
 

 

TOWARDS A CELL BASED SCREEN FOR MEDIATORS OF CELL DENSITY 

SENSING 

by 

MATTHEW L. ROMINE 

(Under the Direction of Haini Cai) 

ABSTRACT 

 Density of a cell culture is an important signal that regulates growth, metabolism, 

structure and locomotion of cells. Importantly, the responses of cultured cells to density 

also reveal mechanisms that govern animal development and diseases in vivo. We 

generated and characterized a density-responsive reporter system in transgenic 

Drosophila S2 cells. The transgenes are strongly induced in a cell density-dependent and 

reporter-independent fashion.  The rapid and reversible induction occurs at the level of 

mRNA accumulation. We show that multiple components within the transgene, including 

a metal response element from the metallothionein gene, contribute to the reporter 

induction. Similarly, the reporter induction correlates with changes in multiple cell 

density and growth regulatory pathways including hypoxia, apoptosis, cell cycle and 

cytoskeletal pathways. We also tested the contribution of conditions including cell-to-cell 

and cell-to ECM contact and found the former to play a role in reporter induction. We 

conclude that our S2 transgenic system provides a quantitative and efficient cell-based 

platform for genome-wide and chemical screens for regulators of cell density responsive 

pathways.                          INDEX WORDS: S2 Cells, Density Sensing, Screen platform  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction: 

  The ability to detect changes in cell density is conserved from bacteria to 

mammalian cells. It allows for cells to modulate their behavior and division rate based on 

the available resources such as space and nutrients. A change in cell behavior based on 

cell density has been demonstrated by many experiments over the years. One of the 

earliest ones in 1954 showed that plating chicken heart fibroblasts leads to migration of 

the cells away from one another – this is where the term contact inhibition of locomotion 

was developed [1]. Another pioneering experiment was later done by making a streak in a 

confluent cell culture dish which lead to growth and division of the remaining cells into 

the newly cleared space [2]. These experiments and many others have linked cell density 

to many aspects of biology such as development, wound healing, and, when 

misregulated, cancer.  Despite the significance of cell density in biology and disease 

much is still unknown about how it is detected and how it affects cell behavior. The 

remainder of this thesis seeks to explain current understandings of cell density responsive 

mechanisms and to investigate a possible transgenic cell culture system that could be 

used to elucidate some of the questions involved in cell density sensing and 

responsiveness.  
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1.2 S2 Cells:  

The system developed is in the Drosophila S2 cell culture. These cells are a 

macrophage-like cells harvested from Drosophila embryos 20-24hrs old [3, 4]. They are 

accredited with being a very simple cell model with no cell polarity, no documented 

cadherin expression, no notch-delta expression, and having only a little integrin 

endogenously expressed [3, 5, 6]. S2 cells are useful tools for RNAi studies because they 

are able to phagocytose dsRNA naturally [6, 7]. Furthermore, they work well with 

fluorescence microscopy making them very useful for imaging studies [8, 9]. The cells 

can grow in room temperature and do not require any specific pH balances or 

atmospheric conditions which facilitate their use for experiments done in a typical lab 

environment [4, 8]. 

 

1.3 Hippo Pathway:  

Core Machinery 

In eukaryotes a well-known mediator for cell density signaling is the Hippo 

pathway. It has become associated with cell to cell contact, and its activity is dependent 

upon cell density. The pathway was originally discovered in Drosophila but has since 

been found in mammals, C. elegans, and yeast [10]. The core of the Hippo pathway 

involves the Hippo kinase (Mst1/2 in mammals) with its scaffold Salvador, Warts kinase 

(Lats1/2 in mammals) with its scaffold Mats, and finally the Yorkie (Yki) transcriptional 

coactivator (YAP/TAZ in mammals). Hereafter, the remaining description of the Hippo 

pathway will be in regards to Drosophila.  There have been numerous studies which 

confirm that the loss of any of the Hippo pathway core components or hyperactivity of 
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Yki can lead to aberrant cell growth and tumor formation as well as developmental 

issues; and many of these studies are done through examining the cells’ behavior as cells 

go from a sparse state to a dense state.  

 Yorkie is a transcriptional coactivator that does not directly bind to DNA but is 

seen to mainly compete with Tondu domain containing growth inhibitor (Tgi) with an 

interaction for a TEA-domain transcription factor called Scalloped (SD) [11, 12].  There 

are other transcription binding partners for Yki such as Homothorax and Smad, but these 

do not seem to account for Yki’s activity in genetic studies, and therefore have taken a 

backseat to hippo pathway [13, 14]. When Yki and SD are paired, they promote the 

transcription of cell survival and antiapoptotic genes such as Cyclin E and DIAP1. 

However upon phosphorylation at Ser168 in the WW domain of Yorkie, it becomes 

sequestered in the cytoplasm, outside of the nucleus, by the 14-3-3 complex. The loss of 

Yki from the nucleus allows for Tgi to bind to SD and for the complex to assume a 

repressive role, inhibiting the transcription of Yki’s pro-survival target genes such as 

Diap1 [12]. Yorkie’s phosphorylation and inhibition is the end result of a kinase cascade. 

Generally, the Hippo kinase initiates the cascade once it is phosphorylated and activated 

by TAO-1 kinase or another Hippo kinase upon dimerization – this event is promoted by 

an increase in local concentration when Hippo is recruited to the membrane. The Hippo 

kinase begins by phosphorylating its scaffolding protein Salvador that helps protect 

Hippo from dephosphorylation by a protein phosphatase 2A (PP2A) called STRIPAK 

[15]. Then Hippo phosphorylates Mob, which is a coactivator and scaffold for Warts 

kinase. Phosphorylated Mob sequesters Warts, which can then be phosphorylated by 

Hippo kinase to become active. The activated Warts kinase then goes on to phosphorylate 
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Yorkie Ser168 leading to the transcription coactivator’s inactivity. The Hippo pathway 

does exhibit a negative feedback regulatory mechanism as well. The Yki-SD active pair 

transcribes some members of the Hippo pathway such as Expanded, Merlin, Kibra; so 

when the Hippo pathway becomes active – causing Yki to be phosphorylated and then  

sequestered outside of the nucleus –, expression of its components diminishes. 

Activation of the Hippo pathway 

The activation of the Hippo pathway is seen as a multifaceted process because it 

is linked to many other signaling pathways. In fact many of the stresses a cell experiences 

during crowding such as a loss in cell attachment, an increase in cell-to-cell contacts, loss 

in cytoskeletal tension, loss in actin stress fibers, loss or change in cell polarity, a 

reduction of nutrients, and a change in secreted factors have all been found to affect the 

Hippo pathway [16, 17].  

Adherent cells normally attach to the extracellular matrix (ECM) with focal 

adhesions (FAs), which consist of integrins, actin, and linker proteins such as vinculin 

and talin [18]. The cell and ECM then become engaged in an isometric tension, and the 

FAs serve as key mechanosensors for the cell to detect changes in the ECM. It has been 

found that cell spreading (mediated by FA’s) provides the cell with high tension to the 

ECM and actin stress fibers. The tension and increased actin fibers promote Yki activity. 

Conversely loss of attachment to the ECM and subsequent loss of cytoskeletal tension 

leads to Hippo pathway activation and Yki inactivation [19-21].   

Cell adhesion through cadherins has also been reported to regulate the Hippo 

pathway. It has been seen as a primary means of Hippo control in polarized cells [17, 19, 

22]. E-cadherin has been found to inhibit the Hippo pathway in a tension-dependent 
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fashion [23, 24]. The cadherins are connected to the cytoskeleton, and when they 

experience tension, the force is transmitted to a-catenin. The tension stretches the a-

catenin exposing a binding domain for the protein Jub, Ajuba in mammals. Jub bound to 

a-catenin sequesters Wrts inhibiting its activation. When the cadherin junction then loses 

tension, the a-catenin is no longer able to bind Jub which means that Wrts is now free to 

move towards Hippo and become activated.  

Cell polarity is commonly looked at in the context of cell attachment. Drosophila 

has been a large source of studies because its epithelium is columnar and is dependent on 

polarity, and some of the Drosophila apical polarity proteins involved in Hippo signaling 

have also been found to have a conserved role in mammals [25-27].  Recently the apical 

Hippo components Crumbs, Merlin, Kibra, and Expanded have been found in separate 

domains [24]. Crumbs is an apico-junctional transmembrane protein that resides above 

adherins junctions in a region called the marginal zone, and it associates with Expanded 

[24, 28]. Wrts and Kibra typically co-localize to the medial-apical membrane. Both the 

Crumbs-Expanded and Merlin-Kibra complexes have been shown to mediate Hippo 

component clustering. The complexes group Hippo-Sav and Wrts-Mats kinases at the 

apical membrane, and this increase in concentration of the kinases results in increased 

activation of the complexes, which will result in Yki phosphorylation and inactivation 

[29, 30]. Furthermore Expanded and Merlin are FERM-domain proteins that connect the 

apical membrane to the cytoskeleton via spectrin providing a link between polarity and 

tension that has been demonstrated to affect Hippo pathway activation [29, 31].  If  

cytoskeletal tension is present, the apically located Hippo kinase complexes (sequestered 

there by Expanded and Merlin) are separated preventing Hippo dimerization and 
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activation; but when tension is lost, the apical-Hippo protein complexes are able to 

dimerize and become active.   

Soluble factors have also been found to affect the Hippo pathway [10, 32]. 

Activation of certain G-protein coupled receptors (GPCRs) has been seen to affect the 

Hippo pathway [33, 34]. Shingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA), 

both found in serum and documented to increase proliferation and migration, were found 

to inhibit Hippo pathway activation and reduce Yap phosphorylation – allowing for YAP 

to stay in the nucleus and continue aiding in transcription of pro-survival genes. This was 

dependent upon cytoskeletal integrity as S1P and LPA activated RhoA and loss of RhoA 

or disruption of the cytoskeleton resulted in Lats activation and Yap phosphorylation. In 

opposition to this, glucagon and epinephrine which affect different GPCRs activate the 

Hippo pathway and lead to Yap phosphorylation, and this is done by activation of protein 

kinase A (PKA). Activated PKA inhibits RhoA which results in Lats activation and Yap 

phosphorylation. The lack of nutrient factors has also been implicated in the Hippo 

pathway. AMP-activated protein kinase (AMPK) and mechanistic target of rampamycin 

(mTOR) are two pathways that respond to starvation and energy stress in a cell [35, 36]. 

In a mammalian cell study, AMPK was found to directly phosphorylate Yap preventing 

its ability to associate with the TEAD transcription factors [37]. In a fly study TOR 

inhibition was seen to inhibit Yki driven transcription via a nuclear exclusion mechanism 

where it was prevented from working while it was still localized to the nucleus [38].  

 

1.3 Non-Hippo cell density response pathways: 

P53 mediated   
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Along with the Hippo pathway, other cellular processes have been related to 

changes in cell density, and some also use the accompanying mechanical compression 

changes seen with an increase in cell density. Within the fly notum (epithelium on the 

thorax of Drosophila that grows sensory bristles), studies on cell delamination – process 

of cells detaching from epithelial layer – have shown that the combined cell compression 

and loss of apical area, brought on by high cell density in the limited space of the notum, 

lead to cell delamination and subsequent extrusion [39-44]. The cells that left the notum 

did so in two methods one being an apoptotic caspase mediated method and the other 

being a live cell extrusion once the apical area decreased, but for both it was found to be 

Hippo independent. This cell competition-elimination paradigm was also examined in 

mammalian kidney cells, and it focused on compressive forces from cell crowding 

causing p53 activation [45]. The p53 activation was a result of ROCK activation from 

compressive forces activating p38 which then activated p53, showing another means of 

crowding induced apoptosis.  

Piezo 1 

Piezo1 is a mechanically regulated Ca+2 ion channel [46]. It has been found to 

respond to tensile forces on the cytoskeleton [47]. The increase of tension activates 

Piezo1 increasing cellular Ca+2 levels and leading to cell mitosis via ERK activation [48]. 

The influx of calcium has also been tied to the Hippo pathway and cellular 

differentiation. With higher tensile forces, Piezo1 activation was seen to promote Yap 

activity as well, neuron formation, and inhibit Notch signaling to allow for enterocyte 

differentiation in the fly gut [47, 49]. Although Piezo1 responds to tension, which is 

associated with sparser cellular environments, Piezo localization can change to become 
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cytoplasmic, thereby limiting the ability for the cell to have a Ca+2 influx and mitotic 

promoting response when they become crowded [48].  This regulation of Piezo1 provides 

an interesting example of a mechanosensitive ion channel that responds to cell density 

changes.  

TGFß 

Transforming growth factor ß (TGFß) is a large family of signaling proteins 

secreted that has been found in many vertebrates and invertebrates including flies. [50, 

51]. These signaling molecules serve to control cell proliferation, apoptosis, cell 

adhesion, differentiation, and more [50-52]. Their general mechanism of action occurs 

when the TGFß ligand binds to a heteromeric kinase receptor causing its dimerization, 

phosphorylation, and subsequent activation. Then the activated heteromeric receptor 

phosphorylates and activates the transcription factors SMAD to elicit the cellular 

response initiated by the ligand [53].  

TGFß signaling has been implicated with cell density in a Hippo dependent 

manner whereby YAP/Taz (Yki) sequesters SMAD outside of the nucleus once the Hippo 

pathway is activated at high cell density [54].  However, another study done in cell 

culture has shown that increasing cell density can affect TGFß signaling independent of 

Hippo [52]. The authors found that a higher cell density can lead to the relocation of the 

TGFß receptors TßRI and TßRII to a basolateral location in polarized cells that is 

inaccessible to TGFß [52]. This localization was promoted by the presence of the cell to 

cell linkers E-cadherin, tight junctions and other Ca+2 linkers, and it was seen as means of 

maintaining epithelial integrity (essentially preventing an epithelial to mesenchymal 

transition (EMT)) at a high cell density when tissue formation is complete. 
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In addition to the cell-cell attachment mediated mechanism of TGFß regulation, 

cell-ECM attachment has also been found to regulate it. [55, 56]. TGFß is known to 

induce EMT and cell migration by increasing ECM components and reducing cell-cell 

junction linkers [53, 57]. Integrin activation can lead to an increase in TGFß signaling, 

but at higher cell densities, there is typically a reduction of integrins seen. This loss of 

integrins was found to lead to the loss of TGFß expression and signaling [56, 58]. These 

results demonstrate two different means whereby cell density regulates TGFß signaling, 

with the first being cell-cell regulated and the other being cell-ECM regulated. 

Jak-STAT 

Janus kinase (Jak) and the Signal transducers and activators of transcription 

(STAT) are proteins that interact and are commonly viewed together as the Jak-STAT 

pathway. Although it is highly simplified due to a lack of isoforms in Drosophila, this 

pathway is highly conserved between Drosophila and mammals [59, 60]. It involves the 

tyrosine kinase Jak that associates with transmembrane receptors that dimerize when 

bound to their extracellular ligand such as interferon, interleukin, and other growth 

factors in mammals or the Unpaired glycoproteins in Drosophila [61]. The dimerization 

of the receptor brings two Jak’s in close proximity so that they can activate one another. 

Once activated JAK phosphorylates STAT causing STAT to dimerize. The dimerized 

STATs then translocate to the nucleus to activate transcription. The activation of the Jak-

STAT pathway promotes many cellular behaviors such as cell division, cell death, 

migration, and more across many cell types including Drosophila S2 cells [62, 63]. This 

activation has been tied to other pathways, such as Notch-delta and even Hippo where 

these pathways regulate the expression of the Jak-STAT ligand [60, 64]. In relation to 
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cell density, a few studies have documented increased Jak-STAT activity when cell 

density increased, although the specific mechanism still remains unknown [65, 66]. 

Pathway activity has also been found to work to control cell numbers, insuring that there 

are not too many or too few cells in tissues such as the Drosophila ovary epithelium or 

the interfollicular stock [63, 67].  
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CHAPTER 2 

A CELL DENSITY-RESPONSIVE REPORTER IN THE DROSOPHILA S2 CELLS 

2.1 Abstract  

Culture density is an important signal that regulates many aspects of cell 

properties and behaviors including metabolism, growth, cell structure, and locomotion. 

Importantly, the responses by cultured cells to density signals also uncover key 

mechanisms that govern animal development and diseases in vivo. We generated and 

characterized a density-responsive reporter system in transgenic Drosophila S2 cells. We 

show that the reporter genes are strongly induced in a cell density-dependent and 

reporter-independent fashion.  The rapid and reversible induction occurs at the level of 

mRNA accumulation. We show that multiple DNA elements within the transgene 

sequences, including a metal response element from the metallothionein gene, contribute 

to the reporter induction. Similarly, the reporter induction correlates with changes in 

multiple cell density and growth regulatory pathways including hypoxia, apoptosis, cell 

cycle and cytoskeletal organization. The density-responsive reporter provides a sensitive 

and flexible cell-based platform for genome-wide and chemical screens for regulators of 

hypoxia and cell proliferation responses.  

2.2 Introduction 

Cell density sensing and growth regulation are among the most important cellular 

functions. Signals from developmental programs and cellular environment such as 

nutrient, oxygen and toxin levels, as well as cell-cell, cell-substrate interactions are 
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integrated to control multiple cellular apparatus that regulate the cell cycle, cell fate 

differentiation, cell migration, cytoskeletal structures, cell senescence and apoptosis [68-

73]. These mechanisms ensure proper proliferation, differentiation, and organogenesis 

during animal development. Disruption of these functions could alter cell fates and lead 

to diseases. One of the most important mechanisms that regulate cell proliferation is 

contact inhibition [69, 74, 75].  It is known that cell-cell contacts in a crowded culture of 

normal cells lead to suppression of further cell proliferation, resulting in a confluent cell 

monolayer. In many cancer cells, such “contact inhibition” is abolished, leading in 

uncontrolled proliferation. This highlights the in vivo relevance of density sensing and 

responses as critical mechanisms that ensure normal tissue homeostasis. At the center of 

the highly conserved contact inhibition pathways are a series of phosphorylation events, 

mediated by the Hippo /Mst1/2 /Salvador and the Wts /LATs /Mats kinase complexes, 

which ultimately lead to the inhibition of the Yorkie/YAP/TAZ transcription factor and 

the down regulation of genes that promote cell proliferation and survival. Despite recent 

progress, the signaling and gene regulatory network that contribute to density sensing and 

growth control are not fully understood. We report here the development of a cell density 

reporter system in transgenic Drosophila cells [76]. The CaSpeR transposon-based 

transgene contains the green or red fluorescent protein (GFP or RFP), or other reporter 

genes [76-84]).  In both transiently and stably transfected Drosophila cells, these 

reporters respond strongly to changing cell density.  We showed that the rapid and 

reversible induction occurs at the level of mRNA accumulation and is mediated by 

multiple components in the transgene. We present evidence that a small portion of the 

responses at the mRNA level is mediated by pericellular hypoxia via a metallothionein 
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(MT) enhancer in the transgene. However, additional density-dependent signals other 

than hypoxia are responsible for the strong GFP or RFP induction. The reporter activation 

correlates with changes in markers of several cellular pathways that respond to cell 

density. These include markers of cell cycle regulation and apoptosis, the Hippo pathway, 

a hypoxia marker, and factors involved in cytoskeleton and motility.  Taken together, the 

density-responsive reporter could be customized in its cis and trans components to 

provide quantitative and efficient platforms for drug/chemical or RNAi screens for 

regulators of cell density response and cell growth and proliferation.  

 

2.3 Results 

Induction of reporter genes by high cell density in transiently transfected Drosophila S2 

cells 

We have recently discovered that the GFP expression in CA-MT-eve-GFP (MG) 

transiently transfected S2 cells to be strongly induced at high cell density (Figure 2.1A-

E). At 5x105/mL, the total GFP level, as defined by Fluorescent Activated Cell Sorting 

(FACS) assays, is low (Figure 2.1B-C, 2.1H. see methods).  When the culture density 

increases to 1.4-1.8 x107/mL, the GFP level rises by over 30-fold, both from an increase 

in the mean GFP level and the frequency of GFP-positive cells.  This occurs as these 

freshly transfected cells divide and presumably as the copy number of the transgene 

reduces (Figure 2.1F-H).  In comparison, GFP induction by 1 mM Cu2+ is only 5-7 fold 

(Figure 2.1H).  Next we tested whether the density response is GFP-specific. In S2 cells 

transfected with CA-MT-eve-RFP (MR, Figure 2.2A-F) and CA-MT-eve-LacZ (MZ, 

Figure 2.2G-H) constructs, the reporters are also strongly induced by high cell density 
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[77, 81]. Activation of the MG transgene reporter by high cell density is also observed in 

transiently transfected Drosophila Kc cells, although the fold of induction is lower than 

that seen in S2 cells, possibly due relative higher basal GFP level in low-density cells 

(Figure 2.2I). 

 

Reporter gene activation occurs mainly through mRNA accumulation  

Gene regulation can occur at many different levels including rate of transcription, 

mRNA degradation, as well as protein synthesis, modification, maturation, and 

degradation. The fact that the b-galactosidase enzyme is induced at high cell density 

suggests that the induction mechanism is not specific to the property and function of 

fluorescent proteins. In order to distinguish whether the reporter gene activation occurs at 

mRNA or protein level, we performed reverse transcriptase-mediated PCR (RT-PCR) to 

assess the reporter mRNA level in low- and high-density cell cultures, respectively. As 

seen in (Figure 2.3), quantitation by RT-PCR followed by gel electrophoresis suggests a 

~30-40x increase in the GFP mRNA level under high cell density over low density.  This 

is comparable to the level of reporter activation as quantitated by FACS (Figure 2.2).  

This result suggests that the GFP increase occurs mostly at the level of mRNA 

accumulation. A similar result is also seen with the RFP reporter (see below). 

Establishing stably transfected cell lines that exhibit density-responsive reporter 

activation 

The density responsive reporter induction is potentially useful for biochemical 

studies and for developing large-scale cell-based screens for regulators of cell density-

related processes.  As such it is imperative to establish and characterize stably integrated 
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transgenic cell lines that provide consistent cell sources and display well calibrated 

reporter activation behaviors.  P-element-based transposition has been shown to produce 

predominantly low copy number solitary insertions in stably transfected Drosophila cells 

[85].  We have also reported the use of the Drosophila P element transposon for 

improving efficiency of genomic integration and single copy transgene insertion in the S2 

cells [76]. As a first step towards generating stable reporter lines that respond to cell 

density, we co-transfected S2 cells with the MG or MR transgenes and pTurbo, a plasmid 

encoding the P element transposase (Figure 2.4), [76, 86]). The GFP or RFP positive cells 

were enriched by consecutive FACS sorting over the course of eight months to reach 

stable polyclonal GFP or RFP cell populations that display a broad reporter expression 

range at low culture density (Figure 2.4A, E). We observed a lower mean reporter 

expression in these cells than in the transiently transfected cells, due to a reduction in the 

transgene copy number. Quantitation of transgene DNA by qPCR indicates that the 

polyclonal MR cells contain an average of 10 copies of transgene per cell.  Under high 

cell density, an average of 3-fold increase in the mean fluorescence level is observed in 

both MG and MR population, with large variations in the behavior of individual cell 

clones (Figure 2.4B, F).  In the MG population, the percentage of positively gated cells 

increases from 17% to 83%, a ~5x increase, resulting in a ~15x increase in the total GFP 

as quantitated by FACS and qRT-PCR (Figure 2.4C-D). The MR population, due to its 

higher purity, showed a more moderate increase in the RFP level since there is a less 

significant change in the number of fluorescent cells, as quantitated by both FACS and by 

qRT-PCR (Figure 2.4G-H). In summary, both MG and MR transgenes exhibit strong 

reporter induction by high cell density as integrated copies in the genome and 
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chromosomal environment. These stable transgenic populations are further characterized 

below to understand the density-mediated induction of reporters. 

 

Reporter induction is density dependable and reversible 

We used the stable MG or MR cells to first examining the dynamics of the 

reporter induction during cell growth. We found that the GFP or RFP levels begin to rise 

even at low-intermediate concentration (1-2 x106/mL), when cells are still actively 

proliferating (Figure 2.5A-C, E-G, I).  They continue to increase exponentially with cell 

density up to peak levels at ~1.6x107/mL (Figure 2.5A-C, E-G, I). Similarly, the GFP 

mRNA exhibited a similar exponential increase according to the cell density (Figure 

2.5J). Importantly, the GFP and RFP induction is reversible when cell density is reduced 

to 5x10^5/mL through subculture and is maintained at this level (Figure 2.5D, H, K). The 

GFP mRNA decreases rapidly, reaching the basal level within 48 hours (Figure 2.5L). 

The GFP protein decays more slowly, reducing to basal level in 3-4 days (Figure 2.5J). 

This could be due to the perdurance of the fluorescent proteins. These observations are 

also consistent with the finding that the density-mediated induction occurs mainly at the 

transcript level.  

 

Analysis of transgenes for DNA sequences that mediate reporter activation at high 

density  

As a first step towards identifying the cis and trans components that mediate 

reporter activation at high cell density, we dissected the transgene DNA elements in 

reporter induction assays.  Besides the reporter coding regions, the transgene plasmid 
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contains three major functional elements: the MT enhancer, the eve basal promoter and 

the CaSpeR vector (Figure 2.6A). The MT enhancer from the Drosophila metallothionine 

gene interacts with the metal responding factor MTF-1 to drive strong transcriptional 

activation of either homologous and heterologous genes both in vivo and in cultured cells 

[78, 87].  The eve basal promoter contains a 42-bp upstream sequence and a canonical 

TATA box. It exhibits low basal activity but mediates robust activation when combined 

with a variety of enhancers in cultured cells and transgenic Drosophila [79, 80, 88].  The 

Casper vector contains Drosophila transposon P-elements. We have modified the original 

vector to remove the adult fly selection marker gene miniwhite [76, 89-91].  The enhancer 

and promoter pairing was combined with a GFP reporter in selected vector backbones 

and introduced into Drosophila S2 cells via transient transfection.  We first tested the role 

of the MT enhancer in either Cu++ or high density-mediated GFP induction (Figure 2.6B-

D). Deletion of the MT enhancer resulted in a dramatic loss in the GFP induction by 

either Cu++ or by high cell density, although the fold of induction by cell density remains 

high due to a comparable drop in the basal level (Figure 2.6). Replacing MT with 2PE, a 

mesoderm enhancer from the twist gene, which is known to be active in the S2 cells, 

restores the reporter induction by high cell density but not by Cu++ [92-94]. This result 

indicates that the cell density response is not dependent on the MT enhancer, which is 

known to mediate signals in multiple responses including heavy metal detoxification and 

hypoxia responses [87, 95, 96]. Rather, the MT and 2PE enhancers may serve to augment 

the density response. 

We next replaced the eve basal promoter with the Alcohol dehydrogenase (Adh) 

or Heatshock protein 70 (Hsp70) promoter.  The Adh and the Hsp70 basal promoters 
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have been used widely to drive gene expression in both transgenic Drosophila and S2 

cells [81, 97].  Swapping the eve promoter with the Adh promoter causes a substantial 

loss in the magnitude of density-mediated induction but an increase in the relative fold of 

induction due to a reduced basal transcription level.  In contrast, the response to Cu++ 

decreased both in magnitude and in fold of induction (Figure 2.6B-C). Replacing the eve 

basal promoter by the Hsp70 promoter lead to a stronger loss both in Cu++ and density-

mediated induction.  Taken together, although the Adh promoter appears to be the most 

specific and sensitive in responding to cell density cues, the eve promoter provides the 

most robust response and more suited for diverse applications.  

We further evaluated the contribution of the transgene vector by switching out the 

CaSpeR vector with the pTOPO vector (Invitrogen).  This dramatically reduced GFP 

responses to both density and metal inducing cues, although the fold of induction remains 

comparable to CaSpeR-based combinations (Figure 2.6B-D).  This result suggests that 

sequences within the CaSpeR vector may mediate signals from high cell density.  Taken 

together, our DNA dissection analysis indicates that multiple elements in the original MG 

transgene collaborate to maximize the reporter response to high cell density.  Although 

none of the elements is essential for the density response, the CA-MT-eve combination 

appears to optimize the reporter induction by high cell density possibly in a synergistic 

fashion.  

 

Reporter mRNA induction is contributed in part by hypoxia through the MT enhancer 

The role of the MT enhancer in density-driven reporter activation is intriguing. It 

has been reported that oxygen partial pressure in the pericellular space can be strongly 
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affected by cell density and media height [98-101]. As a result, extreme hypoxia 

condition may exist in pericellular space under high cell density.  Importantly, hypoxia 

has been shown to activate the metallothionein gene through the cooperative binding of 

MTF-1 and HF-1 factors on the MT enhancer [96, 102].  To clarify the roles of hypoxia 

in reporter response to cell density, we compared the mRNA induction of the florescent 

reporters with an in vivo hypoxia marker lactose dehydrogenase (LDH) under various 

hypoxic conditions (Figure 2.7).  We first tested the MT-RFP transgene induction using 

the hypoxia-mimicking drug Deferoxamine Mesylate (DFO, Figure 2.8).  After a 24-hour 

treatment of 50, 100, or 200µM DFO, concentrations known to induce hypoxia in 

cultured cells, we observed approximately a 3-fold increase in the LDH mRNA [103-

105].  The same conditions did not significantly alter the RFP mRNA level (Figure 2.8).  

Next we tested the effect of low oxygen partial pressure using a hypoxia incubator 

chamber (Stemcell Technologies). After a 24-hour treatment under 4% or 1% O2 partial 

pressure, the LDH mRNA level increased by 200 and 125-fold, respectively (Figure 

2.7A-B). The same conditions also induced the GFP mRNA by 9 and 7-fold, 

respectively. Deletion of the MT enhancer (DMT, Figure 2.7D) or replacing it with the 

2PE enhancer (2PE, Figure 2.7E) greatly diminished the GFP response to hypoxia, 

resulting in a 2.3-fold and 1.5-fold increase of GFP mRNA under 1% O2, respectively. In 

comparison, 1% O2 activated the LDH mRNA by over 60-fold in both DMT and 2PE 

transgenes (Figure 2.7D-E).  These results suggest that the reporter mRNA can be 

induced by hypoxia at the mRNA level, and this effect is largely mediated through the 

MT enhancer.   
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Next we compared the induction of LDH and GFP by high density with those by 

hypoxia (Figure 2.7B). Under high cell density (1.6x10^7/mL), there is a 5x increase in 

the LDH mRNA expression, indicating that the cells are mildly hypoxic under high 

density. However, reporter mRNA level increased by 31-fold, suggesting that this 

increase is unlikely to be mainly due to hypoxia (2.7B).  This conclusion is further 

supported by the robust reporter mRNA induction at high density in the DMT and 2PE 

cells, in which the GFP no longer respond to hypoxia but still respond to crowding 

(Figure 2.7D-E).  

Hypoxia has been known to suppress protein translation [106-109].  This 

suppression could potentially affect the reporter read out at high cell density where 

pericellular hypoxia occurs. To examine whether the mild induction by hypoxia at the 

mRNA level is reflected in reporter fluorescence, we conducted FACS analysis the MG-

containing cells under 1% oxygen partial pressure. We found no significant change in the 

fluorescence level under hypoxia (Figure 2.7C). Taken together, our results indicate that 

although hypoxia-related signals affect reporter mRNA expression at high cell density, 

this effect does not affect the reporter fluorescence level, and can be can be minimized by 

the removal of the MT enhancer. 

Density correlative changes in selected genes and pathways 

Besides hypoxia, many signaling pathways are involved in density sensing and growth 

control. To begin identifying the signals that activate our reporter expression, we 

surveyed the concurrent changes in several reporter-related cellular genes and 

transcription targets of growth-related pathways.  As the reporter induction occurs 

strongly and more consistently between rapid proliferating density (4x10^6/mL) and 
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post-cycling confluence density (1.6x10^7/mL), we quantitated the mRNA level of the 

candidate genes at these two cell densities.  We first compared the reporter induction to 

metallothionein (MTA) and MTF-1, the transcription factor that binds to the MT 

enhancers and activates MTA [83, 84]. We found that both MTA and MTF-1 mRNAs 

increased at high cell density, although the changes in their mRNA level appear to be less 

dramatic than GFP (Figure 2.9A). This result is not surprising as similar density-

dependent activations of MTA were reported in HeLa and lymphoma cells, although the 

changes are more moderate [95]. In addition, MTA is also activated by hypoxia via its 

metal response element [110]. Our results indicate that the transgene reporter is induced 

in parallel with the metallothionein gene by increasing cell density, likely through the MT 

enhancer and contributed by hypoxia.  However, since significant level of reporter 

activation remains in the absence of the MT enhancer (Figure 2.6C-D), additional cis- 

and trans- signals may also be involved in reporter induction.   

 

Next we examined the changes in Cyclin E (CycE), the cyclin that promotes G1-S 

transition and is overexpressed in many cancer cells [111, 112]. We found that the CycE 

mRNA level reduces as cells enter quiescence at high density.  In contrast, the level of 

Drosophila proapoptotic gene reaper (rpr), a FasC death factor receptor homolog, was 

elevated at high cell density [113-115]. The changes in both CycE and rpr are consistent 

with their role in growth regulation, although the magnitude of their change is much 

lower than that seen with the GFP reporter. We also examined Expanded (Ex) and Kibra, 

two proteins involved in the contact inhibition of cell proliferation. Ex and Kibra signal 

to the Hippo pathway, leading to the inactivation of Yorkie (Yki) and the down regulation 
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of growth and proliferation [27, 116-118]. Both Ex and Kibra genes are also targets of 

Yorkie activation and therefore are expected to down-regulate at high cell density.  This is 

indeed what we observed – both Ex and Kibra mRNA showed significant reduction at 

high cell density (Figure 2.9C).  Another important pathway related to cell density and 

proliferation is the cytoskeletal organization. Cancer cells have different cytoskeleton 

organization [119, 120].  Mechanical forces in tissue and cellular environment have been 

known to act through integrin and actin network to regulate growth [121-123].  The 

alpha-smooth-muscle Actin (a-SMA) and the stress fibers it forms can regulate the 

Hippo pathway by promoting Yki/YAP nuclear translocation in mammals [27, 124-126]. 

Cytoplasmic beta- and gamma-actin are also known to be down-regulated at high cell 

density in mouse fibroblasts, often concomitant with F-actin depolymerization [127]. We 

observed a reduction in the mRNA level of Actin 88F, the Drosophila alpha-SMA, at 

high cell density (Figure 2.9D).  We further examined the mRNA level of gelsolin, an 

actin-binding protein that controls the actin filament assembly and disassembly [128-

131]. We found it to be also reduced at high cell density. Down-regulation of gelsolin 

contributes to the disorganized cytoskeleton present in many cancer cells. Our results 

suggest the both the amount and the organization of the actin network are decreased when 

S2 cells reach post-confluence density.  Taken together, we have examined changes in 

several cellular pathways related to cell density and growth regulation, hoping to identify 

transcriptional targets that correlate with the reporter induction both in timing and 

amplitude.  Among the genes we tested, the MTA mRNA level responds to cell density in 

a parallel fashion as the GFP reporter. In comparison, markers of cell cycle regulation, 
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apoptosis, contact inhibition and cytoskeletal organization showed significant but less 

dramatic changes.  

2.4 Discussion 

We have characterized a novel reporter system that responds to cell density in 

transient and stably transformed Drosophila S2 cells. We showed that the transgenic 

reporters are induced in a culture density-dependent and reporter-independent fashion.  

The rapid and reversible induction of the GFP or RFP transgene is reflected both in the 

mRNA level and in the mean fluorescence of the cells.  These results suggest a 

quantitative signal(s) that correlates with cell density and argue against a threshold or all-

or-none response.  Our results indicate that multiple components within the transgene 

DNA respond to the density-dependent signals to possibly synergistically induce the 

reporter expression.  Among the elements we tested, the MT enhancer appears to mediate 

metal response, hypoxia response and high cell density response.  Replacing MT with the 

2PE enhancer can eliminate the responses from the metal and hypoxia but not density-

mediated reporter activation, suggesting that distinct signals contribute to reporter 

induction via these DNA sequences. We further show that the eve promoter and the 

CaSpeR vector sequences in the transgene also help to optimize the density-induced 

reporter activation. We found that several growth-related pathways are regulated in 

accordance with the reporter induction as cell density increases, including components of 

the pathways involved in cell cycle regulation, apoptosis, contact inhibition and 

cytoskeleton organization.  However, further work is needed to identify the specific 

signal(s) that directly trigger the reporter induction.  Taken together, our analysis 

suggests that multiple cis- and trans- factors intercept with cell density and growth 

regulation signals.  These results support the potential of the sensitive and versatile 
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density response in developing a cell-based screening platform for genome-wide RNAi 

knockdown and/or chemical screens for regulators of cell proliferation responses.  

 

The role of the MT enhancer in cell crowding and hypoxia  

The metallothionein (MT) genes encode small cysteine-rich proteins that chelate divalent 

metal ions like Zn++, Cu++ and Cd++ [132-134]. They are found widely in eukaryotic 

species, often in multiple copies and expressed constitutively in most tissues and organs.  

They are involved in metal metabolism and detoxification, reactive oxygen species 

scavenging, stress response and neuronal growth regulation [135, 136].  Besides 

responding to metals, certain isoforms of mammalian MT’s (MT-1 and 2) are induced by 

glucocorticoids while others, such as MT-3, inhibit neurite outgrowth and neuronal 

survival, and are deficient in patients with Alzheimer’s disease [136]. Therefore, the MT 

genes are likely to respond to diverse signaling inputs and perform distinct function in 

different tissues.  The MT enhancer we used in this study is isolated from the regulatory 

region of the Drosophila MT-A gene [76, 78]. MT-A does not direct correspond to a 

specific mammalian ortholog but it shares the basic structure and function characteristics 

of the MT proteins.  Previous studies indicate that MT-A could be induced by several 

signaling pathways through its enhancer/promoter sequences.  Our finding that the MT 

enhancer responds to Cu++, hypoxia, and density-induced signals are also consistent with 

the previous observations.  Further fragmentation or internal deletions may reveal 

sequences that specifically respond to signal from high cell density. 
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Hypoxia response is an important mechanism that can drastically alter cell physiology 

and gene expression profiles. It also affects cell fate decisions including growth and 

differentiation [137-140]. Our MG reporter responds to low oxygen partial pressure less 

dramatically than LDH, an in vivo hypoxia marker (Figure 2.7B-C). But it responds to 

high cell density more dramatically than LDH, suggesting that although pericellular 

hypoxia exists under high cell density, it plays a minor role in reporter induction that 

other density-related signal [98-101]. This is consistent with the observation that the 

DMT transgene, which no longer respond to hypoxia, still respond to high cell density. 

Importantly, hypoxia is known to suppress protein translation [106-109]. Under severe 

hypoxia (1% PO2) bulk protein synthesis could reduce by over 75% in just two hours 

[106]. This down regulation is known to be independent of PI3/Akt and HIF-1a, but 

mediated through the repression of mTOR, which acts as an oxygen sensor [141, 142]. 

Consistent with these findings, we observed no increase in the florescent protein level 

after hypoxia despite increases in the mRNA level. This suppression of translation can be 

alleviated by RNAi knockdown of elF2B-∆ and Tsc-2, two proteins responsible for 

inhibiting translation under hypoxia, is know to rescue GFP protein expression under 

hypoxia [106]. In summary, the transgene platform, with its strong readout and versatile 

cis and trans modules, provides a good basis for developing targeted screening strategies. 

Developing a cell-based screening platform for regulators of cell density signaling 

Cell culture system provides powerful advantages that complement in vivo studies.  The 

homogeneity of the cell populations allows consistent and uniform response, thus 

permitting sensitive and quantitative assessment both in biochemical and cell biological 

behaviors.  The cell-based assays are amenable to chemical and molecular genetic 
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treatment such as drug and small chemical screens or genome-wide RNAi or CRISPR-

based screens for identifying genes and pathways regulating a variety of cellular function 

[143-147]. Our cell density reporter can be adapted for assays and screens on cell growth 

and behaviors, including signaling and gene regulation targets during cell cycle 

progression, apoptosis, contact inhibition of proliferation and cell migration, as well as 

cytoskeletal organization.  The system could be customization at the level of transgene 

DNA composition, which allows selective response to cell-density and/or hypoxia 

differentially. Combination of reporter lines containing different transgenes allows 

multiplex screening for different density-responsive targets. RNAi knock down of elF2B-

∆ and Tsc-2 may allow use in hypoxia -related screen. Additional reporters, such as 

luciferase, could be used for more quantitative readout. Although we have only tested 

reporter response to cell density in two Drosophila cell lines, addition cell types and 

species may be compatible with the reporter system. Our reporter can integrate into the 

genome both via the classic non-homologous insertion of long tandem arrays or through 

transposase-mediated single copy insertion in different cell clones [148, 149].  As a 

result, these clones may response with different intensity and timing to various signaling 

events and could may be exploited in screens. 

2.5 Materials and Methods 

S2 cell culture and transfection 

 Drosophila Schneider’s Line 2 (S2) cells were maintained in HyQ SFX-Insect serum-

free medium (HyClone) at 25°C.  Cells were sub-cultured every 6 days.  The DNAs used 

for transfection were prepared using the Qiagen Plasmid Mini Kit.  For transfection S2 

cells were sub-cultured 3-5 days before transfection, 5x105 cells in 1 ml medium were 
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aliquoted into each well of a 12-well plate.  After cells had attached to the bottom of the 

well, they were gently washed once with 1 ml of fresh medium and soaked in 0.5 ml of 

transfection cocktail (1 µg of assay construct and 2.5 µl of Cellfectin reagent in 0.5 ml 

medium).  For stable transfection, pTurbo plasmid containing the P-element transposase 

was mixed with the assay construction at a ratio of 1 to 10.  The transfection cocktail was 

replaced with fresh medium after 5 hour of incubation.  Cells were normally induced with 

1 mM CuSO4 24 hours after transfection.  For polyclonal stably transfected cells, 

transgenic cells were passaged continuously for 6-8 weeks before FACS sorting 

enrichment and continued until population reach >97% transgenic. 

Construction of DNA plasmids used in S2 cell reporter expression   

The pCA-MT-eb-GFP (MG) and pCA-MT-eb-RFP (MR) plasmids was described 

previously [76, 77]. The pCA-MT-eb-lacZ (MZ) plasmid was constructed by removing 

the miniwhite reporter in the Drosophila germline transformation vector pCaSpeR-eb-

lacZ plasmid by Nsi I and Eco RI digestion and replacing it with the Metallothionein 

(MT) enhancer [79, 150]. To generate the pCA-Delta-GFP plasmid, the MT element was 

removed through an EcoRI digestion and the resulting vector religated. To generate the 

pCA-2PE-GFP plasmid, the MG plasmid was digested with Bam H1 to remove the MT-

eve promoter, and ligated to a Bam HI fragment containing 2PE-eve promoter fragment.  

For Adh and Hsp70 promoter swap plasmids, the 1.6-kb Hsp70 promoter and the 1.4-kb 

Adh promoter was PCR cloned and excited out from the pTOPO vector as an EcoR I-

BamH I fragment and ligated MT and GFP region (see Table 1 for PCR primers). For 

pTOPO based constructs, the MT/Delta/2PE-eb-GFP region was removed from MG 

using HindIII and PstI sites.  
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Reporter induction and quantitation 

For Cu++ induction, CuSO4 is added to the cell media to a final concentration of 1 mM 24 

hours prior to FACS analysis or mRNA preparation for qRT-PCR analysis. For crowding 

induction, cells were cultured for 5-8 days to reach 1.6x107/mL prior to FACS analysis or 

mRNA preparation for qRT-PCR analysis. Fluorescence microscopy and flow cytometry 

analysis were done 24 hours after induction.  Cell images were taken with a digital 

camera attached to a Zeiss Axioplan 2 fluorescence microscope.  FACS was performed 

using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems) on 

2.5-5x104 cells each sample. For each sample, two biological replicates were performed.  

Data analysis was done using the FlowJo software. The fold of induction is calculated as 

(frequency x mean fluorescence)uninduced/(frequency x mean fluorescence)induced. For all 

bargraphs, the error is calculated as: SEM = standard deviation (SD)/square root 

[replicate number (N)]. The LacZ reporter activity was quantitated using the Invitrogen 

β-Gal Assay Kit (Catalog no. K1455-01) following the protocol therein. 

Reporter induction and quantitation 

For Cu++ induction, CuSO4 is added to the cell media to a final concentration of 1 mM 24 

hours prior to FACS analysis or mRNA preparation for qRT-PCR analysis. For crowding 

induction, cells were cultured for 5-8 days to reach 1.6x107/mL prior to FACS analysis or 

mRNA preparation for qRT-PCR analysis. Fluorescence microscopy and flow cytometry 

analysis were done 24 hours after induction.  Cell images were taken with a digital 

camera attached to a Zeiss Axioplan 2 fluorescence microscope.  FACS was performed 

using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems) on 

2.5-5x104 cells each sample. For each sample, two biological replicates were performed.  
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Data analysis was done using the FlowJo software. The fold of induction is calculated as 

(frequency x mean fluorescence)uninduced/(frequency x mean fluorescence)induced. For all 

bargraphs, the error is calculated as: SEM = standard deviation (SD)/square root 

[replicate number (N)]. The LacZ reporter activity was quantitated using the Invitrogen 

β-Gal Assay Kit (Catalog no. K1455-01) following the protocol therein. 

RNA preparation, cDNA preparation, RT-PCR and qRT-PCR 

For mRNA analysis in Figure 2, the total RNA was prepared using the TRIzol reagent 

(Invitrogen Catalog no. 15569018) following the protocol therein. Multiplex RT-PCR 

reactions using gene-specific primers (see Table 1 see primer sequences) was performed 

using isolated RNAs as templates. Gel electrophoresis was performed on a 2% agarose 

gel and the specific bands of the product was quantitated using a BioRad gel imager. For 

the rest of the manuscript, mRNA quantitation was performed using qRT-PCR. Briefly, 

cDNA library was generated using oligo-d(T) primer and the Superscript III reverse 

transcriptase  Kit (Invitrogen). Quantitative PCR (qPCR) analysis was done to quantify 

gene expression using SYBR Green Supermix (Bio-Rad). For each sample, 2-3 biological 

replicates and two qPCR replicates were performed. 
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Figure 2.1  GFP reporter is activated by cell crowding in Drosophila S2 cells 

A.)  Schematic of the MT-GFP (MG) transgene. Transgene components are shown in 

different colors: CaSpeR vector (grey), MT enhancer (black), evenskipped basal promoter 

(light yellow) and the GFP reporter gene (green).  The red arrow: Transcription start site 

(+1). B-E.) Differential interference contract (DIC, left) and epifluorescence (right) 

microscopy images of MG-containing cells at low (5x105/mL, top) and high 

(1.6x107/mL, bottom) culture density.  F-G.) Fluorescent Activated Cell Sorting (FACS) 

histogram of MG-containing cells at low (5x105/mL, F) and high (1.6x107/mL, G) culture 

density.  X-axes: log scale of GFP level; Y-axis: cells number at indicated GFP level.  

Horizontal bar: GFP positive cells with fluorescence level above 2.5x103.  H.  Bar graph 

quantitation of GFP induction by 1mM CuSO4 and by high cell density. The total GFP 

fluorescence level is calculated as the percentage of the GFP positive cells multiplied by 

mean GFP intensity of these cells.  Left, MG-containing cells at low density (5x105/mL) 

without CuSO4. The GFP level in these cells is used as 1 to calculate fold of induction. 

Middle, MG-containing cells at low density incubated for 24 hours with 1mM CuSO4.  

Right, MG-containing cells at high density (1.6x107/mL) in the absence of CuSO4.   
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Figure 2.2 
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Figure 2.2: Cell crowding induction of multiple reporters and in Drosophila Kc cells.  

A-D) RFP reporter induction by high cell density in S2 cells. A. Schematic of the MT-

RFP (MR) transgene. Transgene components are shown as in Figure 1 except the RFP 

coding region is shown in red. B-C) Epifluorescent microscopy images of MR-containing 

cells at low (5x105/mL, B) and high (1.6x107/mL, C) culture density.  D) Bar graph 

quantitation of RFP induction by 1mM CuSO4 and by high cell density. The total RFP 

fluorescence level is calculated as percentage of RFP positive cell multiplied by mean 

RFP intensity of the cell population.  Left two bars, untransfected S2 cells at low density 

(5x105/mL) and high density (1.6x107/mL), respectively. Third Bar, MR cells at low 

density incubated for 24 hours with 1mM CuSO4.  The RFP level in these cells is used as 

1 to calculate fold of induction. Right bar, MR cells at high density (1.6x107/mL) in the 

absence of CuSO4.   E-F) LacZ reporter induction by high cell density in S2 cells. E.) 

Schematic of the MT-LacZ (MZ) transgene. Transgene components are shown as in 

Figure 1 except the LacZ coding region is shown in blue.  F) Bar graph quantitation of 

LacZ induction by high cell density. LacZ reporter level is quantitated (see method for 

details).  Left two bars, LacZ level in untransfected S2 cells at low density (5x105/mL) 

and high density (1.6x107/mL), respectively. Third bar, LacZ level of MZ cells at low cell 

density (5x105/mL).  The LacZ level in these cells is used as 1 to calculate fold of 

induction.  Right bar, LacZ level of MZ cells at high density (1.6x107/mL).  G) Bar graph 

comparison of GFP induction by high cell density in Drosophila S2 and Kc cells 

containing the MG transgene. Left two bars, GFP level in MG-containing S2 cells at low 

density (5x105/mL) and high density (1.6x107/mL), respectively. Right two bars, GFP 

level in MG-containing Kc cells at low density (5x105/mL) and high density 
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(1.6x107/mL), respectively. The GFP level in low-density S2 cells is used as 1 to 

calculate fold of induction.  
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Figure 2.3  
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Figure 2.3  Crowding induction of GFP occurs at the mRNA level 

A) Photo of agarose gel electrophoresis of multiplex RT-PCR product (see methods for 

detail).  Left and right lanes, DNA size marker 100 bp ladder. Center lanes, PCR product 

from equal number of MG-S2 cells at low density (5x105/mL, center left) and at high 

density (1.6x107/mL, center right). The position of expected Actin 5C (control) and GFP 

mRNA products are indicted on left. B) Bar graph of GFP RT-PCR product quantitation 

using a BioRad gel imager. The product mount from the low-density culture is used as 1 

to calculate fold of induction.   
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Figure 2.4 
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Figure 2.4: Crowding induction of GFP and RFP reporters in S2 cells containing 

stably integrated transgenes.  

A-B) FACS histogram of MG-containing stable cells at low (5x105/mL, A) and high 

(1.6x107/mL, B) culture density.  X-axes: log scale of GFP level; Y-axis: cells number at 

indicated GFP level.  Horizontal bar: GFP positive cells with fluorescence level above 

2.5x103.  C. Bar graph quantitation of crowding induction of GFP protein by FACS. The 

total GFP fluorescence level is calculated as the percentage of the GFP positive cells 

multiplied by mean GFP intensity of these cells.  The total GFP level in low-density cells 

is used as 1 to calculate fold of induction. D.  Bar graph quantitation of crowding 

induction of GFP mRNA by qRT-PCR using rp49 as a control (see methods for details). 

The GFP/rp49 mRNA ratio in low-density cells is used as 1 to calculate fold of induction.  

E-H. FACS histogram of MR-containing stable cells at low (5x105/mL, E) and high 

(1.6x107/mL, F) culture density.  X-axes: log scale of RFP level; Y-axis: cells number at 

indicated RFP level.  Horizontal bar: RFP positive cells with fluorescence level above 

2.5x103.  G. Bar graph quantitation of crowding induction of RFP protein by FACS. The 

total RFP fluorescence level is calculated as the percentage of the RFP positive cells 

multiplied by mean RFP intensity of these cells.  The total RFP level in low-density cells 

is used as 1 to calculate fold of induction. H.  Bar graph quantitation of crowding 

induction of RFP mRNA by qRT-PCR using rp49 as a control (see methods for details). 

The RFP/rp49 mRNA ratio in low-density cells is used as 1 to calculate fold of induction.   
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Figure 2.5 
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Figure 2.5.  Reporter induction is cell concentration dependent and reversible. 

A-H. Representative fluorescent microscope images of stable MG (A-D) and MR (E-H) 

cells at increasing cell concentration as indicated (A-C, E-G), and 48 hours after 

subculture from high cell density (D, H), respectively. I-J. Quantitation of GFP levels at 

increasing cell concentrations as indicated. The total GFP fluorescence level, as measured 

by FACS, is calculated as the percentage of the GFP positive cells multiplied by mean 

GFP intensity (I).  The GFP mRNA, as measured by qRT-PCR, is calculated as the ratio 

of GFP mRNA/rp49 mRNA (J). K-L. GFP fluorescence (K) and mRNA (L) levels after 

increasing length of time post subculture.   

  



 

41 

 

 

 

 

Figure 2.6  
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Figure 2.6. Multiple components in the transgene sequences contribute to density-

mediated reporter induction. 

A.  Schematic of the MT-GFP (MG) transgene as in Figure 1A. Transgene components 

are shown in different colors: CaSpeR vector (grey), MT enhancer (black), evenskipped 

basal promoter (light yellow) and the GFP reporter gene (green).  The red arrow: 

Transcription start site (+1). B. The MT enhancer is responsible for Cu++-mediated 

reporter activation. GFP levels are quantitated by FACS in S2 cells containing transgenes 

with different enhancers, promoters and vectors sequences, as indicated, in the presence 

(+) and absence (-) of 1mM CuSO4.  C. The MT and 2PE enhancers both mediate 

crowding-induced reporter activation. GFP levels are quantitated by FACS in S2 cells 

containing transgenes with different combinations of enhancers, promoters and vectors 

sequences, as indicated, in low (5x105/mL, -) or high (1.6x107/mL, +) cell density. D. 

Differential reporter induction by CuSO4 and cell crowding in S2 cell containing different 

transgenes. Fold of GFP induction by 1mM CuSO4 over uninduced (brown bars) and by 

high cell density over low density (blue bars) are shown for transgenes containing 

different combinations of enhancers, promoters and vectors sequences, as indicated. 
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Figure 2.7 
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Figure 2.7. Hypoxia partially contribute to reporter mRNA induction but not 

protein induction. 

A) Quantitation of relative LDH (blue) and GFP (green) mRNA induction by hypoxia 

(left) and by high cell density (right) in MG transfected cells. The LDH/rp49 or GFP/rp49 

mRNA ratio in low-density non-hypoxic cells is used as 1 to calculate fold of induction. 

B) Summary of relative fold of induction of GFP mRNA by severe (1% O2) and by high 

(1.6x107/mL) cell density. C) FACS quantitation of the relative GFP protein level under 

severe hypoxia (1% O2). The total GFP level in low-density, non-hypoxic cells, from 

multiplying percentage of the GFP positive cells and mean GFP intensity, is used as 1 to 

calculate fold of induction.  D) Quantitation of relative LDH (blue) and GFP (green) 

mRNA induction by hypoxia (left) and by high cell density (right) in DMT transfected 

cells. The LDH/rp49 or GFP/rp49 mRNA ratio in low-density non-hypoxic cells is used 

as 1 to calculate fold of induction.  E) Quantitation of relative LDH (blue) and GFP 

(green) mRNA induction by hypoxia (left) and by high cell density (right) in 2PE 

transfected cells.  
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Figure 2.8 
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Figure 2.8 GFP reporter is not induced by up to 200 mM DFO. Quantitation of 

relative  

LDH (blue) and GFP (green) mRNA induction by increasing concentration of DFO (from 

left to right) in MG transfected cells. The LDH/rp49 or GFP/rp49 mRNA ratio in low-

density, 0 µM DFO cells is used as 1 to calculate fold of induction.  
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Figure 2.9  
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Figure 2.9 Changes in multiple signaling pathways correlates with reporter 

expression during cell proliferation 

 A-D. Relative gene expression of components of GFP and the MTA pathway (A), cell 

cycle and apoptosis pathway (B), Hippo pathway (C) and cytoskeletal components (D) at 

medium (4x106/mL) and high (1.6x107/mL) cell density. Gene names are indicated on top 

of chart and gene mRNA/rp49 mRNA ratio at medium density is used as 1 to calculate 

fold of induction.  
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Gene Forward primer 5'-3' Reverse primer 5'-3' 

ML hsp70 promoter 

1.6k 
GCGGCCGCGAGAGCTTTGCAGACT GGATCCGTTTAGCTTGTTCAGCTG 

ML Adh promoter 1.4k GCGGCCGCGATTGATTCTACGCTG GGATCCTGACTTCTTTTTTGCTTTAG 

GFP RT TGACCCTGAAGTTCATCTGCACCA TTGATGCCGTTCTTCTGCTTGTCG 

RFP RT ACTACTTGAAGCTGTCCTTCCC  
CCCATGGTCTTCTTCTGCATTAC 

3’FOR RFP 

rp49 RT CGATATGCTAAGCTGTCGCAC GGTTCTGCATGAGCAGGAC 

MT-A RT CAACTCAATCAAGATGCCTTGCC AGCGCCTCTACTCCAGATC 

MTF-1 RT ATTCAACACGCGCTACAGATTG TGAACTCCTCTTCCTCTTGCT 

Cyclin E RT GCAGCGATTCAAACGAGCTG GTGAGCTACGTATGCTGAGC 

Reaper RT CAACAATGGCAGTGGCATTC TCCTCATTGCGATGGCTTG 

Merlin RT CAGGACCTCCACATCAACAAA CTCTTCGGAACGCCGTTC 

Kibra RT GCCAGTCGAAGCAGTCTGTG CGACTTGTGCACCTTGAGC 

Actin 88F RT TCTGGACTTCGAGCAGGAGAT GACAGCACAGAGTTGGCATACA 

Gelsolin RT GAGCTATTTCAAAAACGGCATTCG TAGCTTCTCAACGCGCTTG 

 

Table 2.1 
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CHAPTER 3 

INVESTIGATING THE NATURE OF CROWDING MEDIATED INDUCTION IN A 

POSSIBLE S2 CELL DENSITY SENSING SYSTEM 

3.1 Abstract  

Cell density sensing is an important mechanism that is involved in development, 

wound healing, and when misregulated cancer. There still remains many gaps in 

knowledge about how density sensing is done. We have discovered a transgenic 

fluorescent reporter system that is responsive to changes in cell density. Here we 

investigated the nature of this crowding induction to determine what stimulus from cell 

crowding activates the reporter. We have found that forcing the transgenic cells into 

contact induces a relatively quick reporter induction that does not require a new round of 

transcription. This response does not appear to be caused by any sort of diffusible factor. 

The cells’ attachment to the extracellular membrane (ECM) has no effect on reporter 

induction as well. We found that the only other means of reporter induction besides 

forcing the cells into direct contact occurs when the transgenic line is close proximity to a 

crowded cell culture with a polycarbonate membrane separating the cell bodies in 

between the two cultures. Our results indicate that the crowding induced reporter is cell 

density dependent and distance dependent suggesting a necessity for membrane contact 

that may be mediated by cytonemes. 
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3.2 Introduction  

Density sensing is an important cellular mechanism that helps organisms with 

development, tissue growth, and wound healing. When misregulated there can be 

improper tissue formation (i.e. stem cell differentiation) and tumor formation. Drosophila 

has been a major pioneer in density sensing pathways. The Hippo pathway, a signaling 

pathway that can modulate cell division based on cell density, was discovered in 

Drosophila first and later found to be conserved in mammals, C. elegans, and yeast. 

Other cell density based pathways such as caspase mediated cell elimination and Piezo1 

stretch induced proliferation have also been studied in Drosophila. Many parallel studies 

on density sensing and its cellular effects have been carried out in other models, but 

despite this there is still much unknown about how cell density sensing is regulated and 

what impact it can have on cells. 

Our lab has discovered a transgenic reporter S2 cell culture system that has 

exhibits an increase in the expression of a fluorescent reporter in response to an increase 

in cell density. S2 cells are macrophage like cells derived from a Drosophila embryo and 

have been used in many synthetic biology experiments to determine a molecule’s 

function [4]. This includes cell studies for the Hippo density sensing pathway [151, 152]. 

S2 cells’ features allow for them to be easily cultured and great tools for RNAi studies 

and fluorescent microscopy studies [3, 6, 153].  Here we sought to determine the cellular 

stress(es) responsible for the cell crowding mediated reporter induction in our transgenic 

S2 cell system in an effort to validate it as a useful platform for cell density sensing.  

Using the reporter expression as a readout for induction, we manipulated when cells 

experience cell to cell contact, the cells’ environment, and the distance between 
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populations of cells to find that cell to cell contact is most likely responsible for increased 

reporter expression and that the cell contact might be mediated by cytonemes.  

 

3.3 Results and Discussion 

Forcing sparse cells into contact induces reporter expression 

It was previously shown that the increase in reporter expression occurs from an 

increase in mRNA and can also be seen in an increase in protein level, indicated by 

detecting fluorescence level per cell. The cause of the increase in reporter expression was 

found to be cell density dependent and largely hypoxic independent. We began by testing 

if forcing the reporter cells into contact would cause reporter induction. We did this by 

growing up large quantities of sparse reporter cells, that are dark and not expressing the 

reporter, then concentrated them in a centrifuge for subsequent re-suspension in fresh 

media and seeding into a new smaller culture dish. We refer to this process as artificial 

crowding. (Fig. 3.1A) We first examined how artificial crowding to a density we have 

previously seen the cells grow to (12million/mL) and observed a high level of reporter 

expression (16x induction over sparse). We observed comparable levels of reporter 

induction both on a mRNA and protein level. (Fig. 3.1B, C) This level of induction was 

also dependent on the density that the cells were artificially crowded to which matches 

previous data showing that the natural ramp-up of induction is correlated with the natural 

increase of density. (Fig. 3.1C) Interestingly, when examining dynamics we observe a 

rather rapid induction take place from artificial crowding that starts around 3hrs after 

being artificially crowded. (Fig. 3.1B, C) This rate is faster than the S2 cell division rate 

of 22hrs and is similar to times for cellular responses seen in some of the other density 
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sensing pathways such as Hippo and Piezo1 [6, 20, 48].  In addition to this, the artificial 

crowding reporter expression appears to be a direct result of the signal responding to the 

change in cell density and does not require a new round of translation prior to 

transcribing the reporter gene. This is seen by the expression of the reporter gene after 

artificial crowding while the cells were being incubated with the Cyclohexamide drug 

that inhibits translation. (Fig. 3.1 D) The artificial crowding experiments suggests that 

simply forcing the cells into contact can induce the transgene and that it is unlikely due to 

any sort of nutrient deprivation since the induction takes place in fresh fully 

supplemented media.  

 

Crowding induction is not mediated by a soluble factor  

The secretome is a form of proteomics that focuses on proteins that are released 

from a cell into the environment which can include a wide array of proteins from 

cytokines, growth factors, to ECM components and more [154, 155]. The secretome for a 

cell is found in the media that the cells are cultured in and is referred to as conditioned 

media [154, 156].  The effects of conditioned media on cells has been looked at for many 

decades, and studies have shown conditioned media to have growth inhibiting, growth 

promoting, healing, and differentiation promoting behavioral effects [156, 157]. We 

decided to examine whether the crowding mediated reporter induction was brought about 

by the presence of a secreted factor that might be newly present or simply highly 

concentrated in dense S2 cell culture. We collected the conditioned media from 

untransfected S2 cells that were grown to very dense conditions which has been 

associated with high expression of the reporter. (Fig. 3.2A) We first incubated sparse 
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reporter cells with conditioned media to see if it would induce reporter expression and 

saw no change in GFP protein level. (Fig. 3.2B) We also examined whether conditioned 

media would have an affect on the reporter cells if they were in a more crowded state. We 

tested this by letting the reporter cells grow to confluence, approximately 6mil/mL 

density where all of the cells have grown to form a monolayer and has an intermediate 

reporter expression, then changing their media for either conditioned media or fresh 

media. (Fig. 3.2A) We observed was that the introduction of fresh media led an increase 

of reporter induction compared to fresh media which could be attributed to a higher cell 

number and division rate. We also tried another source of conditioned media that would 

provide a more nutrient rich source than the previous conditioned media, so we tried 

using the media from artificially crowded cells which have been shown to have reporter 

induction as the source. We found that again there was no induction in sparse reporter 

cells with the artificially crowded conditioned media after 12hrs of incubation. (Fig. 

3.2C) We also checked to see if the reporter induction could be caused by a secreted 

factor with a short half-life by checking reporter expression level after a short incubation 

of 3hr with the artificially crowded conditioned media. (Fig. 3.2C) There was no 

significant change in reporter induction seen.  

From incorporation of conditioned media to study the sectretome’s effect on 

reporter induction, we conclude that it is likely that there is not a secreted factor 

responsible for the crowding mediated reporter induction. In addition, the use of 

conditioned media from naturally crowded cells, where the nutrient content would be 

low, implies that a lack of soluble nutrients may not be the cause of crowding reporter 

induction.  
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Reporter expression requires dense cells in close proximity   

Our previous results indicate that the cell crowding reporter induction we see 

occurs when cell density increases and is not a result from a lack of nutrients or a 

secreted factor. Two other changes cells experience during repeated divisions are a 

decrease in cell surface area and cell to ECM attachment surface and an increase in cell to 

cell contact surface. S2 cells have been documented to have a little endogenous a-

integrin expression and to attach to cell culture dishes [4, 158].  Culturing S2 cells 

without serum, we have observed cell attachment to the tissue culture dishes that can be 

overcome by blowing off the cells with a pipet. When the cells are sparse and the reporter 

expression is low in the transgenic cells, the cells are attached and spread out across the 

cell culture dish exhibiting a fibroblast shape. (Fig. 2.1B) To determine if attachment and 

the stretched cell morphology was necessary for maintaining a dark cell state in the 

reporter cell line, we used agarose to prevent cell attachment and force them to remain in 

suspension a technique commonly used for anoikis and 3D cell culture studies [159, 160].  

When sparse reporter cells were seeded on an agarose covered culture dish, they clustered 

and floated in suspension. The loss of attachment for the sparse reporter cells had no 

influence on the reporter induction. This indicates that attachment to the culture plate and 

the stretched cell morphology likely had no influence on the crowding reporter induction 

seen.  

This led us to investigate cell-cell contact as the mediator of the crowding reporter 

induction. Examination of the S2 cell membrane has shown that the membrane has 

cytoskeletal projections [161, 162].  We examined the S2 cells ourselves using TIRF and 
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DIC microscopy and also observed cytoskeletal projections that look like filopodia. (Fig. 

3.3B) A recent study has classified these filopodia as cytonemes, meaning that they are 

thin actin driven cytoskeletal projections capable of transporting morphogens [162]. We 

used a transwell insert that can separate two cell bodies in a tissue culture plate. The 

insert is a polycarbonate membrane that has .4µm pores which is bigger than the 

documented cytonemes seen in S2 cells [162]. We tested four different conditions to 

determine if a population of sparse reporter cells could be induced by subset of dense S2 

cells. (Fig. 3.3C) Our experiment showed that dense cells can induce reporter expression 

in the transgenic sparse cells, and that this induction is distance dependent. (Fig 3D) The 

sparse reporter cells only induced in close proximity to the dense culture which based on 

the transwell membrane thickness is 10µm - a distance that is smaller than the reported 

cytoneme length in S2 cells. The inability for the sparse cells from the dense culture to 

induce the reporter population also suggests that the dense cell state is a transient state 

and that its effects are observed only while in the highly crowded state.  

All together upon further examination of the mechanism of crowding mediated 

reporter induction in our labs transgenic S2 cells, we have found that the reporter 

expression is dependent upon cell density and requires cells to be close enough that 

membrane projections could contact one another. We showed that forcing sparse cells 

together has a rather rapid induction rate for reporter expression which is similar to the 

response time of other contact dependent mechanisms. This expression of the reporter 

from forcing cells into contact does not require a new round of transcription indicating 

the increase of expression is a direct result from crowding the cells. Through the use of 

conditioned media we demonstrated that the reporter induction is not due to a soluble 
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factor secreted from cells in a crowded state. Along with the artificial crowding – which 

was done in fresh media likely eliminating most nutrient stresses –, our conditioned 

media experiments also indicate that reporter induction is not a result from a lack of 

nutrients. Removal of substrate for the reporter cells to attach to by using agarose caused 

the cells to remain in suspension, and this loss of cell to ECM attachment had no effect 

on reporter induction. This indicates that cell-ECM attachment and also cell polarity are 

not crucial in our crowding mediated induction. Our findings and recent reports of S2 

cytoskeletal projections show that cytonemes are present and that they could serve as 

means of communication. With the use of a transwell insert - which has pores large 

enough for most soluble molecules and cytonemes to pass through, we found that dense 

S2 cells can induce sparse reporter cells to express the reporter, but that this induction 

was distance dependent. In our case the sparse reporter cells must be within 10µ for the 

inducing effects of the dense S2 cell culture to be effective –  a range that is within the 

reach of cytonemes. Further examination regarding the nature of contact required for the 

reporter cell line to induce reporter expression needs to be done, and our lab is currently 

in the process of generating a monoclonal fluorescent reporter to use for sensitive 

microscopy studies. However our current findings investigating the mechanism of the 

crowding mediated induction seen in the transgenic S2 cells indicate that it may serve as 

useful platform for future studies related to cell to cell contact and cell density sensing 

mechanisms.  
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Methods 

 S2 cell Culture 

Drosophila Schneider's Line 2 (S2) cells were maintained in HyQ SFX-Insect serum-free 

medium (HyClone) at 25°C. Cells were sub-cultured every 6 days. 

Flow cytometry and imaging  

Fluorescence Activated Cell Sorting was performed using Cytoflex flow cytometer 

(Beckman Coulter). Briefly, cells were washed off the plate and taken to the cytometer. 

Twenty thousand cells were analyzed for each sample. Fluorescence was excited at 

405nm and 56nm . The photomultiplier detection voltages were set at 400 V for FL1 and 

375 V for FL2. Data analysis was done using the Flojo software. Green fluorescence was 

detected with FL1 530/30 BP filter; red fluorescence was detected with FL2 585/42 BP 

filter. G/RFP level, is calculated as: [% of G/RFP positive cells (>10) × mean GFP 

fluorescence]. For all quantitation graphs, the error bar is calculated as: SEM = standard 

deviation (SD)/square root [replicate number (N)]. Images were taken with custom-built 

TIRF/epi-fluorescence structure-illumination microscope (TESM) and Epifluorescence 

imaging was done on an Axioskop II plus microscope with a 100x Plan-Apochromat 1.4 

NA objective and a digital charge-coupled device MrM camera (Carl Zeiss, Inc.). 

 

RT-qPCR  

RNA extraction performed using TRIZOL reagent (invitrogen). cDNA library was 

generated using oligo-d(T) primer and superscript III (Invitrogen). cDNA library was 

used in qPCR analysis to quantify gene expression using SYBR Green Supermix (Bio-

Rad). The following primers were used: 5’ tgaccctgaagttcatctgcacca 3’ and 5’ 
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ttgatgccgttcttctgcttgtcg 3’ for GFP; 5’ actacttgaagctgtccttccc 3’ and 5’ 

cccatggtcttcttctgcattac 3’for RFP 
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Figure 3.1 
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Figure 3.1 Forcing sparse cells into contact induces reporter expression  

A)Graphical abstract of artificial crowding process. Sparse transgenic cells are grown up 

in a sparse density to retain low levels of reporter expression. Once enough cells are 

acquired, the cells are blown off of the plate with a pipetman to be collected, 

concentrated, and re-plated B)GFP protein level from FACS and mRNA level over the 

course of 48hrs for MG cells artificially crowded to 12million/mL C)GFP mRNA level 

12hrs after MG cells have been artificially crowded to the specified density D)RFP 

mRNA level for MR cells artificially crowded to 12mil/mL and treated with 

cyclohexamide 
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Figure 3.2  
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Figure 3.2 Crowding induction is not mediated by a diffusible factor 

A)Graphical abstract of conditioned media experiment. Conditioned media was obtained 

from dense S2 cells (16mil/mL) that were grown for 6 days. Media was then removed 

from the S2 cells to be added to both sparse and confluent MG cells. A separate confluent 

well had its media removed and fully replaced with fresh media. B)GFP protein level was 

measured using FACS over the course of 48hrs for the sparse and confluent cells 

incubated with fresh media and the S2 cell conditioned media.  C)GFP mRNA level 

measured on sparse MG cells with fresh media or conditioned media from artificially 

crowded cells. mRNA measurements were done after 12hrs of incubation with fresh 

media, and a 3hr or 12hr incubation with the conditioned media  
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Figure 3.3  
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Figure 3.3 Reporter expression requires dense cells in close proximity  

A)GFP mRNA level on MG cells plated on agarose for 16hrs/overnight. The control is 

sparse cells on traditional polystyrene tissue culture plate. B)Tirf and DIC images of 

reporter S2 cells. C)Graphical abstract of the transwell insert experiment: the transwell 

insert held sparse MG cells over variable culture conditions and the MG cells inside the 

transwell were measured for reporter protein level. Condition 1) sparse S2 cells on the 

bottom of the well; the transwell is sitting directly on the sparse S2 cells. Condition 2) 

Sparse cells that came directly from a dense S2 cell culture on the bottom of the well; the 

transwell is directly on the sparse S2 cells. Condition 3) dense S2 cells on the bottom of 

the well; transwell is directly on the dense S2 cells. Condition 4) Dense S2 cells on the 

bottom of the well; the transwell is 1mm above the dense cells on the bottom of the well.  

D)Results of transwell experiment. Reporter level was measured using FACS. 
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