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Chapter 1: 
 
 

Introduction 

 
 
Prostate cancer is the second most common cancer among men worldwide. In 2018, 

1,276,106 new patients were diagnosed with prostate cancer in addition to 358,989 prostate 
cancer-related deaths1. Intriguingly, the 5-year survival of prostate cancer is approximately 99%, 
yet it is the third most common cause of cancer-related death in men worldwide and the second 
most common cause in the United States2ï4. The reason for this apparent contradiction is due to 
prostate cancer metastasis. For instance, when prostate cancer spreads to the bone, the 5-year 
survival of the patients drops to 32%3. The large number of deaths due to prostate cancer and 
the significant drop in survival due to metastasis suggests that significant improvements in 
prostate cancer therapies are needed. 
 
 
Cancer Metastasis 

Metastasis is a complex process that consists of multiple stages. Although other factors 
can have significant effects on cancer metastasis, the five main hallmarks of metastasis are 
invasion and migration, intravasation, dissemination, extravasation, and colonization5. Each of 
these stages contain barriers that prevent the successful spread of prostate cancer cells to distant 
sites. For example, in the migration and invasion stage, prostate cancer cells must detach from 
the extracellular matrix, which can lead to anoikis6. For intravasation to occur, the prostate cancer 
cells must upregulate surface proteins that allow them to bind to endothelial cells. This binding of 
the cancer cells to the endothelial cells then lets the cancer cells pass through the endothelial cell 
layer to enter the circulatory system7. In the dissemination stage, the prostate cancer cells are 
exposed to harsh physical forces that can result in cytotoxic physical damage to the cancer cells8. 
If the prostate cancer cells manage to survive the harsh environment of the circulatory system, 
the cells must then roll along the endothelial layer until they manage to again bind to the 
endothelial layer9. According to the seed-and-soil hypothesis, for the prostate cancer cells to 
successfully colonize a metastatic site, the secondary site must be a suitable environment in 
which the cancer cells can proliferate and survive10. 
 
 
Cancer Dissemination 

The majority of anti-metastatic cancer therapies focus on preventing prostate cancer cells 
from leaving the primary tumor. While this strategy has shown success in limiting metastasis, 
these therapies could be improved upon by targeting other stages in the metastatic process. 
Identifying targets within other stages of metastasis could create multiple points of extra protection 
to reduce the formation of metastatic lesions. 

The dissemination stage of metastasis is an area that has been receiving increased focus, 
as it is a pivotal stage in the process. It has been established that only 0.01% of cancer cells that 
enter the circulatory system survive this stage11. Understanding why the 0.01% of cancer cells 
can survive this process would identify new therapeutic targets to undermine metastasis. 
Additionally, understanding why the circulatory system is toxic to the majority of cancer cells could 
lead to the identification of cytotoxic pathways that could be leveraged in treating primary tumors.  

One of the cancer cytotoxic forces within the circulatory system is the fluid shear stress of 
the blood flow. The fluid shear stress of the circulatory system can vary greatly, ranging from 
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sustained shear stresses of 2.0 dyn/cm2 to brief pulses of shear stress equal to 1,000 dyn/cm2 or 
greater11. The exposure to these different fluid shear stress magnitudes for varying amounts of 
time can cause physical damage to cancer cells that result in their death12. 
 
 
Mechanosensitive Ion Channels 

One of the methods through which cancer cells and other cells can transduce physical 
stimuli, such as fluid shear stress, into biochemical signals is through mechanosensitive ion 
channels (MSCs). MSCs are ion channels that open in response to mechanical forces. When the 
MSCs open they allow for the flux of ions or other small molecules, such as ATP13. These ions 
can behave as second-messengers that promote a wide range of signaling pathways. Calcium is 
particularly noteworthy in this sense because a number of MSCs, such as TRPV4 and Piezo1, 
are known to induce calcium influx when activated14,15. Calcium is a second-messenger cation 
and has been associated with a host of different cell signals. In cancer cells, calcium influx has 
been linked to cell migration, proliferation, survival, apoptosis, chemotherapy sensitization, and 
chemotherapy resistance16. The diverse cell signaling of MSCs and calcium suggests that MSCs 
may be an intriguing target in cancer therapy. 
 
 
Standards of Care 

The therapeutic standard of care varies significantly in treating prostate cancer based on 
the severity, or stage of the disease17. The treatments options vary because of the significant side 
effects of the therapies for treating later stage prostate cancers. Additionally, early-stage prostate 
cancer can have a minimal impact on the quality of life, or life expectancy of older patients, while 
the therapies can significantly reduce a patientsô quality of life18,19. 
 
 
Surveillance 

As further evidence has established that radical prostate cancer therapy by radical 
prostatectomy, or radiotherapy does not significantly alter mortality for early-stage prostate cancer 
patients, there has been a shift towards reducing interventions in prostate cancer patients20. 
Instead, the use of active surveillance is advised for early-stage prostate cancer patients21. Active 
surveillance is the practice of closely monitoring a prostate cancer by screening patients for 
markers of prostate cancer progression, such as prostate-specific antigen (PSA) blood 
concentrations, digital rectal exams, and prostate biopsies22. One of the major benefits of active 
surveillance is that it does not lead to the harmful side effects associated with radical 
prostatectomy or radiotherapy, such as erectile dysfunction and incontinence23. Furthermore, if 
the prostate cancer does progress, the patient can then receive radical prostatectomy, or 
radiotherapy as an intervention. This has led to active surveillance being just as effective in 
reducing prostate cancer mortality as radical prostatectomy and radiotherapy23ï25.  
 
 
Radical Prostatectomy 

Radical prostatectomy is a surgical procedure that involves the removal of the prostate 
and the seminal vesicles. It can also include the removal of surrounding lymph nodes if the 
prostate cancer has reached those sites. Radical prostatectomy is an intervention used in multiple 
stages of prostate cancer, from stage I to stage III prostate cancer26. However, in the later stages 
of prostate cancer, radical prostatectomy is generally used in combination with other therapies27. 
Radical prostatectomy is often curative even in localized high-risk prostate cancer patients, with 
a large number of patients showing no signs of cancer recurrence 10 years after surgery28,29. 
Unfortunately, 20 to 40% of patients have biochemical recurrence years after surgery30. The 
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likelihood of the recurrence increases with the stage of the prostate cancer31. In these cases, 
different therapies must be pursued, such as androgen deprivation therapy, or chemotherapy32. 
 
 
Radiotherapy 

Radiotherapy is a treatment that is used in all stages of prostate cancer33. Radiotherapy 
can be used as an alternative treatment for localized prostate cancer to radical prostatectomy, as 
radiotherapy has a similar level of efficacy in treating the disease, and a similar rate of biochemical 
recurrence34,35. Radiotherapy has also been investigated as an adjuvant therapy to radical 
prostatectomy to eliminate cancer cells that were not removed surgically. It was found that using 
radiotherapy in combination with radical prostatectomy significantly reduced the chances of 
recurrence of prostate cancer at 15 years in localized prostate cancer patients36. Additionally, the 
standard of care for more advanced and aggressive prostate cancers is using radiotherapy in 
combination with androgen deprivation therapy37. The cytotoxicity of radiotherapy against cancer 
cells is due to the DNA damage caused by the radiotherapy38. Because radiotherapy relies on 
DNA damage to induce cancer cell death, cancer cells that evolve mutations that enhance DNA 
repair can develop resistance to radiotherapy39. 

External beam radiation therapy and brachytherapy are the two methods through which 
radiotherapy is utilized in prostate cancer. External beam radiation therapy involves the precise 
targeting of high-energy X-rays to the tumor and the surrounding tissue. The benefit of external 
beam radiation therapy is that it can be targeted to specific sites, reducing the chances of the X-
rays damaging healthy tissue40. 

Brachytherapy is a different form of radiotherapy that, in the context of prostate cancer, 
involves placing radiation emitting ñseedsò into the prostate to induce cancer cell death over time. 
Brachytherapy in some studies has demonstrated superiority in treating prostate cancer 
compared to external beam radiation therapy, as brachytherapy resulted in fewer instances of 
biochemical recurrence41,42. Due to physicians being able to specifically place the seeds by hand, 
the seeds are placed within the prostate and designed to emit radiation only over a short distance. 
This specific placement and short range of the seeds causes brachytherapy to be used in 
localized fashion, reducing damage to healthy tissue43. Through the use of radium-223 
brachytherapy has also been used to treat prostate cancer that has metastasized to the bone. 
Radium-223 binds selectively to areas of increased bone turnover, such as areas within bones 
that have been colonized by prostate cancer cells44. When radium-223 has bound to the 
metastatic lesions, it releases alpha particles that penetrate small distances to selectively target 
the cancer cells. Radium-223 resulted in a significant increase in survival for metastatic prostate 
cancer patients and also reduced the quality-of-life burden caused by prostate cancer45. 
 
 
Androgen Deprivation Therapy 

Aberrant androgen receptor function is one of the key drivers of prostate cancer 
progression46. The androgen receptor is a transcription factor that in cancerous conditions 
becomes over-activated and leads to the transcription of tumorigenic proteins. In its resting state, 
androgen receptor is isolated to the cytosol where it is bound to cytoplasmic chaperone proteins47. 
When the androgen receptor binds to its ligands, testosterone and dihydrotestosterone, a 
conformational change occurs, allowing for the androgen receptor to be released from the 
chaperone proteins. This releasing of the androgen receptor then allows for the androgen receptor 
to move to the nucleus via its nuclear localization signal, where it can then promote transcription 
of tumorigenic proteins48.  

As the androgen receptor is a key-mediator of prostate cancer, androgen deprivation 
therapy became the standard of care for prostate cancers where the cancer has progressed too 
far for surgery, or radiotherapy to still be effective, such as in stages II through IV49. Additionally, 
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androgen deprivation therapy is used to treat relapsed prostate cancers following radical 
prostatectomy and radiotherapy50. Androgen deprivation therapy is accomplished through a few 
different methods. One method is by inhibiting luteinizing hormone-releasing hormone (LHRH) 
using LHRH receptor antagonists. These antagonists bind and block the activity of pituitary LHRH 
receptors, leading to a reduction in the release of luteinizing hormone and follicle stimulating 
hormone. The reduced release of luteinizing hormone and follicle stimulating hormone, then 
blocks the production of testosterone51. Non-steroidal anti-androgens have also been developed, 
which block the ligand binding domain and nuclear localization signal of the androgen receptor. 
This blocking of the androgen receptor prevents the androgen receptor from behaving as a 
transcription factor52. Androgen synthesis inhibitors have also been used for androgen deprivation 
therapy in prostate cancer. These inhibitors target cytochrome p450 17, a protein that is involved 
in the production of testosterone53. 

While androgen deprivation therapy has been shown to be highly effective in increasing 
prostate cancer survival, it is also associated with a number of debilitating side effects54. For 
example, androgen deprivation therapy has been linked to fatigue, sexual dysfunction, 
osteoporosis, bone fractures, weight gain, and even diabetes55. These harsh side effects caused 
by androgen deprivation therapy exhibit why careful consideration is necessary before starting 
patients on the treatment. Also, prostate cancers of patients who have been treated with androgen 
deprivation therapy usually develop resistance to androgen deprivation therapy within 2 years, 
leading to what is referred to as castration resistant prostate cancer56. 
 
 
Chemotherapy 

When prostate cancers become castration resistant, chemotherapy is the next line of 
therapy57. Taxanes are the primary class of chemotherapies used for treating prostate cancer. 
Specifically, docetaxel and cabazitaxel are the taxanes used for treating prostate cancer58. These 
taxanes target cancer cells by hindering mitosis in hyperproliferative cells, such as cancer cells59. 
Taxanes accomplish this by being microtubule stabilizers. During mitosis, microtubule dynamics 
are essential as they polymerize and depolymerize to assist in the splitting of chromosomes60. By 
stabilizing the microtubules, the taxanes induce mitotic catastrophe and subsequent cell death61. 
Both docetaxel and cabazitaxel were shown to significantly increased median overall survival for 
patients with metastatic castration resistant prostate cancer62,63. However, taxanes are also host 
to a variety of debilitating side effects, meaning that they must also be prescribed with caution64. 
 
 
Immunotherapy 

Immunotherapy has seen encouraging results in a number of different cancers. However, 
immunotherapy research has not seen as much success in treating prostate cancer65. One of the 
reasons why immunotherapy is thought to not be as effective in prostate cancer is that the tumor 
microenvironment is considered ñcoldò, meaning that the environment is not inflammatory. 
Furthermore, it has been established that tumor infiltrating leukocytes skew towards an 
immunosuppressive phenotype characterized by regulatory T and T helper 17 cells66. 

Despite the cold environment of prostate cancer, there has been encouraging research in 
developing immunotherapies for prostate cancer. For example, an autologous dendritic cell-
based cancer vaccine known as Sipuleucel-T was approved by the FDA for treating prostate 
cancer. For this therapy, the dendritic cells were exposed to prostate tumor proteins and then 
reinfused into the patient, where the dendritic cells would then drive T cells to target the prostate 
cancer cells67. 

Checkpoint inhibitors are also being explored for the treatment of prostate cancer. 
Checkpoint inhibitors target cancer cells indirectly by preventing T cells from becoming exhausted 
by the immunosuppressive microenvironment of tumors by targeting checkpoints of T cell 
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activation, such as CTLA-4 and PD-168. CTLA-4 inhibition has shown some success in increasing 
survival of prostate cancer patients in more advanced patients. For instance, the CTLA-4 inhibitor 
Ipilimumab caused a significant increase in progression free survival for chemotherapy-naïve 
patients with metastatic prostate cancer compared to a placebo69. The PD-1 inhibitor 
pembrolizumab was not found to significantly increase progression free survival, or overall 
survival in a phase II clinical trial of metastatic-castration resistant prostate cancer. However, in 
the patients that did respond pembrolizumab, the response was durable, lasting as long as 16.8 
months70. 

Chimeric antigen receptor (CAR) T cells have had tremendous success in treating 
bloodborne cancers, such as B cell lymphoma, but the efficacy of CAR T cells in treating prostate 
cancer is lacking65. The lack of efficacy of CAR T cells in prostate tumors is hypothesized to be 
due to the immunosuppressive environment of the tumor. Additionally, prostate tumors are known 
to have aberrant vascularization, which hinders the recruitment of T cells to tumor 
microenvironment71. Despite these limitations, CAR T cells that target prostate specific membrane 
antigen (PSMA) have been tested in phase I clinical trials. 2 of 5 patients had a significant 
reduction in PSA, but the persistence of the CAR T cells in the patients was brief72. 
 
 
TRAIL 

Tumor-necrosis factor-Ŭ-related apoptosis-inducing ligand (TRAIL) is a cytotoxic ligand 
expressed by immune cells73. TRAIL induces apoptosis specifically in cancer cells by binding to 
death receptors 4 and 5, which leads to caspase-mediated apoptosis74. Due to the specificity of 
TRAIL, TRAIL induces apoptosis specifically in cancer cells while sparing healthy cells, making it 
virtually side effect free. This lack of side effects by TRAIL treatment motivated clinical trials, but 
TRAIL was found to lack the necessary cancer cytotoxicity for clinical efficacy75. The lack of 
efficacy of TRAIL has motivated research into identifying mechanisms to enhance TRAILôs 
cytotoxicity, while maintaining its cancer specificity. A previous study found that fluid shear stress 
potently sensitized prostate cancer cells to TRAIL, suggesting that fluid shear stress could be 
leveraged in improving cancer therapies76. 
 
 
Conclusion 

Physicians and scientists have discovered and established a wide range of different 
treatment options for prostate cancer patients. However, patients can develop resistance to each 
of these therapies, creating a need for new therapies to be developed. The research in this thesis 
aims to aid in the discovery of new therapies by understanding how cancer cells and immune 
cells respond to fluid shear stress. By understanding these responses to mechanical force, these 
responses could be leveraged through physical or chemical means to enhance current treatment 
options for prostate cancer. 
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Abstract 
Cancer metastasis is the second leading cause of death in the United States. Despite its 
morbidity, metastasis is an inefficient process that few cells can survive. However, cancer cells 
can often overcome these metastatic barriers via cellular responses to microenvironmental cues, 
such as through mechanotransduction. This review focuses on the mechanosensitive ion 
channels TRPV4 and P2X7, and their roles in metastasis, as both channels have been shown to 
have significant effects on tumor cell dissemination. Upon activation, these channels help form 
tumor neovasculature, promote transendothelial migration, and increase cell motility. Conversely, 
they have also been linked to forms of cancer cell death dependent upon levels of activation, 
implying the complex functionality of mechanosensitive ion channels. Understanding the roles of 
TRPV4, P2X7 and other mechanosensitive ion channels in these processes may reveal new 
possible drug targets that modify channel function to reduce a tumorôs metastatic potential. 
 
 
Introduction 

Cancer metastasis is associated with ~90% of cancer-related death.1,2 Metastasis can be 
divided into multiple steps. First, the cancer cells must become motile and invade local tissue. 
Subsequently, the cells intravasate into lymphatic or blood circulation from tumor-induced 
neovasculature. The cells are transported by flow to distant organs and must bind to the vessel 
for extravasation to occur. Finally, the cells colonize a secondary tumor through proliferation in 
the distant tumor site.3ï5 Due to the complexity and many physiological checkpoints involved in 
this process, less than 0.1% of circulating tumor cells (CTCs) form distal metastases,6 meaning 
successful colonization of a distant site is contingent upon several factors. Recently, mechanical 
stimuli such as shear stress have been receiving more attention in their effects on cancer 
progression (Figure 2.1).7 For instance, studies have shown that shear stress has been 
associated with enhanced metastasis8 and cancer cell death.9 In our lab, we demonstrated the 
synergistic effect of shear stress on TRAIL-induced apoptosis of CTCs (Figure 2.1C).10 These 
mechanical cues can be translated into biochemical responses in cells through the process of 
mechanotransduction.11 One form of cellular mechanotransuction occurs via the opening of 
mechanosensitive ion channels in response to mechanical stimuli. These ion channels transduce 
mechanical forces by facilitating the transport of second-messenger ions12 such as calcium, an 
ion that has been heavily implicated in cancer metastasis and apoptosis.13,14 Because of the many 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R14
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roles of calcium and other cations in cells, mechanosensitive ion channels represent an important 
area of study that could lead to novel anti-metastatic cancer therapy approaches. For example, 
the mechanosensitive ion channels TRPC1, TRPC3, TRPC6, TRPM4, TRPM7, TRPV4 and P2X7 
have all been implicated in cancer metastasis.15ï21 This review focuses on the mechanosensitive 
ion channels TRPV4 and P2X7, however, as these two ion channels have been more extensively 
studied with respect to cancer metastasis than the other channels mentioned, whereas the 
functions of other ion channels are only just beginning to emerge. Furthermore, both channels 
have been specifically linked to the progression of multiple steps in cancer metastasis and also 
in cancer cell death, illustrating the varied roles these ion channels can play in cancer progression 
(Table 1.1).20ï23 

 
Figure 2.1: Changes in cell functionality in response to shear stress. (A) Circulating tumor 
cell (CTC) exposed to shear stress in blood flow. (B) Tumor cell within its extracellular matrix, 
exposed to interstitial flows. (C) When highly metastatic colon cancer cells COLO 205 were 
exposed to shear stress, the cells were sensitized to TRAIL-induced apoptosis with a significant 
decrease in cell viability of approximately 30%. *P < 0.05. **P < 0.01. NS: non-significant. 
Reprinted from Mitchell and King, New J. Phys, 2013.10 
  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R21
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/table/T1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R23
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Table 2.1: Role of TRPV4 and P2X7 in Cancer Metastasis and Cell Death 
 
 

Metastatic Step TRPV4 P2X7 

 Promotion and Inhibition 
 

Cell Lines Promotion and Inhibition 
 

Cell Lines 

Angiogenesis Promoted by increasing 
tumor endothelial cell 
migration. 
 
Inhibited angiogenesis by 
reducing Rho activity. 
 
 

Breast and renal 
derived tumor 
endothelial cells 
 
Lewis lung 
carcinoma cells 

Promoted by increasing 
VEGF secretion. 

B16, CT26, 
ACN 

Intravasation Promoted by Increased 
AKT activity, Wnt/ɓ-catenin 
signaling, FAK activation, 
cell membrane protrusions 
and membrane 
deformability. Also by 
decreased E-cadherin, 
ERM proteins, and F-actin. 
 

4T07,4T1, MDA-
MB-468, MDA-
MB-435, 
MKN45, SGC-
7901 

Promoted by increased 
secretion of AKT activity, 
MMPs, cysteine cathepsin 
B, and cell membrane 
protrusions. Also 
decreases E-cadherin 
expression and TIMPs 
activity. 

MDA-MB-435, 
T47D, PC-9 

Extravasation Promoted by increased cell 
deformability, and 
decreased E-cadherin 
integrin expression. 

4T07, MDA-MB-
468, 4T1 

Promoted by increased 
MMP secretion. Also 
promotes colonization by 
increasing a cellôs 
survivability in nonoptimal 
conditions. 
 

4T07, MDA-
MB-435, MDA-
MB-231, 
WM239 

Cell Death TRPV4 P2X7 

 
 
Apoptosis 

Promotion and Inhibition 
 
Promoted by mitochondrial 
destabilization, releasing 
cytochrome c, and 
increasing caspase 3 and 7 
activity. 

Cell Lines 
 
MDA-MB-468 

Promotion and Inhibition 
 
Promoted by mitochondrial 
destabilization, releasing 
cytochrome c, and 
increasing caspase 3 and 7 
activity. 
 

Cell Lines 
 
ASPC-1, 
BXPC-3, 
CAPAN-1, 
MIAPACA-2, 
PANC-1 

Oncosis Promoted by rapid calcium 
and sodium influx causing 
ATP depletion by sustained 
activation Na+/K+ ATPase 
and Ca2+ ATPase. 

MDA-MB-468 Promoted by rapid calcium 
and sodium influx causing 
ATP depletion by 
sustained activation Na+/K+ 
ATPase and Ca2+ ATPase. 

Yet to be 
shown in 
cancer cells. 
Shown in 
human 
leukocytes. 
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Mechanisms of TRPV4 and P2X7 Activation from Mechanical Stimuli 
 
 
TRPV4 Activation 

TRPV4 is a homotetrameric ion channel protein.24 TRPV4 contains six transmembrane 
regions, and one pore-forming subunit between transmembrane regions five and six that 
transports cations with a preference for calcium.25 This ion channel protein also contains multiple 
protein kinase C (PKC) and protein kinase A (PKA) phosphorylation sites,26 and a calmodulin 
binding site required for calcium-dependent activation (Figure 2.2).27 

TRPV4 has two primary non-independent mechanical activation pathways. One pathway 

of mechanical activation is by Phospholipase A2 (PLA2).28 PLA2 can access and cleave sn2-ester 
bonds of cellular phospholipids when cell membranes are stretched by mechanical strains, such 

as osmotic swelling or shear stress.29,30 This cleavage results in arachidonic acid (AA), which is 

metabolized by cytochrome p450 to epoxyeicosatrienoic acid (EET).31 EET is an agonist for 

TRPV4, causing the channel to open.28 

Phospholipase C (PLC) is also important in the activation of TRPV4.32, PLC can be 
activated by the GPCR angiotensin II type 1 receptor (A2TR1) in response to mechanical 
stimulation.33,34 When A2TR1 is exposed to shear stress, an activating conformational shift of the 
receptor occurs, causing downstream activation of PLC.35,36 PLC subsequently cleaves 
phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol trisphosphate 
(IP3).37 DAG activates PKC,38,39 which phosphorylates TRPV4, sensitizing the ion channel to 
EET.40 IP3 also assists in the of activation TRPV4 through TRPV4ôs calcium dependent 
calmodulin binding site.27 IP3 binds to IP3 receptors on the endoplasmic reticulum causing 
calcium to be released into the cytoplasm.41 The calcium then causes the calmodulin to bind to 
TRPV4, allowing for enhanced potentiation of the ion channel.27 Some PLA2 isoforms require 
calcium binding to their C2 domain for activation,42 suggesting IP3 induced calcium release may 
be important for sustained activation of TRPV4 as well. 

 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R35
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880301/#R36
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Figure 2.2: TRPV4 contains 6 transmembrane regions with a pore between transmembrane 
regions 5 and 6. The TRPV4 protein also has multiple PKA, PKC, and calmodulin binding sites 
that effect channel functionality. 
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P2X7 Activation 

P2X7 is a trimeric purinergic receptor consisting of two transmembrane domains, 
an extracellular ATP ligand-binding domain, and an integral ion channel.43 In the trimeric 
structure of P2X7 there are 3 total ATP binding domains (Figure 2.3).44 Within milliseconds 
of ATP binding, its integral membrane pore opens, allowing for a small conductance of 
cations, such as calcium. When the P2X7 receptor has sustained activation of tens of 
seconds by ATP, a larger pore is formed that increases cation conductance, causing the 
pore to be permeable to 900 Da proteins.43,45 

The time-dependent cation conductance of P2X7 can be explained by two 
contrasting mechanisms. (1) ATP binds to P2X7 causing a conformational change that 
dilates the initially small P2X7 cation pore. (2) Sustained P2X7 activation causes the 
opening of distinct protein pores via direct signaling or second-messengers.46 A 
reconciling mechanism is that when a single ATP molecule is bound to P2X7, the ligand-
binding domain undergoes a conformational shift, making it more difficult for other ATPs 
to bind. After a second ATP is bound, the small cation pore opens, while simultaneously 
causing another conformational change, increasing steric hinderance for the binding of 
the third and final ATP. Once the third ATP binds, the P2X7 pore dilates allowing for large 
molecules and increased amounts of cations to enter the cell. The influx of cations can 
then activate other pores that are able to transport large proteins in addition to the dilated 
pore of P2X7.47 This also explains the time-dependence of P2X7ôs pore dilation because 
more time is required to overcome the increasing difficulty of binding 3 ATPs. 

P2X7ôs method of mechanotransduction is indirect. Rather than a mechanical stimulus 
directly activating P2X7, another channel is altered and signals P2X7ôs activation downstream. 
Panx-1 is a mechanosensitive channel that releases ATP into the extracellular fluid via shear 
stress and osmotic pressure.48ï50 The Panx-1 released ATP then binds to P2X7ôs binding domain 
causing the opening of the P2X7 and other associated pores.49 
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Figure 2. 3: P2X7 is hometrimeric structure with 3 extracellular ATP binding domains. As P2X7 
binds ATP, its inner pore region opens allowing for the flux of ions.  
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Role of TRPV4 and P2X7 in Cancer Metastasis 
 
 
Angiogenesis 

Angiogenesis is the growth of tumor neovasculature that develops in response to an 
increased nutrient and oxygen demand for the growing malignancy.51 In addition to providing 
nutrients, the tumor neovasculature promotes dissemination by creating a route of escape for 
cancer cells to enter the hematogenous circulation.52,53 The loose endothelial gap junctions within 
tumor vasculature allow for easier cancer cell intravasation compared to normal vessels.54 
 
 
TRPV4 

Arachidonic acid-based calcium entry has been linked to angiogenesis in breast derived 
tumor endothelial cells,55 leading to the suspicion that TRPV4 may play a significant role in 
angiogenesis. In another study, TRPV4 was upregulated in breast and renal tumor derived 
endothelial cells relative to healthy endothelial cells.56 TRPV4 stimulation by AA and subsequent 
calcium conductance was correlated with increased endothelial cell migration for breast tumor 
derived endothelial cells. Migration of healthy endothelial cells, however, was not observed. 
Endothelial cell migration is important in angiogenesis, as it allows endothelial cells to organize 
and form new blood vessels.57 In addition, calcium and AA inhibition eliminated tumor derived 
endothelial cell migration, further supporting TRPV4ôs role in angiogenesis.56 

Conversely, another study by Adapala et al. showed that TRPV4 expression was found to 
downregulate angiogenesis. In this study, TRPV4 expression was found to be downregulated in 
tumor endothelial cells with reduced calcium influx compared to healthy endothelial cells. When 
TRPV4 was activated by the small molecule agonist GSK1016790A, tumor vasculature was 

normalized.58 In a mouse angiogenesis study where mice were subcutaneously injected with 
Lewis lung carcinoma cells, TRPV4 knock out mice showed increased amounts of neovasculature 
with malformed blood vessels and large vessel diameters, in comparison to wild type mice. In this 
mouse study it was suggested that TRPV4 reduces angiogenesis by inhibiting Rho activity 
because a Rho kinase inhibitor in mice lacking TRPV4 was used to normalize tumor 

vasculature.59 TRPV4ôs regulation of Rho activity is significant as Rho activity is known to 
enhance angiogenesis by altering the cellular cytoskeleton, allowing for increased motility of 

tumor endothelial cells.60 

The disparate results may be explained by the different methods of studies used to study 
TRPV4. TRPV4 activation was correlated with enhanced migration for breast tumor derived 
endothelial cells with the use of a TRPV4 agonist.56 The TRPV4 mouse model study showed that 
TRPV4 deletion caused an increase in Rho activity, leading to increased angiogenesis.59 This 
suggests that basal levels of TRPV4 activation, as is the case with the later study, may inhibit 
angiogenesis, while over-activation of TRPV4 by an agonist or mechanical stimulation may 
increase angiogenesis. 
 
 
P2X7 

Tumor microenvironments are known to have high concentrations of ATP, whereas 
healthy tissues have negligible amounts of ATP in the extracellular fluid.61 This high extracellular 
concentration of ATP is due to increased secretion by cancer cells in response to mechanical 
stimuli, such as shear stress, cell swelling and stretching, resulting in P2X7 stimulation.62,63 

P2X7 activation in B16 mouse melanoma cells, CT26 mouse colon cancer cells and ACN 
human neuroblastoma cells resulted in the secretion of vascular endothelial growth factor 
(VEGF).64ï67 VEGF is important for the dissemination of cancer cells as it causes endothelial cells 
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to proliferate and migrate to create neovasculature.68ï70 This effect of P2X7 activation has made 
P2X7 a target for anti-cancer therapies. Mice injected with B16 cells were treated with benzoyl 
ATP (BzATP), an agonist of P2X7 or a selective inhibitor of P2X7, AZ10606120. Mice treated with 
AZ10606120 had significantly reduced VEGF secretion and vessel formation compared to mice 
treated with BzATP.64 Oxidized ATP, an inhibitor of P2X7, was used to block the development of 
a CT26 mouse model engineered to express P2X7.64 This inhibition resulted in the reduction of 
tumor size and VEGF secretion. The study was also successful in using shRNA against P2X7 to 
block tumor growth and VEGF secretion.64 Another study injected neuroblastoma ACN cells into 
immunocompromised mice and saw significant reduction in VEGF secretion and tumor growth 
using a P2X7 inhibitor.67 These studies indicate that P2X7 activation plays a prominent role in 
tumor angiogenesis by controlling the secretion of VEGF. 
 
 
Intravasation 

Efficient dissemination is contingent upon tumor cellsô ability to enter the vasculature.71 A 
major barrier in tumor cell intravasation is the basement membrane (BM), which acts as a barrier 
between the epithelium and the stroma which surrounds subjacent blood vessels.71 The BM is 
normally tightly controlled in healthy tissue; however, cancer cells have been shown to release 
proteases to promote proteolysis and subsequent degradation of the BM, thus providing a route 
for cells to enter the stroma. This active motility is not present in normal epithelial cells, and is 
selective to mutant cells that have undergone the epithelial-to-mesenchymal transition 
(EMT).72 This process takes an ordered epithelial cell with an apical-basal polarity and employs a 
series of morphological changes to transition into a less polar, spindle-shaped mesenchymal 
cell.72ï74 In addition, the EMT results in the loss of many cellular junction proteins, such as 
fibronectin and E-cadherin, which creates a more motile cell that is able to invade the ECM.75 
 
 
TRPV4 

TRPV4 activation has been shown to promote factors characteristic of an invasive cancer 
phenotype in breast cancer20,22 and gastric cancer.76 In both cancer types, protein kinase B (AKT) 
activity was significantly upregulated in comparison to healthy control cells.20,76 Activated AKT has 
been found to promote EMT by reducing the expression of E-cadherin,73ï75 such as in the breast 
cancer study of TRPV4ôs role in metastasis in 4T07 cells,20 or by causing E-cadherin to localize 
to the cytoplasm76 as in prior studies of the gastric cancer cell lines MKN45 and SGC-7901.72 This 
lack of cell-cell adhesion results in increased cell motility.78,79 The downregulation of E-cadherin 
also frees its binding partner ɓ-catenin to localize to the nucleus where it is available for 
participation in Wnt/ɓ-catenin signaling, which is known to further promote EMT.78,80 By silencing 
or inhibiting TRPV4, AKT expression and Wnt/ɓ-catenin signaling was reduced, while E-cadherin 
expression was increased.20,76 The prior TRPV4 4T07 breast cancer studies also showed 
significant upregulation of focal adhesion kinase (FAK) activation.20 FAK has been correlated with 
highly malignant human cancers81 and has been shown to promote cell motility by destabilizing 
the cytoskeleton through its interactions with small GTPases,82 producing podosomes and 
invadopodia.83 

In another breast cancer study, TRPV4 upregulation in 4T07 and 4T1 cells was found to 
increase cell deformability, enhancing cell migration.22 This was supported by the fact that 
membrane blebbing has been found to enhance a cellôs ability to transmigrate across the 
endothelium by allowing cells to more easily deform to pass through the ECM84 and cell junctions 
in the endothelium.85 In cancer, this gives cells an enhanced ability to intravasate and extravasate. 
It was shown that TRPV4 interacts directly with the cytoskeleton,86 suggesting TRPV4 may 
directly modify cytoskeletal structure. MDA-MB-468 cells engineered to over-express TRPV4- 
also showed that TRPV4 expression regulates the expression of multiple proteins that effect 
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cytoskeletal stabilization.22 The TRPV4 over-expressing MDA-MB-468 cells showed decreased 
expression of ezrin, radixin and moesin (ERM) proteins by 10ï20%,22 which is notable as ERM 
proteins can bind to integral membrane proteins and actin to reduce membrane blebbing.87,88 In 
the TRPV4 over-expressing cells, cofilin phosphorylation was reduced by 1.45 fold.22 Reduced 
cofilin phosphorylation is significant as dephosphorylated cofilin promotes actin 
depolymerization.89 Furthermore, TRPV4 expression was shown to increase G-actin content and 
reduce F-actin, thereby increasing cell deformability.22 
 
 
P2X7 

Increased expression and activation of P2X7 has been linked with a variety of invasive 
cancer lineages, from lung cancer90 to thyroid cancer,91 lymphoma,92 pancreatic 
cancer,21 prostate cancer,93 and breast cancer.90,94,95 P2X7 activation correlates with increased 
activity of the specific metalloproteases (MMP) 3, 9, and 13 in 4T07, MDA-MB-435, and 
leukocytes.94ï96 MMPs are proteolytic enzymes that play a key role in cancer metastasis as they 
can degrade virtually all types of ECM protein, assisting cancer cells in exiting the tumor and 
intravasating into the vasculature.97 The increased activity of MMP-9 is particularly important for 
intravasation, as shown by Kim et al., in which only cancer cells that expressed MMP-9 (ie. HEp3, 
HT1080, MDA-MB-231, and PC3) were capable of intravasating.98 That is, the cancer cells 
lacking MMP-9 expression, such as the MCF-7 cell line, exhibited negligible intravasation. One 
mechanism by which P2X7 regulates MMP activity is through the release of cysteine cathepsin 
B.95,99 Cathepsin B is a proteolytic enzyme that cleaves x (TIMP), rendering the TIMPs 
nonfunctional.100 The inactivation of TIMPs reduces the inhibition of MMPs, allowing for greater 
ECM degradation.99 This implies that P2X7 may play a major role in cancer invasion by 
decreasing MMP inhibition to promote ECM degradation. 

P2X7 also aids in intravasation by promoting EMT. Like TRPV4, P2X7 activation has been 

linked to E-cadherin loss.93,94 The decrease in E-cadherin by P2X7 activation could be caused by 
multiple mechanisms, particularly through MMP-3 secretion as shown in MDA-MB-435 

cells,93 and enhanced AKT signaling in T47D breast cancer cells.94,101 MMP-3 secretion by P2X7 

is presumed to be significant to EMT because of MMP-3ôs ability to cleave E-cadherin.102 

Extracellular ATP has been shown to promote actin remodeling,103,104 implying P2X7 may 
have a role in this process as well. Actin remodeling is another behavior associated with EMT and 
has been known to increase cell motility through the formation of cellular protrusions, such as 
filipodia and lamellipodia 99,100,104,105 The proposed role of P2X7 in actin remodeling varies by 
study, but is not necessarily mutually exclusive between roles. In a breast cancer model of MDA-
MB-435 cells, P2X7 caused a calcium influx that activates the calcium-dependent potassium 
channel SK3.95 SK3 channels have been previously shown to form cellular protrusions by actin 
remodeling and promote cell motility when intracellular calcium concentration is increased.106ï

108 When either P2X7 or SK3 activity was inhibited, cell protrusion formation was 
blocked.100 Another study in PC-9 human lung cancer cells supports the possible role of P2X7 in 
directing cell motility. When P2X7 expression was inhibited, the cells created lamellipodia and 
filipodia around the periphery of the cell membrane, causing directionless migration.109 This 
suggests that P2X7 may play a role in regulating lamellipodia formation by localizing it to SK3 
channels. 
 
 
Extravasation 

The steps of extravasation mirror the steps of intravasation.110 After arrest of CTCs at a 
distal site, a microcolony may form that causes the vasculature to rupture, exposing the CTCs to 
the surrounding tissue. Alternatively, cells can penetrate the endothelial wall by increasing 
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hyperpermeability through the secretion of vascular permeability factors, such as VEGF.111 Once 
entering the tissue parenchyma, a mesenchymal to epithelial (MET) transition occurs, now 
promoting cell polarity and cadherin junctions to decrease motility.74 The notion that certain 
organs are predisposed to dissemination has been investigated for decades, starting with the 
ñseed and soilò hypothesis proposed by Stephen Paget.112,113 This widely adopted theory 
recognizes that certain tumor cells preferentially extravasate and colonize distant organs with 
hospitable milieus. Just as a seed requires the appropriate soil to grow, metastatic cancer cell 
survival is contingent upon the organ microenvironment where extravasation occurs. 
 
 
TRPV4 

TRPV4 expression has been shown to correlate with a cellôs metastatic potential to 
extravasate. This has been demonstrated by showing that TRPV4 is upregulated in metastatic 
breast cancer cell lines 4T07 and 4T1 that have undergone extravasation, compared to basal 
levels expressed in primary tumors that have unsuccessfully extravasated to distant organs.22 In 
addition, expression of phosphorylated proteins in breast cancer cells expressing TRPV4 show 
similarities in protein phosphorylation to that of leukocytes during immune modulated 
extravasation.15 These phosphorylates include paxillin, ɓ-catenin, and ezrin, all key proteins in 
promoting actin cytoskeleton deformation, implying that TRPV4 may be essential for the 
phosphorylation of these proteins that contribute to successful extravasation.112ï114 

It is evident that this channel upregulation plays a key role in priming migrating cancer cell 
morphology for extravasation by increasing cell deformability as seen in 4T07 and MDA-MB-468 
cells.20,22 Similar to intravasation, this TRPV4 activation initiates actin depolymerization in the cell 
cortex, reducing cell shear modulus and stiffness. This morphological softening allows for a more 
motile cancer cell that is capable of exiting the vasculature by passing through loose endothelial 
junctions.117 This increased cell motility is also attributed to E-cadherin and integrin 
downregulation, as described previously.79,118 Holistically, the upregulation of TRPV4 
consequently leads to a cancer cell with a more aggressive phenotype that is able to overcome 
physiological barriers in surviving hematogenous transit and initial arrest in distant tissues.20 This 
notion is supported by clinical samples of patient tumors, as TRPV4 upregulated tumors correlate 
with poor prognosis and an increase in metastatic lesions.20 
 
 
P2X7 

The role of P2X7 in extravasation is more complex than that of TRPV4. P2X7 can act as 
a growth-promoting or death-inducing receptor, contingent upon the levels of stimulation by 
extracellular ATP.119,120 Under normal conditions, P2X7 upregulation increases ATP production 
and induces cell proliferation in the absence of serum. This cellular response is likely to play a 
key role in promoting metastatic cell survival in foreign environments, enhancing survival and 
growth in the absence of microenvironmental nutrients present in the primary tumor niche.119 

As previously mentioned, P2X7 activation has been linked to an increase in 
metalloprotease activity in the breast cancer lines 4T07 and MDA-MB-435.94ï96 This MMP 
activation plays a major role in ECM degradation, making P2X7 an indirect protagonist in the 
promotion of extravasation. During the initial stages of transendothelial extravasation, MT-MMPôs 
localize to the leading edge of tumor cells, thereby anchoring the cells to endothelial junctions 
while promoting MMP activity to degrade the surrounding matrix.121 This MMP localization and 
production aids in proteolysis of the BM, promoting tumor growth and migration. Indeed, a study 
by Voura et al. found that for both MDA-MB-231 and WM239 cancer cells, extravasation can be 
reduced by over 35% j through MMP inhibition alone, motivating further research into inhibitory 
MMP drug candidates to reduce metastatic potential,121 for which P2X7 may be a promising 
target. 
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Cell Death 
Although TRPV4 and P2X7 have been implicated extensively in the progression of 

metastasis, both ion channels have been shown to induce cancer cell death.23,122 TRPV4 and 
P2X7 induce apoptosis via the intrinsic pathway, permeabilizing the mitochondrial membrane to 
initiate the release of apoptotic enzymes.123,124 The apoptotic enzymes released consist of 
cytochrome c, apoptosis inducing factor (AIF), Smac/DIABLO, Omi/HtrA2 and endonuclease 
G.125 Cytochrome c is of particular importance because upon entering the cytosol, it forms the 
apoptosome with Apaf-1 and caspase 9.126,127 The formation of the apoptosome recruits the 
inactive forms of the effector caspases, caspase 3 and caspase 7.128 Caspases 3 and 7 are 
proteolytic enzymes that cleave proteins leading to cell death.129 

TRAIL-induced apoptosis also results in caspase activity causing cell death.130 The 
implication is that mechanosensitive ion channels may sensitize colon cancer cells to TRAIL-
induced apoptosis by further increasing caspase activity through a separate mechanism (Figure 
1.1).10 

TRPV4 has also been linked to the induction of cancer cell oncosis.23 P2X7 has yet to be 
linked to oncosis in cancer cells, but P2X7-induced oncosis has been shown in murine 
leukocytes.131 Oncosis is a form of cell death associated with cell swelling, organelle swelling, 
blebbing and increased membrane permeability caused by a critical depletion in ATP.23,132,133 

 
 
TRPV4 

Upon activation, TRPV4 induced apoptosis in the breast cancer cell line MDA-MB-468 by 

causing a major influx of calcium, resulting in a critical increase of cytosolic calcium.23,134 When 

TRPV4 activation raises the cytosolic calcium concentration sufficiently high, calcium is 

transported into the inner mitochondrial matrix where calcium can open the mitochondrial 

permeability transition pore (PTP).135 The opening of the PTP then causes the mitochondria to 

osmotically swell, rupturing the outer mitochondrial membrane.136,137 The rupturing of the outer 

membrane releases apoptotic enzymes, such as cytochrome c, which is stored in the space 

between the mitochondriaôs outer membrane and inner membrane.138 TRPV4 activation also 

induces oncosis in MDA-MB-468 cells by promoting calcium and sodium influx. To remove the 

excess amounts of these ions from inside the cell, Na+/K+ ATPase and Ca2+ ATPase channels 

experience sustained activation, causing ATP depletion.23  

 

 

P2X7 

P2X7 also causes apoptosis in cancer cells by activating caspases 3 and 7.21,122,139 These 
apoptotic cancer cells were also associated with a significantly increased calcium 
influx,21 implying that P2X7 mediates apoptosis via the intrinsic pathway. Using pancreatic ductal 
adenocarcinoma cells including PANC1 and CAPAN1, it was found that the concentration of 
extracellular ATP determines if P2X7 will induce apoptosis or initiate the pro-metastatic changes 
described previously. When less ATP was present, P2X7 promoted cancer metastasis and 
growth. However, when more ATP was present, P2X7 caused cell death.21 This contradiction 
based on extracellular ATP concentration is most likely due to P2X7ôs differing responses to 
sustained activation.140 When P2X7 does not have sufficient ATP available it only allows limited 
influx of calcium, causing pro-metastatic changes in cancer cells. However, when more ATP is 
present, the calcium influx becomes toxic. 

Oncosis is presumably caused by P2X7 in a similar manner to TRPV4. P2X7 creates a 
high cytosolic calcium concentration that must then be equilibrated using Ca2+ ATPases, depleting 
intracellular ATP content. P2X7 may further contribute to oncotic cell death through the opening 
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and dilation of downstream pores that are capable of transporting ATP out of the cell,141 further 
lowering cellular ATP. 

 
 

Clinical Trails 
TRPV4 and P2X7 have yet to be explored as therapeutic targets for cancer treatment in 

clinical trials. However, antagonists for both ion channels are receiving attention with respect to 
other diseases. The P2X7 antagonists AZD9056 and CE-224,535 have both been tested in phase 
II clinical trials as rheumatoid arthritis treatments.142,143 Neither drug was deemed efficacious in 
treating rheumatoid arthritis, but both demonstrated acceptable safety, implying the potential of 
these drugs as safe anti-metastatic cancer therapies. The TRPV4 antagonist GSK2798745 was 
tested in a clinical trial for the treatment of congestive heart failure 
(https://clinicaltrials.gov indicator: NCT02497937). Unfortunately, the results and safety of this 
trial are yet to be reported at the time of publication of this article. To our knowledge, TRPV4 and 
P2X7 agonists have not yet been studied in clinical trials for any disease type. The lack of clinical 
trials using P2X7 and TRPV4 antagonists and agonists for cancer treatment leaves much room 
for the innovation of novel therapies based on these two ion channels as targets. 

 
 

Conclusions 
TRPV4 and P2X7 exemplify the complex roles that mechanosensitive ion channels have 

in cancer cell dissemination, and motivate the need for further study of these types of channels. 
Due to the transport of calcium, TRPV4 and P2X7 are host to a variety of pro-metastatic 
pathways, making the channels appear to be attractive targets for anti-metastatic cancer 
therapies. However, these channels have also been implicated in causing cancer cell death. 
This presents a challenge for the targeting of mechanosensitive ion channels for cancer 
therapies, as a tight therapeutic window is needed to maintain the beneficial effects of the ion 
channels, while preventing adverse behaviors. Determining the proper levels of activation for 
TRPV4, P2X7 and other mechanosensitive ion channels to leverage the apoptotic effects of 
these channels, while preventing the stimulation of pro-metastatic pathways, could lead to novel 
cancer therapies. 
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Abstract 
Cancer metastasis is one of the leading causes of death worldwide, motivating research into 
identifying new methods of preventing cancer metastasis. Recently there has been increasing 
interest in understanding how cancer cells transduce mechanical forces into biochemical signals, 
as metastasis is a process that consists of a wide range of physical forces. For instance, the 
circulatory system through which disseminating cancer cells must transit is an environment 
characterized by variable fluid shear stress due to blood flow. Cancer cells and other cells can 
transduce physical stimuli into biochemical responses using the mechanosensitive ion channel 
Piezo1, which is activated by membrane deformations that occur when cells are exposed to 
physical forces. When active, Piezo1 opens, allowing for calcium flux into the cell. Calcium, as a 
ubiquitous second-messenger cation and is associated with many signaling pathways involved in 
cancer metastasis, such as angiogenesis, cell migration, intravasation, and proliferation. In this 
review, we discuss the roles of Piezo1 in each stage of cancer metastasis in addition to its roles 
in immune cell activation and cancer cell death. 
 
 
Introduction 
 Cancer metastasis accounts for 90% of cancer related deaths in patients[1]. Metastasis 
consists of 5 major steps: (1) invasion and migration, (2) intravasation, (3) dissemination, (4) 
extravasation, and (5) colonization[2] (Figure 1). Despite the high morbidity associated with 
cancer metastasis, there are many physiological barriers that cancer cells must overcome to 
successfully metastasize. Cancer cells must undergo transformation to develop increased 
motility, and to allow for degradation of the surrounding extracellular matrix (ECM) to find and 
create pathways to escape the primary tumor[3]. Cancer cells can escape via squeezing through 
the endothelial cell wall or by promoting the growth of leaky vasculature[4]. In circulation, cancer 
cells are exposed to elevated fluid shear stresses that can cause damage to the cells and lead to 
cell death[5,6]. Thus, cells must develop mechanisms of resisting the damage by these physical 
forces[7]. When exiting the circulatory system, cancer cells must tether to the endothelium, pass 
through the endothelial wall, and begin invading the distant site[8]. The distant organ must have 
a suitable environment for cancer cell survival and proliferation for effective colonization[9]. 
Throughout the entire process, the cancer cells must avoid immune detection or develop 
resistance to cytotoxic proteins expressed and secreted by immune cells[10]. In the clinic, cancer 
cells must also contend with chemotherapies[11,12]. Identifying the mechanisms and proteins 
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that allow cancer cells to accomplish these steps in the metastatic process is paramount, as this 
understanding will determine new targets for anti-metastatic therapy. 

Piezo1 is a mechanosensitive ion channel (MSC) that has recently been associated with 
multiple steps in the metastatic cascade (Table 1) (for a review on Piezo1 in different cancer types 
see De Felice & Alaimo[13]). The protein is activated through cell membrane deformations[14]. 
These deformations can be caused by mechanical forces, such as osmotic pressure, fluid shear 
stress, substrate stiffness, and confinement[15]. When Piezo1 is activated, it results in calcium 
influx, transducing mechanical forces into biochemical responses[16]. Calcium is a ubiquitous 
second-messenger that is responsible for a diverse host of cellular functions that are necessary 
for successful cancer metastasis. These functions include: survival, metabolism, proliferation, 
migration, and cytoskeletal remodeling[17]. In this review paper, we will discuss the various roles 
of Piezo1 in cancer metastasis and how Piezo1 could be leveraged in future cancer 
therapies[15,16,18ï22].  
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Figure 3.1: Schematic of cancer metastasis and the five major steps of metastasis. 
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Table 3.1. Cancers where Piezo1 either promoted or inhibited the indicated metastatic ñstageò. 

Metastatic Stage Promoted cancers Inhibited cancers 

Angiogenesis Colon [21]  

Invasion and migration 

Breast [20], Colon [21], 
Gastric [42], Pancreatic 
[43], Prostate [44], Liver 
[47], Glioblastoma [18], 

Synovial [19] 

Lung [62] 

Intravasation and 
Extravasation 

Lung [16]  

Dissemination Melanoma [85]  

Colonization No direct links No direct links 

Apoptosis 
Colon [21], Synovial [19], 

Breast [129] 
Colon [21], Gastric [107], 

Prostate [109] 

 
ñPromoted cancersò indicates cancer types that have been studied where Piezo1 promotes the 
indicated metastatic stage; ñInhibited cancersò indicates cancer types that have been studied 
where Piezo1 inhibits the indicated metastatic stage. 
  



34 
 

Piezo1 structure 
 The specific structure of human Piezo1 has yet to be thoroughly investigated. However, 
mouse Piezo1 (mPiezo1) has been studied using cryo-electron microscopy[14,23ï25] (for a 
detailed review of Piezo1 structure see Fang et al.[26]). The full length Piezo1 molecule contains 
2547 amino acids and forms a homotrimeric structure[25]. The complex consists of three 
propeller-like blades on the extracellular region of the membrane, a single extracellular cap, an 
intracellular anchor region, three intracellular beam regions, and finally, a pore conducting 
path[26] (Figure 2). Piezo1 transduces mechanical signals, such as shear stress and osmotic 
pressure, into biochemical responses by sensing deformations in the cell membrane local to the 
channel. The blades of Piezo1 sense the deformations in the cell membrane, creating a force that 
is transmitted to the intracellular beams. The beams act to amplify the force felt by the blades as 
they operate through a lever-like apparatus that is positioned closer to the pore than to the blades 
along the beam. After the blades sense membrane deformation, the beams pull on the central 
pore, opening the cap and allowing for calcium ion flux[14,23]. 
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Figure 3.2. Schematic of Piezo1 and pore channel opening. 
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Angiogenesis 
In cancer, angiogenesis is the growth of blood vessels around the tumor[27]. New blood 

vessels support tumor growth by supplying oxygen and nutrients, and aid in the metastatic 
process by providing a means of egress for cancer cells from the primary tumor[27,28]. This 
escape of cancer cells during angiogenesis is facilitated by leaky vasculature formation[29]. 
Angiogenesis is promoted by the signaling protein vascular endothelial growth factor (VEGF), 
which targets tumor endothelial cells and is often upregulated in tumors[30]. Piezo1 promotes the 
expression of HIF-1Ŭ, which promotes VEGF as a downstream target[21,31,32]. HIF-1Ŭ and 
VEGF expression have been observed to be inhibited by the silencing of Piezo1[21]. In one study, 
Piezo1 promoted VEGF expression in colon cancer, with Piezo1 expression elevated in colon 
cancer tissue and acting as a prognostic factor for patients[21]. However, within the same study, 
the overexpression of Piezo1 reduced VEGF expression further implicating the dynamic role of 
Piezo1 in VEGF expression and cancer metastasis[21]. 

Endothelial cell migration is an important step in angiogenesis[33]. Studies have shown 
that Piezo1 knockdown prevented human umbilical vein endothelial cells (HUVECs) from 
migrating or aligning with VEGF[34]. Piezo1 causes HUVECs to align and grow with fluid shear 
stress, a force which is present in the vasculature[26,34,35]. This process is supported by Piezo1-
activating calpains, causing the turnover of focal adhesions and remodeling of the 
cytoskeleton[36,37]. Piezo1 senses laminar shear stress from blood flow resulting in focal 
adhesion regulation and endothelial cell alignment via activation of the membrane-type 1 matrix 
metalloproteinase (MT1-MMP) enzyme[38]. This process mediates angiogenesis since MT1-
MMP functions by degrading the fibrin matrix to allow for vasculature growth[39]. 
Sarcoplasmic/endoplasmic-reticulum calcium ATPase (SERCA) 2 enzyme, which maintains 
calcium ion homeostasis in cells, is a binding protein of Piezo1 and important to this alignment 
process during vascularization[40]. SERCA2-mediated inhibition of Piezo1 suppresses the 
migration of endothelial cells[40]. 

While Piezo1 has not always been explored in the context of cancer, its role in blood 
vessel growth is evident. This role may prompt future studies of Piezo1 inhibition as a potential 
angiogenesis-targeting therapy. 

 
 

Invasion and migration 
 Before tumors can progress in the metastatic cascade and enter the bloodstream, cancer 
cells undergo conformational changes and alter the surrounding microenvironment[41]. Piezo1 
activation promotes migration in breast, gastric, colorectal, pancreatic and prostate cancer 
cells[20,21,42ï44]. In breast cancer, Piezo1 initiates Akt/mTOR signaling, a pathway responsible 
for regulating cell motility and survival[45]. Piezo1 is a binding protein to trefoil factor family 1 
(TFF1), contributing to invasion and migration for gastric cancer cells by reducing anoikis, 
increasing motility and promoting migration[42,46]. 

Epithelial to mesenchymal transition (EMT), a process by which epithelial cells undergo 
changes to become more mesenchymal in phenotype, is promoted by Piezo1[21,32,47,48]. This 
process enhances migration, invasive potential, and resistance to cell death, leading to increased 
cancer metastasis47. Activation of Piezo1 results in translocation of Yes-associated protein (YAP) 
1 to the nucleus, thereby increasing cell motility in a variety of cell types[48,49]. In a study with 
cholangiocarcinoma cells, Piezo1 knockout inhibited EMT in cancer cells[48]. As mentioned 
previously, Piezo1 enhances the expression of HIF-1Ŭ, a significant promoter of 
angiogenesis[21,32]. Besides vascular growth, HIF-1Ŭ can also increase EMT[21,32]. EMT can 
also be promoted by increased matrix stiffness, which, in a study of glioblastoma, Piezo1 was 
able to induce[18,50,51]. Piezo1 induces tissue stiffening through the binding of integrins and 
focal adhesions to stiffer matrixes. The increased binding of integrins and focal adhesions then 
increases cell membrane tension, allowing for increased Piezo1 activity. This increased Piezo1 
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activation by matrix stiffness promoted the upregulation of mRNA of proteins associated with 
matrix remodeling. The explicit cell signaling proteins for this increased mRNA expression were 
not identified, however[18]. 

Calpains activated by Piezo1 increase cancer cell motility through reorganization of actin 
and remodeling of the cytoskeleton[36,37,52]. Motility is also enhanced through the 
mechanosensitive response of Piezo1 to confinement, which is upregulated in cancers[53]. As 
part of this process, the influx of calcium suppresses cAMP-dependent protein kinase A (PKA) 
through PDE1 activation, thus directing cell locomotion[53]. PKA has many functions as a tumor 
suppressor[53ï56]. With its ability to sense local mechanical cues, Piezo1 causes calcium 
ñflickersò, which have been shown to cause cells to migrate in a specific direction via calcium-
dependent proteins[57,58]. 

Piezo1 has also been shown to affect migration in breast cancer[20,59]. In a study 
comparing MCF-7 breast cancer cells to neoplastic MCF-10A healthy mammary glands, which 
lack a mechanoactivated current, MCF-7 cells expressed significantly higher levels of exogenous 
Piezo1 Mrna[20]. Following inhibition with GsMTx4, an inhibitor of MSCs, motility and velocity of 
MCF-7 cells were inhibited, while MCF-10A cells were not affected[20,60]. Furthermore, in this 
study, Piezo1 was associated with shorter survival times for breast cancer patients[20]. Piezo1 
also plays a significant role in gastric cancer. Piezo1 knockdown has been observed to decrease 
migration capacity in gastric cancer cells during in vitro assays through the downregulation of the 
ɓ1 subunit of integrin[42]. These effects are attributed to the interaction between Piezo1 and TFF1 
protein, which contributes to invasion and migration[42]. In synovial sarcomas, Piezo1 is 
upregulated[19]. In one study of the SW982 synovial sarcoma cell line, Piezo1 knockdown 
resulted in decreased cell migration[19]. 

The promotion of migration by Piezo1 is not well understood in all settings, as in lung 
cancer, Piezo1 is often downregulated[61ï63]. Piezo1 downregulation can accelerate cell 
migration in lung cancer by promoting ameboid-type migration[61,62]. In MDA-MB-231 cells, 
Piezo1 inhibited blebbing, providing more evidence that Piezo1 prevents ameboid migration[64]. 
In studies of non-small cell lung cancer (NSCLC), Piezo1 knockdown enhanced migration and 
tumor growth[63]. 
 
 
Intravasation and extravasation 
 Although occurring at different stages in the metastatic cascade, intravasation and 
extravasation play similar roles in the process. As previously described, Piezo1 plays a role in 
promoting angiogenesis, which allows for the escape of cancer cells through leaky vasculature. 
This escape facilitates cancer cell intravasation into blood flow[21,29,31,32]. Piezo1 has been 
observed to increase endothelial cell permeability in lung cancer through calpain activity by 
reducing tight junctions[16]. Matrix stiffness is also promoted by Piezo1 expression[18,65]. 
Enhanced matrix stiffness promotes N-cadherin expression on endothelial cells, which supports 
a mesenchymal phenotype in cancer cells, allowing them to squeeze between cells during 
intravasation[38,66]. In glioma cells, Piezo1 is localized at focal adhesions, reinforcing tissue 
stiffening, and further upregulates Piezo1. This feedforward system promotes malignant 
progression[18]. 

Piezo1 has also been found to play a role in shear stress-induced release of ATP in red 
blood cells (RBCs), where paracrine signaling prompts the formation of inter-endothelial junctions 
and supports intravasation and extravasation of cancer cells[67]. 

Fluid shear stress has played a role in cell extravasation in vitro, which could extend to 
the importance of Piezo1 in this process[68,69]. In one study, polymorphonuclear neutrophil 
(PMN)-facilitated melanoma cell extravasation was enhanced under flow conditions[68]. In 
another study, hydrodynamic shear stress via transendothelial assay enhanced breast tumor cell 
extravasation[69]. Although Piezo1 is not specifically mentioned, the impact of calcium influx, an 
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important result of Piezo1 opening, has been observed in cancer cell extravasation[70]. In one 
study, calcium inhibition resulted in suppressed EGF-migration and prevented nasopharyngeal 
carcinoma cell extravasation, demonstrating the importance of calcium influx[70]. 

Other MSCs have been investigated for their role in cell intravasation and extravasation, 
and although they do not always function in the same manner as Piezo1, it reinforces the 
importance of MSCs to these processes. Transient receptor potential melastatin 7 (TRPM7) is a 
fluid shear stress sensor that has reduced activity when cancer cells are undergoing 
intravasation[71]. Transient receptor potential vanilloid 4 (TRPV4) is another MSC that plays a 
significant role in intravasation and extravasation by promoting EMT, which facilitates 
intravasation[72]. TRPV4 has been observed to be upregulated in metastatic breast cancer cell 
lines 4T07, 4T1 and MDA-MB-468, compared to primary tumors that were unable to undergo 
extravasation[73,74]. Upregulation of TRPV4 resulted in increased deformability and migratory 
ability in these cells, facilitating both intravasation and extravasation[72,74]. This increased 
deformability promotes morphological softening, which allows cells to exit the vasculature more 
easily during extravasation[75]. Additionally, breast cancer cells and extravasating leukocytes 
have similar expression of specific phosphorylated proteins necessary for actin cytoskeletal 
remodeling and deformability, which suggests the importance of TRPV4 for the phosphorylation 
of these proteins in extravasation[76ï78]. MSC purinergic type 2 X7 receptor (P2X7) also plays 
a significant role in intravasation and extravasation[72]. First, P2X7 supports EMT, which aids in 
intravasation[79,80]. P2X7 activation promotes MMP activity, thereby facilitating intravasation, in 
MDA-MB-435 cells[79,81,82]. This significance is further supported by cancer cells without MMPs 
present being unable to intravasate[83]. Extravasation is supported by MMP-facilitated 
degradation of the ECM in MDA-MB-435 cells[79,81]. These findings with other MSCs suggest 
that the role of Piezo1 in intravasation and extravasation is more complicated than its role in other 
aspects of metastasis. 

 
 

Dissemination 
Many studies have indicated the significance of EMT in the early stages of cancer cell 

dissemination during metastasis[84,85]. In one study of melanoma cells, mesenchymal-related 
genes N-cadherin and E-cadherin had significantly reduced expression after Piezo1 
knockdown[86]. This reduction of mesenchymal-promoting genes supports the role that Piezo1 
plays in EMT and, therefore, cancer cell dissemination. As previously mentioned, Piezo1 also 
promotes EMT through tissue stiffening[18,50,51]. In one study of RasV12-transformed cells, 
Piezo1 was found to be essential for dissemination[87]. While these studies were performed with 
Drosophila intestinal stem cells (ISCs) and enteroblasts (EBs), the findings can easily extend to 
disseminating cancer cells due to the significance of Ras in cancer. Ras proteins are binary 
switches that are vital to signal transduction, and are often mutated in different types of cancer[88ï
91]. Additionally, higher hazard ratios and shorter survival times were observed in breast cancer 
patients with primary tumors exhibiting high Piezo1 mRNA levels, indicating the role of Piezo1 in 
metastatic dissemination[20]. 

As previously mentioned, Piezo1 is a binding protein to TFF1, which has been observed 
to impact different aspects of cancer metastasis. In several studies, enhanced levels of TFF1 
were associated with the promotion of dissemination in different cancers, including those 
originating in breast and GI system[42,92,93]. Despite these findings, TFF1 plays a more 
complicated role in dissemination. For instance, it has been observed to inhibit EMT in pancreatic 
intraepithelial neoplasm (PanIN)[94]. It has also acted as a tumor suppressor in stomach cancers 
and is not expressed in highly metastatic breast cancer cell lines such as MDA-MB-231 cells[95]. 
Dissemination of circulating tumor cells (CTCs) is supported by platelets, which bind to CTCs 
during circulation and protect them from the harsh forces of the circulatory system[96ï98]. In 
circulation, CTCs induce platelet activation and aggregation, becoming enveloped with platelets 
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to shield them not only from fluid shear stress in blood flow, but from the immune system and 
TNF-Ŭ-mediated cytotoxicity[99]. Piezo1 facilitates this binding by opening in response to blood 
flow forces, allowing a calcium influx to activate platelets[100,101]. Piezo1 also aids RBCs in their 
transit through circulation by allowing them to deform to fit through tight capillaries[102ï104]. It is 
possible that these changes could occur in CTCs as well, making them better suited for survival 
in the circulatory system. In one study, breast cancer cells were able to survive in circulation as 
well as immune cells, which could suggest the importance of Piezo1 in this process[5]. 

The role of Piezo1 has been explored in a variety of different types of disseminating cells. 
While its connection to CTCs has been less frequently explored beyond other cells, such as 
platelets, assisting in CTC trafficking, it appears to play a significant role in this process 
nevertheless. 
 
Piezo1 in Colonization 
 Piezo1 has not been directly linked to the colonization of distant tumor sites following 
cancer cell dissemination. However, increased intraosseous pressure was previously shown to 
support successful colonization of the bone by prostate cancer cells[105]. Piezo1 has also been 
shown to be activated by increased mechanical loading of bones, suggesting a possible link 
between Piezo1 and metastatic colonization[106]. Piezo1 has been linked to the expression and 
activation of proteins associated with successful colonization and increased proliferation, such as 
HIF-1Ŭ, Akt/mTOR, and ERK[21,43,107]. 

Piezo1 has been shown to induce HIF-1Ŭ expression in gastric cancer cells through 
calcium influx in response to mechanical force. Additionally, it was shown that Piezo1 knockdown 
in gastric cancer cells significantly reduced HIF-1Ŭ expression and metastasis[108]. An additional 
study identified HIF-1Ŭ to be essential to metabolic reprogramming that promoted the formation 
of metastatic lesions. HIF-1Ŭ caused the cells to switch from mitochondrial oxidative 
phosphorylation to anerobic glycolysis. This process also reduced the intratumoral reactive 
oxygen species (ROS) to non-cytotoxic levels, allowing for successful metastatic tumor 
formation[109]. 

Akt/mTOR signaling has been found to promote cancer cell proliferation and is known to 
be activated in prostate cancer cells[110]. A study of Piezo1 in prostate cancer showed that 
shRNA knockdown of Piezo1 significantly reduced proliferation and caused cell-cycle arrest by 
reducing the activity of Akt/mTOR in a calcium-mediated process[110]. A breast cancer study 
identified Akt/mTOR as being a major component of successful metastatic colonization of the 
lungs. The authors demonstrated that increased laminar shear stress caused a significant 
upregulation of Akt/mTOR signaling[111]. The enhanced Akt/mTOR signaling was reliant on the 
expression of the oncogene caveolin-1, which was also upregulated by the laminar shear 
stress[111,112]. Caveolin-1 expression has been tied to calcium signaling since its expression 
depends on the activation of the calcium-reliant transcription factor, NFAT[113]. This finding 
suggests a possible link between Piezo1, caveolin-1, and Akt/mTOR, as Piezo1 activation is 
induced by laminar shear stress and causes calcium influx[114]. 
 ERK1/2 was shown to be a phosphorylation target downstream of calcium influx by Piezo1 
activation in canine epithelial cells[15]. The phosphorylated ERK1/2 then caused a significant 
increase in the mitosis of the cells. ERK1/2 has been linked to cancer progression and successful 
colony formation[115,116] In one study, Piezo1 was activated by stretching the substrate on which 
the cells were cultured, causing deformation of the cell membranes. The stretching of the cells 
induced a 5-fold increase in proliferation[15]. While ERK1/2 and Piezo1 have not yet been linked 
to colony formation in cancer metastasis, it does suggest a further link between the two, as bone 
tissue is exposed to different loading conditions in vivo that can give rise to different stretch 
patterns capable of inducing this rapid cell division in metastatic cancer cells that have invaded 
the bone[117]. 
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Piezo1 Survival and Apoptosis 
 The roles of Piezo1 in both survival and apoptosis further demonstrate the diverse roles 
of Piezo1 in cancer metastasis. For example, in a previous study of colon cancer, Piezo1 
knockdown significantly reduced the viability of HCT116 and SW480 cells. However, increasing 
the activation of Piezo1 through Yoda1 reduced cell viability by causing mitochondrial 
depolarization[21]. A study of Piezo1 and cell viability in synovial sarcoma showed that reducing 
the expression of Piezo1 caused a significant reduction in cell viability as well. Increasing Piezo1 
activation using the Yoda1 agonist, however, did not have any effect on cell viability[19]. The 
authors of this study hypothesized that Piezo1 may not play a direct role in cell survival or death. 
Instead, they suggested that Piezo1 may be important in cell adhesion as was demonstrated in 
previous work[19,118]. This finding suggests that Piezo1 may prevent cell death by promoting 
cell adhesion, thus preventing anoikis[119]. However, this is contradicted by another study in 
which Piezo1 promoted extrusion of overcrowded epithelial cells that resulted in cell death[120]. 
When Piezo1 was knocked down however, the epithelial cells continued to overgrow. 
The extrusion-related cell death, however, may be of less importance in cancer cells because 
anoikis is induced through intrinsic apoptosis[121]. Intrinsic apoptosis involves mitochondrial 
dysfunction that results in the release of proapoptotic proteins, such as cytochrome c and Smac, 
from the mitochondria[122]. Intrinsic apoptosis is inhibited by Bcl-2, which is commonly 
upregulated in metastatic cancer cells, suggesting the extrusion-related cell death by Piezo1 is 
less likely to occur in metastatic cancer cells[123]. 
 Piezo1 has also been linked to increased cancer cell survival in gastric and prostate 
cancer[108,110]. In gastric cancer, Piezo1 inhibition through knockdown reduced cancer cell 
growth and increased the sensitivity of the cells to chemotherapy[108,124]. In prostate cancer 
cells, a similar effect was seen where Piezo1 knockdown caused a small reduction of cell viability 
in vitro in DU145 cells. However, the Piezo1 knockdown in vivo seemed to have a more prominent 
impact on tumor growth[110]. 
 Piezo1 has also been linked to apoptosis in cancer cells and other cell types primarily 
through calpain-mediated apoptosis[22,125,126]. Calpains are proteases that are activated by 
calcium influx and can induce apoptosis by cleaving Bid to its active form of truncated Bid 
(tBid)[127]. Calpains can also cleave the Bax/Bak inhibitor protein Bcl-2[128]. These activities by 
calpains allow for intrinsic apoptosis to occur and leads to caspase-mediated cell death[129]. In 
prostate cancer cells, Piezo1 activation by fluid shear stress and Yoda1 significantly increased 
the sensitivity of the cells to TRAIL-mediated apoptosis. This sensitization by Piezo1 activation 
was reliant on calcium influx, calpain activation, and increased mitochondrial depolarization[22]. 
These findings are further supported by another study that used MDA-MB-231 breast cancer cells. 
This study demonstrated that cyclic stretching of the cancer cells caused a Piezo1-mediated 
calcium influx that resulted in Bax activation and intrinsic apoptosis[130]. Interestingly, the authors 
also found that the cyclic stretch promoted cell growth of healthy cells. 
 
  
Piezo1 in Immune Cells 

Calcium signaling in immune cells is known to be crucial to their physiological behavior 
and expression of enzymes and transcription factors that regulate inflammatory function[131,132]. 
Additionally, the essential role of mechanical forces in directing immune cell function has received 
increasing attention, as many disease states involve increased tissue stiffness[133ï135]. While 
the exact mechanisms through which mechanosensitive ion channels regulate the immune 
system is uncertain, the role of Piezo1 in leukocytes has gained recent attention. The growing 
interest in Piezo1 in immune cells may provide insight into how it functions in cancer cells and 
how modulating Piezo1 activity may lead to potential cancer immunotherapies and treatment of 
infectious disease. 
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Physical cues and external stimuli in the microenvironment drive a cellôs physiological function 
and leads to numerous downstream signaling effects. Piezo1 has been identified as a critical 
sensor of mechanical stress in numerous myeloid and lymphoid cells, indicating its role in the 
immune system by linking mechanical forces with immune regulation[136ï139]. In one study, 
Piezo1 was determined as the primary sensor of physical forces in myeloid cells, as Piezo1-
deficient leukocytes were unable to transduce mechanical signals[136]. They also demonstrated 
in vivo that deletion of Piezo1 on myeloid cells diminished the progression of pancreatic cancer 
and protected against polymicrobial sepsis[136]. In another study, it was reported that the pro-
inflammatory response of myeloid cells was entirely dependent on the mechanosensation of 
Piezo1 when exposed to cyclical pressure[140]. Mechanistically, the authors determined that 
Piezo1 signaling in myeloid cells lead to activation of activator protein-1 (AP-1), transcription of 
endothelin-1 (Edn-1), and stabilization of H1F-1Ŭ[140]. 

Immune cell activation relies on chemical and physical cues to potentiate an appropriate 
immune response. As a mechanosensitive ion channel, Piezo1 has exhibited an essential role in 
immune cell activation. In one study, Piezo1 was determined to be a critical protein involved in 
human T cell activation[138]. By evaluating phosphorylation of ZAP70 and induction of CD69 
transcripts ð which are indicative of T cell activation ð the Piezo1 agonist Yoda1 induced optimal 
T cell activation[138]. The proposed mechanism involves cell membrane stretch causing calcium 
influx through Piezo1, which activates calpain and triggers the reorganization of the cortical actin 
scaffold, thereby optimizing T cell receptor (TCR) signaling[138]. It has also been shown that 
Piezo1 is essential for the activation of macrophages137. This studyôs results indicate that the 
activation of Piezo1 in macrophages is responsible for enhanced inflammation and decreased 
healing response, through increased nuclear factor kappa-light-chain-enhancer of activated B 
cells (NFəB) and decreased signal transducer and activator of transcription 6 (STAT6) activation, 
respectively[137]. Similarly, another study demonstrated the necessity of Piezo1 in monocytes in 
activating a pro-inflammatory response, which is essential for immunity against bacterial infection 
in the lungs[140]. However, the authors also reported exacerbated autoinflammation in a model 
of pulmonary fibrosis through the activation of Piezo1[140]. Finally, Piezo1 has been shown to 
play an important role in dendritic cell (DC) activation and function when exposed to mechanical 
stress[139]. In this study, Yoda1 strongly upregulated the production of pro-inflammatory 
cytokines IL-6 and TNF- Ŭ[139]. The authors also found that Piezo1-deficient DCs mildly 
suppressed the DC-mediated anti-tumor response in a syngeneic ovalbumin (OVA) mouse 
model[139]. 

Piezo1 has exhibited essential roles in cell physiology as a transducer of physical stimuli 
and potentiator of chemical signaling. The demonstrated importance of Piezo1 activity in immune 
cells gives rise to the potential of using Piezo1 to modulate cancer immunotherapies and 
infectious disease treatment. Additionally, a thorough understanding of the effects of Pizeo1 in 
immune cell activation may give rise to high-throughput immune cell activation for adoptive cell 
therapies. However, future studies will be necessary to evaluate the effects of Pizeo1 activity in 
immune cells on disease and cancer progression.  
 
Conclusions 

The diverse responses of Piezo1 in inducing cell death, increasing cell survival, 
modulating immune cell activation, and enhancing cancer metastasis demonstrates the 
complexity of cancer progression. It suggests that both inhibiting and activating Piezo1 may have 
potential in treating the disease. However, observations to date highlight the individuality of each 
cancer case. Different organs have diverse environments with various signaling proteins and 
mechanical forces at play. In one context, Piezo1 may be an ideal target for inhibition to prevent 
metastasis, but in another, it may be better to activate Piezo1 to prevent metastasis. Piezo1 
encompasses the broad range of effects that mechanical forces can have on cancer progression, 
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and indicates the clear need for further research into the effects of mechanotransduction in cancer 
metastasis. 
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Abstract 
TRAIL specifically induces apoptosis in cancer cells without affecting healthy cells. However, 
TRAILôs cancer cytotoxicity was insufficient in clinical trials. Circulatory-shear stress is known to 
sensitize cancer cells to TRAIL. In this study, we examine the mechanism of this TRAIL 
sensitization with the goal of translating it to static conditions. GsMTx-4, a Piezo1 inhibitor, was 
found to reduce shear stress-related TRAIL sensitization, implicating Piezo1 activation as a 
potential TRAIL-sensitizer. The Piezo1 agonist Yoda1 recreated shear stress-induced TRAIL 
sensitization under static conditions. A significant increase in apoptosis occurred when PC3, 
COLO 205, or MDA-MB-231 cells were treated with Yoda1 and TRAIL in combination, but not in 
Bax-deficient DU145 cells. Calpastatin inhibited apoptosis in Yoda1-TRAIL treated cells, 
indicating that calpain activation is necessary for apoptosis by Yoda1 and TRAIL. Yoda1 and 
TRAIL treated PC3 cells showed increased mitochondrial outer membrane permeability (MOMP), 
mitochondrial depolarization, and activated Bax. This implies that Piezo1 activation sensitizes 
cancer cells to TRAIL through a calcium influx that activates calpains. The Calpains then induce 
MOMP by enhancing Bax activation. From these experiments a computational model was 
developed to simulate apoptosis for cells treated with TRAIL and increased calcium. The 
computational model elucidated the proapoptotic or antiapoptotic roles of Bax, Bcl-2, XIAP, and 
other proteins important in the mitochondrial-apoptotic signaling pathway. 
 
 
Introduction 

With 8 million cancer-related deaths per year, major breakthroughs in cancer therapy are 
needed1. Tumor-necrosis-factor-Ŭ (TNF-Ŭ)-related apoptosis-inducing ligand (TRAIL) is a 
promising cancer therapy discovered by Wiley et al. in 19952. TRAIL induces apoptosis 
specifically in cancer cells, while sparing healthy cells thus minimizing side effects3. This prompted 
multiple clinical trials using TRAIL4,5,6,7. The clinical trials showed that TRAIL lacked the necessary 
cytotoxicity for clinical relevance. Thus, focus has shifted to discovering compounds that enhance 
TRAILôs cytotoxicity while maintaining its specificity8. 
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TRAIL induces apoptosis in cancer cells by binding to death receptors 4 and 5 (DR4/5)3. 
Cancer cells will undergo different forms of TRAIL-mediated apoptosis dependent on whether 
they are type I or II cells9. Type I cells follow the extrinsic pathway. When TRAIL binds to DR4/5, 
the death-induced signaling complex (DISC) is formed, activating caspase 8. Caspase 8 activates 
caspase 3, which cleaves functional proteins needed for cell survival10. In type II cells the extrinsic 
pathway cannot commit a cell to apoptosis. Caspase 8 additionally cleaves Bid to truncated Bid 
(tBid) leading to activation of the intrinsic pathway11. TBid activates this pathway by inhibiting Bcl-
2 and activating Bax to form pores in the mitochondria. These pores lead to mitochondrial outer 
membrane permeability (MOMP) and the release of the apoptogenic proteins cytochrome c and 
Smac12,13,14,15. 

Previously cancer cells have been sensitized to TRAIL-mediated apoptosis when exposed 
to circulatory levels of shear stress16. One potential explanation for this shear stress mechanism 
is the activation of mechanosensitive ion channels (MSCs), specifically the MSC Piezo1. Piezo1 
is an MSC that opens in response to mechanical stimuli, such as shear stress and like other MSCs 
has been previously associated with proapoptotic effects17,18,19,20,21. Furthermore, Piezo1 has a 
small molecule agonist known as Yoda1, meaning Piezo1ôs activity can be translated to static 
conditons22. 

The proapoptotic effects of Piezo1 and other MSCs have primarily been associated with 
calcium influx19,20. One pathway by which calcium induces apoptosis is by causing mitochondrial 
dysfunction. Calcium influx can cause mitochondrial dysfunction by activating calpains, proteolytic 
enzymes that cleave Bcl-2 and process Bid to tBid, inducing intrinsic apoptosis23,24,25. 

The mechanism through which shear stress sensitizes cancer cells to TRAIL-mediated 
apoptosis has not yet been elucidated, nor has a method of exploiting shear stress TRAIL 
sensitization within tumors been identified. In this study, we demonstrate the role of Piezo1 in 
shear stress-induced TRAIL sensitization of cancer cells, translate Piezo1ôs TRAIL-sensitizing 
role to static conditions using Yoda1, and explore the mechanism of Piezo1 and TRAILôs apoptotic 
synergy using Yoda1 experiments and a new computational model. 

 
 

Results 
 
 
Shear sensitization of PC3 cells to TRAIL-mediated apoptosis is reduced by MSC inhibition 

Cell viability was measured after PC3 (prostate) cells were treated with 250 ng/mL TRAIL, 
shear stress of 2.0 dyn/cm2, and 10 ÕM GsMTx-4 for 4 h (Fig. 4.1a). The percent of viable cells 
was determined using Annexin-V/propidium iodide (PI) staining. Cells negative for Annexin-V and 
PI were considered viable. PC3 cells treated with 250 ng/mL TRAIL under static conditions 
showed a negligible drop in cell viability. When the cells were exposed to shear stress of 
2.0 dyn/cm2 and TRAIL, a significant decrease in cell viability to 34.8% was found (Fig. 4.1b). 
Shear stress exposure alone did not cause a major shift in viability. The pharmacological inhibitor 
of MSCs, GsMTx-4, significantly increased viability by 19.8% when used with shear stress and 
TRAIL. GsMTx-4 treated cells exhibited a reduced viability of 64.8% when exposed to shear 
stress (Fig. 4.1b). This indicates that some of the apoptosis detectable in the shear stress-GsMTx-
4-TRAIL treated group is not due to TRAIL. To account for this possibility, shear stress-induced 
TRAIL sensitization was calculated for the GsMTx-4 and non-GsMTx-4 shear stress-TRAIL 
treated cells (Supplementary Fig. 4.1a). Shear stress-induced TRAIL sensitization was calculated 
by subtracting the cell viability of the TRAIL treated group from its non-TRAIL-treated counterpart 
and then dividing by the viability of the non-TRAIL-treated group. Cells exposed to only shear 
stress showed a TRAIL sensitization of 57.7%, whereas cells experiencing GsMTx-4 and shear 
stress had 13.4% (Supplementary Fig. 4.1a). These results suggest that MSCs play a role in 
shear stress sensitization of cancer cells to TRAIL. 
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Figure 4.1: Shear stress sensitization of PC3 cells to TRAIL-mediated apoptosis. a Annexin-
V flow plots of PC3 cells treated with shear stress and combinations of HBSS or 10 ÕM GsMTx-4 
and 250 ng/mL TRAIL. b Cell viabilities for PC3 cells treated with shear stress, HBSS, GsMTx-4, 
or TRAIL (n= 4). c Cell viabilities of PC3 cells with Piezo1 or scrambled siRNA after treatment 
with shear stress and TRAIL (n= 4). a One representative experiment of four independent 
experiments. b, c Means and SD of four independent experiments. Statistical significance 
determined by one-tailed ANOVA. **p< 0.01, ***p< 0.005, ****p< 0.001. 
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To determine if Piezo1 specifically plays a role in this shear stress sensitization, Piezo1 
expression was confirmed in PC3 cells via flow cytometry (Supplementary Fig. 4.2). Piezo1 was 
knocked down using siRNA, with knockdown confirmed using western blot (Supplementary 
Fig. 4.3a). No changes in TRAIL sensitivity occurred for siPiezo1 or scrambled PC3 cells under 
static conditions. The scrambled control was consistent with shear stress increasing TRAIL-
mediated apoptosis with a cell viability of 50.6% (Fig. 4.1c). There was no significant increase in 
viability between the siPiezo1 cells treated with TRAIL and shear stress to the scrambled cells 
with TRAIL and shear stress (Fig. 4.1c). SiPiezo1 cells treated with shear stress showed a lower 
cell viability comparable to the siPiezo1 cells treated with TRAIL and shear stress (Fig. 4.1c). This 
suggests that the reduced cell viability of the siPiezo1 PC3 cells, when treated with shear stress 
and with TRAIL, is due to shear stress. When calculating TRAIL sensitization, the sensitization 
was 35.8% and ī5.1% for the scrambled cells and the siPiezo1 cells, respectively (Supplementary 
Fig. 4.1b). 

Piezo1 activation by Yoda1 enhances TRAIL-mediated apoptosis 
Piezo1 activation by Yoda1 in PC3 cells was confirmed using flow cytometry to track 

intracellular calcium by ratiometric fluorescence of Fluo-4 and Fura Red (Supplementary Fig. 4.3). 
PC3 cells were treated with 10 ÕM Yoda1 or DMSO and 50 ng/mL TRAIL (Fig. 4.2a). Neither 
Yoda1 nor DMSO caused a significant increase in apoptosis (Fig. 4.2b). The TRAIL and DMSO 
treatment group had significantly increased apoptosis with a viability of 54.3%. The Yoda1-TRAIL 
group had a viability of 22.2% (Fig. 4.2b). To assess the rate of TRAIL sensitization, PC3 cells 
were treated with Yoda1 or DMSO and TRAIL for 1, 4, 8, 12, or 24 h. TRAIL sensitization by 
Yoda1 was calculated by subtracting the cell viability of Yoda1-TRAIL treated cells from that of 
DMSO-TRAIL treated cells and dividing by the viability of DMSO-TRAIL treated cells. 
Sensitization was evident by 4 h and continued to increase over 24 h (Fig. 4.2c). To confirm if 
Yoda1 sensitizes cancer cells through Piezo1 activation, Piezo1 was inhibited using siRNA 
knockdown. TRAIL sensitization of PC3 cells treated with scrambled siRNA was 42.7%, whereas 
the siPiezo1 treated cells showed a sensitization of 8.6% (Fig. 4.2d). 
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Figure 4.2: Yoda1 sensitizes cancer cells to TRAIL-mediated apoptosis. a Representative 
flow plots of Annexin-V assays of PC3 cells after treatments with combinations of 0.1% DMSO or 
10 ÕM Yoda1 and 50 ng/mL TRAIL treatments. b Average cell viabilities of PC3 cells treated with 
DMSO or Yoda1 and TRAIL (n= 3). c TRAIL sensitization of PC3 cells by Yoda1 at 1, 4, 8, 12, 
and 24 h timepoints (n= 3). d TRAIL sensitization of PC3 cells by Yoda1 after siRNA knockdown 
of Piezo1 (n= 3). e TRAIL sensitization of PC3, DU145 (100 ng/mL), COLO 205 (10 ng/mL), and 
MDA-MB-231 (50 ng/mL) cells treated with 1, 5, 10, and 50 ÕM Yoda1 (n= 3). f PC3 cells treated 
with Yoda1 and TRAIL and the addition of calpeptin (n= 3). a One representative experiment of 
three independent experiments. bïf Means and SD of three independent experiments. Statistical 

https://www.nature.com/articles/s41419-019-2063-6/figures/2
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analysis performed using one-tailed ANOVA (b, f) and two-tailed unpaired t-test (d). *p< 0.05, 
**p< 0.01, ***p< 0.005, ****p< 0.001. 
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Piezo1 expression was confirmed in COLO 205, DU145, and MDA-MB-231 cancer cell 
lines to determine if Yoda1-TRAIL sensitization occurs in other cancer cell lines (Supplementary 
Fig. 4.2). Yoda1-TRAIL sensitization was measured for PC3, COLO 205, DU145, and MDA-MB-
231 cells for 1ï50 ÕM Yoda1 (Fig. 4.2e). PC3, COLO 205, and MDA-MB-231 cells showed 
significant TRAIL sensitization of 59.2, 40.4, and 50.6%, respectively. Significant sensitization for 
these cell lines began at 5 ÕM Yoda1. Bax-deficient DU145 cells had a lower level of TRAIL 
sensitization, only reaching a value of 10.4% at 50 ÕM Yoda1 (Fig. 4.2d)26. Yoda1 and TRAIL 
were also tested against HUVEC cells as a non-cancerous control. HUVECs were sensitized to 
TRAIL-mediated apoptosis by Yoda1 (Supplementary Fig. 4.5). 

Microarray Piezo1 expression of the four cancer cell lines was gathered from the 
CBioportal to correlate its effects on Yoda1-TRAIL sensitization27,28. Piezo1 expression and 
TRAIL sensitization had a Spearmanôs correlation coefficient of ī0.4, indicating Yoda1-induced 
TRAIL sensitization does not correlate with the amount of Piezo1 present (Supplementary 
Fig. 4.6a). The siRNA knockdown results indicate a certain level of expression is necessary, 
however (Fig. 4.2d). Yoda1-TRAIL sensitization had a Spearmanôs correlation coefficient of 0.8 
with Bcl-2 expression (Supplementary Fig. 4.6b). This suggests that Piezo1 activation acts 
through the intrinsic pathway to enhance TRAIL-mediated apoptosis. Calpains induce apoptosis 
by regulating Bcl-2 and are activated by calcium23. PC3 cells were treated with Yoda1, TRAIL, 
and 1 ÕM calpeptin, a calpain inhibitor for 12 h. Cell viability was significantly increased for cells 
treated with TRAIL, Yoda1, and calpeptin compared to TRAIL-Yoda1 treated cells (Fig. 4.2e). 

Yoda1 and TRAIL destabilize the mitochondria 
Mitochondrial depolarization and MOMP was measured in PC3 cells to determine if 

Yoda1-TRAIL sensitization is due to the intrinsic pathway29. Mitochondrial depolarization was 
detected as a decrease in JC-1 red fluorescence. The DMSO-TRAIL group showed a significant 
but minimal increase in depolarization compared to the control cells with depolarization of 25.4%. 
Yoda1-TRAIL treated cells showed a significant mitochondrial depolarization of 65.7% (Fig. 4.3a, 
b). MOMP was measured using the calcein-CoCl2 assay where reduced calcein fluorescence 
indicates MOMP (Fig. 4.3c). DMSO-TRAIL treated cells had a similar level of MOMP to the other 
controls of 15.0%. Yoda1-TRAIL treated cells had MOMP occurrence of 31.9% (Fig. 4.3d). MOMP 
was measured at various timepoints of 1, 4, 8, 12, and 24 h for treated PC3 cells. Yoda1-TRAIL 
treated cells had the same value of MOMP as DMSO-TRAIL treated cells until 12 h, where a 
significant increase in MOMP occurred (Fig. 4.3e). 
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Figure 4.3: Yoda1 and TRAIL induce mitochondrial dysfunction. a Representative flow plots 
of JC-1 assay after Yoda1 or DMSO and TRAIL treatment. b Percent of cells with depolarized 
mitochondria after DMSO or Yoda1 and TRAIL treatment (n= 3). c Flow plots of MOMP due to 
DMSO or Yoda1 and TRAIL treatment. d Average MOMP of PC3 cells after treatment with DMSO 
or Yoda1 and TRAIL (n= 3). e MOMP of PC3 cells treated with DMSO or Yoda1 and TRAIL at 1, 
4, 8, 12, and 24 h timepoints (n= 3). f Representative images of Bax activation of PC3 cells 
treated with DMSO or Yoda1 and TRAIL. The red channel is actin, green is active Bax, and blue 
is DAPI. Scale bars = 20 Õm. g Fluorescent intensity of active Bax in PC3 cells treated with DMSO 
and TRAIL (n= 57) or Yoda1 and TRAIL (n= 40). h TRAIL sensitization of PC3 cells when treated 
with Yoda1 after scrambled siRNA, cytochrome c (CYCS) and Smac knockdown. a, c, f One 
representative experiment of three independent experiments. b, d, e, g, h Means and SD of three 
independent experiments. Statistical analysis was done using one-tailed ANOVA (b, d) and two-
tailed unpaired t-test (g, h). *p< 0.05, ***p< 0.005, ****p< 0.001. 
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MOMP is caused by either mitochondrial permeability transition pore (mPTP) opening or 
Bax activation13. To determine the mechanism of MOMP, PC3 cells were treated with mPTP 
inhibitors, cyclosporin a (CsA) and bongkrekic acid (BKA), or the Bax channel inhibitor, Bax 
channel blocker (BCB). CsA and BCB enhanced TRAIL-sensitization by Yoda1 and BKA had no 
effect (Supplementary Fig. 4.7). Active Bax was measured using an antibody designed against 
the active conformation to determine if Yoda1 and TRAIL enhance Bax activation (Fig. 4.3f). 
Yoda1-TRAIL treated PC3 cells had significantly increased active Bax-fluorescence intensity 
compared to DMSO-TRAIL treated cells, suggesting that Yoda1 and TRAIL induce MOMP by Bax 
activation (Fig. 4.3g). 

Cytochrome c (CYCS) and Smac were inhibited by siRNA to determine if MOMP was 
necessary for Yoda1-TRAIL sensitization. Knockdown of these proteins reduced TRAIL 
sensitization from 42.7% for the scrambled-siRNA treated cells to 27.2% and 15.8% for siCYCS 
and siSmac, respectively (Fig. 4.3h). The reduction of TRAIL sensitization of siCYCS treated cells 
was not statistically significant. Knockdown was confirmed via western blot (Supplementary 
Fig. 4.3b, c). 

Computational model: Yoda1 and TRAIL act synergistically to induce MOMP 
Figure 4.4a depicts the mechanism of how Yoda1 and TRAIL increase apoptosis. It was 

determined that Yoda1 sensitizes cancer cells to TRAIL via calpains by cleaving Bcl-2 and 
truncating Bid. This leads to Bax activation, causing MOMP. Cleaved PARP (cPARP) is indicative 
of apoptosis and is used to indicate if a cancer cell underwent apoptosis in 24 h in the 
computational model30. The threshold for a cell to be considered apoptotic was if cPARP 
concentration reached 5*105 molecules per cell. MOMP was modeled using the concentration of 
cytosolic Smac.  

The computational model was used to determine how Yoda1 and TRAIL act synergistically 
to induce apoptosis. When TRAIL was used as a monotherapy, cPARP was generated, but the 
concentration did not reach a critical level (Fig. 4.4b). When Yoda1 was included, the apoptotic 
response initially mirrored TRAIL when used as a monotherapy, but at 12 h cPARP was amplified 
(Fig. 4.4b). Before the cPARP concentration began increasing in the Yoda1-TRAIL simulation, 
MOMP occurred with Smac release beginning at 10 h and reaching its maximum at 12 h. 
(Fig. 4.4b, c). The simulation shows that TRAIL-Yoda1 synergy is due to the mitochondrial 
dysfunction. The simulation was also performed without TRAIL (Fig. 4d, e). In the absence of 
TRAIL, but with Yoda1 present, there was no increase in cPARP concentration (Fig. 4.4d). MOMP 
was lost when no TRAIL was present (Fig. 4.4e). 

 
  

https://www.nature.com/articles/s41419-019-2063-6#ref-CR13
https://www.nature.com/articles/s41419-019-2063-6#MOESM14
https://www.nature.com/articles/s41419-019-2063-6#Fig3
https://www.nature.com/articles/s41419-019-2063-6#Fig3
https://www.nature.com/articles/s41419-019-2063-6#Fig3
https://www.nature.com/articles/s41419-019-2063-6#MOESM10
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#ref-CR30
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#Fig4


60 
 

 

https://www.nature.com/articles/s41419-019-2063-6/figures/4


61 
 

Figure 4.4: Baseline computational model of Yoda1 and TRAIL synergy. a Schematic of 
calcium and TRAIL-mediated apoptosis. Dark red coloring indicates additions to the 
computational model. b Apoptosis or cPARP concentration of cancer cells treated with TRAIL 
with or without Yoda1. Dashed line represents the threshold of cPARP at which cancer cells are 
considered apoptotic. c Time of MOMP determined by release of Smac, which follows MOMP for 
cancer cells treated with TRAIL with or without Yoda1. d Apoptosis of cancer cells treated with 
Yoda1 with or without TRAIL. e Time of MOMP of cancer cells treated with Yoda1 with or without 
TRAIL. 
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Computational model: cooperativity of TRAIL and calcium 
The TRAIL initial condition was varied from 0 ng/mL to 500 ng/mL. For TRAIL 

concentrations greater than 0, cells underwent apoptosis in 24 h, but the time of apoptosis varied 
(Fig. 4.5a). The 0.05 and 0.5 ng/mL TRAIL treatments do not produce a significant rise in cPARP 
until 21 and 17 h, respectively (Fig. 4.5a). The 50 and 500 ng/mL TRAIL cells exhibited a rise in 
cPARP at 12 h. The increase in cPARP for each cell occurs post-MOMP. The lower the TRAIL 
concentration, the later MOMP occurs, demonstrating the need for MOMP in TRAIL-mediated 
apoptosis (Fig. 4.5a). 

Caspase 3 is downstream of TRAIL activating the extrinsic pathway and enhances calpain 
activity by degrading calpastatin, and this was included in the model (Fig. 4.4a)31. When caspase 
3 expression was reduced, cPARP was lowered to a negligible level because there was not 
enough active caspase 3 to cleave PARP and induce MOMP (Fig. 4.5b). When caspase 3 was 
over-expressed, MOMP occurred at an earlier time and amplified cPARP. However, cells reached 
the threshold for apoptosis before MOMP and the amplification occurred (Fig. 4.5b). 

Calcium concentration was varied as a proxy for different concentrations of Yoda1 
treatment. Increasing calcium concentration past 1 ÕM had essentially no effect on enhancing 
TRAIL-mediated apoptosis. There was a negligible increase in cPARP and MOMP occurred only 
slightly sooner (Fig. 4.5c). Calpain expression was also varied to determine its role in this 
apoptotic process. Decreased calpain expression increased the time required for a cancer cell to 
undergo MOMP and apoptosis, and removed the effect of calcium sensitization of cancer cells to 
TRAIL (Fig. 4.5d). 

 
  

https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#ref-CR31
https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig5
https://www.nature.com/articles/s41419-019-2063-6#Fig5


63 
 

 

https://www.nature.com/articles/s41419-019-2063-6/figures/5


64 
 

Figure 4.5: Cooperativity of TRAIL, caspase 3, calcium, and calpain on apoptosis. 
a Apoptosis and MOMP simulation of cancer cells treated with various concentrations of TRAIL 
and constant calcium. b Simulation of apoptosis and MOMP of cancer cells treated with constant 
calcium and TRAIL, but altered expressions of caspase 3. c Apoptosis and MOMP of cancer cells 
treated with constant TRAIL concentrations, but variable calcium concentrations. d Apoptosis and 
MOMP of cancer cells treated with constant calcium and TRAIL with differential expression of 
calpain.  



65 
 

Computational model: role of intrinsic pathway proteins 
The expression of XIAP is a critical factor in a cancer cell undergoing type I versus II 

apoptosis and was altered to determine its effects on Yoda1-mediated TRAIL sensitization 
(Fig. 4.6a)32. Over-expressed XIAP abolished both cPARP generation and MOMP (Fig. 4.6a). As 
XIAP expression is lowered, MOMP that occurs at a faster rate in correlation with cPARP 
generation. At the normal expression level of XIAP, 1x105 molecules per cell, the cancer cell is 
reliant on MOMP for apoptosis. When XIAP is under-expressed, MOMP occurs faster, but 
apoptosis is reached prior to MOMP (Fig. 4.6a). 

Cytosolic Bcl-2 expression had a major effect on MOMP and apoptosis (Fig. 4.6b). When 
Bcl-2 was over-expressed, increased calcium could not enhance apoptosis or MOMP as calpain 
activation was unable to sufficiently cleave Bcl-2 (Fig. 4.6b). Reducing Bcl-2 expression enhanced 
the rate of MOMP and cPARP generation. As Bcl-2 expression was lowered the cell was still 
reliant on MOMP for apoptosis, since MOMP preceded amplified cPARP generation (Fig. 4.6b). 
This was further demonstrated by reducing Bax expression to 0 molecules per cell at which point 
cPARP amplification could not occur even with Bcl-2 deleted. Bcl-2 under-expression removed 
the need for calpain activation, as this did not affect cPARP generation (Supplementary Fig. 4.8). 

Over-expression of Bax enhanced cPARP generation and reduced the time until MOMP 
occurred (Fig. 4.6c). Over-expression of Bax still required calpain to induce enhanced cPARP 
generation (Supplementary Fig. 4.9). When Bax was under-expressed, the calcium-TRAIL-
induced apoptosis was completely ablated along with MOMP. 

Cytochrome c and Smac expression was also altered in the simulation. As cytochrome c 
and Smac expression was reduced, the level of cPARP generated was also reduced (Fig. 4.6d, 
e). Smac under-expression had a much more significant effect on cPARP generation, where a 
decline from 1 Ĭ 105 to 1 Ĭ 104 molecules per cell switched off cellular apoptosis in 24 h (Fig. 4.6e). 
For cytochrome c, a reduction of 3 orders of magnitude was needed for a similar effect on cPARP 
generation (Fig. 4.6d). 
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Figure 4.6: Simulation of altered initial conditions of intrinsic-apoptotic pathway proteins. 
a Simulation of apoptosis and MOMP of cancer cells with differential expressions of 
XIAP. b Apoptosis and MOMP of cancer cells with variable initial expression of cytosolic Bcl-
2. c The effect of Bax expression on apoptosis and MOMP. d The role of reduced expression of 
cytochrome c (CYCS) on apoptosis. e The effect of Smac expression on apoptosis. 
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Computational model: cancer cell heterogeneity and calcium-TRAIL response 
The computational model predicts that for the initial conditions specified, cancer cells 

treated with only TRAIL will not undergo apoptosis, but will when treated with increased calcium 
and TRAIL. Experimentally, cell death did occur for cancer cells when treated with only TRAIL 
(Fig. 4.2b). Altering the initial conditions of various proteins in this simulation changes the need 
for increased calcium and calpains in TRAIL-mediated apoptosis (Fig. 4.6). Cells within a tumor 
and cancer line populations are heterogeneous, partially explaining why an entire cell population 
is not killed by Yoda1-TRAIL treatment33,34. To account for this heterogeneity, a random 
population of cells was generated by creating a random-normal distribution of cytosolic Bcl-2, as 
this altered the necessity of calcium (Fig. 4.6b). The simulated cancer cell population was treated 
with TRAIL only or with TRAIL and increased calcium for 24 h (Fig. 4.7). The simulation predicted 
a cell viability of 72% for cells treated with TRAIL only and 31% for cells treated with increased 
calcium and TRAIL (Fig. 4.7). The predicted cell viabilities were greater than what was measured 
experimentally, but the TRAIL sensitization predicted by the simulation was 56.9%, coinciding 
with the experimental sensitization of 59.2% at 24 h (Fig. 4.2). 

The elements of the computational model that lend themselves to direct comparison with 
the experiments generally showed good consistency. For example, both experiments and theory 
indicated MOMP to be a necessary component of TRAIL sensitization by Yoda1. The results also 
agree that mitochondrial dysfunction is reliant on the presence of both TRAIL and Yoda1 
(Figs. 4.3 and 4.4). Bax under-expression in the simulation was found to remove the sensitizing 
effects of increased calcium (Fig. 4.6c). This is consistent with the lack of TRAIL sensitization 
found in DU145 cells (Fig. 4.2e). Finally, through the generation of a random population of cells, 
similar levels of TRAIL sensitization were observed in silico compared to the sensitization in 
experiments (Fig. 4.7). 

The computational model also led to other mechanistic insights not tested experimentally. 
The simulation showed that cytosolic Bcl-2, XIAP, caspase 3 and other protein expression 
regulated when a cancer cell would become sensitized to TRAIL via Yoda1 and the degree of 
sensitization (Figs. 4.5b and 4.6a, b). For example, Smac, XIAP, and cytosolic Bcl-2 all heavily 
regulated sensitization, whereas cytochrome c required a significant reduction in expression to 
achieve a similar effect (Figs. 4.5 and 4.6). 
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Figure 4.7: Apoptosis of randomly generated cell populations. a Apoptosis simulation of 
cancer cells with normal-random cytosolic Bcl-2 expression (mean: 1.09 Ĭ 108, SD: 1.04 Ĭ 109, 
median: 1.04 Ĭ 106) and treated with TRAIL and no increased calcium. Estimated cell viability was 

https://www.nature.com/articles/s41419-019-2063-6/figures/7


70 
 

72%. b Simulation of random population of cancer cells when treated with TRAIL and increased 
calcium. Estimated cell viability was 31%. Each line represents an individual cell. 
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Discussion 
Previously, our lab successfully used TRAIL to treat circulating tumor cells in mice by 

taking advantage of the shear stress present in the circulatory environment35,36. However, there 
is currently no method of translating this shear stress-sensitizing pathway to primary tumors37. 
Our results indicate that Piezo1 activation played a significant role in the shear stress sensitization 
of PC3 cells to TRAIL-mediated apoptosis (Fig. 4.1). Piezo1 activation was recreated under static 
conditions using Yoda1. Through Yoda1 shear stress sensitization of cancer cells to TRAIL was 
translated to static conditions, but Yoda1 also sensitized HUVECs to TRAIL-mediated apoptosis 
(Fig. 4.2, Supplementary Fig. 4.5). To utilize Yoda1 and TRAILôs clinical potential, targeted 
delivery would be required. 

The Yoda1-TRAIL treated cells exhibited an increase of ~2-fold in mitochondrial 
depolarization and MOMP occurrence when compared to DMSO-TRAIL treated cells, revealing 
the role of mitochondrial dysfunction in TRAIL sensitization (Fig. 4.3)38. This dysfunction is 
hypothesized to be due to calpain activation, as calpain inhibition reduced Yoda1-mediated TRAIL 
sensitization of PC3 cells and calpain activation is linked to Bax activation (Fig. 4.2f)23,24. This 
mechanism is further supported by previous studies that show Piezo1 activation leads to the 
downregulation of Bcl-2 and upregulation of calpain activity21,39. 

The MOMP observed in this study was only correlated with Bax activation (Fig. 4.3f, g). 
However, DU145 cells had minimal TRAIL sensitization and are null in Bax40. DU145 cells have 
been previously sensitized to TRAIL through mPTP induction41. This strongly supports our 
mechanism that Yoda1 and TRAIL induce MOMP by Bax activation and not mPTP opening. For 
future work to conclusively show this, Bax expression could be induced in DU145 cells to analyze 
if it allows for Yoda1-TRAIL sensitization. 

The mechanism of how Yoda1 sensitizes cancer cells to TRAIL is potentially more 
complex than calpains reducing Bcl-2 activity. Minor amounts of TRAIL sensitization were 
observed for DU145 cells. Calpain-mediated apoptosis is not solely reliant on Bax-induced 
MOMP. Calpains activate caspase 12, which leads to increased caspase 3 activity, potentially 
inducing the small sensitization seen in DU145 cells42. Also, calpeptin did not completely abolish 
the Yoda1-TRAIL cytotoxicity in PC3 cells (Fig. 4.2f). Calcium influx could also be sensitizing 
cancer cells to TRAIL by activating calcineurin, another calcium-activated protein that modulates 
Bcl-2 activity43. 

The experimental results of this study informed a computational model we developed from 
the Albeck-Sorger model44. The Albeck-Sorger model is a computational model that simulated 
apoptosis of cancer cells in response to TRAIL. To account for the sensitization to TRAIL induced 
by Yoda1, additions to the model were made. The updated computational model includes 
crosstalk between TRAIL and increased calcium by including caspase 3 degradation of 
calpastatin and calpain activation by calcium which cleaves Bcl-2 and truncates Bid (Fig. 4.4). 
The computational model was used to make multiple predictions, some which agreed with 
experimental results, and others that are yet to be experimentally confirmed. For instance, XIAP 
as a determining factor of TRAIL sensitization by Yoda1. Testing these predictions experimentally 
would be valuable in further validating the mechanism and could lead to new targets for inducing 
TRAIL sensitization therapeutically. Additionally, it would be insightful to randomize the protein 
expression of many proteins, not just Bcl-2, as cellular heterogeneity extends to multiple 
proteins45. 

The utility of this computational model is not limited to the interactions between TRAIL and 
Yoda1 on cancer cells. Other activators of calpains such as ibulocydine, a CDK inhibitor, and 
cisplatin, a common chemotherapy, have been previously used to enhance TRAIL-mediated 
apoptosis46,47. The current computational model could be slightly altered to model these 
combinations as well. 

In this study, we have successfully determined the mechanism of shear stress 
sensitization of cancer cells to TRAIL-mediated apoptosis using shear stress or Yoda1 and 
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TRAIL. A computational model was developed to further explore the sensitization mechanism. 
Lastly, Yoda1 successfully translated the shear stress sensitization mechanism to static 
conditions in PC3, MDA-MB-231, and COLO 205 cells (Fig. 4.2e). 

 
 

Materials and methods 
 
 
Cell culture 

Colorectal adenocarcinoma cell line COLO 205 (ATCC #CCL-222), prostate 
adenocarcinoma cell lines PC3 (ATCC #CRL-1435) and DU145 (ATCC #HTB-81), and breast 
adenocarcinoma cell line MDA-MB-231 (ATCC #HTB-26), were purchased from American Type 
Culture Collection (Manassas, VA, USA). COLO 205 and PC3 cells were cultured in RPMI 1640 
cell culture medium (Invitrogen, Grand Island, NY, USA), DU145 cells were cultured in EMEM cell 
culture medium (Invitrogen), and MDA-MB-231 cells were cultured in DMEM cell culture medium 
(Invitrogen). Media was supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) PenStrep, 
all purchased from Invitrogen. HUVECs were purchased from Lonza (Basel, Switzerland) and 
used from passages 4ï5. HUVECs were cultured in Medium 199 (Invitrogen) and supplemented 
with EGM endothelial cell growth medium SingleQuots kit (Lonza). COLO 205, PC3, DU145, 
MDA-MB-231, and HUVECs cells were incubated under humidified conditions at 37 ÁC and 5% 
CO2, and were not allowed to exceed 90% confluence. 
 
 
Preparation of cells for fluid shear stress studies 

PC3 cells were washed in Ca2+ and Mg2+ free DPBS (Invitrogen, Carlsbad, CA, USA) and 
then treated with Accutase (Sigma Aldrich, St. Louis, MO, USA) for 5ï10 min at 37 ÁC before 
handling. PC3 cells were washed with Ca2+ and Mg2+ free DPBS at 300 Ĭg for 5 min. Cells were 
resuspended in media at a concentration of 0.5 Ĭ 106 cells/mL prior to performing fluid shear 
stress studies. 

For TRAIL studies, cells were treated with 0.250 Õg/mL recombinant human TRAIL 
(Peprotech, Rocky Hill, NJ, USA) and 10 ÕM GsMTx-4 (Alomone Labs, Jerusalem, Isreal) prior to 
the application of fluid shear stress. 

 
Cone-and-plate viscometer assay 

To study the fluid shear stress response of PC3 cells in a controlled, uniform environment, 
studies were conducted using a cone-and-plate device consisting of a stationary plate underneath 
a rotating cone maintained at room temperature (RT) as described previously16. The design of the 
cone-and plate-viscometer allows a uniform shear rate to be applied to the cell suspension 
volume. PC3 cells were treated with 2.0 dyn/cm2, 10 ÕM GsMTx-4, and 250 ng/mL TRAIL for 4 h. 
TRAIL sensitization due to shear stress was calculated under GsMTx-4 treatment and GsMTx-4 
treatment conditions using the following equations: 

 

ὝὙὃὍὒ ὛὩὲίὭὸὭᾀὥὸὭέὲ Ϸ
ϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίίϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίίȟὝὙὃὍὒ

ϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίί
 

 
or for GsMTx-4 treatment 
ὝὙὃὍὒ ὛὩὲίὭὸὭᾀὥὸὭέὲ Ϸ

ϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίίȟὋίὓὝὼȤτ ϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίίȟὝὙὃὍὒȟὋίὓὝὼτ

ϷὅὩὰὰίȟὛὬὩὥὶ ίὸὶὩίίȟὋίὓὝὼȤτ
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After treatment, cells were washed thoroughly in Ca2+ and Mg2+ free DPBS and analyzed for cell 
death using an Annexin-V assay. 

Cancer cells with Piezo1 knockdown were also assessed for shear stress-induced TRAIL 
sensitization. 

 
 
TRAIL-and-Yoda1 cytotoxicity assay 

COLO 205, PC3, DU145, MDA-MB-231, and HUVECs were seeded on 12 well plates and 
incubated overnight at 37 ÁC to allow cells to adhere to the plate surface. Cells were then treated 
with 1ï50 ÕM Yoda1 (Tocris, Minneapolis, MN, USA) or 0.01ï0.5% DMSO (vehicle control), and 
TRAIL (COLO 205: 10 ng/mL, PC3: 50 ng/mL, DU145: 100 ng/mL, MDA-MB-231: 50 ng/mL, 
HUVEC: 100 ng/mL) for 24 h to identify an EC curve for Yoda1. PC3 cells were treated with 10 ÕM 
Yoda1 or 0.1% DMSO, and 50 ng/mL TRAIL for 1ï24 h. PC3 cells were also transfected with 
siRNA against Smac, cytochrome c, and a nontargeting negative control. After transfection, the 
cells were treated with 10 ÕM Yoda1 or 0.1% DMSO, and 50 ng/mL TRAIL. Cancer cell TRAIL 
sensitization responses were determined by comparing samples exposed to DMSO and Yoda1 
conditions using the following equation: 

 

ὝὙὃὍὒ ὛὩὲίὭὸὭᾀὥὸὭέὲ Ϸ
ϷὅὩὰὰίȟὝὙὃὍὒ Ǫ ὈὓὛὕ ϷὅὩὰὰίȟὝὙὃὍὒ Ǫ ὣέὨὥρ

ϷὅὩὰὰίȟὝὙὃὍὒ Ǫ ὈὓὛὕ
ρzππϷ  

 
The sensitization equation applies to all cancer cell lines labeled for apoptosis and necrosis for 
all magnitudes of Yoda1 and DMSO, durations, and transfections. 

PC3 cells were treated with Piezo1 siRNA (Thermo Fisher Scientific, Waltham, MA, USA) 
in combination with Yoda1 and TRAIL to inhibit Piezo1 activation in response to Yoda1. 

PC3 cell death was inhibited using 50 ÕM bongkrekic acid (BKA) (MilliporeSigma, 
Burlington, MA, USA), 1 ÕM cyclosporin a (CsA) (MilliporeSigma), 1 ÕM calpeptin (Tocris), and 
5 ÕM Bax channel blocker (BCB) (Tocris) in addition to Yoda1 and TRAIL. 

After treatment, supernatants of the cell cultures were collected. Adherent cells were 
washed with Ca2+ and Mg2+ free DPBS and lifted with Accutase. The lifted cells were then added 
to cell culture supernatants. The samples were analyzed for cell death using an Annexin-V assay. 

 
Annexin-V apoptosis assay 

FITC-conjugated Annexin-V (BD Pharmingen, San Diego, CA, USA) and propidium iodide 
(PI) (BD Pharmingen) were used to assess cell apoptosis and necrosis. The manufacturerôs 
instructions were followed to prepare samples for flow cytometric analysis. Viable cells were 
identified as being negative for both Annexin-V and PI, early apoptotic cells as positive for 
Annexin-V only, late apoptotic cells were positive for both Annexin-V and PI, and necrotic cells 
were positive for PI only. 

Cells were incubated for 15 min with Annexin-V reagents at RT in the absence of light and 
immediately analyzed using a Guava easyCyte 12HT benchtop flow cytometer (MilliporeSigma). 
Flow cytometry plots were analyzed using FlowJo software (FlowJo, Ashland, OR, USA). The 
following control samples were used to calibrate the instrument: unlabeled cell samples to 
evaluate the level of autofluorescence and adjust the instrument accordingly, and cell samples 
labeled individually with Annexin-V and PI to define the boundaries of each cell population. 

 
 
JC-1 assay 

PC3 cells were seeded onto 12 well plates and incubated overnight at 37 ÁC to allow cells 
to adhere. Cells were then treated with 10 ÕM Yoda1 or 0.1% DMSO, and 50 ng/mL TRAIL. After 
treatment, the cells were collected and incubated for 20 min at 37 ÁC with JC-1 dye (Invitrogen) 
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according to the manufacturerôs directions. The cells were then thoroughly washed with Ca2+ and 
Mg2+ free DPBS and JC-1 fluorescence was assessed via flow cytometry. Cells with depolarized 
mitochondria were identified as having low JC-1 red fluorescence and cells with healthy 
mitochondria were identified as having high red fluorescence. 

 
 
Calcium influx 

2 Ĭ 105 PC3 cells were collected and incubated for 30 min with 1 ÕM Fluo-4 and 2 ÕM Fura 
Red (Invitrogen) at 37 ÁC. The cells were washed in Ca2+ and Mg2+ free DPBS and resuspended 
in HBSS with Ca2+ and Mg2+ and allowed to incubate for 30 min. PC3 cells were then treated with 
varying concentrations of Yoda1 and immediately analyzed via flow cytometry to assess real time 
influx of calcium. Ratiometric fluorescence was calculated by dividing Fluo-4 fluorescence by Fura 
Red fluorescence. Cells with higher ratiometric fluorescence were identified as having increased 
intracellular calcium. 

 
 

Cell transfection 
siRNA oligonucleotides against human Smac (siSmac), Cytochrome C (siCYCS), Piezo1 

(siPiezo1), and a nontargeting negative control (Scr) were purchased from Thermo Fisher 
Scientific. PC3 cells were plated on 12 well plates with mixtures of siRNA, Lipofectamine 
RNAiMAX reagent (Invitrogen), and Opti-MEM added to each well for a 30 nM siRNA solution. 
After 48 h of transfection, the culture media was changed to RPMI 1640. 

 
 

Western Blot 
After PC3 cells were transfected with siRNA oligonucleotides, they were lysed with 

laemmli buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) [7% (w/v) for Piezo1, 15% (w/v) for Smac and cytochrome c] and transferred to PVDF 
membrane. After transfer, membranes were blocked with 5% bovine serum albumin (Millipore 
Sigma) in Tris-buffered saline supplied with 0.1% Tween (Thermo Fisher Scientific). Primary 
antibodies were prepared at 1:1000 dilution at 5% bovine serum albumin in the case of Piezo1 
(Abcam ab128245) and Smac (Cell Signaling 15108) antibody, or at 1:5000 dilution in 5% bovine 
serum albumin in the case of GAPDH (Millipore MAB374) and cytochrome c (Abcam ab133504). 
Anti-rabbit or anti-mouse secondary antibodies conjugated to horseradish peroxidase (Rockland, 
Pottstown, PA, USA) were prepared at 1:2000 dilution in 5% bovine serum albumin. Membranes 
were imaged with West Pico or Dura (Thermo Fisher Scientific) per their respective protocols, 
using an ImageQuant LAS-4000 system (GE Healthcare, Chicago, IL, USA). 

 
 

Piezo1 expression flow cytometry 
COLO 205, PC3, DU145, and MDA-MB-231 cells were stained with a rabbit polyclonal 

human Piezo1 IgG antibody (Novus Biologicals, Centennial, CO, USA, NBP1-78446) or a rabbit 
polyclonal Isotype IgG antibody (Santa Cruz Biotechnology, Dallas, TX, USA, SC-66937). Cells 
were then stained using a secondary antibody goat anti-rabbit IgG Alexa Fluor 633 (Invitrogen A-
21070). Piezo1 expression was analyzed using flow cytometry. 

 
 
Confocal microscopy 

PC3 cells were seeded onto glass coverslips that were previously coated with poly-L-
lysine (MilliporeSigma). Cells were allowed to grow for 48 h and then treated with TRAIL at a 
concentration of 50 ng/mL. Additionally, the test group was treated with 10 ÕM of Yoda1 and the 
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vehicle control group received DMSO. Cells were treated for 24 h. Cells were fixed for 15 min with 
4% paraformaldehyde in PBS (Electron Microscopy Sciences Hatfield, PA, USA), and then 
permeabilized using 1% Triton X-100 (MilliporeSigma T8787) in PBS. Blocking was done for 2 h 
with 5% goat serum (Thermo Fisher Scientific) and 5% bovine serum albumin in PBS. Cell staining 
was performed in the blocking serum. Slides were stained with a Bax antibody (6A7) (Invitrogen 
MA5-14003). Secondary staining was carried out with an Alexa Fluor 488 goat anti-mouse IgG 
(H+L) (Thermo Fisher Scientific A11029), in addition to ActinRed 555 ReadyProbes reagent 
(Invitrogen R37112). All antibodies were diluted in the blocking solution at a ratio of 1:100. Primary 
staining was done overnight at 4 ÁC. Secondary staining was performed for 30 min at room 
temperature. All slides were stained with DAPI (Invitrogen D1306) for 30 min at room temperature 
in the blocking solution at 1:500. Washes were done twice between each step for 5 min each 
using 0.02% Tween20 in PBS. Slides were assembled using 10 ɛL of Vectrashield antifade 
mounting media (Vector Laboratories, Burlingame, CA, USA). Confocal imaging was performed 
using an LSM 880 (Carl Zeiss, Oberkochen, Germany) with a 63x/1.40 Plan-Apochromat Oil, 
WD = 0.19 mm objective (Carl Zeiss). Image analysis was performed using FIJI. Intensity 
measurements in the green channel (active Bax) were quantified for each cell. This was then 
divided by the corresponding blue channel (DAPI) intensities for each cell. 

 
 

MOMP assay 
MOMP was measured using the MitoProbe Transition Pore Assay Kit (Thermo Fisher 

Scientific) and flow cytometry as the kit directed. 2 µM Calcein-am was added to cells treated with 
combinations of DMSO, Yoda1, and TRAIL. Next, CoCl2 was added to quench cytosolic calcein, 
or calcein in permeabilized mitochondria. The cells were allowed to incubate for 20 minutes. The 
cells were then washed once and analyzed via flow cytometry. Reduced calcein fluorescence was 
considered to be indicative of mitochondrial permeability. 

 
 

Statistical analysis 
Data sets were plotted and analyzed using Prism 8 (GraphPad software, San Diego, CA, 

USA). Two-tailed unpaired t-test was used for comparisons between two groups with p< 0.05 
considered significant. One-way ANOVA was used for comparing multiple groups with p< 0.05 
considered significant. At least three independent replicates were used for each experiment. 

 
 
Computational model 

Apoptosis modeling was carried out in MATLAB. The systems of ODEs were solved using 
the óode15sô function of MATLAB. All model figures were prepared using MATLAB. 

 
 

Apoptosis model 
The apoptosis model was modified from Albeck-Sorgerôs model (44) of TRAIL-mediated 

apoptosis44. The Albeck-Sorger model was updated to include calcium, calpain, and calpastatin 
to model Yoda1ôs sensitizing effects. Calcium-activated calpain activity, which was inhibited by 
calpastatin. Calpastatin was degraded by caspase 3, releasing calpain to degrade Bcl-2 and 
cleave Bid to its active form. Figure 4.4a displays a schematic of the model. Supplementary 
Table 1 displays the biochemical reactions and associated rate constants. Supplementary 
Table 2 shows the non-zero initial conditions. The model is a series of ODEs that determine when 
apoptosis takes place using cPARP as an indicator. A cell was considered apoptotic when the 
cPARP concentration reached 5*105 or half the initial condition of PARP. 

https://www.nature.com/articles/s41419-019-2063-6#ref-CR44
https://www.nature.com/articles/s41419-019-2063-6#Fig4
https://www.nature.com/articles/s41419-019-2063-6#MOESM1
https://www.nature.com/articles/s41419-019-2063-6#MOESM2
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For each given reaction, the biochemical equation is represented by one of the following 
general mass-action paradigms: 
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E represents an enzyme or other protein that reacts with its substrate or binding partner S to 
form E:S or to form product P, depending on the reaction. k+i, kīi, and K+i represent forward, 
backward, and catalytic rate constants, respectively. 

The cytosolic and mitochondrial compartments are assumed to be well mixed. The 
transport of molecules between the two compartments is represented by the differential equation: 
 

τ   
Ὠὼ

Ὠὸ
Ὧ ὼ Ὧ ὼ  

 
where [x] represents the number of molecules in each compartment44. 

 
 

Random population simulation 
To generate a random population of cells treated with TRAIL and increased calcium, the 

expression of cytosolic Bcl-2 was modeled as a random-normal distribution. 
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Supplementary Figures 
 
 

 
Supplementary Figure 4.18: TRAIL sensitization of cancer cells treated with shear stress. 
(a) Shear stress induced TRAIL sensitization of PC3 cells treated with or without 10 µM GsMTx-
4 (n=3). (b) Shear stress sensitization of PC3 cells to TRAIL when Piezo1 expression was 
knocked down (n=3). Means and SD are from three independent experiments. **p<0.01, 
***p<0.005. 
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Supplementary Figure 4.29: Piezo1 expression of MDA-MB-231, PC3, COLO 205, and DU145 
cells. Representative experiment of three independent experiments. 
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Supplementary Figure 4.310: Protein expression of knocked down proteins. (a) Piezo1 
expression after knockdown. (b) Cytochrome c (CYCS) knockdown expression after knockdown. 
(c) Smac expression after knockdown. Representative experiment of three independent 
experiments. 
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Supplementary Figure 4.411: Calcium concentration of PC3 cells after treatment with 
Yoda1. (a) Flow plots of intracellular calcium concentration measured by ratiometric fluorescence 
for PC3 cells treated with Yoda1 or DMSO. (b) Real-time analysis of intracellular calcium 
concentration of PC3 cells treated with 0 or 10 µM Yoda1 (n>100). (c) Ratiometric fluorescence 
of PC3 cells treated with 1, 5, 10, and 50 µM Yoda1 (n>10000). (d) Mean ratiometric fluorescence 
of PC3 cells treated with DMSO or Yoda1 (n=3). (a)-(c) Representative experiments of three 
independent experiments. Means and SEM displayed. (d) Mean and SD of three independent 
experiments. Statistical analysis done using two-tailed unpaired t test. *p<0.05. 
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Supplementary Figure 4.512: Apoptosis of HUVECs treated with Yoda1 and TRAIL. (a) Cell 
viability of HUVECs treated with 0.1% DMSO or 10 µM Yoda1 and 100 ng/Ml TRAIL (n=3). (b) 
TRAIL sensitization of HUVECs treated with 1, 5, 10, and 50 µM Yoda1 (n=3). (c) Cell viability of 
HUVECs treated with DMSO (n=3). (d) Cell viability of HUVECs treated with various 
concentrations of Yoda1 (n=3). Means and SD of three independent experiments. Statistical 
analysis done using one-way ANOVA. ****p<0.001. 
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Supplementary Figure 4.613: Correlation of TRAIL sensitization and microarray expression 
z-scores. (a) Correlation of Piezo1 expression with max TRAIL sensitization of PC3, COLO 205, 
DU145, and MDA-MB-231 cells. (b) Correlation of Bcl-2 expression and max TRAIL sensitization. 
Microarray expression z-scores taken from CBioportal. 
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Supplementary Figure 4.714: Inhibition of MOMP on Yoda1-induced TRAIL sensitization. 
(a) TRAIL sensitization of PC3 cells treated with 1 µM cyclosporin a (CsA) (n=3). (b) TRAIL 
sensitization of PC3 cells treated with 50 µM bongkrekic acid (BKA) (n=3). (c) TRAIL sensitization 
of PC3 cells treated with 5 µM Bax channel blocker (BCB). (n=3). Means and SD from three 
independent experiments. Statistical analysis done using two-tailed unpaired t-test. *p<0.05, 
****p<0.001. 
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Supplementary Figure 4.815: Simulation of apoptosis of cancer cells without Bax or calpain 
expression treated with TRAIL and increased calcium with no Bcl-2 expression. 
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Supplementary Figure 4.916: Simulation of cancer cells with over-expressed Bax of ρz ρπ 
molecules per cell treated with TRAIL and increased calcium with or without calpain expression 
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Chapter 5: 
 
 

Circulating prostate cancer cells have differential resistance to fluid shear stress-
induced cell death 

 
 
Jacob M. Hope, Matthew R. Bersi, Jenna A. Dombroski, Andrea B. Clinch, Rebecca S. Pereles, 
W. David Merryman, and Michael R. King 
 
 
This chapter is adapted from Circulating prostate cancer cells have differential resistance to fluid 
shear stress-induced cell death published in Journal of Cell Science and has been reproduced 
with the permission of the publisher and my co-authors Matthew R. Bersi, Jenna A. Dombroski, 
Andrea B. Clinch, Rebecca S. Pereles, W. David Merryman, and Michael R. King. 
 
 
Hope, J. M. et al. Circulating prostate cancer cells have differential resistance to fluid shear stress-
induced cell death. J Cell Sci 134, jcs251470 (2021). DOI: 10.1242/jcs.251470 
 
 
Abstract 
Circulating tumor cells (CTCs) are exposed to fluid shear stress (FSS) of greater than 1000 
dyn/cm2 (100 Pa) in circulation. Normally, CTCs that are exposed to FSS of this magnitude die. 
However, some CTCs develop resistance to this FSS, allowing them to colonize distant organs. 
We explored how prostate CTCs can resist cell death in response to forces of this magnitude. 
The DU145, PC3 and LNCaP human prostate cancer cell lines were used to represent cells of 
different metastatic origins. The cell lines were briefly treated with an average FSS of 3950 
dyn/cm2 (395 Pa) using a 30 G needle and a syringe pump. DU145 cells had no change in cell 
viability, PC3 cells had some cell death and LNCaP cells exhibited significant cell death. These 
cell death responses correlated with increased cell membrane damage, less efficient membrane 
repair and increased stiffness. Additionally, FSS treatment prevented the LNCaP FSS-sensitive 
cell line from forming a growing tumor in vivo This suggests that these properties play a role in 
FSS resistance and could represent potential targets for disrupting blood-borne metastasis. 
 
 
Introduction 

Metastasis accounts for Ḑ90% of cancer-related deaths (Seyfried and Huysentruyt, 2013). 
Cancer metastasis occurs when cancer cells detach from the primary tumor and invade the 
surrounding matrix. The cells then enter the circulation by intravasating through the endothelial 
cell wall. Once the cells enter the circulatory system, they are collectively referred to as circulating 
tumor cells (CTCs). After the CTCs disseminate throughout the body, they bind to endothelial 
cells on the vessel wall and extravasate into secondary sites. In the new site, the cancer cells 
proliferate to form a secondary tumor (Sahai, 2007; Valastyan and Weinberg, 2011; van Zijl et al., 
2011). 

CTCs have been associated with very negative prognoses for cancer patients due to their 
association with metastasis and the difficulty in targeting and treating the cells (Faltas, 
2012; Mitchell et al., 2014; Ou et al., 2019). Despite the high morbidity of patients with CTCs, only 
a small subset (Ḑ0.01%) of CTCs actually survive within the circulatory system (Cameron et al., 
2000; Larson et al., 2004; Luzzi et al., 1998). The low survival rate of CTCs is due to the harsh 
physiological barriers present within the circulatory system. One of these barriers is the elevated 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C44
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C51
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C3
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C28
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fluid shear stresses (FSSs) present in the circulatory system (Mitchell and King, 2013a; Regmi et 
al., 2017). The FSS of the circulatory system normally ranges from 0.5 to 4.0 dyn/cm2 (0.05ï
0.4 Pa) in the venous compartment and from 4.0 to 30.0 dyn/cm2 (0.4ï3.0 Pa) within the arterial 
system. However, at regions of arterial bifurcation or within the heart, CTCs can briefly experience 
greater than 1000 dyn/cm2 (100 Pa) of FSS (Huang et al., 2018). 

The mechanical mechanisms hypothesis states that the pattern of blood flow that a CTC 
experiences determines whether a CTC can successfully colonize a distant organ (Liu et al., 
2017). By this hypothesis, a CTC must be resistant to the FSS it will experience when traveling 
to the distant site. For a prostate CTC to colonize the brain, it will have to be resistant to the 
greater than 1000 dyn/cm2 (100 Pa) FSS it will experience when passing through the heart. 
Normally, these elevated FSSs induce cell death by causing physical damage to the CTCs 
(Moose et al., 2020). This damage can cause holes to form in the cell membrane. If these holes 
are not quickly patched, cell death can occur as the holes allow for uncontrolled ion flux, ATP flux, 
and even organelle flux between the intracellular and extracellular environments (Cooper and 
McNeil, 2015; Idone et al., 2008; Reddy et al., 2001). Therefore, it is likely that metastatic cancer 
cells evolve mechanisms to resist FSS by preventing membrane damage or by efficiently repairing 
the membrane. 

A previous study identified that PC3 prostate cells have an innate resistance to cell death 
by FSS in comparison to healthy prostate epithelial cells (Barnes et al., 2012). Other studies have 
established proteins that are necessary for CTC survival in elevated FSS conditions, such as 
RhoA for efficient membrane repair (Moose et al., 2020). Additionally, our lab identified lamin A/C 
as necessary for FSS survival in CTCs by ensuring nuclear membrane integrity (Mitchell et al., 
2015). The aim of the current study was to compare the differential cell death responses of 
prostate cancer cells to FSS, and to determine whether characteristics such as membrane 
damage and stiffness govern these responses. This was accomplished by treating cells with brief 
pulses (Ḑ1 ms) of FSS that averaged 3950 dyn/cm2 (395 Pa) using a syringe pump-based 
apparatus. This level of FSS was selected because a previous study identified this magnitude of 
FSS as representing a physiologically relevant level at which healthy epithelial cells were sensitive 
to FSS for these brief pulses, whereas PC3 cancer cells were resistant (Barnes et al., 2012). 
Additionally, this elevated FSS was studied in favor of lower FSSs because previous studies have 
looked at the effect of lower FSSs on CTC cell death (Hope et al., 2019, 2018; Huang et al., 
2018; Lien et al., 2013; Mitchell and King, 2013b; Regmi et al., 2017). The short pulse duration 
was also selected because CTCs will primarily experience such elevated FSS for short durations 
on the order of milliseconds (Strony et al., 1993). Three prostate cancer cell lines were selected 
based on the different metastatic locations from which they were derived, because we predicted 
that their different metastatic origins may be suggestive of different FSS resistances. The DU145 
cell line was isolated from a brain metastasis, where it would have had to pass through the heart 
and the carotid bifurcation, thus experiencing greater than 1000 dyn/cm2 of FSS (Cheon and 
Chandran, 1993; Yin et al., 2010; Malek et al., 1999; Strony et al., 1993). The highly metastatic 
PC3 line was also selected and was isolated from the bone (Chu et al., 2008). For the PC3 cells 
to metastasize to the bone, they would have been exposed to approximately 10 dyn/cm2 (1 Pa) 
of FSS (Gray and Stroka, 2017). Lastly, the lymph node metastatic-derived LNCaP cell line was 
chosen (Castanares et al., 2016). Due to the significantly lower FSS within the lymphatic system, 
the LNCaP cells would likely have been exposed to the lowest magnitude of FSS of the three cell 
lines (Kornuta et al., 2015). In this study, we determined that prostate cancer cell lines show 
differential sensitivities to FSS-induced cell death and that the FSS sensitivity is consistent with 
their degree of membrane damage, membrane repair and their biophysical properties, such as 
cell stiffness and fluidity. An animal model was also utilized to determine whether DU145 and 
LNCaP cells could successfully form a growing tumor after FSS exposure. 
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Results 
 
 
FSS treatment induces cell death in PC3 and LNCaP cells 

To determine whether the different prostate cancer cells exhibit different sensitivities to 
FSS, the cancer cells were treated with 0ï10 pulses of FSS. The average FSS of each pulse was 
3950 dyn/cm2 (395 Pa) for a duration of 1.08 ms. Cell viability was measured 24 h following FSS 
treatment using the annexin V/propidium iodide (AV/PI) assay (Fig. 5.1A; Fig. S5.1A). DU145 
cells treated with 10 pulses of FSS showed no reduction in cell viability 24 h after FSS treatment 
(Fig. 5.1B). PC3 and LNCaP cells, however, experienced significant reductions in cell viability 
after treatment with 10 pulses of FSS (Fig. 5.1B). The cell viability reduction of the LNCaP cells 
was more pronounced than it was for the PC3 cells. This trend was further seen when the FSS-
treated cells were normalized to their static controls, with DU145 cells being the most viable, PC3 
cells being the second most viable and the LNCaP cells being the least viable (Fig. 5.1C). This 
suggests that the prostate cancer cell lines have different sensitivities to elevated FSS. The effect 
of varying the amount of FSS on cell death was assessed by treating the cancer cells with 1, 5 
and 10 pulses of FSS and normalizing the cell viabilities to the respective static untreated control 
(Fig. 5.1D). The DU145 cells showed no change in cell viability despite increasing the number of 
FSS pulses. For both the PC3 and LNCaP cell lines, increasing the number of FSS pulses further 
reduced cell viability, as the best-fit slope yielded by least-squares linear regression significantly 
deviated from zero (Fig. 5.1D). 

The AV/PI assay was also used to identify the form of cell death the cancer cells were 
undergoing in response to FSS. For the DU145 cells, there was no significant increase in the 
necrotic, early apoptotic or late apoptotic populations following 24 h of FSS exposure (Fig. 5.1Eï
G). Varying the amount of FSS exposure also did not alter the necrotic, early-stage apoptotic and 
late apoptotic population fractions for DU145 cells (Fig. 5.1HïJ). The LNCaP and PC3 cells did 
not show significant increases in the early apoptotic or the necrotic cell populations when treated 
with 10 pulses of FSS compared to their static controls (Fig. 5.1E,F). Likewise, these population 
fractions did not change in response to the amount of FSS treatment (Fig. 5.1H,I). The LNCaP 
and PC3 cells both showed a significant increase in their late apoptotic populations following 10 
pulses of FSS (Fig. 5.1G). The late apoptotic populations significantly increased in 
correspondence with increasing amounts of FSS treatment (Fig. 5.1J). To determine whether the 
cell death was apoptotic or necrotic in nature, LNCaP cells were pretreated with the pan-caspase 
inhibitor Z-VAD-FMK 1 h prior to FSS treatment. Z-VAD-FMK did not significantly increase cell 
viability in response to FSS treatment, suggesting that the cell death was necrotic rather than 
apoptotic (Fig. 5.1K). 

 
  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
http://jcs.biologists.org/lookup/doi/10.1242/jcs.251470.supplemental
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/


92 
 

 
Figure 5.1: Cell death of cancer cells treated with elevated FSS. (A) Representative AV/PI 
flow cytometry scatter plots of DU145, PC3 and LNCaP cells. The percentage of the cell 



93 
 

population in each cell gate is indicated on the plots. (B) Average cell viabilities of cancer cells 
treated with (shear stress) or without (static) 10 pulses of FSS. (C) Average cell viabilities of 
cancer cells treated with FSS normalized to untreated static controls. (D) Average normalized cell 
viabilities of cancer cells as a function of the number of FSS pulses, ranging from 0 to 10. (E) 
Average early apoptotic, (F) necrotic and (G) late apoptotic populations for cancer cells treated 
with 0 or 10 pulses of FSS. (H) Average early apoptotic, (I) necrotic and (J) late apoptotic 
populations of cancer cells as a function of FSS pulses, normalized to the static control. (K) Cell 
viability of LNCaP cancer cells treated with 50 µM Z-VAD-FMK or DMSO prior to FSS treatment, 
normalized to static controls. Data are presented as mean±s.d. N=3 independent experiments. 
**P<0.01, ***P<0.005, ****P<0.001 (unpaired two-tailed t-test). ####P<0.001 (least squares linear 
regression to confirm significant deviation from zero). 
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FSS treatment causes differential cell membrane damage among prostate cancer cell lines 
Elevated FSS is known to cause cell membrane damage that can result in cell death due 

to uncontrolled ion flux and ATP leakage (Dong et al., 2006; Horn and Jaiswal, 2018; Moose et 
al., 2020). DU145, PC3 and LNCaP cells were incubated with PI before and during FSS treatment 
to measure cell membrane damage by FSS (Fig. 5.2A; Fig. S5.1B). PI cannot pass through an 
intact cell membrane. Therefore, observation of PI fluorescence following FSS treatment is 
indicative of cell membrane permeabilization. Each cancer cell line exhibited a significant 
reduction in the number of undamaged cells after 10 pulses of FSS treatment (Fig. 5.2B). The 
number of undamaged cells after 10 pulses of FSS treatment was normalized to the number of 
undamaged cells with no FSS treatment. DU145 cells had a significantly greater normalized 
undamaged cell population in comparison to LNCaP cells, indicating that DU145 cells suffered 
less damage from FSS treatment (Fig. 5.2C). For each cancer cell line, increasing numbers of 
FSS pulses caused increasingly significant reductions in the normalized population of undamaged 
cells (Fig. 5.2D). 

To quantify the magnitude of the perforations forming in DU145, PC3 and LNCaP cell 
membranes due to FSS, the cells were incubated with fluorescent dextrans of different molecular 
weights (3000, 10,000 and 40,000 MW) and corresponding hydrodynamic radii prior to, and 
during, FSS treatment (Fig. 5.2E,F). For the untreated static conditions, there was no significant 
difference between any of the three cell lines in 3000 MW, 10,000 MW or 40,000 MW dextran 
uptake (Fig. 5.2E). However, for the cells treated with 10 pulses of FSS, the LNCaP cells 
absorbed more 3000 MW and 40,000 MW dextran than both the PC3 and DU145 cells. However, 
the increased uptake was only determined to be significant when comparing the PC3 and LNCaP 
cell lines for these two dextrans. For the 10,000 MW dextran, LNCaP cells absorbed significantly 
more than both the DU145 and PC3 cells (Fig. 5.2F). These results further suggest that LNCaP 
cells suffer more membrane damage in response to FSS exposure. 

To determine whether the cells that suffered cell membrane damage were more likely to 
undergo cell death, cancer cells were incubated with 3000 MW dextran before and during 10 
pulses of FSS treatment. At 24 h after FSS treatment, cell death was measured using PI. Cells 
that were only positive for 3000 MW dextran were considered to be damaged but viable. Cells 
that were only positive for PI were considered dead but undamaged. Cells positive for both PI and 
dextran were considered to be dead and damaged (Fig. 5.2G; Fig. S5.1C). For all three cell lines, 
the proportion of PI-positive cells was significantly increased for dextran-positive cells. This 
indicates that cells damaged by FSS are more likely to undergo cell death by FSS treatment 
compared to undamaged cells. LNCaP cells that were damaged had a significantly greater 
proportion of PI-positive cells than the damaged PC3 and DU145 cells, again indicating that 
LNCaP cells are more sensitive to FSS-induced cell death (Fig. 5.2H). 
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Figure 5.2: Cell damage and related cell death of cancer cells treated with elevated FSS. 
(A) Representative PI flow cytometry scatter plots to quantify cell membrane damage in DU145, 
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PC3 and LNCaP cells. The percentage of the cell population in the undamaged cell gate (PI 
negative) is shown for each plot. (B) Percentage of undamaged cancer cells in populations 
treated with (shear stress) or without (static) 10 pulses of FSS. (C) Average number of PI-
negative (undamaged) cancer cells treated with FSS, normalized to untreated static controls. 
(D) Normalized undamaged cancer cells as a function of FSS pulses, ranging from 0 to 10. (E) 
Uptake of FITC-tagged dextrans of different MW and hydrodynamic radii by cancer cells under 
static conditions as a measure of cell membrane damage. (F) Uptake of different dextrans by 
cancer cells treated with 10 pulses of FSS. Cell lines are color-coded as in E. (G) 
Representative flow cytometry scatter plots of 3000 MW FITC-tagged dextran/PI cell fate 
tracking. Cells positive for dextran indicate cell membrane damage, cells positive for PI 
represent dead cells, and cells negative for both indicate viable cells. The percentage of the cell 
population in each cell gate is indicated on the plots. (H) Proportion of PI-positive cells, 
normalized to to the corresponding undamaged dextran subpopulation, in dextran-negative and 
dextran-positive populations of cancer cells treated with 10 pulses of FSS. Data are presented 
as mean±s.d. N=3 independent experiments. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 
(unpaired two-tailed t-test). ###P<0.005 (simple linear regression to confirm significant deviation 
from zero). 
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Cell membrane repair efficiency correlates with FSS resistance 
If cell membrane damage is not rapidly repaired, further cell death can ensue (Howard et 

al., 2011). To determine whether the cell membrane damage caused by FSS treatment is 
sustained, cell membrane damage was measured 20 min after 10 pulses of FSS treatment by 
incubating the cells with PI 20 min after FSS treatment (Fig. 5.3A; Fig. S5.1B). The 20 min period 
was chosen as a sufficient amount of time for repair to take place because membrane repair in 
normal circumstances is a rapid process occurring in seconds to minutes (Tang and Marshall, 
2017). There was still a significant reduction in the undamaged cell population for the 20 min post-
FSS treatment group in comparison to the static control for each cell line (Fig. 5.3B). The 
undamaged cell populations after 20 min of FSS exposure for each cell line were normalized to 
their untreated controls. When these normalized repair populations were compared to the 
normalized population of cells damaged during FSS treatment, there was a significant increase 
in the normalized undamaged cell populations for the repair condition in each cell line (Fig. 5.3C). 
These results together suggest that while some of the cancer cells from each cell line are 
permanently damaged by FSS, repair does take place for many of these damaged cells. When 
comparing the effect of the 20 min repair condition on each cell line, DU145 and PC3 cells had 
significantly higher normalized undamaged cell populations than the LNCaP cells, indicating that 
LNCaP cells suffered more permanent damage by FSS (Fig. 5.3C). To assess whether each cell 
line had a different rate of repair, cell membrane damage was measured from 1 to 20 min following 
10 pulses of FSS treatment. For each cell line there was no major change in the undamaged cell 
population, even when comparing the 1 and 20 min groups (Fig. 5.3D). This suggests that, for 
cells that undergo membrane repair, the membrane repair occurs quickly for each cell line with 
respect to PI permeability. 

Membrane repair was also measured using dextran uptake 20 min post-FSS treatment 
(Fig. 5.3EïG). For 3000 MW dextran, DU145 cells did not show a significant increase in dextran 
fluorescence when comparing the shear-treated group to the static control, indicating that 
membrane repair was efficient for DU145 cells. PC3 and LNCaP cells showed significantly 
increased dextran fluorescence 20 min after FSS treatment compared with that of their respective 
untreated control groups (Fig. 5.3E). This suggests that membrane repair may not be as efficient 
for PC3 and LNCaP cells. When measuring repair for 10,000 and 40,000 MW dextrans, there was 
no significant increase in dextran fluorescence for all cell lines, meaning that these larger 
membrane damage events were at least partially healed 20 min following FSS treatment 
(Fig. 5.3F,G). 

Finally, surface lysosomal associated membrane protein-1 (LAMP-1) was used to identify 
cell membrane repair after FSS exposure, because LAMP-1 is known to translocate to the 
membrane surface for membrane repair (Reddy et al., 2001). Cancer cells were live stained with 
an anti-LAMP-1 antibody 5 min after FSS treatment for 30 min (Fig. 5.3H; Fig. S5.1D). DU145 
and PC3 cells showed a significant increase in surface LAMP-1 expression after FSS treatment, 
whereas LNCaP cells showed no change in LAMP-1 (Fig. 5.3I). This again indicates that 
membrane repair is not as efficient in the LNCaP cells. 
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Figure 5.3: Cell membrane repair of cancer cells treated with 10 pulses of elevated FSS. 
(A) Representative PI flow cytometry scatter plots of membrane damage for DU145, PC3 and 
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LNCaP cells after allowing 20 min of time for cell membrane repair. The percentage of the cell 
population in the undamaged cell gate (PI negative) is shown for each plot. (B) Average 
percentage of cancer cells treated with (shear stress) or without (static) 10 pulses of FSS that 
were undamaged after 20 min of cell membrane repair time. (C) Average proportion of 
undamaged cells for cell membrane damage measurements taken during FSS (damage) and for 
cells provided with 20 min of repair time after FSS (repair). (D) Normalized PI-negative 
(undamaged) cancer cells after different cell membrane repair times, ranging from 1 to 20 min. 
(E) Uptake of FITC-tagged 3000 MW, (F) 10,000 MW and (G) 40,000 MW dextran by cancer cells 
treated with or without 10 FSS pulses following 20 min of cell membrane repair. (H) 
Representative flow cytometry histograms of surface LAMP-1 staining. Horizontal bar indicates 
the LAMP-1-positive cell gate. (I) Average surface LAMP-1 expression for cancer cells treated 
with (hatched bars) or without (open bars) 10 pulses of FSS. Data are presented as mean±s.d. 
N=3 independent experiments. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 (unpaired two-tailed 
t-test). In D, least squares linear regression showed no significant deviation from zero. 
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Resistance to FSS-induced apoptosis correlates with increased cell stiffness and reduced cell 
fluidity 

Increased cell stiffness has previously been associated with resistance to cell death 
induced by elevated FSS (Barnes et al., 2012; Chivukula et al., 2015). To determine whether 
mechanical stiffness correlated with resistance to FSS-induced cell death, the stiffness of each 
cancer cell line treated with or without FSS was measured using micropipette aspiration (Taneja 
et al., 2020). Micropipette aspiration was also used to assess cell fluidity by measuring the 
viscoelastic relaxation time of the cells. Prior to FSS treatment, DU145 cells were found to be 
significantly stiffer than both the LNCaP and PC3 cell lines. The PC3 cells were also significantly 
stiffer than the LNCaP prior to FSS exposure (Fig. 5.4A). When the LNCaP and PC3 cells were 
treated with 10 pulses of FSS, no significant change in stiffness was observed in comparison to 
the stiffness of untreated cells. The DU145 cells showed a significant reduction in stiffness 
following exposure to FSS when compared to their non-sheared controls, while also displaying a 
significantly greater change in stiffness compared to those of PC3 and LNCaP cells 
(Fig. 5.4A; Fig. S5.2A). Normalized cell viability strongly correlated with increased cell stiffness, 
with an R2 value of 0.97 as calculated by linear regression (Fig. 5.4B). Additionally, the 
viscoelastic relaxation time of DU145 cells was significantly lower than that of the PC3 and LNCaP 
cells, indicating that DU145 cells have a less fluid-like phenotype. Furthermore, only the DU145 
cells exhibited a significant change in relaxation time following FSS treatment 
(Fig. 5.4C; Fig. S5.2B). Relaxation time and normalized cell viability had a negative correlation, 
with an R2 of 0.79, suggesting that reduced cell fluidity may impart FSS resistance as well 
(Fig. 5.4D). 

To further study the effects of these mechanical properties on the FSS resistance of 
cancer cells, DU145 and PC3 cells were pretreated with 20 µM cytochalasin D (CCD) 1 h prior to 
FSS exposure, because CCD has previously been shown to significantly reduce cell stiffness 
(Rotsch and Radmacher, 2000). Modifying stiffness with CCD was found to significantly reduce 
the normalized cell viability of FSS-treated cells compared with that of the DMSO control group 
for both PC3 and DU145 cells (Fig. 5.4E). 
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Figure 5.4: Correlation of biophysical properties and prostate cancer cell viability following 
FSS exposure. (A) Stiffness of DU145 (static, n=58; shear, n=46), PC3 (static, n=47; shear, 
n=54) and LNCaP (static, n=51; shear, n=41) cells before (static) and after (shear stress) 10 
pulses of FSS. (B) Correlation between normalized cell viability and cell stiffness. (C) Relaxation 
time of DU145 (static, n=65; shear, n=48), PC3 (static, n=46; shear, n=54) and LNCaP (static, 
n=52; shear, n=45) cells before and after FSS exposure, as in A. (D) Correlation between 
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normalized cell viability and relaxation time. (E) Cell viability of DU145 and PC3 cells pretreated 
with DMSO or 20 µM CCD and then treated with 10 pulses of FSS. Viability of FSS-treated cells 
was normalized to static conditions. Data are presented as mean±s.d. Measurements from N=3 
independent experiments of stiffness and relaxation time. N=3 independent experiments for 
normalized cell viability. *P<0.05, **P<0.01, ****P<0.001 (unpaired two-tailed t-test). Linear 
regression was used to calculate R2 in B and D. 
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FSS treatment prevents successful in vivo tumor growth 
To determine whether FSS exposure can hinder a cancer cell's ability to colonize and form 

a growing tumor at a distant location, DU145 and LNCaP cells were treated with or without 10 
pulses of FSS before being subcutaneously implanted into mice. After implantation, tumor volume 
was monitored over 28 days using calipers (Fig. 5.5A). The 10 pulses of FSS were used to roughly 
model the elevated FSS CTCs would experience in colonizing a distant site, such as the brain. 
Thus, a subcutaneous tumor was used to approximate a ósecondaryô tumor site, with tumor growth 
being used as a proxy for viability. DU145 and LNCaP cells were used in this mouse experiment 
to focus on both the most FSS-sensitive and most FSS-resistant cells. Both sheared and non-
sheared DU145 cells demonstrated significant tumor volume growth over the 28 days, with linear 
regression analysis showing a slope that significantly deviated from zero. There was also no 
significant difference in tumor volume between the static and sheared DU145 cells at any point 
over the 28 days (Fig. 5.5B). The LNCaP static control cells showed significant tumor volume 
growth over 28 days, whereas the LNCaP shear-treated cells did not have significant tumor 
volume growth. Also, at days 24 and 28 there was a significant difference in tumor volume 
between the static and sheared LNCaP cells (Fig. 5.5C). These results demonstrate that FSS 
exposure can prevent FSS-sensitive cells, such as the LNCaP cells, from forming a healthy 
growing tumor. The FSS-resistant DU145 cells, however, were unaffected by FSS exposure and 
formed a healthy tumor despite the FSS treatment. This observation is consistent with the in 
vitro results where the DU145 cell viability was unaffected by FSS treatment, whereas LNCaP 
cells had a dramatic reduction in viability. 
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Figure 5.5: In vivo mouse model of tumor growth of FSS-treated and untreated cancer cells. 
(A) Schematic of the mouse experiment. DU145 and LNCaP cells were treated with or without 10 
pulses of FSS and then subcutaneously injected into mice. Tumor growth was measured using 
calipers over a 28-day period. (B) Tumor growth of DU145 cells treated with (shear) or without 
(static) FSS and of (C) LNCaP cells treated with or without FSS.  Data are presented as mean±s.d. 
N=3 independent experiments. *P<0.05, **P<0.01 (unpaired two-tailed t-test used to compare 
groups). #P<0.05, ###P<0.005 (simple linear regression to confirm significant deviation from 
zero). 
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Discussion 
A previous study determined that the PC3 prostate cancer cell lines are innately more 

resistant to FSS than healthy prostate epithelial cells, suggesting that FSS resistance contributes 
to metastasis (Barnes et al., 2012). The results of the present study show that both DU145 and 
PC3 cells exhibit at least some resistance to FSS, whereas the LNCaP cells were found to be 
quite sensitive to FSS (Fig. 5.1AïD). This suggests that resistance to FSS is not a conserved 
property in all metastatic prostate cancer cells. Previous studies have shown that elevated FSS 
can contribute to apoptosis and necrosis in CTCs (Mitchell et al., 2015; Moose et al., 2020). The 
mode of cell death in response to FSS was measured in this study as well for each of the cell 
lines. The three cell lines in this study had no increase in the necrotic or early-stage apoptosis 
populations when treated with 3950 dyn/cm2 (395 Pa) of FSS. However, the PC3 and LNCaP 
cells showed a significant increase in the late apoptotic populations (Fig. 5.1EïJ). When 
pretreating LNCaP cells with Z-VAD-FMK, there was no reduction in their normalized viability, 
which indicates that FSS in these experiments induced necrotic cell death in the case of LNCaP 
cells (Fig. 5.1K). 

Elevated FSS is known to cause deformations and permeabilize the plasma membrane of 
cancer cells, resulting in cell death (Moose et al., 2020; Rejniak, 2016, 2012). Each prostate 
cancer cell line suffered significant cell membrane damage upon FSS treatment (Fig. 5.2AïD). 
The use of different molecular weight dextrans allowed us to further characterize the scale of cell 
membrane damage events caused by FSS in each cell line. LNCaP cells experienced more 
extensive damage than PC3 and DU145 cells, as the LNCaP cells showed increased uptake of 
dextrans of all MW. This implies a correlation between cell membrane damage by FSS and cell 
death by FSS (Fig. 5.2E,F). To further establish the link between membrane damage and cell 
death, all three cancer cell lines were dually stained with 3000 MW dextran and PI, where dextran 
fluorescence indicates membrane damage and PI fluorescence indicates cell death (Fig. 5.2G). 
For each cancer cell line, positive dextran staining correlated with a significant increase in the 
proportion of PI-positive cells, supporting the claim that membrane damage contributes to cell 
death caused by FSS. LNCaP cells also showed a significant increase in the normalized PI-
positive population of dextran-positive cells, suggesting that LNCaP cells that suffered from 
membrane damage are more likely to undergo cell death by FSS (Fig. 5.2H). 

Previous studies established that cell membrane repair is necessary for survival when the 
membrane is compromised (Horn and Jaiswal, 2018; Li et al., 2014; Moose et al., 2020). It has 
also been found that proteins associated with cell membrane repair are upregulated in metastatic 
cancer cells (Jaiswal et al., 2014). Because each of the cell types we studied are metastatic to 
some degree, it was not unexpected that each cell line would see significant reductions in 
membrane damage when time was allowed for membrane repair following FSS exposure 
(Fig. 5.3AïD). However, it is notable that not all cell lines were equally efficient in cell membrane 
repair. As measured using PI, LNCaP cells had significantly fewer undamaged cells after repair 
compared to PC3 and DU145 cells (Fig. 5.3C). When comparing static and FSS-treated cells for 
all three cancer cell lines, there was no increased uptake of 10,000 and 40,000 MW dextran after 
time was allowed for membrane repair (Fig. 5.3F,G). This means that the more extensive damage 
events suffered by each cell during FSS were at least partially healed. However, PC3 and LNCaP 
cells showed significantly greater uptake of 3000 MW dextran, while DU145 cells did not 
(Fig. 5.3E). When measuring membrane repair using surface LAMP-1 expression, both DU145 
and PC3 cells exhibited significant increase in LAMP-1 expression, whereas LNCaP cells did not 
(Fig. 5.3H,I). The cell membrane repair efficiency as measured by these assays correlated with 
how well a cancer cell line resisted FSS-induced cell death, with LNCaP cells being the most 
sensitive to FSS and being the least efficient at membrane repair, DU145 cells having the most 
efficient repair and suffering the least amount of death, and PC3 cells being intermediate 
compared to the other two cell lines. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C41
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/#JCS251470C19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929932/figure/JCS251470F3/


106 
 

This study also established that stiffness correlates with FSS resistance and that fluidity 
has a negative correlation with FSS resistance, perhaps by reducing the magnitude of membrane 
damage that requires repair (Fig. 5.4AïD). A previous study identified PC3 cells as being stiffer 
than healthy prostate epithelial cells, suggesting that increased stiffness in prostate cancer cells 
supports a more metastatic phenotype (Chivukula et al., 2015). This is consistent with our 
observations. The stiffer DU145 and PC3 cells were more resistant to FSS-induced cell death 
than the softer LNCaP cells (Fig. 5.4A,B). This role of stiffness in FSS resistance was further 
supported by the effects of pretreating PC3 and DU145 cells with CCD, which is known to reduce 
cell stiffness (Rotsch and Radmacher, 2000). LNCaP cells were not tested with CCD as they were 
previously found to be sensitive to FSS and the aim of the CCD treatment was to determine 
whether it could make FSS-resistant cells sensitive to FSS. When PC3 and DU145 cells were 
treated with CCD, there was a significant reduction in normalized viability for cells also exposed 
to FSS (Fig. 5.4E). Likewise, a previous study has shown that reduced expression of lamin A/C, 
a protein known to promote cell stiffness, also has the effect of sensitizing cancer cells to FSS 
(Lee et al., 2007; Mitchell et al., 2015). In contrast to the findings of this study, increased fluidity 
and reduced stiffness traditionally correlate with more aggressive cancer metastasis (Khan et al., 
2018). The reduced stiffness of cancer cells has been found to promote invasion and migration 
by allowing cancer cells to pass through confinements in the tumor microenvironment (Wullkopf 
et al., 2018). With respect to the current study, PC3 cells are well known to be strongly metastatic, 
DU145 cells are considered to be moderately metastatic and LNCaP cells to be weakly metastatic 
(Ravenna et al., 2014). This suggests that there may be an optimal cell stiffness for enhanced 
metastasis. A certain degree of cancer cell stiffness may allow a cancer cell to sufficiently navigate 
confined spaces and impart enough resistance to FSS to form a secondary metastatic tumor. 

It was found that DU145 cells underwent a form of mechano-adaptation as they became 
softer and more fluid-like in response to FSS treatment (Fig. S5.2). As treating PC3 and DU145 
cells with CCD increased the cytotoxicity of FSS, this softening of DU145 cells likely does not 
promote FSS resistance (Fig. 5.4E). Instead, the mechano-adaptation may promote the ability of 
DU145 cells to more efficiently extravasate and invade a secondary tumor site, since softer cells 
are associated with the ability to better navigate confined spaces (Wullkopf et al., 2018). The 
reduced stiffness of FSS-treated DU145 cells was unexpected, because a previous study that 
used the same method of FSS treatment found that PC3 cells become stiffer after FSS treatment 
(Chivukula et al., 2015). However, FSS exposure has also previously been shown to reduce cell 
stiffness (Xin et al., 2019). One possibility for this discrepancy is the divergence of cells cultured 
in different labs for different lengths of time. Another explanation for the results of this study might 
be that the stiffness was immediately analyzed following FSS exposure. Cell membrane repair 
traditionally requires cytoskeleton disassembly to relieve tension in the cell, which reduces the 
force needed for membrane wound closure (Abreu-Blanco et al., 2012). This cytoskeletal 
disassembly causes cell softening (Kasas et al., 2005). However, at later time points in membrane 
repair, these cytoskeleton proteins are replaced, possibly causing the increased stiffness 
observed in the previous study (Abreu-Blanco et al., 2012; Chivukula et al., 2015). 

It is interesting that the resistance to elevated FSS correlates with the FSS the cancer 
cells would have experienced during their transit to the metastatic location from which they were 
derived. This aligns with the mechanical mechanisms hypothesis of cancer metastasis, which 
states that the pattern of blood flow determines whether a cancer cell can successfully colonize 
a distant organ (Liu et al., 2017). The DU145 cells, which are derived from a brain metastasis and 
thus have successfully passed through the elevated FSS environment of the heart in the patient 
of origin, demonstrate the FSS resistance necessary to survive such a trip. Likewise, PC3 cells, 
derived from a bone metastasis and thus subjected to FSS of the peripheral circulation (but 
perhaps not the heart), now exhibit a moderate FSS resistance consistent with their metastatic 
path. LNCaP cells, derived from a lymph node metastasis and likely to have never experienced 
blood circulatory FSS in the original patient, exhibit the weakest FSS resistance, which is 
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consistent with their pathological history. This conclusion is further supported by the mouse 
experiments performed in this study, where the FSS-resistant DU145 cells treated with FSS prior 
to subcutaneous implantation in mice successfully formed viable growing tumors. The FSS-
treated LNCaP cells did not form tumors that showed significant growth over the 28 day period 
(Fig. 5.5). 

Traditionally, orthotopic and intravenous injection models have been used to study cancer 
cell metastasis, as they faithfully recreate multiple complex steps in the metastatic cascade. The 
subcutaneous model of this study was used instead because the other model systems involve 
aspects of metastasis that cannot be easily controlled. For example, in orthotopic or injection 
models, the cancer cells would be exposed to varying amounts of FSS for different durations. This 
could potentially overshadow the effect of the 10 pulses of elevated FSS that we aimed to study. 
The orthotopic and injection methods also involve measuring the formation of metastatic lesions, 
which can also be affected by variables unrelated to FSS, such as reduced cell viability by cancer 
cell constriction within capillaries or the suitability of a specific site for secondary tumor 
colonization (Nath et al., 2018). In effect, the subcutaneous model used in this study isolates the 
role of elevated FSS and more directly ascertains its effect on secondary tumor site colonization. 
However, this method is simplistic compared to the complex pathway of cancer metastasis, and 
so represents a partial picture. Despite this, the in vivo results of this study are consistent with 
previous studies that use intravenous injection to measure the metastatic ability of DU145 and 
LNCaP cells. DU145 cells, when intravenously injected, were able to form metastatic lesions 
(Chen et al., 2014; Sun et al., 2008; Teng et al., 2010). LNCaP cells, however, have been shown 
to be unable to form metastatic lesions when injected into mice through tail vein injection (Steffan 
et al., 2012; Wu et al., 1998). 

It is important to note that these cancer cell lines were derived from different patients. 
Thus, there is significant genetic heterogeneity among these cell lines. To more conclusively 
identify if properties such as stiffness promote FSS resistance, it would be interesting to determine 
whether cancer cell lines of different metastatic potentials that are derived from the same patient 
have similar results to those presented in this study. However, the findings of this study point to 
possible therapeutic strategies for targeting CTCs to prevent blood-borne metastasis. 
Pharmacological tools could be used to further exacerbate the cell membrane damage by 
promoting CTC deformability, or by undermining cell membrane repair (Mitchell et al., 
2015; Moose et al., 2020; Ortiz-Otero et al., 2020). 
 
 
Materials and methods 
 
Cell culture 
Prostate adenocarcinoma cell lines PC3 (ATCC #CRL-1435), DU145 (ATCC #HTB-81) and 
prostate carcinoma cell line LNCaP (ATCC #CRL-1740), were purchased from American Type 
Culture Collection (Manassas, VA, USA). PC3, DU145 and LNCaP cells were cultured in RPMI 
1640 cell culture medium (Invitrogen, Grand Island, NY, USA). Medium was supplemented with 
10% (v/v) fetal bovine serum and 1% (v/v) PenStrep, all purchased from Invitrogen. PC3, DU145 
and LNCaP cells were incubated under humidified conditions at 37°C and 5% CO2. For 
passaging, the cancer cells were lifted by washing the flasks with HBSS buffer without calcium 
and magnesium (Invitrogen). After washing, the cells were incubated with trypsin and 0.05% 
EDTA (Invitrogen) for 2ï5 min. Complete RPMI 1640 was added to the cells and they were 
collected into a 15 ml tube. The cells were then centrifuged at 300 g for 5 min. The supernatant 
was removed, and the cells were reseeded into flasks or used for experiments. 
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Fluid shear stress treatment 
The cancer cell lines were exposed to pulses of FSS using a protocol described previously 

(Barnes et al., 2012). The cancer cells were lifted as described above. The cells were collected 
into a 5 ml syringe (Thermo Fisher Scientific, Walter, MA, USA) at a density of 200,000 cells/ml. 
Poiseulle's equation was used to determine the maximum FSS exposure: 
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where Ű is the wall shear stress in dyn/cm2, Q is the flow rate in cm3/s (14 ml/min), ɛ is the 
viscosity of the RPMI medium (assumed to be water at standard pressure and room temperature, 
or 0.01 dyn s cm2), and R is the inner radius of the 30 G needle (7.94×10ī3 cm). The maximum 
FSS was computed to be 5920 dyn/cm2 (592 Pa). The local FSS exposure varies linearly with 
radial position, with the maximum FSS found at the wall of the conduit. Thus, the area-averaged 
FSS is equal to two-thirds of the maximum, or 3950 dyn/cm2 (395 Pa). The exposure time of a 
single pulse was 1.08 ms. The cancer cells were treated with 0, 1, 5 or 10 pulses of FSS. After 
FSS treatment, the cells were seeded into 24-well plates (CELLTREAT, Pepperell, MA, USA) at 
a density of 100,000 cells/well. 

To justify the use of Poiseulle's equation for calculating the flow, the Reynolds number of 
the flow was calculated using the following equation: 
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where ɟ is the density of buffer, treated as water at standard pressure and room temperature 
(0.998 g/cm3), v is the velocity of flow, D is diameter of the inner needle and ɛ is the viscosity of 
the buffer. Re at a flow rate of 14 ml/min is 1850. This is below the threshold of 2200 for laminar 
flow, hence Poiseulle's equation is appropriate for the prediction of FSS. 
 
 
Annexin V/propidium iodide cell death assay 

FITC-conjugated annexin V (AV; BD Pharmingen, San Diego, CA, USA) and propidium 
iodide (PI; BD Pharmingen) were used to assess cell viability 24 h after FSS treatment. The 
manufacturer's instructions were followed to prepare samples for flow cytometry. Viable cells were 
identified as being negative for both AV and PI, early apoptotic cells as being positive for AV only, 
necrotic cells as being positive for PI only and late apoptotic cells as being positive for both AV 
and PI. 

Cells were incubated for 15 min with AV and PI at room temperature in the absence of 
light and immediately analyzed using a Guava easyCyte 12HT benchtop flow cytometer 
(MilliporeSigma, Burlington, MA, USA). Flow cytometry plots were analyzed using FlowJo 
software (FlowJo, Ashland, OR, USA). Flow cytometry plots of untreated static controls were used 
to draw gates (Fig. S5.1A). Cell death of cells pretreated with 20 µM CCD (Tocris Bioscience, 
Bristol, UK) or 50 µM Z-VAD-FMK (Tocris Bioscience) for 1 h prior to FSS exposure was also 
measured using this assay. 
 
 
Cell membrane damage and repair assay 

For cell membrane damage, cells were incubated with PI for 5 min in RPMI 1640 medium. 
While still incubating with PI, the cells were loaded into a syringe and treated with FSS as 
described above. To measure repair, cancer cells were incubated with PI for 5 min at 1, 5, 10 and 
20 min after FSS treatment. For both the damage and repair conditions, the cells were then 
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washed with HBSS with calcium and magnesium and resuspended in HBSS with calcium and 
magnesium. The cells were analyzed via flow cytometry for PI fluorescence. Cells positive for PI 
were identified as cells with damaged membranes. 

Cells were also stained with 10 µM concentrations of 3000, 10,000 and 40,000 MW FITC-
tagged dextrans (Invitrogen) to assess cell membrane damage and repair. For membrane 
damage, cells were incubated with one of these dextrans in RPMI 1640 medium 5 min prior to 
FSS treatment. The cells were then treated with FSS, as described above, for 10 pulses. To 
measure membrane repair, the cells were incubated with the fluorescent dextrans 20 min after 
FSS treatment for 10 min. The cells were then washed with HBSS with calcium and magnesium 
and resuspended in HBSS with calcium and magnesium. Dextran fluorescence was measured 
using flow cytometry. Cells positive for dextran were identified as cells with damaged membranes. 
For both PI and dextran samples, drawing of cell damage gates was done using the static 
untreated control (Fig. S5.1B). 
 
 
DextranïPI cell fate tracking 

Cancer cells were incubated with 10 µM 3000 MW dextran 5 min prior to FSS. Cancer 
cells were treated with 10 pulses of FSS while still being incubated with the dextran. After FSS 
treatment, cancer cells were pelleted and washed with HBSS with calcium and magnesium to 
remove unabsorbed dextran. The cells were resuspended in complete RPMI 1640 medium and 
seeded onto a 24-well plate and incubated for 24 h at 37°C and 5% CO2. After incubating, the 
cells were lifted and stained with PI for 10 min in HBSS with calcium and magnesium. PI and 
dextran fluorescence were measured using a flow cytometer. Positive dextran fluorescence 
indicated cell membrane damage from FSS treatment, and PI fluorescence represented cell 
death. Static untreated controls were used to draw gates (Fig. S5.1C). 
 
 
Surface LAMP-1 staining 

Cancer cells were treated with 10 or 0 pulses of FSS. 5 min after treatment, the cells were 
pelleted and stained with an Alexa Fluor 488-tagged antibody against surface LAMP-1 (Invitrogen, 
eBioH4A3, cat. #53-1079-42, lot #2134293) in 5% bovine serum albumin (Sigma-Aldrich, St 
Louis, MO, USA) at a 1:20 dilution. The cells were washed once with HBSS with calcium and 
magnesium and resuspended in HBSS with calcium and magnesium. Antibody staining was 
quantified using a flow cytometer. The untreated static controls were used to draw gates for 
surface LAMP-1 staining (Fig. S5.1D). 
 
 
Micropipette aspiration 

Micropipette aspiration was performed as described in Taneja et al. (2020) to measure 
cell stiffness and relaxation time. Relaxation time was used as a measure of cell fluidity, with 
increased relaxation times being considered more fluid. To calculate stiffness the following 
equation was used: 
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where ȹP is the change in suction pressure in Pa, ű is a constant term equal to 2.1, ɛ is the 
viscosity of the cytoplasm in Pa s, and L/a is normalized aspiration length. Relaxation time was 
calculated using the following equation: 
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where Ű is relaxation time in s, ɛ is the viscosity of the cytoplasm, and k1 and k2 are material 
parameters that can be solved via the following equation: 
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In Eqn. 5, L(t) is the aspiration length as a function time in units of µm and t is time in s. For 
micropipette aspiration measurements only, outliers were removed based on the following 
interquartile range criteria being true: xi>x3+(1.5×IQR) or xi<x1ī(1.5ĬIQR), where xi is an 
individual measurement, x3 is the third quartile value, x1 is the first quartile value and IQR is the 
interquartile range. 
 
 
In vivo shear stress study 

Male eight-week-old nude (NU/NU) mice were purchased from the Jackson Laboratory 
(Bar Harbor, ME, USA). The study was approved by Institutional Review Board protocol 
#M1700009-00. All mice received identical care and housing conditions, and were monitored by 
veterinary staff in the Vanderbilt University Department of Animal Care (DAC). 

One million DU145 and LNCaP cells were lifted per sample. The cells were counted using 
a hemocytometer. After resuspending the 1 million cells in 5 ml of medium, cells were treated with 
or without 10 pulses of FSS. The cells were not recounted after FSS treatment to account for cell 
death that was caused by the FSS treatment. This same in vitro shearing protocol was used 
extensively in this study, and representative viability data in parallel experiments are presented in 
the Results section. This cell death occurs when cancer cells pass through the circulatory system 
and is expected to have a significant impact on subsequent tumor growth. After the FSS 
treatment, the cells were resuspended in a 250 µl mixture of 1:1 phosphate-buffered saline and 
Matrigel (Corning Life Sciences, Tewksbury, MA, USA). The right flank was then injected with 
static DU145 cells and the left flank was injected with DU145 cells treated with 10 pulses of FSS. 
On another set of mice, the right flank was injected with static LNCaP cells and the left flank was 
injected with shear-treated LNCaP cells. Calipers were used to measure the length (L) and width 
(W) of each tumor. Tumor volume was estimated as (L×W2)/2. Mice in the study were euthanized 
at humane endpoints, as determined based on tumor size and recommendation by DAC 
veterinary staff. 
 
 
Statistical analysis 

Data sets were plotted and analyzed using Prism 8 (GraphPad software, San Diego, CA, 
USA). A two-tailed unpaired t-test was used for statistical comparison between two groups, 
with P<0.05 considered significant. Least squares linear regression was used to determine 
whether slopes of fits significantly deviated from zero, with P<0.05 indicating statistical 
significance. Correlation was calculated using R2, which was calculated by simple linear 
regression. At least three independent replicates were used for each experiment. 
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Supplementary Figures 
 
 

 
Supplementary Figure 5.16: Flow cytometry scatter plot gating examples. Forward and side 
scatter gating to isolate cells from debris. A) example flow cytometry gating of scatter and 
histogram plots of AV/PI stain, B) cell membrane damage/repair (same gating method was used 
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for dextran cell membrane damage measurements), C) dextran-PI cell fate tracking, and D) 
LAMP-1 surface staining for DU145 static controls. 
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Supplementary Figure 5.2.7: change in biophysical properties of cancer cells after treatment 
with 10 pulses of FSS. A) Change in cancer cell stiffness in response to FSS treatment (DU145 
ï n =46; PC3 ï n = 54; LNCaP ï n = 41), and B) change in viscoelastic relaxation time following 
FSS exposure (DU145 ï n = 48; PC3 ï n = 54; LNCaP ï n = 45). Mean and S.D. shown. N = 3 
independent experiments of stiffness and relaxation time. ** p < 0.01, *** p < 0.005, **** p < 0.001. 
Unpaired two-tailed t test was used to compare groups. 
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Samantha C. Schwager, Cynthia A. Reinhart-King, and Michael R. King. 
 
 
Abstract 
T cell activation is becoming recognized as a mechanical process as much as it is a biochemical 
process. In this study, we used a cone-and-plate viscometer system to treat Jurkat and primary 
human T cells with fluid shear stress (FSS) to enhance the activation of the T cells through 
mechanical means. The FSS treatment of T cells in combination with soluble and bead-bound 
CD3/CD28 antibodies increased the activation signaling proteins essential for T cell activation, 
such as ZAP70, NFAT, NF-əB, and AP-1. The FSS treatment also enhanced the expression of 
the cytokines TNF-Ŭ, IL-2, and IFN-ɔ, which are necessary for sustained T cell activation and 
function. The enhanced activation of T cells by FSS was calcium dependent. The calcium 
signaling was controlled by the mechanosensitve ion channel Piezo1, as GsMTx-4 and Piezo1 
knockout reduced ZAP70 phosphorylation by FSS. These results demonstrate an intriguing new 
dynamic to T cell activation, as the circulatory system consists of different magnitudes of FSS and 
could have a proinflammatory role in T cell function. The results also identify a potential 
pathophysiological relationship between T cell activation and FSS, as hypertension is a disease 
characterized by abnormal blood flow and is correlated with multiple autoimmune diseases. 
 
 
Introduction 

In vivo, optimal T cell activation is becoming understood as both a mechanical and 
biochemical process1,2. For example, the knockdown of the mechanotransductive protein Piezo1 
was recently shown to reduce the expansion of T cells activated by mouse dendritic cells3. Piezo1 
is a mechanosensitive ion channel that opens in response to physical forces, such as fluid shear 
stress (FSS), and allows for calcium influx4,5. Calcium influx causes Piezo1 to transduce physical 
stimuli into biochemical responses, since calcium is a second messenger involved in multiple 
signaling pathways. One of these pathways is T cell activation, as calcium influx increases the 
activation of the transcription factors NFAT, NF-əB, and AP-16ï10. These transcription factors then 
induce the production of cytokines important in sustained T cell activation, differentiation, and 
cytotoxicity11,12. A previous study showed that FSS induces calcium influx in single T cells through 
the use of a micropipette apparatus, suggesting that FSS through Piezo1 activation may be 
proinflammatory13.  

In this study, we treated Jurkat and primary human T cells with FSS using cone-and-plate 
viscometers. Cone-and-plate viscometers were used because the geometry of the cone-and-plate 
viscometer exposes each cell in the fluid to same FSS regardless of the cellôs location14. Treating 
T cells with FSS in this controlled setting allowed for the investigation of the effect of FSS in T cell 
activation in physiological and pathophysiological contexts. Here, the effect of physiological FSS 
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was investigated by treating the T cells with magnitudes of 0.5 to 5.0 dyn/cm2 of FSS15. However, 
in a pathophysiological context, hypertension is a disease in which blood flow is altered, is 
associated with abnormal cytokine levels, and is correlated with multiple autoimmune 
disorders16,17. In certain regions of the vascular network of hypertensive patients, blood flow 
velocity is reduced, reducing FSS. In other areas, blood flow velocity is increased, raising FSS18. 
Understanding the relationship between FSS and altered T cell activation could identify new 
therapeutic targets for the treatment of autoimmune disorders in hypertensive patients. 

Additionally, ex vivo T cell activation is an indispensable step for producing adoptive T cell 
immunotherapies19. Treating primary human T cells with FSS ex vivo using tools such as a cone-
and-plate viscometer could be used to potentially improve the production of adoptive T cell 
immunotherapies. 

To our knowledge, this study is the first to determine that FSS enhances T cell activation. 
Short FSS treatments of 1 h in combination with soluble and bead-bound CD3/CD28 antibodies 
enhanced the activation of important signaling proteins in T cell activation, and boosted the 
expression of cytokines important in sustained T cell function. The enhanced activation of T cells 
was found to rely on calcium and activation of the mechanosensitive ion channel Piezo1. These 
observations suggest that Piezo1 and other mechanosensitive ion channels may be therapeutic 
targets for autoimmune diseases, or for improving adoptive T cell immunotherapies. 

 
  

Results 
 
 
FSS enhances ZAP70 phosphorylation in Jurkat cells treated with CD3/CD28 antibodies. 

The immortalized Jurkat cell line was used to model T cell activation by CD3/CD28 
antibodies in combination with FSS in vitro. Jurkat cells were incubated with soluble CD3/CD28 
antibodies with or without FSS for 1 h. Cone-and-plate viscometers were used to expose the cells 
to 5.0 dyn/cm2 FSS (Fig. 6.1A). However, FSS at sufficient magnitude has previously been shown 
to be cytotoxic to cells20. To determine if this level of FSS exposure was cytotoxic to the cells, an 
annexin V assay was done to measure cell viability. 1 h of FSS treatment at 5.0 dyn/cm2 did not 
significantly reduce cell viability (Fig. S6.2). Jurkat cells were first treated with FSS without 
antibodies to determine the activating effect of FSS alone. This was quantified by measuring 
ZAP70 phosphorylation, which is phosphorylated following the activation of CD3 and is a 
necessary step for T cell activation21. FSS alone caused only a 10% increase in ZAP70 
phosphorylation compared to the static control (Fig. 6.1B). When CD3/CD28 antibodies were 
combined with the FSS treatment, ZAP70 phosphorylation was significantly and dramatically 
increased in comparison to antibody only or the untreated controls. The increase in ZAP70 
phosphorylation was about 50% greater when FSS was used with antibodies, compared to the 
ZAP70 phosphorylation of T cells treated with antibodies alone (Fig. 6.1C). Jurkat cells were then 
treated with varying amounts of FSS to determine the ñdose responseò of T cell activation to shear 
stress. A positive correlation of increasing ZAP70 phosphorylation with increasing amounts of 
FSS was observed, with R2=0.7913. Additionally, the slope of the best fit line was significantly 
different from zero (Fig. 6.1D). The dependence of Jurkat ZAP70 phosphorylation on FSS-
antibody treatment time was also measured. There was a significant increase in ZAP70 
phosphorylation with increasing FSS treatment times, with R2=0.9140. The best fit line between 
treatment time and ZAP70 phosphorylation was significantly different from zero (Fig. 6.1E). 
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Figure 6.1: Phosphorylation of ZAP70 by CD3/CD28 antibody and FSS treatment. A) 
Schematic of FSS treatment via cone-and-plate viscometer. Ὃ = shear rate, ,angular velocity = ‫ 

— = angle of cone, † = fluid shear stress, ‘ = viscosity. B) Representative flow plot and graph of 
ZAP70 phosphorylation of Jurkat cells treated with or without FSS (N=3). C) Representative flow 
plot and graph of ZAP70 phosphorylation in Jurkat cells treated with or without FSS and 
CD3/CD28 antibodies (N=3). Untreated: Jurkat cells that were treated with neither FSS or 
antibodies; static: Jurkat cells treated with only antibodies; shear: cells treated with antibodies 
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and FSS. D) ZAP70 phosphorylation of Jurkat cells treated with a constant concentration of 
CD3/CD28 antibodies for 1 h as a function of FSS magnitude (N=3). E) ZAP70 phosphorylation 
of Jurkat cells treated with a constant concentration of CD3/CD28 antibodies and a constant 
magnitude of FSS as a function of time (N=3). Unpaired t tests were used to measure statistical 
significance between treatment groups. * p<0.05, ** p<0.01, *** p<0.005. Error bars are SD. Linear 
regression was used to measure correlation and determine if function slopes differed significantly 
from zero in D and E. 
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FSS in combination with CD3/CD28 antibodies increases the expression of later stage T cell 
activation markers in Jurkat cells. 

For proper T cell activation, the transcription factors NFAT, NF-əB, and AP-1 need to be 
activated for the transcription of important proteins and cytokines, such as TNF-Ŭ, IL-2, and IFN-
ɔ22.  The activation of each transcription factor was measured after 1 h of stimulation with FSS 
and CD3/CD28 antibodies. NFAT activation of Jurkat cells was measured by quantifying the 
colocalization of NFAT with the nucleus using confocal microscopy, since only the active 
conformation of NFAT reveals a nuclear localization signal23. The colocalization was measured 
via antibody staining for NFAT and DAPI staining of the nucleus. When the Jurkat cells were 
treated with CD3/CD28 antibodies and FSS, a significant increase in NFAT-nucleus colocalization 
was observed relative to untreated, or antibody-only treated Jurkat cells (Fig. 6.2A). NF-əB 
activation was quantified by measuring the phosphorylation of NF-əB using flow cytometry, as 
NF-əB phosphorylation is indicative of its activation24. AP-1 activation was quantified by 
measuring the phosphorylation of cFOS, since cFOS must be phosphorylated to form the AP-1 
complex25. FSS in combination with CD3/CD28 antibodies significantly increased the activation 
of NF-əB and AP-1 compared to untreated and antibody-only treated Jurkat cells (Figs. 6.2B,C). 

The expression of the cytokines TNF-Ŭ, IL-2, and IFN-ɔ were measured 24 h after 1 h of 
FSS treatment, to determine if the increased activation of the three transcription factors correlated 
with increased expression of proteins necessary for sustained T cell function and activation. The 
expression of each cytokine was significantly increased when Jurkat cells were treated with FSS 
for 1 h compared to both control groups (Fig. 6.2D). The expression of the activation markers 
CD69 and CD25 were also measured 24 h after FSS treatment. Both the FSS-antibody treated 
group and the antibody-only treated group showed a significant increase in CD69 and CD25 
expression compared to the untreated control. There was no significant difference in CD69 and 
CD25 expression between either treatment group (Figs. 6.2E,F). 
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Figure 6.2: FSS upregulates later-stage markers of T cell activation in Jurkat cells. A) 
Representative images of confocal images of Jurkat cells treated with combinations of FSS and 
CD3/CD28 antibodies. Area of colocalization between NFAT and DAPI was used to measure 
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NFAT activation (untreated sample n=81, antibody-only sample n=81, antibody-FSS sample 
n=86, N=3, scale bars = 30 µm). Images were acquired on Zeiss 800 LSM with a 40x/1.1NA water 
immersion objective. B) Representative flow plot and graph of NF-əB phosphorylation at serine 
529 of Jurkat cells treated 1 h with antibodies and FSS (N=3). C) Representative flow plot and 
graph of cFOS phosphorylation at serine 32 of Jurkat cells treated with antibodies and FSS as a 
measure of AP-1 activation after 1 h of treatment (N=3). D) Flow plots and graph of TNF-Ŭ, IL-2, 
and IFN-ɔ expression 24 h after FSS stimulation and antibody treatment (N=3). E) Representative 
flow plot and graph of CD69 expression 24 h after FSS and antibody treatment (N=3). F) 
Representative flow plot and graph of CD25 expression 24 h after FSS and antibody treatment 
(N=3). Unpaired t tests were used to measure statistical significance between treatment groups. 
* p<0.05, ** p<0.01, *** p<0.005, **** p<0.001. Error bars are SD. 
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CD3/CD28 antibody coated beads with FSS increase activation of Jurkat cells. 
FSS was also tested with CD3/CD28 antibody-coated beads to determine if FSS could 

also enhance the activation of Jurkat cells activated using beads. The Jurkat cells were stimulated 
with or without FSS for 1 h in combination with antibody-coated beads. Similar to soluble 
antibodies, the FSS treatment significantly increased the phosphorylation of ZAP70 compared to 
the bead only and the untreated control. The bead only control also had a significant increase in 
ZAP70 phosphorylation compared to the untreated control, but it was less pronounced than the 
FSS treated group (Fig. 6.3A). FSS also significantly enhanced the phosphorylation of the 
transcription factors NF-əB and cFOS after 1 h of treatment with beads compared to the bead 
only and untreated controls. The bead only control only significantly increased phosphorylation of 
cFOS, not NF-əB (Fig. 6.3B,C). Cytokine expression by the Jurkat cells was also significantly 
increased by FSS when the Jurkat cells were treated with CD3/CD28 coated beads. TNF-Ŭ, IL-2, 
and IFN-ɔ all were greatly upregulated in the FSS conditions compared to the control groups (Fig. 
6.3D). 
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Figure 6.3: FSS increases activation by CD3/CD28 coated beads. A) Graph of increased 
ZAP70 phosphorylation in Jurkat cells treated with FSS and CD3/CD28 antibody beads for 1 h 
compared to CD3/CD28 beads alone and untreated cells (N=3). B) Graph of NF-əB 
phosphorylation for Jurkat cells activated with or without FSS, and with or without beads coated 
with CD3/CD28 for 1 h (N=3). C) Graph of cFOS phosphorylation after Jurkat cells were treated 
with combinations of CD3/CD28 coated beads and FSS for 1 h (N=3). D) Cytokine expression 24 
h following 1 h of FSS treatment in combination with CD3/CD28 coated beads (N=3). Unpaired t 
tests were used to measure statistical significance between treatment groups. * p<0.05, ** p<0.01, 
*** p<0.005, **** p<0.001. Error bars are SD. 
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FSS enhancement of T cell activation in Jurkat cells is Piezo1- and calcium-dependent. 
To determine if FSS-enhanced T cell activation acted through calcium influx, Jurkat cells 

were treated for 1 h with combinations of antibodies plus FSS in calcium-free, or calcium-
containing HBSS buffer. Jurkat cells treated with FSS and antibodies in calcium-containing buffer 
showed a significant increase in ZAP70 phosphorylation compared to Jurkat cells treated with 
FSS and antibodies in calcium-free buffer. The Jurkat cells treated with FSS and antibodies in 
calcium-free buffer did not show a significant increase in ZAP70 phosphorylation compared to 
Jurkat cells treated with or without antibodies in calcium-free buffer (Fig. 6.4A). Next, Jurkat cells 
were pretreated with or without the calcium chelator EGTA at a concentration of 2 mM for 30 min. 
EGTA inhibited the enhanced phosphorylation of ZAP70 that was previously observed in 
response to FSS and antibody treatment in Jurkat cells. Jurkat cells treated with EGTA, FSS, and 
antibodies showed a significant reduction in ZAP70 phosphorylation compared to Jurkat cells 
treated with FSS and antibodies only (Fig. 6.4B). 

Piezo1 is a mechanosensitive ion channel that can be activated by FSS and is known to 
transport calcium when active. To determine if Piezo1 may play a role in the enhanced T cell 
activation by FSS, Jurkat cells were treated with 10 µM GsMTx-4 30 min prior to FSS and antibody 
treatment. GsMTx-4 is a relatively specific inhibitor of Piezo1, but is known to inhibit other 
mechanosensitive channels as well, such as TRPC626. GsMTx-4 caused a significant reduction 
in ZAP70 phosphorylation for Jurkat cells treated with FSS and antibodies in comparison to Jurkat 
cells treated with FSS, antibodies, and no GsMTx-4 (Fig. 6.4C). This indicates that FSS enhances 
T cell activation by inducing the activation of mechanosensitive ion channels that result in calcium 
influx. To more specifically quantify the degree to which Piezo1 is the ion channel responsible for 
the enhanced activation of Jurkat cells by FSS, Piezo1 was knocked out in Jurkat cells using 
CRISPR/Cas9 technology. The knockout (KO) of Piezo1 was confirmed via western blot (Fig. 
S6.3). In Jurkat Piezo1 KO cells, FSS treatment did not increase ZAP70 phosphorylation 
compared to untreated, or antibody-only treated cells. However, in the Cas9 control Jurkat cells 
the FSS treatment significantly increased ZAP70 phosphorylation compared to untreated and 
antibody-only treated cells. Additionally, ZAP70 phosphorylation was significantly greater in Cas9 
control Jurkat cells compared to Jurkat Piezo1 KO cells when both were treated with FSS (Fig. 
6.4D). 

Downstream effects of calcium influx were also investigated to identify if they play a role 
in enhancing T cell activation in the presence of FSS. Actin polymerization has previously been 
identified as being necessary for efficient T cell activation, and is regulated by calcium influx3. 
Jurkat cells were pretreated with 10 µM of CCD 30 min prior to FSS treatment to inhibit actin 
polymerization. CCD significantly reduced the increased ZAP70 phosphorylation associated with 
FSS-antibody treatment, while not significantly altering the activation of Jurkat cells under the 
antibody-only condition (Fig. 6.4E). 

Calcinuerin is a phosphatase that is activated downstream of calcium influx and has 
previously been associated with NF-əB activation27. To determine if calcinuerin is activated by 
calcium influx to increase transcription factor activation, calcineurin was inhibited by pretreating 
the Jurkat cells with 5 µM CSA for 30 min. CSA treatment significantly reduced NF-əB 
phosphorylation in Jurkat cells treated with FSS and antibodies for 1 h compared to Jurkat cells 
treated with FSS without CSA, suggesting that FSS activates calcineurin to boost transcription 
factor activation (Fig. 6.4F). 
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Figure 6.4: Calcium influx is essential for enhanced T cell activation by FSS in Jurkat cells. 
A) ZAP70 phosphorylation of Jurkat cells treated with FSS and antibodies in calcium-free, or 
calcium-containing buffer (N=3). B) ZAP70 phosphorylation of Jurkat cells treated with FSS and 
antibodies with or without the calcium chelator EGTA (N=3). C) ZAP70 phosphorylation of Jurkat 
cells treated with FSS and antibodies with or without the mechanosensitive ion channel blocker 
GsMTx-4 (N=3). D) ZAP70 phosphorylation of Cas9 control Jurkat cells and Piezo1 KO Jurkat 
cells treated with FSS and antibodies (N=3). E) ZAP70 phosphorylation of Jurkat cells treated 
with FSS and antibodies pretreated with 10 µM CCD for 30 min (N=3). F) NF-əB phosphorylation 
of Jurkat cells treated with FSS and antibodies pretreated with 5 µM CSA for 30 min (N=3). 
Unpaired t tests were used to measure statistical significance between treatment groups. * 
p<0.05, ** p<0.01, *** p<0.005, **** p<0.001. Error bars are SD. 
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FSS enhances activation of primary T cells. 
For a more physiological model of T cell activation and to determine if the activating effects 

of FSS treatment are relevant to T cell therapies in the clinic, primary human T cells were treated 
with antibodies and FSS for 1 h. Primary T cells were isolated from the blood of 3 healthy donors 
using magnetic bead negative selection. Immediately following isolation, the T cells were treated 
with combinations of FSS and CD3/CD28 antibodies. The cells were stained for CD4 and CD8 to 
identify the helper and cytotoxic T cell subpopulations, respectively. The cells were also stained 
for various markers of T cell activation. FSS enhanced the phosphorylation of ZAP70 in both CD4- 
and CD8-positive T cell subpopulations compared to untreated and antibody-only control groups 
(Fig. 6.5A). This trend was also apparent with NF-əB phosphorylation where both the CD4- and 
CD8-positive T cells showed a significant increase in NF-əB phosphorylation compared to the two 
control groups (Fig. 6.5B). As mentioned above, cytokine expression is another essential step for 
T cell activation and function. Therefore, 24 h after 1 h of FSS treatment, the expression of TNF-
Ŭ, IL-2, and IFN-ɔ was measured for primary T cells in both subpopulations. Again, the 
observations in Jurkat cells were recapitulated ex vivo with both primary T cell subpopulations. In 
CD4- and CD8-positive T cells there was a significant increase in all three cytokines when the T 
cells were treated with FSS and CD3/CD28 antibodies relative to untreated and antibody-only 
controls (Fig. 6.5C). 
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 Figure 6.5: FSS enhances activation of primary human T cells. A) Representative flow plot of 
ZAP70 phosphorylation of CD4-positive T cells. Graphs of ZAP70 phosphorylation for CD4- and 
CD8-positive T cells treated with FSS and antibodies (N=3). B) Representative flow plot of NF-əB 
phosphorylation of CD4-positive T cells. Graphs of NF-əB phosphorylation for CD4- and CD8-
positive T cells treated with FSS and antibodies (N=3). C) Representative flow plot of IL-2 
expression in CD4-positive T cells. Graphs of TNF-Ŭ, IL-2, and IFN-ɔ for CD4- and CD8-positive 
T cells treated with FSS and antibodies (N=3). Paired t tests were used to measure statistical 
significance between treatment groups. * p<0.05, ** p<0.01 *** p<0.005. Error bars are SD. 
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Discussion 
To our knowledge, the present study is the first to demonstrate that FSS can enhance T 

cell activation (Fig. 6.6). FSS with soluble and bead bound CD3/CD28 antibodies significantly 
enhanced ZAP70 phosphorylation in immortalized Jurkat cells, and CD4- and CD8-positive 
human T cells (Figs 6.1,6.3,6.5). FSS was also found to increase the activation of the three major 
transcription factors associated with T cell activation in Jurkat cells (Fig. 6.2). These results are 
consistent with NF-əB in both subsets of primary T cells (Fig. 6.5). Finally, in both the Jurkat and 
primary T cells, upregulation of TNF-Ŭ, IL-2 and IFN-ɔ occurred when the cells were treated with 
FSS and activating antibodies (Figs 6.2,6.4).  

These results suggest that ex vivo FSS generated through devices, such as cone-and-
plate viscometers, could potentially be used to enhance the activation of T cells in future T cell 
therapies. For instance, the significant increases of IFN-ɔ and IL-2 seen after FSS treatment could 
be beneficial because IFN-ɔ is known to induce apoptosis in cancer cells, and IL-2 is known to 
increase persistence of CAR T cells after reinfusion28,29.  However, in the current work the T cells 
were only studied for a maximum of 24 h. If this method were to be used in T cell therapy 
production, it would be necessary to assay the T cells treated with FSS at later time points to 
measure how FSS affects their differentiation, as TNF-Ŭ, IL-2 and IFN-ɔ are known to play 
significant roles in these pathways30ï32. Additionally, it would be of interest to measure how 
different FSS treatment regiments would affect T cell fate determination. 

The mechanism of how FSS enhances T cell activation was also investigated (Fig. 6.6). It 
was found that the increase in ZAP70 phosphorylation was a calcium-mediated process, as 
removal of calcium either through chelation or a calcium-free buffer blocked the increased 
activation from FSS (Fig. 6.4). Additionally, events that are downstream of calcium signaling were 
inhibited to further establish the role of calcium influx in FSS activation of T cells. CCD was used 
to block actin polymerization, which caused a significant reduction in ZAP70 phosphorylation. 
Calcineurin was inhibited via CSA and this resulted in reduced NF-əB phosphorylation, suggesting 
that calcium also works downstream of ZAP70 phosphorylation (Fig. 6.4). GsMTx-4 and 
CRISPR/Cas9 knockout of Piezo1 were used to specifically determine if the mechanosensitive 
ion channel Piezo1 was involved in this process, as a recent study identified that the chemical 
agonist of Piezo1 could be used to boost T cell activation3. Both methods of inhibition caused a 
decrease in ZAP70 phosphorylation in response to FSS treatment (Fig. 6.4). While our study 
identified Piezo1 as essential for FSS enhanced T cell activation, other mechanosensitive ion 
channels may also play roles in this process. TRPV4 activation has previously been shown to 
increase T cell activation through a calcium-mediated pathway, and TRPV4 is activated by FSS33ï

35. Additionally, Piezo1 has been implicated in having a pro-stimulatory effect on dendritic cells 
and macrophages, suggesting FSS could also have a pro-stimulatory effects in these cells as 
well36,37. 

This study demonstrated that the physiological FSS of 5.0 dyn/cm2 could enhance the 
activation of T cells when stimulated with antibodies against CD3/CD2815. However, the results 
of our study could also relate to pathophysiological states, such as hypertension. We showed that 
increasing the magnitude of FSS further increased T cell activation as measured by ZAP70 
phosphorylation (Fig. 6.1). Hypertension is associated with increased blood flow velocity, and 
therefore increased FSS, in certain regions of the body, such as in the left and right common 
carotid artery, and coronary artery18,38. Hypertension also presents increased hazard ratios with 
multiple autoimmune disorders, such as type I diabetes, multiple sclerosis, and rheumatoid 
arthritis39ï41. In each of these diseases T cells are known to play a prominent role42. IFN-ɔ, which 
was upregulated by FSS in the present work, is known to further exacerbate autoimmune 
diseases, such as multiple sclerosis43,44. Severe cytokine release syndrome by CAR T cell therapy 
and COVID-19 have also been shown to occur more frequently in hypertensive patients45. The 
results of this study and the correlation between hypertension and autoimmune diseases suggest 
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that inhibition of Piezo1 and other mechanosensitive ion channels in T cells may hold therapeutic 
potential for autoimmune diseases and cytokine release syndromes.  
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Figure 6.6: Schematic of enhanced T cell activation by FSS and CD3/CD28 antibodies. FSS 
activates Piezo1, enabling calcium influx. The calcium influx increases ZAP70 phosphorylation, 
and activation of the transcription factors NFAT, NF-əB, and AP-1. This in turn leads to increased 
expression of cytokines such as IL-2. 

 
 



135 
 

Materials and methods 
 
 
Reagents and antibodies 

RPMI 1640 cell culture media, fetal bovine serum (FBS), and penicillin streptomycin were 
obtained from Invitrogen. Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), Triton, and 
CSA were obtained from Sigma. HBSS with calcium and magnesium, and HBSS without calcium 
and magnesium were purchased from Gibco. GsMTx-4 was purchased from Abcam. CCD was 
obtained from Tocris. Ficoll-Paque was purchased from GE Healthcare. CRISPRMAX and 
Dynabeads Human T-Activator CD3/CD28 were purchased from ThermoFisher Scientific. Lamelli 
buffer was purchased from Bio-Rad. IRDye 800CW and IRDye 680RD were obtained from LI-
COR. 32% Paraformaldehyde was purchased from Electron Microscopy Sciences. Anti-human 
functional CD3 (OKT3), functional CD28 (CD28.2), FITC-CD69 (FN50), APC-CD25 (CD25-4E3), 
FITC-TNF-Ŭ (MA11), PE-TNF-Ŭ (MAb11), FITC-IL-2 (MQ1-17H12), PE-IL-2 (MQ1-17H12), FITC-
IFN-ɔ (4S.B3), PE-IFN-ɔ (4S.B3), PE-phospho-ZAP70 (n3kobu5), PE-phospho-cFos (cFosS32-
BA9), PE-phospho-NF-əB (B33B4WP), APC-CD4 (RPA-T4), FITC-CD8 (RPA-T8), APC-CD3 
(OKT3), APC-CD3-zeta (6B10.2), and PE-ZAP70 (1E7.2) were purchased from eBioscience. 
Anti-human Piezo1 (15939-1-AP) was purchased from Proteintech. Anti-human GAPDH 
(MAB374) was purchased from EMD Millipore. Anti-human NFATc1 (7A6) was purchased from 
Biolegend. ActinRed 555 and DAPI were purchased from Molecular Probes. Annexin V and 
propidium iodide were obtained from BD Pharmingen. 
 
 
T cell activation by FSS 

Jurkat or primary T cells were collected and resuspended at a concentration of 200,000 
cells/mL in complete RPMI 1640 media. The cells were treated with or without functional grade 
antibodies targeting CD3 (OKT3) and CD28 (CD28.2) at a concentration of 2 µg/mL for both 
antibodies. Where indicated, T cells were instead activated with Dynabeads Human T-Activator 
CD3/CD28 at a bead-to-cell ratio of 1:1. The T cells were then loaded into a Brookfield cone-and-
plate viscometer for FSS treatment as described previously (64). The FSS magnitude is uniform 
across all radial locations in a cone-and-plate viscometer. The shear rate (Ὃ) is defined by the 
equation: 

Ὃ
‫

ÔÁÎ—
 

where is the angular velocity (rad/s) and — is the angle of the cone (rad). The flow field is ‫ 

expected to be laminar, and the fluid approximately Newtonian. Therefore, the FSS † is 
governed by the equation: 

† ‘Ὃ 
where ‘ is the viscosity (cP) of the fluid. In these experiments, viscosity was approximately 2.5 
cP. Before FSS treatment, the cone-and-plate viscometer was cleaned thoroughly with 70% 
ethanol. The stationary plate and the rotating cone were then incubated with 5% BSA for 1 h to 
block nonspecific adhesion. The cells were exposed to fluid shear stress ranging from 0.5 ï 5.0 
dyn/cm2 for durations ranging from 15 to 60 min. Primarily, the cells were treated with FSS of 
magnitude 5.0 dyn/cm2 for 1 h. 

Where indicated, Jurkat cells were pretreated with different compounds prior to antibody 
and FSS treatment. The Jurkat cells were incubated with either 5 µM Cyclosporin A (CSA), 10 
µM cytochalasin D (CCD), 10 µM GsMTx-4, or 2 mM EGTA 30 min prior to antibody and FSS 
treatment. 

After FSS treatment, the cells were either stained immediately or cultured overnight in an 
incubator at 37 ↔C with 5% CO2. 
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Cell Culture 

Jurkat cells were obtained from the ATCC. Jurkat cells were cultured in RPMI 1640 
supplemented with 10% FBS and 1% penicillin streptomycin in an incubator at 37 ↔C and 5% CO2. 
 
 
Primary T cell samples 

Primary T cells were isolated from healthy human volunteers after informed consent. On 
the day of activation, blood was collected in BD Vacutainer plastic blood collection tubes with 
sodium citrate. Peripheral blood mononucleocytes were purified from blood using ficoll gradient 
centrifugation. Following gradient centrifugation, T cells were isolated by using the Miltenyi 
Biotech human pan T cell isolation kit according to the manufacturerôs instructions. After 
incubation with the antibodies targeting all mononucleocytes except for T cells and magnetic 
beads in the kit, the mononucleocytes were flowed through a magnetic column. The flow through 
was collected to isolate the purified T cell population. Purified T cells were resuspended in RPMI 
1640 supplemented with 10% FBS and 1% penicillin streptomycin. All experiments with human 
primary samples were approved by Vanderbilt Universityôs Institutional Review Board. 
 
 
Flow cytometry antibody staining 

When staining for intracellular proteins, the cells were immediately fixed with 4% 
paraformaldehyde for 10 min. The cells were washed thoroughly and permeabilized with 100% 
ice cold methanol for 10 min. After washing the cells, the cells were stained with the indicated 
fluorescent-tagged antibodies for 15 min in 1% BSA. The fluorescence of each sample was 
measured using a Gauva easyCyte 5HT flow cytometer. Gating was performed using FlowJo 
software. For Jurkat samples, debris was gated out and fluorescence was quantified using FlowJo 
software. For primary T cell samples, after gating out cell debris, the CD4 and CD8 subpopulations 
were determined using fluorescence gating as shown in Supplemental Figure 6.1. 
For intracellular cytokine staining, the cells were allowed incubate overnight following antibody 
and FSS treatment. 4 h prior to fixation, cells were treated with Golgiplug at 1:1000 ratio to block 
the secretion of cytokines. The cells were then stained using the same procedure as done for 
other intracellular proteins. 

When staining for extracellular proteins such as CD69 and CD25, the cells were incubated 
with the indicated antibodies for 15 min in 1% BSA. The data collection and analysis were done 
following the same method as used for the intracellular proteins. 

 
 

Piezo1 knockout 
CRISPR/Cas9 knockout was carried out using the Synthego Gene Knockout Kit V2 with 

sgRNAs targeting human Piezo1. The Jurkat cells were transfected for 3 days following the 
Synthego kitôs instructions for CRISPRMax-based knockout. 

 
 

Western Blot 
Jurkat cells were lysed in Laemelli buffer. The lysates were resolved by SDS-PAGE 

electrophoresis, and then transferred to PVDF membranes. The membranes were blocked with 
5% BSA in TBS-Tween. The membranes incubated overnight at 4 ↔C with primary antibodies 
against human Piezo1 and GAPDH. The membranes were then washed and stained with IRDye 
LI-COR fluorescent secondary antibodies. The membranes were imaged using the Odyssey CLx. 
The membrane fluorescence intensities were quantified using the Image Studio Lite software. 
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Annexin V 

After Jurkat cells were treated with FSS for 1 h, the cells were washed with HBSS. The 
cells were then stained for 15 min with Annexin V and propidium iodide according to the 
manufacturerôs directions in HBSS with calcium and magnesium buffer. After staining, the cells 
were collected using flow cytometry. Cells negative for both Annexin V and propidium iodide were 
identified as being viable. Analysis was done in FlowJo. 

 
 

Statistics 
Results are presented as means and standard deviation (SD). Statistical comparisons for 

Jurkat cells were done using unpaired Studentôs t tests.  Statistical comparisons for primary T 
cells were done using paired t tests. Linear regression was used to determine if the slopes 
significantly deviated from zero. Each experiment included at least 3 independent trials. P < 0.05 
was used as the threshold for determining statistical significance. GraphPad Prism 8 software 
was used to prepare figures and perform statistical comparisons. 
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Supplemental Figure 6.17: Schematic of flow cytometry gating of isolated T cells from peripheral 
blood. 
  












































