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Systems biology have been focused on describing how the concentration, 

activity, modification state or localization of molecule changes over time. The 

system-level understanding of the molecular signaling pathway would predict 

the cellular response precisely, and be expected to create therapeutic 

opportunities to intercept aberrant network activation. However, previous 

deterministic perspective of systems biology could not explain the non-

genetic phenotypic heterogeneity, which have traditionally ignored by the 

technical limitations. Also, petri-dish based experiment is limited to give the 

dynamic micro-environment which have advantages to capture the detailed 

pathway response with quantitative data.  

In this thesis, the integrated platform of biosensor and microfluidics 

was proposed to overcome those problems in systems biology. Genetically 

encoded fluorescence resonance energy transfer (FRET)-based biosensor 



enables to track numbers of ERK kinetics in single cellular manner, while 

microfluidic device manipulates the temporal extracellular stimulation regime 

with computer-controlled pressure pump.  

With this integrated method, ERK kinetics to the various temporal 

growth factor stimulation was investigated. By synchronizing the response by 

unit pulsatile stimulation, we could obtain the deterministic model of ERK 

pathway, representative to each single cell. Based on this model, ERK kinetics, 

which is related to the cell fate decision, could be controlled in regardless of 

the type of growth factor. Therefore, we could induce differentiation with non-

differentiating factor, by manipulating the temporal niche. This result gave a 

novel insight to “real-time control” of the cellular behavior, leading a new 

promising perspective to medical treatment, such as anti-cancer or stem cell 

therapy. 
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Chapter 1. Introduction 

1.1 Molecular Signaling Pathway as “the System” 

Biology is the study about life. After the discovery of the cell, biologists 

have been studying about this basic element of the living things. 

Understanding cell have been the most important task to human, for the 

better, longer, and happier life.  

“Reductionism” is the term of philosophy, which refers the 

methodology to learn the subject from the component of it. This idea holds 

that a complex system could be explained by the sum of its part, which was 

also adapted to the field of biology. Researchers have been focused on the 

smaller elements of cell, and made remarkable advances in molecular 

biology. Developments in biological technology, such as immuno-blotting, 

polymerase chain reaction, Gene-chip, etc., let us know better about the 

molecular signaling pathway and its components.  

Recently, the director of the “Genome project” had an interview with 



journal. [1] He emphasized that genome research had a profound impact on 

scientific progress. Advances in DNA sequencing technology dropped the 

cost 14,000-fold, and entire genomic sequence of 14 mammals are available, 

now. However, he mentioned that Genome project has not yet directly 

affected to health care of most individual. The project was remised with the 

concept of how molecules were involved. Knowledge about the element was 

not enough to understand the system. [2]  

To comprehend how the system properties emerge, we need to focus on 

the interactions between the components with quantitative data. Not only the 

presence, but the temporal reactivity of biomolecule would be important. [3]  

Even with the same molecule, the different kinetics of the molecular activity 

could be interpreted as the different cellular response. (Figure 1.1)  



Figure 1.1. Cellular decision making by the same molecule in different kinetics. 

Different dynamics of the same molecule are associated with specific biological 

responses. (J.E. Purvis et al., Cell, 2013) [4] 



Hence, systems biology challenges to understand the coordination 

between molecules. This approach focus on describing how the 

concentration, activity, modification state or localization of molecule 

changes over time. [4]  Molecules in the pathway were regarded as the 

components of control circuit, linked with feedback or feed-forward 

loops.[5]  The system-level understanding of the molecular signaling 

pathway would predict the cellular response precisely, and be expected to 

create therapeutic opportunities to intercept aberrant network activation, 

such as carcinogenesis, tumorgenesis, etc. [5]  

 



1.2 Limitations in Systems Biology 

The first insight in how different outcomes come from shared pathway 

derived from the observations of extracellular signal-regulated kinase (ERK) 

activity duration. [6]  In rat pheochromocytoma (PC-12) cells, transient 

kinetics by epidermal growth factor (EGF) induced cell proliferation, while 

sustained curve by neural growth factor (NGF) induced differentiation. [7]  

In human breast adenocarcinoma (MCF-7) cell, transient ERK activation by 

epidermal growth factor (EGF) encouraged proliferation, when sustained 

curve by heregulin stimulated differentiation. [8]  ERK cascade involves a 

three-tiered kinase module; Raf-MEK-ERK. Depending on the feedback 

topologies and kinetic parameters, this mitogen-activated protein kinase 

(MAPK) cascade can display different temporal responses to an identical 

constant stimulus: a transient, sustained response. [5, 6, 9]  

This deterministic model, however, have been challenged. Non-

genetic phenotypic variability observed within cells in a population is 

brought about by different signaling states of individual cells. [10, 11]  The 



same NGF stimulus induced a great variation in the pERK signals in PC-12 

cells. [10] Previous deterministic system model could not explain these 

single-cell variability, which was rely on data averaged from large cell 

populations. [12]  Existing method to study systems biology usually have 

been about the analysis of average response of hundreds of cells, lysis on a 

single plot.  Thus, the system evidenced by these experiment have descent 

limitation on the explanation of heterogeneity between single cells.

Molecular biologists have traditionally ignored this phenomenon, in part 

because of technical limitations, but also because, historically, research has 

focused on mechanisms and processes that are common between cells. [11, 

13]  However, in stem cell research, the induction of differentiation to 

specific cell type is significant, especially for regenerative medical therapies. 

[14, 15]  Measuring single cell signaling dynamics is therefore a key to 

understand how cellular responses correlate with fate decisions. (Figure 1.2.)



 

Figure 1.2. The limitation of average-based explanation in systems biology. The 

MAPK system model evidenced by average-cell-based experiment have 

descent limitation on the explanation of heterogeneity between single cells. (L. 

Pelkmans., Science, 2012) [11] 



Second, stimulation to the cell need to be temporally varied. [3, 16-

18]  Traditionally, experiments on petri dish were restricted its temporal 

stimulation pattern to a drop on the cell. The cells respond to these stimuli 

only transiently, which would be dampened and become more difficult to 

detect by noise. Lipan et al reported that oscillatory input could (i) improve 

the signal-to-noise ratio dramatically; (ii) make data become easier to 

incorporate into coherent physical model; and (iii) give more parameters, 

such as period. [19]  Understandings of cellular regulatory system would 

require experimental approaches aimed at subjecting cells to a dynamic 

environment. (Figure 1.3.) 



 

Figure 1.3. The importance of dynamic stimulation. Temporally defined 

stimulation give more informative and quantitative result than traditional static 

stimulus. (O. Lipan et al., PNAS, 2005) [19]   

 



1.3 Overview 

In this thesis, to overcome the limitations described above, we proposed a 

novel pipeline to investigate ERK response by the temporally defined 

stimulation, in single-cell levels. By integrating two technologies, biosensor 

and microfluidics, we could acquire the quantitative kinetics of the ERK 

response.  

In Chapter 2, we propose a novel experimental pipeline, that 

integrates fluorescence resonance energy transfer (FRET) based biosensors 

and microfluidics, to dynamically probe input/output relationships of the 

MAPK signaling network at the single cell level. Sustained EGF stimulation 

led to transient ERK activation dynamics that however displayed significant 

cell-to-cell variation, which cannot be distinguished using classic 

biochemical approaches. In contrast, delivery of a single 3’ EGF pulse led to 

a cell population homogeneous transient ERK activation peak. After 

adaptation, multiple ERK activation peaks could be retriggered by additional 

EGF pulses. Owing to the high temporal resolution of our system, we could 



observe basal ERK activity oscillations that were sensitive to 

pharmacological MEK inhibition.  

In Chapter 3, by using the integrated pipeline, we studied how the 

ERK kinetics affect to cellular differentiation. Transient/sustained ERK 

MAP kinase (MAPK) activation dynamics induce 

proliferation/differentiation in response to EGF or NGF in PC-12 cells. 

Using a biosensor to measure ERK activation dynamics in single living cells 

revealed that sustained EGF/NGF application leads to a heterogeneous mix 

of transient and sustained ERK activation dynamics in distinct cells of the 

population, with EGF and NGF shifting the cell response distribution. In 

contrast, pulsed growth factor application could repeatedly and 

homogeneously trigger ERK activity transients across the cell population. 

These datasets reveal novel salient features inherent to the MAPK network 

enabling its mathematical modeling. Ultimately, this provides predictive 

power to use pulsed GF stimulation to bypass the normal feedback activation 

and rewire cell fate decisions irrespective of growth factor identity. 

The main contribution of this research is to provide an innovative 



tool to investigate MAPK kinetics in single cellular manner. Furthermore, by 

introducing stimulation regime of signaling pathway synchronization, 

deterministic modeling of single cellular response could be acquired by the 

unit input stimulation. This interdisciplinary research of biology and 

engineering is expected to produce the ‘common language’ that is required to 

promote data sharing among different laboratories, resulting a better 

interaction between experimentalists and theoreticians. [5]   



Chapter II 

 

Integrated Platform for Monitoring Single-cell 

MAPK Kinetics in Computer-controlled 

Temporal Stimulations 

 

2.1. Introduction 

Mitogen-associated protein kinase (MAPK) had been a key molecule 

delivering the signals from outer cellular environment to inner nucleus. [20]  

Especially, Ras-MAPK pathway has been known as a central role in the 

development and progression of cancer. [21]  Localized MAPK in the 

nucleus had been known as the initiator of response in transcriptional level. 

[22, 23]  Not only had the presence of the phosphorylated molecule, 

temporal activity of the molecule been reported as important to determine 

the biological outcome. [24-27]  For example, in PC-12 cell line, sustained 



activity of extracellular response kinase (ERK) after neuronal growth factor 

(NGF) stimulation leads cells to be differentiated, while transient kinetics 

from epidermal growth factor (EGF) induces proliferation.[7, 24, 28]  

These dynamic responses could be explained by the network of molecular 

pathways with multiple mathematical response equations.  [23, 29]  The 

system biological approaches have enlightened the hidden characteristics of 

link between the molecules, and made prediction of temporal response. [14, 

30, 31]  This perspective had been explained the representative reaction 

over populations, based on the average analysis method, such as immuno-

blotting. However, there have been an issue that could not be ignored the 

diversity of cellular response kinetics. [32-35]  For instance, stem cell 

therapy need to differentiate to target cell type without any over-proliferating 

cell. Study of the dynamic response in single cellular level could provide 

rich and complex insights about circuit structure and function that could not 

be otherwise revealed. [32, 36] 

Recently, there have been significant breakthrough; biosensors. [37-

39]  By observing the individual kinetics in a real-time, these let us to 



verify the theoretical perspectives, such as oscillation of ERK at the basal 

level. [37, 40]  In order to analyze the systematic characteristics of kinetics, 

extracellular stimulation would also needed to be precisely-defined in spatial 

and temporal manner. [41] These quantitative observation gave not only the 

mathematical information about the pathway, but also enabled dynamic 

regulation of the gene expression. [42, 43]  

In here, proficiencies; biosensor and microfluidics, were combined 

to observe ERK response from the pre-defined stimulation in a real-time. 

EKAR2G, genetically encoded FRET-based ERK biosensor, was transfected 

to cell, stably and uniformly expressing throughout the population. 

Meanwhile, we pressurized the medium-filled reservoirs with computer-

controlled pressure pump to manipulate the growth factor concentration in 

the cell chamber. By measuring the intensity of ratio-metric single cell 

images, we analyzed the discrepancy of individual ERK kinetics to various 

stimulation patterns; sustained, pulsed and multi-pulsed. We could observe 

the basal fluctuation of ERK activity, oscillating on-and-off by induced 

MEK inhibitor. Taking advantage of precise control of the stimulation 



regimes and high-throughput imaging capability with air objectives, we 

expect this integrated platform to be used to mine quantitative data, 

establishing advanced mathematical models of MAPK dynamics. 

 



2.2. Method 

 

2.2.1. Generation of sensor-expressing cell-line and cell culture. 

To establish stable cell lines, we produced lentiviral vectors expressing 

EKAR2G1. [38] Briefly, HEK293 B5 cells (Invitrogen, USA) were 

transfected with lentivirus and packaging constructs. Supernatant was then 

collected and concentrated with a Lenti-X concentrator kit (Clontech, Japan). 

Cells were subsequently cultured in presence of 1μg/ml puromycin (Sigma, 

Germany), which was removed before imaging experiments. HEK293 

B5/EKAR2G1 were used for imaging ERK activation dynamics. Note that 

EKAR2G measures ERK phosphorylation activity specifically in the cytosol. 

This readout might therefore slightly differ from the pERK antibody that 

measures the amount of phosphorylated ERK. For the growth of the 

HEK293 cell-line, DMEM (Sigma, Germany) supplemented with 10% fetal 

bovine serum (FBS, Sigma, Germany), 1% pen-strep (Sigma, Germany) and 

1μg/ml puromycin was used. At 70% confluence, cells were passaged gently 

with 0.25% Trypsin-EDTA (Sigma, Germany). (Figure 2.1.)



 

Figure 2.1. Real-time tracking of ERK kinetics in single cellular manner. 

EKAR2G transfected HEK293 cells were stimulated by a drop of 50ng/ml EGF 

at time 0. Transient kinetics of ERK was observed. (R. Fritz et al., Sci 

Signaling, 2014) [38]  



2.2.2. Design and fabrication of the mold of microfluidic device. 

 

Microfluidic device was modified from the previous research, to be suitable 

to mammalian cell culture. [44]  By separating control layer and cell culture 

chamber, the microfluidic circuit allowed us to deliver GF pulses with the 

lowest flow rate minimizing the physical interruption to the cell. The 

microfluidic silicon master was replicated from a Silicon wafer with SU-8 

micro-structures. The silicon master mold was composed of two 40 μm and 

100 μm thickness layers of photoresist. First, the plasma treated Silicon 

wafer was spin-coated with SU-8 100 (Microchem, USA) negative thick 

photoresist until a height of 40 m was achieved.  After baking at 65 C 

for 5  and 95 C for 20 , the wafer was exposed to 405 nm ultraviolet light 

(Shinu MST, Korea) with a 250 mJ dose and masked by the negative film 

mask (Han&All Tech, Korea). After this 1st round of exposure, the wafer 

was baked again at 65 C for 1  and 95 C for 10 . SU-8 developer 

(Microchem, USA) was then used to remove the unexposed part of the 

photoresist. For deposition of the 2nd photoresist layer, the film mask for the 



second master was correctly positioned using the alignment pattern on the 

first layer of the wafer. The photoresist for the second layer was then spin-

coated until a 100 μm thickness was achieved.  The wafer was baked at 65 

C for 10  and 95 C for 30 , and exposed to 500mJ of 405 nm UV light. 

After a final baking step at 65 C for 1  and 95 C for 10 , the wafer was 

dipped into the developer, and baked to evaporate the residual solvents on 

the top.  

 

2.2.3. Preparation of microfluidic device and cell seeding. 

 

Poly-dimethylsilosane (PDMS) was used to replicate the master. The 

precursor (Sylgard 184, Dow Corning) was mixed at a 10:1 ratio and 

degassed in a vacuum chamber for 5 minutes. 7 g precursor was then poured 

on the top of the master, and solidified at 80 C in a dry oven for 30’. The 

plastic reservoir from the 8-well strip (Evergreen sci, USA) was then glued 

on top of the microfluidic device using precursor. These reservoirs contain 

the medium and growth factors, and allow us to connect the microfluidic 



device to the ONIX pressure pump (Millipore). An additional layer of 30 g 

of precursor was added to seal the plastic reservoir. PDMS replica was cut 

and punched. Plasma treatment was used to bond the PDMS replica to the 

coverslip (Tasumi, Japan) to allow proper sealing that resists the high-

pressure applied during the experiments. To enhance the bonding strength, 

the device was heated for 5 minutes in a 80 C dry oven. After bonding the 

device was immediately filled with PBS. (Figure 2.2.) 



 

 

Figure 2.2. Fabrication protocol for the microfluidic device. 



The microfluidic devices were coated with poly-D-lysine (PDL, 

Sigma, Germany). 2μg/ml of PDL solution was added on the reservoir, and 

kept in room temperature for 6 hours. Before cell seeding, devices were 

rinsed with PBS. EKAR2G-expressing HEK293 cell line were prepared with 

concentration of 2 x 106 cells/ml. 50 μl of suspension was added to the 

outlet reservoir, and aspirated with pipette from cell inlet port.  After 30 

minutes incubation, residual cells in the outlet were removed and replaced to 

fresh medium.  

 

2.2.4. Live cell imaging  

 

All FRET ratio-imaging experiments were performed on an epi-fluorescence 

Eclipse Ti inverted fluorescence microscope (Nikon, Japan) with Plan Apo 

air 20× objectives controlled by Metamorph software (Molecular Devices, 

USA). Laser-based autofocus was applied throughout the experiments. 

Image acquisition was performed with a Hamamatsu Orca R2 camera at a 

16-bit depth. Donor and FRET images were acquired sequentially using 



filter wheels with the following excitation, dichroic mirrors, and emission 

filters (Chroma, USA): donor channel: 430/24×, Q465LP, 480/40m; FRET 

channel: 430/24×, Q465LP, 535/30m; mCherry channel: ET572/35, 89006bs, 

632/60m for dextran imaging. Standard exposition settings were used 

throughout the experiments. 440nm, donor and FRET channel excitation, 

and 565nm, red channel, LED lamps were used as light sources (Lumencor, 

USA), with 1.1% for 440nm and 1.5% for 565nm of LED power. 

Acquisition times were 300ms for donor channel and 300ms for FRET at 

binning 2x2.  

6 hours prior to the experiments, medium in each device was 

replaced to the starvation medium, DMEM with 0.2% FBS, at 37°C. Up to 

200μl of GF-containing medium was added to each reservoir in control part. 

To prevent the evaporation from the cell inlet port, sealing film was attached 

on the inlet port.  

 

 

 



2.2.5. Connection and handling microfluidic device. 

 

Devices were connected to custom-made syringe connector of ONIX 

pressure pump. (Millipore, USA)  Built-in software of ONIX pump was 

used. The valve pressure for the experiment was set to 1.5psi. All the 

protocols for stimulation experiments included 80 minutes of flow 

adaptation time in starvation medium, due to the excitation of ERK by shear 

stress.  By changing the opening sequence of the pressure valve, we 

controlled the stimulation pattern.  (Figure 2.3.) 



 

Figure 2.3. Principle of controlling temporal stimulation. Pressure valve is 

controlled by software. Cell culture chamber could be toggled from (A) OFF-

state to (B) ON-state, sequentially. By changing the duration of each state, 

temporal stimulation regime could be defined. 



2.2.6. Image analysis 

FRET ratio images produced with the EKAR2G biosensor were analyzed 

using a combination of ImageJ and Metamorph. Donor and FRET images 

were background-subtracted image by image. The FRET was divided by the 

donor channel, and multiplied by 1000 to produce a 16-bit ratio image using 

the ImageJ “calculator plus” plugin. The stacked ratio images were then 

transferred to Metamorph. Each cell was then segmented based on time 

averaged stack that provides a “footprint mask” for cellular movement of 

each cell, and stacks for each individual cells were created. Cell aggregates 

were manually segmented and discarded. The average ratio of each cell 

through time was measured using ImageJ, and saved in text files. Since 

every experiment involved a 2 hours initial period to stabilize cells to shear 

stress, we set the average intensity of 5 time-points around 80’ after the flow 

has been switched on as the basal level ERK activation for normalization. 

The Alexa546-dextran channel was stacked and profiled through time to 

verify the accuracy of temporally-defined growth factor exposure in the cell 

chamber of microfluidic device. (Figure 2.4.)



 

 

 

 
Figure 2.4. Flow chart of analysis method algorithm for integrated platform. 



2.3. Result & Discussion 

EKAR2G, the FRET-based biosensor, was stably transfected to cell-line, 

HEK293. Expression level of the biosensor was unified during the selection 

and expansion of the single colony. Due to this advantages, a large numbers 

of cell could be observed in each single microscopic view, thorough the 20x 

Air objectives. Experimental arrangement was composed of imaging system 

and microfluidic device connected to pressure pump, all of which were 

controlled by computer software. (Figure 2.5.)  



 

 

Figure 2.5. Schematic diagram of (A) FRET-based Biosensor and (B) 

computer-controlled microfluidics. Temporally defined stimulation give more 

informative and quantitative result than traditional static stimulus. (C) Image of 

microfluidic device with syringe connection. 



As reported in the previous research, physical stress have been known as 

ERK-exciting factor. [45, 46] Since our platform involve fluid flow in the 

cell culture region, we perform the experiment to set the baseline to correlate 

with previous petri-dish based research. We could observe the transient ERK 

excitation at the beginning and stabilized system 80 minutes later. We used 

the average ratio-metric intensity of 5 time points around 80-minute to 

normalize each single cells. This gave us the baseline to correlate with 

classical experiments. (Figure 2.6.) 



 

 

 

Figure 2.6. ERK excitation by shear flow in the microfluidic device. At time 0, 

pump, which was connected to the microfluidic device, was turned on. (A) 

ERK kinetics without EGF stimulation, and (B) with EGF stimulation. 



To mimic the petri-dish experiment condition, sustained stimulation of EGF 

was induced to the pipeline. The average curve of each cellular ERK kinetics 

showed transient excitation as reported in previous studies. [38, 47, 48]  

The amplitude of the ERK excitation peak was fully developed with 1ng/ml 

EGF stimulation, while no excitation with 0.2ng/ml EGF stimulation. This 

all-or-nothing response of the ERK is called as ultra-sensitivity, which is 

another well-known characteristic of the ERK cascade. [49] (Figure 2.6. and 

Figure 2.7.) 



 

 

 

 

 
Figure 2.7. Real-time observation of ERK kinetics in microfluidic device. At 

time 0, the valve was toggled into ON-state, stimulating EGF 50ng/ml to the 

EKAR2G-expressed HEK 293 cell-line. 

 



 

 

 

 

Figure 2.8. The result from integrated pipeline was correlated to the previous 

research with the same growth factor stimulation. (A) EKAR2G experiment on 

petri dish, (R.Fritz et al, Sci Signaling, 2013) [38] and (B) microfluidic device. 



Taking advantage of computer-controlled manipulation of micro-

environment, we looked at the response by the different temporal stimulation 

regime. EGF stimulation was applied in pulsatile to the cell chamber by on-

and-off the microfluidic device. This also gave the transient response as the 

sustained stimulation experiment, however, we observed the immediate de-

activation of ERK by the diminishing EGF in the chamber. Furthermore, at 

the single-cell level perspective, sustained stimulation triggered cell-to-cell 

variation of ERK activity, while pulsatile stimulation gave synchronized 

kinetics throughout the population. ERK activity levels of each cell after 60 

minutes showed the different dispersion of two groups, while both kinetic 

response gave the same amplitude of the excitation peak. (Figure 2.8.) 



 

 

Figure 2.9. Comparison of ERK kinetics between (A,C) pulsatile stimulation 

and (B,D) sustained stimulation of EGF. Synchronization was induced 

throughout the cell population with pulsed stimulation, while sustained regime 

varied the individual kinetics. (E) Both stimulation regime gave the similar 

amount of  excitation amplitude, on the other hand, (F) the integral of each 

cell kinetics diverged more in sustained stimulation. 



Furthermore, we gave multiple pulses to the system with pre-defined paused 

duration. The pulse with short time interval was filtered out, giving transient 

excitation curves similar to a single pulsed experiments. In contrast, with 

low frequency pulse with 15 minutes resting time, ERK could be clearly 

reactivated multiple times. Also, each cells were tend to follow the same 

trajectories. This suggests that extracellular stimulation can manipulate ERK 

activation trajectory by pre-designed stimulation with multiple pulse units, 

long enough to trigger the transcription of the cell, causing diversion of cell 

fate. [6, 27, 48, 50]  Furthermore, in low frequency stimulation, cells were 

respond in synchronized manner. This will be further discussed in Chapter 

III. (Figure 2.9.) 



 

Figure 2.10. ERK response trajectories to the multiple pulses. (A) High 

frequency stimulation of EGF pulse was filtered out by the system, while (B) 

Low frequency regime gave multiple excitation followed by each pulses. 



The basal oscillations of ERK activity was hypothesized by B. Kholodenko. 

[40] He suggested that negative feedback and ultrasensitivity can induce the 

temporal fluctuation of phosphorylated ERK. Stochastic basal oscillation of 

ERK was observed as specified in previous studies. [40, 47]  In here, we 

could also identified the ERK oscillation at the resting state. Since the sensor 

is bright enough to measure with less than 1% of LED power, the activity 

could be measured without photo-bleaching or photo-toxicity. [38]  

Fluctuating with different amplitude and phase, the average behavior of the 

cell could not capture this noisy kinetics of single cell. We treated to the cell 

chamber with MEK inhibitor, U0126, which is well-known drug to down-

regulate ERK activities. The average ERK activity decreased about 10 % 

immediately, diminishing the oscillation at the single-cell level. With 

microfluidics, we could remove the drug from the chamber, which could not 

be performed in the classical experiment. Activities were restored followed 

by the synchronized small excitation peak. (Figure 2.10.)  

 



 

 

 

Figure 2.11. ERK kinetics observed in 0.5 minutes time resolution. (A) Basal 

oscillation of ERK was reduced after the induction of MEK inhibitor, U0126. 

Activities were restored by diminishing inhibitor, followed by small excitation 

peaks. (B) Ratio-metric images of each time point. 

 

 



2.4. Conclusion 

By integrating two well-characterized strategy; FRET biosensor and 

microfluidics, we could observe the dynamic behavior of the ERK activity 

under computer-controlled growth factor stimulation. This would give us 

quantitative data for the mathematical model of signaling pathway. Also, 

higher temporal resolution imaging let us measure the innate oscillation of 

the ERK pathway, verified by its inhibitor treatment. The cell behavior after 

removal of the inhibitor is also expected to give us fresh insight about the 

cascade. We expect this integrated assay to gather quantitative data for the 

MAPK kinetics from diverse cell types, enhancing the knowledge about the 

pathway coordination. Exploring cellular responses by defined conditions, 

this might produce ‘common language’ that could lead a better interaction 

between experimentalists and theoreticians. [5]  



Chapter III. 

 

Frequency modulation of ERK activation 

dynamics rewires cell fate. 

 

3.1. Introduction 

 

Complex signaling networks allow cells to translate external stimuli into 

specific cell fates. In many cases, signaling dynamics rather than steady 

states control these fate decisions. [3, 4]  Non-genetic phenotypic 

variability observed within cells in a population is brought about by different 

signaling states of individual cells [10, 51, 52] , and results from both 

deterministic processes underlined by broad distributions of protein 

abundances, as well as intrinsic noise present within signaling networks. [52]  

Measuring single cell signaling dynamics is therefore a key to understand 

how cellular responses correlate with fate decisions. 



The extracellular-regulated kinase (ERK) regulates cellular fates such as 

proliferation and differentiation. It functions within a mitogen-activated 

protein kinase (MAPK) signaling network in which growth factor (GF) 

receptors activate a Ras GTPase, subsequently triggering a MAPK cascade 

leading to ERK activation. [53]  Rat adrenal pheochromocytoma PC-12 

cells have been used as a model system to study MAPK-dependent fate 

decisions. [7]  Stimulation with EGF or NGF leads to transient/sustained 

ERK activation dynamics, respectively triggering proliferation or 

differentiation. Duration of ERK signaling therefore determines cell fate. [7, 

53]  These different ERK activation dynamics involve GF-dependent 

control of the MAPK network topology, [27] with positive or negative 

feedbacks producing adaptive or bistable outputs. [27, 53, 54]  Molecular 

interpretation of signal duration involves stabilization of ERK-induced 

immediate early gene products by sustained ERK activity, ultimately 

instructing the differentiation fate. [26, 55]   

 

 



3.2. Methods 

 

3.2.1. Cell Culture and generation of stable cell lines 

 

PC-12 (American tissue culture collection) and its Neuroscreen-1 subclone 

(a kind gift from Tobias Meyer) cells were cultured in DMEM (Sigma, 

Germany) supplemented with 10% Horse serum, 5% fetal bovine serum, and 

1% pen-strep. Cells were cultured on 50 μg/ml collagen solution from 

bovine skin (Sigma, Germany). For that purpose, tissue culture dishes (BD 

falcon, USA) were collagen-coated at room temperature for 30 minutes 

before cell seeding. At 70% confluence, cells were gently detached using a 

Cell scraper, and passaged. Due to their decreased propensity to aggregate, 

Neuroscreen-1 cells were used in experiments in which cell fate was 

analyzed. This greatly facilitated neurite outgrowth analysis.  

For stable cell line generation, we produced lentiviral particles 

expressing the ERK activity biosensor EKAR2G1. [38]  Briefly, HEK293 

FT cells (Invitrogen) were transfected with lentiviral and packaging 



constructs. Supernatant was then collected and concentrated using a Lenti-X 

concentrator kit (Clontech). PC-12 cells were infected and selected with 0.5 

μg/ml puromycin until a stable cell population appeared. Cells were 

subsequently cultured in presence of 0.5 μg/ml puromycin, which was 

removed before imaging experiments. PC-12/EKAR2G1 cells were used for 

imaging ERK activation dynamics. Note that EKAR2G measures ERK 

phosphorylation activity specifically in the cytosol. This readout might 

therefore might slightly differ from the pERK antibody that measures the 

amount of phosphorylated ERK throughout the cell. 

 

3.2.2. Construction and handling of microfluidic devices 

 

We used a modified version of the microfluidic circuit to apply chemokine 

gradient to cells, described in Chapter 2. [44]  Handling and construction of 

microfluidic device was also followed the described protocol in the Chapter 

2 

 



3.2.3. Live cell imaging and analysis 

 

Microscopy imaging and analysis was taken place with the same procedures 

described in Chapter 2.  

 

3.2.4. NS-1 differentiation experiments 

 

Prior the differentiation experiments in microfluidic devices, cells were 

starved for 6 hours. 200 μl of GF-containing medium was then added to one 

of the input reservoir. To prevent evaporation, the cell inlet port was sealed 

using adhesive plastic. The microfluidic devices were connected through a 

syringe connector to an ONIX pressure pump (Millipore, USA). 

Differentiation experiments were performed in a table-top small incubator 

with connection ports (Galaxy, Eppendorf). The output valve pressure was 

stabilized at 1.5 psi and different constant or pulsatile protocols were run. 

Each protocol included a 2 hours adaptation time to flow in starvation 

medium, followed by 13 hours of sustained or pulsatile GF exposure, which 



was determined by changing the opening sequence of the computer-

controlled pressure valve. Since, there is a limitation in number of valves 

that could be controlled independently, we connected a 4-way conduit to 

each valve to maximize throughput. This strategy allowed us to use 8 valves 

embedded in the pump to process in 4 different microfluidic devices, 

ultimately allowing to perform 16 experiments simultaneously. Each 

chamber from a single microfluidic provided independent results for a given 

stimulation pattern. For each experiment, a negative (no GF) and a positive 

control (sustained stimulation with a GF) were included. After the 13 hours 

GF stimulation period, devices were disconnected and incubated for an 

additional 24 hours in the incubator in starvation medium.  

Cells were then fixed with PBS - 4% paraformaldehyde (fixing solution). To 

access cells in the microfluidic device, 50 μl of fixing solution was dropped 

on the top of the cell inlet port, inducing flow through the cell chamber. 

After 15’, cells were permeabilized using PBS - 0.1% Triton X-100 for 30’, 

and blocked using PBS - 2% BSA in PBS for 15’. Cells were then incubated 

with an anti-alpha-tubulin (1:000) antibody for 6 hours, washed for 30’, 



incubated with an Alexa-546 anti-mouse secondary antibody (1:1000) and 

DAPI for 3 hours. Samples were washed with PBS for 30’. DAPI and Alexa-

546 images were scanned and stitched for the whole surface of each 

microfluidic lane using the Metamorph “Scanslide acquisition” module. 

Tubulin/DAPI stained images from the differentiation experiments 

were processed using the Metamorph “Neurite Outgrowth Analysis” module 

(Universal Imaging). Fields of view in which a too high cell density was 

observed were manually erased using a mask. This allowed us to extract a 

number of metrics for each cell such as total and average length of neurite 

outgrowth, the number of neurites per cell. A segmented image with each 

cell containing an identification tag was then exported to the CellProfiler 

image analysis software. (http://www.cellprofiler.org/) [56]  This was used 

to compute the major axis length of an ellipse fitted to the cell soma. 

Ultimately this was used to compute the fraction of differentiated cells with 

the criterion that a cell was considered differentiated, when the total neurite 

outgrowth was larger than the major axis length of the soma. It is important 

to mention that our computer vision based neurite outgrowth segmentation 



approach was much more stringent than classic “manual” evaluation using 

the human eye. [24]  A direct comparison of the quantification of the 

fraction of differentiated cells between these different methods is therefore 

not possible. 



3.3. Modeling of ERK activation dynamics 

 

(In collaboration with Maciej Dobrzyński, Ph.D., and Dirk Fey, Ph.D.) 

ERK activation dynamics are intimately linked to the structure of the MAPK 

network, with negative feedback inducing transient and oscillatory responses 

and positive feedback inducing sustained, bistable responses. [6, 57]  We 

therefore sought to investigate whether a dynamic, mathematical model of 

the MAPK network could explain all our experimental observations and 

further, which feed-forward and feedback structures would be required in 

such a model. 

 

3.3.1. Core model of ERK signaling 

 

Sustained GF stimulation has been extensively modeled in the literature 

using a deterministic framework based on ordinary differential equations. 

These modeling studies have mostly been based on experiments in which 

cell population averages have been measured at steady-state, in time-course 



experiments in response to sustained GF stimulation. [27, 55] Such 

population averages obscure the cell population signaling heterogeneity we 

observe with our single cell ERK activity dynamics measurements. 

Obviously, the large heterogeneity observed on the single cell-level means 

that the average trajectory calculated from the data is not an accurate 

reflection of the population response. Such cell-to-cell variability renders 

deterministic models in which a fixed parameter set for all cells are used 

unsuitable. In contrast to sustained GF stimulation, GF pulse-evoked, 

population homogeneous cell responses are highly suitable for deterministic 

modeling. We therefore decided to focus our modeling efforts on these 

specific datasets. 

Our model is based on established models in the literature [40, 55, 

57] , but also incorporates novel elements (feedback and crosstalk structures) 

that are required to explain the salient features identified in the GF pulse 

experiments. Briefly, the core of our model consists of the classical 

Raf/MEK/ERK cascade with a short-term (on the timescale of minutes) 

feedback from ERK to Raf that acts in the presence of EGF, and a short-term 



positive feedback from ERK to Raf only during NGF stimulation. [27, 58]  

We introduce an additional negative feedback via the expression of DUSPs, 

which inactivate ERK through de-phosphorylation on the timescale of hours. 

Two extensions were critical for explaining the salient features revealed by 

our pulsing experiments; these are explained in the following.  

First, in the 3’/3’, 3’/10’ and 3’/20’ multi-pulse EGF regimes, we 

observed that the high and low dosage EGF responses diverge for the later 

time-points even though the 1st ERK activity peak amplitude is identical (e.g. 

the 1st 20’). It is well established that ERK desensitization in response to 

EGF is caused by the activation of negative feedback loops. [27, 58, 59]  

However, the fact that the 1st ERK activity peaks, are identical in response 

to the different EGF dosages, implies that negative feedback alone cannot 

account for the later observed long-term differences - a pure feedback 

mechanism exclusively depending on ERK would be activated to the same 

amount. Thus, we conjectured that an additional feed-forward loop must 

regulate the strength of the ERK-Raf negative feedback. To account for this 

regulation in the model, we introduced a negative feedback component, NFB, 



whose activation depends on both active ERK and receptor activity.  

Second, we observed that a high dosage 10’ NGF pulse elicited 

sustained ERK activity in a cell subpopulation, suggesting the presence of 

bistability. In contrast, high and low dosage, 3’ NGF, and low dosage 10’ 

NGF single pulses only elicited transient, adaptive ERK activity profiles 

throughout the cell. Considering that all pulsed NGF stimulation conditions 

led to an identical 1st ERK activity peak, the implications of these results are 

two-fold: 1. There must be a slight delay in the activation of the NGF-

evoked positive feedback; 2. There must be a crosstalk from a feed-forward 

loop that regulates the strength of the positive ERK-Raf positive feedback, 

different feedback strengths then explaining the production of adaptive or 

sustained ERK activity behaviors. In the model we accounted for the delay 

by including a positive feedback component, PFB, with kinetics on the 

observed time-scales, and the feed-forward crosstalk by making the 

activation of this component dependent on receptor activity. 

  

 



3.3.2. Modeling 

 

The mathematic model is consistent with established models in the literature 

[24, 40, 55] , which were used to compile parameter values used in this study. 

All phosphorylation and de-phosphorylation parameters were chosen within 

biologically reasonable bounds. The half-life of DUSP protein and mRNA 

was set to 90 min. Experimental reports range from 7.5 minutes to 4 hours 

[55, 60, 61] , which reflects the observed long-term decay in the measured 

ERK activity trajectories. EGF receptor internalization, recycling and 

degradation was modeled as a two-step process using experimentally 

reported values. [62, 63]  The model was implemented and simulated by 

numerical integration in Matlab. 



3.4. Results & Discussion 

 

3.4.1. Heterogeneous ERK activation dynamics in response to 

sustained GF stimulation 

 

To study ERK activation dynamics in PC-12 cells, we produced a stable cell 

line that expresses EKAR2G, a fluorescence resonance energy transfer-based 

biosensor for endogenous cytosolic ERK activity. [38]  To dynamically 

probe the MAPK signaling flux, we used a flow-based, programmable 

microfluidic device to deliver GFs with precise kinetics. Switching on flow 

in the microfluidic device leads to a mechanical stress-induced ERK activity 

transient that subsequently adapts. Therefore, all GF stimulation experiments 

were started 1 hour after the flow was switched on, a time point at which 

ERK activity had adapted. (Figure 3.1.) 



Figure 3.1. ERK activation dynamics baseline in the microfluidic device. 

Single cell ERK activity trajectories are shown. Cell-averaged ERs, population 

average and StDev range for n=10 cells. (A) Switching on flow in the 

microfluidic device leads to a mechanical stress-induced ERK activity transient 

that subsequently adapts. (B) After adaptation to flow, EGF can trigger an ERK 

activity transient. (C) After adaptation to flow, ERK activity baseline remains 

stable for hours. 



    

Throughout this study, we used high dosage, 25 ng/ml EGF and 50 ng/ml 

NGF (representing equivalent GF molarities [27] ), and low dosage, 1 ng/ml 

EGF and 2 ng/ml NGF concentrations. As previously described [27] , western 

blot and immunofluorescence studies showed that EGF triggered a single 

ERK activation peak that almost returned to baseline after 10-15 minutes. In 

contrast, NGF evoked one ERK activation peak followed by sustained, but 

reduced with respect to the peak, ERK activity. Population-averaged ERK 

activation measurements using EKAR2G produced similar results but with 

slower kinetics, which might result from time shift between deactivation 

kinetics of ERK and the biosensor phosphor-substrate, or EKAR2G 

measuring cytosolic ERK activity rather than ERK phosphorylation. (Figure 

3.2. and Figure 3.3.)  



 

Figure 3.2. Sustained EGF/NGF stimulation induces heterogeneous ERK 

activity dynamics. Population average of ERK activation dynamics measured 

by western blot using a (A) phosphoERK antibody and (B) EKAR2G.   

 

 



 

 

Figure 3.3. GF-induced ERK activation steady states monitored by pERK 

immunostaining. (A) Time course of single cell ERK activation steady states in 

response to sustained GF stimulation. Scale bar: 50 mm. (B) Population 

distributions of pERK signals. Whole-cell mean intensity was calculated from 

pERK channel after correcting images for uneven illumination and after 

subtracting mean background intensity. 



 

At the single cell level, a mix of transient, oscillatory and sustained ERK 

activity trajectories were observed, showing that EGF/NGF-induced ERK 

activation kinetics are the result of heterogeneous cell responses distinct from 

the population average. (Figure 3.4.) 



 

Figure 3.4. Single cell ERK activity trajectories. (A) Cell-averaged ERs for 

n=10 cells, standard deviation range (StDev), population average. (B) Waterfall 

plots. Cell-averaged ER trajectories are color-coded (n=78 cells), population 

average (bottom). Vertical dotted line indicates GF application. 

 



 

To quantify cell heterogeneity we used k-means clustering to extract 5 

representative ERK activity trajectories, and determined their incidence in 

response to different GF dosages. EGF biased the response towards adaptive, 

while NGF towards sustained trajectories. Immunostaining experiments 

confirmed this heterogeneity – the spread of phosphoERK signal amplitudes 

after the 1st activation peak was larger for NGF than EGF. High and low GF 

dosages led to identical 1st ERK activity peak amplitude distributions. 

Evaluation of 5-hour-long ERK activity trajectories revealed that both GFs led 

to long-term adaptation, suggesting the existence of additional negative 

feedback loops at distinct timescales. (Figure 3.5. and Figure 3.6.) 

 



 

 

Figure 3.5. Quantification of ERK activity trajectory heterogeneity. (F) 

Trajectories from all sustained GF stimulation experiments (n=307 cells) were 

pooled and 5 representative trajectories were identified using k-means 

clustering. (G) Population distribution of representative ERK activity 

trajectories in response to different GF dosages. Data representative of n=3 

experiments. 



Figure 3.6. Quantification of ERK activity trajectories heterogeneity in 

response to sustained GF stimulation on a 6 hours time scale. The same dataset 

as shown in Figure 1F was analyzed at this longer timescale (n=307 cells). (A) 

Representative ERK activity trajectories identified using k-means clustering. 

(B) Distribution of representative ERK activity trajectories in response to 

different GF dosages. (C) Cluster representative ERK activity trajectories 

identified by k-means clustering are shown in black. Raw ERK activity 

trajectories identified in each representative cluster are color-coded as in (A). 



 

Subsequently, we found that the 1st ERK activity peak occurs as a switch-like 

response without intermediate levels, at threshold concentrations between 0.5-

1 ng/ml EGF and 1-2 ng/ml NGF. (Figure 3.7.) 



 

 

 

Figure 3.7. Threshold GF concentrations required for switch-like ERK 

activation. ERK activation dynamics were evaluated in the microfluidic device 

at different EGF and NGF concentrations. Distribution of cell-averaged ERs at 

6’ (maximum of 1st ERK activity peak), or at 60’ after GF stimulation (long 

term ERK activity). Notched boxplots with median, interquartile (box) and 1.5 

IQR (whiskers) range are shown for at least n=30 cells. Note ERK activity 

adaptation for EGF versus sustained ERK activity for NGF at the 60’ time point. 



3.4.2. Pulsed GF stimulation reveals novel features of the MAPK 

network 

 

One flaw of experimental modalities in which constant GF exposure is used, 

is that continuous signaling input does not enable to effectively probe for the 

ability of the MAPK network to produce adaptive or bistable responses. [6, 

53]  To solve this problem, we applied GF pulses using our microfluidic 

device. A high dosage, 3’ and 10’ EGF, or 3’ NGF pulse elicited a robust 

peak of ERK activity that immediately adapted. In contrast, a 10’ NGF pulse 

induced sustained ERK activity within a cell subpopulation, potentially 

indicating bistability, [54] while the remaining cells exhibited transient 

responses. Low dosage, 3’ and 10’, EGF and NGF single pulses all led to 

adaptive responses. All GF pulses evoked a robust 1st ERK activity peak, 

with similar amplitude, across the different dosages. In marked contrast with 

sustained GF stimulation, population-homogeneous, rapid desensitization 

kinetics were observed for pulsed GF stimulation, except for cells and 

conditions in which bistable behavior was triggered by NGF. These results 



show that EGF only induces adaptive, while NGF can produce both adaptive 

and bistable outputs. (Figure 3.8., Figure 3.9., and Figure 3.10.) 



 

 

 

Figure 3.8. Pulsed EGF/NGF application homogenizes ERK activity dynamics. 

Single and double GF pulse experiments. Cell-averaged ERs, population 

average and StDev range for n=10 cells. Pulse application indicated by black 

bars. (A) 3’ pulse. (B) 10’ pulse. 

 



 

 

 

Figure 3.9. Additional ERK activity experiments in response to 3’ and 10’ low 

dosage GF pulses, and characterization of different GF single pulse-induced 

ERK activity trajectory metrics measured by EKAR2G FRET ratio imaging.(A) 

Single cell ERK activity trajectories are shown in response to different GF 

pulses at low 1 ng/ml EGF and 2 ng/ml NGF dosages. Cell-averaged ERs, 

population average and StDev range for n=10 cells. GF concentrations and 

pulse kinetics are also indicated. 

 



 

Figure 3.10. (A) Rationale for measuring amplitude and duration of 1st ERK 

activity peak in response to GF stimulation. (B) Amplitude of 1st ERK activity 

peak in response to different sustained or pulsed GF stimulation experiments. 

Notched boxplots of 1st ERK activity peak amplitude with median, 

interquartile range (box) and data within 1.5 IQR range of the lower and upper 

quartiles (whiskers) are shown (n=at least 20 cells per experiment). (C) 

Duration of 1st ERK activity peak in response to sustained and pulsed GF 

stimulation. Boxplots of 1st ERK activity peak duration with median, 

interquartile range (box) and data within 1.5 IQR range of the lower and upper 

quartiles (whiskers) are shown (n=at least 30 cells per experiment).



    

To explore the timescale at which adaptation occurs, we retriggered ERK 

activity by a 2nd, delayed 3’ GF pulse.  Retriggering after a 3’ delay, when 

ERK activity still peaked, did not affect ERK activation kinetics. Retriggering 

after a 10’ delay, when ERK activity already displayed significant 

desensitization, led to a 2nd ERK activity peak of lower amplitude. 

Retriggering after a 20’ delay, when adaptation had occurred, enabled a 2nd 

activity peak of similar amplitude as the 1st one. For both EGF/NGF, the 

MAPK network structure therefore makes ERK refractory to re-activation 

until adaptation has occurred. (Figure 3.11.) 



 

 

Figure 3.11. Pulsed EGF/NGF application homogenizes ERK activity dynamics. 

Cell-averaged ERs, population average and StDev range for n=10 cells. Pulse 

application indicated by black bars. (A) 3’ GF/3’ pause/3’ GF. (B) 3’ GF/10’ 

pause/3’ GF. (C) 3’ GF/20’ pause/3’ GF. 

 



We reasoned that repeatable GF pulses could trigger multiple ERK activity 

transients homogeneously across the cell population, as the refractory 

periods effectively reduced noise. Such a pulsing input might therefore 

provide a robust readout for long term, hour-scale feedback loops, such as 

ERK-induced expression of dual specificity phosphatases (DUSPs). [64]  

We evaluated 3’ GF multi-pulse regimes with varying pause duration and GF 

dosages. A high dosage EGF, 3’ GF/3’ pause multipulse regime led to a 

robust single ERK activation peak that rapidly subsided. A similar NGF 

regime exhibited diminished ERK desensitization. The 3’/10’ and 3’/20’ 

regimes triggered well-resolved ERK activity transients whose amplitude 

diminished over time, to a higher extent for EGF than for NGF. Lower 

desensitization appeared for the low rather than high EGF dosages, while 

this difference was much smaller for high and low NGF dosages. The 3’/60’ 

regimes did not lead to pronounced long term ERK activity desensitization. 

These results suggest distinct hour-scale negative feedbacks for both 

GFs.(Figure 3.12, Figure 3.13, and Figure 3.14.) 



Figure 3.12. Pulsed EGF/NGF application homogenizes ERK activity dynamics. 

Population average ERs (n= at least 30 cells) for different EGF/NGF dosages. 

(A) 3’ GF/3’pause. (B) 3’ GF/10’ pause. (C) 3’ GF/20’ pause. (D) 3’ GF/60’ 

pause. (E) Decay kinetics of ERK activity maxima from (F-I). Boxplots with 

median, interquartile (box) and 1.5 IQR (whiskers) range are shown for at least 

n=30 cells.



 

Figure 3.13. Representative single cell ERK activity trajectories in response to 

6-hours multipulse 3’ EGF stimulation regimes. Waterfall plots of cell-averaged 

ERs are color coded (n= at least 30 cells for each experiment). EGF pulse 

application is indicated by black bars. GF identity and concentration are also 

shown. 



Figure 3.14. Representative single cell ERK activity trajectories in response to 

6-hours multipulse 3’ NGF stimulation regimes. Waterfall plots of cell-

averaged ERs are color coded (n= at least 30 cells for each experiment). NGF 

pulse application is indicated by black bars. GF identity and concentration are 

also shown. 



Dynamic activation of ERK signaling to produce population homogeneous 

cell responses provides novel insights into MAPK network salient features, 

which are not accessible in the context of sustained GF stimulation-induced 

heterogeneous signaling responses. Population homogeneous cell responses 

are compatible with deterministic modeling approaches typically used for 

MAPK signaling.  [24, 55]  Using the newly identified salient features, we 

postulated and in silico tested a number of mathematical models to 

determine a specific network topology that could recapitulate our 

experimental observations. 

 

3.4.3. Modeling MAPK network structure 

 

Dynamic responses of the MAPK signaling to sustained GF stimulations 

have been extensively modeled in the literature. [6, 27, 55] Our dynamic 

probing of ERK signaling using GF pulses in single living cells, provides for 

a unique opportunity to calibrate the models to a much higher detail and 

study the dynamics at temporal scales inaccessible through standard 



population-averaged measurements. This allowed us to refine established 

models by incorporating novel feedback and crosstalk structures that are 

required to explain the salient features identified in our experiments 

The core of this model consists of the classic Raf/MEK/ERK cascade 

with negative versus positive feedback from ERK to Raf in response to EGF 

versus NGF. [6, 27, 53]  Feed-forward crosstalk in which receptor activity 

modulates the strength of both feedbacks to Raf; and a long-term negative 

feedback mediated by ERK-dependent transcriptional activation of DUSPs 

[64] are additionally included. Our model explains the transient ERK activity 

responses to 3’ GF pulses, the heterogeneous 10’ NGF pulse-evoked 

time/concentration-dependent establishment of bistability. This provides 

novel insight into MAPK network organization at different timescales. 

(Figure 3.15) 



 

 

Figure 3.15. Modeling reveals novel features of the MAPK network. Model 

topology scheme. Asterisks indicate active proteins. Blue/red colors indicate 

wiring in response to EGF/NGF stimulation. &: feedback loop integration, ø: 

synthesis and degradation, NFB/PFB: protein mediating negative/positive 

feedback. 



3.4.4. Benchmarking model simulations versus experimental data 

 

To validate our model, we benchmarked simulated GF-evoked ERK activity 

outputs versus experimental data. Using a purely deterministic approach with 

a unique parameter set, our model captured the average behavior of the 

measured ERK activity trajectories in response to both sustained and 3’ pulse 

EGF and NGF stimulation. (Figure 3.16)  

 



 

 

Figure 3.16. Deterministic modeling of sustained and 3’ pulse GF stimulation. 

Normalized, averaged ER trajectory from EKAR2G ERK activity measurements with 

means (dots) and StDev (whiskers) are shown in red. Simulated ERK activity (ERK*) 

curves are shown in blue. Black line represent GF stimulation input. 



However, a much better fit between an experimental population average and 

simulated ERK activity trajectories was observed for 3’ pulse versus sustained 

GF stimulation. This simply arises from the fact that deterministic modeling 

cannot take into account heterogeneous cell responses induced by sustained 

GF stimulation. In contrast, homogeneous cell responses evoked by 3’ pulse 

stimulation are more faithfully represented by the population average. 

To take into account cell heterogeneity, we performed semi-deterministic 

modeling that was based on the same deterministic equations, but in which 

individual cells were simulated with total protein concentrations of signaling 

components randomly chosen from a log-normal distribution that corresponds 

to the distribution of protein abundances across the cell population. 

Specifically, we sought to explain the emergence of sustained ERK activation 

in response to a 10’ high dosage NGF pulse in a cell subpopulation, versus the 

population homogeneous, transient responses observed in all other EGF/NGF 

pulsed stimulation conditions. Simulating the ensemble model mimicked the 

experimental data in all the single NGF pulse conditions tested. (Figure 3.17.).  



Figure 3.17. (A) An ensemble of cells was modeled by randomly distributing 

the parameter values for all kinase concentrations, feedback proteins and DUSP 

expression according to a lognormal distribution shown in (A). Each individual 

cell is characterized by slightly different parameter values as illustrated in (B), 

where each column corresponds to one cell.  (C) Ensemble modeling of 3’ or 

10’ EGF and NGF pulses. An ordinary differential equations (ODE) model was 

run 1000 times with total signaling component concentrations drawn from the 

log-normal distribution shown in (A). The response to a 10’-pulse becomes 

highly variable for high NGF, which is evidenced by wide probability density at 

40’. 



In the case of the 10’ NGF pulse, K-means clustering of simulated ERK 

activity trajectories indicated a correlation between initial ERK peak activity 

amplitude, and sustained ERK activity response, which recapitulated our 

experimental data. (Figure 3.18.) 

 



 

 

 

Figure 3.18. Semi-deterministic modeling of pulsed GF stimulation. 

Quantification of ERK activity trajectories heterogeneity in response to a 

ensemble-modeled 10’ NGF pulse. (A) Representative ERK activity trajectories 

identified using k-means clustering. Clusters were sorted according to the mean 

value of the response within the cluster at 62’ after stimulation to differentiate 

between transient (clusters 1-3) and sustained responses (clusters 4 & 5). N = 

200 simulated cells. (B) Values of response peaks in the 0-10’ interval within 

each cluster are shown in notched boxplots. 



In contrast, low initial ERK peak activity amplitude led to adaptation. This 

suggests that differences in signaling component expression levels across the 

population, might induce some cells to display high initial ERK peak activity 

leading to sufficiently strong positive feedback to induce bistable ERK 

activation. However, the inability of the system to sustain bistability over time 

can be explained by the slow acting, DUSP-catalyzed ERK dephosphorylation. 

Removing ERK-induced DUSP expression from the model enabled robust 

bistable ERK activation. Together, these results show that, depending on the 

heterogeneity in abundance of signaling component in different cells of the 

population, the network is capable of inducing adaptive and sustained ERK 

activity outputs in response to a transient NGF stimulus. 

To confirm that our proposed model structure did not contain unnecessary 

regulatory elements, we benchmarked simulations from alternative model 

structures against experimental data. A model in which the feed-forward 

crosstalk was removed could not explain the differences between the low and 

high NGF dosage, 10’ pulse stimulations. A model in which the delay 

introduced by the negative feedback component and the feed-forward 



crosstalk have been removed by making the Raf activation directly dependent 

on active ERK could not explain the differences between the 3’ and 10’ pulse 

stimulations. 

We then used deterministic modeling to benchmark our model against the 

GF multi-pulse experimental datasets, in which homogeneous cell responses 

are faithfully reflected by the population average. Consistently, the 

deterministic model calibrated to population-averaged time courses replicated 

the multi-pulse experiments. This captured the different hour-scale ERK 

activity amplitude decays observed experimentally in response to different 

GFs and dosages, which can be explained by ERK-induced expression of 

DUSP phosphatases, producing a slow-acting negative feedback 

dephosphorylating ERK. (Figure 3.19.)



 

Figure 3.19. Modeling reveals novel features of the MAPK network. (A) 

Deterministic modeling of responses to multi-pulse EGF/NGF stimulation at 

different dosages. (B) Integral of ERK activity in response to different 

pulse/pause regimes calculated from the ODE model for a duration of 60’. 

White dots indicate conditions, for which cell differentiation is evaluated. 



3.4.5. Decaying amplitude 

 

With our ensemble model we set, we simulated the ERK response to the 

3’/10’ EGF stimulation. Low concentration of growth factor induced slower 

decay ratio than high concentration stimulation. To identify this effect 

intensely, we perform the same experiment in the absence of AKT. AKT have 

been reported also as a key molecule in cell fate determination. [10] in silico 

result suggested that inhibition of AKT may reduce the decaying ratio of ERK 

amplitude. We used AKT inhibitor and observed the same tendency as the 

model proposed. Further investigation would be needed to understand the 

underlying mechanism of this cross-talk, giving new insight to detect the 

pathway network. (Figure 3.20.) 

 



 

 

 

 

 
Figure 3.20. Model prediction of ERK activity to 3’/10’ stimulation. (A) in 

silico and (B) in vitro experiments give similar tendency on decaying amplitude. 



3.4.6. Rewiring cell fate using pulsed GF stimulation 

The integrated ERK activity over time, ERKINT, has been correlated with cell 

fate determination in different cell systems.  [27, 35, 48, 65]  We reasoned 

that synthetic GF multi-pulse regimes might precisely manipulate duration of 

ERK signaling, and ultimately the differentiation fate. Using our model, we 

predicted temporal GF pulse/pause regimes that optimize ERKINT levels, and 

found that distinct GF pulse regimes lead to different ERKINT levels. Long-

term EKAR2G imaging induced phototoxicity that hampered differentiation, 

precluding direct ERKINT/differentiation correlation at a single cell level. We 

therefore subjected cells to different pulse regimes for 13 hours followed by 

additional 24 hours in GF-free medium, and quantified steady-state neurite 

outgrowth as a measure of differentiation.  (Figure 3.20.)



 

Figure 3.21. Representative images differentiation in response to different 

sustained and pulsed GF regimes. (A) Tubulin stained PC-12 cells in inverted 

black and white contrast are shown for different multipulse GF regimes. Scale 

bar = 20 μm.  (B) Example of neurite outgrowth image segmentation. Red 

outline indicates segmentation of cell somata and neurites. 



As expected, sustained EGF and NGF stimulation respectively led to 

undifferentiated and differentiated states. 3’/3’, 3’/10’, 3’/20’ high NGF 

dosage multi-pulse regimes led to a statistically significant increase in 

differentiation compared to sustained NGF stimulation, while the 3’/60’ 

regime did not lead to differentiation at all. While not as robust as NGF in 

terms of neurite length (and thus differentiation ratio), we found that 3’/10’ 

and 3’/20’, but not 3’/3’ nor 3’/60’, high and low EGF dosage multi-pulse 

regimes induced a potent differentiated state. Thus, model-predicted ERKINT 

optimization using synthetic multi-pulse GF regimes with specific frequencies 

rewires cell fate decisions independently of GF identity. 

To identify a possible link between ERKINT and differentiation ratio, 

we correlated population averages of both quantities, but only observed 

weak correlation.  Taking into account ERKINT, starting 30’ or 90’ 

instead of immediately after the beginning of different GF stimulation 

regimes, yielded a stronger correlation with the differentiation ratio. 

This supports the notion that long term ERK activity leads to 

differentiation, most likely through ERK-mediated, IEG products 



phosphorylation and stabilization. (Figure 3.21.) 

 



Figure 3.22. Manipulation of ERK activation dynamics rewires cell fate. (A) 

Representative micrographs of tubulin stained PC-12 NS-1 subclone cells 

stimulated with sustained and multi-pulse GF regimes. (B) Lower panel – total 

neurite outgrowth per cell normalized to the major axis length of cell soma for 

sustained and multi-pulse GF regimes. Upper panel – differentiation ratio 

calculated as the fraction of cells with normalized total neurite outgrowth per 

cell larger than 1. At least 5000 cells quantified in at least 2 independent 

experiments for each condition. (C) Correlation between the mean integral of 

single-cell ERK trajectories from EKAR2G ratio measurements for a 60’ 

portion, 90’ after GF stimulation; and the differentiation ratio shown in (B). 

Dashed line: linear regression, grey region: 95% confidence interval, r: Pearson 

correlation coefficient. 

 



3.5. Conclusion 

By dynamically probing the ERK signaling flux, we uncover novel features 

of the MAPK network topology that consist of different feedback and feed-

forward loops acting at different timescales. This reveals that EGF solely 

leads to adaptive ERK activation, while NGF generates both adaptive and 

bistable outputs. This depends on GF input strength/duration, and possibly 

from stochastic expression levels of signaling components in the cell 

population as shown by our modeling studies. As previously proposed [10] , 

this might maintain a homeostatic balance of cell fates and prevent excessive 

proliferation or differentiation which are detrimental to multicellular 

organisms. Re-triggering the MAPK network multiple times while keeping it 

in an adaptive regime, homogenizes the signaling state across the cell 

population. In the future, this can bypass cellular noise, and produce robust 

outputs for identification of the molecular components mediating the 

different feedback loops by perturbation approaches. This can also 

efficiently rewire cell fate decisions in the absence of any drugs or gene 

perturbations, irrespectively of GF identity. 



Chapter IV. 

 

Concluding Remarks 

 

4.1. Conclusion 

  

In this thesis, the integrated platform of biosensor and microfluidics was 

proposed for system biological research of molecular signaling pathway.  

In Chapter 2, genetically encoded fluorescence resonance energy 

transfer (FRET)-based biosensor enables to track numbers of ERK kinetics 

in HEK 293 cell-line, in the microfluidic device to manipulate the temporal 

EGF stimulation. Pulsatile stimulation regime gave synchronized single cell 

kinetics, while sustained stimulation varied the activity throughout the 

population. Also, oscillation of basal ERK activity in single cell was 

observed, which would be canceling out in average-based observation. 

Introducing MEK inhibitor caused immediate drop on both basal activity and 

oscillation amplitude.  

In Chapter 3, the platform was used to investigate on ERK pathway 

and cell fate decision. By synchronizing the response by unit pulsatile 



stimulation, we could obtain the deterministic model of ERK pathway, 

representative to individual cell. Based on this model, ERK kinetics, which 

is related to the cell fate decision, could be controlled in regardless of the 

type of growth factor. Therefore, we could induce differentiation with non-

differentiating factor, by manipulating the temporal niche.  

This result gave a novel insight to “real-time control” of the cellular 

behavior. Since, cells were synchronized throughout the population, group of 

the cell could be monitored by few labeled cells. By monitoring these 

milestones, cells could be induced to a designated kinetics in a closed-loop 

triggering system. Since, the kinetics of ERK or other MAPK are the key of 

transcriptional response of the system, cell fate could be manipulated, as we 

differentiated PC-12 with EGF. Extracellular guidance by this closed-loop 

control system to apoptosis or differentiation may be a new promising 

perspective to medical treatment, such as anti-cancer or stem cell therapy. 
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