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Abstract 
Leader cells are a fundamental biological process that have only been investigated since 

the early 2000s.  These cells have often been observed emerging at the edge of an 

artificial wound in 2D epithelial cell collective invasion, created with either a mechanical 

scrape from a pipette tip or from the removal of a plastic, physical blocker.  During 

migration, the moving cells maintain cell-cell contacts, an important quality of collective 

migration; the leader cells originate from either the first or the second row, they increase 

in size compared to other cells, and they establish ruffled lamellipodia.  Recent studies in 

3D have also shown that cells emerging from an invading collective group that also 

exhibit leader-like properties. 

Exactly how leader cells influence and interact with follower cells as well as other cells 

types during collective migration, however, is another matter, and is a subject of intense 

investigation between many different labs and researchers.  The majority of leader cell 

research to date has involved epithelial cells, but as collective migration is implicated in 

many different pathogenic diseases, such as cancer and wound healing, a better 

understanding of leader cells in many cell types and environments will allow significant 

improvement to therapies and treatments for a wide variety of disease processes.  In 

fact, more recent studies on collective migration and invasion have broadened the field 

to include other cell types, including mesenchymal cancer cells and fibroblasts.  

However, the proper technology for picking out dynamic, single cells within a moving and 

changing cell population over time has severely limited previous investigation into leader 

cell formation and influence over other cells. In line with these previous studies, we not 

only bring new technology capable of dynamically monitoring leader cell formation, but 

we propose that leader cell behavior is more than just an epithelial process, and that it is 

a critical physiological process in multiple cell types and diseases. 
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Introduction: Leader Cells are Fundamental in Collective 
Migration 
Leader cells are a fundamental biological process that have only been 

investigated since the early 2000s [1].  These cells have often been observed 

emerging at the edge of an artificial wound in 2D epithelial cell collective 

invasion, created with either a mechanical scrape from a pipette tip or from the 

removal of a plastic, physical blocker [2-4].  During migration, the moving cells 

maintain cell-cell contacts, an important quality of collective migration; the leader 

cells originate from either the first or the second row, they increase in size 

compared to other cells, and they establish ruffled lamellipodia [2, 5].  Recent 

studies in 3D have also shown that cells emerging from an invading collective 

group that also exhibit leader-like properties [6]. 

Exactly how leader cells influence and interact with follower cells as well 

as other cells types during collective migration, however, is another matter, and 

is a subject of intense investigation between many different labs and 

researchers.  The majority of leader cell research to date has involved epithelial 

cells [1, 2, 7-10], but as collective migration is implicated in many different 

pathogenic diseases, such as cancer and wound healing, a better understanding 

of leader cells in many cell types and environments will allow significant 

improvement to therapies and treatments for a wide variety of disease processes 

[3, 11, 12].  In fact, more recent studies on collective migration and invasion have 

broadened the field to include other cell types, including mesenchymal cancer 

cells and fibroblasts [6, 13].  However, the proper technology for picking out 

dynamic, single cells within a moving and changing cell population over time has 
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severely limited previous investigation into leader cell formation and influence 

over other cells. In line with these previous studies, we not only bring new 

technology capable of dynamically monitoring leader cell formation, but we 

propose that leader cell behavior is more than just an epithelial process, and that 

it is a critical physiological process in multiple cell types and diseases. 

Dissertation Hypothesis 
If leader cells are present  during collective migration in cell types other than the 

commonly-studied epithelial cells, then similar feedback mechanisms such as 

force generation and the Notch signaling pathway will regulate leader cell 

formation. 

Initial dsLNA Probe Design and Characterization Experiments 
Prior to performing any experiments with the double-stranded locked nucleic acid 

(dsLNA) probes, a key research tool widely utilized in this dissertation, the 

probes were first characterized by both Dr. Reza Riahi (the first author of the 

characterization work) and the author of this dissertation, Zach Dean.  The 

dsLNA probes are, as the name suggests, two strands of oligonucleotide 

monomers hybridized together.  A fluorophore is conjugated to the 5' end of one 

strand directly adjacent to a quencher on the 3' end of the other strand.  In the 

presence of target, the two strands separate, and fluorescence can be seen.  

This mechanism can be seen in Fig. 1a.  A prior study in our lab by Gidwani et al. 

previously optimized the length of the donor strand and quencher strand, as well 

as the optimal ionic strength (NaCl concentration) to allow for the fastest target 

binding possible with the assay [14].  Prior to the characterization by Riahi and 
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Dean [15], however, the probe was not functionalized against nuclease 

degradation in vitro—a stringent requirement for detecting any RNAs (mRNA or 

miRNA) in living cells (Fig. 1).  In this case, 3 different nucleotide modifications 

were tested: alternating LNA/DNA monomers, 2'-O-methylation, and no 

modification.  The final result showed that the LNA/DNA alteration outperformed 

all other nucleotide modifications by measuring the signal-to-noise ratio (the ratio 

of β-actin, a housekeeping, positive control gene to a random, scrambled, 

negative control). 

 

Figure 1 The double stranded prove was transfected into MDA-MB-231 breast cancer cells to 
measure the gene expression of varying probe monomer modifications. The experiment showed that 
alternating DNA/LNA nucleotides was the optimal scenario. Primary experiments and the idea were 
penned by Dr. Reza Riahi; Zach Dean performed some experiments [15]. 

In addition, the lifetime of the dsLNA probe in the cell cytoplasm after transfection 

was measured (Fig. 2).  Again, both a positive control probe (β-actin) and a 

negative control (random, scrambled) probe were used. The experiment showed 

that the probe enters the nucleus and achieves maximum fluorescence at 

roughly 12 hours post-transfection. The intensity remains stable for up to 96 

hours after transfection, or 3.5 days. 
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Figure 2 The dsLNA probe's lifetime inside the cytoplasm of cells. The probe reaches maximum 
intensity after 12 hours of transfection, and the intensity remains elevated for and additional 3.5 
days. Again, the primary idea and primary experiments were performed by Dr. Reza Riahi; Zach Dean 
also performed some experiments[15]. 

 The probe characterization experiments are critical in all 3 aims that follow 

as many of the experiments involve measuring the probe's signal over time or 

spatially in cells.  In each case, the probe must specifically bind to its target RNA, 

and it must remain stable in cells for an extended period of time—free from 

excessive nuclease degradation. 
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Aim 1: microRNAs Play a Highly Spatiotemporal Role in 
Epithelial Collective Cell Cigration 
 

Hypothesis 
If oligonucleotide probes are modified with locked nucleic acid monomers to 

prevent intracellular degradation, then dynamic mRNA and miRNA expression 

can be monitored over time and space in living cells. 

1.1 Abstract 
MicroRNAs (miRNAs), small, noncoding RNAs, are involved in a wide variety of 

developmental, regenerative, and disease processes.  Laboratory tools that allow 

for monitoring the spatial and temporal expression of miRNAs in living cells are 

essential to clarify the role of miRNA during these intricate regulatory processes.  

The small size, low quantity, sequence similarities, and degradation vulnerability 

of miRNAs, however, make their detection difficult.  Aim 1 details a double-

stranded locked nucleic acid (dsLNA) probe for detecting intracellular miRNAs 

during epithelial collective migration.  As previously discussed, the dsLNA probe 

has been used to detect mRNAs in vitro; however, the probe's ability to monitor  

dynamic changes in miRNAs in vitro remains unproven.  Therefore, in Aim 1 the 

probe is employed to monitor the spatial division of miRNA expression in a 

collectively migrating epithelium via the use of an artificial wound.  Our results 

reveal descending levels of miRNA over the first one hundred micrometers from 

the leading face of the wound edge and show the participation of miR-21 in the 

multifaceted guidance of TGF-β modulated epithelial migration.  With its ease of 

use and capacity for real-time monitoring of miRNAs in living cells, the dsLNA 
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probe permits studying the function and control of miRNA levels in a wide 

spectrum of complicated biological operations. 

 

Keywords: microRNA, single cell, collective migration, TGF-β, intracellular 

detection 

 

1.2 Introduction 
MicroRNAs (miRNAs) are an important, omnipresent group of small (19-25 

nucleotides), endogenous, non-coding RNAs that direct post-transcriptional gene 

expression regulation.  Mature miRNAs, in collaboration with the RNA-induced 

silencing complex (RISC), combine with the 3’ untranslated region of target 

mRNAs, causing either the degradation or translational inhibition of the target 

mRNA.  Over 17,000 miRNAs throughout more than 140 species are 

documented and dynamic miRNA expression profiles have been assembled for a 

range of physiological and pathological issues [16].  In particular, previous 

research has shown that miRNAs are involved in a diverse range of cellular 

processes, such as tissue development, wound healing, and cancer metastasis 

[17, 18].  miR-21 and -23b, for instance, were shown to control collective 

migration and invasion of epithelial cells with opposing effects; miR-21 causes 

increased migration, while miR-23b induces migration inhibition [18-20].  miRNA 

levels during these procedures are regulated by different cytokines, such as 

transforming growth factor β (TGF-β) [21, 22].  

The nature of miRNAs makes their detection tricky: short length, low 

intracellular quantities, similar sequences between species, and vulnerability to 



 
21 

 

degradation by nucleases [23].  While a diverse assortment of miRNA detection 

methods exist, many of the current techniques are not suitable for detecting the 

diverse distribution of miRNA levels in complex biological experiments, such as 

collective cell migration and epithelial-mesenchymal transition.  Northern blot 

RNA analysis, for instance, is not only tedious and time-consuming, but also 

requires a larger quantity of miRNA.  Quantitative RT-PCR has better sensitivity; 

however, specific probe design for miRNA is difficult due to the small length and 

similar sequences between related miRNAs.  In situ hybridization can determine 

spatial miRNA distribution, but it is technically challenging and limited in 

measuring time-course changes in miRNA [24].  

 Due to the our previous characterization of the dsLNA probes in dynamic, 

spatiotemporal mRNA measurements in vitro it made sense to utilize the probes 

in detecting miRNAs as well [15, 25-27].  The dsLNA probe incorporates a donor 

fluorophore on the 5’ end of one strand with an adjacent quencher molecule on 

the 3’ end of the complementary strand.  Functionally, the dsLNA probe exists in 

two states.  Without the target RNA, the donor and quencher strands remain in 

close proximity, and the probe’s fluorescence signal is suppressed.  In the 

presence of the RNA target, however, the donor strand preferentially binds to the 

target as opposed to the quencher due to a thermodynamic binding event, and 

the probe’s signal can be measured via fluorescence measurement (Fig. 3a). 

The sticky end of the donor also helps with donor-target binding. 

To enable real-time monitoring of RNA expression in living cells, the probe 

should produce fluorescence only in the presence of a specific target sequence 
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(Fig. 3b) [28-30].  As discussed earlier, the standard oligonucleotide probe 

phosphate deoxyribose backbone composition is largely susceptible to single-

strand binding protein attachment and nuclease degradation, requiring 

modification to prevent false-positive signals.  Of these modifications, 2’-sugar 

modifications, such as locked nucleic acids (LNA), are some of the most effective 

RNA-binding oligonucleotides due to their increased binding affinity and 

resistance to degradation [31-33].  Due to its previous success in detecting 

dynamic mRNA expression in vitro at the single cell level, alternating DNA/LNA 

was utilized for miRNA detection as well [4, 15].  

 

Figure 3 The dsLNA probe mechanism of action. (a) dsLNA probe's interaction with target RNA. (b) 
Illustration showing the dsLNA probes outside a cell without fluorescence versus the fluorescing 
dsLNA probes inside a cell. (c) Image of the dsLNA probe showing fluorescence of β-actin mRNA in 
MCF-7 cells.  The scale bar is 25 µm. 

In Aim 1, probes targeting β-actin mRNA, miR-21, miR-23b, and a random 

negative control probe are designed and optimized for maximal target binding 

affinity.  The ability of the dsLNA probe to detect miR-21 and miR-23b levels is 
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examined in MCF-7 epithelial cancer cells by measuring the probe’s response to 

TGF-β, an anti-proliferative cytokine that plays important roles in collective cell 

migration and epithelial-mesenchymal transition [34, 35].  TGF-β increases 

mature miR-21 through Dicer splicing of pri-miR-21 to pre-miR-21, as well as 

inhibits miR-23b expression at the transcriptional level [36, 37].  The induction of 

miRNA by TGF-β in MCF-7 cells is monitored dynamically.  To investigate the 

roles of miRNA in the regulation of epithelial collective migration, the distributions 

of miRNA are monitored in model wounds of MCF-7 cells with and without the 

addition of TGF-β. 

 

1.3 Question 1: Can the dsLNA Probe Measure Dose-Dependent 
miRNA Modulation via TGF-β? 

1.3.1 Probe Design and Preparation 
The dsLNA probe is composed of two oligonucleotide strands with alternating 

DNA and LNA monomers.  The donor strand is twenty nucleotides long and 

designed complementary to either the target mRNA or miRNA of interest.  The 

fluorophore used for fluorescence detection, 6-FAM, is located at the 5’ end of 

the donor strand.  The second strand of the dsLNA probe, the quencher strand, 

is ten nucleotides in length.  A dark quencher, Iowa Black FQ, is located at the 3’ 

end of the quenching strand immediately adjacent to the donor fluorophore on 

the donor strand.   

Four dsLNA probes were developed for spatiotemporal gene expression 

analysis in this study (Table 1).  A probe targeting β-actin mRNA was designed, 

and the sequence was verified using the NCBI GenBank database.  A random, 
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scrambled probe was developed with no known intracellular targets as a negative 

control.  The sequences of both the β-actin and random probe sequences were 

also additionally verified through NCBI Basic Local Alignment Search Tool for 

nucleotide sequences (BLASTn).  The miR-21 and miR-23b probes were 

similarly designed, but the sequences were verified using miRBase’s sequence 

database [16].  The probes were prepared for transfection by dissolving the 

donor and quencher strands in 10 mM Tris-EDTA buffer and 0.2 M NaCl before 

mixing them at a 1:2 molar ratio, respectively.  The probes were then heated at 

95°C for five minutes in a dry bath incubator before cooling to room temperature 

gradually over the course of two and a half hours. 

 

Table 1 A list of sequences for the dsLNA probe strands. The fluorophores are listed in red, with 
bold, italic, underlined letters indicating LNA bases. 

1.3.2 Cell Culture and Transfection 
MCF-7 human mammary gland adenocarcinoma was obtained from American 

Type Culture Collection (Manassas, VA).  The cells were grown in Dulbecco’s 

Modified Eagle Medium (Corning, Manassas, VA) supplemented with 10% fetal 

bovine serum (Corning, Manassas, VA), 1% L-glutamine (Sigma-Aldrich, St. 

Louis, MO), and 0.1% gentamycin (Sigma-Aldrich, St. Louis, MO).  Cells were 
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incubated at 37°C and 5% CO2 in a tissue culture incubator.  Cells were grown to 

90-95% confluence in a 24-well plate before transfection in order to study the 

dose-dependent expression of miR-21 and miR-23b with TGF-β addition.  The 

probe and Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA) 

were combined according to the manufacturer’s protocol prior to transfection.  0.8 

µg probe was transfected per well, with 2.4 µL Lipofectamine 2000 transfection 

reagent used per well. 

 

1.3.3 Inducible miRNA Expression  
Experiments were performed to study the dsLNA probe’s ability to detect 

inducible miRNA expression changes via TGF-β1 (R & D Systems, Minneapolis, 

MN).  The MCF-7 cell medium was changed to serum-free medium six hours 

after seeding.  Twenty-four hours later the medium was replaced with new 

serum-free medium, and the cells were transfected with either the miR-21 probe, 

the miR-23b probe, or the random scrambled probe, which served as a negative 

control.  Twenty-four hours after adding the transfection reagents, the serum-free 

medium was again replaced and TGF-β was added at 1 ng/mL, 2 ng/mL, 5 

ng/mL, or 10 ng/mL.  To measure miR-21 over time, images were taken at 0, 1, 

2, 4, and 24 hours after adding TGF-β.  To measure the dose-dependent 

changes in miR-21 and miR-23b via TGF-β, the cells were incubated with TGF-β 

for twenty-four hours before images were taken.  Cells were washed twice with 

PBS prior to acquiring images. 

The probe transfection protocol was first optimized to maximize the 

transfection efficiency and the signal-to-noise ratio for intracellular miRNA 
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detection.  Transfection optimization is particularly important for miRNA detection 

due to the inherently low miRNA abundance in cells.  In the experiment, the 

optimal donor-to-quencher ratio was 1-to-2, which resulted in a high signal-to-

noise ratio (data not shown).  The Lipofectamine 2000-to-probe ratio was 

adjusted by maintaining the probe transfection weight at 0.8 µg per well while 

varying the Lipofectamine 2000 volume.  In a 24-well plate, the optimal 

transfection efficiency, as well as the most favorable signal-to-noise ratio, was 

achieved was 3.0 µL Lipofectamine 2000 per 500 μL culture media.  Fig. 4 and 5 

show the average fluorescence signal and transfection efficiency results.  The 

transfection efficiency was defined as the percentage of cells with detectable 

cytoplasm fluorescence using the β-actin probes.  Fig. 3c shows a representative 

image of cells transfected with the β-actin probes.  To determine the transfection 

efficiency in cell populations, the distributions of miR-21 and random probes in 

MCF-7 monolayers were analyzed using GraphPad Prism 5 (Fig. 6).  The 

variance of miR-21 was large compared to the variance of the random probe, 

suggesting the miR-21 expression is heterogeneous.  
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Figure 4 Optimization of the Lipofectamine 2000:dsLNA probe ratio to maximize the signal-to-noise 
ratio of the dsLNA probes. Optimal signal-to-noise ratio was achieved at a 3:1 Lipofectamine 2000 
(µL)-to-dsLNA probe (µg) ratio. 

 

Figure 5 Optimization of the Lipofectamine 2000:dsLNA probe ratio based on the transfection 
efficiency of the probes. Transfection efficiency was determined from the ratio of cells expressing 
measurable signal with the β-actin mRNA dsLNA probe in the cell cytoplasm versus cells without 
measurable signal. The optimal signal to noise ratio was achieved at a 3:1 Lipofectamine 2000 
(µL):dsLNA probe (µg) ratio. 



 
28 

 

 

Figure 6 Graphs illustrating the miR-21 probe and random probe signal distribution in a monolayer 
of MCF-7 cells.  The experiment was performed at the same time, and the cells were equally 
confluent; however, the variance of the graphs is not equal.  The curves were fit to the graphs using 
a GraphPad Prism 5 Gaussian distribution, and the bins were chosen automatically from GraphPad 
Prism 5. 

Following transfection optimization, the dsLNA probe’s ability to distinguish 

the concentration of miRNA in live cells was tested.  TGF-β, a cytokine which 

increases mature miR-21 and decreases miR-23b [36, 37], was added to MCF-7 

cells in doses ranging from 0 ng/mL to 10 ng/mL.  The miR-21 probe’s signal with 

TGF-β addition can be visualized through the corresponding images in Fig. 7a.  

The miR-21 dsLNA probe’s signal gradually increased as TGF-β concentrations 

escalated from 0 ng/mL to 10 ng/mL (Fig. 7b).  Statistical analysis confirmed that 

the expression of miR-21 changed as TGF-β doses increased, with 2, 5, and 10 

ng/mL TGF-β presenting significant increases (P<0.001) in miR-21 compared to 

the control.  In contrast, the intensity of miR-23b probe decreased by roughly 

30% compared to the basal intensity at 1 ng/mL TGF-β, and farther decreased to 

half of the basal intensity at all tested levels of TGF-β above 1 ng/mL (Fig. 7c).    

In contrast, the random probe showed no statistical difference (P<0.05) at all 

doses of TGF-β, whether compared with control (0 ng/mL TGF-β), or between 
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groups (Fig. 7d).  These results are in good agreement with previous miRNA 

studies in various cells types and conditions, supporting the applicability of the 

dsLNA probes for intracellular miRNA detection [37, 38].  

 

Figure 7 TGF-β-induced, dose-dependent increase in miR-21. (a) Bright-field images (top row) and 
their corresponding fluorescence images (bottom row) illustrating the increase in miR-21 signal 
seen in the dsLNA probes coinciding with increasing TGF-β concentrations. The scale bars are 25 
µm.  (b) Graph illustrating the fluorescence intensity of the dsLNA probe to miR-21, showing an 
increase in signal with increasing TGF-β concentrations. (c) Conversely, the fluorescence intensity 
of the dsLNA probe to miR-23b decreased with increasing TGF-β concentrations.  (d) A random, 
scrambled dsLNA probe fluorescence signal remained stable with increasing TGF-β concentrations.  
A one-way ANOVA with Tukey’s multiple comparison post-hoc test was performed comparing each 
dose to the 0 ng/mL TGF-β control (ns, not significant; **, P<0.01; ***, P<0.001).  Changes in random 
probe signal were not significant regardless of comparison with control or comparison between 
groups. 

 

1.4 Question 2: Can the dsLNA Probe Monitor Dynamic Changes in 
miRNA After TGF-β Addition? 
The dsLNA probe enables living cell gene expression dynamic monitoring.  To 

study the probe’s ability to measure fluctuations in miRNA levels over time, 10 

ng/mL TGF-β was added to MCF-7 cells.  Dynamic miR-21 shifts over time were 



 
30 

 

compared to the random probe, which served as a control.  Fig. 8a shows the 

bright-field and fluorescence images of the cells at different time points.  The 

miR-21 level increased rapidly during the first 2 hours of TGF-β incubation.  At 

two hours, a 2.5-fold increase of the intensity was observed.  At 24 hours after 

TGF-β addition, the intensity decreased slightly to a ratio of approximately 2.  

The measured dynamics and induction levels resembled reported values from 

previous TGF-β studies [39, 40].  To further verify that the observed dynamic 

miR-21 expression is induced by TGF-β, the experiment was repeated without 

TGF-β addition or with random probe (Fig. 8c and Fig. 9).  Without TGF-β, miR-

21 level did not change significantly over time, and regardless of TGF-β status 

the random probe signal also remained unchanged.  An unpaired student’s t-test 

showed that the difference between miR-21 and random probe signals remained 

statistically significant with and without TGF-β for all time points.  Without TGF-β 

addition, no significant change in miR-21 was detected.  In addition, the miR-21 

expression increase over time was significant between the point of TGF-β 

addition to 1 hour after TGF-β addition (*, P<0.05), as well as between 1 to 2 

hours after TGF-β addition (**, P<0.01).  Importantly, the miR-21 signal remained 

statistically significant when compared to the random probe signal, regardless of 

time and regardless of TGF-β application (***, P<0.001).  Taken together, the 

experiments demonstrate the dsLNA probe’s ability to measure TGF-β 

modulation of miRNA in live cells and to perform dynamic miRNA measurements 

for twenty-four hours. 
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Figure 8 TGF-β-induced increase in miR-21 over time. (a) Bright-field images (top row) and their 
corresponding fluorescence images (bottom row) illustrating the increase in miR-21 signal seen in 
the dsLNA probes over the first two hours after TGF-β addition. The signal appeared to decrease 
gradually afterward. (b) Graph illustrating the fluorescence intensity of the dsLNA probe to miR-21 
versus a random, scrambled probe over time after TGF-β addition. (c) The experiments were 
repeated with no TGF-β addition.  The miR-21 expression increase over time was significant between 
the point of TGF-β addition to 1 hour after TGF-β addition (*, P<0.05).  The miR-21 expression 
increase over time was also significant between 1 to 2 hours after TGF-β addition (**, P<0.01).  
Without TGF-β addition, no significant change in miR-21 was detected.  The miR-21 signal was 
always statistically significant when compared to the random probe signal, regardless of time or 
TGF-β dose (***, P<0.001).  The scale bars are 25 µm. 
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Figure 9 Images illustrating the miR-21 probe’s change in fluorescence over time without TGF-β 
addition in MCF-7 cells. The fluorescence, as shown in the graph form Fig. 8c, remains constant over 
time. 

1.5 Question 3: Can the dsLNA Probe Measure Spatial Measurement 
of miRNA During Epithelial Collective Migration? 

MCF-7 cells were seeded and grown to confluence before they were 

scratched with a 1000 µL Neptune Biotix traditional-shaped pipette tip [41].  The 

cells were immediately washed twice with serum-free media to remove dead 

cells then transfected as described above.  Twenty-four hours after transfection, 

cells were either incubated for twenty-four hours with TGF-β (5ng/mL) or in the 

absence of TGF-β before measuring the spatial distribution of genes from the 

wound edge.  Fluorescence images were taken twenty-four hours after TGF-β 

addition.  Cells were allowed to migrate for 24 hours before wound closure rate 

was measured.  A mark on the underside of the plates ensured that the same 

wound areas were measured.  Six wells of a 24-well plate were measured for 

each condition, and at least two sections of each well were evaluated.  For the 

proliferation experiments, Click-iT EdU (Invitrogen, Carlsbad, CA) was used 

according to manufacturer’s protocol.  As a control, 4 mM HCl with 1 mg/mL 

bovine serum albumin was utilized for the 0 ng/mL TGF-β scenarios (the TGF-β 



 
33 

 

buffer).  Migration rate was determined by measuring the area covered by the 

cells over 24 hours and dividing by the width of the monolayer. 

 

The dsLNA probe’s single cell detection capability potentializes spatial RNA 

expression monitoring during epithelial collective cell migration.  To study the 

dsLNA probe’s ability to measure the spatial distribution of miRNA, MCF-7 

epithelial cells were seeded in a 24-well plate and grown to confluence before a 

model wound was created in the monolayer with a pipette tip.  β-actin mRNA has 

been previously shown to increase at the wound edge as the cells manage cell 

growth and migration [4].  The random control probe again signified the 

background level inherent in the experiment.  Fig. 10a illustrates the leading 

edge of the monolayer for β–actin, miR-21 and random probes.  The 

corresponding bright-field image for each fluorescence image was also included.  

Fig. 10b quantified the fluorescence intensity distribution from the leading edge of 

the wound back toward the monolayer.  The β-actin mRNA signal was 

upregulated as much as 3-fold near the wound edge.  A gradient of β-actin 

mRNA spanned approximately 100 µm from the wound edge before reaching 

basal level.  The random probe, in contrast, did not increase at the wound edge 

or farther into the monolayer.  The miR-21 probe, interestingly, also showed an 

increase in miR-21 at the wound edge for ~ 2-fold.  Much like the β-actin probe, 

the increase occurred for roughly the first 100 µm from the wound edge before 

leveling off.  To study the effects of TGF-β on the spatial distribution of miR-21 in 

the wound healing experiment, 5 ng/mL TGF-β was also added to the cells (Fig. 

10b).  Neither the random probe nor the β-actin probe experienced a significant 
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increase in signal at any location from the wound edge, while the miR-21 probe 

was increased at all locations in the monolayer (Fig. 11).  The miR-21 signal was 

particularly increased at the wound edge, where it was statistically increased 

over the first 40 µm (***, P<0.001).  These results reveal miR-21 is spatially 

coordinated near the leading edge of a migrating epithelium and the spatial 

distribution of miR-21 correlates with the β-actin mRNA.   

 

Figure 10 Gene expression distribution of a migrating epithelium. (a) Fluorescence images 
illustrating the distributions of β-actin and miR-21 from the wound edge. The random probe remaind 
constant regardless of location.  (b)  Graph displaying the intensity of the β-actin mRNA dsLNA 
probe as well as the miR-21 dsLNA probe in relation to a scrambled random probe.  The experiments 
were repeated with TGF-β addition.  The β-actin probe’s fluorescence intensity decreased rapidly 
over the first 100 µm from the wound edge.  The miR-21 probe also decreased during the first 100 µm 
from the wound edge.  The statistical significance indicated on the graphs represents comparisons 
between points travelling away from the wound edge for the data set where TGF-β was added (***, 
P<0.001; **, P<0.01).  With TGF-β addition, β-actin and random probes experienced no statistical 
change, while miR-21 was statistically increased for all distances from the wound edge (***, P<0.001) 
except for 40 µm and 60 µm from the wound edge. 
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Figure 11 Images illustrating the monolayer portion of the wound healing experiment in Fig. 10. The 
miR-21 dsLNA probe, with TGF-β addition, increases in fluorescence in the monolayer away from the 
wound area. β-actin and random signals remain constant with TGF-β addition. 

1.6 Question 4: Can the dsLNA Probe Monitor Spatial miRNA 
Expression in MCF-7 Collective Migration? 
The dsLNA probe exposed increased β-actin and miR-21 expression near the 

wound edge.  Questions remained, however, regarding the effects of TGF-β and 

miR-21 on the migrating epithelium.  To further investigate these questions, the 

migration and proliferation rates of MCF-7 cells near a model wound edge were 

measured (Fig. 12).  For assessing migration, cells were allowed to travel into the 

cell-free region of the wound for twenty-four hours before their migration rate was 

estimated.  To measure the spatial proliferation rate distribution of MCF-7 cells 

with and without TGF-β addition, the Click-iT EdU Imaging Kit was utilized 

according to manufacturer’s protocol.  The cells were allowed to proliferate in the 

presence or absence of TGF-β for twenty-four hours before fixation.  Hoechst 

33342 dye was used to determine the total cell count either at the wound edge or 
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in 100 µm increments away from the monolayer.  Proliferation was measured by 

comparing the fraction of cells expressing Alexa Fluor 488 azide (Fig. 12a).   

 Fig. 12b shows the proliferation rate at different locations with and without 

TGF-β.  Cell proliferation was significantly decreased in the first 100 µm from the 

wound edge when compared to the cell proliferation further back in the 

monolayer in both the TGF-β and control conditions.  The region with decreased 

proliferation correlated spatially with the areas of increased miRNA and β-actin 

expression.  Furthermore, cell proliferation in response to TGF-β was 

consistently decreased, from four to nine percent, regardless of the cell’s location 

in relation to the wound edge.  The migration rates with and without TGF-β are 

shown in Fig. 12c.  Cells treated with TGF-β were observed to migrate 

significantly slower than control cells. 
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Figure 12 Proliferation of migrating MCF-7 cells was measured in a wound healing assay. 
Proliferation was compared with and without the addition of TGF-β.  Over the course of twenty-four 
hours proliferation inhibition occurred regardless of the vicinity of the cells to the leading edge of 
the wound.  (a) Fluorescence images demonstrating the proliferation measurements. MCF-7 cells 
were dyed with Hoechst 33342 (blue) and Alexa Fluor 488 (green) via the Click-iT EdU Imaging Kit 
(Invitrogen).  Alexa Fluor 488 presents cells that synthesized DNA over the course of twenty-four 
hours, while Hoechst 33342 highlights the total number of cells overall.  The scale bars are 100 µm.  
(b) Graph demonstrating the spatial proliferation difference between cells with and without TGF-β 
addition (**, P<0.01).  Cells near the wound edge proliferated less than cells in the monolayer, 
regardless of TGF-β addition.  (c) Collective migration of MCF-7 cells in a wound healing assay with 
and without TGF-β addition.  MCF-7 cells grown to confluence were scratched with a pipette tip; this 
allowed the cells to migrate into the wound area.  Migration rate was determined after twenty-four 
hours of migration by measuring the area covered by the cells over that time and dividing by the 
width of the monolayer (***, P<0.001). 

1.7 Discussion 
In this study, a dsLNA probe capable of measuring spatiotemporal dynamics of 

miRNA was presented.  Alternating LNA-DNA nucleotides were incorporated into 
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the probes, allowing for stable miRNA detection in living cells for over twenty-four 

hours, qualitative analysis of low copy-number RNAs, and dynamic miRNA 

expression monitoring after the chemical or physical stimulation of cells.  TGF-β, 

which upregulates miR-21 expression as well as downregulates miR-23b 

expression [36, 37], was added to MCF-7 epithelial breast cancer cells.  The 

results demonstrated that the dsLNA probes could measure the dose-dependent 

induction in miR-21 by TGF-β.  An increase in miR-21 expression occurred up to 

a dose of 10 ng/mL TGF-β, where the miR-21 level was 2.5-fold greater than the 

basal level.  These results are in good agreement in previous studies of miR-21 

[38].  To further verify the dsLNA probe’s ability to detect inducible changes in 

miRNA levels, a second miRNA, miR-23b, was observed to decrease in a dose-

dependent fashion via TGF-β addition.  The signal intensity of the dsLNA probe 

decreased 30% upon 1 ng/mL TGF-β addition, and it decreased farther with 2 

ng/mL or greater TGF-β addition.  Our results are in reasonable agreement with 

previous studies using rat liver cells, supporting the accuracy of the dsLNA probe 

for miRNA detection [37].  

Our study also demonstrated dynamic measurement of TGF-β-induced 

miRNA expression in epithelial cells using dsLNA probes.  After TGF-β addition, 

the dsLNA probe measured a miR-21 increase over time for the first two hours.  

Afterward, the miR-21 signal remained elevated with a slight gradual decrease 

over twenty-four hours.  Past results have demonstrated a transient increase in 

miR-21 via TGF-β, with mature miR-21 levels peaking 2- to 10-fold above basal 

levels at anywhere from two to twenty-four hours after TGF-β addition [38-40, 42, 
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43].  In the same studies, miR-21 decreased gradually after reaching its peak 

expression level.  These results demonstrate the ability of dsLNA to resolve time-

dependent miRNA expression, which is important for studying complex cell 

regulatory processes.   

The dsLNA probe also demonstrated its ability to measure the spatial 

distribution of miRNA during epithelial collective cell migration.  miR-21 is known 

to regulate proliferation and migration in various cell types [21, 44, 45].  The 

spatial distribution of miR-21 near the wound edge was revealed by the dsLNA 

probe in this study.  In particular, the gradient of miRNA expression spatially 

correlated with the expression of β-actin mRNA and the region with reduced cell 

proliferation, suggesting spatial coordination during epithelial collective cell 

migration and the involvement of miR-21 in the process.  Furthermore, TGF-β 

stimulation increased the overall miR-21 level while maintaining the spatial 

gradient in miR-21.  

With the spatiotemporal gene distribution realized via the dsLNA probe, 

our results revealed new insights and questions in the spatiotemporal effects of 

TGF-β, and its relationship to miR-21 signaling, on MCF-7 epithelial breast 

cancer cells.  In particular, the strategy that the cells collectively maintain the 

spatial gradient near the leading edge has not been determined and the 

mechanistic system of miRNA regulation during epithelial collective migration 

remains largely unknown.  TGF-β may influence the complex epithelial migration 

process by modulating cell proliferation, mobility, and cell-cell interactions, and its 

effects can also be cell-type dependent [46-49].  TGF-β’s anti-proliferative effects 
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coupled to miR-21–induced proliferation have been reported previously [38].  

Wang et al. performed miR-21 knockdown experiments along with ectopic, 

transfected miR-21 expression to elucidate the relationship between miR-21 and 

TGF-β.  They concluded that miR-21 reduces TGF-β-induced growth inhibition in 

HaCaT cells [38].  This may represent an autoregulatory mechanism in 

controlling epithelial collective migration.  With the increase in miR-21 at the 

wound edge found from this study, it may be possible that miR-21 regulates the 

short-term TGF-β-induced reduction in collective migration and proliferation of 

MCF-7 cells.  In addition, MCF-7 cells, unlike HaCaT cells, experience weak 

epithelial-mesenchymal transition in response to TGF-β addition, which further 

complicates the overall migratory behaviors [50].   

1.8 Conclusion 
This study reports the capability of the dsLNA probes as an effective, applicable 

method for measuring miRNA levels in living cells.  The miRNA distribution 

observed implies that epithelia toward the leading edge of a monolayer 

experience either a chemical or physical signal triggering miRNA changes.  With 

the addition of TGF-β, a cytokine related to epithelial-mesenchymal transition, the 

level of miR-21, regardless of its position near the wound edge, increases.  For 

epithelial wound assays this possibility carries important implications for 

investigating miRNA’s role during drug toxicity studies for cancer or regenerative 

medicine.  The probe can not only measure changes in miRNA over time, but it is 

also capable of measuring miRNA levels spatially throughout a monolayer—an 

important characteristic since miRNAs regulate spatial modifications of cell fate.  
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Measuring the spatial proliferation and migration of MCF-7 cells treated with 

TGF-β indicates that, in the timeframe utilized in this study, the spatial expression 

of miR-21 participates in short-term TGF-β modulated epithelial collective 

migration.  Overall, the dsLNA probe is a diverse research tool whose 

characteristics are advantageous in a variety of laboratory techniques, including 

cell and tissue differentiation or cancer progression analysis. 
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MiR-21 is a Potential Leader Cell Marker 
The dynamic measurement of microRNA-21 in migrating collective cell 

monolayers and its implication as a player in collective cell migration led our 

group to wonder if miR-21 is involved in leader cell formation during collective 

migration.  Leader cells are present at the front of migrating epithelial wounds as 

enlarged cells with ruffled lamellipodia, increased stress fibers, and increased 

focal adhesions (Fig. 16a, Fig. 16b). Therefore, we analyzed experiments 

involving dsLNA probe transfection with miR-21 and random probe.  As β-actin is 

known to be increased in leader cells compared to other cells at a migrating 

wound edge, it is already a leader cell marker—making it a good positive control 

[2]. 
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Figure 13 Cumulative probability distribution of dsLNA probe measurements at the wound edge of 
migrating MCF-7 epithelial cells. The dotted lines are Gaussian cumulative probability function 
distributions. A dip in the curve, as is seen with the β-actin and miR-21, suggests a bimodal 
distribution, or, in other words, suggests that two separate distributions of cells exist within the 
data. The second group of cells could be leader cells. 

Interestingly, both β-actin and miR-21 experience bimodal cumulative probability 

distribution fashion, while the random probe remains Gaussian in distribution 

(Fig. 13).  This suggests that miR-21 is potentially a leader cell marker in 

epithelial collective migration, but as much of the research on collective migration 

and leader cell investigation has been performed on epithelial cells does not 

expand the leader cell hypothesis to other cell types.  Many groups have insisted 

that collective migration is only possible in epithelial tissues due to their very tight 

cell-cell junctions, but at the same time other groups believe that collective 

migration and leader cell formation can occur in other cell types [51].  

Interestingly, though, other cell types, including highly individualized 
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mesenchymal cancer cells, have been shown to not only generate tight cell-cell 

junctions, but also invade collectively in 3D [6, 52].  Therefore, the next step 

involved answering the question as to whether or not leader cells exist in other 

tissues. Smooth muscle cells, which normally do not migrate, were placed in 

injury assays and transfected with dsLNA probes, as well as analyzed for 

migration speed and straightness. 

 

Figure 14 Rat aortic smooth muscle cells transfected with miR-21 dsLNA probe. Like the epithelial 
cell cases outlined in Aim 1, the smooth muscle cells also showed an increase in miR-21 at the 
wound edge. Therefore, they may experience collective and leader-like cell migration functionality. 
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Smooth muscle cell miR-21 fluorescence at the wound edge
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Figure 15 Like the epithelial scenario in Fig. 13, this CDF shows preliminary data of a CDF of miR-21 
dsLNA transfection fluorescence in smooth muscle cells. Like the epithelial cell case, this also 
suggests a bimodal distribution at the wound edge. 

As seen in Fig. 14, miR-21 is increased at the wound edge for rat aortic smooth 

muscle cells—similar to the MCF-7 epithelial cells in Aim 1.  Fig. 15, although just 

preliminary data, also suggests that miR-21 may be experiencing a bimodal 

distribution at the wound edge of smooth muscle cells.  Together, this preliminary 

data suggests that smooth muscle cells may also migrate as a collective group, 

and that leader cells may be present in the migrating collective. 
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Aim 2: Mechanical Force Regulates Vascular Smooth Muscle 
Leader Cell Formation 
 

Hypothesis 
If the mechanical stress on smooth muscle in a collective monolayer is 

decreased, then leader cell formation will increase. 

2.1 Abstract 
Pathogenic smooth muscle cell diseases, particularly conditions such as 

atherosclerosis, remain the leading cause of death in the United States.  During 

these processes, normally quiescent smooth muscle cells gain a temporary 

migratory phenotype.  While studies have often focused on biochemical 

stimulation in smooth muscle cell migration more recent studies have revealed 

cell-cell and cell-matrix contacts as key players.  Reports on collective epithelial 

cell migration have revealed leader cells  as important regulators, with the leader 

cells producing not only increased cell size but also ruffled lamellipodium to 

anchor the wound edge in a tug-of-war communication mechanism.  Our results 

reveal stress as a key player in smooth muscle cell migration, and, more 

specifically, leader cell formation.  Decreasing stress on the smooth muscle cell 

wound edge causes increased leader cell formation, with increased migration 

speed, migration straightness, and stress fiber formation occurring as stress 

decreases. Overall, our study reveals leader cells as an important regulator of 

smooth muscle cell collective migration.  Targeting smooth muscle leader cells 

may provide extended treatment options in pathogenic smooth muscle cell 

conditions, such as atherosclerosis and wound healing. 
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Keywords: Collective migration, leader cell, fluorescence detection, traction force, 

wound healing 

 

2.2 Introduction 
 Cardiovascular disease remains the leading cause of death in the United 

States, over other debilitating conditions such as cancer or stroke [53].  During 

major cardiovascular disease processes such as atherosclerosis and restenosis, 

normally quiescent vascular smooth muscle cells physiologically change from a 

contractile phenotype to a synthetic phenotype and migrate from the media to the 

intima [54-56].  For example, following injury and stiffening in an atherosclerotic 

blood vessel an increasing number of reports suggest that smooth muscle cells 

initiate proliferation and migration into the intima in response to the mechanical 

force adjustments in the surrounding environment [57, 58]. In fact, while many 

studies have reported that growth factors such as platelet-derived growth factor 

(PDGF) regulate smooth muscle cell migration and proliferation, other studies 

show that smooth muscle cells respond to mechanical stimuli without external 

growth factor addition [59, 60].  

 Collective cell migration is widely implicated in many normal or disease 

mechanisms including: cancer, regenerative medicine, and morphogenesis [7, 

35, 61, 62]. Collective cell movement requires cells to break from single-cell 

behavior and synchronize their movements through cell-cell junctions, cell-matrix 

adhesions, and chemical signaling.  During collective migration in two 

dimensions, a small group of cells, termed ‘leader cells,’ universally migrate 
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faster than the general monolayer. These cells also pull cells along behind them, 

causing distinct finger-like morphologies to form in the migration front [7, 63, 64].  

Leader cells are distinct from nearby cells because they acquire well-defined 

lamellipodia with strong focal contacts, and they lose their sub-cortical actin belt 

[7, 35, 64].  The majority of reports describing the role of force in collective 

migration and leader cell formation to date involve epithelial sheet migration, but 

an understanding of mechanotransduction in collective smooth muscle cell 

migration will provide valuable insight into the mechanisms behind smooth 

muscle communication during migration in atherosclerosis and restenosis.  

 Both collective cell migration and leader cell formation are complex 

spatiotemporally dynamic processes, and, therefore, are challenging to properly 

assess [7, 65]. To assist with the measurement process, we have previously 

characterized a double-stranded locked nucleic acid (dsLNA) probe for assessing 

spatiotemporal changes of RNA in living cells [15, 25-27, 66].  The dsLNA probe 

utilizes a donor fluorophore on the 5’ end of one strand with a dark quencher dye 

on the 3’ end of the complementary strand.  Deficient of the target RNA, the 

donor and quencher strands remain in close proximity, and the probe’s 

fluorescent signal is suppressed.  In the presence of RNA target, however, the 

two probe strands detach from each other, the target strand adheres to the donor 

strand, and the probe’s signal can be gauged through the resulting fluorescence 

output (Fig. 3a).  The probe utilizes the locked nucleic acid (LNA) 2’-sugar 

modification due to its increased binding affinity and resistance to degradation 

[31-33].   
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 In the present study, we utilize both the dsLNA probe and geometrical 

wound healing assays to investigate and characterize not only the collective 

migration and leader cell formation of vascular smooth muscle cells, but also the 

traction force generated by the migrating wound front [2]. In addition to the single 

cell analysis mechanism enabled by the dsLNA probe, computational modeling of 

the stress distribution in the migrating wound front as well as the addition of 

force-modulating drugs nocodazole and Y-27632 augment our ability to 

dynamically monitor smooth muscle leader cell formation. Our findings suggest 

that decreasing stress at the wound front increases leader cell formation, while 

conversely increasing stress at the wound front decreases leader cell creation. 

2.3 Question 1: Are β-actin and β3 Integrin  Increased at the Wound 
Edge for Smooth Muscle Cells Similar to the Way Stress Fibers and 
Focal Adhesions are Increased in Epithelial Collective Migration? 

2.3.1 dsLNA Probe Design and Preparation 
The dsLNA probe consists of two oligonucleotide strands with alternating DNA 

and LNA monomers.  One strand, the donor strand, is twenty nucleotides long 

and designed complementary to the target RNA of interest.  6-FAM, the 

fluorophore used for fluorescence detection, is located at the 5’ end.  The second 

strand, the quencher strand, is ten nucleotides in length.  Iowa Black FQ, a dark 

quencher, is located at the 3’ end of the quenching strand immediately adjacent 

to the 6-FAM donor fluorophore on the donor strand. 

 Two dsLNA probes were developed for spatial gene monitoring of β-actin 

mRNA and β3 integrin mRNA (Table 2).  The probe for each mRNA mRNA was 

verified using the NCBI GenBank database.  A random, scrambled probe was 
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also developed with no known intracellular targets as a negative control.  The 

sequences of all dsLNA probes were also additionally verified through NCBI 

Basic Local Alignment Search Tool for nucleotides (BLASTn).  Transfection was 

performed by dissolving the donor and quencher strands in 10 mM Tris-EDTA 

buffer and 0.2 M NaCl before mixing them at a 1:2 molar ratio (donor:quencher).  

Finally, the probes were heated at 95°C for five minutes in a dry bath incubator 

before cooling to room temperature gradually over the course of the next two and 

a half hours. 

Target 
Gene Probe Type Sequence/Fluorophore Length 

(nucleotides) 
ΔGDQ 

(kcal/mol) 
ΔGDT 

(kcal/mol) 

β3-integrin 

Donor (D) 5’ /6-FAM/TCCACTGCTATATGAGTCTT 
3’ 20 

-10.8 -21.6 Quencher 
(Q) 5’ TAGCATTGGA/Iowa Black RQ/ 3’ 10 

Target (T) 5’ AAGACTCATATAGCATTGGA 3’ 20 

β-actin 

Donor (D) 5’ /6-
FAM/AGGAAGGAAGGCTGGAAGAG 3’ 20 

-10.6 -24.9 Quencher 
(Q) 5’ CTTCCTTCCT/Iowa Black RQ/ 3’ 10 

Target (T) 5’ CTCTTCCAGCCTTCCTTCCT 3’ 20 

Random 

Donor (D) 5’ /6-FAM/ACGCGACAAGCGCACCGATA 
3’ 20 

-12.7 -29.4 Quencher 
(Q) 5’ CTTGTCGCGT/Iowa Black RQ/ 3’ 10 

Target (T) 5’ TATCGGTGCGCTTGTCGCGT 3’ 20 

Table 2 Table illustrating the dsLNA probe design for detecting β-actin, β3-integrin, and the random 
(scrambled) probe. LNA monomers are bolded and underlined, and normal DNA monomers are in 
regular text. The fluorophore of each probe is bolded and in red. 

2.3.2 Cell Culture, Transfection, and Wound Healing 
Rat smooth muscle cells were acquired from the aorta of sprague dawley rats, 

and were kindly supplied via the Dr. Marvin Slepian lab. The cells were used in 

between passages P2 and P9.  The smooth muscle cells were grown in 

Dulbecco’s Modified Eagle Medium (Corning, Manassas, VA) supplemented with 

10% fetal bovine serum (Corning, Manassas, VA), 1% L-glutamine (Sigma-

Aldrich, St. Louis, MO), and 1% antibiotic-antimycotic (Life Technologies, 
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Carlsbad, CA).  Cells were incubated at 37°C and 5% CO2 in a tissue culture 

incubator.   

 In wound healing experiments, cells were seeded at 250,000 cells/mL and 

allowed to settle for 6 hours before wounding. Either plastic (PDMS or acrylic) 

blockers were used, or the cells were scratched with a Neptune Biotix traditional-

shaped pipette tip (Fig. 16a, Fig. 16b) [4]. Depending on the experiment, cells 

were allowed to grow for 12-24 hours before performing leader cell experiments. 

Then, the cells were washed twice before proceeding with migration 

experiments. In the case of a transfection, cells were immediately transfected 

after washing.  The probe and Lipofectamine 2000 transfection reagent 

(Invitrogen, Carlsbad, CA) were combined using the manufacturer’s protocol prior 

to transfection.  0.8 µg probe was transfected per well, with 2.4 µL Lipofectamine 

2000 transfection reagent used per well (for 24-well plates). 
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Figure 16 a) A schematic demonstrating geometry-based collective smooth muscle cell migration. b) 
Brightfield and immunostaining images showing leader cells at the leading edge during collective 
smooth muscle cell migration. Cells were stained for vinculin (green), F-actin (red), and nuclei (blue). 
50µm scale bars.  
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2.3.3 Dynamic Expression of β-actin and β3-integrin in Smooth Muscle Cell 
Migration 
The dsLNA probe transfection protocol was first optimized to maximize the 

transfection efficiency and the signal-to-noise ratio according to previously 

published experiments [15, 66].  The optimal donor-to-quencher ratio found was 

1-to-2, and the optimal Lipofectamine 2000-to-probe ratio found was 3.0 µL 

Lipofectamine 2000 to 0.8 µg dsLNA probe per 500 μL culture media.  After 

optimization, the expression of both β-actin and β3-integrin in both ingrowth, 

outgrowth, and straight edge smooth muscle migration geometries was analyzed 

(Fig. 17a and Fig. 17b).  For both genes, outgrowth expression was significantly 

increased at the wound edge compared to the ingrowth and straight edge 

cases(***, P<0.001), but for β3-integrin outgrowth gene expression was also 

increased at all distances from the wound edge. Ingrowth and straight edge gene 

expression was not significant at the wound edge (ns, P>0.05). As a control, a 

random, scrambled probe was also transfected into cells (Fig. 18) for all wound 

scenarios, and the signal was not significant at any point (ns, P>0.05). These 

results are in good agreement with our previous epithelial cell wound healing 

studies where the dsLNA probe implicated stress fiber formation at the edge of 

migrating collective monolayers of cells [2, 15, 66]. 



 
53 

 

 

Figure 17 a) A schematic illustrating cell wound migration from custom patterns. Plastic blockers 
were used, or the cells were scratched, and cells migrated either straight toward each other, toward 
each other, or away from each other. b) Brightfield images  illustrating smooth muscle cell collective 
migration at the wound edge. 100µm scale bars. ***, p>0.001 

 

Figure 18 The random probe was transfected into collectively migrating smooth muscle cells. No 
statistical significance was measured at any point.  
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2.4 Question 2: Does Varying the Stress in the Cells at the Wound 
Edge also Cause a Change in Migration Characteristics for the 
Collection of Cells as Well? 

2.4.1 Particle Image Velocimetry and Imaris Cell Tracking 
To gather cell migration characteristics over time cells were first seeded and 

wounded in an ingrowth, outgrowth, or straight edge pattern as described above. 

After wounding, a 1:2000 dilution of Hoechst 33342 was added to the cells and 

allowed to enter the cells for 20 minutes. Then, the cells were washed three 

times and placed in a live cell imaging system (Oko Labs, Pozzuoli, Italy) at 37°C 

with 5% CO2.  Images were acquired once every 5 minutes for 12 hours.  For 

analyzing cell movement over time, the Imaris (Bitplane) spot track feature was 

utilized. The initial wound edge was marked using the surface tool. To improve 

tracking, the image pixel values were made binary prior to analyzing the images. 

2.4.2 Imaris Cell Tracking Analysis of Smooth Muscle Cell Migration 
Increased focal adhesions and actin stress fibers at the smooth muscle cell 

wound edge only partly describe the mechanism of smooth muscle migration.  

Therefore, cell tracking with Imaris was performed to extract information about 

individual cell movement over time.  Fig. 19a demonstrates an example of cell 

tracing over time obtained by analyzing the cell tracking movies with Imaris 

tracking software.  The red arrows demonstrate the straight line displacement of 

each cell from start to finish.  The rainbow traces represent the actual path each 

cell took during the cell tracking experiment. Fig. 19b through Fig. 19e represent 

data extracted from the cell traces.  Fig. 19b shows the migration straightness of 

each cell trace, 𝑆𝑡𝑟𝑎𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 =  𝑆𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝐿𝑖𝑛𝑒 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑇𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑

.  Cells at the first 0 to 50 



 
55 

 

microns from the outgrowth wound edge, but not elsewhere, migrated 

significantly straighter than cells farther away from the wound edge (*, P<0.05).  

Overall, cells closer to the wound edge migrated straighter than cells farther from 

the wound edge.   

 Fig. 19c demonstrates migration speeds for cells at all locations from each 

wound edge in microns per hour.  Overall, cells in the outgrowth wound geometry 

migrated faster than cells in the ingrowth and straight edge geometries.  At the 

wound edge, the location that most migration assays measure, the outgrowth 

cells migrated fastest, but the straight edge and ingrowth cells were similar in 

migration speed.  In Fig. 19d and Fig. 19e, migration is broken down into 

components both perpendicular and parallel to the wound edge.  As cells neared 

the wound edge they migrated farther away from the wound edge as well.  

Particularly, cells in the outgrowth wound geometry migrated away from the initial 

wound edge more than cells in the straight edge and ingrowth scenarios.  In 

addition, cells in the first 0 to 100 microns from the initial wound edge in the 

outgrowth case significantly migrated farther away from the wound edge (**, 

P<0.01, and *, P<0.05).  Cells in all cases did not significantly move parallel to 

the initial wound edge over the course of 12 hours of migration, with the only 

exception being cells 150 to 200 microns from the wound edge for the outgrowth 

scenario. Taken together, these experiments demonstrate the robustness of 

increased migration in the outgrowth wound geometry. 
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Figure 19 a) Imaris tracks for cells 0-50µm from the wound edge for each wound shape scenario. The 
arrows indicate straight line displacement. b) The straightness of migration, c) the mean migration 
speed, and d) the perpendicular and e) parallel migration distance for cells at each distance from the 
wound edge. All three monolayer geometries were analyzed.  100µm scale bars. *, p>0.05. 

 

2.5 Question 3: Do the Smooth Muscle Cells Behave in a Bimodal 
Fashion, with Two Separate Distributions of Cells at the Wound 
Edge?  

2.5.1 Bimodal Distribution Fitting of Migration and Fluorescence Data Using R 
The R package "mixtools" was utilized to break down the data acquired both from 

cell migration processing using Imaris as well as the dsLNA probe fluorescence 

data.  The program written for this analysis is included in the supplementary data 

(Fig. 21).  The bimodal peaks were illustrated in graphical form, and the overlap 



 
58 

 

(λ), the mean (µ) of the two peaks, and the standard deviation (σ) of the two 

peaks was found. 

2.5.2 Bimodal Finite Mixture Analysis of Smooth Muscle Cell Migration and Gene 
Expression Data 
Finally, as leader cells are a distinct subclass of cells within a migrating wound, 

more analysis to exude separate populations within migration data was needed.  

Therefore, the R statistics programming language 'mixtools' package was used to 

illuminate bimodal finite mixtures in the data, which are conglomerates of two 

different populations of data within one dataset.  The program is included for 

reference in Fig. 21, while Fig. 20a shows the histogram distribution for the PDF 

of each dataset (migration speed and straightness with Imaris). The R mixtools 

bimodal distribution solution is overlayed on top of the histogram with one 

Gaussian peak in red and the other in green.  Fig. 20b shows a table listing the 

corresponding characteristics of each graph including the mean (µ), the standard 

deviation (σ), and the overlap for each Gaussian peak (λ).  Overall, there were a 

few key differences between the datasets for each geometrical migration pattern. 

More specifically, outgrowth tended to migrate with a higher proportion of cells 

moving in a straight line, 32.8%, compared to ingrowth, 16.0%, and straight 

edge, 24.3%. Although the migration speed of outgrowth was higher compared to 

ingrowth and straight edge (as expected from data previously reported in this 

manuscript), the outgrowth had a lower level of cells migrating at an increased 

migration speed (10.0%) than ingrowth (18.4%) and straight edge (20.9%).  The 

outgrowth also had a higher proportion of cells expressing increased levels of β-

actin (43.6%) compared to ingrowth (42.5%) and straight edge (40.8%). Taken 
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together, these results illuminate the outgrowth scenario's subpopulation of cells 

that not only migrate straighter than ingrowth and straight edge cell migration 

scenarios, but that also migrate faster and produce increased levels of β-actin. 

 

Figure 20 a) A histogram of the Imaris cell tracking data and dsLNA probe data analyzed using the R 
package “mixtools,” with the “normalmixEM” function to break down the data distributions into 2 
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Gaussian peaks. b) A table summarizing the above histogram distributions. The overlap (λ), the 
mean (µ), and the standard deviation (σ) for each peak are listed. 
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Figure 21 R program used for analysis of bimodal peaks using the 'mixtools' package for finite 
mixture model analysis. The user inputs data, and the program outputs both a probability 
distribution function histogram of the data with bimodal Gaussian peak overlay as well as a set of 
data identifying key parameters of the bimodal Gaussian peaks. 

2.6. Question 4: Does in silico Modeling of the Stress Distribution in the 
Ingrowth, Outgrowth, and Straight Edge Assays Match the Distribution 
Seen in Traction Force Generated from the Smooth Muscle Cells? 
 

2.6.1 Traction Force Measurement of Smooth Muscle Cell Migration 
As cell migrate their speed, position, and gene expression are only a piece of the 

larger puzzle.  Traction force measurements of migrating collections of cells help 

reveal the physical interactions that cells have with each other [7, 8].  Fig. 22a 

shows the average traction force for cells at the first 50 microns from the wound 

edge for all wound scenarios.  The average cell traction force was a magnitude of 

approximately 90 Pa for both the straight edge and the ingrowth scenarios, but 

the outgrowth scenario produced an average traction force at the wound edge of 

only 78 Pa.  Fig 22b. shows representative brightfield and fluorescence images 

of smooth muscle cells in the traction force assay. In the heat map image at least 

two cells at the wound edge in the field of view are seen creating strong focal 

contacts while migrating in contact with the following monolayer. 

 

2.6.2 Computational Modeling of the Stress Distribution in Smooth Muscle Cell 
Monolayer 

 

Finite element analysis was performed with ANSYS 13 as previously described 

[67, 68].    In short, a three-dimensional computer model was constructed, with 

two separate layers: a fixed layer at the bottom with a contractile layer on top.  

Contraction was replicated by applying a uniform thermal  strain.  To study the 
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effects of geometric constraints on cell migration, the cell area was considered 

constant for all geometries. The geometrical constraint area were 4 mm x 8 mm 

for the straight edge shape (with the long edge used to measure stress), 5 mm 

diameter for outgrowth, and 2 mm diameter for ingrowth.  To keep an equal mesh 

density, the element size was maintained at 4 µm.  The first principal stress was 

calculated at the cell-substrate interface.   

While physical traction force experiments partly explain the forces 

generated in cells at the wound edge, in silico models can reveal whether or not 

this traction force is expected given the monolayer shape.  Fig. 22c and Fig. 22d 

show computational finite element modeling of the cellular stress distribution in 

each wound geometry near the wound boundary.  This simulation is intended to 

support the traction force microscopy experiment and later force-modulating 

experiments.  Fig. 22c shows figures representing the wound geometries for 

each scenario.  In this case, the outgrowth appears to have lower stress at the 

wound edge, an observation that is supported in Fig. 22d, where the normalized 

first principal stress for each wound scenario is displayed graphically.  In this 

case the outgrowth stress was about 0.7 compared to the ingrowth and scratch, 

which were similar in stress distribution. The stress at the wound edge for all 

scenarios rapidly decreased for the first 20 microns from the wound edge before 

gradually continuing to decrease over the next millimeter from the wound edge. 

These results, in combination with the traction force experiment outcome, confirm 

that cells migrating in the outgrowth scenario generate decreased force overall 

while migrating away from the original wound location. 
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Figure 22 a) Traction force analysis showing the average force generated by cells 0-50µm from the 
wound edge for each wound geometry. B) Representative bright field and fluorescence images from 
the traction force experiments c) Finite element analysis mapping the stress distribution from the 
wound edge for each wound geometry, and d) a graphical representation of the stress distribution. 
100µm scale bars. 
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2.7 Question 5: Does Modulating the Traction Force in Smooth 
Muscle Cells Through Drug Addition Cause Similar Effects in Smooth 
Muscle Migration as Varying Geometry? 

2.7.1 Y-27632 and Nocodazole Addition to Smooth Muscle Cells, Decreasing and 
Increasing Traction Force Generation, Respectively 
While measuring and simulating the traction force on the migrating cell layers 

helps to understand the stress distribution in the cell monolayer and relate it to 

the force generating ability of the collection of cells, more experiments are 

needed. By modulating the force generating capability of the cells via drugs that 

increase and decrease the traction force in cells the relationship between force 

and leader cell development can be better understood.  ROCK inhibitor, Y-

27632, was utilized to decrease traction force, and microtubule inhibitor, 

nocodazole, was used to increase traction force [69, 70].  As a common model 

for leader cells involves finger formation, the curvature of the wound edge was 

measured: 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 =  𝑇𝑜𝑡𝑎𝑙 𝐹𝑟𝑒𝑒 𝑊𝑜𝑢𝑛𝑑 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑆𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝐿𝑖𝑛𝑒 𝑊𝑜𝑢𝑛𝑑 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

 (Fig. 23a, Fig. 23b).  A 

perfectly straight wound edge will have a value of 1. In all cases nocodazole 

decreased the wound curvature in a dose dependent fashion and Y-27632 

increased wound curvature. For both the outgrowth and the straight edge case 

the 1µM nocodazole dose was significantly straighter than the 5µM Y-27632 

dose (***, P<0.001, and *, P<0.05).  As the ingrowth and outgrowth scenarios 

already present with curved monolayers prior to wounding their curvature was 

greater than that of the straight edge case.  For both drugs, at doses higher than 

the doses shown, the monolayer broke up and the curvature could not be 

measured. Overall, Y-27632, decreasing the force generating capacity of the 

cells, increased curvature, and nocodazole, increasing the force generating 
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capacity of the cells, decreased the curvature of the monolayer in a dose-

dependent fashion.  These results, like the outgrowth results before, support the 

realization that decreased traction force increases the migration speed of smooth 

muscle cell layers. 

 

Figure 23 Brightfield images illustrating the increasing smooth muscle cell wound edge with Y-27632 
addition along with the decreasing smooth muscle cell wound edge with Nocodazole addition. b) 
Wound edge curvature with drug addition quantified in graphical form. The curvature is the ratio of 
the total wound edge free area divided by the straight line distance across the wound edge. 

 

2.8 Discussion 
In this study, smooth muscle cell collective migration from varying geometrical 

wound patterns was characterized.  Smooth muscle cell migration has typically 
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been measured via either scrape wound injury assays or Boyden chamber 

assays [4, 71-74].  During these experiments, cells have often been 

characterized for the past few decades as migrating toward growth factors or 

using biochemical means of communication [59].  More recently, though, an 

increasing number of papers have investigated physical forces and their 

interaction with smooth muscle cell migration. These studies have investigated 

everything from cell-matrix interactions to cell-cell interactions in smooth muscle 

cell migration [58, 75, 76].  Like our previous studies utilizing epithelial cell 

collective migration we first took our dsLNA probes to confirm that β-actin stress 

fibers and β3-integrin cell matrix adhesion proteins are increased at the wound 

edge.  The results confirmed not only that β-actin and β3-integrin are increased 

at the wound edge for all geometries, but that the outgrowth smooth muscle cell 

geometry expressed more stress fibers and focal adhesions at the wound edge 

compared to the ingrowth and straight edge—40% more and 60% more 

expression, respectively.   

 As increased focal adhesions and stress fibers at the edge of a migrating 

sheet of cells are not only indicative of a physically connected, collectively 

migrating sheet, but are also indicative of directionally-persistent migration we 

also employed Imaris cell tracking analysis to gather more information on the 

means of smooth muscle cell migration—including the speed and straightness of 

migration [5, 8].  Imaris cell tracking analysis showed not only that the smooth 

muscle cells were migrating in a more directionally-persistent manner at the 

wound edge, but that the migration was steadfastly perpendicular to the wound 
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edge in all scenarios.  More interesting still, the outgrowth wound pattern 

migrated straighter, faster, and more directionally perpendicular to the original 

wound edge than the ingrowth or straight edge scenarios.   

 As leader cells, distinct, enlarged cells at the front of a migrating wound 

edge with ruffled lamellipodia, affect collective migration mechanisms such as 

force generation and speed, we then hypothesized that leader cells may play a 

key role in smooth muscle cell migration as well, and that leader cells may be a 

key factor in the outgrowth scenario's increased migration capability.  To look into 

the role leader cells play in collective migration, many previous groups have 

employed traction force microscopy and showed that leader cells at the front of a 

migrating epithelial wound display increased traction force—a result that we have 

observed as well [2, 7, 8].  Like the epithelial wound scenarios the traction force 

overall was spread out into sections of high force mixed with sections of lower 

force.  Interestingly, the average traction force in the outgrowth wound scenario 

in the first 0 to 50 µm from the wound edge was roughly 12 Pa less than the 

ingrowth and the straight edge scenarios (78 Pa versus 90 Pa).  This also 

matches the finite element analysis that we performed at the same time on the 

three wound scenarios—the ingrowth and straight edge had a similar stress 

distribution while the outgrowth had a 30% lower stress distribution.  These 

results are surprising because they indicate that, unlike epithelial cells, the 

wound edge of smooth muscle cells is negatively affected by stress. 

 In order to further examine whether decreased stress in migrating smooth 

muscle cells causes increased leader cell formation we utilized traction-force 



 
70 

 

modulating drugs, Y-27632 and nocodazole, to modulate the traction force in the 

cells [69, 70].  In accordance with our results up to this point, 5µM Y-27632, 

which decreases the traction force generation in cells, also increased the 

curvature of the monolayer in all cases by at least 8%. 1µM nocodazole, which 

increases the traction force generation of the cells, also decreased the 

monolayer curvature by at least 15%. As the collective migrating front begins to 

form finger-like structures with the advent of leader cells the curvature of the 

migration front is expected to increase as more leader cells form. Conversely, the 

migration front is expected to decrease in curvature as fewer leader cells form.  

Therefore, the migration front increasing in curvature with Y-27632 addition, or 

decreasing the traction force generation capability of the cells, matches our 

previous experiments with the outgrowth scenario, where the traction force is 

lowest compared to the other migration geometries.  Again, in the outgrowth 

scenario, the migration speed is not only faster, but it is also straighter than other 

migration geometries—a finding that implies an increased level of leader cells 

compared to other migration scenarios. 

 Finally, as leader cells are a distinct subset of cells within a migrating 

wound, we employed R programming finite mixture model analysis of dsLNA 

probe and Imaris migration datasets to examine bimodal Gaussian distributions 

within the data.  In the outgrowth scenario, a larger proportion of cells migrated in 

a straighter line (32.8%) compared to the ingrowth (16.0%) and straight edge 

(24.3%). In addition, a larger proportion of cells in the outgrowth scenario also 

had increased β-actin dsLNA probe expression (43.6%) compared to the 
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ingrowth (42.4%) and straight edge (40.7%). These results, as expected, match 

the findings that decreased migration stress causes increased leader cell 

formation in smooth muscle cell collective migration. 

2.9 Conclusion 
This study implicates decreasing stress in collective smooth muscle cell 

migration as a player in increasing the number of leader cells at the edge of a 

migrating monolayer.  The collective migration speed and direction results, as 

well as the gene expression and morphology of the cells at the wound edge, 

implies that leader cells act on the collectively migrating wound front in all 

scenarios.  However, the outgrowth wound edge was distinctly different from the 

ingrowth and straight edge scenarios in each experiment performed.  The 

increased migration speed and straightness, increased β-actin and β3-integrin 

expression, and decreased traction force at the wound edge implies that the 

outgrowth scenario experiences increased leader cell formation as opposed to 

the ingrowth and straight edge scenarios.  Measuring increases in monolayer 

curvature upon treatment with the traction force decreasing drug, Y-27632, and 

measuring decreases in monolayer curvature upon treatment with the traction 

force increasing drug, nocodazole, further confirmed our findings. Finally, 

bimodal analysis of the gene expression data as well as the migration data 

showed that distinct populations of cells, likely leader cells, exist at the wound 

edge in all scenarios, with the outgrowth scenario experiencing a larger 

proportion of these cells. Overall, our study reveals leader cells as an important 

regulator of smooth muscle cell collective migration—results that may provide 
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extended treatment options in pathogenic smooth muscle cell conditions, such as 

atherosclerosis and wound healing. 
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3D Culture More Closely Matches in vivo Conditions than 2D 
Culture 
3D culture more closely mimics in vivo situations than 2D culture [77].  Therefore, 

despite our leader cell results and success utilizing 2D assays it makes sense to 

bring the dsLNA probe technology to 3D culture.  In 3D, invading sprouts have 

cells at the tip which are synonymous with leader cells in 2D collective sheet 

migration [78].  There are, therefore, many different questions that can be 

answered in 3D culture; however, as our lab has worked extensively on the 

Notch signaling pathway in 2D, and because the Notch signaling pathway is 

implicated in leader cell formation, we decided to investigate the Notch signaling 

pathway in 3D cell culture conditions. 
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AIM 3: Dynamic Spatiotemporal Analysis of Notch Pathway 
Signaling in 3D Cancer Invasion Models 

Hypothesis 
If the dsLNA probe is utilized in 3D tumor models, then we can evaluate genes of 

interest in cancer leader cells present during 3D invasion and metastasis. 

 

3.1 Abstract 
Cell culture in 3D is increasing in popularity both due to its ability to closely 

replicate in vivo physiological conditions and due to greatly improved 3D imaging 

technology such as multiphoton imaging [77].  Despite improvements in the field, 

though, techniques to analyze intracellular gene expression, such as staining, 

are arduous and time consuming.  To solve these issues, we present a locked-

nucleic acid (dsLNA) probe-based 3D culture assay that allows for the analysis of 

single cell mRNA expression. Using the dsLNA probe in combination with 

multiphoton (2P) imaging we detect changes in the Notch signaling pathway in 

invading sprouts as well as the deformation of surrounding collagen fibers with 

the help of second harmonic generation.  Using pharmacological perturbation of 

Notch via a λ-secretase inhibitor, DAPT, and Notch ligand, Jagged-1, we 

observed dose-dependent increases in Notch ligand, Dll4, in leader cells at the 

front of invading sprouts. These results implicate Notch as a player in cancer 

collective invasion, and show that the dsLNA probe is a robust tool for 

investigating cancer metastasis in 3D. 
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3.2 Introduction 
In order to properly study the spatial and temporal qualities 3D collective cancer 

invasion models precise and potent methods are needed.  In order to solve this 

problem, we have developed oligonucleotide-based probes that allow for single-

cell RNA analysis in living cells [4, 14, 15, 79].  Unmodified oligonucleotide 

probes struggle with nuclease degradation when transfected into living cells, so 

sugar backbone modification is needed [80].  To solve this issue, alternating 

LNA/DNA nucleotides were incorporated into the probe design [15, 81].  The 

probe's double-stranded design also features a 5'-conjugated donor fluorophore 

as well as an adjacent 3'-conjugated Iowa Black dark quencher.  When an RNA 

(either mRNA or miRNA) is present, the donor and the quencher strands 

separate, the quencher moves away from the donor, and fluorescence can be 

detected.  Using this probe, real-time RNA expression can be monitored in living 

cells[15]. Fig. 24 demonstrates the reaction scheme of the probe with intracellular 

target RNAs. 
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Figure 24 Schematics of the dsLNA probe for gene expression analysis in 3D cancer spheroid. The 
reaction is reversible, but the donor-target binding is favored over donor-quencher binding. © 2014 
IEEE 

This study utilizes dsLNA probes to investigate Notch1-Dll4 signaling in 3D 

cancer invasion.  Notch-1 and Dll4 have both been implicated in angiogenesis 

and tumorigenesis, and, in addition, have shown importance in leader cell 

formation in 2D collective migration models [2, 82, 83].  As an example, blocking 

either Dll4 or Notch decreased tumor proliferation by increasing the production of 

inefficient blood vessels in vivo [84].  In addition, the exogenous addition of a 

Notch ligand, Jagged-1, blocked leader cell formation in 2D collective migration 

[2].  Despite these advances, however, questions remain regarding the influence 

of the Notch signaling pathway in 3D migration and invasion.  Therefore, we 

utilized both Jagged-1 to trigger the Notch pathway and DAPT to block the Notch 

pathway in combination with the dsLNA probe in 3D cancer invasion models.  

The probe allowed for not only measurements of invading sprout leader cells at 

the tip, but also allowed for measuring the cells following the leader cells at the 

invading stalk.  Together, these results exposed the Notch pathway as a player in 

3D cancer tumor invasion, findings that have implications in cancer tumor 

diagnosis and treatment. 
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3.3 Question 1: How are the Notch Signaling Pathway and β-actin 
Spatially Expressed in 3D Cancer Invasion? (In Addition, can the 
dsLNA Probes Measure Gene Expression in 3D Cancer Invasion?) 

3.3.1 Cell Culture and dsLNA Probe Transfection 
MDA-MB-231 mesenchymal breast cancer cells were cultured in DMEM with 5% 

fetal bovine serum, 1% L-glutamine, and 0.1% gentamicin. The cells were 

cultured in a humidified atmosphere with 5% CO2. Cells were transfected with the 

dsLNA probe using a ratio of 2.5 µg:µL probe:Lipofectamine 2000 (Invitrogen, 

Carlsbad, CA); the donor:quencher ratio of the probes was 1:2 as previously 

optimized [15].  The probe sequences utilized are listed in Table 3.  These 

sequences include: β-actin, random, Dll4, Notch-1, and MMP-9. 
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Target 
Gene Probe Type Sequence/Fluorophore Length 

(nucleotides) 
ΔGDQ 

(kcal/mol) 
ΔGDT 

(kcal/mol) 

Dll4 

Donor (D) 5’ /6-
FAM/AAGGGCAGTTGGAGAGGGTT 3’ 20 

-10.8 -21.6 Quencher 
(Q) 5’ AACTGCCCTT/Iowa Black RQ/ 3’ 10 

Target (T) 5’ AACCCTCTCCAACTGCCCTT 3’ 20 

β-actin 

Donor (D) 5’ /6-
FAM/AGGAAGGAAGGCTGGAAGAG 3’ 20 

-10.6 -24.9 Quencher 
(Q) 5’ CTTCCTTCCT/Iowa Black RQ/ 3’ 10 

Target (T) 5’ CTCTTCCAGCCTTCCTTCCT 3’ 20 

Random 

Donor (D) 5’ /6-FAM/ACGCGACAAGCGCACCGATA 
3’ 20 

-12.7 -29.4 Quencher 
(Q) 5’ CTTGTCGCGT/Iowa Black RQ/ 3’ 10 

Target (T) 5’ TATCGGTGCGCTTGTCGCGT 3’ 20 

MMP-9 

Donor (D) 5’ /6-FAM/TTCTTGTCGCTGTCAAAGTT 
3’ 20 

-11.7 -23.8 Quencher 
(Q) 5’ GCGACAAGAA/Iowa Black RQ/ 3’ 10 

Target (T) 5’ AACTTTGACAGCGACAAGAA 3’ 20 

Notch-1 

Donor (D) 5’ /6-FAM/TGCGGTCTGTCTGGTTGTGC 
3’ 20 

-12.7 -29.4 Quencher 
(Q) 5’ ACAGACCGCA/Iowa Black RQ/ 3’ 10 

Target (T) 5’ GCACAACCAGACAGACCGCA 3’ 20 

Table 3 A list of all probe utilized in Aim 3. The random, scrambled control served as a negative 
control. In addition to Notch ligands Notch-1 and Dll4, probes to stress fiber marker, β-actin, and the 
extracellular matrix enzyme, MMP-9, were also designed and tested. 

3.3.2 Spheroid Formation and Culture in Collagen I 
A process flow illustrating the spheroid sprouting and dsLNA probe visualization 

procedure is shown in Fig. 25.  First, the cells were transfected for 12 hours with 

Lipofecatmine 2000 before they were harvested for spheroid formation using 

0.25 trypsin-EDTA.  The cells were then centrifuged at 400RCF for 5 minutes to 

form a pellet. The culture medium was aspirated to eliminate any trypsin left in 

the culture media, and was then replaced with fresh media with 20% 

methylcellulose added.  Then, the hanging drop method was utilized to form 

uniform spheroids [85].  20 µL drops of the mixture were placed on the underside 

of a petri dish lid, with 5mL of 1x PBS inside the dish to prevent droplet 

evaporation.  Spheroids were incubated as hanging drops for 24 hours before 

they were harvested for embedding in collagen I (1.25 mg/mL).  The 3D 
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spheroids mixed in collagen were placed in microfabricated, uniformly-shaped 

chambers that were 1.5 mm thick according to a previously published protocol 

[86].  The invasive cancer cells form multicellular, invasive sprouts in 3D collagen 

culture [87].  Using the dsLNA probes, Notch-1 and Dll4 gene expression in 

leader cells at the tip of invading sprouts, as well as the cells following along the 

stalk of the sprout, was analyzed.  The subsequent images are presented in Fig. 

27 with the corresponding fluorescence intensity of leader cell gene expression 

over time presented in Fig. 28.   

 

Figure 25 Process flow for making spheroids via hanging drop, followed by leader cell gene 
measurement via the dsLNA probe. Cells are first transfected into cells, then harvested and seeded 
to grow for 24 hours as spheroids using the hanging drop technique. Then, the cells are seeded in 
collagen matrix. The cells begin to sprout only 30 minutes after seeding in the collagen, and 
experiments can be carried out for up to 2 days. © 2014 IEEE 
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Figure 26 Results from measuring dsLNA probe fluorescent signal in sprouting MDA-MB-231 
spheroids. The leader cells, stalk cells (immediately following leaders), and detached cells were 
measured. Interestingly, β-actin and Notch-1 were increased in stalk cells compared to either 
detached cells or leader cells. Dll4 stalk cells and leader cells were not significantly different. (***, 
P<0.001; **, P<0.01; *, P<0.05; NS, P>0.05). 

 

Figure 27 Widefield (left) and fluorescence (right) microscopy images of the dsLNA probe designed 
to detect Notch-1 mRNA expression. Fluorescence was seen in the stalk cells, and was much lower 
in the leader cells. 50µm scale bars. © 2014 IEEE 
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Figure 28 Time-lapse multiphoton images of spheroid sprouting. At 2 hours the leader cell, with a 
dsLNA probe detecting Dll4 mRNA, is seen reorganizing the collagen matrix. 25µm scale bars. © 
2014 IEEE 

3.3.3 Multiphoton Imaging 
Imaging was performed with a single-beam multiphoton microscope (TrimScope, 

LaVision BioTec, Bielefeld, Germany).  The Chameleon Ultra2 Titanium:Sapphire 

laser for imaging had a 120 femtosecond pulse width at the sample (Coherent, 

UK).  The samples were imaged using a long working distance water-immersion 

objective, with 20x magnification and 0.95 NA (Olympus, Center Valley, PA).  

The laser intensity at the sample was adjusted for each imaging session via an 

electro-optical modulator (Conoptics, Danbury, CT).  The samples were excited 

at a wavelength of 780 nm. Dichroic filters used included a 405 nm filter, and a 

490 nm filter.  Band pass filters included: 550/88 (fluorescein), 470/100 

(autofluorescence), and 377/50 (second harmonic generation, for collagen I 

imaging).  3 image channels were simultaneously detected through 3 

photomultiplier tubes (2 of the photomultiplier tubes were Galium Arsenide, 

H7422A-40, Hamamatsu, Hamamatsu City, Japan).  To minimize acquisition 

time, images were taken every 2 µm along the z-axis. 
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3.3.4 Notch-1 and β-actin mRNA Expression is Decreased in Tumor 

Invading Leader Cells, but not Stalk Cells  

The dsLNA probes listed in Table 3 were transfected into cells for spheroid 

cancer invasion detect.  The fluorescence of the leader cells as well as the stalk 

cells and detached (amoeboid) cells was observed and recorded (Fig. 26).  We 

observed increased Notch-1 and β-actin in sprout stalk cells compared to leader 

cells (Fig. 26, Fig. 27).  Otherwise, MMP-9, a collagenase, was not significantly 

changed in stalks compared to leader cells, as was the random scrambled probe. 

In terestingly, Dll4, which is implicated in tumor angiogenesis, was not 

significantly changed in leader cells compared to stalk cells [84]. 

3.3.5 Dll4 mRNA is Increased During Initiating Tumor Sprout Leader Cells 
Time-lapse microscopy, in combination with the dsLNA probe, enables us to 

simultaneously track the dynamic sprouting process in 3D tumor invaision as well 

as monitor the spatiotemporal gene expression distribution in freshly invading 

sprouts.  The invasive leader cell phenotype, which leads to the collective 

invasion and reorganization of the surrounding collagen matrix, can further be 

monitored via multiphoton imaging, as second harmonic generation highlights 

collagen I fibers without the need for fluorescent dyes. Using this technology, 

dynamic Dll4 sprouts were imaged in sprouts as they invaded the surrounding 

collagen I matrix (Fig. 28).  Initially, no sprouts are seen at the collagen/spheroid 

interface; however, after 1 hour the sprouts can be observed extending and 

pulling the collagen fibers toward the spheroid.  At two hours, the collagen has 
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been cut by the invading sprout and the sprout can be seen splitting the collagen 

fibers and moving through the middle of the extracellular matrix. 
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3.4. Question 2: How Does Modulating the Notch Signaling Pathway 
Change the Sprouting Ability and Notch Signaling Gene Expression 
in 3D Breast Cancer Spheroids? 

3.4.1 DAPT and Jagged-1 Addition to 3D MDA-MB-231 Invading Cancer Spheroids 
A λ-secretase inhibitor, DAPT, was used to decrease intracellular Notch pathway 

activity.  As can be seen in Fig. 29, DAPT increased the expression of Dll4, 

another Notch ligand, in leader cells in a dose-dependent fashion (Fig. 29).   

Interestingly, DAPT additionally increased the sprout length (Fig. 30) of spheroids 

as well. While inhibiting the Notch pathway is one method to unravel the Notch 

pathway's function in 3D tumor invasion, triggering the Notch pathway through an 

exogenous Notch ligand is another. Therefore, we also added Jagged-1, which 

not only increased the number of spheroid sprouts (Fig. 31 and Fig. 32), but also 

increased the Dll4 signal in invading leader cells (Fig. 33). In addition, Jagged-1 

did not have an effect on the length of spheroid sprouts (Fig. 31). While these 

results do not reveal the exact Notch signaling mechanism during 3D collective 

cancer invasion, they establish Notch as a key player as well as demonstrate the 

dsLNA probe’s ability to advance the field of 3D cancer invasion analysis. 
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Figure 29 DAPT increases Dll4 leader cell expression in a dose-dependent manner; however, the 
effect appears to wear off over time. (*, P<0.5; **, P<0.01; ***, P<0.001). © 2014 IEEE 
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Figure 30 DAPT increases sprout length. Although the effects aren’t seen at 24 hours they are seen 
at 48 hours after sprout initiation. © 2014 IEEE 

  

Figure 31 Maximum intensity projections of 3D spheroids taken with two-photon microscopy 
illustrating an increase in the number of spheroid sprouts following Jagged-1 addition. 50µm scale 
bars. © 2014 IEEE 
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Figure 32 Dose-dependent increase in the number of sprouts per spheroid upon Jagged-1 addition. 
© 2014 IEEE 

 

 

Figure 33 Dose-dependent increase in Dll4 mRNA expression in leader cells with Jagged-1 addition. 
© 2014 IEEE 
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Figure 34 The addition of Jagged-1 did not cause an increased in spheroid sprout length. © 2014 
IEEE 

3.5 Discussion 
In this study, a dsLNA probe capable of revealing single-cell mRNA gene 

expression during collective cancer invasion was shown.  The alternating 

LNA/DNA nucleotides  in the probe allowed for intracellular mRNA detection in 

living cells for at least 48 hours.  Using a combination of 3D cell culture 

techniques along with multiphoton intravital imaging revealed not only the 

dynamics of the spheroid invasion, but also the fluid communication between 

cells during 3D cancer collective invasion.  Corresponding with previously 

published results on gene expression in angiogenesis, our dsLNA probes not 

only revealed Dll4’s increased expression in initially invading spheroid leader 

cells (Fig. 28) [83], but the dsLNA probes also demonstrated an increase in Dll4 

leader cell mRNA during Notch pathway triggering or perturbation (Jagged-1 or 
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DAPT addition, respectively).  The increase of Dll4 mRNA in leader cells was 

also time- and dose-dependent (Fig. 29, Fig. 33). 

Along with Dll4, the dsLNA probe also revealed differential expression of 

several genes involved in 3D cell culture invasion.  Another Notch pathway 

ligand, Notch-1, was decreased in leader cells relative to stalk cells during 

collective cancer invasion. This result is interesting because it, along with the Dll4 

findings, emphasizes the suggestion that the Notch pathway plays a role stalk 

invasion. In addition, β-actin, interestingly, was decreased in stalk cells rather 

than in the cells leading the sprout.  The MMP-9 signal, while lower signal in 

sprout leader cells, was not significantly different in either leader or stalk cells. 

Our study also revealed the increased invasive potential of 3D cancer 

spheroids with DAPT or Jagged-1 addition.  While the number of multicellular 

invading sprouts per spheroid increased in a dose-dependent fashion for both 

DAPT and Jagged-1 (Fig. 32, data not shown), only DAPT caused an increase in 

sprout length in spheroids. This result, combined with the increased Dll4 mRNA 

expression seen in leader cells with DAPT or Jagged-1 addition, suggests that an 

inhibition of cooperative Notch-Dll4 signaling has a positive effect on cancer 

sprouting capability.  The above observations, along with Notch-1's decreased 

signal in leader cells (Fig. 26), highlight the spatial coordination of leader and 

stalk cells during cancer sprouting, and the results are consistent with the 

suggestion that Notch-1 acts as a tumor suppressor [88].   
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3.7 Conclusion 
This study reports the capability of the dsLNA probes as flexible tools to measure 

real-time changes in mRNA expression during collective cancer invasion in 3D 

cell culture.  The mRNA distribution observed in invading cancer sprouts 

suggests that cells at the edge of an invading sprout not only communicate 

through chemical or physical signaling, but that the Notch pathway, through 

differential expression, plays a role in the extracellular matrix intrusion process.  

The capability of the dsLNA probe to elucidate contrasting gene expression in 3D 

culture assays carries important implications for the field as it improves the 

efficiency and speed in testing cancer chemotherapy or immunotherapy drugs. 
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Future Studies: Investigating the Notch Pathway's Role During 
3D Cancer Invasion in Greater Detail 
While our findings in 3D implicate the Notch signaling pathway in 3D cell culture, 

more experiments are needed to elucidate the immediate impact that Notch has 

in 3D tumor invasion.  Some examples include: adding a chemotherapy drug like 

Paclitaxel or Brusatol to the 3D tumors to investigate invasion, using siRNA to 
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knock down specific Notch genes and see the direct invasion change, and 

patterning 3D tumors in different sizes and shapes to measure changes in 

invasion [89].  Studies that tag the collagen matrix with fluorescent proteins to 

better measure invasion, or studies utilizing different cell types (such as the 

smooth muscle cells from Aim 2) are also possible with the current confocal and 

multiphoton microscopes available to researchers.  As the Notch pathway is 

critical in both angiogenesis and cancer tumorigenesis [82, 90], unraveling 

complicated Notch signaling mechanisms utilizing the dsLNA probe is an 

important step toward improving cancer chemotherapy and immunotherapy. 

 Future experiments should also utilize improvements on the dsLNA 

probes themselves.  Currently, the probes use 6-FAM, or fluorescein, as their 

signaling molecule for imaging. While it is a cheap and widely-used fluorophore, 

fluorescein is broadly known to suffer from many different issues, and is far from 

a perfect fluorophore. Fluorescein's fluorescence changes with pH, it has a low 

quantum efficiency compared to other modern fluorophores, and it experience 

higher than average photobleaching.  When performing 3D cell culture 

experiments with either multiphoton microscopes or confocal microscopes high 

power excitation lasers as well as the imperfect pH of the collagen or Matrigel 

extracellular matrices particularly make fluorescein a less-than-ideal fluorophore.  

Available improvements include the Alexa Fluor fluorophores or quantum dots—

both are more photostable and more quantum efficient fluorophores than 

fluorescein.  However, besides fluorophore brightness, the signal-to-noise ratio 

can also be improved in both 2D and 3D cell culture.  As our probes are often 
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transfected at a quencher:donor ratio of 2:1 a mechanism to more efficiently 

transfect probes involves utilizing a super-quencher, a fluorescent molecule 

consisting of multiple quenching moieties in one fluorophore [91].  An example of 

such a quencher sequence for β-actin follows: 5’- CTTCCTTCCT/Iowa Black 

RQ/ Iowa Black RQ/ -3’.  With the super-quencher, the fluorescence quenching 

ability of a single quencher strand is at least one hundred times that of a single 

quencher molecule—a better performance standard than utilizing single 

quencher molecules at increased molar ratios: 

 

Figure 35 Q:D ratio calibration of a β-actin dsLNA probe. The calibration was performed in a plate 
reader—no cells were used. The fluorescence of the probe is nearly eliminated at a 1:1 Q:D ratio, but 
more quencher molecules are needed to further remove fluorescence. 

 Replacing the donor and quencher fluorophores for better alternatives will 

additionally allow a greater quantity of probes to enter the cells overall, as adding 

an increased quantity of quencher strands takes up unnecessary transfection 

reagent in the current protocol.  This, coupled with a brighter fluorophore, will 

greatly increase the probe's already strong fluorescence detection capabilities, 
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something that is needed when imaging through multiple millimeters-thick of 

collagen or Matrigel matrix in 3D cell culture. 

 Additionally, another important experiment that needs to be performed 

with the dsLNA probes, can be designed and performed along with fluorophore 

changes outlined above.  Texas Red is a common fluorophore to couple with 

fluorescein, as its absorption spectrum is far enough to the right of fluorescein's 

emission that crosstalk is safely minimized. Iowa Black RQ, a quencher currently 

utilized in the dsLNA probe, can also be utilized in Texas Red quenching.  By 

simply replacing the fluorophore, two different genes can be detected in vitro in 

the same cells—something that will greatly help the throughtput of dsLNA probe 

assays, as well as greatly assist in looking for Notch pathway proteins in 3D.  For 

example, Dll4 expressed in leader cells in 2D, but decreased in follower cells; 

conversely, Notch was expressed in follower cells, but was decreased in leader 

cells [2].  Dual transfection of two probes into cells will allow for simultaneous 

monitoring of both Notch and Dll4 in cells during complex invasion and migration 

in both 2D and 3D.   

Again, increasing the fluorescence and decreasing the background noise 

of the probe is important in this assay as current transfection reagents have a 

maximum limit of transfectable materials implanted per cell—too much 

transfection reagent or materials is toxic to cells.  Therefore, when transfecting 

two separate probes into cells, theoretically half the concentration of probes, and, 

consequentially, half the fluroescence capability, is expected. Increasing the 

signal-to-noise ratio of each individual probe overall, and, through the use of a 
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super-quencher as opposed to increased quencher molar concentrations, more 

fluorophores per probe can enter each cell.  These improvement are the next that 

should be made in 3D fluorescence detection assays. 

The Notch Pathway: What Does this Research Mean for the Future, 
and Where will the Field go in the Future? 
Cells are like computers.  They already have a genetic code that does not 

change under normal circumstances.  They have inputs.  They have outputs.  

They utilize the incoming signals with processing machinery and perform actions 

based on the information.  It is, partly because of this, that I believe leader cells 

are not as excessively complicated as the field thinks.  They are still cells with the 

same genetic code—simply, different genes are turned off and on. 

The Notch pathway, a key regulator of leader cell formation and density, 

along with stress at the wound edge of a collectively migrating sheet of cells, was 

outlined in this dissertation.  While Notch and stress at the wound edge were 

both previously found to manage leader cell formation in migrating epithelial 

sheets, the revelation from the research in this dissertation that these processes 

are present in leader cell formation and regulation in other cell types, as well as 

in 3D, presents heavy implications for any future study on cell collective invasion 

or collective migration.  For example, epithelial and mesenchymal cells have 

been monitored for leader cells, but the third germ layer, the ectoderm, has not 

yet been monitored for leader cell formation.  From the data in this dissertation 

and published around the world it seems safe to assume that ectodermal cells 

will also present leader cell properties.  In fact, from the results obtained by 
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experiments in this dissertation, at the University of Arizona, and, even, around 

the world, it is easy to project leader cell properties in many different, if not all cell 

types.  Again, the cell is a computer—it is not excessively complicated. 

What I believe is going on with leader cells is in fact very simple on the 

whole: force, and focal adhesions are major players in leader cell formation with 

other pathways fine-tuning the model.  The symphony sounds like this.  Cells that 

are adherent prefer, well, attaching to familiar materials.  As scientists we place 

these cells on plastic substrates because that's how it's been done for decades; 

however, most adherent cells (as far as we know) don't have sensors to 

see/know that they are attached to a polystyrene tissue culture dish.  They simply 

know that they are able to grab the material and hold on.  They can attach, and, 

therefore, they are happy.  They are computers. 

However, cells are also living and therefore must move and grow.  They 

also want to attach to things.  Cells at the front of the wound edge that start to 

form leader cells because they seek out cells in front of them—only to find more 

tissue culture dish to attach to.  In response, the cell begins to feather out—it 

grows in size and its lamellipodia become ruffled.  It gains the phenotype of a 

leader cell.  However, while the cell still cannot find any cells around it the cell 

remains attached to a follower cell, trailing along behind.  The follower cell, unlike 

the leader cell, is even happier—it is attached to cells on more of its surfaces 

than the leader.  Therefore, the follower cell has no need to reach out and attach 

to other cells or matrices, and does not want to migrate as much.  It is still a 

computer. 
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Other than migration speed, the observation that leader cells possibly 

feather out to look for more contacts  also explains other observations in this 

dissertation.  For example, leader cells expressing increased force generation 

can also be explained by the increased attachment of the leader cell to the 

surface.  The leader cell simply does not have other cells to bind to, but it does 

have the tissue culture plate surface to bind to.  Therefore, it creates more focal 

adhesions with the only thing it can—the culture surface itself.  It makes sense, 

then, when cells are tightly attached behind that are also happy to be attached to 

other cells that the leader would experience increased traction force generation. 

The leader is simply grabbing to the surface and holding on—while at the same 

time looking for other cells to bind to.  It is a computer. 

The force generating drugs added in this dissertation also back up the 

same, leader cell adhesion theory.  Cells are fluid—the membrane is fluid and 

their cytoplasm is fluid.  Decreasing the force-generating ability of the cells simply 

decreases the actin—one of the strengthening components of the cells.  It makes 

sense, then, that the number of leader cells would increase—cells are looser, 

and they cannot attach to each other as easily.  They are more fluid, and they 

spread out much easier.  The opposite can be said with drugs like nocodazole, 

where the leader cell density is decreased due to increased force generation.  

The cells are still computers—they create an output based on the environment's 

input. 

The only thing left to explain includes the main pathway investigated in 

this dissertation—Notch.  Like microRNAs (which, as it was suggested earlier 
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after Aim 1, may play a role in leader cells), the Notch pathway is simply a 

maintenance pathway—not the overall determining mechanism behind leader 

cell formation.  This resolution stems from not only many observations (like miR-

21 and its possible presence in leader cells), but also from previously published 

results suggesting that, depending on the force-generating capabilities of a 

monolayer of cells, that leader cells can appear farther and farther back into a 

monolayer (many, many layers back, for example, rather than simply originating 

from the first or second row) [2].  The initial conclusion from the referenced 

experiments showed that decreasing force caused an increase in leader cells 

farther from the wound edge, while increasing the force generating capabilities of 

the cells had the opposite effect.  Rather than conclude that force plays a role in 

the Notch signaling pathway it actually makes more sense to think about the 

conclusion the opposite way around—Notch plays a role in the force-signaling 

pathway.  Again, these are adherent cells.  They are computers. 
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