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Proliferation and migration are two cellular activities occurring together in 

physiological events such as organogenesis in the development stage and wound 

healing. They both are present in pathological events such as cancer metastasis and 

embryonic development. Targeting on the regulation of cell cycle is the mostly 

considered choice for drug discovery, and cell migration is normally used as an efficient 

strategy for pre-clinical study. Firstly, our study revealed the effect of Z-ligustilide (LIG), 

an essential oil extract from Radix Angelica sinensis, which has broad pharmaceutical 

applications in treating cardio-vascular diseases and ischemic brain injuries on 

Glioblastoma Multiforme (GBM). We found that LIG can block T98G cells at G1/S phase 

from progression at a certain dosage, and it can also significantly reduce T98G cells’ 

migration in a dose-dependent manner. Furthermore, the attenuation of cellular mobility 

can be linked to the activity of the Rho GTPases (RhoA, Rac1 and Cdc42), the three 

critical molecular switches governing cytoskeleton remodeling; thus, regulating cell 

migration. LIG significantly reduces the expression of RhoA and affects in a milder 

manner the expression of Cdc42 and Rac1.  
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However, the spontaneous reactions of cell cycle regulation and cell motility to 

the same external stimuli enable us to think whether these two cellular activities – cell 

cycle and cell migration have a strong relationship and, if so, how they regulate each 

other to adjust the cellular outcome has not been investigated. In our latter study, we 

deciphered the cell migration mode using a model cell line - NIH 3T3 fibroblasts in each 

stage of the cell cycle phase (the mitotic cells are not included) by the displacement 

differences between the cell centroids and the coupled nuclear centroids. The results 

suggested that fibroblasts actively migrate in G1 phase, stay still in S phase and 

possess a limited migratory activity in G2 phase. The migratory mode changes 

throughout the cell cycle are highly mediated by the functions of p21Cip1 and p27Kip1 and 

focal adhesion kinase through the bridging of Rho GTPases. Together, cell migration 

might be a subset activity of the cell cycle in normal migratory cells; and the temporal 

relationship of the interactions among the proteins governing the cell cycle progression 

and those governing cell migration modes can be applied to analyze the pathological 

conditions.  
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CHAPTER 1 
INTRODUCTION 

1.1 Classification of Cell Migration 

Cell Migration is the process of cell translocation adopting different motility 

modes, such as mesenchymal, amoeboid or collective migration. It is observed in 

unicellular organism, and is also involved in the development of maintenance of 

multicellular organisms, immune responses and pathological conditions. During the 

processes of embryonic development, cell migration plays a vital role to guarantee the 

right positioning of proper cells during organogenesis. Any defect in the series of cell 

translocations events would lead to drastic consequence, e.g., neurological disorders, 

mental and physical retardation, or congenital heart disease [1]. During cancer 

metastasis, individual cells would detach from the primary tumor, enter lymphatic 

vessels for blood stream and seed in distant organs with amoeboid- or mesenchymal-

type movement. Or cells can adapt to collective migration by detaching the primary 

tumor as cell sheets, strands and clusters [2]. 

There are two types of cell migration modes incorporating with each other to 

achieve lots of physiology process. One is Collective migration mode. It is when cells 

remain physically and functionally connected during movement. This process involves 

multicellular polarity and actin cytoskeleton generated traction and protrusion force to 

maintain cell-cell junctions during cell movement [3]. Cell-cell interaction and cell-

extracellular matrix interaction contribution to different forms of collective migration, 

further serve different purposes. They either come across the basement membrane, 

such as cells during wound closure; or they just comprise different cell lines that move 

together following by the formation of a ductal tree.  
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Also, there is another model excluding the cell-cell context, single cell migration 

model. Due to the facts that single cells are flexible enough to position themselves in 

tissues or secondary growth (e.g., during morphogenesis and cancer), and single cell 

migration also contributes to transiently pass through the tissue (e.g. immune cells), 

among all the studies on cell migration modes, single cell migration now is considered 

to be the best-studied mechanism of cell movement in vitro. To explicitly look at the 

process of cell movement, it is not hard to notice that cells exhibit their nature of 

migratory behaviors by achieving the following 3 steps of events: 1) Creation/reinforce 

of cell-substrate adhesions by generating a lamellipodia or filopodia; 2) Alignment of 

nuclear location and cell leading front to achieve cell polarization; 3) Detachment of cell 

body from the previous anchorage sites, which is generally the trailing end of the cell[4]. 

The polarization of cells can be initiated by external factors, such as growth factors, 

chemical gradients, or extracellular matrix components leading to (de)activation of 

signal signaling complexes. Then the polarization is maintain and regulated by integrins, 

which contributes to cell-matrix adhesion, following by actin re-organization. Thus, the 

extended membrane protrusion is formed, leading to cell body translocation. Meanwhile, 

over a certain time interval, the formation of focal complexes is generated at the binding 

sites of lamellipodia and filopodia to Extracellular matrix (ECM), and then gets to 

maturation. The rear trailing end of the cells will then detach from the ECM toward the 

cell body, pushed by the traction forces. This step also leads to cell body translocation[5].  

The cytoskeleton re-organization, cell-substrate adhesion, and cell body 

contraction, are usually initiated in response to the change of signals on from 

extracellular matrix, or neighboring cells. Many of intracellular signal molecules have 
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been indicated to contribute to cell migration, such as small GTPases, Ca2+-regulated 

proteins, mitogen-activated protein kinase (MAPK) cascades, tyrosine kinases, and so 

on. During all the underlying signal pathways contributing to cell migration, Rho family 

GTPases, consist of RhoA, Rac1 and Cdc42, have been studied since 1995 [6-8], and 

are considered to be the most powerful switch involved in cell-substrate adhesion, cell-

cell adhesion, protein secretion, and transcription. Previous studies demonstrated 

complexity of the crosstalk between these three molecules [9-11].There is also increasing 

evidence that Rho Proteins affect the organization of the microtubule, and intermediate 

filaments networks, which are vital to cell migration and also cell mitosis.  

Regardless of the movement modes cells exhibit, the sensitivity of cell migration 

quantification allows researchers to be able to use it as an effective tool to identify the 

dynamic response of cells. It can be used for sense the change in microenvironment or 

gene interference, therefore to aim to characterize the cytotoxicity of an investigational 

compound in a new developed drug or gene therapy. In the past 20 years, there are 

tremendous investigations on understanding the molecular mechanism and 

pathophysiology of human disease for the discovery of new drug. However, only very 

few of these fundamental discovery ended up with clinical success due to the fact that a 

lot of new drug selected for clinical trial are mainly previously tested in vitro on the basis 

of their cytotoxicity profile [12,13]. It is noticeable that cancer kills patients essentially due 

to the nature of cell migration itself. Therefore, tools being able to characterize the 

dynamic response, such as anti-migratory effects should draw attention as an 

alternative means strategy dealing with  identification of new anti-cancer agents or gene 

therapy [14,15].  



17 
 

1.2 Cell Cycle Regulation and Its Mechanism 

Cell cycle is the series of events that occur in a cell, involving chromosome 

duplication and protein assembling, leading to cell division or duplication. The product of 

a completed cell cycle is two daughter cells after experiencing the process of interphase, 

mitotic phase and cytokinesis. Interphase weights the most in the scale of time, and it is 

spaced by intervals of growth (G1 phase) and reorganization (G2 phase). In between G1 

and G2 phase, it is when the duplication of DNA happens (S phase). Due to its 

responsibility for checkpoint control, cell cycle regulation contributes to oncogenesis and 

apoptosis. Meanwhile, cell cycle is usually mentioned together with proliferation, which 

leads to its responsibility for cancer development. Cell cycle machinery is the key for 

cell proliferation control, and the occurrence of improper cell proliferation will eventually 

lead to cancer.  

Two sets of mechanisms of cell cycle control are recognized: 1) (De) activation of 

necessary protein that relay cell from one phase to another. For example, to fine tune 

the activity of cyclin-dependent kinases (CDK)-cyclin complexes by regulating 

(de)phosphorylation guarantees the smooth transitions between different cell cycle 

phases. 2) Check point control which senses flaws in the the pivotal events in cell cycle 

progression, such as DNA replication and chromosome segregation [16]. Signals 

transduced by the activation of checkpoint lead to the delay of cell cycle progression, 

until the cells rescue themselves from the danger of becoming mutants. As mentioned 

above, the key parts to the cell cycle machinery are the CDKs and cyclins, making them 

and CDKs-related molecules under the spotlight for the selection of target of 

therapeutics. So far, at least 9 CDKs (1-9) and cyclin A-T are known for their existence 

in cell cycle regulation [17,18]. Among these kinases and cyclins, Cyclins D1–D3/cdk2, -4, 
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and -6 contribute to G1 phase progression; cyclin E/cdk2 controls the checkpoint into S 

phase to guarantee the correct timing, following by cyclin A/cdk2 controls S-phase 

progression; cyclin A/cdk1 (also known as cdc2) the progression of G2 phase; and cdk1/ 

cyclin B are for mitosis. Inhibitory proteins, such as CDK inhibitors p16Ink4a, p15Ink4b, and 

p19Ink4 for CDK2, -4, and -6, and kinase inhibitors p21Waf1, p27Kip1, and p57Kip2 for 

blocking cyclin E/CDK2 and cyclin A/CDK2 complexes are also considered to control 

cellular functions including cell-cycle entry and exit closely. Over- or under expression 

will cause the disturbance of checkpoint integrity. For example, loss of p16 results to the 

tumor development in lung, colorectal, and breast [19]. Over expression of cyclin D1 is 

known to accelerate breast cancer development [20,21]. All these facts provide insight in 

developing drugs targeting cell cycle. Some of them have already entered clinical trials.  

1.3 Cell Cycle and Cell Migration 

The coordination of various cellular activities lays the foundation of cell 

physiology and enables a cell to perform its essential role in a living organism. Among 

different cell activities, proliferation and migration often occur as two related cellular 

events. During morphogenesis in vertebrae development, cells continuously proliferate 

to increase their population before they migrate to establish a desired tissue pattern [22]. 

Similarly, endothelial and smooth muscle cells consequentially proliferate and migrate to 

repair wound appearing in coronary, peripheral and cerebral arteries [23]. Further, cancer 

cells grow and sequentially invade/migrate to metastasize to remote sites regardless the 

contents of their mutations and dysregulations [24]. Even though migration and 

proliferation do not necessarily occur simultaneously, it is of interest to investigate 

whether a common relationship exists between them for them to work harmonically to 

achieve a physiological or pathological event.  
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Presently, it is generally accepted that the migratory state of a cell is affected by 

the phase of the cell cycle. Lymphocyte migration likely happens in G1 phase rather 

than S and G2/M phase [25]. The motilities of L929, HeLa and BT4Cn glioma cells are 

greater in G1/S phases compared to G2/M phases [7]. In addition, fibroblast growth 

factor-1 (FGF-1) can induce the movement of NBT-II rat bladder carcinoma cells in G1 

phase [23]. However, it is unclear whether these are independent cases or, rather, a 

common molecular mechanism exists to integrate the cell cycle and cell migration. If 

these two cellular activities are indeed tightly connected, their relationship could connect 

many seemingly dispersed signaling events into a more cohesive model in biomedical 

studies.  

The decrease of cell migration activity after the cells pass G1/S transition in 

above examples might be epitomized by the special dynamic chores associated to 

individual cell cycle phases, including metabolism, signal transduction, etc. [23,26]. From 

physical aspects, the volume of a cell generally elevates more than two times through 

the interphase [27,28]. Based on the studies in HL-60 cells, the cytoplasmic viscosity also 

upsurges approximately 1.5 times from G1 to S phase [25]. In addition, the surface area 

of the cell is significantly spanned over the progression of the cell cycle [29]. Each of 

these physical properties can be used as part of the reasons to interpret why the 

progression of the cell cycle affects cell migration capacity regardless of the cell types.  

Yet, from molecular aspects, how the proteins regulating cell migration 

accommodate with the proteins controlling the cell cycle to alter the cell migration mode 

through the natural cell cycle progression is not fully established. Cell migration is 

facilitated by cytoskeletal remodeling, in which Rho GTPases (i.e., RhoA, Rac1 and 
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Cdc42) serve as the primary molecular switches [7,8]. Meanwhile, the cyclin-CDK 

complexes regulate the progression of the cell cycle. Hence, the crosstalk between 

these two groups of proteins should provide insight for the relationship between these 

two cellular activities in cell physiology.  
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CHAPTER 2 
EFFECT OF CHINESE MEDICINE ON THE MOBILITY AND CELL CYCLE OF 

GLIOBLASTOMA CELLS1 

2.1 Introduction 

Radix Angelica sinensis (RAS) has been considered a medicinal plant and 

applied to alleviate various disease syndromes in traditional Chinese medicine for over 

a thousand years. Approximately, more than 70 compounds have been currently 

identified in RAS, including phthalide dimers, organic acids and their derivative esters, 

polyacetylenes, vitamins, amino acids, and essential oils [30]. Among the essential oils of 

RAS, Z-ligustilide (LIG) is one of the most active components and has been 

characterized for more than 40 years.  

LIG can inhibit the proliferation and cell cycle progression of vascular smooth 

muscle cells, associated to basic fibroblast growth factor stimulation, through the 

reduction of reactive oxygen species and/or the suppression of the MAPK pathway [31]. 

LIG also inhibits vasoconstriction induced by norepinephrine bitartrate and calcium 

chloride on rat abdominal aorta segments [32]. Hence, LIG is considered to be an 

effective agent to reduce vascular resistance; thereafter, increase blood flow and 

enhance microcirculation to prevent cardiovascular diseases, including atherosclerosis 

and hypertension [33,34]. 

Meanwhile, LIG has an analgesic effect on rats and a concentration-dependent 

anti-inflammatory effect on lipopolysaccharide-activated rat microglia without cytotoxicity 

[35,36]. LIG is also known to have a protective effect against ischemic brain injury caused 

                                            
This chapter has been published by Yin J, Wang C, Mody A, Bao L, Hung S-H, et al. (2013) The Effect of 
Z-Ligustilide on the Mobility of Human Glioblastoma T98G Cells. PLoS ONE 8(6): e66598. doi: 
10.1371/journal.pone.0066598  
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by the failure of regular blood supply to local brain tissue in the central nervous system 

(CNS) [37]. LIG decreases the level of malondialdehyde, a product of lipid peroxidation, 

and increases the activity of antioxidant enzymes, fostering an anti-apoptotic effect that 

reduces cerebral infarct volumes and improves neurobehavioral deficits [38]. 

The structure of LIG is similar to that of n-butylidenephthalide (NBP) (Fig. 2-1), 

which has also been demonstrated to possess activity to reduce inflammation and 

hepatotoxicity as LIG does [30]. A recent study has revealed that NBP could suppress 

the growth of Glioblastoma Multiforme (GBM) cells both in vitro and in vivo via cell cycle 

arrest and apoptosis [39]. GBM is the most common and aggressive malignant primary 

brain tumor, represents 50 % of all gliomas and has the worst prognosis of any CNS 

malignancy despite the progression of existing diagnosis methods and treatments [39]. 

The unrevealed rapid invasion mechanism of GBM presents a great challenge to 

accurately predict the development of GBM and efficiently treat it. As a derivative of 

NBP, LIG might have similar pharmaceutical effects on GBM diseases; therefore, the 

pharmaceutical outcome of LIG treatment of GBM is worth investigating. 

The most common assessments for drug effects on cells are endpoint 

evaluations, such as the induction of apoptosis and the change in cell proliferation. 

However, other beneficial drug effects might exist and can be tested through non-

conventional methods. In this study we explored the effect of LIG treatment on T98G 

cells — not only using endpoint assessments, but also by evaluating the changes in cell 

migration patterns, one of the most critical cell activities of cancer metastasis. Cell 

migration patterns were assessed at both the cellular and the molecular level. The three 

Rho GTPases (RhoA, Rac1 and Cdc42) are the main molecular switches that govern 
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cytoskeletal remodeling to regulate cell migration [8], and these Rho GTPases are 

usually linked to cancer by changes in their expression profiles rather than by mutations 

[8]. Hence, the expression levels of these three proteins were evaluated via Western 

blotting. 

2.2 Materials and Methods 

Cell culture and preparation of LIG: T98G cells were obtained from ATCC 

(American Type Culture Collection, Manassas, VA) and cultured in EMEM (Mediatech, 

Manassas, VA), supplemented with 10 % fetal bovine serum (Hyclone Laboratories, 

Logan, UT). Cell cultures were maintained in a 5 % CO2 incubator with routine passing 

every 2 ~ 3 days. Cells were transferred onto glass bottom dishes (In Vitro Scientific, 

Sunnyvale, CA), pre-treated with 0.01 % poly-L-lysine (Sigma-Aldrich, St Louis, MO) 

and 20 µL/mL fibronectin (BD Biosciences, Bedford, MA), for image acquisition.  

LIG was isolated by silica gel column chromatography from the Angelica sinensis 

essential oil, which was extracted using supercritical-CO2 fluid. LIG was then identified 

by 1H and 13C nuclear magnetic resonance spectrometry and electron impact ionization 

mass spectrometry as 99.8 % pure (density = 0.979 ± 0.005 g/mL). Because it is 

insoluble in water, isopropanol (IPA) was used as an effective solvent. LIG was first 

diluted 1,000-, 2,500-, 5,000- and 10,000-fold in IPA, and then applied to T98G cell 

cultures at a further 200-fold dilution to reach final LIG concentrations of 25, 10, 5 and 

2.5 µM, respectively.  

Wound-like gap closure assay: Wound-like gap closure (or wound healing) 

assays were performed on 6-well pre-treated glass bottom dishes (In Vitro Scientific). 

Cells were loaded at a concentration of ~ 5105 cells/mL, and grown to confluence. A 
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glass pipet was used to physically scratch a ~ 400 µm wound gap in the monolayer of 

cells. Samples were then washed with HBSS (Mediatech Inc.) and then incubated in 

fresh culture media before the following additions: 1) mock (negative control); 2) 0.5 % 

IPA; 3) 2.5 µM LIG; 4) 5 µM LIG; 5) 10 µM LIG; and 6) 25 µM LIG. Here, the sample 

with 0.5 % IPA also served as a control to monitor the effect of the solvent of LIG at the 

same applied concentration on cells. Cell motility was recorded using a Nikon TE200E 

microscope system (Nikon Instruments, Melville, NY), equipped with a 10 objective 

lens and an EMCCD camera (Roper Scientific, Tucson, AZ). Six positions along the 

scratched areas under each condition were recorded at several time points during a 14-

hour period for further analysis.  

Quantification of wound-like gap closure process: A gap index (GI) was 

employed using the ratio of remaining area to the original wound gap area utilizing a 

custom algorithm coded in Matlab (Mathworks, Natick, MA). Each 1000-pixel × 1000-

pixel image at the initial time, t0, was divided into 2500 20-pixel × 20-pixel boxes and the 

average intensity of each box was obtained. Twenty boxes without cells were picked to 

determine the average background intensity, and then three standard deviations above 

the average background intensity was set as a threshold value. The GI of selected 

areas at time t was calculated by the following equation: 

       
                                                   

                                                     
 

Cell proliferation and apoptosis assay- T98G cells at a concentration of ~1105 

cells/well were plated in 12-well culture dishes (Corning Inc., Corning, NY). Cells in 

media with either no treatment, 0.5 % IPA or 5 μM LIG were counted by a 

hemocytometer at different time points until cell concentration was doubled. Triplicate 
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tests at each treatment condition were conducted, and each of the triplicates was 

measured 3 times. Cell counts vs. time were plotted and fitted into exponential curves.  

The APO-DIRECT KIT (BD Biosciences) was used to assess the apoptotic state 

of T98G cells with and without the presence of 0.5 % IPA and 5 μM LIG at high and low 

cell concentrations corresponding to wound-like gap closure assay and single cell 

assay, respectively. T98G cells treated with 8M camptothecin (Sigma-Aldrich) for 20 

hours were used as a positive control. Samples were assessed using an ACCURI C6 

Flow Cytometer (BD Biosciences). 

Single cell assay and data analysis: The pEGFP plasmids (BD Biosciences) 

were introduced into T98G cells at approximately 50 % - 70 % confluence by 

transfection. The transfected cells were re-plated on fibronectin coated 6-well glass 

bottom plates (In Vitro Scientific) at a concentration low enough to avoid cell-cell 

interactions. After 5 hours of incubation with 0.5 % IPA or 5 μM LIG, single cells 

expressing green fluorescence protein were monitored every minute for 1 hour with a 

20 objective lens under a UV light source (X-Cite 120 PC fluorescent light source, 

EXFO, Ontario, Canada). Cell movement videos were analyzed using the MATLAB 

software image processing toolbox. 

Western blotting: Samples were prepared by seeding T98G cells at high 

(~5105 cells/mL) and low (~5103 cells/mL) concentrations, corresponding to wound-

like gap closure assay and single cell assay, respectively. Cells prepared at high 

concentration were incubated for 20 hours with no treatment, 0.5 % IPA or 5 μM LIG to 

probe the individual activities of the Rho GTPases in the wound-like gap closure 

process under different treatment conditions. Cells at low concentration were incubated 



26 
 

for 5 hours with no treatment, 0.5 % IPA or 5 μM LIG to probe the activities of the same 

proteins in single cell assay conditions. Also, low-density cells with the same treatments 

were incubated for 20 hours for cross-comparison purposes. 

Each individual culture sample was suspended in 300 µL lysis buffer 

(Cytoskeleton, Denver, CO) with 1 % of protease inhibitors (Cytoskeleton) and 

homogenized on ice. After centrifugation at 4 C, the supernatants of the cell lysates 

were separately collected for protein detection. Total protein concentration of a 

supernatant was measured using the Coomassie Plus Protein Assay (Thermo Scientific, 

Waltham, MA) and ~ 8 µg of sample was loaded on a 12 % polyacrylamide gel for 

electrophoresis, followed by transference onto a PVDF membrane (BIO-RAD, Hercules, 

CA).  

Individual Rho GTPases were detected with the specific monoclonal antibody 

against Rac1 (Millipore, Billerica, MA), RhoA (Santa Cruz Biotech Inc., Dallas, TX) or 

Cdc42 (BD biosciences). Here, GADPH (Santa Cruz Biotech Inc.) activity was used as 

a baseline control for all the blotting. Results of western blotting were quantified using 

ImageJ (NIH, Bethesda, MD), treating proteins in untreated T98G cells as reference.  

2.3 Results 

LIG exhibits a cellular effect hindering the migration activity of T98G cells: 

To explore whether LIG treatment affects the migration of T98G cells, LIG was diluted to 

different concentrations in IPA and applied to T98G cell cultures immediately after the 

wound-like gap was created. The progression of wound-like gap closure was then 

recorded and analyzed. The results suggest that wound closure capacity decreases in 

the presence of LIG but not for IPA treatment (Fig. 2-2 A). Moreover, this LIG effect was 
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dose dependent (Fig. 2-2 B). Based on these results, 5 µM is the lowest dose of LIG 

that has significant effect on cell migration; so we chose this dosage for further study. 

The migration-hindering effect was not caused by reduction in cell 

proliferation rate or apoptosis: Changes in cell proliferation alter the cell population 

and may affect the wound-like gap closure process; hence, the effect of LIG at 5 μM on 

the proliferation rate of T98G cells was investigated. A hemocytometer was employed to 

count cell populations with or without the presence of LIG over a 20-hour period. Cell 

populations over the monitored time periods were fit by exponential curves to obtain the 

growth equations and regression coefficients (Fig. 2-3 A). Population growth rates 

suggest that LIG at the tested concentration did not lead to any detectable difference on 

cell proliferation (specific growth rates: 0.0263 hr-1 for T98G, 0.0264 hr-1 for T98G + IPA 

and 0.0263 hr-1 for T98G + LIG). Hence, the reduction of wound-like gap closure 

capacity of T98G cells was not due to a change in cell proliferation.   

Cell apoptosis could also affect the cell population during the wound-like gap 

closure process. Hence, the ability of LIG at the working concentration to induce cell 

apoptosis was examined on T98G cells of both low and high density. The percentage of 

cell viability (2 trials) indicated that LIG does not induce T98G cell apoptosis at both 

high and low cell concentration (Fig 2-3B; also see Fig. 2-8). Thus, the LIG effect that 

hinders the wound-like gap closure process was not due to induction of apoptosis. 

 LIG treatment affects single T98G cell migration: Cell-cell interactions can 

also affect the progression of wound-like gap closure. The interplay between the 

signaling pathways governing cell migration and cell-cell interaction has been 

investigated intensely, especially the topic of endothelial-to-mesenchymal transition 



28 
 

(EMT) related to cancer metastasis [40]. Therefore, cell-cell interaction should not be 

overlooked as a potential factor that influences wound-like gap closure. To that end, the 

effect of LIG on the mobility of individual T98G cells was studied.  

Fluorescence images of single T98G cells expressing green fluorescence protein 

(GFP) were captured every minute for one hour to track their movement after the cells 

were subjected to no treatment, 0.5 % IPA or 5 μM LIG for 5 hours. In each image, the 

cell centroid was determined and the cell centroid displacements (CCD) between 

images were calculated and combined to form single cell trajectories (Fig. 2-4 A). The 

lengths of T98G cell trajectories indicate that 0.5 % IPA might also affect cell migration 

at the applied concentration. Further scrutiny of the single cell migration by mean 

square displacement (MSD) vs. time interval in log-log plots revealed that the MSD of 

the T98G cells was not appreciably affected by 0.5 % IPA (Fig. 2-4 B, first two panels). 

However, cell migration was hindered by treatment with 5 μM LIG as the slope of the 

MSD was clearly reduced to ~ 0 (Fig. 2-4 B, the third panel). The histograms of the 

CCDs provide further insight in that the presence of 5 μM LIG for five hours noticeably 

reduced the occurrence of cell step sizes larger than 0.5 µm (Fig. 2-4 C, all panels and 

insets). 

 LIG treatment changes the expression levels of Rho GTPase: Biophysical 

assessments provide direct and clear evidence for the LIG effect on T98G cell 

migration. We further investigated the molecular cause of the LIG effect by monitoring 

the expression levels of proteins directly associated with cell migration. Since the Rho 

GTPases, RhoA, Rac1 and Cdc42, are known as the full set of molecular switches that 

collectively govern cytoskeletal remodeling during cell migration, Western blotting 
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against those three Rho GTPases was conducted to provide a molecular explanation for 

the observed LIG effect.  

The Western blotting results at high cell density, with or without 20-hour LIG 

incubation, were compared to probe the LIG effect on T98G cells in the wound-like gap 

closure process (Fig. 2-5 A). Samples at low density (single cell assay conditions), with 

or without 5-hour LIG incubation, were also studied (Fig. 2-5 B). The 5-hour incubation 

time was chosen because this is the time frame when single migrant cells were 

observed to leave the bulky cell cluster during the wound-like gap closure process. To 

make it easier to cross-compare results from these two conditions, Western blotting was 

also conducted at single cell concentrations with 20-hour LIG treatment (Fig. 2-8). The 

results elucidated that the expression levels of the three Rho GTPases were all 

modulated under LIG treatment and that RhoA was decreased the most. These results 

were in agreement with the conclusion drawn from the biophysical assays: the LIG 

treatment effect was due to the presence of LIG and not 0.5 % IPA. Hence, the LIG 

effect to reduce T98G cell migration ability was confirmed. 

2.4 Conclusion and Discussion 

This study demonstrates that Z-ligustilide (LIG), an extract from the essential oils 

of RAS, has a specific effect on GBM T98G cells to hinder cell migration. This 

conclusion is supported by consistent results from three distinct approaches. 1) The 

monitoring of the wound-like gap closure process with the consideration of apoptosis 

and changes in cell proliferation. 2) Direct single cell migration analysis, which supports 

the wound-like gap closure results and rules out cell-cell interactions as a cause of 

reduced migration. 3) The measurement of the expression levels of Rho GTPases, the 
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three master regulators of cell migration. The wound-like gap closure assays also 

suggest that this effect is dose-dependent, which further strengthens our conclusion.      

It has been reported that LIG has a cytotoxic effect on certain cell types, such as 

PC12, SH-SY5Y, HeLa, and C6, when the concentration of LIG is higher than 50 µM [41]. 

We also tested the effect of LIG on arresting cell cycle of T98G at the recommended 

concentration, as shown in Fig. 2-9.  LIG with the concentration of 25 µM or higher 

could hinder the progression of cells from S to G2 phase. It is notable that at the 

concentration of 25 µM, LIG was able to reduce migration capacity of T98G cells 

significantly. As a control cell line, NIH 3T3 fibroblasts were treated with the working 

concentration, 5 µM. No significant different were detected between the groups before 

and after LIG application, as shown in Fig. 2-10. Interestingly, this observation is also 

consistent with the study by Xia et. al [42], which indicated that no significant effect of 

Ligustilide was observed on normal mouse fibroblasts.  

This study shows that LIG can significantly change the migration pattern of T98G 

cells at much lower concentration than 5 µM. Besides the identification of the new 

pharmaceutical effect of LIG treatment on T98G cells, this study also demonstrates that 

cell migration analysis can be a highly sensitive method for detecting cellular effects of 

potential drug candidates, which can be difficult to probe by endpoint assessment in 

pharmacology. This also explains the concentration that works on hindering cell 

migration might have non-significant effect on cell cycle arrest. However, it also 

indicates that the effects of the test drug on cell migration and cell cycle are 

spontaneous.  
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IPA is a non-polar solvent that is used to dissolve LIG in the mobile phase for 

HPLC to separate LIG from other RAS-extracted compounds [43]. LIG dissolved in IPA 

can be homogeneously distributed to cell media. However, our study shows that IPA 

alone could slightly alter the single cell migration pattern but not the wound-like gap 

closure process involving cell-cell interactions. Hence, the presence of IPA may directly 

affect cell behavior by hindering the cell migration capacity but this effect could be 

shielded by cell-cell interactions through signaling crosstalk. There is another possibility: 

the evaporation of IPA during the incubation period could also make the IPA’s effect 

inconsistent. Since the wound-like gap closure process takes much longer (more than 

14 hours) than the single cell assay (only monitored for one hour during the fifth hour 

after adding IPA), the IPA’s effect on T98G cells could be gradually diminished and 

down-played during the time course of the wound-like gap closure process. 

A single cell is subjected to fewer constraints when it attempts to change moving 

direction compared to cells in clusters. This freedom comes from not only the spatial 

availability but also, more predominantly, from the governance of cell polarity by cell-cell 

and cell-substrate interactions [40]. The signaling proteins involved in cell-cell 

interactions might also influence cell migration. Hence, the single cell migration analysis 

could provide more straightforward information regarding cell migration because several 

factors that could affect the wound-like gap closure process (i.e., cell-cell interactions, 

cell density and the rates of cell apoptosis and proliferation) could be excluded from 

single cell migration analysis. When the results from the wound-like gap closure process 

and single cell migration are compared, they suggest that the effect of LIG is significant.  
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The three Rho GTPases, RhoA, Rac1 and Cdc42, are known to be the molecular 

switches for the actin-cytoskeleton [8] remodeling. Our results further suggest that the 

LIG effects on cell activities are through fine-tuning the expression levels of Rho 

GTPases. It has been reported that it is the expression levels of Rho GTPases, but not 

their mutations, that govern change of cancer cell activities, such as metastasis. 

Furthermore, it has been shown that LIG can inhibit ERK-MAP kinase, which is an 

upstream regulator of RhoA and Rac1 in colon carcinoma cells [44], and suppress tumor 

necrosis factor-alpha (TNF-α), which can effectively activate RhoA and ROCK in human 

pulmonary microvascular endothelial cells [45]. Moreover, in PC12 cells, LIG can activate 

PI3K/Akt pathways [46], which directly up-regulate Rho GTPases.  

The study provides a clear perspective that explains the inhibitive effect of Z-

ligustilide on T98G cell migration and suggests that Z-ligustilide may be an effective 

agent for protecting the central nervous system against GBM diseases, partially through 

the modulation of Rho GTPase expression. Furthermore, this study also shows that cell 

migration can be used to understand the outcome of altered Rho GTPase activity as a 

potential approach for drug screening. 
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Figure 2-1. Chemical Structures of Z-Ligustilide (LIG) and 3-n-Butylphthalide (NBP) 

 
 

 

Figure 2-2. The addition of LIG to T98G cell cultures reduced migration capacity. A) 
Images of the wound-like gap closure process of T98G cells under mock, 0.5 
% isopropanol (IPA), 5 µM LIG, and 25 µM LIG (top to bottom) are presented 
at the 0th, 8th and 14th hour. The yellow lines indicate the approximate 
boundary between cell-inhabited and cell-free (central) regions of each 
image. Scale bar: 200 µm. B) The result of a quantitative analysis of the gap 
closure of T98G cells under no treatment, 0.5 % IPA, and 4 concentrations 
(2.5, 5, 15 and 25 µM) of LIG treatment is shown. The gap index is the 
percentage of original wound gap that remains cell-free. The data are the 
mean gap index results of 6 experiments with error bars representing the 
standard deviation (also refer to Fig. 2-6). 
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Figure 2-3. Neither cell proliferation nor apoptosis explain the attenuation of wound-like 
gap closure in the presence of LIG. A) Comparative growth of T98G cells 
under no treatment, 0.5 % IPA and 5 µM LIG treatment is shown. Each 
population of T98G cells was counted every 3 hours for 24 hours. The 
average number from 9 assessments at each time point was fit to an 
exponential curve to obtain the growth rate under each treatment condition. 
Error bars represent the standard deviation. B) The result of apoptosis assays 
for both high and low density of T98G cells is shown. The bars represent the 
average between two measurements of viable cell percentages under no 
treatment, 0.5 % IPA, and 5 µM LIG treatment, respectively. 
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Figure 2-4. LIG treatment reduced T98G single cell migration capacity. A) Trajectories 
of T98G cells indicate that the presence of LIG could drastically hinder cell 
migration, and the addition of 0.5 % IPA has a minor effect. B) The mean 
square displacement (MSD) vs. time interval is shown as a log-log plot, 
demonstrating that LIG treatment significantly decreases the slope of the 
MSD of T98G cells as compared to control conditions. The mean MSD value 
for each condition is plotted as a dotted black line. C) Histograms of the one-
minute step sizes within one hour suggest a reduction of the translocation of 
T98G cells under LIG treatment since the occurrence of larger step sizes is 
greatly reduced.  
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Figure 2-5. LIG treatment changes the expression level of the Rho GTPases in T98G 

cells. A) High concentration T98G cells were treated with 0.5 % IPA or 5 µM 
LIG for 20 hours and then analyzed by Western blotting against RhoA, Rac1 
and Cdc42. A housekeeping protein, GADPH, was also detected as a 
reference. The results were normalized using the control condition (no 
treatment) as reference. B) Similar tests were performed with low 
concentration T98G cells (single cell assay conditions) and 5 hours of 
incubation under 0.5 % IPA or 5 µM LIG treatment. Error bars represent the 
standard error from two experiments. 
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Figure 2-6. LIG solution reduced T98G cells’ migration in a dose-dependent manner. 
The wound-like gap closure process of T98G cells  under mock, 0.5 % 
isopropanol (IPA), 2.5 µM, 5 µM,  10 µM, and 25 µM LIG (top to bottom) is 
presented at 0th, 3rd ,8th, 14th  and 18th hour until the mock T98G totally healed. 
Yellow lines indicate the approximate boundary between the cell-free wound 
region of images and the region corresponding to migrating cells. Scale bar: 
200 µm.  
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Figure 2-7. LIG at tested concentrations does not affect T98G apoptosis. Three groups 

of experiments were conducted: A) T98G cells, treated with and without 8 M 
camptothecin, were tested through flow cytometry to achieve the selection of 
population gate and apoptosis gate ((P3: population gate for selecting cells to 
be analyzed R1: apoptosis gate for selecting apoptotic cells). B) High density 
T98G cells and C) Low concentration T98G without any cell-cell interactions 
were each incubated with 0.5 % IPA and 5 µM LIG solution, respectively. LIG 
did not lead to any difference in the number of apoptotic cells. Each 
experiment was conducted in duplicate. 
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Figure 2-8. LIG treatment reduced the expression levels of the Rho GTPases in T98G 

cells. T98G cells were loaded at the conditions for single cells and incubated 
with 0.5 % IPA or 5 µM LIG for 20 hours and then analyzed by Western 
blotting against RhoA, Rac1 and Cdc42 (a housekeeping protein, GADPH, 
was also detected as a reference to to calibrate the relative amount of RhoA, 
Rac1 and Cdc42.). The results were normalized using the control condition 
(no treatment) as reference. 
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Figure 2-9. The nuclear intensity histogram of randomly sampled asynchronous T98G 

cells with LIG treatment at different concentrations were plotted (Top to 

bottom: 0, 10, 25, 50μM, respectively). Orange dash line indicates the peak 

of 1 copy DNA, which is approximately the mean of G1 phase peak, and the 
black dash line indicates the approximate mean of G2 phase peak.  
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Figure 2-10. The migratory capacity of NIH 3T3 fibroblasts cannot be affected by LIG 
treatment. A) Histograms of minutely displacement of NIH 3T3 cells without 

(left) or with (right) LIG treatment were plotted. Test concentration was 5μM 

for the comparison to group of T98G cells. B) Hourly displacement of NIH 3T3 
cells without (left) or with (right) LIG treatment were plotted. No significant 

difference was detected between two groups. Test concentration was 5μM.  
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CHAPTER 3 
CELL MIGRATION IS A SUBSET ACTIVITY OF THE CELL CYCLE REGULATION IN 

MODEL CELLS 

3.1 Method of Analyzing Cell Migration and the Effect of Displacement Time 
Interval 

3.1.1 Introduction  

Cell migration is an evolutionarily conserved mechanism that underlies the 

development and functioning of uni- and multicellular organisms. It takes places in 

normal and pathogenic processes, including various events of embryogenesis, wound 

healing, immune response, cancer metastasis, and angiogenesis [1]. Dysregulation of 

cell migration would lead to severe malfunction of human physiology.  

Cell migration models can be classified into three different modes based on the 

cell migration mechanisms: collective cell migration, single-amoeboid migration, and 

single-mesenchymal migration. Collective cell migration could occur during processes 

such as morphogenesis, vascular sprouts during angiogenesis, or wound healing 

across wound matrix, in which cells remain physically connected with each other and 

the integrated cell property delivered by cell-cell interactions is preserved. Amoeboid 

motility is characterized by cycles of expansion and contraction of the cell body, 

regulated by the cortically localized actin and myosin. Amoeboid-type migration enables 

the cells to squeeze through the gaps in the extra-cellular matrix (ECM) fibers and adapt 

their bodies to the pre-existing spaces. This type of push-and-squeeze migration makes 

amoeboid migration play a pivotal role in cancer metastasis due to the flexibility of cells. 

Different to these two modes discussed above, cells with mesenchymal type of 

migration are more likely to be fibroblast-like motility. Apart from fibroblasts, 

Keratinocytes, endothelial cells, and some tumor cells also use this type of motility. 
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Mesenchymal motility begins with the extension of lamellipodia initiated by the extra-

cellular matrix (ECM) proteolysis. The interaction of cell body and ECM can further 

trigger downstream signaling events followed by the contraction of the rear end of the 

cell and displacement of the cell [47].  

Cell migration type can be considered as a phenotypic characterization of a cell 

line itself, thus cells may utilize various types of migration patterns to adapt to 

environmental changes and matrix stiffness due to drug treatments to continue 

migrating. For example, the amoeboid and mesenchymal types of migration modes are 

mutually interchangeable when suppression or enhancement of the specific molecular 

pathways occurs in respond to current specifics of environment during the invasiveness 

of cancers. To be able to better understand the cell migration modes, increasing 

attention has been addressed on the experimental measurements and mathematical 

models to classify these modes, such as directed (mesenchymal) migration and random 

migration. The selection of these models is normally based on the long term 

documentation of cell trajectories.  

However, when explicitly viewing from the subcellular perspective, mesenchymal 

cell migration is a complex activity consisting of a dynamic extension of the leading 

edge toward the cell front (denoted as protrusion), and a retraction of the trailing edge 

for the cell to move forward (denoted as detachment). Also, a nucleus, which comprises 

about 30 % of the total cell mass, has a direct impact on the capacity of mesenchymal 

cell migration [48]. When a single cell undergoes protrusion, the nucleus usually stays 

stationary. In contrast, significant cell membrane detachment is always accomplished 

with a similar degree of nuclear movement in the same rear retraction event for an 
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active mesenchymal migratory cell. Once the time intervals of the cell image stacks 

(e.g., 1 min) are shorter than the locomotion events, a trailing edge membrane 

detachment event often gives rise to approximately the same degree of nuclear 

displacement. In the detachment event, the whole nucleus tends to moves in a larger 

dimension than cells, leading to the characteristic of a greater nucleus centroid 

displacement (NCD) than the coupled cell centroid displacement (CCD). In contrast, a 

protrusion (or contraction)-dominant event can be interpreted simply with CCD   NCD. 

Mostly, protrusion is the hallmark of the cell body translocation initiation. Cells with 

frequent protrusion and few detachment would highly likely possess smaller migration 

ability in a long term than cells with modest protrusion frequency and more detachment. 

The frequency of protrusion (or contraction) or detachment events can be considered as 

a nature feature of a certain cell type therefore further used to connect with other 

mechanism study or to characterize the environmental change. Therefore, the 

difference between cell speed and the corresponding nucleus speed is of great interest 

to be investigated. Although population parameters, such as persistence time, mean 

square displacement, or wound healing recovery rate are largely documented [49], a 

method that is sensitive enough to characterize the migratory behavior (protrusion and 

detachment) of individual cell is not yet systematically studied. In addition, in this type of 

analysis, a short time interval is favored [50]. However, an additional challenge arose by 

using short imaging time intervals is the presence of measurement errors from the 

tracking system. Adopting short term analysis will also allow us to look into time-

sensitive environment, such as cell cycle progression, and treatment of short-term 

efficacy drugs.  
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In this study, we develop a method to accurately estimate the fraction of time 

where cell centroid speed exceeds that of the corresponding nucleus since it is one of 

the most importance indicator of initiating migratory behavior, regardless of cells 

lines.We do so on a time scale that is appropriate to resolve protrusion and detachment 

events. The purpose of this estimation is to provide a quantitative characteristic to 

describe and compare the amount of sampling and migration activity migratory cells, in 

our study, NIH 3T3 fibroblast cells.  

3.1.2 Description of Model 

Setup and a discrete-time approximation: In single cell movements, C(t) and 

N(t) denote the true positions of the cell and nuclear centroids, respectively, and sC(t) 

and sN(t) denote the speeds of the cell centroid (CCS) and nuclear centroid (NCS) over 

a unit of time      , respectively. Consequently, the indicator function is set as 

I(A) = {
                
                

 

Then, the fraction of time where cell centroid speed exceeds the corresponding 

nuclear centroid speed can be expressed as: 

∫            
 

 
             (3-1) 

 The average value of this integral over a population of cells is our primary 

interest. The data shall consist of measurements of cell centroid and nucleus centroid 

positions at the discrete time points, ti, where the subscript i = 0, 1,…, m and      

                .  

 Without any assumptions on the dynamics of the overall cell trajectories, a 

simple approximation for this integral is provided by the Riemann sum 
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where d(X,Y) denotes the Euclidean distance between two points X and Y.  With 

equally-spaced time intervals           , equation (3-2) simplifies to 

    ∑   
     (             )   (             )                   (3-3) 

Here,  (             ) is just CCD for the time interval [ti-1, ti]. Likewise, 

 (             ) is NCD for the time interval [ti-1, ti]. Suppose    is sufficiently small in 

the sense that a protrusion (or contraction) or detachment event spans multiple time 

intervals, e.g.    = 1 minute. Then, it follows that the difference in the magnitudes of 

CCD and NCD provides an indication for the type of event that is occurring, with CCD ≥ 

NCD suggesting protrusion (or contraction) and CCD < NCD suggesting detachment. 

See Figure 1 for a schematic of this relationship.  

However, due to measurement error, the true values of C(ti) and N(ti) are not 

known. Instead, we observe the noise-contaminated measurements C*(ti) and N*(ti). 

Assume that the errors are additive, so that we have the representations         

          and                   for i = 0, 1, .., m. The     and     represent the 2D 

error term in the (x,y)-coordinate plane, for cell and nucleus respectively. We also 

assume that the probability distribution of     and     does not depend on the time and 

location of the measurements, and that the errors                                 are 

all independent. 

With errors, the above formula becomes 

           ∑    (            
               )   (            

         
   

       )                     (3-4) 
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where C*(ti), N
*(ti), C

*(ti-1) and N*(ti-1) are observed quantities and each  ’s is a 

random variable based on the probabilities of the measured position distributions. Let  ̃ 

denote the average (expected value) of this quantity. Since the expected value of an 

indicator, I(A), for any set A is the probability P(A), we get 

 ̃      ∑   
     (            

               )   (            
        

       )                             (3-5) 

Thus, an approximation to integral (equation (1)) for a single cell can be 

calculated after determining the probabilities P(CCD > NCD) when the time intervals are 

chosen. 

In the presence of measurement error, it is obvious that the approximation 

depends on the choice of   . For this study, we chose    = 1 minute. We further 

elaborate on this issue in the Discussion section. We also adopt a total observation 

period of 1 hour per cell. 

Constructing the probability distribution of the errors from measurement of 

immobilized cells: To calculate the probability, we first require the distribution profiles 

of     and    . Thirty randomly picked fixed (therefore being immobilized) NIH3T3 

fibroblasts were recorded every minute (   = 1 minute) for 1 hour to document the 

position variations generated from noise of the tracking system and tracking software. 

For each of the 30 cells,  the cell centroid and nucleus centroid positions were 

determined [51] to obtained the 61 set of measurements Cj
*(ti) and Nj

*(ti), for i = 0, …, 60 

and j = 1, 2, …, 30, where the subscript j is to identify individual cells. Since the cells 

were fixed, both Cj(ti) and Nj(ti) should be also constant, where Cj and Nj denote the true 
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positions of fixed cell centroid j and fixed nucleus centroid j respectively. In this case, 

  
              and    

              for realized values of errors e. 

Assume that the measurements are unbiased, i.e., the errors have mean 0 in 

both the x and y coordinates. Then, Cj and Nj can be estimated as the average of the 

measured positions   
      and   

     , respectively, denoting as  ̂  and  ̂ , accordingly. 

In addition, the coordinates of   
        ̂  and   

        ̂  can represent the realized 

measurement errors for the cell and nucleus, respectively. The total number of errors 

that obtained from the 61 measurements of the 30 immobilized cells are 1830. While it 

may be common practice to model the error distributions of the x and y coordinates as 

two independent Gaussian curves with equal variances, we found that the errors do not 

necessarily satisfy this assumption. Further, the errors between the x- and y-

coordinates possess a slight but statistically significant correlation. This might due to: 1) 

The vibration of the microscope while changing the filters consistently along one 

direction, and 2) The consistent fluorescence photobleaching effect propagating from 

the edge of the cell onward the center of the cells. Therefore, a non-parametric 

approach is adopted instead of modeling the errors using Gaussian distribution. We 

shall give    an empirical probability mass function (PMF), with equal probabilities 

assigned to each of the 1830 (x,y) coordinate pairs    
        ̂ . Likewise,    shall be 

given an empirical PMF, with equal probabilities on each of the 1830 (x,y) coordinate 

pairs   
        ̂ . 

Computation of the probabilities of interest for a single cell: The 

establishment of     and     distributions from the fixed cells allows us to accurately 

estimate P(CCD > NCD) value for randomly selected mobile (free) cells. Hence, we 
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repeated the data acquisition process using the same microscopic setup but replaced 

fixed cells to live cells. Here, we assume that the distributions of    and    for the fixed 

cells can represent those for the live cells since the acquisition systems are the 

identical.  

Since P(A) = <I(A)> for any event A, the value of P(CCD > NCD) can be 

computed based on empirical PMFs, where the errors are independent to each other. 

Hence, 

    (            
               )   (            

               )     

= ∑ ∑ ∑ ∑    (            
               )   (                           

     
               )                                           (3-6) 

Using the empirical PMFs described in the previous section, we would have 

        (       )          (       )  
 

    
, and each sum runs over the 1830 

possible values of the  ’s. However, summing 18304
 terms is not computationally 

feasible, we therefore apply a Monte Carlo technique to evaluate this quadruple sum: let 

N be a large integer, then the value of the probability can be approximated closely as 

follows, 

Set count = 0. 

Repeat for 1, 2, …, N: 

Draw a value for     from the empirical PMF of    (i.e. randomly select one of the 

1830 error values) 

Draw a value for         from the empirical PMF of    

Draw a value for     from the empirical PMF of    

Draw a value for         from the empirical PMF of    
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Set    (            
               )   (            

               ) 

If D > 0, add 1 to the value of count. 

The Monte Carlo approximation of the probability is then     
     

 
. 

Intuitively, each D represents a possible CCD – NCD true value, based on a set 

of measurement errors. By repeating the procedure a large number of times, we thus 

account for the randomness in the generating of measurement errors and obtain  ̃ by 

substituting these back into equation (3-5): 

 ̃    ∑   
 
             (3-7) 

Comparison across different cell cycle phases: The average  ̃ for a 

population of cells can be obtained by averaging the individual  ̃’s value of n single cell 

picking from a random sample in that population. In this application we are particularly 

interested in comparing the average  ̃ among K populations of cells, where each 

population represents a different cell cycle phase, so that we can detect motility 

differences between phases. Thus, we must perform a pairwise comparison of means. 

Since there is no reason to expect the  ̃’s to be normally distributed, and with 

only a moderate sample size of cells per population, the assumptions of the classical 

two-sample t-test may be violated. Thus, our preferred method would be a permutation 

test procedure on the     samples, which also provides a simple way to adjust for the 

multiple comparisons that are of interest. We set the significance threshold for the 

permutation p-value such that the overall chance of one or more type I errors (false 

positive) is 0.05. For reference purposes, we also show the results of the classical 

Tukey’s HSD procedure. 
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3.1.3 Materials and methods 

Cell culture and sample preparation: NIH 3T3 fibroblasts were obtained from 

ATCC (American Type Culture Collection, Manassas, VA)and maintained in cell culture 

media, DMEM (Mediatech Inc., Manassas, VA), supplemented with 10 % fetal bovine 

serum (Hyclone Laboratories, Logan, UT), 1 % L-glutamine (Mediatech) and 1 % 

penicillin-streptomycin (Mediatech). Cell culture were passed every 3 days and kept in 

an 37°C incubator containing 10 % CO2. 

pEGFP plasmids (BD Biosciences) were introduced into NIH3T3 fibroblasts 

following standard protocol of transfection using lipofectamine to get the humongous 

fluorescence over cell body  (Invitrogen, Carlsbad, CA). Approximately 24 hours after 

transfection, the cells were transferred onto the glass bottom dishes (World Precision 

Instrument, Sarasota, FL), which were coated with 0.01 % poly-L-lysine (Sigma-Aldrich, 

St Louis, MO) and fibronectin with a final concentration of 20 µL/mL (BD Biosciences, 

Bedford, MA), at a cell loading concentration to avoid cell-cell interactions in accordance 

with the single cell level.  

Cell cycle synchronization : Double thymidine block was used to arrest cells at 

late G1 phase [52]. First, thymidine (Sigma-Aldrich) was applied to cell cultures at 2 mM 

for 12 hours and then washed out with sequential replacements of culture media: HBSS 

(Mediatech) briefly, DMEM without FBS for 15 minutes and DMEM with FBS for another 

15 minutes. Afterward, cells were kept in fresh culture media for 9 hours before the 

second 2-mM thymidine arrest for another 12 hours. Finally, cells were released from 

thymidine again using the same procedure to achieve synchronization. 
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Flow cytometry (BD Biosciences) then was used to examine the cell cycle 

phases after the cells were synchronized for different time course. DNA of the collected 

cells were labeled with propidium iodide (Abcam) and anaylized with LSR-II flow 

cytometer (BD Biosciences) and the data were analyzed by FACSDiva (BD Biosciences) 

to evaluate the percentage of test cell population in each phase. The time course with 

the maximum percentage of test cell population at a specific phase was selected as the 

right check point. It was determined that the cells were in the S phase, G2 phase, 

recessive early G1 phase, and recessive late G1 phase at 2, 5, 9 and 15 hours right after 

release.  

Microscopy for live cell image acquisition: Live cell image acquisition was 

achieved under the an environmental chamber with a CO2 supplementary system (In 

Vitro Scientific, St. Louis, MO) at 37 °C. The nuclei were stained by Hoechst 33342 

(Sigma-Aldrich) at 20 µg/mL 10-minute prior to the image acquisition to prevent any 

potential interference for the cell cycle progression. An imaging acquisition system (TE-

2000; Nikon, Melville, NY), equipped with a 20× objective lens, a fluorescent light 

source (X-Cite 120 PC; EXFO, Ontario, Canada) and a CCD camera (Cascade:1K; 

Roper Scientific, Tucson, AZ) was used to   document cells and the corresponding 

nuclei at one-minute time intervals for 1-hour period through two-channel fluorescent 

microscopy (the green channel for cells and the blue channel for nuclei). The 

boundaries and centroids of cells and nucleus were determined using a custom-made 

program in MATLAB platform (The MathWorks, Natick, MA)[51]. 
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3.1.4 Results  

GFP-labeled NIH3T3 cells were successfully synchronized to obtain the 

predominate population at different cell cycle phases. It took 0, 2, 5, and 9 hours for 

NIH3T3 fibroblasts to reach the late G1, S, G2, and successive early G1 phase after 

initial synchronization (denoted as T0, T2, T5, T9, respectively). 22 to 28 random 

sampled cells and their corresponding nuclei at each cell cycle phase were monitored 

for 1 hour at one-minute intervals for their coordinates. The  ̃’s for each single cell were 

calculated, using N = 10,000,000 replications in the Monte Carlo procedure.  We chose 

this N based on repeatedly calculating several individual pi’s, finding that 10,000,000 

replicates were enough to reproduce values within a margin of 0.001, which is sufficient 

numerical accuracy. 

Therefore, our estimates of the population  ̃ (denoted as  ̃pop) during the time 

periods 0-1 hr, 2-3 hr, 5-6 hr, 9-10 hrs after early G1 synchronization are 0.574, 0.648, 

0.691, 0.617.  For the permutation test procedure, the critical value of the t-statistic was 

found to be 2.58, in order to limit the overall chance of one or more type I errors from 

the six pairwise comparisons to be 0.05.  The significant differences are T0 vs T2 (t = 

2.67), T0 vs T5 (t = 4.13) and T5 vs T9 (t = 2.66).  We found that the same three 

pairwise differences were significant at the 95 % level under Tukey’s HSD with 

adjustments for the multiple comparisons. The significant higher  ̃pop  of cells in G2 

phase in comparison to both early and late G1 phase demonstrates the more protrusion 

(or contraction)–dominated behaviors of cells in G2 phase than that of cells in both the 

tested G1 phase. It is interesting to see that cells didn’t change their migration behavior 

significantly from early to late G1 phase but significantly from G2 to early G1 phase. 
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Moreover, cells in S phase exhibit significant more protrusion (or contraction)-dominated 

behaviors than that of cells in late G1 phase, indicating the decreased active migratory 

status as cells progress from late G1 to S phase.  

To better understand if cell migratory behavior is time interval associated, this 

model was further applied on the identifying  ̃pops at different time intervals. The 

locomotion of cell normally lasts for 5 to 10 minutes [50]. Therefore, more bias would be 

generated for describing cell locomotion events if the time intervals of observations are 

too long. However, at longer time intervals, the capacity of cell motility will be more 

directly revealed with less interference of system error. In our study, we investigated the 

estimates of probability of CCDs greater than NCDs with non-overlay measurements at 

time intervals of 1min, 2mins, 5mins, 10mins, and 15mins, respectively.  ̃pops at different 

time intervals and the standard deviation of the population are shown in Table 3-1.  ̃pops 

during G1 phases, regardless of time intervals, always exhibit  relative smaller values 

comparing to S and G2 phase. It is notable that  ̃pop of G2 phase keeps exhibiting the 

largest value until time intervals increases to 15mins.  ̃pop of S phase at 15mins 

intervals jumped up to be the largest, demonstrating less long-term migration ability of S 

phase. However, it is noticeable that as time interval increases, the standard deviation 

increases due to larger fluctuations of  ̃s led by the increased factoring measurement 

error. At longer time interval, the data collected is not enough to be significant, but the 

trends indicates that G1 phase possess the largest migration capacity while S phase 

exhibits the lowest migration capacity. This can be further supported by the 1-hour 

displacement quantification.  
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3.1.5 Discussion 

Most of the current methods of cell migration quantification focus on utilizing a 

good amount of long (~10 hours) trajectories to obtain the overall cell migration capacity 

therefore minimize or even out the measurement bias [53]. This is due to the fact that a 

cell may remain stationary for a certain period of time before suddenly migrating without 

any regular pattern. However, if more detailed characterization of migratory behavior is 

pursued, a proper observation interval of cell movement is under demand. While the 

approximation to the integral of interest in equation (2) is mathematically valid for any   , 

the estimate becomes increasingly coarse and biased if    is too large (say, > 10 min), 

as locomotion events may be missed entirely. On the other hand, the approximation will 

also fail to provide useful information if     . In that case, the finite difference 

approximation is too noisy to reveal the true speed; the measured displacements will be 

almost entirely error and probability model will thus assign ~0.5 to each miniscule time 

interval, yielding no information. An ideal    should be small, yet large enough to 

reasonably distinguish CCDs and NCDs from the noise. 

In our study, we chose    = 1 min as an efficient time interval of observation for 

the purpose of collecting data experimentally.  It also appears to be a reasonable choice 

to allow for distinguishing measurements from noise.  Given coordinates at the 

beginning and end of an interval, let M denote the measured displacement, T denote 

the actual true displacement.  Then approximately we have                , 

where    is the error measurement variance in one coordinate direction.  This relation 

allows us to estimate the average true displacement from our collected data.  For CCDs 

at    = 1, our data showed that         , while        , giving          . 
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This indicates that nearly 80 % of the measurement value comes from the true 

movement, demonstrating that one-minute interval is long enough to make real 

movement and errors distinguishable, while sensitive enough to catch the subcellular 

movement without losing too much information .If a significantly higher frequency than 

1frame/min is recorded, other methods, such as Kalman filter [54], to smooth out the path 

should be considered for extracting the real movement information.  However, this will 

require setting assumptions about the trajectory dynamics of single cells, which are not 

currently well established. 

At 1 min interval, NIH3T3 fibroblasts exhibited the highest frequency of protrusion 

(or retraction)-dominant behavior at G2 phase, followed by S phase. However, the more 

frequent protrusion doesn’t necessarily lead to the larger cell body translocation. In 

another word, the migratory status doesn’t directly reveal cell migration capacity. It is 

noticeable that when time interval increases till 15 mins,   ̃pop at S phase starts to jump 

over G2 phase, demonstrating its more protrusion (or contraction)-dominant behavior in 

a longer term. This indicates  ̃pop at longer time interval could have more likelihood to 

reveal cell migration capacity considering the smallest migration capacity of cells in S 

phase in from quantification of 1 hour displacement (Supplementary Fig. 1b).  

Meanwhile, cells at G1 phase always maintained the highest frequency of detachment-

dominant behavior, regardless of time intervals. Some other studies, using hourly 

nucleus displacement as tools, indicated that Lymphocyte migration likely happens in 

G1 phase rather than S and G2/M phase. Moreover, it is investigated that the motility of 

L929, HeLa and BT4Cn glioma cells are greater in G1/S phases compared to G2/M 

phases [55].  
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The concept of using fixed cells to characterize the measurement error could 

also be apply on other cells types with different migratory features, such as epithelial 

cells or amoeboid cells, as long as CCDs and NCDs of free cells can be captured using 

the same system as for fixed cells. In our study, our statistics of interest is the fraction of 

time where CCS is greater than the corresponding NCS for a selected time interval. 

However, the extensive application of this method for an error contaminated system can 

also be the precise quantification of the movement with enough sensitivity and accuracy. 

This is pursued under the conditions such as time-sensitive drug treatment, where the 

long term tracking is not sensitive to provide enough information. This systematic study 

utilizing the discrepancy (relativity) between CCDs and NCDs can also provide an 

insight in the quantification of a system with relative movement, such as Chemotaxis, 

which requires high sensitivity of cell morphology and migration change towards the 

change of chemical supply. 

3.2 The Relationship between the Cell Cycle and Cell Migration during Interphase 
of NIH3T3 Fibroblasts 

3.2.1 Introduction  

It has been reported before that individual Rho GTPases can affect the 

progression of the cell cycle. The inhibition of RhoA or the overexpression of the 

negative-dominant form of Rac1 or Cdc42 can block mitogen-stimulated G1/S transition 

in Swiss 3T3 fibroblasts [26]. Contrariwise, the introduction of individual Rho GTPases 

into quiescent Swiss 3T3 fibroblasts is sufficient to induce this transition [26,27]. 

Furthermore, RhoA is also in charge of maintaining the correct timing for cyclin D1 

expression during G1 phase in hα5-3T3 cells [28]; and the activation of either Cdc42 or 

Rac1 can promote anchorage-independent cell cycle progression in mouse embryonic 
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fibroblasts [56]. These studies indicate that individual Rho GTPases can actively affect 

the cyclin-CDK complexes in the progression of the cell cycle.  

Conversely, proteins responsible for the cell cycle progression are also known to 

affect the activities of Rho GTPases. The cyclin-dependent kinases inhibitors, p21Cip1 

and p27Kip1, can bind to the cyclin-CDK complexes to arrest cells in G1 phase [57]. When 

thrombin triggers endothelial cells to undergo mitogenesis, p27Kip1 is down regulated 

and its CDK-inhibitory activity is disrupted through phosphorylation. This event causes 

p27Kip1 either to be degraded inside the nucleus or exported to the cytoplasmic region, 

where p27Kip1 binds and inhibits RhoA before being degraded [58]. Similarly, p21Cip1 also 

regulates cyclin-CDK complexes. Even though it is not clear whether p21Cip1 can be 

exported from the nucleus to the cytoplasmic region when its cell cycle arrest activity is 

disrupted, p21Cip1 is present in the cytoplasmic region, nevertheless, to inhibit Rho-

associated kinase (ROCK) during G1/S transition before it is degraded [58]. Both RhoA 

and ROCK are the upstream proteins of LIM kinase (LIMK), which is known to inhibit 

ADF/cofilin for its F-actin-severing and G-actin-sequestering activities that can 

depolymerize stress fibers into high concentrated monomeric actin pool in cytosol to 

facilitate cell migration [59,60]. Hence, p21Cip1 and p27Kip1 might possess dual roles [61]: On 

one hand, they maintain the cell cycle in G1 phase when they are in the nucleus. On the 

other hand, they promote cell migration when they are in the cytoplasm. However, it is 

still unknown whether the inhibitions of RhoA and ROCK through these two proteins are 

a general theme appearing in the migratory cells, such as fibroblasts, or not. 

The comprehensive study of the relationship between the cell cycle and cell 

migration from the cell cycle progression perspectives is challenging. Direct cell 
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migration assessment usually comes from single cell trajectories [62]. Yet, a cell may 

remain stationary for a certain time period and suddenly move without any regular 

pattern. Hence, cell migration studies usually require a good amount of long (~10 hours) 

trajectories to evenly cover the possible cell migration modes of a cell type without a 

bias. However, this approach generates a paradox in studying the cell cycle dependent 

migration — the duration of the sampled cell trajectories must be long enough to 

comprehensively describe different cell migration modes, yet short enough to ensure 

the analysis remain in a certain cell cycle phase. Therefore, a new approach that can 

analyze cell migration but avoid these two contradictory requirements is on demand. 

In this study, a new approach has been developed to statistically compare the 

simultaneous cellular and nuclear displacements in short time intervals to decipher the 

cell migration modes. Combined with precise cell synchronization, we explore the 

specific cell migration pattern in different cell cycle phases to provide an integrated view 

toward the molecular mechanism controlling the relationship between the cell cycle and 

cell migration in NIH 3T3 fibroblasts.  

3.2.2 Materials and methods 

Cell culture and culture media: NIH 3T3 fibroblasts were obtained from ATCC 

(American Type Culture Collection, Manassas, VA) and maintained in DMEM 

(Mediatech Inc., Manassas, VA), supplemented with 10 % fetal bovine serum (Hyclone 

Laboratories, Logan, UT), 1 % L-glutamine (Mediatech) and 1 % penicillin-streptomycin 

(Mediatech). Cell cultures were maintained in a 10 % CO2 incubator and passed every 3 

days when the cell culture reached ~ 70 % confluence.  

Cell cycle synchronization: Double thymidine block was used to achieve cell 

cycle synchronization [52]. Since thymidine residual in the cell culture could prolong the 
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cell cycle arrest, we modified the thymidine washing procedure to sharp the 

synchronization and deliver the maximal cell population in a certain cell cycle phase. 

First, thymidine (Sigma-Aldrich, St Louis, MO) was applied to cell cultures at 2 mM for 

12 hours to arrest cell cycle at G1/S phase. Then the cells were released from cell cycle 

arrest by a series of culture media replacements: HBSS (Mediatech) briefly, DMEM 

without FBS for 15 min and DMEM with FBS for 15 min. Afterward, cells were kept in 

fresh culture media for 9 hours before the thymidine arrest and release was repeated. 

Then, the cells were synchronized at the end of G1 phase.  

Quantitative PCR to measure mRNA level: The RNeasy Mini Kit (Qiagen, 

Valencia, CA) was applied to isolate the total RNA from cell samples. Consequently, the 

iScript Advanced cDNA Synthesis Kit (Bio-Rad, Hercules, CA) was used to reverse-

transcribe the isolated RNA to cDNA. Then, the quantities of the target cDNA were 

determined by quantitative PCR (qPCR) using CFX connect system (Bio-Rad). qPCR 

reactions were conducted with SYBR supermix (Bio-Rad). 

The quantities of GAPDH in different samples were assessed as the standard in 

different samples. Intron-spanning primers for RhoA (Genbank accession number: 

JN971019.1), Rac1 (NM_009007.2), Cdc42 (U37720.1), cyclin A1 (BC120518.1), cyclin 

E1 (BC138662.1), p21Cip1 (AB017818.1), p27Kip1 (U10440.1), and GAPDH 

(GU214026.1) were designed using Primer3 and synthesized by Integrated DNA 

Technologies (Skokie, IL) as follows:  

RhoA sense: 5’-AAACAGGATTGGCGCTTTTG-3’; 

RhoA antisense: 5’-CACAAGATGAGGCACCCAGA-3’; 

Rac1 sense: 5’-AAGTGTGTGGTGGTGGGAGA-3’; 
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Rac1 antisense: 5’-GTCAAAGACGGTGGGGATGT-3’; 

Cdc42 sense: 5’-CTGGGGCATCTTCGTGTCTT-3’; 

Cdc42 antisense: 5’-AACCCCATACACACCCCAAA-3’;  

cyclin A1 sense: 5’-AGTACCTGCCTTCACTCATTGCTG-3’;  

cyclin A1 antisense: 5’-TCTGGTGAAGGTCCACAAGACAAG-3’;  

cyclin E1 sense: 5’-GCCCTCTGACCATTGTGTCC-3’; 

cyclin E1 antisense: 5’-GCACCACTGATAACCTGAGACCT-3’;  

p21Cip1 sense: 5’-AATCCTGGTGATGTCCGACC-3’; 

p21Cip1 antisense: 5’-TCAAAGTTCCACCGTTCTCGGG-3’; 

p27Kip1 sense: 5’-CAGCTTGCCCGAGTTCTA-3’; 

p27Kip1 antisense: 5’-GGGGAACCGTCTGAAACA-3’; 

GAPDH sense: 5’-TCTCTGCTCCTCCCTGTTCC-3’;  

GAPDH antisense: 5’-GTTCACACCGACCTTCACCA-3’.  

Four measurements (2 experimental duplicate and 2 biological duplicate) were 

performed for each protein, and relative cDNA levels were determined using the 

comparative Ct method [63]. 

Rho GTPases Pull down Assay and Western blotting: NIH 3T3 fibroblasts 

were seeded at 5 × 104 cells/mL over night to obtain cells in the single cell context, and 

then the cell culture was synchronized by thymidine. Afterward, synchronized cells were 

released and harvested at the designated time courses (see results and discussion 

section); the cells were homogenized to obtain total proteins at 1 µg/µL in the 

supernatant. Finally, the supernatant were subjected to RhoA and Rac1/Cdc42 pull 

down assays (Cytoskeleton), respectively, to collect the active form of the proteins.  
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The samples subjected to Western blotting were separated by 12 % SDS-PAGE 

and transferred onto a PVDF membrane. Thereafter, individual antibody against to the 

probed protein was applied to the PVDF membrane. After horseradish peroxidase-

conjugated secondary antibody was against the primary antibody, the image was 

developed using standard protocol. Then, the blotting results were quantified using 

ImageJ software (NIH, Bethesda, MD).  

The antibodies applied in this study were monoclonal RhoA (Santa Cruz Biotech, 

Dallas, TX), Rac1 (Millipore, Billerica, MA), Cdc42 (BD biosciences, Bedford, MA) and 

ROCK1 (Abcam, San Francisco, CA) antibodies. 

Cell immunofluorescence staining: For microtubule staining, the fixation buffer 

was composed of 0.5 % glutaraldehyde, 0.8 % formaldehyde and 0.5 % Triton X-100 in 

PBS and the blocking buffer was composed of 1% paraformaldehyde and 1 % BSA in 

PBS. For actin and vinculin staining, the fixation buffer was composed of 4 % 

paraformaldehyde and 0.5 % Triton X-100 in PBS, and blocking buffer was composed 

of 2 % BSA and 0.02 % Triton X-100 in PBS. Cells on glass coverslips were subjected 

to fixation buffer and blocking buffer sequentially for 30 min each at room temperature. 

Then, cells were incubated with 1:400 dilution of mouse-raised monoclonal anti-α-

tubulin (Invitrogen, Carlsbad, CA) or anti-vinculin (Invitrogen) overnight at 4°C. After 3 

times washing with PBS, the cells were subjected to 1:1000 dilution of Alexa Fluor 488-

conjugated anti-mouse IgG (Invitrogen) for 1 hour at room temperature. Actin and 

nuclear were stained by 1:40 dilution of Alexa Fluor 568-phalloidin (Sigma-Aldrich) and 

1:100 dilution of Hoechst 33342 (Sigma-Aldrich), respectively, mixed in the secondary 

antibody solution.  
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The antibodies used to detect p21Cip1 and p27Kip1 in the immunostaining process 

were 1:200 dilution of polyclonal p27 (C-19) (Santa Cruz) and 1:100 dilution of 

polyclonal p21 (C-19) (Santa Cruz), and Alexa Fluor 488-conjugated anti-rabbit IgG 

(Invitrogen) were the secondary antibody. The staining procedure was the same as the 

vinculin staining process.   

Microscopy for image acquisition: A TE-2000 imaging acquisition system 

(Nikon, Melville, NY) equipped with a 20× objective lens, an X-Cite 120 PC fluorescent 

light source (EXFO, Ontario, Canada) and a Cascade:1K CCD camera (Roper 

Scientific, Tucson, AZ) were used for image acquisition. The acquisition setting was set 

at 300-ms exposure time, 3×3 binning, and 25 % light intensity from the light source. C1 

confocal laser scanning system (Nikon) with a 60x oil-immersion objective (Nikon) was 

used to acquire the confocal images.  

Live cell imaging: Glass bottom dishes (World Precision Instrument, Sarasota, 

FL) were pre-treated with 0.01 % poly-L-lysine (Sigma-Aldrich) and 20-µl/ml fibronectin 

(BD Biosciences). A CO2 supplementary system (In Vitro Scientific, St. Louis, MO) was 

operated during image acquisition to maintain the experimental environment at 10 % 

CO2 and 37 °C. 

pEGFP plasmids (BD Biosciences) were introduced into NIH 3T3 fibroblasts 

using lipofectamine with standard protocol (Invitrogen). Right after transfection, the cells 

were passaged onto the glass bottom dishes at a concentration in the single cell level to 

avoid cell-cell interactions. After 24 hours, green fluorescent protein (GFP) was 

produced to fluorescently label the cells. When nuclei were subjected to fluorescently 

label, Hoechst 33342 (Sigma-Aldrich) was applied to the cell culture at 20 µg/mL 10 min 
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right before image acquisition to prevent any potential interference to the progress of 

the cell cycle from the nuclear stain [64]. Then the cells were documented through two-

channel fluorescent microscopy (the green channel for cells and the blue channel for 

nuclei) at the demanding time intervals. 

Live cell image analysis and quantification: The cell boundaries were 

determined using a robust algorithm developed in our lab [51] using MATLAB platform 

(The MathWorks, Natick, MA). A proper background intensity threshold was selected for 

each image frame to determine the boundary of nucleus appearing in the image. Fixed 

fluorescent beads bombarded on the glass-bottom slides were used to align images of 

the same stacks of images in a movie to minimize the positioning error generated from 

image acquisition systems [62,65].  

Cell cycle curve fitting in nuclear intensity histogram: The nuclear intensity 

histogram was generated from ~ 5000 nuclei and plotted with 50 bins. This histogram 

was further fitted by the Dean-Jett-Fox model [66] to determine the percentile of cells in 

each cell cycle phases. Briefly, the G1 and the G2/M peaks were individually fitted to a 

normal (Gaussian) distribution curve with the same coefficient of variations using least 

squares approximation. Data in between the two normal distribution curves were fitted 

by the superposition of a broadened second order polynomial and a normal curve to 

obtain curve describing the distribution of cells in S phase. The area covering each 

phase was used to determine the percentiles of cells presenting in the phase of the cell 

cycle.  

Elimination of systems error for CCD and NCD: Each centroid data contained 

errors introduced to the positioning measurement by the acquisition system. However, 
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the system errors could not be identified from a single image. Instead, the errors can be 

estimated using the error profile elucidated by repeatedly acquiring the centroid of the 

same object from a fixed cell. Once the sample size n was large enough, the geometric 

distribution of the measured centroids could be treated as the error profile of the 

acquisition system. Then, the geometric center of the error profile was superposed onto 

the centroid of the object from a live cell to determine the distribution domain of the 

“true” centroid. An error profile with sample size n would generate n possible true 

centroid positions surrounding the measured centroid after the superposition. 

Accordingly, the measured centroid had carried the weight of the error profile with it. 

The displacement of the object was obtained by the subtraction of possible “true” 

centroids of the same object between two consequent stack images. Since in each 

image frame there were n possible “true” centroids, it would derive n x n possible “true” 

displacements. Hence, the system errors could be reduced from the displacement by 

averaging the n x n possible displacements.  

The cell cycle phase determined by flow cytometry: Cells were trypsinized, 

centrifuged to form a pellet, and washed three times with ice-cold PBS. Consequently, 

the pellet was fixed with 70 % ethanol overnight at 4°C. Next day, the pellet was re-

suspended in PBS containing 100-μg/mL ribonuclease, and incubated at room 

temperature for 30 min. Afterward, the sample was subjected to 50-μg/mL propidium 

iodide (Abcam) to label the DNA at room temperature for 30 min before the samples 

were analyzed with LSR-II flow cytometer (BD Biosciences). The percentage of cells in 

each phase of the cell cycle was estimated using FACSDiva (BD Biosciences). 
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3.2.3. Results and Discussion 

NIH 3T3 fibroblasts change their dynamic patterns during the cell cycle: 

NIH 3T3 fibroblasts were used as the model cell line to explore whether a relationship 

exists between the cell cycle and cell migration. First, we recorded the motions of GFP-

labeled NIH 3T3 fibroblasts for a whole cell cycle from one division to the next. The cell 

centroid displacements over the whole cycle were extracted at 3-min intervals (denoted 

as CCD3-min) and plotted against the corresponding time course. It was showed that the 

CCD3-min values were greater in the first half of the cell cycle and significantly dropped 

after the halfway mark (Fig. 3-2). Hence, the short-term displacements of a cell might be 

related to the stage of its cell cycle.  

The cell cycle phases of the synchronized NIH 3T3 fibroblasts can be 

controlled: In order to study specific cell migratory behaviors under different cell cycle 

phases, successful synchronization of cell cycle is under demand. However, currently 

the cell cycle phases are mainly identified by flow cytometry, which requires the cells to 

be trypsinized, and therefore the adherent cell migration status cannot be probed. Since 

the DNA content in the nucleus defines the cell cycle phase, the nuclear DNA amount 

could be adopted to determine the cell cycle phase while cell migration was analyzed 

when the cells adhere on the substrate. Hence, Hoechst 33342 was used to 

fluorescently label the nuclei so that the nuclear intensity could reveal the amount of 

DNA in the nucleus. Consequently, the nuclear intensity histogram was constructed 

from ~ 5000 randomly selected single cells (i.e., no cell-cell interactions that inhibit cell 

cycle progression) and fitted to the Dean-Jett-Fox model to determine the nuclear 

intensity ranges for cells in each cell cycle phase (Fig. 3-3A) [66].  
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Following, the time required for a culture of synchronized cells to propagate to a 

desired cell cycle phase after releasing from cell cycle arrest in the later G1 phase was 

determined by comparing the peak intensity of each nuclear intensity histogram (n ~ 

5000) generated from the synchronized cultures at different time frames to the peak 

intensities in the nuclear intensity histogram of the asynchronous cells, presenting 

individual cell cycle phases. Accordingly, the optimal time for the predominant 

population of synchronized cells to reach the late G1, S, G2, successive early G1, and 

successive late G1 phase after initial synchronization were 0, 2, 5, 9, and 15 hours 

(denoted as t0, t2, t5, t9, and t15, respectively) (Fig. 3-3B). The correspondence of the cell 

cycle phases to the propagating time for the synchronized NIH 3T3 fibroblasts was 

validated by flow cytometry (Fig. 3-3C).  

Cell migration can be analyzed using the coupled nuclear and cellular 

displacements: Since cells can be synchronized into G1, S, G2 and M phases, the cell 

motion changes could be studied in individual cell cycle phases. However, to 

comprehensively analyze the cell migration mode within a cell cycle phase is 

challenging. It is known that cell motion has an irregular pattern: a single cell may 

remain stationary for an uncertain period of time, before suddenly beginning to move. 

Hence, a cell migration study usually requires a good amount of long (~10 hours) 

trajectories to evenly cover the possible cell migration modes of a cell type without bias 

[62]. However, this approach generates a paradox in studying the cell cycle dependent 

migration — the duration of the sampled cell trajectories must be long enough to 

comprehensively describe different cell migration modes, yet short enough to ensure 
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the analysis remains within a certain cell cycle phase. Therefore, we need to bypass the 

long trajectories to study cell migration.  

An active migratory mesenchymal cell would alternatively protrude its leading 

edge and detach its trailing edge to migrate. In contrast, a sampling cell only routinely 

performs membrane protrusions and retractions in random edges but its body (and 

nucleus) does not move. Hence, these two migration modes – active migration and 

sampling – are composed of two cell locomotion events: protrusion (or retraction) and 

detachment. A trailing edge membrane detachment event often gives rise to 

approximately the same degree of nuclear translocation. Yet, a centroid displacement is 

calculated by averaging the local area change by the overall area. Because the nucleus 

always moves as a whole, the nuclear centroid displacement (NCD) is equal to the 

quantity of nuclear translocation. On the other hand, the coupled membrane 

detachment only gives rise to a small portion of the cell area change, which is divided 

by the whole cell area to yield a smaller cell centroid displacement (CCD). Hence, a 

membrane detachment event impacts the NCD greater than the coupled CCD; i.e., 

NCD > CCD. In contrast, in a cell protrusion (or retraction) event the nucleus tempts to 

stay still (NCD ~ 0) while the CCD is non-negligible, so CCD   NCD. Together, the 

difference between short-term CCD and the coupled NCD could provide insights into 

cell migration to distinguish these two locomotion events. 

Even though the duration of a cell locomotion event varies, it generally lasts for 5 

to 10 minutes. Hence, with longer time intervals (e.g., 15-min), more bias will be 

resulted from using the measurements alone to describe a cell locomotion event. We 

need time intervals shorter than the duration of a cell locomotion event, so that the 
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event can be dissected into small fractions for analysis. Each small fraction of time can 

then be ascribed to a specific locomotion event; by accumulating the fractions, a weight 

describing the composition of the overall locomotion in terms of NCD > CCD and CCD > 

NCD events is obtained. However, the values of CCD and NCD become miniscule and 

indistinguishable from the measurement errors (determined by calibrating on 

immobilized cells) when the time intervals are too short (< 0.5 min). Therefore, we 

adopted a time interval of 1 min for this approach. 

Once enough short-term NCD and coupled CCD data from randomly picked cell 

motion movies are collected, the weighting compositions of the NCD-dominant (NCD > 

CCD) and CCD-dominant (CCD > NCD) events can be used to describe the specific cell 

migration mode of a probed cell type. An active migratory cell should have relatively 

equal weights of NCD-dominant and CCD-dominant events while a pure sampling cell 

should have significantly more CCD-dominant events. Hence, the weight of the CCD-

dominant (or NCD-dominant) events can be a useful index to quantitatively survey the 

cell migration mode. We call this analysis a CN discrepancy analysis.  

NIH 3T3 fibroblasts possess specific migration modes and migration 

capacities in each cell cycle phase: The CN discrepancy analysis was then applied to 

the movies of NIH 3T3 fibroblasts to evaluate their cell movement modes in each cell 

cycle phase. GFP-introduced NIH 3T3 fibroblasts were synchronized at the late G1 

phase (time t0) and consequently labeled by nuclear dye, Hoechst 33342. Then they 

were monitored at times t0, t2, t5, t9, and t15, which correspond to late G1 phase, 

projected S phase, G2 phase, successive early G1 phase, and successive late G1 phase, 

respectively.  Afterwards, movies of 22 to 28 randomly selected single cells and the 
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coupled nuclei were recorded at one-minute intervals for 1 hour to extract the (one-

minute) NCDs and coupled CCDs in each cell cycle phase. Following, the CCD-

dominant fractions were calculated (Fig. 3-4A). The results showed that the cells in G2 

phase possessed the highest CCD-dominant fraction (Fc = ~ 69 %, n = 25); followed by 

the S-phase cells (~ 65 %, n = 28), the early G1-phase cells (~ 62 %, n = 24), and finally 

the late G1-phase cells (~ 57 % for t0, n = 22 and ~ 56 % for t15, n = 24). We would 

expect Fc to be stable in the two late G1 phases (t0 and t15), and they were indeed 

similar in our data. Applying Tukey's HSD to cross compare Fc values of different 

phases, there were significant pairwise differences in Fc values between these phases 

at a 95 % confidence level: late G1 and early G1, G2 and late G1, G2 and early G1. This 

analysis provided first-hand information regarding the make-up of cell locomotion in 

different cell cycle phases of NIH 3T3 fibroblasts. The results suggested that the 

movement modes are dependent on cell cycle phase, as evidenced by the differing Fc 

values. In addition, the movement modes between the early and late G1 phase or 

between S and G2 phases possessed no significant different, although the CCD-

dominant fractions were different.      

However, the CCD-dominant fraction information needed to be further combined 

with the magnitudes of the nuclear displacements to determine the cell migration status. 

Thus, we probed the 1-hour nuclear trajectories of synchronized cells (n = 30) and 

found that the average 1-hour nuclear displacements were 10.86, 6.09, 8.58, 9.96, and 

10.25 μm for cells in time t0, t2, t5, t9, and t15, respectively. Student’s t-test showed that 

the 1-hour displacements of S-phase (t2) cells were significantly different from those of 

cells in other phases (Fig. 3-4B).  
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Taken together, detailed cell movement modes in different cell cycle phases can 

be elucidated. Since the average 1-hour nuclear displacement is highest and the Fc 

value is lowest in later G1 phase, fibroblasts migrate most actively in this period. Once 

cells enter S phase, the Fc value is slightly greater than that in later G1 phase but the 

average 1-hour nuclear displacement drops to its minimum. Hence, the cell bodies 

barely move and the cells possess a fair amount of sampling activity. In G2 phase, the 

Fc value increases to the greatest and the average 1-hour nuclear displacement also 

increases from S phase but does not reach the level in G1 phase, so cells have limited 

cell migration but undergo active sampling. After mitosis, cells cycle back to G1 phase 

and regain their migratory capacity until late G1 phase as indicated by the Fc values and 

the average 1-hour nuclear displacement values. It is also noteworthy that the cells 

have more protrusion (or retraction) activities in early G1 than later G1 phases based on 

the Fc values. These conclusions can be supported by the stack images, which showed 

that cells have more detachment events in G1 phase than S and G2 phases; also, the 

detachment events are not observed in S phase cells (Fig. 3-4C). 

The actin-cytoskeleton development and focal adhesion is cell cycle 

associated: Cell morphology, governed by the actin cytoskeleton, is highly associated 

with the cell’s migratory status. Hence, actin and vinculin were stained in NIH 3T3 

fibroblasts to compare their morphology, actin structure and the distribution of the cell-

substrate contacts in each cell cycle phase (Fig. 3-5A).  

The microscopic images revealed that in G1 phase actin filaments were 

dispersed, fuzzy and could not be clearly defined in cells. Meanwhile, the cell-substrate 

contact points were unevenly disseminated over the cell body as small patches, mainly 
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displayed on the perinuclear region and the cell edges. When cells entered S phase, the 

actin filaments developed into thick stress fibers over the whole cell body but more 

prominent in the cortical region. Accordingly, the cell-substrate contact points became 

matured as focal adhesions, which were established into large, aligned patches along 

the stress fibers toward the cell edges. In G2 phase, thick stress fibers remained the 

same over the entire cells. Interestingly, focal adhesion turnover had occurred, in which 

the size of the cell-substrate contact points were not as significant as they were in S 

phase but more similar to those in G1 phase. However, the smaller focal contacts still 

aligned in highly order with the stress fibers as they were in S phase but not in G1 phase. 

Confocal microscopy was further applied to reveal the detailed structure within a thin 

focal plane (Fig. 3-5B). It supported the observation that the focal adhesions were fully 

developed in S phase and the sizes of cell-substrate contact points presented by 

vinculin were relatively the same between late G1 phase and G2 phase. Taken together, 

the actin-cytoskeletal patterns are unique in each cell cycle phases and in agreement 

with their specific cell migratory status.  

The Rho GTPases activities guide the morphological and migratory 

development throughout G1 and S phases: Signaling pathways govern the action of 

detachment and protrusion (or retraction), which are the results of actomyosin 

contraction and lamellipodia formation, respectively. Since the weights of these two 

locomotion events in each cell cycle phase are revealed by the CN discrepancy 

analysis, the contribution of the underlying signaling pathways also can be specified in 

each cell cycle phase.  



73 
 

Rho GTPases direct actin-cytoskeleton remodeling; so they must also play 

pivotal roles in receiving signals propagating from proteins involved in regulating cell 

cycle to alter the cytoskeletal organization and cell migration mode. Accordingly, the 

activity profiles of individual Rho GTPases in different cell cycle phase were assessed 

by the Rho GTPase activity assays (Fig. 3-6A). The results revealed that RhoA activity 

increased after cells passing G1/S transition, and then dropped significantly to the 

lowest level when the cell reached G2 phase. Rac1 activity stayed at the same level in S 

phase as it was in G1 phase, but drastically decreased in G2 phase. In addition, Cdc42 

activity continually descended through G1, S to G2 phase. Our assessments also 

showed that RhoA activity in early G1 phase was lower than that in later G1 phase, 

whereas both Rac1 and Cdc42 activities in early G1 phase were higher than those in 

late G1 phase. We further probed the mRNA profiles of Rho GTPases and compared 

them with the activity profiles (Fig. 3-6B). It was shown that the mRNA profiles and 

activity profile for each member of the Rho GTPases were consistent during the 

interphase. Therefore, the expressions of Rho GTPases should reflect their activity 

demand closely.  

The activity evolution of Rho GTPases in G1 and S phases can be explained 

smoothly: Once cells pass mitosis and re-enter G1 phase, they need to re-position 

themselves from the highly specified cytoskeleton organization for cell division. Hence, 

nascent adhesions form to redistribute their substrate anchorages. Through the new 

focal contact formations, focal adhesion kinase activates Rac1 and Cdc42 and 

suppresses RhoA by inactivating p190RhoGAP [67-69]. However, after more focal 

adhesions become maturation in later G1 phase, the FAK/paxillin complex enhances 
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RhoA activity again to induce actomyosin contraction and lowers Rac1 and Cdc42 

activities [70]. Therefore, the activities of Rac1 and Cdc42 decrease through early G1 

phase to late G1 phase.  

Owing to that NIH 3T3 fibroblasts migrate the most actively in later G1 phase, one 

could consider that the profile of the three Rho GTPases is in their optimal for cell 

migration during this stage. The need to elevate the RhoA activity in S phase is 

supported by the fact that its mRNA amount is also elevated during the same period. 

The boost of RhoA activity from a normal migratory cell promotes the formation of stable 

stress fibers and focal adhesions in the cells to inhibit cell migration [11,71]. Hence, the 

increase of the RhoA activity, potentially only led by the maturation of focal adhesions, 

could explain the heavily increase of stress fibers in the cells and the significant 

decrease in cell motility after the cells enter S phase as we have observed in our 

assessments.  

Cytoplasmic p21Cip1 and p27Kip1 are closely associated with Rho GTPases 

and expression levels of ROCK throughout the cell cycle: When cells enter G2 

phase, the activities of all three Rho GTPases drop to the minimal levels as elucidated 

by the activity profiles of the Rho GTPases. Under this condition, Rho GTPases would 

not have the capacities to effectively alter the existing actin-cytoskeletal organization. 

This explains why the stress fibers, having been established during S phase, are 

preserved in G2 phase as shown in the actin micrographs.  

It has been known that p21Cip1 and p27Kip1 are two prominent candidates to 

mediate the crosstalk between the cyclin-CDK complex and Rho GTPases [72,73]. The 

functions of these two proteins are determined by their cellular locations [74]. In the 
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cytoplasmic region, p21Cip1 and p27Kip1 affect the activities of RhoA and ROCK, 

respectively, to change the outcome of the actin-cytoskeletal organization. Hence, to 

understand the role of ROCK in the process, NIH 3T3 fibroblasts were subjected to 

Western blotting against ROCK antibody in different cell cycle phases to assess the 

change in its expression level in different cell cycle phases. It was revealed that the 

expression level of ROCK was only slightly higher in S and G2 phase than in G1 phase 

(Fig. 3-7A). Hence, ROCK activity changes should be mainly governed by RhoA activity 

and the amount of cytoplasmic p21Cip1. To identify the expressions and locations of 

p21Cip1 or p27Kip1 in each cell cycle phase, NIH 3T3 fibroblasts were subjected to 

immunofluorescence microscopy against these two proteins. The results showed that 

these two proteins were present inside the cells throughout the interphase (Fig. 3-7B). It 

was also revealed that the cytoplasmic concentration of p21Cip1 was high in G1, 

decreased in S phase, but increase again in G2 phase; and that of p27Kip1 was none in 

G1, high in S phase, and low in G2 phase. When this result was combined with the 

ROCK and RhoA concentration in each cell cycle phase, it was suggested that 

cytoplasmic p21Cip1 and p27Kip1 are indeed involved in the cell morphology and 

migration mode changes.  

Hence, besides the profile of Rho GTPases discussed above, the impact of 

cytoplasmic p21Cip1 and p27Kip1 can also be incorporated to deliver the full picture of the 

cell activity relationship regarding the cell cycle and cell migration and their underlying 

molecular interactions. In G1 phase, the presence of high concentration of cytoplasmic 

p21Cip1 could inhibit the ROCK activity in cells regardless the status of RhoA activity; 

thereby increasing the ADF/cofilin activity for cells to undergo active migration. In S 
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phase, the high RhoA activity, high ROCK expression and low cytoplasmic p21Cip1 

concentration together lead the high ROCK activity in the cells, which promotes the 

developments of stress fibers and focal adhesions and results a low ADF/cofilin activity. 

Therefore, the cells exhibit dense stress fibers and are immobile. During the same 

period, the presence of cytoplasmic p27Kip1 would not have an immediate impact to the 

high RhoA activity. However, the continuous increase of cytoplasmic p27Kip1 due to the 

cell cycle progression [74] could gradually inhibit more and more RhoA, thereby steadily 

weakening the originally strong RhoA/ROCK activity throughout S phase. The 

decreases of RhoA and ROCK are evidenced by the occurrence of focal adhesion 

turnover after the cells passing S/G2 transition, which requires a weaker RhoA activity 

but effective ROCK activity [75-78]. During the descent of RhoA/ROCK activities, the focal 

adhesion turnover proceeds. The continuously decrease of RhoA activity through the 

increasing of cytoplasmic p27Kip1 eventually leads to the lowest RhoA activity in G2 

phase among the interphase. 

In G2 phase, the shape and size of focal adhesions are much different from those 

in S phase but similar to those in G1 phase, supporting the occurrence of focal adhesion 

turnover during S/G2 transition. Once cells enter G2 phase, the re-elevation of 

cytoplasmic p21Cip1 strongly inhibit ROCK activity, thereby increasing the ADF/cofilin 

activity again. As a result, cells become more migratory in G2 phase than S phase, yet 

the low activities of the Rho GTPases keep the cells from active migration as in G1 

phase.  
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Table 3-1. Statistics (estimates and standard deviations) of the fraction of time where 
CCS exceeds the corresponding NCS of NIH3T3 fibroblasts at different cell cycle 

phases (T0, T2, T5, T9) and at different time intervals (  s). 
 

Hours 
after 

synch 

Number 
of cells 

Statistics 
Interval (min) 

1 2 5 10 15 

0 22 
 ̃pop 0.574 0.572 0.584 0.510 0.561 

std dev 0.088 0.110 0.154 0.199 0.272 

2 28 
 ̃pop 0.648 0.662 0.674 0.658 0.665 

std dev 0.073 0.098 0.166 0.202 0.217 

5 25 
 ̃pop 0.691 0.695 0.669 0.662 0.619 

std dev 0.093 0.110 0.129 0.161 0.246 

9 24 
 ̃pop 0.617 0.594 0.532 0.507 0.443 

std dev 0.100 0.120 0.163 0.239 0.232 
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Figure 3-1. Migratory behavior can be classified into two different categories: Protrusion 

(or contraction)-dominant cellular behavior (left) and detachment-dominant 
cellular behavior (right). A) In protrusion (or contraction)-dominant behavior, 
cell leading front moves in a larger scale with smaller (or no) nucleus 

translocation, translated into CCD NCD. In detachment-dominant behavior, 
nucleus locates at the trailing end of the cell moves at a large scale of 
movement, translated into CCD<NCD. B) Two sets of measurements are 
initiated to obtained CCD and the corresponding NCD with superimposed 
position errors, shown in grey cloud. Yellow dots indicate the coordinates of 
cell and the pairwise nucleus at time ti-1 and time ti. The blue path and green 
path between the yellow dots are CCD and NCD for the selected time 
interval, respectively.  
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Figure 3-2. The displacements of NIH 3T3 fibroblasts exhibit a cell cycle dependent 
property. Just divided, green fluorescent protein (GFP)-labeled single NIH 
3T3 fibroblasts were monitored at 3-min time intervals over the whole cell 
cycle until next division. The cell centroid displacements at the same time 
intervals (CCD3-min) were extracted to plot against time. The red and the blue 
curve individually represent the moving average of CCD3-min of a monitored 
cell (moving step = 10).  
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Figure 3-3. A) The nuclear intensity histogram (red) of asynchronous cells was fitted by 

the Dean-Jett-Fox model to segment each phase and determine its peak 
intensity: G1 (orange curve), S (purple) and G2 (green). B) The optimal time 
frames to obtain the maximal population of synchronized cells in a desired 
cell cycle phase were determined by matching the peak intensity of a 
histogram generated from synchronized cells at a specific time frame after the 
cells were released from cell cycle arrest to the peak intensities gained from 
the histogram of asynchronous cells. The optimal time frame for synchronized 
cells propagating to late G1, S, G2, successive early G1 and successive late 
G1 phase are 0, 2nd, 5th, 9th and 15th hours (denoted as t0, t2, t5, t9, and t15), 
respectively. C) Flow cytometry revealed the stage of the cell cycle phases of 
synchronized NIH 3T3 fibroblasts at those time frames. The vertical dashed 
lines indicate the nuclear intensities of cells in G1, S, and G2/M phase of the 
cell cycle, respectively. All nuclear intensity histograms were constructed with 
50 bins (blue dots) based on ~ 5000 randomly selected nuclei, labeled by 
Hoechst 33342. D) The mRNAs of cyclin A and cyclin E were quantified at t0, 
t2, t5, t9, and t15 (left to right) to verify the cell cycle synchronization. Error bars 
represent the standard deviation (n=2). 
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Figure 3-4. Cell migration modes are different in each cell cycle phase. A) In each cell 

cycle phase, 25 one-hour synchronized GFP-labeled cell movies and their 
coupled nuclear movies were subjected to the CN discrepancy analysis. The 
weights of the CCD-dominant events in different cell cycle phases were 
showed at 1 min time interval. B) The average one-hour displacements were 
calculated for cells in later G1, S, G2, successive early G1 and successive 
later G1, respectively. Double stars were denoted significantly different in the 
student T-student test. Error bars represent the standard errors. C) The stack 
images of GFP-labeled cells in different cell cycle phases. Hollow and solid 
arrow indicated a protrusion (or retraction), and a detachment event, 
respectively. 
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Figure 3-5. The organizations of actin-cytoskeleton and focal adhesions are associated 
with the cell cycle phases in NIH 3T3 fibroblasts. A) The F-actin stained 
revealed the actin-cytoskeleton organizations in different cell cycle phases 
(top row); the vinculin stained revealed the distributions and sizes of cell 
contact points in each cell cycle phases (bottom row). B) More detailed 
structures of actin-cytoskeleton (top row) and vinculin-stained focal contact 
points were showed by confocal images in different cell cycle phases. Scale 
bars: 30 μm in both panels. 
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Figure 3-6. The activity and mRNA profiles of Rho GTPases vary in different cell cycle 
phases. A) Western-blotting results revealed the activity profile of Rho 
GTPases in different cell cycle phases after pull down assays (left) and the 
activity profile were quantified and normalized by the activity level of the t0 (G1 
phase) samples (right). B) The mRNA profile of Rho GTPases was tested in 
the synchronized cells of different cell cycle phases. In both panels, error bars 
represent the standard errors from two experiments.  
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Figure 3-7. The expressions and localizations of both p27Kip1 and p21Cip1 changes in 
different cell cycle phases. A) The expression levels of ROCK in different cell 
cycle phases were also assessed. Inset, the Western blotting result. Error 
bars represent the standard errors from three assays. B) p27Kip1(left column), 
p21Cip1 (right column) and nuclei of NIH 3T3 fibroblasts were fluorescently 
labeled to probe the expression and localization of p27Kip1 and p21Cip1 in NIH 
3T3 fibroblasts. Scale bars: 100 μm. 
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Figure 3-8. Schematic diagram of the molecular interactions mechanisms that lead the 

dynamics of focal adhesion and stress fiber formations and their attribution to 
cell migration during cell cycle progression. The amounts of purple dots and 
green triangles in the S and G2 panels represent the quantity of p21Cip1 and 
p27Kip1, respectively (non-proportional). The up and down arrows in the 
parentheses indicate the elevation and modulation of individual proteins’ 
activities, respectively. Solid arrows indicate direction interactions and dash 
arrows indicate evolution of individual proteins’ activities. 
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CHAPTER 4 
CONCLUSION AND FUTURE WORK 

The study on effect of LIG on T98G GBM provides the sight of using a highly 

sensitive tool for drug screening and revealed the potential effect of LIG on the 

treatment of GBM disease, which has barely been elucidated before. We demonstrated 

that the concentration of LIG that can efficiently hinder migration ability of T98G cells is 

as low as 5 µM without leading to the induction of apoptosis or reduction of cell 

proliferation rate. It was only when the concentration of LIG was raised to 25 µM that 

LIG was found to be cytotoxic to T98G cells by arresting them at G1/S phase. However, 

Cell features, such as apoptosis and cell proliferation, which didn’t not provide as much 

sensitivity as single cell migration assay in this study, were the primary interest to 

investigate if a novel drug is applied traditionally. Due to the consistent result of 

quantification of both collective cell migration and single cell migration, we were able to 

exclude the possible effect of cell-cell interaction. Interestingly, we also did the same 

test on NIH 3T3 fibroblasts cell line. The result indicated no significant change on either 

cell cycle arrest of migration capacity of NIH 3T3 cells before and after the treatment of 

LIG at the tested concentration (e.g. 5 µM for migration assays, 25 µM for cell cycle 

arrest test). The presence/absence of effect of LIG on cell migration and the cell cycle of 

both cancer cells and normal cells spontaneously also implied the possible connection 

between cell cycle and cell migration. Additionally, the significant reduction of 

expression levels of the three Rho GTPases, which are known to be both molecular 

switches for actin – cytoskeleton remodeling and also key regulators for cytokinesis 

leads to the possible connection of cell cycle and cell migration in the perspective of 

shared signal transduction pathways.  
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To establish a framework between cell migration and the cell cycle regulation in a 

general case, we applied the integrated study of the cell cycle regulation on cell 

migration on a model cell line, NIH 3T3 fibroblasts, during interphase. We find that 

fibroblasts maintain active migration state during G1 phase. Once entering S phase, the 

cells become stationary with few protrusions (or retractions). In G2 phase, cell motility is 

predominant by sampling with few migratory events and the nuclear translocation is 

significantly smaller than that of G1 phase. Since in each cell cycle phase cells possess 

a unique migratory pattern and morphology, the cell phenotype may be treated as a 

subset of cell cycle phase-dependent properties. Conversely, specific cell phenotypes 

may also serve as indicators to determine the cell cycle phase for the probed 

fibroblasts.  

The molecular interaction regulating this cell cycle associated cell migration was 

also investigated in our study. Even though some information of the molecular 

interactions has been explained in the literature, a proper and systematic explanation of 

the cell-cycle-cell-migration association hasn’t been established yet. We indicated the 

development of actin filament and focal adhesion along cell cycle, which is responsible 

for the different types of subcellular behavior during different phases. This phenomenon 

was further found to be contributed by the co-regulation of p21Cip1 and p27Kip1 and small 

Rho GTPases. In fact, efforts has also been made to fit cellular behaviors under 

different cell cycle phases into a model from a different perspective, utilizing the 

distributions of microtubules location and actin stress fiber location, as indicated in 

(citation). This model can be subdivided into 4 different types: oriented non-migrating, 

non-polarized randomly oriented non-migrating cell, randomly migrating, fully polarized 
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migrating. In is not hard to notice that the location of microtubule is also cell cycle 

associated (Fig. 4). This elucidation involving polarization regulation of cells during 

different cell cycle phases are one of the future studies we want to look into.  

The conclusion also helps to explain how cell proliferation and cell migration can 

work together in concert in organogenesis and wound healing process. When the 

proliferation rate is high, normal cells do not have a high migration activity since they 

have less time to stay in G1 phase to actively migrate. In opposite, when normal cells 

have a lower proliferation rate but not in the quiescent state, they would have higher 

chance to stay in G1 phase, thereby having high migration activity. The correlation 

between parameters that could be extracted from these two scopes: cell cycle and cell 

migration, can also be of great interest worthwhile studying, for instance, the correlation 

between duration of G1 phase and cell proliferation rates. 

Current existing cell migration analyses only reveal the final migratory status of 

the probed cells. Information generated from those analyses cannot directly elucidate 

which protein and how a protein through signaling pathways alters the migratory 

outcome. In this study, we propose to use the CN discrepancy approach to reveal the 

cell migration status by quantitatively elucidating the weighing contributions of different 

cell motilities to cell migration. The weights of different locomotion events can reveal the 

predominant molecular pathways in a specific migration pattern.  

There could also be potential development of this method. Utilizing CN 

discrepancy to study cell locomotion events actually provide possibility of precisely 

identifying angles between steps, and the actually step size. All this information can be 

closely related to any molecule of interest we want to look at. Once enough information 
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between these parameters and molecular regulation are collected, the molecular 

information can be explicated more straightforward from the cellular assessments.  

After entering the molecular biology era three decades ago, much effort has been 

devoted to shed light on the molecular mechanisms controlling cellular processes. Now, 

most proteins’ functions involved in a cellular process are largely realized. However, 

how different cellular processes work together to construct the cell physiology still needs 

to be connected. Since a protein in which the activity is shared by more than one 

cellular process needs to simultaneously satisfy these processes to ensure smooth cell 

physiology, the relationship disclosed in this study could be applied to functional 

genomics to promote the understanding of cell physiology. 
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Figure 4-1. Microtubules distribution is cell cycle associated. The α-tubulin stain of both 

asynchronous and synchronized NIH3T3 fibroblasts revealed the microtubule 
distribution in different cell cycle phases. The bright green spots in A) and the 
red dots in B) indicate the location of centrosomes.  
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