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“I wish I were a gardener 

digging away at the garden with 

nobody to stop me from digging.” 
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Abstract 

Brain tumors are a source of morbidity and mortality worldwide, especially in children and young adults. Due 

to the high rates of inherently disabling effects (such as personality changes, visual disturbances, and poor 

coordination), many patients with brain tumors cannot live independently. Gliomas are one of the most 

common CNS tumors. Over 70% of gliomas are malignant, of which glioblastoma (GBM, WHO grade IV) is 

the most common and fatal brain tumor. 

The high-grade brain tumor cells (e.g., GBM cells) diffuse into the surrounding healthy tissue and promote a 

rapid tumor progression. Despite decades of extensive clinical and biological research, the mean survival 

time of patients with GBM is no more than 15 months following diagnosis. New perspectives and new 

approaches are needed for a better understanding on GBM progression and ultimately limit GBM invasion 

and recurrence. 

Eukaryotic cell migration is a multi-step process. Cells usually undergo cycles of extending membrane 

protrusion in the cell front, forming adhesion to interact with the surrounding microenvironment and 

contracting by actomyosin at the cell rear. Rho GTPases have been reported to play crucial roles in all these 

steps. Rho GTPases can alter their expression in cancer or cooperate with growth factor receptors to control 

cell invasion and metastasis. Abnormal expression, organization, and post-translational modification of ECM 

molecules are observed in solid tumor ECM, further stiffening the tissue ECM. The mechanics and 

organization of ECM can also regulate or modulate cell migration. 

During my PhD study, I have demonstrated that Rho GTPases and mechanical cues play critical roles in the 

GBM cell invasion. The main results of my thesis are as follows: 

1. Rac1 depleting or inhibition dramatically reduces GBM cell invasion and changes their morphology 

with an abnormal cell cytoskeleton organization, myosin IIa location, and cell adhesion formation. 

2. The Erk1/2 signaling is involved in Rac1 induced GBM cell invasion. 

3. Inhibition of Rac1 changes GBM cell rigidity and viscosity. 
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Chapter1. Introduction 

1.1 Overview of Central Nervous System (CNS) Tumors 

CNS tumors are the heterogeneous groups of neoplasms, due to the out-of-control growing of healthy cells 

in the brain, the spinal cord, meninges or cranial nerves (Table 1) [1]. Although CNS tumors rarely happen in 

adults, they are still a substantial source of morbidity and mortality worldwide, especially in children and 

young adults. In 2016, there were approximately 330,000 new cases and 227,000 deaths of CNS cancer 

globally. Notably, the CNS cancer incidence rate is significantly increased by 17.3% in the decades between 

1990 and 2016 [2]. Another serious situation is that CNS cancer was also responsible for approximately 7.7 

million disability-adjusted life-years (DALYs) at the global level [2]. Due to the high mortality rates and 

inherently disabling effects (such as personality changes, visual disturbances and poor coordination), these 

patients often cannot live independently. 

WHO CLASSIFICATION OF TUMOURS OF THE CENTRAL NERVOUS SYSTEM 

Diffuse astrocytic and oligodendroglial tumors 

WHO Ⅱ 

 Diffuse astrocytoma, IDH-mutant  

 Gemistocytic astrocytoma, IDH-mutant 

 Diffuse astrocytoma, IDH-wild-type 

 Diffuse astrocytoma, not otherwise specified 

 Oligodendroglioma, IDH-mutant and 

1p/19q-codeleted 

 Oligodendroglioma, not otherwise specified 

 Oligoastrocytoma, not otherwise specified 

 

WHO Ⅲ 

 Anaplastic astrocytoma, IDH-mutant 

 Anaplastic astrocytoma, IDH-wild-type 

 Anaplastic astrocytoma, not otherwise specified 

 Anaplastic oligodendroglioma, IDH-mutant and 

1p/19q-codeleted 

 Anaplastic oligodendroglioma, not otherwise 

specified 

 Anaplastic oligoastrocytoma, not otherwise specified 

 

WHO Ⅳ 

 Glioblastoma, IDH-wild-type  

Ependymal tumors 

Other gliomas 

Choroid plexus tumors 

Meningiomas 

Mesenchymal, non-meningothelial tumors 

Neuronal and mixed neuronal-glial tumors 

Tumors of the pineal region 

Embryonal tumors 

Tumors of cranial an paraspinal nerves 

Melanocytic tumors 

Lymphomas 

Histiocytic tumors 

Germ cell tumors 

Tumors of the sellar region 

Metastatic tumors 
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 Giant cell glioblastoma,  

 Gliosarcoma 

 Epithelioid glioblastoma  

 Glioblastoma, IDH-mutant 

 Glioblastoma, not otherwise specified 

 Diffuse midline glioma, H3-K27M mutant 

Other astrocytic tumors 

Table 1 The 2016 World Health Organization Classification of Tumors of the Central Nervous System. This table has been 

abridged and modified from the World Health Organization classification [1]. 

1.1.1 Risk Factors 

Few known risk factors are associated with CNS tumors. Ionizing radiation (e.g., atomic weapon radiation) is 

the only well established environmental risk factor for primary CNS tumors [3]. Non-ionizing radiation 

(particular cell phone radiation), hormonal factors, low-frequency magnetic fields, and industrial exposures 

have shown no clear associations with the risk of CNS tumors [4-8]. Several genetic syndromes are 

associated with increased the risk of CNS tumors, but less than 5% of primary CNS tumors are due to these 

predisposition syndromes [9-10]. Studies also showed the inverse correlation between allergic diseases and 

glioma [11-12]. Still, all these associations remain controversial and additional studies are needed. 

1.1.2 Clinical Presentation 

Both malignant and benign CNS tumors can present with focal or generalized symptoms. These symptoms 

depend on the size, type, and location of tumors. Generalized symptoms often reflect increased intracranial 

pressure, headache, nausea, vomiting and visual disturbances [13-15]. While focal symptoms reflect the 

intracranial location of tumor, for example, the tumors located in the temporal lobe result in changes in 

personality. 

1.1 .3 Diagnosis and Treatment 

Clinical presentation can only provide some clues about whether or which part could be affected by CNS 

tumors. To diagnose a CNS tumor, the standard imaging test needed is magnetic resonance imaging (MRI) 

[16-17]. In addition, functional MRI, perfusion MRI, and magnetic resonance spectroscopy may help to 

evaluate the tumor and plan the treatment. Sometimes, computerized tomography (CT) is recommended to 

find cancer in other parts of the body. The treatment for a CNS tumor depends on the patient age, the 
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location and grade of the tumor, and the possible presence of another cancer. Usually, the effective 

treatments include neurosurgical surgery, and depend on whether the tumor is cancerous or not combined 

with radiation, and chemotherapy [18]. 

1.1.4 Pathological Classification  

The use of different classification systems creates confusion. It is indispensable to establish a standard 

system to assess the prognosis and therapy of CNS tumors. Since the last century, the World Health 

Organization (WHO) has started to establish a pathologic classification and grading system of CNS tumors, 

which can be accepted and used worldwide. The traditional classification of CNS tumors is based on 

histological and immunohistochemical phenotype. Histological phenotype depends on hematoxylin and 

eosin stains to assess the origin and differentiation levels (which also determine the WHO grade of CNS 

tumors), while immunohistochemical phenotype associates with the expression of lineage-associated 

proteins and ultrastructural characterization. According to the 2016 version of the WHO classification of CNS 

Tumors System, molecular parameters are added to enable a more precise tumor categorization. 

Furthermore, combining epidemiology, clinical signs and symptoms, imaging, prognosis and predictive 

factors into diagnoses is also necessary [1]. 

1.2 Glioblastoma Classification and Therapy 

Gliomas are one of the most common CNS tumors in adults. These tumors are of neuroectodermal origin 

and arise from glial or precursor cells [19]. Over 70% of gliomas are malignant, of which glioblastoma (GBM, 

WHO grade IV) is the most common and fatal brain tumor. According to the IDH mutations, GBMs are 

divided into three types in the 2016 CNS WHO classification of CNS Tumors System (Table1) [1]. 

1. GBM, IDH-wildtype (about 90 % of cases). This GBM subtype typically is defined as ‘primary GBM’-that 

is, these tumors begin as a Grade IV tumor with no evidence of a pre-existing lower grade precursor and 

tend to be more aggressive. GBMs that develop de novo predominate in patients over 55 years of age [20]. 

2. GBM, IDH-mutant (about 10 % of cases). This GBM subtype is secondary GBM, which means that 

these tumors progress from a pre-existing lower-grade astrocytic tumor (Grade II or Grade III). In general, 

these tumors tend to arise in young patients [21]. 
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3. GBM, not otherwise specified, in which full IDH evaluation cannot be performed. 

Here I enumerate the main molecules and their signal pathway that involved in GBM. The detail molecular 

and genetic epidemiology in adult GBM is described below (Table 2): 

1. The pentose phosphate pathway: IDH1 or IDH2 gene, which encodes cytoplasmic isocitrate 

dehydrogenase and mitochondrial isocitrate dehydrogenase, respectively.  These enzymes can convert 

isocitrate to α-ketoglutarate and produce NADPH [22].  

2. P53 and its regulators: P53 is a tumor suppressor, it is essential for regulating DNA repair and cell 

division. TP53 can produce P53 protein. MDM2 encodes a nuclear localized E3 ubiquitin ligase, and 

MDM4 encodes a nuclear protein that has similar structural to MDM2. Both MDM2 and MDM4 can bind the 

p53 protein and inhibit its activity. 

3. PI3K (phosphatidylinositol 3-kinase) signaling:  PI3K signaling is essential for many cell activities, such 

as cell proliferation, cell movement and cell survival. PIK3CA gene can produce the catalytic subunit of PI3K, 

called p110α protein, while PIK3R1 gene can produce the regulatory subunit of PI3K; the most abundant 

one is called p85α.  

4. Cyclin-dependent pathway genes: CDK4 and CDK6 gene encode proteins belonging to the Ser/Thr 

protein kinase family. These kinases are catalytic subunits of the protein kinase complex and are crucial for 

cell cycle G1 phase progression. CDKN2A gene can encode p16 (INK4A) and p14 (ARF) proteins. The p16 

(INK4A) protein binds to CDK4 and CDK6 and regulates the cell cycle, while p14 (ARF) protein can protect 

p53 from being degenerate. CDKN2B gene encodes a cyclin-dependent kinase inhibitor, which forms a 

complex with CDK4 or CDK6, and prevents the activation of the CDK kinases. 

5. Mitogenic RTKs: EGFR gene and PDGFRA gene encode epidermal growth factor receptor (EGFR) and 

platelet-derived growth factor receptor alpha (PDGFRA), respectively, which both control many vital cellular 

processes, such as cell proliferation and cell survival. MET gene encodes a member of the receptor tyrosine 

kinase family of proteins and the product of the proto-oncogene MET. 

6. Telomere maintenance: Telomerase enzyme consists of two major components, hTERT and hTR. 

These two parts then work together as a telomerase enzyme. TERT gene encodes the hTERT protein. 
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7. Chromatin remodeling complexes:  ATRX gene encodes a protein which may involve in chromatin 

remodeling. 

8. NF1 (Neurofibromatosis type 1) gene encodes a protein that changes skin coloring and the growth of 

tumors. 

9. MGMT (O6-methylguanine-DNA methyltransferase) repairs DNA damage, methylation of the MGMT 

promoter silences the MGMT gene. 

Characteristic Glioblastoma, IDH-wild type Glioblastoma, IDH-mutant 

Genetic TERT, TP53, PIK3CA, PIK3R1, NF1, 

H3F3A-G34 and PDGFRA1 mutation; 

PTEN mutation or homozygous deletion; 

CDKN2A or CDKN2B deletion; EGFRvIII 

rearrangement; EGFR, PDGFRA, MET, CDK4, 

CDK6, MDM2, MDM4 amplification 

IDH1 or IDH2, TP53, ATRX mutation; 

CDKN2A or CDKN2B deletion 

Epigenetic ~40% MGMT-promoter methylation ~90% MGMT-promoter methylation; 

G-CIMP 

Chromosomal Trisomy 7 or 7q gain; 

monosomy 10 loss; 

double minute chromosomes 

Trisomy 7 or 7q gain; 

LOH 17p; 

Chromosome 10q loss 

Median age at 

diagnosis (years) 

59 38 

Median overall 

survival (years) 

1.2 3.6 

Table2 Common Genetic, Epigenetic and Chromosomal Aberrations Associated with the Major Glioblastoma Entities 

[23-24]. This table has been abridged and modified from Nat Rev Clin Oncol 14, 434–452 (2017) and Nat Rev Neurol 15, 405–417 

(2019). EGFRvIII: EGFR variant III; G-CIMP: glioma CpG-island methylator phenotype (excludes frequent MGMT-promoter 

methylation). 

The treatment of GBM remains a challenge. In order to improve the survival time of patients, lots of efforts 

are needed to refine neurosurgical techniques, radiotherapy, and the discovery of powerful therapeutic 

agents. Nowadays, many therapeutic agents have been entering into clinical trials, which mainly target the 

growth factor receptors and their downstream pathways, cell cycle, epigenetic modulators, angiogenesis, 

and antitumor immune responses.  

Here are some examples:  

The inhibitors of tyrosine kinase receptor pathways, which include the EGFR blocker, depatuxizumab 
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mafodotin, an antibody-drug conjugate [25]; MET antibody, onartuzumab and the inhibitor of both MET, 

VEGFR2 and AXL, cabozantinib [26-28]; and the oral pan-FGFR (Fibroblast growth factor receptor) kinase 

inhibitor, JNJ-42756493 [29]. The pan-PI3K inhibitor, buparlisib, is used to block the activation of 

PI3K/AKT/mTOR signaling [30]. Palbociclib and TG02, a multi-CDK inhibitor mainly targeting CDK9, are 

used to block the retinoblastoma (pRB) pathway [31-32]. Due to the important role of tumor suppressor p53, 

many trials are also focused on this pathway [33-34]. TERT is one of the components of the telomerase 

enzyme, which often mutate in IDH-wild type GBM. Eribulin, the inhibitor of tubulin polymerization, also 

exerts a TERT inhibitory activity [35]. Proteasomes play a central role in degrading unneeded or damaged 

proteins, and their inhibitors potently induce apoptosis in many types of cancer cells. Marizomib, the 

brain-penetrant pan-proteasome inhibitor, has been used for clinical trials of GBM [36]. Angiogenesis is the 

formation of new blood vessels, which can provide nutrients and oxygen for tumor cells to grow and spread. 

Bevacizumab is used in GBM to block vascular endothelial growth factor (VEGF) for angiogenesis [37-38]. 

Cilengitide can inhibit the malignancy of GBM by inhibiting specific integrins [39]. TGF (Transforming growth 

factor)-β is a key molecule responsible for immunosuppression. TGF-β2-specific antisense oligonucleotides 

and tyrosine kinase inhibitors, galunisertib, are used to block the immunosuppression in GBM [40-42]. 

MGMT-promoter methylation is ubiquitous in GBM, especially in IDH-mutant GBM. Lots of strategies are 

used to target this change, including:  

1) monofunctional methylating agents, temozolomide (TMZ) [43];  

2) histone deacetylase inhibitors, panobinostat and valporic acid [44-45];  

3) levetiracetam, an AMPA receptor antagonist, can decrease MGMT protein and mRNA expression levels 

in the cell [46]. 

Well-known repurposed drugs, which can cross blood-brain-barrier (BBB), also provide a strategy to treat 

GBM. Propentofylline, a vascular dementia and Alzheimer’s disease drug, can target the orphan receptor in 

the Tumor Necrosis Factor Receptor (TNFR) signaling [47]. Pimozide, an antidepressant and antipsychotic 

drug, can inhibit protumorigenic activities [48]. Chlorpromazine, an antipsychotic drug, inhibits 

protumorigenic activities [49]. Metformin, an anti-diabetic drug, can modulate metabolism, lower glucose 

availability, suppress of insulin-like growthfactor signaling, and specifically inhibit of AMP-activated protein 
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kinase, which is expected to affect the survival of GBM cells [50]. 

Immunotherapy is a type of biological therapy that helps patients’ immune systems to fight cancer. 

Regulating the expression of PD-1 and PD-L1 can modulate the response to immune checkpoint blockade 

[51]. Investigating of dendritic cell (DC) vaccines, activated natural killer (NK) cells and chimeric antigen 

receptor (CAR) expressing T cells (CAR-T) or CAR-expressing NK cells (CAR-NK) are promising new ways 

for the treatment of GBM. 

Furthermore, improving the efficiency of the drugs delivery across BBB is also important. Such procedures 

may include using nanobiotechnology-based drug or nanoparticles for drugs delivery. 

1.3 Mammalian Rho GTPases 

Small GTPases superfamily is formed after the discovery of the Ras oncogene. They are typically between 

20-25 kDa. Mammal Rho GTPases comprise a family of 20 members (Table3). Like other GTPases, most of 

them cycle between an inactive GDP-bound form and an active GTP-bound form. Active GTPases then 

switch on the downstream signaling events by binding to effectors. This cycling of Rho GTPases between 

active and inactive states is controlled by guanine nucleotide-exchange factors (GEFs), GTPase-activating 

proteins (GAPs) and guanine nucleotide-dissociation inhibitors (GDIs) (Figure1) [52-54]. Rho GEFs include 

two families, which contain either a Dbl-homology (DH) domain (at least 70 members) or a Dock Homology 

Region (DHR) domain (11 members) [55]. Rho GAPs (70 members in mammals) contain a unique catalytic 

domain. Both GEFs and GAPs are essential regulators for GTPases activity. GEFs can modify the 

nucleotide-binding site of G protein and decrease its affinity to the nucleotide. Thus, the nucleotide is 

dissociated from the G protein and subsequently replaced. In general, the affinity of the G protein for GTP 

and GDP is similar, so more abundant GTP is needed for the GTP-bond. GTPases can hydrolyze GTP at a 

very slow rate. However, GAPs can help GTPases to accelerate the GTP hydrolysis rate [56]. Rho GTPases 

carry either a farnesyl pyrophosphate (FPP) or geranylgeranyl pyrophosphate (GGPP) at their C-terminus 

for their localization and interaction [57]. Rho GDIs (3 members in mammals) can recognize the inactive 

GTPases and remove them from the membrane [58]. Besides, Rho GTPases signaling can also be 

regulated by gene expression, the post-transcriptional (e.g., micro RNA) and post-translational modifications. 

For example, lipid modifications determine Rho GTPases localization, phosphorylation and sumoylation 
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regulate GTPases activity, and ubiquitylation modulate their protein levels (Figure1) [59-60].  

Furthermore, Rho GTPases are critical linkers in many chemokine receptors and growth factor receptors 

signaling pathways. The spatial and temporal segregation of their active state can efficiently regulate their 

function. Currently, Rho GTPases play important roles in regulating neuronal development, morphogenesis, 

cell-cycle progression, gene expression, cytoskeleton dynamics, vesicle trafficking, cell division, migration 

and adhesion [61-65]. 

Subfamilies Rho GTPase GTPase activity Prenylation Expression pattern 

Rho RhoA Yes GG Ubiquitous 

 RhoB Yes GG, F Ubiquitous 

 RhoC Yes GG Ubiquitous 

RhoD/Rif RhoF (Rif) Yes GG, F Hematopoietic system 

 RhoD Yes F Skin, esophagus 

Rnd Rnd1 No F Brain, liver, lung 

 Rnd2 (RhoN) No F Brain, testis 

 Rnd3 (RhoE) No F Widespread 

Rac Rac1 Yes GG Ubiquitous 

 Rac2 Yes GG Hematopoietic system 

 Rac3 Yes GG Brain, testis 

 RacG Yes GG Hematopoietic system 

Cdc42 Cdc42 Yes GG Ubiquitous 

 RhoQ (TC10) Yes F Ubiquitous 

 RhoJ (TCL) Yes F Female tissues, 

smooth muscle, lung 

Wrch/Chp RhoU (Wrch-1) Yes, but high 

intrinsic GEF 

No Ubiquitous 

 RhoV (Wrch- 

2, Chp) 

Yes, but high 

intrinsic GEF 

No Esophagus, skin 

RhoH RhoH (TTF) No GG, F Hematopoietic system 

RhoBTB RhoBTB1 No No Placenta, skeletal 

muscle, kidney, testis 

 RhoBTB2  No Lung, brain, small 

intestine 

Table 3 The Rho GTPase Family [66]. Grouping based on similarity of the GTPase domain. Rho GTPase: gene name 
(alternative name). GTPase activity: Rho GTPases without GTPase activity are constitutively active. Prenylation: GG 
(Geranylgeranylation), F (Farnesylation). 
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Figure 1 Overview of Rho GTPase Regulation [59]. The route from Rho GTPase protein expression to effector protein 

activation is tightly regulated. Guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and guanine 

nucleotide dissociation inhibitors (GDIs) constitute the classic regulatory proteins that regulate the GTPase cycle. GEFs activate 

Rho GTPases by catalysing the exchange of GDP for GTP, whereas GAPs greatly stimulate the intrinsic GTPase activity of Rho 

GTPases and inactivate them. GDIs extract prenylated Rho GTPases from the membrane by binding the isoprenoid moiety and 

sequester them away in the cytoplasmic compartment. Unconventional mechanisms of regulating Rho GTPases are becoming 

more apparent. (a) Rho GTPase expression can be controlled at the transcriptional level by epigenetics and at the translational 

level by the action of microRNAs (miRNAs). (b) Post-translational covalent modifications of Rho GTPases, including 

phosphorylation and sumoylation, can result in the activation or inactivation of Rho GTPases, depending on the cellular context. (c) 

Protein levels of Rho GTPases can be acutely regulated by the ubiquitin–proteasome system. (d) The combination of classical 

and unconventional regulatory mechanisms ensures the appropriate spatiotemporal activation of the Rho GTPases during various 

cellular processes, including regulation of cytoskeletal dynamics, cell polarity and survival. 

1.3.1 Actin Dynamics  

In eukaryotic cells, actin dynamics are regulated by the coordination of polymerization factors (e.g., Arp2/3 

and formin), filament severing and capping proteins (Figure2). Briefly, Cdc42-GTP directly targets N-WASP 

(Wiskott-Aldrich syndrome protein) or Toca-1 (transducer of Cdc42-dependent actin assembly) and exposes 

N-WASP C-terminal site for Arp2/3 binding and activation [67-68]. WAVE complex consists of five 

components: Sra1/Cyfip1 (or the ortholog PIR121/Cyfip2), Nap1/Hem2/Kette (or the ortholog Hem1), Abi2 
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(or the orthologs Abi1 and Abi3), HSPC300/Brick1, and WAVE1/SCAR (or the orthologs WAVE2 and 

WAVE3) [69]. Rac promotes the disassembly of the WAVE complex by directly targeting of Nap125 and 

PIR121. Nap125 and PIR121 subsequently release the inhibition of WAVE and allow it approaching the 

Arp2/3 complex [69].  

Mammalian cells can also use diaphanous-related formin (DRF), such as mDia1or mDia2, for actin 

polymerization. Once a Rho-GTP binds to mDia1, it will relieve the auto-inhibitory interaction of mDia1, 

which then exposes an FH2 domain for binding the barbed end of actin filament and an FH1 domain to 

deliver profilin/actin for filament elongation [70]. Cofilin can regulate actin dynamics by stimulating both 

depolymerization and polymerization. As an actin-filament severing protein, activated cofilin applies more 

uncapped barbed ends for actin polymerization and filament elongation [71]. Phosphorylation of cofilin leads 

to its inactivation. LIM kinase (LIMK), one of the downstream effectors of the PAK family, can stimulate 

cofilin phosphorylation. However, the PAK family is a group of Rac/Cdc42-dependent kinases [72-73]. Rho 

can also phosphorylate cofilin in a Rho kinase (ROCK)-LIMK dependent way to stabilize actomyosin 

filaments [74]. In addition, Rho promotes assembly of contractile actomyosin filaments through a 

ROCK-dependent way. ROCK can inactivate the myosin light chain (MLC) phosphatase by phosphorylating 

it and subsequently leads to increased phosphorylation of MLC [75]. 
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Figure 2. Regulation of Actin Dynamics by Formins and Arp2/3 in Cellular Protrusions [76]. The Rho GTPases Rac, RhoA, 

and Cdc42 regulate actin dynamics at the leading edge via their effects on the activities of formins (mDia), Arp2/3 complex, and 

LIM kinase (LIMK). Arp2/3 nucleates actin branches that are seen in broad protrusions. Its activity is regulated by Cdc42 and Rac1, 

which act on WASP/WAVE-containing protein complexes. Rac and Cdc42 also act on PAK, which phosphorylates LIM kinase, 

which in turn regulates cofilin, a severing protein. Finally, RhoA acts on mDia1 and Cdc42 acts on mDia2 to promote actin 

polymerization using a processive capping mechanism. RhoA also activates profilin, which binds to actin monomers and increases 

the rate of polymerization. These GTPases are activated in a clear temporal sequence near the leading edge. AID, autoinhibitory 

domain; FH, formin homology domains; RBD, Rho-GTPase-binding domain. 

1.3.2 Microtubule Cytoskeleton 

Microtubules are essential for cell polarity and the distribution of intracellular organelles. Op18/stathmin 

family promotes disassembly and inhibits polymerization of microtubules [77]. These proteins can be 

phosphorylated at Ser16 and, in turn, to an inactivation state mediated by Cdc42/Rac-dependent activation 

of PAK [78]. In neurons, collapsin response mediator protein-2 (CRMP-2) can promote microtubule 

assembly though binding tubulin heterodimers. Rho can inactivate CRMP-2 mediated by ROCK 

phosphorylated CRMP-2 [79]. In migrating fibroblasts, Rho promotes the formation of stabilized microtubules 

by mDia without changing actin cytoskeleton [80]. Moreover, Rho GTPases can regulate the activities of 



17 

 

many microtubules plus end-binding proteins to define cell shape and polarity [81-83]. 

1.3.3 Gene Expression 

Rho activation can promote the translocation of MAL from the cytoplasm to the nucleus by the actin 

cytoskeleton, which then help serum response factor (SRF) for gene transcription [84]. CDC42/Rac/Rho 

GTPases can regulate the JNK and p38 MAP kinase and NFκB signaling pathway and play import roles 

[85-88]. 

1.3.4 Cell Cycle 

During cell cycle G1, Rho GTPases can stimulate cyclin D1 transcription, cyclin E expression and regulate 

the levels of the Cdk2 inhibitors, p21cip1 and p27kip1 [89-97]. During cell cycle mitosis, Rho can control the 

positioning of the centrosomes by actomyosin filaments [98]. In C.elegans, Cdc42 can directly target Par6 to 

regulate the positioning of the spindle by Par6/aPKC/Par3 and Par1/Par2 complex [99]. Cdc42-specific 

effecter mDia3 is one of the kinetochore’s key components, which is very important for spindle microtubules 

and chromosomes interaction [100]. Furthermore, Rho plays a crucial role in contractile ring function and 

cleavage furrow during cytokinesis [101-103]. The roles of Rho GTPases in the cell cycle are also showed in 

Figure 3. 
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Figure 3 Rho GTPases and the Cell Cycle [61]. Rho GTPases control multiple aspects of M phase and G1 progression. The 

signaling pathways are shown for the relevant stages. Microtubules, green; actin, red; condensed chromosomes, blue. 

1.3.5 Cell Polarity 

Three protein complexes, Par6/aPKC/Par3, Dlg/Lgl/scribble, and Crumbs/PALS1/PATJ, have been 

implicated in epithelial morphogenesis [104]. Cdc42 can directly target Par6 and involve morphogenesis via 

regulating Par6/aPKC/Par3 alone or together with the other two complexes [105].  

1.3.6 Cell Migration 

Current concepts of cell migration are well established in regular cell culture. So far, the best understandable 

form is two-dimensional (2D) migration, which means cells cultured and migrated on flat glass or plastic. 

Mostly, eukaryotic cell migration is a multistep process that cells usually undergo cycles of extending 

membrane protrusion in the cell front, forming adhesion to interact with the surrounding microenvironment 

and coupled with the actomyosin-based contraction [106-107]. 

Protrusion 

Membrane protrusions at the leading edge of cells include filopodia and lamellipodia. Filopodia are 
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finger-like protrusions that contain parallel bundles of actin filaments in the direction of protrusion (Figure 4). 

Lamellipodia are thin branched actin sheets, which can both protrude and retract (Figure 4). Filopodia or 

lamellipodia protrusions at the leading edge depend on actin filaments growth, which then helps to push the 

front of the cell forward [52, 108-109]. As mentioned above, actin polymerization is stimulated by Rho family 

GTPases.  

 

Figure 4. Filopodia [52]. A model for filopodium formation is as follows: (1) IRSp53 initiates filopodia by bending the membrane 

and recruiting Cdc42 and Cdc42 targets, mDia2 and WASP/N-WASP, which then stimulate actin polymerization. (2) Actin 

filaments could also be provided from lamellipodia, where Myosin X could cluster WASP/Arp2/3-nucleated actin filaments. (3) 

Filopodia subsequently extends through the addition of actin monomers (G-actin) onto actin filaments (F-actin). VASP, Myosin X, 

and mDia2 are localized to the tip of filopodia. Myosin X moves dynamically in filopodia and could contribute to delivery of proteins 

to the filopodial tip. (4) Actin polymerization in filopodia is nucleated by mDia2 in concert with VASP, which delivers actin 

monomers to the filopodial tip. Profilin binds to and provides actin monomers directly to mDia2. Cdc42 and Rif stimulate 

mDia2-mediated actin polymerization, and Cdc42 also stimulates WASP/Arp2/3-driven polymerization.Lamellipodia [52]. A model 

for lamellipodium formation is as follows: (1) Severing of actin filaments by cofilin provides free actin filament barbed ends, which 

act as sites for actin polymerization and subsequently Arp2/3-mediated nucleation of new filaments. (2) In conditions of 

steady-state lamellipodial extension, actin polymerization in lamellipodia is nucleated by the Arp2/3 complex, generating a 

branched actin filament network. The Arp2/3 complex is activated by the WAVE complex, which in turn is activated at the 

membrane by Rac1. Formins extend Arp2/3 complex-generated filaments. Formins are activated by Cdc42, Rac1, and probably 

other Rho GTPases. Actin monomers (G-actin) are provided to formins by profilin. VASP also contributes to actin filament 

extension. Cofilin severs and depolymerizes older actin filaments in the network. (3) Formins can also nucleate actin filaments 

independent of the Arp2/3 complex, generating unbranched filaments. 

Adhesion 

‘Nascent adhesions’ to the substrate are formed beneath the extending lamellipodium. Integrin-mediated 

adhesions are the best studied (Figure 5) [110]. These adhesions transmit forces at the leading edge and 

are released at the cell rear during cell migrations [111]. These steps are mediated by actin polymerization 

and myosin II activity through Rho-family GTPases [112-113]. Nascent adhesions mature to focal adhesions 
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in response to force transmission by actomyosin stress fibers. Adhesion disassembly occurs at both the front 

and rear of the cell. Disassembly occurs most prominently at the lamellum–lamellipodium interface and 

retraction area. Disassembly associated with retraction seems dependent on a Rho GTPase- and myosin II- 

activity [114]. 

The molecules that reside in adhesions are more than 150. Some molecules can regulate Rho-family 

GTPases for cell migration, for example, focal adhesion kinase (FAK)/paxillin signaling module. Paxillin is a 

signaling adapter. It enters adhesions as they form and remains there until they disassemble [115]. FAK and 

Src mediate phosphorylation of paxillin on Y31 and Y118, this then allows paxillin to bind a number of 

molecules such as Crk/p130Cas, FAK/Src, and Ras GAP, and conformationally activate the molecules 

including Src, FAK, paxillin, and p130 Cas. Among paxillin binding proteins, P130Cas recruits Rac GEF 

Dock180; GIT1 and GIT2 can bind to Cdc42 and Rac GEF Pix [116-118]. Activated Src and FAK can inhibit 

or activate RhoA activity by regulating p120RasGAP-p190RhoGAP complex and p190RhoGEF and 

PDZRhoGEF, respectively [119]. 

 

Figure 5 Adhesions in Migration Cell [114]. Adhesion is closely coupled with the protrusions of the leading edge of the cell 

(filopodia and lamellipodia). Adhesions (nascent adhesions) initially form in the lamellipodium (although adhesions may also be 

associated with filopodia) and the rate of nascent adhesion assembly correlates with the rate of protrusion. Nascent adhesions 
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either disassemble or elongate at the convergence of the lamellipodium and lamellum (the transition zone). Adhesion maturation 

to focal complexes and focal adhesions is accompanied by the bundling and cross-bridging of actin filaments, and 

actomyosin-induced contractility stabilizes adhesion formation and increases adhesion size. 

Contraction 

Rho A can promote both cell adhesion disassembly and cell retraction at the rear of the cell. It also activates 

ROCK to stimulate myosin II activity by phosphorylating myosin RLC and inhibiting myosin phosphatase, 

promoting actomyosin stress fibers assembly and function. 

1.3.7 Atypical and Other Rho-family GTPases 

The atypical Rho GTPases consist of four subfamilies: RhoU/RhoV subfamily, RhoH subfamily, Rnd 

subfamily, and RhoBTB subfamily. RhoU can bind to the SH3 domains of Grb2 through its N-terminal 

domain and be phosphorylated by Src [120-121]. Both RhoU and RhoV can bind to the PAK family kinases 

and affect actin cytoskeleton and adhesion dynamics [122-123]. RhoH predominantly expresses in 

haematopoietic tissues [124]. RhoH is GTPase-deficient and therefore is constitutive in the GTP-bound form. 

RhoH can regulate murine haematopoietic progenitor ability and T-cell differentiation [125-126]. In addition, 

RhoH can antagonize the activity of other Rho GTPases, such as Rac1 and RhoA [127-128]. Rnd1, Rnd2 

and Rnd3 proteins are also GTPase deficient [129]. Rnd1 and Rnd3 mainly locate in membranes and can 

antagonize the activity of RhoA [130-131]. Rnd2 mainly locate in the cytoplasm. Rnd can regulate their 

activity through gene expression, protein phosphorylation and their localization. Phosphorylation allows Rnd 

proteins to bind to 14-3-3 proteins. Raf mediates Rnd3 expression and regulates the actin cytoskeleton [132]. 

RhoBTB1 and RhoBTB2 contain BTB domain. It is important for the formation of Cullin-ring ubiquitin ligases 

(CRLs, E3 ubiquitin ligases) [133-134]. RhoBTB1 and RhoBTB2 can localize at the membrane vesicles. 

RhoBTB2 is involved in transporting vesicular stomatitis virus glycoprotein (VSVG) and affects the cell cycle, 

apoptosis, cytoskeleton and membrane trafficking [135]. The more information about Rho proteins and their 

effectors and functions are shown as follows (table 4): 

RHO protein Effectors Effector protein type Function 

RHOA, C ROCK I, II Kinase Actomyosin contraction, 

transformation, transcription 

(SRF) 

  Scaffold Actin polymerization, 

transcription (SRF), 
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microtubules 

 PRK1/PKN Kinase Endocytosis, p38γ MAPK 

activation, transcription 

(MEF2C) 

 Citron Kinase Cytokinesis 

RHOB PRK1/PKN Kinase EGFR trafficking, motility and 

cell adhesion 

RHOD Unknown - Vesicle transport 

RND1, 2, 3/RHOE Unknown - Antagonist of RHOA 

RHOG Kinectin Scaffold Microtubule binding 

 Unknown Unknown RAC1 and CDC42 activation 

RHOH Unknown - Implicated in tumours of 

myeloid origin 

RIF Unknown - Actin organization 

CHP PAK Kinase JNK activation 

WRCH1 PAK Kinase JNK activation, morphological 

transformation 

RAC1, 2, 3 PAK1, 2, 3 Kinase JNK activation, transformation 

 MLK2, 3 Kinase JNK activation2– 

 PAR6 Kinase Cell polarity, transformation 

 p67PHOX Enzyme NADPH oxidation, 

transcription (NFκB) 

 IQGAP1, 2 Scaffold/GAP Adherens junctions 

 POSH Scaffold JNK activation, transcription 

(NFκB) 

 IRSp53 Scaffold Actin polymerization 

CDC42 PAK1, 2, 3, 4 Kinase JNK activation, transformation 

 MLK2, 3 Kinase JNK activation 

 PAR6 Scaffold Cell polarity, transformation 

 N-WASP, WASP Scaffold Actin organization 

 MRCK1, 2 Kinase Actin organization 

TC10 (TCL) PAK Kinase JNK activation 

 WASP Scaffold Actin polymerization 

 PIST136 Scaffold ? 

 ? ? GLUT4 translocation, glucose 

uptake 

Table 4 RHO Proteins, Their effectors and Functions [136]. CHP, CDC42 homologue protein; EGFR, epidermal growth-factor 

receptor; GLUT4, glucose transporter 4; IQGAP, IQ-motif-containing GTPase-activating protein; IRS, insulin-receptor substrate; 

JNK, JUN N-terminal kinase; MAPK, mitogen-activated protein kinase; MEF2C, myocyte-enhancer factor 2C; MLK, mixed-lineage 

kinase; NF-κB, nuclear factor of κB; PAK, p21-activated kinase; PAR, partitioning defective; PIST, PD2 domain protein interacting 

specifically with TC10; PKN, protein kinase N; POSH, plenty of SH3 domains; PRK, protein-kinase-C-related kinase; RIF, RHO in 

filopodia; ROCK, RHO-associated coiled-coil-forming kinase; SRF, serum response factor; WASP, Wiskott–Aldrich syndrome 
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protein; WRCH, WNT-responsive CDC42 homologue. 

1.3.8 Rho GTPase in Cancer 

The Altered expression of Rho GTPase in Cancer: RhoA seems to act as a tumor suppressor gene because 

this gene is rarely amplified but often deleted in many cancer types [66]. Some mutational hotspots of RhoA 

are described in the TCGA database. However, among them constitutively active mutants, RhoA G14V and 

RhoA Q63L, and “fast cycling” mutation RhoAF30L, are not found, indicating that direct mutational activation 

of RhoA is not crucial for tumor formation. RhoB gene is amplified, while the RhoC gene is deleted in many 

cancer types. Rac1 is amplified in many cancers types, which seems to act as a tumor promoter [66]. 

Several Rac mutations, such as the hotspot at P29, can increase the activity of Rac1 in melanoma and 

uterine cancer [66]. Cdc42 can be amplified, deleted or mutated, which is highly dependent on tumor type 

[66]. The rest members of the Rho GTPase family also involve human cancers. For example, Rac3, RhoU 

and RhoD are mostly amplified, whereas RhoBTB2 and RhoV are often deleted in many cancer types. 

Rho proteins and RAS: Rho GTPases are required for RAS transformation [136]. For example, mutants of 

RhoA, RhoG, Rac1, TC10 and CDC42 regulate RAS-induced fibroblast transformation [137]. Rac2 is 

required for the hyperproliferation of RAS activated mast cells [138]. In RAS-transformed cells, RAS can 

regulate the activation of Rac1 and RhoA, which depend on the cancer type [106, 139]. 

Rho proteins and growth factors: the abnormal signal of EGF, hepatocyte growth factor (HGF), 

lysophosphatidic acid (LPA), platelet-derived growth factor (PDGF) and transforming growth factor-β (TGF-β) 

can transmit into cell though Rho proteins in tumorigenesis [136]. 

Rho proteins in invasion and metastasis: losing the epithelial polarity is the first step of tumorigenesis. 

However, Cdc42/Rac/PAK can regulate cell polarity [140]. Rho proteins, such as RhoA, play important roles 

in cell-cell adhesions and are supposed to involve in the epithelial-mesenchymal-transition (EMT). Rho 

proteins and their effectors play critical roles in cell motility. RhoA and Rac1 can regulate the levels of MMPs 

or their antagonists, tissue inhibitors of metalloproteinases (TIMPs), to remodel the ECM for cell migration 

[141-143]. 

Rho proteins and cell-cycle control: Rac1 and Cdc42 can mediate the expression of cyclin D1, and RhoA 

signaling can down-regulate the levels of CDKIs p21WAF1 and p27KIP1 [96-97]. 
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1.4 Mechanosemsitive Piezo ion Channels 

Piezo family proteins, including Piezo1 and Piezo2, are mechanically activated calcium-permeable ion 

channels and convert physical force into biochemical information [144]. Such mechanical stimulations 

include poking, stretching and shear stress. Piezo1 is highly expressed in epithelial tissues, including lungs, 

bladder, pancreas skin, and blood vessels, while Piezo2 is mostly expressed in cells of neuronal origin, for 

example, sensory dorsal root ganglia [144]. 

Piezo1 is a large membrane protein (~2500 amino acids) contains 36 transmembrane domains and 

functions as three pore-forming units (Figure 6). Details of this channel’s structure and gating have been 

partly shown based on studies of mouse Piezo1 (Figure 7) [145-147]. 

 

Figure 6 Overall Structure of Mouse Piezo1 [147]. a, The indicated view of the sharpened map (6σ contour level) filtered to a 

resolution of 3.97Å, with each subunit colour-coded and the major domains labelled. b, Cartoon models with each subunit 

colour-coded. In the middle panel, the peripheral blade of the front subunit is omitted for a better view of the curvature of the TM 

helices. The shadow area indicates a planar and a potentially curved membrane plane where TM helices reside. 
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Figure 7 Repetitive THUs and a 38-TM Topology Model [147]. a, Cartoon model showing cylindrical helices displays one 

subunit, with individual THUs and major structural domains labelled. The functionally characterized extracellular loops of 

TM15–TM16 (L15–16) and TM19–TM20 (L19–20) are shown in red dashed lines, and residues L1342 and L1345 in the beam are 

shown by red spheres. b, A 38-TM topology model, colour-coded to match the cartoon models in a. Some intracellular helices 

shown in a are omitted for better illustration of the THUs and beam features. Yellow dots mark the experimentally verified 

extracellular loops, and blue dots indicate loops that contain residues that can be cross-linked to residues in the intracellular loops 

of TM28–TM29 and TM32–TM33. 

Both Piezo 1 and Piezo 2 have been shown to play crucial roles in many processes. Gain-of-function (GOF) 

and loss-of-function (LOF) mutations in Piezo1 are associated with dehydrated hereditary stomatocytosis 

and lymphatic malformation, respectively [148-149]. While GOF and LOF mutations in Piezo 2 are 

associated with distal arthrogryposis and the defects in touch perception and proprioception, respectively 

[150-151]. Recently reports also show that Piezo1 controls epithelial cell numbers. In crowded regions, 

Piezo1 forms large cytoplasmic aggregates triggering extrusion and apoptosis. In sparse regions, it localizes 

to both of the plasma membrane and cytoplasm to trigger cell division [152-153]. Piezo1 plays functions in 

both development and adult physiology by shear stress sensing and the determination of the vascular 

structure [154]. Piezo1 suppresses the PKA activity in a phosphodiesterase 1 (PDE1)-dependent way during 
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cells transition from unconfined to confined spaces [155]. In addition, Piezo1 has also been shown to 

participate in endothelial inflammation [156], serotonin synthesis [157], axon growth [158], demyelination 

[159] and innate immunity [160]. Piezo1 is overexpressed in glioma and associated with glioma aggression 

[161]. The expression of Piezo1 is also positively correlated with the degree of peritumoral brain edema in 

GBM patients [162]. It seems that Piezo1 is an ideal new prognostic biomarker for glioma patients [163]. 

1.5 Complexities of Extracellular Matrix (ECM) 

The ECM serves as physical scaffolding for the cellular constituents and is required for tissue 

morphogenesis, differentiation and homeostasis. The main molecular components of the ECM are 

proteoglycans (PGs) and fibrous proteins [164-165]. PGs are composed of glycosaminoglycan (GAG) chains 

covalently linked to a specific protein core. They can be classified into three main families: small leucine-rich 

proteoglycans (SLRPs), modular proteoglycans and cell-surface proteoglycans [164]. PGs can form into a 

hydrated gel, fill into the major part of the extracellular interstitial space, and have a wide variety of functions 

[165]. The main fibrous proteins include collagens, elastins, fibronectins (FNs) and laminins, and the most 

abundant one is collagen. Collagen constitutes the main structural element of the ECM, which provides 

tensile strength and plays important roles in cell adhesion, chemotaxis and migration, and tissue 

development [166]. FN can direct the ECM organization and mediate cell attachment and other functions 

[167-168].  

Normal tissue ECM is a relaxed meshwork composed of collagens and elastin fibers, together with FN and 

surrounding with PGs hydrogel. This network allows ECM to resist a wide range of tensile stresses. ECM is 

a highly dynamic entity. Its precise orchestration is crucial to maintain its normal function. For example, it 

can coordinate the function of fibroblast metalloproteinases (MMPs), tissue inhibitors of metalloproteinases 

(TIMPs) and other enzymes (e.g., LOX and transglutaminases). [169-171].  

ECM Change in Tumor 

In many solid tumors, ECM often expresses high levels of fibrillar, collagens, fibronectin, elastin, and 

laminins. Abnormal organization and post-translational modification of ECM molecules are also observed in 

tumor ECM. In myofibroblasts, copious quantities of deposited collagen and elastin fibers are reoriented and 

crosslinked by lipoxygenase and transglutaminase, which further stiffen the tissue ECM [172-174]. Linear 
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collagen fibrils provide a prognostic marker for low cancer survival in invasive human breast cancers [175]. 

In addition, this collagenous matrix activates series of stress associated signaling, such as FAK. A large 

degree of cancer-associated fibroblasts (CAFs) can be observed in tumor ECM [176]. These alterations can 

support tumor cells by paracrine stromal cell-derived factor-1 (SDF1) and TGFβ signals and act as a 

positive-feedback loop to potentiate tumor growth and survival.  

1.6 Mechanical Properties of Single Cells 

The elastic properties of different type of somatic cells are shown largely different. Some of them are very 

soft, such as neuronal cell types (0.1–0.2kPa), while some of them are much stiffer, such as bone and 

muscle cell types (up to 100 kPa) [177-178]. The same cell type is also observed to have differences in 

mechanical properties. For example, superficial-zone chondrocytes are approximately twice stiffer than the 

middle- or deep-zone chondrocytes cells [179]. Furthermore, the differences in mechanical properties can 

even be found when comparing cells in spread to spherical state. For example, the module of human spread 

osteoblasts is 6.5 kPa; however, this number can change into 2.6 kPa in spherical osteoblasts [179]. 

Different regions of the cell have different mechanical properties, too [180]. Finally, individual cell stiffness is 

inextricably linked to their intracellular components. 

Cytoskeleton components mainly include microfilaments, intermediate filaments, and microtubules. 

Microfilaments are linear polymers of actin subunits, which are used to polymerize or depolymerize within 

minutes and facilitate cell motility. They can act to resist tension, maintain the positioning of organelles and 

provide overall resistance to deformation. Intermediate filaments have six types and serve as an elaborate 

network in cells. They can extend from the nucleus to the plasma membrane. This network plays crucial 

roles in helping cytoskeletal elements, organelles, and the cell membrane connect. Like microfilaments, they 

also resist tension. Microtubules are polymers of tubulin. They serve to transport intracellular 

components and also contribute to overall cellular structure and behavior. Opposed to microfilaments and 

intermediate filaments, they resist compression. In addition, there are also a number of nucleocytoskeletal 

proteins, including lamins A, B1, B2, and C, spectrin, kinesin, plectin, emerin, SUN proteins, and KASH 

proteins, which link the nucleus to the cytoskeleton [181-182]. The cell membrane contributes to cellular 

mechanical behavior mainly due to its largely connected to the cytoskeleton. The nucleus and organelles 

can also influence both local and whole-cell mechanical property measurements. However, all these cellular 
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mechanical cues always change over time. 

Researchers have repeatedly observed that invasive cells are less rigid than benign or less invasive cells 

[183]. Cross et al. showed that malignant cells were >70% softer than cells from normal tissue [184].The 

mechanical changes of invasive cells are presumable because lowering stiffness facilitates cell invading 

surrounding tissues and has been attributed to a distinct cytoskeletal organization. Mechanical phenotyping 

can identify the architectural features of cells quickly without the need for labeling. Thus, it has great 

potential to become a new technology in cancer diagnostics. Chemicals that can affect the components of 

the cytoskeleton or nucleus can dramatically change cellular mechanical properties [185]. Lots of 

chemotherapeutic drugs target at modifying the architecture of the cytoskeleton [186]. Cell mechanics can 

be used to monitor the effects of chemical treatment and have the potential to screen for drug sensitivity.  

1.7 ECM and Cell Migration 

Tissue features, such as mechanics and organization of the ECM, can regulate or modulate cell migration. 

However, tissues are not purely materials and usually exhibit complex, time- and rate-dependent behaviors. 

Thus, it is better to focus on the local properties of the ECM. 

1.7.1 ECM Elastic Modulus  

The physical deformability (elastic modulus) of different tissues is largely different (Table 5). Cells sensing 

the rigidity of ECM (well-known as mechanotransduction) mainly depends on the actomyosin-based 

contractility and integrin-based adhesions or other cell-surface links (such as syndecan clustering) [187-189]. 

Mechanosensitive proteins, including adhesion adaptor protein talin and vinculin, nucleoskeletal lamin, and 

mechanosensitive ion channels (such as piezo1) and their downstream factors, are also involved in 

mechanotransduction [111, 190]. For example, if strong adhesion and high tension are within cells, the force 

will activate Src family kinases and their downstream signaling, including Rac1 and repressor/activator 

protein 1 homologue (RAP1; also known as RAP1A) [191-192]. Subsequently, RhoA can be activated by 

Rho GEF, ARHGEF1 and ARHGEF12 [193]. DIAPH family proteins, the effectors of RhoA, can also recruit 

Src family kinases and lead positive feedback for this signaling [194-195]. Furthermore, the increased 

activity of Src family kinases can also increase the expression of MMPs [196]. However, FAK activation 

inside the focal adhesions can promote their disassembly, mediated by Erk-, dynamin- and calpain 
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2-signaling [115, 197-198]. 

Tissue  Stiffness 

Brain <1 kPa 

Loose collagen (dermis/breast) 0.2–2.0 kPa 

Muscle 12 kPa 

Basement membrane 250–500 kPa 

Tendon 1.4–2.2 GPa 

Cortical bone 15 GPa 

Table 5 Elastic Modulus Range Present in Macromolecular Tissue Structures [199]. Glycosaminoglycan (GAG)-rich stroma 

surrounding cell networks, such as brain tissue, is soft (below 1.0 kPa); loose fibrillar collagen type-I- and type-III-based porous 

protein networks, such as dermis and breast, scale typically between 0.2 and 2 kPa. Thicker, more crosslinked collagen bundles in 

muscle are substantially stiffer (12 kPa), which reaches the low GPa range in tendons. Basement membranes consisting of 

collagen type-IV and laminins have a stiffness in the higher kPa range, with at least double the stiffness on the epithelial side 

compared to the stromal side. The stiffness of calcified tissue, including cortical bone, can go up to 15 GPa. 

Cells can detect differing substrate rigidity, so-called durotaxis. Focal adhesions detect stiffness changes 

and transmit this information to the cytoskeleton, promoting actin polymerization and microtubule polarized 

for directional cell migration [200-201]. At shorter timescales, the mechanisms of this rapid process are 

mostly dependent on post-translational modifications. At longer timescales, there areincreasing expressions 

of many myosin components, which are regulated by Yorkie homologue (YAP), translin-associated 

zinc-finger protein (TAZ) and myocardin-like protein (MKL; also known as MRTF) [202-203]. This increased 

expression of myosin components will help cells to generate more force on stiffer surfaces. Nucleus 

structure plays an important role in this stepbecause the depletion of lamin A prevents such transcriptional 

response [204]. 

1.7.2 ECM Topology  

ECM topology defines mechanical cell-migration interfaces, including 1D tracks or fibrils, 2D sheets and 3D 

ECM. The surfaces that cells encounter during the migration can be divided into continuous and 

discontinuous surfaces. On continuous surfaces, such as on 2D sheets, cells predominantly use lamellipodia 

for membrane protrusion [205]. On discontinuous surfaces, cells push the membrane forward by generating 

hydrostatic pressure because of the lake of ECM for adhesion traction. Unlike 2D migration, cells in 1D 

migration share multiple features of 3D migration. For example, topological effects, such as 1D and 3D 

matrix ridges, can prevent perpendicular actin protrusions, which lead cells to adopt a polarized morphology 
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and rapid migration [206]. During cell migration, the ECM surfaces can influence the curvature of the cell 

membrane. Bar proteins can detect this change and promote them to bind to the membrane and recruit 

F-actin for cells to migrate rapidly [207-208]. 

1.7.3 ECM Confinement 

During cell migration, the levels of confinement are mediated either by the ECM or by surrounding cells.  In 

this situation, cell migration is not dependent on the changes in ECM chemistry and rigidity. They use 

filopodia or hydrostatic pressure to drive membrane blebs to push cell membrane forward [209-210]. In 

confined environments, Rac1/Arp2/3 mediated lamellipodia and cell-matrix adhesion, is less required, while 

actomyosin contractility is more needed [211-214]. Whether cells can deform sufficiently to squeeze through 

the confined environment mostly depends on the size and mechanical properties of nucleus. The 

nucleoskeletal protein lamin A/C is a pivotal contributor to the stiffness of the nucleus [215]. Finally, the 

levels of lamin A/C and the function of myosin determine cells the capacity to squeeze through small 

constrictions [215-216]. In addition, in order to adapt the mechanochemical complexity of ECM, cells can 

also extensively remodel ECM by physical or biochemical factors to facilitate their migration. For example, if 

cell migration is prevented by small pores (pores smaller than the nuclear limit), in this case, cells can 

secrete proteases, typically as MMPs, to cleave ECM components and create migration tracks [142, 196]. 

1.7.4 Cellular Responses to ECM  

Cells can exhibit complex responses to mechanical cues during migration. These responses include actin 

polymerization, actomyosin contractility, cell adhesions and their dynamics. The categories of 3D cell 

migration are mainly including (Table 6): 

Migration mode Role of 

cell-substrate 

adhesions 

Role of cell 

contractility 

Necessary 

environmental 

conditions 

Characteristic cell 

polarization 

Notes 

Pseudopodial Adhesions 

required 

Migration occurs 

under conditions 

of both high or low 

levels of RHOA, 

depending on 

matrix pore size 

Sites for cell 

adhesion 

Polarized PIP3, 

RAC1 and CDC42 

at the leading edge 

Speed often 

unchanged upon 

inhibition of 

contractility 

Lobopodial Adhesions High RHOA levels Linearly elastic 3D Nonpolarized Efficient migration 
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required matrix cortactin, PIP3, 

RAC1 and CDC42 

following CDC42 

or RAC1 

knockdown 

Bleb-based 

amoeboidal (A2 

blebbing) 

Low adhesion High RHOA levels Pore size larger 

than the nuclear 

limit on migration 

Myosin II 

accumulation at the 

cell rear 

Speed typically 

reduced upon 

ROCK inhibition 

Protrusion-based 

amoeboidal (A1 

blebbing 

Low adhesion Low RHOA levels Pore size larger 

than the nuclear 

limit on migration 

Retrograde actin 

flow localized to 

small protrusion at 

the leading edge 

Activation of cell 

contractility 

converts A1 

blebbing to A2 

blebbing 

Osmotic engine Low adhesion RHOA 

dispensable 

Full confinement Polarized 

aquaporins and ion 

transporters at the 

leading edge 

Occurs even if 

actin 

polymerization is 

disrupted 

Table 6 Summary of Confined Cell Migration Modes [217].  

Current techniques for measuring the mechanical properties are listing as below (Table 7): 

Technique Mechanical Properties  Typical applied force 

range 

Atomic force microscopy Elastic and viscoelastic properties of a local region or a 

whole cell 

pN-μN 

Microbead rheometry Elastic and viscoelastic properties of a local region pN 

Optical tweezers and traps Membrane elasticity, whole-cell deformability fN-pN 

Micropipette aspiration Elastic and viscoelastic properties of a local region or a 

whole cell 

pN-nN 

Fluid-based deformation 

cytometry 

whole-cell deformability pN 

Table 7 Summary of Conventional Approaches to Testing Biomechanical Properties [218]. 

1.8 Atomic Force Microscopy 

AFM was invented by Gerd Binnig in 1986 [219]. It is an extremely high-resolution scanning-probe 

microscope with a resolution of nanometer. The basic parts of AFM include a cantilever, a photodiode and a 

focused laser (Figure 8). The cantilever can move by the control of piezo and contains a sharp tip, which 

interacts with the sample surface and transmits the force for cantilever bending. The vertical bending of the 

cantilever is measured by thelaser beam with thephotodiode. AFM can be used for topographic imaging and 

force measurement. For imaging, AFM enables to image almost any type of surface using contact modes 



 

and provides a true 3-D surface profile. For force measurement, AFM can perform force spectroscopy to 

measure many different forces, including adhesion strength, magnetic forces and mechanical properties. 

Figure 8 Schematic Representation of 

Force spectroscopy is a set of techniques that can be used to study the interactions and the binding forces 

between the individual molecules. I

The step is that cantilever approaches and interacts with the sample surface, and then withdraws (Figure 9). 

The cantilever deflection vs. piezo movement is measured, and the Hertz model

Young's modulus.  

Figure 9. A Model Force 

https://www.nanosurf.com/en/support/afm

segments where A-C (black line) refers to motion where the tip is approaching the surface and D

retracting from the surface. The gray line has been given an artificial offset for illustrative purposes:

D surface profile. For force measurement, AFM can perform force spectroscopy to 

measure many different forces, including adhesion strength, magnetic forces and mechanical properties. 

epresentation of Basic Parts and Working Principle of AFM. https://covalentmetrology.com/afm/.

Force spectroscopy is a set of techniques that can be used to study the interactions and the binding forces 

between the individual molecules. In AFM, force spectroscopy is performed at one single point each time. 

The step is that cantilever approaches and interacts with the sample surface, and then withdraws (Figure 9). 

The cantilever deflection vs. piezo movement is measured, and the Hertz model is always used to determine 
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Cantilever is approaching the surface. 

Cantilever snaps into contact with the sample.  

Repulsive portion: the tip and sample are in contact and bends up upon further movement of the z-piezo.  
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Chapter 2. Results 

This section is about the paper published and paper in preparation during my PhD. It was accomplished by 

me and my collaborators under the supervision of Prof. Vincent Torre and his collaborators.  

I investigated the roles of Rac1 in GBM infiltration. I confirm that Rac1 is involved in GBM infiltration and 

show that during Rac1 depleting or inhibition: 

1) GBM cells dramatically reduce their invasion ability. 

2) GBM cells change their morphology accompanies with a reorganization of the cell cytoskeleton, 

abnormal myosin IIa location and cell adhesion formation. 

3) There is a rapid suppression of Erk1/2 phosphorylation according to EHT 1864 inhibition in GBM 

cells. 

4) GBM cells increase in the rigidity and viscosity in response to EHT 1864 inhibition. 

 

I actively participated in and made a major contribution to all these works. 
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Abstract: The failure of existing therapies in treating human glioblastoma (GBM) mostly is due to the
ability of GBM to infiltrate into healthy regions of the brain; however, the relationship between cell
motility and cell mechanics is not well understood. Here, we used atomic force microscopy (AFM),
live-cell imaging, and biochemical tools to study the connection between motility and mechanics
in human GBM cells. It was found thatRac1 inactivation by genomic silencing and inhibition with
EHT 1864 reduced cell motility, inhibited cell ruffles, and disrupted the dynamics of cytoskeleton
organization and cell adhesion. These changes were correlated with abnormal localization of myosin
IIa and a rapid suppression of the phosphorylation of Erk1/2. At the same time, AFM measurements
of the GBM cells revealed a significant increase in cell elasticity and viscosity following Rac1 inhibition.
These results indicate that mechanical properties profoundly affect cell motility and may play an
important role in the infiltration of GBM. It is conceivable that the mechanical characters might be
used as markers for further surgical and therapeutical interventions.

Keywords: Rac1; cell motility; cell mechanics; cytoskeleton; cell adhesion

1. Introduction

Glioblastoma (GBM; World Health Organization grade IV glioma) is the most common and
incurable primary brain tumor. Its infiltration ability is largely responsible for the failure of
existing therapies. Despite significant progress in developing targeted agents and immunotherapies,
the prognosis of patients with GBM has not been improved markedly. Current GBM treatments
focus on neurosurgical resection followed by radiation and chemotherapy. Unfortunately, the median
survival time of patients with GBM is less than fifteen months [1,2]. Novel diagnostic strategies and
tools to rapidly determine the response of individual GBM to drugs are highly desirable to improve
patient survival.

Rho GTPases are known to be at the basis of infiltration, regulating the dynamics of the cytoskeleton
and cell adhesion and providing a fine adjustment of cell movements [3,4]. In migrating cells,
Rac1 is well known for its function in lamellipodia formation, which serves as a major driving
force of cell movement [5,6]. Rac1 mediates actin polymerization though WAVE family proteins
and activates the Arp2/3 complex for branched actin filament formation in lamellipodia [7–9].
Rac1 is also involved in fast plasma membrane movements, such as cell membrane ruffling and
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vesicular transport [6,10]. Interestingly, deregulation of Rac1 has been recently found in a variety of
cancers [11–13]. It has also been shown that increased Rac1 activation promotes cancer cell proliferation,
migration, and metastasis [3,14,15]. However, how aberrant Rac1 activation plays a role during GBM
migration is still not fully understood.

Similar to most other Rho GTPases, Rac1 usually switches between two conformations with GDP
and GTP and mediates activation. Their intrinsic GTPase activity coupled with GAPs stimulates GTP
hydrolysis and leads to the inactive state, which is then extracted from the cell membrane under the
influence of guanine nucleotide exchange inhibitors (GDIs) [16]. The small molecule EHT 1864 binds to
Rac1 with a high affinity and blocks Rac1 interaction with its effectors (guanine nucleotide-associated
effectors to Rac1) both in vivo and in vitro [17]. Therefore, EHT 1864 is a powerful probe to evaluate
the function of Rac1.

The mechanical properties of single cells are inextricably linked to their intracellular components.
Cells usually change their mechanical properties during development and disease. Most malignant
cells have been reported to be softer than normal tissue cells [18,19]. Drugs that affect the cytoskeleton
or cell architecture are often used to treat cancer or other cellular diseases [20–22]. Among these
drugs, paclitaxel, dexamethasone, and daunorubicin modify the mechanical phenotypes of cells [23,24].
However, further studies are still needed to understand how these intracellular components, such as
the cytoskeleton and cell architecture, contribute to cell mechanical properties.

In this study, we blocked Rac1 activation by gene knockdown and Rac-specific inhibitor EHT 1864
to investigate how and to what extent Rac1 mediates GBM cell motility. We focused our attention on
Rac1 regulating plasma membrane movements and the dynamics of the cytoskeleton and cell adhesions
during GBM migration. We also examined which downstream effectors of Rac1 are important in GBM
motility. AFM was used to explore the relationship between cell infiltration and cell mechanics in the
presence or absence of Rac1 inhibition.

2. Results

2.1. Rac1 Is Essential for GBM Motility

Rac1 is the Rho GTPase family member that is mostly expressed in gliomas, and its level of
expression correlates with patient survival outcome (Figure S1a,b). In this study, three types of typical
GBM cell lines, U87 (glioblastoma multiforme grade IV), U251 (glioblastoma-astrocytoma grade III–IV),
and T98G (glioblastoma multiforme grade IV), were used to study motility and associated changes.
GBM cells display strong invasion properties, and these cells efficiently migrate through narrow
pores (~8 µm) or invade into a three-dimensional Matrigel matrix. To investigate whether Rac1 is
required for GBM cell invasion, small interfering RNA (siRNA) specifically against Rac1 was used to
knockdown its expression in U87, U251, and T98G cells (Figure 1a and Figure S1c). Knockdown of
Rac1 prevented the invasive phenotype of all these GBM cells (in U87 cells, 37.5 ± 13% in siRNA#1
group and 56.2 ± 11% in siRNA#2 group; in U251 cells 19.4 ± 16% in siRNA#1 group and 34 ± 17% in
siRNA#2 group; and in T98G cells 65.7 ± 26% in siRNA#1 group and 66.8 ± 20% in siRNA#2 group
passed through ~8µm pores coated with Matrigel, Figure 1c,d). The small EHT 1864 (M.W. 581.47)
blocks the binding of guanine nucleotide-associated effectors to Rac1 [17]. To further detect the role of
Rac1 in GBM motility, a concentration of 10 µM EHT 1864 was chosen because it had a limited effect
on GBM cell viability (Figure S1g). The levels of active Rac1 were assessed using an active GTPase
pull-down assay. As shown by immunoblotting measurements in GBM cells, incubation with EHT
1864 for 1 or 2 h reduced the levels of Rac1-GTP (Figure 1b). Upon inhibition, the invasion ability of
these cells was reduced (21 ± 13% of U87 cells, 50 ± 13% of U251 cells, and 21 ± 23% of T98G cells
passed through the pores, Figure 1e,f).



Cancers 2020, 12, 1667 3 of 15

Cancers 2020, 12, x FOR PEER REVIEW  3 of 15 

 

 

Figure  1.  Rac1  is  essential  for  glioblastoma  (GBM)  invasion.  (a) Western  blot  analysis  for  Rac1 

expression in U87, U251, and T98G cells 48 h after treating with siRNAs against Rac1 and negative 

control (NC).(b) The levels of Rac1‐GTP (upper panel) with or without EHT 1864 treatment for 1 h or 

2 h were concentrated by PAK‐GST pull down assay and detected by Rac1 antibody. The expressions 

of total Rac1 protein (middle panel) and β‐tubulin were also detected. (c,e) Invasion trans well assays 

were carried out to detect the invasion ability of U87, U251, and T98G cells uponRac1 knockdown (c) 

and  10  μM  EHT  1864  treatments  (e).  (d,f)  Cell  invasion  ability was  calculated  by  counting  the 

number of cells per field. ***: p < 0.001, **: p < 0.01. Scale bar: 1000 μm. Uncropped blots are shown in 

Figure S6. 

We next tested the role of Rac1  in the motility of GBM cells using  live cell  imaging. A stable 

mCherry‐U87 cell line was established by using LV_Pgk1p‐mCherry to visualize GBM movements. 

U87 cells usually quickly change their shape during movement (Figure 2a upper panel, Video S1). 

Figure 1. Rac1 is essential for glioblastoma (GBM) invasion. (a) Western blot analysis for Rac1
expression in U87, U251, and T98G cells 48 h after treating with siRNAs against Rac1 and negative
control (NC).(b) The levels of Rac1-GTP (upper panel) with or without EHT 1864 treatment for 1 h or
2 h were concentrated by PAK-GST pull down assay and detected by Rac1 antibody. The expressions of
total Rac1 protein (middle panel) and β-tubulin were also detected. (c,e) Invasion trans well assays
were carried out to detect the invasion ability of U87, U251, and T98G cells uponRac1 knockdown
(c) and 10 µM EHT 1864 treatments (e). (d,f) Cell invasion ability was calculated by counting the
number of cells per field. ***: p < 0.001, **: p < 0.01. Scale bar: 1000 µm. Uncropped blots are shown in
Figure S6.

We next tested the role of Rac1 in the motility of GBM cells using live cell imaging. A stable
mCherry-U87 cell line was established by using LV_Pgk1p-mCherry to visualize GBM movements.
U87 cells usually quickly change their shape during movement (Figure 2a upper panel, Video S1).
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Upon Rac1 inhibition, U87 cells became rounder (Figure 2a lower panel, Video S2) and reduced their
spreading area (Figure 2b). Trajectories of individual cells were used to quantify motility differences
following EHT 1864 treatment (Figure 2c,d). We verified that Rac1 inhibition of GBM significantly
reduced the velocity of U87 cells (Figure 2e).
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Figure 2. Rac1 activity affects random movement. (a) Time-lapse images of U87-mCherry cells. After
4 h recording, cells were incubated with EHT 1864 and recorded for another 4 h. Open arrow indicates
cells that rapidly move, and the solid arrow indicates cells that slowly move. (b) U87-mCherrycell
spreading areas were quantified using the ImageJ program (NIH) after EHT 1864 added for 30, 60, 120,
180, and 240 min. (c,d) Cell trajectories of normal U87 cells (c) and EHT 1864-treated U87 cells (d) for
4 h; each color represents the trajectory of an individual cell, and the starting positions of each cell were
registered to the center of the plot. (e) The mean velocity of U87-mCherry cells was recorded for 4 h
and analyzed using the ImageJ program (NIH). Recordings of U87-mCherrycell movement are shown
in Videos S1 and S2. Cell number: 277 cells in control group and 241 cells in EHT 1864 treated group.
***: p < 0.001, **: p < 0.01. Scale bar: 100 µm.

2.2. Rac1 Signaling Regulates Myosin IIa Localization

In the leading edge, cells quickly formed membrane ruffles and protrusions for cell movement.
U87 and U251 cells usually exhibited epithelial-like morphology and formed lamellipodia in front of cell.
However, knockdown of Rac1 led to cell morphological changes and the formation of long protrusions
(Figure 3a,b and Figure 4). Inhibition ofRac1 signaling by EHT 1864 also showed that Rac1 was
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involved in the formation of membrane ruffles and protrusions (Figure S2, Video S3), polymerization
of stress actin fibers (Figure S3, Videos S4 and S5), and tubulin (Figure S4) in lamellipodia.
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staining and myosin IIa-GFP-expressing U87 cells. After 60 min, 10 µm EHT 1864 was added and
recorded for another 60 min. Arrows indicate actin fibers and myosin IIa localization in the protrusion.
Recordings are shown in Videos S6 and S7. Scale bar: 50 µm.

Non-muscle myosin II is an actin-binding protein and plays an important role in cell contraction
during cell migration. Rac1 activation allows GBM cells to change their shape for their movement
(Videos S1 and S2). We were interested whether Rac1 signaling regulates myosin II during cell
movement. Immunoblotting analysis indicated that, following Rac1 knockdown or inhibition, myosin
IIa phosphorylation levels did not significantly change (Figure S5). However, we found that myosin
IIa usually represented a gradient from the cell rear to the leading edge in normal U87 and U251 cells.
After Rac1 depletion, this gradient changed, and myosin IIa also exhibited a significant degree in the
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newly formed, long protrusions (Figure 3a,b). Furthermore, myosin IIa rarely localized in the leading
region according to EHT 1864 inhibition (Figure 3c, Videos S6 and S7).
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Figure 4. Rac1 is involved in cell adhesion formation. (a,b) Confocal sections of U87 and U251 cells
depleted of Rac1 48 h post-transfection and stained for phalloidin (green) and Paxillin (red). Scale bar:
50 µm.

2.3. Rac1 Signaling in Cell Adhesion Formation

Inhibition of Rac1 activity disrupted lamella formation and induced a reduction in cell motility.
We next analyzed the formation of cell adhesions in GBM. Cell adhesions form at the leading edge of
protrusions and disassemble at both the leading edge and at the rear of the cell. These events are at the
basis of cell migration. Depletion of Rac1 in U87 and U251 allowed cells to form long, thin cellular
protrusions, where cells were rich in actin filaments and exhibited lack of Paxillin spots (Figure 4a,b).
To determine whether Rac1 activity is involved in the rapid assembly and disassembly of adhesions,
U87 cells expressing mCherry-Lifeact-7 and Paxillin-GFP were used. In this way, we monitored the
dynamics of adhesions and actin organization using live cell imaging (Figure 5a, Videos S8 and S9).
Recordings lasted approximately 15 min, and one frame was digitized every 10 s. Analysis of these
recordings showed four distinct adhesion types: assembly type, in which a single assembly event
was observed within 15 min; disassembly type in a single disassembly event was seen; stable type,
in which the adhesion spot remained stable; and turnover type, which showed both assembly and
disassembly events (Figure 5f). Our data show that in U87 GBM cells, after adding EHT 1864 for
2 h, more adhesion spots were stable, while both disassembly and turnover types were less frequent
(Figure 5a,f). Although the number of adhesions (Figure 5b), the area of adhesions (Figure 5c) and the
assembly rate (Figure 5d) was less affected by the addition of EHT 1864, the disassembly rate (Figure 5e)
were less affected by the addition of EHT 1864, the disassembly rate (Figure 5e) was dramatically
decreased, concomitant with a blockage of actin filament collapse (Figure 5a). Furthermore, the lifetime
of turnover adhesions did not exhibit a detectable difference between each group (Figure 5i); however,
both the assembly and disassembly rates of these adhesions were significantly slower than the rates in
control conditions (Figure 5g–j), which explains why the portion of turnover type was low following
Rac1 inhibition.
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Figure 5. Rac1 signaling controls cell adhesion dynamics. (a) U87 transfected with Paxillin (green) and
mCherry-Lifeact-7 (red) were imaged by time-lapse microscopy at 10 s intervals for 15 min. Time-lapse
images of U87 cells after 1 h of incubation with DMSO or EHT 1864, respectively. Closed arrow
indicates disassembly type, and open arrow indicates cell stable adhesion. Histograms of the total
cell adhesion number (b), adhesion area (c), adhesion assembly rate (d), and disassembly rate (e) and
adhesion type proportion ratio in the normal and EHT 1864-treated groups (f). (g–h) Typical curves
of dynamic turnover adhesions in both the control group (g) and EHT 1864 group (h). (i) Lifetime of
turnover adhesions in the normal and EHT 1864-treated groups. (j) Histograms of the assembly rate
and disassembly rate of turnover adhesions in the normal and EHT 1864-treated groups. Recordings
are shown in Videos S8 and S9. Scale bar: 20 µm. Tracking cell adhesion numbers: 395 in the control
group and 407 in EHT 1864-treated group. ***: p < 0.001, *: p < 0.05.

2.4. Rac1 Activates Erk to Mediate Cell Adhesion Dynamics

The mitogen-activated protein kinase (MAP kinase)/Erk cascade promotes Paxillin
phosphorylation [25]. Inhibition of the Erk1/2 upstream regulator MEK1/2 constitutively abolishes active
Rac1-induced EMT in ovarian cancer cells [26]. Our data showed that inhibition of Rac1 contributes to
impaired Paxillin disassembly and turnover of cell adhesions. We then investigated whether Erk1/2
is involved in Rac1 signaling that regulates the dynamics of cell adhesion. Immunoblotting analysis
indicated that, following Rac1 inhibition, Erk1/2 phosphorylation levels were diminished within 30 min
and up to 120 min in a time-dependent manner after EHT 1864 was added (Figure 6). These results
show that the Erk1/2 pathway may be involved in Rac1 regulation of GBM cell motility.
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Figure 6. Rac1 regulates cell motility in Erk1/2 dependent way in GBM. (a) Western blot analysis of
the level of phosphorylation of Erk1/2 in U87, U251 and T98G cells when responding to EHT 1864.
(b) Histograms of the expression levels of phosphorylated Erk1/2 compared to total Erk1/2 in response
to EHT 1864. ***: p < 0.001, **: p < 0.01. Uncropped blots are shown in Figure S7.

2.5. Characterization of the Mechanical Properties in Response to Rac1 Inhibition

Several works have shown that the elastic properties of cancer cells are correlated with malignant
transformation [18,26,27]. The cell cytoskeleton, especially the actin cytoskeleton, is the key regulator
for maintaining cell shape and mechanics [28,29]. Changes in cytoskeletal organization and cell
shape during migration were observed in response to Rac1 inhibition (Figure 2b, Figures S3 and S4).
We further decided to detect the elastic properties of GBM cells, and single-cell force spectroscopy
(SCFS) measurements were performed using AFM (Figure 7a,b). Cell elasticity values were obtained by
fitting the approaching part of the recorded F–D curves using the Hertz–Sneddon model and calculating
the Young’s modulus (E) of each cell (Figure 7c,d). Quantitative analysis showed that, following
Rac1 inhibition, the Young’s modulus of GBM cells increased from 0.84 ± 0.53 kPa to 1.12 ± 0.70 kPa
(Figure 7e). Cellular viscosity can be used to characterize the fluidity or ease of movement inside
cells, which is an important mechanical property of live cells. We hypothesized that, following the
inhibition of Rac1, the viscosity of GBM could be changed. The viscosity of GBM cells was obtained
following the procedure described by Achu Yango et al. using AFM (Figure 7f–i) [30]. Consistent with
the elasticity changes, the viscosity of live GBM cells also increased from 193.59 ± 152.16 Pa × s to
257.15 ± 187.82 Pa × s following Rac1 inhibition (Figure 7j). The increased viscosity observed here is
consistent with the view that, following inhibition of Rac1, the whole cell interior reorganizes and is
less fluid and more rigid.



Cancers 2020, 12, 1667 9 of 15

Cancers 2020, 12, x FOR PEER REVIEW  9 of 15 

 

 

Figure 7. Rac1 activation affects the mechanics of GBM cells. (a) Diagrams illustrate the method of 

application of external force. (b) Image showing the AFM detection of the cell mechanical properties 

of a single living cell. (c,d) Exemplary force curve recorded on a U87 cell with (d) and without (c) 

EHT 1864 incubation for 1–2 h. The black solid line represents the approach curve, and the Young’s 

modulus  (E)  was  calculated  by  fitting  the  approach  curve  of  each  cell.  (e)  Histograms  of  the 

associated Young’s modulus E  for U87  cells with  and without EHT  1864  treatment.  (f–i) Typical 

creep  curve  responses  to  a  cell  after  applying  the  z  step.  The  z  height  is  first  ramped  as  in  a 

conventional  force  curve  (approach  ramp)  and  then  kept  constant  for  1  s.  (j) Histograms  of  the 

viscosity value of U87 cells with and without EHT 1864 treatment. Cell number: 95 in control group 

Figure 7. Rac1 activation affects the mechanics of GBM cells. (a) Diagrams illustrate the method of
application of external force. (b) Image showing the AFM detection of the cell mechanical properties of
a single living cell. (c,d) Exemplary force curve recorded on a U87 cell with (d) and without (c) EHT
1864 incubation for 1–2 h. The black solid line represents the approach curve, and the Young’s modulus
(E) was calculated by fitting the approach curve of each cell. (e) Histograms of the associated Young’s
modulus E for U87 cells with and without EHT 1864 treatment. (f–i) Typical creep curve responses
to a cell after applying the z step. The z height is first ramped as in a conventional force curve
(approach ramp) and then kept constant for 1 s. (j) Histograms of the viscosity value of U87 cells with
and without EHT 1864 treatment. Cell number: 95 in control group and 101 in EHT 1864-treated group
for Young’s modulus; 64 in control group and 66 in EHT 1864-treated group for viscosity. **: p < 0.01;
scale bar: 25 µm.
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3. Discussion

In the present study, we confirmed that Rac1 is involved in GBM infiltration. We showed that Rac1
depletion or inhibition leads to the following: I. GBM cells dramatically reduce their invasion ability;
II. GBM cells change their morphology accompanied with a reorganization of the cell cytoskeleton,
abnormal myosin IIa location, and cell adhesion formation; III. there is a rapid suppression of Erk1/2
phosphorylation according to EHT 1864 inhibition; and IV. this was accompanied by an increase in the
rigidity and viscosity of GBM cells.

Upregulation of Rac1 has been recently reported in various kinds of cancers and is correlated with
poor overall survival of patients with glioma (Figure S1a,b). Recent works report that Rac1 plays a very
important role in cancer cell proliferation and survival. In our study, knockdown of the expression of
Rac1 in U87, U251, and T98G cells did not significantly affect cell viability (Figure S1f), which indicates
that Rac1 promotes glioma progression mainly by another way. Regarding GBM, in particular, U87
cells were observed in a co-culture condition with healthy neurons and glia, and visual inspection
revealed a remarkable feature: GBM cells had a much higher motility than healthy neurons and glial
cells [31]. Activated Rac1 induced the formation of membrane ruffles and cell protrusion at the leading
edge of migrating cells [11,32]. Knockdown of Rac1 in both U87 and U251 showed that cell lacked
lamellipodium, instead of forming long, thin cell protrusions (Figure 3a,b and Figure 4). In the presence
of Rac1 inhibitor EHT 1864, cells showed frequent membrane protrusions but without ruffle activity
(Figure S2 and Video S3). Activated Rac1 allows WAVE to stimulate Arp2/3-actin polymerization
activity in the lamellipodium [33]. Abnormal ruffles and shrinkage of the cell body suggest that Rac1
inactivation causes a reorganization of actin in GBM cells. Using SiR-actin and SiR-tubulin to label
cytoskeleton filaments, we found that Rac1 inhibition caused defects in actin organization and tubulin
direction (Figures S3 and S4 and Videos S4 and S5).

Impaired disassembly of cell adhesion affects cell migration in murine embryonic fibroblasts
(MEFs); however, constitutive activation of Rac1 shows no detectable effect on adhesion disassembly [25].
Here, we found that Rac1 depletion in GBM cells promoted the formation of long, thin protrusion
sand lack of Paxillin spots (Figure 4a,b). Furthermore, inhibition of Rac1 by EHT 1864 disrupted the
disassembly of cell adhesion concomitant with defects in the actin web and switched the proportion of
stable cell adhesion complex (Figures 5a and 4e,f, Videos S8 and S9). These results demonstrate that
Rac1 plays different roles in different cell types in regulating cell adhesion formation. In migrating
cells, non-muscle myosin II can bind to actin and lead to cell contraction that increases cell membrane
protrusion at the leading edge and inhibits protrusion at the rear of the cell [34,35]. Our results indicated
that there were no detectable changes in myosin IIa activity (Figure S5). Myosin IIa exhibited a high
degree of long, thin protrusions of Rac1-depleted GBM cells, which maybe the reason for these cells
losing their polarity for fast movement. Myosin IIa rarely emerged at the leading stage according to EHT
1864 inhibition (Figure 3, Video S6 and S7). This demonstrates a lack of forces that induce contraction
and breakage of cell–matrix adhesions at the rear mainly due to the abnormal distribution of myosin
IIa. Donna J. Webb and colleagues demonstrated that Erk and MLCK activated the phosphorylation
state of Paxillin, which further regulates adhesion disassembly [25]. Here, we found a rapid decrease
in the phosphorylation level of Erk1/2 (Figure 6), suggesting that Rac1 also regulates the dynamics of
cell adhesion through the Erk signaling pathway.

Previous studies have reported that cancer cells are softer than normal cells [18,19], which allows
metastatic cells to squeeze their shape through the extracellular matrix. The mechanical properties
have also been used to evaluate cancer progression and the reaction to drugs [27]. The mechanical
properties depend primarily on the cytoskeleton, and it is expected that the decreased value of cell
elasticity (Figure 7c–e) caused by Rac1 inhibition is associated with the disruption of cytoskeleton
organization inside GBM cells (Figures S3 and S4). Viscosity is a measure of fluid resistance, and the
inhibition of Rac1 causes an increase in viscosity, i.e., a decrease in the fluidity of the cell (Figure 7f–j).
These results indicate that cell mechanical properties change according to pharmacologic treatment,
and these changes are associated with cell motility in GBM cells.
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4. Materials and Methods

4.1. Cell Lines

Human GBM cell lines U87, U251, T98G (all from ATCC), and U87 stably transfected with
LV_Pgk1p-mCherry were cultured at 37 ◦C, 5% CO2 in DMEM medium supplemented with 10% FBS
and penicillin/streptomycin. Cell cultures were routinely subcultured every two days by trypsinization
using standard procedures. U87 stably transfected with LV_Pgk1p-mCherrywere provided by the
laboratory of Prof. Antonello Mallamaci from the International School of Advanced Studies.

4.2. Gene Silencing

siRNAs against Rac1 and the negative control (NC) were purchased from Shanghai
GenePharma Co., Ltd (Shanghai, China). Target sequences for siRac1 were as follows: siRac1#1,
5′-CUACUGUCUUUGACAAUUATT-3′ and 5′-UAAUUGUCAAAGACAGUAGTT-3′; siRac1#2,
5′-GAGUCCUGCAUCAUUUGAATT-3′ and 5′-UUCAAAUGAUGCAGGACUCTT-3′.

siRNAs were transiently transfected into U87, U251, or T98G cells by LipofectamineTM RNAiMAX
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.

4.3. Immunofluorescent Staining and RT-PCR

Cells were fixed with 4% PFA for 20 min and permeabilized with 0.1% TritonX-100 for 20 min.
Cells were then incubated with primary antibody and secondary antibody. The following primary
antibodies were used: anti-myosin IIa (1:200, Cell Signaling Technology, Danvers, MA, USA) and
anti-Paxillin (1:200, Abcam, Cambridge, UK). Phalloidin (1:2000, Invitrogen) was used to detect F-actin.

Total RNA was extracted using Trizol® (Invitrogen), according to the manufacturer’s instructions,
and then was reverse-transcribed by PrimeScriptTM reagent kit (TaKaRa, Kusatsu, Japan). PCR reaction
was done using SUBR® Premix Ex TaqTM (TaKaRa). RAC1 primer sequence was 5′-AAGCTGAC
TCCCATCACCTATCCG-3′ and 5′-CGAGGGGCTGAGACATTTACAACA-3′.

4.4. Cell Proliferation Assay

A total of 5 × 103 cells were plated in 96-well plates. After 12 h culture, cells were transfected
with Rac1-siRNA and NC-siRNA and cultured for another 48 h. Cell growth was measured by a
colorimetric CCK-8 assay (Sigma-Aldrich Co, St. Louis, MO, USA).

A total of 2.5 × 104 cells were plated in 96-well plates. After 12 h culture, cells were treated with
different concentrations of EHT 1864 2HCL (Sellekchem, Houston, TX, USA) for another 24 h, and then
CCK-8 measurement followed.

4.5. Cell Transfection and Live Cell Imaging

Cells were plated at a density of 1 × 105 cells/mL into 35 mm confocal dishes and incubated
overnight. SiR-actin and SiR-tubulin (cytoskeleton, Denver, CO, USA) staining were used to detect
the dynamics of actin and tubulin cytoskeleton following the protocol provided by the manufacturer.
Transient transfections of mCherry-Lifeact-7 and paxillin-GFP were carried out with Lipofectamine™
2000 (Invitrogen) using the protocol provided by the manufacturer. Twenty-four hours after transfection,
cells were used for the live cell imaging assay. mCherry-Lifeact-7 was a gift from Michael Davidson
(Addgene plasmid # 54491; http://n2t.net/addgene:54491; RRID:Addgene_54491).

For the live cell imaging assay, cells were maintained at 37 C, 5% CO2 in chambers in culture medium
on an inverted microscope (Nikon, Tokyo metropolis, Japan) with a motorized stage (Prior Scientific,
Cambridge, UK) controlled by Simple PCI software (Compix). Stable U87-mCherry cells were used to
detect the cell shape, and velocity changes with and without EHT 1864 and time-lapse image series
were acquired at 1 min intervals using a 20 × 1.4 NA objective lens (Nikon). SiR-actin, SiR-tubulin,
mCherry-Lifeact-7, and Paxillin-GFP fluorescence time-lapse image series were acquired at 1 s to 2 min

http://n2t.net/addgene:54491
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intervals using a 40 × or 60 × 1.4 NA objective lens (Nikon). Cells were treated with 10 µM EHT 1864
to detect the role in cytoskeleton organization and dynamics of cell adhesions.

4.6. Tracking Assays and Data Analysis

Tracking of cell migration was performed over a period of 4 h. Individual cells were tracked by
repeated selection of cells in movie frames and manual tracing of migration pathways with Image
J software.

Individual cell adhesions were tracked similar to the cell tracking procedure. We then fit the
curves of ‘adhesion assembly’ or ‘adhesion disassembly’ by Origin software using Slogistic1 function,
and we obtained the k/-k value as the rate of assembly or disassembly. To calculate the lifetime of
turnover adhesions, we separated the curves into two parts and fit them individually.

4.7. Active Rac1 Pull-Down Assay and Western Blot

Cells were plated at a density of 2 × 106 cells/well in 10 cm and grown to 70–80% confluence.
The cells were then incubated with 10 µM EHT 1864 for 15, 30, 60, and 120 min. Cells were washed
with cold PBS and lysed in IP lysis buffer (20 mMTris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40,
10% glycerol, pH 7.4) supplemented with a protease inhibitor cocktail (Sigma-Aldrich Co, St. Louis,
MO, USA). After normalization, lysates were incubated with 20 µg PAK-PBD agarose for 60 min at
4 °C with rotation, and then the beads were collected for Western Blotting analysis.

Equal amounts of total protein were boiled for 5 min in 5× sample buffer and fractionated by
12% SDS-PAGE. Samples were then transferred to PVDF Membranes (Millipore, Danvers, MA, USA).
Immunoblots were detected using the ECL System (Millipore) with horseradish peroxidase-conjugated
secondary antibodies (Sigma-Aldrich Co, St. Louis, MO, USA). The following first antibodies were
used: anti-Rac1 (Abcam, Cambridge, UK), anti-p-Erk1/2 (Cell Signaling Technology, Danvers, MA,
USA), and anti-Erk1/2 (Cell Signaling Technology, Danvers, MA, USA).

4.8. Transwell Assay

To detect cell invasion, transwell chambers were pre-coated with 200 µL of a 0.8 mg/mL Matrigel
suspension and dried at 37 °C. Cells were starved overnight in DMEM medium, 5 × 105 cells in DMEM
medium were added to the top chambers of 12-well transwell plates (Nunc; 8 µm pore size), and 15%
FBS DMEM medium was added to the bottom chambers. After 48 h incubation, top (non-migrating)
cells were removed, and bottom (migrating) cells were fixed with 4% PFA and stained with 5%
crystal violet.

4.9. Force Spectroscopy of Living Cells and Data Analysis

Single-cell force spectroscopy (SCFS) measurements were performed by using a commercial
AFM (JPK Instruments, Berlin, Germany) mounted on top of an Axiovert 200 inverted microscope
(Olympus, Japan). We used rectangular low-stress SiN cantilevers terminated with a silicon pyramidal
tip (APPNANO, Mountain View, CA, USA). Those cantilevers are characterized by a nominal spring
constant k = 0.0084 N/m; the tip height was 4–6 µm, while the radius of curvature at the tip apex
was <25 nm. The cells were incubated 37 ◦C using a temperature-controlled BioCell chamber
(JPK Instruments, Berlin, Germany) during the measurements. Cell elasticity values were obtained
by fitting the approaching part of the recorded F–D curves using the Hertz–Sneddon model and
calculating the Young’s modulus (E) of each cell through JPK software. Cell viscosity measurements
were obtained as previously described [36]. Briefly, the z voltage was kept constant for 2 s after
approaching the sample, the z height was increased by a small amount (0.5 nN) and kept for 1 s,
and then it was withdrawn again after 1 s.
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4.10. Statistical Analysis

Differences between groups were assessed by Student’s t test, one-way ANOVA, or two-way
ANOVA test. GraphPad Prism was used for all statistical analyses. The differences of RT-PCR,
WB, and CCK-8 were evaluated by two-way ANOVA. The differences in cell mobility, mechanics,
and adhesion dynamics were evaluated by a Student’s t test followed by a Mann–Whitney test. The
difference of cell spreading area was evaluated by one-way ANOVA followed by a Kruskal–Wallis test.
The results are presented as the mean ± SEM of at least three independent experiments.

5. Conclusions

Our study demonstrates that there is a close relationship between cell mechanics and invasiveness
of GBM cells. In GBM cells, downregulation of Rac1 is associated with low cell motility by regulating
the dynamics of the cytoskeleton and cell adhesion. Rac1 activation also adjusts the rigidity and
viscosity of GBM cells. It takes only a few minutes to measure the single-cell mechanics, which is a
much shorter time compared to the typical original assays. Here, we suggest that cell mechanics can
be used as a novel and convenient strategy for surgical and therapeutical interventions in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1667/s1,
Figure S1: (a) Rac1 expression in GBM tissue compared with non-GBM tissue (The Y-axis represent log2 (TPM+1),
red box represent GBM tissue and grey box represent non-GBM tissue). (Data are from GEPIA: gepia.cancer-pku.cn)
(b) Overall survival of GBM patients with low Rac1 expression and high Rac1 expression. (Data are from GEPIA:
gepia.cancer-pku.cn) (c) mRNA levels of Rac1in U87, U251, and T98G GBM cells were analyzed by RT-PCR after
Rac1-siRNA and NC-siRNA were transfected for 48 h. (d) Cell viability of U87, U251, and T98G GBM cells was
evaluated by using the CCK-8 assay after Rac1 knockdown for 48 h. (e) Cell viability of U87, U251, and T98G
GBM cells was evaluated by using the CCK-8 assay after incubation with different concentrations of EHT 1864
for 12 h. ***: p < 0.001, **: p < 0.01, *: p < 0.05, Figure S2: Phase contrast time-lapse microscopy recording of
U87 cells at 2 min intervals for 1 h. After 1 h recording, 10 µm EHT 1864 was added and recorded for another
1 h to observe cell membrane movement. The red arrow indicates cell membrane ruffles, and the yellow arrow
indicates cell membrane protrusion. U87 cell recordings are shown in Video S3. Figure S3: SiR-actin staining of
U87 cells was imaged by time-lapse microscopy at 2 min intervals for 30 min. After 30 min recording, 10 µm
EHT 1864 was added and recorded for another 30 min to observe actin organization. The red arrow indicates
actin assembly fibers in the protrusion, and the yellow arrow indicates actin disassembly fibers in the protrusion.
Recordings of actin dynamics are shown in Videos S4 and S5. Figure S4: SiR-tubulin staining of U87 cells was
imaged by time-lapse microscopy at 2 min intervals for 30 min. After 30 min recording, 10 µm EHT 1864 was
added and recorded for another 30 min to observe tubulin organization. The red arrow indicates tubulin assembly
in the protrusion, and the yellow arrow indicates tubulin disassembly. Figure S5: Western blot analysis of the
level of phosphorylation of myosin IIa in U87, U251, and T98G cells in response to Rac1 depletion by siRNA and
inhibited by EHT 1864, Figure S6. The whole Western Blot for Figure 1, Figure S7. The whole Western Blot for
Figure 6, Video S1: Random movement of U87-mCherry cells in control condition. Video S2: Random movement
of U87-mCherry cells incubated with EHT 1864. Video S3: Phase contrast microscopy recording of U87 cells
incubated without (left) and with (right) EHT 1864. Video S4: Recording of SiR-actin staining of U87 cells in
control conditions. Video S5: Recording of SiR-actin staining of U87 cells incubated with EHT 1864. Video S6:
Recording of SiR-actin staining (red) and myosin IIa transfected (green) U87 cells in control conditions. Video S7:
Recording of SiR-actin staining (red) and myosin IIa transfected (green) U87 cells incubated with EHT 1864.
Video S8: Recording of dynamics of cytoskeleton and cell adhesion in U87 cells in control conditions. Video S9:
Recording of dynamics of cytoskeleton and cell adhesion in U87 cells incubated with EHT 1864.
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Supplementary Materials 

 

Figure S1: (a) Rac1 expression in GBM tissue compared with non-GBM tissue (The Y-axis represent log2 

(TPM+1), red box represent GBM tissue and grey box represent non-GBM tissue). (Data are from GEPIA: 

gepia.cancer-pku.cn) (b) Overall survival of GBM patients with low Rac1 expression and high Rac1 

expression. (Data are from GEPIA: gepia.cancer-pku.cn) (c) mRNA levels of Rac1 in U87, U251, and T98G 

GBM cells were analyzed by RT-PCR after Rac1-siRNA and NC-siRNA were transfected for 48h. (d) Cell 

viability of U87, U251, and T98G GBM cells was evaluated by using the CCK-8 assay after Rac1 knockdown 

for 48h. (e) Cell viability of U87, U251, and T98G GBM cells was evaluated by using the CCK-8 assay after 

incubation with different concentrations of EHT1864 for 12 h. ***: p<0.001, **: p<0.01, *: p<0.05. 
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Figure S2: Phase contrast time-lapse microscopy recording of U87 cells at 2min intervals for 1h. After 1h 

recording, 10μm EHT1864 was added and recorded for another 1h to observe cell membrane movement. 

The red arrow indicates cell membrane ruffles, and the yellow arrow indicates cell membrane protrusion. 

U87 cell recordings are shown in Video S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 

 

 

Figure S3: SiR-actin staining of U87 cells was imaged by time-lapsemicroscopy at 2min intervals for 30min. 

After 30min recording, 10μm EHT 1864 was added and recorded for another 30min to observe actin 

organization.The red arrow indicates actin assembly fibers in the protrusion, and the yellow arrow indicates 

actin disassembly fibers in the protrusion. Recordings of actin dynamics are shown in Videos S4 and S5. 
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Figure S4: SiR-tubulin staining of U87 cells was imaged by time-lapse microscopy at 2min intervals for 

30min. After 30min recording, 10μm EHT 1864 was added and recorded for another 30min to observe 

tubulin organization. The redarrow indicates tubulin assemblyin the protrusion, and the yellow arrow 

indicates tubulin disassembly. 
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Figure S5: Western blot analysis of the level of phosphorylation of myosin IIa in U87, U251, and T98G cells 

in response to Rac1 depletion by siRNA and inhibited by EHT 1864. 
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In collaboration with Alessandra Magistrato at SISSA and her student we performed an investigation of the 

action of three inhibitors of the small GTPases Rac1 and Cdc42. I performed the transwell assay of U87 

cells undergoing Rac1 inhibition by EHT 1864 (Figure 2 and Figure 3A). 

In what follow I have reported a very preliminary draft of the manuscript, which we will complete hopefully 

before the end of the present year. 

2.2 Molecular mechanisms of the blockage of glioblastoma 

motility 
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Abstract  

Glioblastoma (GBM) is the most common and lethal brain tumor. GBM have a remarkable degree of motility 

and are able to infiltrate in the healthy brain. In order  to perform a rational-based drug-repositioning study 

we have used known inhibitors of two small Rho GTPase, Rac1 and Cdc42, which are upregulated in GBM 

and are involved in signaling processes underlying the orchestration of the cytoskeleton and therefore in 

cellular motility. The selected inhibitors (R-ketorolac and ML141 for Cdc42 as well as R-ketorolac and EHT 

1864 for Rac1) have been successfully employed to reduce the infiltration propensity of the GBM. All-atoms 

simulations have unprecedentedly disclosed the binding poses of these drugs on the target proteins, 

providing a rationale at atomic-level of detail of their non-competitive inhibition mechanism. 
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Introduction 

Glioblastoma (GBM; World Health Organization grade IV glioma) is the most common and lethal intrinsic 

tumor. Unlike other solid tumor cell types, GBM invades the surrounding brain and in contrast with other kind 

of cancers, GBM rarely metastasizes to other organs [1]. Although several attempts, for instance using 

several drugs such as bevacizumab or immunotherapies [2-4], have been made to stop and counteract GBM 

infiltration, GBM treatment is still mainly focused and primarily limited to surgical resection followed by 

concurrent radiation therapy with some chemotherapic reagent such temozolomide [5, 6]. GBM represents 

one of the most comprehensively genomically characterized cancer types [7, 8], leading to recognition of 

groups of tumors defined by four distinct transcription profiles (proneural, neural, classical, and 

mesenchymal). Mutations leading to the transformation of healthy astrocytes into malignant glioma and/or 

GBM [6] are very diverse and indeed there are at least the four above mentioned different transcription 

profiles at the basis of brain tumors.  

The molecular mechanisms at the basis of cellular motility are similar in all cells and in healthy cells and 

neurons as well as in malignant GBM. The process of polymerization of actin filaments is the main source of 

cellular motion and protrusion, which is regulated and controlled by several proteins such as Actin related 

protein 2/3 complex (Arp2/3), cofilin, formin and molecular motors, such as myosin, dynein, controlling 

different features of cellular motility [9]. A key role in cellular motility and migration is played by the small 

GTP-ases, which are presented in all migrating cells. Rho family GTPase has distinct and specific roles in 

the regulation of growth, maintenance and retraction of growth cones (GCs) [10]. The mammalian typical 

Rho GTPase family consists of three subfamilies, Rho subfamily (RhoA, RhoB and RhoC), Rac subfamily 

(Rac1, Rac2, Rac3 and RacG) and Cdc42 subfamily (Cdc42, RhoQ and RhoJ) [11]. RhoA, Rac1 and Cdc42 

are well-studied members of Rho GTPase family controlling distinct cytoskeletal elements. Activation of 

Rac1 stimulates actin polymerization to form lamellipodia [12], Cdc42 induces the polymerization of actin to 

form filopodia and Rho regulates the bundling of actin filaments into stress fibers and the formation of focal 

adhesion complexes[13]. 

The GTP-binding proteins of Rho family are activated by a variety of growth factors, cytokines, adhesion 

molecules, hormones, integrins, G-proteins and the other biologically active substances [14, 15]. 

Biochemical approaches have shown that Rho GTPase also involves crosstalk. Depending upon the 
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concentration and localization of these Rho GTPases, mammalian cells show different morphology, 

movement and behavior [16]. GTPase work via a cyclic mechanism in which they pass from an active 

guanine triphosphate (GTP) bound form, to an inactive Guanine Diphospate (GDP) bound form after the 

GTP hydrolysis occurs fostered by the GTPase-activating protein (GAP), in which the GEF enhance the 

exchange of the GTP/GDP nucleotide.  

At the basis of the present manuscript there is the biological observation that the cellular motility - allowing 

cells to move, migrate and infiltrate - is in essence very similar in all kind of cells and is primarily based on 

the orchestration of the cytoskeleton and of a variety of adhesion molecules. The proteins involved in these 

biological processes as well as their inhibitors are known and in the present manuscript we focus on three 

inhibitors of cellular motility, i.e. ML141, EHT 1864 and R-Ketorolac. These inhibitors will be employed to 

monitor their ability to reduce cellular motility. Complementarily, Molecular Dynamics (MD) simulations have 

been instrumental to have a better understanding of their binding mode and mechanisms of the action of 

these inhibitors from an atomic-level perspective. Our outcomes remark the importance of abrogating the 

cellular mobility in infiltrative tumor types like GBM, and provide a fundamental advance in understanding the 

mechanism of small molecules inhibitors of Rho GTPase, which are of pivotal importance to devise novel 

more effective drug-candidates. 
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Results 

According to The Cancer Genome Atlas (TCGA) (cancergenome.nih.gov), the analysis of the expression 

level of proteins involved cellular motility in normal tissue and GBM is herereported in Figure 1A and C for 

Rac1 and Cdc42 and showing that Rac1 and Cdc42 are both upregulated in primary and recurrent tumors. 

The overexpression of these two proteins is strongly related to a negative outcome of the patient (Figure 1 B 

and D). Cdc42 and Rac1 are primarily involved in cellular motility [17] and their upregulation leads to a 

higher infiltration ability of malignant GBM to invade the healthy tissue. We selected three inhibitors 

R-Ketorolac, ML141 and EHT 1864 to carry out an in silico investigation of the binding of these drugs to 

Cdc42 and to Rac1 (R-ketorolac and ML141 for Cdc42 as well as R-ketorolac and EHT 1864 for Rac1) and 

their effect on the migration and infiltration of GBM. These three inhibitors have a rather different structure 

(Figure 1E) both in size and in chemical properties. R-Ketorolac contains a carboxylic moiety, which, being 

negatively charged at physiological pH, will enter into cells - and inside GBM - much more slowly that ML141, 

who is neutral, and of EHT 1864, who is positively charged. R-ketorolac is known to affect the activity of both 

Rac1 and Cdc42, with the following half inhibitory concentrations (IC50): R-ketorolac 0.57 μM and 1.01 μM 

for Rac1 and Cdc42, respectively [18]. Conversely, ML141 and EHT 1864 are exclusive inhibitors of Cdc42 

(IC50 of 0.20 μM)[19] and Rac1 (IC50 1–5 μM) [1, 20], respectively. These values of IC50 refer to 

biochemical assay in which the target proteins and the inhibitors have been purified and are in a solution. In 

the next section we will examine the effect of these inhibitors on the migration of GBM and the effective 

concentrations are higher because of the more complex conditions.  

 

 

 



61 

 

- 

Figure 1 - Analysis of Rac1 and Cdc42 in GBM: differential expression and association to patient survival in The Cancer Genome 

Atlas (TCGA) data. A and C, Rac1 (A) and Cdc42 (C) is significantly overexpressed in glioma tumor samples, compared to 

matched normal brain tissue. P-value calculated using DESeq2. B. GBM patients with higher Rac1 expression are associated to 

higher risk than patients with lower Rac1 expression. D, Low-grade glioma patients with higher Cdc42 expression are associated 

to higher risk than patients with lower Cdc42 expression. P-value calculated using log-rank test. E, Sketch of R-Ketorolac, ML141 

and EHT 1864 molecular structure. 
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The action of the inhibitors on GBM migration 

We analysed GBM cell line U87 which is very often used for understanding properties of high grade GBM. 

Migration and infiltration were studied by the transwell assay (Figure 2 and 3) and by live cell imaging 

(Figure 4 and 5).The transwell migration assay is a standard method of measuring cell movement through 

an empty space. The transwell assay is based on the use of a hollow plastic chamber sealed at one end with a 

porous membrane. The chamber is suspended over a larger well which contains a specific medium. Migrating 

cells, i.e. infiltrating GBM are plated inside the chamber and allowed to migrate through the pores to the other 

side of the membrane. Migrated cells are fixed after a given time, stained and counted. Live cell imaging 

methods visualize individual cells in a dish and take an image every minute and in this way can follow the 

motility of individual cells. These two methods are complementary: live cell imaging require a substantial 

illumination of the cells under investigation and cannot be used for experiments lasting several days, while the 

transwell assay can be used over several days with only minor side effects on the investigated cells (Figure 2). 

The elongated and fusiform shapes in Figure 2 are the profile of the migrating U87 GBM in control conditions 

(first column) and in the presence of 1, 10 and 20 μM of EHT 1864 (second, third and fourth column).  The 

assay was conducted for three days (first, second and third row in Figure 2). Visual inspection shows that more 

GBM cells are able to invade into the empty space at later days and that this migration is reduced by increasing 

amount of EHT 1864.  

 

Figure 2 Rac1 inhibitor EHT 1864 reduces transwell migration of U87 GBM cells.Transwellassay was conducted for three days 
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(first, second and third row) in the presence of 0, 1, 10 and 20 μM of EHT 1864 (first, second, third and fourth column).   

The number of GBM present in the empty space at different days obtained by crystal violet and calculated 

with image J, and we found that 1 μM EHT 1864 has a small effect on GBM migration but 20 μM EHT 1864 

almost halved the number of migrating GBM both for the GBM cell line U87 on Day 2 and Day 3 (Figure 2). 

We also computed the number of migrating cells per field at different days and in the presence of different 

amount of the tested inhibitors. Collected data from at least three different experiments show that 50 μM 

ML141 blocked almost completely migration at Day1 (Figure 3B), while the action of EHT 1864(Figure 3A) 

and of R-Ketorolac (Figure 3C) was more prominent at Day2. This observation is consistent with the more 

pronounced ability of ML141 to cross the lipid membrane and act on the interior of cells. 

 

Figure 3 - Three inhibitors EHT 1864 (A), ML141 (B) and R-Ketorolac (C) inhibit U87 GBM cell migration in transwell assay 

depending on concentration and time of treatment. 

At later days, such as Day3 we observed often a higher number of cells per field (comparing Day3 and Day2 

for EHT 1864 in Figure 2) than at previous days because GBM replicates and the used inhibitors block 

migration and not replication. Collected data indicate that the concentration of the inhibitors blocking half of 

the GBM motility is approximately 20, 30 and 50 μM for EHT 1864, ML141 and R-Ketorolac, respectively. 
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Figure 4 - ML141 inhibits U87 GBM cells motility analyzed with live cell imaging. A and B, Live cell imaging frames at different 

recording time points were merged before and after 50 μM of ML141 treatment. Red indicates cells at T=0 min, cyan indicates the 

same cells at T=60 min. When two channels are co-localized, they appear white and indicating immobilizing cells. C and D, 

Migration trajectories before and after 50 μM of ML141 treatmentwere reconstructed. 
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Figure 5–Effect of ML141 on velocities of U87 GBM cells. A-C, Mean velocity was significantly decreased by 20 μM (B) and 50 

μM (C) of ML141. Data were shown as mean ± sem, **p<0.01. D-E, Velocity distribution of U87 GBM cells before and after 10 and 

20 μM ML141 treatment.F Velocity distribution of U87 GBM cells before and after 50 μM ML141, and 50 μM CK666, an Arp2/3 

inhibitor, and 20 μM of EHT1864treatment 

We looked also to the action of these inhibitors with live cell imaging (Figure 4 and Figure 5) and we 

observed a very rapid action of ML141 on GBM motility: the addition of 50 μM halved the motility with some 

minutes and similarly EHT 1864 had a rather fast action. In contrast, we could not detect a fast action of 

R-Ketorolac, presumably because of the presence of the carboxylic group which limits its ability to cross the 

lipid membrane. The inhibitory action of R-Ketorolac is best seen with the transwell assay and requires at 

least 24 hours. 

Live cell imaging allows the tracking over time of an individual migrating GBM and therefore provides an 

estimate of the mean velocity of migrating cells. As GBM cells replicate very efficiently, both the transwell 

assay and live cell imaging are not exempt of limitations: in the presence of a high replication activity the 

transwell assay can underestimate the effect of an inhibitor and the live cell imaging tracking can be 

confused during mitosis. Nevertheless, the combination of the two assays provides a reliable 

characterization of the effect of the used inhibitors on GBM motility.  

Molecular mechanismof inhibition from molecular simulations 
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According to the experiments reported above the tested inhibitors (Figure 3), known to target the Rac1 and 

Cdc42 proteins were able to reduce the migration and/or the infiltration propensity of the U87 cell lines. As 

such, we employed docking and all atom explicitly solvated classical MD simulations to unveil the molecular 

mechanism of inhibition of the above mentioned inhibitors. 

Identification of the inhibitor’s binding pose via docking and Molecular Dynamics simulations 

Since all drugs are known to exert a non-competitive inhibition mechanism (i.e. the do exert inhibition of the 

small-molecule inhibitor without competing with their natural cofactor (i.e. Guanine Triphosphate (GTP) 

cofactor), we have initially identified possible binding cavities, distinct from the GTP binding site, possibly 

able to host these small molecules. This search was done considering both the GTP and GDP-bound form 

of the proteins, which represent their active and inactive form, respectively. In the GDP-bound form of the 

proteins, we identified by using site detector algorithms two cavities (sites 1 and 2) on Cdc42 and only one 

cavity (Site 1) on Rac1 potentially able to bind the inhibitors. No cavity was instead present in the GTP 

bound form of the protein. In order, to assess the drug gability of these pockets, we docked the investigated 

inhibitors on site1, which flanks the GTP binding cavity. Remarkably only the R-enantiomer of Ketorolac and 

of ML141 could be docked in this site, consistently with experimental findings showing inhibitory activity on 

Rho GTPases, exclusively for this enantiomer. The binding stability of the drug was monitored by performing 

100-400 ns long MD simulations for each drug/GTPase adduct. Site 2, identified exclusively for Cdc42, is 

rather small and flexible. As a result, all molecules docked in this site rapidly dissociated within the first 30 ns 

MD simulations. This first set of simulations unprecedentedly allowed to predict the binding pose of 

R-ketorolac and ML141 on Cdc42 and that of R-ketorolac and EHT 1864 on Rac1 (Figure 6). In the following 

we perform systematic analysis to unravel the molecular mechanism exerted by the used inhibitors on the 

small Rho GTPases. 

Inhibition mechanism of Cdc42 

We initially focused in dissecting the inhibition mechanism of the two investigated Cdc42 inhibitors (Figure 

6A and B). Different non-competitive mechanisms may be operative for small Rho GTPases depending if the 

inhibitors exert their action by interfering with the GTP or GEF biding [20]. Our set of simulations predicts 

that the carboxylic moiety of R-ketorolac coordinates the Mg2+ion. This coordination may weaken the 

interaction of the metal ion with the GDP phosphates. This coordination may facilitate their lease of GDP 
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cofactor release from Cdc42 and/or preventing the binding of a new GTP molecule in an optimal position to 

undergo a new cycle. Thus, consistently with experimental evidences, R-ketorolac, can be classified as a 

GTP binding inhibitor, possibly. Additionally, the aromatic ring of R-ketorolac lies in the vicinity of the switch 

II region, where the GEF proteins have been demonstrated to bind in crystallographic studies, possibly 

interfering with the binding of these proteins (Figure 6). 

At variance of R-ketorolac, the binding pose of ML141predicted from docking and MD simulations reveals 

that the drug protrudes towards the Mg2+ ion site with its amine moiety (Figure 6B). Its interaction with the 

Mg2+ ion and with the pocket flanking the GDP binding site confirm its interference also with the GDP/GTP 

binding, as suggested experimentally. Also one of the aromatic ring of ML141 heads toward the small cavity 

lined by switch II also approaches the GEF binding pocket nearby the Phe56 residue (Figure 6).  

We next inspected the impact of ketorolac and ML141 on the structural and functional properties of Cdc42, 

by monitoring the RMSF of the drug/protein adduct as compared to that of the Cdc42 protein per se. 

Ostensibly, the regions mostly affected by drug binding are those corresponding to switches I and II for 

ketorolac, whose flexibility surprisingly increase upon drug binding. In contrast, ML141 only slightly affects 

the switch I. In order to understand how drug binding could impact the internal motion of the protein we also 

computed the per-residue cross-correlation matrix (CCM). Positive regions of the CCM indicate dynamically 

coupled regions, associated to a lock step motion of the protein, while negative regions indicate the 

negatively correlated motion with the corresponding parts of the protein moving in an opposite manner [21]. 

The CCM of the GDP bound-Cdc42 shows a dynamical coupling of two functionally relevant regions, switch I 

and switch II, with switch I being moving in a lockstep motion with α1, α4, β6 and β1, while being negatively 

correlated with αi (Figure 7A) and switch II being negatively correlated with switch I, β1 and αi. This is 

consistent with an opening/closing motion of the switch I disclosed by the essential dynamics of the proteins 

(Figure 8), which capture the most relevant slow vibrational motion of the protein. The observed movement 

of the GDP-bound Cdc42 is most likely instrumental to the loading/release of the GTP/GDP cofactor, and to 

engage the interactions with the variety of protein effectors that mediate the small RhoGTPase signaling. To 

monitor the impact of the ketorolac and ML141 binding on these internal motion of Cdc42 we also computed 

the CCM of the drug-bound protein. This CCM, plotted as a difference with respect to the undrugged form of 

the protein (Figure 7B, C), reveals that both drugs dampen the overall internal motion of the Cdc42 (Figure 
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8) thus preventing the GTP/GDP exchange and Rho GTPase activation. 

The computed binding free energy (ΔGb) of both drugs to Cdc42 revealed that the binding of ketorolac to 

Cdc42 (ΔGb, of -154 ± 5 kcal/mol) is energetically favored with respect to that of ML141 (ΔGb, of -45 ± 6 

kcal/mol). The electrostatic interactions between the negatively charged carboxyl moiety of ketorolac and the 

Mg2+ ion markedly contribute to the ΔGb. In addition, residues Lys16 and Val36 stabilize drug binding by 

establishing electrostatic and hydrophobic interactions, respectively. We remark that the computed Gb 

are calculated rely on force fields and neglect the electronic rearrangements of the charge density induced 

by the Mg2+ ions (charge transfer and polarization effects) to the coordinating ligands. As a result, the 

calculated ΔGb is most likely overestimated [22]. In addition to Lys16also Phe37, Ala59 and Tyr64 contribute 

to the G b of ML141 by establishing hydrophobic interactions. Surprisingly, none of the two drugs 

establishes persistent H-bonds with their binding pocket.  

As a further check we monitored if ML141 could bind at the Cdc42/GEF interface.  Indeed, small molecules 

able of stabilizing the GEF/GTPase adduct may permanently inactivate the GTPase cycle. Among the GEF 

proteins known to bind to Cdc42 we selected Dock9 since an X-ray structure of this protein in complex with 

Cdc42 is available. Thus, ML141 was docked in a cavity at the interface of Cdc42/Dock9, and the resulting 

binding pose of ML141 resulted to be stable in MD simulations. The binding of ML141 had a limited impact 

on the Cdc42/Dock9 flexibility (i.e. does not markedly affected the RMSF of the two switch regions, which, in 

the adduct, are locked by Dock9). Upon ML141 binding an increase of positive correlation of the two Cdc42 

switches is observed (Figure 7D), underlining a partial recovery of Cdc42 internal motion which, counteracts 

the stability of Dock9 binding. Consistently, the ΔGb of ML141 at the Dock9/Cdc42 interface is smaller than 

in the single Cdc42 protein (ΔGb= -28 ± 3 kcal/mol) being stabilized by hydrophobic and electrostatic 

interactions with residues Gln342, Glu403, respectively, from Dock9 and with hydrophobic interactions with 

Leu67 from Cdc42. This suggests that ML141most likely bind to site 1 of Cdc42 protein, in line with its 

activity as nucleotide binding inhibitors suggested experimentally. 



 

 

Figure 6 – Binding pose of R-ketorolac (R

and Rac1 are shown in gray and blue new cartoons, respectively, switch I (from residue 27 to residue 37) and II (from residue

to residue 73) in lime and mauve, respectively, Mg

(GDP) and the inhibitors are shown as  licorice and colored by atom name. In C the hydrogen bond between R

(depicted as blue balls and sticks) of Rac1 is shown.

 

ketorolac (R-keto, A) andR-ML141 (B) on Cdc42, R-keto (C) and EHT 1864, (D) on Rac1. Cdc42 

and Rac1 are shown in gray and blue new cartoons, respectively, switch I (from residue 27 to residue 37) and II (from residue

in lime and mauve, respectively, Mg2+ ions is pictured in orange van deer Waals sphere and Guanine diphosphate 

(GDP) and the inhibitors are shown as  licorice and colored by atom name. In C the hydrogen bond between R

and sticks) of Rac1 is shown. 
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keto (C) and EHT 1864, (D) on Rac1. Cdc42 

and Rac1 are shown in gray and blue new cartoons, respectively, switch I (from residue 27 to residue 37) and II (from residue 59 

ions is pictured in orange van deer Waals sphere and Guanine diphosphate 

(GDP) and the inhibitors are shown as  licorice and colored by atom name. In C the hydrogen bond between R-keto and Tyr32 



 

Figure 7 – Per-residue cross correlation matrix (CCM)of Guanine diphosphate (GDP)

per-residue CCM of GDP-bound Cdc42 in complex with R

Cdc42 without drug. Difference between the per

CCMof GDP-bound Cdc42 alone (D). The Pearson’s cross correlation coefficients vary from 

(correlated motion, red). Horizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 (r

to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (resi

(residues 123 to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain partitioning of C

is shown in E and F. Residues corresponding to switch I and II are highlighted by red lines.

residue cross correlation matrix (CCM)of Guanine diphosphate (GDP)-bound Cdc42(A). Difference between the 

bound Cdc42 in complex with R-ketorolac (B) and ML141 (C) and Cdc42 and the CC

Cdc42 without drug. Difference between the per-residue CCM of GDP-bound Cdc42 in upon binding of Dock9 and ML141 and the 

bound Cdc42 alone (D). The Pearson’s cross correlation coefficients vary from -1 (anticorrelated motion, blue)

(correlated motion, red). Horizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 (r

to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (resi

(residues 123 to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain partitioning of C

is shown in E and F. Residues corresponding to switch I and II are highlighted by red lines. 
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bound Cdc42(A). Difference between the 

ketorolac (B) and ML141 (C) and Cdc42 and the CCM of GDP-bound 

bound Cdc42 in upon binding of Dock9 and ML141 and the 

1 (anticorrelated motion, blue) to +1 

(correlated motion, red). Horizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 (residues 16 

to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (residues 110 to 116), αi 

(residues 123 to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain partitioning of Cdc42 
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Figure 8 –Porcupine plot representing the essential dynamics of Cdc42 in the GDP- bound form (A), in complex with R-ketorolac 

(B), with R-ML141 (C). Cdc42 is depicted in gray new cartoons, with switch I and II highlighted in lime and mauve, respectively.   

The arrows indicate the direction of the motion, their length and color (from blue to red) is representative of the motion amplitude. 

Inhibition Mechanism of Rac1 

The same simulation protocol was also instrumental to elucidate the binding mode and the inhibition 

mechanism of R-ketorolac and EHT 1864 to Rac1. Also in this case docking and MD simulations predict that 

both drugs bind nearby the GDP binding site. R-ketorolac coordinates the Mg2+ ion with its carboxylic moiety, 

similarly to what observed in Cdc42, while EHT 1864 occupies the cavity between the GDP molecule and 

switch I (Figure 6). In spite of the structural similarity of Cdc42 and Rac1, the pocket lined by switch II is 

smaller in Rac1 that in Cdc42 due to the presence of Trp56 in the first as compared to Phe56 in the latter. 

As a result, the aromatic ring of R-ketorolacin Rac1 linesswitch I, being stabilized by π-stacking interaction 

with the GDP cofactor (Figure 6). Consistently with the binding poses observed, both drugs upon binding to 

Rac1 (Figure 6C and D) principally perturb switch I. Interestingly, the binding of the studied inhibitors locks 

the internal dynamics of the protein, hampering the opening/closing motion of the switch loops (Figure 9), 

upon ketorolac binding. Conversely, EHT 1864 does not interfere with the Rac1’s internal dynamics. The 

CCM of both systems also highlights marked differences. While R-ketorolac introduces small changes in the 

per-residue CCM (Figure 10), EHT 1864 largely perturbs the protein dynamics increasing the 

negatively/positively coupled motions of switch I and II respectively (Figure 10). 

 

Figure 9 – Porcupine plot representing the essential dynamics of Rac1 in the free GDP bound form (A), in complex with 



 

R-ketorolac (B), in complex with EHT 1864 (C). Cdc

mauve, respectively.  The arrows indicate the direction of the motion, their length and color (from blue to red) is represent

the motion amplitude. 

Figure 10 –Per-residue correlation matrix (CCM) for the GDP bound form of Rac1 (A). Difference between the per residue CCM of 

GDP-bound Rac1 in complex with R-ketorolac (B) and  EHT 1864, charge +1 (C)  and the same form of the protein without 

drugs. Difference between the per-residue CCM of GDP

same form of the protein without drugs (D). The Pearson’s cross correlation coefficients vary from 

to +1 (red, correlated motion). Horizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 

(residues 16 to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (res

110 to 116), αi (residues 123 to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain 

partitioning of Rac1 is shown in E and F. Switch I and II are highlighted by red lines under the matrices.

The calculated ΔGbs reveal that ketorolac binds more 

ketorolac (B), in complex with EHT 1864 (C). Cdc42 is depicted in blue new cartoons, with switch I and II highlighted in lime and 

mauve, respectively.  The arrows indicate the direction of the motion, their length and color (from blue to red) is represent

esidue correlation matrix (CCM) for the GDP bound form of Rac1 (A). Difference between the per residue CCM of 

ketorolac (B) and  EHT 1864, charge +1 (C)  and the same form of the protein without 

residue CCM of GDP-bound Rac1 in complex with Dock2 andEHT 1864, charge +1, and the 

same form of the protein without drugs (D). The Pearson’s cross correlation coefficients vary from -1 (blue, anti

orizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 

(residues 16 to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (res

to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain 

partitioning of Rac1 is shown in E and F. Switch I and II are highlighted by red lines under the matrices.

s reveal that ketorolac binds more strongly than EH1864 to Rac1 (ΔG
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42 is depicted in blue new cartoons, with switch I and II highlighted in lime and 

mauve, respectively.  The arrows indicate the direction of the motion, their length and color (from blue to red) is representative of 

 

esidue correlation matrix (CCM) for the GDP bound form of Rac1 (A). Difference between the per residue CCM of 

ketorolac (B) and  EHT 1864, charge +1 (C)  and the same form of the protein without 

bound Rac1 in complex with Dock2 andEHT 1864, charge +1, and the 

1 (blue, anti-correlated motion) 

orizontal and vertical lines define different regions of the protein: β1 (residues 1 to 10), α1 

(residues 16 to 26), β2 (residues 38 to 47), β3 (residues 49 to 58), β4 (residues 77 to 84), α3 (residues 87 to 106), β5 (residues 

to 132), α4 (residues 139 to 150), β6 (residues 153 to 158), α5 (residues 165 to 177). Domain 

partitioning of Rac1 is shown in E and F. Switch I and II are highlighted by red lines under the matrices. 

strongly than EH1864 to Rac1 (ΔGb=-182 ± 7 kcal/mol 
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and ΔGb=-62 ± 9 kcal/mol for R-ketorolac and EHT 1864, respectively) and that ketorolac has a larger 

binding affinity towards Rac1 than to Cdc42, consistently with its higher potency (lower IC50) [20].Similarly to 

its binding pose in Cdc42, the binding of R-ketorolac is mostly due to the electrostatic interactions of its 

carboxyl moiety with the Mg2+ ions, being here further stabilized by electrostatic interactions with Tyr32, and 

by hydrophobic interactions with Cys18 and Pro29. Its binding pose is also stabilized by a persistent H-bond 

formed between the hydroxyl group of Tyr32 and its carbonyl oxygen. In contrast, the binding of EHT 1864, 

mostly establishes hydrophobic interactions with the binding pocket and electrostatic interactions between its 

amine moiety of the drug and Asp38.  

As in the Cdc42 case, we also monitored if EHT 1864 could bind at the interface of Rac1 and a specific GEF, 

i.e. Dock2 for which a crystal structure was available. Docking simulations followed by MD simulation 

confirmed once more the presence of a druggable pocket at the Rac1/Dock2 interface. The binding of EHT 

1864 at this site induces a slight increase of the switch I flexibility. Consistently, the CCM of the Rac1/EHT 

1864 adduct registers an increase of the positive correlation (Figure 10) of this critical region. Therefore, the 

binding of EHT 1864 at the Rac1/Dock2 is not effective in blocking functional dynamics of protein, but rather 

destabilized the Rca1/Dock2 adduct. This is further confirmed by a decrease of the ΔGb (-28 ± 6 kcal/mol) 

with respect to that of EHT 1864 binding toRac1. Constituently with its suggested activity as nucleotide 

binding inhibitor EHT 1864 most likely targets the Rac1 rather than the Rca1/Dock2 adduct. 
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Discussion 

The present study illustrates the effect of three inhibitors Ketorolac, ML141 and EHT 1864 on the migration 

and motility of GBM and a detailed analysis based on all-atom simulations elucidates the binding pose and 

the mechanism of these inhibitors on two small GTPases, Cdc42 and Rac1, involved in cellular motility. The 

complementary use of the two approaches provides a better insight and it is important also to clearly 

understand their differences. 

In vivo and in silico comparison     

In the experimental analysis shown in Figure 2-5, the inhibitors are added to the extracellular medium 

bathing the GBM and therefore these drugs must cross the cellular membrane before interacting with Rac1 

and Cdc42. Therefore, it is expected that the concentration of the inhibitors halving half of the migration 

K1/2migration to be different from the concentration inhibiting half of Rac1 and Cdc42 activity in in vitro 

conditions. From the transwell experiments performed in U87 GBM cell line we have estimated that 

K1/2migration to be approximately 20, 30 and 50 μM for EHT 1864, ML141 and R-Ketorolac, respectively. For 

EHT 1864, the corresponding values obtained in vitro conditions are 1-5μM[1],and 20 μM on MDA-MB-231 

and MCF-7 breast cancer cells[23].For ML141, 2 μMin vitro conditions[24], 3 μM for 50% reduction on 

ovarian cancer cell migration[19]. R-ketorolac against Rac1 and Cdc42 in Hela cells with values of 0.57 μM 

and 1.01μM [25], respectively. The reduced efficacy of the compounds, as compared to in vitro tests and 

migration characteristics in other cell line types, suggest that other pathways may also be relevant to stop 

the infiltration and migration propensities of the GBM. 

Switches, binding and docking sites in Cdc42 and Rac1  

The set of docking and MD simulations performed supply a molecular basis for the inhibition mechanism 

exerted by the known GTPase inhibitors tested in this study. R-ketorolac, bearing a carboxylic moiety, 

coordinates the Mg2+ ions, in line with the high affinity of carboxylic moieties towards Mg2+ ions observed in 

protein enzymes.Its binding may reduce the binding strength of GDP towards the Mg2+metal triggering GDP 

dissociation and inactivating the small Rho GTPase function by hampering the GDP/GTP exchange. 

Nevertheless, the binding of R-ketorolac is slightly different in Cdc42 and Rac1, where in the first both switch 

I and II regions are lined by the drug hampering the opening/closing motion of the cavity and possibly 
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affecting also the interactions with the GEF proteins in Cdc42. Conversely, when binding to Rac1 

R-ketorolac exclusively affects the switch I, which is less involved in the GEFinteraction/stabilization. The 

discussed difference in the binding poses is also confirmed also by the predicted binding mode of ML141 

and EHT 1864, the first heading towards the switch II cavity, while the second being mainly and mostly lined 

by switch I. WhileML141 engages strong interactions with the cavity and hampers the typical opening/closing 

motion of the switches I/II, which necessary to GTP/GDP upload/release. Conversely, in spite of its larger 

size EHT 1864 does not completely freeze the movement of Rac1. Being Rho GTPases at the cross road of 

an intricate signaling interactome and being their action co-adjuvated by several interacting partners, we 

have attempted at predicting if/how the binding of the studied inhibitors could differently affect the 

interactions with selected proteins. Notably, by superimposing the drug-bound form of Rac1/Cdc42 proteins 

with selected Rho GTPase partners, for which the crystal structure in complex with their partner GTPase is 

available, it emerges that R-ketorolac and EHT 1864 appears to counteract the binding of specific Rac1 

protein partner, plexin B1 [26].P-Rex1 and Epithelial cell transforming protein 2 (ETC2)[27], among the 

others which are involved in GBM migration and invasive propensity, while affecting to a lower extent the 

interaction with a typical GEF such as Dock2. Conversely the binding of both R-ketorolac and ML141 

appears to potentially have an impact even on GEF (Dock9) binding. 

Specific actions of R-Ketorolac, ML141 and EHT 1864 

Migration and motility in cells is regulated by a complex and highly interconnected network of proteins. 

Therefore, pharmacological inhibition of these proteins simultaneously could be of therapeutic benefit. 

R-Ketorolac is an inhibitor both of Rac1 and Cdc42, while ML141 is more specific for Cdc42 and EHT 1864 

inhibits Rac1 preferentially. According to previous research, in melanoma Rac1 is not only overexpressed 

but also mutated[28].The knockdown of Rac1 in melanoma cells depresses the formation of invadopodia 

[29], and in this case decreases its capacity to promote cancer metastasis. The already approved drug 

Ketorolac and in particular its R-enantiomer inhibits Rac1 and Cdc4 in ovarian cancer [30], and potentially 

contributes to the observed survival benefit. This observation suggest to use the same drug for treating 

glioma/GBM at their early stages also in the case of brain cancer.R-Ketorolac is a drug already approved by 

the US Food and Drug Administration (FDA) in 1989, while ML141 and EHT 1864 not yet at the moment. 

Therefore, to study the molecular mechanism and working concentration of these three inhibitors will benefit 
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the clinical promotion and use. 
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Materialsand methods 

Cell culture 

U87 GBM cells (#89081402, Sigma-Aldrich) were cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS; Invitrogen, Life Technologies, Gaithersburg, MD), 1% PenStrep (100 U/ml penicillin and 100 

μg/ml streptomycin; Invitrogen).The GFP-labelled U87 GBM cells were infected by a mix containing lentiviral 

vector, LV-GFP.All the cells were cultured in an incubator at 37°C, 5% CO2, 95%relative humidity and 

medium was replaced every 3 days. Once 70–80% ofconfluence had been reached, the cells were re-plated 

at a density of2.5×103/cm2. 

Transwell assay 

5 × 105U87 GBM cells in DMEM medium (without FBS) were seeded to the top chambers of 12-well 

transwell plates (Millipore; 8 μm pore size), and 10% FBS DMEM medium was added to the well. Inhibitors 

were employed in both the chamber and the well. After incubation for indicated time, cells in the top of the 

chamber (non-migrating cells) were removed from the chambers, and cells in the bottom of the chamber 

(migrating cells) were fixed with 4% PFA for 20 min and stained with 5% crystal violet for 30 min in room 

temperature. The migrated cells were counted with a microscope. 

Live-cell imaging 

GFP labelled U87 GBM cells were plated at a density of 8.0×104 cells into 35-mm dishes with a glass bottom 

and cultured for 1 day. Live-cell imaging experiments were performed on an epi-fluorescence microscope 

(NikonTi2-E) equipped with a chamber incubator and light-emitting diode (LED) illumination (λ=490 nm for). 

During all imaging experiments, cells were kept at 37°C, 5% CO2 and 95% humidity. Time-lapse images 

were taken with 50 ms of exposure time and one image was taken every 2 min. The videos were analysed 

using the Fiji plugin TrackMate [31], which allows the selection of regions of interest (ROIs) for every cell and 

obtain the average velocities for each cell. 

Computational model building 

The starting configurations for the building the models of the Cdc42 and Rac1 proteins were taken from the 

crystal structures deposited in the protein data bank (PDB) (PDBid 5CJP and 2YIN, for Cdc42 and Rac1, 

respectively). Conversely, in order to investigate the binding of the drug at the interface with the specific 
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GEF proteins, we used the crystal structures of Dock9/Cdc42 and Dock2/Rac1 complexes with Cdc42 and 

Rac1 deposited in the PDB (PDB id 2WMO and 2YIN). For each system the protein structures were 

prepared, and the protonation state of the ionizable residues was determined by using Schödinger software 

suite.  

Since the investigated inhibitors are known to act via a non-competitive mechanism (i.e. they do not 

compete with the GTP substrate) we initially looked for possible binding pockets able to host the inhibitors 

studies here, following an already established computational protocol [32]. To this aim we used the SiteMap 

[33] and FT Map softwares [34].The search of druggable pockets was carried on the crystal structure of the 

proteins and on selected frames of the equilibrated molecular dynamics (MD) trajectories of each protein in 

the Guanine triphosphate (GTP) and Guanine diphosphate (GDP) bound state. As a result, we identified two 

possible druggable pockets on Cdc42 and one pocket on Rac1. Docking simulations of the experimentally 

tested inhibitors were then performed to find a binding pose of the drugs on these pockets, following an 

ensemble docking approach [35]. Namely, we used as target protein structures: (i) the crystal structure of 

Rac1 and Cdc42 in the free form and the protein structure in complex with their specific GEFs, (ii) a 

representative of the equilibrated part of the simulation trajectory selected by a cluster analysis; (iii) a 

visually selected trajectory frame of the GDP- bound form of the proteins in which the pockets were able to 

accommodate the studied inhibitors. Prior to performing docking simulations, each drug was prepared 

considering all possible protonation states. Docking simulations were done with the Glide program of the 

Schödinger suite. 

As a result, the R-ketorolac was considered in its negative, R-ML141 in its neutral and EHT 1864 in its 

positive form, which is predicted to be the most abundant at physiological pH. 

Molecular dynamics (MD) simulations 

The topology of the system was built with the Amber2018 tool tleap using the amber ff1ILDN force field (FF) 

[36]. The parameters of the GTP and GDP cofactors and of the tested drugs were built according to the 

following procedure: each molecule was subjected to a structure minimization using the Jaguar program at 

density functional theory (DFT) B3LYP level of theory and the 6-31G** basis set. Next, electrostatic potential 

(ESP) derived charges were computed according to the Merz-Kolmann partitioning scheme using the 

Gaussian software (Gaussian 09, R. A. G. I., Wallingford CT, 2016).with the same basis set, and converted 
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in RESP charges with the resp module of amber tools 2018. For the other FF parameters the general amber 

force field (Gaff) was employed [37].  For the Mg2+ ion present in the active site we used the Aqvist 

parameters [38]. The systems were solvated by adding a layer of 10 Angstrom of TIP3P water molecules[39] 

and neutralized with Na+ ions, using the Joung and Cheatman parameters[40].This lead to a total number of 

44662 atoms for GDP-bound Cdc42, 35813 atoms for GDP-bound Cdc42 in complex with R-ketorolac, 

36611 atoms for GDP-bound Cdc42 in complex withML141; 92293 atoms for GDP-bound in complex with 

Cdc42 and Dock9 ; 92310 atoms for  for GDP-bound Cdc42 in complex with ML141 and Dock9; 34986 

atoms for GDP-bound Rac1, 34739 atoms for GDP-bound Rac1 +R-ketorolac, 34415 atoms for GDP-bound 

Rac1  in complex withEHT 1864;  95331 atoms for GDP-bound Rac1 in complex with Dock2 and 95156 

atoms for GDP-bound Rac1 in complex with Dock2 + EHT 1864. Overall ten different systems were 

simulated and extensively analyzed in this study. The system topology was then converted to the 

GROMACS format with the acpype software [41]. 

A short minimization was run before annealing the system to 300K. The pressure was equilibrated to 1atm 

using the Berendsen barostat. In the simulations with the drugs, after equilibration the position of the drug in 

the binding site was restrained for 30 ns and subsequently a production run was started removing the 

constraint. For all simulations the pressure was kept to equilibrium value with the Parrinello-Rahman 

barostat [42] while the temperature was controlled with the velocity rescale thermostat [43]. The length of the 

simulations of Cdc42 and Rac1 without drugs is 440 ns. 

Analysis 

The root mean square deviation (RMSD), the root mean square fluctuation (RMSF), the principal component 

analysis (PCA) and the per residue correlation matrix were derived using both GROMACS2018[44]and 

Amber 18 programs [45]. In particular the GROMACS2018 tools were used to compute the RMSD (gmx 

rms) and RMSF (gmxrmsf), while the hydrogen (H)-bonds and cross correlation matrix were computed with 

the AMBER2018 tool cpptraj. A cluster analysis was performed with the GROMACS2018 cluster tool using 

the algorithm described in Daura’s report [46]. Only Cα atoms of each residue were considered to compute 

RMSD, RMSF and correlation matrix. To compute the RMSD the whole trajectory was used, while all other 

properties were evaluated on a stable (almost flat RMDS) final 100 ns part of the whole trajectory. The PCA 

was performed with the GROMACS 2018 tools (gmxcovar, gmxanaeig). To obtain the PCs we applied the 
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following protocol: the trajectory was first fitted on the reference structure to remove translational and 

rotational motion, and then the mass-weighted covariance matrix was computed for the Cα atoms and 

diagonalized [21]. The eigenvectors exhibiting the largest eigenvalues pinpoint the most relevant motions 

sampled during the simulation, which is also referred to as principal components (PCs) [47]. 

The motion along the first eigenvector (essential dynamics), i.e. the vector corresponding to the largest 

eigenvalue, is commonly referred as essential dynamics and represents the most relevant motion of the 

system. This was visualized with the VMD program, and arrows highlighting the direction of motion were 

drawn using the porcupineplot.tcl plugin of the VMD program. 

Energetic analysis  

Binding free energies between the proteins and selected ligands (∆Gb) were calculated by using the 

Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) method [48] with Amber18 also using the 

per-residue decomposition tool to gain a direct view of how each residue lining the binding site contributes to 

drug-binding. The value of the igb flag was set to 2 and a salt concentration of 0.1 M was used. MM-GBSA 

calculations were performed on 100 equally distant frames the last 100 ns part of the equilibrated MD 

trajectory, following a protocol used in previous studies. The conformational entropic contribution of the free 

energy was not considered, as this term usually does not improve the quality of the results [49]. For what 

concerns the energetic contribution of each residue in the protein we used a threshold of 1 kcal/mol, 

absolute value, above which one residue was considered as significant in favoring/disfavoring the binding of 

the drug.   
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Chapter 3. Supplementary Materials 

After the completion of my work submitted and accepted by Cancers I performed further experiments related 

to the following two issues: 

1. The effect of the substrate on GBM cell motility. 

2. The roles of Piezo1on the response of GBM cell to the substrate rigidity. 
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3.1 The Effect of the Substrate on GBM Cell Motility 

Abstract  

Cells exhibit complex responses to the extracellular environment. Matrigel matrix and poly-l-ornithine 

substrates are widely used for enhancing cell attachment. In this study, I want to compare the differences in 

the response of GBM cell to these two substrates. GBM cell cultured on glass was considered as the control. 

I found that: 

 Cell viability and motility were different among these conditions.  

 GBM cells changed their actin organization, adhesion dynamics during migration by regulating Rho 

GTPases and focal adhesion molecules.  

It is conceivable that a better understanding of the interactions between cells and their substrates are 

prerequisite for drug screening. 
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Background 

Nowadays, a number of therapeutic agents for GBM treatment have been reported, which mainly target the 

growth factor receptors and their downstream pathways, cell cycle, epigenetic modulators, angiogenesis, 

and antitumor immune responses [250-251].  However, only a low percentage of drugs can be approved to 

the market. Over the past two decades, research has established that environmental features affect several 

of processes, including cell spreading, adhesion, growth, proliferation, apoptosis, migration, differentiation 

and organoid formation, cancer progression and response to drugs. Cell exhibits complex responses to the 

microenvironment, especially during cell migration. The majority strategy for drug discovery is based on cell 

culture. The inappropriate substrate of cell culture may contribute to the high failure rate in drug discovery. In 

this study, I cultured GBM cell U87 and U251 on glass and matrigel matrix or poly-l-ornithine substrate to 

investigate how these substrates affect GBM cell. I focus my attention on the alterations of gene expression, 

cell proliferation and motility. Furthermore, I want to compare the differences in actin organization, 

actomyosin contractility and cell adhesions dynamics during GBM cell migration among these substrates.  
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Preliminary Results 

1 - GBM Cell Viability of Different Substrates 

 

Figure 1. Two main categories of substrates were used, the naturally-occurring substrate, matrigel matrix 

and the synthetic substrate, poly-l-ornithine. Glass surface was used as control. Matrigel matrix and 

poly-l-ornithine are widely used as a coating to enhance cell attaching and adhering to plastic and glass 

surfaces. Two types of typical GBM cell lines, U87 (GBM multiforme grade IV) and U251 (GBM-astrocytoma 

grade III-IV) were used. CCK-8 assay was used to detect the cell viability in the entire group, and GBM cell 

viability was dramatically higher in matrigel than that of the poly-l-ornithine group (Figure 1). Cell viability of 

U87 and U251 GBM cells was evaluated using the CCK-8 assay after culturing on matrigel matrix and 

poly-l-ornithine coated plastic for 12h. Cell cultured on the glass surface was used as control.  ***: p<0.001, 

*: p<0.05 
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2 - GBM Motility on Different Substrates 

 

Figure 2. U87 cell movement was detected in three conditions using live cell imaging. A stable U87-GFP cell 

line was established to visualize GBM movements. Analysis of the movies revealed that cells on matrigel 

matrix substrate quickly change their type during migration (Figure 2a). Trajectories of individual cells were 

used to quantify motility differences following different substrate culture (Figure 2b-d). The cell moved 

significantly faster in the matrigel matrix group than the other two groups (Figure 2f), accompanying the 

smallest spreading area (Figure 2e). (a) U87-GFP cell was cultured on matrigel and poly-l-ornithine coated 
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surface and recorded for 2h using the time-lapse recording. (b-d) Cell trajectories of U87-GFP cells growth 

on glass (b), matrigel matrix (c) and poly-l-ornithine (d) for 2h; each color represents the trajectory of an 

individual cell, and the starting positions of each cell were registered to the center of the plot. (e) U87-GFP 

cell spreading areas were quantified using the ImageJ program (NIH). (f) The mean velocity of the U87-GFP 

cell in each group was recorded for 2h and analyzed using the ImageJ program (NIH). Scale bar: 50μm. Cell 

number: 274 cells in the glass group, 272 cells in the matrigel matrix group and 278 cells in the 

poly-l-ornithine group.  
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3 - Actin Stress Fibers Organization of GBM Cell Grown on Different Substrates 

 

Figure 3. Cells use protrusions for movement. When GBM cellswere cultured on glass and poly-l-ornithine 

substrate, most of the U87 and U251 cells exhibited epithelial-like morphology and formed a large protrusion 

with actin stress fibers (Figures 3 left panel and right panel, green). However, when GBM cellswere cultured 

on matrigel matrix substrate, cells shrank their cell body and formed a small protrusion with less actin stress 

fibers (Figures 3 middle panel, green). Confocal sections of U87 and U251 cells cultured on glass, matrigel 

matrix and poly-l-ornithine substrate and stained with Phalloidin (green) and Paxillin (red). Scale bar: 50μm. 
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4 - Dynamics of Cell Adhesion over Different Substrates 

 

Figure 4. Cell adhesions form at the cell front and disassemble at both the front and rear of the cell. These 

events are crucial for cell migration. Paxillin-GFP expressed U87 cells were seeded on the three substrates 

and observed the assembly and disassembly of Paxillin spots using live cell imaging (Figure 4a, Videos 

S4-6). Recordings lasted approximately 60min, and one frame was digitized every 2min. Data showed that 

both the assembly and disassembly rates in the matrigel matrix group were the fastest, these rates in the 

glass group were lower than that of the matrigel matrix group, and the poly-l-ornithine group had the lowest 

rates (Figure 4b-c). The area of adhesions of the glass and matrigel matrix group was significantly larger 

than that of the poly-l-ornithine group (Figure 4d). Furthermore, during migration, cell adhesions tended to 

assemble in one direction on both the matrigel matrix and poly-l-ornithine group (Figure 4a). However, the 

cell adhesions on the glass surface exhibited a random growth (Figure 4a). (a) Paxillin expressed U87 cells 

were imaged by time-lapse microscopy at 2min intervals for 60min. The red Paxillin spots were recorded at 
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0min, the green Paxillin spots were recorded at 30min, and the blue Paxillin spots were recorded at 60min. 

The closed arrow indicates the tendency of adhesions assembly. Histograms represent the adhesion 

assembly rate (b), disassembly rate (c) and adhesion area (d). Recordings are showed in Videos S4-6. 

Tracking cell adhesion numbers: 260 in the glass group, 242 in the matrigel matrix group and 161 in the 

poly-l-ornithine group. 
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5 - Rho GTPases and Focal Adhesion Molecules in GBM Cells 

 

Figure 5. In mesenchymal cell migration, cells use filopodia and lamellipodia protrusions to push the cell 

forward [52, 108-109]. Filopodia are finger-like protrusions that contain parallel bundles of actin filaments in 

the direction of the protrusion. Lamellipodia are thin branched actin sheets, which can both protrude and 

retract. It is reported that Rho GTPases family member Cdc42 and Rac1 play important roles in these two 

structures, respectively. RhoA can promote myosin II activity with the help of ROCK and plays functions in 

both cell front and rear [106-107]. Our results showed that the levels of Rac-GTP and Rho-GTP of both the 

glass and poly-l-ornithine groups were much higher than that of the matrigel matrix group (Figure 5a, b-c). 

However, the level of Paxillin exhibited an inverse tendency (Figure 5a, d). (a) Western blot analysis for 

detecting the levels of Rac-GTP, Rho-GTP, Rac1, RhoA and Paxillin in U87 and U251 that cultured on glass, 

matrigel matrix and poly-l-ornithine substrates. (b-d) Histograms of the expression levels of Rac-GTP, 

Rho-GTP and Paxillin compared to β-tubulin. 
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Conclusion 

In the present study, I confirm that when cells were cultured on three culture substrates: glass, 

matrigelmatrix and poly-l-ornithine, GBM cells can respond to the environment changes in various biological 

ways, including alterations in cell viability, cell morphology and migration. GBM cell was also found 

differences inactin stress fibers organization and adhesion dynamics of different substrates. The levels of 

active Rho GTPases, Rac-GTP and RhoA-GTP, and focal adhesion adapter protein, Paxillin, were different 

among these substrates. 

In conclusion, both matrigel matrix and poly-l-ornithine are wildly used to enhance cell attachment, especially 

for primary cells. I find that even these commonly used substrates can introduce cell responses in a multiple 

and fast way. Cell-based assays are a simple, fast and cost-effective way for the drug discovery process. 

Drug development is a lengthy and costly process; however, the failure rate in drug discovery nowadays is 

still very high. Understanding how cell benefits from the different substrates and choosing the right one will 

help us get the most out of our experiments.  

Next step, I want to use the RNA sequencing technique to detect the differentially expressed (DE) genes of 

GBM cell in different substrates and predict which signal pathways are mainly involved in GBM cell response 

to those differences. Further, I want to use RT-PCR or western blot to confirm the most interesting 

moleculesobtained from RNA sequencing.  
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Materials and Methods  

Cell Lines 

Human GBM cell lines U87, U251 (all from ATCC) and U87 stably transfected with LV_Pgk1p-mCherry were 

cultured at 37 °C, 5% CO2 in DMEM medium supplemented with 10% FBS and penicillin/streptomycin. Cell 

cultures were routinely subcultured every two days by trypsinization using standard procedures. 

Immunofluorescent Staining 

Cells were fixed with 4% PFA for 20min and permeabilized with 0.1% TritonX-100 for 20min. Cells were then 

incubated with primary antibody and second antibody. The following primary antibodies were used: 

anti-myosin IIa (1:200, CST) and anti-Paxillin (1:200, Abcam). Phalloidin (1:2000, Invitrogen) was used to 

detect F-actin. 

Cell Proliferation Assay 

5×103 cells were plated in 96-well plates. After 12 hours’ culture, cells were transfected with Rac1-siRNA and 

NC-siRNA and cultured for another 48 hours. Cell growth was measured by colorimetric CCK-8 assay 

(Sigma-Aldrich Co, St Louis, MO, USA). 

Cell Transfection and Live cell Imaging 

Cells were plated at a density of 1×105 cells/ml into 35 mm confocal dishes and incubated overnight. 

Transient transfection of Paxillin-GFP was carried out with Lipofectamine™ 2000 (Invitrogen) using the 

protocol provided by the manufacturer. 24 hours after transfection, cells were used for live cell imaging 

assay.  

For live cell imaging assay, cells were maintained in a 37℃, 5% CO2 in chambers in culture medium on an 

inverted microscope (Nikon, UK) with a motorized stage (Prior Scientific, UK) controlled by NIS-Elements 

software (Nikon, UK). Stable U87-GFP cells were used to detect the cell shape and velocity changes on 

glass, matrigel and poly-L-orinithine. Time-lapse image series were acquired at 1min intervals using a 

20×1.4 NA objective lens (Nikon). Paxillin-GFP fluorescence time-lapse image series were acquired at 2min 

intervals using a 40×1.4 NA objective lens (Nikon).  
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Tracking Assays and Data analysis 

Tracking of cell migration was performed over a period of 2 hours. Individual cells were tracked by repeated 

selection of cells in movie frames and manual tracing of migration pathways with image J software. 

Individual cell adhesions tracking were performed similarly to cell tracking procedure. We then fit the curves 

of ‘adhesion assembly’ or ‘adhesion disassembly’ by Origin software using Slogistic1 function, and got the 

k/-k value as the rate of assembly or disassembly.  

Western Blot 

Cells were plated at a density of 2×106 cells/well in 10cm and grown to 70-80% confluence. After cultured on 

glass, matrigel and poly-L-orinithine for 48h, cells were washed with cold PBS and lysed in lysis buffer 

supplemented with a protease inhibitor cocktail (Sigma-Aldrich Co). Equal amounts of total protein were 

boiled for 5min in 5×sample buffer and fractionated by 12% SDS-PAGE. Samples were then transferred to 

PVDF membranes (Millipore). Immunoblots were detected using ECL System (Millipore) with horseradish 

peroxidase-conjugated secondary antibodies (Sigma). The following first antibodies were used: anti-Rac1 

(Abcam), anti-RhoA (Millipore), anti-Rac-GTP, anti-Rho-GTP, anti-Paxillin (Cell Signaling Technology). 

Statistical Analysis 

Difference between groups was assessed by Student's t-test, one-way ANOVA or two-way ANOVA test. 

Graphpad Prism was used for all statistical analyses. The difference of cell mobility, adhesion dynamics and 

cell spreading area was evaluated by one-way ANOVA followed by Kruskal-Wallis test. The results are 

presented as the mean ± SEM of at least three independent experiments. 
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3.2 The roles of Piezo1 on GBM cell Response to Substrate 

Background 

Abnormal organization and modification of ECM molecules are observed in tumor ECM. The mechanical 

properties of the ECM can transmit to cell (mechanotransduction) and direct many cellular properties. In this 

study, I cultured GBM cells on collagen Ⅰ coated-substrates with different rigidity. GBM cell altered their 

proliferation, morphology and motility when responding to substrate rigidity. Mechanosensitive ion channel 

(MSC) Piezo1 is reported overexpressed in glioma and associated with glioma aggression. However, how 

this molecule regulating glioma progression is still unclear. I found that Piezo1 upregulated on the stiff 

substrate compare to the soft one. Using GsMT×4 to block the activation of Piezo1 channel, GBM cell 

significantly reduced their velocity during migration. The results also showed that Rho GTPases and focal 

adhesion molecules were involved in GBM dynamics. 
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Preliminary Results 

1 - Substrate Rigidity Alters GBM Cell Proliferation, Morphology and Cytoskeletal Organization and 

Cell Adhesion Formation.  
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Figure 1. GMB cell U87, U251 and T98G were cultured on soft collagen substrate and stiff collagen 

substrate, respectively. Substrate rigidity significantly changed the proliferation rate of GBM cells 

(Figure1a-c). GBM cell cultured on the rigid substrate was typically well-spread with actin stress fibers and 

Paxillin-positive adhesions (Figure 1d-j). Cell cultured on the soft substrate was mostly shrunk into a round 

shape, with cortical rings of F-actin and small, punctuate Paxillin spots (Figure 1d-j). (a-c) The proliferation of 

GBM cells in different rigidity of the substrates was detected by CCK-8 assay. (d) Substrate rigidity altered 

GBM cell morphology, cytoskeletal organization and cell adhesion formation. (e-g) The cell spread area of 

GBM cell that cultured in stiff and soft substrate. (h-j) The circle rate of GBM cells that cultured in stiff and 

soft substrate. U87, U251 and T98G cells were stained for F-actin (green), nuclear DNA (blue) and the focal 

adhesion protein Paxillin (red). Scale bar: 50 μm 
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2 - The Rigidity of the Substrateregulates the Levels of Piezo1 and Migration-Related Molecules 

 

Figure 2. MSC Piezo1 isreported overexpressed in glioma and associated with glioma aggression [161]. To 

investigate whether Piezo1 is involved in the sensing ECM rigidity in GBM cell, the expression of Piezo1 was 

detected by western blotting. The results showed that Piezo1 was upregulated in the stiff substrate compare 

to the soft substrate (Figure 2). Furthermore, the levels of activated Rho GTPases, Rho-GTP, and 

Rac-GTPwere also upregulated in stiff substrate accompany a higher level of the focal adhesion adaptor 

protein, Paxillin (Figure 2). However, the phosphorylation level of FAK was downregulated in the stiff 

substrate.The expression of Piezo1, P-FAK, Paxillin, Rac-GTP and Rho-GTP was detected by western 

blotting, the expression of β-Tubulin and GAPDH was detected as control. 
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3 - Inhibition of Piezo1 Decreases the Motility of GBM Cells 

 

Figure 3. As mentioned above, alterations were found in cell migration-related molecules during their 

response to ECM stiffness changes. Cell motility is critical for tumor invasion. To investigate whether ECM 

stiffness could affect the velocity of GBM movement, the random motility of the U87-GFP cell was recorded 

by live cell imaging. Mean velocity fell dramatically with decreasing substrate rigidity. Using 5μm GsMT×4 to 

block the activation of Piezo1 channel, cell movement significantly slowed down on stiff substrate. U87-GFP 

cells were recorded for 2h. After 2h recording, cells were incubated with GsMT×4 and recorded for another 

2h. The mean velocity of U87-GFP cells was recorded for 2h and analyzed using the ImageJ program (NIH). 

Recordings of the U87-GFP cell movement are shown in VideosS1, S2 and S3. 
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4 - Inhibition of Piezo1 Decreases the Motility of GBM Cells 

 

Figure 4. Piezo1 is a nonselective cation channel and is permeable to extracellular calcium (Ca2+) influx. To 

investigate whether Piezo1 regulating GBM cell movement is mediated by the extracellular Ca2+ influx, the 

Ca2+ flux of GBM cell was then detected by Fluo-4 and Fura Red staining. GBM cells showed strong Ca2+ 

signals on the stiff substrate and weak Ca2+ signals on the soft substrate. However, inhibiting Piezo1 by 

GsMT×4 reduced the Ca2+ signals on the stiff substrate in GBM cells. (a-c) Ca2+ signals were detected by 

Flou4 and Fura Red staining. Typical curves of Ca2+ signals in stiff substrate with (a) and without (b) Piezo1 

activation, and in soft substrate (c) were shown by the ratio between Fluo-4 and Fura Red. The peak 

amplitude of Ca2+ signals were recorded for 20 min and analyzed using the ImageJ program (NIH). 

Recordings of the U87-GFP Ca2+ flux are shown in VideosS4, S5 and S6. 
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Conclusion 

So far, I confirm that GBM cells responded to ECM rigidity by changing their proliferation and morphology. 

The motility of GBM cells also changed according to the ECM rigidity. MSC Piezo1 was upregulated in the 

stiff substrate, accompany with the upregulation of Rac-GTP, Rho-GTP and Paxillin. Furthermore, Blocked 

Piezo1 by GsMT×4 reduced the GBM cell velocity of both soft and stiff substrate.  

In conclusion, GBM cells can respond to substrate mechanical properties, changing cell proliferation, 

morphology and motility. Substrate rigidity induced cell movement can inhibit by the inhibition of Piezo1, 

which indicates that MSC Piezo1 plays a very significant role in cell mechanotransduction. 

To further confirm that Piezo1 is involved in the substrate rigidity induced GBM cell movement, first I want to 

use the Piezo1 agonist, yoda1, to investigate whether the activity of Piezo1 can increase GBM motility and 

the expression of migration-related molecules. Further investigate the roles of Piezo1 on GBM cell response 

to substrate rigidity by gene knockdown and overexpression. Next I want to explore the downstream signals 

involved in Piezo1 mechanical behavior in GBM cell and try to find out the pathway of upregulating Piezo1 in 

stiff substrate. 
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Materials and Methods  

Cell Lines 

Human GBM cell lines U87, U251 and T98G (all from ATCC) and U87 stably transfected with 

LV_Pgk1p-GFP were cultured at 37 °C, 5% CO2 in DMEM medium supplemented with 10% FBS and 

penicillin/streptomycin. Cell cultures were routinely subcultured every two days by trypsinization using 

standard procedures. 

Stiff substrates were generated by coating tissue culture dishes with 50 μg/ml bovine collagen type I (Sigma) 

in PBS. After incubatingfor 1 h at 37°C, the remaining solution was aspirated, and the dish was rinsed with 

PBS before seeding cells. Soft substrates were generated by polymerizing a bovine collagen type I gel (2.5 

mg/ml; Sigma) on tissue culture dishes. A collagen gel solution was made by mixing 8 parts of collagen 

solution with 1 part of 10× PBS and adjusting the pH to approximately 7 with NaOH (0.1 N).Afterincubatedat 

37°C until completion of the gelation, cells were then seededdirectly on top of the gels.  

Immunofluorescent Staining 

Cells were fixed with 4% PFA for 20min and permeabilized with 0.1% TritonX-100 for 20min. Cells were then 

incubated with primary antibody and second antibody. The following primary antibodies were used: 

anti-Paxillin (1:200, Abcam). Phalloidin (1:2000, Invitrogen) was used to detect F-actin. 

Cell Proliferation Assay 

5×103 cells were plated in 96-well plates coated with soft and stiff collagenⅠ, respectively. Cell growth was 

measured by colorimetric CCK-8 assay (Sigma-Aldrich Co, St Louis, MO, USA) after culture of 12h, 36h and 

60h. 

Live Cell Imaging 

For live cell imaging assay, cells were maintained in a 37°C, 5% CO2 in chambers in culture medium on an 

inverted microscope (Nikon, UK) with a motorized stage (Prior Scientific, UK) controlled by NIS-Elements 

software (Nikon, UK). Stable U87-GFP cells were used to detect the velocity changes on different rigidity of 

substrates. Time-lapse image series were acquired at 1min intervals using a 20×1.4 NA objective lens 

(Nikon).  
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Tracking Assays and Data Analysis 

Tracking of cell migration was performed over a period of 2 hours. Individual cells were tracked by repeated 

selection of cells in movie frames and manual tracing of migration pathways with imageJ software. 

Western Blot 

Cells were plated at a density of 2×106 cells/well in 6cm and grown to 70-80% confluence. After cultured on 

soft and stiff substrates for 24h, cells were washed with cold PBS and lysed in lysis buffer supplemented 

with a protease inhibitor cocktail (Sigma-Aldrich Co). Equal amounts of total protein were boiled for 5min in 

5×sample buffer and fractionated by 12% SDS-PAGE. Samples were then transferred to PVDF membranes 

(Millipore). Immunoblots were detected using ECL System (Millipore) with horseradish 

peroxidase-conjugated secondary antibodies (Sigma). The following first antibodies were used: 

anti-Rac-GTP, anti-Rho-GTP, anti-Paxillin (Cell Signaling Technology), anti-p-FAK, anti-β-Tubulin (Cell 

Signaling Technology), anti-GAPDH (Cell Signaling Technology). 

Ca2+ imaging 

1×105 cells were plated in 35mm chamber (a glass-bottom Petri dish). Cells were incubated with fluo-4 AM 

(final concentration 4 mM) and Fura Red AM (final concentration 5 mM) at 37°C for 30min in Ringer solution 

with 0.2% pluronic F-127. Removed the dye’s solution and washed 3 times with Ringer solution and 

incubated at 37°C for another 30 min. Time-lapse image series were acquired at 2s intervals using a 20×1.4 

NA objective lens (Leica).  

Statistical Analysis 

Difference between groups was assessed bystudent’s t-test, one-way ANOVA or two-way ANOVA test. 

Graphpad Prism was used for all statistical analyses. The difference of CCK-8 was evaluated by one-way 

ANOVA followed by the Kruskal-Wallis test. The differencesincell area and circle rate were evaluated by 

student’s t-test. The difference in cell mobility was evaluated by two-way ANOVA. The results are presented 

as the mean ± SEM of at least three independent experiments. 
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Chapter 4. Conclusion and Future Perspectives 

The work presented in my Ph. D. thesis demonstrates that the Rho GTPases and the mechanical properties 

of tumor cellsare linked. 

The Rho GTPase family member Rac1 ismostly expressed in gliomas, and its levelcorrelates with patient 

survival outcome. In section 2.1, I proved that Rac1 plays essential roles in GBM cell migration. Using siRNA 

to knockdown the mRNA level of Rac1 or using EHT 1846 to inhibit the activation of Rac1 dramatically 

reduced GBM cell motility.Cells use protrusions for their movement, and the activation of Rac1 essentially 

participates in lamellipodia formation during mesenchymal migration. Lack of Rac1 changed GBM cells from 

a well-spread cell body with lamellipodia like protrusion into a thin cell body with long protrusion.  

Furthermore, actin stress fibers were dismissed, and paxillin positive-adhesions changed into small pots in 

the long protrusion of the Rac1 depleting cell. In the lamella and lamellipodia, actomyosin can provide 

contractileforce and promote cell adhesiondisassembly. I found an abnormal myosinIIa location and cell 

adhesion dynamics accompany reduced phosphorylation of Erk1/2 when inhibiting the activation of Rac1, 

which indicates that Rac1 also directly or indirectly regulates the downstream step of cell migration. 

Additionally, GBM cell changes their rigidity and viscosity in response to Rac1 inhibition, suggesting that cell 

mechanical properties can be used for further cancer research, such as drug discovery and novel biomarker.  
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