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ABSTRACT 

Development of a gene signal amplifier platform for 

monitoring the Unfolded Protein Response 

by  

Carlos A. Origel Marmolejo  

 

Sophisticated mechanisms controlling regulation of gene expression in 

mammalian cells mediate the translation of instructions stored in the genome into 

molecular components that define cellular physiology. Gene expression results from 

coordinated protein-driven processes guided by regulatory mechanisms that rely on 

protein-protein interactions, protein localization, and chromatin rearrangement. 

Characterizing gene expression profiles is critical to understand stress-response 

signaling pathways that rely on regulation of gene expression to integrate information 

about the nature, duration, and intensity of stress stimuli. Current technologies to 

monitor gene expression are mainly based on transcriptomic analyses, such as DNA 

microarrays, RNA-seq, and quantitative RT-PCR, which do not provide temporal 

resolution of gene expression dynamics. Reporter gene assays based on minimal or 

synthetic regulatory sequences enable facile detection of gene expression, but often fail 

to recapitulate the innate chromosomal regulatory mechanisms. To address the need to 

monitor gene expression from the native chromosomal context and thus encompassing 

the complexity of mammalian regulatory systems while generating a readily detectable 
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signal output that recapitulates gene expression dynamics, I developed a gene signal 

amplifier platform that links transcriptional and post-translational regulation of a 

fluorescent output to the expression of a target gene. Specifically, I generated a HEK293 

master cell line containing a genetic circuit for signal amplification and developed 

derivatives cell lines engineered to link the expression of chromosomal genes to the 

genetic circuit for signal amplification using CRISPR-Cas9 technology. Iterations of 

mathematical modeling and experimental tests led to the development of a cell-based 

reporter platform that can detect changes in gene expression with high sensitivity, 

dynamic range, and dynamic resolution. To validate this reporter platform, I generated a 

multiplex reporter system for monitoring markers of the unfolded protein response 

(UPR), a complex signal transduction pathway that remodels gene expression in 

response to proteotoxic stress in the endoplasmic reticulum. I implemented the gene 

reporter platform to profile the temporal pattern of regulation of genes markers of 

different branches of the UPR which determines the outcome of UPR activation, namely 

stress attenuation or apoptosis. By recapitulating the transcriptional and translational 

control mechanisms underlying the expression of a target gene, this platform provides a 

novel technology for monitoring gene expression with high sensitivity and dynamic 

resolution. 
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Chapter 1 

 

Introduction 
 

Mammalian cells rely on complex and highly integrated regulatory mechanisms 

to translate a large set of instructions stored in the genome into thousands of molecular 

components that define the cell’s properties. Such regulatory mechanisms are the result 

of a diverse range of protein-driven processes that control gene expression in response 

to intracellular and extracellular stimuli, and range from protein-protein interactions and 

protein localization to DNA modifications and chromatin rearrangement. Regulatory 

mechanisms defining gene expression are in turn coordinated by cell signaling 

mechanism that dictate cellular physiology. Particularly, the cell signaling mechanisms 

activated in response to physiological and environmental stimuli that compromise 

cellular homeostasis are collectively known as stress-response signaling pathways [1]. 

Stress-response signaling pathways depend on the coordinated regulation of gene 

expression to integrate information about the nature, duration, and intensity of stimuli, 

which ultimately dictate the cellular outcome [1]–[3]. These signaling mechanisms are 

often characterized by having an inherent crosstalk [4]–[6] mainly mediated by shared 

transcription factors and protein complexes that control expression of common target 

genes [7], [8]. Interestingly, abnormal expression of genes mediating stress-response 
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mechanisms is often linked to the cellular pathogenesis underlying the development of a 

range of diseases, including Alzheimer’s disease [9], diabetes [10], and several types of 

cancer [11], [12]. Accurate detection of gene expression signatures associated with 

stress-response signaling pathways is thus crucial to characterize the molecular 

mechanisms underlying the regulation of stress signaling pathways and to guide the 

design of effective treatment strategies for a variety of diseases [13], [14]. 

1.1  Current technologies for monitoring gene expression  

Current methods for monitoring gene expression mainly rely on reporter gene 

assays and transcriptomic analysis tools. Transcriptomics analysis tools are ideally 

suited to accurately measure endogenous transcriptional regulation and whole cell 

transcriptome [18]; the measurements obtained with these technologies, however, do 

not provide temporal resolution of gene dynamics. tools for transcriptomics analyses 

include DNA microarrays [15], RNA sequencing (RNA-seq) [16], and quantitative reverse 

transcription polymerase chain reaction (RT-PCR) [17]: 

• DNA microarrays were developed as a technology to determine the expression level 

of a large collection of genes by measuring the concentration of mRNA sequences in 

a sample via nucleic acid hybridization [19]. This technology provides a snapshot of 

the entire or part of the cellular transcriptome and is commonly used to compare 

differential gene expression upon different treatment conditions [20]. DNA 

microarrays are not ideal to obtain accurate measurements of absolute gene 

expression, to detect genes with limited changes in expression, and to monitor gene 

expression dynamics [18], [19].  
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• RNA-seq is a technique that has emerged from recent progress in sequencing 

technologies and computational capabilities that allows amplifying the entire 

transcriptome of a mammalian cell and analyzing it using high-throughput deep 

sequencing [21]. Similar to DNA microarrays, RNA-seq provides a snapshot of the 

cellular transcriptome without temporal resolution of the gene dynamics.  

• Quantitative RT-PCR is one of the most widely used methods to monitor gene 

expression that measures mRNA expression by quantifying the abundance of 

complementary DNA via PCR amplification [17]. Despite the widespread use of 

quantitative RT-PCR, this technique is not compatible with high-throughput 

applications and is prone to high signal instability. 

Approaches for monitoring gene expression alternative to transcriptomics tools 

are based on the use of reporter gene assays, which are based on episomal 

transcriptional reporter cassettes that contain minimal or synthetic regulatory sequences 

enabling facile detection of gene expression. This technology has been mainly used in 

the context of genetic and chemical screens for the discovery of modulators of cell 

signaling pathways [22]–[26]. Such reporter assays, however, typically fail to recapitulate 

the complexity of mammalian gene regulation characteristic of the chromosomal context 

[27], and are often plagued by signal variability and instability [28].  

These observations point to a pressing need for tools to monitor gene expression 

from the innate chromosomal context and with high resolution of the gene expression 

dynamics. Such tools would open the way to the study of gene expression in cases 

where regulatory regions may not be characterized or are too complex to recapitulate in 

an exogenous expression system [29]–[32]. 
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1.2  The Unfolded Protein Response  

The balance between protein synthesis, folding, translocation, and degradation in 

the secretory pathway of mammalian cells is precisely regulated in the endoplasmic 

reticulum (ER). Environmental and physiological perturbations can cause accumulation 

of unfolded or misfolded proteins in the ER, compromising ER protein homeostasis and 

resulting in a condition known as ER stress [33]. To maintain ER protein homeostasis, 

cells activate a stress-response signaling mechanism collectively referred to as the 

unfolded protein response (UPR). The UPR is composed of three interconnected 

signaling cascades controlling transcriptional and translational regulatory programs 

aimed at relieving ER stress through ER enlargement, upregulation of protein quality 

control components, and inhibition of general protein translation to decrease ER protein 

load [34]. Specifically, the UPR signaling cascades are mediated by three ER membrane 

proteins that function as ER stress sensors and signal transducers: activating 

transcription factor 6 (ATF6), inositol-requiring kinase 1 (IRE1), and dsRNA-induced 

protein kinase-like ER kinase (PERK) [35].  

Upon detection of proteotoxic stress, ATF6 is translocated to the Golgi apparatus 

and cleaved by the Golgi-resident enzymes site-1-protease and site-2-protease [36], 

[37]. This process releases a transcription factor that upregulates genes involved in ER-

associated degradation (ERAD) and ER-protein folding machinery [38], [39] (Figure 1). 

Additionally, during ER stress, IRE1 dimerizes and trans-autophosphorylates, activating 

its endoribonuclease function that catalyzes splicing of the X-box binding protein (XBP1) 

mRNA, increasing the levels of spliced XBP1 [34], [40], [41]. Spliced XBP1 controls 

expression of genes involved in protein folding, ERAD, ER expansion, and, eventually, 

apoptosis [40]–[43] (Figure 1). Sustained ER stress induces IRE1 oligomerization 
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leading to rapid degradation of mRNAs via a mechanism named regulated IRE1-

dependent decay (RIDD) [44], [45] (Figure 1), which promotes cell death [46]. Similar to 

IRE1 activation, PERK dimerizes and autophosphorylates as a response to ER stress, 

leading to the phosphorylation of the eukaryotic-translation-initiator factor (eIF2α) [47], 

which inhibits general protein translation and also increases the translation of activating 

transcription factor 4 (ATF4) [48], [49]. ATF4 upregulates genes involved in amino acid 

import, resistance to oxidative stress and autophagy and, at later stages of ER stress, 

apoptosis [50] (Figure 1). 

 

Figure 1 | Schematic representation of the UPR. The three ER membrane sensors 

IRE1, PERK, and ATF6 mediate activation of signal transduction pathways that results in 

upregulation of genes involved in stress attenuation and apoptosis. The red circle 
represents phosphorylation. 
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In summary, proteotoxic stress in the secretory pathway results in activation of 

the three UPR signaling cascades and upregulation of partially overlapping sets of 

genes involved in protein quality control, ERAD components, and lipid biosynthesis [34]. 

After sustained ER stress, however, the UPR executes apoptosis, pointing to underlying 

regulatory mechanisms that integrate information about the nature of the stress stimuli 

and shape the relative activation kinetics of the three signaling responses, ultimately 

dictating cell fate [35], [51]. 
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Chapter 2  

 

Objectives 
 

The main goal of this study is to develop a reporter platform technology to 

monitor gene expression from the native chromosomal context that generates a readily 

detectable signal that presents high sensitivity and resolution of gene dynamics.  

Objective 1. To generate a reporter system that recapitulates the native 

chromosomal context of UPR pathway-specific genes. 

Gene expression in mammalian cells results from integrated protein-driven 

processes coordinated by complex mechanisms of regulation that control gene 

expression spatially and temporally. Methods amenable to high throughout 

measurements of gene expression are typically based on reporter gene assays that 

generate easily detectable outputs (e.g. fluorescence and luminescence). Synthetic 

reporter systems however, are usually built using minimal or synthetic regulatory 

sequences—an approach that limits the detection of the complex regulatory 

mechanisms that regulate chromosomal gene expression and ultimately determine the 

activity of cell signaling pathways.  

In this study, I aimed to explore a reporter system based on chromosomal 

integration of a fluorescent reporter to monitor gene expression. I hypothesized that 
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chromosomal integration of the reporter would allow recapitulating innate transcriptional 

and translational regulatory mechanisms and provide temporal resolution of gene 

expression dynamics. To achieve this goal, I edited the genome using the CRISPR-Cas9 

technology based on homology-directed repair and integrated a reporter cassette 

containing an internal ribosome entry site (IRES) and a gene encoding a fluorescent 

reporter protein downstream of UPR pathway-specific genes. Chromosomal integration 

of the reporter cassette results in transcription of a polycistronic mRNA encoding the 

target gene and the fluorescent protein, thereby coupling expression of the reporter to 

that of the target gene. Additionally, by selecting UPR pathway-specific genes, the 

reporter system allows dissecting the activity of UPR signaling pathways.  

The reporter system based on chromosomal integration of a fluorescent reporter 

will provide a technique for monitoring gene expression that recapitulates the innate 

mechanisms of gene regulation.  

Objective 2. To develop a gene signal amplifier technology to monitor gene 

expression with high sensitivity and resolution of gene dynamics.  

The reporter system based on chromosomal integration of a fluorescent reporter 

generates an output signal that recapitulates the transcriptional and translational 

regulatory mechanisms of a target gene. However, the dynamics of the output signal 

from the reporter system depend on the half-life of the reporter protein and the output 

signal intensity is limited by the low copy number of the reporter gene, which depends on 

precise integration at specific chromosomal loci.  

The goal of this study was to develop a genetic network based on tunable 

orthogonal components and translational regulatory mechanisms that control the 
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expression of the reporter gene linked to the expression of a chromosomal target and 

generate a readily detectable output signal presenting improved signal amplification and 

dynamic resolution of the target gene expression. I envisioned a gene signal amplifier 

composed of i) a main regulator consisting of a tunable transcription factor that 

recapitulates the regulation of the target gene expression, and ii) a genetic circuit that 

links the main regulator to a fluorescent reporter output designed to amplify the output 

signal providing sensitive detection of the target gene dynamics. To design this system, I 

used mathematical model simulations to evaluate distinct genetic circuit topologies. 

Next, I engineered human embryonic kidney cells (HEK293 cells) through stable 

integration of the genetic circuit components and chromosomal integration of the main 

control element using CRISPR/Cas9-mediated homology direct repair to link the genetic 

circuit activity to the expression of a target gene. As proof of principle, I characterized 

the gene signal amplifier technology by generating a reporter for a UPR target gene and 

comparing the reporter performance of the gene signal amplifier to that of a 

chromosomal integration of a fluorescent reporter. Additionally, I created a multiplex 

reporter system to monitor UPR markers of the three signaling pathways, thereby 

demonstrating the use of the gene signal amplifier as a platform technology for 

monitoring gene expression. 

The gene signal amplifier system developed in this study will provide a novel 

technology for monitoring gene expression that recapitulates the transcriptional and 

translational control mechanisms underlying the expression of a target gene with high 

sensitivity. 
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Objective 3. To create a mathematical model that predicts the behavior of the gene 

signal amplifier.  

Maximal signal amplification depends on optimal levels of the orthogonal 

transcriptional regulators which are achieved by dosing specific inducers that control the 

concentration of active transcriptional regulators in the system. Thus, the implementation 

of the gene signal amplifier system as a reporter platform requires the development of a 

predictive tool to readily adapt the system to different cellular target genes with different 

gene expression profiles.  

I aimed to generate a predictive tool that provides the experimental conditions for 

monitoring target genes with different expression features, namely the rate of synthesis 

of the target gene under basal conditions and the fold change of expression of the target 

gene. To achieved this goal, I developed a mathematical model based on ordinary 

differential equations and quasi-steady-state approximations that simulates expression 

of the circuit components as dependent on the rate of protein production and 

degradation and on dilution due to cell growth. The model represents a predictive tool 

that simulates the activity of the gene signal amplifier based on gene-specific 

parameters. The model parameters were fitted with data obtained from the analysis of 

the fluorescent output signal of the UPR target-specific reporter cell lines, resulting in an 

optimized predictive model that generates the optimal conditions to monitor potentially 

any cellular target gene. To validate the use of the predictive model as part of the gene 

signal amplifier platform, I used the gene signal amplifier system to monitor a new UPR 

target gene and predicted the optimal conditions for monitoring the new UPR target gene 

expression.  
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The predictive model will facilitate the use of the gene signal amplifier system as 

a reporter platform to monitor any cellular target gene with high sensitivity and dynamic 

resolution.  
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Chapter 3  

 

Chromosomal Integration of a 
Fluorescent Reporter Enables Detection 

of UPR Pathway-Specific Genes 
 

To generate a reporter system for profiling the expression of UPR genes that 

recapitulates the complexity of mammalian regulatory mechanisms involving chromatin 

rearrangement [53], transcriptional cofactors [54], and trans-acting enhancers [55], I 

explored a strategy for placing expression of the reporter output under the same 

transcriptional and translational regulatory mechanisms as the UPR target gene. A set of 

reporter cell lines were developed in which the expression of a fluorescent reporter is 

linked to that of a UPR target gene specifically upregulated upon activation of one UPR 

signaling pathway. Appropriate selection of UPR target genes will allow dissecting the 

interconnected UPR signaling pathways into individually trackable transcription 

responses. Three candidate genes expected to be regulated by one of the UPR-

activated transcription factors and not to respond to cross-activation were selected, 

namely DNAJB9 (ERdj4) controlled by XBP1 [56], EIF4EBP1 (EIF4) controlled by ATF4 

[57], and HSPA5 (BIP) controlled by ATF6 [58]. Reporter cell lines were generated by 

editing the chromosome of HEK293 cells to integrate a cassette containing an internal 
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ribosome entry site (IRES) and the GFP gene (IRES_GFP) downstream of BIP, ERdj4, 

or EIF4 using CRISPR-Cas9 via homology-directed repair [52], [59] (Figure 2). 

Chromosomal integration of IRES_GFP results in transcription of a polycistronic mRNA 

encoding the target gene and GFP, thereby coupling expression of GFP to that of the 

target gene. Specifically, the IRES from encephalomyocarditis virus [60] was selected 

given that this IRES does not affect the expression of the gene upstream of the IRES 

sequence [61] (Figure 3A). Protein expression studies based on an extrachromosomal 

system encoding fluorescence reporters linked using this IRES revealed a 1:3 ratio of 

expression of the proteins encoded from the genes upstream and downstream of the 

IRES (Figure 3B). The integration cassette was designed to include the neomycin 

resistance gene expressed under a constitutively active promoter (PGK promoter), 

enabling selection and isolation of the cell lines BIP-GFP, ERdj4-GFP, and EIF4-GFP in 

which expression of GFP is linked to the expression of BIP, ERdj4, and EIF4 (Figure 4).  

 

Figure 2 | Schematic representation of the method of integration of the IRES-GFP 

cassette into the genome of HEK293 cells. 
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Figure 3 | Activity of the internal ribosome entry site (IRES) from encephalomyocarditis 
virus in HEK293 cells. (A,B) Flow cytometry analyses of HEK293 cells transfected with 

plasmids encoding iRFP, GFP, and iRFP_IRES_GFP. (A) iRFP fluorescence intensity of 

cells transfected with plasmids encoding iRFP and iRFP_IRES_GFP. (B) GFP 
fluorescence intensity of cells transfected with plasmids encoding GFP and iRFP-IRES-

GFP. Data are reported as mean ± s.d. (n = 3, P < 0.005). a.u., arbitrary units. 

 

 

Figure 4 | Characterization of BIP-GFP, ERdj4-GFP, and EIF4-GFP cell lines. (A) 
Representative histograms from flow cytometry analyses of HEK293, ERdj4-GFP, EIF4-

GFP, and BIP-GFP cells at basal conditions in the absence of any drug treatment. (B) 
mRNA expression levels of ERdj4, EIF4, and BIP. mRNA expression levels were 

obtained by normalizing the Ct values of the target genes to that of RNA18SN1 (18S 
RNA) and ACTB (Actin) genes, measured using quantitative RT-PCR. Data are reported 

as mean ± s.d. (n = 3). 
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To validate BIP-GFP, ERdj4-GFP, and EIF4-GFP cell lines as specific reporters 

of the three UPR signaling pathways, cells were transiently transfected for the 

expression of the active forms of the UPR transcription factors, namely the spliced form 

of XBP1 (XBP1s) [62], the cytosolic domain fragment of ATF6 (ATF6f) [63], and the 

transcription factor ATF4 [49]. Flow cytometry measurements revealed an increase in 

GFP signal in each cell line only upon overexpression of the pathway-specific 

transcription factor. Specifically, BIP-GFP cells displayed an increase in fluorescence 

only upon overexpression of ATF6f (but not upon overexpression of XBP1s or ATF4) 

(Figure 5A), ERdj4-GFP cells only upon overexpression of XBP1s (Figure 5B), and 

EIF4-GFP cells only upon overexpression of ATF4 (Figure 5C). The change in GFP 

signal observed upon overexpression of the pathway-specific transcription factors is 

consistent with previously reported BIP, ERdj4, and EIF4 expression measurements 

[56], [57], [64]. These results indicate that linking the expression of a fluorescent reporter 

to that of BIP, ERdj4, and EIF4 generates UPR pathway-specific reporters. 

 

Figure 5 | Monitoring UPR signaling pathway-specific target genes through 

chromosomal integration of a reporter gene. (A,B,C) Flow cytometry analyses of (A) BIP-

GFP, (B) ERdj4-GFP and (C) EIF4-GFP cells transfected for the expression of XBP1s, 
ATF6f, and ATF4. Relative GFP fluorescence values were obtained by normalizing the 

GFP fluorescence values of transfected cells to that of cells transfected with an empty 

vector (–). Data are reported as mean ± s.d. (n = 3, P < 0.005). 
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To test the response of BIP-GFP, ERdj4-GFP, and EIF4-GFP cells to induction of 

the UPR, reporter cell lines were treated with the canonical UPR inducers tunicamycin 

and thapsigargin [57], [58]. Tunicamycin affects glycoprotein processing by blocking N-

linked glycosylation, leading to the accumulation of misfolded protein in the ER and 

activation of the UPR [65]–[67]. Thapsigargin is an inhibitor of the sarco/endoplasmic 

reticulum Ca2+ ATPase that causes depletion of calcium in the ER, causing ER stress 

and activation of the UPR [68]–[70]. Flow cytometry analyses revealed an increase in 

GFP signal in BIP-GFP, ERdj4-GFP, and EIF4-GFP cells after tunicamycin (1 μg/ml, 24 

h) and thapsigargin (1 μg/ml, 24 h) treatment (Figure 6), consistent with published 

results [42], [56]. 

 

Figure 6 | Fluorescent output of BIP-GFP, ERdj4-GFP, and EIF4-GFP cells upon 
chemical induction of the UPR. (A,B) Flow cytometry analyses of BIP-GFP, ERdj4-GFP, 

and EIF4-GFP cells treated with (A) tunicamycin (1 μg/ml, 24 h) and (B) thapsigargin (1 
μM, 24 h). Relative GFP fluorescence values were obtained by normalizing the GFP 

fluorescence values of treated cells to that of untreated cells. Data are reported as mean 

± s.d. (n = 3, P < 0.005). 

To confirm that chromosomal integration of the reporter gene does not affect the 

expression of the UPR target gene, BIP protein levels were evaluated in BIP-GFP cells 

(as representative of the three cell lines) and in the parental HEK293 cells upon 

treatment with tunicamycin (1 μg/ml, 24 h). Western blot analyses revealed comparable 
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BIP levels in BIP-GFP and HEK293 cells under basal conditions and upon treatment 

with tunicamycin (Figure 7), confirming that chromosomal editing does not affect the 

regulation of BIP expression. 

 

Figure 7 | Effect of IRES-GFP integration on BIP protein expression levels. Western blot 
analyses of BIP and GFP in HEK293 and BIP-GFP cells treated with tunicamycin (1 

μg/ml, 24 h). GAPDH was used as loading control.  
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Chapter 4 

 

The Gene Signal Amplifier Platform 

4.1  Design of a gene signal amplifier platform based on 

transcriptional and post-translational control of the 

reporter output. 

To improve the performance of the detection system for monitoring gene 

expression with respect to signal amplification and dynamic resolution of the input, 

orthogonal regulatory elements for enhancing transcriptional and post-translational 

control of the fluorescent reporter were explored. Transcriptional control affects the 

reporter output sensitivity, enabling the detection of minimal changes in gene 

expression, while post-translational control improves the dynamic properties of the 

system, which are otherwise likely determined by the intrinsic stability of the reporter 

protein. Different genetic circuit topologies that link GFP output to the expression of a 

target gene were evaluated, with the ultimate goal of developing a gene signal amplifier 

platform that recapitulates endogenous transcriptional regulatory mechanisms (Figure 

8). Such assessment was performed using a deterministic mathematical model based on 

ordinary differential equations and quasi-steady-state approximations that simulates 

expression of the circuit components as dependent on the rate of protein production and 

degradation and on dilution due to cell growth (Mathematical Methods).  
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Figure 8 | Model-guided design of the gene signal amplifier platform. (A-D) Schematic 
representations of genetic circuit topologies evaluated to monitor the expression of a 

target gene (left) and schematic representations of genetic circuit topologies with model 
parameters (right). (E) Simulation of GFP expression from circuit topologies in A-D in 

response to a transient stimulus (from 48 h to 120 h) that induces a 2-fold change in the 
target gene expression. 

The output dynamic range of the reporter based on chromosomal integration of 

GFP (Figure 8A) was improved dramatically through extrachromosomal expression of 

GFP and chromosomal integration of an activator (the tetracycline-dependent 

transactivator, tTA) [71] of GFP (Figure 8B and Figure 8E, compare green to red). 

Introducing a repressor (the erythromycin-dependent transrepressor, EKRAB) [72] under 

negative control of tTA and placing GFP under control of a hybrid promoter that is 

activated by tTA and repressed by EKRAB lowers the output basal expression 

corresponding to basal expression of the target gene (Figure 8C,E blue). Introducing 

post-translational control of GFP by adding a GFP-specific NanoDeg [73] under negative 

control of tTA further lowers GFP basal expression and accelerates GFP decay, thereby 

enhancing the output dynamic range and resolution of the input dynamics (Figure 8D,E 

cyan). The NanoDeg consists of a GFP-specific nanobody fused to a degradation tag 

(the 37 amino acid carboxy-terminal sequence of ornithine decarboxylase) that mediates 

GFP degradation [73]. Optimal dynamic range of the GFP output and dynamic resolution 



 21 

of the target gene expression were thus achieved (i) by linking expression of a main 

regulator (tTA) to that of the target gene through chromosomal integration, and (ii) by 

placing GFP under both positive transcriptional regulation (tTA), which mediates signal 

amplification upon activation of the target gene, and negative transcriptional (EKRAB) 

and post-translational (NanoDeg) regulation, which mediate GFP repression and decay, 

respectively, upon decay of the target gene expression (Figure 8E). A gene signal 

amplifier reporter was envisioned as a platform based on a master cell line harboring the 

circuit’s components (i.e., EKRAB, NanoDeg, GFP) that could be used to generate 

gene-specific reporter cell lines through chromosomal integration of tTA downstream of 

a selected gene. The gene signal amplifier platform comprises i) GFP under the control 

of a hybrid promoter containing a 7TO operator sequence that responds to tTA activation 

and an ETR operator sequence that responds to EKRAB repression 

(7TO_PMIN_ETR_GFP) and ii) the genes encoding NanoDeg and EKRAB linked through 

an IRES, under the control of the TO operator sequence that responds to tTA repression 

(PCMV_TO_NanoDeg_IRES_EKRAB). The circuit components were integrated into the 

genome of HEK293 cells using lentiviral transduction. Cells were selected using 

blasticidin (5 μg/ml) and puromycin (1 μg/ml) and single clones expanded and transiently 

transfected for tTA expression. The monoclonal population displaying highest GFP fold 

change upon treatment with erythromycin (10 μg/ml, 24 h) was selected (Figure 9) and 

used as a master cell line (HEK293-MCL) to generate derivative gene-specific reporter 

cell lines.  
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Figure 9 | Selection of HEK293 master cell line (HEK293-MCL). (A) Flow cytometry 

analysis of monoclonal HEK293 cells containing the circuit components 
(7TO_PMIN_ETR_GFP and PCMV_TO_NanoDeg_IRES_EKRAB). GFP fluorescence 

measurements (a.u., arbitrary units) of representative monoclonal populations untreated 

(–), treated with erythromycin (Em; 10 μg/ml, 24 h), transfected for the expression of tTA 
(tTA), or transfected for the expression of tTA and treated with erythromycin (tTA + Em). 

The gray dotted box denotes the monoclonal cell line (#31-10) selected as HEK293-
MCL. (B) Representatives histograms of the GFP fluorescence of the monoclonal cell 

line (#31-10) used as HEK293-MCL. 

The use of small molecule-dependent transcription factors tTA and EKRAB 

enables tuning of the gene signal amplifier for monitoring target genes with different 

levels of basal expression through small molecule dosage. Modulating the medium 

concentration of tetracycline (Tc) and erythromycin (Em) controls the amount of active 

tTA and EKRAB in the system: optimal Tc and Em concentrations result in minimal GFP 
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output under basal conditions and maximal change in GFP fluorescence upon induction 

of target gene expression.  

To evaluate the gene signal amplifier platform, the IRES_tTA cassette was 

integrated downstream of BIP in HEK293-MCL cells using CRISPR-Cas9 based on 

homology-directed repair (generating the MCL/BIP-tTA cell line). GFP fluorescence of 

MCL/BIP-tTA cells was measured as a function of Tc and Em concentration under basal 

conditions (Figure 10A and Figure 11) and upon treatment with tunicamycin (1 μg/ml, 

48 h) (Figure 10B and Figure 11) using flow cytometry. MCL/BIP-tTA cells cultured in 

media not supplemented with Em display a GFP fluorescence output comparable to that 

of the parental cell line HEK293-MCL (data not shown). Flow cytometry analysis 

revealed the Tc and Em concentrations (Tc, 50 ng/ml; Em, 100 ng/ml) that produce 

maximal signal amplification upon cell exposure to the stimulus (Figure 10C), which 

were used for subsequent experiments. Notably, the MCL/BIP-tTA cell line generates a 

~65-fold signal amplification upon tunicamycin treatment under the conditions of this 

study. Furthermore, the coefficient of variation on the GFP fold change values between 

independent experiments was below 15% (Figure 12), underscoring the robustness of 

the gene signal amplifier compared to reported methods for monitoring BIP expression 

[74].  

 



 24 

 

Figure 10 | Implementation of the gene signal amplifier to monitor BIP expression. (A-C) 
Flow cytometry analyses of MCL/BIP-tTA cells as a function of Tc and Em concentration 

reported as GFP fluorescence measurements (A) under basal conditions and (B) upon 
treatment with tunicamycin (1 μg/ml, 48 h). Data are reported as mean (n = 3). a.u., 

arbitrary units. (C) Fold change of GFP fluorescence obtained by normalizing the GFP 
fluorescence measurements of MCL/BIP-tTA cells treated with tunicamycin (B) to that of 

untreated cells (A). Data are reported as mean (n = 3). 
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Figure 11 | Flow cytometry analysis of MCL/BIP-tTA cells as a function of Tc and Em 

concentrations. Representative histograms from flow cytometry analyses of MCL/BIP-
tTA cells as a function of Tc and Em concentration under basal conditions (blue) and 

upon treatment with tunicamycin (1 μg/ml, 48 h; red). The histograms marked with the 
orange dotted box are obtained from experiments conducted using represents the Tc 

and Em concentrations (Tc, 50 ng/ml; Em, 100 ng/ml) that produce maximal signal 
amplification upon cell treatment with tunicamycin. 
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Figure 12 | Coefficients of variation of the GFP fold change results of MCL/BIP-tTA cells 
as a function of Tc and Em concentration. 

4.2  The gene signal amplifier platform is a sensitive reporter 

of the target gene expression dynamics. 

To characterize the BIP reporter (MCL/BIP-tTA cells) and confirm that the 

fluorescent output is a measurement of BIP expression, BIP expression was knocked 

down using short hairpin RNA (shRNA). MCL/BIP-tTA cells were transfected with a 

plasmid expressing a shRNA sequence (shBIP) previously reported to knockdown BIP 

expression (The Genetic Perturbation Platform; https://portals.broadinstitute.org/), 

treated with tunicamycin (10 μg/ml, 1 h), and analyzed 48 h post treatment by flow 

cytometry. Control MCL/BIP-tTA cells transfected with an empty plasmid or a plasmid 

expressing a non-targeting scrambled shRNA (shNTC) displayed ~25-fold change in 

GFP output upon tunicamycin treatment. MCL/BIP-tTA cells expressing shBIP displayed 

~3-fold change in GFP output upon tunicamycin treatment under the same conditions 

(Figure 13), indicating that the fluorescent output of MCL/BIP-tTA cells depends on BIP 

expression. 
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Figure 13 | Fluorescent output of MCL/BIP-tTA cells upon modulation of BIP expression 

using shRNA. Flow cytometry analyses of MCL/BIP-tTA cells transfected with an empty 
vector (–), pLKO.1_shNTC (shNTC) and pLKO.1_shBIP (shBIP), treated with 

tunicamycin (10 μg/ml, 1 h), and measured 48 h post treatment. GFP fold change values 
were obtained by normalizing the GFP fluorescence values of cells treated with 

tunicamycin to that of untreated cells. Data are reported as mean ± s.d. (n = 3, P < 

0.0005).   

To evaluate the gene signal amplification, the performance of the gene signal 

amplifier (MCL/BIP-tTA) was compared to that of the reporter based on direct 

chromosomal integration of GFP at the 3’ of the target gene (BIP-GFP). GFP output of 

both cell lines was measured under basal conditions and upon treatment with 

tunicamycin (1 μg/ml, 48 h) using flow cytometry. GFP output of MCL/BIP-tTA cells was 

~10-fold lower than that of BIP-GFP cells under basal conditions, and ~3-fold higher 

than that of the BIP-GFP cells upon tunicamycin treatment (Figure 14A-C). As a result, 

tunicamycin treatment conditions causing a ~1.8-fold change in the GFP output of BIP-

GFP cells result in a ~65-fold change in the GFP output of MCL/BIP-tTA cells (Figure 

14D and Figure 15), pointing to the role of transcriptional and post-translational control 

of GFP output in the amplification of the signal output. The bimodal distribution of 

MCL/BIP-tTA cells treated with tunicamycin (Figure 14B) is likely to result from the 

intrinsic heterogeneity of cellular responses naturally occurring within a genetically 

identical cell population [75]–[77]. Notably, such contribution of the transcriptional and 
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post-translational processes used in the gene signal amplifier generate a 12 h lag time 

between he output signal of BIP-GFP and MCL/BIP-tTA cells (Figure 16).  

 

Figure 14 | Characterization of MCL/BIP-tTA cells. (A,B) Representative histograms of 
flow cytometry analyses of (A) BIP-GFP cells and (B) MCL/BIP-tTA cells untreated (blue) 

and treated with tunicamycin (1 μg/ml, 48 h; red). (C) GFP fluorescence intensity of BIP-

GFP and MCL/BIP-tTA cells treated as in A,B. Data are reported as mean ± s.d. (n = 3, 

P < 0.005). Ut, untreated. Tm, tunicamycin. a.u., arbitrary units. (D) GFP fold change of 

MCL/BIP-tTA and BIP-GFP cells obtained by normalizing the GFP fluorescence of cells 

treated with tunicamycin to that of untreated cells. Data are reported as mean ± s.d. (n = 

3, P < 0.0005). 

To assess the sensitivity of the gene signal amplifier to changes in target gene 

expression, the fluorescent response of MCL/BIP-tTA cells subjected to short pulses of 

ER stress was evaluated. Specifically, MCL/BIP-tTA cells were exposed to tunicamycin 

(2.5, 5, and 10 μg/ml) for short time intervals (15, 30, and 60 min), and GFP 

fluorescence was measured 24 h post treatment. Flow cytometry measurements 

revealed that the MCL/BIP-tTA cells produce distinct GFP outputs for the different 
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duration of the treatment under the same tunicamycin concentration conditions, and for 

the different tunicamycin concentration under the same duration of treatment (Figure 

17), indicating gradual amplification of GFP signal proportional to BIP upregulation. 

 

Figure 15 | Confocal microscopy analyses of MCL/BIP-tTA cells and BIP-GFP cells. 
Representative confocal microscopy images of BIP-GFP and MCL/BIP-tTA cells 

untreated and upon treatment with tunicamycin (Tm; 10 μg/ml, 1 h). Cells were analyzed 

24 h post-treatment. The scale bar is 50 μm. 

To explore the dynamic resolution of the target gene expression achieved with 

the gene signal amplifier, the fluorescent response of MCL/BIP-tTA cells induced with 

tunicamycin (10 μg/ml, 1 h) and treated with Tc (10 μg/ml) 36 h post-induction was 

evaluated. Addition of an excess of Tc to the culturing medium is expected to block tTA-

mediated activation of GFP expression: monitoring GFP fluorescence as a function of 

time (every 12 h for 72 h) allows evaluating GFP decay upon reduction of tTA in the 

system. Cell treatment with Tc results in rapid decay in GFP fluorescence. Specifically, 

the output signal of cells treated with Tc decays to half of its maximum value after about 
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12 h and to initial value after 36 h of treatment, while the output signal of cells not treated 

with Tc does not display significant change during the same time interval (Figure 18A). 

These results suggest that the output of the gene signal amplifier reflects the dynamic 

behavior of the input.  

 

Figure 16 | Comparison of GFP output of MCL/BIP-tTA cells and BIP-GFP cells. (A,B) 

Flow cytometry analyses of (A) BIP-GFP and (B) MCL/BIP-tTA cells treated with 
tunicamycin (10 μg/ml, 1 h) and measured every 12 h post treatment. Data are reported 

as mean ± s.d. (n = 3). a.u. arbitrary units. (C) Comparison of the GFP output signal of 

BIP-GFP and MCL/BIP-tTA cells shown in a and b conducted by rescaling the GFP fold 
change values to set the highest recorded measurement as maximum and the lowest 

recorded measurement as minimum. Data are reported as mean ± s.d. (n = 3). 
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Figure 17 | Assessment of the sensitivity of the gene signal amplifier to changes in 

target gene expression. Flow cytometry analyses of MCL/BIP-tTA cells treated with 
tunicamycin (2.5, 5, and 10 μg/ml) for different incubation times (15, 30 and 60 min) and 

measured 24 h post treatment. GFP fold change values were obtained by normalizing 
the GFP fluorescence values of cells treated with tunicamycin to that of untreated cells. 

Data are reported as mean ± s.d. (n = 3). 

To evaluate the contribution of the NanoDeg to the dynamic properties of the 

gene signal amplifier, I built a HEK293 cell line containing GFP under the control of the 

hybrid promoter (7TO_PMIN_ETR_GFP), EKRAB under the control of tTA, and the 

IRES_tTA cassette integrated into the chromosome downstream of BIP, effectively 

generating a BIP reporter cell line lacking the NanoDeg (MCL/BIP-tTA DNanoDeg cells; 

Figure 19A). Flow cytometry analyses of MCL/BIP-tTA DNanoDeg cells revealed the 

optimal Tc and Em concentrations (Tc, 100 ng/ml; Em, 500 ng/ml) that produce maximal 

signal amplification upon tunicamycin treatment (1 μg/ml, 48 h), which were used in 

subsequent experiments (Figure 19B). MCL/BIP-tTA DNanoDeg cells were induced with 

tunicamycin (10 μg/ml, 1 h) and treated with Tc (10 μg/ml) 36 h post-induction. The 

output signal of MCL/BIP-tTA DNanoDeg cells was found not to be altered after 12 h of 

treatment with Tc (a treatment that resulted in the decay of GFP signal to half of its initial 

value in MCL/BIP-tTA cells) and was reduced to ~40% of initial value after 36 h (which 

resulted in complete decay to initial values in MCL/BIP-tTA cells) (Figure 18B,C).  
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Figure 18 | Characterizing the dynamic resolution of the target gene expression 

obtained with the gene signal amplifier. (A,B) Flow cytometry analyses of (A) MCL/BIP-

tTA and (B) MCL/BIP-tTA DNanoDeg cells treated with tunicamycin (10 μg/ml, 1 h) and 

measured every 12 h post treatment. Tc (10 μg/ml) was added to the media 36 h post-

treatment (red triangle). MCL/BIP-tTA DNanoDeg cells were cultured in media 

supplemented with Tc (100 ng/ml) and Em (500 ng/ml). Data are reported as mean ± 

s.d. (n = 3). (C) GFP fluorescence signal of MCL/BIP-tTA and MCL/BIP-tTA DNanoDeg 

cells treated as in A and B. Data are reported as mean ± s.d. (n = 3).   

These results demonstrate the key role of the NanoDeg in the design of the gene signal 

amplifier platform, particularly for enhancing the dynamic resolution of the input. The 

output signal of MCL/BIP-tTA DNanoDeg cells was found to be significantly higher than 

that of MCL/BIP-tTA cells under basal conditions (Figure 20A), but comparable to that 

MCL/BIP-tTA cells upon tunicamycin induction (Figure 20B), supporting the results 

obtained from the model-guided design of the gene signal amplifier (Figure 8). 
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Figure 19 | Development of a BIP reporter cell line lacking the NanoDeg. (A) Schematic 
representation of the gene signal amplifier lacking the NanoDeg (MCL/BIP-tTA 

DNanoDeg). (B) Flow cytometry analyses of MCL/BIP-tTA DNanoDeg cells as a function 
of Tc concentration in the presence of constant concentrations of Em (100, 500 and 

1000 ng/ml). GFP fold change values were obtained by normalizing the GFP 
fluorescence values of cells treated with tunicamycin (1 μg/ml, 48 h) to that of untreated 

cells. Data are reported as mean ± s.d. (n = 3). 

 

 

Figure 20 | Experimental analysis of the effect of the NanoDeg on the GFP output of the 

gene signal amplifier platform. (A,B) Flow cytometry analysis of MCL/BIP-tTA and 

MCL/BIP-tTA DNanoDeg reported as GFP fluorescence measurements (A) under basal 

conditions (untreated) and (B) upon treatment with tunicamycin (1 μg/ml, 36 h). Data are 
reported as mean (n = 3). a.u., arbitrary units. 
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4.3  The gene signal amplifier platform can be adapted for 

monitoring target genes with different basal expression 

levels. 

To test the gene signal amplifier platform for monitoring expression of different 

target genes, reporters of eight UPR targets: ERdj4, PPP1R15A (GADD34), SREBF1, 

DDIT3 (CHOP), WARS, TRIB3, EIF4, and CANX [56], [78] were generated. The 

IRES_tTA cassette was integrated into the chromosome of HEK293-MCL cells at the 3’ 

of each target gene to generate derivative cell lines. GFP fluorescence measurements of 

the resulting cell lines as a function of a representative set of Tc and Em concentrations 

under basal conditions and upon tunicamycin treatment (1 μg/ml, 48 h) confirmed that 

that the signal dynamic range upon tunicamycin induction depends on Tc and Em 

concentrations. The optimal Tc and Em concentrations that maximize the signal dynamic 

range were found to be gene-specific (Figure 21).  

A comparison of the dynamic range of GFP output of reporters based on 

chromosomal integration of GFP (BIP-GFP, ERdj4-GFP, and EIF4-GFP cell lines) and 

reporters containing the gene signal amplifier (MCL/BIP-tTA, MCL/ERdj4-tTA, and 

MCL/EIF4-tTA) upon treatment with tunicamycin (1 μg/ml, 48 h) revealed that the gene 

signal amplifier causes an increase in GFP signal output associated with the target gene 

expression. Specifically, BIP-GFP, ERdj4-GFP, and EIF4-GFP cells displayed 1.8-, 1.5-, 

and 1.4-fold increase in GFP signal, whereas MCL/BIP-tTA, MCL/ERdj4-tTA, and 

MCL/EIF4-tTA presented a 65-, 52-, and 34-fold increase in GFP signal under the same 

conditions (Figure 22). These results indicate that the genetic circuit developed as part 

of the present study results in amplification of the signal associated with chromosomal 

gene expression. Specifically, the reporter platform results in ~35-fold amplification of 
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the output associated with BIP expression, compared to direct chromosomal integration 

of GFP, ~34-fold amplification of the output associated with ERdj4 expression, and ~24-

fold amplification of the output associated with EIF4 expression (Figure 22). 
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Figure 21 | Characterization of the multiplex UPR reporter system. (A-H) GFP output (A) 

MCL/ERdj4-tTA, (B) MCL/GADD34-tTA, (C) MCL/SREBF1-tTA, (D) MCL/CHOP-tTA, (E) 
MCL/WARS-tTA, (F) MCL/TRIB3-tTA, (G) MCL/EIF4-tTA, and (H) MCL/CANX-tTA cells 

as a function of Tc and Em concentration. GFP fold change values were obtained by 
normalizing the GFP fluorescence values of cells treated with tunicamycin (1 μg/ml, 48 

h) to that of untreated cells. Data are reported as mean (n = 3). 

 

Figure 22 | Comparison of BIP, ERdj4, and EIF4 reporters based on chromosomal 
integration of the reporter and based on the gene signal amplifier. GFP fold change of 

BIP-GFP, MCL/BIP-tTA, ERdj4-GFP, MCL/ERdj4-tTA, EIF4-GFP, MCL/EIF4-tTA cells 
obtained by normalizing the GFP fluorescence of cells treated with tunicamycin (1 μg/ml, 

48 h) to that of untreated cells. Data are reported as mean ± s.d. (n = 3, P < 0.0005). 

Because the expression of the target gene is linked to that of tTA, which is the 

main regulator of the circuit, I explored the relationship between the target gene basal 

expression and the optimal Tc concentration corresponding to maximal increase in GFP 

output upon UPR induction. To evaluate the target gene basal expression, the mRNA 

levels of the UPR target genes were measured using quantitative RT-PCR and the GFP 

signal of each cell line treated with an excess of Em (10 μg/ml) to eliminate the 

contribution of EKRAB and evaluate tTA activity under basal conditions were recorded 
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(Figure 23). Results showed a correlation between the target gene basal expression 

(Figure 23) and the Tc dose resulting in maximal dynamic range of GFP output (Figure 

21). Reporters of genes presenting low basal expression (i.e., ERdj4, GADD34, 

SREBF1, and CHOP) were found to display maximal change in GFP expression in the 

absence of Tc and a decrease in GFP fold change upon addition of Tc (Figure 21A-D), 

consistent with the notion that uninduced conditions result in low levels of tTA, which are 

reduced to suboptimal concentrations upon addition of Tc. Reporter cell lines presenting 

higher target gene basal expression, on the other hand, require addition of Tc to 

generate maximal increase in GFP output upon UPR induction (Figure 21E-H). 

Moreover, the optimal Tc concentration increases with increase in the target gene basal 

expression, suggesting that inactivation of the pool of tTA expressed under basal 

conditions due to the target gene basal expression results in lowered basal GFP signal 

in the absence of tunicamycin and maximal fold change in GFP signal upon tunicamycin 

treatment. Dosing Em is expected to tune the sensitivity of the circuit to changes in tTA 

expression by adjusting the concentration of active EKRAB that controls expression of 

GFP output. 

These results, taken together, suggest that the gene signal amplifier can be 

potentially adapted for monitoring any target gene via chromosomal integration of the 

main regulator at the appropriate locus and dosage of the inducer Tc and Em. 
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Figure 23 | Evaluation of the basal expression of the UPR target genes. Relative GFP 
fluorescence output (blue circles) and mRNA expression levels (red triangles) of ERDj4, 

CHOP, SREBF1, GADD34, TRIB3, WARS, EIF4, CANX, and BIP of cells from 
MCL/ERdj4-tTA, MCL/CHOP-tTA, MCL/SREBF1-tTA, MCL/GADD34-tTA, MCL/TRIB3-

tTA, MCL/WARS-tTA, MCL/EIF4-tTA, MCL/CANX-tTA, and MCL/BIP-tTA cells at basal 
conditions. Relative GFP fluorescence values were obtained by normalizing the GFP 

fluorescence values of each reporter cell line to that of the parental HEK293-MCL cells, 
treated with Em (10 μg/ml). mRNA expression values were generated by normalizing the 

Ct values of the target genes to that of RNA18SN1 (18S RNA) and ACTB (Actin) genes, 

measured using quantitative RT-PCR. Data are reported as mean ± s.d. (n = 3). 
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Chapter 5 

 

Computational Tool to Adapt the Gene 
Signal Amplifier for Detection of Any 

Cellular Target Gene. 
 

To generate a predictive tool that provides experimental conditions for monitoring 

any target gene, the mathematical model was refined to account for intrinsic expression 

features of the target gene, such as basal expression and change in expression in 

response to a stimulus. The model parameters were fit to the measurements of GFP 

fluorescence from the comprehensive data set of reporter cell lines by adjusting the 

gene-specific parameters to fit the experimental data obtained from each cell line, 

namely the rate of synthesis of the target gene under basal conditions (𝛽") and the fold 

change of expression of the target gene (𝑓$), and keeping all other parameters constant 

across all the sets of experimental data (Mathematical Method). The predictive value of 

the model was evaluated by simulating the GFP output of the derivative gene-specific 

reporter cell lines under the same Tc and Em treatment conditions used in experimental 

studies (Figure 24), and found that the model generates an accurate prediction of the 

GFP output in response to the range of Tc and Em tested in different derivative gene-

specific reporter cell lines (average R2 = 0.9, Figure 25). The estimated basal rates of 
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synthesis (𝛽") of the UPR target genes were found to be proportional to the basal 

fluorescent output of the corresponding reporter cell lines (Figure 26A) and the 

estimated fold change of expression (𝑓$) were found to be proportional to the change in 

fluorescent output upon UPR induction (Figure 26B).  
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Figure 24 | Comparison of experimental measurements and model-generated data of 

representative UPR reporter cell lines. (A,I) Heatmap representation of model-generated 
data and experimental measurements of (A) MCL/BIP-tTA, (B) MCL/ERdj4-tTA, (C) 

MCL/GADD34-tTA, (D) MCL/SREBF1-tTA, (E) MCL/CHOP-tTA, (F) MCL/WARS-tTA, 
(G) MCL/TRIB3-tTA, (H) MCL/EIF4-tTA, and (I) MCL/CANX-tTA cells. Experimental 

measurements were obtained from flow cytometry analyses of (A) MCL/BIP-tTA, (B) 
MCL/ERdj4-tTA, (C) MCL/GADD34-tTA, (D) MCL/SREBF1-tTA, (E) MCL/CHOP-tTA, (F) 

MCL/WARS-tTA, (G) MCL/TRIB3-tTA, (H) MCL/EIF4-tTA, and (I) MCL/CANX-tTA cells 
cultured in the presence of Tc and Em concentration and reported as GFP fluorescence 

measurements of cells under basal conditions (untreated, left) and upon treatment with 
tunicamycin (1 μg/ml, 48 h, middle). Data are reported as mean (n = 3). a.u., arbitrary 

units. Fold change of GFP fluorescence (right) were obtained by normalizing the GFP 

fluorescence measurements of cells treated with tunicamycin to that of untreated cells. 
Data are reported as mean (n = 3). Model-generated data were obtained from 

simulations of GFP output using estimated parameters for (A) MCL/BIP-tTA (𝜷𝒐 = 10.5; 
𝒇𝒄	= 14), (B) MCL/ERdj4-tTA (𝜷𝒐 = 1; 𝒇𝒄	= 12), (C) MCL/GADD34-tTA (𝜷𝒐 = 2.21; 𝒇𝒄	= 

2.5), (D) MCL/SREBF1-tTA (𝜷𝒐 = 1.3; 𝒇𝒄	= 2.2), (E) MCL/CHOP-tTA (𝜷𝒐 = 1; 𝒇𝒄	= 12), 
(F) MCL/WARS-tTA (𝜷𝒐 = 3.52; 𝒇𝒄	= 2.5), (G) MCL/TRIB3-tTA (𝜷𝒐 = 3.3; 𝒇𝒄	= 3), (H) 

MCL/EIF4-tTA (𝜷𝒐 = 3.44; 𝒇𝒄	= 6.5), and (I) MCL/CANX-tTA (𝜷𝒐 = 5.68; 𝒇𝒄	= 7) cells 
under basal conditions (untreated, left) and upon treatment with tunicamycin (1 μg/ml, 48 

h, middle). a.u., arbitrary units. Fold change of GFP fluorescence (right) were obtained 
by normalizing the GFP output obtained from the simulation conducted in the presence 

of tunicamycin to that of cells under basal conditions (𝒇𝒄	= 1). 
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Figure 25 | Predictive value of the mathematical model. Box plot distribution of R2 values 
of model simulations of the GFP output of MCL/BIP-tTA, MCL/ERdj4-tTA, 

MCL/GADD34-tTA, MCL/SREBF1-tTA, MCL/CHOP-tTA, MCL/WARS-tTA, MCL/TRIB3-
tTA, MCL/EIF4-tTA, and MCL/CANX-tTA cell lines under basal conditions (untreated) 

and upon treatment with tunicamycin (1 μg/ml, 48 h).   
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Figure 26 | Correlation of model parameters and measured output signal of the UPR 

reporter cell lines. (A) Correlation between the relative GFP fluorescence output of the 
reporter cell lines (i.e., MCL/SREBF1-tTA, MCL/ERdj4-tTA, MCL/GADD34-tTA, 

MCL/CHOP-tTA, MCL/WARS-tTA, MCL/TRIB3-tTA, MCL/EIF4-tTA, MCL/CANX-tTA, 
and MCL/BIP-tTA) and the estimated rate of synthesis of the respective target genes 

(i.e., ERDj4, CHOP, SREBF1, GADD34, TRIB3, WARS, EIF4, CANX, and BIP). Relative 
GFP fluorescence values were obtained by normalizing the GFP fluorescence values of 

each cell line to that of the parental HEK293-MCL cells, treated with Em (10 μg/ml). GFP 
fluorescence values were measured using flow cytometry. Rate of synthesis values were 

obtained fitting the model to the experimental data. The gray dotted line represents the 
linear trendline of the data. (B) Correlation between the measured maximum GFP fold 

change of the reporter cell lines as in a and the estimated fold change of the respective 

target genes. GFP fold change values were obtained by normalizing the GFP 
fluorescence values of cells treated with tunicamycin (1 μg/ml, 48 h) to that of untreated 

cells, quantified using flow cytometry. Fold change of the target genes were obtained 
fitting the model to the experimental data. The gray dotted line represents the linear 

trendline of the data. (C) Numerical values plotted in a and b. 

Next, I analyzed the effect of the gene-specific parameters (i.e., the basal rate of 

synthesis [𝛽"] and the fold change of expression [𝑓$]) on the Tc and Em doses that result 

in maximum GFP signal amplification. Optimal Tc and Em concentrations were predicted 

by simulating GFP expression as a function of basal rate of synthesis and fold change of 

expression (Figure 27). The Tc concentration corresponding to maximum amplification 

of GFP output signal was found to increase as a function of both gene-specific 

parameters, confirming that tTA activity reflects the expression features of the target 

gene (Figure 27A), while the Em concentration corresponding to maximum amplification 

of GFP output signal was found to depend mainly on the fold change of expression of 

the target gene (Figure 27B), supporting the notion that EKRAB activity can be 

modulated to tune the gene signal amplifier to changes in tTA expression.  
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Figure 27 | Model-guided evaluation of the effect of gene-specific parameters on the Tc 

and Em doses that result in maximum GFP signal amplification. Optimal concentration of 
(A) Tc and (B) Em as a function of the rate of synthesis (𝜷𝒐) and the fold change (𝒇𝒄) of 

the target gene obtained using the mathematical model.   

To test whether the model generates an accurate prediction of the conditions 

resulting in maximal signal amplification upon upregulation of target gene expression, 

the optimal Tc and Em concentrations corresponding to maximum GFP signal output of 

the UPR reporter cell lines were predicted based on the estimated basal rate of 

synthesis and fold change of expression of the target gene. The predicted optimal Tc 

and Em concentrations of MCL/SREBF1-tTA, MCL/GADD34-tTA, MCL/ERdj4-tTA, and 

MCL/CHOP-tTA were identical to those determined experimentally. MCL/WARS-tTA, 

MCL/TRIB3-tTA, MCL/EIF4-tTA, MCL/CANX-tTA, and MCL/BIP-tTA cells cultured in the 

presence of model-predicted optimal Tc and Em concentrations were measured by flow 

cytometry. A comparison of the GFP fold change of cells treated with the model-

predicted optimal Tc and Em doses and with optimal Tc and Em doses determined from 

the limited subset of conditions experimentally tested (Figure 21) revealed that the 

model predicted values result in signal amplification at least as high as that obtained 

using inducer concentrations determined experimentally (Figure 28). Notably, 

MCL/CANX-tTA cells cultured in media supplemented with the model predicted Tc and 
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Em concentrations resulted in dramatic improvement of the output signal amplification. 

These results demonstrate the use of the mathematical model for predicting Tc and Em 

doses that results in signal amplification that meets or exceeds the performance 

achieved through experimental optimization for different reporter cell lines. 

 
Figure 28 | Comparison of the GFP fold change of UPR reporter cells treated with Tc 
and Em doses determined experimentally and predicted using the mathematical model. 

Flow cytometry analyses of (A) MCL/WARS-tTA, (B) MCL/TRIB3-tTA, (C) MCL/EIF4-

tTA, (D) MCL/CANX-tTA, and (E) MCL/BIP-tTA cells cultured in media supplemented 
with optimal Tc (ng/ml) and Em (ng/ml) experimentally determined (white bar) or model 

predicted (blue bar). GFP fold change values were obtained by normalizing the GFP 
fluorescence values of cells treated with tunicamycin (1 μg/ml, 48 h) to that of untreated 

cells. Data are reported as mean ± s.d. (n = 3). 

To validate the use of the model as part of the gene signal amplifier platform, I 

investigated the expression of the UPR target HERPUD1 (HERP) [56]. A HERP reporter 

cell line was first generated by integrating the IRES_tTA cassette in HEK293-MCL cells 

at the 3’ of HERP (generating the MCL/HERP-tTA cell line) as described above. I 
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measured the GFP output of MCL/HERP-tTA cells cultured with the same subset of 

representative Tc and Em concentrations used in previous analyses to determine 

optimal Tc and Em doses experimentally (Figure 29A). To test the predictive value of 

the model, I determined the gene-specific parameters (i.e., the basal rate of synthesis 

[𝛽"] and the fold change of expression [𝑓$]). Specifically, I measured the GFP signal of 

MCL/HERP-tTA cells cultured in the presence of an excess of Em (10 μg/ml) under 

basal conditions and upon tunicamycin treatment (1 μg/ml, 48 h). The basal rate of 

HERP synthesis was obtained from the measurement of GFP output under basal 

conditions using the correlation between the estimated rate of synthesis and the GFP 

output of the set of UPR target genes (Figure 27A). The fold change of HERP 

expression was obtained from the measurement of GFP output in the presence of 

tunicamycin using the model. The optimal Tc and Em concentrations that result in 

maximum signal amplification based on HERP-specific values of basal rate of synthesis 

and fold change of expression were then predicted. Experimental measurements 

revealed ~60-fold increase in GFP signal in MCL/HERP-tTA cells induced with 

tunicamycin (1 μg/ml, 48 h) and cultured in the presence of the model-predicted optimal 

Tc and Em concentrations, which is higher than that obtained from testing the limited 

subset of Em and Tc concentrations (Figure 29B). These results validate the use of the 

model as an integral part of the gene signal amplifier platform.  
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Figure 29 | Model-guided development of the HERP gene signal amplifier. (A) Flow 

cytometry analyses of MCL/HERP-tTA cells as a function of Tc and Em concentrations. 
GFP fold change values were obtained by normalizing the GFP fluorescence values of 

cells treated with tunicamycin (1 μg/ml, 48 h) to that of untreated cells. Data are reported 

as mean ± s.d. (n = 3). (B) Flow cytometry analyses of MCL/HERP-tTA cells using 

optimal Tc and Em concentrations experimentally determined (Tc, 5 ng/ml; Em, 100 
ng/ml; white bar) or model predicted (Tc, 2 ng/ml; Em, 50 ng/ml; purple bar). GFP fold 

change values were obtained by normalizing the GFP fluorescence values of cells 

treated with tunicamycin (1 μg/ml, 48 h) to that of untreated cells. Data are reported as 

mean ± s.d. (n = 3). 
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Chapter 6  

 

The Gene Signal Amplifier Platform as a 
Reporter Platform for Monitoring Gene 
Expression in Distinct Cellular Contexts 

 

To experimentally demonstrate that the gene signal amplifier technology can be 

translated to other cell types, a BIP reporter using H4 neuroglioma cells was generated 

[22], [79]. Neuroglioma cells are particularly relevant to study the UPR because ER 

stress and UPR activation often characterize the cellular pathogenesis of 

neurodegenerative diseases [80], including Alzheimer’s [81], Parkinson’s [82], [83], 

and amyotrophic lateral sclerosis [84], [85]. An H4 master cell line was first established 

by integrating the circuit components (i.e., GFP, EKRAB, and the NanoDeg) into the 

genome of H4 cells using lentiviral transduction, as described above for HEK293 cells. 

The resulting master cell line was used to generate a derivative cell line for monitoring 

BIP expression by inserting the IRES_tTA cassette at the 3’ of BIP (generating H4-

MCL/BIP-tTA). GFP fluorescence of H4-MCL/BIP-tTA cells under basal conditions and 

upon treatment with tunicamycin (1 μg/ml, 48 h) and as a function of Tc and Em 

concentration was measured using flow cytometry (Figure 30A). UPR induction using 

tunicamycin resulted in ~12-fold increase in GFP output in the presence of optimal 
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concentrations of tetracycline (10 ng/ml) and erythromycin (100 ng/ml). These results 

support the use of the gene signal amplifier in H4 neuroglioma cells (Figure 30A). 

To evaluate the gene signal platform as a reporter of gene expression in different 

cellular contexts, the BIP reporters based on HEK293 and H4 cells were compared. 

Specifically, the change in GFP outputs to transcriptional upregulation of BIP expression 

in HEK293 and H4 cells was evaluated by measuring BIP mRNA levels in HEK293 and 

H4 cells upon treatment with tunicamycin (1 μg/ml, 12 h) (Figure 30B). BIP expression 

in HEK293 cells had a ~7-fold increase compared to a ~4-fold increase in BIP 

expression in H4 cells treated under the same conditions, reflecting the measured GFP 

outputs of the HEK293 and H4-based gene signal amplifier corresponding to a ~65-fold 

increase in GFP signal in HEK293 and a ~12-fold increase in H4 cells (Figure 30B).   

 

Figure 30 | Translation of the gene signal amplifier to H4 neuroglioma cells. (A) Flow 

cytometry analyses of H4-MCL/BIP-tTA cells as a function of Tc and Em concentrations. 
GFP fold change values were obtained by normalizing the GFP fluorescence values of 

cells treated with tunicamycin (1 μg/ml, 48 h) to that of untreated cells. (B) BIP mRNA 

levels in HEK293 and H4 cells. Relative BIP expression values were obtained by 
normalizing BIP levels of cells treated with tunicamycin (1 μg/ml, 12 h; Tm) to that of 

untreated (Ut) cells, measured using quantitative RT-PCR. Data are reported as mean ± 
s.d. (n = 3). 
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Chapter 7 

 

Conclusions and Future Directions 
 

The present study establishes a method for monitoring gene expression with high 

sensitivity. The gene signal amplifier reported in this study was envisioned as a two-

module system composed of i) a main regulator consisting of a tunable transcription 

factor that encodes information about regulation of the target gene expression, and ii) a 

circuitry that links the main regulator to a detectable reporter output and that is specially 

designed to amplify the output signal providing sensitive detection of the target gene 

dynamics.  

The main regulator (tTA) is linked to the target gene using an IRES from the 

encephalomyocarditis virus, which provides a well characterized, scarless method to 

achieve gene co-expression. IRES variants producing different and precisely controlled 

ratios of expression between the co-expressed genes [86], [87] could be explored to 

adjust the expression of the master regulator relative to the target gene, potentially 

tuning the sensitivity of the system.  

Previous studies have shown integration of transcriptional amplifiers and post-

translational regulation to amplify output signals [88]–[90]. The circuitry topology 

reported herein links both transcriptional and post-translational control of the reporter to 
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the activity of the main regulator. Transcriptional control is achieved here using EKRAB 

and can be adapted to other expression systems using a range of orthogonal, small-

molecule dependent transcriptional regulators [72], [91], [92]. Post-translational control is 

provided by the NanoDeg, which is responsible for the superior dynamic range of the 

gene signal amplifier platform. Notably, the NanoDeg is based on a fully customizable 

technology that could be adapted to target a seemingly unlimited number of protein 

structures [73], [93]–[95] and through different modes and rates of degradations [73], 

thus providing an additional layer of control to finely tune the performance of this gene 

signal amplifier platform.  

The gene signal amplifier was validated by generating a multiplex reporter 

system to monitor markers of the UPR, a conserved stress-response signaling 

mechanism consisting of three integrated signaling pathways whose relative kinetics of 

activation is thought to determine cell fate [35]. This reporter platform technology can be 

used to monitor UPR target genes with different levels of basal expression and extent of 

induction by tuning the concentration of small molecules that function as inducers of the 

main regulator and circuitry components (Tc and Em).  

The gene signal amplifier generates an output signal with superior sensitivity and 

dynamic resolution of the input compared to an analogous reporter system consisting of 

direct chromosomal integration of GFP linked to the target gene through the same IRES. 

The two-module system combines the advantage of chromosomal integration of the 

reporter enabling accurate detection of the target gene regulation with the powerful 

design of an orthogonal genetic network providing sensitive and facile detection of an 

output signal.  
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The mathematical model generated as part of this study allows customizing the 

gene signal amplifier platform to monitor any target gene and predicting optimal doses of 

small molecule inducers, provided a derivative cell line with chromosomal integration of 

the main regulator at the 3’ of the target gene and a measurement of the target gene 

basal expression.   

Adapting the platform technology developed as part of the present study to 

detection of gene expression in other cell types requires generation of a master cell line 

in the relevant cell line. Subsequent chromosomal integration of the main regulator 

allows generating derivative gene-specific reporter cell lines that can be built in parallel 

to obtain a multiplex reporter system to monitor a comprehensive collection of marker 

genes. The gene signal amplifier system developed in this study provides a particularly 

appealing framework for conducting genetic and chemical screens [22]–[25], as it allows 

recapitulating the complexity of regulatory mechanisms controlling gene expression and 

avoid the potential artifactual results that typically plague screens based on synthetic 

reporter systems.  

The predictive value of the mathematical model combined with the unique design 

features of the two-module system generates the framework for a sensor-effector circuit 

that could be used for a variety of applications aimed at linking the expression level of a 

gene of interest to the expression of an effector molecule, such as a therapeutic agent, 

with exquisite control. This gene signal amplifier platform could be leveraged not only to 

study gene expression but also to precisely regulate cellular fate, thus opening the way 

to the design of novel cell-based therapeutic and diagnostic modalities. 
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Chapter 8  

 

Materials and Methods 

8.1 Plasmids 

Lentiviral vectors were generated and maintained in Stbl3 E. coli competent cells 

(Cat. No. C7373-03; Thermo Fisher Scientific). All other plasmids were generated and 

maintained in DH5a E. coli competent cells (Cat. No. 11319019; Thermo Fisher 

Scientific).  

Plasmids containing the hSpCas9 gene expressed under the CMV promoter and 

a sgRNA that targets the 3’ end of the coding sequence of selected target genes 

(DNAJB9, EIF4EBP1, HSPA5, SREBF1, PPP1R15A, TRIB3, HERPUD1, WARS, 

DDIT3, and CANX) were constructed using LentiCRISPRv2 plasmid (Addgene plasmid # 

52961) and appropriate oligos (Table 1) according to manufacturer’s protocol, 

generating gene-specific LentiCRISPRv2 plasmids.  

The donor plasmids were generated by first amplifying two ~1-kb sequences at 

the 3’ of the coding region of the target genes and immediately downstream the stop 

codon of the target genes, which serve as the homology regions flanking integration 

(Table 2). The two ~1-kb target-specific sequences for genes DNAJB9, EIF4EBP1, 

HSPA5, SREBF1, PPP1R15A, TRIB3, HERPUD1, WARS, DDIT3, and CANX were 
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amplified from HEK293 chromosomal DNA by PCR using KAPA HiFi HotStart DNA (Cat. 

No. KK2502; Kapa Biosystems).  

Table 1 | Oligonucleotide sequences used to generate gene-specific LentiCRISPRv2 

plasmids. 

Oligo name  Sequence (5’ à 3’) 

Cas9 Guide BIP CACCGCCCTCCCCCAACTGGTGAAG 

Cas9 Guide BIP comp AAACCTTCACCAGTTGGGGGAGGGC 

Cas9 Guide ERdj4 CACCGAGGACTGTCACTCAACGAAG 

Cas9 Guide ERdj4 comp AAACCTTCGTTGAGTGACAGTCCTC 

Cas9 Guide EIF4 CACCGGTAGTGCTCCACACGATGGC 

Cas9 Guide EIF4 comp AAACGCCATCGTGTGGAGCACTACC    

Cas9 Guide CHOP CACCGGGAGCATCAGTCCCCCACTT 

Cas9 Guide CHOP comp AAACAAGTGGGGGACTGATGCTCCC 

Cas9 Guide CANX CACCGTCTCCTAGGACCACTCTTGC 

Cas9 Guide CANX comp AAACGCAAGAGTGGTCCTAGGAGAC 

Cas9 Guide WARS CACCGAAAGTCGAAGGACAGCTTCC 

Cas9 Guide WARS comp AAACGGAAGCTGTCCTTCGACTTTC 

Cas9 Guide TRIB3 CACCGGCCAACAGTGGATTGAGTTT 

Cas9 Guide TRIB3 comp AAACAAACTCAATCCACTGTTGGCC 

Cas9 Guide SREBF1 CACCGGAAGCTGCACGGGACCAAAG 

Cas9 Guide SREBF1 comp AAACCTTTGGTCCCGTGCAGCTTCC 

Cas9 Guide HERP CACCGCAAACACCATCAGTTTGCGA 

Cas9 Guide HERP comp AAACTCGCAAACTGATGGTGTTTGC 

Cas9 Guide GADD34 CACCGGAGGCGTGGCTGAGACCAAC 
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Table 2 | Primers used to obtain target-specific homology regions for donor plasmids. 

Primers sequences used to amplify ~1-kb sequences at the 3’ of the coding region of the 
target genes (primers labeled upstream) and immediately downstream the stop codon of 

the target genes (primers labeled downstream). 

Primer name  Sequence (5’ à 3’) 

CHOP F upstream  AATAAACAACGTCTCTGACCGCTAGTACTTTGGATTGCAGGGTGTGAG 

CHOP R upstream  TAAACAACTTAACGTCTCTCCGGCTGATGCTCCCAATTGTTCATGCTTG 

CHOP F downstream AATAATCAATCCCGTCTCTCGCGCACTTGGTCCACACTACCCACC 

CHOP R downstream ATAAACGTCTCTCCAATTGGCTCATAGAAAGTCACTTTAATAGATAGGG 

EIF4 F upstream  ATTCTTGTACAATCGTCTCCGACCTATGAGGACAGAGCCTTCATGACC 

EIF4 R upstream  TCTATGTTACGTCTCACCGGATGCTTTAAATGTCCATCTCAAACTGTGAC 

EIF4 F downstream GTTATATTACTTACGCGTGCATTAGCCATCGTGTGGAGC 

EIF4 R downstream TTCTACTATAAGGTCTCCCCAACCTAGGGCGAAGGTGGCTTTTATTTC 

WARS F upstream  TTATTATTAATTGCTAGCCACCGCGTCCAGCCAAGAC 

WARS R upstream  TATTTAGTCGACGTGCTACTGAAAGTCGAAGGACAGCTTCCGTGGAG 

WARS F downstream TTATTTACGCGTGAAGTGATGTATCAGTAATGTATCAATAATCCCAGCC 

WARS R downstream TATATTAATTAGGATCCAGATACATCAACCAAGGACTTCCCTGAG 

CANX F upstream  TATTATAATATATCTAGACTCCTAGTGAAGCGGGCAGCCATC 

CANX R upstream  TTTATTATAAGTCGACGAAATCACAGATCAAGCTCTTAAGATTGTTTCACT 

CANX F downstream TATTATAATTAAACGCGTCCCTCCTCCCATGCAAGAGTG 

CANX R downstream TATATATAATTAGGATCCTTGAAGACATCTATTCCGGAGCTCACGTGC 

TRIB3 F upstream  TTATTAAATTTTGCTAGCTATGGTGTCTTCCTTGCAGGCTGTAG 

TRIB3 R upstream  TATTATTAATTAGTCGACAAACTCAATCCACTGTTGGCAGCTG 

TRIB3 F downstream ATATTTTATATTACGCGTGGGTAGCTCCAAGCCTTCTCC 

TRIB3 R downstream TATTATTAGGATCCATTCTCCTTTATTAGGCACAGGTAAACATACATACTC 

SREBF1 F upstream TTATTATTAAATGCTAGCCTGCCCCACACGGACACAC 
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SREBF1 R upstream  TTATATTATTAAGTCGACTGCTGAGGCCGGGGACAC 

SREBF1 F downstream TTATAATTATTAACGCGTCAACTTTGGTCCCGTGCAGCTTC 

SREBF1 R downstream TTATTAAAACAAAGGATCCGCATGAATGGAGTCAGGGAGTCG 

BIP F upstream  TTGTCCATCTTACGTCTCTGACCTGATATCATGGGGTTTCACCATGTTTC 

BIP R upstream  GACGGCAATATGGTGGAAAATAACATATAG 

BIP F downstream CATTACTTTGCTCGAGTTAATTTCACTGATCTGCTAGT 

BIP R downstream CTAACAAAAGTTCCTGAGTCCAGT 

HERP F upstream ATTAATTTAATTGCTAGCCTTAGATTGCCAGCTTGCGGTTTACC 

HERP R upstream  TTATTATAATAAGTCGACTAACAAACACCATCAGTTTGCGATTGCTG 

HERP F downstream TAATTATTACGCGTGCTTTGACAGGAATGGACTGGATCACC 

HERP R downstream AATTTAGGATCCAGGGTCATTCATAGTAAAACTTTATTGAACAGAAAAC 

GADD34 F upstream ATACAATAAATAGCTAGCGGCATGATCTTGGCTCACTG 

GADD34 R upstream  TTTACAATACAAGTCGACAAAGTTGGTCTCAGCCACGCCTCC 

GADD34 F downstream TTGATATACGCGTAACTATTTATTTTTTCTAAGTGTGGGTTTATATAAGG 

GADD34 R downstream ATAATCAATATAGGATCCTGTTGCCAAGTGGACCATGG 

ERdj4 F downstream  TTCTTATTCTATTCTCACTAAATCCAACTGGTTG 

ERdj4 R downstream AGCCTGTGATCAGCATATGTCCC 

ERdj4 F upstream GATCACTGTTGCTTCTATGACAAAAAAG 

ERdj4 R upstream  CTACTGTCCTGAACAGTCAGTGTATGTAGTAAC 

 

pBIP_IRES_GFP, pERdj4_IRES_GFP, and pEIF4_IRES_GFP donor plasmids 

were built using primer extension PCR to clone the IRES_eGFP_loxPNeo cassette, 

amplified from pOct4_ires_eGFP(loxneo) (Addgene plasmid # 21547) and the ~1-kb 

gene-specific homology sequences into pcDNA3.1 (Cat. No. V79020; Thermo Fisher 

Scientific) using type IIS restriction enzymes.  
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pBIP_IRES_tTA, pERdj4_IRES_tTA, and pEIF4_IRES_tTA donor plasmids were 

generated by cloning tTA, amplified from ptTA[96], into pBIP_IRES_GFP, 

pERdj4_IRES_GFP, and pEIF4_IRES_GFP using BamHI and NotI restriction sites, thus 

replacing eGFP.  

To construct the donor plasmids for integrating the IRES_tTA_loxPNeo cassette 

downstream SREBF1, PPP1R15A, TRIB3, HERPUD1, WARS, DDIT3, and CANX 

genes, I first built a backbone plasmid containing the IRES_tTA_loxPNeo cassette 

amplified from pBIP_IRES_tTA, the ori_AmpR cassette amplified from pcDNA3.1, 

modified to eliminate the BsaI restriction enzyme within AmpR, and two filler pieces, 

linked using four BsaI restriction enzyme sites. The resulting plasmid template was 

digested using BsaI and ligated to the ~1-kb gene-specific sequences, generating the 

donor plasmids pSREBF1_IRES_tTA, pGADD34_IRES_tTA, pTRIB3_IRES_tTA, 

pHERP_IRES_tTA, pWARS_IRES_tTA, pCHOP_IRES_tTA, and pCANX_IRES_tTA. 

p7TO_ETR_GFP was generated from pLenti_CMV_GFP_Blast plasmid 

(Addgene plasmid # 17445). The 7TO promoter, consisting of seven repeats of the 19 

bp tetracycline operator sequence and the CMV minimal promoter, which was amplified 

from pTRE_tTA[96], was cloned into pLenti_CMV_GFP_Blast using ClaI and XbaI 

restriction sites, generating the plasmid p7TO_GFP. The 4-ETR operator, consisting of 

four repeats of the ETR operator[72], [97], was generated by oligo assembly PCR and 

cloned into p7TO_GFP using XbaI and BamHI restriction enzyme sites.  

pTO_NanoDeg_IRES_EKRAB was constructed by cloning the gene encoding 

the GFP-specific, degron-tagged nanobody (VHHODC), amplified from pVHH_ODC[73], 

the IRES sequence, amplified from Oct4_ires_eGFP(lox neo), and EKRAB[72], [97], 
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generated by oligo assembly PCR, into pLenti_CMV/TO_eGFP_Puro (Addgene plasmid 

# 17481) using XbaI and BamHI restriction enzyme sites.  

pLKO.1_shBIP and pLKO.1_shNTC were generated using pLKO.1_TRC cloning 

vector (Addgene plasmid # 10878) engineered to express a shRNA targeting BIP gene 

(shBIP) or a non-targeting scrambled shRNA (shNTC) according to manufacturer’s 

protocol (Table 3). The sequence used to target BIP gene (5’-

GAGCGCATTGATACTAGAAAT-3’) was obtained from the RNA interference (RNAi) 

Platform (Broad Institute). 

Table 3 | Oligonucleotide sequences used to generate pLKO.1_shBIP and pLKO.1_shNTC 

plasmids. 

Oligo name  Sequence (5’ à 3’) 

F BIP shRNA CCGGGAGCGCATTGATACTAGAAATCTCGAGATTTCTAGTATCAATGCGCTCTTTTTG 

R BIP shRNA AATTCAAAAAGAGCGCATTGATACTAGAAATCTCGAGATTTCTAGTATCAATGCGCTC 

F NTC shRNA CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTG 

R NTC shRNA AATTCAAAAACAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTG 

 

pCMV_iRFP, pCMV_eGFP and ptTA were generated as previously 

described[73], [96]. pCMV5_Flag_XBP1s, pCGN_ATF6 (1-373), and pRK_ATF4 were 

purchased from Addgene (#63680, #27173, and #26114, respectively).  

piRFP_IRES_GFP plasmid was generated by cloning the iRFP sequence, 

amplified from pCMV_iRFP, the IRES sequence, amplified from Oct4_ires_eGFP(lox 

neo), and eGFP sequence, amplified from pLenti_CMV_GFP_Blast, into pcDNA3.1 

using XbaI and BamHI restriction enzyme sites.  
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8.2  Cell culture and transfections 

HEK293 cells (Cat. No. CRL-1573; ATCC) and HEK293T cells (Cat. No. CRL-

3216; ATCC) were cultured in DMEM/High glucose (Cat. No. SH30243.01; Hyclone), 

supplemented with 10% fetal bovine serum (FBS; Cat. No. 12306-500ML; Sigma-

Aldrich) and 1% penicillin–streptomycin–glutamine (PSQ; Cat. No. SV30082.01; 

Hyclone) and maintained at 37 °C and 5% CO2. Cells were passaged using PBS (Cat. 

No. 17-516F; Lonza) and trypsin (TrypLE Express; Cat. No. 12605-036; GIBCO).  

Transient transfections were conducted by seeding cells onto 12-well plates or 

100 x 20 mm tissue culture dishes. After 24 h, upon reaching 70-80% confluency, cells 

were transfected with 500 ng of DNA per well using JetPrime (Cat. No. 114-15; Polyplus 

transfection) according to manufacturer’s protocol. The medium was replaced with fresh 

medium 24 h post-transfection, and cells were analyzed 48 h post-transfection unless 

otherwise indicated. 

8.3  Lentivirus production and transductions 

Third-generation lentiviruses were generated by seeding HEK293T cells onto 

100 x 20 mm tissue culture dishes at a density of 1´106 cells/dish. Cells were 

transfected with pTO_NanoDeg_IRES_EKRAB and p7TO_ETR_GFP, and the 

packaging plasmids pMLg/PRRE (Addgene plasmid #12251), pRSV-Rev (Addgene 

plasmid #12253), and pMD2.g (Addgene plasmid # 12259) in a 2:5:2.5:3 ratio, 

respectively. The total DNA transfected per 100 x 20 cm tissue culture dish was 5 μg, 

consisting of 0.8 μg pTO_NanoDeg_IRES_EKRAB or p7TO_ETR_GFP, 2 μg 

pMLg/PRRE, 1 μg pRSV-Rev and 1.2 μg pMD2.g plasmids respectively.  The medium 

was replaced with fresh medium 8 h post-transfection and the virus-containing medium 
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was collected after 48 h. The virus was concentrated using a Lenti-X concentrator (Cat. 

No. 631232; Clontech) according to the manufacturer’s protocol.  

Viruses were titrated using quantitative RT-PCR[98]. Briefly, the viral RNA was 

extracted using Quick-RNA Viral kit (Cat. No. R1034; Zymo Research) and cDNA 

synthesized using qScript cDNA SuperMix (Cat. No. 95048-100; Quantabio). cDNA 

samples were analyzed by qRT-PCR using PerfeCTa SYBR (Cat. No. 95072-012; 

Quanta Biosciences) and primers targeting the viral components LTR-gag and WPRE 

(Table 4).  

Table 4 | Primers used for lentivirus titration using quantitative RT-PCR analyses. 

Primer name  Sequence (5’ à 3’) 

LTR-gag forward TGTGTGCCCGTCTGTTGTGT 

LTR-gag reverse GAGTCCTGCGTCGAGAGAGC 

WPRE Forward CCGTTGTCAGGCAACGTG 

WPRE Reverse AGCTGACAGGTGGTGGCAAT 

 
Cell transduction were conducted by seeding HEK293 cells onto 12-well plates at 

a density of 1´105 cells/well. After 24 h, the medium was replaced with medium 

containing 9´1010 virus particles/ml and 8 μg/ml polybrene (Cat. No. NC9840454; Fisher 

Scientific Company LLC). The virus-containing medium was replaced with fresh medium 

24 h post-transduction.  

8.4  Flow cytometry analyses 

Cell were analyzed with a FACSCanto II flow cytometer (BD Biosciences). GFP 

fluorescence intensity was detected using a 488 nm laser and 530/30 nm emission filter. 
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iRFP fluorescence intensity was detected using a 635 nm laser and 780/60 nm emission 

filter. At least 10,000 cells were recorded in each sample for analysis. Gating strategy for 

single cell recording and for transfected cells is illustrated in Figure 31. 

 
Figure 31 | Gating strategy for single cell recording and for transfected cells. (A) Dot plot 
of all events gated for P1 population using linear forward scatter (FSC) area versus 

linear side scatter (SSC) area excluding the events at the bottom 20% of FSC-area and 
SSC-area values to eliminate cell debris and non-cell events. (B) Dot plot of P1 events 

gated for P2 using FSC-height versus FSC-width. (C) Dot plot of P2 events gated for 
single cells using SSC-height versus SSC-width for aggregate exclusion. (D) 

Representative histograms of cells transfected with an empty vector. (E) Representative 

histograms of cells transfected for the expression of iRFP. iRFP-positive cells are gated 
(iRFP+ cells; red).   

8.5  Generation of stable cell lines 

To generate the cell lines BIP-GFP, ERdj4-GFP, and EIF4-GFP, HEK293 cells 

were seeded onto 12-well plates and transfected with a gene-specific LentiCRISPRv2 

plasmid and a donor plasmid (pBIP_IRES_GFP, pERdj4_IRES_GFP, or 
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pEIF4_IRES_GFP) in a 1:2 ratio. Cells were transferred into 100 x 20 mm tissue culture 

dishes 48 h post-transfection and selected for 2 weeks using 1 mg/ml G418 (Cat. No. 

345812; EMD Millipore).  

To generate the HEK293 master cell line (HEK293-MCL), HEK293 cells were 

seeded onto 12-well plates and transduced with pTO_NanoDeg_IRES_EKRAB and 

p7TO_ETR_GFP. Cells were transferred into 100 x 20 mm tissue culture dishes 48 h 

post-transduction and selected for 2 weeks using 5 μg/ml blasticidin (Cat. No. ant-bl-1; 

InvivoGen) and 1 μg/ml puromycin (Cat. No. ant-pr-1; InvivoGen). Selected cells were 

transfected with pCMV_tTA and treated with 10 μg/ml erythromycin for 24 h. Cells were 

analyzed with a FACSAriaII (BD Biosciences) to sort the cells presenting the highest 

GFP fluorescence (top 10% of the cell population).  

To screen monoclonal cell populations, sorted cells were seeded onto 96-well 

plates containing DMEM with 20% FBS at a density of 0.5 cells per well, expanded, 

transfected with pCMV_tTA, and treated with 10 μg/ml erythromycin for 24 h. Cells were 

analyzed by flow cytometry to select the monoclonal population with highest change in 

GFP fluorescence upon transient transfection of pCMV_tTA and treatment with 

erythromycin. The selected monoclonal population was used as master cell line 

(HEK293-MCL) to generate gene-specific reporter cell lines. 

Reporter cell lines for monitoring selected target genes (DNAJB9, EIF4EBP1, 

HSPA5, SREBF1, PPP1R15A, TRIB3, HERPUD1, WARS, DDIT3, and CANX) were 

generated by transfecting HEK293-MCL cells with a target gene-specific LentiCRISPRv2 

plasmid and a donor plasmid (pBIP_IRES_tTA, pEIF4_IRES_tTA, pERdj4_IRES_tTA, 

pSREBF1_IRES_tTA, pGADD34_IRES_tTA, pTRIB3_IRES_tTA, pHERP_IRES_tTA, 

pWARS_IRES_tTA, pCHOP_IRES_tTA, or pCANX_IRES_tTA) in a 1:2 ratio. 
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Transfected cells were transferred into 100 x 20 mm tissue culture dishes 48 h post-

transfection and selected for 2 weeks using 1 mg/ml G418.  

Control samples for potential misintegration were generated by transfecting 

HEK293 cells with a LentiCRISPRv2 plasmid encoding a scrambled gRNA sequence 

and a donor plasmid (pBIP_IRES_GFP, pEIF4_IRES_GFP, pERdj4_IRES_GFP, 

pBIP_IRES_tTA, pEIF4_IRES_tTA, pERdj4_IRES_tTA, pSREBF1_IRES_tTA, 

pGADD34_IRES_tTA, pTRIB3_IRES_tTA, pHERP_IRES_tTA, pWARS_IRES_tTA, 

pCHOP_IRES_tTA, or pCANX_IRES_tTA) in a 1:2 ratio. Lack of off-target integration 

was verified by culturing transfected cells in medium supplemented with G418 (1 mg/ml) 

and monitoring cell death. 

8.6  Western blot analyses 

Cells were washed with cold PBS and lysed using the cOmplete lysis-M buffer 

containing a protease inhibitor cocktail (Cat. No. 4719956001; Roche) for 30 min on ice, 

maintaining continuous agitation. Cells were then sonicated at a frequency of 20 kHz for 

10 sec and centrifuged for 10 min (14,000 g and 4 °C). The supernatant was collected 

for Western blot analyses. Protein concentrations were determined using the Bradford 

assay (Cat. No. 23236; Thermo Fisher Scientific). Aliquots containing 30 μg of proteins 

were separated by SDS-PAGE and analyzed by immunoblotting. Blots were probed 

using rabbit monoclonal a-BIP (1:2000; Cat. No. 3177; Cell Signaling Technology), 

chicken polyclonal a-GFP (1:2000; Cat. No. AS-29779; AnaSpec), rabbit monoclonal a-

GAPDH (1:8000; Cat. No. sc-47724; Santa Cruz Biotechnology) and appropriate 

horseradish peroxidase-conjugated secondary antibodies (m-IgGk BP-HRP, Cat. No. sc-

516102; m-IgG-HRP, Cat. No. sc-2357; Santa Cruz Biotechnology). Blots were 
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visualized using SuperSignal West Pico PLUS chemiluminescent substrate (Cat. No. 

34580; Thermo Fisher Scientific) and an ImageQuant LAS 4000 (GE Healthcare Life 

Science). 

8.7  Quantitative RT–PCR 

RNA was extracted using RNeasy Plus Mini kit (Cat. No. 74134; Qiagen) and 

cDNA synthesized using qScript cDNA SuperMix (Cat. No. 95048-100; Quanta 

Biosciences) following manufacturer’s procedures. Quantitative RT-PCR reactions were 

performed using PerfeCTa SYBR Green FastMix (Cat. No. 95072-012; Quanta 

Biosciences) in a CFX96 Real-Time PCR Detection System (Bio-Rad) using appropriate 

primers (Table 5). 

Table 5 | Primers used for quantitative RT–PCR analyses. 

Primer name  Sequence (5’ à 3’) 

F BIP qPCR GAAAGAAGGTTACCCATGCAGT 

R BIP qPCR CAGGCCATAAGCAATAGCAGC 

F SRBEF1 qPCR CGGAACCATCTTGGCAACAGT 

R SRBEF1 qPCR CGCTTCTCAATGGCGTTGT 

F WARS qPCR AAAGGCATTTTCGGCTTCACT 

R WARS qPCR ATGGCACATGGGATAAGGCAC 

F ERdj4 qPCR TCTTAGGTGTGCCAAAATCGG 

R ERdj4 qPCR TGTCAGGGTGGTACTTCATGG 

F EIF4 qPCR CTATGACCGGAAATTCCTGATGG 

R EIF4 qPCR CCCGCTTATCTTCTGGGCTA 

F CHOP qPCR GGAAACAGAGTGGTCATTCCC 
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R CHOP qPCR CTGCTTGAGCCGTTCATTCTC 

F HERP qPCR TGCTGGTTCTAATCGGGGACA 

R HERP qPCR CCAGGGGAAGAAAGGTTCCG 

F GADD34 qPCR AGCCACGGAGGATAAAAGAACA 

R GADD34 qPCR CTGAACGATACTCCCAGGACC 

F TRIB3 qPCR AAGCGGTTGGAGTTGGATGAC 

R TRIB3 qPCR CACGATCTGGAGCAGTAGGTG 

F CANX qPCR TCCATGACAAGACCCCTTATACG 

R CANX qPCR  ACCACAGATTGGTCAACCAGTA 

 

8.8  Confocal microscopy 

Cells were seeded onto glass coverslips at a density of 1´105 cells/ml and 

treated with tunicamycin (10 μg/ml, 1h) 24 h post-seeding. Cells were washed with PBS 

48 h post tunicamycin treatment and fixed with 4% paraformaldehyde (PFA; Cat. No. 

AC416785000;  Thermo Fisher Scientific). Nuclei were stained with Hoechst 33342 

nuclear stain (Cat. No. 62249; Thermo Fisher Scientific) and cells were washed with 

PBS. Coverslips were mounted onto glass slides and imaged using the Nikon A1 

Confocal microscope (Nikon) and the NIS element software (Nikon). The acquired 

images were processed using ImageJ software (National Institutes of Health). 

8.9  Genomic PCR 

Genomic DNA was extracted using E.Z.N.A Tissue DNA kit (Cat. No. D3396-02; 

Omega Bio-tek ) according to the manufacturer’s protocol. PCR-mediated amplification 

of genomic DNA was performed using KAPA HiFi HotStart DNA and appropriate primers 
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(Table 6). The PCR products were resolved by electrophoresis on a 1% TAE (Tris-

Acetate-EDTA) agarose gel, stained with ethidium bromide, and visualized by UV light 

(Figure 32). 

Table 6 | Primers used for validation of cell lines using genomic PCR. 

Primer name  Sequence (5’ à 3’) 

R tTA  TTGCCAGCTTTCCCCTTCTAAA 

R GFP  GAACTTGTGGCCGTTTACGT 

F Neomycin  CGCCTTCTTGACGAGTTCTTCTG 

F pUC sequence GGATCCGCTCACTGACTCGCTGC 

R AmpR  GCAATGATACCGCGGCTCCCACGCTCA 

F genomic BIP  TTCAAGTGATTCTCCTGCCTCAG 

R genomic BIP CACCAGCCTGTCCTTTATTGATC 

F genomic ERdj4 CACAAGTTGGCCATGAAGTACCACCC 

R genomic ERdj4 GAGGAAAGAACTGGCAGCAGGAACACTTG 

F genomic EIF4 GGCAAGAGGGGCACATGAGAGAGAAC 

R genomic EIF4 GGCGAAGGTGGCTTTTATTTCCTCTCTTG 

F genomic CHOP GGGAGACCAGAGGTGGGTGGATCA 

R genomic CHOP TTTTTGGCTCATAGAAAGTCACTTTAATAGATAGGGA 

F genomic WARS TCACACCATTCTCCTGCCTCAG 

R genomic WARS CCAGATACATCAACCAAGGACTTCCCTGAG 

F genomic SREBF1 CAGGTGTTCCTACATGAGGCCA 

R genomic SREBF1 AAAATCTGCAGCCCGTGGATTCCG 

F genomic HERP  GGTGGGGAGCCTTGGATTCTTGAG 

R genomic HERP GGGTCATTCATAGTAAAACTTTATTGAACAGAAAAC 

F genomic CANX TATGGTGAGTGGACAGAGAGAGTGGAGAAAAG 



 75 

R genomic CANX GAGAAAGCTGGGGATCTGAGGAAATAGGTAAGG 

F genomic TRIB3  AAAACAATGGGAATGTGGGGCC 

R genomic TRIB3 ATTCTCCTTTATTAGGCACAGGTAAACATACATACTC 

F genomic GADD34 GGCCAGAAAGGTAGGTGCTGAGA 

R genomic GADD34 CAAGAGACCGAGGACATGAGCTGTTC 

F BIP homology arm GGAAAGCCACCAAGATGCTGAC 

R BIP homology arm TGAAATGCCCCTTGCCTGAGTA 

F ERdj4 homology arm TCATTTCCAGACACGCCAGGAT 

R ERdj4 homology arm TACTGTAGAAAGGCACAGCGCT  

F EIF4 homology arm CCAGCTACTCTTTTGGGAGGCT 

R EIF4 homology arm GAAGGTGGCTTTTATTTCCTCTCTTG 

F CHOP homology arm GGAGGAAGACCAAGGGAGAACC 

R CHOP homology arm TAGAAAGTCACTTTAATAGATAGG 

F WARS homology arm CCACCACCTCTGAGACAACCAT 

R WARS homology arm AATGCCCAAGTGCCACATGAAG 

F SREBF1 homology arm TGTGGGATACATGACTGCACGT 

R SREBF1 homology arm AAAGTAGCACAGGAGCCTCAGG 

F HERP homology arm GGAAGCCTGAGAAACAGCCCTA 

R HERP homology arm AGACATGCAACACCTAAGGCCT 

F CANX homology arm CCACCACCTCTGAGACAACCAT 

R CANX homology arm AATGCCCAAGTGCCACATGAAG 

F TRIB3 homology arm GAAGGAGCCACTCAGGACATGT 

R TRIB3 homology arm CATGCAATGTTAGCCAGCACCA 

F GADD34 homology arm GTTTCTCCCCATGTCCCAGGAA 

R GADD34 homology arm GTGTTGTCAGCTCAAGGATGCC 
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Figure 32 | Cell line validation. (A) Schematic representation of the wild-type (WT) 

genomic sequence, and the edited genomic sequence, and the donor plasmid. The lines 
in the schematic depict PCR products as labeled in the legend (Z-V). (B) Description of 

PCR products analyzed to validate the cell lines including binding sites of the forward 
and reverse primers and the use of the PCR results for cell line validation. (C) 

Representative results of genomic PCR analyses of MCL/BIP-tTA cells. Electrophoresis 
gel analysis of the PCR products (A-E) from MCL/BIP-tTA and HEK293-MCL cells. 

Donor template (DT) used as a positive control for PCR reaction E (expected size 1078 
bp). The legend indicates the size of the expected PCR products or lack of amplification 

(–). 

8.10 Statistical analysis  

Results of flow cytometry analyses are reported as means ± standard deviation 

of three biological replicate. Fluorescence measurements from each replicate were 

obtained by calculating the median fluorescence of the population. Heatmap 

representations of data were created using MATLAB software (MathWorks) using the 

mean of three biological replicates. Statistical significance was calculated using a two-

tailed Student’s t-test and two-way ANOVA.  

8.11  Reagents 

Tunicamycin (Cat. No. T7765-5MG; Sigma-Aldrich), thapsigargin (Cat. No. 

T9033-1MG; Sigma-Aldrich), and erythromycin (Cat. No. E5389-5G, Sigma-Aldrich) 

were dissolved in dimethyl sulfoxide (DMSO; Cat. No. 472301; Sigma-Aldrich) to 

prepare 10 mg/mL stock solution. Tetracycline (Cat. No. T7660-5G; Sigma-Aldrich) was 

dissolved in H2O to prepare 10 mg/mL stock solution. Untreated samples were culture in 

media supplanted with the vehicle. 
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Chapter 9  

 

Mathematical Methods 

9.1 Mathematical model 

Protein dynamics were simulated as dependent on the rates of protein 

production, degradation, and dilution arising from cell division. The model is based on 

the assumptions that transcription is fast compared to translation and protein 

dimerization is fast compared to dissociation and degradation [96], [99]. The states of 

promoters in which the transcription factors are bound to single operator sequences 

were neglected [71]. The degradation of all proteins and dynamics of translation were 

considered linear. Since tetracycline and erythromycin diffusion through the cell 

membrane is much more rapid than protein expression, the rate of tetracycline and 

erythromycin uptake and degradation were neglected, and intracellular tetracycline and 

erythromycin concentrations were treated as a constant. 

The concentration of tTA, NanoDeg (ND), EKRAB, GFP, and GFP-NanoDeg 

complex (GFP-ND) were calculated using the following equations:  

*[,-.]
*,

= 𝛼,-. − (𝛾,-. + 𝜇) · [𝑡𝑇𝐴]           (1.1) 

*[<=]
*,

= 𝛼<= − (𝛾<= + 𝜇) · [𝑁𝐷] − 𝑘"A · [𝐺𝐹𝑃] · [𝑁𝐷] + 𝑘"EE · [𝐺𝐹𝑃 − 𝑁𝐷]      (1.2) 

*[FGH.I]
*,

= 𝛼FGH.I − (𝛾FGH.I + 𝜇) · [𝐸𝐾𝑅𝐴𝐵]         (1.3) 
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*[NOP]
*,

= 𝛼NOP − (𝛾NOP + 𝜇) · [𝐺𝐹𝑃] − 𝑘"A · [𝐺𝐹𝑃] · [𝑁𝐷] + 𝑘"EE · [𝐺𝐹𝑃 − 𝑁𝐷]     (1.4)  

*[NOPQ<=]
*,

= 𝑘"A · [𝐺𝐹𝑃] · [𝑁𝐷] − 𝑘"EE · [𝐺𝐹𝑃 −𝑁𝐷] − R𝛾NOPST + 𝜇U · [𝐺𝐹𝑃 −𝑁𝐷]   (1.5) 

where [tTA], [ND], [EKRAB], [GFP], and [GFP-ND] are the concentrations of tTA, 

NanoDeg, EKRAB, GFP, and GFP-ND complex, respectively; 𝛼,-., 𝛼<=, 𝛼FGH.I, and 

𝛼NOP are the rates of production of tTA, NanoDeg, EKRAB, and GFP, respectively; and 

𝛾,-., 𝛾<=, 𝛾FGH.I, 𝛾NOP and 𝛾NOPQ<= are the rates of degradation of tTA, NanoDeg, 

EKRAB, GFP, and GFP_ND complex, respectively. 𝑘"A  is the association rate constant 

of the GFP_ND complex, and 𝑘"EE  is the dissociation rate constant of the GFP-ND 

complex. 

Binding of tetracycline (Tc) to tTA and erythromycin (Em) to EKRAB results in 

displacement of tTA and EKRAB from the operator sequences; the fraction of active tTA 

(𝜃,-.) and active EKRAB (𝜃FGH.I) are thus described using Hill equations [100]:  

𝜃,-. =
W

WX [YZ]
[TYZ

             (1.6) 

𝜃FGH.I =
W

WX [\]]
[T\]

             (1.7) 

where [Tc] and [Em] are the concentrations of tetracycline and erythromycin, 

respectively; 𝐾=-$ is the equilibrium dissociation constant of Tc binding to tTA; and 𝐾=F^ 

is the equilibrium dissociation constant of Em binding to EKRAB.  

The rate of production of tTA (𝛼,-.) depends on the rate of synthesis of the target 

gene at basal conditions (𝛽") and the fold change of expression of the target gene after 

a stimulus (𝑓$), and is affected by the IRES as accounted by the factor 𝜑: 

𝛼,-. =	𝛽" ∙ 𝜑 ∙ 𝑓a              (1.8) 
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The rates of production of all other components (𝛼<=, 𝛼FGH.I, and 𝛼NOP ) depend 

on the rate synthesis of each component and are described using the Hill function as 

previously reported [100], [101], and modified to include basal expression due to leakage 

[102]. The rate of production of NanoDeg (𝛼<=) depends on the rate of synthesis 𝛽<= 

and is controlled by tTA. The unbound state of the operator results in basal expression 

of the NanoDeg with rate of synthesis 𝛽<=. Binding of tTA to the operator results in 

repression of the NanoDeg synthesis by a factor 𝑓H,-.. 

𝛼<= = b cST

WXdefYg∙
[fYg]

[TfYg
h
ifYgj · k1 + R𝑓H,-.U · d

mfYg∙[,-.]
GTfYg

h
nfYg

o         (1.9) 

where 𝛽<= is the rate of synthesis of NanoDeg, 𝜃,-. is the fraction of active tTA, 𝑓H,-. is 

the repression factor resulting from tTA binding to the tetracycline operator, 𝐾=,-. is the 

equilibrium dissociation constant of tTA binding to the tetracycline operator, and 𝜂,-. is 

the degree of cooperativity of tTA repression.  

Because the expression of NanoDeg and EKRAB are linked through an IRES; 

the rate of production of EKRAB (𝛼FGH.I) is equal to aND modified by the effect of the 

IRES (𝜑).  

𝛼FGH.I = 𝛼<= ∙ 𝜑                      (1.10) 

The rate of production of GFP (𝛼NOP) is described using a Hill function that 

accounts for tTA activation and EKRAB repression. The unbound state of the promoter 

results in basal expression of GFP with rate of synthesis 𝛽NOP. Binding of tTA to the 

operator results in activation of GFP synthesis by a factor 𝑓.,-. and binding of EKRAB to 

the operator, regardless of the presence of tTA, results in repression of GFP synthesis 

by a factor  𝑓HFGH.I. 
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𝛼NOP = qb crst

kWXdefYg∙
[fYg]

[TfYg
h
ifYg

o·kWXde\[ugv∙[\[ugv][T\[ugv
h
i\[ugv

o
j · w1 + R𝑓.,-.U · d

mfYg∙[,-.]
GTfYg

h
nfYg

+

kR𝑓HFGH.IU · d
m\[ugv∙[FGH.I]

GT\[ugv
h
n\[ugv

o · k1 + dmfYg∙[,-.]
GTfYg

h
nfYg

oxy      (1.11) 

where 𝛽NOP is the rate of synthesis of GFP, 𝜃,-. is the fraction of active tTA, 𝜃FGH.I is 

the fraction of active EKRAB, 𝑓.,-. is the activation factor resulting from tTA binding to 

the tetracycline operator, 𝑓HFGH.I is the repression factor resulting from EKRAB binding 

to the ETR operator, 𝐾=,-. is the equilibrium dissociation constant of tTA binding to the 

tetracycline operator, 𝐾=FGH.I is the equilibrium dissociation constant of EKRAB binding 

to the ETR operator, 𝜂,-.  is the degree of cooperativity of tTA activation, and 𝜂FGH.I is 

the degree of cooperativity of EKRAB repression.  

The parameters used in the model are described in Table 7. 

Table 7 | List of model parameters.  

Parameter Description Value [Units] Source 

𝑓<,-. tTA activation factor  100 Experimentally measured 

𝑓H,-. tTA repression factor  0.2 Experimentally measured 

𝑓HFG EKRAB repression factor 0.1 Experimentally measured 

𝜑 IRES translational factor 0.3 Experimentally measured  

𝐾=,-. Equilibrium dissociation constant of 
tTA-TetO operator binding  1 [nM] Literature data [96] 

𝐾=FG Equilibrium dissociation constant of 
EKRAB-ETR binding  1 [nM] Estimated 

𝜂,-. tTA cooperativity coefficient 2 Literature data [105] 

𝜂FG EKRAB cooperativity coefficient 2 Estimated 
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𝐾=-$ 
Equilibrium dissociation constant of 
tTA-Tc binding 1 [nM] Literature data [105] 

𝐾=F^ Equilibrium dissociation constant of 
EKRAB-Em binding 1 [nM] Estimated  

𝑘"A Association rate constant of GFP-ND 
complex 2.7648 [nM-1h-1] Literature data [73] 

𝑘"EE Dissociation rate constant of GFP-ND 
complex 0.6264 [h-1] Literature data [73] 

𝛾,-. tTA degradation rate 0.3 [h-1] Estimated 

𝛾FG EKRAB degradation rate 0.3 [h-1] Estimated 

𝛾z{{ NanoDeg degradation rate 0.547 [h-1] Literature data [73] 

𝛾NOP GFP degradation rate 0.0267 [h-1] Literature data [106] 

𝛾NOPz{{ GFP-ND complex degradation rate 0.14 [h-1] Literature data [73] 

𝜇 Cell dilution rate  0.038 [h-1] Literature data [96] 

𝛽NOP GFP synthesis rate 10 [nM h-1] Experimentally measured 

𝛽<= NanoDeg synthesis rate 2 [nM h-1] Experimentally measured 

9.2 Parameter Estimation  

The model parameters were fit to the experimental measurements of GFP 

fluorescence generated using the set of UPR reporter cell lines (i.e., MCL/SREBF1-tTA, 

MCL/ERdj4-tTA, MCL/GADD34-tTA, MCL/CHOP-tTA, MCL/TRIB3-tTA, MCL/WARS-

tTA, MCL/EIF4-tTA, MCL/CANX-tTA, and MCL/BIP-tTA cells) using nonlinear regression 

(MathWorks). The model parameters were fitted based on the assumptions that GFP 

concentration has a direct correlation with GFP fluorescence [103], [104]. The model 

simulated the steady state concentrations of GFP at basal conditions (𝑓$ = 1) 

corresponding to measurements of GFP fluorescence from untreated reporter cells, and 

after a stimulus with an estimated fold change of expression of the target gene (𝑓$ > 1) 
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corresponding to measurements of GFP fluorescence from cells treated with 

tunicamycin (1 μg/ml, 48 h). Simulations were conducted using the Tc and Em 

concentrations tested experimentally. Optimized parameters are reported in Table 8. 

Table 8 | Fitted parameters.  

Parameter Description Value [Units] 

𝑓<,-. tTA activation factor  200 

𝑓H,-. tTA repression factor  0.2 

𝑓HFG EKRAB repression factor 0.08 

𝜑 IRES translational factor 0.3 

𝐾=,-. Equilibrium dissociation constant of tTA-TetO operator binding  7 [nM] 

𝐾=FG Equilibrium dissociation constant of EKRAB-ETR binding  0.05 [nM] 

𝜂,-. tTA cooperativity coefficient 2 

𝜂FG EKRAB cooperativity coefficient 2 

𝐾=-$ Equilibrium dissociation constant of tTA-Tc binding 12 [nM] 

𝐾=F^ Equilibrium dissociation constant of EKRAB-Em binding 3 [nM] 

𝛽NOP GFP synthesis rate 10 [nM h-1] 

𝛽<= NanoDeg synthesis rate 2 [nM h-1] 
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9.3  R2 Calculation  

The R2 value was calculated using the formula: 

 

 

              (1.12) 

 

 
where 𝑛F^ and 𝑛-$ represent the number of erythromycin and tetracycline treatment 

conditions tested, respectively; 𝑧~� represents the GFP fluorescent measurements for 

each combination of erythromycin and tetracycline treatment conditions; 𝑓~� represents 

the model-generated GFP fluorescence for each combination of erythromycin and 

tetracycline treatment conditions; 𝑧̅ represents the mean of the GFP fluorescent 

measurements.  
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Appendix A  
Matlab code of mathematical modeling 

 
function Protein_values = 

Model_Amplifier(Induction,Bo_gene,FI_gene,Tc,Em) 

 
% Inputs to the function 

 % Tetracycline – Tc 

% Erythromycin - Em 

% State of induction of the target gene  

% 0 – Untreated state 

% 1 – Treated state (Stress simulation) 

 % Target-specific parameters:  

% Basal expression - Bo_gene 

% Fold change - FI_gene 

 

% tTA and EKRAB fold inductions and fold repression 

coefficients  

FN_tTA   = 200;    

FR_tTA   = 0.3;   

FR_EKRAB = 0.08;    

 

% Degradation rates  

g_tTA   = 0.693/2; 

g_EKRAB = 0.693/2; 

g_ND    = 0.693/2; 

g_GFP   = 0.693/20; 

  

% Cell dilution rate  

Udil = 0.02;  
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% Transcription factors to operator sequence binding 

constants  

KD_tTA   = 7;   

KD_EKRAB = 0.05;  

  

% Tetracycline and Erythromycin dissociation constants  

KD_Tc = 12;        

KD_Em = 3;    

 

% NanoDeg dissociation constants  

KD_ND = 0.5; 

  

% Influence of IRES  

phi = 0.3;  

  

% tTA and EKRAB cooperativity  

n_tTA   = 2;  

n_EKRAB = 2; 

% State of induction of the target gene 

if Induction == 0 

    FI_tgene = 1; 

else 

    FI_tgene = FI_gene; 

end 

 

% Rate of synthesis of GFP and NanoDeg  

B_GFP = 10; 

B_ND  = 2; 

 

% Fractions of active transcription factors 

O_tTA = 1/(1+(Tc/KD_Tc)); 

O_EKRAB = 1/(1+(Em/KD_Em)); 

  

% Rate of production Alpha-tTA 

a_tTA = Bo_gene*phi*FI_tgene; 
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% tTA total protein  

P_tTA = a_tTA / (g_tTA+Udil);  

 

% Rate of production Alpha-ND 

a_ND = (B_ND/(1+(O_tTA*ptTA/KD_tTA)^n_tTA))... 

*(1+(FR_tTA*(O_tTA*ptTA/KD_tTA)^n_tTA));  

 

% Vhh total protein (P_Vhh) 

P_ND = a_ND / (g_ND+Udil); 

 

% Rate of production Alpha-EKRAB  

a_EKRAB = (B_vEKRAB/(1+(O_tTA*P_tTA/KD_tTA)^n_tTA))... 

*(1+(FR_tTA*(O_tTA*P_tTA/KD_tTA)^n_tTA))*phi;  

 

% EKRAB total protein  

P_EKRAB = alpha_EKRAB / (g_EKRAB+Udil);  

 

% Rate of production Alpha-GFP  

a_GFP =(B_GFP/((1+(O_tTA*P_tTA/KD_tTA)^n_tTA)...  

*(1+(O_EKRAB*P_EK/KD_EKRAB)^n_EKRAB)))... 

*(1+(FN_tTA*(O_tTA*P_tTA/KD_tTA)^n_tTA)... 

+((FR_EKRAB*(O_EK*P_EKRAB/KD_EKRAB)^n_EKRAB)... 

*(1+(O_tTA*P_tTA/KD_tTA)^n_tTA))); 

 

% GFP total protein (P_GFP) 

P_GFP = (a_GFP/(1+(P_ND/KD_ND)))/(g_GFP+Udil)... 

+(a_GFP*(P_ND/KD_ND)/(1+(P_ND/KD_ND)))/(g_ND+Udil);  

  

end 

The Matlab code of the mathematical modeling (file name Model_Amplifier.m) 

was used with the files i) Simulation_Heatmaps.m to generate Figure 24 and ii) 

Optimal_Inducers.m to generate Figure 27. All the Matlab files used in this study are 

available in the Segatori Lab.  
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