Error bars 
represent s.e.m., *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.) 

 

Since disrupting some specific segments in clutch reinforcement switches the durotaxis pattern to 

negative, limiting focal adhesion maturation and excessively damaged cellular function, we asked 

if disturbing mechano-transduction could be a compromised strategy as a third way to initiate 

negative-durotaxis. We searched clues from previous RNA-seq (Fig. 5.9a,b), and as expected we 

found series actomyosin-related signaling enriched in 231-35 (Fig. 5.9a), in addition, the volcano 

plot implied myosin Ⅱb (encoded by MYH10) was the only myosin type significantly dropped after 

long-term soft priming (Fig. 5.9b). We asked if loss of myosin Ⅱb independently altered the 

durotaxis pattern to negative. We knocked down the MYH10 gene in 231-WT (Fig. 5.9c). After 

shmMYH10 treatment, YAP mechano-sensitivity and focal adhesion formation capability 

considerably decreased (Fig. 5.9d). Meantime the durotaxis pattern changed into negative-durotaxis 

(Fig. 5.9e). However overexpression of MYH10 in 231-0.6 cannot reverse the compromised clutch 

reinforcement or negative-durotaxis (Fig. 5.9f,g).  

 



 
Fig. 5.9 Loss of Myosin IIb weakens mechanosensitivity and focal adhesion and induces negative 
durotaxis. (a). Migration, actomyosins, and motor protein-related signaling pathways enriched in 231-
TGL cells with GO, KEGG enrichment, and Volcano plot of transcriptomes of 231-TGL and 231-BrM 
cells. (b). Migration, actomyosins, and motor proteins-related signaling pathways enriched in patient-
TGL cells with GO, KEGG enrichment, and Volcano plot of transcriptomes of patient-WT and patient-
BrM cells. (c). mRNA transcriptional level of MYH10 gene in 231-shNC and 231-shMYH10 cells (n=3). 
(d) Representative confocal microscopy images and statistical analysis of YAP (with two-way ANOVA 
Šídák's multiple comparisons test) in 231-shNC and 231-shMYH10 cells seeded on 0.6 (n=13/26) and 
35 kPa (n=13/12) polyacrylamide hydrogel and zyxin (with Mann-Whitney U test) in 231-shNC and 
231-shMYH10 cells seeded on 35 kPa polyacrylamide hydrogel (n=22/28). (e) Representative confocal 



microscopy images and statistical analysis of zyxin (with Mann-Whitney U test) in 231-shNC and 231-
shMYH10 cells seeded on glass (n=18/20). (f.) Single-cell trajectory and radar graph of 231-shNC and 
231-shMYH10 cells seeded on gradient stiffness polyacrylamide hydrogel. (g) Representative confocal 
microscopy images and statistical analysis of zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's 
multiple comparisons test) in 231-0.6, 231-0.6 OE-MYH10, and 231-35 cells seeded on glass (n=15). (h) 
Single-cell trajectory and radar graph of 231-0.6 and 231-0.6 OE-MYH10 cells seeded on gradient 
stiffness polyacrylamide hydrogel. (Error bars represent s.e.m., ns: no significance, **: P < 0.01, ****: 
P < 0.0001.) 

 

Next, we asked if brain tropism was established after interfering MYH10 gene, we tested the brain 

metastasis gene expression level, and qPCR results found a notable improvement (Fig. 5.10a). 

Similarly, we examined critical functional assays during brain metastasis, and we found after 

interfering MYH10 gene, cancer cell adhesion ability to brain vascular endothelial cells but not 

HUVEC increased (Fig. 5.10b), BBB transmigration ability also enhanced (Fig. 5.10c), MYH10 

silenced cancer cell displayed significant proliferative advantage on 0.6 kPa soft microenvironment 

but not on glass (Fig. 5.10d), and brain slide co-culture assay uncovered stronger brain colonization 

capacity (Fig. 5.10e). The brain metastasis capability in vivo was examined by intracardiac injection 

of 231-fluc-shMYH10 cell line and control, which to find both the brain metastasis intensity and 

incidence greatly enhanced (Fig. 5.10f). To verify if our finding was clinically relevant, we utilized 

paired brain and primary lesion transcriptome data in GSE173661 again. We noticed MYH10 gene 

expression level was significantly lower in brain metastatic subpopulations (Fig. 5.10g). 

 



 
Fig. 5.10 Loss of Myosin IIb promotes brain metastatic capacity in vitro and in vivo. (a). mRNA 
transcriptional level and statistical analysis (with two-tailed Welch's t-test) of representative brain and 
bone metastatic genes in 231-shNC and 231-shMYH10 cells (n=3). (b). Representative fluorescence 
microscopy images and statistical analysis (with two-way ANOVA Šídák's multiple comparisons test) of 
endothelial cell adhesion assay of 231-shNC (n=43/33) and 231-shMYH10 cells (n=43/35). (c). 
Representative fluorescence microscopy images and statistical analysis (with two-tailed Welch's t-test) 
of trans-BBB migration assay of 231-shNC and 231-shMYH10 cells (n=14/15). (d). Representative 
confocal fluorescence microscopy images and statistical analysis (with Mann-Whitney U test) of Ki67 
of 231-shNC and 231-shMYH10 cells seeded on 0.6 kPa polyacrylamide hydrogel (n=15) and glass 
(n=15). (e). Representative bioluminescence images and statistical analysis (with Mann-Whitney U test) 
of brain slide co-culture assay of 231-shNC and 231-shMYH10 cells (n=4). (f). Representative 
bioluminescence images, statistical analysis (with two-way ANOVA Šídák's multiple comparisons test 
and log-rank survival test), and radar graph of nude mice intracardiacally injected with 231-shNC and 
231-shMYH10 cells (n=7/6). (g). MYH10 gene transcription level and statistical analysis (with Mann-



Whitney U test) of paired primary tumor and brain lesion sample in GSE173661 (n=45). (Error bars 
represent s.e.m., ns: no significance, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.) 
 

In summary, we used three different ways to convert durotaxis pattern dependent/independent of 

external mechanics, under all circumstances the brain metastasis potential was affected responsively, 

proposing negative-durotaxis was an independent trigger for brain-targeting metastasis. 

 

5.2.6  Brain metastatic potential affects durotaxis pattern in a 

positive feedback loop 

We have demonstrated negative durotaxis was both required and sufficient for brain metastasis. 

Nevertheless, it’s unclear if brain metastasis potential was also able to reverse the durotaxis pattern. 

To tackle this question, we first focused on 231-BrM, as a brain-tropic variant selected and 

reprogrammed in the brain microenvironment from parental 231-WT [146], it represented the brain-

tropic subpopulation selected or reprogrammed from 231-WT. We found that 231-BrM performed 

similar YAP mechano-sensitivity but reduced focal adhesion formation than 231-WT (Fig. 5.11a,b). 

More importantly, the single-cell trajectory revealed 231-BrM cell line was negative-durotactic (Fig. 

5.11c). 

 



 



Fig. 5.11 Brain-tropic variant 231-BrM was negative durotactic. (a) Representative confocal microscopy 
images and statistical analysis of YAP (with two-way ANOVA Šídák's multiple comparisons test) in 231-
TGL (n=10/14) and 231-BrM (n=12/15) cells seeded on 0.6, and 35 kPa polyacrylamide hydrogel and 
zyxin (with Mann-Whitney U test) in 231-shNC and 231-shMYH10 cells seeded on 35 kPa 
polyacrylamide hydrogel (n=21/18). (b) Representative confocal microscopy images and statistical 
analysis of zyxin (with Mann-Whitney U test) in 231-shNC and 231-shMYH10 cells seeded on glass 
(n=18/20). (c) Representative confocal microscopy images and statistical analysis of YAP (with two-way 
ANOVA Šídák's multiple comparisons test) in 231-TGL and 231-BrM cells seeded on glass (n=15/14). 
(d) Representative confocal microscopy images and statistical analysis of FoxO1 (with Mann-Whitney 
U test) in 231-TGL and 231-BrM cells seeded on glass (n=11). (e) Single-cell trajectory and radar graph 
of 231-TGL and 231-BrM cells seeded on gradient stiffness polyacrylamide hydrogel. (Error bars 
represent s.e.m., ns: no significance, ****: P < 0.0001.) 

 

Our previous research uncovered soft-primed cancer cells up-regulated the expression and 

enzymatic activity of HDAC3 to enhance brain tropism, the correlation of which was further 

confirmed in Chapter IV in vivo, we blocked the HDAC3 with RGFP966 in 231-0.6 to specifically 

inhibit brain organotropism, interestingly we noticed the YAP mechano-sensitivity and focal 

adhesion formation capacity increased after HDAC3 inhibition (Fig. 5.12a), at the same time the 

durotaxis pattern of 231-0.6 switched from negative to positive (Fig. 5.12b). 

 

It's well-known that lipid metabolism is required for brain-specific metastasis and brain tumor 

progression [148-151, 386, 407]. Here we applied pharmacological agents fatostatin HBr and 

docosahexaenoic acid to blockade SREBF1 and CD36 respectfully, which governed the lipid 

intercellular de novo synthesis and extracellular uptake [408, 409]. Both ways to inhibit lipid 

metabolism dramatically strengthened YAP mechano-sensitivity and focal adhesion formation in 

231-0.6 (Fig. 5.12a-c), moreover, fatostatin HBr treatment reversed the negative-durotaxis of 231-

0.6 to positive (Fig. 5.12d). Similar results were obtained from BrM-brain metastatic variant system, 

with Akt, HDAC3 and SREBF1 inhibition (Fig. 5.13). 

 



 

Fig. 5.12 Reduction of brain metastatic potential in soft-primed cells by inhibiting HDAC3 activity and 
lipid metabolism enhances mechanosensitivity and focal adhesion and shifts the migration pattern to 
positive durotaxis. (a) Representative confocal microscopy images and statistical analysis of YAP (with 
two-way ANOVA Šídák's multiple comparisons test) in 231-0.6 (n=25/24), 231-35 (n=15/14), 231-0.6 
cells with RGFP966 (n=25/13) and fatostatin HBr (n=18/11) seeded on 0.6, and 35 kPa polyacrylamide 
hydrogel and zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) in 
231-0.6 (n=23), 231-35 (n=19), and 231-0.6 cells with RGFP966 (n=21) and fatostatin HBr (n=21) 
seeded on 35 kPa polyacrylamide hydrogel. (b) Representative confocal microscopy images and 
statistical analysis of zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) 
in 231-0.6 (n=11), 231-35 (n=10), and 231-0.6 cells with RGFP966 (n=10) seeded on glass. (c) 
Representative confocal microscopy images and statistical analysis of zyxin (with Kruskal-Wallis one-
way ANOVA and Dunn's multiple comparisons test) in 231-0.6 (n=13), 231-35 (n=17) and 231-0.6 cells 
fatostatin HBr (n=14) seeded on glass. (d) Single-cell trajectory and radar graph of 231-TGL and 231-
BrM cells seeded on gradient stiffness polyacrylamide hydrogel. (Error bars represent s.e.m., *: P < 0.05, 
**: P < 0.01, ****: P < 0.0001.) 
 



 
Fig. 5.13 Reduction of brain metastatic potential in 231-BrM variant by inhibiting Akt, HDAC3 activity 
and lipid metabolism enhances mechanosensitivity and focal adhesion and shifts the migration pattern to 
positive durotaxis. (a) Representative confocal microscopy images and statistical analysis of YAP (with 
two-way ANOVA Šídák's multiple comparisons test) in 231-BrM cells with DMSO (n=14/12), 
LY294002 (n=7/11), RGFP966 (n=11/19) and fatostatin HBr (n=6/13) seeded on 0.6, and 35 kPa 
polyacrylamide hydrogel and zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's multiple 
comparisons test) in 231-BrM cells with DMSO (n=20), LY294002 (n=14), RGFP966 (n=17) and 
fatostatin HBr (n=12) seeded on 35 kPa polyacrylamide hydrogel. (b) Representative confocal 
microscopy images and statistical analysis of zyxin (with Kruskal-Wallis one-way ANOVA and Dunn's 
multiple comparisons test) in 231-BrM cells with DMSO (n=21), LY294002 (n=16), RGFP966 (n=17) 
and fatostatin HBr (n=14) seeded on glass. (c) Single-cell trajectory and radar graph of 231-BrM cells 
with DMSO, LY294002, RGFP966 and fatostatin HBr seeded on gradient stiffness polyacrylamide 
hydrogel. (Error bars represent s.e.m., *: P < 0.05, **: P < 0.01, ****: P < 0.0001.) 

 

Collectively, three distinct ways to modulate brain organotropism were conducted, all of which 

strongly impacted the durotaxis pattern, implying a general positive feedback loop. 

 



5.2.7  Negative durotactic cells are positive viscotactic 

All tissues are viscoelastic [162], viscous properties and elasticity are usually associated across organs, 

soft organs usually exhibit stronger viscous behavior [162]. The viscous property in tumors is found 

to emerge in the tumor's early stage and has been reported to promote cancer initiation, cancer 

stroma cell interaction, cancer cell proliferation, and collective invasion [30, 224, 410, 411]. However, 

currently, no research has considered the viscous behavior of tumor ECM as also heterogenous 

because of intratumoral heterogeneity. We considered if the viscous property and elasticity in 

different local niches in the tumor were also associated. Here we used AFM to measure the elasticity 

and viscous properties of randomly selected areas in cryo-stat tumor slides, which to find hysteresis 

areas were higher in the lower elasticity region (Fig. 5.13a) 

 

Since we showed soft local niche in the tumor also displayed stronger viscous behavior, and loss of 

clutch reinforcement could possibly explain focal adhesion dynamics/instability-induced positive-

viscotaxis as well [324], we asked if soft-primed cancer cells were positive-viscotactic to keep 

locating in corresponding local niche. Here we prepared a polyacrylamide hydrogel with a gradient 

on the viscous property but consistent elasticity (Fig. 5.13b) [324]. We found soft-primed 231-0.6 

group was positive-viscotactic while the stiff-primed 231-35 cells were negative-viscotactic (Fig. 

5.13c). Moreover, we observed the shifting from positive- to negative-viscotaxis of soft-primed 231-

0.6 cells after the ITGA10 gene interfering (Fig. 5.13d). Also, after MYH10 gene silencing, 231-

WT cells become positive-viscotactic (Fig. 5.13e). We also separated mCherry+ and mCherry- cells 

from xenograft and did similar tests, which found mCherry+ cells were positive-viscotactic and 

mCherry- cells were negative-viscotactic (Fig. 5.13f). All these findings suggested that negative-

durotaxis and positive-viscotaxis were closely associated. 

 



 
Fig. 5.14 Local soft niches were highly viscous and soft-primed tumor cells were both negative durotactic 
and positive viscotactic. (a) Representative force curves of atom force microscopy and statistical analysis 
(with simple liner regression) of hysteresis areas and elastic modulus of mouse fat pad orthotopic tumor 
xenograft generated from pNDRG1-mCherry-231 cell line (n=50). (b). Workflow, (c) single cell 
trajectory and radar graph of 231-0.6 and 231-35 cells seeded on gradient viscous property 
polyacrylamide hydrogel. (d) Single-cell trajectory and radar graph of 231-shNC-0.6 and 231-
shITGA10-0.6 cells seeded on gradient viscous property polyacrylamide hydrogel. (e) Single-cell 
trajectory and radar graph of 231-shNC and 231-shMYH10 cells seeded on gradient viscous property 
polyacrylamide hydrogel. (f) Single-cell trajectory and radar graph of mCherry- and mCherry+ cells 
seeded on gradient viscous property polyacrylamide hydrogel. 

 



We hypothesized that the negative-durotaxis and positive-viscotaxis behaviors both were the 

reasons why soft-primed cancer cells were able to keep residing in soft niches. To confirm the 

negative-durotaxis truly dominated the local soft niche distribution of soft-primed cancer cells in 

tumors. We established two groups from the same pNDRG1-mCherry-fluc-scp1 clone, one group 

transfected iRFP-H2B and long-term primed with 0.6 kPa microenvironment, the other long-term 

primed with 35 kPa microenvironment, now that negative-durotactic and positive-viscotactic 

subpopulation were permanently labeled, then two groups were 1:1 mixed and orthotopically 

injected into mouse mammary fat pad to self-organize a tumor, after successful tumor establishment, 

we collected the cancer cells with MACS, using flow cytometry to check the mCherry expression 

level (representing the residing local niche softness) of iRFP+ and iRFP- populations (Fig. 5.14a), 

the result showed the total cell number of iRFP+ and iRFP- group remained 1:1 after tumor 

establishment (Fig. 5.14b). Meanwhile, the overall mCherry expression level was similar in the 

iRFP+ negative-durotactic and positive-viscotactic group compared with iRFP- cells (Fig. 5.14c). 

However, we noticed iRFP+ cells contributed significantly more to the mCherry+ subpopulation (the 

same gate defined in Chapter IV), and most mCherry+ subpopulations originated from iRFP-labeled 

cells (Fig. 4.14d), meaning that in the soft niche in tumor, the predominant cells were pre-induced 

negative-durotactic and positive-viscotactic cells. All these results indicated that negative/positive-

durotaxis and positive/negative-viscotaxis of cancer cells played a major role in the self-

establishment of intratumoral mechanical microenvironment especially determining the soft local 

niche resident identification, which guaranteed the long-term soft priming of soft niche residents. 

 



 
Fig. 5.15 Soft-primed tumor cells predominantly resided in local soft niches of tumor xenografts, which 
might be related to negative durotactic and viscotactic ability. (a) Workflow and (b-e) flow cytometry 
results of cancer cells harvested from orthotopic xenograft generated from 1:1 mixed pNDRG1-mCherry-
fluc-scp1-35 and pNDRG1-mCherry-fluc-scp1-iRFP-H2B-0.6 cells 

 

5.2.8  Soft-primed cells outcompete stiff-primed cells via ITGA10 

Soft-primed cells maintained local niche softness and kept residing on the local soft niche, 

meanwhile, soft-primed cells showed proliferative advantage on the soft local niche (Fig. 4.7b,c), 

which helped soft-primed cells to keep the clonal dominance in one way, we asked if cell 

competition was involved to achieve the same goal. Here we labeled the 231-0.6 with iRFP-H2B 

and dyed 231-35 with a green cell tracker, mixed and seeded on different stiffness polyacrylamide 

hydrogel with different cell densities supplied with low serum. In this design, low-density groups 

represented the baseline that cell competition was not involved, and in high-density groups, both 

cell types shared similar proliferation but were also influenced by cell competition caused by cell-

cell contact, then we could compare the low-density group with the high-density group to visualize 

the impact from pure cell competition (Fig. 5.15a). The results discovered that on 35 kPa 

polyacrylamide hydrogel, the ratio of 231-0.6 and 231-35 was the same with or without cell 

competition, interestingly on 0.6 kPa this ratio significantly increased in the cell competition group 

than control (Fig. 5.15b). In addition, we conducted a live cell imaging to capture the moment 231-

35 cells were eliminated (Fig. 5.15c), weirdly some double positive cells were observed, which 



could be caused by cytosol or membrane transmission (Fig. 5.15d). Negative-durotactic 231-0.6 

positively migrated towards a softer microenvironment, meanwhile, 231-0.6 was the competition 

winner specifically a soft microenvironment, we wonder if negative-durotaxis was associated with 

cell competition superiority. Surprisingly, we found the competition advantage disappeared after 

silencing the ITGA10 gene in 231-0.6 specifically on 0.6 kPa but not 35 kPa polyacrylamide 

hydrogel (Fig. 5.15e). In summary, we discovered an unknown soft microenvironment-special and 

negative-durotaxis-dependent cell competition manner, which along with proliferative advantage 

both explained the clonal dominance in soft local niche. 

 

 
Fig. 5.16 Soft-primed cells eliminated stiff-primed cells in an ITGA10-dependent manner. (a). Workflow 
and (b) flow cytometry results of 1:1 mixed green cell tracker-labeled pNDRG1-mCherry-fluc-scp1-35 
and pNDRG1-mCherry-fluc-scp1-iRFP-H2B-0.6 cells cultured on 0.6, and 35 kPa polyacrylamide 
hydrogel with low and high cell density. (c). Representative live cell image of eliminated loser cells of 
1:1 mixed green cell tracker-labeled pNDRG1-mCherry-fluc-scp1-35 and pNDRG1-mCherry-fluc-scp1-
iRFP-H2B-0.6 cells cultured on 0.6 kPa polyacrylamide hydrogel with high cell density. (d). 
Representative live cell image of hybrid cells of 1:1 mixed green cell tracker-labeled pNDRG1-mCherry-
fluc-scp1-35 and pNDRG1-mCherry-fluc-scp1-iRFP-H2B-0.6 cells cultured on 0.6 kPa polyacrylamide 
hydrogel with high cell density. (d) Flow cytometry results of 1:1 mixed green cell tracker-labeled 
pNDRG1-mCherry-fluc-scp1-35 and pNDRG1-mCherry-fluc-scp1-iRFP-H2B-shITGA10-0.6 cells 
cultured on 0.6, and 35 kPa polyacrylamide hydrogel with low and high cell density. 

 



5.2.9 Soft-primed cells display compromised CAF activation to 

maintain local niche softness 

To answer the third question we raised in this Chapter, explaining how brain-tropic cells maintain a 

nearby local soft niche, we tested whether CAF, the strongest ECM modifier [32, 110, 202, 224-235, 270-280], 

was activated differently by 231-0.6 and 231-35 in the corresponding local niche. 

 

Firstly, we applied microchannel chemotaxis assay to NIH-3T3 fibroblast with 231-0.6/231-35 

condition media (CM) in the left/right compartment to check if soft-primed cell showed limited 

fibroblast recruitment ability (Fig. 5.16a), single cell trajectory results showed there was no 

difference between 231-0.6 and 231-35 CM (Fig. 5.16b). Even though 231-35 didn’t actively recruit 

more fibroblast, we applied single-cell trajectory on gradient stiffness hydrogel to find fibroblast 

itself is durotactic, still, there would likely be more fibroblast in the stiff local niche (Fig. 5.16c,d). 

Next, we seeded NIH-3T3 cells on 0.6/35 kPa hydrogel and supplied 0.6/231-35 CM to mimic 

different local niche microenvironments with both cancer cell paracrine and ECM stiffness, which 

to find 231-35 CM on 35 kPa gel group fibroblast was activated more, represented by αSMA as a 

CAF marker (Fig. 5.16e). Here there were two variables, while it’s well known that fibroblast or 

other stroma cell to CAF transition requires mechano-transduction [412-414], which was double-

confirmed by Fig. 5.16g,h. We also asked whether 231-0.6/35 CM functioned differently 

independent of stiffness, we seeded NIH-3T3 on the glass to provide sufficient mechano-

transduction support, then provided 231-0.6/35 CM, 231-35 CM group fibroblast still showed 

activation advantage (Fig. 5.16i,j), suggesting that 231-0.6/35 instinct CAF activation abilities are 

different.  

 



 

Fig. 5.17 CAF recruitment was limited by niche softness, CAF activation was compromised by both soft 
niche and soft niche resident paracrine. (a). Workflow, (b) single cell trajectory and radar graph of 
fibroblast NIH-3T3 cells seeded in chemotaxis chip supplied with 231-0.6 CM on the left and 231-35 
CM on the right. (c). Workflow, (d) single cell trajectory and radar graph of fibroblast NIH-3T3 cells 
seeded on gradient stiffness polyacrylamide hydrogel. (e). Workflow, (f) representative confocal 
fluorescence microscopy images and statistical analysis (with Mann-Whitney U test) of αSMA of NIH-
3T3 cells seeded on 0.6 and 35 kPa polyacrylamide hydrogel supplied with 231-0.6 CM and 231-35 CM 



respectfully. (g). Workflow, (h) representative confocal fluorescence microscopy images and statistical 
analysis (with Mann-Whitney U test) of αSMA of NIH-3T3 cells seeded on 0.6 and 35 kPa 
polyacrylamide hydrogel. (i). Workflow, (j) representative confocal fluorescence microscopy images, 
and statistical analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) of 
αSMA of NIH-3T3 cells seeded on glass supplied with 231-0.6 CM on left and 231-35 CM. (Error bars 
represent s.e.m., **: P < 0.01, ****: P < 0.0001.) 

 

In the previous study, we found long-term culture is required to develop organotropism, here we’d 

like to guarantee it is long-term but not short-term stiffness stimulation contributes to this CAF 

activation promoting manner, we seeded TGL shortly on 0.6/35 kPa hydrogel to collect CM, as 

expected short-term culture did not alter the CAF activation ability (Fig. 5.17a). Since 231-0.6 and 

231-35 displayed distinct metastatic organotropism (Chapter IV), next, we asked whether cells with 

different tropism could activate CAF differently independent of stiffness, thus we compared the 

CAF activation potential of BoM with BrM CM (BoM/BrM are 231-TGL-derived variants with 

bone/brain metastatic organotropism and routinely maintained on TCP for culturing), and we found 

there was no significant difference (Fig. 5.17b), all these data suggested both stiffness and long-term 

stimulation were critical. It’s known CAF has multiple sources in vivo [230, 414, 415]. To avoid cell line 

dependency, we repeated all the above-mentioned experiments with a mouse MSC cell line, and all 

phenomena remained (Fig. 5.17c-h). 

 



 
Fig. 5.18 Compromised CAF activation was not caused by short-term soft-primed resident paracrine, or 
organotropism and independent of the cell origin of CAF. (a) Representative confocal fluorescence 
microscopy images and statistical analysis (with Mann-Whitney U test) of αSMA of NIH-3T3 cells 
seeded on glass supplied with CM of 231-WT cells short-termly cultured on 0.6 and 35 kPa 



polyacrylamide hydrogel. (b) Representative confocal fluorescence microscopy images and statistical 
analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) of αSMA of NIH-
3T3 cells seeded on glass supplied with CM of 231-BrM and 231-BoM cells. (c). Workflow, (d) single 
cell trajectory and radar graph of mouse MSCs seeded in chemotaxis chip supplied with 231-0.6 CM on 
the left and 231-35 CM on the right. (e). Workflow, (f) representative confocal fluorescence microscopy 
images and statistical analysis (with Mann-Whitney U test) of αSMA of mouse MSCs seeded on 0.6 and 
35 kPa polyacrylamide hydrogel. (g). Workflow, (h) representative confocal fluorescence microscopy 
images and statistical analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons 
test) of αSMA of mouse MSCs seeded on glass supplied with 231-0.6 CM on left and 231-35 CM. (Error 
bars represent s.e.m., ns: no significance, ***: P < 0.001, ****: P < 0.0001.) 

 

Considering CAF populations are also heterogeneous, the definition of CAF subpopulation 

depended on the clustering process in scRNA-seq and specific marker selection, but it has been 

reported some subpopulations showed limited ECM-related function but mainly secreted cytokines 

[230, 231, 261, 270, 276]. To guarantee the CAF induced by CM indeed remodeling ECM, we seeded 

0.6/231-35 CM induced NIH-3T3-derived CAF in 3D collagen gel to evaluate their ECM 

remodeling capacity (Fig. 5.18a), then SHG with multi-photon microscopy were conducted, 

showing 231-35 CM-induced CAF generated more collagen alignment than 231-0.6 CM (Fig. 

5.18b), to check the impact of the remodeling on ECM stiffness, we seeded 0.6/231-35 CM induced 

NIH-3T3-derived CAF on the top of 2D collagen gel, and applied AFM to measure the stiffness 

next to the induced CAFs (Fig. 5.18c), which to found the 231-0.6 CM induced NIH-3T3-derived 

CAF less stiffened the local collagen gel than 231-35 group (Fig. 5.18d). Moreover, the 231-0.6 

population itself exhibited similarly compromised ECM remodeling ability (Fig. 5.18e,f). 

 



 
Fig. 5.19 Soft-primed cells and the conditioned CAF showed limited ECM stiffening ability. (a). 
Workflow, (b) representative multiphoton microscopy images and radar graph of collagen fibers of 
collagen gels embedded with 231-0.6 CM and 231-35 CM induced NIH-3T3 cells supplied with 231-0.6 
CM and 231-35 CM. (c). Workflow, (d) representative bright field microscopy images and statistical 
analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple comparisons test) of elastic 
modulus of collagen gels seeded with 231-0.6 CM and 231-35 CM induced NIH-3T3 cells on the top 
supplied with 231-0.6 CM and 231-35 CM respectfully. (e). Workflow, (f) representative bright field 
microscopy images and statistical analysis (with Kruskal-Wallis one-way ANOVA and Dunn's multiple 
comparisons test) of elastic modulus of collagen gels seeded with 231-0.6 and 231-35 cells. (g) Workflow 
and (h) representative multiphoton microscopy images of mCherry and collagen fibers in mouse fat pad 
orthotopic tumor xenograft slides generated from pNDRG1-mCherry-fluc-231-scp1 cell line. (Error bars 
represent s.e.m., *: P < 0.05, ****: P < 0.0001.) 

 

5.2.10  Local niche softness, brain metastasis potential, and negative 

durotaxis pattern are clinically correlated  

The correlation between local niche softness, brain metastasis potential, and negative-durotaxis 

pattern has been exclusively proved in vitro in the work above, meanwhile, we showed integrin α10 

was up-regulated in soft niche residents and brain metastatic subpopulations (Fig. 5.6g). However, 



this study focused on intratumoral heterogeneity, information at single-cell scale and spatial 

distribution were lost in bulk RNA-seq. 

 

To elucidate if our finding displayed clinical relevance at a single-cell scale, we analyzed the single-

cell RNA-seq data of GSM7782698 of GSE243275 in the GEO database. Whole-cell population 

cell type annotation was conducted to exclude non-cancer cells (Fig. 5.19a), focusing on cancer cells, 

we identified NDRG1 as a single-cell scale breast cancer local niche softness ruler across cell lines 

(Fig. 4.1-4.4), thus we discovered a positive correlation between NDRG1, brain metastasis gene 

signature, integrin α10-PI3K-Akt signature (Fig. 5.19b), individual brain metastasis-related genes 

(Fig. 5.19c) and individual integrin α10-PI3K-Akt related genes (Fig. 5.19d) in the UMAP 

distribution. Moreover, we separated cancer cells into NDRG1+ and NDRG1- groups, both brain 

metastasis signature and integrin α10-PI3K-Akt signature are enhanced in NDRG1+ subgroup (Fig. 

5.19e,f). Another patient sample scRNA-seq GSM7782697 of GSE243275 in the GEO database was 

also analyzed, which showed similar results (data not shown). 

 

 
Fig. 5.20 NDRG1, brain metastasis potential, and negative durotaxis manner are positively correlated at 
single-cell scale in the patient sample. (a). UMAP visualization of whole population cell type annotation. 
(b-d) UMAP visualization of cancer cells overlaid with the expression of indicated genes and gene sets. 
(e,f) Violin plot of indicated gene set level of NDRG1- and NDRG1+ subpopulations. 

 



To clarify whether our finding exhibited clinical relevance at spatial distribution in tumors, we 

analyzed the spatial transcriptomics data of the Human Whole Transcriptome Probe Set sample 

(sample ID: Visium_FFPE_Human_Breast_Cancer) in 10x Genomics. The spatial distribution 

NDRG1, brain metastasis gene signature, and integrin α10-PI3K-Akt signature were demonstrated 

(Fig. 5.20a), the expression of which at single barcode resolution showed a positive correlation 

between each two (Fig. 5.20b), we separate the barcodes into NDRG1- and NDRG1+ groups (Fig. 

5.20c), brain metastasis gene signature, integrin α10-PI3K-Akt signature and individual brain 

metastasis genes and integrin α10-PI3K-Akt genes were up-regulated in NDRG1+ subgroup 

barcodes (Fig. 5.20d,e). Another two patient spatial transcriptome samples (sample ID: 

Visium_Human_Breast_Cancer, Parent_Visium_Human_BreastCancer) in 10x Genomics were also 

analyzed, which exhibited similar positive correlations (data not shown). 

 

 
Fig. 5.21 NDRG1, brain metastasis potential, and negative durotaxis manner are spatially correlated in 
the patient sample. (a). HE staining and heatmap of indicated genes in spatial transcriptome at single-
barcode resolution. (b) Visualization of correlation of indicated genes and gene sets in spatial 
transcriptome at single-barcode resolution. (c) NDRG1 distribution and violin plot of NDRG1- and 
NDRG1+ subgroup barcodes. (d,e). Violin plot of indicated gene set and individual level of NDRG1- 
and NDRG1+ subgroup barcodes. 

 

Collectively, scRNA-seq and spatial transcriptome confirmed the brain that the local niche softness, 

brain metastasis potential, and negative-durotaxis pattern are correlated in clinical patient samples. 

 



5.2.11  Local niche softness and CAF are negatively correlated in 

clinical samples 

CAF activation was limited by softness and soft niche residents in vitro, if it was still true in vivo 

and in clinic remained unknown. Similar to 3.2.10, we checked the spatial distribution of related 

signatures in the tumor, and we analyzed the spatial transcriptomics data of the Human Whole 

Transcriptome Probe Set sample (sample ID: Visium_FFPE_Human_Breast_Cancer) in 10x 

Genomics. The spatial distribution NDRG1 and CAF signature were demonstrated (Fig. 5.21a), the 

expression of which at single barcode resolution showed a negative correlation between each two 

(Fig. 5.21b), we separate the barcodes into NDRG1- and NDRG1+ groups (Fig. 5.21c), CAF 

signature and individual CAF marker genes were down-regulated in NDRG1+ subgroup barcodes 

(Fig. 5.21d,e). Another two patient spatial transcriptome samples (sample ID: 

Visium_Human_Breast_Cancer, Parent_Visium_Human_BreastCancer) in 10x Genomics were also 

analyzed, which exhibited similar negative correlations (data not shown). 

 
Fig. 5.22 NDRG1 and CAF activation are negatively spatially correlated in the patient sample. (a). HE 
staining and heatmap of indicated genes in spatial transcriptome at single-barcode resolution. (b) 
Visualization of correlation of indicated genes and gene sets in spatial transcriptome at single-barcode 
resolution. (c) NDRG1 distribution and violin plot of NDRG1- and NDRG1+ subgroup barcodes. (d,e). 
Violin plot of indicated gene set and individual level of NDRG1- and NDRG1+ subgroup barcodes. 

 

In short, we demonstrated CAF and local niche softness displayed a negative correlation spatially, 

which confirmed our finding in vivo and in clinic. 

  



  

 
 
 
 
 
 
 

Chapter VI: Discussions and 
Limitations 

  



6.1 Conclusion 

In the first chapter of the present thesis, we established a single-cell scale local niche softness 

biosensor and exclusively verified the efficiency in vitro and in vivo. With the new sensor, we 

identified a soft local niche, separated cancer cells from tumor xenograft based on residing niche 

stiffness for each cell, and proved the soft local niche residents were brain metastatic in xenograft. 

(Fig. 6.1) 

 

In the second chapter of the proposed study, we explained how soft niche and soft niche resident 

were kept long-term correlated: Firstly, we demonstrated soft primed cells were integrin α10-PI3K-

Akt hyperactivation-dependent negative-durotactic and positive-viscotactic thereby they preferred 

kept residing in soft and viscous-like niche. Secondly, we discovered a soft niche-specific cell 

competition manner in that soft niche residing cells eliminated outsiders to guarantee clonal 

dominance. Thirdly, we revealed soft niche residents showed limited CAF activation and ECM 

remodeling ability so that soft niche wouldn’t be stiffened. All this guaranteed long-term soft-

priming and promoted brain metastasis. Interestingly, negative-durotaxis independently enhanced 

brain metastasis potential with a positive feedback loop (Fig. 6.1). 

 



Fig. 6.1 Graphic Illustration of the present study 

 

6.2 Significance 

Metastatic organotropism determines the ending of some cancer patients in a certain sense. Brain 

metastasis is the most devastating and is sometimes regarded as the last metastasis [157]. In the 

previous research we found in-vitro soft priming on biomaterials enhanced brain metastasis, 

especially BBB trans-migration and brain colonization ability. This previously unappreciated role 

of ECM softness was surprising, however, it lacked clinical relevance, and we had no clue whether 

softness plays the same role in tumors where the mechanical properties were heterogenous [111, 112, 

246]. 

 

Under this circumstance, as suggested in a recent perspective [386], establishing a local niche 

mechanics biosensor to focus on local niche mechanics is needed. In Chapter IV, we developed the 

pNDRG1-mCherry sensor, it provided a tool for us to separate populations based on cell residing 

microenvironment. The “responsive promoter” strategy could be extended even beyond mechano-

oncology, researchers could imitate the design and the workflow to separate other subpopulations 

from vivo at a single-cell scale, for instance, separating cells enduring other mechanical stimulations 

using corresponding mechano-sensitive promoter, separating cells surviving immune attack with 

corresponding immune attack-responsive promoter or separating host cell parasitized by specific 

pathogens with cell-autonomous immunity-related promoter. 

 

With this sensor, we exclusively provided in-vivo evidence that soft-residing cells were brain 

metastatic. Besides, because the in-situ correlation data was mutually bidirectional, we could also 

conclude brain metastatic seeds were residing in relatively softer niches. This external mechano-

stimulation-free proof was unprecedentedly stronger than any other studies conducted based on in-

vitro biomaterials. 

 

The good correlation in vivo proved the clinical relevance of our finding in vitro, but an intriguing 



problem emerged: How is the correlation maintained so that soft niche could long-termly educate 

the residents to become brain metastatic? Then we explored the answer in Chapter V. 

 

Soft priming cannot be achieved if soft niche residents migrated away, therefore we inspected what 

kept soft primed cells residing in the soft niche. Some rare negative-durotactic cell types were 

recently identified [51, 191, 321], but little was known about the specific molecular mechanism or 

whether the durotaxis pattern could be reprogrammed [322, 323]. We uncovered soft priming switched 

from positive-durotaxis manner to negative, we also identified the integrin α10-PI3K-Akt signaling 

pathway was required for negative-durotaxis shifting. In addition, we found negative-durotaxis not 

only guaranteed long-term soft priming but also contributed to brain metastasis capacity 

independently of microenvironment mechanics with a positive feedback loop. Further, tissues are 

viscoelastic, if there are certain viscous properties in soft local niche, meanwhile it attracts soft-

primed cells, the process should be more convincing. We uncovered the soft local niches were more 

viscous-like in tumors, meanwhile negative-durotaxis manner was associated with positive-

viscotaxis and vice versa (verified by soft priming/shITGA10/shMYH10), both of which help the 

self-organization of cancer mechano-heterogeneity. It was the first time that the pathological 

meaning and the underlying mechanism of negative-durotaxis and positive-viscotaxis were 

identified, which was an innovation of both concepts. 

 

Soft priming cannot be reached without clonal dominance, we found a soft niche-specific soft-

primed cell competence superiority, which was correlated with a cytosol/membrane transmission, 

interestingly integrin α10 in 231-0.6 was required in this process, this phenomenon and the precise 

mechanism were completely unknown, but it well-explained the clonal dominance of soft-primed 

cell in the soft local niche. 

 

Soft priming cannot be accomplished without soft niches, thus we investigated the reason why the 

soft local niche is not stiffened. CAFs contribute most to ECM modification [32, 110, 202, 224-235, 270-280], 

it’s reported that soft microenvironment limited CAF activation [250, 290, 414], here we found soft niche 

residents displayed compromised CAF activation capacity as well, both of which resulted in 

restricted local niche stiffening effect, which explained how the local niche softness was maintained. 



 

6.3 Limitations and Perspectives 

In Chapter IV, we designed a novel pNDRG1-mCherry local niche softness biosensor, this sensor 

could be extensively used to confirm correlations in vivo without any additional mechanical 

application, however, there were several limitations in the sensor design. The key limitation was 

that the effectiveness of the pNDRG1-mCherry sensor relied on mechano-transduction-mediated 

transcriptional mechano-sensitivity, sometimes mechano-transduction could be disturbed, and then 

the sensor signals lost meaning. Meanwhile, any genomic or pharmacological manipulation possibly 

impacting the mechano-transduction could bias the sensor outcome, so the pNDRG1-mCherry 

sensor could only establish correlations but not causal relationships. Another problem was because 

basically pNDRG1-mCherry was the transcriptional reporter of NDRG1, and NDRG1 was a 

functional protein, circular argument was always a potential confounding to exclude. Moreover, the 

usage of the sensor required precise control of the virus transfection copy number, or the competitive 

inhibitor would be an issue. Even though we applied single-cell clones to unify, when separating 

mCherry+ populations from xenograft, polyploid cells were collected as well, which were identified 

as more metastatic and malignant subpopulations [416, 417]. To solve this problem, we might need 

another opposite local niche stiffness (versus softness) biosensor for equilibrium. Currently, we have 

not found a qualified candidate representing local niche stiffness but irrelevant to organotropism. 

 

In Chapter V, about the negative-durotaxis of soft-primed 231-0.6, here we proved the durotaxis 

pattern was not an intrinsic feature for each cell type or cell line, the durotaxis pattern could be 

manipulated. We identified the softness-integrin α10-PI3K-Akt axis as the key regulator in softness-

evoked negative-durotaxis, however, there’s still a gap between Akt phosphorylation and clutch 

reinforcement. The cycle of PI(3,4)P2, PI4P, PI(4,5)P2 PIP3, PTEN, and mitochondrial trafficking 

might be involved in this process [418, 419]. After that we found negative-durotaxis was a prerequisite 

of brain metastasis with a positive feedback loop, this correlation seemed to be correct: negative-

durotaxis was a seeking-for-softness behavior meanwhile the softest organ in body was brain, recent 

finding suggesting there’re two (at least) modes of brain metastatic colonization [161], the stiffness 



gap between brain vasculature and parenchyma promoted brain metastatic infiltration in TNBC and 

lung adenocarcinoma (LUAD), which formed perivascular sheaths with diffusive contact with 

astrocytes and microglia [160], brain metastasis was an vasculature-to-parenchyma (stiff-to-soft, non-

viscous-to-viscous) process, if the stiffness and viscous property gradient explained the importance 

of negative-durotaxis and positive-viscotaxis in brain metastasis remained unclear; the PI3K-Akt 

signaling mediated negative-durotaxis and was the hallmark of brain metastatic phenotype 

meanwhile [400-404], melanoma was negative-durotactic meanwhile exhibited the highest brain 

metastasis risk across all cancer types [12, 191]. Even though we extensively provided evidence that 

these two behaviors could hardly be decoupled, it remained intriguing how there were casual 

relationships between the two unrelated phenomena, further studies were required to understand the 

intrinsic connection between brain tropism and negative-durotaxis. 

 

The correlation between viscous behavior and low elasticity was a new finding, we demonstrated 

that negative-durotaxis and positive-viscotaxis collectively guaranteed long-term soft priming. 

Negative-viscotaxis was believed because of membrane/integrin-ECM ligand bond instability in 

high loss microenvironment so that low loss directional won the force competition [324], thus we 

hypothesized and proved that if soft-primed cells displayed compromised clutch reinforcement 

anyway, logically negative-viscotaxis should be reversed. However, this explanation was too 

abstractive, so we planned to cooperate with external experts to establish a theoretical model to 

illustrate the positive-viscotaxis process of the negative-durotactic subpopulation. 

 

Little is known about the new form of cell competition we discovered since it’s integrin α10-

dependent, current mechanical signaling (YAP, ERK, Notch, etc.)-related cell competition types 

were worth considering, [361, 369-372, 395]. 

 

Besides, we claimed compromised CAF inactivation participated in the positive feedback loop to 

maintain the local niche softness, here we only considered the ECM secretion and modification, it’s 

possible that 231-0.6 and 231-0.6-induced CAF phenotype positively degrade local ECM to soften 

the local niche, it’s worth exploring by further research. 
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