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Abstract of the Dissertation 

 
 

Development of mechanogenetic tools for subcellular applications in cancer 

immunotherapy 

 

by 

Yijia Pan 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2018 

Professor Yingxiao Wang, Chair 

Professor Shu Chien, Co-Chair 

Cancer has long ranked as #1 in the view of doctors and health professionals due 

to its high death rate. Recent development of molecular engineering and synthetic 

biology sheds lights on cancer diagnosis and treatment. For example, CAR-T based 

immunotherapy has become an emerging field in cancer therapeutics. However, major 

challenges still remain for cancer diagnosis and therapeutics, such as time-consuming 

detection in cancer diagnosis and uncontrolled cytotoxicity in CAR-T therapy.  
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Therefore, there is a critical need to engineer molecular tools for more rapid and better 

control of live cells.  

Rapid and efficient measurement of cancer cells is a major challenge in early 

cancer diagnosis. Fluorescent proteins have revolutionized biology by allowing live cell 

visualization. Therefore, biosensors based on fluorescent proteins could potentially be 

developed as the point-of-care detection methods of live cancer cells. In chapter 2 we 

discussed the development of a FRET based EphA4 biosensor. EphA4 is involved in 

cellular mechanotransduction and is an engaging target for cancer research. We 

discovered that EphA4 has different activation at subcellular membrane locations in 

single live cells, which provides powerful tools to monitor the dynamic molecular 

activities at subcellular compartments. 

Various synthetic biology approaches have been adopted for targeted cancer 

therapeutics. For example, optogenetics integrating optical and genetics has enabled the 

sensing and control of molecular events in living systems. However, there is a critical 

need to remotely manipulate live cells with high precision deep in the body. Mechanical 

manipulation, in contrast to optogenetics, could allow deep and non-invasive control of 

these cells. Chapter 3 goes on to discuss the combination of developing a laser based 

mechanical stimulation tools and molecular biosensors to activate and study mechano-

sensitive cells. Together, Chapter 2 and Chapter 3 built the basis for developing and 

integrating engineered molecular tools with novel clinical therapeutic stimulation 

devices. Chapter 4, as a major work of this thesis, presents the engineering of a remote 

controlled mechanogenetics system which integrates ultrasound mediated mechanical 

stimulation and gene activation of anti-CD19CAR for controllable application in cancer 



 xviii 

immunotherapy. Collectively, our suite of engineered molecular tools shows potential 

in extrapolation to advance biomedical and clinical applications. 
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Chapter 1 Introduction 

 

1.1 Synthetic biology into the clinics 

With the developments of science and technology, healthcare has rapidly grown 

into one of the most emerging fields in human society. Based on the recently released 

data by the World Health Organization (WHO), cancer is one of the most common 

diseases, with 14 millions of new cases each year and over 8.8 million deaths. The total 

expenditure for cancer reaches approximately 125 billion US dollars in 2010 and will 

be expected to increase to over 150 billion in 2020 (1). In January 2016, “Cancer 

Moonshot” was announced in the US with a $1 billion initiative to “accelerate our 

understanding of cancer and its prevention, early detection and cure”(2). 

Cancer diagnosis still relies heavily on traditional in vitro tissue histopathology, 

despite the development of new molecular markers. Common treatment methods of 

cancers mainly reply on radiation, chemical agents or surgical excision. All of these 

methods destroy plenty of healthy tissue along with tumors, as well as creating off-target 

effects. Therefore, there is a growing need for the development of new, important cancer 

diagnostics methods and medical treatments. Point-of-care diagnosis and individualized 

therapeutics are needed to overcome challenges in cancer detection and treatment.     

 Synthetic biology based cancer therapy, on the other hand, is an emerging field 

that shows promise in recent trials.  The field of synthetic biology was accelerated by 

the development of two engineered molecular circuits: a toggle switch (3) and an 
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oscillator (4) more than 10 years ago. These DNA-encoded synthetic molecular 

machines were typically engineered into the cells and perform their functions including 

signaling detection, intercellular communication, gene activation, etc. While synthetic 

biology is still at its young age, this field is beginning to use its methods and platforms 

to bring engineering approaches into cancer biology study and therapeutics 

development (5).  

One exciting example is synthetic-biology-based engineering of CAR-T cell 

therapy. Among these therapies, the anti-CD19 CAR-T cells trials for treatment of B 

cell cancer can come to a complete remission. However, major challenges remain for 

CAR-based immunotherapy against solid tumors. For instance, the non-specific 

targeting of the CAR-T cells against normal/non-malignant tissues (on-target but off-

tumor toxicities) can be life-threatening (6). There is hence an urgent need for the 

control of CAR-T cell activation with a high spatiotemporal precision.  

1.2 Ultrasound into the clinics 

Ultrasound has been used for more than 50 years as diagnosis and therapeutic 

tools. Ultrasound imaging using a single element, or an array transducer has long history 

and is widely used at research laboratories and clinics (7-9). An effort to use ultrasound 

as therapeutic tools has been surged due to non-invasive, remote, and safe characteristics 

that can be used to target biological objects ranging from cells to tissue (10-12).  

Early 1940s, Karl Theodore Dussik first developed an idea to display cerebral 

ventricle using transmission ultrasound (13) while ultrasonic surgery was proposed after 

recognizing benefits of noninvasiveness using thermal ablation (14, 15). Ultrasound 
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showed a potential as a versatile source for both diagnosis and therapy. In 1950s, Edler 

and Hertz presented the echocardiography and the development of array transducers 

advances the ultrasound medical imaging field. Thermal effect by ultrasound was the 

main mechanism in therapy before the cavitation effect was observed. The cavitation 

was studied intensively in 1980s and studies proposed cavitation of microbubble as a 

diagnosis and therapy purposes (16-18). Since then, studies on the effects of ultrasound 

to biological targets from cells to animals have conducted and shown that ultrasound 

has capabilities to modulate function and fate of biological targets. Low frequency 

ultrasound conjugated with microbubble as an amplifier and high frequency ultrasound 

have demonstrated that noninvasive and specific control of biological targets advances 

in the field of immunotherapy and drug delivery in vitro. The scale of biological target 

and the purpose of applications are selectively adjusted by tuning the properties of 

ultrasound.  

The most representative non-thermal interaction between ultrasound waves and 

biological tissue is the cavitation or acoustically generated cavitation (19). FDA 

regulates the exposure of ultrasound energy within certain level depending on organs. 

One of the regulations is Mechanical Index (MI), which explains mechanical impact of 

ultrasound energy to biological tissue. The relationship between acoustic pressure and 

the generation of cavitation is presented previously (20, 21). The role of microbubbles 

as ultrasound contrast agents is to improve echogenicity and image contrast or amplify 

ultrasound energy for therapeutic purposes. Oscillatory motion of microbubbles under 

sonication may break blood-brain-barrier (BBB) or lose connective tissues for easier 

drug delivery (22). By conjugating moieties with microbubble, targeted delivery to a 
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specific site such as tumors and safe activation by ultrasound sonication remotely can 

be achieved (23).  

Cells constantly encounter physical forces in the forms of shear stress, 

compression and stretching (24-27). Early applications of acoustic mechanical 

stimulations were mainly applied at the tissue level with innate mechanosensitivity. 

Thanks to the development of synthetic biology and cellular/molecular imaging tools, 

recent studies start to apply ultrasound induced mechanical effect to investigate cellular 

mechanical signaling pathways. For example, ultrasound was used to actuate 

functionalized lipid microbubbles covalently attached to single mechanosensitive live 

cells to study cytoskeleton and RohA/ROCK signaling (28). In a later study, by 

exogenously expressing an E.coli-derived mechanosensitive ion channel MscL in 

mammalian cells coupled with microbubble, low frequency ultrasound was first 

demonstrated to induce the engineered mechanochannel opening and calcium influx in 

vitro (29). Subsequently, in worm Caenorhabditis elegans, the low-pressure ultrasound 

was coupled with microbubbles to sensitize specific neurons that endogenously express 

the mechanosensitive channel TRP-4 and induce neuronal behavior change (11).  

 

1.3 Thesis outline 

As discussed, developing molecular tools to visualize and manipulate cellular 

signaling events can help to address some major limitations in cancer diagnostics and 

treatment.  
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Herein I discuss a series of molecular tools engineering development that aims 

to develop both sensing and therapeutic tools for cancer biology. Chapter 2 discusses 

the development of a FRET based EphA4 biosensor to study EphA4 activation at 

membrane microdomains in single live cells. Chapter 3 goes on to discuss the 

combination of developing a laser based mechanical stimulation tools and molecular 

biosensors to activate and study engineered cells. Together, Chapter 2 and Chapter 3 

built the basis for developing and integrating engineered molecular tools with novel 

clinical therapeutic devices. Chapters 4, as a major work of this thesis, presents the 

engineering of a remote controlled mechanogenetics system which integrates ultrasound 

mediated mechanical stimulation and gene activation of anti-CD19CAR for application 

in cancer immunotherapy.  

 

1.4 Acknowledgements  

Chapter 1, in part, is nearly identical to a submitted review article entitled 
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author was the primary investigator and author of this paper. The authors acknowledge 
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Chapter 2 A Genetically encoded FRET biosensor for 

visualizing EphA4 activity at different compartments of the 

plasma membrane 

 
2.1 Abstract 

The EhpA4 receptor tyrosine kinase is well known for its pivotal role in 

development, cancer progression, and neurological disorders. However, how EphA4 

kinase activity is regulated in time and space still remains unclear. To visualize EphA4 

activity in different membrane microdomains, we developed a sensitive EphA4 

biosensor based on Förster resonance energy transfer (FRET), and targeted it in or 

outside raft-like microdomains in the plasma membrane. We showed that our biosensor 

can produce a robust and highly specific FRET response upon EphA4 activation, both 

in vitro and in live cells. Interestingly, we observed stronger FRET responses for the 

non-raft targeting biosensor than for the raft targeting biosensor, suggesting that 

stronger EphA4 activation may occur in non-raft regions. Further investigations 

revealed the importance of the actin cytoskeleton in suppressing EphA4 activity in raft-

like microdomains. Therefore, our FRET-based EphA4 biosensor could serve as a 

powerful tool to visualize and investigate EphA4 activation and signaling in specific 

subcellular compartments of single live cells. 

 

 



 10 

2.2 Introduction 

EphA4 belongs to the Eph receptor family, which is the largest family of tyrosine 

kinase receptors. The Eph receptors are subdivided into two classes, EphAs and EphBs, 

according to sequence similarities and ligand binding preferences (1). Eph receptors 

bind to another family of membrane tethered proteins, the ephrin ligands, which include 

the GPI-linked ephrinAs and the transmembrane ephrinBs. As a general rule, EphAs 

bind to ephrinA ligands, while EphBs bind preferentially to ephrinBs. EphA4 is an 

exception, since it binds to both ephrinA and ephrinB ligands (2). Structurally, all Eph 

receptors share a conserved domain composition. The extracellular region contains the 

N-terminal ephrin-binding domain, a cysteine-rich portion and two fibronectin type III 

repeats. The intracellular region includes a membrane-spanning juxtamembrane (JM) 

segment, a tyrosine kinase domain, a sterile-α motif (SAM) domain and a C-terminal 

Psd-95, Dlg and ZO1 (PDZ)-binding motif (3).  

Eph receptors were initially found to guide growing neuronal processes during 

development through repulsive effects (4). They have also been implicated in other cell 

communication processes, including angiogenesis, cell morphogenesis, cell migration, 

tissue patterning, and neuronal plasticity (2). For example, in the nervous system EphA4 

is well known as a classic guidance receptor that promotes axon growth cone collapse 

(5) and also regulates synaptic plasticity (2). Recent studies have also revealed 

important roles of EphA4 in many types of human cancers (6, 7), such as breast (8) and 

lung (9), and glioblastoma (10) by regulating cell migration and invasion (9-11). To 

mediate such a variety of functions, the activation and signaling of the EphA4 kinase 
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domain require a highly coordinated regulation in space and time. Upon ligand 

dependent activation, Eph receptors form higher order clusters (12, 13), which are 

critical for its signaling function (5). However, how EphA4 activation is regulated in 

different microdomains of the plasma membrane in live cells remains unclear.  

The cell plasma membrane has long been proposed to be more mosaic than fluid 

(14). It is composed of discrete microdomains with unique physical and biological 

properties. Raft-like domains are small nano-size compartments enriched with 

cholesterol, sphingomyelin and saturated fatty acids (15). These microcompartments are 

involved in intracellular trafficking and signaling (16). Because of their detergent-

resistant property, raft-like structures were mainly studied by the detergent extraction 

method (17). EphA4 was reported to be present in both raft-like and non-raft regions by 

this method (18). However, the detergent extraction method is disruptive to membrane 

structure and protein contamination among different fractions during the extraction 

process is likely to happen (19). Furthermore, how EphA4 activity is dynamically 

regulated at the membrane compartments also remains unclear. Therefore, the 

development of more advanced methods is needed to study EphA4 regulation at 

different subcompartments of the plasma membrane in live cells.  

One of the first events in Eph receptor activation is the autophosphorylation of 

two conserved JM tyrosine residues, including Tyr596 in EphA4. In this study, we have 

developed a novel EphA4 biosensor to specifically detect phosphorylation of Tyr596 

and its subsequent binding to the Src SH2 domain. An improved FRET pair, enhanced 

CFP (ECFP) and YPet, was utilized to enhance the sensitivity of the biosensor (20). To 



 12 

monitor EphA4 activity in different microdomains of the plasma membrane, we targeted 

the EphA4 biosensor either in or outside raft-like regions through lipid modifications, 

including acylation and prenylation, respectively (21). Using this strategy, this 

biosensor can be directed to tether in different compartments of the plasma membrane, 

where local EphA4 activity can be monitored in real time. Our results revealed that 

EphA4 activation induced by ephrin ligands is differentially regulated in different 

subdomains of the plasma membrane. Further results indicate that the cytoskeleton 

plays an important role in regulating differential EphA4 activation at the plasma 

membrane.  

 

 
2.3 Materials and Methods 

2.3.1 DNA construction and plasmid 

    The construct of the cytosolic EphA4 biosensor was constructed by 

polymerase chain reaction (PCR) amplification of the complementary DNA from the c-

src SH2 domain with a sense primer containing a SphI site and a reverse primer 

containing the gene sequence for a flexible linker, a substrate peptide (Y596) derived 

from EphA4 juxtamembrane (JM) region and a SacI site. Candidates substrates Y596, 

Y602 were derived from EphA4 juxtamembrane region, Y610 was derived from EphB2 

JM region. The PCR products were fused with N-terminal enhanced CFP (ECFP) and a 

C-terminal YPet. Mutation of Y596F, R175V and C185A were conducted using 

Quickchange site-directed mutagenesis kit (Stratagene). Constructs were cloned into 
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pRSETB (Invitrogen) using BamHI/EcoRI for bacterial expression and into pcDNA3’ 

(Invitrogen) using BamHI/EcoRI for mammalian cell expression.  

    The membrane-targeted Lyn-EphA4 biosensors were constructed by fusing 

16 Lyn kinase 18 sequences (MGCIKSKRKDNLNDDE) to the N-termini of EphA4 

biosensor by PCR. The KRas-EphA4 biosensor was constructed by fusing 14 KRas-

prenylation sequences (KKKKKKSKTKCVIM) to the C-termini of EphA4 biosensor 

by PCR. The PCR products of Lyn- and KRas- EphA4 were inserted into pcDNA3’ for 

mammalian cell expression. 

2.3.2 In vitro protein characterization 

EphA4 biosensors were expressed with N-terminal 6 × His tags in Escherichia 

coli and purified by nickel chelation chromatography. Fluorescence emission ratio of 

ECFP/YPet (478 nm/526 nm) of the biosensors were measured with an excitation 

wavelength of 430 nm by a fluorescence plate reader (TECAN, Sapphire II) before and 

after the addition of 1 mM ATP and EphA4 (1μgml-1) or src (1μgml-1, Upstate) or 

PDGFR (1μgml-1) kinase in kinase buffer (50 mM Tris·HCl, 100mM NaCl, 10mM 

MgCl2, 2mM DTT, pH 8). 

2.3.3 Cell culture and reagents 

HeLa, Mouse embryonic fibroblast (MEF) cells were purchased from ATCC. 

AD293 EphA4 cell line and AD293 EphA4 null control cell line were obtained from 

Dr. Elena Pasquale’s laboratory. Cell culture reagents were obtained from Invitrogen. 

Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 unit/ml penicillin, 100 μg/ml 
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streptomycin, and 1 mM sodium pyruvate. Cells were cultured in a humidified 95% air, 

5% CO2 incubator at 37 °C. Lipofectamine 2000 (Invitrogen) was used for transfection 

of DNA plasmids.  

1 mM pervanadate solution was prepared as previously described (22). 10 ml of 

100 mM Na3VO4 and 50 ml 0.3% H2O2 in 20 mM HEPES (pH 7.3) were mixed in 940 

ml H2O. 5 min later, catalase (CalBiochem, 260 U/ml) was added to release excess H2O2.  

    Recombinant human ephrin-A3 Fc chimera (R&D systems, Minneapolis, 

MN) was pre-clustered using anti-human IgG (Jackson Immuno Research, West Grove, 

PA) for 1 h at room temperature in a 5:1 molar ratio for original EphA4 biosensors. 

Recombinant mouse ephrin-A1 Fc chimera (R&D systems, Minneapolis, MN) was 

directly used as stimulant for EphA4 biosensors due to the similar activation effect 

tested.  Platelet-derived growth factor (PDGF) were purchased from Sigma.  

2.3.4 Image acquisition 

    Cells were starved in 0.5% fetal bovine serum for 36-48 h before imaging. 

During imaging, the cells were cultured in cover-glass-bottom dishes and maintained in 

0.5% FBS DMEM medium with 5% CO2 supplement at 37 °C. Images were collected 

by a Nikon and a cooled charge-coupled device (CCD) camera using MetaFluor 6.2 and 

MetaMorph software (Universal Imaging) with a 420DF20 excitation filter, a 

455DCXRU dichroic mirror, and two emission filters controlled by a filter changer 

(480DF40 for CFP and 535DF25 for YFP). A neutral density filter was used to control 

the intensity of the excitation light. The fluorescence intensity of non-transfected cells 

was quantified as the background signals and subtracted from the CFP and YFP signals 
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on transfected cells. The pixel-by-pixel ratio images of CFP/YFP were calculated based 

on the background-subtracted fluorescence intensity images of CFP and YFP by the 

Metafluor program to allow quantification and statistical analysis of FRET responses. 

The emission ratio images were shown in the intensity modified display (IMD) 

mode(23).  

 
 
2.4 Results 

2.4.1 Design of EphA4 biosensor and its characterization in vitro 

We developed a FRET–based EphA4 biosensor, with a central segment 

containing the SH2 domain of c-Src, a flexible linker peptide, and a specific substrate 

sequence, concatenated between ECFP and YPet (Figure 2.1A-B). We tested 3 

candidates substrate sequences (24), including two substrates derived from EphA4 

juxtamembrane (JM) domain and one substrate from EphB2 JM region (See Materials 

and Methods). Due to its overall efficiency and specificity among the substrate 

sequences tested, the EphA4 JM region encompassing Tyr596 was selected as our 

biosensor substrate (Figure 2.2). In our design, the active EphA4 kinase can 

phosphorylate Tyr596 in the substrate peptide, which subsequently binds 

intramolecularly to the SH2 domain, causing a conformational change. This 

conformational change alters the distance or relative orientation between cyan and 

yellow fluorescent proteins (ECFP and YPet, respectively) inducing a decrease in FRET 

signal (Figure 2.1B). The purified EphA4 biosensor protein showed a robust FRET 

signal: upon incubation with EphA4 kinase, the ECFP emission peak of the biosensor 
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increased, while the YPet emission peak decreased (Figure 2.1C). This result suggests 

an increase in the ECFP/YPet emission ratio and hence a decrease in the FRET of the 

biosensor upon phosphorylation by activated EphA4. This FRET response was 

eliminated by mutation of Tyr596 to Phe in the substrate peptide, or mutation of Arg175 

to Val in the binding site of the SH2 peptide (Figure 2.1D). Importantly, no changes in 

FRET signal was observed upon incubation with the platelet-derived growth factor 

(PDGF) receptor. On the other hand, a moderate and slow biosensor response occurred 

with upon incubation with Src (Figure 2.1D). These results suggest that the EphA4 

biosensor reports EphA4 activity with relatively high efficiency and specificity in vitro.  

 

2.4.2 Characterization of the EphA4 biosensor in mammalian cells 

Next we examined the performance of the EphA4 biosensor in mammalian cells. 

The ROS generator pervanadate (PVD, 20 μM) inhibits tyrosine phosphatases and 

hence activates Eph receptors (25). Therefore, PVD was used to stimulate the biosensor 

in live HeLa cells, which are known to express endogenous EphA4 (26). Upon PVD 

stimulation, a 100% FRET change was observed (Figure 2.3A-B). This suggests that 

the EphA4 biosensor is capable of undergoing a FRET change upon phosphorylation in 

live cells.  

Following this initial test, different ephrin ligands were used to activate EphA4 

and examine biosensor responsiveness. Upon EphA4 activation by stimulation with 

ephrinA3 or ephrinA1, two ligands known to activate EphA4, a 20% FRET change was 

observed (Figure 2.3C-D, Figure 2.4). This suggests that the EphA4 biosensor can detect 
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ligand-induced EphA4 activation in mammalian cells. The mutation of either Tyr596 to 

Phe (Y596F) in the substrate, or Arg175 to Val (R175V) in the SH2 domain of the 

biosensor, eliminated the FRET response of the EphA4 biosensor upon ephrinA3 

stimulation (Figure 2.3D). These results corroborate our strategy based on the idea that 

the FRET response of the biosensor following EphA4 activation is due to the 

intramolecular interaction between the phosphorylated Tyr596 substrate and the Src 

SH2 domain.  

To further examine the specificity of the EphA4 biosensor, 293AD cells 

engineered to express the EphA4 receptor were tested together with the parental 293AD 

cells which do not express EphA4. Upon ligand stimulation, a significant FRET 

response was observed in the EphA4 expressing cells while no obvious signal was 

detected in the EphA4 null cells (Figure 2.4). Collectively, these results suggest that the 

EphA4 biosensor can detect the EphA4 activity with high sensitivity in mammalian 

cells. 

2.4.3 The EphA4 activity at different compartments of plasma membrane 

EphA4 is a transmembrane receptor and it’s activated at the plasma membrane, 

which contains different microdomains. To study EphA4 regulation in these 

subcompartments, we further developed EphA4 biosensors targeting to different 

microdomains of the plasma membranes by modifying the biosensor with the KRas or 

Lyn membrane-targeting motifs. The KRas biosensor, which localizes in membrane 

regions outside raft-like regions, was constructed by fusing a prenylation motif derived 

from KRAS to the C-terminus of the cytosolic EphA4 (cyto-EphA4) biosensor (Fig. 
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3A). In parallel, a raft-like microdomain targeting motif containing myristoylation and 

palmitoylation sites (glycine and cysteine) derived from Lyn kinase, was fused to the 

N-terminus of the cytosolic EphA4 biosensor to generate the EphA4 biosensor that can 

specifically be located in raft-like regions (Figure 2.5A).  

For this experiment we examined EphA4 activation in membrane microdomains 

of MEF cells. At first, the KRas- and Lyn-EphA4 biosensors were examined by PVD 

stimulation in MEF. Similar FRET responses were observed (Figure 2.5B-C), 

suggesting that different localization did not affect activation capability of EphA4 in 

different microdomains. However, in response to ephrinA3 stimulation, the KRas-

EphA4 biosensor in non-lipid raft regions showed a rapid 20-25% increase in EphA4 

activation, whereas the Lyn-EphA4 biosensor showed only a minor FRET change even 

10 min after stimulation (Figure 2.5D-E). KRas- or Lyn-EphA4 biosensor with the 

Y596F or R175V inactivating mutations did not show a FRET response in MEF cells 

upon ligand stimulation (Figure 2.6). Consistent results were obtained when the 

biosensor was tested with ephrinA1 stimulation of the HEK293AD-EphA4 system 

(Figure 2.6). Altogether, the results suggest that the differential FRET responses of 

KRas-EphA4 and Lyn-EphA4 biosensors are not due to their different membrane 

targeting tags, but they rather reflect the differential localization of activated EphA4 in 

response to ephrin ligands in specific membrane microdomains. In particular, the results 

indicate a faster and stronger EphA4 activation in non-raft region than in raft-like 

microdomains.   
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2.4.4 Cytoskeleton regulation is involved in differential EphA4 activation 

at different compartments of plasma membrane 

The plasma membrane is directly connected with and supported by cytoskeletal 

structures, including polymerized actin and microtubule filaments (27). Actin filaments 

interact with raft-like microdomains through proteins such as annexins and polybasic 

proteins (17). Therefore, in order to investigate the downstream mechanisms 

responsible for the differential EphA4 activation patterns in different plasma membrane 

microdomains, we examined the role of the actin cytoskeleton. 

MEF cells were pretreated with cytochalasin D (cytoD) for 1 hr to block actin 

polymerization. Interestingly, upon ephrinA1 stimulation of cells treated with cytoD, 

the KRas-EphA4 biosensor in non-lipid raft regions still showed 20-25% increase in the 

ECFP/YPet ratio, whereas the Lyn-EphA4 biosensor had a much increased response 

with a 35-40% change in FRET signal (Figure 2.7). These results suggest that actin 

filaments, which connect to raft-like microdomains, inhibit EphA4 receptor activation 

by ephrin ligands.  

 
2.5 Discussions 

EphA4 functions are closely dependent on the subcellular localization of the 

receptor. However, it remains unclear how EphA4 activation is regulated in different 

membrane microdomains. In this study, we developed a FRET based EphA4 biosensor 

capable of monitoring EphA4 phosphorylation of the Tyr596 motif (found in the EphA4 

JM segment) and its subsequent intramolecular binding to the Src SH2 domain. Our 
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EphA4 biosensor has several advantages for studying signaling hierarchy in single live 

cells. First, the substrate peptide in the EphA4 biosensor encompasses Tyr596, which 

can be specifically phosphorylated by EphA4 but not as much by other tyrosine kinases 

abundant at the plasma membrane such as Src or the PDGFR. In addition, the biosensor 

mimics the molecular events of EphA4 activation to detect receptor activity, but does 

not contain the EphA4 kinase domain, which may perturb the endogenous signaling and 

physiology in live cells. Therefore, the EphA4 FRET biosensor should enable us to 

monitor EphA4 activity with minimal perturbation of host cells. Finally, EphA4 

biosensors with Lyn- and KRas tags are ideal for visualizing local EphA4 activity at 

dynamic membrane microdomains in live cells with high accuracy.  

We observed stronger FRET responses of the non-raft targeting EphA4 

biosensor in response to ligand stimulation, while the raft-targeting EphA4 biosensor 

showed minor activation. However, when we blocked the polymerization of actin 

filaments, which interact with raft-like domains, EphA4 activation at the raft-like 

regions significantly increased. This activation pattern may be explained by the fact that 

raft-like microdomains are known to be more rigid and less fluid than non-raft region 

(28). Since EphA4 activation requires receptor molecules to cluster upon ligand binding, 

a more fluid membrane structure in the non-raft region may allow and in fact facilitate 

the clustering event. Actin filaments have been proposed to anchor raft-like 

microdomains to regulate lateral diffusion of proteins on the membrane (29). It is hence 

likely that the interaction between actin filaments and raft-like microdomains could 

inhibit clustering of EphA4 molecules by raft-associated proteins.  
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In summary, we have developed a novel FRET-based EphA4 biosensor that 

allows the detection of EphA4 activity with high spatial and temporal resolution in live 

cells. Targeting of the EphA4 biosensor to specific membrane microdomains through 

acylation and prenylation further provides powerful tools to monitor the dynamic 

molecular activities of EphA4 in specific subcellular compartments. Our results suggest 

that EphA4 can be activated in different membrane microdomains with distinct kinetics 

in response to physiological stimulations.  
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Figure 2.1 The design of the FRET-based EphA4 biosensor and in vitro 
characterization 

 (A) The design principle of the EphA4 biosensor. Active EphA4 can 
phosphorylate the substrate peptide in the EphA4 biosensor, which subsequently binds 
to the intramolecular SH2 domain to cause a FRET decrease. (B) The EphA4 biosensor 
is composed of ECFP, the SH2 domain derived from c-Src, a flexible linker, the EphA4 
substrate peptide containing Tyr596 (indicated as red Y) and YPet. (C) Emission spectra 
of the purified EphA4 biosensor before (black) and after (red) the phosphorylation by 
EphA4 for 2 h. (D) The time courses of the ECFP/YPet emission ratio of the EphA4 
biosensor (1 μM) before and after incubation with EphA4 (1 μg/ml), Src kinase (1 
μg/ml) or PDGFR (1 μg/ml) (n = 3). The time course of EphA4 YF mutant biosensor (1 
μM) before and after EphA4 stimulation was also shown (n = 3). The ECFP/YPet ratios 
were normalized against the averaged values before enzyme incubation.  
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Figure 2.2 The FRET response of EphA4 biosensor in mammalian cells. 

(A) The cartoon showing the design of three EphA4 biosensor candidates with 
different substrate peptide sequences. Candidates substrates Y596, Y602 were derived 
from EphA4 juxtamembrane (JM) region, Y610 was derived from EphB2 JM region. 
(B) The representative time courses of the ECFP/YPet emission ratio of the purified 
EphA4 biosensor candidates Y596 (black square), Y602 (white square), and Y610 
(triangle) on EphA4 kinase (left panel), Src kinase (middle panel), or PDGFR (right 
panel) stimulation. 
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Figure 2.3 Characterization of EphA4 biosensor candidates. 

(A) The representative ECFP/YPet ratio images of the EphA4 biosensor in HeLa 
cells before and after PVD stimulation (Scale bar, 10 μm). (B) The time coursess of 
normalized ECFP/YPet ratio (Mean ± SEM) of EphA4 (n = 12) or Y596F (n = 7) mutant 
biosensor before and after PVD stimulation in HeLa cells. (C) The representative 
ECFP/YPet ratio images of the EphA4 biosensor in HeLa cells before and after 
ephrinA3 stimulation (Scale bar, 10 μm). (D) The time course of normalized ECFP/YPet 
ratio (Mean ± SEM) of EphA4 (black square, n = 21) or Y596F (white square, n = 6), 
R175V (triangle, n = 9) mutant biosensors before and after PVD stimulation in HeLa 
cells.  
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Figure 2.4 FRET response for the EphA4 biosensor in HeLa and HEK293AD-
EphA4 cells. 

(A) Representative images of the ECFP/YPet ratios for the EphA4 biosensor in 
HeLa cells before and after ephrinA1 stimulation (scale bar, 10 μm). (B) Time course 
of normalized ECFP/YPet ratios (mean ± SEM) the for the cytoplasmic EphA4 
biosensor (n = 13) before and after ephrinA1 stimulation in HeLa cells. (C) 
Representative images for the ECFP/YPet ratios of the cytoplasmic EphA4 biosensor in 
HEK293AD-EphA4 cells (top panel) or EphA4 null cells (bottom panel) before and 
after PVD stimulation (Scale bar, 10 μm). (D) Time course of normalized ECFP/YPet 
ratios (mean ± SEM) for the EphA4 biosensor in HEK293AD-EphA4 cells (n = 11) or 
EphA4 null control cells (n = 9) mutant biosensor before and after ephrinA1 ligand 
stimulation. 
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Figure 2.5 EphA4 activation in raft-like domains and non-lipid rafts 

  (A) The design principle of non-lipid raft targeted (KRas-EphA4) and lipid raft 
targeted (Lyn-EphA4) biosensors. The KRas biosensor was constructed by fusing a 
polybasic-geranylgeranyl motif (cysteine) adapted from K-Ras to the C-terminus of the 
cytosolic EphA4 (cyto-EphA4) biosensor. The Lyn-EphA4 biosensor was constructed 
by fusing a lipid raft targeting motif containing myristoylation and palmitoylation sites 
(glycine and cysteine) derived from Lyn to the N-terminus of the cytosolic EphA4 
(Cyto-EphA4) biosensor. (B) The representative ECFP/YPet ratio images KRas-EphA4 
biosensor and Lyn-EphA4 biosensor in HeLa cells before and after PVD stimulation 
(Scale bar, 10 μm). (C) The time courses of normalized ECFP/YPet ratio (Mean ± SEM) 
of KRas-EphA4 biosensor (green line, n = 10) and Lyn-EphA4 biosensor (red line, n = 
6) before and after PVD stimulation in HeLa cells. (D) The representative ECFP/YPet 
ratio images KRas-EphA4 biosensor and Lyn-EphA4 biosensors in HeLa cells before 
and after ephrinA3 stimulation (Scale bar, 10 μm). (E) The time courses of normalized 
ECFP/YPet ratio (Mean ± SEM) of KRas-EphA4 biosensor (green line, n = 16) and 
Lyn-EphA4 biosensor (red line, n = 14) before and after ephrinA3 stimulation in HeLa 
cells. 
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Figure 2.6 FRET responses for the membrane-targeted EphA4 biosensors in 
MEF and HEK293AD-EphA4 cells 

  (A) Time course of the normalized ECFP/YPet ratios (Mean ± SEM) for the 
KRas-EphA4 biosensor Y596F mutant (square, n = 6) and R175V mutant (triangle, n = 
6) before and after ephrinA3 stimulation in HeLa cells. (A) Time course of the 
normalized ECFP/YPet ratios for the Lyn-EphA4 biosensor Y696F mutant (square, n = 
8) and the R175V mutant (triangle, n = 5) before and after ephrinA3 stimulation in MEF 
cells. (C) Time course of normalized the ECFP/YPet ratios (mean ± SEM) for the KRas-
EphA4 (circle, n = 7) and Lyn-EphA4 (square, n = 10) biosensors before and after 
ephrinA1 stimulation in HEK293AD-EphA4 cell lines. 
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Figure 2.7 Actin filaments differentially regulates EphA4 activation at plasma 
membrane 

(A)The representative ECFP/YPet ratio images KRas-EphA4 biosensor and 
Lyn-EphA4 biosensor in cytochalasin D (cytoD) pretreated HeLa cells before and after 
ephrinA3 stimulation (Scale bar, 10 μm). (B) The time courses of normalized 
ECFP/YPet ratio (Mean ± SEM) of KRas-EphA4 biosensor (green line, n = 10) and 
Lyn-EphA4 biosensor (red line, n = 6) before and after ephrinA3 stimulation in CytoD 
pretreated HeLa cells. 
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Chapter 3 The development of Laser induced shockwave 

(LIS) for activation of Piezo1 ion channel 

 

3.1 Abstract 

Piezo1 belongs to mechano-activatable cation channels serving as biological 

pressure sensors. However, the molecular hierarchy downstream of Piezo1 activation 

remains unclear. In this study, we used biosensors based on fluorescence resonance 

energy transfer (FRET) to demonstrate that laser-induced shockwaves (LIS) can 

mechanically activate Piezo1 to induce a transient intracellular calcium (Ca[i]) elevation, 

accompanied by FAK activation. Tuning the degree of Piezo1 activation by chemical 

stimuli, by titrating either the dosage of Piezo1 ligand Yoda1 or the expression level of 

Piezo1, revealed a bimodal pattern of Piezo1 actions on downstream molecular events. 

A low degree of Piezo1 activation (transient mode) leads to a transient Ca[i] response 

with FAK activation, whereas a high degree of Piezo1 activation (sustained mode) 

causes a sustained Ca[i] response with FAK suppression. These results suggest that LIS 

can specifically trigger the transient activation mode of Piezo1 to result in a transient 

Ca[i] response and a FAK activation.  
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3.2 Introduction 

    Cells constantly encounter physical forces in the forms of shear stress, 

compression and stretching. Mechanotransduction is crucial for cells to perceive the 

local microenvironments in order to maintain cellular function and tissue homeostasis 

(1-4). Alterations of mechanotransduction can lead to pathological conditions (5). It 

remains unclear, however, on the detailed mechanism by which cells perceive these 

mechanical cues of the external microenvironment and transduce them into molecular 

signals and genetic regulations for the coordination of cellular responses.  

 Several families of molecular mechanoreceptors have been reported to 

transduce mechanical stimulation into ion currents to modulate physiological functions, 

particularly the transmembrane ion channel proteins (6). Piezo1 has been identified as 

a component of mechanically activated cation channels in both vertebrates and non-

vertebrates. It induces currents in various cell types upon the application of mechanical 

pressure to the cell membrane (7, 8). Consequently, Piezo1 plays an important role in 

physiology, including angiogenesis, vasculogenesis (9), and erythrocyte volume 

regulation (10). Piezo1 is also involved in regulating cancer biology. For instance, 

blocking Piezo1 decreased the motility of the breast cancer cell line MCF-7 (11), but 

increased the migration speed of small cell lung cancer cell lines (12). These results 

suggest a complex role of Piezo1 in regulating cancer cell migration under different 

biological and environmental contexts, which remains to be elucidated.  

In this study, we applied laser-induced shockwaves (LIS) to activate the Piezo1 

in live cells and studied the mechanism by which Piezo1 regulates molecular events, 
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e.g. intracellular calcium (Ca[i]) and the activity of focal adhesion kinase (FAK). LIS are 

produced by the sudden buildup of energy at the focus of a short-pulsed laser beam (13). 

The subsequent microplasma cavitation, followed by microbubble expansion and 

contraction, can exert a large mechanical force in the surrounding area (14). The force 

is controllable in magnitude by tuning the laser power and can exert instantaneous 

pressures at the MegaPascal range. Therefore, LIS can serve as a mechanical stimulator 

of Piezo1 on single live cells with high precision in space and time (15). Genetically 

encoded biosensors based on FRET have enabled the visualization of signaling events 

in live cells with high spatio-temporal resolution (16). They can be applied at the same 

time to monitor in live cells the Piezo1 activation and its associated Ca[i] dynamics, as 

well as the FAK activation, a crucial signaling component that regulates cell adhesion 

and motility (17).  Our results revealed a bimodal pattern of Piezo1 action on Ca[i] 

dynamics (transient vs. sustained) and downstream FAK molecular events (activation 

vs. inhibition), with the mechanical force exerted by LIS specifically eliciting the 

transient mode of Piezo1 actions. These results advance our understanding of Piezo1 

activation and its role in perceiving mechanical cues and regulating intracellular 

molecular signals. 
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3.3 Materials and Methods 

3.3.1 DNA plasmid 

    The construct of the mPiezo1-tdTomato was obtained from Dr. Patapoutian’s 

lab (10). The D3cpv calcium FRET biosensor was previously described (18), the 

cytosolic FAK FRET biosensor was previously developed and described (19).  

3.3.2 Cell culture and transfection 

 HeLa cells were purchased from ATCC. HEK 293T cell line was a kind gift 

from Dr. Patapoutian’s lab (7). Cell culture reagents were obtained from Invitrogen. 

Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 unit/ml penicillin, 100 μg/ml 

streptomycin, and 1 mM sodium pyruvate. Cells were cultured in a humidified 95% air, 

5% CO2 incubator at 37 °C. FUGENE 6 (Invitrogen) was used for transfection of DNA 

plasmids. Cells were tested 36-48 hr post transfection.  

During imaging, cells were cultured in fibronectin coated cover-glass-bottom 

dishes and maintained in Hanks Buffered Saline solution (HBSS) with or without 

Calcium and Magnesium (Invitrogen, Carlsbad, CA).  Chemical stimulant, Yoda1, was 

purchased from Thermo fisher scientific.  

3.3.3 Laser-Shockwave System 

The laser used for the shockwave stimulation is a 532 nm wavelength, 100 Hz 

repetition rate, 2 ns pulse width Coherent Flare system (Spectra-Physics). Laser power 

is attenuated by rotating an optical polarizer mounted in a stepper-motor-controlled 

rotating mount (New Port). A mechanical shutter (Vincent Associates) with a 10-15 ms 
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duty cycle is gated to allow 1-2 laser pulses to pass through when firing. The beam 

expanders are used to adjust the beam diameter of the lasers to fill the back aperture of 

the objective. The custom laser entry port (CLEP) is placed underneath the objective 

(phase III, 40x, NA 1.3, oil immersion) of a Zeiss Axiovert 200M microscope. The filter 

on the CLEP was chosen to direct the laser lights onto the lower right corner of the 

image screen.  

3.3.4 Laser-induced shockwave (LIS) 

In order to understand precisely the forces presented in the shockwave system, 

we followed a similar method in a previous publication to measure and calculate forces 

(14). The time resolved shockwave signal was determined by monitoring the size of 

each bubble created by the shockwave. In order to achieve this, a low power 

measurement laser at 633 nm was arranged to be coaxial with the shockwave beam. The 

transmitted power of the beam was monitored using a fast photodiode. Upon the creation 

of a bubble during the measurement, laser was turned off and the signal was captured. 

A series of measurements at different powers between time-averaged 160 μW 

and 293 μW measured at the back aperture were conducted. The peak beam deflection 

and the time of bubble rise and collapse were recorded for calculation. 

By utilizing the Rayleigh Equation for bubble growth: 

𝑅"#$ =
𝑇

0.915
𝑝- − 𝑝/

𝜌

1
2
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Where 𝑅"#$ is the maximum bubble radius, T is the time for bubble collapse. 

Here 𝑝- is the atmospheric pressure,  𝑝/is the vapor pressure within the bubble and 

𝜌 is the density of the fluid. This information can then be fit into the Gilmore Equation 

and applied to a Logarithmic fit function to calculate the time dependent bubble 

expansions.  

The radial shear forces can then be calculated by applying the methods shown 

previously (13) 

Table  3.1 The radial distribution of shear forces. 

 

We noted that cells have been shown to survive through pressures up to 120 MPa 

(20), as cell lysis is not only dependent on the peak shear but also on the duration of the 

applied shear stress, as well as cell types and bubble expansion radius. The cell lysis 

was observed to occur at distances below 120 μm away from the epicenter of the 

cavitation with our current experimental configuration. In our mechano-stimulation 

experiments, cells were positioned more than 190 μm away from the cavitation 

epicenter to avoid cell damages. 

3.3.5 Image acquisition 

Images of shockwave stimulation were collected by ORCA-Flash4.0 V2 Digital 

CMOS camera (Hamamatsu) passing a 440DF20 excitation filter, a 455DRLP dichroic 

Time averaged 
power 

Optical intensity 
(W/m) 

Pulse  
Energy (µJ) 

Bubble 
Energy (µJ) 

Peak Shear 
Stress (MPa) 

164 μW 1.2442e+13 1.6 0.12 21.1 
170 μW 1.2897e+13 1.7 0.22 21.3 
180 μW 1.3656e+13 1.8 0.23 21.8 
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mirror, and two emission filters placed in a dual view adaptor (480DF30 for ECFP and 

535DF25 for EYFP). Images of agonist stimulation were collected from a Nikon 

microscope with a charge-coupled device (CCD) camera with the same filter setting. 

For FAK biosensor, the pixel-by-pixel ratio images of ECFP/FRET were calculated 

based on the background-subtracted fluorescence intensity images of CFP and YFP by 

the Metafluor program to allow quantification and statistical analysis of FRET 

responses. For calcium biosensor, the emission ratio of FRET/ECFP was used to 

represent calcium activity. The emission ratio images were shown in the intensity 

modified display (IMD) mode.  

 

3.4 Results 

To explore whether LIS-induced mechanical stimulation can activate the Piezo1 

channel, HEK 293T cells co-transfected with Piezo1-tdTomato and a CFP/YFP-based 

FRET calcium biosensor (18)  were examined in a LIS-FRET imaging system (21) 

(Figure 3.1).  

Upon LIS stimulation of the Piezo1-expressing HEK cells, calcium influx was 

immediately detected in cells cultured in calcium-containing HBSS media, but not in 

HBSS without calcium. In control HEK cells transfected only with a calcium biosensor 

but not Piezo1, there was no significant calcium influx in HBSS media with or without 

calcium (Figure 3.2A-B). In HBSS media without calcium, there was a very minor 

calcium increase in the Piezo1-transfected cells (Figure 3.2B), possibly due to the ER 

calcium release since Piezo1 can be expressed in ER (12). In order to create a shockwave 



 39 

sufficient to mechanically stimulate the target cells (14) without inducing damage, laser 

power was precisely controlled in a range between 160 and 180 μW (Figure 3.3). 

Indeed, intermittent shockwave pulses could elicit multiple calcium waves (Figure 

3.3C), verifying a healthy response and a lack of shockwave-induced damage on the 

target cell. We have also examined Piezo1 in HeLa cells expressing low levels of 

endogenous Piezo1 (Figure 3.5). A Piezo1-dependent calcium influx was clearly 

observed, suggesting that LIS can activate Piezo1 to trigger transient Ca[i] dynamics in 

different cell types.  

We next examined the effect of LIS on FAK activity visualized by a FAK FRET 

biosensor developed earlier by us (19). HEK 293T cells co-transfected with Piezo1-

tdTomato and the CFP/YFP-based FAK FRET biosensor were exposed to LIS in HBSS 

media containing calcium. Shockwave stimulation caused an increase of FAK activity 

in HEK cells transfected with Piezo1, but no significant change in the control HEK cells 

without Piezo1 expression (Figure 3.4). These results indicate that LIS-induced Piezo1 

activation could lead to FAK activation, potentially due to the transient calcium influx.   

   Aside from mechanical stimulation, chemical agonists can also activate the 

Piezo1 ion channel. To further gain molecular insights on the role of Piezo1 in FAK 

activation, Yoda1, a synthetic small molecule that has been reported to act as a specific 

agonist for activating human and mouse Piezo1 (22), was applied to stimulate Piezo1. 

We stimulated HEK cells that have been co-transfected with Piezo1 and the FAK FRET 

biosensor with 25 μM Yoda1 as a standard dosage (22). Surprisingly, Yoda1 stimulation 

of Piezo1 caused a significant decrease of FAK activity in the HEK cells expressing 
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exogenous Piezo1 (Figure 3.6A-B); this is opposite to the increase in FAK activity in 

response to mechanical stimulation of Piezo1 by LIS. It was hence hypothesized that 

the LIS-induced mechanical and Yoda1-based chemical stimulations result in different 

modes of the Piezo1 activation. To test this hypothesis, we co-transfected HEK cells 

with Piezo1 and the calcium FRET biosensor. Upon Yoda1 stimulation at 25 μM, a 

sustained calcium influx was observed in the HEK cells transfected with Piezo1 (Figure 

3.6C-D). This is significantly different from the transient Ca[i] dynamics observed in 

LIS stimulated cells (Figure 3.2A). The difference in the patterns of Ca[i] dynamics upon 

mechanical and chemical stimulations may explain the differential FAK activities in 

response to these two types of stimuli. To further examine this hypothesis, we titrated 

the concentration of Yoda1 used to stimulate HEK cells transfected with Piezo1. We 

observed that a decrease of Yoda1 concentration from 25 to 0.5 μM caused a shift in the 

pattern of Ca[i] dynamics from a sustained increase to a transient rise (Figure 3.7 and 

Figure 3.8A-B). Correspondently, the direction of FAK response to Yoda1 stimulation 

changed from a decrease to an increase when the Yoda1 dosage was reduced from 25 

to 0.5 μM in the Piezo1-expressing HEK cells (Figure 3.8C-D). The results of FAK 

activation induced by both low Yoda1 concentration and LIS-induced FAK activation 

are accompanied by a transient Ca[i] dynamics. Consistent with these results, increases 

in the Piezo1 expression level in HEK cells under an intermediate dosage of 2 μM 

Yoda1 stimulation caused a shift in the dynamic pattern of Ca[i] signaling from transient 

to sustained (Figure 3.8E). These results suggest that the level of Piezo1 activation led 

to differential dynamic patterns of calcium influx to result in FAK activation vs. 
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inhibition. The conclusion derived from studies on HEK cells is supported by our results 

on HeLa cells, which express endogenous Piezo1 at moderate levels (23). The 

stimulation in HeLa cells with low level Piezo1 expression by 25 μM Yoda1 caused a 

transient Ca[i] rise and FAK activation, while introducing high levels of Piezo1 into 

HeLa cells led to sustained Ca[i] increase and FAK suppression (Figure 3.5).  

In summary, our results revealed a bimodal pattern of Piezo1 action on Ca[i] 

dynamics (transient vs. sustained) and downstream FAK (activation vs. inhibition), with 

the transient mode causing a transient Ca[i] rise and a FAK activation while the sustained 

mode causing a sustained Ca[i] rise and a FAK suppression. The mechanical force 

exerted by LIS can specifically eliciting the transient mode of Piezo1 actions. As such, 

by combining FRET imaging with laser-based photonics, we have successfully 

monitored the molecular signaling events with high spatial and temporal resolution in 

live cells following the mechanosensor Piezo1 activation by LIS mechanical 

stimulation.  

 

 

 

3.5 Discussions 

It is interesting that high levels of Piezo1 activation, either attributed to high 

dosages of Yoda1 application or to high expressions of Piezo1, caused sustained 

calcium signaling and FAK suppression. Tuning down the Piezo1 activation level can 

lead to a switch of calcium and FAK responses, with the dynamic Ca[i] signaling 



 42 

becoming more transient accompanied by an activation of FAK. These results indicate 

that the strength of Piezo1 activation can lead to two distinctive activation patterns 

(bimodal) of downstream signaling, with low levels of Piezo1 activation triggering 

transient calcium signaling and FAK activation (transient mode) while high levels of 

Piezo1 activation leading to sustained calcium signaling and FAK suppression 

(sustained mode) (Figure 3.8F). Our findings of the bimodality of Piezo1 activation 

hence can shed lights on the mechanisms underlying the opposite effects of Piezo1 

knockdown on the migration of two cell lines: a decrease for gastric tumor cell (24), but 

an increase for lung epithelial cells (12). As such, our results provide a mechanistic 

explanation of the paradox that the manipulation of Piezo1 under different conditions 

can lead to differential outcomes in cell migration (11, 25).  

     We have also demonstrated that the mechanical stimulation induced by LIS 

can lead to the mechanosensor Piezo1 activation specifically causing a transient calcium 

influx and a FAK activation (transient mode). This is consistent with previous reports 

that transient calcium influx could lead to increased FAK phosphorylation (26, 27). 

These results suggest that the mechanical characteristics of LIS stimulation can 

determine the activation mode of mechanosensor Piezo1, which can govern the specific 

downstream signaling events and physiological outcomes. 
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Figure 3.1 Diagram of an integrated system of Laser induced Shockwave (LIS) and 
FRET imaging 

The CCD camera captures fluorescent images of FRET biosensors with 480/30 
nm and 535/25 nm bandpass filters integrated in the dual view system. The ablation 
laser is guided through the side port of the microscope. The arc lamp excitation light 
enters through the back port of the microscope and is filtered with a 440/20 nm bandpass 
filter. 
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Figure 3.2 The Piezo1 dependent calcium influx upon LIS stimulation in HEK 
cells 

(A) The time courses of normalized FRET ratio (Mean ± SEM) of calcium 
biosensor before and after shockwave stimulation in HBSS Ca2+ medium with (yellow 
line, n = 6) or without the Piezo1 expression (black line, n = 6). (B) The representative 
FRET/ECFP ratio images of calcium biosensor in Piezo1-expressed HEK cells before 
(top left) and after (top right) LIS stimulation. Phase image with laser initiating point 
(left) and fluorescent image indicating Piezo1 expression (right) were also shown on the 
bottom panels (Scale bar, 40 μm). (C) The time courses of normalized FRET/CFP ratio 
(Mean ± SEM) of d3cpv calcium FRET biosensor before and after shockwave 
stimulation in HBSS Ca2+ media with (black line, n = 6) or without Piezo1 (orange line, 
n = 6), or in HBSS only media with (green line, n = 18) or without Piezo1(blue line, n 
= 14).  
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Figure 3.3 Characterization of LIS stimulation on HEK293T cells 

(A) Shockwave produced by strong laser power can cause cell damage. The 
representative phase image of HEK cells before (top left) and after (top right) strong 
shockwave (200 μW) stimulation. Cells were damaged upon stimulation, as the 
bubbling indicated by red arrows. The representative DIC images of HEK cells before 
(bottom left) and after (bottom right) weak shockwave (180 μW) stimulation were 
shown to indicate that cells were alive and not damaged upon stimulation. (B) The time 
course of normalized FRET ratio (Mean ± SEM) of calcium biosensor in the Piezo1-
expressing HEK cells before and after multiple shockwave stimulations in HBSS Ca2+ 
medium (n = 6). (C) The time course of normalized FRET ratio (Mean ± SEM) of d3cpv 
biosensor before and after LIS stimulation at different laser power strengths (purple line, 
n = 4, yellow line, n = 7, green line, n = 5). (D) The time course of normalized FRET 
ratio (Mean ± SEM) of FAK biosensor before and after LIS stimulation at different laser 
power strengths (pink line, n = 8, green line, n = 8). 
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Figure 3.4 The Piezo1-dependent FAK activation upon LIS stimulation in HEK 
cells 

(A) The representative ECFP/FRET ratio images of FAK biosensor in Piezo1 
overexpressed HEK cells before (left) and after (right) shockwave stimulation (Scale 
bar, 40 μm). (B) The time courses of normalized ECFP/FRET ratio (Mean ± SEM) of 
FAK FRET biosensor before and after shockwave stimulation in HBSS Ca2+ media with 
(green line, n = 16) or without Piezo1 (black line, n = 10). (C) The percentage change 
of FRET ratio of the FAK FRET biosensor in the Piezo1-expressing HEK cells after 
shockwave stimulation in HBSS medium with or without calcium. *P < 0.05 from 
student two-tailed t-test. 
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Figure 3.5 The Piezo1-dependent calcium and FAK activation upon LIS 
stimulation in HeLa cells 

(A) Piezo1 dependent calcium influx upon shockwave stimulation in HeLa cells. 
The time course of normalized FRET/ECFP ratio (Mean ± SEM) of d3cpv biosensor 
before and after shockwave stimulation in HBSS Ca2+ media with (dot line, n = 4) or 
without Piezo1(square line, n = 3). (B) The time courses of normalized FRET ratio 
(Mean ± SEM) of FAK biosensor before and after shockwave stimulation in HeLa cells 
expressed with high levels of Piezo1 (purple line, n = 3), scramble siRNA (grey line, n 
= 5), or Piezo1 siRNA to knock down Piezo1 expression (black line, n = 4). (C) The 
time courses of normalized FRET ratio (Mean ± SEM) of d3cpv calcium biosensor 
before and after shockwave stimulation in HeLa cells with (purple line, n = 14) or 
without (black line, n = 16) Piezo1 overexpression. 
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Figure 3.6 The FAK and calcium activation upon Yoda1 stimulation in the 
Piezo1-expressing HEK cells 

(A) The representative ECFP/FRET ratio images of FAK biosensor in Piezo1 
expressing HEK cells before and after 25 μM Yoda1 stimulation (Scale bar, 10 μm). 
(B) The time courses of normalized FRET ratio (Mean ± SEM) of FAK FRET biosensor 
before and after Yoda1 stimulation with (pink line, n = 10) or without Piezo1 (black 
line, n = 11). The grey line represents the DMSO control group (n = 8). (C) The 
representative FRET/ECFP ratio images of the calcium biosensor in the Piezo1-
expressing HEK cells before and after 25 μM Yoda1 stimulation (Scale bar, 10 μm). 
(D) The time courses of normalized FRET ratio (Mean ± SEM) of calcium biosensor in 
the Piezo1-expressing HEK cells (purple line, n = 9) before and after 25 μM Yoda1 
stimulation in culture medium. 
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Figure 3.7 Piezo1 level dependent calcium influx upon Yoda1 stimulation in HEK 
cells. 

The time courses of normalized FRET ratio (Mean ± SEM) of d3cpv biosensor 
before and after 2 μM Yoda1 stimulation in HEK cells expressing different levels of 
Piezo1 (n = 44).  
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Figure 3.8 The titration of Yoda1 stimulation in the Piezo1-expressing HEK cells. 

 (A) The time courses of normalized FRET ratio of calcium biosensor in the 
Piezo1-expressing HEK cells upon 0.5 μM (yellow line, n = 10) or 25 μM (purple line, 
n = 8) Yoda1 stimulation. (B) The percentage changes of FRET ratio decrease of 
calcium biosensor in Piezo1-expressing HEK cells upon 0.5 μM (yellow bar, n = 8) or 
25 μM (purple bar, n = 10) Yoda1 stimulation at different time points after they reached 
the peak. *P < 0.0001 from student two tailed t-test. (C) The time courses of normalized 
FRET ratio (Mean ± SEM) of FAK FRET biosensor before and after 0.5 μM (green 
line, n = 8) or 25 μM (pink line, n = 10) Yoda1 stimulation. (D) The percentage change 
of FRET ratio decrease of FAK biosensor in the Piezo1-expressing HEK cells after 0.5 
μM (green bar, n = 8) or 25 μM (pink bar, n = 10) Yoda1 stimulation at different time 
points. *P < 0.0001. (E) The time courses of normalized FRET ratio (Mean ± SEM) of 
calcium biosensor before and after 2 μM Yoda1 stimulation in cells with high (intensity 
> 4,650 au., orange line, n = 14) or low (intensity < 1,000 au., Blue line, n = 5) Piezo1 
expression. (F) A cartoon diagram depicting the activation patterns of Piezo1 on 
downstream calcium (blue or red represents transient or sustained calcium increase 
pattern, respectively) and FAK signaling (biphasic: blue or red represents an 
suppression or activation of FAK activity, respectively) upon stimulation. LIS 
specifically elicits the lower phase (transient mode) of Piezo1 actions (indicated by the 
pink shade).  
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Chapter 4 The development of remoted controlled 

mechanogenetics for cancer immunotherapy 

 

4.1 Abstract 

While cell-based immunotherapy, especially chimeric antigen receptor (CAR)-

expressing T cells, is becoming a paradigm-shifting therapeutic approach for cancer 

treatment, there is a lack of general methods to remotely and non-invasively regulate 

genetics in live mammalian cells and animals for cancer immunotherapy within 

confined local tissue space. To address this limitation, we have identified a mechanically 

sensitive Piezo1 ion channel (mechanosensor) activatable by ultrasound stimulation and 

integrated it with engineered genetic circuits (genetic transducer) in live HEK293T cells 

to convert the ultrasound-activated Piezo1 into transcriptional activities. We have 

further engineered Jurkat T cell line and primary T cells (periphery blood mononuclear 

cells, PBMCs) to remotely sense the ultrasound wave and transduce it into 

transcriptional activation for the CAR expression to recognize and eradicate target 

tumor cells. This approach is modular and can be extended for remote-controlled 

activation of different cell types with a high spatiotemporal precision for therapeutic 

applications.  
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4.2 Introduction 

With the use of central memory T cells capable of suppressing cancer relapse 

for several years (1), CAR T cell immunotherapy is transforming cancer therapy (2). 

However, major challenges remain for CAR-based immunotherapy against solid 

tumors. For instance, the non-specific targeting of the CAR-T cells against normal/non-

malignant tissues (on-target but off-tumor toxicities) can be life-threatening (3). There 

is hence an urgent need for the control of CAR-T cell activation with a high 

spatiotemporal precision.  

Existing methods to control genetic activities typically rely on chemical inducers 

(e.g. dimerizers), radio waves, and magnetic or light activation (e.g. optogenetics). 

Chemical inducers, radio waves, and magnetic field typically lack spatial resolution, 

with radio and magnetic waves mostly requiring the signal amplification and 

transmission by nanoparticles (or particle aggregates) to stimulate genetically 

engineered cells (4-7). Although light activation or optogenetics can enable a precise 

control of genetic regulation in space and time, it cannot reach deep tissues (8). In 

contrast, ultrasound and its associated energy can be safely and non-invasively delivered 

into small volumes of tissue deep inside the body with high spatiotemporal resolutions 

(9, 10). In fact, high frequency ultrasound (HFU) can be focused for mechanical 

stimulation of single cells at a subcellular region of less than 10 μm (11). Microbubbles, 

which have been well established as ultrasound imaging contrast agents and approved 

by the FDA for clinical use (12), can further amplify the impact of low-frequency 
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ultrasound stimulation with the capability of long-distance penetration on cells 

physically coupled to microbubbles, as a result of a large difference in acoustic 

impedance between the surrounding media and the air inside the bubbles (13-15).  

We have developed a modular method to engineer cells that can sense ultrasound 

stimulation applied remotely and non-invasively to control genetics and CAR protein 

expression for recognizing antigens to kill the target tumor cells. This method utilizes 

Piezo1 ion channel as a mechanical sensor (Fig. 1A), which has been identified as a 

component of mechanically activated (MA) cation channels (16) and are inherently 

mechanosensitive (17). The ultrasound-stimulation of Piezo1 and the consequent 

calcium influx can activate calcium-sensitive phosphatase calcineurin to 

dephosphorylate a transcription factor, the nuclear factor of activated T-cells (NFAT), 

which can then translocate to the nucleus for the activation of NFAT response element 

(RE) to drive the expression of designed target genes (18).  

 
4.3 Materials and Methods 

4.3.1 Ultrasonic Transducer and Stimulation System 

Ultrasonic transducers were fabricated with standard procedures (19). The 

center frequency of the ultrasonic transducers is 2 MHz and the aperture size is 5 mm. 

The transducer is unfocused with the natural focus at approximately 8.3 mm. The 150 

MHz high frequency focused transducer has the focus at approximately 1mm. The 

developed 2 MHz or 150 MHz ultrasonic transducers were integrated with a Nikon 

FRET microscope to stimulate cells using ultrasound as well as to monitor molecular 

signals using FRET imaging. The ultrasonic transducer was connected to a 3D 
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mechanical stage to control the position of the transducer. A pulser/receiver (Olympus, 

Waltham, MA) and an oscilloscope (Lecroy, Chestnut Ridge, NY) were used to place 

the natural focus of the ultrasonic transducer at the target cell as shown in Fig. 1B. To 

stimulate HEK293T cells for calcium imaging, the 150 MHz ultrasonic transducer was 

positioned perpendicular to the dish bottom surface. The transducer was submerged in 

the medium 1 mm away from the cells. (Fig. S2A).  The resultant peak-to-peak voltage 

(Vpp) was 22.12 V – 31.6 V. The acoustic pressure is ~ 0.6 MPa for the 2 MHz transducer 

at the site of the bubbles, and ~ 3 MPa at the focus site for the 150 MHz high-frequency 

transducer. The duration of 150 MHz ultrasound stimulation was 5 µs – 10 µs. The 2 

MHz ultrasonic transducer was positioned at a 45° angle relative to the dish bottom 

surface to avoid standing wave in a dish. The transducer was submerged in the medium 

8.3 mm away from the cells (Fig. S1A). The electrical signals were generated by a 

function generator and a power amplifier to drive the ultrasonic transducer. The 

resultant peak-to-peak voltage (Vpp) was 22.12 V - 31.6 V. For 2 MHz transducer, pulse 

repetition frequency (PRF) was 5 Hz and the duty factor was 10%. The duration of 

ultrasound stimulation was 5 sec for calcium imaging, and 10 min for gene induction of 

cells. During the 10 min ultrasound application, cells on the glass bottom dish were 

continuously scanned by ultrasound. Therefore, there were multiple calcium transients 

generated during this time period. In fact, results revealed varying strengths of 

mechanogenetic effects with different durations of ultrasound stimulation (Fig. S6B). 

The efficiency for microbubbles to be attached to biotinylated surface of suspended cells 

is high. When the number ratio of microbubble/cell is at 40, there is a significant binding 

(> 50%). When the number ratio of microbubble/cell is at 400, virtually 100% of the 
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cells are bound to microbubbles. In our experiments, we maintained the number ratio of 

microbubble/cell at around 100, and on average, 3-4 microbubbles were attached to each 

suspended T cell.  

A glass tube was used to contain Jurkat cells and PBMCs and the ultrasonic 

transducer was positioned with a 45° angle with respect to the glass surface for 

ultrasound stimulation. The transducer was placed at 8.3 mm away from the cell - 

microbubble mixture inside the glass tube as shown in Fig. S1B. For the glass tube 

experiments, Vpp was 22.12 V - 31.6 V. PRF and duty factor were 100 Hz and 1%, 

respectively. The duration of ultrasound stimulation was 10 min for these suspension 

cells.  

4.3.2 Image Acquisition 

The ultrasound stimulation/FRET imaging system was integrated with a Nikon 

fluorescence microscope for FRET imaging. Images were collected by a Nikon and a 

cooled charge-coupled device (CCD) camera using MetaFluor 6.2 and MetaMorph 

software (Universal Imaging, Downing town, PA) with a 420DF40 excitation filter, a 

455DCXRU dichroic mirror, and two emission filters controlled by a filter changer 

(480DF40 for CFP and 535DF35 for YFP). A neutral density filter was used to control 

the intensity of the excitation light. The fluorescence intensity of non-transfected cells 

was quantified as the background signals and subtracted from the CFP and YFP signals 

on transfected cells. The pixel-by-pixel ratio images of YFP/CFP were calculated based 

on the background-subtracted fluorescence intensity images of CFP and YFP by the 

Metafluor program to allow quantification and statistical analysis of FRET responses. 
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The emission ratio images were shown in the intensity modified display (IMD) mode 

(20). 

4.3.3 Constructs and Plasmids 

 The construct of the mPiezo1-tdTomato was obtained from Dr. Patapoutian’s lab (21). 

The D3cpv calcium FRET biosensor was previously described (22). The nucleotide 

sequence encoding the CD19-CAR, including the anti-human CD19 scFv, the human 

CD8α hinge, CD28 transmembrane and co-stimulation domain, the human 4-1BB co-

stimulation domain and CD3ζ ITAM signaling domain were synthesized by Integrated 

DNA Technologies (1). Sequences encoding the VPR were obtained from Addgene 

(plasmids #63798) (23). The plasmid containing sequences encoding the calcium 

dependent response elements and minimal promoter was a kind gift from Dr. Jeffrey 

Friedman’s lab at Rockefeller University. Nuclear factor of activated t-cells (NFAT) 

responding elements (GGAGGAAAAACTGTTTCATACAGAAGGCGT) and 

minimal promoter (AGAGGGTATATAATGGAAGCTCGAATTCCAG) were from 

pGL4.30[luc2P/NFAT-RE/Hydro] (Promega, Madison, WI). The sequences for SRE is 

CCATATTAGG and CRE is TGACGTCA. SRE, CRE, NFAT response elements were 

each used in triplicate. Standard molecular cloning techniques (PCR, restriction 

digestion, ligation, etc.) were applied to construct CAR expression plasmids and 

produce lentivirus using a second-generation self-inactivating lentiviral vector 

pHR’SIN:CSW.  
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4.3.4 Cell culture and reagents 

Human embryonic kidney cells (HEK293T), Jurkat T cells and Toledo cells were 

purchased from ATCC. HEK293T cells were cultured in Dulbecco’s modified eagle 

medium with 10% FBS (Gibco, Carlsbad, California), 2 mM L-glutamine, 1 unit/ml 

penicillin, 100 μg/ml streptomycin, and 1mM sodium pyruvate. Jurkat cells and Toledo 

cells were maintained in RPMI-1640 medium supplemented with 10% FBS, penicillin 

and streptomycin. Primary human T cells were isolated from anonymous healthy 

donor’s blood after apheresis (San Diego Blood Bank, San Diego, CA). Purified PBMCs 

were cryopreserved in culture RPMI-1640 medium supplemented with 10% DMSO 

until use. During experiments, PBMCs were maintained in RPMI-1640 medium 

supplemented with 10% FBS, and 30 units/ml IL-2 (PeproTech, Rocky Hill, NJ). All 

cells were cultured at 37 °C with 5% CO2. Ionomycin were purchased from Sigma.  

4.3.5 Cell preparation for ultrasound stimulation 

For HEK293T cells, TargestarTM-SA lipid microbubbles (Targeson, La Jolla, CA) (1 ´ 

109/mL) were mixed with biotinylated Arg-Gly-Asp (RGD) peptides (0.01 mg/mL) 

(Peptide International, Louisville, KY) for 20 min (24). Immediately after removing the 

culture media in the dish, 5 µl of the microbubble-RGD mixture was added into the dish. 

The dish was then flipped upside down for 5 min to allow microbubbles to float up and 

attach to the cell membrane.  

For Jurkat cells and PBMCs, membrane proteins on the cell surface were 

biotinylated by EZ-LinkTM Sulfo-NHS-Biotin (2 mM) (Thermo Scientific, Rockford, 
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IL) for 15 min and washed with PBS before the cells were incubated with and coupled 

to TargestarTM microbubbles.  

4.3.6 Gene activation assays 

For luciferase-based gene expression assay, the pRL-TK plasmid (Promega, 

Madison, WI) was co-transfected with the ReCoM luciferase reporters using FUGENE 

6 to normalize for transfection efficiency. Luciferase activity was assayed 36 - 48 hours 

after transfection, using a dual-luciferase reporter assay system (Promega, Madison, 

WI). In brief, cells were pelleted by centrifugation at 300g for 3 min, re-suspended in 

lysis buffer for 15 min, and then processed with a plate reader (Tecan infinite M1000 

Pro) for luciferase assay and reading quantifications.  

For flow cytometry assay of fluorescent reporter expression, cells were re-

suspended in FACS wash buffer (PBS + 0.5% BSA) and processed with a BD accuri 

C6 cytometer. FlowJo software (TreeStar) was used to quantify fluorescence 

percentages and intensities. 

For quantitative-PCR (Q-PCR) assay of CD19-CAR gene expression. Total 

RNA from cells was extracted by TRIzol. cDNA was synthesized with 500ng of total 

RNA using M-MLV transcriptase. Quantification of RNA levels was carried out using 

real-time PCR (KAPA SYBR FAST qPCR kit) (KAPA) and normalized to the level 

ACTB gene expression. Sequence of PCR primers are as follows: ReCoM-CAR, 5’-

AAGTCCAGCTCCAGCAATCC-3’; and 5’-GGAAGGCTGACCCCACTAAC -3’. 
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4.3.7 Lentiviral Infection of primary T cells 

Pantropic VSV-G pseudotyped lentivirus was produced from Lenti-X 293T cells 

(Clontech Laboratories #632180) co-transfected with a pHR’SIN:CSW transgene 

expression vector, and the viral packaging plasmids pCMVdR8.91 and pCMV-VSV-G 

using Lipofectamine 2000 (Life Technologies). Viral medium/supernatant was 

collected 48 hr after transfection for infection. 3 days prior to viral infection, primary 

human T cells were thawed and activated using 2 µg/ml PHA (Thermo Scientific, 

Rockford, IL) in RPMI-1640 medium supplemented with 10% FBS, penicillin and 

streptomycin for 72 hr. PHA was then removed before cells were infected. Infected 

primary T cells (PBMCs) were maintained at ~106 /mL in culture RPMI medium 

supplemented with 30 units/ml IL2 for 5 days before experiments were conducted. 

4.3.8 Verifying CAR expression on T cells: 

Jurkat or primary human T cells were re-suspended in FACS wash buffer (PBS 

+ 0.5% BSA) and stained with Alexa Fluor® 647 AffiniPure F(ab')₂ Fragment Goat 

Anti-Mouse IgG antibody (JacksonImmunoResearch, West Grove, PA). Stained cells 

were washed three times in washing buffer PBS + 0.5% BSA, and processed with a BD 

accuri C6 cytometer. FlowJo software (TreeStar) was used to quantify Alexa dye and/or 

mCherry fluorescence intensities and percentages.  

4.3.9 Quantitation of CD69 surface expression 

Jurkat T cells after ultrasound activation were mixed with target Toledo cells at 

a 1:1 T/target cell ratio in a 24-well plate. After 24 hr incubation, cells were pelleted by 
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centrifugation at 300 g for 5 min. Cells were re-suspended in FACS wash buffer (PBS 

+ 0.5% BSA) and stained with APC anti-human CD69 antibody (BioLegend #310910). 

Stained cells were washed three times in FACS wash buffer, and processed with a BD 

accuri C6 cytometer. FlowJo software (TreeStar) was applied to compare Alexa 

fluorescence intensities of gated T cells (unique forward/side scatters) in samples. Data 

plots were generated using Prism software (GraphPad).  

4.3.10 Luciferase based cell killing assay 

PBMCs after ultrasound activation were mixed with NALM-6 target cells at a 

10:1 T/target cell ratio in a 96-well plate. After 24 hr incubation, cells were pelleted by 

centrifugation at 300 g for 5 min. Cells were re-suspended in 50 μl lysis buffer 

(Promega) and processed with a plate reader (Tecan infinite M1000 Pro) for luciferase 

assay.   

 

4.4 Results 

We first examined whether the ultrasound-induced mechanical stimulation can 

activate the Piezo1 channel to elicit calcium influx. HEK293T cells co-transfected with 

Piezo1-tdTomato and D3cpv FRET calcium biosensor were examined by an ultrasound-

FRET imaging system (Figure. 4.1B and Figure 4.2) (25). Upon a focused HFU (150 

MHz) stimulation with a distance of 1 mm, a Piezo1-dependent calcium influx was 

clearly detected in the target cell (Figure 4.2), suggesting that Piezo1 can serve as a 

mechano-sensor to sense the ultrasound stimulation. For this 150 MHz focused 
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transducer, the focused acoustic pressure applied on the cell membrane can directly 

activate the Piezo1 ion channel to mediate calcium influx. However, this high-frequency 

150 MHz transducer has limited working distance (1 mm) that is much shorter than the 

effective working distance of centimeters with low-frequency transducers. To develop 

a technology for the remote control of gene activities in live cells, we reasoned that 

microbubbles mechanically coupled to Piezo1 can be applied to amplify the mechanical 

waves of low-frequency 2 MHz ultrasound at a distance in centimeters (4-8). Indeed, 

microbubbles with a 2-µm diameter can be stimulated at a depth of 5 cm by a low-

frequency ultrasound transducer. Hence, microbubbles were coated with streptavidin 

and coupled to biotinylated RGD peptides, which were engaged with the membrane 

receptor integrins and connected to Piezo1 via cytoskeleton and membrane tension . 

Upon 2-MHz ultrasound stimulation at a distance of ~ 1 cm, calcium influx into the 

cells was immediately detected in the presence of calcium-containing HBSS media 

(Figure 4.1C), but not in HBSS media without calcium. In control HEK293T cells 

transfected only with a calcium biosensor but without Piezo1, there was no significant 

calcium influx in HBSS media with or without calcium. This 2-MHz transducer 

activates Piezo1 channel differently from that of 150-MHz. For 2-MHz transducer, it 

depends on several factors, e.g. the oscillation of microbubbles and possibly the 

resulting fluid microstreaming/shear stress associated with the ultrasound excitation. 

Indeed, the piezo1-expressing cells without microbubble coupling did not respond to 

ultrasound to trigger calcium signals. Ultrasound power was robustly controlled in a 

range between 22.1 V and 31.6 V in order to create a sufficient ultrasound wave to 
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mechanically stimulate the cells, without causing damage of the target cells (Figure 4.3). 

Indeed, intermittent ultrasound waves could be applied to elicit multiple calcium waves 

(Figure 4.3), suggesting minimal ultrasound-induced alteration of the target cells.  

We then examined whether the ultrasound-induced calcium influx can be 

applied to control gene expression. Genetic transducing modules (GTMs) were 

engineered to transmit the calcium-mediated NFAT activation and other related 

signaling into genetic activities. A one-stage GTM design was developed consisting of 

three calcium responding elements in cis: serum responding element (SRE), cyclic 

adenosine monophosphate response element (CRE), and NFAT response element 

(NFAT RE), placed in tandem upstream of the minimal promoters controlling target 

gene expression (5) (Figure 4.4A_a-b). In order to reduce the potentially leaky protein 

expression in cells and enhance the induction specificity upon stimulation, a two-stage 

GTM was designed using a potent tripartite transcriptional activator VPR (23) (Figure 

4.4A_c-f). In these designs, the first induced product upon ultrasound stimulation and 

calcium influx is a DNA binding domain (DBD) LexA fused to VPR (LexA-VPR). This 

LexA-VPR upon induction activates a second gene response element (LexA RE) for the 

expression of target genes (Figure 4.4A_c-f). Two minimal promoters were compared 

in their efficiency and specificity; the one derived from the CMV promoter was more 

robust but exhibited a higher basal level noise than the other one derived from a 

commercial vector pGL4.30 (Promega). Collectively, six potential candidates were 

designed (Figure 4.4A), with luciferase or fluorescent proteins as target reporter genes 

to characterize the activation potency. Indeed, 2-MHz ultrasound stimulation for 10 min 



 67 

(see detailed information in Materials and Methods) caused a clear induction of reporter 

genes measured by luciferase activities (Figure 4.4B), similar to the chemical induction 

by ionomycin (Figure 4.4C). We observed a significant difference in the basal and 

induced expression levels of target genes upon stimulation with these six different 

designs (Figure 4.4A and B). Among them, design a was chosen as the candidate for 

further applications due to its simplicity, low basal level and more efficient activation 

potency. Indeed, the inducible promoter based on design a can be activated by 

ultrasound stimulation to clearly drive the expression of a GFP variant mNeonGreen 

(Figure 4.4D). These results indicate that the mechanosensor Piezo1 and GTMs can be 

engineered and integrated to coordinate with the endogenous molecular network for the 

sensing of remote ultrasound stimulation to guide gene activations. We also showed that 

RGD-tagged microbubbles’ engagement of integrins on the cell surface alone was not 

sufficient to significantly activate the specifically designed gene expression controlled 

by genetic transducers (Figure 4.5A), suggesting a high specificity of the ultrasound 

controllable gene activation in our system. While the 10-min application can induce 

relatively robust mechanogenetic effects, shorter durations of ultrasound stimulation 

can also induce gene expression, but with a weaker efficiency (Figure 4.5B). 

We then applied this system of remote-control mechanogenetics (ReCoM) based 

on design a to control the expression of anti-CD19 CAR in Jurkat T cell lines and 

primary human T cells (peripheral blood mononuclear cells, PBMCs) for cancer 

immunotherapy since anti-CD19 CAR and CD19 have been well established as an 

interaction pair for the immunotherapy of hematopoietic malignancies (2, 26). Jurkat 
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and PBMC T cells express high levels of endogenous Piezo1 (27). Indeed, when 

microbubbles coated by streptavidin were coupled to the biotinylated surface membrane 

of Jurkat cells without the introduction of additional exogenous Piezo1 (Figure 4.6A), 

calcium influx was observed upon ultrasound stimulation (Figure 4.6B). Further 

experiments validated ReCoM in controlling the production of mNeonGreen reporter 

driven by different minimal promoters upon ultrasound stimulation in Jurkat T cells 

without the need of co-expression of exogenous Piezo1 (Figure 4.7). We then applied 

ReCoM to control anti-CD19 CAR production by ultrasound in Jurkat cells. The 

encoding mRNA and expression percentage of anti-CD19 CAR in Jurkat cells was 

significantly increased after ultrasound stimulation (Figure 4.6D, Figure 4.7C). The 

Jurkat cells with the ultrasound-induced CAR expression were then incubated with 

CD19 antigen-expressing target tumor cells (Toledo lymphoma tumor cells which 

express high levels of CD19) (28). Upon the engagement of ultrasound-induced Jurkat 

and target Toledo cells for 24 hr, the surface marker CD69 reflecting T cell activation 

(29) was clearly upregulated in the Jurkat cells (Figure 4.7E and F). These results 

indicate that the ultrasound-induced CAR production in Jurkat T cells can functionally 

mediate the engagement with antigens on the target tumor cells and activate Jurkat cells.  

 We then applied ReCoM to remotely control the CAR production in PBMCs 

and examine their efficacy in tumor cell killing (Figure 4.8A). Calcium influx in PBMCs 

can be clearly observed upon ultrasound stimulation (Figure 4.8B). We further 

measured the ReCoM-mediated expression of anti-CD19 CAR in PBMCs. The average 

expression level of anti-CD19 CAR was significantly increased after ultrasound 
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stimulation (Figure 4.8C). These ultrasound-induced PBMCs were incubated with target 

B cell leukemia cell line (Nalm6) expressing CD19-antigen and luciferase (30, 31), 

which allowed a convenient tracking of the target tumor cell growth by measuring the 

luciferase activities. The results of luciferase activity in reflecting Nalm6 cell numbers 

revealed that the ultrasound-induced ReCoM PBMCs can cause significantly more 

toxicity of the target Nalm6 cells than the ReCoM PBMCs not exposed to ultrasound or 

the plain PBMCs exposed to ultrasound but without ReCoM GTMs (Figure 4.8D).  

 

4.5 Discussions 

We reported here the development of ReCoM technology to allow the remote 

and non-invasive control of gene expression in live cells with high spatiotemporal 

precision using ultrasound. Although there have been disparate trial-and-error 

approaches to apply ultrasound to mechanically perturb cells and c. elegans (32-34), 

there was no established method as the ReCoM presented here to convert the ultrasound 

mechanical signals into genetic controls of cells. Indeed, we have demonstrated that this 

ReCoM system can remotely control the expression of luciferase or GFP in various 

adherent or suspension cells. We further established that ReCoM is effective in 

controlling CAR expression in T cells to guide the recognition and eradication of tumor 

cells for controllable cancer immunotherapy. This system is highly modular as shown 

by multiple designs of genetic circuits with various basal levels and activation potency, 

thus allowing continuous evolution and optimization to target multiple types of cancers 

and precancerous conditions. In summary, ReCoM will usher in a new era in life science 
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and medical technology by bringing the full power of remote control of gene and cell 

activation to the scientific and clinical communities for the precise control of 

therapeutics in space and time. 
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Figure 4.1 Design of synthetic genetic circuits remotely activatable by ultrasound 

  (A) Schematic drawing of ultrasound-induced cell activation and gene 
expression. Microbubbles can be coupled to the surface of a cell, where 
mechanosensitive Piezo1 channels are expressed. Upon exposure to ultrasound waves, 
the mechanical stimulation can activate the Piezo1 ion channels. The subsequent 
calcium entry triggers the downstream pathways, including calcineurin activation, 
NFAT dephoshorylation and translocation into the nucleus. The nucleus-translocated 
NFAT can bind to upstream response elements to initiate gene expression through one-
stage or two-stage genetic transducing modules. (B) Diagram of an integrated system 
of ultrasound stimulation and FRET imaging. The CCD camera captures fluorescent 
images of FRET biosensors with two emission filters controlled by a filter changer 
(480DF40 for CFP and 535DF35 for YFP). The ultrasonic transducer was driven by a 
function generator and a power amplifier. (C) The time courses of normalized 
FRET/ECFP ratio (mean ± S.E.M.) of a D3cpv calcium biosensor in HEK293T cells 
before and after 5 sec ultrasound stimulation under different conditions with or without 
the presence of the three components (Piezo1, microbubbles, and Ca2+) in the medium: 
with all three components (black, n = 32), without Piezo1 (yellow, n = 37), without 
microbubbles (green, n = 10), without Ca2+ (brown, n = 14), or without both Piezo1 and 
microbubbles (blue, n = 11). (D) Representative FRET/ECFP ratio images of D3cpv 
calcium biosensor in HEK293T cells expressed with (top panels) or without (bottom 
panels) Piezo1 before (left) and after (right) ultrasound stimulation. Scale bar represents 
20 μm. 
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Figure 4.2 The ultrasound stimulation system for cells. 

(A) A schematic drawing of ultrasound stimulation on adherent HEK293T cells 
in a dish. The ultrasonic transducer was positioned at a 45° angle relative to the dish 
surface, and submerged in the medium 8.3 mm away from the cells on the dish bottom. 
(B) A schematic drawing of ultrasound stimulation on suspension Jurkat and PBMCs. 
The cell and microbubble mixture was injected into a glass tube, and ultrasonic 
transducer was positioned 8.3 mm away from the glass tube surface where cell mixture 
is located. (C) A schematic drawing of HFU stimulation on HEK293T cells in a dish. 
The ultrasonic transducer was positioned perpendicular to the dish surface, and 
submerged in the medium 1 mm away from the cells on the dish bottom. (D) The time 
courses of normalized FRET/ECFP ratio (mean ± S.E.M.) of a D3cpv calcium biosensor 
in HEK293T cells before and after HFU stimulation under different conditions with or 
without the presence of Piezo1 or Ca2+ in the medium: with all 2 components (black 
line, n = 11), without Piezo1 (yellow line, n = 9), without Ca2+ (green line, n = 6).  
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Figure 4.3 The calibration of ultrasound power to avoid cell damage.  

(A) The representative phase images of Piezo1 expressing HEK293T cells 
before (top left) and after (top right) ultrasound stimulation. Cells were alive and not 
damaged upon stimulation. (B) The time course of normalized FRET ratio (mean ± 
S.E.M.) of D3cpv calcium biosensor in Piezo1-expressing HEK293T cells (n = 6) before 
and after multiple ultrasound stimulations. (C) The representative DIC images of 
HEK293T cells before (top left) and after (top right) strong ultrasound (38 V) 
stimulation. Cells were damaged upon stimulation. (D) The time course of normalized 
FRET/ECFP ratio (mean ± S.E.M.) of D3cpv calcium biosensor in Piezo1-expressing 
HEK293T cells (n = 6) before and after strong and cell-damaging ultrasound 
stimulation. It is of note that the calcium level was sustained upon damaging 
stimulation.   
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Figure 4.4 Characterization of genetic transducing modules (GTMs) remotely 
activatable by ultrasound 

  (A) The design of ReCoM genetic transducing modules (GTMs). Calcium 
responding elements consisting of SRE, CRE and NFAT RE were followed by target 
genes of interest (GOI) controlled by minimal promoter (a, Pmin) or minimal CMV 
promoter (b, PCMVmin). For two-stage constructs, LexA-VPR was designed as the product 
of stage 1 gene cassette, which can bind to the LexA responding element and activate 
stage 2 target genes (c, d, e, f). (B) Ultrasound stimulation induced gene products of 
different GTMs. Microbubbles-coupled HEK293T cells transfected with Piezo1 and 
GTMs showed a significant increase in luciferase gene expression upon ultrasound 
stimulation (n = 3). (C) Ionomycin stimulation induces gene expression. HEK293T cells 
transfected with Piezo1 and genetic cassettes showed a significant increase in luciferase 
gene expression 16 hr after ionomycin stimulation (n = 3). (D) Fluorescence microscopy 
images of HEK293T cells transfected with Piezo1 and gene activation cassette a 
(mNeonGreen as the reporter) without (left) and 16 hr after (right) ultrasound 
stimulation (for 10 min). Scale bar represents 40 μm. Error bars indicate S.E.M., 
*P<0.05, **P<0.01 from two-tailed Student t-test. 
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Figure 4.5 The calibration of ultrasound effect on ReCoM responses in HEK293T 
cells. 

(A) Gene activation of ReCoM (design a) before and after RGD-microbubble 
engagement of the cells. No significant increase in luciferase gene expression was 
observed upon RGD-microbubble engagement (n = 3). (B) The increased gene 
expression in HEK293T cells transfected with Piezo1 and genetic transducer design A 
upon ultrasound stimulation for different durations (n = 3). Error bars indicate S.E.M, 
***P < 0.001, **P < 0.01 from two-tailed Student t-test. 
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Figure 4.6 Remote-controlled activation of Jurkat T cells with ReCoM 

(A) Jurkat cells were transfected with inducible ReCoM-CAR. After ultrasound 
stimulation, they were mixed with antigen CD19-expressing target tumor cells and 
evaluated for their activation level (CD69 expression). (B) The representative 
FRET/ECFP ratio images of D3cpv calcium biosensor in Jurkat cells before (left) and 
after (right) ultrasound stimulation. Scale bar represents 10 μm. (C) The FRET/ECFP 
ratio percentage change of D3cpv calcium FRET biosensor averaged among multiple 
Jurkat cells before and 10 sec after ultrasound stimulation (n = 15). (D) Normalized 
expression of anti-CD19-CAR in Jurkat cells 16 hr after ultrasound stimulation (n = 3). 
(E) Representative histograms of T cell activation in Jurkat cells by quantifying the 
expression of cell surface protein marker CD69. Jurkat and Toledo mixtures were 
stained with Alexa647-conjugated anti-CD69 antibody and analyzed by flow cytometry. 
(F) The bar graphs represent CD69 up-regulation (normalized percentage of CD69 
positive cells) in ultrasound-induced Jurkat cells upon Toledo cell engagement (n = 8). 
Error bars indicate S.E.M., *p < 0.05, ***p < 0.001 from two-tailed Student t-test.  
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Figure 4.7 The calibration of the ultrasound effect on ReCoM-a (design a) and b 
(design b) in Jurkat cells. 

(A) The increased gene expression in Jurkat cells transfected with ReCoM-a (a 
minimal promoter derived from the vector pGL4.30 driving mNeonGreen as reporter) 
upon 10 min ultrasound stimulation (n = 9). (B) The increased gene expression in Jurkat 
cells transfected with ReCoM-b (a minimal promoter derived from CMV driving 
mNeonGreen as reporter) upon 10 min ultrasound stimulation (n = 5). (C) Quantitative 
PCR analysis for the production of mRNA encoding anti-CD19 CAR in Jurkat cells 
upon 10 min ultrasound stimulation (n = 3). Error bars indicate S.E.M, **P < 0.01 from 
two-tailed Student t-test. 
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Figure 4.8 Remote-controlled activation of PBMCs with ReCoM.  

(A) PBMCs were transfected with inducible ReCoM-CAR. After ultrasound 
stimulation, they were mixed with antigen CD19-expressing target tumor cells and 
evaluated for killing efficiency by functional assays. (B) The Fluo-4 calcium indicator 
intensity change in PBMCs before and after 5 sec ultrasound stimulation (n = 4). (C) 
Expression of ReCoM-CAR in PBMCs 16 hr after ultrasound stimulation (n = 5). (D) 
Cytotoxicity of target Nalm6 tumor cells caused by CAR expression upon ultrasound 
stimulation in PBMCs cells transfected with ReCoM-CAR GTMs, measured by 
luciferase-based killing assay (n = 4). Cytotoxicity of plain PBMCs upon ultrasound 
stimulation was also measured (n = 3). Error bars indicate S.E.M., *p < 0.05, **P < 0.01 
from two-tailed Student t-test. 
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Chapter 5 Conclusion 

5.1 Conclusion 

Fluorescent proteins (FPs) and their derived biosensors, such as those based on 

fluorescence resonance energy transfer (FRET), have allowed the visualization of 

dynamic molecular activities at subcellular levels in live cells (1). Optogenetics 

integrating optical and genetic methods has enabled the control of specific molecular 

events in living systems with high spatiotemporal resolutions (2-5). The ultrasound-

controllable mechanogenetics can non-invasively manipulate cells deep in the body for 

the control of physiological and therapeutic outcomes, hence bringing the full power of 

remote control of gene and cell activation to the general scientific and clinical 

community, similar to how fluorescent proteins and optogenetics have revolutionized 

live biological sensing and actuating. This dissertation sought to develop a suite of tools 

towards the non-invasive sensing and manipulation of molecular activities in live cells. 

First, a FRET based EphA4 molecular biosensor was developed. The 

development of the biosensor enables visualization of EphA4 activity in single live cells 

with high spatial and temporal resolution. The results suggest that not only did we 

develop a potent tool for sensing molecular activities live time, but also indicated 

potentials in point-of-care cancer diagnostic tool. On the other hand, we sought to 

develop a laser based mechanical stimulation tools and molecular biosensors to activate 

and study engineered cells. Together, Chapter 1 and Chapter 2 built the basis for 
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developing and integrating engineered molecular tools with novel clinical therapeutic 

devices.  

Second, a shift in the dissertation to engineer a remote controlled 

mechanogenetics system, leads to the coupling of mechanical stimulations and 

molecular tools for controlled therapeutics. This mechanogenetic system integrates 

ultrasound mediated mechanical stimulation and gene activation of CD19CAR for 

application in cancer immunotherapy. Future directions include removing the 

requirement of microbubbles in the system for more controllable and safer in vivo 

applications; optimizing molecular transducing modules for better contrast before and 

after ultrasound stimulation.  

By combining the orthogonal mechanogenetic and optogenetic controls, fully 

controllable live cells can be developed, activated or deactivated at any given time for 

cellular studies and therapeutic approaches. In addition, the combination of ultrasound-

controllable mechano-genetics with genetic regulation tools, e.g. CRISPR and Cas9, can 

allow dynamic genome editing in vivo at any location deep in living organisms (6). 

Integrated with epigenetic modulators and nuclease-deficient Cas9 (dCas9) targeting 

specific genome locus, this ultrasound-controllable mechano-genetics can be applied to 

remotely and non-invasively control the locus-specific epigenetic landscapes and 

Endogenous gene expression profiles (7). It is expected that each component of this 

ultrasound-controllable mechanic-genetics, i.e. ultrasound controllers and transducers, 

genetic/epigenetic transducing modules, and mechanic-sensors, will continue to be 

evolved for greater precision. The leverage of technological advancements of these 
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different fields into this ultrasound-controllable mechanic-genetics should in turn drive 

the development of these individual fields to open up new avenues.  

We envision that wearable patches carrying ultrasound transducers will be 

developed in the near future to be controllable by mobile phones and/or control devices 

via wireless and Internet connection. In fact, stretchable electronic circuits have been 

developed to produce wearable patches and ultrasound transducer arrays. As such, this 

ultrasound-controllable mechano-genetics technology will lead to a paradigm shift in 

translational medicine and pave the way for future telemedicine approaches, providing 

programmable health care at a remote distance for individual patients transplanted with 

ultrasound-controllable cells. In summary, our suite of engineered molecular tools laid 

some groundworks to advance biomedical and clinical applications. 
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