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Abstract 

Metastasis is the primary cause of death among cancer patients. Malignant tumor cells 

preferentially metastasize to specific organs, termed organotropism. Compared with 

other organs, brain metastasis shows higher lethality with limited clinical strategies for 

treatment. The molecular mechanisms underlying brain metastasis, however, remain 

largely elusive. Tumor metastasis is tightly regulated by both intrinsic and extrinsic 

factors, such as the immune system, the surrounding mechanical microenvironment, 

and the mechanics of tumor cells. In particular, at the primary tumor site, infiltrated 

immune cells, like natural killer (NK) cells, selectively kill some tumor cells but spare 

others. Whether the mechanical properties of tumor cells play any role in this 

immunosurveillance process is yet to be addressed. Whether the remaining immune-

resistant tumor cells contribute to organotropism remains unknown. Upon entry into 

blood circulation, circulating tumor cells (CTCs) experience fluid shear stress (FSS) 

and robust immune surveillance from NK cells. However, whether NK cells and FSS 

affect CTCs’ viability synergistically or independently during hematogenous 

dissemination is still poorly understood. 

To solve these fundamental questions, we first investigated the co-localization between 

different types of infiltrated immune cells and the organotropism pattern by analyzing 

spatial transcriptomics data from patients, followed by a series of in vitro and in vivo 

assays. Our results showed that NK cells, rather than other immune cells, correlated 

with brain metastasis in breast cancer. Importantly, co-culture with NK cells selected a 

subpopulation of breast cancer cells with enhanced brain metastatic ability. 

Mechanistically, NK cells secreted and injected granzyme B into tumor cells that 

directly cleave ezrin, leading to the reduction of cell membrane tension. The low 

membrane tension activated PI3K-Akt signaling in NK-selected cells to upregulate 

GLUT3 via CREB signaling, which potentiated glucose uptake and metabolism to 

promote brain colonization. The intervention of ezrin-PI3K/Akt-GLUT3 signaling 
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inhibited brain metastatic potential of NK-selected cells. Single-cell transcriptomics 

analysis of patient-derived tumor biopsies revealed a clinical correlation between ezrin-

PI3K/Akt-GLUT3 signaling and brain metastasis-associated genes. Further, lower 

membrane tension rendered tumor cells more resistant to NK-mediated cytotoxicity. 

These findings demonstrate that except the well-known cytotoxic effect, NK cells can 

promote breast cancer brain metastasis via the reduction of cell membrane tension, 

providing compelling evidence to unveil the pro-organotropism effect of NK cells.  

To investigate the effect of FSS on NK-mediated cytotoxicity against CTCs, we applied 

physiologically relevant magnitudes of FSS on CTCs with or without NK cells. FSS 

enhanced NK cell cytotoxicity by delivering more granzyme B into CTCs with 

negligible changes in the secretion of cytokines or the expression of Trail. Knocking 

down a mechano-sensitive receptor, NKG2D, erased the FSS-enhanced cytotoxicity. 

NKG2D mechano-sensing was further validated by FSS-dependent CD107a expression 

induced by direct NKG2D-ligand interaction. These results indicate that the 

cytotoxicity of NK cells is augmented by FSS for the effective elimination of metastatic 

CTCs during hematogenous dissemination. 

To summarize, these studies provide evidence to unveil that 1) NK cells’ roles in cancer 

are not only anti-metastatic (killing malignant tumor cells) but also pro-metastatic 

(promoting brain metastasis); 2) tumor cell membrane tension is a mechanical 

checkpoint for NK cell surveillance and dictates both immune evasion and brain 

metastatic potential. FSS strengthens NK cell cytotoxicity through NKG2D-mediated 

mechano-sensing. Thus, targeting the membrane tension of breast tumor cells and the 

NKG2D-ligand axis could be new mechanotargeting strategies for the treatment of 

metastasis.  
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Chapter 1: Introduction 

1.1  Mechanics and NK cell surveillance in metastasis 

It has been believed for a long time that intrinsic genetic alterations of healthy tissue  

cells are responsible for both cancer initiation and metastasis. Typical mutations include 

the mutation of tumor suppressor genes (e.g., TP53, phosphatase and tensin homolog 

or PTEN, etc), and the gain-of-function mutation of oncogenes (e.g., 

phosphatidylinositol-(4,5)-bisphosphate-3-kinase catalytic subunit alpha or PIK3CA, 

BHLH transcription factor or c-Myc, harvey rat sarcoma viral oncogene homolog or 

HRAS, etc). However, advances over the last two decades in the mechano-biology of 

cancer have indicated the important roles of mechanical cues (e.g., FSS FSS and 

cellular mechanical properties) in metastasis. NK cells, as a major part of the human 

innate immune system, take part in every step of cancer progression and metastasis and 

may reshape tumor cell mechanics to regulate metastatic potential and organotropism. 

1.1.1 Cell membrane tension in metastasis 

Disseminated tumor cells (DTCs) experience multiple biochemical and mechanical 

challenges during the long journey of metastasis,  which eliminate the majority of 

them and eventually contribute to low efficiency of metastasis. It is reasonable to 

hypothesize that those of DTCs that successfully survive the whole metastatic process 

should possess unique mechanical properties to withstand these challenges. Cell 

membrane tension is composed of the in-plane lipid membrane tension and membrane-

to-cortex attachment[1]. Multiple cell functions are directly controlled by membrane 

tension, such as migration, endocytosis/exocytosis, division, and differentiation[2-5]. 

Evidence has been provided that low membrane tension is a mechanical marker of 

invasive tumor cells [6]. Lower cell membrane tension renders tumor cells with higher 

motility by liberating actin filaments for polymerization among protrusions. This 

property of tumor cells may promote trans-blood-brain-barrier (BBB) migration and, 
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as a result, brain metastasis.  

1.1.2 NK cells in metastasis 

As a member of the innate immune system, NK cells show robust anti-tumor 

cytotoxicity without the priming of tumor antigens. NK cells sense and transduce the 

biological stimuli of target tumor cells through specific receptors. Tumor cells with 

high/low levels of activating/inhibitory ligands of NK cells can induce different 

cytotoxic responses, and a subgroup of immune-resistant tumor cells can eventually 

survive the immune cell attack. Currently, the two major immune checkpoints, PD-1 

and CTLA-4, inhibit anti-tumor killing and promote tumor cell immune evasion. 

Recent advances show that killer cells can sense the mechanical properties of the 

environment and the target cells and rely on external or endogenous forces for tumor 

cell recognition, immunity activation, and completion of killing. Tumor cells with 

specific mechanical properties render themselves more vulnerable or resistant to 

immune cytotoxicity, leading to the concept that the mechanical properties of tumor 

cells can serve as new checkpoints of immune cells [7]. However, whether NK cells 

select and/or induce a subgroup of tumor cells that have high metastatic potential and 

unique organotropism remains largely unknown. 

1.1.3 FSS and NK cell surveillance in blood circulation 

The whole metastatic process includes multiple major steps, and failure at any one of 

these steps prevents the final formation of secondary tumors. The overall efficiency of 

the metastasis process is rather low (e.g., less than 0.02%) due to several rate-limiting 

factors such as immunological barriers, challenges in circulation, extravasation 

limitations, and microenvironmental compatibility [8,9]. Once entering the bloodstream, 

CTCs face various environmental stresses, including loss of attachment, FSS, and 

immune attack [10,11]. Only a small subset of CTCs can withstand those challenges to 

initiate metastasis. The presence of CTCs in the bloodstream is linked to cancer patients’ 

prognosis and survival[12,13].  
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Immune cells are involved in every step of tumor metastasis[14]. Given that CTCs have 

a relatively short lifespan in the bloodstream (approximately 30 minutes)[11,15-17], 

effective elimination by immune responses necessitates rapid recognition and cytotoxic 

action. NK cells play a crucial role in the immune system, serving as the primary 

defender against CTCs. Based on germline-encoded receptors like NKG2D, NK cells 

can quickly identify and eliminate malignant cells[18,19]. The quantity and activation 

status of NK cells are closely linked to cancer patients’ survival[20-23]. Most blood NK 

cells are the CD56dim, which exhibits strong cytotoxicity but has a relatively lower 

capacity for cytokine secretion when compared to the CD56bright subtype[24-26]. 

Revealing how these critical factors work together to influence the survival of CTCs 

during bloodborne dissemination is essential for developing new therapeutic strategies 

against CTCs and metastasis. 

1.2  Current challenges and limitations 

Tumor cells are highly heterogeneous among different cancer types, cancer patients, 

and even within the same tumor tissue. Gene mutations, DNA instability, cell 

competition among tumor cells, and the selection pressure of the immune system 

promote diversity. The intrinsic genetic/phenotypic differences dictate tumor cells’ 

metastatic potential. Chemotherapy and radiotherapy target this fast-growing 

characteristic of tumor cells and can effectively kill most tumor cells. However, many 

cancer patients experience recurrence after treatment. One of the main reasons is tumor 

cell heterogeneity.  

Tumor cells are also mechanically heterogeneous. The stiffness of tumor cells within a 

single tumor can be largely different[27]. Cell mechanics have been found to regulate 

tumor cell chemoresistance potential by influencing key drug-resistant-associated 

genes[28]. Further, tumor cell rigidity has been proposed to influence metastasis 

organotropism[29].  

The immune system is tasked with monitoring and eliminating tumor cells. The 
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infiltration of killer cells is positively correlated with patients’ survival. Immunotherapy 

is currently the most promising therapy for cancer treatment. However, immune cells 

can also be pro-metastatic. Data from mouse models indicate that the recruitment of 

suppressive immune cells to tumors shields metastatic cancer cells from detection by 

killer cells. This protection diminishes the effectiveness of immunotherapy, facilitating 

the establishment of metastasis. For killer cells themselves, NK cells are commonly 

considered to positively target and kill tumor cells. Tumor cells evading T/NK cell 

killing have a higher likelihood of forming metastasis. However, whether these 

immune-resistant tumor cells have unique mechanical properties and show metastasis 

organotropism remains largely unknown. 

After entering blood circulation, CTCs encounter two major challenges: FSS and NK 

cell surveillance. Current research only investigates the killing of NK cells against 

tumor cells in a static condition or examines how FSS solely regulates tumor cells' 

survival and metastasis. There is a high possibility that FSS and NK cells synergistically 

contribute to the eradication of CTCs.  

1.3  Scientific questions, objectives, and scopes 

Based on the above research gaps, challenges, and limitations, my current project aims 

to answer two key questions: 

① Whether NK cells select/induce a subset of tumor cells with unique mechanical 

properties that promote tumor cells to metastasize to specific organs (organotropism)? 

② Within the blood system, whether FSS can influence NK cell-mediated killing of  

CTCs? 

To answer the first question, we proposed the following objectives: 

1. Identify the correlation between the co-culture of NK cells with tumor cells and a 

unique organotropism pattern from a patient-derived database. 

2. Confirm the influence of NK cells on tumor cell organotropism both in vitro and 
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in vivo. 

3. Identify the changes in mechanical properties among co-cultured tumor cells. 

4. Investigate the influence of the changes in tumor cell mechanical properties on NK 

cell resistance. 

5. Investigate the influence of the changes in tumor cell mechanical properties on 

organotropism. 

6. Detect the downstream signaling pathway that is responsible for the changes in 

organotropism. 

To answer the second question, we proposed four more objectives: 

1. Based on an in vitro microfluidic system, the effect of FSS on NK cells’ killing 

will be investigated. 

2. Unveil the mechanisms underlying the FSS magnitude-dependent NK cells' killing.  

3. Further, identify the key mediator that regulates the FSS-induced NK activation, 

and the mediated CTCs death.  

4. Finally, detect the mechano-sensitivity and associated mechano-signaling pathway 

of NKG2D under the stimulation of FSS. 

1.4  Significance and values 

First, this study proves the important role of mechanical cues from both tumor cells and 

the environment in influencing immune cells and metastasis. We provide evidence for 

the first time that NK cells show different killing abilities against tumor cells with 

high/low membrane tension. Surviving tumor cells with low membrane tension, 

unfortunately, gain a high brain metastatic potential. Based on this, increasing tumor 

cell membrane tension can enhance NK cell killing efficiency and at the same time 

inhibit the brain metastatic potential of NK cell-selected tumor cells. Thus, our findings 

on the one hand provide a new strategy to target tumor cell membrane tension to 

improve current cancer immunotherapy. On the other hand, new methods that 

specifically increase tumor cell membrane tension can be designed to inhibit cancer 
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brain metastasis. 

Second, our results indicate that blood circulation not only passively functions as a tool 

for the transport of NK cells but also positively influences their function. FSS 

strengthens NK cell cytotoxicity when it encounters a CTC(s) by a mechano-sensitive 

receptor NKG2D. This synergistic effect of NK cells and FSS provides a new 

explanation for the extremely low efficiency of metastasis and a new strategy for 

inhibiting metastasis through the blood system, both for treatment and as a precaution 

for patients. 

1.5 Thesis outline 

The current study focuses on the mechanical regulation of breast cancer metastasis, 

organotropism, and NK cell cytotoxicity. Chapter 2 introduces the related background 

information and current research progress in this area. Chapter 3 provides detailed 

experimental designs, methods, and related materials. Results regarding the role of 

membrane tension on NK cell killing and brain metastasis are introduced in Chapter 4. 

The FSS-regulated NK cell killing of CTCs is discussed in Chapter 5. We summarize 

this study and propose our limitations and future perspectives in Chapter 6. 
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Chapter 2: Literature review 

2.1 Overview of breast cancer 

Breast cancer is the most prevalent cancer among women both in Hong Kong (28.5%) 

and globally (31%), and its metastasis is the principal cause of women’s cancer-

associated death[30-32]. According to the molecular signature, including three hormone 

receptors: progesterone receptor (PR), estrogen receptor (ER), and human epidermal 

growth factor receptor (HER2), four major subtypes have been revealed: ER positive, 

PR positive, HER2 positive, and TNBC which does not express any of the above 

receptors[33]. ER is the most common marker among patients, taking up to 70–75%[34]. 

More than 50% of ER-positive breast cancer patients carry PR; therefore, both ER and 

PR are regarded as diagnostic and prognostic signature molecules of breast cancer[35]. 

HER2 overexpression contributes to nearly 15–25% of breast cancer patients[36]. 

Unlike PR, which is positively associated with patients’ survival, HER2 expression 

level has a negative correlation with disease-free period[37]. It carries the P53 mutation, 

which is one of the most well-known cancer suppressor genes. The HER2-positive 

subtype is more invasive and proliferative. TNBC is an ER-, PR-, and HER2- subtype, 

constituting about 15% of breast cancer patients. The lack of expression of these 

hormone markers on TNBC has remarkable disadvantages in its diagnosis and therapy 

choice because common effective therapeutic drugs target PR, ER, and/or HER2. This 

makes TNBC the most aggressive, highly metastatic, and with low overall survival rates. 

It carries gene mutations of both P53 and BRCA1 (another tumor suppressor gene). It 

is most prevalent in African American women under 40. It is highly proliferating, has 

alternative DNA repair genes, and increases chromatin instability. 

Immunohistochemically, TNBC can be further subdivided into basal-like and non-

basal-like subsets. Basal-like TNBC carries human epidermal growth factor receptor 

type 1 (EGFR1) and cytokeratin 5/6, while the non-basal-like TNBC does not express 

cytokeratin 5/6. One of the most cultured human-derived basal-like TNBC cell lines is 
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MDA-MB-231. 

 

Figure 2-1 Subtypes and origins of breast cancer[38]. 

 

2.2 Cancer metastasis 

Metastasis accounts for ~ 90% of cancer-associated deaths[10,39,40]. About 20 ~ 30% 

of breast cancer patients (early-stage) will develop distant metastases[41]. Distant 

metastasis is a complex multistep process (Figure 2-2). Basically, it involves the 

following steps: malignant tumor cells first locally break out the thin but stiff basement 

membrane that surrounds the primary tumor; then they invade the surrounding tissue, 

search for microvasculature of the blood and lymph systems, and enter the circulation 

system (intravasation), survive and translocate through the circulation system to micro-

vessels of other organs, evade from the blood/lymph vasculature (extravasation), finally 

survive and adapt to the foreign microenvironment of distant organs with enhanced cell 

proliferation and form a secondary tumor (colonization)[10,42,43]. 
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Figure 2-2 The metastatic cascade[10]. 

2.3 Metastatic inefficiency 

Tumor cell metastasis is a low-efficiency process due to several intrinsic and extrinsic 

challenges that cancer cells face[44]. It is found that no more than 0.02% of DTCs can 

form secondary tumors[8,9,44,45]. Most cells die within 1-2 days once detached from 

primary tumor sites[46]. Here are the key reasons contributing to the inefficiency of 

metastasis. 

2.3.1 A complex multistep process 

The process of metastasis is a death parade. As mentioned above, metastasis is a 

complex, multistep process. To successfully seed a secondary tumor, one tumor cell 

must overcome all the challenges from physical barriers, surveillance of the immune 

system, variable mechanical cues-induced damages, anoikis, and different 

microenvironments from the primary site. Each of these steps not only selects the most 

adapted subpopulations but also influences and regulates relevant transcription and 

phenotypes. Under this huge selective pressure, most tumor cells undergo 

apoptosis/necrosis. Those who successfully arrive at a distant organ usually transfer to 

a dormant status to temporarily avoid death[44]. 
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2.3.2 Detachment and invasion difficulties 

Eighty-five percent of breast cancer patients have ductal carcinoma, while ten percent 

have lobular carcinoma[47]. These tumor cells originate from normal epithelial cells. 

Epithelial cells always keep tight cell-cell junctions and cell-ECM connections to 

maintain tissue integrity[48]. Transformed cells with these connections will be limited 

to the primary sites and only form carcinoma in situ with low malignancy. Typical 

examples include ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). 

One of the key cell adhesion molecules is the E-cadherin (E-Cad). E-Cad preferentially 

interacts with itself in a homophilic manner. Tumor cells like MCF-7 with high E-Cad 

expression are usually epithelial-like and form a monolayer of cell clusters on a cell 

culture dish. MCF-7 moves more slowly than malignant cell lines [49]. Besides, cells 

are unable to effectively invade due to the lack of specific proteolytic enzymes. ECM 

is a relatively dense three-dimensional network crosslinked by ECM proteins like 

collagens, elastin, fibronectins, laminins, and some other proteins. These confined 

network fibers crosslink with each other, generating pores that range from 100 nm to 

several micrometers (up to about 10 μm), depending on the specific ECM components 

and tissue architecture. The limited invasion is observed when tumor cells try to invade 

through the ECM with sub-nuclear pore size[50]. 

2.3.3 Immunological barriers 

The immune system poses significant obstacles to metastatic cells. Tumor 

microenvironment (TME) is well-recognized as an immune-suppressive scenario[51-53]. 

Lack of nutrients and oxygen, enrichment of lactic acid, and immune-suppressive 

cytokines in TME reshape infiltrated immune cell metabolism, phenotype, and 

function[54-57]. Immune checkpoint therapies targeting PD-1 or CTLA4 have also 

shown less effect on solid tumors than leukemia[58]. However, once tumor cells leave 

the primary tumor sites, they are exposed to functional host immune surveillance, 

especially in circulation systems where tumor cells are surrounded by a large number 

of NK cells[59,60]. 
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2.3.4 Challenges in circulation 

For the importance of the timely exchange of oxygen, nutrients, and metabolic products, 

the heart beats robustly all the time to drive the bloodstream and generates considerable 

FSS. Professional blood cells and endothelial cells have evolved over billions of years 

to adapt to that physical strike. However, breast tumor cells can not inherit that ability 

from their normal epithelial ancestors. Cells that enter the bloodstream will experience 

FSS and may be physically trapped in capillaries. The majority of tumor cells undergo 

apoptosis/necrosis for the FSS-induced damage and loss of adhesion-induced anoikis if 

staying in the blood for too long[61-64]. Tumor cells are usually larger than all blood 

cells and blood capillaries in diameter. They are also stiffer than blood cells, making it 

hard to go through capillaries, which leads to higher blood compression force on them 

and induces cell deformation[65]. Given these, as they navigate the circulatory system, 

there are reduced numbers of tumor cells that can reach distant sites. 

2.3.5 Extravasation limitations 

Even if tumor cells survive the bloodstream, extravasation is a challenging step. FSS 

can limit the adhesion of CTCs to blood vessels. Besides, in vivo and ex vivo 

observations have indicated that CTCs are usually packaged by blood cells like platelets 

and neutrophils, forming clusters to evade FSS-induced damage and killer cell 

recognition[66]. This isolation strategy also decreases CTC adhesion to endothelial cells. 

In some cases, CTCs succeed in attaching to interblood vessels to squeeze through the 

narrow space between endothelial cells, which is very hard. Blood is the origin of 

plasma and contains higher concentrations of nutrients, oxygen, and growth factors. In 

vitro migration and invasion models mostly adopt fetal bovine plasma to generate a 

nutrient concentration gradient, which utilizes the chemotaxis of tumor cells. Thus, 

tumor cells may prefer intravasating rather than extravasating. 

2.3.6 Microenvironmental compatibility 

The specific microenvironment of the target tissue (e.g., specific growth factors, ECM 
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components, and stromal cells) may influence the capacity of metastatic cells to survive, 

proliferate, and form secondary tumors. Most disseminated tumor cells (DTCs) can not 

successfully establish secondary tumors[44,67]. Extravasated DTCs prefer seeding at 

perivascular niches, where nutrients are sufficient[67,68]. Thrombospondin-1 secreted 

by endothelial cells induces DTC quiescence[67].  

Due to these various hurdles, it is estimated that only tiny subgroups of tumor cells 

complete all these steps, leading to the overall low efficiency of metastasis. 

2.4 Metastatic organotropism of breast cancer  

Organotropism of metastasis is defined as a non-random phenomenon with a preference 

for secondary organs. Commonly diagnosed metastatic organs for breast cancer are 

bone (70%)[69], lung (60%)[70], liver (30%)[71], brain (10-30%)[72], and spleen 

(3%)[73]. A seed-soil theory proposed by Stephen Paget in 1889 is still generally 

accepted as a metastasis mechanism[74]. Basically, to successfully form a secondary 

tumor, the DTCs (seed) must adapt to the respective microenvironment of the organs 

(soil). DNA sequence and transcriptome analysis of the primary tumor cells indicated 

that tumor cells are both genetically and epigenetically different[75]. This huge 

heterogeneity provides a solid foundation for organotropism based on this theory. 

Recent advances in exosomes provide a new theory. Tumor cells among the primary 

sites secrete organ-specific exosomes. For example, α6β4 and α6β1-containing 

exosomes specifically target the lung tissue and form a premetastatic niche that is 

friendly to DTCs[76,77]. Besides, as a supplement to the seed-soil theory, the mechanical 

memory of DTCs has recently been raised[78]. Human organs are biophysically 

different. For example, tissue stiffness varies from ~1 KPa for brain, lung, and breast, 

~5 KPa for liver and kidney, ~100 KPa for Skeletal muscle, to 10 GPa for bone[79,80]. 

Tissue stiffness influences tumor cell proliferation, morphology, migration ability, 

cytokine or hormone secretion, cell-cell communication, and some other functions. 

More importantly, the influences may be memorized by DTCs epigenetically and 

promote DTC colonization at a mechanically similar organ. For example, our recent 
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works showed that breast tumor cells seeded on soft hydrogels or growing among soft 

niches of breast tissue have a higher potential to metastasize to soft tissue like the brain.  

 

Figure 2-3 Mechanical properties of different human tissues[81] 

 

2.4.1 Breast cancer brain metastasis 

Nearly 10% of cancer patients develop brain metastases[82], and breast cancer patients 

exhibit a higher overall probability with 20%-40% brain metastasis occurrence, making 

it the second most common among all cancer types[83,84]. 45.3% of HR+ cancer patients, 

35%-50% of Her2+ patients, and 46% of triple-negative patients are diagnosed with 

brain metastasis[83]. Compared with other organs, brain metastasis is more lethal, with 

only a median 10.8-month brain-metastasis-free survival (BRMFS) and, more seriously, 

an average 7.8-month overall survival (OS) after diagnosis[83]. It is worth noting that 

the OS of brain metastasis patients is also subtype dependent, with ~19 months for 

HER2+/HR+ patients, ~13 months for HER2+/HR- patients, ~7 months for HER2-/HR+ 

patients, and only ~4.4 months for TNBC patients[83]. Current therapies for brain 

metastasis include surgical resection, whole-brain or stereotactic radiation, 

chemotherapy, and a combination of the above therapies. However, chemical agents 

can hardly penetrate the BBB, rendering the brain a sanctuary for colonized breast 
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tumor cells. Immune checkpoint therapy has also been actively investigated, but its 

effectiveness is still limited currently[85-87]. The underlying molecular mechanisms of 

brain metastasis, though, remain unclear. Therefore, an insightful understanding of the 

mechanisms will greatly benefit brain metastasis patients. 

The brain-specific microenvironment presents the challenges and advantages for breast 

cancer cells to metastasize to the brain. These include the limitation of BBB, softness 

of brain stroma, and the immune suppression microenvironment. 

Limitations of the BBB. Most CTCs scarcely extravasate into the brain because of the 

BBB. Even small-molecule drugs cannot efficiently penetrate the BBB because the 

tight junction between brain endothelial cells is so strong that the normal BBB pores 

are only 1.4 to 1.8 nanometers in diameter[88,89]. Considering the 20 μm or even longer 

breast CTCs, the CTCs size is 4 orders larger than BBB pores. This nature of the BBB 

is a result of evolution to protect the central nervous system from harmful drugs, 

pathogens, and excessive immune cell infiltration. BBB is mainly composed of tightly 

sealed brain endothelial cells, pericytes that surround brain endothelial cells, and 

astrocytic perivascular end feet[90]. The various tight junction proteins impede the 

paracellular diffusion of most molecules. Major facilitator superfamily domain-

containing protein 2a (MFSD2A) on brain endothelial cells endows the BBB with low 

transcellular transcytosis[91].  

 

Figure 2-4 Structure of the blood-brain-barrier (BBB)[92] 
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Softness of brain stroma. The brain is the softest tissue of the human body for its 

relatively low composition of fibrous ECM, and the typical Young’s modulus of brain 

tissue is only 100 Pa ~ 1 Kpa [81,93]. Fat makes up about 60% of the adult human brain, 

with water, protein, carbohydrates, and salts for another 40%. ECM proteins account 

for only a small portion of the extracellular space of the brain. The main components 

of brain ECM are hyaluronic acid (HA)[94,95]. For patients, this soft structure is also a 

self-protecting design to inhibit metastatic tumor cell growth. As mentioned above, 

breast tumor cells seeded on a soft surface and among soft hydrogel showed decreased 

proliferation. 

Immunosuppressive microenvironment. The brain is one of the immune-privileged 

regions in the human body. It is believed to be an evolutionary adaptation that 

safeguards vital structures from damage caused by inflammatory responses to 

pathogens. Common features of these tissues include a lack of lymphatic flow, 

relatively low MHC molecule expression, increased expression of surface molecules, 

like CD59, that inhibit complement activation, enrichment of immunosuppressive 

cytokines such as TGF-β, appearance of neuropeptides, and constitutive expression of 

death receptor ligand-Fas ligand (FasL). Other immune-privileged sites include the 

eyes and testes. Brain immune homeostasis is mainly guarded by brain-specific 

macrophages, microglia, but with a relatively low number of cytotoxic cells like NK 

cells and effector T cells[96]. Microglia has a low potential to kill metastatic breast 

cancer cells due to both the lack of antigen recognition proteins like TCR and functional 

effector proteins like perforin and granzyme B[97]. In this immunodeficient 

environment, metastatic breast cancer cells are more privileged to generate secondary 

brain tumors. 

Several strategies are adopted by breast cancer cells to break down the BBB. A subtype 

of breast cancer cells prefers adhering to brain endothelial cells[98]. Breast cancer cells 

can overexpress cyclooxygenase 2 (Cox2) to generate and secrete PEG and then MMP1 

to augment brain metastasis[99]. Transcriptome analysis of brain metastatic breast 



 33 / 165 

 

cancer cells shows that they specifically upregulate some genes like PTGS2, EREG, 

NDRG1, LTBP1, PTEN, ST6GALNAC5, HBEGF, SERPINB2, IL6, and some other 

genes[100,101]. These genes were also used as brain metastasis-associated genes in this 

thesis. 

2.4.2 PI3K signaling in brain metastasis. 

Genes mutation of PI3K signaling pathways like PIK3CA and PTEN is a common 

feature of breast cancer and breast cancer brain metastasis[102,103]. Active mutation of 

PI3K or signals-induced activated PI3K from tumor cell membrane proteins like 

hormones, receptors of growth factors, and integrins can phosphorylate PIP2 of the 

plasma membrane and produce PIP3. As a specific docking site, PIP3 recruits 

cytoplasmic Akt through its PH domain to the cell membrane. Engagement with PIP3 

leads to the conformational change of Akt and makes it prone to be phosphorylated. 

Several kinases (PDK1, PDK2, ILK, mTORC2, and DNA-PK) can phosphorylate and 

activate Akt. It is worth noting that these kinases, like PDK1, are also recruited to the 

plasma membrane through PIP3[104]. The tumor suppressor PTEN, on the contrary, 

dephosphorylates PIP3 and inhibits plasma membrane docking of both Akt and its 

kinases. With active mutation of PI3KCA, or loss-of-function of PTEN, or input of 

extracellular signaling, Akt will be activated and translocate to cytoplasm and nucleus 

where it phosphorylates multiple proteins involved in metabolism[105], 

proliferation[106], apoptosis[107], angiogenesis[108], and EMT[109] promoting survival 

and proliferation of tumor cells. Direct monitoring of tumor cells during metastasis to 

the brain reveals that tumor cells gradually upregulate their PI3K-Akt signaling activity 

from circulating in the blood, adhering to brain endothelial cells, extravasating the BBB, 

to seeding in the brain tissue[110]. Targeting PI3K-Akt signaling has been proposed and 

proved effective for the treatment of brain metastasis in mice[110,111]. 

2.5 Immune surveillance of breast cancer 

In agreement with all the other cancer types, breast cancer originates from genetic 
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mutations[112,113]. Common mutation events occur through the way of activation of 

oncogenes or the inhibition of tumor suppressor genes. BRCA1, BRCA2, PTEN, 

PIK3CA, CDH1, STK11, and TP53 are popular mutated targets[112,114-119]. These 

mutations provide huge advantages for tumor cell growth, drug resistance, and 

migration/invasion, which are vital for tumor initiation and progression[119-122]. For 

example, PI3K is downstream of some RTKs, like insulin receptors, and is responsible 

for cell proliferation. PIK3CA is the gene of P85, the regulatory domain of PI3K. A 

statistical analysis showed that 40% of patients with early-stage breast cancer held a 

PIK3CA mutation, which induced a gain-of-function of PI3K[123]. PTEN and TP53 are 

both tumor suppressors that are involved in apoptosis. Nearly 45% of PTEN and 30% 

of TP53 in all breast cancer patients have these mutations[124,125]. Cells with mutations 

happening in critical proteins that influence normal cell function will undergo apoptosis 

or exhibit eat-me signals to phagocytes like macrophages[126]. After being digested by 

phagocytes as antigen-presenting cells (APC), mutated protein peptides will be 

presented to helper T cells for the initiation of the adaptive immune response. Effector 

T cells recognize mutated protein peptides presented by MHC-I on tumor cells and 

generate cytotoxicity. Mutations that happen on other sites cause cell apoptosis and can 

be extruded actively or passively by surrounding healthy cells[127]. The mutation-

induced genetic pressure, lack of nutrients induced growth pressure, outgrowth-induced 

gene instability, and tumor microenvironmental biological/chemical/mechanical cues 

induced survival pressure provide dangerous signals, that is, stress-induced proteins on 

the cell membrane, for NK cells. NK cells directly recognize tumor cells by binding to 

these stress-induced ligands without MHC-antigen-TCR recognition and generate 

cytotoxicity against tumor cells. This brings NK cells to the first line against cancer 

with great advantages. Tumor cell endogenous dangerous signals, rather than mutation-

generated antigens, help NK cells bypass the processes of antigen processing, APC 

lymph node homing, antigen-presenting, and T cell clone expanding, enabling NK cells 

to be the first primary killer against tumor cells. Other immune cells like neutrophils 

and Dendritic cells (DCs) have negligible tumor cell-killing ability[128,129]. Tissue-
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resident macrophages eliminate tumor cells relying on CD16-mediated antibody-

dependent cellular cytotoxicity (ADCC) and phagocytosis (ADCP), which are much 

less effective for the lack of infiltrated tumor antigen-specific antibodies in solid 

tumors[130-132]. In many cases, especially for malignant cancer patients, tumor cells 

 downregulate MHC-I molecules on the cell membrane, which significantly inhibits 

their recognition by T cells and tumor-associated macrophages (TAM)[133-136]. Again, 

this immune evasion strategy does not work for antigen-independent NK cell killing 

and provides the second advantage for developing NK cell-based immunotherapy. 

Thirdly, NK cells also express CD16 and have ADCC-mediated target cell 

killing[132,137]. According to these, NK cells are robust and comprehensive tumor cell 

killers. 

2.5.1 NK cell-mediated killing 

NK cells are innate lymphocytes derived from bone marrow multipotent hematopoietic 

stem cells (HSCs) with an average 2 weeks of renewal cycle[138,139]. NK cells make 

up ~10% of peripheral lymphocytes[140-142]. The two major subtypes of are CD56bright 

CD16− NK cells and CD56dimCD16+ cells. CD56bright NK cells are mainly located in 

lymphoid tissue, like bone marrow, secondary, liver, and skin, with robust cytokine-

releasing ability[143]. On the contrary, CD56dim NK cells are primarily circulated in the 

bloodstream and are therefore the major circulating subsets, representing at least 90% 

of all blood NK cells[144]. CD56dim NK cells store a large number of effector proteins, 

granzyme B, and perforin, and have strong target cell killing ability[145]. CD56bright NK 

cells are thought to differentiate into CD56dim cells[146,147]. Mounting research showed 

that NK cell number and function status are highly associated with cancer patients’ 

survival[148]. NK cells have been developed as potential immunotherapy targets for 

cancer patients[149,150]. One important role of NK cells is to target virus-infected cells 

or transformed cells through a mechanism different from T cells. CD8+ T cells can only 

utilize TCR to bind to the antigen presented on the tumor MHC-I. Instead, NK cells 

have a series of germline-encoded activating/inhibitory receptors[142,151,152](Figure 2-
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6). NK cells’ inhibition/activation upon engaging with transformed cells relies on a 

signal strength from multiple inhibitory/activating receptors[152,153]. Transformed cells 

usually express several stress-induced ligands in the cell membrane, like MICA/B and 

ULBPs[154,155]. These can all bind with the NK cell activating receptor NKG2D. 

Besides, NK cells have many other activating receptors (Figure 2-5) which can also 

activate NK cells alone or together. Besides, NK cells can bind with inhibitory ligands 

(e.g., HLAs)[142]. Another type is non-MHC molecules like PD-L1 [156]. If signals 

transferred from activating receptors are higher than inhibitory ones, NK cells will turn 

to be activated to release cytokines like TNF-α, IFN-γ, and effector proteins granzyme 

B and perforin. On the contrary, if signals transferred from activating receptors are 

lower than inhibitory ones, NK cells will turn out to be inhibited and disassociated from 

the target cell[25] (Figure 2-6). NK cells adopt three ways to induce tumor cell apoptosis: 

①secretion of cytokines, ②degranulate, and ③death receptor.  

TNF-α belongs to the TNF family. By binding to the TNF receptor,  it initiates the 

NFκB signaling pathway and exerts direct anti-tumor activity by inducing apoptosis or 

necrosis of tumor cells, destruction of vasculature, and severe thrombosis among 

tumors[157]. 

IFN-γ is the only member of type II interferon. By binding with IFNGR1 or IFNGR2, 

IFN-γ initiates the JAK-STAT1 signaling pathway and induces a series of interferon-

stimulated genes(ISGs) like OAS proteins, CIITA, B2M, GBPs, MHC-I, MHC-II, IRFs, 

ICAM-1, VCAM-1, CD44, and NCAM-1, through which IFN-γ induces tumor cells' 

apoptosis or stressed phenotype, which can make cells easier for immune cell 

recognition[158,159].  
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Figure 2-5 NK activating/inhibitory receptors and their ligands[142]. 

 

 

Figure 2-6 Determination of NK cell function by target cell ligands.[25]  
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NK cells express the TNF-related apoptosis-inducing ligand (TRAIL), which can 

recognize the TRAIL receptors I and II (DR4 and DR5) on tumor cells. The binding of 

DR4 or DR5 with TRAIL directly recruits several proteins and forms the death-

inducing signaling complex (DISC). Caspase 8 is then activated and induces subsequent 

caspase 3-mediated apoptosis[160]. Although TRAIL can be cleaved as a soluble as, 

cytokine membrane-bound TRAIL seems to dominate NK cell-mediated apoptosis[161]. 

Compared to cytokines and TRAIL, pore formation protein perforin and effector protein 

granzyme B are believed to be the major executors.  

2.6 Mechanical regulation of NK cells 

NK cells belong to nonspecific immunity, and function at the initial line of host defense 

against virus infection and tumor progression[162,163]. To fulfill these goals, NK cells 

need to continuously scan the whole body from blood/lymph node vessels to different 

tissues for dangerous signals so that they can arrive at the organs of disease at the 

earliest time point[163]. During these processes, NK cells have to encounter 

environmental mechanical stimulations like fluid shear stress, confinement spaces 

during intravasation/extravasation, extracellular matrix (ECM) stiffness, extracellular 

fluid viscosity alteration, tissue compression force, stretching force, and tensile force 

arising from the rhythm of heartbeat and breath[164]. Once arriving at tissues of diseases, 

NK cells may recognize target cells with different cell mechanical properties[165,166]. 

How these mechanical cues regulate NK cell recruitment, metabolism, epigenetic 

phenotype, and functions is still largely unknown. 

2.6.1 NK cell mechanics 

NK cell cytoskeleton controls its mechanics. VAV-Rac pathway-induced actin 

polymerization leads to lamellipodium formation and promotes stable conjugation with 

target cells[167]. Microtubule organizing center (MTOC) polarization upon NK cell 

activation delivers effector proteins toward the immune synapse[168]. When seeded on 

MICA-coated nanowires, 10 pN traction force can be actively generated by NK cells, 
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indicating a contractile force-gated NK cell activation[169]. Matalon et al[170] also 

observed that SHP-1, a key regulator of inhibitory signaling molecules, was regulated 

by the actin dynamics of NK cells and finally regulated NK cell status. The finish of 

target cell killing is through mechano-sensing of increased target cell contractile force 

after granzyme B-induced Rho-associated protein kinase (ROCK) activation[171]. 

Through targeting actomyosin contractility, mechano-sensitive TAZ but not YAP limits 

NK cells' cytotoxicity. Utilizing a synthetic double-stranded RNA, Hilton enhances 

RhoA and myosin light chain activity and triggers TAZ cytoplasm 

compartmentalization, which limits c-Myc-initiated granzyme B and perforin 

transcription[172]. Transcription factor Eomes was claimed to be mechanically sensitive 

to NK cell actomyosin contractility alteration and translocated to the nucleus upon 

hypertonic and tumor growth factor β (TGF-β) treatment[173]. NK cell stiffness was 

found to impair its passage through blood vessels and dense tissues, which could be 

reversed by inhibiting the cytoskeleton[174]. However, reducing cell stiffness also 

compromised NK cells' cytotoxicity against tumor cells[174]. Similarly, interleukin II 

(IL2), secreted by activated helper T cells to stimulate effector killer cell proliferation 

and activation, was found to stiffen NK cells in vitro for up to 96 h after withdrawing 

IL2[175]. These findings indicate that NK cell-generated contractile force promotes 

activation, and NK cell stiffness may promote target cell killing but impair 

extravasation from blood/lymph node vessels and migration among tissues.  

2.6.2 Substrate/target cell stiffness 

Lital Mordechay et al[176] reported that NK cell activation was substrate stiffness-

dependent when NK cells were seeded on an MICA-coated surface. Although CD107a 

(activation marker) expression is highest when NK cells are seeded on a 150 kPa 

substrate. It is worth noting that most human tissues are much softer than this. Friedman 

et al [177] observed similar phenomena (higher level of activation markers like cytokine 

secretion and degranulation) when stimulating NK cells with stiffer substrate or beads. 

Although tumor tissue is stiffer than adjacent normal tissues, tumor cells are relatively 
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softer than healthy ones. Malignant tumor cells are even softer[178-180]. Tumor cell 

softness is utilized to evade T cell surveillance by impairing the membrane pores of 

perforin[181,182]. Cancer stiffening through depleting membrane cholesterol shows 

similar enhanced anti-tumor potential[183]. However, whether tumor cell stiffness rather 

than ECM or bead stiffness can affect NK cell activation and cytotoxicity remains 

elusive. 

2.6.3 Mechano-sensing 

Cells sense, transduce, and respond to mechanical inputs, which is defined as mechano-

transduction[184]. Although much work has been done about the mechanical response 

of NK cells to ECM stiffness, little is now known about how NK cells sense ECM 

elasticity or other mechanical cues. More recently, Juan Fan and her colleagues[185] 

demonstrated that NKG2D, a typical activating receptor of NK cells, could discriminate 

diverse ligands recognizing the differences between force-induced 3D structure 

alterations. It is observed that the binding of NKG2D with MICA/MICB but not UPBPs 

has a force-dependent catch-bond signature, that is, with the increase of loaded 

stretching force on NKG2D-MICA/B molecules conjugate the bond lifetime/affinity 

also increases. After rising to a threshold value, however, the bond lifetime/affinity 

decreases with the increase of the loaded stretching force. This catch-bond signature 

was confirmed by both BFP and MD. This study suggests NKG2D could be a potential 

mechanical sensor. 



 41 / 165 

 

2.7 Metastasis: a force journey of cancer cells 

Cancer progression and metastasis have long been considered a process of biological 

transformation driven by intrinsic genomic changes. However, over the past 2 decades, 

researchers have begun to appreciate that mechanical changes in cells and tissues are 

involved in this process. More and more research has found that metastasis can be 

inhibited by targeting the mechanical properties of tumor cells or ECM, termed as 

mechanical checkpoints of cancer progression and metastasis. From a mechanical 

perspective, metastasis is a force journey in each step. Targeting force sensors like 

integrins and Yes-associated protein (YAP) has been proven effective for inhibiting 

metastasis[186,187]. 

2.7.1 Mechanical cues within solid tumors 

Due to the outgrowth of tumor cells, imbalance of entry and exit of fluids into the 

interstitial space[188], and continuous deposition of ECM over its degradation[189], 

tumor cells undergo a significant increase in compression. ECM deposition and 

expression of ECM crosslinker protein LOX induce stiffening of tumor tissue[190]. It 

has been found that most solid tumors are stiffer than the surrounding tissues and the 

counterpart healthy tissues, like breast tumors, liver cancer, pancreatic ductal 

adenocarcinoma, and colorectal carcinoma[191]. ECM deposition is mainly derived 

from cancer-associated fibroblasts (CAF). Besides, CAF also positively exerts a 

considerable actomyosin-generated contractile force on ECM through adhesion 

molecules, mediating an additional strain-induced stiffening[192]. Stiffened ECM 

activates tumor cell mechano-sensors like Yap, which is a transcription regulator, and 

promotes proliferation-associated gene expression. Furthermore, stiff ECM induces 

epithelial-mesenchymal transition (EMT) characterized by increased expression of 

twist, snai1, N-cadherin, vimentin, and decreased E-Cad expression[193,194].  

2.7.2 Confinement during migration and invasion 

To migrate and invade through tissues, tumor cells must break down the dense basement 
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membrane and squeeze among the fibrillar ECM. The pore size varies between tissues 

but is typically much smaller than the tumor cell and nucleus size. Tumor cells secrete 

matrix metalloproteinases (MMPs) at invasive protrusions to mediate the degradation 

of ECM proteins. Compression forces and confinement reshape tumor cells and nucleus 

morphology. Multiple mechanisms have been proposed to resist these force challenges. 

Confinement lower than the most nuclear diameter of tumor cells (~3μm) significantly 

reduces the nuclear envelope excess of the perimeter, increasing the nuclear envelope 

and associated endoplasmic reticulum tension. As a result, calcium is released from the 

endoplasmic reticulum, and actomyosin is relocated and activated to protect the 

nucleus[195]. Both microtubules and actin filaments are redistributed and reinforced to 

position the nucleus and protect it from rupture[196,197]. 

2.7.3 Fluid shear stress and CTCs 

FSS regulates the survival and metastatic potential of CTCs. The magnitude of FSS in 

physiological conditions varies according to location (       ). 

Typical range is between 1 ~ 30 dyn/cm2[198]. FSS was shown to directly kill more 

CTCs under large magnitudes or with more time[28,63], which could be attributed to 

direct physical damage[199] or apoptosis[200]. Sensitivity to cytokine-induced apoptosis 

can also be enhanced[201]. While malignant tumors seem to be more resistant to FSS-

induced damage. Actomyosin was pointed out to protect CTCs from damage in 

circulation[28,199]. Our previous work also found that upregulated histone acetylation 

in FSS-treated CTCs mediated nuclear expansion and promoted CTC survival[202]. 

Besides, FSS was shown to induce EMT[63,203], promote stemness[204], and enhance 

drug resistance[205]. 

2.8 Cell mechanics in cancer 

Apart from outgrowth, alteration of cell mechanics is another feature of transformed 

tumor cells[206]. Cell mechanics mainly includes cellular mechanical properties, 

mechano-transduction (force transmission from the extracellular space to the cytoplasm 

capillaries, veins, or arteries 
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and nucleus), and cell-generated forces. The cell membrane, cytoskeleton, and nucleus 

are the main components of cell mechanics[207,208]. Among these, the plasma 

membrane is too soft and mainly contributes to the mechanical regulation of membrane 

proteins like mechano-sensitive ion channels PIEZO1/2, TRPVs, and TRPMs through 

membrane tension[209-211]. The nucleus is the stiffest structure in a cell, but its 

relatively small size limits its role to a confined microenvironment during 

migration/invasion. The cytoskeleton is an interlinking filament network mainly 

present at the cortical layer and the cytoplasm. Its main function includes maintaining 

cell shape, withstanding and transducing mechanical forces, carrying intracellular cargo, 

mediating cell movement, and so on.  

2.8.1 Cytoskeleton 

Microtubule, intermediate filament, actin filament, and their associated proteins 

contribute to the cytoskeleton[207]. The expression level, filament structure, 

posttranslational modification, and crosslinking between themselves and each other are 

the sources of cell mechanical variability. Actin filaments (F-actin) make up 1 to 10 

percent of total proteins in most cells, and muscle cells have even higher 

concentrations[212,213]. Three types of actin isoforms are expressed in vertebrates: α, β, 

and γ-actin. Non-muscle cells mainly express β and γ-actin. Monomers of globular actin 

(G-actin) form linear polymers by binding to each other in a head-to-tail way. At the 

barbed (plus) end, ATP-G-actin has a higher affinity, leading to a fast-growing. ADP-

G-actin dissociates at the pointed (minus) end. The overall effect of continuous 

polymerization and depolymerization at the opposite ends maintains a relatively steady 

state of F-actin, and this dynamic status is defined as actin filament treadmilling[214]. 

Many actin-associated proteins are involved in the dynamics of F-actin. Polymerization 

is initiated by Arp2/3-mediated nucleation. Arp2/3 also functions as an initiator for the 

branching of F-actin, especially for filopodia formation[215,216]. Formins and profilin 

promote elongation[217,218]. The dynamics of F-actin are the key to its function, like 

migration. Polymerization of actin generates forward pushing forces at the leading edge. 
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Depolymerization and myosin activity generate retracting forces at the trailing edge. 

Malignant breast cancer cells usually exhibit high motility, which relies on the quick 

dynamics of F-actin. Actin filament is the main contributor to cell stiffness, among 

others[219]. Basically, both tumor tissues and tumor cells are highly heterogeneous in 

stiffness[27]. However, recent investigations have suggested a negative correlation 

between tumor cell stiffness and malignancy. Breast tumor cells have 40-66% fewer 

actin filaments and are softer than healthy breast cells detected by immunofluorescence 

and atomic force microscope (AFM)[220]. Invasive breast tumor cells are usually 

mesenchymal-like and even softer compared with more epithelial-like non-invasive 

breast tumor cells[221]. Soft breast tumor cells have been found to have higher stemness, 

which can form a tumor with 100 cells in immunologically competent mice. These soft 

cells upregulate Wnt signaling protein BCL9L and gain enhanced stemness and 

tumorigenicity[222]. Softness renders a cell with advantages in both migration, invasion, 

and stemness[222]. 

Actin filament dynamics can be regulated by selective drugs. Cytochalasin D (Cyto D), 

originating from a fungus, specifically binds with the barbed end of F-actin and inhibits 

both assembly and disassembly of G-actin. Latrunculin A and B, derived from sponges 

and nudibranchs, bind with G-actin and block actin polymerization[223]. Besides, they 

also bind with F-actin with relatively lower affinity but sever and depolymerize actin 

filaments[224]. On the contrary, Jasplakinolide (JAS) directly binds with F-actin and 

promotes polymerization[225,226]. 

 

2.8.2 Cell tension 

Cell tension is the combination of cell membrane tension and cortical tension. 

Membrane tension is defined as the force needed for the deformation of a unit length 

of the cell membrane lipid bilayer. Cortical tension is the force for the deformation of 

cortical actin filaments. Membrane tension is driven by the disturbance of the 
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equilibrium distance between phospholipid molecules, mainly including 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, sphingomyelin, 

and inositol phospholipids (PPIs)[227]. Among them, PPIs exhibit less abundance but 

have primary roles in signaling transduction and cell tension control. By 

phosphorylating the inositol ring at positions 3, 4, and 5 PPIs have three PIP subtypes: 

phosphatidylinositol-5-phosphate (PI5P), PI4P, PI3P; three PIP2 subtypes: 

phosphatidylinositol-(3, 4)-bisphosphate (PI(3,4)P2), PI(3,5)P2, PI(4, 5)P2; and a PIP3: 

phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3). PI(4, 5)P2 (commonly called 

PIP2) is primarily located in the cell membrane and contributes to less than 1% of all 

PPIs[228]. PIP2 is the only PPIs that bind ERM proteins through which the ccell 

membrane is anchored to the underlying cortical actin filaments and contributes to cell 

tension[229]. ERM proteins have a plasma membrane-associated FERM that binds with 

PIP2, a long α helical propensity, and a C-terminal domain that binds with F-actin 

(active status) or with itself at the FERM domain (inactive closed status). The head-to-

tail binding of FERM with the C-ERMAD domain will generate a closed conformation 

with an inactive status, masking the binding site with F-actin[230,231]. A two-step 

activation model for ERM proteins has been introduced: first, ERM proteins are 

recruited to PIP2-enriched plasma membrane regions, which renders relatively high 

accessibility of ERM kinase to the phosphorylation site of ezrin at Thr576, or Moesin 

at Thr558, or Radixin at Thr564. Together, ERM proteins will shift from a self-inhibited 

conformation to an active conformation, exposing the binding sites for F-actin at the C-

ERMAD domain[232,233]. In vertebrate cells, Ras homolog family member A (RhoA), 

Rho kinases (ROCK1, ROCK2), protein kinase Cα (PKCα), PKCθ, NF-κβ-inducing 

kinase (MAp3K14/NIK), lymphocyte-oriented kinase (STK10), STE20-like 

serine/threonine-protein kinase, Cyclin-dependent kinase 5 (CDK5), sphingosine 

kinases (SK1, SK2), and Serine/threonine-protein kinase MRCK α can phosphorylate 

respective Thr sites of ERM proteins at the C-ERMAD domain[234-238]. ERM proteins 

can also indirectly connect with the plasma membrane through adaptor proteins like 

ezrin-Radixin-Moesin-binding Phosphoprotein 50 (EBP50) and Na+/H+ exchange 
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regulatory factor 2 (NHERF2) or through binding with receptor tyrosine kinases 

(RTKs), epidermal growth factor receptor (EGFR), platelet-derived growth factor 

receptor (PDGFR), hepatocyte growth factor receptor (HGFR), adherent proteins like 

CD44, CD43, intercellular adhesion molecule 1 (ICAM1) and ICAM2[239-242]. On the 

contrary, dephosphorylation of ERM proteins at the same Thr sites by protein tyrosine 

phosphatase type IV A1 (PTP4A1) and protein phosphatase 1 regulatory subunit 12A 

(PPP1R12A) [243,244]. Calpain 1 (CAPN1) can directly target the α helical domain of 

ERM proteins and release the tethering of the plasma membrane from the cortical actin 

filaments[245]. Since cortical tension and membrane tension are hard to decouple, we 

use membrane tension from here to represent both. 

 

Figure 2-7 Structure and binding of ezrin with PIP2[230] 

 



 47 / 165 

 

Chapter 3: Materials and Methods 

3.1 Animals  

Female, 4–6-week-old, BALB/c nude mice were purchased from Centralized Animal 

Facilities of The Hong Kong Polytechnic University. The serve immunocompromised 

female NOD/SCID mice, 4-6 weeks of age, were purchased from the Laboratory 

Animal Services Centre of the Chinese University of Hong Kong. All the animals were 

raised in pathogen-free centers at The Hong Kong Polytechnic University. All 

experiments were approved by the Animal Subjects Ethics Subcommittee of The Hong 

Kong Polytechnic University. 

3.2 Cell lines 

The NK92 cell line was generously provided by Prof. Sun Lei (The Hong Kong 

Polytechnic University). MDA-MB-231 and MDA-MB-231-derived brain/bone 

metastasis breast cancer cell line TGL-BrM/TGL-BoM were purchased from Memorial 

Sloan Kettering Cancer Center. MDA-MB-468 breast cancer cell line and A549 lung 

cancer cell line were purchased from ATCC. The human brain endothelial cell line, 

HCMEC, was purchased from FuHeng Biology. The human umbilical vein endothelial 

cell line, HUVEC, and human astrocytes isolated from the human brain were kind gifts 

from Prof. Mo YANG (The Hong Kong Polytechnic University). The HEK-293T cell 

line was generously provided by Dr. RUAN Yechun (The Hong Kong Polytechnic 

University). NK92 cell line was maintained in MEM-α (Gibco), which was added with 

fetal and horse bovine serum (12.5% FBS + 12.5% HBS) (Gibco), 200 μM inositol 

(Sigma), 100 μM β-mercaptoethanol (Sigma), 20 μM folic acid (Sigma), 100 U/ml 

recombinant human IL-2 (Peprotech), and 1% penicillin/streptomycin (P/S, Gibco). 

The HCMECs were maintained in human endothelial medium (Gibco) supplemented 

with 5% FBS, 200 ng/mL human basic fibroblast growth factor (bFGF; PeproTech), 

and 1% P/S. The HUVECs were maintained in human endothelial medium (Gibco). 

The astrocytes were maintained in DMEM (Gibco). 
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For other cancer cell lines, cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco), containing FBS (10%) and P/S (1%). All cells were cultured in 5% 

CO2 at 37°C.  

3.3 Co-culture assay 

For simple co-culture of MDA-MB-231/MDA-MB-468/A549 cells with NK cells, 

tumor cells in a complete DMEM culture medium were seeded on collagen I-coated 

cell culture dishes. After total spreading (0.5-3 h), the same volume of NK92 cell culture 

medium containing 4-fold numbers of NK92 cells was added to the tumor cell-seeded 

culture dishes for 24 h. After co-culture NK92 cells in the culture medium were washed 

out with PBS, and fresh full DMEM was added to the culture dishes. For the lack of 

human IL-2, the remaining NK92 cells in the dishes would undergo apoptosis within 

24-48 h. Surviving tumor cells without NK92 cells would be collected for experiments. 

For co-culture of mixed tumor cells with NK cells, tumor cells with low and high 

membrane tension were first stained with a Green/Deep Red cell tracker (Gibco) for 

distinguishment and then mixed at the ratio of 1:1. The mixed tumor cells then were 

seeded on collagen I-coated cell culture dish followed by addition of NK92 cells as 

mentioned above. 

3.4 Transfection 

The plasmids used in this study are listed in Table 1. The virus was generated through 

co-transfecting targeting plasmids with packaging and envelope plasmids into HEK-

293T cells. The collected virus-containing suspension was further concentrated with a 

virus concentrating solution (20% w/v PEG8000 + 3.5% w/v NaCl in water) at a ratio 

of 1:4 (virus concentrating solution: virus suspension). Shake the solution mixture 

every 15 minutes for 4 times, and maintain it at 4°C overnight. After centrifugation at 

3000 g × 40 min, the virus could be obtained. For NK cells, 2×105 cells in a 24-well 

plate were pre-treated with 6 μM BX795 (InvivoGen) was started 30 min before 

transduction and continued during the transfection process. 100-200 μL virus solution 
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was added to the wells. A centrifugation at 1000 g×1 h was conducted to promote 

transfection efficiency. After incubation at 37°C, 5% CO2 for 5 h, the supernatant was 

replaced with fresh full medium. For other cells, 2×105 cells in a 24-well plate were 

transfected with 20-100 μL virus solution together with 6 μg/ml polybrene. 5 h later, 

the supernatant was replaced by fresh full medium. Successfully transfected cells were 

validated by RT-qPCR and enriched by selective drug treatment.  

For KLRK1 gene knocking down, 6×105 cells in 400 μL Opti-MEM medium (Gibco), 

which contains 10 nM KLRK1-targeting siRNA (Invitrogen), were added to the 

chamber of the Gene Pulser Xcell Electroporation Systems (Bio-Rad). 3 pulses of 

electroporation with 150 μF plus 300 V were conducted. 48 h later, the RT-qPCR was 

adopted to confirm the knockdown efficiency. 

In some experiments, ROCK1-targeting siRNA was introduced into MDA-MB-231 

cells with lip3000 (Invitrogen). Briefly, MDA-MB-231 cells were first seeded on a 

collagen I-coated 6-well plate. A final concentration of 75 pM siRNA within 250 μL 

Opti-MEM medium plus 7.5 μL lip3000 was added to each well. Fresh growth medium 

was added to replace the supernatant after 6 h. The knockdown efficiency of target 

genes was measured using qRT-PCR and immunofluorescence. 

Table 1 List of plasmids and siRNAs 

Plasmids Source Cat. No. 

Lifeact-tdTomato Addgene 64048 

mTurquoise2-Paxillin Addgene 176107 

Ezrin oobio H37899 

PH-PLC-delta-EGFP Addgene 136998 

PH-Akt-Cerulean Addgene 50837 

CA-ROCK Addgene 84649 

granzyme B FRET sensor Addgene 59587 

FOXO1 reporter Addgene 67759 

Lck FRET sensor Addgene 131584 
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NDRG1 reporter 
  

psPAX2 Addgene 12260 

pMD2.G Addgene 12259 
   

si-RNAs 
  

si-ROCK1 Silence 142844 

KLRK1 siRNA Silence 108247 

Negative Control siRNA Silence AM4641 

 

3.5 Shear Stress Treatment 

The blood flow-mimicking in vitro circulation system (Figure 5-1-1 A) was set up as 

mentioned before[63]. Briefly, it is mainly composed of a peristaltic pump (Harvard 

Instruments) as a force generator, a silicone microtube (0.255 mm radius) to mimic the 

blood vessel, and a syringe as a pool of the cell suspension. The system could simulate 

blood FSS by producing a continuous pulsating flow. According to Poiseuille’s law, the 

wall shear stress (WSS) in the microtube can be calculated by τ = 4μQ
𝜋𝜋𝜋𝜋3

 . Here, μ 

represents the viscosity of the cell suspension (0.001 Pa), Q represents the flow rate of 

the cell suspension, and R represents the radius of the microtube. The whole circulation 

system was pre-treated with 1% BSA (Sigma) to prevent non-specific attachment of 

CTCs. The FSS treatment under 0-20 dyn/cm2 was conducted at 37°C and 5% CO2 for 

4 h. 

For WSS treatment, the above circulation system was connected to a fluid chip. The 

chip was pre-coated with recombinant human MICA or ICAM-1, or the chip was coated 

with poly-D-lysine followed by tumor cell seeding. NK cells in suspension   

spontaneously attach to the chip surface with WSS treatment. 

3.6 Cytotoxicity assay 

For measuring NK92 anti-tumor cell cytotoxicity in suspension, these two cells were 
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pre-stained with deep red and green dyes (Invitrogen), respectively, followed by mixing 

NK92 cells and tumor cells at a ratio of 4:1 for 4 h under a series of FSS treatments.  

Propidium iodide (PI, Beyotime) was used to indicate apoptotic tumor cells after 

finishing treatment. Tumor cell lysis ratio (Lr) was detected by flow cytometry (BD 

FACSymphony A3 Cell Analyzer, BD Biosciences) and calculated according to the 

following formula: 

𝐿𝐿𝐿𝐿 = (1 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) ∗ 100%⁄    ① 

The increment was calculated by: 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = (𝐿𝐿𝐿𝐿𝑁𝑁𝑁𝑁_5 𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2 − 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) − (𝐿𝐿𝐿𝐿𝑁𝑁𝑁𝑁_0 𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2 − 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) −

(𝐿𝐿𝐿𝐿5 𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2 − 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)             ② 

The relative increment was calculated by: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
(𝐿𝐿𝐿𝐿𝑁𝑁𝑁𝑁_0 𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2 − 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)�      ③ 

In some experiments, caspase 3 activation was used as a marker to indicate tumor cells' 

apoptosis. Briefly, Caspase-3 Substrate (Beyotime) at a final concentration of 5 μM was 

added to the cell suspension after co-culture. Following incubation at 37°C, 5% CO2 

for 20 minutes, the caspase 3+ tumor cells were imaged by fluorescent microscope 

(Nikon Ti2). The incremental calculation of the caspase 3+ ratio after combined 

treatment of NK cells and FSS was similar to formula ②. 

In another experiment, target cell death was detected using fluorescent imaging, 

indicated by propidium iodide under WSS treatment. The increment of the propidium 

iodide positive ratio calculation was similar to formula ②. 

In some experiments, TNF-α (Abcam) or IFN-γ (Abcam) were used to treat tumor cells 

under static conditions or FSS to detect their contributions to MDA-MB-231 cell death. 

 

In some experiments, NK92 cells were treated with anti-Trail antibody before and 

during the co-culturing process to detect the death receptor’s contribution to MDA-MB-

231 cell death. 
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3.7 ELISA assay 

The secretion level of cytokines in the cell suspension after co-culture and FSS 

treatment was detected by ELISA (Abcam). The supernatants were collected after 

centrifugation and directly quantified by the Thermo Scientific Varioskan LUX 

Multimode Microplate Reader without further dilution. 

3.8 qRT-PCR 

For analysis of mRNA expression, tumor/NK cells were collected, and then total RNA 

was isolated with the NucleoSpin RNA Plus Kit (TAKARA). We assessed the RNA 

purity and concentration by using the NanoDrop™ (Thermo). We generated the 

complementary DNA by using the PrimeScript RT Master Mix (TAKARA). RT-qPCR 

was conducted with Forget-Me-Not EvaGreen qPCR Master Mix with Rox (Biotium) 

using the ABI QuantStudio 7 Flex Real-time PCR System (Thermo). The primers were 

designed and purchased from Thermo and are listed below. For gene expression 

quantification, the ΔΔcycle threshold method is used with GAPDH as an internal 

reference for normalization.  

Table 2 List of primers 

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

IL-6 CCTTCTCCACAAACATGTAAC

AAGA 

TCACCAGGCAAGTCTCCTCA 

CXCL8 AGAAACCACCGGAAGGAACC AATCAGGAAGGCTGCCAAGA 

EREG CTGCCTGGGTTTCCATCTTCT GCCATTCATGTCAGAGCTAC

ACT 

EZR ACCGTGGGATGCTCAAAGAT

A 

CAAGGGCATCAACTCCAAGC 

GAPDH AGCCGTTAGGAAAGCCTGC GCCCAATACGACCAAATCAG

AG 

HBEGF GGACCCATGTCTTCGGAAAT CCCATGACACCTCTCTCCAT 
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HLA-

ABC 

CCACTCACAGACTGACCGAG TGGATGGTGTGAGAACCGTC 

HLA-E AGGAAGAAGAGCTCAGGTGG

AA 

CAAGGCAGCTGTGCATCTC 

ITGB3 CCGTGACGAGATTGAGTCA AGGATGGACTTTCCACTAGA

A 

KLRK1 AATTCTAGATCAGGAACTGA

GGACA 

TGCACAAAGGATTCCTGCTC

A 

LTBP1 CTTCCCCTGCCCGGTCT CTGCATCTTTATAGTTCTCAC

CACCA 

MICA/B ACCAGAAAGGAGGCTTGCAT GGGCACTGTCGATTCTTGAG

T 

MSN CCATGCCCAAAACGATCAGT

G 

ACCAAACTTCCCTCAAGCCA 

PD-L1 TGGCATTTGCTGAACGCATTT AGTGCAGCCAGGTCTAATTG

T 

PIEZO2 GACGGACACAACTTTGAGCC

TG 

CTGGCTTTGTTGGGCACTCAT

TG 

PTGS2 TTCAACACACTCTATCACTGG

C 

AGAAGCGTTTGCGGTACTCA

T 

RDX TGAGTTTGAAGCAATGTGGG

G 

CCATAAGTCAGTAGCCAGGG

G 

SERPIN

B2 

GTTCATGCAGCAGATCCAGA CGCAGACTTCTCACCAAACA 

SERPINI

1 

TAAAAGAGTCCGCGTTGGGT GGAGCCATCACTAAATTCCC

CATAA 

ULBP1/

3 

AGTTGTTTAGAGTGACAGGT

GGAAA 

GCACAGTGGTGAGTAGACAG

G 
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3.9 Cell adhesion assay under FSS 

To detect tumor cell adhesion to endothelial cells under FSS, a similar in vitro FSS 

system was used as mentioned above. First, HCMECs and HUVECs were stained with 

Green and Deep Red cell trackers, respectively, for distinguishment. Then, 0.1 million 

HCMECs/HUVECs were seeded into the microfluid chip (ibidi, Cat. No: 80166). After 

the formation of the endothelial monolayer (overnight growth in the microfluid chip), 

1×105 control/co-cultured tumor cells were injected into the chip under 2 dyn/cm2 FSS 

using the above system. Tumor cells spontaneously adhered to the HCMECs/HUVECs 

monolayer, which was continuously captured by a fluorescent microscope (Nikon Ti2). 

Adhesion events within 5 min were used for statistical analysis. 

3.10 Trans-BBB migration assay 

Transwell inserts with 3 μm pore size (Corning, cat. no. 3415) were first coated with 

collagen I on both sides for 1 h. The inserts were then washed and put upside down in 

a 30 cm sterile dish, followed by adding 1 × 105 primary human astrocytes onto the 

insert. The dish was placed into the incubator (Thermo) for 5 h to allow attachment of 

astrocytes. Then the inserts with adhered astrocytes were placed back into a 24-well 

plate with 500 μL complete DMEM in each well. 5 × 104 HCMEC/HUVEC endothelial 

cells within 150 μL DMEM (containing 1% FBS) were added into the inserts. The plate 

was then placed back into the incubator for 3 days without perturbation. 1 × 105 

Control/co-cultured/other treated tumor cells were first labeled with a Deep Red cell 

tracker and then collected. 1 × 105 tumor cells were added to each insert. After 24 h, the 

inserts were then washed with PBS three times, followed by fixation with 4% 

paraformaldehyde (PFA). Cells on the inside bottom of the inserts, including the 

HCMEC/HUVEC endothelial cells and left tumor cells, were wiped out with swabs. 

The cells on the other side of the inserts, including trans-BBB/HUVEC migrated tumor 

cells (red) and astrocytes (green), were then stained with DAPI solution for 10 min, 

followed by washing with PBS. Blue (DAPI) and red double-positive tumor cells were 

captured and counted as trans-BBB/HUVEC migrated tumor cells using a fluorescent 
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microscope (Nikon Ti2). 

3.11 Wound healing assay 

Sterilized 500 μm gap inserts (ibidi) were placed on a collagen I-coated 6 cm cell 

culture dish. 70 μL of cell suspension (3 × 105 cells/mL of tumor cells) was added into 

both wells of the gap insert. The dish was then placed into an incubator for tumor cell 

attachment for 24 h. Avoid media evaporation and perturbation during the incubation. 

After 24h, confirm the formation of a 100% confluence of tumor cells with a 

microscope and detach the gap insert with sterile tweezers. Gently washed the cells to 

eliminate any non-attached cells. and carefully filled the cell culture dish with a pre-

warmed culture medium. The gaps were captured at 6-12-24 h using the bright field of 

the microscope. The gap closure was analyzed using Image J. 

3.12 Single-cell trajectory assay 

The single-cell trajectory was conducted according to the manufacturer’s instructions. 

Briefly, the µ-Slide Chemotaxis (ibidi, Cat. No: 80326) was placed into a sterile Petri 

dish with wet cotton around the slide to avoid evaporation. Use a 20 µL pipette 

(Eppendorf) to add 6 µL tumor cell suspension (3×106 cells/mL) into the adhering area 

of the slide. After full attachment of tumor cells, wash out the cells with pre-warmed 

PBS and refill it with worm culture medium. To create a chemotactic CXCL12 gradient, 

the normal culture medium and the CXCL12-containing medium were gently and 

respectively added into the left and right reservoir (Figure 3-1). Then placed the slide 

into the stage-top incubator of our inverted microscope (Nikon Ti2). After a ~20 min 

temperature equilibration, the single-cell trajectory was captured every 15 min 

overnight. The trajectory of single cells was measured using the Manual Tracking plug-

in in Image J. 
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Figure 3-1 Diagram of single-cell trajectory assay 

3.13 RNA-seq and bioinformatics analysis 

For RNA-seq of MDA-MB-231 cells, 3 biological repeats of control and cultured tumor 

cells were collected. Tumor cells were lysed with TRIzol (Invitrogen) for transcriptome 

sequencing (oobio). 

For spatial transcriptome analysis of patient-derived breast tumor tissue slides, the raw 

data (V1_Breast_Cancer_Block_A_Section_2) were downloaded from 10×genomics 

and analyzed with Loupe Browser 7.0.1. For the annotation of cell types, bar codes, 

which were NCAM1+, IL2R+, NCR3+, KLRK1+, KLRD1+, GZMB+, and CD3-, were 

considered NK cell positive. CD3+ plus CD8+ or CD4+ bar codes were considered as 

CD8 T cells and CD4 T cells positive. CD80+, CD86+, CCR5+, TLR2+, and TLR4+ bar 

codes were considered as macrophage-positive. CD19+, CD34+, and PAX5+ bar codes 

were considered as B-cell positive. CD33+ and CEACAM8+ bar codes were considered 

neutrophil-positive. IL6, PTGS2, Serpinb2, EREG, ITGB3, and CXCL9 were used to 

annotate brain metastasis-associated genes positive bar codes. IL11, IL1B, PTHLH, 

F2RL1, ADAMTS1, and FST were used to annotate bone metastasis-associated genes 

positive bar codes. F5, ABCC2， GIMAP2, DOCK5, FTCD, ADAMTS8, RNF138, 
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ACTL10, ABHD5, and DDR2 were used to annotate liver metastasis-associated genes 

positive bar codes. MFAP1, ROR1, ID1, ISG20, KYNU, JAG1, NR2F1, MAFN2, 

EPHX1, ROBO1, and EFEMP1 were used to annotate lung metastasis-associated genes 

positive bar codes. Gene scores were calculated as the sum of respective genes. 

For single-cell RNA-seq analysis of primary tumor tissues, the online website Single 

Cell PORTAL was used. The data set, A single-cell and spatially resolved atlas of human 

breast cancer containing ER+ (9 patients), HER2+ (3 patients), and TNBC (8 patients), 

was used to analyze the correlation between EZR expression and brain/bone/lung/liver-

associated gene expression. 

For analysis of infiltrated NK cells, the online tool Timer 2.0 was used. The infiltrated 

NK cell numbers of primary tumors of breast cancer patients with and without brain 

metastasis were predicted from data sets GSE173661 and GSE248836. The correlation 

between the amount of infiltrated NK cells and the expression of EZR and brain-

metastasis-associated genes was analyzed using the Immune Association module. 

3.14 Membrane tension measurement 

To detect tumor cell membrane tension, control or co-cultured tumor cells were seeded 

on collagen I-coated confocal dishes (Corning) at a confluence of about 30%. After 

fully attached (overnight), a final concentration of 1μM Flipper probe (Cytoskeleton, 

Inc., Cat. No. CY-SC020) was added to the tumor cells. After 15 minutes of incubation, 

the cells in the dish were ready for membrane tension measurements. The probe was 

maintained in the cell-containing medium during the whole imaging process, as it was 

fluorescent only when it bonded with the cell membrane. The Abberior Facility STED 

Super-resolution/Confocal Microscope was used to capture the lifetime of the probe. A 

pulsed laser with a 485 nm wavelength and a 600/50 nm bandpass filter was chosen for 

excitation and photon collection. For the time-lapse imaging of cell membrane tension 

and FOXO1 nucleus/cytoplasm translocation of the same cells, the FOXO1-clover-

expressed MDA-MB-231 cells were seeded on collagen I-coated confocal dishes and 
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stained with the Flipper probe. Since the lifetime of fluorescent protein Clover is only 

3.2 ns, which is much lower than the typical lifetimes of the cell membrane binding 

Flipper probe (>4 ns), a lifetime threshold setting of>4 ns was adopted for membrane 

tension analysis, which would not be influenced by excited photons from the Clover. 

After NK cell addition, both signals of the clover channel (FOXO1) and Flipper channel 

(membrane tension) were collected at respective time points. The lifetime of the probe 

was analyzed using Image J. 

3.15 Cell morphology assay 

Tumor cells with or without co-culture with NK cells were seeded on collagen I-coated 

6-well plates. After 24 h, the cell morphological parameters, including spreading area 

and aspect ratio, were captured with the bright field of the Nikon Ti2 microscope and 

were analyzed with Image J. 

3.16 Western blot 

The total protein of control/co-cultured tumor cells or cells with other treatments was 

extracted with RIPA Lysis and Extraction Buffer (Thermo Scientific™, Cat. No. 89901) 

plus Protease and Phosphatase Inhibitor Cocktail (100X) (Thermo Scientific™, Cat. 

No. 78440). The extracted protein concentration was detected using the BSA assay 

(Solarbio, Cat. No. PC0001) as per the manufacturer’s instructions. 20-50 µg total 

protein loaded with loading buffer (Bio-rad, Cat. No. 1610747) was used for 

electrophoresis, followed by transferring to methyl alcohol pretreated PVDF membrane 

(Millipore). The PVDF membrane was then blocked with blocking buffer (Beyotime, 

cat. no. P0252) for 15 min, followed by a quick washing with TBST buffer within 5 

min. Respective primary antibodies were added to the membrane, which was kept at 

4°C overnight. After washing the membrane with TBST for 15 min × 3 times, the 

secondary antibodies conjugated with HRP diluted in 5% BSA (1:2000) were then 

added onto the membrane, followed by incubation and TBST washing (3 times). The 

protein-containing PVDF membrane was developed with Clarity Western ECL 
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Substrate (Bio-Rad) and captured with the blot imaging system (Bio-Rad). The 

respective protein level was quantified with Image J and normalized to GAPDH. All 

the used antibodies were listed in Table 2. 

Table 3 List of antibodies 

Antibody Source Cat. No. 

Akt polyclone antibody, human Cell 
Signaling 
Technology 
(CST) 

9272 

Anti-Human CD107a-APC Biolegend 328620 

Anti-Human CD54 (ICAM-1)-PE eBioscience 12-0549-41 

Anti-Human Cox2 Abcam ab188183 

Anti-Human Ezrin CST 3145 

Anti-Human FOXO1 CST 2880 

Anti-Human granzyme B Abcam ab134933 

Anti-Human PhosPho-Akt CST 9271 

Anti-Human PhosPho-ERM CST 3141 

Anti-Human PI3K-P85 Abcam ab191606 

Anti-Human Serpin B2 Abcam ab267463 

Anti-Human γ-tubulin Abclonal A9657 

Anti-Human ERM CST 3142 

APC anti-human CD355(NKp46) monoclone 9E2   Biolegend 831918 

Asialo GM1 polyclonal antibody, functional grade eBioscienc 16-6507-39 

Donkey anti-Chicken IgY (H+L) secondary antibody, 

FITC 

Invitrogen SA172000 

GFP polyclonal antibody Invitrogen A10262 

Goat anti-mouse IgG-HRP conjugate Bio-rad 1706516 

488-conjugated mouse IgG antibody, goat  Abcam ab150113 

594-conjugated mouse IgG antibody, goat  Abcam ab150116 
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647-conjugated mouse IgG antibody, goat  Abcam ab150115 

Goat Anti-Rabbit IgG-HRP conjugate Bio-rad 1662408ED

U 

488-conjugated rabbit IgG antibody, goat  Abcam ab150077 

594-conjugated rabbit IgG antibody, goat  Abcam ab150080 

647-conjugated rabbit IgG antibody, goat  Abcam ab150079 

TRITC-conjugated Rat IgG antibody, goat  eBioscience 26-4826-82 

Granzyme B-PE eBioscience 12-8896-42 

mCherry monoclonal antibody (16D7) Invitrogen M11217 

MICA/B monoclonal antibody (6D4) eBioscienc 14-5788-82 

Anti-human Trail (CD253) monoclonal antibody  eBioscience 
 

CD314 monoclonal antibody, human eBioscience 14-5878-82 

Phospho-Gab2 CST 3882 

Anti-phospho-PI3K p85 polyclonal antibody Invitrogen PA5118549 

Phosphorylated human VAV1 polyclonal antibody R&D 
 

Human GAPDH polyclonal antibody, rabbit Abcam ab8245 

Phosphorylated human PI3K monoclonal antibody, 

rabbit 

Abcam 4257 

VAV1 polyclonal antibody Invitrogen A305-671A-

T 

 

3. 17 Immune fluorescence staining 

Cell fixation was conducted with 4 % PFA (Beyotime) for 15 min. After 3 times of 

washing, cells were permeabilized with 0.2% Triton X-100 (SAFC) in PBS for 10 min 

and were then blocked with rapid protein-free blocking buffer (YamayBio LLC) for 30 

min at RT. After 3 times of washing, respective antibodies were added and maintained 

at RT for 1-2 h, followed by 3 times of washing. The secondary antibodies were then 

16-9927-82 

MAB37861 
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added for incubation at RT for another 1h. Cells were finally washed 3 times and stained 

with a DAPI-containing mounting solution (Thermo). At least 30 cells of each group 

were captured by a Confocal Microscope (Leica TCS SPE). The mean/total fluorescent 

intensity, nucleus/cytoplasm ratio, synapse/ total ratio, and MTOC polarization were 

analyzed by Image J (NIH). 

For immunofluorescence staining of tissue slides, tumor tissue was fixed with 4% PFA 

for more than 24 h, followed by a series of dehydration with ethanol and xylene. The 

dehydrated tumor tissues were then embedded in paraffin as a common procedure. 

Sections of 5-8 µm were cut by the microtome (Leica) and collected on slides. After a 

series of dewaxing steps with xylene and ethanol, the slides were unmasked with fresh 

and boiled antigen retrieval solution (Beyotime) for 10 min, followed by PBS washing. 

Then, 0.1~0.5% Triton X-100 was used to permeabilize the sections for 15 min, 

followed by blocking with 5% BSA solution. The primary antibodies targeting NKp46 

or Cox2 were added to the slides at a ratio of 1:200. The slides were then placed at 4°C. 

After an overnight incubation, the slides were washed with PBS, and respective 

secondary antibodies were added at a ratio of 1:1000. Finally, the slides were washed 

with PBS and mounted with DAPI-containing solution (Thermo). The slides were 

imaged with a Leica TCS SPE Confocal Microscope and analyzed with Image J. 

3.18 Fluorescence Resonance Energy Transfer (FRET) 

To detect granzyme B injection into tumor cells during co-culture with NK cells, a 

granzyme B FRET sensor, which was based on a specific peptide (VGPDFGR) that 

linked with CFP and YFP at its C and N ends, was introduced into the MDA-MB-231 

cells that were transfected with. Successfully injected granzyme B could cut off the 

VGPDFGR peptide and reduce FRET efficiency, causing a negative correlation 

between the injected granzyme B amount and the FRET ratio/efficiency. Similarly, Lck 

is a downstream kinase of some activating receptors of NK cells, including NKG2D. 

Lck FRET sensor was composed of ECFP-SH2-linker-LCK substrate-YPet. Under 

static conditions, the sensor formed a closed conformation with a narrow space between 



 62 / 165 

 

ECFP and YPet, allowing a high FRET efficiency. Activated Lck phosphorylates the 

substrate domain of the sensor and induces its conformation change, resulting in the 

elongated distance between the two fluorescent proteins and a low FRET efficiency. 

Tumor cells were seeded on collagen I-coated confocal dishes. NK92 cells transfected 

with the Lck FRET sensor were co-cultured with tumor cells with low or high plasma 

membrane tension in confocal dishes. A 420 ± 20 nm laser was used to stimulate CFP; 

signals from the 472 ± 30 nm filter and 542 ± 27 nm filter were considered as emission 

from CFP and YFP, respectively. The FRET signals (CFP/YFP) were considered to 

represent the Lck activation level and a relative granzyme B amount among tumor cells. 

An inverted fluorescent microscope (Nikon H550L) with a 60×/1.40 oil objective 

(Nikon) was used for capturing and quantification with NIS4.1.2 software. 

3.19 Flow cytometry 

In some experiments, the granzyme B entering MDA-MB-231 cells was quantified with 

flow cytometry. NK cells and tumor cells were stained with different colors using dyes. 

Following standard fixation, permeabilization, and antibody staining procedures, after 

co-culturing as mentioned above in Chapter 3.16, the granzyme B level was quantified 

by flow cytometry (BD FACSymphony A3 Cell Analyzer, BD Biosciences). The green+ 

deep red- cells were gated and considered as MDA-MB-231 cells.  

3.20 Glycolysis and mitochondrial respiration assay 

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were used 

to respectively indicate tumor cell glycolysis and mitochondrial respiration level. 

Before the assays, first, 80000 tumor cells in 500 μL DMEM full medium were seeded 

in the XF24 plate (Agilent Technologies), followed by incubating the plate at 37°C, 5% 

CO2 overnight. Second, turn on the Agilent Seahorse XFe/XF Analyzer, and let it warm 

up overnight (minimum of five hours). Third, add 1 mL Agilent Seahorse XF Calibrant 

into each well of the Agilent Seahorse XFe24 Cell Culture Microplate to hydrate the 

sensor cartridge. Place the plate in a non-CO2 37°C humidified incubator overnight. At 
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day 1, first, to prepare the assay medium, pyruvate (Gibco, 2993916), glutamine (Gibco, 

3062766), and glucose (Sigma, G8769) with a final concentration of 1 mM, 2 mM, and 

1 mM or 3 mM (for OCR assay) or 0 mM (for ECAR assay) were added into the 

Seahorse XF DMEM. Cells seeded at day 0 were washed with this assay medium (500 

μL for each well) 3 times, followed by placing the cells in a non-CO2 37°C humidified 

incubator for 1 h before the ECRA or OCR assay. For the OCR assay, 56 μL 15 μM 

Oligomycin (Cayman, 11341), 62 μL 10 μM FCCP (Cayman, 15218), and 69 μL 5 μM 

antimycin A (Sigma-Aldrich, A8674) + 5 μM rotenone (Cayman, 13995) mixture were 

injected into port A, port B, and port C of the sensor cartridges, respectively. For ECAR 

assay, 56 μL 10 mM or 30 mM glucose, 62 μL 15 μM Oligomycin, and 69 μL 500 mM 

2-DG (Cayman, 14325) were injected into port A, port B, and port C of the sensor 

cartridges, respectively. Open the Wave software (Agilent Technologies) and choose 

the default methods for ECAR or OCR, then click Run. Place the utility plate with the 

loaded sensor cartridge on the instrument tray for calibration. After the calibration, 

replace the empty calibration plate with the cell-seeding plate and start the assay. The 

data were generated automatically through the Wave software after finishing the assay. 

3.21 Cell proliferation assay 

CCK8 assay and EdU assay were conducted to evaluate proliferation. For the CCK8 

assay, 2000 tumor cells/well were seeded in a 96-well plate. 10 μL CCK8 reagent was 

added to each well at the time of attachment (0 h), 24 h, 48 h, and 72 h. After 2 h 

incubating at 37°C in darkness, the absorbance value of each well was detected at 450 

nm and 650 nm using a FLUOstar microplate reader (Omega). The absolute absorbance 

value (OD) was calculated as below: 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑂𝑂𝑂𝑂 = 𝑂𝑂𝑂𝑂450 𝑛𝑛𝑛𝑛 − 𝑂𝑂𝑂𝑂650 𝑛𝑛𝑛𝑛 

For the Edu assay, 20000 cells/well were seeded to a collagen I-coated 24-well plate. 

The plate was then placed in a 5% CO2 37°C humidified incubator for 3 h. 500 μL 20 

μM EdU (BeyoClick™) was added to each well. After 2 h incubation, the plate was 
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washed with PBS, and 500 μL 4% PFA was added to fix cells for 15 min. Then the cells 

were washed with PBS 3 times and followed by permeabilizing with 0.1% Triton X-

100 for 10 minutes. Remove the permeabilization buffer and wash the cells 3 times. 

500 μL Click Reaction Buffer (containing 20 μL CuSO4, 1 μL Azide 555, and 50 μL 

Click Additive Solution) was added to each well for 30 min incubation at room 

temperature in the dark. The reaction buffer was then removed, and the cells were 

washed with PBS 3 times, followed by nucleus staining with Hoechst 33342 (Beyotime) 

for 10 min. After the final washing, the cells were imaged using a fluorescent 

microscope (Nikon Ti2) with a 555 nm laser for EdU and a 395 nm laser for Hoechst 

33342. The EdU+ cell proportion was calculated to indicate the cell proliferation ability. 

3.22 Glucose uptake assay 

2×105 cells were seeded in each well of a 6-well plate. After overnight incubation, the 

culture medium was removed. 1.5 mL DMEM without glucose but containing 100 μM 

2-NBDG was added to each well. Cells were incubated at 37°C for 1 h, followed by 

washing with PBS 3 times. The cells were then imaged by a fluorescent microscope 

(Nikon Ti2) with a 488 nm laser for 2-NBDG in cells. The mean fluorescent intensity 

of 2-NBDG in each cell was calculated, which represented glucose uptake capacity. 

3.23 Animal experiments 

Tumor cells were detached with trypsin & EDTA (Gibco), collected by centrifugation 

and resuspension with ice-cold PBS, and counted for use. To detect whether NK cells 

differentially killed tumor cells with low and high membrane tension, 1 million control-

mCherry and constructively active ROCK (CA-ROCK) MDA-MB-231 cells mixture 

(1:1) were first mixed with the same volume of phenol red-free Matrigel solution 

(Corning, Cat. No. 356237) and then subcutaneously injected into the axilla of female 

NOD/SCID mice. This was followed by tail vein injection of 10 million NK92 cells 

once a week for 1 month, starting from day 0. The endogenous mice NK cells were 

depleted with Asialo GM1 Polyclonal Antibody (eBioscience, Cat. No. 16-6507-39) 4 
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days before tumor cell injection.  

To detect metastasis organotropism of tumor cells, female BALB/c nude mice were first 

anesthetized by intraperitoneally injecting ketamine (8.7 mg/100g) and xylazine (1.3 

mg/100 g). 0.1 million control/co-cultured/conditioned medium-treated/ezrin-

overexpressed MDA-MB-231 cells were intracardially injected into the left ventricle. 

Successful intracardiac injections were confirmed by IVIS (Perkin-Elmer) imaging 

with a strong accumulation of luciferin signals in the kidneys and the brain but without 

the lungs. The occurrence of metastasis to brain, bone, lung, liver, and other organs, and 

brain metastasis-free survival were detected by IVIS imaging once a week. Metastasis 

events in the brain/lung/liver were determined by respective organ-specific luciferin 

signals. For bone metastasis, signals at the four legs, the spine, and the tail were 

considered positive events. Signals showed out of the above organs were considered as 

events that metastasize to other organs. 

 

3.24 Statistical analysis 

All the statistical results were presented by mean ± standard error of the mean (SEM). 

The two-tailed Student’s t-test was used to analyze the statistics between two groups, 

and the analysis of variance (ANOVA) was used to analyze the statistics among three 

or more groups.  NS, not significant; * p<0.05; ** p<0.01; *** p<0.001; and **** 

p<0.0001. 
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Chapter 4 NK cells reduce tumor cell membrane tension to 

promote breast cancer brain metastasis 

Abstract  

Metastasis is the primary cause of death among cancer patients[10,32,40]. Compared 

with other organs, brain metastasis shows higher lethality for the crucial role of brain 

tissue and with limited treatment strategies. During the process of metastasis, tumor 

cells continuously interact directly or indirectly with different types of immune cells. 

Although, immune cells like macrophages[246], neutrophils[247], and CD4 T cells[248] 

have been found to promote metastasis, the role of immune cells in organotropism is 

largely unknown.  

Here, using special transcriptome analysis, we find a positive correlation between NK 

cells infiltration and brain metastasis potential. A series of in vitro and in vivo assays 

confirm the promotive role of NK cells for brain metastasis. Mechanistically, NK cells 

secret and inject granzyme B to degrade ezrin in tumor cells, which induces decreased 

tumor cell membrane tension. Further, the PI3K-CREB signaling is activated to 

increase GLUT3 expression, which promotes glucose uptake and proliferation under 

brain-mimic low glucose microenvironment. These findings demonstrate that NK cells 

can promote breast cancer brain metastasis through decreasing tumor cell membrane 

tension, providing compelling evidence to unveil the pro-organotropism effect of NK 

cells.  

4.1 The correlation between NK cell infiltration and brain 

metastasis 

High NK cell tumor infiltration has been proposed to be a positive factor for cancer 

patients’ survival[148]. However, whether NK cells influence metastasis organotropism 

is largely unknown. To investigate this correlation, we first analyzed online spatial 
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transcriptome data from two breast cancer patients. A typical gene signature was used 

for cell type and metastatic potential annotation. For example, barcodes that were 

NCAM1+, GZMB+, and NCR3+ but CD3- were considered to contain NK cells. 

CD8/CD4 T cells, macrophages, neutrophils, and B cells were annotated using the same 

principle (as detailed in Chapter 3.1.3). For typical breast cancer metastasis organ-

brain, bone, liver, lung-metastasis gene signature, and bar code annotation, we adopted 

genes that are enriched in organ-specific metastasis according to published data. For 

example, in the brain metastasis of breast cancer, PTGS2, which encodes Cox2, is 

highly enriched. Cox2 promotes BBB breakdown and CCL7 upregulation in astrocytes, 

which initiates colony formation in the brain through a COX2-prostaglandins-MMP1 

pathway[249]. Additionally, brain metastatic cells express Serpin B2 to inhibit plasmin 

generation and exert metastasis-suppressive effects through releasing FasL from 

astrocytes and inactivating L1CAM, which is used by metastatic cells to adhere to brain 

capillaries[250]. Some other genes like IL6[251], piezo2, EREG, CTSL, and HBEGF 

were also included for the brain metastasis gene signature. Similarly, metastasis to bone, 

liver, and lung has its gene signature, and the annotation principle can be found in 

Chapter 3.13. 

As shown in Figure 4-1 A, infiltrated NK cells showed the most similar spatial pattern 

to brain metastasis tumor cells compared to other commonly observed immune cells in 

solid breast tumors. In agreement with this, in the NK cell positive (NK+) region, brain 

metastasis-associated genes were highly enriched compared to the NK cell negative 

(NK-) region (Figure 4-1 B and C), suggesting that tumor cells with high brain 

metastatic potential congregated in NK cell niches. However, bone/lung/liver-

metastasis-associated genes did not have such a difference in NK+ and NK- regions 

(Figure 4-1 D-F), indicating that NK cells specifically upregulated brain metastasis-

associated genes in surrounding breast tumor cells. This was confirmed by 

immunostaining of breast tumor tissues from immunocompromised mice with weekly 

human NK92 cell injections. As shown in Figure 4-1 G, NK cells, represented by 

NKp46, had a similar pattern of distribution both in the periphery and within tumor 
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tissue. Furthermore, analysis of bulk RNA-seq data from primary tumor tissue derived 

from breast cancer patients with or without brain metastasis predicted that a 

significantly greater number of infiltrated NK cells (>1000 times) were found in brain 

metastasis patients (Figure 4-1 I).   Therefore, we proposed that NK cells are the 

major contributors to the enriched brain metastasis-associated genes in the surrounding 

tumor cells. 
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Figure 4-1 The correlation between tumor infiltration of NK cells and brain 
metastasis 
A Spatial distribution of NK cell, T cell, Macrophage, Neutrophil, B cell, and tumor 
cell with brain, bone, lung, liver metastasis-associated gene markers. B-F Gene score 
of NK positive and negative bar codes for NK genes (B), brain-metastasis genes (C), 
bone-metastasis genes (D), lung-metastasis genes (E), and liver-metastasis genes (F). 
G Immunostaining of NKp46 (green) and Cox2 (purple) in breast tumor tissue. Tomor 
was formed by subcutaneously injecting 1 million MDA-MB-231 cells in nude mice. 
H-M Infiltrated NK cell (H), CD8 T cell (I), CD4 T cell (J), Macrophages (K), 
Neutrophil (L), and B cell (M) numbers in the primary tumors with and without brain 
metastasis. The unpaired t-test (H-M) was adopted for statistical analysis.  

 

4.2 NK cells promote breast cancer brain metastasis in vitro 

and in vivo 

To verify that NK cells could promote brain metastasis of breast tumor cells, we adopted 

the human breast cancer cell line MDA-MB-231 and the immortal human NK cell line 

NK92. After co-culture of NK cells and tumor cells at a 4:1 ratio, the morphology, 

potential of surviving tumor cells to adhere to brain endothelial cells under FSS, trans-

BBB migration in vitro, and metastasis to the brain were detected. 

Interestingly, co-cultured MDA-MB-231 cells showed invasive spindle morphology 

with a high aspect ratio (AR), which was very similar to the morphology of the 

developed MDA-MB-231-TGL-brain metastasis (TGL-BrM) cells[100] (Figure 4-2-1 

A & B). This phenomenon is not cell line/cell type-dependent because MDA-MB-468 

and lung cancer cell line A549 also showed invasive spindle morphology after co-

culture with NK cells (Figure 4-2-1 C & D).  
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Figure 4-2-1 Tumor cells show brain-metastasis-like morphology after co-culture 
A Morphology of control MDA-MB-231 cells, co-cultured MDA-MB-231 cells, and 
TGL-BrM cells. B Statistical analysis of cell aspect ratio in A, n=90, 96, and 66 cells 
for CTRL, Coculture, and TGL-BrM groups. C & D Morphology of control MDA-MB-
468 cells and A549 cells with or without co-culture with NK cells. The one-way 
ANOVA followed by the Kruskal-Wallis test (B) was adopted for statistical analysis.  

 

To metastasize to the brain, DTCs need to first adhere to brain endothelial cells under 

FSS, followed by trans-BBB migration (Figure 4-2-2 A). It was found that after co-

culture with NK cells, tumor cells significantly adhered more to brain endothelial cells 

(HCMEC) compared to control cells under 1 dyn/cm2 FSS using a fluid chip, while 

they adhered to primary human umbilical vein endothelial cells (HUVEC) with no 

difference (Figure 4-2-2 B-D). This result suggested that NK cells specifically 

promoted breast tumor cell adhesion to brain endothelial cells.  

Further, an in vitro trans-BBB model was used where HCMEC and astrocytes were 

respectively seeded on the upper and lower side of a 3 μm transwell insert to mimic the 

BBB, or only HUVEC on the upper side to mimic the umbilical vein (Figure 4-2-2 A). 

The result showed that co-culture with NK cells significantly and specifically enhanced 

tumor cells' trans-BBB migration ability with no difference in trans-HUVEC migration 

(Figure 4-2-2 E-H). 
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The above observations of NK cells' effect on brain metastasis were further confirmed 

in vivo. The two groups of MDA-MB-231 cells, engineered with luciferase, were 

intracardially injected into female nude mice, followed by luciferin detection every 7 

days (Figure 4-2-2 A). As expected, mice injected with co-cultured tumor cells showed 

higher brain metastasis occurrence (83.3%) compared with mice injected with control 

tumor cells (16.7%) (Figure 4-2-2 I and J). However, the occurrence of metastasis to 

bone, lung, and liver did not change (Figure 4-2-2 K).  
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Figure 4-2-2 NK cells promote breast cancer brain metastasis both in vitro and in 
vivo 
A Diagram of experimental design for B to K. B Representative images of tumor cells 
adhesion to the HCMEC (green) or HUCEC (purple) monolayer under 1 dyn/cm2 FSS. 
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C & D Statistical analysis of cell adhesion in B. At least 3 independent experiments. E 
Representative images of tumor cells trans-BBB migration. F Representative images of 
tumor cells trans-HUCEC migration. G & H Statistical analysis of trans-BBB 
migration (E) and trans-HUCEC migration (F). n=5 independent experiments. I 
Luciferin imaging of nude mice with intracardiac injection of control/co-cultured tumor 
cells on day 28. n=6 for both groups. J BrM occurrence of control/co-cultured tumor 
cells on day 28. K Organ distribution of metastatic events in I. The unpaired t-test (C, 
D, G, and H) was adopted for statistical analysis. 

 

According to the above in vitro and in vivo data, NK cells seemed to specifically 

promote brain metastasis without obvious impact on metastasis to other organs like 

bone, lung, and liver. To further validate this finding, bulk RNA-seq of control MDA-

MB-231 cells with or without co-culture was adopted to analyze brain[100], bone[252], 

liver[253-255], and lung[256] metastasis-associated genes. As shown in Figure 4-2-3 A-

D, all brain metastasis-associated genes were upregulated in co-cultured MDA-MB-

231 cells. However, co-cultured MDA-MB-231 cells increased the expression of about 

half of the bone/lung/liver metastasis-associated genes, with the other half decreased. 

Protein expression (NDRG1, Serpin B2, and Cox2) of typical brain metastasis-

associated genes was further detected and showed similar upregulation in co-cultured 

MDA-MB-231 cells (Figure 4-2-3 E-G). 
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Figure 4-2-3 NK cells upregulate brain metastasis genes of MDA-MB-231 cells 
A-D Cluster heatmap of bone (A), liver (B), lung (C), and Brain (D) metastasis genes 
in control and co-cultured MDA-MB-231 cells. E Flow cytometry of NDRG1 
promoter-driven mCherry expression in control and co-cultured MDA-MB-231 cells. 
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F Western blot of Serpin B2 and Cox2 expression. G Statistical analysis of Serpin B2 
and Cox2 expression in F. H Representative images of TGL-BoM, co-cultured TGL-
BoM, and TGL-BrM trans-BBB migration. Blue, nucleus; Green, astrocytes; Red, 
trans-BBB migrated tumor cells. I Statistical analysis of trans-BBB migration in H. n=3 
independent experiments. The one-way ANOVA followed by Tukey’s test (I) and 
unpaired t-test (G) were adopted for statistical analysis.  

 

To detect the robustness of NK cells on brain metastasis, a bone metastasis (TGL-BoM) 

cell line developed from MDA-MB-231 cells was used[100]. Interestingly, TGL-BoM 

cells had weak basal trans-BBB migration ability, which was significantly enhanced 

after co-culture with NK cells, although the trans-BBB migration efficiency is still 

lower than TGL-BrM (Figure 4-2-3 H & I). These results indicate that NK cells could 

specifically promote breast tumor cells metastasis to the brain. 

 

4.3 NK cells induce low membrane tension of breast cancer 

cells 

To break down the basement membrane and squeeze through the narrow pore size of 

the ECM and, more importantly, the BBB, malignant tumor cells need to allow the 

formation of invadopodia, where the cell membrane detaches from cortical actin 

filaments, followed by actin polymerization. Strong membrane-to-cortex anchoring 

(high membrane tension) inhibits protrusion formation and migration[6,257]. Tumor cell 

malignancy is negatively correlated with membrane tension[6]. The binding of ERM 

proteins to both membrane PIP2 and cortical actin filaments dominates cell membrane 

tension[258]. Tumor cells with low cell membrane tension usually have an invasive 

spindle morphology[6], just like the tumor cells after co-culture with NK cells in Figure 

4-2-1 A and B. Based on these, we proposed that NK cells might induce a decrease in 

tumor cell membrane tension.  

Indeed, bulk RNA-seq data indicated the decreased expression of ezrin and radaxin in 
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co-cultured tumor cells (Figure 4-3-1 A and C). More importantly, the expression of a 

series of enzymes that regulate ERM activity also changed. Among these, the ERM 

phosphatases PTP4A1, PPP1R12A, and CAPN1, which inhibit ERM activity, were 

upregulated (Figure 4-3-1 E); most ERM kinases like PRKCA, SLK, ROCK1, ROCK2, 

SPHK1, and SPHK2, which promote ERM activation, were decreased (Figure 4-3-1 D) 

in co-cultured tumor cells. Meanwhile, ERM proteins bind to the plasma membrane 

through anchoring to PIP2. The amount of PIP2 in the cell membrane determines the 

availability of its anchoring to the underpinning cortical actin filaments through ERM 

proteins. A series of enzymes regulate the PIP2 amount in the cell membrane. On the 

one hand, PLC proteins dephosphorylate PIP2 and generate secondary messengers IP3 

and DAG. On the other hand, PI3K phosphorylates PIP2, creating PIP3 to recruit and 

activate Akt. Both PLC and PI3K genes were upregulated in the co-cultured MDA-MB-

231 cells (Figure 4-3-1 A and B). Moreover, PTEN, a tumor suppressor that 

dephosphorylates PIP3 and generates PIP2, was downregulated in the co-cultured 

MDA-MB-231 cells (Figure 4-3-1 A and B). All these results decreased ERM 

expression (especially ezrin), activity, and the availability of PIP2 in the cell membrane 

directed us to the decreased cell membrane tension. Indeed, co-cultured MDA-MB-231 

cells showed decreased ezrin expression and phosphorylation (Figure 4-3-1 F-H). 

Interestingly, the western blot data of tumor cells targeting ezrin showed fragmentation 

strips after co-culture. This result indicates that NK cells may actively cleave ezrin in 

tumor cells. Granzyme B is the major enzyme that is injected into tumor cells from NK 

cells. We proposed that NK cells may target tumor cell ezrin through granzyme B. 

Indeed, by directly incubating recombinant ezrin and granzyme B in vitro, followed by 

western blot, we observed similar fragmentation strips of ezrin (Figure 4-3-1 I). 
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Figure 4-3-1 NK cells downregulate ERM expression and decrease ERM activity 
in tumor cells 
A volcano plot of up- and down-regulated genes of control VS co-cultured MDA-MB-
231 cells. B Diagram of regulation of PIP2 and ERM phosphorylation and 
dephosphorylation by respective enzymes that influence plasma membrane tension. C 
– E Cluster heatmap of differentially expressed genes of ERM (C), ERM kinases (D), 
and ERM phosphatases (E). F Western blot of ERM and phosphor-ERM of control VS 
co-cultured tumor cells. G Statical analysis of ERM (left) and phosphor-ERM (right) 
protein expression of control VS co-cultured MDA-MB-231 cells. n=3 independent 
experiments. H Immune fluorescent imaging of phospho-ezrin of control/co-cultured 
tumor cells. I Western blot of ezrin from total cell protein of control VS co-cultured 
MDA-MB-231 cells or recombinant ezrin with or without incubating with recombinant 
granzyme B (GRB). Red arrows, ezrin; black arrows, cleaved ezrin fragments. The one-
way ANOVA followed by Tukey’s test (G) was adopted for statistical analysis. 

 

A membrane PIP2 sensor, PH-PLC-delta-EGFP, based on the PIP2 binding domain of 

PLC, was used to detect live cell membrane PIP2 levels. It was found that co-culture 

with NK cells significantly decreased membrane PIP2 levels (Figure 4-3-2 A & B). 

Also, a membrane PIP3 sensor, PH-Akt-Cerulean, based on the PIP3 binding domain 

of Akt, was used to detect live cell membrane PIP2 levels. As expected, NK cell co-

culture increased PIP3 generation in the plasma membrane (Figure 4-3-2 C & D). 

Direct measurement of cell membrane tension was conducted using a Flipper-TR® 
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probe, which spontaneously inserts into the plasma membrane and senses changes in 

the organization of lipid bilayer membranes, in particular the tension between lipid 

layers[259]. High plasma membrane tension induces a conformation change in the probe 

and extends its emission fluorescence lifetime, which can be detected by Fluorescence 

Lifetime Imaging Microscopy (FLIM). Indeed, after co-culture with NK cells, the 

membrane tension of MDA-MB-231 cells significantly decreased from 5.47 ns to 4.8 

ns (Figure 4-3-2 E & F), which could be equal to a 1.0 Osm hyperosmotic shock 

according to the designer of the probe[259]. It was noted that the isotonic solution for 

most human cells is only about 0.3 Osm. Since membrane tension is a combination of 

the cell membrane lipid bilayer tension and the cortical actin filaments tension, cortical 

tension can significantly influence membrane tension. Here, AFM was used to measure 

cell cortical tension by limiting the indentation threshold to 300 nm, and it was found 

that co-cultured tumor cells showed a similar decrease in cortical tension (Figure 4-3-2 

G). Interestingly, TGL-BoM cells that metastasize to bone showed similar membrane 

tension with control MDA-MB-231 cells, indicated by a 5.45 ns lifetime of the Flipper 

probe. TGL-brain metastasis cells shared similar membrane tension with co-cultured 

tumor cells, indicated by a 4.91 ns lifetime of the Flipper probe (Figure 4-3-2 E, F, H, 

& I).  
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Figure 4-3-2 Tumor cells after co-culture with NK cells show decreased cell 
membrane tension 
A Representative images of PIP2 in live control/co-cultured tumor cells. B Statistical 
analysis of membrane PIP2 intensity of cells in A. n>30 cells for each group. C 
Representative images of PIP3 in live control and co-cultured MDA-MB-231 cells. D 
Statistical analysis of membrane PIP3 intensity of cells in C. n>30 cells for each group. 
E Representative images of cell membrane tension of control and co-cultured MDA-
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MB-231 cells. F Statical analysis of membrane tension. n=121 cells for control group, 
n=90 cells for co-cultured group. G Youngs’ modulus of control/co-cultured tumor cells. 
n=109 cells for control group, n=110 cells for co-cultured group. H Representative 
images of cell membrane tension of TGL-bone (BoM) and TGL-brain (BrM) cells. I 
Statistical analysis of membrane tension in H. n=34 cells for BoM group, n=43 cells 
for BrM group. J Youngs’ modulus of BoM and BrM cells before and after co-culture 
with NK cells. n=67 cells for BoM group, n=56 cells for BrM group, n=48 cells for co-
cultured BoM group, n=54 cells for co-cultured BrM group. The one-way ANOVA 
followed by Tukey’s test (J) and unpaired t-test (B, D, F, J, & I) were adopted for 
statistical analysis. 

 

These similarities of membrane tension were further validated by AFM (Figure 4-3-2 

J). To detect whether decreased cortical tension was correlated with the enhanced trans-

BBB migration ability as shown in Figure 4-2-2, TGL-BoM and TGL-BrM cells were 

co-cultured with NK cells, followed by AFM assay. The results indicated that the co-

culture of TGL-BoM with NK cells decreased its cortical tension to the level of TGL-

BrM cells, while the co-culture of TGL-BrM with NK cells did not significantly change 

its cortical tension (Figure 4-3-2 J). 

Tumor cells with low membrane tension exhibited an invasive phenotype[6]. To prove 

this in our project, wound healing assay and single-cell trajectory were adopted to detect 

tumor cell migration ability. The results showed that after co-culture with NK cells, the 

gap closure time was significantly shortened compared to control cells (Figure 4-3-3 A 

& B). Moreover, tumor cells showed enhanced migration speed and directness to 

chemokine CXCL12 (Figure 4-3-3 C-F). 

These results suggested that NK cells selected or induced tumor cells with low 

membrane tension, which might specifically contribute to tumor cells' brain metastatic 

potential. 
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Figure 4-3-3 NK-selected tumor cells exhibit enhanced motility 
A Wound healing assay of control and co-cultured tumor cells imaged at 0 h, 6 h, 12 h, 
and 24 h. B Statistical analysis of gap closure of control and co-cultured MDA-MB-
231 cells at different time points in A. C Single cell trajectory of control and co-cultured 
MDA-MB-231 cells with the administration of 100 μg/mL CXCL12 on one side of the 
µ-Slide Chemotaxis chip within 12 h. D-F Statistical analysis of cell accumulated 
distance (D), euclidean distance (E), and velocity (F) of control/co-cultured tumor cells. 
n=39 cells for control group, n=42 cells for co-cultured group. The unpaired t-test (B, 
D, E, & F) was adopted for statistical analysis. 
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4.4 Low membrane tension confers a survival advantage to 

breast cancer cells under NK cell cytotoxicity 

Tumor cells are heterogeneous in mechanical properties like cell membrane tension and 

stiffness. It has been found that NK cells are mechano-sensitive to physical cues like 

substrate stiffness[176]. NK cells and T cells exert both pushing and pulling forces at 

the immunological synapse to sense the properties of target cells[260,261]. Based on 

these, we proposed that NK cells may selectively free tumor cells with low membrane 

tension. The differential killing of NK cells was detected by co-culture of mixed tumor 

cells with high and low membrane tension with NK cells at a 4:1 ratio (NK cells: tumor 

cells), followed by flow cytometry (Figure 4-4 A). First of all, NK cells selectively 

killed more TGL-BoM cells, which had higher membrane tension (Figure 4-3 L-N) 

compared with TGL-BrM cells. And this is a time-dependent killing (Figure 4-4 B-E). 

Low membrane tension renders TGL-BrM cells with higher immune evasion potential.  
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Figure 4-4 Tumor cells with low membrane tension are more resistant to NK cell 
killing 
A Diagram of experimental design. B Flow cytometry of mixed TGL-BoM (green) and 
TGL-BrM (red) cells with and without co-culture with NK92 cells. C Statical analysis 
TGL-BoM VS TGL-BrM ratio in B. n=3 independent experiments. D & E TGL-BoM 
VS TGL-BrM ratio at day 1 (D) and day 4 (E). F Membrane tension indicated by probe 
fluorescence lifetime of control and drug-treated cells measured by FLIM. G, I, K, and 
M Flow cytometry of mixed drug-treated or si-MLCK tumor cells (green) and DMSO-
treated or si-scramble tumor cells (red) with and without co-culture with NK92 cells. 
H, J, L, & N Statistical analysis of the ratio of two groups of cells in G, I, K, & M. 
n=3 independent experiments. O Immunostaining of MTOC (γ-tubulin) in the DMSO 
and drug-treated tumor cells. Yellow arrow: MTOC of NK cells. P Statistical analysis 
of MTOC polarization to synapse within NK cells after co-culture with the DMSO and 
drug-treated tumor cells. Q Representative images of granzyme B FRET ratio 
(YFP/CFP) in tumor cells with and without co-culture. R Statistical analysis granzyme 
B FRET ratio (YFP/CFP) in Q. The one-way ANOVA followed by Tukey’s test (F, P, 
& R) and paired t-test (C, H, J, & L) were adopted for statistical analysis. 

The cortical amount of actin filaments and the activity of the cortical actomyosin 
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determine the cortical tension and membrane tension. To investigate the effect of low 

membrane tension on killing resistance in WT tumor cells, tumor cells were first treated 

with typical drugs: Cyto D, Bleb, and Y-27 that inhibit actin polymerization, myosin 

activity, and ROCK activity, respectively. All these drugs decreased cell membrane 

tension (Figure 4-4 F & G). Indeed, within 4 h, tumor cells with low membrane tension 

were more resistant to NK cell cytotoxicity (Figure 4-4 H & O).  

Stimulated by target cells will induce MTOC polarization towards the synapse. 

Immunostaining of γ-tubulin (indicating MTOC) in conjugated cells showed that the 

MTOC of NK cells was closer to Cyto D or Bleb-treated tumor cells, as shown in Figure 

4-4 P & Q. MTOC carries many granules, which contain effector proteins like 

granzyme B and perforin. The survival of tumor cells with low membrane tension 

within a given time scale suggested a low killing efficiency relying on effector proteins 

like granzyme B. Indeed, NK cells delivered significantly less granzyme B into drug-

treated tumor cells using a granzyme B FRET sensor (Figure 4-4 R & S). 

These results suggested that tumor cells with lower membrane tension were more 

resistant to NK cell immune surveillance, mimicking the mechanical and immune 

evasion properties of TGL-BrM cells. 

 

4.5 Increasing tumor cell membrane tension enhances NK cell 

cytotoxicity 

Since tumor cells with low cell membrane tension are highly immune evasive, 

increasing the membrane tension may enhance the NK cell tumor surveillance. To 

verify this possibility, we overexpress ezrin in MDA-MB-231 cells, which is one of the 

main mediators for membrane-to-cortex attachment and is downregulated in co-

cultured tumor cells (Figure 4-2 C, F, G, and Figure 4-5-1 B). Tumor cell Membrane 

tension significantly increased after overexpression of ezrin (Figure 4-5-1 C). Negative 

control (NC) MDA-MB-231 cells (dyed green) and ezrin-overexpressed (Ezrin) MDA-
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MB-231 cells (dyed red) were mixed at a ratio of 1:1, followed by co-culture with NK92 

cells (4:1) for 24 h. The changed ratios of tumor cells were detected (Figure 4-5-1 A). 

The results indicated that the proportion of Ezrin-overexpressing cells declined from 

53.4% to 37.7% following co-culture with NK cells (Figure 4-5-1 D & E). A relative 

increase of 31.4% more Ezrin-MDA-MB-231 cells were killed within 24 h. This 

indicated that NK cells sensed the different membrane tension of control cells and ezrin-

overexpressed tumor cells and might induce differential activation. Immunostaining of 

γ-tubulin (indicates MTOC) in conjugated tumor cell-NK cells showed that the MTOC 

of NK cells was closer to ezrin-overexpressed tumor cells, as shown in Figure 4-5-1 F 

& G. More elimination of ezrin-overexpressed tumor cells within a given time scale 

(24 h) requires higher killing efficiency relying on effector proteins like granzyme B. 

Indeed, NK cells delivered more granzyme B into ezrin-overexpressed tumor cells in 

both immunostaining and flow cytometry assays (Figure 4-5-1 H-J). 
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Figure 4-5-1 Increasing tumor cell membrane tension by overexpressing ezrin 
renders tumor cells more vulnerable to NK-mediated killing 
A Diagram of experimental design. B Western blot of Ezrin in NC and ezrin-
overexpressed MDA-MB-231 cells. C Statical analysis of the lifetime of the Flipper 
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probe in NC/ezrin-overexpressing tumor cells, positively correlated with cell 
membrane tension. n=73 for the NC group; n=74 for the Ezrin group. D Flow cytometry 
of mixed NC and ezrin-overexpressing tumor cells with or without co-culture for 24 h. 
E Statistical analysis of the ratio of NC VS ezrin-overexpressing tumor cells in C. n=3 
independent experiments. F Immunostaining of MTOC (γ-tubulin) in NK cells when 
co-culturing with the NC/ezrin-overexpressing tumor cells. G Statistical analysis of the 
distance between the MTOC of NK cells and the synapses. Yellow arrow: MTOC of 
NK cells. n=30 for the NC group, n=36 for the Ezrin group. H Immunostaining of 
granzyme B in tumor cells. Cyan, nucleus; GFP, tumor cell; Purple, γ-tubulin. I 
Statistical analysis of the injected granzyme B into tumor cells in H. n=26 for the NC 
group, n=42 for the Ezrin group. J Flow cytometry of granzyme B in NC and ezrin-
overexpressing tumor cells after co-culture with NK cells for 4 h. The paired t-test (E) 
and paired t-test (C, G, and I) were adopted for statistical analysis. 

 

To further validate this, tumor cells were treated with Jasplakinolide (Jas), which 

promotes actin polarization, or transfected with inducible constitutively active ROCK 

(CA-ROCK), which promotes both actin polarization and myosin activity[262,263]. Jas 

treatment and CA-ROCK increased tumor membrane tension (Figure 4-5-2 A & D). 

Similarly, the cytotoxicity assay indicated that increasing tumor cell membrane tension 

by Jas or CA-ROCK could significantly promote NK cell killing (Figure 4-5-2 B, C, E 

& F). The MTOC of NK cells was closer to Jas-treated or CA-ROCK tumor cells 

(Figure 4-5-2 G & H). Moreover, more granzyme B was delivered into Jas-treated 

tumor cells (Figure 4-5-2 I & J). Importantly, after co-culture with NK cells those that 

survived immune evasive tumor cells could be shifted to immune sensitive phenotype 

by increasing membrane tension using Jas, as indicated by increased granzyme B 

delivery in tumor cells that were pre-co-cultured, followed by Jas treatment and then 

second co-culture with NK cells (Figure 4-5-2 K & L).  
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Figure 4-5-2 Increasing tumor cell membrane tension with Jas and CA-ROCK 
renders tumor cells more vulnerable to NK cell cytotoxicity. 
A Lifetime of the Flipper probe in DMSO and Jas-treated tumor cells, positively 
correlated with cell membrane tension. n=102 for the DMSO group; n=41 for the Jas 
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group. B Flow cytometry of DMSO and Jas treated tumor cells with or without co-
culture for 24 h. C Statistical analysis of the ratio of DMSO VS Jas Jas-treated tumor 
cells in B. n=3 independent experiments. D Lifetime of the Flipper probe in NC and 
CA-ROCK-expressing tumor cells, positively correlated with cell membrane tension. 
n=40 for the NC group; n=41 for the CA-ROCK group. E Flow cytometry of NC and 
CA-ROCK-expressing tumor cells with or without co-culture for 24 h. F Statistical 
analysis of the ratio of NC and CA-ROCK-expressing tumor cells in E. n=3 
independent experiments. G Immunostaining of MTOC (γ-tubulin) in NK cells when 
co-culturing with the DMSO and Jas treated tumor cells. H Statical analysis of the 
distance between the MTOC of NK cells and the synapses in G. Yellow arrow: MTOC 
of NK cells. n=119 for the DMSO group, n=45 for the Jas group. I Representative 
images of FRET ratio (YFP/CFP) heatmap of granzyme B reporter expressing NK cells 
when co-culturing with the DMSO and Jas treated tumor cells. J Statical analysis of the 
FRET ratio in granzyme B reporter expressing NK cells in I. K Granzyme B intensity 
in DMSO and Jas treated tumor cells with or without co-culture with NK cells. L Flow 
cytometry of granzyme B in DMSO, NK-selected, and NK-selected + Jas treated tumor 
cells after co-culture with NK cells for 4 h. The one-way ANOVA followed by Tukey’s 
test (K), paired t-test (C & F), and unpaired t-test (A, D, H, & J) were adopted for 
statistical analysis.  

 

The above results were all based on in vitro experiments, which might not happen in 

vivo due to much more complicated situations. We tried to do this in severely 

immunodeficient NOD/SCID mice, which contain functionally defective NK cells but 

no B cells and T cells. To delete the endogenous mouse NK cells, Asialo GM1 

Polyclonal Antibody was used to empty mouse NK cells in NOD/SCID mice before the 

experiment. A total of 1 million MDA-MB-231 cells with relatively low membrane 

tension (NC-mCherry) and high membrane tension (CA-ROCK-GFP) were mixed 1:1 

(confirmed by flow cytometry before injection) and subcutaneously injected, followed 

by tail vein injection of PBS or 10 million NK92 cells once a week (Figure 4-5-3 A). 

Subcutaneous injection can avoid metastasis-induced changes in cell ratio in mixed 

tumors. All mice were fed with doxycycline-containing food to induce CA-ROCK 

expression. Tumors were collected and digested for flow cytometry or fixed for 

immunostaining. After 4 weeks of growth, the ratio of CA-ROCK rose from 50% up to 

77.9% in the PBS-injection groups, indicating a higher proliferation compared with NC 

cells (Figure 4-5-3 B, left panel). As expected, in the NK cell-injection groups, the ratio 
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of CA-ROCK was only 58.7%, a relative 41.7% decrease (Figure 4-5-3 B, right panel 

and C). Similar results were found by immunostaining (Figure 4-5 D & E). 
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Figure 4-5-3 Increasing tumor cell membrane tension rendered tumor cells more 
vulnerable to NK cell cytotoxicity in vivo 
A Diagram of experimental design. B Flow cytometry of NC-mCherry VS CA-ROCK-
GFP expressing tumor cells in a primary tumor on day 28 with or without NK cells 
injection. C Statical analysis of the relative of NC-mCherry VS CA-ROCK-GFP 
expressing tumor cells in B. n=4 for both groups. D Immunostaining of primary tumor 
slides. E Statistical analysis of the relative of NC-mCherry VS CA-ROCK-GFP 
expressing tumor cells in D. n=15 for the NC group; n=13 for the CA-ROCK group.  
The unpaired t-test (C & E) was adopted for statistical analysis.  

 

To summarize, through both in vitro and in vivo experiments, we provided evidence 

that increasing tumor cell membrane tension rendered tumor cells more vulnerable to 

NK cell cytotoxicity. 

 

4.6 Targeting tumor cell membrane tension inhibits brain 

metastasis  

The observed low tumor cell membrane tension after co-culture with NK cells (Figure 

4-2) may be required for brain metastasis formation. To test this, we overexpress ezrin, 

which was downregulated after co-culture. Ezrin overexpression increased cell 

membrane tension (Figure 4-5-1 C) and decreased cell aspect ratio after co-culture with 

NK cells (Figure 4-6-1 A & B). Indeed, ezrin overexpression inhibited tumor cells' 

trans-BBB migration, especially after co-culture with NK cells. The number of trans-

BBB migrated tumor cells after co-culture decreased to the control level (Figure 4-6-1 

C & D).  
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Figure 4-6-1 Targeting tumor cell membrane tension inhibits trans-BBB migration 
in vitro 
A Morphology of NC and ezrin-overexpressing tumor cells after co-culture with NK 
cells. B Statistical analysis of cell aspect ratio in A. n=108 for the NC group, n=121 for 
the Ezrin group. C Representative images of trans-BBB migration of the NC/NC-
Coculture/Ezrin/Ezrin-Coculture cells. Blue, DAPI; Green, astrocyte; Purple, tumor 
cell. D Statistical analysis of tumor cell trans-BBB migration in C. N=6 independent 
experiments. The one-way ANOVA followed by Tukey’s test (D) and unpaired t-test (B) 
were adopted for statistical analysis.  

 

More importantly, overexpressing ezrin significantly decreased brain metastasis 

occurrence and increased brain-metastasis-free survival (Figure 4-6-2 A-F). Meanwhile, 

metastasis occurrence to liver/ lung/bone was not affected (Figure 4-6-2 G). These data 

indicate that NK cell-promoted tumor cell brain metastasis could be specifically 

blocked by targeting tumor cell membrane tension.  
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Figure 4-6-2 Targeting tumor cell membrane tension inhibits brain metastasis in 
vivo 
A IVIS images of nude mice intracardially injected with the NC/NC-
Coculture/Ezrin/Ezrin-Coculture tumor cells. B-E Organ distribution of metastasis on 
day 24 after intracardiac injection of respective tumor cells. C Brain metastasis ratio of 
NC/NC-Coculture/Ezrin/Ezrin-Coculture cells on day 24 after intracardiac injection. F 
Kaplan-Meier plots of BMFS of nude mice intracardially injected with the NC/NC-
Coculture/Ezrin/Ezrin-Coculture tumor cells. The one-way ANOVA followed by a log-
rank test (G) was adopted for statistical analysis. 

 

4.7 NK cell promoted brain metastasis through PI3K-Akt 

signaling 

Low tumor cell membrane tension enhances tumor cell migration and metastasis, but 

how it specifically promotes brain metastasis is still unknown. To explore the 

mechanism, we analyzed our RNA-seq data and found that JAK-STAT1 (downstream 

of IFN-γ), TNF (downstream of TNF-α), and PI3K-Akt signaling were the top-enriched 

pathways in co-culture tumor cells (Figure 4-7-1 A). To test whether these cytokines 

could promote the brain metastatic potential of tumor cells, we used a conditional co-

culture system (Figure 4-7-1 B). In this design, tumor cells were seeded both on the 

bottom of the well and the upside surface of a 0.4 μm insert. NK cells were added to 

the well but outside of the insert. Upon engagement with tumor cells on the bottom, NK 

cells would secrete multiple cytokines, which could freely diffuse into the insert with 

no entry of NK cells. Comparing the expression of a key brain metastasis-associated 

protein-Serpin B2, for control, co-cultured tumor cells, and tumor cells among the insert, 

it was found that no obvious increase in Serpin B2 expression of tumor cells among the 

insert (Figure 4-7-1 C & D) was detected. In consideration of the diffusion efficiency 

of cytokines into the insert, we also co-cultured tumor cells with NK92 cells for 24h 

first and collected the cell-free conditioned medium (CM). Then we treated MDA-MB-

231 cells with the CM. However, no significant changes in brain metastasis-associated 

Cox2 expression (Figure 4-7-1 E & F), adhesion to the brain endothelial monolayer 
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(Figure 4-7-1 G & H), or morphology (Figure 4-7-1 I) were observed.  
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Figure 4-7-1 JAK-STAT and TNF signaling are not involved in NK-induced brain 
metastasis in vitro 
A The top 10 enriched signaling in co-cultured MDA-MB-231 cells. B Experimental 
design of the co-culture system in a 0.4 μm trans-well to investigate the effect of NK 
cell-secreted cytokines. C Immunostaining of Serpin B2 of control/tumor cells in the 
insert/co-cultured tumor cells. D Statistical analysis of Serpin B2 expression in C. n=50 
for the CTRL group; n=59 for the insert group; n=46 for the Coculture group. E 
Immunostaining of Cox2 of control/CM/co-cultured tumor cells. F Statistical analysis 
of Cox2 expression in E. n=88 for the CTRL group; n=114 for the CM group; n=84 for 
the Coculture group. G Representative images of control/CM/co-cultured tumor cells 
adhesion to the brain endothelial cell monolayer under 2 dyn/cm2 FSS. H Statistical 
analysis of adhered tumor cell numbers in G. I Aspect ratio of control/CM/co-cultured 
tumor cells. n=51 for the CTRL group; n=41 for the CM group; n=61 for the Coculture 
group. The one-way ANOVA followed by Tukey’s test (D, F, H & I) was adopted for 
statistical analysis. 
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Figure 4-7-2 JAK-STAT and TNF signaling are not involved in NK-induced brain 
metastasis in vivo 
A Luciferin imaging of nude mice with intracardiac injection of control/CM/co-
cultured tumor cells on day 24. n=5 for all groups. B Organ distribution of metastasis 
based on Luciferin imaging of A. C Brain metastasis occurrence of control/CM/co-
cultured tumor cells on day 24 based on Luciferin imaging of A.  

 

More importantly, CM-treated tumor cells showed no increased brain metastasis 

occurrence or obvious organotropism change in vivo (Figure 4-7-2 A-E).  

Next, we focused on the PI3K signaling. PI3K signaling has been proposed to promote 

breast cancer brain metastasis[110,111]. Indeed, PI3K signaling was enhanced in co-

cultured tumor cells, represented by increased expression of PI3K-P85, Akt, and p-Akt 

(Figure 4-7-3 A-D). CM could not promote P85 expression (Figure 4-7-3 A), which 

further confirmed that NK cell-secreted cytokines did not promote brain metastasis. 

Interestingly, TGL-BrM cells also showed higher PI3K-P85 expression and 

downstream FOXO1 activation/nuclear export (Figure 4-7-3 A right panel, E & F), 

strongly implying the important role of the PI3K pathway in brain metastasis. To 

investigate whether membrane tension promoted brain metastasis through PI3K 

signaling, time-lapse imaging of live MDA-MB-231-FOXO1 reporter cells (GFP 

translocating from nucleus to cytoplasm once FOXO1 was activated by Akt) and tumor 

cell membrane tension was conducted at the same time. As shown in Figure 4-7-3 G-I, 

FOXO1 quickly translocated from the nucleus to the cytoplasm within 30 min after 

adding NK cells. At the same time, tumor cell membrane tension also sharply decreased.  
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Figure 4-7-3 NK cells activate PI3K-Akt signaling in breast cancer cells 
A Western blot of PI3K-P85 in CTRL, co-cultured, co-cultured+ly294002, CM, TGL-
BoM, and TGL-BrM cells. B Western blot of Akt and p-Akt in CTRL/co-cultured tumor  
cells. C Immunostaining of p-Akt in CTRL/co-cultured tumor cells. D Statistical 
analysis of p-Akt intensity in CTRL/co-cultured tumor cells. n=71 for the CTRL group; 
n=65 for the co-culture group. E Representative images of FOXO1 nucleus/cytoplasm 
localization. F Statistical analysis of nucleus/cytoplasm (N/C) ratio of mean FOXO1 
intensity. n=53 for the CTRL group; n=43 for the co-culture group. G Real-time 
imaging of FOXO1 reporter in live MDA-MB-231 cells using a confocal microscope 
under 37°C & 5% CO2. NK cells were added at the time of 0 h. Arrows directed two 
obvious FOXO1 nuclei to cytoplasm translocation after NK cells addition. H & I Time-
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lapse analysis of FOXO1 nucleus/cytoplasm translocation and membrane tension of the 
same tumor cells captured at the same time in G. n=70 cells. The RM one-way ANOVA 
followed by Tukey’s test (H & I) and unpaired t-test (D & F) were adopted for statistical 
analysis.  

 

Since ezrin anchors to the plasma membrane mainly through PIP2 and PI3K only 

phosphorylates PIP2 to generate PIP3 and to initiate downstream signaling, decreased 

ezrin expression and activity could release PIP2 for PI3K to target. Figure 4-3-2 C & 

D shows an increased plasma membrane PIP3 in tumor cells after co-culture, which 

might explain how membrane tension promotes brain metastasis through PI3K 

signaling. Initiation of PI3K signaling (Akt-specific activator sc79 treatment) would 

further decrease ERM expression and activity, as indicated by (Figure 4-7-4 A) and, as 

a result, decrease membrane tension (Figure 4-7-4 B) to form a positive feedback loop 

to promote brain metastasis-associated gene expression (Figure 4-7-4 D). Inhibiting 

PI3K activity of tumor cells with the specific drug Ly294002 after co-culture could 

partially rescue ERM expression and phosphorylation (Figure 4-7-4 A), which led to 

increased membrane tension (Figure 4-7-4 C) and, as a result, significantly inhibited 

brain metastasis-associated gene expression (Figure 4-7-4 D). These results were 

further confirmed by in vitro assays. Inhibiting tumor cells' PI3K activity after co-

culture could decrease tumor cell adhesion to the brain endothelial monolayer but not 

HUVEC (Figure 4-7-4 E-G) and impaired Trans-BBB migration but not trans-HUVEC 

migration (Figure 4-7-5 A, C, D & E). Inhibiting Akt had a similar effect (Figure 4-7-

5 B). 
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Figure 4-7-4 NK cells reduce tumor cell membrane tension and upregulate brain 
metastasis genes and adhesion to brain endothelium 
A Western blot of ERM and p-ERM in CTRL, co-culture, co-culture+ly294002, SC79-
treated, and TGL-BrM tumor cells. B Statistical analysis of tumor cell membrane 
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tension of tumor cells with or without activating Akt using SC79. C Statistical analysis 
of tumor cell membrane tension of CTRL and co-cultured MDA-MB-231 cells with or 
without inhibiting PI3K using Ly294002. D Brain metastasis-associated genes PTGS2, 
IL6, and SerpinB2 expression in CTRL, co-culture, co-culture+Ly294002, and SC79 
treated tumor cells. E Representative images of CTRL, co-culture, co-
culture+Ly294002, and SC79 treated tumor cells adhesion to brain endothelial HEVEC 
monolayer or HUVEC monolayer under 2 dyn/cm2 FSS. HEVECs were stained with 
Cell Tracker Green; HUVECs were stained with Cell Tracker DeepRed. F & G 
Statistical analysis of tumor cells adhesion to brain endothelial HEVEC monolayer (F) 
or HUVEC monolayer (G) in E. n=6 independent experiments for F; n=3 independent 
experiments for G. The one-way ANOVA followed by Tukey’s test (F & G), and 
unpaired t-test (B, C, & D) were adopted for statistical analysis.  
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Figure 4-7-5 NK cells promote breast cancer trans-BBB migration through PI3K-
Akt signaling 
A Trans-BBB migration of CTRL, co-culture, co-culture+Ly294002, SC79-treated 
tumor cells, and TGL-BrM. B Trans-BBB migration of CTRL, co-culture, and Akt 
inhibited tumor cells after co-culture. C Trans-HUVEC migration of CTRL, co-culture, 
co-culture+Ly294002, SC79 treated tumor cells. D & E Statistical analysis of tumor 
cells Trans-BBB (A) or Trans-HUVEC (C). n=5 independent experiments for A; n=5 
independent experiments for C. The one-way ANOVA followed by Tukey’s test (D & 
E) was adopted for statistical analysis.  
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4.8 Membrane tension-PI3K signaling promotes NK-induced 

breast cancer brain metastasis through GLUT3-mediated 

glucose uptake 

The above results prove that the ezrin/membrane tension-PI3K-Akt signaling is 

responsible for the enhanced tumor cell brain metastasis potential after co-culturing 

with NK cells. However, the key downstream effector protein of this signaling is still 

unknown. To figure out this question, we focused on the metabolic specificity of the 

brain tissue since metabolic adaptation is crucial for any secondary tumor formation. 

Brain tissue is the biggest energy-consuming tissue. Under fasting conditions, more 

than half of the blood sugar is supplied to the brain[264]. Despite this, the interstitial 

glucose level is the lowest(1±0.1 mM) among all tissues[265]. Blood has the highest 

glucose level, typically ranging from 3.9 mM to 5.6 mM (World Health Organization) 

for a healthy human. The glucose levels of other organs are higher than the brain tissue 

but lower than the blood[266]. Thus, we proposed that the relatively low glucose level 

could be the limiting condition for brain metastasis formation. 

Glucose transporters are responsible for glucose uptake from extracellular spaces. 

Among all types of glucose transporters, GLUT1 and GLUT3 show the highest 

expression in brain tissue, especially in neurons. Meanwhile, GLUT3 has the highest 

affinity to bind to glucose[267]. Malignant brain tumor cells have been found to 

overexpress GLUT3 to compete for glucose with resident cells[268]. Bulk RNA-seq 

analysis showed a significant increase of SLC2A3 (GLUT3 gene) but not SLC2A1 

(GLUT1 gene) after co-culture (Figure 4-8-1 A & B), which is further confirmed by 

RT-qPCR and western blot (Figure 4-8-1 C & D). Interestingly, GLUT3 is also 

overexpressed in TGL-BrM cells and is under the control of ezri (Figure 4-8-1 D), as 

knocking out ezrin increased GLUT3 expression, but overexpression of ezrin had the 

opposite effect. 
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Figure 4-8-1 Co-culture with NK cells up-regulates GLUT3 in breast tumor cells 
A volcano plot of up- and down-regulated genes of control VS co-cultured MDA-MB-
231 cells. B Cluster heatmap of differentially expressed genes of SLC2A1, SLC2A3, 
and EZR. C Normalized SLC2A1 and SLC2A3 gene expression of control VS co-
cultured MDA-MB-231 cells detected by RT-qPCR. D Protein expression of GLUT1 
and GLUT3 among different cells and treatments detected by western blot. The 
unpaired t-test (C) was adopted for statistical analysis.  

 

Expression of SLC2A3 has been proven to be under the transcriptional control of CREB, 

downstream of PI3K-Akt signaling[269]. Indeed, more phosphorylated CREB was 

enriched in the nucleus of tumor cells after co-culture (Figure 4-8-2 A & B). Inhibiting 

CREB activity with a specific drug (666-15) decreased SLC2A3 expression after co-
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culture (Figure 4-8-1 C). Interestingly, most brain-metastasis-associated genes were 

also down-regulated after CREB inhibition, indicating that these genes may be under 

the transcriptional control of CREB (Figure 4-8-1 C). Treatment of co-cultured tumor 

cells with Ly294002 (PI3K antagonist) decreased SLC2A3 expression. In contrast, 

stimulating tumor cells with SC79 (Akt agonist) increased SLC2A3 expression (Figure 

4-8-1 D). 

 

Figure 4-8-2 NK cells upregulate brain metastasis genes and GLUT3 in breast 
cancer cells via CREB 
A Representative image of phosphor-CREB among control/co-cultured tumor cells. B 
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Statistical analysis of the N/C ratio of phosphor-CREB among control/co-cultured 
tumor cells in A. C Relative mRNA expression of SLC2A3 and brain-metastasis-
associated genes of control/co-culture/co-culture+666-15 treated tumor cells. D 
Relative mRNA expression of SLC2A3 of control/co-culture/co-
culture+Ly294002/SC79 treated tumor cells. The unpaired t-test (B) and one-way 
ANOVA followed by Tukey’s test (C & D) were adopted for statistical analysis.  

 

To transfer glucose from the extracellular spaces into cells, GLUT3 needs to translocate 

from intracellular vesicles to the cell membrane (Figure 4-8-3 A). Through western blot 

and immunofluorescence, we found that under normal conditions, GLUT3 was mainly 

located in the cytoplasm. However, after co-culturing with NK cells, GLUT3 was 

enriched in the cell membrane both under the 25 mM glucose level and the brain 

glucose level (1 mM) (Figure 4-8-3 B-D). Accordingly, this cell membrane-enriched 

GLUT3 uptake more glucose as indicated by a fluorescent-labeled glucose analog, 2-

NBDG (Figure 4-8-3 E & F). The TGL-BrM cells also showed enhanced glucose 

uptake, which further confirmed the importance of this protein in brain metastasis 

(Figure 4-8-3 G & H). 
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Figure 4-8-3 NK-selected breast cancer cells exhibit enhanced glucose uptake 
ability 
A Diagram of GLUT3 cytoplasm-to-cell membrane translocation. B Membrane 
GLUT3 expression of control/co-culture/ezrin-overexpressed/ezrin-knockout tumor 
cells detected by western blot. ATP1A1, an internal reference of cell membrane 
proteins. C Representative images of GLUT3 location in control/co-cultured tumor 
cells under 25 mM glucose culture medium. D Representative images of GLUT3 
location in control/co-cultured tumor cells under 1 mM glucose culture medium. E 
Representative images of glucose uptake in control/co-cultured tumor cells detected by 
a fluorescent-labeled 2-NBDG. F Statistical analysis of 2-NBDG uptake in E. G 
Representative images of glucose uptake in TGL/TGL-BrM cells. H Statistical analysis 
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of 2-NBDG uptake in G. The unpaired t-test (F & H) was adopted for statistical analysis.  

 

The limitation of BBB permeability and the huge consumption by neurons lead to the 

low interstitial glucose level. Upregulation of GLUT3 in co-cultured tumor cells might 

enhance glucose metabolism and provide more energy in the brain microenvironment. 

To confirm this, we detected the glycolysis and mitochondrial respiration of tumor cells 

under 1 and 3 mM glucose that mimic the brain and other organs’ interstitial glucose 

levels. Indeed, co-cultured tumor cells showed enhanced glycolysis, indicated by 

extracellular acid ratio (ECAR), and mitochondrial respiration, indicated by oxygen 

consumption ratio (OCR) (Figure 4-8-4 A) under 1 mM glucose. Meanwhile, this 

enhanced glucose metabolism was abolished by knocking down GLUT3, indicating the 

dominant role of GLUT3 in mediating glucose uptake and metabolism. Interestingly, 

under 3 mM glucose, all these cells showed similar glycolysis and mitochondrial 

respiration (Figure 4-8-4 B). This might be caused by the uptake of glucose through 

other GLUTs. Glucose injections will finally influence cell proliferation. Indeed, under 

1 mM glucose, co-cultured tumor cells and TGL-BrM cells showed significantly higher 

proliferation, which was reversed by knocking down the GLUT3 gene (Figure 4-8-4 C 

and Figure 4-8-5 A). Knocking down the ezrin gene, which could increase GLUT3 

expression, also promoted tumor cell proliferation under 1 mM glucose (Figure 4-8-5 

E & F). On the contrary, under 3 mM or higher glucose conditions, there was no 

difference (Figure 4-8-4 D-F and Figure 4-8-5 B-D). The cell proliferation was further 

confirmed by Edu assay (Figure 4-8-4 G & H). These results indicated that low 

membrane tension-induced GLUT3 overexpression promoted tumor cell glucose 

uptake and finally enhanced tumor cell proliferation under low glucose levels in the 

brain. 
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Figure 4-8-4 GLUT3 promotes the proliferation of NK-selected cells under the 
condition with low glucose level that mimics brain tissue 
A & B Glucose metabolism pattern of CTRL/co-cultured/BrM/GLUT3-sh/co-
cultured+GLUT3-sh cells indicated by the ECRA and OCR levels. C-F Proliferation of 
CTRL/co-cultured/co-cultured+GLUT3-sh cells indicated by CCK8 assay under 1mM 
(C), 3 mM (D), 5.5 mM (E), and 25 mM (F) glucose. G Proliferation of CTRL and co-
cultured cells indicated by Edu assay under 1-25 mM glucose. H Statistical analysis of 
cell proliferation in G. The unpaired t-test (H) and one-way ANOVA followed by 
Tukey’s test (C-F and H) were adopted for statistical analysis. 
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Figure 4-8-5 Brain metastatic cells and ezrin deficient tumor cells exhibit 
enhanced cell proliferation 
A-D Proliferation of TGL/TGL-BrM cells indicated by CCK8 assay under 1mM (A), 3 
mM (B), 5.5 mM (C), and 25 mM (D) glucose. E & F Proliferation of NC/ezrin-
knocked out cells indicated by CCK8 assay under 1 mM (E) and 25 mM (F) glucose. 
The unpaired t-test (A-D) and one-way ANOVA followed by Tukey’s test (E & F) were 
adopted for statistical analysis.
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4.9 Expression of ezrin is negatively associated with NK cell 

infiltration and brain metastasis gene signature in breast 

cancer patients 

NK cells can infiltrate into solid tumors of patients to eliminate tumor cells. Based on 

our in vitro and in vivo mouse model, NK cells in cancer patients may also specifically 

target tumor cells with high membrane tension and free, and induce tumor cells with 

low membrane tension. To test this possibility, we analyzed bulk and single-cell RNA-

seq data of breast cancer patients. First, we found that NK cell infiltration levels were 

negatively correlated with ezrin but not with radixin or moesin gene expression of 

tumor cells (Figure 4-9-1 A-C), and, at the same time, positively correlated with the 

ezrin phosphatase PPP1R12A (Figure 4-9-1 K), which might indicate lower tumor cell 

membrane tension in NK cell-enriched solid tumors. This high NK cell infiltration was 

also positively associated with some key brain metastasis-associated genes, including 

CTSL, PTGS2, FSCN1, IL6, HBEGF, ITGB3, and NDRG1 (Figure 4-9-1 D-J), and 

PIK3CA (Figure 4-9-1 L).  
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Figure 4-9-1 NK cell infiltration correlates positively with brain metastasis gene 
expression but negatively with ezrin expression in patients 
A-L Correlation between respective tumor gene expression and NK cell infiltration in 
solid tumors of patients predicted results based on bulk RNA-seq data.  
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Moreover, single-cell analysis of the primary tumor indicated that ezrin expression was 

negatively correlated with breast cancer malignancy, with the lowest expression in 

TNBC cancer patients, who had the highest brain metastasis occurrence, followed by 

Her2+ and ER+ patients (Figure 4-8-2 A). Tumor cells with low ezrin expression were 

clearly enriched with brain metastasis-associated genes (Figure 4-8-2 B). Some 

enzymes that decrease ezrin activity were positively correlated with brain metastasis-

associated genes (Figure 4-8-2 C). On the contrary, the ezrin kinase, which increases 

ezrin activity, was negatively correlated with brain metastasis-associated genes (Figure 

4-8-2 D). However, there was no obvious correlation between ezrin and 

bone/lung/liver-metastasis-associated genes (Figure 4-8-2 E-G).  
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Figure 4-9-2 Negative correlation between ezrin and brain metastasis gene 
expression in patients 
A Bubble map of ezrin and brain metastasis-associated gene expression in TNBC, 
Her2+, and ER+ breast cancer patients based on single-cell RNA-seq analysis. B Bubble 
map of ezrin and brain metastasis-associated gene expression in 20 breast cancer 
patients based on single-cell RNA-seq analysis. C Bubble map of ezrin phosphatases 
gene CAPN1 and PPP1R12A and brain metastasis-associated gene expression in 20 
breast cancer patients based on single-cell RNA-seq analysis. D Bubble map of ezrin 
kinase gene SPHK2 and brain metastasis-associated gene expression in 20 breast cancer 
patients based on single-cell RNA-seq analysis. E-G Bubble map of ezrin and 
Bone/Lung/Liver-associated gene expression in 20 breast cancer patients based on 
single-cell RNA-seq analysis.  

 

Furthermore, patients with low ezrin expression had relatively low BMFS (Figure 4-8-
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3 A). Patients with high ezrin phosphatases gene PPP1R12A and PTP4A, encoding 

proteins that can decrease ezrin activity and, as a result, decrease membrane tension, 

also had relatively low BMFS (Figure 4-8 B & C).  

Figure 4-9-3 Ezrin expression and activity were negatively correlated with cancer 
patients’ BMFS 

A-E The correlation between ezrin (A), PPP1R12A (B), PTP4A1 (C), PLCB2 (D), and 
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CDC42BPA (E) expression and breast cancer patients’ brain-metastasis-free survival 
(BMFS). 

 

Similarly, patients with high PLC, encoding proteins that degrade PIP2 and limit ERM 

membrane binding to decrease membrane tension, had relatively low BMFS (Figure 4-

8 D). On the contrary, patients with high ezrin kinase gene CDC42BPA expression, 

which increases ezrin activity and membrane tension, had relatively high BMFS (Figure 

4-8 E). 

These data suggested that high NK cell infiltration decreased ezrin gene expression and 

activity, which decreased tumor cell membrane tension and specifically enhanced brain 

metastatic potential.  
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Chapter 5: Fluid shear stress enhances NK cell’s cytotoxicity 

towards circulating tumor cells through NKG2D-mediated 

mechano-sensing 

Abstract 

Metastasis constitutes a sequential process, wherein failure at any step may compromise 

the successful metastatic tumor formation. Various rate-limiting factors pose challenges 

to the fate of disseminated tumor cells and the efficiency of the metastasis process (e.g., 

<0.02%) [8,9]. Upon their entry into the vasculature, CTCs are subjected to multiple 

environmental stresses, such as anoikis, FSS, oxidative stress, and immune 

surveillance[10,11]. Only a limited subpopulation of CTCs is capable of surviving under 

these stresses to facilitate metastatic seeding. The frequency of CTCs in the vasculature 

correlates with the prognosis and survival of cancer patients[12,13]. Consequently, 

elucidating the synergistic effects of these critical factors on the survival of CTCs 

during hematogenous dissemination holds significant importance for the advancement 

of novel therapeutic strategies aimed at eradicating CTCs and preventing metastasis. 

The immune system is crucial for removing tumor cells throughout the stages of 

metastasis [14]. Because CTCs have a short lifespan in the bloodstream, lasting about 

30 minutes on average [11,15-17], effective immune responses must involve rapid 

recognition and destruction of these cells. NK cells are a key component of the human 

innate immune system, serving as significant destroyers of CTCs due to their ability to 

swiftly identify and eliminate malignant cells using germline-encoded activating 

receptors [18,19]. The count and activation levels of NK cells correlate strongly with the 

survival rates of cancer patients [20-23]. In the bloodstream, most NK cells are of the 

CD56dim subtype, which exhibits strong cytotoxic properties but has lower cytokine 

secretion capabilities compared to the CD56bright subtype[24-26]. Following the 

formation of conjugates via integrins such as LFA-1 [270,271], NK cells can be activated 
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through interactions with activating ligands, including MICA/B and ULBP1-6. These 

interactions directly induce target cell death by secreting perforin, which forms pores 

in the target cell membrane, and by transporting granzymes [272-281]. Furthermore, NK 

cells are capable of inducing death in target cells through the death receptor ligand Trail 

[282,283] and various cytokines, such as TNF-α[284,285] and IFN-γ[286-288]. 

Upon entering the bloodstream, CTCs encounter FSS, a condition absent in primary 

sites. This distinct mechanical stimulation significantly impacts CTCs, influencing their 

reprogramming in various ways. Notably, FSS has been shown to cause direct damage 

to CTCs in a magnitude-dependent fashion [62,63]. However, some subgroups of CTCs 

manage to survive and subsequently become targets for immune cells in the blood, 

primarily NK cells. Despite these challenges, small clusters of CTCs successfully evade 

circulation and establish metastatic colonies. Therefore, gaining a comprehensive 

understanding of the systematic effects of FSS and NK cells on CTCs is essential to 

elucidate how CTCs withstand such a hostile environment. 

 

5.1 FSS promotes NK cell anti-CTCs killing 

To investigate the influence of FSS on NK cell cytotoxicity, suspended breast tumor 

cells were used to mimic CTCs and co-cultured with NK92 cells at a 1:4 ratio under 

various levels of FSS (0, 1, 5, 10, and 20 dyn/cm2) in a microfluidic system [29] (Figure 

5-1-1 A). All shear stress refers to the wall shear stress. The distribution of shear stress 

within the tube varies according to the radial position, complicating the determination 

of the precise FSS experienced by individual tumor cells. We found that FSS above 5 

dyn/cm2 caused substantial death of NK cells (Figure 5-1-1 B). Consequently, only 0, 

1, and 5 dyn/cm2 were used in the remainder of this work. Tumor cells showed a shear 

magnitude-dependent apoptosis with and without co-culture (Figure 5-1-1 C). Notably, 

the death of tumor cells under the combined treatment of NK cells and FSS was 

significantly higher than the death induced by the single treatment of NK cells plus the 
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single treatment of FSS, represented by the death increment (Figure 5-1-1 D, red bar). 

At five dyn/cm2 FSS, the tumor cell death increment was more than twofold that 

induced by NK cells (Figure 5-1-1 E), while this effect was negligible at one dyn/cm2. 

This indicates a mutual effect between FSS and NK cells. Similarly, we noted shear 

magnitude-dependent caspase three activation and an increase in caspase activity 

(Figure 5-1-1 F & G) in tumor cells. 
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Figure 5-1 FSS promotes NK cell anti-CTCs killing 

A Diagram of the circulation system. B Viability of NK92 cells under different FSS 

treatment for 4 h. C Death ratio of tumor cells under a series of FSS treatment alone 

and/or with co-culture. D Death ratio of spontaneous tumor cell death, FSS (5 dyn/cm2) 

alone induced tumor cell death, co-culture alone induced tumor cell death, combined 

FSS (5 dyn/cm2), and co-culture induced tumor cell death. E Incremental tumor cell 

death with normalization under different FSS. F Caspase 3 positive ratio of MDA-MB-

231 cells. G Incremental tumor cell caspase 3+ ratio under different FSS. The one-way 

ANOVA followed by Tukey’s test (B, C, E, F, & G) was adopted for statistical analysis. 

 

The above FSS (1 or 5 dyn/cm2) does not accurately represent the true FSS experienced 

by CTCs. To verify the observed phenomena under WSS, we first coated a fluid chip 

with poly-D-lysine (PDL), which can mediate cell adhesion independent of integrins, 

mimicking suspension within a limited time. After tumor cell adhesion, NK cells were 

allowed to spontaneously adhere and interact with these tumor cells for killing under 0, 

0.1, and 0.2 dyn/cm2 WSS. Using fluorescent-labeled paxillin and lifeact-expressing 

tumor cell lines, we found that tumor cells adhered to PDL displayed similar 

morphology, F-actin, and focal adhesion as suspended cells (Figure 5-1-2 A-F). 



 125 / 165 

 

 

Figure 5-2 PDL-adhered tumor cells show similar properties to CTCs 
A-D Mean F-actin intensity, area, and aspect ratio of suspended or PDL-adhered MDA-
MB-231 cells. E & F Mean paxillin intensity of suspended or PDL-adhered MDA-MB-
231 cells (F) and representative confocal images (E). The one-way ANOVA followed 
by Tukey’s test (F) and unpaired t-test (B-D) were adopted for statistical analysis. ns, 
not significant. 
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Figure 5-3 WSS promotes NK cell anti-CTCs killing 
A Representative images of MDA-MB-231 cell apoptosis under 0, 0.1, 0.2 dyn/cm2 
WSS. B Tumor cells apoptotic ratio under different WSS with or without NK92 co-
culture, indicated by propidium iodide. C Incremental death of tumor cells under 
different WSS. The one-way ANOVA followed by Tukey’s test (B & C) was adopted 
for statistical analysis. 
 

Both the overall and incremental cell death were shear-dependent (Figure 5-1-3 A-C), 

which were similar to the responses of lysis ratio in the microfluidic tubing (Figure 5-
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1-3 B-E). Taken together, these findings suggest that FSS within the vasculature can 

promote NK cell cytotoxicity against CTCs. 

    

5.2 FSS promotes NK cell anti-CTCs killing via the elevated 

secretion of Granzyme B  

The major way NK cells kill CTCs is to form conjugates with them, secrete perforin 

through the immune synapse to form pores on the membranes of target cells, and deliver 

granzyme B, the primary effector enzyme, into target cells [278-281,289]. To clarify how 

FSS improved NK cells’ killing ability, we initially examined the effect of FSS on NK-

tumor cell-conjugates formation. The results indicated that conjugate formation 

between tumor cells and NK cells diminished as FSS increased. (Figure 5-2-1 A), while 

more tumor cells were apoptotic among the conjugates when exposed to high FSS 

(Figure 5-2-1 B). Additionally, CD107a, a recognized marker of NK cell activity, was 

significantly elevated in the NK cell membrane at 5 dyn/cm2 FSS (Figure 5-2-1 C), 

indicating shear magnitude-dependent activation of NK cells. MTOC polarization, 

which carries perforin and granzyme B and moves towards the immune synapse, is 

responsible for the secretion of effector proteins to target tumor cells [168,280,290]. 

Interestingly, NK cell MTOC was gradually closer to the immune synapse with FSS 

increase (Figure 5-2-1 D), indicating that MTOC polarization is shear magnitude-

dependent. Under 5 dyn/cm2 FSS, the MTOCs were positioned nearest to the synapses 

(Figure 5-2-1 E), suggesting the highest activation of the conjugated NK cells. 

Importantly, NK cells injected more granzyme B into tumor cells under 5 dyn/cm2 FSS 

(Figure 5-2-1 F-I), which could explain the increased CTCs death. 
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Figure 5-2-1 FSS promotes NK cell anti-CTCs killing via the elevated secretion of 
Granzyme B  
A The NK-tumor cells conjugation ratio under FSS. B PI positive MDA-MB-231 cells 
percentage among conjugated MDA-MB-231. C Relative CD107a intensity of co-
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cultured NK92 under different FSS. D & E MTOC polarization under different FSS. 
Yellow arrow, site of the MTOC. F & G Granzyme B positive tumor cells, detected by 
flow cytometry. H & I Granzyme B intensity in conjugated tumor cells, detected by IF. 
The one-way ANOVA followed by Tukey’s test (A, B, C, D, F, H, & I) was adopted 
for statistical analysis. 
 

Alternatively, NK cells can induce tumor cell death by secreting cytokines, including 

TNF-α [284,285] and IFN-γ [286-288], and tumor necrosis factor-related apoptosis-

inducing ligand (Trail) [201,280,291,292]. To investigate the roles of these mechanisms, 

the influence of FSS and tumor cells on the secretion of TNF-α and IFN-γ in NK cells 

was examined. There was no significant difference in TNF-α secretion when different 

levels of FSS were exerted with and without tumor cells (Figure 5-2-2 A). Interestingly, 

the secreted IFN-γ decreased at 1 and 5 dyn/cm2 FSS compared to 0 dyn/cm2 (Figure 

5-2-2 B). These findings suggest that FSS does not promote the secretion of TNF-α and 

IFN-γ. This might be because cytokine secretion is different from cytotoxic granule 

secretion in NK cells [293]. We further tested the cytotoxic effect of these cytokines 

under FSS. 30 pg/mL TNF-α or 70 pg/mL IFN-γ were used to treat MDA-MB-231 cells 

with or without FSS. The results showed that there was no difference in cell apoptosis 

when suspended tumor cells were circulated under FSS with or without TNF-α and 

IFN-γ (Figure 5-2-2 C & D). Further, the blocking antibody was adopted to inhibit the 

functions of Trail. However, no significant difference was observed in tumor cell death 

under FSS compared with control IgG (Figure 5-2-2 E). In addition, the conditioned 

medium was collected from the co-culture of suspended tumor cells and NK cells under 

FSS. There was no net increment of cell lysis under 1 and 5 dyn/cm2 FSS (Figure 5-2-

2 F), indicating that the cytokines secreted by NK cells may not contribute to the shear-

induced increase in NK cell cytotoxicity. 

Taken together, FSS impairs conjugate formation between NK and tumor cells while 

promoting NK cell activation and the delivery of granzyme B into target cells within 

the conjugates, which may enhance NK cells’ cytotoxicity. 
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Figure 5-2-2 Cytokines are not involved in FSS-enhanced NK cell cytotoxicity 
A TNF-α secretion of NK92 cells alone or when coculturing with MDA-MB-231 cells 
under 0, 1, 5 dyn/cm2 FSS. B TNF-α induced MDA-MB-231 cell apoptosis under 0, 1, 
5 dyn/cm2 FSS. C IFN-γ secretion of NK92 cells alone or when coculturing with MDA-
MB-231 cells under 0, 1, 5 dyn/cm2 FSS. D IFN-γ induced MDA-MB-231 cell 
apoptosis under 0, 1, 5 dyn/cm2 FSS. E Lysis ratio of MDA-MB-231 cells under 5 
dyn/cm2 FSS after blocking Trail with a specific antibody or not. F Conditioned 
medium originated from supernatant of NK92 and MDA-MB-231 co-culture mixture, 
induced MDA-MB-231 cell apoptosis under 0, 1, 5 dyn/cm2 FSS. The one-way ANOVA 
followed by Tukey’s test (A-F) was adopted for statistical analysis. 
 

5.3 NK cells deliver more granzyme B into tumor cells under 

FSS triggered by NKG2D 

After engaging with target cells, the activity of NK cells is determined by a balance of 
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activating and inhibitory signals [142,294,295]. NK cells express germline-encoded 

receptors that recognize the corresponding ligands on the membranes of transformed 

cells [294]. NKG2D, an important activating receptor expressed in NK cells, binds to 

several ligands that are structurally related to MHC class I and interacts with MICA, 

MICB, and some ULBPs in humans [296-300]. To test the role of NKG2D in shear-

induced NK cell cytotoxicity, we first explored the influence of FSS on NKG2D and 

the expression of its ligand. Interestingly, shear treatment did not have a significant 

impact on the mRNA and protein levels of NKG2D in NK cells (Figure 5-3 A & B) and 

ligands on MDA-MB-231 cells (Figure 5-3 C). We next knocked down NKG2D in NK 

cells by electroporation (Figure 5-3 D) and found that silencing NKG2D significantly 

decreased the cytotoxicity increment under 5 dyn/cm2 FSS (Figure 5-3 E). The amount 

of granzyme B in total tumor cells and conjugated ones was remarkably elevated under 

FSS, which was blunted by the inhibition of NKG2D (Figure 5-3 F & G). After ligation 

with MICA on target cells, PI3K and VAV1-Grb2 will be recruited to the intracellular 

domain of NKG2D with the We next knocked down NKG2D in NK cells by 

electroporation (Figure 5-3 D) and found that silencing NKG2D significantly decreased 

the cytotoxicity increment under 5 dyn/cm2 FSS (Figure 5-3 E). The amount of 

granzyme B in total tumor cells and conjugated ones was remarkably elevated under 

FSS, which was blunted by the inhibition of NKG2D (Figure 5-3 F & G). After ligation 

with MICA on target cells, PI3K and VAV1-Grb2 will be recruited to the intracellular 

domain of NKG2D with the help of the adaptor protein DAP10[301-304] and Gab2[305] 

to transduce activating signals, which then facilitate the delivery of granzyme B into 

target cells. We then examined the activation of PI3K and Gab2 signaling under FSS. 

The shear treatment promoted the phosphorylation levels of both PI3K and Gab2 within 

the synapse region under 5 dyn/cm2 FSS compared with the static condition (Figure 5-

3 H-K). Together, these results suggest that FSS may promote NK cell cytotoxicity 

through NKG2D-mediated granzyme B injection.  
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Figure 5-3 NK cells inject more granzyme B into tumor cells trigered by NKG2D 
A&B Expression of NKG2D mRNA/protein in NK92 cells under 0 or 5 dyn/cm2 FSS 
treatment for 4 h. C mRNA expression of activating/inhibitory ligands in MDA-MB-
231 cells under 0 or 5 dyn/cm2 FSS treatment for 4 h. D Knocking down efficiency of 
KLRK1 using electroporation transfection assay. E Lysis ratio of NK92 against MDA-
MB-231 under 0 or 5 dyn/cm2 FSS after knocking down NKG2D in NK92 cells. F&G 
Granzyme B entry into MDA-MB-231 after co-culturing with NK92 under 0 or 5 
dyn/cm2 FSS with or without knocking down of NKG2D in NK92 cells using flow 
cytometry (F) and an immune fluorescent assay (G). H&I Synapse/ total ratio of 
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phosph-PI3K fluorescent intensity of NK92 cells after co-culturing with MDA-MB-
231 cells under 0 and 5 dyn/cm2 FSS. J&K Synapse/ total ratio of phosph-Gab2 
fluorescent intensity of NK92 cells after co-culturing with MDA-MB-231 cells under 
0 and 5 dyn/cm2 FSS. The one-way ANOVA followed by Tukey’s test (D, E, and G) 
and unpaired t-test (A, B, C, H, and J) were adopted for statistical analysis. 
 

5.4 NKG2D is mechano-sensitive to FSS 

Our results indicate that NKG2D plays a role in the shear force-induced activation of 

NK cells. We next investigated whether NKG2D can directly detect and react to FSS. 

To examine this, we coated the surface of the microfluidic chip with MICA, a ligand 

known to bind NKG2D. NK cells were allowed to adhere to this surface and then treated 

under FSS. (Figure 5-4 A). As FSS increased, adhered NK cells exhibited higher 

CD107a expression on their membranes, indicating enhanced NK cell cytotoxicity. 

(Figure 5-4 B). However, the LFA-1 ligand, ICAM-1, could not promote CD107a 

expression under FSS. These findings suggest that shear forces might activate NK cells 

through direct NKG2D-MICA force sensing. When NKG2D interacts with MICA, 

DAP10, which connects to the intracellular domain of NKG2D, recruits Grb2-VAV1 

and PI3K. This recruitment facilitates the formation of the immune synapse and 

activates NK cells activation [304,306]. Lck is proposed to phosphorylate both 

VAV1[307,308] and PI3K[309,310] to initiate the downstream signaling pathway. Using 

an Lck activity FRET sensor, we observed that FSS can enhance Lck activity after NK 

cells form conjugates with target cells. The high FRET ratio indicates low Lck activity. 

Silencing NKG2D reduced the decrease in the FRET ratio and restored Lck activity to 

control levels (Figure 5-4 C & D). FSS also facilitated the accumulation of 

phosphorylated VAV1 within the immune synapse, an effect that was entirely negated 

by silencing NKG2D. (Figure 5-4 E). PI3K is another kinase activated by Lck. We 

observed that Akt phosphorylation, which occurs downstream of PI3K, was notably 

increased under FSS, and this boost was reversed when NKG2D was knocked down. 

(Figure 5-4 F & H). Moreover, FSS enhanced the polarization of NK cell MTOC 

following conjugation with target cells (Figure 5-2 D). However, knocking down 
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NKG2D reduced this shear force-induced MTOC polarization. (Figure 4 G & I). 

Overall, these findings show that the activating receptor NKG2D can directly detect 

and react to FSS by triggering the Lck/Grb2/VAV1/PI3K signaling pathway following 

binding with MICA, which may enhance NK cell cytotoxicity. 
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Figure 5-4 NKG2D is an FSS sensor 
A Diagram of the NK cell activation assay among fluid chips. B CD107a expression 
level of NK92 cells under different WSS when adhering to MICA-coated chips. C & D 
FRET ratio (YFP/CFP) of NK92 cells when co-culturing with MDA-MB-231 cells 
under different FSS. A higher FRET ratio represents lower Lck activity. E Distribution 
of Phosphorylated VAV1 among NK92 cells when co-culturing with MDA-MB-231 
cells under different FSS. F & H Phosphorylated Akt level of NK92 cells when co-
culturing with MDA-MB-231 cells under different FSS. G&I MOTC polarization of 
NK92 cells when co-culturing with MDA-MB-231 cells under different FSS with or 
without knocking down of NKG2D. The one-way ANOVA followed by Tukey’s test (B, 
C, E & F) and unpaired t-test (G) was adopted for statistical analysis.
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Chapter 6: Conclusion and future perspectives 

6.1 Discussion and conclusion 

Tumor cells are continuously under surveillance of the immune system from the cancer 

initiation, progression, and metastasis, from the primary sites, through the blood/lymph 

circulation, and to the secondary organs. However, in most cancer patients, killer cells 

cannot eliminate tumor cells, nor can the current immunotherapies, represented by the 

CAR-T therapy. These surviving tumor cells gained both immune evasive biological 

characteristics, represented by downregulated MHC-1 molecules at the cell 

membrane[311], upregulated the immune checkpoint PD-L1 and other inhibitory ligands 

and cytokines[312-314], and recruitment of suppressive immune cells[52,315]. 

Meanwhile, the mechanics of invasive/malignant tumor cells, which are usually 

resistant to killer cells, are also different. Tumor cell mechanics have been proposed to 

correlate with cancer metastasis and organotropism. Whether the cancer killers may 

influence organotropism through targeting tumor cell mechanics remains largely 

unknown.  
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Figure 6-1 NK cells promote cancer brain metastasis through decreasing tumor 
cell membrane tension-PI3K-Akt-CREB-GLUT3 signaling 

 

Our results demonstrate that NK cells, rather than other immune cells, are highly 

enriched in the primary tumor tissue of brain metastasis patients. In the NK cell niches, 

tumor cells specifically upregulate their brain metastasis-associated genes but not 

bone/lung/liver metastasis-associated genes. These underscore the essential function of 

NK cells in brain metastasis. W confirm this using a series of in vivo and in vitro assays. 

Characterization of tumor cells following co-culture with NK cells reveals that the 

surviving tumor cells exhibit significantly lower membrane tension. This is caused by 

the downregulated ezrin expression, decreased activity, and the low abundance of PIP2 

in the plasma membrane after co-culture. Low membrane tension makes tumor cells 

resistant to NK cell cytotoxicity and prefers to metastasize to the brain, which can be 

reversed by increasing ezrin expression or actomyosin activity. PI3K-Akt signaling is 

found to be the downstream to promote brain metastasis, which provides another target 

for clinical applications. 
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On the other hand, among blood circulation, only a tiny subset of CTCs can survive the 

challenges of FSS and the immune system to seed metastasis[9,316]. Given enough time 

(>12 h), FSS alone (>20 dyn/cm2) can effectively eliminate CTCs[28,63,200,317,318]. 

Unfortunately, in vivo measurements indicate that the half-life of CTCs in the 

vasculature may only be around 30 min[11,15-17]. Long-term and high-magnitude FSS 

challenges may barely be encountered by CTCs in vivo. There should be an alternative 

strategy for effective CTC killing. NK cells are crucial for attacking CTCs in the 

bloodstream. FSS is one of the mechanical cues that does not exist in primary tumor 

sites. Whether FSS can influence NK cell function is still unknown.  

 

Figure 6-2 FSS promotes NK cell cytotoxicity against CTCs through NKG2D-
mediated mechano-sensing 

 

We report that FSS can promote NK cell cytotoxicity against CTCs within a 

physiological magnitude and duration. Death receptor ligand Trail and other cytokines 
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were not responsible for the increased CTCs under FSS. This may be caused by the 

insufficient trail and cytokine secretion within a short duration. On the contrary, more 

granzyme B is injected in CTCs under 5 dyn/cm2 FSS, which explains the increased 

death. NKG2D is an important activating receptor to recognize transformed cells, and 

it is a potential mechanical sensor[169,176,177,185]. Our results reveal that NKG2D 

directly senses FSS through its binding to MICA on CTCs. Force transmission through 

NKG2D induces higher NK cell activation, effector protein-granzyme B injection, and 

finally, CTC death. 

Although we found NK cells can efficiently eliminate CTCs with the help of FSS, very 

few CTCs can still evade NK cell killing and successfully seed metastasis. This may 

result from the protective effect of blood cells like platelets and neutrophils or cell 

softness. Further studies are needed on whether CTCs utilize other mechanisms to 

survive changes in circulation. 

In summary, this study reports that FSS enhances NK cell cytotoxicity to CTCs in a 

shear-dependent manner. The increment is attributed to higher activation of NK cells 

under FSS mediated by the ligation between NKG2D and its ligands on CTCs. As a 

result, more granzyme B enters CTCs to induce apoptosis. Secreted cytokines or death 

receptor ligands are dispensable. Importantly, NKG2D can directly sense FSS when 

binding its ligands MICA and promote NK cell activation and cytotoxicity. Knocking 

down NKG2D erases FSS-enhanced NK cell activation signaling, granzyme B entry, 

and CTC death. These findings unveil a mechanically regulated CTCs killing ability of 

NK cells, which may provide a new strategy for NK cell-based immunotherapy. 

6.2 Limitations and Future Perspectives 

This study primarily focuses on the mechanical regulation of tumor cell brain metastasis 

and survival under FSS. First, we identified that after co-culture with NK cells, the 

decreased cell membrane tension-PI3K-Akt-CREB-GLUT3 signaling was responsible 

for enhanced brain metastasis. However, this work does not provide evidence that NK 
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cells promote brain metastasis in the primary tumor in vivo. Second, this work does not 

elucidate whether Ezrin-PI3K-CREB-GLUT3 signaling regulates tumor cell adhesion 

to brain endothelial and trans-BBB migration. Third, this work only focuses on breast 

cancer, and the major experiments of this study are based on the MDA-MB-231, a 

TNBC cell line. We do not investigate whether NK cells promote brain metastasis in 

other cancer types. Finally, we only use the NK92 cell line for all the experiments, 

which would be more convincing if we confirmed some key findings with primary NK 

cells from healthy adults. 

 

Figure 6-3 Diagram of future experimental design for in vivo detection of NK cells 
that promote brain metastasis. 

 

Based on the above limitations, we will first generate a reporter system based on NK 

cell-induced fluorescence shifting in tumor cells (Figure 6-3). Once tumor cells 

encounter NK cells, they will permanently shift from red to green. We will detect the 

green vs. red ratio of tumor cells among the primary tumor and brain metastasis sites to 

consolidate our findings in live mice. Moreover, more cancer cell lines will be used to 
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investigate the effects of NK cells on their brain metastatic potential. Primary NK cells 

will be collected from healthy adult volunteers to confirm key experiments. 
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