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Abstract 

Breast cancer cells disseminate to and colonize other organs not randomly, but rather 

have the preferred metastatic sites, including bone, liver, lung, and brain, which is 

defined as “organotropism”. Brain metastasis considerably deteriorates patient survival 

compared to the metastasis in other organs and thus requires urgent attention. Previous 

studies have indicated that tumor cells with the ability to metastasize to specific organs 

may pre-exist in the primary tumor, suggesting the significance of the primary tumor 

microenvironment and/or specific sub-clones with unique mutations. Accumulating 

evidence has demonstrated the importance of mechanical cues in tumor metastasis. 

However, it remains poorly understood whether and how local niche mechanics in the 

primary tumor influence breast cancer brain metastasis.  

 

In this project, our study explored the effect of soft local niches in the primary tumor 

on breast cancer brain metastasis. We found that 1-month culture on soft matrices (soft 

niches-primed cells) remarkably increased the expressions of the genes related to brain 

but not bone metastasis, which was independent of ligand type and cell type. RNA-seq 

analysis showed that softness-primed cells exhibited molecular features of neuron, 

implying the promotive effect on brain metastasis. Soft niches-primed cells had 

enhanced the survival in circulation, cerebral endothelium adhesion and blood-brain 

barrier (BBB) transmigration in vitro. Further, these cells exhibited the 

mechanoadaptation to the soft matrix mimicking brain tissue and a high secretion level 

of Serpin B2 which might confer defense evasion ability to tumor cells to circumvent 

metastasis-suppressive effects in the brain. Moreover, soft niches-primed cells 

displayed unique biophysical properties and mechanical memory. In vivo animal 

experiments showed that the priming on soft matrices enhanced BBB transmigration 

and colonization ability of breast cancer cells in the brain. Importantly, soft niches-
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primed breast cancer cells exhibited the ability to preferentially metastasize to the brain 

in vivo.  

 

Mechanistically, the priming of single cell-derived progenies with low brain metastasis 

ability on soft matrices increased the expressions of brain metastasis-related genes 

expression, proliferation rate on brain-mimicking matrices, and BBB transmigration 

ability. Further, histone deacetylase (HDAC)-mediated chromatin condensation and 

remodeling were required in the softness-induced changes in brain metastasis gene 

expression. Among these HDACs, HDAC3 activity was highly upregulated in soft 

niches-primed cells, and necessary but not sufficient for the gain of brain metastatic 

phenotype. Brain metastasis formation was effectively antagonized in vivo by inhibiting 

HDAC3. Further, extended disruption of actin cytoskeleton increased HDAC3 activity 

and induced the acquisition of brain metastasis ability. In contrast, the increase of actin 

polymerization or contractility on soft matrices inhibited HDAC3 activity and 

prevented the up-regulation of brain metastasis ability. 

 

Taken together, these findings demonstrate that soft niches in the primary tumor 

promote breast cancer brain metastasis, which depends on mechanotransduction-

mediated HDAC3 activity, highlighting the significance of local microenvironmental 

mechanics in organotropism. This study unveils the regulatory role of local niche 

mechanics of the primary tumor in brain metastasis and provides new evidence to 

illustrate the importance of mechanics in tumor metastasis. 
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Chapter 1: Introduction 
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Cancer patients die primarily from distant metastases which is a complex process 

involving many steps. Therefore, this makes treating metastatic tumors far more urgent 

and difficult than treating primary tumors. It is striking that the distribution of distant 

metastasis among organs is not random but has organ preference, which is termed 

metastatic organotropism 1. Although the pattern of affected organs is remarkably 

variable depending on the cancer type, intrinsic properties of tumor cells and external 

cues from the microenvironment have been reported as vital regulators in organ-specific 

metastasis 2. The "seed and soil" theory proposed by Steven Paget is commonly adopted 

to explain the mechanisms of organotropism 3. "Seeds" are tumor cells that have the 

capacity to disseminate, whereas "soil" is any organ with a defined microenvironment. 

The match between tumor cells and the microenvironment of the distant organs is 

necessary for the survival or thriving of tumor cells. It is well-known that "secondary 

soil" features referring to the microenvironment of target organs, have a significant 

impact on the colonization and metastatic outgrowth of tumor cells in the progress of 

metastasis. Of note, a previous study shows that the biochemical microenvironment of 

the local niche preselects tumor cells with bone metastatic tropism, which highlights 

the crucial role of the local microenvironment in metastatic organotropism 4. 

 

Metastatic brain lesions account for 90% of all primary tumors in central nervous 

system (CNS) 5. Brain metastases from breast cancer have a dismal prognosis and are 

often accompanied by neurological dysfunction 6. There is, however, a lack of 

understanding of the mechanisms behind brain metastasis derived from breast 

carcinoma. A better understanding of the underlying critical factors for brain metastasis 

is therefore essential for the development of new therapeutic strategies. Recently, most 

studies focus on investigating the role of the special biochemical microenvironment in 

the brain and the intrinsic genetic signature of cancer cells on brain metastasis. Besides 

the biochemical mechanisms underlying cancer metastasis, the mechanical 

microenvironment regulates many cellular functions and plays important roles in the 

orchestration of tumorigenesis and metastasis 7. Mechanical stimulations affect 
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epigenetic modifications and induce chromatin remodeling, thereby changing gene 

expression patterns and cellular functions 8, 9. Epigenetic modifications not only 

respond to mechanical signals but also promote cells to adapt to different mechanical 

microenvironments, including matrix stiffness 10. Studies show matrix stiffness can 

affect HDAC activity and chromatin remodeling via mechanotransduction of 

cytoskeleton and nuclear mechanosensing, further regulating cell differentiation and 

fibroblast activation 10, 11. Matrix stiffness as one of the important physical factors in 

the microenvironment has been proven to regulate a series of malignant behaviors of 

tumor cells, such as transformation, migration, invasion and proliferation 12, 13, 14. It is 

a pity that few studies investigate the role of matrix stiffness on brain metastasis.  

 

It is generally recognized that characteristics of cell mechanics, which are significant 

inherent features, are substantially connected with the malignancy of tumor cells. A 

unique alteration in cellular mechanical characteristics is associated with malignant 

transformation brought on by genetic alterations. Numerous earlier investigations 

demonstrate that tumor cells are less stiff than their matching normal cells 15, 16. For 

instance, following transformation, normal breast epithelial cells soften considerably 17, 

18. Highly diverse tumor cell mechanical stiffness is substantially linked with malignant 

potential 19. Low cell stiffness is a distinctive mechanical characteristic of tumor cells 

with high tumorigenesis and metastasis potential 20. The softness of cancer cells can 

facilitate BBB transmigration in the metastatic steps 21. The ability of tumor cells to 

self-renew can be increased by reducing the stiffness of tumor cells 22, 23. There is still 

much to be explored about how cell stiffness influences biological processes, especially 

in malignant behaviors of tumor cells. 

 

Knowledge gap and scientific questions 

Recently, many studies have investigated the importance of intrinsic genetic features of 

tumor cells and the interactions between tumor cells and the biochemical 
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microenvironments of host organs in brain metastasis. One missing clue is the role of 

biomechanics, especially local niche stiffness and cell mechanics, in regulating brain 

metastasis of tumor cells.  

 

Tumor cells experience highly heterogeneous stiffness of local niches within primary 

tumors and metastasized to different organs. Stiff matrix has been shown to promote 

osteolytic bone metastasis in breast carcinoma. Although the role of matrix stiffness in 

the malignant behaviors of tumor cells has been well identified, it is still unknown about 

the relationship between the local niche stiffness and breast cancer brain metastasis. In 

particular, whether matrix softness regulates the ability of breast cancer cells to 

preferentially colonize brain tissue is unknown. If matrix softness of local niches is 

involved in promoting brain metastasis, the molecular mechanisms, including 

epigenetic modifications, should be further investigated. The therapeutic role of the 

regulatory mechanism in targeting brain metastases and their clinical significance also 

needs to be further determined. In addition, in spite of the correlation between cell 

stiffness and tumor cell malignancy, the connection between cell mechanics and 

metastatic organotropism remains ambiguous. In this research, those unsolved 

questions will be explored.  

 

Objectives and scopes 

This project explores the metastatic organotropism of breast cancer cells from the 

perspective of biomechanics, investigates the role of the softness of primary niches in 

brain metastasis, explores the epigenetic mechanisms of microenvironmental softness 

inducing brain metastatic phenotype, and elucidates the role of cell mechanics in 

organotropism. The specific research contents are as follows:  

(1) Reveal the effect of matrix softness on the ability of tumor cells to metastasize to 

the brain.  

(2) Elucidate the role of HDAC-mediated chromatin condensation in matrix softness-
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induced breast cancer brain metastasis. 

(3) Investigate the mechanisms regulating HDAC3 activity in response to matrix 

softness and the therapeutic role of HDAC3 activity in breast cancer brain metastasis. 

(4) Reveal the role of cell stiffness in organotropism and clarify the potential functions 

of cell stiffness acting as the indicator to reflect preferring metastatic site of tumor cells. 

 

Scientific significance and values 

A lot of intrinsic factors of tumor cells and microenvironmental factors of host organs 

have been proven to be involved in early metastatic seeding and outgrowth in the target 

organ. A more comprehensive evaluation of the interactions between the characteristics 

of the cancer cells and the microenvironment of local niches is needed to understand 

the organ-specific metastasis process. It remains to be identified whether biophysics 

factors in primary tumor play a key role in metastatic organotropism. Our research 

unveils the critical role of matrix softness and cell mechanics in specific-organic 

metastasis and facilitates the development of novel therapeutic strategies against brain 

metastasis. Moreover, research so far could not show whether the brain-targeted traits 

or brain metastasis-related gene signatures are pre-existing in the primary tumor or are 

the outcome of the effect of the brain microenvironment. We investigate whether the 

increased ability for brain metastasis is due to the survival advantage of some cells with 

special intrinsic properties or to the regulatory effects of the ECM stiffness. This study 

may provide insight into why tumor cells prefer to metastasize to the brain and the 

factors that enable tumor to thrive in the brain. In addition, our research unveils the 

mechanotransduction mechanism of breast cancer cells in response to tissue softness 

for the acquisition of brain metastatic phenotype, which underpins the preferential 

metastasis of breast cancer cells into soft brain tissue. Targeting this mechanism has 

highly prospective therapeutic significance in suppressing the brain metastasis of breast 

carcinoma. In addition, we explore the intrinsic cellular mechanical properties of cancer 

cells with different tropisms and investigate the role of mechanical properties of cancer 
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cells in organotropism, which may provide a powerful label-free marker for separating 

cancer cells with different tropisms for clinical diagnosis and an effective therapeutic 

target to prevent or cure organic metastasis. Overall, this project highlights the 

significance of tissue softness in metastatic tropism to the brain and may result in a 

paradigm shift in cancer therapy by targeting brain metastases based on 

mechanotransduction, which could be beneficial for cancer patients. As a result, it may 

be demonstrated that, despite biochemical factors, matrix softness also has a significant 

impact on brain metastasis. This project may help drive improvements in prevention, 

clinical diagnosis and treatment in patients who may suffer from brain metastasis. 
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2.1 Breast cancer and metastasis 

2.1.1 The overview of breast cancer 

Human life expectancy has been seriously affected by cancer, the leading cause of death 

worldwide. According to the International Agency for Research on Cancer statistics, 

there were an estimated 19.3 million new cancer cases and 10.0 million people died of 

cancer in 2020 24. Breast cancer is a disease of breast dysplasia, which is characterized 

by heterogeneity and diverse inducing factors. Breast carcinoma has exceeded lung 

carcinoma as the most frequently diagnosed cancer, with around 2.3 million newly 

diagnosed cases (11.7%). It has been shown that breast cancer incidence rates in women 

are far higher than those of other cancers in not only transitioned (55.9 /100,000) but 

also transitioning countries (29.7 /100,000) 24. There is one in six female patients died 

because of breast cancer. Chinese cancer statistics in 2015 show that breast cancer was 

the most common type of cancer and the fifth-ranking cause of cancer-related deaths 

among Chinese women 25. 

 

Breast cancer is a very heterogeneous illness, with tumor cells that exhibit a variety of 

morphological characteristics, varying clinical outcomes, and responses to various 

treatment approaches. Therefore, in light of the fact that there are several ways to 

classify breast cancer, it is crucial to develop a classification system that is clinically 

relevant. For reflecting prognosis and dictating treatment, molecular classification 

based on immunohistochemistry and gene expression comes into greater use. Hormone 

receptors (HRs), estrogen receptors (ERs) and progesterone receptors (PRs), human 

epidermal growth factor receptor 2 (HER2), Ki67, cytokeratin 5/6 (CK5/6), and 

epidermal growth factor receptor (EGFR), in breast cancer cells are commonly used as 

markers to classify the subtypes of breast cancer. According to the expression levels of 

these HRs, breast cancer can be divided into various molecular subtypes including 
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luminal A (ER+ and/or PR+, HER2- and Ki67 low), luminal B (ER+ and/ or PR+, 

HER2- and Ki67 high), luminal-HER2 (ER+ and/or PR+ and HER2+), HER2-enriched 

(ER-, PR-, HER2+), basal-like (ER-, PR-, HER2-, and EFGR+ or CK5/6+), and triple-

negative phenotype (TN) (ER-, PR-, HER2-) 26, 27, 28. Additionally, based on the 

progression of cancer, clinical staging is a valuable standardized method to classify 

breast cancer. As soon as breast cancer is diagnosed, clinical staging is identified, which 

further determines how the patient will be treated. Breast cancer clinical staging is 

uniform across breast cancer subtypes based on the tumor, node, and metastatic (TNM) 

breast cancer staging system adopted by the American Joint Committee on Cancer 

(AJCC) and the International Union for Cancer Control (UICC): Stage 0, Stage I, Stage 

II, Stage III and Stage IV 29. In Stage 0, abnormal cells exist but have not yet invaded 

the neighboring tissue. Ductal Carcinoma In Situ refers to the abnormal cells that are 

present at this stage inside breast ducts in the breast (DCIS). Breast cancer is apparent 

and becomes more prevalent in Stages I through III. The larger the cancer tumor is and 

the more it has spread to adjacent tissues, including lymph nodes, the higher the number 

of the stage level is defined. Stage IV denotes the spread of breast cancer to distant sites 

in the body. Clusters of tumor cells called micrometastases may still present in the body 

even after the original tumor has been removed, allowing the disease to recur. 

 

2.1.2 The overview of metastasis 

With 685,000 fatalities annually, cancer is the sixth most common mortality cause in 

the world 24. Approximately 90% of cancer patients die from distant organic metastases, 

while between 20% and 30% of those with early breast cancer are diagnosed with 

distant metastases 24, 30. Regardless of the subtype, currently, patients with metastatic 

breast cancer do not have viable treatment methods, and overall survival is typically 1 

to 5 years 31. To develop innovative therapeutics that target metastatic illness precisely, 

understanding the cellular and molecular pathways that allow cancer cells to escape the 

original tumor and expand and maintain at secondary sites is important 32. 
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2.1.3 The steps of metastasis 

It is believed that the formation of metastases by carcinomas takes place after an 

intricate sequence of cellular and biological events, collectively referred to as the 

invasion-metastasis cascade (Fig. 2.1): (1) generate a local invasion by penetrating 

adjacent extracellular matrix (ECM) and stromal tissue. (2) intravasate into blood vessel 

lumens. (3) endure unfavored factors and survival in the transportation through the 

vascular system. (4) pass through the blood vessel after active arrest or passive trap and 

penetrate the tissue of distant organs. (5) successful survival in the hostile 

microenvironment of distant organs, escape from the dormancy and restart the progress 

of proliferation to form the secondary tumor (this progress is often termed as 

colonization) 33. 

 

Local invasion refers to the penetration of cancer cells from a confined primary site 

through the stroma nearby, then getting into the parenchyma of the nearby healthy tissue. 

The basement membrane (BM), a specialized ECM, that is crucial in structuring 

epithelial tissues, including dividing epithelial and stromal into different compartments. 

The BM is a protective barrier, which must be breached before the invasion of cancer 

cells. In addition to its structural functions, the BM is also essential for biophysical 

signal transduction processes occurring inside of tumor via focal adhesion-mediated 

mechanosignaling, which regulates the invasive behavior and metastasis formation of 

tumor cells 34, 35.  

 

Intravasation is known as locally invading tumor cells penetrating the lumina of lymph 

system or circulatory systems. The hematogenous distribution appears to be the primary 

route through which metastatic tumor cells spread, despite lymphatic dissemination of 

tumor cells being often seen in cancer patients and serving as a significant predictive 

sign for the progression of cancer 32. Many biochemical factors secreted by tumor cells 

or stroma cells have been proven to enhance the capacity of tumor cells to transmigrate 

the endothelial cell barriers of blood vessels. Transforming growth factor-β (TGF-β), a 
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crucial cytokine for metastatic progression of cancer cells, promotes invasion by 

increasing transmigration through micro-blood vessels 36. In addition, carcinoma cells 

can produce the vascular endothelial growth factors (VEGFs) to promote the generation 

of new microvessels which are prone to leakiness in contrast to the normal blood vessels, 

and then enter circulatory systems through those leaky neovessels 37. 

 

As soon as carcinoma cells successfully penetrate into the blood vessel lumina, they 

can travel widely through the blood circulation and are called circulating tumor cells 

(CTCs). To arrive at distant organs, CTCs in the blood circulation must endure a range 

of stressors. They obviously lack, for instance, the integrin-mediated adhesion to the 

substrate that is typically necessary for cell survival. Anoikis, a kind of apoptosis driven 

by the absence of substrate anchorage, will happen when epithelial cells are in 

suspension 38. In addition to anoikis, circulating tumor cells must tolerate shear forces 

caused by blood flow as well as immune surveillance by innate immune cells, notably 

natural killer cells, to survive 39.  

 

A crucial stage in metastatic spreading is CTC arrest in distant organ sites. The issue of 

whether the process of CTCs arrest is an active seeking process through particular 

ligand-receptor interaction between CTCs and endothelium or just mechanical passive 

trapping by blood capillaries due to restricted blood vessel sizes is still up for debate 37, 

40. Extravasation is the process by which cancer cells, after arresting in the microvessels 

of distant organ sites, transmigrate vessel lumina and penetrate into the organ tissue by 

breaking through the barriers of endothelial cells and/or other cells 30. 

 

If disseminated tumor cells survive in the early encounter with the microenvironment 

of the distant organs, this still cannot guarantee that tumor cells complete the process 

of metastatic colonization to finally develop large macroscopic metastatic lesions. In 

contrast, it appears that the vast majority of disseminated tumor cells either slowly 

disappear over weeks and months, or persist as micrometastasis in a markedly long-
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term dormant state, remaining with relatively stable cells number 41. Most disseminated 

tumor cells are dominantly dormant due to their poor compatibility with the 

surrounding microenvironment, resulting in their greatly weakened proliferation at 

distant organs 41, 42. Furthermore, the capability of disseminated tumor cells to reinitiate 

proliferation in distant sites may depend on cell-nonautonomous mechanisms required 

to convert an unfavored microenvironment into a more hospitable niche 43, 44. It can be 

deduced from the above information that the process of the metastatic cascade of tumor 

cells is extremely low efficient. For example, a high number of CTCs are present in the 

bloodstream of the vast majority of cancer patients, even those with unnoticed 

metastases 45. However, approximately 0.01% of tumor cells that enter the blood 

circulation finally establish macrometastases, but this may be an overestimate 41. In the 

complex progress of the invasion-metastatic cascade, colonization in the host organ 

typically stands for the utmost rate-limiting step 30, 46. 

 

 

Figure 2.1 The Invasion-metastasis cascade 47 
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2.2 Organotropism 

2.2.1 The overview of organotropism 

Metastatic organotropism refers to the non-random dissemination and metastases 

formation of metastatic cancer cells in different organs. Based on the specific types of 

cancer, the pattern of the targeted organs varies considerably. Metastatic 

organotropism refers to the non-random dissemination and metastases formation of 

metastatic cancer cells in different organs. Based on the specific types of cancer, the 

pattern of the targeted organs varies considerably. There are some cancer types that 

metastasize predominantly to one particular organ. For example, most prostate cancer 

primarily metastasizes to the bone, while pancreatic cancer and uveal melanoma choose 

the liver as their destination 48, 49. Sequential metastasis from one metastatic site to other 

organ sites is observed in some cancer types. For example, colorectal cancer cells 

usually tend to form metastases in the liver and then metastasize to the lung 50. Cancer 

cells, such as those from breast cancer and melanoma, can form metastatic sites in 

various organs sequentially or simultaneously 51. There are many different kinds of 

cancer that often disseminate to the liver, lungs, bones, and brain as well as the lymph 

nodes. 

 

The bone is the most frequent distant site with the second tumor in patients with breast 

carcinoma, occurring in 70% of those patients. The liver is the second most typical site 

for metastases, with a percentage of around 30, and the brain is the next typical site 

with a percentage of between 10 to 30 52. Diverse breast cancer subtypes have 

remarkably different overall survival rates and exhibit different preferences to 

disseminate to certain organs. Even while all subtypes of breast cancer tend to form 

bone metastasis, luminal subtype cancers show significantly higher incidence (~81%) 

for bone metastasis than that of basal-like (~42%) and HER2-like tumors (~55%) 53. 

The luminal B subtype is linked to liver recurrence 54. Breast tumors that are HER2-

enriched, luminal-HER2, basal-like, and TN are more likely to form brain metastatic 
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tumors 55. Numerous findings indicate that a number of factors, including circulatory 

patterns, intrinsic properties of tumor cells and the microenvironment of host organs, 

affect the organ-specific metastasis of cancer cells. Developing novel and effective 

clinical strategies and improving the prognosis of patients would be possible if we 

understood the mechanisms that underlie metastatic tropism. 

 

2.2.2 “Seed and soil” theory 

It has long been known that cancer cells have preferred organs to metastasize to and 

organic metastases are not incident. The hypothesis of “seed and soil” was suggested by 

Steven Paget in 1889. It was based on a review of 735 patients who died of breast cancer, 

each having an autopsy, as well as several additional cancer cases from other research 

3. The term "seed" refers to specific tumor cells with the ability to metastasize. The term 

"soil" refers to the distant organ or tissue that offers a milieu for the outgrowth of the 

seeds.  The theory proposes that metastatic cells spread organ-specifically, rather than 

merely anatomically, and interact with the hosts. Only when the seed and soil were 

matched well, did metastases form. 

 

This concept opposed Rudolf Virchow's prevalent mechanistic theory of metastasis, 

which considered metastasis is the result of tumor cells passively arrested in the arterial 

system 56. The "seed and soil" theory of Paget was challenged by James Ewing in 1928, 

who hypothesized that metastatic dissemination occurs as a result of being 

mechanically trapped in the vascular system 57.  The idea of "seed and soil" faded into 

obscurity over the following many decades as a result of that viewpoint being the 

majority one. Although the structure of the vasculature and the specific circulation 

pattern of each organ undoubtedly have an impact on metastasis, this does not entirely 

account for the organ-specific metastasis clinically observed in the majority of cases. 

For instance, the brain, liver, and kidneys all get around 10% to 20% of the blood 

volume, yet each exhibits a totally distinct metastasis outcome 58. Organs that get a 
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significant amount of blood, such as the heart, muscle, skin, kidney, and spleen, 

however, seldom suffer metastasis 59. According to Sugarbaker in 1979, while regional 

metastases may be caused by anatomical or mechanical factors, such as lymphatic 

drainage, metastases in distant organ sites require a totally distinct mechanism 59. Hart 

and Fidler's groundbreaking research from the 1980s validated Paget's "seed and soil" 

idea by demonstrating the preferred homing of B16 melanoma tumor cells in particular 

distant tissues. In spite of the fact that vasculatures in all organs contained metastatic 

tumor cells, their research definitely proved that metastases only formed in limited 

certain organs 60. Despite the fact that CTCs are mechanically trapped at first in some 

organs, it is generally accepted that the compatibility and interactions between tumor 

cells and the microenvironment of the target organ determine the results of colonization. 

 

2.2.3 Mechanisms involved in the organotropism 

Our knowledge of the molecular and cellular mechanisms behind "seeds and soil" has 

significantly advanced over the past few decades as a result of related studies (Fig. 2.2). 

The process of metastasis is governed cooperatively by carcinoma cells and the 

microenvironment, in other words, both soil and seed cues are critical in promoting 

organic metastasis. Metastatic tropism is based on certain universal rules, despite the 

fact that each metastatic organ is distinctive. 
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Figure 2.2 Seed and soil factors in organotropism 2 

 

Seed: tumor-intrinsic properties 

The location preference and organotropism of metastatic tumor cells have been 

explained in a number of possible ways, including tumor cell surface properties, 

binding between tumor cells and the target tissue, and responsiveness to particular 

growth factors and specific chemokines from host organs. The interplay between 

tumor cells and the organ milieu, presumably in the form of unique adhesion to 



17 

 

endothelium, may explain the varied locations of metastasis development. Diverse 

surface receptors and secreted factors are generated by endothelial cells in various 

organs, which affects the generation of metastases. C-X-C motif chemokine receptor 4 

(CXCR4) expression in the metastasis of breast carcinoma is the best-known example. 

CXCR4-expressing tumors tend to infiltrate organs with high levels of its ligand, 

CXCL12, particularly bone 61. Similar to this, the CCL27/CCR10 chemokine receptor 

interaction is thought to attract melanoma cells to specific organs 62. The permeability 

of lung blood microvessels was raised and tumor cell transendothelial migration was 

made easier by several of these intrinsic tumor factors that disrupt endothelial-

endothelial connections. For instance, increased permeability and vascular penetration 

caused by melanoma-derived SPARC increased lung metastases in a way 63. BBB 

separates the brain from external tissues and provides it with protection. The basement 

membrane, astrocytes, and pericytes maintain the BBB, which is a continuous, non-

fenestrated endothelium held together by tight junctions 64. The capacity of tumor cells 

to adhere to the endothelium and cross the BBB are both improved when the 2,6-

sialyltransferase ST6GALNAC5 is expressed at high levels 65. 

 

Tumor cells are prone to become imprisoned in a range of organs in equal measure, 

despite the fact that it has been confirmed that many of the characterizations they 

exhibit contribute to the selection of certain organs 66. Therefore, the presence of cancer 

cells in a tissue alone cannot guarantee the development of a metastasis; rather, the 

development of new foci depends on the ability of metastatic tumor cells to survive and 

grow in the distant organ, which requires specific molecular traits to adapt to the 

microenvironment of the recipient organ. Specifically, CCL20 increases matrix 

metalloproteinase (MMP)-2/9 and RANKL/osteoprotegerin in breast cancer, which are 

key to the “vicious cycle” in bone metastasis 67. It is noteworthy to note that the gene 

fusion of TMPRSS2-ERG has been correlated to specific bone metastasis of prostate 

cancer, which suggests that certain gene mutations are responsible for organic 

metastasis 68. On one hand, DKK1 secreted by tumor cells inhibits lung metastasis; on 
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the other hand, it promotes bone metastasis, which plays distinct role in metastasis to 

different organs 69. Gene profiling of metastatic cells has been used in studies to 

identify intrinsic drivers in tumor cells that facilitate specific metastasis to the target 

organs, including bone, lung, brain, and liver 54, 65, 70, 71. Particularly, several single cell-

derived subpopulations isolated from cell lines with heterogeneous genetical 

backgrounds exhibit various metastatic patterns, highlighting the function of inherent 

molecular characteristics of tumor cells in metastatic organotropism 72. The ability of 

CTC lines generated from breast cancer patients to develop metastases in mice with a 

pattern that replicates the majority of metastatic sites in corresponding individuals 

further suggests that organotropic tumor cells may already be present in the primary 

tumor 73. 

 

Soil: unique microenvironment of organs 

The "seed and soil" hypothesis states that while particular genetic and phenotypic 

features of tumor cells unquestionably play a key role in successful formation of 

metastasis, microenvironmental conditions are also crucial in allowing malignant cells 

to survive and outgrowth after reaching their target organs. The specific habitats in the 

primary sites and metastatic sites, which are composed of certain resident cell types, 

ECM, soluble factors, and metabolic products, greatly influence the metastatic process 

to certain organs. Once tumor cells have entered the host organ, they must adapt to and 

survive in the diverse and unfavorable milieu that is produced by the distant organs in 

order to maintain growth. The perivascular microenvironment in the lung contains 

thrombospondin-1 (TSP-1) which can maintain the quiescence of breast carcinoma 

cells 74. Plasmin derived from the stroma cells of the brain inhibits the cooption between 

tumor cells and blood vessels and also drives FasL-dependent death of tumor cells, 

which inhibits the formation of brain metastases 75. It is worth noticing that, when it 

comes to the availability of energy, nutrients, and oxygen, different organs often exhibit 

diverse metabolic microenvironments. Bone resorption, which often happens in 
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osteolytic bone metastasis of breast cancer cells, produces numerous nutrients, such as 

glucose, glycerol, glycine and serine 76. In contrast, the brain exhibits the greatest 

consumption of energy compared to other organs. Even though glucose is the 

predominant fuel source for tumor cells, when glucose is scarce, tumor cells in brain 

metastases can also utilize alternative forms of nutrients 77. The lungs are respiratory 

organs, which means that the tissue in the lungs tends to receive oxidative stress. There 

may be a discrepancy between the oxygen-rich lung microenvironment and the oxygen-

poor bone microenvironment 78. 

 

Tumor cells shape the microenvironment 

It is generally known that active reconstruction for niches is a common way for tumor 

cells to fit distant sites even before they reach, in addition to passive adaptation to the 

milieu. It is well known that tumor cells do not only passively adapt to the 

microenvironment, but can actively reconstruct the niches at the distant organ even 

before arrival. Pre-metastatic niches (PMNs), a favorable microenvironment, can be 

generated in distant sites by tumor cells even when these cells are in primary sites. 

Extracellular vesicles (EVs) released by the tumor and tumor-derived chemical 

factors work together to form PMNs, which shape the "soil" at distant locations to 

support the survival and proliferation of arriving tumor cells 79. 

 

Lysyl oxidase (LOX) secreted by tumor cells in the primary site can promote 

osteoclastogenesis to form PMN and subsequently induce bone colonization of 

metastatic tumor cells 80. Target cells that accept tumor-derived EVs are transformed or 

educated forward into a state with pro-metastatic and pro-inflammatory 

phenotypes by miRNA and proteins in EVs, resulting in the formation of PMN 81, 82. 

Different compositions of surface proteins of tumor-derived EVs lead to the 

establishment of PMNs in distinct organs. In tumor-derived EVs, a high expression 

level of integrin α6β4 on the surface assists the targeting of the lung, while integrin 
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α6β4 directs EVs to localize in the liver. And then EVs-containing S100 family proteins 

increase inflammatory levels in the target organs to generate supportive niches for 

metastatic tumor cells 83. 

 

Tumor cells continue to actively remodel the microenvironment once they have reached 

the target organs. One of the best-known cases is the interaction between osteolysis and 

metastatic tumor in the bone, which is termed the "vicious cycle". Tumor cells homing 

to the bone can induce the differentiation of osteoclasts and thus enhance osteolysis, 

which depends on tumor-secreted various kinds of factors, such as OPN, PTHrP and 

IL-1. 84, 85. As the result of osteolysis, a series of growth factors are released from bone 

matrix to promote the growth of bone-metastatic tumor cells 86. Not only does bone 

resorption increase, but also tumor outgrowth is fertilized by this vicious cycle. 

 

Microenvironment selects and/or converts resident tumor cells 

On one hand, increasing evidence points to organic metastasis as a Darwinian selection 

process where tumor cells with inherent features that allow them to pass 

through bottlenecks in the metastatic process are selected from a tumor cell population 

with diverse genetic and epigenetic backgrounds 87, 88. On the other hand, under the 

pressure of unique microenvironments in certain organs, tumor cells can evolve as a 

result of epigenetic changes (cell plasticity) 88, 89, 90. Bone-metastatic tumor cells tend 

to evolve to acquire the features of bone cells and exhibit osteoblast-specific markers, 

such as ALP, OPN, PTHrP, RANKL and Runx2, which facilitates the maturation of 

osteoclasts without the help of osteoblasts and refers as the osteomimimcry 91, 92, 93, 94 

As mentioned before tissues in the lungs receive a high level of oxygen and lung-

metastatic tumor cells with increasing PPARγ and PGC-1a to upregulate the 

mitochondrial biogenesis which assists antioxidant and protect against oxidative stress 

and damage 95. In colonization progress, tumor cells change to replicate the metabolic 

pattern of the relevant distant organs. As glucose is scarce during brain metastasis, 
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tumor cells exhibit metabolic adaptability that allows them to take use of locally 

accessible nutrients such acetate, amino acids, and glutamine 77. Neuronal mimicry of 

brain-metastatic tumor cells utilizes γ-aminobutyric acid (GABA) as a fuel source via 

upregulating GABA receptors and transporters 96. According to previous research, 

cancer-associated fibroblasts can generate a microenvironment similar to the bone 

marrow, thus pre-select the tumor cells that are compatible with the bone, which 

suggests metastatic preference may pre-exist when tumor cells are in their primary sites. 

According to previous research, cancer-associated fibroblasts can generate a 

microenvironment similar to the bone marrow, thus pre-select the tumor cells that are 

compatible with the bone microenvironment, which suggests metastatic preference may 

pre-exist when tumor cells in their primary sites. This process is called 'seed pre-

selection' and provides insight into why bone metastasis can be predicted by the gene 

signature of primary tumors 4, 97. 

 

Is the mechanism of metastatic organotropism the consequence of selection or 

conversion (adaptation)? If organotropism is the consequence of selection, its driving 

forces most likely come from mutations, abnormalities in copy number, and other 

genomic alterations. As a result, a number of studies using extensive metastatic cancer 

genome resequencing are attempting to uncover the genes responsible for phenotypic 

alterations in the metastatic preference of tumor cells 98. If the mechanisms of specific-

organic metastasis are dependent on conversion, the role of environmental cues in 

reversible mechanisms that contribute to the acquisition of the phenotypes is likely 

related to epigenetic mechanisms. Consequently, the microenvironment may cause 

epigenetic modifications that alter the preference for organic metastasis before or 

during the process. In contrast to mutations, epigenetic alterations are quick and 

reversible, suggesting that they are more adaptable and widespread. It does not imply, 

however, that there are no mutations driven by the microenvironment that support 

metastasis. Although clones present in early tumors and their corresponding brain 

metastasis had a common ancestor, researchers discovered distinctive evolutionary 
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patterns happening at the metastatic location by sequencing primary tumors and 

paired brain metastases from a range of human tumors 99. Further research will be 

needed in the future to provide a conclusive answer to the question of what mechanism 

governs organotropism. Additionally, a lot is still unknown regarding how the 

heterogeneous microenvironments in the primary site affect metastatic organotropism. 

  

2.3 brain metastasis and brain microenvironment 

The brain is the central organ of the nervous system and controls most of activities of 

the human body. On one hand, the skull protects the brain mechanically, and on the 

other hand, the blood-brain barrier prevents the entry of harmful substances by 

selectively separating the brain from the blood circulation. There are two main sources 

of brain metastases, which are lung and breast tumors 100. Patients with CNS metastases 

make up 10–30% of the cases with breast tumor 101. The current treatment for brain 

metastases only can stabilize the disease in a short period of time, but cannot 

significantly prolong the survival of patients, and the one-year survival rate of patients 

with brain metastases is less than 20% 102. Brain metastases not only exhibit an 

overwhelmingly poor prognosis but often lead to neurological damage that seriously 

affects cognitive and sensory functions 6. Consequently, brain metastases pose a 

significant public health threat, and despite extensive research, little effective treatment 

has been found for patients. 

 

Brain metastasis caused by breast carcinoma exhibits two different patterns, which are 

leptomeningeal and parenchymal metastases. About 80% of the total brain metastasis 

cases are brain parenchymal metastasis 103. Hematogenous origin is assumed to be the 

main cause of metastatic lesions to the brain parenchyma 104. And breast tumor is a 

leading cause of leptomeningeal metastasis 103. The cerebrospinal fluid allows the 

cancer cells to further disseminate after cancer cells have reached leptomeninges 104. 
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Research to date has shown that brain-specific tropism in certain types of cancer is 

caused by the interplay of the following factors (Fig. 2.3): (1) The distinctive genetic 

characteristics of cancer cells enable them to invade, disseminate, and penetrate the 

BBB 65, 105, 106, 107. (2) Disseminated cells evolved from clonal evolution exhibit specific 

transcriptomes as a result of genetic mutations and epigenetic modifications, which help 

them colonize the brain 107, 108, 109. (3) A brain milieu that is conducive to metastasis 

resulting from the interplay of tumor cells and brain stroma, including promoting 

inflammatory responses, attracting suppressive cells derived from myeloid, and 

metabolic reprogramming 77, 96, 110, 111. (4) Inhibition of immunity leads to the immune 

system failing to detect or eliminate tumor cells within brain 110, 112.  
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Figure 2.3 An illustration of key factors in different stages that enable brain 

organotropism of cancer cells 113. 

 

The different noncellular components and special resident cell types, like neurons, 

glials and astrocytes, co-consist in the unique brain microenvironment. On the one side, 

metastatic tumor cells tend to attract activated astrocytes to enhance the various 

proinflammatory factors which facilitate the proliferation of tumor cells 114.  miR-19a, 

a miRNA that can downregulate PTEN, is uptake by tumor cells landing on the brain 

via astrocyte-generated EVs, which activate NF-κB and enhance the CCL2 to promote 

the formation of brain metastasis 115. On the other side, reactive astrocytes secrete 

plasmin in response to extravasating tumor cells 75. Overall, astrocytes may exert both 

a promoting and a suppressing function in brain metastasis depending on the context. 

 

By co-opting brain blood vessels, tumor cells acquire the supports to proliferate, 

migrate and penetrate the brain parenchyma116. The ECM in the brain parenchyma 

supports organizational patterns in the brain regions and provides a habitat that is vital 

for cell survival, plasticity, and survival 117, 118. Recent evidence strongly suggests that 

the ECM plays an important role in the successful metastatic seeding and metastasis 

formation of brain-metastatic tumor cells 119, 120. The ECM in the brain consists of a 

variety of components, mainly including hyaluronic acid (HA), a non-sulfated 

glycosaminoglycan 121, 122. In contrast, there is a relatively low amount of fibrillar 

proteins such as collagen type I, fibronectin, and vitronectin in the ECM 

microenvironment, and these in addition to basement membrane proteins, such as 

laminin, are largely restricted to the vascular and perivascular spaces in the brain 123. 

Contrarily, the ECM microenvironment contains a few fibrillar proteins like collagen I 

and fibronectin and they are mostly constricted to the vascular and perivascular areas 

in the brain 123. HA is rather soft and takes up a significant portion of the ECM 

amount of the brain. HMMR, one of HA receptors, has been demonstrated to associate 

with brain metastasis derived from lung cancer and to promote colonization in the brain 

in vivo experiments 124. 
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For the goal of developing novel, powerful targeted treatments for brain metastasis, the 

continuous and intricate interaction between the brain microenvironment and metastatic 

cells has not yet been extensively investigated.  

 

2.4 Biomechanics in metastasis 

Numerous research has emphasized genetic and biochemical features as the driving 

forces for malignancy. Physical properties, however, have usually been disregarded. 

Microenvironmental alterations have a substantial impact on the behaviors of tumor 

cells since tumor cells are restricted to a particular microenvironment, such as 

surrounding ECM. In the tumor microenvironment, anomalies in biology and 

physiology coexist. The importance of the mechanics, which includes solid stress, 

interstitial fluid pressure, shear stress, matrix rigidity and cell stiffness is becoming 

recognized more and more recently in terms of how tumors form, progress, metastasize, 

and respond to therapy.  Novel medications and treatment methods have been made 

available by investigating the connections between cancer biology and mechanics. 

 

The unrestrained growth of tumor cells leads to the continued expansion of the tumor 

tissue, compression of the tumor core, and distention of the paracancerous tissue. Solid 

stress refers to the force generated by the expansion of tumor tissue and the resistance 

force of the paracancerous tissue to the deformation 125. Usually, solid stress increases 

with the development of tumor progress and then causes the compression and even 

collapsing of blood vessels and lymphatic tubes, which leads to the hypoxia of tumor 

core and impairs drug delivery as well as the efficacy of various therapies 126, 127, 128, 129, 

130. It is also possible that solid stress can exert direct impacts on tumor development, 

such as enhancing tumor cell invasion 131 and inducing tumorigenesis in colon 

epithelium 132. 
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Most organs have arteries and veins for blood entry and exit, while lymphatic tubes 

drain any extra tissue fluid. Interstitial fluid pressure (IFP) in the majority of healthy 

organs is kept around zero as a result of maintaining fluid homeostasis. Tumor 

anomalies, such as leaky blood vessels and solid stress-induced impairment of the 

drainage system, disrupt this homeostasis. IFP-induced flow stresses influence several 

aspects of cancer biology 133, such as the increases in MMP activity, migration ability 

and invasiveness in tumor cells 134, 135, 136. 

 

Tumor cells are subjected to shear stress when they leave the original tumor site and 

travel into the circulatory. Viscosity and rate of blood flow determine hemodynamic 

shear force, occurring as blood flows over the exterior of cells 13. Tumor cells need to 

survive in travelling through the blood circulation for metastasis to take place, and 

surprisingly, studies have revealed that tumor cells show a higher resistive ability to 

shear force than normal cells 137. The surviving capacity of cancer cells depends on how 

long they circulate and how much shear force they endure 138. Under physiological 

resting levels of shear force, the proliferation of tumor cells is inhibited and the 

adhesion and motility of tumor cells are enhanced, whereas the death of tumor cells 

occurs at levels of shear force comparable to exercise conditions 139, 140, 141. Therefore, 

tumor cells required ongoing adaptation in order to be able to endure the numerous 

mechanical pressures which they will experience when they depart from the primary 

sites and form secondary tumors. 

 

2.4.1 Matrix stiffness  

Stiffness, also term as rigidity or modulus of elasticity, means the resistant ability of a 

material to displacement caused by slow force application, which is an inherent 

property of tissue. Significantly stiffness of the tissue is the most obvious and easily 

recognized mechanical phenomenon in tumors and has traditionally served as a useful 

marker for tumor diagnosis 142 and recently as a marker for prognosis 143, 144. Malignant 



27 

 

tumors show higher tissue stiffness than these benign tumors in a variety of cancer types, 

such as carcinomas in breasts, pancreas, livers and prostates 144, 145, 146, 147. Deposition 

and cross-linking of the ECM contribute to ECM stiffening. Tumors are usually fibrotic 

and stiff, dues to cancer-associated fibroblast (CAFs) producing collagen fiber and 

generating greater contractile force by polymerization of actin stress fiber, high 

expression of α-smooth muscle actin and formation of focal adhesion 148, 149. LOX 

promotes the cross-linking of collagen, which contributes to the mechanical strength of 

the matrix. Transglutaminase 2 shows abundant expression in pancreatic tumor and also 

improves collagen cross-linking, which increases the activation of fibroblasts 150. 

Enhanced ECM stiffness and TGF-β signaling induce fibroblasts to transit to CAFs, 

further enhancing ECM stiffness in a positive feedback manner. 

 

There is a wealth of research demonstrating how the material characteristics, especially 

tissue stiffness, exert dominant functions in many malignant traits of tumor cells, such 

as proliferation, blood vessel formation, metabolism, motility and metastasis 12, 13, 14, 151, 

152, 153, 154, 155. Several types of cancer, which include breast, pancreas, colon, and brain, 

progress faster when the matrix is stiffened 156, 157, 158, 159. Furthermore, by enhancing 

the stiffness of the matrix alone, breast epithelial cells can be driven to a malignant 

transformation 160. However, there has been some debate over the importance of matrix 

stiffness in the progression of tumors because several studies have demonstrated that a 

soft matrix, rather than a stiff one, is crucial for the development of tumors. A 

mechanics-based theory has been presented to account for the role of heterogenous 

stiffness of tumor in invasion progress:  secreted collagen stiffens the matrix, maybe 

as a defensive measure to restrict the development of the tumor 161. Optimal soft fibrin 

gel generates a metastatic population of melanoma cells with high tumorigenesis ability 

162. Thus, mechanical properties are likely to affect metastatic phenotype to produce or 

opt for a particular subpopulation of tumor cells 163. Actually, the matrix with 

homogeneously high stiffness suppresses the outgrowth of tumor and induces the stem-

like soft tumor-repopulating cells into the dormancy state 164. Dormancy of breast tumor 
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cells is induced by rigid fibronectin matrix and inhibited by MMP-2-dependent 

degradation 165. Additionally, research shows that tumor-derived type III collagen is 

more abundant in the tumors of patients without lymph node metastasis and is 

necessary to maintain tumor cell dormancy 166. These results support the stiffness 

matching model 167, which states that intrinsically soft stem-cell-like tumor cells 

show low intracellular forces and grow in a soft 3D microenvironment, whilst stiff 

differentiated tumor cells have high intracellular forces and thrive in a stiff 3D 

microenvironment inside primary tumor. This model suggests that the stiff ECM acts 

as a physical barrier to restrict tumor development 34. Furthermore, the survival time of 

patients with liver cancer shows a positive correlation with the levels of collagen1, 

supporting the idea that ECM proteins like collagen are barrier protection and not 

motivators to solid tumor progression 168. Additionally, a recent study demonstrates that 

reducing tissue stiffness in pancreatic cancer metastases in the liver speeds up tumor 

development and decreases overall survival 169. These data emphasize the significance 

of matrix softness in the metastasis of tumor cells. 

 

Inspiring work shows that tumor tissues tend to have a bimodal distribution of stiffness, 

as opposed to healthy tissue with unimodal distribution. Moreover, cells under hypoxia 

corresponding to the soft peak of the bimodal distribution have a high risk of metastatic 

spread 19. The invasive zone of the stroma has notably stiffer tissue than the tumor 

center or the nearby normal tissue. Additionally, it was discovered that mechanical 

heterogeneity within tumors correlated positively with more malignant breast cancer 

170. Various tissue stiffness is crucial for promoting the invasion of tumor cells in an 

embryo, which is in line with previous statement findings 171. In light of durotaxis, 

heterogeneous stiffness in tissue may act as a driving force for the invasion behavior of 

tumor cells 172. 

 

Overall, this is still an incomplete study illustrating how matrix mechanical properties 

affect tumor growth. The exact roles of matrix rigidity in cancer metastasis need to be 
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determined in the future, especially in distant-organ metastatic colonization. 

 

2.4.2 Cell stiffness 

In addition to the biophysical factors from the microenvironment, mechanical 

properties of tumor cells can also have an impact on the malignancy. Contrary to 

popular opinion, malignant tumor cells are usually soft compared to healthy 

counterparts, despite the fact that tumors are typically stiffer than corresponding healthy 

tissue 18, 156, 173. An effective indicator of tumor cells with high tumorigenic and 

metastatic potential is cell softness 20. The relationship between cellular stiffness and 

the propensity for migration and invasion is inverse. Additionally, some therapies, such 

as pharmacological myosin II antagonists, decrease cell stiffness, which causes cancer 

cells to acquire invasive phenotype 15, 174. Low cell mechanics and less F-actin of tumor 

cells enhance their efficiency of extravasating the blood vessels, while the 

transmigration ability was suppressed by cytoskeleton activator in zebrafish model 21, 

which is in line with the high blood vessel penetration ability in soft tumor-repopulating 

cells. Moreover, tumor stem cells exhibit low cell stiffness than their differentiated 

counterparts, and this mechanical characteristic can be used as an effective target to 

eliminate CSCs by nanoparticle 20, 162, 175. 

 

The prospect of tumor treatment is greatly enhanced by the role of cell mechanics in 

regulating interactions between immune cells and tumor cells. When combined with 

anti-PD-1 antibody therapy, increasing the cell stiffness of tumor-repopulating cells 

restores T cell-mediated cytolysis of tumor-repopulating cells and significantly 

increases the efficiency of killing tumor-repopulating cells in mice 176. Because of the 

stresses generated at the synapse, promotes cytolysis by T-cells is enhanced by tumor 

cell stiffening 177. It has been shown that macrophages swallow stiff target cells more 

eagerly than soft target cells, hence the effect of cell softness in limiting T cell death 

also extends to macrophages 178. By increasing tumor cell stiffness, MRTF renders 
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cancer cells more susceptible to lymphocytes 179. 

 

Overall, cell softness cannot be regarded as a minor side effect of other alterations but 

a potentially vital physical feature in tumor cells. Additionally, additional research is 

needed to determine the possible functions of cell stiffness in metastasis. 

 

2.4.3 Biomechanics in brain metastasis 

Numerous studies conducted over the past 10 years have shown the significance of the 

ongoing dynamic interaction between cells and their surroundings. These findings have 

outlined how mechanical tissue characteristics can affect how cells behave. The 

involvement of brain microenvironmental tissue biophysics in infiltrative cells may be 

one of the missing pieces of the puzzle. Exploring the origin of brain metastases and 

enhancing therapy choices can both benefit from an understanding of the function of 

unique tissue biophysics. 

 

Interstitial spaces in the brain, where metastatic tumor cells may disseminate, contain 

the cerebrospinal fluid (CSF) 180. Within the microenvironment containing the liquid, 

tumor cells are subject to below 1 kPa shear stress caused by CSF 181. Although the 

effects of blood shear flow on tumors have received substantial research, little is known 

about how tumor cells that come into contact with the CSF perceive and react to shear 

stress. 

 

In contrast to other tissues, the mammalian brain is compliant, of which the stiffness can 

vary from 0.1 to 6.1 kPa depending on the approach, spatial and temporal 

dimensions 182, 183. The characteristics of neural stem cells (NSC), progenitors, neurons, 

and glia are guided by the rigidity of the brain tissue in accordance with a mechanical 

instruction 184, 185, 186. For instance, NSCs differentiation and growth are affected by 

tissue stiffness. While differentiation toward oligodendrocyte was improved on stiff 



31 

 

matrix, neuronal differentiation was boosted when adult NSCs were cultured on 

compliant substrates 185. 

 

It has been extensively studied how tissue stiffness affects primary brain tumors. GBM 

cells stiffen the matrix around them, which strengthens their migration capacity 187. The 

proliferation of GBM cells, cell motility, and the localization and activation of the 

EGFR at focal adhesions were all boosted by high matrix stiffness surrounding GBM 

cells 188. There have been few research looking at the impact of the stiffness of brain 

niches on cancer cells entering the brain, despite the fact that tissue mechanics have 

been examined in relation to malignancies that arise in the brain. Through the 

suppression of DNMT1 expression, compliant matrix causes dormancy and improves 

the survival of metastatic breast cancer cells in the brain 10. 

 

2.5 Mechanotransduction 

When cells are in response to biophysical factors in the microenvironment, there is the 

conversion of mechanical force into biochemical signals, which is known as 

mechanotransduction. This transduction consists of mechanosensing, force 

transmission and mechanoresponses relying on mechanosensors, cytoskeletal networks, 

molecular motors and nuclear (Fig 2.4). 
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Figure 2.4 Mechanotransduction progress in cells 189 

 

Mechanical signals are typically sensed by mechanosensing molecules at the cell 

membrane, including integrins and cadherins at cell-matrix adhesions and cell junctions, 

tyrosine kinases, and ion channels 190. By myosin-mediated contractility and 

cytoskeleton rearrangement, cells respond to and offset external biophysical stresses 191. 

Tensioned cytoskeletal elements, including F-actin stress fibers, transduce mechanical 

forces from the cell surface to the nuclear envelope (NE) and the nuclear lamina through 
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the linker of the nucleoskeleton and cytoskeleton (LINC) complex 192, which in turn 

affects chromatin remodeling and epigenetic modifying and finally regulates gene 

expression pattern 193, 194, 195. In parallel, mechanical forces have the ability to activate 

pathways of intracellular signalings that include transcription factors (TFs), such as 

YAP, MRTF and other molecules, that translocate into the nucleus 193, 196. 

 

2.5.1 Nuclear mechanotransduction 

The biggest and toughest organelle in a cell is the nucleus which may be generically 

divided into the NE, nuclear matrix (including the nuclear lamina) and nuclear interior 

(containing chromatin) 197, 198. Both the outer and inner nuclear membranes (ONM and 

INM, respectively) and the nuclear pore complexes (NPCs) which regulate the 

importation and exportation of big molecules shuttling between the nuclear interior and 

cytoplasm, make up the NE 199, 200. The LINC complex, consisting of proteins with 

SUN- and KASH- domains, links the nuclear lamina and NE with the cytoskeleton and 

mediates force transmission between the cytoskeleton and nuclear interior (Fig 2.5) 201, 

202. LINC complex proteins across the nuclear envelope anchor to the nuclear envelope 

via interacting with Lamins, NPCs, and chromatin 202. SUN1 and SUN2 make up the 

SUN-domain proteins in mammal cells, whereas nesprin1 -4 make up the KASH-

domain proteins. SUN at INM engage with the lamina at nuclear interior and with 

nesprin in the perinuclear space 203. Nesprin spanning ONM connects to the 

cytoskeleton including F-actin, microtubules and intermediate filaments via direct 

binding or mediator molecules 204. The LINC complex exerts an essential role in 

mechanotransduction progress in turn to regulate a series of cellular functions, such as 

gene expression, nuclear deformation and chromatin remodeling 205, 206. When the 

association of nuclear Lamins and LINC complex proteins are disrupted, nucleo-

cytoskeletal coupling, cytoskeletal reorganization, and nuclear stiffness are 

compromised 207. Mechanisms of nuclear mechanotransduction can be divided into 

three non-exclusive parts: 1. Applied force to the nucleus can result in nuclear envelope-
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related proteins being partially unfolded and nuclear proteins being phosphorylated, 

such as Lamins, SUN-domain proteins, and Emerin 208, 209 210; 2. NPCs and ion channels 

on the cytoplasmic side are opened when the nuclear membrane stretches in response 

to force, promoting the entry of molecules into the cell nucleus. Gene expression 

patterns may change as a result of an altered import/export of TFs into/out 

of nucleoplasm 211, 212, 213; 3. in response to mechanical forces, chromatin can be 

stretched, opened, and compacted, DNA and histones modifications are altered, which 

affect transcription factor accessibility at their promoter and result in gene expression 

changes 194, 214, 215, 216, 217. 

 

  

Figure 2.5 LINC complex 218 

 

2.5.2 Chromatin organization and epigenetics shaped by force  

In order to control transcriptional regulation and eventually cell fates, epigenetics, 
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which alters gene expression without modifying the DNA sequence, is crucial 219. It is 

widely known that the transmission of external mechanical stress from the cell 

membrane to the nucleus may alter nuclear chromatin architecture and epigenetic 

patterns, which in turn can affect transcription of genes 220. When cells are grown on 

the matrix with linear changes of stiffness, the expression levels of tissue-specific TFs 

become maximum at a certain stiffness 221. Histone modifications including acetylation 

and methylation are altered by the topography of substrate as epigenetic regulators 222. 

Study have demonstrated that human mesenchymal stem cells expanded on rigid 

matrices go through chromatin remodeling, which is reflected in elevated levels of 

histone acetyltransferase (HAT) and decreased levels of histone deacetylase (HDAC) 

195. Matrix stiffness-induced chromatin and histone changes are dependent on the LINC 

complex, supporting nucleo-cytoskeletal coupling as a key regulator of chromatin 

remodeling in response to mechano-stimulation 195, 223. It is interesting to note that long-

term cell culture on stiff surfaces prevents cells from changing their chromatin state in 

response to matrix softness, highlighting the significance of physiology-relevant matrix 

stiffness for cell culture 223. When cells are stretched mechanically, emerin translocates 

from the INM to the ONM and then promotes the methylation of H3K27me3 and 

demethylation of H3K9me2,3, leading to transcriptome silence eventually 224. Emerin 

binding with actin in the ONM promotes the perinuclear actin cap assembly and 

remodeling of F-actin networks, which reduces G-actin levels and downregulates Pol 

II activity 210, 215. In addition, nuclear softening that is caused by the force-induced loss 

of H3K9me3-marked heterochromatin enables cells to release strain energy and thus 

preserve the genome 225. Geometric cues influence nuclear architecture, chromatin 

remodeling, and transcriptional regulation. In comparison to fibroblasts grown in 

elongated rectangular shapes, those cultured on tiny circular islands have higher nuclear 

HDAC3 levels, altered chromosomal contacts, and enhanced chromatin and 

NE dynamics 226, 227, 228. Fibroblasts cultured on elongated rectangular platforms 

undergo dedifferentiation and reprogramming 229. These studies imply that mechanical 

factors that come in distinct forms can differently affect the epigenetic state in a cell 
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type-specific way, which has crucial implications for physiology, applications and 

treatments. 
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Chapter 3: Materials and Methods 
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3.1 Cell Culture 

MDA-MB-231 (231 for short) and its brain metastatic derivative MDA231-BrM2-831 

(231-BrM for short), bone metastatic derivative MDA-BoM-1833 (231-BoM for short) 

cell lines were purchased from Memorial Sloan Kettering Cancer Center. The cells were 

maintained in Dulbecco's Modified Eagle Medium (DMEM; HyClone) supplemented 

with 10% fetal bovine serum (FBS; HyClone) and 1% penicillin/streptomycin (Gibco). 

The human cerebral microvascular endothelial cell line hCMEC/D3 (FuHeng Biology) 

was cultured with EndoGRO-MV complete culture media kit (Sigma-Aldrich) 

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

Aldrich) and 1% penicillin/streptomycin. The human umbilical vein endothelial cells 

(HUVECs) and human astrocytes isolated from human brain (cerebral cortex) were 

generous gifts from Prof. YANG Mo (The Hong Kong Polytechnic University) and 

maintained in Astrocyte Medium (ScienCell) and Endothelial Cell Medium (ScienCell) 

respectively. HEK-293T cell line was received as a gift from Dr. RUAN Yechun (The 

Hong Kong Polytechnic University) and cultured with DMEM supplemented with 10% 

FBS and 1% penicillin/streptomycin. 4T1 cells purchased from ATCC were cultured in 

RPMI-1640 medium (Gibco) with 10% FBS and 1% penicillin/streptomycin. All cell 

lines were cultured in 5% CO2 incubator at 37 °C 

 

3.2 Polyacrylamide Hydrogels (PA gels) Preparation 

According to the previous description, hydrogels were manufactured 230. Briefly, 30 

mm circular amino-silanated coverslips and chloro-silanated glass slides were prepared 

in advance following the instruction. 40% (w/v) acrylamide (Bio-rad) and 2% (w/v) 

bis-acrylamide (Bio-rad) were mixed to their desired concentrations in distilled H2O 

according to Table 1. 1/100 total volume of 10% (w/v) ammonium persulfate (APS; 

Sigma-Aldrich), and 1/1000 total volume of tetramethylethylenediamine (TEMED; 

Sigma-Aldrich) was added and mixed gel solution quickly. 240 μl (for 6-well plate) of 
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the gel solution was quickly pipetted onto the treated side of the chloro-silanated glass 

slide and amino-silanated coverslip with the treated side was covered. After the gel was 

fully polymerized, the hydrogel was immersed in phosphate-buffered saline (PBS; 

Hyclone) and stored at 4 ℃. The gel surface was coated with Sulfosuccinimidyl-6-(4'-

azido-2'-nitrophenylamino) hexanoate (Sulfo-SANPAH; Sigma-Aldrich) with 365-nm 

UV light. After washing with PBS 3 times, the gel was coated with 0.2 mg/mL rat-tail 

collagen type I (Sigma-Aldrich) or 10 μg/ml human plasma fibronectin (Sigma-Aldrich) 

at 4 ℃ overnight. The gel was placed in the cell culture cabinet for 30 min under UV 

for sterilization. After that 1 ml full medium was added and the gel was placed in the 

incubator for at least 30 min before usage. 

 

Table 1 The composition for polyacrylamide Hydrogels preparation 

Acrylamide % Bis-

acrylamide % 

40% acrylamide 

stock solution (ml) 

2% bis-acrylamide 

stock solution (ml) 

Water 

(ml) 

E 

(kPa) 

3 0.06 0.75 0.3 8.95 0.6 

10 0.3 2.5 1.5 6 35 

 

3.3 Quantitative RT-PCR Analysis  

Following the manufacturer-recommended methods, total mRNAs were harvested 

utilizing E.Z.N.A.® Total RNA Kit (Omega) and cDNAs were prepared to utilize 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher). Utilizing the Forget-Me-

Not EvaGreen qPCR Master Mix with Rox (Biotium) and CFX96 Real-Time System 

(Bio-Rad), quantitative RT-PCR was performed. The National Center for 

Biotechnology Information (NCBI) database was used to construct all primer sequences, 

which are all shown in Table 2. Utilizing 2-ΔΔCT approach, relative gene expression 

was assessed and standardized to the expression level of human glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). 
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Table 2 List of primers 

Gene name  Forward (5' - 3')  Reverse (5' - 3') 

ADAMTS1 TCCGTCATAGAAGATGATG

GTTT 

GCATGTTAAACACGTGGCCTA 

ANGPTL4 TCCGTACCCTTCTCCACTT

G 

AGTACTGGCCGTTGAGGTTG 

B4GALT6 CTCATTCCTTTCCGTAATC

GCCA 

GCCCACATTGAAAAGCATCGCA

C 

COL13A1 GCTGCTGCCTCTCCTCAAT

TCAG 

TGGATGCTGGCCTGGCTCTG 

COX2 TTCAACACACTCTATCACT

GGC 

AGAAGCGTTTGCGGTACTCAT 

ST6GALNA

C5 

GATTACTCGCCACAAGAT

GCTGC 

GATCCTGTCACAGAGCTCCAGT 

CTGF CTCCTGCAGGCTAGAGAA

GC 

GATGCACTTTTTGCCCTTCTT 

CXCR4 GGTAGCGGTCCAGACTGA

TGA 

CCTATGCAAGGCAGTCCATGT 

EREG CTGCCTGGGTTTCCATCTT

CT 

GCCATTCATGTCAGAGCTACAC

T 

FGF5 CCCGGATGGCAAAGTCAA

TGG  

TTCAGGGCAACATACCACTCCC

G 

FST ACCTGAGAAAGGCTACCT

G 

ACTGAACCTGACCGTACACAAC

CTTGAAATCCCATAAA 

FYN AAGAGCCCCAGAAATTCA

CA 

CGCCAACGATCACAAACTT 

GAPDH GCGACACCCACTCCTCCA

CCTTT 

TGCTGTAGCCAAATTCGTTGTC

ATA 
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HBEGF GGACCCATGTCTTCGGAA

AT 

CCCATGACACCTCTCTCCAT 

HDAC1 AACCTGCCTATGCTGATGC

TGG 

TCGTCTTCGTCCTCATCG 

HDAC2 CAACGCAGCCCATTCACC GCAAGTTATGGGTCATGCGG 

HDAC3 AGTTCTGCTCGCGTTACAC

A 

CAGAAGCCAGAGGCCTCAAA 

HDAC8 GGCTGCGGAACGGTTTTA

AG 

GCTTCAATCAAAGAATGCACCA

TAC 

IMPG1 GGCTGTAGTCCTGCCAGA

AG 

GTTGAGGCCTGATGAGTGGT 

ITGAV CTCGGGACTCCTGCTACCT

C 

AAGAAACATCCGGGAAGACG 

ITGB3 CCGTGACGAGATTGAGTC

A 

AGGATGGACTTTCCACTAGAA 

LAMA4 GAGATGACTCTCTGCTGG

ACCT 

AGTTCCAGGCAGCCAACAAAG

C 

LTBP1 CTTCCCCTGCCCGGTCT CTGCATCTTTATAGTTCTCACCA

CCA 

FSCN1 GACACCAAAAAGTGTGCC

TTCCG 

CAAACTTGCCATTGGACGCCCT 

OPN TCCAACGAAAGCCATGAC

CA 

CTGTGGGGACAACTGGAGTG 

PELI1 AGATGGATGGCTTGACCA

CT 

TGCTGCATTGATTTCCTGTC 

PIEZO2 GACGGACACAACTTTGAG

CCTG 

CTGGCTTTGTTGGGCACTCATT

G 

PLOD2 CATGGACACAGGATAATG

GCTG 

AGGGGTTGGTTGCTCAATAAAA

A 
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PTHLH CTCGGTGGAGGGTCTCAG TGGATGGACTTCCCCTTGT 

RGC32 TCTCTGCCACTGTCACTCC

TCA 

GATGAAAGGACCCAGAACTTCT

TG 

SERPINE1 CTCATCAGCCACTGGAAA

GGCA 

GACTCGTGAAGTCAGCCTGAA

AC 

SERPINB2 GTTCATGCAGCAGATCCA

GA 

CGCAGACTTCTCACCAAACA 

SERPINI1 CTACCCAGAAAGAAATCC

GCCAC 

TGGCTCTCTTTAGCAGTTACCAT

G 

OCT4 CCTGAAGCAGAAGAGGAT

CACC 

AAAGCGGCAGATGGTCGTTTGG 

SOX2 GCTACAGCATGATGCAGG

ACCA 

TCTGCGAGCTGGTCATGGAGTT 

NANOG CTCCAACATCCTGAACCTC

AGC 

CGTCACACCATTGCTATTCTTCG 

CD44 CCAGAAGGAACAGTGGTT

TGGC 

ACTGTCCTCTGGGCTTGGTGTT 

CD133 CACTACCAAGGACAAGGC

GTTC 

CAACGCCTCTTTGGTCTCCTTG 

BMI1 GGTACTTCATTGATGCCAC

AACC 

CTGGTCTTGTGAACTTGGACAT

C 

For Mus musculus 

Angptl4 CTGGACAGTGATTCAGAG

ACGC 

GATGCTGTGCATCTTTTCCAGG

C 

Cox2 GCGACATACTCAAGCAGG

AGCA 

AGTGGTAACCGCTCAGGTGTTG 

Gapdh CATCACTGCCACCCAGAA

GACTG 

ATGCCAGTGAGCTTCCCGTTCA

G 

Itgb3 GTGAGTGCGATGACTTCT CAGGTGTCAGTGCGTGTAGTAC 
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CCTG 

Ltbp1 TGCCTGTGGAAGTAGCTC

CTGA 

AGTGTCCTGCTCCGCAAATGTC 

Piezo2 GCACTCTACCTCAGGAAG

ACTG 

CAAAGCTGTGCCACCAGGTTCT 

Serpinb2 ACCCAGAGAACTTCAGTG

GCTG 

GAGAGAGGAGAAGGCTGAATG

G 
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3.4 RNA-seq and bioinformatic analysis 

For RNA-seq, 231 cells were cultured for 30 days on tissue culture plastic (TCP), 0.6 

kPa PA gels (mimicking the tissue stiffness in high cellularity and low matrix density 

regions of breast tumor.) and 35 kPa PA gels (mimicking the tissue stiffness in low 

cellularity and extremely high matrix density regions of breast tumor.), respectively. 

Cells were passaged every 3 days and total RNAs of 3 biological replicates for each 

condition were extracted using the RNeasy Mini kit (QIAGEN). Sample quality control, 

including quantitation, integrity and purity, was performed using Agilent 5400 to ensure 

the samples meet the requirement of library construction.  

 

Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic 

beads. After fragmentation, the first strand cDNA was synthesized using random 

hexamer primers, followed by the second strand cDNA synthesis. The library was 

checked with Qubit and real-time PCR for quantification and bioanalyzer for size 

distribution detection. Quantified libraries will be pooled and sequenced on Illumina 

platforms, according to effective library concentration and data amount. The clustering 

of the index-coded samples was performed according to the manufacturer’s instructions. 

After cluster generation, the library preparations were sequenced on NovaSeq PE150 

platform (Novogene) and paired-end reads were generated. 

 

All the downstream analyses were based on the clean data with high quality provided 

by Novogene. FPKM, expected number of Fragments Per Kilobase of transcript 

sequence per Millions base pairs sequenced, was calculated based on the length of the 

gene and reads count mapped to this gene and differential expression analysis of two 

conditions was performed using the DESeq2R package (1.20.0). Genes with an adjusted 

P-value (padj) <=0.05 found by DESeq2 and |log2(Fold Change) | >=1 were assigned 

as differentially expressed. In addition, RNA-seq data of SUM159 breast cancer cells 

cultured on 0.5 kPa and 8 kPa substrates for 14 days was acquired from GSE127887 in 

Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). 

https://www.ncbi.nlm.nih.gov/geo/
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In bioinformatic analysis of RNA-seq data, over-representation analysis (ORA) of 

enriched terms and pathways in gene ontology (GO), DisGeNET and PaGenBase 

database was performed by Metascape 

(https://metascape.org/gp/index.html#/main/step1). Padj <=0.05 was set as the 

threshold of significant levels for terms and pathways. Gene set enrichment analysis 

(GSEA) was performed by easyGSEA (https://tau.cmmt.ubc.ca/eVITTA/easyGSEA/). 

Default parameters (minimum gene set size:15, maximum gene set size:200, and the 

number of permutations:1000) were chosen to conduct GSEA. Padj <0.25 and 

normalized enrichment score (NES) >1 were set as the threshold of significant levels 

for terms and pathways. Generic Protein-Protein Interactions (PPIs) network and Gene 

Regulatory Network (GRN) were analyzed using data obtained from the STRING 

database (version 10) and the ENCODE ChIP-seq database respectively. The networks 

were visualized using NetworkAnalyst (https://www.networkanalyst.ca/). Volcano 

plots, bubble plots and heatmaps were generated using ImageGP 

(http://www.ehbio.com/Cloud_Platform/front/). 

 

3.5 In vitro circulation system 

Fluid shear force was generated by the in vitro circulation system which consists of a 

peristaltic pump (Harvard Instruments, P-230), a 10 ml syringe (to store the medium 

containing tumor cells) and a silicone microtube with 0.51 mm in diameter and 1.5 m 

in length. The wall shear stress is regulated by flow rate according to Poiseuille’s law, 

τ = 4µQ/(πR3), where Q is the flow rate and µ= 0.01 dyne/cm2 is the liquid dynamic 

viscosity of cell culture media, R=0.255mm is the radius of the tube. Before the 

assembly, the whole components of the system were exposed to UV for 15min. The 

tube and syringe were sterilized with 75% ethanol for 5min and then washed with PBS 

for 5min and finally pretreated with 1% bovine serum albumin (BSA; VWR Life 

Science) in PBS for 5min to avoid the unspecific adhesion of suspended cells to the 

https://metascape.org/gp/index.html#/main/step1
https://tau.cmmt.ubc.ca/eVITTA/easyGSEA/
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walls of the channel. 4 × 105 cells (in 2 ml) suspended cells were plated into the 

circulation device and applied with 20 dyne/cm2 for 6 h and 12 h in 5% CO2 incubator 

at 37 °C. 

 

3.6 MTS assay 

The MTS method was used to assess cell viability. In brief, a sample of 100 µl cell 

suspension was taken from the in vitro circulation system and placed in one well of a 

clear 96-well cell culture plate for 12h incubation. In the next step, 20 µl of 5 mg/ml 

working solution from CellTiter 96 aqueous One Solution Reagent (Promega) were 

pipetted into each well, and the plate was left for incubation at 37 °C. After 4 h 

incubation, analyzing the absorbance of the cell solution at 490 nm was performed 

using LEDETECT 96 microplate reader (Labexim Products). 

 

3.7 Cell adhesion assay 

For endothelial adhesion assay, Endothelial cells were grown into confluency in 6-well 

cell culture plates and tumor cells were labelled by CellTracker Green CMFDA Dye 

(Invitrogen) or PKH26 red fluorescent cell linker kit (Sigma-Aldrich). Before tumour 

cells seeding, Endothelial monolayers were washed two times with 0.5% BSA in PBS. 

1 ml 1 × 105 suspended tumor cells were added into each well and allowed to attach for 

15 min or 30 min. Then the medium was disposed and plates were washed with PBS 3 

times for 5 min. Under the inverted fluorescent microscope, adherent cancer cells were 

quantified. (Nikon).  

 

For substrate adhesion assay, 100 µl 1 × 105 suspended tumor cells were added to the 

corresponding functionalized surface of PA gels and incubated for 15 min or 30 min at 

the cell incubator. Following this, the wells were rinsed 3 times using PBS for 5 minutes 

each. Adherent tumor cells were counted under the inverted microscope. 
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3.8 In vitro blood-brain barrier transmigration assay 

The human cerebral microvascular endothelial cells hCMEC/D3 were cocultured with 

human primary astrocytes on opposite sides of a poly-lysine-treated, gelatin-coated 

tissue culture transwell insert for 3 days. In brief, transwell inserts with 3 μm pore size 

(Corning, cat. no. 3415) were treated with 1 μg/ml poly-l-lysine (Sigma-Aldrich) 

overnight, washed with PBS four times, and treated with 0.2% gelatin (Sigma-Aldrich) 

for 30min. Inserts were put upside down in a 12-well plate, and 1 × 105 primary human 

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

surface. Astrocytes were fed every 15 min for 5 h, and the inserts were then flipped and 

placed in 24-well plates. 5 × 104 endothelial cells were added to the upper chamber of 

the inserts, and the plate was placed in the incubator for 3 days without any perturbation 

before use. 1 × 105 cancer cells were collected and labelled with CellTracker Deep Red 

Dye (Invitrogen) following the instruction. After being labelled with the cell tracker, 

cells were resuspended with serum-free medium and added to the upper chamber of the 

transwell inserts. After being incubated for 48h, non-invading cells were removed. The 

chambers were washed with PBS and fixed with 4% paraformaldehyde (PFA) and then 

stained with DAPI. Immunofluorescence pictures of multiple fields from 3-6 inserts per 

experiment were taken, and the number of transmigrated cells was counted. 

 

3.9 Cell Morphology Analysis  

Cells after treatment were seeded on corresponding substrates for 24 hours. Then 

images were captured by using an inverted microscope (Nikon) or fluorescence 

microscope (Nikon), from which cell boundary was identified and the parameters of 

cell morphology, including area, circularity, and aspect ratio, were then analyzed using 

the software ImageJ (NIH).  
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3.10 Western blotting analysis 

The total protein samples were extracted from cells after treatment by using 

Radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher, cat. no. 89901) added 

with protease inhibitor cocktail (Thermo Fisher, cat. no. 78430) and phosphatase 

inhibitor cocktail (Thermo Fisher, cat. no. 78420). After being separated by SDS-PAGE 

gel electrophoresis, proteins were transferred to PVDF membranes (Millipore) using 

Trans-Blot Turbo (Bio-Rad). After electrotransfer, the PVDF membranes were blocked 

with the blocking buffer (Beyotime, cat. no. P0252) for 1 h incubation to prevent 

nonspecific binding. Then the PVDF membranes were incubated with primary antibody 

(diluted in blocking buffer) for 12 h at 4 degrees. After being washed with TBST 3 

times (5 min/time), the membranes were incubated with corresponding HRP-

conjugated secondary antibody (diluted in blocking buffer at 1:2000) at room 

temperature for 1 h. Antibodies against COX2 (1:1000; Abcam, ab188183), HDAC3 

(1:5000; Abcam, cat. no. ab32369), GAPDH (1:2000; Abcam, cat. no. ab8245), Goat 

Anti-Rabbit Antibody Conjugated to HRP (1:2000; Bio-rad, cat. no. 1662408EDU), 

Goat Anti-Mouse IgG (H + L)-HRP Conjugate (1:2000; Bio-rad, cat. no. 1706516) were 

used. The membranes were washed with TBST 3 times (5 min/time) following the 

secondary antibody incubation and then incubated with Clarity Western ECL Substrate 

(Bio-rad, cat. no. 1705061) and imaged by ChemiDoc imaging system (Bio-rad). 

Densitometry of immunoreactive bands was quantified by Image J and normalized to 

the density of GAPDH. 

 

3.11 Enzyme-linked immunosorbent assay (ELISA) for Prostaglandin 

E2 (PGE2) 

Cancer cells were cultured at a density of 3 × 105 cells/well on tissue culture plates or 

PA gels with different stiffness. After 24h, the supernatants were collected and 

quantified for the level of PEG2 by using PEG2 ELISA kit (Abcam, cat. no. ab133021) 
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in accordance with manufacturer's instructions. The colorimetric signal of samples was 

measured by LEDETECT 96 microplate reader. 

 

3.12 Proliferation assay 

The proliferation of cells was measured by the EdU proliferation kit (Beyotime cat. no. 

C0078L) following the instruction. Simply, the complete culture medium was mixed 

with EdU stock solution at a ratio of 500:1 to obtain the 2x working reagent. Until use, 

the working reagent was prewarmed to 37 °C and supplied together with an equivalent 

amount of complete culture media to each well. Following a two-hour incubation 

period at 37 °C, the cells were collected, treated with 4% PFA, and permeabilized with 

0.3% Triton X-100. Next, click reaction buffer was prepared following the instruction 

before use and added to stain the cells for 30 min at room temperature in dark. The cells 

were stained with DAPI solution and rinsed with PBS. The percentage of EdU-positive 

cells was measured by fluorescence microscope or flow cytometry. 

 

3.13 Live/dead staining assay 

The survival of cells was examined by Calcein/PI live/dead viability assay kit 

(Beyotime, cat. no. C2015L) following the instruction. Briefly, Cells were plated to 

corresponding matrix and incubated for 24 h. Calcein AM/PI detection working 

solution was prepared following the protocol provided by manufacturer. The culture 

medium was disposed and 1ml Calcein AM/PI detection working solution was added 

into each well of 6-well plate. After 30min incubation, images of Live/dead staining 

were captured by fluorescence microscope and the ratio of dead cells to live cells was 

analyzed by Image J. 
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3.14 Wound healing assay 

The ibidi Culture-Insert 2 Well (ibidi, cat. no. 80209) was used to perform wound 

healing assay. Adjust the cell suspension to a cell concentration of 3 × 105 cells/ml and 

add 70 µl cell suspension into each well of the Culture-Insert 2 Well. After Incubating 

cells at 37 °C and 5% CO2 for at least 24 hours, gently remove the Culture-Insert 2 Well 

with sterile tweezers. Wash cell layer with PBS to remove cell debris and non-attached 

cells and then add 2 ml medium with 2% FBS. The microscopic pictures were obtained 

for the indicated time and the healing degree was calculated by dividing the healing 

area at the end timepoint by the wound area at the start time point. The area of wound 

and healing was measured by Image J. 

 

3.15 Transwell invasion assay  

Matrigel was polymerized in the upper chamber of the transwells with 8.0 µm pore 

polycarbonate membrane inserts (Corning, cat. no. 3422). By varying concentrations of 

Matrigel (BD Biosciences), Matrigel was liquefied on ice and then reconstituted with 

the serum-free medium according to the manufacturer’s instructions at final 

concentrations of 2 mg/ml, 3 mg/ml, and 4 mg/ml. The full-length FN was added to the 

gels prior to the polymerization at the final concentration of 10 mg/ml. After gels of 

varying rigidities were prepared, 30 µl Matrigel was pipetted into the upper chamber of 

the transwell insert and solidified in a 37°C incubator for 15-30 minutes to form a thin 

gel layer. The bottom of the lower chamber was coated with 10 mg/ml FN to facilitate 

the adhesion of the invaded cells. 1 × 105 Cells suspended with the serum-free medium 

were plated on top of the gels and the down chambers of transwells were filled with 

500 µl full culture medium. After 48h incubation, the cells on the upper side as well as 

the Matrigel were gently removed by a cotton swab. The remaining cells on the other 

side of the chamber were stained with 0.1% crystal violet solutions. The number of 

invaded cells was counted using the 20× objective and the minimum of 5 representative 
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fields was counted for each condition. 

 

3.16 Collagen gel invasion assay 

70 µl cell suspension (3 × 105 cells/ml) was added into the each well of the ibidi Culture-

Insert 2 Well to produce a scratch in 24-well plate after 24h incubation. Type I rat tail 

collagen (Corning)was diluted with 10% 10×DMEM and distilled deionized water. The 

pH of collagen was neutralized using NaOH. Gently remove the Culture-Insert 2 Well 

with sterile tweezers, and cover the cell layer with 500 µl different concentrations of 

neutralized collagen solution (0.5mg/ml, 1mg/ml, 3mg/ml). Cell culture medium with 

2% FBS was added to the top of gels after collagen solidification. Photos were taken to 

measure the healing degree of the scratches after 24h. 

 

3.17 Soft agar assay 

3% low melt temperature agarose was melted and stored in 42°C water bath. To prepare 

the base agar layer, 3% agarose was diluted in 1% agarose with DMEM and 2 ml 1% 

agarose was pipetted into each well of the 6-well cell culture plate and allowed to 

solidify at room temperature for at least 30min. For the top agar layer containing cells 

preparation, 0.8% agarose was prepared by mixing the full cell culture medium, 3 % 

Agarose and FBS at a 6.3:2.7:1 ratio and stored in 42°C water bath. And then 2.5×103 

cells/ml cells were resuspended in full culture medium and mixed with 0.8% agarose at 

equal volume. 2 ml reagent was gently pipetted into each well precoated with base agar 

and the plate was incubated at 4℃ for 15min for solidification. Finally, after 300 µl full 

culture medium was added on the top of agar, the plate was incubated at 37°C in the 

humidified incubator with 5% CO2. 200 µl full culture medium for each well was 

supplied every 3 days. After incubation for 28 days, the plate was stained with 0.5 ml 

0.1% crystal violet (dissolved in 10% ethanol) for 1 h and then washed with dH2O rinses. 

Colonies were imaged with the ChemiDoc imaging system and the number of colonies 



52 

 

was counted by Image J. Each condition was analyzed by preparing and analyzing three 

wells of soft agar. 

 

3.18 AFM measurements 

Atomic force microscope (AFM; BioScope Catalyst, Bruker) was combined with the 

inverted microscope (Nikon) equipped with 20×objective to provide the view of the 

probe which is available for controlling tips and sample position. Cells were seeded on 

the PA gels or TCPs for 24h and grew at ~50% confluent before measurement. Silicon 

cantilevers (MLCT, Bruker) with spring constant k at 0.02 N/m were chosen for 

stiffness measurement 231. Setup and calibration of AFM were carried out following 

user manual. Briefly, the contact model and ScanAsyst in Fluid model were selected 

for detecting the stiffness of cells in liquid media. Following, the laser positioning, 

AFM positioning and cantilever calibration were processed in sequence. Young’s 

modulus E of the cell was obtained by analyzing the force, F, produced by the 

indentation between probe and cell. For quantification of the force F, formula F= k × δ 

was used, where k is the spring constant of the cantilever, δ is the indentation which 

equals to sample height subtracting the deflection. Sneddon’s modification of the 

Hertzian model was adapted to fit force-indentation curves generated by AFM for 

cantilever with a pyramidal indenter. The Young's modulus value of cells was calculated 

following the formula F=2/π × tan(α) × E/(1-v2) × d2, in which d means the depth of 

indentation, α means the half of tip angle, and v equals 0.5. To avoid cell damage, d 

was set up below 500 nm. The elastic value of cells was obtained in the perinuclear area, 

since the outliers may be collected at the cell periphery of well-spread cells resulting 

from the potential effect of substrate. At least 100 force curves collected from randomly 

selected cells without cell-cell contact were used to evaluate the cell stiffness of each 

group. 
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3.19 Hyaluronic acid (HA) hydrogel preparation 

For synthesis of methacrylated hyaluronic acid (MeHA), the solution of sodium 

hyaluronate at the ratio of 1 wt % was prepared with deionized water (DI water).  

Dropwise addition of methacrylic anhydride (MA) (2 mL per gram HA) at 4 °C was 

performed with stirring and maintained at pH 8.5 through the continuous addition of 2 

M NaOH solution for ~8 h. Next, followed by further addition of MA (2 mL per gram 

HA) was added and pH was maintained at pH 8.5 for ~4 h and then overnight at 4 °C. 

After dialyzing against NaCl solution and DI water for 2 days, MeHA was frozen at -

80 °C, subsequently lyophilized and finally stored at -20 °C as powder.  

 

For cell encapsulation, HA hydrogel solution was prepared to a final concentration of 

2 wt % MeHA and 0.5% wt Lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) 

photo-initiator in PBS. And cells were harvested and resuspended in full culture 

medium at 2 × 106 cells/ml. HA hydrogel solution was mixed well with the medium 

containing cells at a 1:1 ratio, following exposure to the 365-nm UV light for 1 min. 

The polymerized HA gel was placed on 96 well culture plate and soaked with the full 

culture medium. 

 

3.20 Dot blot assay  

Cells were seeded at a density of 2×105 cells per well in a six-well plate and allowed to 

grow for 24 h, at which time 100 μL of supernatant medium was used to place on a 

nitrocellulose membrane (Millipore) with a 0.45-μm pore size and allowed to adsorb 

for 1 h at room temperature. After aspiration of the remaining liquid, the membrane was 

blocked for 1 h with 5% dry milk in 0.1% Tween-TBS (TBST) followed by overnight 

incubation with an anti-SERPINB2 antibody (1:500 in blocking solution; Abcam, cat. 

no. 47742) at 4 °C. After washing thrice with TBST for 5 min, the membrane was 

incubated with an anti-rabbit horseradish peroxidase-coupled IgG (1/2000 in blocking 
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solution) for 1 h, and repeated the washing steps. After that, ECL solution was used to 

detect signal. 

 

3.21 Animal experiments 

Cell Preparation 

Cells were trypsinized at 80-90% confluence and then mixed with 10 ml ice-cold 

DMEM containing 10% FBS, centrifuged at 200 x g for 5 min. The cells were 

resuspended 10 ml ice-cold PBS and counted. After being Centrifuged, cells were 

resuspended at 1 × 106 cells /ml (intracardiac injection) or at 2x104 cells /3 μl 

(intracerebral injection) in 1% bovine serum albumin (IgG-free) in ice-cold PBS. The 

mixture was incubated on ice and mixed gently by finger flicking before injection. 

Female BALB/c nude mice aged 6-8 weeks were used in the experiments. 

 

Intracardiac injection 

Mice were anesthetized by intraperitoneal injection with (8.7 mg of ketamine + 1.3 mg 

of xylazine)/100 g. Each mouse was placed on its back with the chest facing up. The 

chest was washed with iodine swabs and then 70% ethanol, repeat 2 times. The injection 

site was chosen in the middle between the sternal notch and the top of the xiphoid 

process, and on the left side of the sternum (anatomical position) and marked with a 

sterile marker. A small bubble was drawn up in a 1 ml 27 g½ insulin syringe to create a 

space between the plunger and the meniscus for observing the heartbeat, and 100μl of 

cells was drawn up. The needle was kept upright and inserted while holding the skin of 

the mouse with the other hand. Successful insertion into the left ventricle should 

produce a distinct bright red pulse in the syringe. At this depth, the plunger of the 

syringe should be carefully pressed without moving the needle significantly, so as not 

to pierce the heart or spill cells into the chest cavity. After injection, the needle was 
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pulled straight out of the chest while making sure to avoid tilting the needle during 

removal. The chest was applied light pressure at the injection site to reduce bleeding. 

The mouse was moved to the heating pad until fully conscious. 

 

Intracerebral injection 

All surfaces of the surgical area were sprayed with 2% chlorhexidine solution for 

disinfection. The mouse stereotaxic frame, the alignment console and the micro-syringe 

pump (Harvard Apparatus, 11 Elite Nanomite), the heating pad, the fiber optic work 

light and the variable speed rotary drill are all installed and disinfected. The 26 G 

precision micro-syringe (Hamilton) is rinsed with sterile deionized water (diH2O) and 

70% ethanol (EtOH) several times, and finally rinsed with diH2O. Mice were 

anesthetized by intraperitoneal injection with (8.7 mg of ketamine + 1.3 mg of 

xylazine)/100 g. After anesthetizing the mouse, the mouse was placed in the stereotaxic 

frame and fixed. During the operation, eye ointment should be used to keep the mice's 

eyes moist enough. The scalp was wiped several times with a sterile gauze soaked in 

chlorhexidine solution. Using a sterile scalpel, a sagittal incision over the parieto-

occipital bone was completed approximately 1 cm long. The exposed skull surface was 

then cleaned using a cotton swab soaked in a 3% hydrogen peroxide solution. The 

micro-syringe was positioned directly over the bregma after the micro-syringe was 

secured onto the micro-pump. And then the coordinate settings on the calibration 

console were zeroed. Prior to tumor cell injection, control knobs on the stereotaxic unit 

and a sterile variable speed rotary drill were used to puncture the skull at 2 mm to the 

right of the bregma and 1 mm anterior to the coronal suture, thereby creating an opening 

for the injection of tumor cells. With the use of a cotton swab dipped in PBS, the bone 

powder was cleaned. To verify position, the needle was lowered vertically down to the 

hole for the injection. The hole was made larger with the drill if the hole was not centred 

with the needle. The cell suspension was gently mixed and drawn into the syringe using 

the pump controller while avoiding bubbles and clumps. The needle was inserted slowly 
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into the depth of 4mm. The injection parameters (Injection volume: 3μl, Injection rate: 

0.25 μl/min) were entered into the pump controller and the “RUN/STOP” button was  

pressed to auto-inject cells. After being in the brain for one to two minutes, the needle 

was gently removed from the tissue (over the course of three to four minutes). Using 

forceps, the scalps were drawn together over the skull and sutured.  

 

Imaging 

Mice were injected intraperitoneally with 300μl 25 mM D-luciferin sodium salt (Abcam) 

in DPBS (Hyclone), anesthetized, and imaged at 20 min after injection using IVIS 

Lumina Series III pre-clinical in vivo animal imaging system (Perkin-Elmer). For ex 

vivo imaging of bioluminescence signals in the brain, mice were injected 

intraperitoneally with 300μl 25 mM D-luciferin and then sacrificed with sodium 

pentobarbital. Brains were removed and placed in separate wells of 12 well-plate. 

Images were captured at 1 min after 1ml 300 μg/ml D-luciferin was added into each 

well to cover the tissue. 

 

3.22 Immunofluorescence staining 

Cells were fixed with pre-cold 4% PFA for 20 min at room temperature, followed by 

permeabilization with 0.3% Triton X-100 in PBS for 20 min. After being washed with 

PBS, cells were blocked with 1% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% 

Tween 20) for 1 h at room temperature. Cells were then incubated with diluted primary 

antibodies in 1% BSA in PBST overnight at 4℃, washed 3 times with PBST for 5 min 

each time and incubated with diluted second antibodies in 1% BSA in PBST at room 

temperature. After decanting the solution and washing cells 3 times with PBST, nuclei 

were stained with DAPI. The imaging of cells was performed with the confocal 

microscope (Leica, TCS SPE) at 40× and 63× objectives. For F-actin staining, 

CytoPainter F-actin labeling kit (Abcam, cat. no. ab112125) was used following the 
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user guidebook. Images were taken using the confocal microscope or the inverted 

fluorescence microscope. Quantification of fluorescence intensity was analyzed with 

ImageJ software. 

 

For the staining of brain slice, mice were sacrificed after anaesthetized and then 

immediately perfused with PBS and 4% PFA and fixed overnight at 4℃. The section 

of the brain into 40 μm or 80 μm was performed using vibrating microtome (Leica, 

VT1200S). The prepared brain slices were treated with blocking buffer (0.3% Triton X-

100, 5% goat serum in PBS) for 1 h at room temperature. After then, the brain slices 

were incubated with primary antibodies diluted in blocking buffer overnight at 4℃ with 

or without 10 μg/ml Lectin-DyLight 649 (ThermoFisher, cat. no. L32472). Following 

extensive washing 3 times with PBS, the fluorophore-conjugated second primary 

antibodies were diluted in blocking buffer and incubated for 2 h at room temperature. 

After nuclei were stained, the brain sections were scanned or visualized with the 

inverted fluorescent microscope and confocal microscope utilizing 10×, 20× and 40× 

objectives. For 3D reconstruction, confocal images were captured every 2-μm interval 

for a total of 60 μm maximum at depth. Image J was used to analyze images. Imaris 

was used to generate 3D reconstruction images.  

 

The primary antibodies used in the study are listed below: p-MLC (1:50; Cell Signaling 

Technology, cat. no. 3671), HDAC3 (1:500; Abcam, cat. no. ab32369), ki67 (1:200, 

Abcam, cat. no. ab15580), The second antibodies used in the study are listed below: 

Alexa Fluor 594 Goat Anti-Mouse IgG H&L (1:400, Abcam, cat. no. ab150116), Alexa 

Fluor 647 Goat Anti-Mouse IgG H&L (1:400, Abcam, cat. no. ab15011). 

 

3.23 Traction force microscope 

The traction force of cells was measured following the protocol reported by previous 

studies162, 232. Briefly, amino-silanated glass bottom of the confocal dish (NEST 
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Scientific) and PA gel solution were prepared referring to PA gel preparation and 0.2-

μm diameter red fluorescence microspheres (Invitrogen, cat. no. F8763) were 

embedded into the top layer of PA gel. Cells were implanted on the PA gels and incubate 

for 24 h. The prestressed state of PA gel was captured by the inverted fluorescence 

microscope with a 20× magnitude at the red fluorescence channel and the boundary of 

cells was recorded by changing the imaging model to bright-field without moving the 

microscope stage. After that, cells were lysed by adding TRK lysis buffer (Omega, cat. 

no. PR021) carefully and gently and then the image of microspheres beneath the cell 

was captured to stand for the null-stress state of PA gel. Images of prestressed and null-

stress states were utilized to confirm the displacement maps of microspheres due to 

cellular contractility. According to the displacement map, the value of cell traction force 

was computed using the inverse Boussinesq mathematical model-based MATLAB 

algorithm. 

 

3.24 Chromatin condensation parameter (CCP) measurement 

To assess chromatin condensation, cells seeded on the corresponding substrate for at 

least 24h were fixed in pre-cold 4% PFA for 15min at room temperature. After being 

washed three times with PBS, nuclei were visualized by DAPI and imaged at their mid-

section using confocal microscopy with 63× objectives. The gradient-based Sobel edge 

detection algorithm in MATLAB was used to process images to produce an edge map 

and calculate edge density standing for the CCP, as described in the previous study 233. 

In order to reduce the impact of different fluorescence intensities of each nuclear image, 

after converting the image to an 8-bit image, the intensity of each pixel of the image 

was divided by the highest intensity of the image and multiplied by 255. Gradient-based 

Sobel edge detection algorithm was conducted to find the hasty reduction in intensity 

or strong edges associated with the degree of chromatin condensation. The thinning 

morphological algorithm was processed to count the number of sharp edges in the 

nucleus. The CCP of nuclear was calculated by dividing the number of edges by the 
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area of nuclear. The images of heterochromatin regions in the nucleus were obtained 

following the adjusted threshold method reported by the previous study 234. The formula: 

Mean of (0.4× max) and min + (0.35 (max-min)) was used to compute the adjusted 

threshold of heterochromatin, where max and min stand for the maximum and 

minimum value of the pixel intensity of images respectively. After being processed, 

images of heterochromatin were converted into green color and then stacked with 

nuclear images converted into red color. All the image processing was conducted by 

Image J. 

 

3.25 HDACs activity measurement 

HDACs activity of cells was measured using in situ HDAC activity fluorometric assay 

kit (EPI003, Sigma-Aldrich) following the provided technical bulletin. 5×104 cells/well 

were seeded in a 24-well plate with or without PA gels. After 24 h incubation, the spent 

medium was deposited and 300 μl reaction mix was added to each well. Once 2-hour 

incubation at cell incubator was completed, 300 μl developer solution was added 

following incubation for 30 min at cell incubator. The supernatant was transferred to 

the black plate with transparent bottom and the fluorescence at Ex/Em = 368/442 nm 

was detected using the Varioskan LUX multimode microplate reader (Thermo Fisher). 

 

3.26 Pharmacologic Treatment 

For the pharmacologic treatment of cells, cells grew to 50~70% of confluency and were 

then treated with 2 or 6 μM Y-27632 (Selleck Chemicals), 2 or 6 μM blebbistatin 

(Sigma-Aldrich), 2 μM Vorinostat (SAHA; Selleck Chemicals), 50 μM anacardic acid 

(ANA; Selleck Chemicals), 100 nM trichostatin A (TSA; MedChemExpress),0.1 or 0.3 

μM cytochalasin D ( CytoD; Tocris Bioscience), 5, 10 or 50 nM narciclasine (Narci; 

Selleck Chemicals), 30 or 100 nM jasplakinolide (Jas; Selleck Chemicals), and 1μM or 

10 μM RGFP966 (MedChemExpress) for indicating time. In accordance with the 
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manufacturer's recommendations, all of the compounds were dissolved in DMSO to 

obtain the stock solution, which was then adjusted with the full culture medium to get 

the working solution. DMSO as the vehicle was chosen for the treatment of the control 

group. 

 

For the invention trial, mice were inoculated with 231-0.6 kPa cells via cardiac injection 

and treated every two days from day 0 with the vehicle, 10 mg/kg or 40 mg/kg of 

RGFP966 intraperitoneally. RGFP966 was dissolved in the vehicle (10% DMSO, 45% 

PEG 400 in H2O).   

 

3.27 siRNA, plasmids and transfection 

Small-interfering RNA (siRNA) and plasmids were transfected using Lipofectamine 

3000 based on the kit-supplied protocol (Invitrogen). In general, cells were trypsinized 

and seeded to be 70%-80% confluent on the day of transfection. Lipofectamine 3000 

reagent was mixed well with Opti-MEM reduced serum medium (Gibco) at a suggested 

ratio. Next, siRNA or plasmid was diluted in Opti-MEM reduced serum medium with 

or without P3000 reagent following the protocol. The diluted siRNA or plasmid was 

mixed with prepared lipofectamine 3000 at equal volume and added to cells after 

incubation for 15 minutes at room temperature. All the siRNAs were designed and 

produced by General Biosystems, and the efficiency of siRNA was verified by qPCR. 

HDAC3-Flag plasmid (#13819) was purchased from Addgene. 

 

3.28 Lentiviral transduction and stable cell line establishment 

For lentivirus packing and production, 293T cells were cotransfected with the target 

plasmid， 2nd generation lentiviral packaging plasmid psPAX2 (Addgene, cat. no. 

12260) and VSV-G envelope expressing plasmid pMD2.G (Addgene, cat. no. 12259) 
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by using Lipofectamine 3000. Culture supernatant containing virus was collected at 48 

h and 72 h post-transfection. Then, the collected supernatant was filtered by a 0.45 μm 

polyethersulfone filter and concentrated with the universal virus concentration kit 

(Beyotime, cat. no. C2901S). Tumor cells were transduced via adding concentrated 

lentiviruses reagent into the completed medium supplied with 8 μg/mL polybrene 

overnight. After 48 h, stable cell lines were selected with 500 μg/ml G418 (Sigma-

Aldrich) or 2 μg/ml puromycin (MedChemExpress) according to the target plasmid and 

then further sorted by using FACSAria III Cell Sorter (BD).  

Plasmids: pLV-mCherry: T2A: Puro-EF1A>hHDAC3 (VectorBuilder), pLV-

mCherry/Puro-EF1A>ORF (VectorBuilder), pinducer 20 DN-KASH (Addgene, cat. no. 

125554), pinducer 20 DN-KASHΔPPPL (Addgene, cat. no. 129280). 

 

3.29 Statistical Analysis  

All the data are reported as mean ± SEM of at least 3 independent repeats. Statistical 

analysis was carried out using the unpaired two-tailed Student’s t-test for comparisons 

between the two groups. To analyze the comparisons among multiple groups, one-way 

ANOVA with a relevant post hoc test was adopted. Statistical differences in the Kaplan-

Meier curves were analyzed utilizing the log-rank test. All statistical analyses were 

conducted by using GraphPad Prism 8.0 software and statistical significance was 

defined as a P value less than 0.05. 
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Chapter 4: The influence of matrix softness on breast 

cancer brain metastasis 
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4.1 Introduction 

Cancer is the leading cause of human mortality. Globally, there were approximately 

19.3 million new cancer cases and 10 million cancer-related deaths in 2020 24. Breast 

cancer accounted for approximately 2.3 million new cases, making it the most prevalent 

type of cancer in 2020 and causing approximately one in six deaths in women with 

cancer 24. Metastasis is the cause of more than 90% of cancer deaths, and the process 

involves cancer cells spreading through the circulatory system after shedding from the 

initial lesion, arresting at blood capillaries, penetrating through vascular endothelium, 

and colonizing distant organs to develop into metastases 33. Clinical studies indicate 

that carcinoma cell metastasis has metastatic tropism. Different cancer types and 

subtypes prefer to metastasize to specific distant organs, which is known as metastatic 

organotropism. For example, prostate cancer mainly metastasizes to bone, uveal 

melanoma metastases to the liver, and major target organs of breast cancer include bone, 

lung/liver, and brain 52, 235, 236. Brain metastases are present in around 20% of cancer 

patients, more frequently in those with breast, lung, colorectal, and skin cancers 237, and 

90% of tumors in the CNS are brain metastases, which occur in 10- 30% of patients 

with metastatic breast cancer 5, 101. Neurological dysfunction and poor outcomes are 

frequently caused by brain metastasis. The median survival (MTS) of patients with 

brain metastases is 11 months, much lower than those with bone metastases (31 months), 

lung metastases (20 months), and liver metastases (19 months) 238. The poor survival 

and outcome necessitate improved prevention and therapy for patients with brain 

metastasis. However, little is known about the mechanisms underlying brain metastasis 

derived from breast cancer. Therefore, identifying underlying critical factors of brain 

metastasis is vital for the development of novel therapeutic strategies to prevent and 

target brain metastasis. 

 

Tumor metastasis requires the synergistic encounter between tumor cells and the 

microenvironment of the target organ, of which underlying mechanisms refer to the 

"seed-soil" theory 3. As the seeds of metastasis, tumor cells are vital to the development 
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of metastasis. Cancer cells in primary lesions are heterogeneous, which means not all 

cancer cells can metastasize, and different subpopulations of cancer cells may prefer to 

metastasize to different organs, such as breast cancer cells with specific gene expression 

signatures that specifically metastasize to the brain 52, 65. The target organ 

microenvironment, as the soil of metastatic cells, plays a double-edged role in 

metastasis. In the target organ, there are both favorable factors that promote metastasis, 

such as fibroblasts, growth factors, and chemokines, as well as unfavorable factors 

inhibiting colonization of tumor cells, such as immune cells 239. The target organ 

microenvironment is crucial for tumor brain metastasis, including the BBB, plasmin, 

exosomes, microglia, and the hypoxia and hypoglycemia characteristics of the brain 113.  

 

In addition to these biochemical factors, the role of matrix stiffness, as a key component 

of the mechanical microenvironment, has become increasingly prominent in cancer 

development and metastasis 7. The transformation process of reprogramming normal 

cells into tumor precursor cells requires high matrix stiffness 240. Matrix stiffness 

stimulates the expression of migration-related genes by the transcriptional regulator 

YAP/TAZ, resulting in the promotion of tumor metastasis 196. As a result of Netrin-4 

decreasing the stiffness of the basement membrane, tumor cells are less likely to 

penetrate the membrane and metastasize, indicating that the stiffness of the basement 

membrane determines the generation of metastatic tumors 35. These findings 

demonstrate that matrix rigidity enhances tumor cell metastatic potential and facilitates 

tumor metastasis. Notably, a number of other studies report a link between low tumor 

stiffness and tumor recurrence and metastasis 241. Soft fibrin gels enhance 

tumorigenicity and metastatic properties of melanoma 162. Soft matrices enable ovarian 

cancer cells to migrate and invade 242. Therefore, microenvironment stiffness affects the 

metastatic capacity of tumor cells. Meanwhile, the influence of matrix rigidity is less 

well understood on metastatic preference and brain metastatic ability. Through 

Iβ3/TGF-β, the rigid matrix impacts gene expression and promotes transition of tumor 

cells to an osteoclastic phenotype 243. Exposed to stiff substrate induces RUNX2-
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mediated mechanical memory and promotes osteolytic bone metastasis of breast cancer 

cells 244. Moreover, Breast cancer cells with metastatic tropism exhibit enhanced cell 

proliferation and migration on correspondingly substrates with the stiffness of the 

targeted organ 245. Breast cancer cells experience mechanically heterogeneous primary 

tumor tissues with local stiffness up to dozens of kilopascal and disseminate into the 

brain with low tissue stiffness (0.1-1 kPa) compared to bone (25-40 kPa), lung, and 

liver (2-7 kPa) 19, 230. Rarely has the effect of low brain tissue stiffness on brain 

metastases been reported: soft brain tissue inhibits DNA methyltransferase 1, thereby 

promoting tumor cell survival, but inhibits their proliferation, and low stiffness of brain 

tissue can induce tumor cells to enter a dormant state 10, 246. In summary, it is suggested 

that microenvironmental stiffness affects the metastatic ability of tumor cells and is 

associated with metastatic tropism, but the effects of matrix softness of local soft niches 

within breast tumor and brain tissue on breast cancer brain metastasis remain not well 

understood. In this chapter, we investigated the effect of matrix softness on brain 

metastasis of breast cancer cells, demonstrating a direct role of the mechanical 

microenvironment in regulating metastatic organotropism. 

 

4.2 Results 

4.2.1 Long-term culture on soft substrates induces a gene expression profile reminiscent 

of brain metastasis in breast cancer cells 

In primary breast tumor, the distribution of tissue stiffness is highly heterogeneous, 

ranging from 0.4-50 kPa, even though the average stiffness is around 4 kPa 19, 156, 247. 

To investigate the effect of matrix softness on the brain metastasis ability of breast 

cancer cells, 0.6 kPa and 35 kPa collagen I (Col-I)- coated polyacrylamide (PA) 

hydrogels were adopted to mimic the regions in breast tumor with extremely low 

stiffness (close to brain tissue) and high stiffness (close to bone matrix) 230. Parental 

MDA-MB-231 cells (denoted as 231) and the derivatives with the preference to 
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metastasize to the brain (MDA231-BrM2-831, denoted as 231-BrM) and bone (MDA-

BoM-1833, denoted as 231-BoM) were used as negative control and positive control 

cell line, respectively 65, 70. Recent studies have reported mechanical memory, which 

indicates some cells retain information about matrix stiffness and maintain some gene 

expression patterns and behaviors for a long period against acute changes caused by 

substrate switching 244, 248. To avoid the potential mechanical memory induced by TCP, 

plastic-tolerant 231 cells were cultured on 0.6 kPa and 35 kPa PA gels for 10 passages 

(3 days per passage, 30 consecutive days). After more than 10 passages prior to adaptive 

treatment on 0.6 kPa and 35 kPa PA gels, 231 cells were named as 231-0.6 kPa and 

231-35 kPa respectively (Fig. 4.1A). The expression levels of genes associated with 

brain or bone metastasis that have been reported previously were measured at 1 passage 

(P1), P2, P5 and P10 65, 70, 75, 249. The data showed that most genes that are positively 

correlated with brain metastasis were not changed significantly after 231 cells were 

cultured on soft substrates for one or two passages. Intriguingly, the majority of brain 

metastasis-related genes (13/18) were gradually up-regulated at P5 and P10 in cells on 

the soft but not stiff matrix (Fig. 4.1B). To further validate the founding, we conducted 

transcriptomic profiling in 231, 231-0.6 kPa and 231-35 kPa cells by RNA-sequencing 

(RNA-seq). Similarly, RNA-seq data showed that the expression levels of most genes 

associated with brain metastasis were higher in 231-0.6 kPa cells than in 231 or 231-35 

kPa cells (Fig. 4.1C and D). Moreover, not only qPCR data but also RNA-seq data 

showed that the expressions of most bone metastasis-related genes were down-

regulated at 231-0.6 kPa cells compared with 231 or 231-35 kPa cells (Fig. 4.1E, F and 

G). The expression levels of brain metastasis-associated genes were not further 

increased by 60 days of priming on soft matrices as compared to 30 days of priming on 

soft matrices. (Fig. 4.2A). 
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Figure 4.1 Long-term soft substrate culture increases the expression of brain 

metastasis-related genes in breast cancer cells. (A) Scheme of the mechanical 

priming set-up. MDA-MB-231 (231) cells were cultured on 0.6 kPa and 35 kPa 

polyacrylamide (PA) gels coated with collagen for 10 passages (3 days/passage, 30 

consecutive days). Total RNA samples were collected at P1, P2, P5, and P10 after 

priming, and the expression levels of (B) the brain metastasis-related genes and (E) the 

bone metastasis-related genes were measured by quantitative PCR (qPCR). The cells 

after long-term culture on corresponding PA gels were termed as 231-0.6 kPa and 231-

35 kPa, respectively. The RNAs extracted from 231, 231-0.6 kPa and 231-35 kPa cells 

were analyzed by RNA-seq. (C-D and F-G) Heatmaps of RNA-Seq analysis show the 

expression of genes associated with brain metastasis and bone metastasis. The gene 

expression levels from low to high are represented by pseudo-colors ranging from blue 

to white to red. N=3; the data = mean ± SEM. Significance of 231 group versus 0.6 

kPa-P10. *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

Then we tested whether the changes in gene pattern were dependent on ligand type for 

coating substrate, fibronectin (FN)-coated PA gels were used to precondition 231 cells 

up to P10. Soft-primed cells at P10 also showed the gene expression pattern favoring 
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brain metastasis, which was similar to cells on Col-I coating soft PA gels at P10 (Fig. 

4.2B). To further exclude the possibility that the observed transcriptional changes are 

driven simply by random genetic drift, we compared the expression of brain metastasis-

related genes of 231 cells at P10 and P0 on TCPs. The data showed that the changes in 

gene profile related to brain metastasis were not similar to the changes on soft/stiff 

substrates and few of these genes were increased, suggesting that the enhanced 

expression of genes associated with brain metastasis was induced by matrix softness 

rather than the genetic drift following long-term culture on the soft matrices (Fig. 4.2C). 

Furthermore, we examined whether the increase in expression levels of brain 

metastasis-related genes is cell line-dependent. 4T1 cells, the murine mammary 

carcinoma cells, were preconditioned on 0.6 kPa and 5 kPa PA gels for 10 passages. A 

significant increase in the expression of genes involved in brain metastasis was also 

observed in 4T1 cells following long-term priming on soft matrices (Fig. 4.2D). 

Collectively, these data suggested that long-term culture on soft matrices induced the 

gene expression pattern favoring brain metastasis, which was independent of ligand 

type, gene drift and cell type. 

 

 

Figure 4.2 Soft matrix-induced expression pattern of brain metastasis-associated 

genes is independent of ligand type, gene drift and cell type. (A) 231 cells were 
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cultured on 0.6 kPa PA gels for 1 month (1M) and 2 months (2M), which were termed 

0.6 kPa-1M and 0.6 kPa-2M cells respectively. Statistical differences between 0.6 kPa-

1M group and 0.6 kPa-2M group are shown. (B) 231 cells were cultured on PA gels 

coating with fibronectin (FN) for 10 passages. Statistical differences between 231 group 

and 0.6 kPa-P10 group are shown. (C) 231 cells were cultured on the TCPs and the 

RNA was extracted (TCP-P0). After consecutive cultures on TCPs for 10 passages 

(TCP-P10), the RNA was collected. (D) 4T1 cells were cultured on 0.6 kPa and 5 kPa 

PA gels for 10 passages. Total RNA samples were collected at P1, P5 and P10. The total 

RNA samples from corresponding cells were analyzed by qPCR to measure the 

expression levels of brain metastasis-related genes. Statistical differences between 4T1 

group and 0.6 kPa-P10 group are shown. N=3; the data = mean ± SEM; *, p < 0.05; **, 

p < 0.01; and ***, p < 0.001. 

 

4.2.2 Transcriptomic profile of soft niches-primed breast cancer cells displays neural 

characteristics 

To ascertain the changes of transcriptional signature in 231-0.6 kPa cells, we conducted 

a comprehensive transcriptomic analysis based on RNA-seq data. Comparing 231-0.6 

kPa cells to 231 or 231-35 kPa cells, differential expression analysis identified 

upregulated and downregulated differentially expressed genes (DEGs) by more than 

two-fold at a 0.05 adjusted P value (Padj) (Fig. 4.3A and F). Brain metastatic tumor 

cells usually exhibit neuronal mimicry, which means tumor cells can gain some neural 

signatures to survive and outgrow in brain tissue 96, 250, 251. Notably, gene ontology (GO) 

over-representation analysis (ORA) of upregulated DEGs were enriched in neuronal-

like pathways, such as ‘cell morphogenesis involved in neuron differentiation’, ‘axon 

development’ and ‘regulation of neuron projection development’ (Fig. 4.3B and G). 

Overall gene set enrichment analysis (GSEA) also showed diverse biological process 

pathways associated with the CNS were enriched significantly (Fig. 4.3C and H). 

Moreover, PaGenBase enrichment analysis showed up-regulated DEGs in 231-0.6 kPa 

cells were mainly enriched in brain cell (cell-specific) (Fig. 4.3D and I). DisGeNET 

was then utilized to assess upregulated DEGs for their approximate association in 

disease-gene networks. Strikingly, enrichment of upregulated DEGs in 231-0.6 kPa 

cells could be linked to the gene features of diverse brain tumors, even brain metastatic 
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tumor (Fig. 4.3D and J). Taken together, these results indicated that matrix softness 

induced the transcriptomic characteristic of neuronal mimicry and imply that 

preconditioning on soft matrices might confer brain metastasis ability to tumor cells. 

 

Figure 4.3 Molecular Features of 231 cells cultured on the soft matrices for long 

term. Volcano plots for differentially expressed genes (DEGs) in 231-0.6 kPa cells 

versus (A) 231 cells on TCPs or (F) 231-35 kPa cells, as determined by RNA-seq. DEGs 

were filtered by Padj < 0.05 and |log2fold change| > 1. Genes are colored, with red 

indicating high expression and green indicating low expression in 231-0.6 cells. The 

Grey color represents all genes not changing between two groups. Cleveland plot for 

gene ontology (GO) over-representation analysis (ORA) of up-regulated genes in 231-

0.6 kPa cells versus (B) 231 cells on TCPs or (G) 231-35 kPa cells. Significantly 

enriched neuronal-like pathways are shown in the diagram (Padj < 0.05). Gene set 

enrichment analysis (GSEA) of DEGs in 231-0.6 kPa cells versus (C) 231 cells on TCPs 

or (H) 231-35 kPa cells. Significantly enriched neuronal-like terms from GO are shown 

(normalized enrichment score (NES > 1), Padj < 0.25). Significantly enriched terms 

associated with brain tumors are shown (Padj < 0.05). PaGenBase enrichment analysis 

of up-regulated genes in 231-0.6 kPa cells versus (D) 231 cells on TCPs or (I) 231-35 

kPa cells. DisGeNET enrichment analysis of up-regulated genes in 231-0.6 kPa cells 

versus (E) 231 cells on TCPs or (J) 231-35 kPa cells. Top enriched terms are shown 

(Padj < 0.05). 

 

To further confirm whether adaptive transcriptomic signature induced by soft matrix 

was cell-type dependent, we obtained RNA-seq data from data set GSE1278887 
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uploaded in Gene Expression Omnibus (GEO), in which SUM159 breast cancer cells 

were preconditioned for 2 weeks on 0.5 kPa and 8 kPa hydrogel coated with Col-I 

before RNA extraction 244. Analogously, global gene expression in 231-0.6 kPa cells 

was significantly different from that in soft niches-primed cells (Fig. 4.4A). Similar 

results were obtained in ORA analysis and GSEA, which show significant enrichment 

in CNS-associated pathways (Fig. 4.4B and C). SUN159 cells preconditioned by soft 

matrix also showed gene characteristics similar to brain cell (Fig. 4.4D). In addition, 

upregulated DEGs were preferentially enriched in the terms associated with brain 

tumors (Fig. 4.4E). In light of these findings, we prioritized brain metastasis as a matrix 

softness-induced consequence of cancer cells capable of metastasizing.  

 

Figure 4.4 Molecular Features of SUM159 cells cultured on the soft matrices for 

long term. The RNA-seq data of GSE1278887 was queried from the Gene Expression 

Omnibus (GEO). In this study, breast cancer SUM159 cells were cultured on 0.5 kPa 

or 8 kPa collagen I-coated hydrogels for 2 weeks. The extracted RNAs were analyzed 

by RNA-seq. (A) Volcano plots for differentially expressed genes (DEGs) in cells on 

0.5 kPa versus cells on 8 kPa. DEGs were filtered by Padj < 0.05 and |log2fold change| > 

1. Genes are colored, with red indicating high expression and green indicating low 

expression in cells on the soft matrices. The Grey color represents all genes not 

changing between the two groups. (B) Cleveland plot for gene ontology (GO) over-

representation analysis (ORA) of up-regulated genes in cells on 0.5kpa versus cells on 

8 kPa. Significantly enriched neuronal-like pathways are shown in the diagram (Padj < 

0.05). (C) Gene set enrichment analysis (GSEA) of DEGs in cells on 0.5 kPa versus 

cells on 8 kPa. Significantly enriched neuronal-like terms from GO are shown 

(normalized enrichment score (NES) > 1, Padj < 0.25). (D) DisGeNET enrichment 

analysis of up-regulated genes in cells on 0.5kpa versus cells on 8 kPa. Significantly 

enriched terms associated with brain tumors are shown (Padj < 0.05). (E) PaGenBase 

enrichment analysis of up-regulated genes in cells on 0.5 kPa versus cells on 8 kPa. Top 

enriched terms are shown (Padj < 0.05).  
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4.2.3 Soft niches-primed cells show advantages in the survival within circulation 

system, adhesion on brain endothelium, and transmigration through brain-blood barrier 

To establish overt brain macrometastases, disseminated tumor cells must overcome 

each of the necessary metastatic steps, including survival in the circulation system, 

intravascular arrest in the brain, penetration through the BBB and outgrowth in the brain 

microenvironment 237. To investigate whether matrix-softness priming induced brain 

metastasis, we systematically examined the influence of matrix softness on the whole 

brain-metastatic processes of tumor cells in vitro. After intravasation into the circulation, 

circulating tumor cells are required to resist anoikis under a suspension state and 

survival in shear force caused by blood flow. 20 dyne/cm2 hemodynamic shear flow 

produced by a microfluidic circulation system was used to mimic the shear stress level 

in brain capillaries 252. The data showed that the viability of 231-0.6 kPa cells was 

significantly higher than 231 cells not only under suspension but also under shear stress 

(Fig. 4.5A and B). 231-BrM cells also showed resistance to shear force, whereas 231-

35 kPa cells exhibited similar cell viability to 231 cells under both statuses.  

 

Then, we evaluated the adhesion ability of tumor cells on the endothelial layer 

consisting of the human cerebral endothelial cell line. The results showed that compared 

to 231 cells, cell adhesion on brain endothelium only was increased in 231-0.6 kPa cells 

but decreased in 231-35 kPa cells at the time point of 15min. Extending the incubation 

time to 30min, all the cells showed a similar brain endothelium adhesion outcome 

except 231-35 cells showed a worse adhesion outcome (Fig. 4.5C-E). Then the cell 

spreading on the brain endothelial layer was measured at 30min. We found 231-BrM 

cells exhibited significantly higher cell spreading area than other cells, indicating their 

better cooperation with brain blood vessels (Fig. 4.5C and F). In contrast, soft matrix 

priming had no influence on cell spreading and even decreased the aspect ratio of tumor 

cells on human brain microvascular endothelial cells (Fig. 4.5C, F and G). Of note, the 

results showed that soft priming did not affect the adhesion ability on the human 

umbilical vein endothelial cell layer, which implied that the soft preconditioning 
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specifically enhanced brain endothelial adhesion ability of tumor cells (Fig. 4.5H and 

I).  

 

Figure 4.5 Soft priming enhances survival in circulation, cerebral endothelium 

adhesion and blood-brain barrier transmigration of 231 cells in vitro. The viability 

of suspended cells under suspension (A) or 20 dyne/cm2 shear flow (B) for different 

times were measured by MTS assay. (C) Tumor cells were stained with cell tracker 

(green) and seeded on cerebral endothelial layer. After 15 min, 30 min and 24 h, the 

wells were washed with PBS for 3 times and imaged. The representative images were 

presented. Scale bar, 100μm. (D-E) Quantification of the tumor cell adhesion rate on 

human cerebral endothelial layer at 15 min and 35 min. (F-G) Tumor cell spreading 

area and aspect ratio were measured after seeding cells on cerebral endothelial layer for 

24 h. (H) Tumor cells were stained with cell tracker (red) and seeded on human 

umbilical vein endothelial layer. After 15 min, the wells were washed with PBS 3 times 

and imaged. The representative images are presented. Scale bar, 200 μm. (I) 

Quantification of the adhesion rate in (H). (J) Schematic diagram demonstrating blood-

brain barrier (BBB) in vitro model constructed from human cerebral endothelial cells 

and EGFP-labeled human astrocytes for tumor cell transmigration assay. (K) Tumor 

cells were labeled with red cell tracker and imaged after seeding in the upper chamber 

for 48 h. Representative pictures of human astrocytes and transmigrated tumor cells are 

shown. Scale bar, 200 μm. (L) Transmigrated cells were visually counted using a 

fluorescent microscope. The number of transmigrated cells relative to 231 cells is 
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plotted. (M) 4T1 and 4T1-0.6 kPa cells were labeled with red cell tracker and BBB 

transmigration assay was performed. Representative pictures of human astrocytes and 

transmigrated tumor cells are shown. Scale bar, 200 μm. (N) The number of 

transmigrated cells relative to 4T1 cells is plotted. N=3, isolates; mean ± SEM; *, p < 

0.05; **, p < 0.01; and ***, p < 0.001. 

 

BBB transmigration is necessary for the initiation of brain metastases formation 65. 

Therefore, we further developed an in vitro model of the BBB that consisted of brain 

microvascular endothelial cells on the upper side and astrocytes on the downside of a 

transwell and assessed the BBB transmigration ability of tumor cells (Fig. 4.5J). 

Consistent with the previous studies 65, 253, 231-BrM cells penetrated the BBB more 

efficiently than their corresponding parental 231 cells (Fig. 4.5K and L). Moreover, the 

BBB transmigration ability of soft-primed 231 cells was enhanced. We extended these 

results with 4T1 cell lines and, similarly, increasing BBB transmigration was observed 

in 4T1-0.6 kPa cells (Fig. 4.5M and N). It has been well demonstrated that 

cyclooxygenase 2 (COX2) is profoundly increased in 231-BrM cells and COX2-

induced prostaglandins can promote dissemination of tumor cells to the brain by 

tampering with BBB 65, 253. Our results showed that long-term culture on soft substrates 

remarkably increased the expression of COX2 in mRNA and protein level (Fig. 4.1B 

and 4.6A). Additionally, the amount of prostaglandin E2 (PGE2), the end product of 

COX2, in the supernatant was also significantly increased in 231-0.6 kPa cells (Fig. 

4.6B). To further test the role of COX2 in matrix softness-induced BBB transmigration, 

NS398, COX2 inhibitor, was used to pretreat the cells. As shown in Fig. 4.6C, NS398 

pretreatment significantly abrogated BBB transmigration ability of 231-0.6 kPa cells. 

Together, these data strongly suggested long-term culture on soft matrices confers 

tumor cells the ability to reach the brain via improvements in survival in blood flow, 

endothelial adhesion in brain and BBB transmigration. 
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Figure 4.6 Matrix softness induces BBB transmigration via the increased 

expression of COX2. (A) After cells were seeded on TCPs or 0.6 kPa PA gels for 24 h, 

the total protein samples were extracted. The expression levels of COX2 protein were 

analyzed by Western blotting. (B) The cells were seeded on 0.6 kPa PA gels and cell 

culture supernatants were collected after 24 h. The secretion levels of PEG2 were 

detected by ELISA. (C) The cells were pretreated by DMSO or COX2 inhibitor NS398 

(3 μM) for 24 h and then the BBB transmigration assay was performed. N=3, isolates; 

mean ± SEM; **, p < 0.01; and ***, p < 0.001. 

 

4.2.4 The extended priming on soft matrices alters the mechanoadaptation ability of 

breast cancer cells 

Tumor cells that successfully infiltrate into brain need to adapt to not only biochemical 

microenvironments but also mechanical microenvironments in order to survive and 

outgrowth 254. Thus, we further examined the mechanoadaptation ability of tumor cells 

on soft matrices, including spreading, adhesion, proliferation, survival, 

mechanoresponse, migration and invasion. Spreading and morphological parameters of 

cells are usually associated with cell growth and motility, which can be employed as 

useful indications to assess if the microenvironment is favorable to tumor cells 255, 256. 

We found that soft priming significantly enhanced both spreading area and aspect ratio 

of the cells on soft matrices and reduced the circularity (Fig. 4.7A-D). Compare to other 

cells, cells that were prolonged passaging on soft matrices had smaller spreading areas, 

lower aspect ratio, and higher circularity on stiff substrates and TCPs. We further 

examined adhesion ability of the cells on soft, stiff substrates, and TCPs. The data 

showed the adhesion abilities of 231-0.6 kPa and 231-BrM cells were higher than that 

of 231 and 231-35 kPa cells on soft substrates, whereas 0.6 kPa and 231-BrM cells 
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showed limited adhesion abilities on TCPs (Fig 4.7E). Moreover, the proliferation of 

231-0.6 kPa cells was significantly higher than that of other cells on soft matrices. 

Interestingly, both 231-0.6 kPa cells and 231-35 kPa cells showed lower proliferation 

rates on TCPs compared to 231 and 231-BrM cells which are plastic-tolerant. There is 

no significant difference in proliferation among these cells on TCPs (Fig. 4.7F-I). In 

addition, matrix softness had no influence on cell survival among these cells (Fig. 4.7J). 

The mechanoresponse was assessed by comparing three parameters on TCPs with those 

on soft matrices, including spreading area, proliferation, and CTGF expression which 

is a downstream target gene of well-known mechanosensitive transcription factor YAP. 

Although all of cells showed increased response on TCPs compared to soft matrices, 

231-0.6 cells showed lower combined mechanoresponse, indicating the long-term soft 

matrix culture induces mechano-insensitivity of tumor cells (Fig. 4.7K). 4T1-0.6 kPa 

cells also showed a higher proliferation rate than their parental 4T1 cells on soft 

matrices (Fig. 4.7L and M). 
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Figure 4.7 Continued soft priming increases mechanodapation of breast cancer 

cells on soft matrices. (A) Cells were seeded on 0.6 kPa, 35 kPa PA gels and TCPs for 

24h. The representative images were presented. Scale bar, 50 μm. Tumor cell spreading 

area (B), circularity (C), and aspect ratio (D) were measured. (E) Tumor cells were 

seeded on 0.6 kPa PA gels for 30 min and then the cells were washed with PBS 3 times 

and imaged for counting. Quantification of the tumor cell adhesion rate. (F) Cells were 

seeded on 0.6 kPa, 35 kPa PA gels and TCPs for 24h and then cell proliferation was 

measured by EdU proliferation assay. The representative images of EdU-positive cells 

on 0.6 kPa gels were presented. Scale bar, 50 μm. (G-I) Quantification of EdU 

incorporation for cells adhering to corresponding substrates. (J) Cells were seeded on 

0.6 kPa, 35 kPa PA gels and TCPs for 24h and then cell survival was measured by Live 

(Calcein AM) /dead (PI) assay. (K) Mechanoresponse readouts for 231 cells and 231-

0.6 kPa cells. (L) 4T1 and 4T1-0.6 kPa cells were seeded on 0.6 kPa PA gels for 24 h 

and cell proliferation was measured by EdU proliferation assay. N=3, isolates; mean ± 

SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Then we assessed the motility of cells on the different matrices using wound healing 

assay. The migration ability was enhanced on the soft matrices but decreased on the 

stiff matrices and TCPs after cells experienced prolonged passages on the soft matrices. 

231-BrM also showed low migration ability on stiff substrates and TCPs (Fig. 4.8A-D). 

Invading the surrounding tissues is curial for establishing distant metastases. To 

evaluate the invasion ability under different stiffness conditions, different 

concentrations of Matrigel (soft: 2 mg/ml, intermediate: 3 mg/ml, and rigid: 4 mg/ml) 

mixed with 10 µg/ml full-length FN were applied to obtain gels of varying rigidities, 

which were used to coat transwell chambers. 231-BrM, 231-0.6 kPa cells showed 

higher invasion ability in the soft condition than 231 and 231-35 kPa cells (Fig. 4.8E 

and F). Interestingly, the invasion ability of 231-BrM and 231-0.6 kPa cells in the rigid 

condition were also increased, despite both of them showing a lower invasion rate 

compared to 231 cells in the intermediate condition. The invasion ability in varying 

rigid conditions was further confirmed by the 3D collagen gel invasion assay through 

the modification of collagen concentration. Embedding tumor spheroids into a 3D 

collagen gel is a well establish method for invasion assay. Since 231 cells cannot form 

spheroid via hanging drop culture257, we adopted the modified method to evaluate the 

3D invasion as shown in chapter 3. We found that soft priming increased the invasion 

rate of 231 cells in the soft condition but decreased the invasion rate in the rigid 

condition (Fig. 4.8G and H). Overall, these results demonstrated that soft matrix 

priming enhances the mechanoadpation abilities of cells on soft substrates but impairs 

the adaptation in the rigid condition. 
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Figure 4.8 Matrix softness enhances the migration and invasion ability of breast 

cancer cells on soft matrices. (A-D) Cells were seeded on 0.6 kPa, 35 kPa PA gels and 

TCPs for 24h and then cell migration ability was measured by wound healing assay. 

The representative images of wound healing on 0.6 kPa matrices (A) and quantification 

(B-D) were presented. Scale bar, 100 μm. (E and F) Transwell system used consists of 

the upper chambers containing a thin layer of FN-enriched Matrigel, perforated 

membrane, and the lower chamber coated with FN. Cells were plated in Matrigel with 

different rigidities. Invaded cells stained with crystal violet were imaged (E) and their 

transwell invasion rates were quantified (F) after 72 h incubation. Scale bar, 100 μm. 

(G and H) Cells were seeded on TCPs and scratched areas were made after 24 h. Then 

cells were covered by collagen gel with different rigidities and their invasion rates were 

quantified after 48 h incubation. Representative images (G) and corresponding 

quantification (H) of invasion in collagen. Scale bar, 100 μm. N=3, isolates; mean ± 

SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

4.2.5 Continued soft priming confers tumor cells with the increase of stemness, growth 

in 3D hyaluronic acid (HA) hydrogels and Serpin B2 secretion 

To explore whether matrix softness enhanced the stemness properties of tumor cells 

which facilitates early colonization in the brain, qPCR was carried out to identify the 

expression levels of stemness genes. There was no gradual increase in stemness-related 
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genes following culture on soft matrices, except for OCT4 and CD133 (Fig. 4.9A). 

Moreover, the results of colony formation assay showed that the colony numbers were 

significantly increased in 231-0.6 kPa cells and 231-35 kPa cells compared to parental 

231 cells, whereas no quantitative difference in colony formation ability was detected 

between 231-0.6 kPa cells and 231-35 kPa cells (Fig. 4.9B and C). These results 

suggested that long-term priming on soft/stiff had a similar effect on stemness of tumor 

cells. Brain ECM is largely composed of nonsulphated glycosaminoglycans called 

hyaluronic acid (HA) 258. To better examine the brain metastatic capacities of tumor 

cells in vitro, a synthetic 3D HA hydrogel platform with low stiffness was applied to 

mimic the physiological ECM in the brain. The stiffness of HA gels was ~1 kPa (Fig. 

4.9D). Compared to parental 231 cells, 231-0.6 kPa cells exhibited enhanced survival 

ability and proliferation rate in 3D HA gel (Fig. 4.9E-G). The proliferation of 231-BrM 

cells was increased while survival ability was not changed. In addition, both survival 

and proliferation of 231-35 kPa cells were impaired. Four serpins, including serpin B2, 

D1, E2 and I1, show high expressions in brain metastatic derivatives but not in bone or 

lung metastatic derivatives 75. As a result of secreting plasminogen activator inhibitory 

serpins, brain metastatic cells prevent reactive stroma in the brain from releasing the 

lethal plasmin and survival in the defense of the brain microenvironment. The data of 

RNA-seq showed that the expression levels of all of these four serpins were elevated in 

231-0.6 kPa cells (Fig. 4.9H and I). Thus, we further tested whether soft priming 

participated in the regulation of Serpins release. Compared to 231 and 231-35 kPa cells, 

231-BrM and 231-0.6 kPa cells presented increased Serpin B2 protein secretion (Fig. 

4.9J). These data supported that soft priming increases functions in vitro that favor brain 

metastasis in tumor cells. 
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Figure 4.9 Matrix softness conditioning enhances stemness, growth in 3D 

hyaluronic acid (HA) hydrogels and Serpin B2 secretion of tumor cells. (A) The 

RNAs were extracted from cells seeded on corresponding substrates. The expression 

levels of stemness-related genes were measured by qPCR. The soft agar assay was 

applied for the detection of the colony formation ability of cells. (B) Representative 

images of formed colonies were shown. (C) Quantification of the numbers of formed 

colonies in (B). Scale bar, 100 μm. (D) HA-methacrylate functionalized with RGD 

peptide was crosslinked to form HA hydrogels by lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP). The stiffness of HA hydrogels was measured by 

the atomic force microscope. Cells were plated into HA gels for 24 hours. (E) Live 

(Calcein AM)/dead (PI) staining was performed to detect the cell survival. 

Representative images of the live/ dead staining assay were shown. Scale bar, 200 μm. 

(F) Quantification of the live/ dead staining assay in (E). (G) The proliferation of cells 

in HA hydrogels was measured by EdU proliferation assay. (H-I) Clustering of serpin 

mRNA levels measured by RNA-seq and heatmaps were normalized by Z-score. The 

gene expression levels from low to high are represented by pseudo-colors ranging from 

blue to white to red. (J) Cells were seeded on 0.6 kPa PA gels and supernatants were 

collected after 48h. Dot blot of collected supernatants detected with anti-SERPIN2 B2 

antibody. N=3, isolates; mean ± SEM; ns, p > 0.05; *, p < 0.05; **, p < 0.01; and ***, 

p < 0.001. 

 

4.2.6 Soft niches-primed breast cancer cells exhibit enhanced abilities to transmigrate 

BBB in vivo and proliferate in the brain 

We next utilized experimental metastasis in vivo models to validate the metastatic 
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abilities of tumor cells in several stages of brain metastasis, including arrest, 

extravasation and colonization in the brain. BBB transmigration is crucial in the 

initiation of brain metastasis. Therefore, we examined the effect of soft priming on 

tumor cell arrest in the brain at the initial stage (1-3 days) after inoculating the tumor 

cells into the arterial circulation of immunodeficient mice via intracardiac injection (Fig 

4.10A). By monitoring the bioluminescence in the brain, we found the soft/stiff priming 

did not enhance the arrest ability of 231 cells in the brain (Fig. 4.10B and C). In contrast 

to parental 231 cells, 231-BrM cells showed increased initial cerebral seeding. Note 

that arrest of tumor cells in the brain does not necessarily mean they will eventually 

reach the parenchyma of the brain. Thus, we further investigated whether long-term 

priming on the soft matrices affects the ability of breast cancer cells to cross the BBB 

and infiltrate the brain parenchyma. Due to the fact that cancer cells that later 

successfully proliferated into macrometastases left blood vessels by day 3 259, we fixed 

and sectioned brain tissue to count tumor cells that were trapped in brain capillaries, 

processed or completed BBB extravasation, on day 3 (Fig. 4.10D and E). In parental 

231 and 231-35 kPa cells, more cells were trapped in brain microvessels (Fig. 4.10F). 

231-BrM cells showed a significantly increased incidence of penetrating cells and 

extravasated cells (Fig. 4.10G and H). Although no significant increase in extravasating 

cells was observed, 231-0.6 kPa cells showed more extravasated cells, which was 

consistent with our previous in vitro BBB transmigration study. 
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Figure 4.10 Matrix softness conditioning enhances BBB transmigration of breast 

cancer cells but not the initial arrest in vivo. (A) Schematic diagram of intracardiac 

injection. (B) Cells were implanted into nude mice through intracardiac injection and 

bioluminescence (BLI) photon flux signals were measured on day 1, day 2 and day 3. 

Representative images of whole-body BLI photon flux signals are presented. (C) 

Quantification of BLI photon flux signal in brains from (B). 231 n=10, 231-BrM, n=11; 

231-0.6 kPa, n=12; 231-35 kPa, n=10. (D) Representative confocal image and 3D 

reconstruction image showing metastatic breast cancer cells (green) were trapped in the 

brain capillaries (red) on day 3 post-injection. Scale bar, 40 μm. (E) Confocal analysis 

of cells being under each extravasation step on day 3 post-injection, including 

intravascular, extravasating and extravasated cells. Scale bar, 10 μm. Quantification of 

(F) intravascular, (G) extravasating and (H) extravasated tumor cells on day 3 after 

tumor cell injection. n = 2 mice per condition. The data = mean ± SEM. *, p < 0.05; **, 

p < 0.01; and ***, p < 0.001. 

 

To evaluate the effect of soft priming on intracranial growth of tumor cells, we 

inoculated tumor cells directly into brain parenchyma of female athymic mice using 
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intracranial implantation (Fig. 4.11A). The results showed that 231-0.6 kPa cells 

exhibited high tumorigenesis property in brain (Fig. 4.11B). Brain metastases of 231-

BrM and 231-0.6 kPa cells were much larger than these of 231 and 231-35 kPa cells 

(Fig 4.11C). Notably, brains of mice bearing brain metastasis of 231-BrM and 231-0.6 

kPa cells were visibly vascularized (Fig. 4.11D). We further examined tumors via 

immunostaining on brain slices. Breast cancer brain metastases of 231-BrM and 231-

0.6 kPa cells were larger and showed more proliferative in contrast to 231 and 231-35 

kPa xenografts (Fig. 4.11E-G). Taken together, these results indicated that soft priming 

promoted BBB transmigration and intracranial growth of breast cancer cells. 

 

 

Figure 4.11 Matrix softness conditioning promotes the cerebral outgrowth of 

breast cancer cells. (A) Schematic diagram of intracranial injection and representative 

images of the experiment. (B) Cells were implanted into the cerebrums of nude mice 

through intracranial injection and the BLI photon flux signals in brains were measured 

weekly. Mice were sacrificed on day 28 and the brains were fixed for further 

experiments. Representative images of brain BLI photon flux signal are presented. (C) 

Quantification of BLI photon flux signal in brains. n=10 in each group. (D) 

Representative mouse brains ex vivo on day 28 are shown. (E) Immunofluorescence of 
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ki67 (red) in coronal brain sections. Tumor cells were labeled with GFP (Green) before 

injection, nuclei were stained with DAPI (blue), respectively. Representative images of 

coronal brain sections are shown. Scale bar, 1 mm and 100 μm in Zoom panel. (F) 

Quantification of lesions in brain based on the size in (E). (G) Quantitation of ki67-

positive tumor cells in (E). The data = mean ± SEM. *, p < 0.05; **, p < 0.01; and ***, 

p < 0.001. 

 

4.2.7 Soft niches-primed breast cancer cells exhibit metastatic tropism to brain in vivo. 

To further validate the effect of long-term soft priming on brain metastasis and 

organotropism, we used an experimental metastasis model to mimic several stages of 

metastasis including evasion of anoikis, intravasation, and colonization to distant 

organs. For this, 231, 231-BrM, 231-0.6 kPa and 231-35 kPa cells were injected into 

nude mice by intracardiac injection respectively and the mice were imaged weekly 

using the in vivo imaging system (IVIS) for 4 weeks. Consistent with previous studies, 

231-BrM showed a high preference for brain metastasis. Remarkably, 75% of mice after 

231-0.6 kPa cells injection developed brain metastasis compared to 20% in 231 cells 

group and 40% in 231-35 kPa cells (Fig. 4.12A). Representative bioluminescent images 

and in vivo signals showed that soft priming but not stiff priming significantly enhanced 

brain metastasis compared to 231 cells on TCPs (Fig. 4.12B and C). 231-BrM and 231-

0.6 kPa cells also showed a higher incidence of brain metastasis (Fig. 4.12D). To 

confirm the bioluminescent signals were strictly from the brain, but not surrounding 

tissues, we imaged the brain ex vivo and data showed that soft priming increased brain 

metastasis and the number of tumor foci in the brain (Fig. 4.12E-G). These results 

demonstrated that soft priming changed organotropism and promoted brain metastasis 

of circulating breast cancer cells. 

 



86 

 

 
Figure 4.12 Matrix softness conditioning increases the brain metastasis ability of 

breast cancer cells in vivo. (A) Tumor cells were implanted into nude mice through 

intracardiac injection and BLI photon flux signals were measured weekly after tumor 

cell inoculation. Radar charts and table showing Incidence of organ metastasis 

determined according to BLI in vivo imaging. (B) Representative bioluminescent 

images of mice at day 0 and day 28 in (A) are presented. (C) Quantification of the 

growth of brain metastasis monitored by BLI in (A). Kaplan-Meier analysis for brain 

metastasis-free survival compared among these four groups was measured by BLI 

photon flux signals from (A). On day 28, mice were sacrificed, and the BLI photon flux 

signals in the brains were measured ex vivo. (E) Representative images and (F) 

quantification are shown. (G) Quantification of tumor foci within the brains via ex vivo 

BLI signals. 231, n=10; 231-BrM, n=11; 231-0.6 kPa, n=12; 231-35 kPa, n=10. The 

data = mean ± SEM. ns, p > 0.05; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

4.2.8 Soft niches-primed breast cancer cells exhibit characteristic biophysical 

properties 

Cell mechanics are important properties involved in regulating cell behaviors and are 
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usually changed in the processes of transformation and metastasis 260. In order to further 

characterize how soft/stiff matrix preconditioning affects breast cancer cells, 

mechanical properties were measured. Stiffness (measured by AFM) of 231-0.6 kPa 

cells was higher compared with other cells on soft matrices (Fig. 4.13A and B). The 

cytoskeleton and its regulators must be involved in alterations to the shape and 

mechanics of the cell. Thus, Cells were grown on soft/stiff gels to examine the actin 

cytoskeleton in situ using immunostaining (Fig. 4.13 C). In agreement with the stiffness 

of the cells, the highest F-actin density was observed in 231-0.6 kPa cells on soft 

matrices, while it was rare on TCPs (Fig. 4.13 D). In addition, in contrast to other groups, 

231-0.6 kPa cells on soft gels showed a reduction in cortical actin bundles by comparing 

the intensity of cortical actin with that of non-cortical actin (Fig. 4.13 E). 

Phosphorylation of myosin light chains (pMLC) has been identified as the regulator in 

the actin-myosin II interaction, contributing to cell stiffness and cell contractility 261. In 

this study, we measured the level of pMLC in cells on soft matrices and TCPs. 231-0.6 

kPa cells had larger levels of pMLC on the soft matrices than their parental 231 cells 

did, whereas the inverse was true on TCPs (Fig. 4.13 F-G). The contractility of cells is 

essential for cellular functions, such as spreading, proliferation and motility 262. Thus, 

we further examined the contractility of the cells on soft substrates. The data showed 

that 231-0.6 kPa cells exhibited higher traction force than other cells on soft substrates 

(Fig. 4.13I and J). Altogether, these results suggested that breast cancer cells gain a 

greater mechanical cohesion on soft matrices after long-term priming on soft matrices, 

which was linked to a better adaptation ability to the soft microenvironment in the brain. 
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Figure 4.13 Soft matrix-priming cells display unique properties of cell mechanics. 

(A) Young’s modulus of cells was measured by AFM on 0.6 kPa PA gels. (B) The histograms 

showing the stiffness of tumor cells in (A). (C) The tumor cells cultured on TCPs and 0.6 kPa for 

24h were stained with phalloidin and analyzed for actin cytoskeleton. Representative fluorescence 

images of F-actin in cells are shown. Scale bar, 20 μm. Quantification of F-actin density (D) and the 

ratio of cortical actin to non-cortical actin (E). (F) Immunofluorescence staining of p-MLC and F-

actin of cells seeded on 0.6 kPa PA gels after 24h. Scale bar, 20 μm. (G-H) Quantification of the 

intensity of p-MLC in (F). (I) The tumor cells were cultured on 0.6 kPa PA gels for 24 h and then 

cellular traction force was measured by traction force microscopy. Representative bright-field 

images (upper panel) and traction maps (bottom panel) of cells. Scale bar, 20 μm. (J) Quantification 

of cellular traction force. N >15 cells. The data = mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, 

p < 0.001. 

 

4.2.9 Mechanical memory of soft niches-primed breast cancer cells to matrix softness 

is transiently maintained after transplantation on rigid tissue culture plates 

Furthermore, we explored the short- and long-period cellular response of 231-0.6 kPa 

cells after being transferred to TCPs. Surprisingly, 231-0.6 kPa cells transplanted to 

TCPs (denoted as 231-0.6T) were rounded and less spread on day 1, which exhibited 

similar morphology as before transplantation (Fig. 4.14A-D). The morphology of 231-
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0.6T from day 3 to day 14 changed significantly to a spread morphology which was 

similar to that of 231-BrM cells on TCPs. Furthermore, cell stiffness of 231-0.6T cells 

was measured on day 1 and day 14 after transplantation on TCPs. Likewise, 231-0.6T 

cells showed high stiffness just like before substrate switching, whereas showed 

compliant cell mechanics after 14 days of culture on TCPs (Fig. 4.14E-H). The delay 

of cellular responses to the matrix stiffness switching inspired us that long-term culture 

on soft matrices might instil mechanical memory in tumor cells. To test our hypothesis, 

we further evaluated whether the expression levels of brain metastasis-related genes 

induced by soft priming were permanent or reversible by re-seeding 231-0.6 kPa cells 

on TCPs for 14 days and confirming brain metastasis-associated gene expression. In 

comparison with 231 cells, most brain metastasis-related genes were still highly 

expressed on day 14 following TCP transplantation, although their expression was 

slowly decreased (Fig. 4.15A). Moreover, 231-0.6T cells (cultured on TCPs for 30 days) 

re-displayed the gene signature of brain metastasis after 2 passages on the soft matrices 

(Fig. 4.15B). The proliferation of 231-0.6T cells on the soft matrices was faster than 

that of 231 cells, despite no difference in BBB transmigration ability being observed 

(Fig. 4.15C-E). Collectively, these data indicated that matrix softness conditioning 

established mechanical memory, which allowed tumor cells to retain brain metastasis 

characteristics during the metastatic process. 
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Figure 4.14 Transplantation on TCPs alters the morphology and stiffness of soft 

matrix-priming cells. (A) 231-0.6 kPa cells were transplanted to TCPs and denoted as 

231-0.6T cells. The morphology of cells on TCPs after transplantation was shown by 

representative images (A) and evaluated by spreading area (B), circularity (C), and 

aspect ratio (D). Scale bar, 100 μm. (E) Cell stiffness was measured by AFM on day 1 

after 231-0.6 kPa cells were transferred to TCPs. (F) The histograms showing the 

stiffness of tumor cells in (E). (G) Cell stiffness was measured by AFM on day 14 after 

231-0.6 kPa cells were transferred to TCPs. (G) The histograms showing the stiffness 

of tumor cells in (H), N > 100 cells, mean ± SEM; ***, p < 0.001. 
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Figure 4.15 Matrix softness conditioning shapes mechanical memory of breast 

cancer cells. (A) Expression levels of brain metastasis-related genes were measured by 

qPCR after 231-0.6 kPa cells were transplanted on TCPs on day 1 (0.6T-1D), day 3 

(0.6T-3D), day 7 (0.6T-7D), and day 14 (0.6T-14D). (B) 231-0.6T cells were re-seeded 

on 0.6 kPa PA gels (0.6T0.6) and expression levels of brain metastasis-related genes 

were measured after 2 passages. (C) 231-0.6T cells were seeded on 0.6 kPa PA gels and 

TCPs for 24h and then cell proliferation was measured. (D) BBB transmigration ability 

of 231 cells and 231-0.6T was analyzed using in vitro model. Scale bar, 100 μm. (E) 

Quantification of trans-migrated cells. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 

0.01; and ***, p < 0.001. 

 

4.3 Discussion 

Various researches have revealed the crucial details of how intrinsic properties of tumor 

cells and specific environments of distant organs synergistically determine metastatic 

organotropism. It is found that 17 genes are associated with brain relapse in breast 

cancer cells, but not with relapses of the bones, liver, or lymph nodes 65. CTC lines 

obtained from cancer patients exhibit metastasis preference, recapitulating metastatic 

patterns in corresponding patients 73. Meanwhile, the unique microenvironment of the 

brain passively selects or actively sculpts tumor cells arriving in the brain 10, 75, 115. 

Remarkably, an inspirational study shows tumor cells with bone metastatic capability 

are preselected by primary tumor stroma, which highlights the potential determinant 

role of heterogeneous microenvironment in the primary tumor in metastatic 
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organotropism 4. In this study, we focused here on the role of the stiffness of the primary 

niche in organ-specific metastasis. By identifying the matrix softness as a driver of the 

acquisition of brain metastasis, our present work demonstrated the constructive 

question of whether mechanical cues in the microenvironment lead to the emergence of 

metastatic organotropism.  

 

Brain metastatic tumor cells undergo a transition to gain the characteristics of neuron 

cells, which is termed as neuronal mimicry 250. A previous study shows that metastatic 

tumor cells from the brain exhibit GABAergic feature conferring an additional option 

for the energic source 96. The neuronal glutamate receptor NMDAR promote the brain 

metastasis of breast tumor cells 263. The usual perception is that neuronal mimicry, 

which is the strategy allowing tumor cells to evade immune surveillance and utilize 

brain-derived energy sources for outgrowth, is driven by tumor plasticity and neuron 

niche 250. However, recent research provides evidence showing that brain-specific gene 

expression preexists in primary breast tumors of patients with brain metastasis, 

implying tumor cells may gain neuronal-like features in the primary tumor to prepare 

for further brain metastasis 264. Our results showed that long-term priming on the soft 

matrices was sufficient to induce an increase in neuronal-associated pathways. 

Moreover, soft niches-primed cells exhibited the transcriptomic signatures of known 

neuronal cell types. Future studies are needed to further investigate the role of matrix 

softness in neuronal mimicry and underlying regulatory mechanisms. Meanwhile, we 

noticed that a similar concept is reported for stiff substrate promoting bone metastasis 

through transiting tumor cells to the osteomimicry phenotype with increased osteolytic 

capacity 243, 244, 265. Again, these studies highlight the enormous functions of mechanics 

in primary or host microenvironments in regulating organotropism. 

 

In summary, the work in this chapter established that chronic culture on soft matrices 

drove the acquisition of brain metastatic capability. Our present findings emphasized 

the vital role of the stiffness of the local niche in determining the metastatic 
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organotropism of breast cancer. 
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Chapter 5: The role of HDAC3 in matrix softness-

induced breast cancer brain metastasis 
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5.1 Introduction 

In the process of changing metastatic tumor cell behaviors, it is not clear if the 

microenvironment plays a "selection" or "conversion" role. Many studies have shown 

that the primary tumor contains subclonal cells with multiple random mutations and 

those subclonal cells, including mutations conferring metastatic properties, prefer to 

target distant specific organs and form metastases 4, 266. In contrast, there is growing 

evidence showing that tumor cells disseminating to distant organs can affect the 

phenotype and adapt to the microenvironment of the targeted organ through epigenetic 

changes 246, 267. Mechanical stimulation, including matrix stiffness, can regulate 

epigenetic modifications through mechanotransduction, which affects the chromatin 

state and thus alters gene expression patterns and cell behaviors 8, 9. Matrix stiffness 

regulates the direction of stem cell differentiation by modulating histone H3K9 

methylation and Lamin-A 209. Low matrix stiffness can induce chromatin remodeling 

and consequently induce cells into a dormant state 268. Soft matrix reduces histone 

acetylation levels and induces chromatin condensation, thereby regulating the 

mechanical memory of MSCs for matrix stiffness 223. The high stiffness of the three-

dimensional extracellular matrix enhances chromatin accessibility through histone 

deacetylases (HDACs), which mediates malignancy-related gene elevation and 

promotes tumorigenesis 269. A few studies have shown that mechanistic 

microenvironment-induced epigenetic changes play an important role in the metastasis 

of malignant tumors: local softness of the tumor induces H3K4 trimethylation and 

H3K9 acetylation to promote CD133 expression, while inducing H3K9 and H3K27 

trimethylation to suppress THBS2 expression, which in turn increases the stemness and 

malignant invasiveness of tumor cells 270. Three-dimensional soft fibrin gel induces the 

demethylation of histone H3K9 and improves the tumorigenic and metastatic ability of 

tumor cells 271. Although few studies have reported the role of mechanical 

microenvironment-induced epigenetic modifications in brain metastasis: low tissue 

stiffness in the brain affects cell survival and proliferation by regulating DNA 

methyltransferases 10. Notably, it is worth noting that studies have shown that the high 
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expression level of histone deacetylase HDAC3 in brain metastases is significantly 

negatively correlated with the prognosis of patients 272. In a mouse model, the histone 

deacetylase HDAC inhibitor Vorinostat (SAHA) has a significant effect on brain 

metastases from breast cancer273. Moreover, HDACs can be regulated by mechanical 

signals to further affect cellular behaviors 195, 234. In conclusion, mechanical stimulation 

can regulate the gene expression pattern and cell behaviors through histone 

modification and its mediated chromatin remodeling. However, the role and molecular 

mechanism of matrix softness-induced epigenetic changes in tumor brain metastasis 

remain to be clarified. In this chapter, we  

focused on exploring underlying molecular mechanisms of matrix softness-induced 

acquisition of brain metastatic ability. 

 

5.2 Results 

5.2.1 Matrix softness promotes breast cancer brain metastasis by clonal selection and 

evolution 

The primary tumor contains a variety of subclonal cells with different random 

mutations and different subclones have different growth rates, metastasis capabilities, 

and drug sensitivity 274. Subclones with organotropic traits can be preselected from 

primary tumors with a genetically heterogeneous composition under a certain 

biochemical microenvironment 4. In addition, tumor cells will undergo a series of 

epigenetic changes in order to adapt to the microenvironment of distant metastatic 

organs, which refers to phenotypic plasticity 264. Therefore, the effect of soft matrix on 

tumor cell brain metastasis may be achieved through the following mechanisms: a. 

Clonal selection of the subpopulation cells with brain metastasis preference and 

competitive advantages under selection pressure imposed by soft matrix; b. Epigenetic 

modification in response to sustained culture on soft matrices, which confers 

mechanoadaptation ability and brain metastatic properties to tumor cells. To investigate 
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which mechanism involves in matrix softness enhanced brain metastasis ability, we 

used single-cell cloning to obtain genetically homogeneous single cell-derived 

progenies (SCPs) with brain metastasis gene signatures in a low level (SCP low-1 and 

SCP low-2) (Fig. 5.1A). Both SCP low-1 and SCP low-2 cells showed increased brain 

metastasis gene expression after long-term culture on the soft matrices (Fig. 5.1B). 

Moreover, the proliferation rate on the soft matrices and BBB transmigration ability 

were enhanced significantly in soft-primed SCP low1 cells, suggesting clonal selection-

independent epigenomic changes played an important role in the acquisition of brain 

metastasis ability on the soft matrices (Fig. 5.1C, 5.2F and G).  

 

Figure 5.1 Matrix softness induces brain metastatic gene signature and increases 

proliferation on soft matrices. (A) The expression levels of brain metastasis-related 

genes were measured in 231, SCP low-1 and SCP low-2 cells. (B) SCP low-1 and SCP 

low-2 cells were seeded on 0.6 kPa cells. Total RNA was collected at P10 after soft 

priming, the expression levels of brain metastasis-related genes were measured by 

qPCR. (C) Cells were seeded on TCPs and 0.6 kPa PA gels, respectively. After 24 h 

incubation, cell proliferation was measured by EdU proliferation assay. Quantification 

of proliferation rate is presented. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; 

and ***, p < 0.001. 

 

To demonstrate the role of clonal selection in soft matrix-induced brain metastasis, we 

further isolated and expanded SCP with a high brain gene signature (SCP high) (Fig. 

5.2A). Our results showed that SCP high cells exhibited a higher proliferation rate than 

SCP low cells (SCP low-1) on soft substrates but not on TCPs (Fig. 5.2B and C). To 

exclude the potential paracrine effect, SCP high cells were labeled with a green live-

cell dye, then cocultured with SCP low cells on soft substrates or TCPs. The results of 

the proliferation assay also showed the proliferation rate of SCP high cells on the soft 
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matrices but not TCPs was faster than that of SCP low cells, suggesting there were some 

subpopulations in breast cancer cells with proliferative advantage on the soft matrices 

which might contribute to the enhancement of brain metastasis (Fig. 5.2D and E). 

Moreover, SCP high cells exhibited a high BBB transmigration ability compared to SCP 

low cells (Fig. 5.2F and G). Together, these results indicated that the epigenetic changes 

and clonal selection are both involved in the gain of brain metastasis ability on soft 

matrices. 

 

Figure 5.2 SCP with brain metastatic gene signature shows the advantages in 

mechanoadaptation to soft matrix and BBB transmigration. (A) The expression 

levels of brain metastasis-related genes were measured in 231 and SCP high cells. (B-

C) Cells were seeded on (B) TCPs and (A) 0.6 kPa PA gels for 24h and then cell 

proliferation was measured by EdU proliferation assay. (D-E) SCP high cells were 

labeled with green cell tracker, and then mixed with SCP low cells at a density ratio of 

1:1. Cells were seed on (D) TCPs and (E) 0.6 kPa PA gels, and then cell proliferation 
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was measured by EdU proliferation assay. The representative images and quantification 

of proliferation rate were presented. Scale bar, 100 μm. (F) BBB transmigration ability 

of SCP high, SCP low and SCP low-0.6 kPa cells was analyzed using in vitro model. 

Scale bar, 100 μm. (G) Quantification of trans-migrated cells. N=3, isolates; mean ± 

SEM; ns, p > 0.05; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

5.2.2 HDAC activity is required for matrix softness-induced brain metastasis  

Chromatin remodeling, which is driven by epigenetic modifications such as acetylation 

and methylation of histones, modulates gene expression patterns and biological 

progress in response to the mechanical stimulations 225, 228, 234. According to GO 

function annotation of our RNA-seq data, we found that a series of DEGs were involved 

in covalent chromatin modification, histone modification, regulation of chromatin 

organization and histone deacetylation in soft primed cells compared to stiff primed 

cells or cells on TCPs (Fig 5.3A and E). GSEA of DEGs also showed chromatin 

modification-related pathways were highly enriched in soft primed cells including 

histone deacetylase complex, protein deacetylation, histone H3 deacetylation and 

chromatin remodeling (Fig 5.3B and F). To explore the regulation of DEGs involved in 

chromatin deacetylation, generic protein-protein interactions (PPI) network and gene 

regulatory network (GRN) were constructed. The results showed that HDACs, 

especially Class I HDACs (HDAC1, 2, 3 and 8) which primarily catalyze the 

deacetylation of histone proteins, acted as key regulators in the regulatory networks 

(Fig 5.3C, D, G and H). These results highlighted the potential regulatory roles of 

chromatin deacetylation and chromatin remodeling in the brain metastasis ability of 

soft matrix-preconditioned cells. 
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Figure 5.3 Functional enrichments and integrated regulatory network reveal 

histone deacetylation induced by matrix softness. Cleveland plot for GO over-

representation analysis (ORA) of up-regulated genes in 231-0.6 kPa cells versus (A) 

231-35 kPa cells or (E) 231 cells on TCPs. Significantly enriched chromatin 

remodeling-associated pathways are shown in the diagrams (Padj < 0.05). GSEA of 

DEGs in 231-0.6 kPa cells versus (B) 231-35 kPa cells or (F) 231 cells on TCPs. 

Significantly enriched chromatin remodeling-associated terms from GO are shown 

(normalized enrichment score (NES > 1), Padj < 0.25). Generic protein-protein 

Interactions (PPI) network of DEGs in 231-0.6 kPa cells versus (C) 231-35 kPa cells or 

(G) 231 cells on TCPs. Different colors of nodes reflect the interaction degree and the 
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grey edge represents the interaction. The network was generated using PPIs obtained 

from the STRING database (version 10) and visualized using NetworkAnalyst. The 

enlarged nodes of HDACs were presented. Gene Regulatory Network (GRN) of DEGs 

in 231-0.6 kPa cells versus (D) 231-35 kPa cells or (H) 231 cells on TCPs. Round nodes 

represent genes and purple square nodes represent transcriptional factors (TFs). Grey 

edge indicates TF regulation. The network was generated using TFs and gene target 

data obtained from the ENCODE ChIP-seq data and visualized using NetworkAnalyst. 

The enlarged nodes of HDACs were presented.  

 

To explore the effect of matrix softness on chromatin remodeling, the chromatin 

condensation parameter (CCP) as a measure of chromatin condensation level was 

adopted to evaluate the edge density and chromatin compaction in the nucleus using 

image processing. Based on representative nuclei image analysis of heterochromatin 

and its edges, more heterochromatin and higher edge density were observed within the 

nuclei of 231-0.6 kPa cells compared to the nuclei of 231 cells (Fig 5.4A). The 

calculation of CCP values for both conditions reveals pronounced differences, where 

the chromatin condensation level of 231-0.6 kPa cells was significantly higher than that 

of 231 cells (Fig 5.4B). Furthermore, we sought to investigate the adaptive dynamics 

of chromatin remodeling after 231 cells were transplanted on the soft and stiff matrices. 

Consistent with the previous study 223, significantly higher chromatin condensation was 

observed after 1-day post re-seeding on the soft matrices (Fig 5.4C). Interestingly, 

chromatin condensation levels remained gradually increased even after day 15 on soft 

matrices and then slightly decreased on day 30 after culture on soft matrices. Although 

there was a fluctuation of CCP after the cells were cultured on the soft matrices, 

chromatin maintained a significantly high level of CCP above baseline condensation 

observed on TCPs. Despite similar fluctuation was also observed, there were no 

significant changes in CCP after day 1 and day 30 post reseeding on stiff matrices. This 

result indicated that the matrix softness induces continuous chromatin remodeling and 

eventually causes chromatin condensation. Chromatin condensation is governed by 

histone acetyltransferases (HATs) and histone deacetylases (HDACs). Moreover, 

mechano-sensitivity of HDACs has been reported 195, 214, 223. In light of bioinformatic 

analysis, we next probe the activity of HDACs. The activity of HDACs was highly up-



102 

 

regulated in 231-BrM cells compared to other cells, which indicated that the priming 

of matrix softness increases HDACs activity and promotes chromatin condensation (Fig 

5.4D).  

 

Figure 5.4 Matrix softness promotes chromatin condensation and increases HDAC 

activity. (A-B) Chromatin condensation parameter (CCP) of 231 on TCPs and 231-0.6 

kPa cells on soft matrices were measured. The representative images of nuclei subjected 

to CCP analysis are presented (upper: DAPI stained nuclei, medium: green color 

standing for heterochromatin regions, bottom: corresponding edge detection.). Scale 

bar, 5 μm. (C) 231 Cells were seeded on 0.6kPa, 35 kPa PA gels and TCPs respectively. 

CCP was measured on days 1, 2, 3, 6, 12, 15 and 30. (D) The activity of HDACs was 

measured in cells cultured on 0.6kPa for 24 h. N=3, isolates; mean ± SEM; ***, p < 

0.001. 

 

To investigate the role of chromatin condensation in matrix softness-induced brain 

metastasis ability, we utilized Vorinostat (SAHA), an HDAC inhibitor, to treat 231-0.6 

kPa cells. Firstly, the CCP value was measured to verify the inhibitory effect of SAHA 
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on chromatin condensation. The result showed that SAHA treatment effectively 

decreased the degree of chromatin condensation (Fig 5.5A). Then we sought to test 

whether SAHA can inhibit brain metastasis ability induced by matrix softness. 231-0.6 

kPa cells on soft matrices were pretreated with SAHA for 3 days and then the expression 

of brain metastasis-related genes, proliferation rate on TCPs or soft matrices, and BBB 

transmigration ability were determined. Notably, the SAHA treatment markedly 

decreased the expression levels of brain metastasis genes (Fig 5.5B). The proliferation 

rate of 231-0.6 kPa cells was restrained by SAHA both on TCPs and on soft matrices 

(Fig 5.5C). Furthermore, SAHA treatment antagonized the BBB transmigration of 231-

0.6 kPa cells (Fig 5.5G and H). To exclude the potential false positive caused by the 

side effect of SAHA, we verified these results by the other known HDAC inhibitor, 

Trichostatin A (TSA). Consistently, chromatin condensation was decreased and brain 

metastasis gene signature of 231-0.6 kPa cells was significantly abolished by TSA 

treatment (Fig 5.5D and E). Without affecting the proliferation on TCPs, TSA also 

decreased the proliferation rate on soft matrices (Fig 5.5F). In addition, suppression 

effect of TSA on BBB transmigration was observed (Fig 5.5G and H). We further 

extended these results to 4T1 cell line. The BBB transmigration ability and proliferation 

ability of 4T1-0.6 kPa cells on soft matrices were inhibited by TSA treatment (Fig 5.5I 

and J). All of these findings indicate that disruption of chromatin condensation via 

HDAC inhibitor attenuates the brain metastasis ability of matrix softness-priming cells. 

 



104 

 

Figure 5.5 The inhibition of HDACs activity disturbs the gene signature associated 

with brain metastasis, the proliferation on soft matrices and BBB transmigration 

ability of 231-0.6 kPa cells. (A) 231 cells cultured on TCPs were treated with or 

without 2 μM SAHA for 24 h. CCP of cells was measured. (B) 231-0.6 kPa cells were 

treated with or without 2 μM SAHA for 3 days. The expression levels of brain 

metastasis-related genes were measured by qPCR. (C) After treatment with or without 

2 μM SAHA for 3 days, the proliferation of 231-0.6 kPa cells seeded on TCPs or 0.6 

kPa gels for 24h was measured by EdU assay. (D) 231-0.6 kPa were treated with or 

without 100 nM TSA for 24 h. CCP of cells were measured. (E) 231-0.6 kPa cells were 

treated with or without 100 nM TSA for 3 days. The expression levels of brain 

metastasis-related genes were measured by qPCR. (F) After treatment with or without 

100 nM TSA for 3 days, the proliferation of 231-0.6 kPa cells seeded on TCPs or 0.6 

kPa gels for 24h was measured by EdU assay. (G) 231-0.6 kPa cells were pretreated 

with 2 μM SAHA or 100 nM TSA for 3 days. The BBB in vitro model was applied to 

measure the BBB transmigration ability of cells. The representative images (G) and 

quantification (H) are shown. Scale bar, 100 μm. (I) 4T1-0.6 kPa cells were treated with 
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or without 100 nM TSA for 3 days. The expression levels of brain metastasis-related 

genes were measured by qPCR. (J) After treatment with or without 100 nM TSA for 3 

days, the proliferation of 4T1-0.6 kPa cells seeded on 0.6 kPa gels or TCPs for 24h was 

measured by EdU assay. N=3, isolates; mean ± SEM; ns, p > 0.05; *, p < 0.05; **, p < 

0.01; and ***, p < 0.001. 

 

We further investigated whether chromatin condensation is sufficient to drive the 

increase of brain metastasis ability. The inhibitor of HAT, Anacardic acid (ANA), was 

used to treat 231 cells on TCPs. As shown in the results, ANA treatment failed to induce 

brain metastasis gene signature and decreased proliferation on TCPs and soft matrices 

(Fig 5.6A and B). Meanwhile, ANA treatment potently increased the BBB 

transmigration of tumor cells, which indicated the important role of heterochromatin in 

promoting tumor cells to penetrate BBB (Fig 5.6C and D). This may be caused by the 

promotion effect for confined migration ability by the high level of heterochromatin275. 

These results demonstrated that the pharmacologically induced chromatin condensation 

was not enough to drive the phenotypes of brain metastasis. 
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Figure 5.6 The inhibition of HATs enhances BBB transmigration ability but fails 

to induce the brain metastatic gene signature and high proliferation on soft 

matrices. (A) 231 cells were treated with 50 μM ANA for 3 days, and then the 

expression levels of brain metastasis-related genes were measured by qPCR. (B) Cells 

pretreated with 50 μM ANA for 3 days were seeded on 0.6 kPa PA gels for 24 h, and 

then the proliferation rate was measured. (D) BBB transmigration ability of cells was 

analyzed using in vitro model. (E) Quantification of trans-migrated cells is shown. Scale 

bar, 100 μm. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

Although the previous findings demonstrated the inhibition of HDACs attenuated the 

brain metastatic activity of 231-0.6 kPa cells, we wondered if the acquisition of brain 

metastatic features after the conditioning of matrix softness required HDAC activity. 

Thus, 231 cells were transplanted on the soft matrices for 10 passages and TSA was 

supplied to inhibit HDAC activity for this duration. Intriguingly, chronic TSA treatment 

completely prevented the emergence of the matrix softness-induced brain metastatic 

gene signature (Fig 5.7A). Cells suffering from chronic HDAC inhibition showed the 

decrease in proliferation on soft matrices compared to 231 cells and 231-0.6 kPa cells 
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(Fig 5.7B). Moreover, chronic TSA treatment also markedly antagonized BBB 

transmigration ability (Fig 5.7C and D). Together, these results demonstrated the 

dependence of acquisition of brain metastatic ability induced by matrix softness on 

HDAC activity, as well as the ability of HDAC inhibitors to effectively antagonize these 

effects. 

 

Figure 5.7 HDAC activity is required for matrix softness-induced acquisition of 

brain metastatic gene expressions, adaptation to soft matrix and BBB penetration 

ability. (A) 231 cells were cultured on 0.6 kPa PA gels and treated with 100 nM TSA 

for 10 passages. Total RNA samples were collected at P5 and P10 after priming, and 

the expression levels of brain metastasis-related genes were measured by qPCR. The 

pretreated cells were donated with TSA 0.6kPa P5 and with TSA 0.6kPa P10 cells 

respectively. (B) Cells were seeded on 0.6 kPa PA gels for 24 h, and then the 

proliferation rate was measured. (C) BBB transmigration ability of cells was analyzed 

using in vitro model. (D) Quantification of trans-migrated cells is shown. Scale bar, 

100 μm. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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5.2.3 HDAC3 mediates matrix softness-induced brain metastasis 

Class I HADCs, including HDAC1, 2, 3 and 8, play the dominant role in promoting 

chromatin condensation 276. Motivated by the prior results showing suppression of 

HDAC activity prevented effectively the brain metastatic phenotype from emergence 

on soft matrices, these four known class I HDACs were knocked down by using siRNA 

to investigate the vital epigenetic modulator in response to matrix softness. We 

observed that HDAC3 knockdown considerably decreased the expressions of the genes 

related to brain metastasis in 231-0.6 kPa cells on soft matrices, while siHDAC1, 2 and 

8 had relatively little effect (Fig 5.8A-D). Although all HDAC1, 2 and 3 knockdowns 

deregulated the proliferation rate of 231-0.6 kPa cells on the soft matrices, the effect of 

HDAC3 on proliferation was much more significant (Fig 5.8E). Intriguingly, siHDAC3 

upregulates the proliferation of 231-0.6 kPa cells on TCPs, despite an inhibitory effect 

on the proliferation of 231 cells on soft substrates (Fig 5.8F and G). Of note, siHDAC3 

but not other siHDACs effectively disrupted the BBB transmigration ability (Fig 5.8H 

and I). These results demonstrated that HDAC3 knockdown substantially suppresses 

brain metastatic phenotype of soft niches-primed cells. 
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Figure 5.8 HDAC3 knockdown in soft matrix-priming cells decreases brain 

metastasis-related gene expressions, proliferation on soft matrices and BBB 

transmigration. (A-D) HDAC1, 2, 3, and 8 were knocked down in 231-0.6 kPa Cells 

on 0.6kPa substrates respectively. After 72h, the total RNA was collected and the brain 

metastasis-related gene expressions were measured by qPCR. (E-F) HDAC1, 2, 3 and 

8 were knocked down in 231-0.6 kPa Cells on 0.6kPa substrates respectively. After 72h, 

cells were seeded on TCPs and 0.6 kPa PA gels for 24h. The proliferation rate was 

measured by EdU assay. (G) HDAC1, 2, 3 and 8 were knocked down in 231 cells on 

TCPs respectively. After 72h, cells were seeded on TCPs for 24h. The proliferation rate 

was measured by EdU assay. (H) After HDAC1, 2, 3, and 8 were knocked down in 231-

0.6 kPa cells on 0.6kPa substrates for 3 days respectively. The BBB transmigration 

ability of cells was analyzed using in vitro model. (E) Quantification of transmigrated 

cells is shown. Scale bar, 100 μm. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; 

and ***, p < 0.001. 
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To delve deeper into the mechanism, we further investigated whether the soft priming 

resulted in an altered expression level and deacetylation activity of HDAC3. We 

analyzed the protein expression level of HDAC3. As expected, the result of western 

blotting showed HDAC3 was highly upregulated in 231-0.6 compared to 231 cells on 

the soft matrices, and this result was further confirmed using immunostaining (Fig 

5.9A-D). Moreover, we verified the activity of HDAC3, which correlated with its 

protein expression, by HDAC3 immunoprecipitation and activity assay. A significant 

increase in HDAC3 activity was observed in 231-0.6 kPa cells compared to 231 cells 

on the soft matrices (Fig 5.9E). We wondered about the role of the increase of HDAC3 

activity in the brain metastatic phenotype of 231-0.6 kPa cells. RGFP966, a selective 

HDAC3 inhibitor, was used to pretreat 231-0.6 kPa cells. Suppression of HDAC3 

activity decreased the proliferation rate of 231-0.6 kPa regardless of substrate stiffness 

(Fig 5.10A and B). However, we noticed that the opposite effects between HDAC3 

inhibition with RGFP966 and HDAC3 knockdown with siRNA on the proliferation of 

cells on TCPs, which may be caused by the side effect of RGFP966. Moreover, 

RGFP966 pretreatment inhibited the BBB transmigration ability of 231-0.6 kPa cells 

(Fig 5.10 C and D). Next, we sought to explore whether HDAC3 overexpression is 

sufficient to increase brain metastasis ability. Interestingly, transient transfection of 

HDAC3 overexpression (HDAC3 OV) plasmid did not induce the brain metastatic gene 

signature (Fig 5.11A). To avoid the short duration of transient transfection is not enough 

to induce brain metastasis ability, we established a stable cell line with HDAC3 

overexpression. The validity of the HDAC3 OV stable cell line was confirmed by qPCR 

and immunofluorescence (Fig 5.11B and C). Indeed, the brain metastatic gene signature 

was not observed in HDAC3 OV stable cell line (Fig 5.11D). Overexpression of 

HDAC3 did not change proliferation rate of cells not matter on soft matrices or TCPs 

(Fig 5.11E and F). Furthermore, overexpression of HDAC3 had no effect on BBB 

transmigration ability (Fig 5.11G and H). Together, these results demonstrated that 

HDAC3 activity was necessary but not sufficient for the gain of brain metastatic 

phenotype post-soft priming. 
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Figure 5.9 Matrix softness priming increases the expression and activity of 

HDAC3. (A) Cells were seeded on 0.6 kPa PA gels or TCPs for 24 h. The expression 

levels of HDAC3 protein were analyzed by Western blotting. (B) Quantification of 

HDAC3 expression normalized to Vinculin from (D). (C) The expression levels of 

HDAC3 were examined by immunofluorescence. The representative images are shown. 

Scale bar, 20 μm. (D) Quantification of mean fluorescence intensity in (C). (E) Cells 

were seeded on soft matrices for 24 h, and then the activity of HDAC3 was measured. 

N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 5.10 Pharmacological disruption of HDAC3 activity inhibits matrix 

softness-induced enhancements in proliferation on soft matrices and BBB 

transmigration. (A) 231-0.6 kPa cells were treated with RGFP966 for 3 days, and then 

cells were seeded on 0.6 kPa PA gels or TCPs for 24 h. (B) The proliferation rate was 

measured. (D) BBB transmigration ability of cells pretreated with RGFP966 was 

analyzed using in vitro model. (E) Quantification of trans-migrated cells is shown. Scale 

bar, 100 μm. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 5.11 HDAC3 overexpression is not sufficient to induce brain metastatic 

gene signature and increase proliferation on soft matrices and BBB 

transmigration. (A) 231 cells were transiently transfected with HDAC3 for 3 days and 

then the expression levels of brain metastasis-related genes were measured using qPCR. 

(B) 231 cell line with HDAC3-mcherry stable overexpression was established. The 

RNA expression levels of HDAC3 were examined using qPCR. (C) The expression of 

NC-mcherry and HDAC3-mcherry was examined by fluorescence microscope. Scale 

bar, 100 μm. (D) The expression levels of brain metastasis-related genes were measured 

in HDAC3 stable overexpression cells using qPCR. The proliferation rate of HDAC3 

stable overexpression cells on (E) 0.6 kPa PA gels and (F) TCPs was measured by EdU 

assay. (G) BBB transmigration ability of HDAC3 stable overexpression cells was 

analyzed using in vitro model. Scale bar, 100 μm. (H) Quantification of trans-migrated 

cells is shown. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

5.2.4 Inhibition of HDAC3 effectively antagonizes brain metastasis in vivo 

It is worth noting that RGFP966, serving as a highly selective HDAC3 inhibitor, can 

penetrate BBB 277. Thus, to further examined whether HDAC3 inhibition led to the 

decrease of brain metastasis incidence and the suppression of tumor outgrowth in the 

brain, we followed brain metastasis progression of 231-0.6 kPa cells in response to 

RGFP966 intervention. 231-0.6 kPa cells were inoculated into nude mice through 
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intracardiac injection and tracked with bioluminescence imaging every week. After 

implantation of tumor cells, RGFP966 or vehicle was given every 2 days (Fig 5.12A). 

We evaluated brain metastasis-free survival and found that RGFP966 treatment 

significantly increased the brain metastasis-free survival time in both concentrations 

(Fig 5.12B). Furthermore, high-dose RGFP966 treatment effectively suppressed the 

outgrowth of brain metastasis (Fig 5.12C and D). Of note, RGFP966 treatment also 

decreased the bioluminescence signal in the rest of the body besides the brain, 

highlighting the broad inhibitory effect on tumors (Fig 5.12E). To further confirm the 

effect of RGFP966 on brain metastasis, we also performed the brain slice assay. The 

results showed that RGFP966 significantly decreased the burden of brain tumor and the 

number of macroscopic lesions (Fig 5.12F-H). Together, these results strongly indicated 

the inhibition of HDAC3 impaired the brain metastasis progression of 231-0.6 kPa cells. 

 

Figure 5.12 HDAC3 inhibitor decreases matrix softness-induced brain metastasis 

in vivo. (A) Scheme of experimental design of intervention trial. Following inoculation 

of 231-0.6 kPa cells via intracardiac injection, HDAC3 inhibitor RGFP966 was injected 

through the intraperitoneal injection every two days. BLI photon flux signals were 

measured on days 1, 2, 3, 7, 14, 21, and 28. (B) Kaplan-Meier analysis for brain 

metastasis-free survival compared among groups was measured by BLI photon flux 
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signals from (A). (C) Representative images of whole-body BLI photon flux signals on 

days 0 and 28. (D) Quantification of the growth of brain metastasis monitored by BLI 

in (A). (E) Quantification of BLI photon flux signals in the brain and body of mice on 

day 28. (F) Immunofluorescence images of brain slice tissue from (A) detected with 

ki67 antibody. (G)Quantification of tumor area (G) and lesion numbers (H) in (F). N=3, 

isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

5.2.5 Strengthening/weakening mechanotransduction suppresses/promotes breast 

cancer brain metastasis  

The actin cytoskeleton acts as a vital mechanotransducer and has been reported to 

regulate chromatin remodeling and accessibility in response to the various mechanical 

stimuli 11, 225. In light of the weak actin cytoskeleton in the cells on the soft matrices, 

we investigate whether destabilization of the cytoskeleton was responsible for brain 

metastatic phenotype induced by matrix softness. Thus, to disrupt the cytoskeleton and 

tension transmission, cells on TCPs were chronically treated with actin polymerization 

inhibitor cytochalasin D (CytoD) or ROCK inhibitor Y-27632 (Fig 5.13 A). 

Interestingly, chronic CytoD treatment significantly enhanced the activity of HDAC3 

(Fig 5.13B). Moreover, long-term treatment of CytoD but not Y-27632 induced the gene 

signature related to brain metastasis, whereas short-term treatment of these inhibitors 

did not exert a similar effect (Fig 5.13 C and D). The proliferation ability on TCPs or 

soft matrices was increased by both CytoD and Y-27632 chronic treatment (Fig 5.13 E 

and F). Furthermore, cells treated with CytoD exhibited a high BBB transmigration 

ability compared to DMSO and Y-27632-treated cells. Together, these results indicated 

that extended disruption of the actin cytoskeleton was sufficient to induce the 

acquisition of brain metastasis ability (Fig 5.13 G and H). Aside from that, these results 

duplicated the phenomenon post cell re-seeded on the soft matrices, which implied 

brain metastatic phenotype is the consequence of long-term shaping following cellular 

responses to matrix compliance. 
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Figure 5.13 Disruption of F-actin polymerization in long term induces brain 

metastatic gene signature and increases proliferation on soft matrices and BBB 

transmigration of breast cancer cells. (A) Scheme of experimental design. 231cells 

were cultured on TCPs and treated with DMSO, 100 nM CytoD or 2 μM Y-27632 for 
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10 passages. (B) HDAC3 activity was measured after cells were treated with inhibitors 

for 30 days.  Total RNA samples were collected on day 3 (C) and day 30 (D) after 

inhibitor treatment, and the expression levels of brain metastasis-related genes were 

measured by qPCR. (E-F) The pretreated cells were seeded on 0.6 kPa PA gels or TCPs 

for 24 h, and then the proliferation rate was measured. (G) After pretreatment, BBB 

transmigration ability of cells was analyzed using in vitro model. (H) Quantification of 

trans-migrated cells is shown. Scale bar, 100 μm. N=3, isolates; mean ± SEM; *, p < 

0.05; **, p < 0.01; and ***, p < 0.001. 

 

We then verified whether stabilization of actin cytoskeleton could also prevent the 

acquisition of brain metastasis ability. Actin polymerization activator jasplakinolide 

(Jas) and Rho activator narciclasine (Narci) were used to treat 231 cells transferred to 

the soft matrices for 30 days (Fig 5.14A). The result showed that chronic Jas treatment 

notably antagonized HDAC3 activity (Fig 5.14B). The brain metastatic gene signature 

induced by matrix softness was partially rescued by chronic Jas treatment but not Narci 

treatment (Fig 5.14C). Both inhibitors suppressed proliferation ability on soft matrices 

(Fig 5.14D and E). Moreover, obvious inhibitory effects on BBB transmigration ability 

were obtained after chronic treatment with Jas or Narci (Fig 5.14F and G). Next, we 

wondered if the transient activation of actin cytoskeleton on TCPs had similar effect on 

brain metastasis ability. Of note, the treatment with Jas or Narci did not result in 

deregulation of brain metastasis genes expression (Fig 5.15A). Opposite to suppression 

effects on soft matrices, treatment with Narci promoted the proliferation ability of cells 

on TCPs, whereas treatment with Jas had no effect (Fig 5.15B and C). Based on these 

results, the effects of actin cytoskeleton activators on cells differ depending on the 

stiffness of the substrate. Together, these data demonstrated that actin polymerization 

or the promotion of contractility inhibited the establishment of brain metastatic 

phenotypes caused by the matrix softness. 
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Figure 5.14 Promotion of F-actin polymerization prevents the acquisition of brain 

metastatic phenotype induced by matrix softness. (A) Scheme of experimental 

design. 231 cells were cultured on 0.6 kPa PA gels and treated with DMSO, 100 nM Jas 

or 10 nm Narci for 10 passages. (B) HDAC3 activity was measured after 10 passages. 

(C) Total RNA samples were collected on day 30 after inhibitor treatment, and the 

expression levels of brain metastasis-related genes were measured by qPCR. (D-E) The 

pretreated cells were seeded on 0.6 kPa PA gels for 24 h, and then the proliferation rate 

was measured. (F) After pretreatment, BBB transmigration ability of cells was analyzed 

using in vitro model. (G) Quantification of trans-migrated cells is shown. Scale bar, 

100 μm. N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 5.15 The interference effect of F-actin polymerization on gene signature 

related to brain metastasis and proliferation on soft matrices is matrix stiffness-

dependent. (A) 231 cells were treated with DMSO, 100 nM Jas or 10 nm Narci for 3 

days. Total RNA samples were collected and the expression levels of brain metastasis-

related genes were measured by qPCR. (B-C) The pretreated cells were seeded on TCPs 

for 24 h, and the proliferation rate was measured. N=3, isolates; mean ± SEM; *, p < 

0.05; **, p < 0.01; and ***, p < 0.001. 

 

5.3 Discussion 

Metastatic seeds for distant organic metastasis are believed to preexist in the primary 

site containing heterogeneous tumor cells. It has been demonstrated that subpopulations 

derived from the same parental cell line exhibit distinct organotropism 266. The 

Mesenchymal Stroma in primary tumor contributes to the selection of bone metastatic 

clones 4. Of note, selection pressure imposed by matrix stiffness leads to the arising of 

cell populations with novel phenotypes 278. In this study, we gained a comprehensive 

view of matrix softness-mediated brain metastasis by clone selection as well as 

epigenetic changes. SCP with brain metastatic gene signature showed the proliferative 

advantage on soft matrices, indicating matrix softness may impose selection pressure 

for enriching brain metastatic seeds in the primary tumor. However, plasticity in 

epigenetics cannot be ignored. Carcinoma cells are facilitated to further metastasize to 

other organs via the EZH2-mediated epigenomic changes. Moreover, HDACs can 

respond to mechanical signals to regulate cellular functions 267. Although with 

homogeneous genetic background, SCP with poor gene signature for brain metastasis 

still gained phenotype associated with brain metastasis after matrix softness priming, 

which demonstrated epigenetic change by matrix softness was an effective way to 

enhance brain metastasis. 
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Besides clonal selection, we demonstrated that alterations in chromatin state were 

driven by matrix softness, which was needed by phenotypic changes to brain metastasis. 

Compliance matrix enhanced HDAC activity and chromatin condensation in regulating 

brain metastasis ability in breast cancer cells, which highlighted an indispensable role 

of HDAC-mediated chromatin condensation in mechanotransduction and response to 

the change of matrix mechanics. A growing number of studies have focused on global 

chromatin remodeling and its main regulator-epigenetic modification in 

mechanoresponse. Cells under stretching undergo chromatin-mediated 

mechanosensing to further modulate cellular behaviors 194, 225. Switching from matrix 

stiffness has been shown to regulate cell differentiation, fibroblast activation and 

malignant transformation through the class I HDACs-mediated chromatin remodeling 

11, 195, 223, 269. It is worth noticing that chromatin condensation is regarded as a keeper to 

instil the mechanical memory to maintain certain gene expression patterns and cellular 

functions, which provides a possible explanation for transcriptional memory of brain 

metastasis gene signature imposed by matrix softness in our study 11, 279. 

 

HDAC3, a vital member of class I HDACs, has been reported as a mechanoresponsive 

element in mechanotransduction 216. Rigid substrate enhances tumorigenic properties 

in breast epithelium via Sp1–HDAC3/8 axis-mediated alteration in chromatin 

accessibility269. The total level and distribution of HDAC3 are both increased on the 

soft matrices to regulate chromatin architecture 223. The decrease of actomyosin 

contractility leads to translocation of HDAC3 from cytoplasm to nucleus 234. However, 

although protein expression of HDAC3 was upregulated after soft priming, 

translocation of HDAC3 was not observed and mainly distribution of HDAC3 was 

within nuclear in our study, which was possibly caused by the different cell types. We 

also showed that HDAC3 activity was increased by matrix softness, which relayed on 

the stabilization of actin cytoskeleton but not Rho/ROCK mediated actomyosin 

contractility. Interestingly, HDAC3 has been reported to suppress osteoclasts to inhibit 
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bone remodeling which is important for the outgrowth of tumor cells in bone 280. Runx2, 

which is a skeletal transcription factor and plays an essential role in osteolysis during 

bone development, exhibits aberrant expression in tumor cells that metastasize 

aggressively to bones 244, 281. Many studies show HDAC3 can directly interact with 

Runx2 and antagonize the transcriptional activity, which is similar to the phenomenon 

that HDACs inhibitor reduces the localization of Runx2 in nuclear 195, 282, 283. In our 

study, HDAC3 activity was significantly increased after soft priming. Moreover, matrix 

softness-induced HDAC3 activity was required by brain metastatic phenotype. 

Previous studies study has shown that HDAC3 is highly expressed in brain metastases, 

and its expression level is related to the prognosis of patients 272. The HDAC inhibitor 

Vorinostat (SAHA) has a significant therapeutic effect on brain metastases of breast 

cancer 273. Together, these shreds of evidence and our data spotlighted HDAC3 playing 

diametrically opposed roles in brain and bone metastasis, which is similar to the Janus-

faced role of DKK1 in lung and bone metastasis 69. 

 

In summary, the present results in this chapter established a paradigm for the 

mechanism underlying how matrix softness in the primary niche induced the 

acquisition of brain metastatic characteristics. Not only clonal selection but also 

epigenetic modification was involved in the matrix softness-induced brain metastasis 

ability. Matrix softness induced chromatin condensation and upregulated HDAC 

activity via actin cytoskeleton, which was required for the gain of brain metastasis 

ability. 
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Chapter 6: The role of cell stiffness in organotropism 
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6.1 Introduction 

A considerable increase in the capacity of cancer cells from a particular organ to spread 

to specific locations in body was observed 1. It has been extensively researched how 

intrinsic biochemical variables affect the metastatic preference of cancer cells. In 

further research, inherent characteristics of cancer cells were discovered, including 

gene patterns for organ tropism and molecular routes for regulating extravasation and 

colonization under the unique microenvironment of targeted organs 1, 65, 70, 71, 80, 284. In 

breast cancer cells, Dickkopf-1 secreted by the tumor has diametrically opposed effects 

on bone and lung metastatic processes; it promotes bone metastasis while inhibiting 

lung metastatic process via canonical and non-canonical Wnt signaling respectively 69. 

Tumor cells are reported to exhibit low cell stiffness that is highly associated with their 

malignancy 15, 16. Unfortunately, it is unclear if organotropism depends on certain 

mechanical characteristics of cancer cells. 

 

Specific alterations in cellular mechanical characteristics, such as stiffness and viscosity, 

also accompany malignant transformation caused by genetic abnormalities in cells. For 

instance, the normal breast epithelial cells following transformation become noticeably 

softer 17, 18. Related investigations have shown that the stiffness of tumor cells is very 

diverse and greatly relates to their malignancy 19. The intrinsic softness of cells serves 

as a distinct hallmark of tumor cells with highly tumorigenic and metastatic abilities 20. 

As a result of low stiffness, tumor cells are more likely to extravasate through the 

endothelial barrier in the metastasis 21. Additionally, soften cells can enhance self-

renewal potential of cancer stem cells 22, 23. Cellular mechanical properties have not 

been linked to metastasis preference, despite the role of stiffness in malignancy 

behaviors have been explored widely over the past two decades. 

 

The significance of mechanical properties of breast cancer cell in organotropism was 

investigated in this chapter. We observed that the stiffness of breast cancer cells with 

different metastatic tropisms corresponds to the tissue stiffness of target organs. By 
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regulating the stiffness of cancer cells through pharmacological or genetic methods, 

expression levels of organotropism-related genes and mechanoresponse of cells were 

altered in soft substrates mimicking mechanical microenvironment of brain tissues. 

Altogether, our findings indicated breast cancer subpopulations with different 

organotropism had unique biophysical properties, while cell stiffness could be a 

potential biomarker for organic metastasis diagnosis and treatment. 

 

6.2 Results 

6.2.1 The metastatic organotropism of breast cancer cell derivatives correlates with 

their cellular mechanics 

Several cellular behaviors are coupled to biophysical properties of cells 285. There is, 

however, a hazy relation between metastatic tropism and the mechanics of tumor cells. 

By using AFM, we assessed the cellular stiffness of the breast cancer cell line 231 cells 

and its derivatives that prefer to metastasis to the bone (231-BoM cells), lung (231-LM 

cells), and brain (231-BrM cells) to answer this question 65, 70, 71. As shown in the 

findings (Fig. 6.1A and B), 231-BrM cells had less cellular stiffness than other cells 

whereas 231-LM and 231-BoM cells showed higher stiffness than 231 cells. 

Additionally, across these groups, 231-BoM cells displayed the highest level of cell 

stiffness. Our experimental results demonstrated the cellular stiffness of 231-BrM, 231-

LM, and 231-BoM cells gradually increases and shows a similar trend with the stiffness 

of the organs that they like to spread to. The actin filament network, a fundamental 

component of the cytoskeleton, is essential for determining how stiff the cell is 286. 

Subsequently, F-actin levels in breast cancer cells with various 

metastatic organotropisms were assessed. The minimum level of F-actin was found in 

231-BrM cells, whereas the maximum level was found in 231-BoM cells, supporting 

the results of cell stiffness (Fig. 6.1C and D). Additionally, there was a strong upward 

trend for F-actin levels from the 231-BrM, 231-LM, to 231-BoM cells. All of these 
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findings show that various breast cancer cell derivatives with distinct metastasis 

patterns have diverse biophysical characteristics and that the cellular mechanics of 

breast cancer cells may be a reflection of their organotropism. 

 

 

Figure 6.1 MDA-MB-231 subpopulations with different organotropisms exhibit 

distinct cell mechanics. (A) Young’s modulus of tumor cells on TCPs was assessed 

using AFM. n > 100 cells for each condition. (B) The histogram showing the 

distribution of Young's modulus and fitting a Gaussian line. (C) Immunostaining images 

of F-actin (green) and nuclei (blue). Zoomed images of outlined regions are presented 

in the second pane. Scale bar: 100 μm. (D) Average of fluorescence intensity of F-actin 

in (D). Number of cells is given for each group. N=3, isolates; mean ± SEM; *, p < 

0.05; **, p < 0.01; and ***, p < 0.001. 

 

6.2.2 Gene signature related to organotropism is modulated by cell cytoskeleton  

Results have shown that the cellular stiffness of cells and organotropism are correlated. 

It is still unknown, nevertheless, how the mechanical characteristics of cancer 

cells affect organotropism. Thus, we hypothesized that the organ-specific metastasis of 

breast cancer cells can be modulated by the cytoskeleton network. The consequence of 

the changes in cell cytoskeleton on the gene expression profiling associated with 

metastatic preference to brain or bone was examined to test this hypothesis. On one 

hand, 231-BoM cells were treated with the F-actin polymerization antagonist CytoD, 
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the ROCK antagonist Y-27632, or the myosin II antagonist blebbistatin to destabilize 

the actin cytoskeleton. On the other hand, 231-BrM cells were treated with Rho 

activator Narci and the F-actin assembly activator Jas to reinforce the actin cytoskeleton. 

The expression levels of the previously reported gene signatures related to brain and 

bonemetastasis were investigated. Except for a few exceptional genes, the results reveal 

that interrupting the actin network of 231-BoM cells with CytoD or Y-27632 had little 

effect on the expression of genes relevant to bone metastasis. Contrarily, the majority 

of brain metastasis-associated genes were noticeably increased by these inhibitors in 

231-BoM cells (Fig 6.2A and B). Nevertheless, neither bone metastasis genes nor brain 

metastasis genes were affected by blebbistatin. The expressions of genes associated 

with bone and brain metastases were not visibly altered when 231-BrM cells were given 

treatment with Jas. In contrast, Narci supplementation considerably improved five out 

of nine genes associated with bone metastasis and did not impact the expression of 

genes associated with brain metastasis, with the exception of the unexpected elevation 

of SERPINB2 and COX2 (Fig. 6.2C and D). These results demonstrate that 

pharmacological perturbation /stabilization on the actin cytoskeleton of breast cancer 

cell derivatives with metastatic patterns to bone/brain alters gene signatures related to 

organotropism.  

 

 
Figure 6.2 Inhibition/stabilization of cell cytoskeleton increases the expressions of 
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brain/bone metastasis-related genes. (A, B) 231-BoM cells were treated with the 

indicated concentration of CytoD, Y-27632, and Blebbistatin for 1 day. After then, the 

expression levels of genes associated with (A) bone metastasis and (B) brain metastasis 

were evaluated by qPCR. (C, D) 231-BrM cells were treated with the indicated 

concentration of Narci and Jas for 1 day. After then, the expression levels of genes 

associated with (C) bone metastasis and (D) brain metastasis were evaluated by qPCR. 

N=3, isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

6.2.3 Derivatives of breast cancer with distinct organotropism exhibit different 

mechanoresponses to substrate rigidity depending on the cytoskeleton  

Our findings demonstrate that the transcription levels of genes associated with brain/ 

bone metastasis are influenced by the actin cytoskeleton. Our findings demonstrate that 

the transcription levels of genes associated with brain/ bone metastasis are influenced 

by the actin cytoskeleton. Noticeably, 231-BrM, 231-LM, and 231-BoM cells 

preferentially disseminate to the brain, lung and bone, all of these organs with different 

tissue stiffness 230, 287.  Thereafter, we investigated how the cellular cytoskeleton 

affected the mechanoresponses of brain/ bone-metastatic tumor cells to substrate 

stiffness. To achieve this, CytoD was used to depolymerize the actin cytoskeleton of 

231-BoM cells whereas Narci was used to stabilize the actin filament of 231-BrM cells. 

Then, to simulate the response to the rigidity of brain tissue, these treated tumor cells 

were grown on TCPs or PA gels with a stiffness of 0.6 kPa. The migration and 

proliferation abilities of cells are positively and significantly associated with cell 

spreading and shape which serve as useful indicators to show compatibility between 

microenvironment and metastatic tumors 255, 256. After treatment with Narci, 231-BrM 

cells showed a higher circularity and a lower aspect ratio compared to cells without 

treatment, even though there is no difference in spreading area. Contrary to this, 

disruption of the cytoskeleton of 231-BoM cells with CytoD improved spreading and 

aspect ratio regardless of substrate but had little effect on circularity (Fig. 6.3A and B). 

When metastatic tumor cells reach distant sites, proliferation is necessary for the 

formation of marometastases. Our results show that promoting the actin cytoskeleton 

of 231-BrM cells with 25 nM Narci inhibited the proliferation on the soft matrices but 
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not TCPs. 50 nM Narci treatment boosted the proliferation rate on TCPs, but this effect 

was eliminated on soft matrices (Fig. 6.3C and D). The growth of 231-BoM cells on 

TCPs was unaffected when the cytoskeleton was inhibited with CytoD. On the other 

hand, proliferation rate of 231-BoM cells on soft substrates was boosted after CytoD 

treatment (Fig. 6E and F). Together, these results indicate that the actin cytoskeleton 

may be a unique modulator of the mechanical adaptation ability of breast cancer cells 

with different metastatic tropisms on the soft matrices. 

 

 

Figure 6.3 Stabilizing/disturbing the actin cytoskeleton of breast cancer cells with 

bone/brain tropism affects cell morphology and proliferation ability on soft 

matrices. (A, B) 231-BrM cells were pretreated with Narci at the concentration of 25 

nM and 50 nM, and 231-BoM cells were pretreated with CytoD at the concentration of 

0.1 μM or 0.3 μM. Cell spreading area, circularity, and aspect ratio were evaluated on 

(A) TCPs and (B) 0.6 kPa substrates after 1 day of incubation. The data are collected 

from 100 cells/group. (C, D) 231-BrM cells were pretreated with 25 or 50 nM Narci 

and seeded on TCPs and 0.6 kPa matrices for 1 day, respectively. Then, the proliferation 

rate of cells was evaluated by EdU assay. (E, F) 231-BoM cells were pretreated with 

0.1 or 0.3 μM CytoD and seeded on TCPs and 0.6 kPa matrices for 1 day, respectively. 

Then, the proliferation rate of cells was evaluated by EdU assay. N=3, isolates; mean ± 

SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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6.2.4 Knocking down mDia 1 induces the transition to brain metastatic phenotype of 

231-BoM cells 

One of the downstream targets of RhoA signaling, mDia1, plays a crucial role in actin 

polymerization, which influences cell stiffness 288, 289. The role of actin cytoskeleton 

and biophysical property in organotropism was further investigated by transfecting 231-

BoM cells with siRNA targeting mDia1 (Fig. 6.4A). Bone metastasis-associated genes 

were not consistently affected when mDia1 was knocked down in 231-BoM cells (Fig. 

6.4B). Conversely, upregulation of seven out of nine genes associated with brain 

metastasis was observed in 231-BoM cells when mDia1 was knocked down (Fig. 6.4C). 

Moreover, the proliferation rate of 231-BoM cells on soft matrices but not on TCPs was 

increased when mDia1 was knocked down with low doses siRNA (1 nM). According 

to these data, mDia1 knockdown increases the expression of brain metastasis-related 

genes in 231-BoM cells and promotes proliferation on soft matrices, which suggests 

they have an increased capability to form brain metastases. 

 

 

Figure 6.4 mDia1 knockdown in 231-BoM cells influences the expression levels of 

the genes related to metastatic preference and increases cell proliferation on soft 

matrices. (A) The knockdown efficiency of mDia1. The expression levels of genes 

associated with (B) bone metastasis and (C) brain metastasis were evaluated by qPCR 
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after mDia1 knockdown. (D, E) 231-BoM cells transfected with si-mDia1 were cultured 

on TCPs and 0.6 kPa matrices and cell proliferation were measured by EdU assay. N=3, 

isolates; mean ± SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 

 

6.3 Discussion 

Metastatic organotropism is present in many malignancies. The "seed and soil" theory, 

put out by Steven Paget 3, which defines "seed" as tumor cells with the capacity to 

metastasis and "soil" as the organs with the supporting milieu, was the first to provide 

an explanation for metastatic tropism. It is thus possible for the metastases to form in 

distant sites when the "seed" and "soil" match well. The ineffectiveness of the 

metastatic process is determined by both tumor cells and the microenvironment in 

distant organs 78, 290. The critical features in cancer cells, including genetic profiling, 

stemness, dormancy, and tumor-secreted molecules, are vital in regulating metastatic 

organotropism 52. Mechanical factors, such as the biophysical properties of tumor cells, 

play significant roles in metastatic progress in addition to these biochemical factors 291. 

It is well acknowledged that the invasive capability of malignant cells in cases of 

pancreatic, ovarian, and breast cancer is correlated with their mechanical characteristics 

15, 292, 293. Metastatic tumor cells with strong invasion and metastasis abilities show more 

compliant than counterparts with weak invasion ability, and the softness of cells may 

assist tumor cells to pass through confined spaces during the metastatic process. Our 

prior findings demonstrate that the decrease of cytoskeleton and cell mechanics 

increases the CSCs exposed to fluid shear forces and increases the chemoresistance of 

CSCs 232, 294. It is yet unknown how metastatic tropism is impacted by the actin 

cytoskeleton and stiffness of tumor cells. The recent work reveals a link between the 

biophysical feature and metastatic preference in tumor cells. The rigidity of the 

preferred organs is matched by the cell stiffness of the breast carcinoma 

derivatives with diverse organotropism. Moreover, brain metastasis-associated gene 

features are increased and mechanoadaptation abilities, including spreading and 
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proliferation on the soft matrices, are enhanced by disturbing the actin cytoskeleton 

network of derivatives. Vice versa, stabilization of actin cytoskeleton induces the bone 

metastasis gene signature and inhibits the mechanoadaptation abilities required by brain 

metastasis in brain metastatic tumor cells. These results point to a potential role for cell 

cytoskeleton in organic metastasis, suggesting that it may not only be correlated with 

but also play a vital regulatory role in organotropism. Cells with optional cell stiffness 

and cellular cytoskeleton network that are compatible with the rigidity of the 

target organ may be better able to adapt to the soil of the host organ. However, our 

findings demonstrate that not all organotropism-related gene expression levels change 

in an expected way after inhibitor treatments and genetic regulation. Such as 

ADAMTS1, OPN, and PTHrP expressions in the CytoD treatment group. These 

unforeseen results following the cytoskeleton modification may be attributable to side 

effects of pharmacological treatment and gene manipulation which also induce various 

changes in other intracellular signaling and actin network rearrangement. 

 

It is important to keep in mind that different extracellular cues can affect the 

cytoskeleton network and mechanical features of cells 295. The cell stiffness of 

tumor cells can be modulated by EVs released by fibroblasts 296. The cells can actively 

control their actin network and modify their mechanical state by responding to 

mechanical inputs from their surroundings 295. Numerous investigations have 

demonstrated that by cytoskeletal rearrangement, cells adjust their stiffness to fit the 

elasticity of their matrix 297, 298. Consistent with this observation, the heterogeneous 

stiffness of niches in the primary tumor may account for the different levels of stiffness 

of cancer cells within a given tumor tissue 19. Malignant cells from metastatic tumors 

in the brain and bone with distinctive tissue stiffness were collected to generate the 

MDA-MB-231 derivatives with different tropisms. Thus, it begs the issue of whether 

these distinctive mechanical properties are a result of their adaptation to the particular 

mechanical milieu of the target organ or a result of their inherent properties independent 

of external stimuli. Moreover, the mechanical features of these derivates may alter as a 
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consequence of the prolonged growth on TCPs with artificial stiffness following cell 

harvest. In the future, these crucial concerns need to be carefully studied. 

 

Biophysical characteristics are widely accepted to be governed by the cytoskeleton 

network and actomyosin-dependent contractility. Cell stiffness is decreased by 

destabilizing the cytoskeleton or by suppressing myosin activity, whereas cellular 

stiffness is increased by strengthening the cytoskeleton or by stimulating myosin 

activity 176, 299, 300, 301. In our investigation, a number of pharmacological compounds 

that modulate the cytoskeleton stabilization and cellular contraction force are employed 

to evaluate the function of the cytoskeleton in metastatic preference. By obstructing the 

rapid extension barbed ends of actin filaments, CytoD can prevent actin polymerization. 

Actin filaments are bound by Jas, which prevents them from disassembling. By 

activating the small GTPase RhoA, Narci causes the increasing activity of myosin II 

and then enhances the contractility. Y-27632 inhibits the ROCK, upstream of myosin II, 

and blebbistatin selectively suppresses myosin II activity to decrease contraction force. 

Thus, these medications affect the cytoskeleton and mechanics of cells in various ways. 

We observed that CytoD greatly impacts gene expression, but blebbistatin and Y-27632 

have just a little impact on the pattern of gene expression in 231-BoM cells. This result 

might be attributed to the various molecular targets of these pharmacologic therapies, 

as well as the modest dosage of the medications utilized in our research. Furthermore, 

earlier research has demonstrated that the cytoskeleton affects the development of 

human pluripotent stem cells into pancreatic cells. But the researchers also noted that 

not all cytoskeleton-targeting medications could promote endocrine differentiation 302. 

This disparity is probably caused by the various mechanistic principles of these 

compounds 303. Thus, this impact cannot be ruled out in the present research and might 

make a substantial contribution to the diverse effects of various pharmacologic 

interventions on gene expression. 

 

It is essential for the outgrowth of cancer cells in the target organs that they respond to 
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mechanical signals, and this responsiveness is dependent on both cellular structure and 

physical properties. Additionally, in order to sense and adapt to the mechanical stimuli 

in the environment optimally, the cell cytoskeleton and mechanics should fit the 

stiffness of the microenvironment, indicating that it is possible for soft/stiff tumor cells 

to subsist and thrive in a soft/stiff habitat 304. The research showing breast cancer 

subpopulations with different metastatic preferences can greatly increase cell 

proliferation and motility when cultured on substrates with comparable stiffness is 

evidence in favor of this hypothesis 245. Our study looked into the function of the cell 

mechanics in the adaptation of tumor cells with various metastatic tropisms to the 

compliant substrates. Although the transcriptional features and mechanoadaptation to 

matrix stiffness can partially reflect organotropism, direct evidence will need to be 

presented in the future to show how cell mechanics affect organotropism, particularly 

in tests of organotropism using intracardiac injection models. 
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Chapter 7: Conclusion and Future Perspectives 
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7.1 Conclusion 

There is a poor prognosis for brain metastases resulting from breast cancer and 

neurological impairment is commonly associated with these metastases. However, very 

little is known about the mechanisms that drive brain metastases. For the development 

of novel treatment approaches, deeper comprehension of the underlying causal reasons 

for brain metastases is necessary. A number of studies have looked at the role those 

inherent genetic characteristics of tumor cells play in brain metastasis, as well as the 

interaction that tumor cells have with the biochemical milieu of the brain. There is a 

lack of understanding of how biomechanics, especially local niche stiffness and cell 

mechanics, regulate tumor cell metastasizing to the brain. This study aims to explore 

the brain metastasis of breast cancer cells from a biophysical viewpoint. To answer the 

raised scientifical question, we investigate the role of the niche softness of primary 

tumor in brain metastasis, clarify the underlying mechanisms of microenvironmental 

softness inducing brain metastasis preference, and establish the correlation between cell 

stiffness and metastatic tropism. 

 

As the relationship between matrix stiffness and metastatic organ preference is still 

unclear, we focused on investigating whether matrix softness influences brain 

metastatic capability of breast cancer at first. Our data showed chronic culture on soft 

matrices induced brain metastasis gene signature, which is not the consequence of 

genetic drift and is independent of ligand- and cell type. In addition, RNA-seq data 

verified this finding and showed matrix softness induced the transcriptomic 

characteristics of neuronal mimicry which may confer tumor cells with the ability to 

metastasize to the brain. Furthermore, we systematically examined the metastasis 

capabilities of soft niches-primed cells in each essential step of brain metastasis 

processes, including survival in the circulation system, intravascular arrest in the brain, 

BBB extravasation and outgrowth in the brain. Compared to their parental cells without 

soft priming, soft niches-primed cells showed enhanced survival under shear flow in 

the circulation system, enhanced adhesion in the brain endothelial layer, and increased 



136 

 

BBB transmigration. Besides, soft priming promoted both mechanoadaptation and 

defense-evasion abilities, which facilitate the colonization of tumor cells in the brain. 

Following that, we verified the metastasis abilities of tumor cells in crucial brain 

metastasis stages using in vivo models. Enhanced BBB transmigration and brain 

colonization abilities were observed in soft niches-primed cells. Moreover, soft priming 

breast cancer cells preferred to metastasize to the brain. Soft matrix-priming cells 

displayed unique biophysics properties and mechanical memory, which might facilitate 

the progress of brain metastasis. Moreover, our in vitro data further confirmed our 

postulation that soft priming breast cancer cells preferred to metastasize to the brain. It 

was also found that soft matrix-priming cells had unique biophysics properties and 

mechanical memory, which might favor brain metastasis. 

 

To investigate the mechanism involved in matrix softness-induced brain metastasis 

preference, we used single-cell cloning to generate genetically homogeneous SCPs. We 

found that epigenetic changes and clonal selection both can drive the acquisition of 

brain metastasis ability after long-term culture on the soft matrices. Chromatin 

remodeling regulates gene expression patterns and cellular behaviors in response to the 

mechanical signals from microenvironment, which is governed by epigenetic 

modifications. Mechanistic studies have shown that the changes in gene expression 

pattern and brain metastasis abilities caused by soft priming required chromatin 

condensation and remodeling. The chromatin decondensation via inhibition of HDAC 

activity impaired the soft priming-induced acquisition of brain metastasis phenotype. 

Chromatin condensation is primarily mediated by Class I HADCs, including HDAC1, 

2, 3 and 8. A high level of HDAC3 activity, which was required, but not sufficient, for 

the acquisition of a brain metastatic phenotype post-soft priming, was observed in soft 

niches-primed cells. Furthermore, we revealed the regulation mechanism of HDAC3 

activity is determined by the actin filamin polymerization-mediated 

mechanotransduction in response to the matrix softness. In detail, disruption/ activation 

of the actin cytoskeleton was sufficient to increase/ decrease the activity of HDAC3 
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and induce/prevent the acquisition of brain metastasis ability. Moreover, we evaluated 

whether HDAC3 can be served as an effective clinical therapeutical target against the 

brain metastasis of breast cancer. It was shown in vivo that pharmacological inhibition 

of HDAC3 effectively antagonized brain metastases formation. 

 

The mechanical characteristics of tumor cells are far less well-known than the intrinsic 

biochemical features that have been extensively studied in metastatic organotropism. 

Here, we revealed a correlation between metastatic tropism and cell mechanics. The 

stiffness of tumor cells with distinct organotropism reflects the matrix stiffness of target 

organs. The gene signature reflecting the specific-organ metastasis and 

mechanoresponses to soft substrates mimicking the stiffness of brain tissue are greatly 

influenced by the cell cytoskeleton state. These findings emphasize the critical 

functions of the cell mechanics in metastatic tropism, which may not only indicate but 

also determine the preferred organ for metastasis. 

 

Taken together, our studies explore the metastatic organotropism of breast cancer cells 

from the perspective of biomechanics, investigate the role of the softness of the primary 

niche in brain metastasis and the relationship between cell mechanics and 

organotropism. This is the first study, as far as we know, to demonstrate that the matrix 

softness of local tumor niches drives the acquisition of brain metastasis preference in 

breast cancer. Moreover, we also reveal its underlying mechanisms and indicate 

HDAC3 may serve as a key molecular in clinal interevent. In addition, we establish the 

correlation between cell stiffness and organotropism, which clarifies the potential role 

of cell stiffness acting as the marker to reflect metastatic preference. 

 

7.2 Limitations and future perspectives 

Human breast cancer cell line MDA-MB-231 was chosen as the primary experimental 

object in our study. Even though the murine mammary carcinoma cell line 4T1 was also 
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used to verify our conclusions in vitro, we plan to develop patient-derived xenografts 

(PDX) cell line and use the spontaneous animal model to make our study to be more 

pathologically relevant and comprehensive. 

 

In this study, we used 0.6 kPa PA gels to mimic the mechanical microenvironment 

exiting in the primary tumor and proved that the niches softness induced the acquisition 

of brain metastasis phenotype. However, it is still unclear whether tumor cells with 

brain metastatic preference preexist within soft niches in the primary tumor. To answer 

this question, we are working on this by manipulating tissue stiffness in the spontaneous 

model. Tumor cells will be encapsulated into the soft/stiff alginate hydrogels and then 

transplanted into the fat pad of female mice. After primary tumor formation, tumor cells 

will be isolated and the organotropism of collected tumor cells will be examined in mice 

model through intracardiac injection. Furthermore, primary tumors generated from the 

spontaneous models or fresh primary tissue from patients can be used to detect the 

tissue stiffness surrounding the brain metastatic tumor cells using AFM combined with 

immunofluorescence staining. However, there is no well-accepted biomarker for brain 

metastatic tumor cells. Alternatively, single-cell RNA sequencing with spatial 

transcriptomics provides us with a powerful tool to investigate heterogeneous 

cancerous tissues. Using this innovative approach, we may establish a clear correlation 

between organotropism and local niche stiffness. 

 

In the study of the mechanisms underlying the matrix softness-induced brain metastatic 

phenotype, we found actin cytoskeleton plays a vital role. However, we do not know 

how the actin cytoskeleton involves in this process and regulates the HDAC3 activity 

until now. As actin cytoskeleton-LINC complex is an essential pathway for force 

transmission to nuclear. we can hypothesize that the LINC complex is downstream of 

the actin cytoskeleton in response to the matrix softness, which in turn, regulates 

HDAC3 activity, gene expression pattern and brain metastasis abilities. To prove this 

hypothesis, we plan to use the plasmid expressing Tet-on inducible KASH with a 
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dominant negative mutation to impair the function of the LINC complex, and then 

investigate the role of the LINC complex in the matrix softness-induced brain 

metastasis. 
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