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Abstract 

Secretory proteins are a large and important part of the human proteome. They are either 

membrane-associated or soluble proteins and most of them first target the endoplasmic 

reticulum (ER) to enter the classical secretory pathway. Cargo proteins start their journey 

through this pathway from the ER to the Golgi via vesicular structures, representing the initial 

step in this process. Modern, high-resolution imaging techniques in combination with 

innovative genetically encoded, fluorescent protein (FP)-based tools allow the 

synchronization and real-time visualization of such trafficking events. It has been shown that 

many tumor cells rely heavily on protein secretion to maintain cancer-specific hallmarks like 

high growth and proliferation rates and also enable metastasis. Despite this knowledge about 

the role of the secretory pathway in cancer cells, not a lot is known about its general energy 

supply and specifically its resistance to stress. In this thesis, we applied state-of-the-art 

techniques to allow a closer look into the complex interrelation between metabolic activity 

and early secretory trafficking events in cancer cells as well as test the sensitivity of ER-to-

Golgi transport to energy and Ca2+ stresses. The experiments revealed a yet unseen stability 

of secretory transport under significant energy stress by nutrient starvation, mimicking a 

situation tumor cells might encounter during their life. Surprisingly, the cancer cell model also 

displayed high efficiency in ER-to-Golgi trafficking upon short-term Ca2+ stress induction. 

However, treatment with the antimetabolite 2-deoxy-D-glucose (2-DG) effectively and almost 

completely abolished secretory transport of luminal and transmembrane cargo constructs, 

underlining the importance of the glycolysis-based energy supply to maintain effective protein 

trafficking in cells exhibiting the Warburg effect. We further demonstrated the impact of 2-DG 

on the cellular Ca2+ homeostasis and the motility of vesicular structures within cells. 

Furthermore, the structural integrity of ER and the microtubule network, as a crucial mediator 

of directed, long-distance intracellular transport, were investigated under severe energy 

stress. In an attempt to complement high-resolution fluorescence imaging methods, a novel 

genetically-encoded sensor based on new FP-technologies was introduced opening up new 

possibilities. By applying innovative methodical approaches we demonstrated a high stress-

resistance of the secretory pathway in the cancer cell model. These new insights into ER-to-

Golgi transport efficiency under energy and Ca2+ stress also emphasize the importance of 

the secretory pathway as a potential target in future cancer therapy.  
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Zusammenfassung 

Sekretorische Proteine bilden einen großen und wichtigen Teil des humanen Proteoms. Bei 

diesen handelt es sich entweder um membran-assoziierte oder lösliche Proteine, deren 

erstes Ziel das Endoplasmatische Retikulum (ER) darstellt, als Eingang in den klassischen 

Sekretorischen Weg. Cargo Proteine beginnen ihre Reise durch diesen Weg vom ER zum 

Golgi über vesikuläre Strukturen, der erste Schritt in diesem Prozess. Moderne, 

hochauflösende Imaging-Methoden in Kombination mit innovativen genetisch-codierten, 

fluorescent protein (FP)-basierten Tools erlauben die Synchronisation und Visualisierung 

solcher Transportprozesse in Echtzeit. Viele Tumor-Zellen sind stark von der 

Proteinsekretion abhängig, um krebs-spezifische Eigenschaften wie hohe Wachstums- und 

Proliferationsraten sowie Metastasierung zu ermöglichen. Trotz dieses Wissens über die 

Rolle des Sekretorischen Weges in Krebszellen ist wenig über dessen Energieversorgung 

und Stress-Resistenz bekannt. In dieser Doktorarbeit wurden state-of-the-art Techniken 

verwendet, um einen genaueren Blick auf die komplexen Beziehungen zwischen 

metabolischer Aktivität und frühen sekretorischen Prozessen in Krebszellen zu ermöglichen 

sowie die Sensitivität von ER-Golgi Transport gegenüber Ca2+- und Energiestress zu testen. 

Die Experimente zeigten eine bisher ungeahnte Stabilität des sekretorischen Transports 

unter signifikantem Energiestress durch Nährstoff-Entzug, einem Zustand, den Krebszellen 

im täglichen Leben begegnen können. Überraschenderweise zeigte das Krebszell-Modell 

auch unter kurzzeitigem Ca2+-Stress hohe Effizienz des ER-Golgi Transports. Behandlung 

mit dem Antimetaboliten 2-Deoxy-D-Glukose (2-DG) hingegen verhinderte den 

sekretorischen Transport von luminalem und Transmembran-Cargo nahezu komplett, was 

die Wichtigkeit von Glycolyse-basierter Energieversorgung für die Aufrechterhaltung 

effizienten Proteintransports in Zellen mit Warburg-Effekt hervorhebt. Außerdem konnte der 

Einfluss von 2-DG auf die zelluläre Ca2+-Homöostase sowie die Beweglichkeit vesikulärer 

Strukturen im Zellinneren demonstriert werden. Die strukturelle Integrität von ER und 

Mikrotubuli-Netzwerk, einem wesentlichen Mediator von gerichtetem intrazellulärem 

Transport, wurde ebenso unter hohem Energie-Stress untersucht. Um hochauflösende 

Fluoreszenzmikroskopie-Verfahren zu komplementieren, wurde ein neuartiger, genetisch-

codierter Sensor auf Basis neuer FP-Technologien designt, der neue Möglichkeiten eröffnet. 

Durch den Einsatz innovativer methodischer Ansätze konnte eine hohe Stress-Resistenz des 

Sekretorischen Weges im Krebszell-Modell gezeigt werden. Diese neuen Erkenntnisse zur 
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Effizienz des ER-Golgi Transports unter Energie- und Ca2+-Stress unterstreichen die 

Bedeutung des Sekretorischen Weges als mögliches Target in der Krebstherapie der 

Zukunft. 
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1 Introduction 

It has been known for a long time that the classical secretory pathway represents a central 

element in cellular life enabling interactions with surrounding cells and the environment as 

well as long-distance communications (2,3). This holds true for single-cell organisms and 

also individual cells in multicellular organisms. Essential cell-to-cell communications by 

sending and receiving chemical signals and modifications of the extracellular space largely 

depend on functioning protein secretion. This includes transport of proteins, also referred to 

as “cargo” in that context, to the plasma membrane or in soluble form to the extracellular 

fluid. 

Countless studies are addressing mechanistic aspects of protein secretion. Especially its 

crucial first step, the transport of cargo from the endoplasmic reticulum (ER) to the Golgi 

apparatus, has been well investigated (see 1.1.1). However, fundamental questions remain 

to be answered. A number of them have to do with how much energy is needed to maintain 

proper protein secretion and, in direct connection to that, how does exerting stress (energy 

stress in particular) on a cell impact its capacity to uphold a working secretory pathway. This 

aspect becomes even more important if we think about the role of this pathway in the 

development of certain diseases including cancer (3–5). 

For these reasons, this study focuses on the impact of stress on the cancer cell secretory 

pathway, in particular its initial step, the ER-to-Golgi transport, and elaborates on methodical 

aspects instrumental to the research on this topic while providing novel approaches to shape 

its future.  

1.1 The secretory pathway 

The secretory pathway is based on complex interrelated and tightly regulated sorting and 

trafficking processes (3,6). A huge portion of proteins produced by a cell enters the ER as a 

cargo, i.e. a protein that is destined to run through anterograde trafficking, or as a regulatory 

component of this pathway, emphasizing the importance of protein secretion on the cellular 

level. Estimations reach up to one-third of the human proteome that enters the ER (4,7–10), 

resulting in the secretion of several thousand individual molecules every second (11). These 
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numbers underline the importance of this pathway in the context of cellular life and energy 

expenditure in protein production, folding, sorting and trafficking. Moreover, it is known that 

cells not only exhaust the capacities that they possess but even take steps to extend them in 

extreme situations. Certain cell types can expand organelles of the secretory pathway, like 

the ER and Golgi, as well as multiply the number of spots where transport vesicles emerge 

(12).  

1.1.1 The classical secretory pathway – an overview 

What is commonly understood to build up the protein secretion pathway, is more precisely 

defined as the “classical secretory pathway”. Over the last few decades, researchers have 

uncovered a great amount of detailed information about how the secretory transport of 

proteins works and have identified key players involved in this system (3). All of these 

findings add up to a rather simplified model of a very complex process: proteins enter the ER 

co-translationally and then move to the Golgi apparatus and from there to the plasma 

membrane or extracellular space – all based on vesicles, respectively vesicular tubular 

clusters, representing the transport carriers that mediate this journey (3,13–21). 

The ER represents the initial organelle of the secretory pathway and an essential gatekeeper 

in these processes. It overtakes multiple functions in eukaryotic cells, only a part of which is 

connected to secretory trafficking (22). The ER is organized into distinct areas like e.g. 

mitochondria-associated membranes (MAM), plasma-membrane-associated membranes 

(PAM) or, especially interesting for protein secretion, regions of vesicle building for secretory 

transport, the so-called ER exit sites or ERES (15,22). Proteins of the secretory pathway, 

either of regulatory nature or actual cargo proteins for secretion, are formed at the rough ER 

(3), the part of the ER constantly covered with ribosomes (23).  

The general mechanisms have been studied for a long time (24) - the recognition of signal 

peptides and recruitment of the ribosome machinery to the Sec61 pore, where the peptide 

chain is channeled through the ER membrane into the lumen, is well investigated (25). In the 

ER lumen all required folding processes supported by a large number of chaperone proteins 

take place (10). Moreover, this is the place, where the vast majority of posttranslational 

modifications are conducted (26). It is well known today that there are signal sequences that 

lead to an immediate retrograde transport of a protein required to reside in the ER (27), in 
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case it gets transported to the Golgi apparatus, which happens frequently based on the 

principle of bulk-flow transport (28).  

There are certain principles describing which proteins are transported from the ER to the 

Golgi and which ones are not. There are five general mechanisms that describe how proteins 

are handled: cargo capture, bulk flow, retention, retrieval and ER-associated degradation 

(ERAD; (29)). ERAD is first and foremost a mechanism to eliminate proteins that fail to fold 

properly or reside in an unassembled state in the ER (30). The so-called unfolded protein 

response (UPR), which is activated upon an accumulation of unfolded proteins in the ER 

lumen, together with ERAD represents key quality control mechanisms in the ER (31,32). 

Protein retention and retrieval enable the cell to keep key proteins for dynamic folding and 

unfolding reactions or other ER-associated tasks in place or retrieve them (29,33). The 

retrieval of such proteins via retrograde transport has been studied in great detail to 

understand how the cell can maintain an ER environment enriched in chaperones and 

enzymes mediating folding processes (33). The most interesting mechanisms for this study, 

however, are bulk flow and cargo capture as well as their underlying principles, since the 

experiments described in this thesis focus on anterograde transport to the Golgi apparatus 

and beyond.  

As demonstrated by applying a soluble viral capsid protein as a tracer molecule in eukaryotic 

cells, bulk flow, i.e. the anterograde transport of luminal proteins in the ER without active 

recruitment into transport vesicles, can also occur at very high rates and can represent a 

significant factor in protein secretion (34). It has been shown that this type of transport from 

ER to Golgi occurs quite fast in mammalian cells with cargo reaching the medial Golgi 

cisternae within roughly 15 minutes (35–37) and can even be significantly faster in yeast 

(38). However, not much is known about the bulk flow transport of transmembrane cargo.  

Active sorting or cargo capture, in contrast to bulk flow, is relying on the recognition of certain 

amino acid motifs by according receptors, allowing the active recruitment of the respective 

cargo into transport vesicles (29,39). These motifs are found on the cytosolic side of 

transmembrane cargo proteins, where they get recognized by components of the vesicle 

coat complex (39–41). Soluble cargos on the other hand require additional membrane 

receptors, which recognize and recruit these proteins to the transport carriers after getting 

into direct contact with them. Because of the diversity of cargo and the consequent need for 

adaptation, there are at least 24 adaptors/receptors known to mediate cargo capture in 
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mammalian cells (29). Interestingly, the bulk flow principle ensures that even upon depletion 

of signals for active sorting, secretory transport might be slowed down but can be maintained 

by the cell as has been demonstrated in yeast (42).  

1.1.2 ER-to-Golgi transport – a closer look at the initial step of secretory 

trafficking 

Regulators of the secretory pathway and especially its crucial first step, the ER-to-Golgi 

trafficking, have been studied in great detail over the last decades (6). While there are 

significant differences between various species regarding the role of cytoskeleton elements 

in anterograde transport (19), the main steps in ER-to-Golgi transport are largely conserved 

(43). Typically, cargo proteins are recruited to distinct positions of the ER, the ER exit sites or 

ERES, where vesicular transport carriers are built and released (13–15), although it is known 

that not all cargos accumulate in these sites (44).  

The vesicular carriers mediating the initial step in anterograde secretory transport are called 

coat protein complex II (COPII) vesicles and are built through a well-investigated multistep 

mechanism (13–15). The assembly factors Sec12 and Sec16 are found in increased 

numbers in ERES due to their functions in initiation and organization of these sites (14,29). 

Sec12 is instrumental for COPII-formation since it initiates binding of the small GTPase Sar1 

to the ER membrane by mediating GDP to GTP exchange (13,14). After that, a so-called pre-

budding complex consisting of Sar1-GTP as well as Sec23 and Sec24 is built (13). The 

Sec24 subunit of the Sec23-Sec24 complex is known to mediate cargo capture of various 

transmembrane cargos and adaptors by engaging and subsequent direct binding of export 

signals (13,14,40,41). The second large complex, Sec13-Sec31 (organized in 

heterotetramers), then binds pre-budding complexes and polymerizes (13–15). This leads to 

a gradually increased membrane curvature and finally release of a vesicle encompassed by 

a fully assembled COPII-coat by fission from the ER membrane (13,14). The disassembly of 

the COPII is later initiated by Sar1 GTP hydrolysis mediated by the GAP (GTPase-activating 

protein) function of Sec23 (13,45). Homotypic fusion events lead to the formation of larger 

vesicular tubular clusters (VTCs; (46,47)), which present the primary site for a concentration 

of protein cargo (44) and become part of an enigmatic intermediate structure with dynamic 

characteristics, the ER-Golgi intermediate compartment (ERGIC; (16–18,21)).  



   

 

 19 

Recent studies suggest that COPII coat disassembly is conducted in connection to fusion to 

the ERGIC (48). Vesicle tethering and fusion represent highly complex processes involving 

numerous enzymes and supporting structural proteins (as reviewed in (39)). Tethering, i.e. 

the process of getting into contact with a target membrane for initiation of vesicle fusion, is 

often mediated by tethers of the TRAPP protein complex family in eukaryotic cells (49,50) or 

p115 (50,51). The most important regulatory enzymes in the process are members of the 

Rab family GTPases (39). Moreover, so-called N-ethylmaleimide-sensitive factor attachment 

protein receptors (SNARE) proteins are central mediators of membrane fusion (52). SNAREs 

on vesicle and target membrane (v-SNAREs and t-SNAREs) not only physically bring 

together the membranes but also ensure specificity (39,53). The major ER-Golgi SNARE 

complex consisting of syntaxin 5, membrin, Sec22 and Bet1 is assumed to mediate fusion at 

ERGIC and cis-Golgi (16,52). Together, SNARE complexes, Rab GTPases and tethers 

ensure the correct membrane fusion of transport carriers with the target membrane (39). 

It has long been known that ER-to-Golgi transport does not only happen through vesicle 

diffusion but is also mediated by directed transport of these vesicles along cytoskeleton-

elements. ER-to-Golgi transport has been shown to rely on the microtubule network in this 

regard (17–19,21). After the cargo reaches the Golgi stack further glycosylation and 

posttranslational modifications are conducted, which are known to play important roles in 

human health and disease (54). As mentioned before, proteins that need to be retrieved to 

the ER carry distinct signal peptides, most commonly the KDEL motif which is recognized by 

Erd2 in the Golgi, and such proteins are sent back on their way to the ER (27). This 

retrograde transport relies on COPI-vesicles – the counterpart of the COPII-vesicles mainly 

mediating anterograde movement – which are similarly built in a multistep process. Besides 

the main task of ensuring retrograde trafficking, other functions of the COPI-system are 

discussed frequently (28).  

1.1.3 Alternative ways of secretory transport 

This thesis is concentrating on the main secretory trafficking mechanism that a typical 

somatic cell exhibits – the classical secretory pathway as described in 1.1.1. However, in 

parallel to the well-known and most common protein secretion pathway of entering the ER as 

the first modification hub and then being transported to the Golgi via vesicular structures 

before reaching the cell plasma membrane or extracellular space (3), there are alternative 
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ways of secretory transport in existence. For the sake of completeness, also these pathways 

are described briefly in the following paragraphs. 

While in plants unconventional protein secretion can amount to half of the secretome, the 

classical protein secretion is the prevalent pathway in other eukaryotic systems (55,56). Still, 

also in humans a significant number of proteins can be secreted via non-classical pathways 

independent from the ER and Golgi (56,57). These proteins involve major factors of 

intercellular communication in multicellular organisms including a variety of cytokines like 

interleukin 1 alpha and beta (IL1α and β; (58,59)) or fibroblast growth factor 1 and 2 (FGF1 

and FGF2; (57,60)). Moreover, this heterogeneous group of non-classically secreted proteins 

involve annexins, heat shock proteins (HSP) and certain enzymes like sphingosine kinase 1 

(61–63). Interestingly, unconventional secretion has also been suggested to contribute to 

cancer cell secretomes (64). 

In general, four mechanisms of non-classical protein secretion can be distinguished: 

Membrane blebbing, the endolysosomal pathway, the exosome-mediated secretion, and 

translocation through the plasma membrane. Most of these proteins are released rather 

spontaneously from the secreting cells (reviewed in (56)). Despite all knowledge that we 

already gathered about unconventional protein secretion and the underlying mechanisms, its 

role often remains cryptic. 

1.2 The importance of protein secretion in cancer 

As elaborated, eukaryotic cells invest a large number of their resources (10) to maintain a 

functioning secretory pathway to be able to properly communicate with and adapt to their 

environment. Therefore, it does not come as a surprise that defects in this vital system of 

membrane and protein trafficking, often via mitochondrial dysfunction, can lead to severe 

disease (3,5,10,65–68). The vital role of protein secretion in cancer, for example, is 

undisputed. In a recent review cancer cells have even been termed “addicted to secrete” (4) 

– with good reason. It has not only been proven that protein secretion is a decisive factor in 

cancer cell malignancy (4,69–74), but in many cases, the exact protein factors responsible 

for this are characterized. These players are often shuttled through the secretory pathway 

and are responsible for numerous cancer-cell specific hallmarks like high growth and 
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proliferation rates or protect them from deregulation of cellular energetics, the immune 

system or imminent nutrient shortage by initiating angiogenesis (4,70,72,74).  

1.2.1 Examples of specific secretory protein targets in cancer therapy 

To name a well-known example for proteins maintaining cancer progression and metastasis, 

a very interesting protein family, matrix metalloproteinases or MMPs, are thought to play key 

roles in these processes (75). In particular, MMP-9, which is known to be overexpressed in 

colorectal cancer (76) and the zinc-dependent MMP-2 (77) have caught the attention of 

researchers as potential targets in cancer therapy. Although not undisputed in the scientific 

community due to their complex functions (78), studies searching for components targeting 

MMPs are ongoing (79,80). Formerly notoriously vilified primarily as enzymes degrading the 

extracellular matrix, the role of MMPs might be more nuanced after all (78,81). Another 

famous example for an essential factor that might represent a suitable target is vascular 

endothelial growth factor (VEGF), which promotes angiogenesis and thereby ensures 

upregulated bioenergetic activity in cancer cells (70,82).  

Furthermore, we know that prooncogenic processes are supported by many more proteins 

passing through the secretory pathway like growth factors or certain receptor tyrosine 

kinases that rely on proper glycosylation (83). Based on the knowledge that these specific 

proteins can be found among the secretion output of a cancer cell, modern approaches 

frequently apply secretomics applications, meaning the analysis of all secreted proteins of a 

sample e.g. a cell population by using methods like proteomic analyses and mass 

spectrometry to learn more about this aspect (72). These factors render the secretory 

pathway a promising target in future approaches for fighting malignant tumors (4,70). 

1.2.2 The energy supply of the secretory pathway as a potential target in 

cancer therapy?  

However, while discussing single secreted proteins as potential therapeutic targets we still do 

not fully understand the general functional aspects of the secretory machinery itself. One of 

them, in particular, is of large interest to us: the general energy demand and especially the 

potential sensitivity to energy stress in cancer cells. It has indeed been shown that a large 
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number of steps in protein secretion beginning from protein quality control and folding over 

vesicle formation and fusion to vesicle transport itself require energy in the form of ATP or 

GTP (10).  

Before the actual transport of cargo proteins via vesicular structures can occur, proper 

folding must be guaranteed in the ER, otherwise quality control mechanisms step in to 

degrade unfolded proteins (31,32). The ER energy supply has largely been a mystery (84), 

however, the discovery of ATP/ADP exchanger AXER has shed some light on it recently 

(85). A lot of energy-requiring steps are found in ER-to-Golgi transport, including COPII coat 

formation, microtubule-associated transport of vesicles and their tethering and fusion to 

target membranes (10). Some older publications have already illustrated the general 

dependency of secretory transport on ATP by demonstrating a strong decrease in the 

secretion of certain cargo proteins (86–89).  

Direct correlations between secretory transport and metabolic activity have been discussed 

regularly in recent years (90,91), but not a lot of experiments have been conducted on this 

fascinating topic. To this day, the energy demand and energy stress resistance of the 

secretory pathway remains enigmatic despite representing a potentially promising target in 

cancer therapy.   

1.3 Cancer cell metabolism and energy stress 

To understand how the cancer cell metabolism and potentially the secretory pathway of a 

cancer cell can be influenced by certain energy stresses, it is crucial to comprehend their 

typical metabolic phenotype. Commonly, many cancer cells exhibit a characteristic metabolic 

setting, which has been known for a long time as the so-called Warburg effect (92). This 

phenotype is the result of massive metabolic rewiring by the cell to maintain high proliferation 

and growth rates and ensure long-time survival (93). The main feature of this effect lies in 

strongly increased glucose uptake and glycolysis with subsequent production of lactate while 

relying less on oxidative phosphorylation despite potentially intact mitochondrial 

bioenergetics and abundance of oxygen – also commonly known as aerobic glycolysis (92–

94). 
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Over the past decades, the cancer cell metabolism has been studied extensively. Novel 

approaches allowing the investigation of the metabolic setting of single living cells have 

further strengthened our understanding of this particular metabolic phenotype (84,95). With 

these methods, it has been demonstrated that HeLa cells, a well-investigated model cell line 

for malignant solid tumors, likely produce most of their ATP via glycolytic processes and 

display a strong dependency on glucose supply (84). Interestingly, HeLa cells have also 

been applied in the past to investigate the modulation of secreted MMPs that play a huge 

role in tumor invasion, as explained before (96).  

Based on the profound knowledge that we have about how tumor cells produce ATP, 

glycolysis and glucose supply present themselves as the ideal targets to apply energy stress 

and investigate its impact on protein secretion. As a result of their immense growth and 

proliferation rates, tumor cells can indeed run into natural glucose and nutrient shortage by 

default. The rapidly proliferating cells naturally aim to counteract this by inducing 

angiogenesis (97), which brings us back to the secretory pathway. 

1.4 Other crucial cellular parameters influencing ER-to-Golgi transport 

As described, secretory trafficking is a tightly controlled process relying on sufficient energy 

supply at several stages (10). However, in addition to the demand for ATP and GTP, the 

trafficking machinery also requires certain other structural and chemical preconditions to 

function properly. 

1.4.1 Interrelations of Ca2+ dynamics and trafficking processes 

One of the most influential factors in protein trafficking is assumed to be subcellular Ca2+ 

content and dynamics. Though it has been known for a longer time that cytosolic Ca2+ 

mediates fusion of vesicles e.g. carrying neurotransmitters to the plasma membrane, the role 

of Ca2+ as a regulator of intracellular membrane fusion has only recently been suggested 

(98,99). Data collected from experiments selectively chelating Ca2+ in intracellular pools 

suggests a complex role of Ca2+ as a regulatory agent throughout a mosaic of different steps 

in protein trafficking (100). 
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Modern methodical approaches like the development of genetically encoded tools for 

monitoring secretory protein transport as well as single-FP or Förster Resonance Energy 

Transfer (FRET)-based biosensors to measure Ca2+ in living cells have significantly 

contributed to recent advances in our understanding of the role of Ca2+ as a central regulator 

in exocytosis and ER-to-Golgi transport (45,98,99,101). Studies applying antibody-based or 

live-cell time-lapse imaging techniques have already uncovered some of the important 

players in Ca2+ regulated ER exit and the early secretory pathway. While some proteins like 

calmodulin have been identified as Ca2+ sensing regulators of protein secretion for quite a 

while now (102), the role of other essential Ca2+-dependent mediators in early protein 

secretion like ALG-2 or peflin has only been described in detail in recent years 

(45,101,103,104).  

Another fascinating aspect of Ca2+ potentially regulating intracellular trafficking events is its 

predicted regulating effect on motor proteins and the cytoskeleton in eukaryotic cells (105–

108). It has also been demonstrated that an inositol 1,4,5-triphosphate (IP3)-mediated Ca2+ 

release from the ER lumen and consequently a strong transient increase in the cytosolic Ca2+ 

pool leads to an immediate freeze in the movement of GPI-positive vesicles (109), hinting at 

a prevention of long-distance, directional transport of vesicular carriers along cytoskeleton 

elements. This effect might be highly meaningful for ER-to-Golgi transport as well, since this 

crucial, initial step in secretory transport is known to also rely on microtubule-dependent 

transport (19).  

While a lot of questions regarding Ca2+ mediated regulation of ER-to-Golgi and secretory 

protein transport overall remain unanswered, the general importance of physiological 

subcellular Ca2+ concentrations and unrestricted Ca2+ dynamics is undisputed. Given that the 

maintenance of healthy levels in subcellular Ca2+ pools also heavily relies on subcellular ATP 

(110,111), the interrelations of Ca2+ and ATP household are likely to present a major focus in 

future secretory pathway research. 

1.4.2 Structural basis for fast and essential secretory trafficking from the 

ER 

The ER is a multifunctional organelle (22) and represents the first entry point into the 

secretory pathway (3). Proper morphology of the ER network and an adequate number of 
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ERES as the location of COPII-vesicle formation is important to guarantee proper transport 

(50). The ER is a highly dynamic organelle (103,112) and disturbances in the membrane 

trafficking system can lead to severe disease (3). This high amount of variety is also reflected 

in the differences in the number and composition of ERES, which can vary significantly 

between different cell types (50).  

Another interesting aspect of ER-to-Golgi transport is its dependence on the structural 

integrity of the cytoskeleton. It has been shown that COPII-positive vesicular carriers move in 

a microtubule-dependent manner (18,21,47), suggesting a dynein/dynactin-mediated 

translocation (47). Therefore, besides validating the ER network structure in examined cells, 

it might be very meaningful to also monitor the stability of the microtubule-network in studies 

and the motility of vesicular carriers when examining early secretory transport. 

1.5 Investigating protein secretion using high-resolution fluorescence 

live-cell imaging  

Early visualization attempts of the basic principles of how proteins are transported by 

secretory trafficking in a cell have already been conducted over 50 years ago using electron 

microscopy (113,114). Over the last few decades, researchers have started to uncover the 

mechanisms of the cellular secretory transport machinery via successful ex vivo approaches 

(115,116). The secretory pathway was formerly examined mainly by making use of 

biochemical or molecular biological techniques in combination with electron microscopy 

(117). However, the high dynamics in membrane and protein trafficking are characterized by 

fast-paced processes often happening simultaneously within short periods, which are difficult 

to capture with these methods. For this reason, the massive impact of live-cell optical 

approaches on the field was rightly predicted early on (117).  

Unsurprisingly, the discovery of green fluorescent protein (GFP) as a versatile tool for 

monitoring and visualizing expression of genes and localization of proteins (118) further 

boosted the impact of high-resolution microscopy approaches on this research field (119). 

For a long time now, fluorescence microscopy approaches have been commonly used to 

investigate the early secretory pathway and its components (119). Over the years optical 

methods have improved drastically and the demand for visualization of the actual dynamics 
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in such a highly dynamic process like protein trafficking increased. To complement the solid 

approaches based on cell fixation, more and more experiments were also conducted via 

time-lapse live-cell imaging.  

Naturally, the direct FP-labeling approach does not exclusively comprise secretory pathway 

experiments with fluorescent cargo proteins, but e.g. also examinations involving the visual 

tracking of ERES: antibody-based visualization of the COPII element Sec31 (120), for 

example, has been shown to also work nicely via direct expression of an FP-labeled Sec31 

variant (121). This is only one example, where the fusion of a protein of interest in the 

secretory pathway (regulation) has replaced or complemented antibody-based labeling. 

1.5.1 Synchronizing ER-to-Golgi transport to uncover its dynamics and 

allow quantitative examinations 

To allow proper examination and quantification of secretory processes in mammalian cell 

models, transport of the protein cargo of choice has to be synchronized (90,122). This 

synchronization process is characterized by the simultaneous release of a cohort of a 

(fluorescent) probe from the ER, which enables a precise determination of the starting point 

of secretory transport thereby providing crucial information about temporal dynamics. Over 

the last decades, several different approaches have been developed, improvements of these 

concepts and the development of novel techniques are ongoing (90,122).  

One of the first milestones in secretory transport synchronization was the discovery of the 

thermosensitive mutant tsO45 of the vesicular stomatitis virus G protein (VSVG; (123)). The 

temperature-sensitive, monomeric VSVGtsO45 accumulates in the ER at a restrictive 

temperature (higher than 39.5 °C). Upon a switch to the permissive temperature of 32 °C 

trimerization and proper folding can occur leading to immediate trafficking to the plasma 

membrane through the Golgi apparatus. This principle can be exploited for (live-cell) 

fluorescence imaging by simply labeling the mutant VSVGtsO45, or more precisely its 

transmembrane region (VSVGtm), with GFP (Figure 1), which has been performed 

successfully in the past to investigate ER-to-Golgi transport and involved components and 

regulators (18,47). The approach is still found today in the context of modern imaging 

methods (124). 
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Figure 1: The principle of VSVGtm-GFP transport constructs. Reversible misfolding of the VSVG 

transmembrane domain (VSVG) fused to GFP leads to retention of the construct in the ER at 40 °C. A 

temperature switch to 32 °C leads to proper folding and homotrimerization of the probe subsequently 

allowing transport initiation from the ER towards the Golgi.  

A more modern approach to synchronize ER-to-Golgi transport is the use of ligand-sensitive 

probes to study protein trafficking. Famous examples for this would be the application of so-

called conditional aggregation domains (or CAD; (125)) or the RUSH-system (“Retention 

using selective hooks”; (126)). Both principles are again based on an aggregation of the 

engineered construct in the ER, however, transport is not initiated by a temperature switch 

but by the addition of chemical ligands (122).  

The RUSH-system is based on the interaction between streptavidin and the streptavidin-

binding peptide (SBP, (126)). Streptavidin is fused to an ER-residing membrane protein and 

keeps the SBP-fused cargo protein in the ER (i.e. donor compartment), until biotin is added, 

which binds streptavidin with higher affinity and thereby induces the release of the cargo 

(126). A big advantage of CAD-based constructs is that, in comparison to the RUSH-system, 
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they do not require two parts, but aggregate into lattice-like oligomers by themselves (122). 

These constructs, which were initially invented for selective gene therapy approaches (127), 

can be disaggregated by a small chemical ligand (e.g. D/D Solubilizer), initiating transport. In 

combination with cutting-edge imaging technologies, GFP-tagged CAD constructs present a 

powerful tool to visualize secretory trafficking (Figure 2).  

Figure 2: The principle of CAD-based transport constructs. Constructs consisting of a cargo 

protein (C; in this case a soluble protein), GFP, a secretion signal sequence (SS) and 4x conditional 

aggregation domains (CAD) aggregate in the ER, thereby preventing secretory transport. The addition 

of a small chemical ligand (LIGAND) leads to immediate disaggregation and initiation of ER-to-Golgi 

transport of the construct. 

Recent efforts aim at eliminating ligand-addition for transport initiation by introducing the 

concept of photosensitive oligomerization into ER-to-Golgi transport constructs (90,122). For 

this, the plant ultraviolet-B resistance 8 (UVR8) domain is introduced into the probe, which 

leads to the formation of aggregates in the ER. Seven-second UVB light pulses serve as the 

trigger leading to de-aggregation and release of the cargo into the secretory pathway (128).  
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1.5.2 Novel FP technologies providing tools for innovative ER-to-Golgi 

transport sensor design  

Unfortunately, in the modern scientific world time and money are often rare. Due to their 

quick and easy application, often without the need for expensive technology like high-

resolution microscopy equipment, assay-based systems to investigate cellular pathways 

have taken over in many laboratories. With the application of certain novel FP technologies, 

it might not be necessary to make any tradeoffs in the scientific work and even adequately 

complement high-resolution imaging methods. Some of these technologies, two of which are 

explained briefly, could also help facilitate ER-to-Golgi transport investigations. 

The first one is the split FP technology (129). Starting from the well-known principle of 

bimolecular fluorescence complementation (BiFC), where two non-fluorescent parts build a 

fluorescent protein when coming into proximity of each other, the split FP technology has 

come a long way. The most recent approaches have broken up sfGFP, respectively 

sfCherry, asymmetrically, to create a small epitope tag consisting only of the eleventh beta-

strand of the FPs. This “FP11” part can be used as a minimally perturbing tag on a protein of 

interest, binding the rest of the FP to allow visualization of these interactions via fluorescence 

microscopy (129). Approaches of this kind have already been successfully implemented to 

design innovative genetically encoded sensors for cellular processes like mitochondrial 

import (130). 

Another very interesting discovery in recent years was the dimerization dependent 

fluorescent proteins (ddFP; (131,132)). This promising principle is based on a potentially-

fluorescent FP part, and a second non-fluorescent FP part, which upon proximity and 

subsequent reversible heterodimerization induces the fluorescence properties of the first 

part. Since monomer partners of differently colored FPs can interchangeably interact with the 

inducing monomer, there have already been attempts to use this principle for the design of 

ratiometric sensors for Ca2+ and caspase activity (132). 

So far, no one has attempted to weave in these techniques into innovative probes to create 

an assay for ER-to-Golgi transport quantification. However, there might be a lot of potential in 

these approaches for future sensor design. 
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2 Hypothesis and Aims 

Research on cellular secretory activities and specifically ER-to-Golgi transport processes has 

largely focused on gaining mechanistic insights and on identifying molecular players that 

accomplish protein sorting and transport. However, not much is known about the energy 

demand and supply of the secretory pathway. Also the resilience of protein secretion to 

energy stresses and other types of stresses have only been marginally investigated. 

However, due to the high importance and efficiency of protein secretion in different tumors 

(4), it seems particularly relevant to better understand the energy dependency and stress 

resilience of the secretory pathway of cancer cells.  

Most cancer cells of very malignant tumors show a typical metabolic setting, well known as 

the Warburg effect, with high rates of aerobic glycolysis and low rates of mitochondrial 

oxidative phosphorylation (92–94). Interestingly, very little is known about a potential link 

between cancer cell-specific metabolism and high rates of protein biosynthesis and protein 

secretion of tumors. Answers to this major research question in cancer biology might have 

the potency to pave the way for developing novel interventions to treat cancer patients by 

targeting the energy supply of the cancer cell secretory pathway. Here, we exploit FP-based 

tools and genetically encoded fluorescent biosensors to correlate ER-to-Golgi transport with 

metabolic activities of cancer cells using state-of-the-art high-resolution fluorescence 

microscopy approaches. 

The main hypothesis of this dissertation is that cancer cells do have an optimal energy 

supply of the secretory pathway to maintain high rates of protein secretion even under stress 

conditions. Thus, targeting the secretory activity by blocking its energy supply and 

suppressing its resilience to stresses might represent a specific and effective anticancer 

strategy. 
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Based on this hypothesis, the following main aims were defined: 

 Establish quantitative time-lapse imaging of synchronized ER-to-Golgi transport 

efficiency on the level of individual cells using high-resolution fluorescence imaging of 

different FP-labeled cargo tools. 

 

 Test different stress conditions for their impact on ER-to-Golgi transport in HeLa cells, 

a golden standard in vitro cancer cell model 

 

 Correlate the ER-to-Golgi transport efficiency with cell metabolic activities, 

morphological alterations, and Ca2+ signals using fluorescent sensors in live cell 

imaging experiments 

 

 Design and generation of dimerization dependent fluorescent protein (ddFP)-based 

tools to study ER-to-Golgi transport in cell populations without the need for high 

optical resolution 
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3 Material and Methods 

The description of material and methods used in the course of these studies is based on the 

detailed explanations in Rauter et al., 2020 (1). 

3.1 Chemicals and Buffers 

The majority of compounds used for the preparation of buffers were purchased at Carl Roth 

(Graz, Austria). These compounds include calcium chloride (CaCl2), magnesium chloride 

(MgCl2), potassium chloride (KCl), sodium chloride (NaCl), L-glutamine, NaHCO3, NaH2PO4, 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), adenosine-5’-triphosphate 

disodium salt (ATPNa2), 2,5-di-t-butyl-1,4-benzohydroquinone (BHQ), dimethylsulfoxide 

(DMSO), yeast extract, trypton/pepton from casein, agar-agar (Kobe I), ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) and D(+)-glucose monohydrate. Other 

required chemicals include 2-deoxy-D-glucose (2-DG; Alfa Aesar, Kandel, Germany), 

KH2PO4 (Merck, Darmstadt, Germany) and Agarose (VWR International, Vienna, Austria). 

Gibco MEM vitamin solution and Gibco MEM amino acid solution as well as the antibiotics 

penicillin-streptomycin and amphothericin B were purchased from Thermo Fisher Scientific 

(Vienna, Austria). The solubilizing agent for synchronized transport experiments, D/D 

Solubilizer, was obtained from Takara (St. Germain-en-Laye, France) and will be referred to 

as „solubilizer“ from this point on for the sake of simplicity.  

Storage buffer (SB) and measurement buffers (MB) were prepared to contain isotonic salt 

concentrations and set to a physiological pH of 7.4 using NaOH. All buffer compositions can 

be found in Table 1.  

3.2 Cell Culture 

Different cell lines were used to establish the experimental frameworks. The cell lines HeLa, 

NRK (normal rat kidney epithelial cells) and HEK293a come from ATCC (Guernsey, UK). 

INS-1 cells were obtained from C. B. Newgard, Department of Pharmacology and Cancer 

Biology, Duke University School of Medicine, USA.  
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HeLa, NRK and HEK293a were grown in Dulbecco’s Modified Eagle Medium (DMEM; 

Sigma-Aldrich, Vienna, Austria) with 10% foetal bovine serum, 100 U/ml penicillin, 100 µg/ml 

streptomycin and 2.5 µg/ml Fungizone (Thermo Fisher Scientific, Vienna, Austria). Gibco 

RPMI medium 1640 (Thermo Fisher Scientific) with 10% foetal bovine serum was used as 

the standard medium for INS-1 cells. All cell types were kept at 37 °C and 5% CO2 in a 

humidified incubator to guarantee optimal growth conditions. 

 

Table 1: Storage buffer (SB) and measurement buffer (MB) compositions. 

Component Concentration 

 SB MB MB; “0Ca” 

NaCl 138 mM 138 mM 138 mM 

KCl 5 mM 5 mM 5 mM 

CaCl2 2 mM 2 mM  

MgCl2 1 mM 1 mM 1 mM 

HEPES 10 mM 10 mM 10 mM 

NaHCO3 2.6 mM   

Na2HPO4 0.34 mM   

KH2PO4 0.44 mM   

D(+)-Glucose Monohydrate * 10 mM   

GibcoTM MEM Vitamin solution (100x) 1x    

GibcoTM MEM Amino Acid solution (50x) 1x    

Penicillin-Streptomycin (10,000U/ml) 1 %   

L-Glutamine 2.5 mM   

Amphotericin B 0.5 %   

EGTA   0.1 mM 

ddH2O    

NaOH to pH 7.4 to pH 7.4 to pH 7.4 

* in MB+2-DG (+2-DG) 10 mM D(+)-Glucose Monohydrate is substituted by 10 mM 2-deoxy-

D-glucose, while glucose starvation buffer (-Glu) contains neither glucose nor 2-DG. 
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3.3 Preparation and transfection of plasmids 

All transfections were carried out using highly purified plasmid preparations derived from of 

overnight cultures (37°C, shaking) inoculated with respective E. coli culture stocks (by 

PureYield Midiprep/Maxiprep system, Promega, Mannheim, Germany). For constructs 

produced in the course of this study, chemically competent 10-beta E. coli, purchased from 

New England Biolabs (Ipswich, MA, USA), were transformed according to the company 

manual before creating E. coli stocks.  

The transfection of plasmids was carried out using Polyjet In Vitro Transfection Reagent 

(SignaGen, Rockville, MD, USA) or TransFast Transfection Reagent (Promega, Mannheim, 

Germany). The transfection itself was performed according to the protocols provided by the 

manufacturers. Cells were seeded on 30 mm 1.5 H high-precision glass cover slides 

(MarienfeldSuperior, for SIM) in 6-well plates, transiently transfected and left for expression 

of the constructs coded on plasmids for 24-36 hours before the experiments.  

3.4 Cloning of ER-to-Golgi transport constructs with different FPs  

Transport construct plasmids GFP-FM4-GH, GFP-FM4-VSVGtm (101), VSVGtsO45-GFP (18,47) 

and the non-published mRuby2-FM4-GH were kindly provided by Andrew Peden’s lab. For 

cloning the constructs with different fluorescent proteins mRuby2-FM4-hGH was taken as a 

starting plasmid. The sequence of mseCFP was taken from the GEPII1.0 potassium sensor 

developed in our lab (133), the one of mCherry was taken from the mCherry-Golgi-7 plasmid; 

both acquired via PCR. Primers were designed to additionally complement the sequences 

with the respective restriction sites (5’- AGATCTAGAATGGTGAGCAAGGGCGAGG-3’ as a 

forward primer for both and 5’- AGACTCGAGCTTGTACAGCTCGTCCATGC-3’ as a reverse 

primer for mCherry and 5’- AGACTCGAGGGCGGCGGTCACGAACTC-3’ as a reverse 

primer for mseCFP). The PCR products were then cut and inserted into the mRuby2-FM4-

hGH plasmid instead of the mRuby2 sequence using the XbaI- and XhoI-cutting sites, 

yielding mCherry-FM4-GH and mseCFP-FM4-GH. Restriction enzymes were purchased from 

New England Biolabs (Ipswich, MA, USA).  
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3.5 Design and cloning of novel innovative ER-to-Golgi transport 

constructs based on the ddFP technology 

The design of a novel genetically-encoded ER-to-Golgi transport sensor based on conditional 

aggregation domains, self-cleavage (134) and the dimerization dependent fluorescent protein 

(ddFP) technology (131,132) was based on our expertise in logical biosensor design 

(109,130,133,135) as well as recent experience with P2A-based self-cleavage in genetically 

encoded sensors (unpublished). The construct TRAPT1.0 was designed by me (Figure 3), 

synthesis was conducted at Gene Universal Inc. (Newark, USA).  

Figure 3: Vector map of TRAPT1.0 in pcDNA3.1(-). The features of the insert TRAPT1.0 coding for 

the ER-to-Golgi transport sensor are shown as: GAT+l (Golgi anchor plus short linker sequence), GA 

(green fluorescent A part of ddFP heterodimer), P2A (self-cleavage site), hGHSS (hGH signal 

sequence/secretion signal), 4xCAD (four repeats of the conditional aggregation domain), B (non-

fluorescent, fluorescence-mediating B part of ddFP heterodimer). 
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Variations of the construct were cloned by ourselves. For the generation of 

TRAPT_SScontrol, sfGFPnuc was inserted into the 4xCAD-B locus using XbaI and HindIII. 

All restriction enzymes and according solutions were acquired from New England Biolabs 

(Ipswich, MA, USA). To yield TRAPT_GAcontrol, CPV was cut from a GEPII construct 

produced in our lab (133) and inserted into the GA locus using EcoRI and KpnI restriction 

enzymes. TRAPT_SIZEcontrol was cloned in a two-step process: first, the N-terminal part of 

TRAPT1.0 (GAT+linker-GA) was cut out via XbaI and KpnI and inserted into pcDNA3.1(-) 

(Invitrogen, Vienna, Austria) and then CPV from GEPII was inserted using EcoRI and KpnI.  

3.6 High-resolution fluorescence imaging 

Experiments were performed using a wide-field microscopy system optimized for measuring 

small changes in excitation of genetically encoded FRET- and single FP-based biosensors 

as well as on a high-resolution array confocal system according to experimental 

requirements. The open source image analysis software ImageJ (https://fiji.sc/) and the 

program MetaMorph from Molecular Devices were used to analyze all images captured, 

quantify required parameters and for preparation of figures.  

3.6.1 Wide-field microscopy 

ATP, GTP and Ca2+ measurements were performed with an inverted wide-field microscopy 

setup. An IX73 Olympus stage (IX73 System; Vienna, Austria) was used alongside an 

Omicron LEDHub for excitation (Omicron-Laserage, Dudenhof, Germany) that featured 340 

nm, 385 nm (for FURA-2AM), 455 nm (for CFP/YFP-FRET) and 470 nm (for GFP range) 

LED light sources. For all experiments performed on this system, a 40x magnification oil 

immersion objective (UPLXAPO40XO, NA 1.4; Olympus, Vienna, Austria) and a Retiga R1 

CCD camera (TELEDYNE QIMAGING, Surrey, Canada) with a binning of 4 were used. 

Furthermore, the system featured a Photometrics DV2 optical beam splitter (Photometrics, 

Tucson, AZ, USA) to enable simultaneous CFP/YFP-FRET measurements. The wide field 

system has a Semrock 427/10 Brightline HC and a Semrock LED-CFP/YFP/mCherry-3x filter 

system (IDEX Health & Science LLC, Rochester, NY, USA) for CFP/YFP-FRET 

measurements. Furthermore a GFP-3035D filter system (IDEX Health & Science LLC, 

Rochester, NY, USA) for measurements in the GFP-range can be applied. The whole system 
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was controlled using the VisiView software (VisiView v4.2.0.1, Visitron Systems, Puchheim, 

Germany). 

3.6.2 Array confocal laser scanning microscopy (ACLSM) 

All experiments to determine structural changes in organelle morphology as well as 

approaches to determine ER-to-Golgi transport efficiency and vesicle motility were performed 

on the array confocal laser scanning microscope (ACLSM) Zeiss Axiovert 200 M (inverted 

system; Zeiss Microsystems, Jena, Germany). This system featuring a Nipkow spinning disk 

is better suited for live-cell imaging compared to conventional confocal systems. An argon 

ion laser system (series 543, CVI Melles, Griot, CA, USA) with 445 nm, 488 nm, 515 nm and 

561 nm excitation lasers was used and imaging information was collected using a CoolSnap 

HQ2 CCD camera (Photometrics, Tucson, Arizona, USA). All images at the confocal system 

were taken with a 100x objective (NA 1.45, oil; Zeiss Microsystems, Jena, Germany).  

3.7 Measuring ions and metabolites using genetically encoded 

fluorescent biosensors and small chemical fluorescent sensors 

The abundance of metabolites and certain ions crucial for cellular signaling and metabolic 

processes was determined by applying genetically encoded fluorescent sensors as well as 

the chemical sensor FURA-2AM for cytosolic Ca2+ imaging. All time-lapse imaging 

experiments with sensors were conducted on a wide-field system (3.6.1) using gravity-based 

perfusion (PC30 perfusion chamber and perfusion system; both NGFI GmbH, Graz, Austria) 

for optimal buffer exchange and a Chemistry Diaphragm vacuum pump ME1c for keeping a 

constant flow (Vacuubrand, Wertheim, Germany). Before the experiments the cells were 

taken out of the incubator, washed and kept on storage buffer (3.1) for a minimum of 45 

minutes to equilibrate. For all cells and all sensors, a baseline at respective excitations (see 

3.6.1) was recorded for at least five minutes before applying treatment buffers to acquire a 

stable reference value.  

Adenosine-5’-triphosphate (ATP), the central metabolite for readily available chemical energy 

storage in cells, was measured in cytosol and mitochondria using the CFP/YFP FRET-

sensors AT1.03 with a nuclear export sequence as well as mtAT1.03 (136). Calcium 
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concentrations were determined with FURA-2AM in the cytosol and with the CFP/YFP-FRET 

sensor D1ER (137) in the endoplasmic reticulum. Guanosine-5’-triphosphate (GTP) was 

measured using GEVAL530 (138). For ATP, GTP and Ca2+ measurements the changes 

upon switch to glucose-starvation buffer or 2-DG containing buffer were determined (3.1). 

For Ca2+ additional measurements using measurement buffer without calcium chloride and 

instead with EGTA (3.1, Table 1), respectively buffer containing the (sarco)endoplasmic 

reticulum Ca2+ ATPase (SERCA) inhibitor and ATP as an inositol 1,4,5-triphosphate (IP3) 

generating agonist, were performed. Exact timings of treatments can be found in the 

respective figures in the Results part. 

3.8 Live-cell imaging of ER-to-Golgi transport 

The imaging experiments to determine ER-to-Golgi transport efficiency were all performed on 

an ACLSM system (3.6.2). In preliminary experiments GFP-FM4-GH, GFP-FM4-VSVGtm, 

GFP-FM4-GPI (101), VSVGtsO45-GFP (18,47) as well as the self-cloned variants mCherry-

FM4-GH and mseCFP-FM4-GH (3.4) were expressed in different cell lines and excited at 445 

nm (CFP), 488 nm (GFP) and 561 nm (RFP), respectively. Constructs are described in detail 

in Sargeant et al. (101).  

Due to the highest consistency and best applicability in the experimental setup all 

quantification experiments in HeLa cells were performed with the established constructs 

GFP-FM4-GH and GFP-FM4-VSVGtm. Both transport constructs are ligand-sensitive. This 

implies that they build aggregates in the ER thereby preventing secretory transport of the 

construct to allow for synchronization of secretion processes. Upon addition of a chemical 

ligand, hereinafter called “solubilizer” (250 nM D/D Solubilizer, Takara, St. German-en-Laye, 

France), the protein constructs disaggregate and enter the secretory pathway. As a 

reference for Golgi apparatus position, cells were co-transfected with the Golgi-marker 

mCherry-Golgi-7 to enable quantification of live-cell time-lapse imaging data. The mCherry-

Golgi-7 was a gift from Michael Davidson (Addgene plasmid #55052, 

http://n2t.net/addgene:55052, RRID: Addgene_55052). The Golgi marker also allowed an 

optimal focus on the Golgi apparatus from the starting image. In order to check for energy 

stress sensitivity of ER-to-Golgi transport, HeLa cells were treated 3 x 10 minutes with 

measurement buffer containing 10 mM glucose (control; “+Glu”), 0 mM glucose (glucose 

starvation, “-Glu”) or 10 mM 2-DG (“+2-DG”) instead of glucose before initiating transport. 
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Images of different positions were taken before (“0 min”) and 3, 7, 15 and 30 minutes after 

transport initiation by ligand addition. Time points are based on empirical data. A custom-

made ImageJ-macro was applied for analysis and quantification of the imaging data. After 

capturing regions of interest (ROI) manually, the semi-automated approach enabled 

maximum objectivity in analyzing time-lapse images. Images of the Golgi-marker (red 

channel) were thresholded using the Otsu method plus two eroding steps after background 

subtraction (rolling ball) to define the region where the Golgi apparatus is located. Everything 

inside the ROI and outside the Golgi region was defined as non-Golgi region in the binary 

image produced from these algorithms. This “Golgi-mask” was then used to automatically 

calculate the integrated densities of Golgi and non-Golgi region in the corresponding GFP 

images showing the transport constructs and a ratio between these two (GFP signal in Golgi 

divided by GFP signal in non-Golgi region). After normalizing to the first time point for each 

individual cell this resulted in a variable displaying ER-to-Golgi transport efficiency, which 

was named “Transport Index” or “TI”. Increase of GFP-signal in the Golgi and simultaneous 

decrease in the ER over time hereby leads to an increase in TI, which can be interpreted as 

ER-to-Golgi transport over time.  

3.9 Live-cell imaging and quantification of vesicle movements 

Experiments to determine speed and directionality of movement of vesicular structures in 

HeLa cells were performed using an ACLSM system (3.6.2). HeLa cells stably expressing 

pH-Lemon-GPI (109) were used to visualize glycosylphosphatidylinositol (GPI)-positive 

vesicular structures due to the optimal fluorescence properties of mTurquoise for this 

purpose (139). The excitation wavelength of the construct was set to 445 nm, and imaging 

occurred with high frequency (5 images per second) for two minutes. A self-designed ImageJ 

algorithm was applied to analyze time-lapse images and quantify transport. The macro 

featured a rolling ball background subtraction and enabled bleaching correction using an 

exponential fit. Using the Otsu threshold method in ImageJ all GPI-positive structures 

between 5 and 30 pixels could be defined as vesicular structures within ROIs. The plugin 

TrackMate allowed subsequent quantification of vesicle movements over time. Using another 

custom macro the variables of interest were extracted from result sheets and transferred into 

Excel-files. The two most important calculated parameters were MeanSpeed, describing the 

arithmetic mean of mean speed calculated over all single vesicle tracks in each cell, and the 

so-called MeanDisplacement. Displacement describes the distance between the first point in 
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a track of a vesicular structure to the last point i.e. the directionality of transport in the XY-

plane. MeanDisplacement can therefore also be interpreted as a readout for long-distance 

vesicle transport, which is generally accomplished by energy- and cytoskeleton-dependent 

steps, in comparison to non-directional diffusion.  

3.10 Analysis of ER and microtubule network 

The endoplasmic reticulum and microtubule (MT) network were investigated regarding 

changes upon introducing energy stress in the cancer cell model HeLa. To check the 

sensitivity of MT to glucose starvation or 2-DG treatment conditions (3.1) HeLa cells 

transiently transfected with a plasmid coding for GFP-α-tubulin were used. Measurement 

buffers containing 10 mM glucose (control), 0 mM Glucose (“-Glu”, glucose starvation 

condition) or 10 mM 2-DG (“+2-DG”) were applied. To prevent a collapse of the highly 

temperature-sensitive MT network and thereby loss of important information, the cells were 

directly transferred into one of the pre-warmed buffers from the incubator, and imaging was 

started immediately. Potential changes in the nocodazole-sensitive microtubule network over 

time were observed using a high-resolution confocal microscopy system (3.6.2). Due to the 

photosensitivity, the construct exposure time and laser intensity were optimized to a 

minimum and images were only made at time points 0 min, 30 minutes and 60 minutes. After 

one hour nocodazole (Noc) was added to a concentration of 10 µM as a positive control to 

check if MT can still depolymerize properly, and two more images were made (10 min and 20 

min after Noc-addition). For analysis of time-lapse images, a custom algorithm in ImageJ 

was applied. At first background subtraction and additional median and Fast Fourier 

Transform (FFT) bandpass filter was used. After that the images were thresholded (using the 

Otsu algorithm) and opened, a particle analysis was conducted. This allowed distinguishing 

microtubule structures from the cytosolic signal. It has to be taken into account that due to 

the dynamic nature of the MT network characterized by constant polymerization and 

depolymerization there will always be a slight cytosolic background signal. The resulting 

mask was then used to determine signal intensities in MT and cytosol regions and calculate 

the according ratio for easy data visualization.  

For analyzing the ER morphology CP450-CPV was expressed in HeLa cells. The construct is 

built up by an N-terminally truncated version (27 aa) of cytochrome P450 linked to the yellow 

fluorescent protein circularly permuted venus (CPV) via the linker KQKVMNH. Cells were 
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then imaged after 3 x 10 min treatment with the same buffers as for transport and 

microtubule experiments – glucose starvation buffer, 10 mM 2-DG buffer (+2-DG) or control 

buffer (10 mM glucose; 3.1). After taking multiple images at different positions of the glass 

slide for every sample the ER network structures in all cells were checked for differences in 

morphology.  

3.11 Calculation of form factor changes in fluorescent structures 

The method to measure ER-to-Golgi transport efficiency described in 3.8 is based on 

fluorescence intensities and can therefore not distinguish between cells that show no 

secretory transport over time due to lacking disaggregation of the transport construct or cells 

that have impaired construct secretion for other reasons. Though the disaggregation of the 

construct despite severe energy stress could nicely be seen by eye in every cell an additional 

calculation was performed to quantify this in an objective manner. This also allows ruling out 

dysfunction of the solubilizing agent under energy stress conditions as a reason for lacking 

ER-to-Golgi transport.  

For this, the same images as for the calculations of ER-to-Golgi transport efficiency were 

taken and re-analyzed aiming to quantify successful disaggregation of the transport construct 

within the first few minutes. The image from the red channel (Golgi-marker) was taken as a 

reference to subtract the Golgi region from corresponding GFP-images. This step prevents 

that the Golgi form factor has any influence in calculations regarding the form factor (FF) of 

transport construct aggregates. After defining the regions of interest, all fluorescent 

structures in the GFP image were captured using a local threshold (Otsu algorithm) and the 

form factor was calculated for all of them. As the last step, the median form factor per cell 

was taken as a reference at every time point. The form factor is a variable that describes a 

perfect circle at value 1 – if shapes are less circular (e.g. more elongated like ER structures) 

the value is higher than 1. Thus, successful disaggregation of the rather round transport 

construct aggregate signal to a more net-like ER structure signal over time can the described 

by a continuous increase of FF over time.   
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3.12 Statistical analysis 

The applied statistical tests to determine the significance of differences in experimental data 

as well as the exact n values are given in the respective figure legend for each experiment 

and n was at least 3 in all statistical tests to guarantee optimal comparability as well as 

reliability. Experiments were performed on different days, using cells of different passage 

numbers (except expression screenings). For statistical testing and graphic depiction of 

results GraphPad Prism (version 5.01; GraphPad Software, San Diego, CA, USA) was used. 

The D’Agostino & Pearson omnibus normality test was used to determine if the data follows 

a normal distribution. Unpaired t-test and Mann-Whitney U test were applied to compare two 

groups of normally distributed, respectively non-normally distributed, data. For some 

experiments, the 2-way ANOVA (two groups) or Kruskal-Wallis test and Dunn’s post hoc test 

(more than two groups, non-normally distributed data) was conducted. Frequency 

distributions were compared using the Chi-square test. By default, the significance levels 

were defined as p < 0.05, p < 0.01 and p < 0.001 depicted by one, two or three 

asterisk/symbols (*, #), respectively, unless otherwise defined in the figure legend.   
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4 Results 

This chapter includes results representing all steps of my thesis work, from identification of 

the right constructs and techniques, establishing protocols to data collection and 

quantification as well as the development of other novel approaches. Part of the results 

presented in this section can also be found in my first-author publication (1).  

4.1 Establishing synchronizable secretory transport tools for high 

resolution fluorescence imaging 

As the first step, a toolbox allowing the investigation of secretory transport, specifically the 

initial step of protein secretion, ER-to-Golgi transport, had to be established. In order to find 

the optimal construct to test for stress-resistance of the secretory pathway in cancer cells 

later on in the project, numerous genetically encoded, fluorescent transport constructs were 

tested in the cancer-cell model HeLa, a well-investigated model for a malignant solid tumor 

exhibiting a typical metabolic setting for cancer (84). The most reliable constructs were also 

tested for their functionality in the commonly used cell lines HEK293a, INS-1 and NRK.  

4.1.1 Testing different transport constructs in HeLa cells 

I tested several constructs with different underlying principles for transfection efficiency, 

expression levels and applicability for potential experimental setups and further approaches 

in our HeLa cell model. The general idea behind these constructs is a controlled secretory 

transport initiation. The respective constructs carry a cargo protein, either a soluble protein 

like human growth hormone (hGH or short GH) or (part of) a transmembrane protein like 

vesicular stomatitis virus G protein (VSVG) functioning as a transmembrane anchor. They 

aggregate in the ER based on an additional conditional aggregation domain (CAD or FM4 

meaning four consecutive repeats of the domain to increase reliability and reduce leakage) 

preventing protein trafficking from the ER to the Golgi and beyond. Only in response to a 

specific stimulus, which de-aggregates the CADs, the fluorescent cargo constructs ca be 

released from the ER. In the case of the ligand-sensitive constructs (GFP-FM4-GH, GFP-FM4-
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GPI and GFP-FM4-VSVGtm) this stimulus is the addition of a small chemical ligand, referred 

to as D/D Solubilizer, or short “solubilizer” (Figure 4, first three panels). Alternatively, a 

temperature sensitive construct VSVGtsO45, fused with GFP (VSVGtsO45-GFP), was used. In 

this case a temperature switch from 40 °C to 32 °C leads to disaggregation and initiation of 

ER-Golgi transport (Figure 4, bottom panel).  

Both types of construct performed nicely in our HeLa cells model (Figure 4). Pre-tests were 

conducted at a cell confluency of around 80%. The most consistent results at high 

expression levels while keeping proper Golgi morphology could be achieved with GFP-FM4-

GH and GFP-FM4-VSVGtm (Figure 4, first and second panel). The construct featuring a GPI 

anchor did not work as consistently and led to an untypical Golgi morphology in some HeLa 

cells (Figure 4, third panel). Despite working fine in terms of expression levels and 

consistency in ER-Golgi transport initiation upon introducing a fast temperature switch, 

VSVGtsO45-GFP (Figure 4, bottom panel) was immediately ruled out for further experiments. 

Fast temperature switches were rather impractical for more complex experimental setups 

requiring different pre-treatment steps and subsequent live-cell fluorescence microscopy as 

compared to the more straight-forward ligand-sensitive approach.   

The intention of quantifying transport while following the shift in fluorescence intensity from 

ER to Golgi in real time in living cells relied heavily on an easy, reproducible start signal. For 

this reason ligand-sensitive constructs were chosen due to their high reliability and 

reproducible transport initiation protocols: GFP-FM4-GH as the main construct representing 

soluble, bulk flow cargo (Figure 4, top panel) as well as GFP-FM4-VSVGtm (Figure 4, second 

panel) representing transmembrane cargo relying on active sorting for ER-Golgi transport. 

The cargo proteins human growth hormone and the vesicular stomatitis virus G protein also 

represent the more commonly found cargos discussed in literature and therefore allow 

optimal comparability to published studies and between the two constructs within this study 

due to the fact that they rely on the same transport initiation principle. To exclude any 

solvent-effects of the solubilizer-solution on transport initiation, effects of ethanol were ruled 

out in a separate experiment using GFP-FM4-GH (n = 3). Proper initiation in GFP-FM4-

VSVGtm and GFP-FM4-GH in HeLa cells was confirmed in independent experiments on 

different days (n = 5).  
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Figure 4: ER-to-Golgi transport of different synchronizable fluorescent cargos in HeLa cells. 

Representative images show the occurring translocation of GFP-tagged cargo to the Golgi apparatus 

at 10 and 20 minutes after setting the respective transport initiation stimulus. GFP-FM4-GH, GFP-FM4-

VSVGtm and GFP-FM4-GPI (first three panels): addition of D/D Solubilizer at time point 0 min. 

VSVGtsO45-GFP (last panel): temperature switch from 39.5 °C to 32 °C at time point 0 min. Scale bar 

represents 10 µm.   
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4.1.2 Cloning and testing transport constructs with different fluorescent 

proteins 

To test if in addition to GFP other FP variants can be used to follow ER-to-Golgi transport on 

the single cell level, several variations of a bulk flow cargo construct were generated. An 

obvious advantage of functional constructs carrying differently colored FPs would be the 

potential simultaneous measurement of distinct cargoes in future approaches.  

The constructs containing different FP variants were tested for transfection rates and 

expression in HeLa cells and revealed less consistent results than GFP-FM4-GH. The 

expression of mseCFP-FM4-GH did show superior rates as compared to the GFP- and 

mCherry-constructs, but initiated transport upon ligand-addition was slower and incomplete 

in the majority of analyzed cells (40 out of 43 cells) after 30 minutes (Figure 5a and b). In 

case of mCherry-FM4-GH the transport initiation upon solubilizer-addition worked in almost 

80 % of analyzed HeLa cells (n = 50 cells; Figure 5c), however, two thirds of these cells also 

showed slow ER-to-Golgi transport kinetics resulting in incomplete cargo trafficking into the 

Golgi after 30 minutes. Expression rates were also lower than for GFP-constructs. 

Concluding these preliminary experiments of the novel cloned constructs only mCherry-FM4-

GH is applicable in certain experimental setups, while GFP-FM4-GH was identified as the 

best solution for our experimental setup to further investigate stress-resistance of ER-to-

Golgi transport in cancer cells. 
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Figure 5: ER-to-Golgi transport of soluble cargo constructs labeled with mseCFP and mCherry 

in HeLa cells. Transport in all examined cells (mseCFP-FM4-GH, n = 43 cells; mCherry-FM4-GH, n = 

50 cells) was initiated with D/D Solubilizer at time point 0 min and ER-to-Golgi transport was 

monitored at indicated time points after solubilizer addition. (a) Representative image of an mseCFP-

FM4-GH expressing cell before transport initiation. Marked with a red square is the zoomed image in 

(b). (b) Zoomed time-lapse of ER-to-Golgi transport of mseCFP-FM4-GH. (c) Representative time-

lapse of a cell expressing mCherry-FM4-GH before (0 min) as well as at indicated time points after 

solubilizer addition. Scale bar represents 10 µm.   
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4.2 HeLa cells as a cancer cell model with high secretory activity 

The HeLa cell represents a well-investigated in vitro cancer cell model and it is widely known 

that cancer cells are relying on their secretion capacity a lot to uphold numerous cancer-

specific features (4,69–74). To estimate if HeLa cells also possess high secretory activity the 

transport constructs were tested and synchronized ER-to-Golgi transport was compared with 

that in other cell lines as well.  

In a first approach, two cell lines with well-known metabolic properties (84) were tested, INS-

1 and HEK293a. Both expressed the transport construct GFP-FM4-VSVGtm adequately, 

making imaging via array confocal laser scanning microscopy possible (Figure 6). Also, 

solubilizer-addition initiated visible ER-to-Golgi transport in both cell lines (Figure 6). 

However, the distinct cell morphology and positioning of organelles in HEK293a as well as 

the small cell size of both cell lines made estimations of transport efficiency and comparisons 

difficult. Furthermore, proper comparisons using the soluble cargo construct GFP-FM4-GH in 

the given cell lines were not possible for the same reasons.  

For this reason we applied an additional cell line, which has been widely used in ER-to-Golgi 

transport investigations and secretory pathway studies in general: normal rat kidney cells 

(NRK). NRK cells exhibit quite high rates of protein trafficking and are therefore a good 

indicator for comparison to HeLa cell secretory activity. In all tested NRK cells the bulk flow 

construct (GFP-FM4-GH) and the transmembrane cargo (GFP-FM4-VSVGtm) was mainly 

found in Golgi structures within 15 minutes of solubilizer addition. Similarly fast rates can be 

observed in HeLa cells in equivalent experimental setups. As expected, the HeLa cells 

displayed high protein secretion efficiency manifested by fast trafficking of both soluble 

construct (Figure 7a) and transmembrane construct (Figure 7b).   
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Figure 6: Representative time-lapse images showing ER-to-Golgi transport of transmembrane 

cargo in different cell lines. Shown is a comparison of time-lapse images between the established 

HeLa (top panel) and the respective cell lines of interest: HEK293a (middle panel, n = 16 cells) and 

INS-1 cells (bottom panel, n = 14 cells). Transport from the ER to the Golgi was initiated with D/D 

Solubilizer at time point 0 min. Scale bar represents 10 μm. 
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Figure 7: Comparison of ER-to-Golgi transport efficiency of soluble and transmembrane cargo 

construct in HeLa versus NRK cells. Both cell lines express soluble cargo (a) or transmembrane 

cargo constructs (b), respectively. Transport was initiated by addition of 250 nM solubilizer to HeLa 

cells (upper panels) and NRK cells (lower panels) at time point 0 min, respectively. The cells were pre-

treated with 10 mM glucose containing buffer for 30 minutes and imaged at 37 °C. A clear and fast 

localization of the green fluorescent cargo over time at indicated time points from the ER to the Golgi 

can be observed in HeLa cells (n = 66 cells for soluble, n = 58 cells for transmembrane cargo) as well 

as NRK cells (n = 18 cells for soluble, n = 18 cells for transmembrane cargo). Scale bar indicates 10 

µm. (1) [Figure panels reproduced from Rauter et al., Cells 2020.] 
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4.3 Developing a quantification model for imaging data of ER-to-Golgi 

transport 

Up until now, many studies investigating ER-to-Golgi transport and protein trafficking 

dynamics and describing regulatory factors in these vital processes have relied on cell 

fixation and subsequent immunostaining via FP-coupled antibodies for visualization. As 

indicated in the introductory part of this thesis, these methods have serious disadvantages in 

the attempt to visualize and comprehend these highly dynamic events. This is why we 

decided to apply live-cell imaging to this research question to capture the single-cell 

dynamics of synchronized ER-to-Golgi transport. Furthermore, the usage of semi-automated 

image analysis via custom-made algorithms in ImageJ provides highly objective readouts in 

this experimental setup.  

4.3.1 Standardized ER-to-Golgi transport measurement protocol for co-

transfected cells using ligand-sensitive protein trafficking constructs 

To ensure maximum comparability and reproducibility of results a standard measurement 

protocol for determining ER-to-Golgi transport efficiency was set up. The overall protocol 

consisted of three phases: the preparation phase, the treatment phase and the measurement 

phase (Figure 8).  

In the preparation phase the HeLa cells are co-transfected with two different constructs. The 

first one is the respective transport construct carrying GFP and allowing ligand-based 

synchronization and initiation of secretory trafficking. As determined based on the results of 

the preliminary experiments (see 4.1) this can be either GFP-FM4-GH, representing soluble, 

luminal cargo, or GFP-FM4-VSVGtm, as a transmembrane cargo requiring active sorting. As 

for the second transfected plasmid, a marker for the target organelle in ER-to-Golgi transport, 

the Golgi apparatus, was applied. The marker had to carry a different FP to allow easy 

multichannel imaging of single living cells. The construct mCherry-Golgi-7 was chosen for 

this (Figure 8). HeLa cells were left for expression of the co-transfected constructs until the 

treatment phase. 
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The treatment phase occurred directly before the measurement on the microscope (Figure 

8). The underlying treatment involves introducing energy stress in cells – the process of 

determining the parameters for treating the cells are described in 4.4. HeLa cells were all 

treated while attached to glass slides placed in the well of a 6-well plate (Figure 8).  

 
Figure 8: Schematic representation of ER-to-Golgi transport measurements. Schematic overview 

depicting the workflow (upper lane) and the respective ATP dynamics (for details see chapter 4.4) 

HeLa cells are undergoing (lower lane) during the three phases of the experiment. The preparation 

phase (green) includes two steps: 1. Cell plating on glass coverslips and cultivation in 6-well plates 

and 2. Co-transfection of HeLa cells with a green fluorescent transport construct and the red Golgi 

marker via lipid-based transfection. During the treatment phase (orange) the cells are treated for a 

total of 30 minutes (3 x 10 min) with different treatment buffers directly prior to transport initiation. In 

the measurement phase (yellow) the 3-5 positions are imaged, their position is saved and 250 nM 

solubilizer are added. The same positions are imaged 3, 7, 15 and 30 minutes after transport initiation 

i.e. addition of the solubilizer at 488 nm excitation to follow the GFP-tagged cargo and at 561 nm to 

have a reference of the target organelle in ER-to-Golgi transport for every time point and every 

position. (1) [Figure panel reproduced from Rauter et al., Cells 2020.] 

In the third and last step, the measurement phase, 3-5 different positions distributed on the 

slide with cells that express both constructs and feature a healthy cell and Golgi apparatus 

morphology were selected. These positions were then imaged in the red and green 

fluorescence channel sequentially, directly before (0 min) and 3 min, 7 min, 15 min and 30 

min after addition of the solubilizing agent to induce ER-to-Golgi transport (Figure 8). The 

time points are based on empirical data and previous studies and could be confirmed to best 

illustrate the dynamics of the process within this setup as well.  
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4.3.2 Semi-automated image analysis of ER-to-Golgi transport 

Objective quantification of ER-to-Golgi transport is always a difficult task due to the high 

dynamics, unknown cell population heterogeneity and potential complications in the region of 

interest (ROI) selection. The task of optimally representing single-cell dynamics in protein 

trafficking was tackled by applying live-cell imaging as compared to antibody-based methods. 

Co-transfection with a red fluorescent Golgi-marker was applied to avoid a more subjective 

manual drawing of the ROI for the target organelle. The marker also served as a reference 

focal point, since the Golgi structure does not change significantly throughout the 

measurement, while the image in the green channel illustrates the dynamic process of 

protein trafficking. Hence, for the quantification process, the GFP image is used to estimate 

the amount of construct (i.e. green fluorescence) in certain areas, while the RFP image 

marks the position of the Golgi (Figure 9a). 

Figure 9: Illustration of the principle of secretory transport quantification in live cells. (a) 

Example image of a HeLa cell co-transfected with GFP-FM4-GH (green, left) and mCherry-Golgi-7 

(red, middle) as well as the merged image (right). (b) Binary mask derived from threshold of the region 

marked by mCherry-Golgi-7 signal to estimate Golgi position (as described in M&M). (c and d) Images 

showing GFP-FM4-GH signal in Golgi- (left) and non-Golgi areas (right) as defined by the binary 

masks (see (b)) before (c) and 30 minutes after transport initiation (d). Scale bar represents 10 µm.  
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The quantification algorithm for this application consisted of creating a binary mask out of the 

image gathered from the red fluorescence channel (Figure 9b) and apply this mask to 

enable a differentiation between Golgi and non-Golgi area in the green channel, yielding an 

image for each of the two showing the green fluorescence (i.e. amount of transport construct) 

in the respective area (Figure 9c and d). As this was done for all time points in each cell 

individually (Figure 9c and d, Figure 10a), a ratio of transport construct in the Golgi area 

versus construct outside the Golgi area could be calculated. The ratio was normalized to the 

time point before transport is initiated (0 min) for each cell and was named “Transport Index” 

or “TI”. This type of ratio has been used in a similar form before and qualifies as an accepted 

expression of ER-to-Golgi transport in the research field (45). By applying these principles on 

time-lapse imaging data from living cells (Figure 10a) an increase of ratio over time 

represents working ER-to-Golgi transport for each cell (Figure 10b).  

 
Figure 10: Time course representation of quantified example for ER-to-Golgi transport in a 

HeLa cell. (a) Time-lapse images of a HeLa cell expressing GFP-FM4-GH and mCherry-Golgi-7. 

Images I, II, III, IV and V represent time points 0, 3, 7, 15 and 30 min after initiation of transport via 

D/D Solubilizer. Scale bar represents 10 μm. (b) Diagram representing the Transport Index (TI), a 

value calculated as the normalized ratio of the integrated intensity of the Golgi-region in the green 

channel divided by the integrated intensity of the non-Golgi region in the green channel for images I to 

V as shown in (a).  
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4.4 Establishing energy stress conditions to investigate the sensitivity of 

ER-to-Golgi secretory transport 

As explained in detail in the introductory part, cancer cells tend to rely on (anaerobic) 

glycolysis as their main energy production pathway because of their distinct metabolic setting 

(92–94). Furthermore, cancerous cells in a tumor are likely to encounter low-glucose 

conditions during their lifetime due to excessive growth and proliferation while the blood 

vessel formation cannot keep up in this tissue. These factors make glycolysis-based stress 

induction an ideal option to test for stress-resistance of ER-to-Golgi transport in the HeLa 

cancer cell model. It has been demonstrated that not only the cytosolic ATP pool plays a 

major role for the energy supply of the secretory pathway, but also mitochondrial 

bioenergetics are crucial (10). To estimate the impact of this energy stress on (sub)cellular 

ATP levels, the genetically encoded FRET-based ATP sensors AT1.03 (featuring a nuclear 

export sequence to measure cytosolic ATP) and the mitochondrial ATP sensor mtAT1.03 

were applied (Figure 11a and b).  

 
Figure 11: HeLa cells expressing genetically encoded FRET-based ATP sensors. Representative 

wide field fluorescence microscope images of HeLa cells expressing the cytosolic ATP sensor AT1.03 

(a) or the mitochondria-targeted ATP sensor mtAT1.03 (b), respectively. Panels display CFP-images 

(left) and FRET-images (right) for both constructs. Scale bar represents 10 µm. 

To simulate energy stress conditions that mimic a situation of nutrient shortage a cancer cell 

might encounter during its life in a tumor, a glucose starvation condition was set up (-Glu). 

Treatment with the anti-metabolite 2-deoxy-D-glucose (+2-DG), instead of glucose in the 

measurement buffer, was used as a positive control to completely deplete cellular ATP 

levels. The drastic ATP-depleting effect has been shown in very short protocols before (84).  
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4.4.1 Cytosolic ATP levels are characteristically lowered upon energy 

stress 

We first looked at cytosolic ATP levels ([ATP]cyto), which represent a very large ATP pool in 

the cell and are likely crucial for secretory trafficking due to the energy requirements in 

vesicle building and cargo sorting (10). To our knowledge, subcellular ATP measurements 

using high-resolution fluorescence microscopy on single living cells under energy stress have 

mostly been performed over short periods (84), and not over extended periods as executed 

during this study (Figure 12a-c). 

First, HeLa cells were rinsed with measurement buffer (experimental salt buffer) in the 

absence of glucose, as well as amino acids or other substances the cells might utilize for 

catabolic processes, for 60 minutes. The result was a very heterogeneous decrease in 

[ATP]cyto throughout the measured single cells upon glucose removal (Figure 12a). While in 

some cells ATP levels declined slowly and steadily seemingly running into a plateau, sharper 

drops could be observed in others with an overall significant decrease in mean ATP content 

(Figure 12a and d). Interestingly, in some cases, oscillations in FRET ratio signals occurred 

under glucose starvation conditions (Figure 12a). This might indicate potential regulatory 

measures of the cell to counteract persistent nutrient deprivation leading to transient 

increases in [ATP]cyto. The addition of 2-DG after 60 minutes then rapidly reduced ATP levels 

to a minimum in all examined cells (Figure 12a). To ensure that external factors (e.g. shear 

stress due to constant perfusion) exert any effect on [ATP]cyto, the same protocol was 

performed in the presence of glucose (Figure 12b and d). In these control measurements 

[ATP]cyto remained stable over 60 minutes and dropped rapidly upon the subsequent 

perfusion with 2-DG (Figure 12b) to reach the same minimum levels as observed in glucose-

starved cells before (Figure 12a). Finally, the consistency of 2-DG mediated impact on 

glycolysis and the associated [ATP]cyto depletion were tested by applying experimental buffer 

containing the antimetabolite to the HeLa cells already from the start of the experiment. As 

expected, cytosolic ATP levels declined immediately in every single cell and stayed at this 

minimum over the whole time (Figure 12c and d).  
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Figure 12: Cytosolic ATP dynamics over time in response to energy stress. (a) Representative 

curves (light blue) and the mean response (± SD, blue curve, n = 23 cells from three independent 

experiments) of FRET ratio changes of cytosolic AT1.03 in HeLa cells over time upon the removal of 

10 mM glucose and the subsequent addition of 10 mM 2-deoxy-D-glucose (2-DG), as indicated; (b) 

Representative FRET ratio changes (grey) and mean curve (± SD, black curve, n = 13 cells from three 

independent experiments) of cytosolic AT1.03 in HeLa cells in the presence of 10 mM glucose and 

upon the addition of 10 mM 2-DG; (c) FRET ratio changes (light red) and mean curve (± SD, red 

curve, n = 14 cells from three independent experiments) of cytosolic AT1.03 in HeLa cells that were 

treated with 10 mM 2-DG; (d) Aligned dot plot with mean of maximal FRET ratio changes of AT1.03 

between basal values and at time point 60 min. *** significant versus control (+ glucose); unpaired t-

test, p < 0.001. (1) [Figure panels reproduced from Rauter et al., Cells 2020.] 

These results indicate that while 2-DG maximally reduces [ATP]cyto persistently, glucose 

starvation leads to a more heterogeneous decline in cytosolic ATP levels. Despite this 

heterogeneity, however, a severe decrease in [ATP]cyto was observed in each tested cell 

underlining the essential role of glucose for the HeLa cell energy household. 
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4.4.2 The mitochondrial ATP pool is depleted to distinct plateau levels 

upon different energy stresses  

Mitochondria are the powerhouse of the cell and the mitochondrial ATP pool can be defined 

as a central hub in cellular energy dynamics (140). As indicated, the measurements of 

mitochondrial ATP concentrations ([ATP]mito) in single living HeLa cells were conducted via a 

genetically encoded FRET sensor targeted to the mitochondrial matrix (mtAT1.03 (136); 

Figure 13a-c).  

To be able to correlate subcellular ATP levels in cytosol and mitochondria under the given 

energy stress conditions, the protocols were kept the same as described above. Strikingly, 

persistent glucose deprivation of HeLa cells over 60 minutes did not lead to such a 

heterogeneous depletion in [ATP]mito as seen for [ATP]cyto. Nevertheless, a severe decrease 

in ATP levels could also be observed in mitochondria (Figure 13a and d). After a small 

transient peak, following the switch to glucose starvation buffer, [ATP]mito dropped quickly in 

all cells. Interestingly, mitochondrial ATP levels remained consistently lowered during the 

experiment (Figure 13a). The final addition of 2-DG after 60 minutes then further depleted 

[ATP]mito to a minimum, suggesting a different severity of energy stress in 2-DG treatment as 

compared to glucose starvation. In the constant presence of glucose, HeLa cells retained 

stable mitochondrial ATP levels over 60 minutes, while subsequent 2-DG treatment 

completely depleted ATP in the organelle to a minimum (Figure 13b and d). Finally, the 

consistency of 2-DG mediated ATP depletion was also tested for mitochondria. Immediate 2-

DG treatment resulted in a rapid drop in [ATP]mito to a minimum in all cells and remained at 

this level over the observation period (Figure 13c), as seen for [ATP]cyto (Figure 12c and d).  
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Figure 13: Mitochondrial ATP dynamics over time in response to energy stress. (a) 

Representative FRET ratio changes (light blue) and mean ratio changes (± SD, blue curve, n = 12 

cells from three independent experiments) of mitochondria-targeted ATP-sensor mtAT1.03 upon 

glucose removal; (b) FRET ratio changes (grey) and mean response (± SD, black curve, n = 6 cells 

from three independent experiments) of mtAT1.03 over time in the presence of 10 mM glucose and 

the addition of 10 mM 2-DG; (c) Representative curves (light red) and mean ratio changes (± SD, red 

curve, n = 8 cells from three independent experiments) of mtAT1.03 upon replacement of glucose by 

10 mM 2-DG, as indicated; (d) Aligned dot plot showing mean values of maximal FRET ratio changes 

of mtAT1.03 between basal values and values at time point 60 min. *** significant versus control (+ 

glucose), p < 0.001, unpaired t-test. (1) [Figure panels reproduced from Rauter et al., Cells 2020.] 

These experiments demonstrate that ATP levels in cytosol and mitochondria can be 

influenced differentially. This is very much dependent on the kind of energy stress deployed. 

Glucose starvation represents a more moderate but still significant energy stress concerning 

its impact on ATP levels whilst treatment with the antimetabolite 2-DG is a much more 

severe and persistent stress for the HeLa cell (Figure 13c and d). These insights also 

indicate that the applied conditions of glucose starvation and 2-DG treatment are nicely 
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applicable to estimate the energy stress-resistance and dependency of ER-to-Golgi transport 

in HeLa cells in further experiments. 

4.5 The impact of energy stress on ER-to-Golgi transport of HeLa cells 

As the next step, the ER-to-Golgi transport quantification approach using high-resolution 

fluorescence imaging of single cells was combined with the established medium (-Glu) and 

harsh (+2-DG) energy stress conditions to assess the stress-resistance of HeLa cells. For 

this, our main cargo construct GFP-FM4-GH, representing common bulk flow cargo, was 

expressed in HeLa cells and the transport was initiated after a 30 min (3 x 10 min) pre-

treatment period (Figure 8). In subsequent analyses, the approach was also conducted with 

GFP-FM4-VSVGtm to confirm if the results were the same for cargo proteins requiring active 

sorting into COPII-vesicles. In all experiments, cells were co-transfected with the Golgi 

marker mCherry-Golgi-7 to allow quantification and proper focus as described above. 

Besides the classical depiction of changes in transport index over time, i.e. ER-to-Golgi 

secretory transport efficiency, a grouping approach was performed to gain additional 

information. This was possible because of the live cell measurements that allow following 

single cells over time and better projection of potential heterogeneities.  

4.5.1 ER-to-Golgi transport efficiency in HeLa cells is robust and cargo-

dependent 

At first, ER-to-Golgi transport of soluble and transmembrane constructs was quantified using 

the newly established method (see 4.3) under control conditions i.e. in measurement buffer 

containing glucose. This allowed testing the consistency in this secretion step in HeLa cells 

upon initiation of the process via the addition of the solubilizer.  

As observed in the other experiments, both constructs appeared as green fluorescent puncta 

before the addition of the solubilizing agent. Furthermore, the signal was quite homogenously 

distributed throughout the ER of each cell (Figure 14). There was hardly any leakage of the 

signal into the Golgi before transport initiation for any of the constructs. A clear 

disaggregation of transport construct followed by an efficient transport to the Golgi apparatus 

within minutes was observed in the tested cells – this was the case for both, the luminal 
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(GFP-FM4-GH; Figure 14a) and the transmembrane construct (GFP-FM4-VSVGtm; Figure 

14b). The visually conclusive results were then confirmed for both cargo types by the semi-

automated image analysis approach in ImageJ (see 4.3.2 and Figure 9).  

Figure 14: Visualizing the robust ER-to-Golgi transport of different cargos in living HeLa cells 

within minutes. Representative time-lapse image series showing the efficient ER-to-Golgi transport of 

soluble cargo (GFP-FM4-GH, green, (a)) and transmembrane cargo (GFP-FM4-VSVGtm, green, (b)) 

over time in HeLa cells after D/D Solubilizer addition (at time point 0 min). Cells were co-transfected 

with mCherry-Golgi-7 (red channel). Scale bar represents 10 µm. (1) [Figure panel (a) reproduced 

from Rauter et al., Cells 2020.]  

Interestingly, the dynamics for soluble and transmembrane cargo turned out to be quite 

different from each other. A comparison of quantification data for ER-to-Golgi transport of 

GFP-FM4-GH versus GFP-FM4-VSVGtm revealed that the latter exhibits much faster kinetics 

(Figure 15). This might be due to the nature of this transmembrane cargo, which – in 

contrast to bulk flow cargo – is actively sorted (141) potentially increasing efficiency in its 

trafficking processes. These results indicate that HeLa cells display fast and efficient 

secretory protein trafficking from ER to Golgi, likely also in a cargo-dependent manner. 

Interestingly, actively sorted transmembrane cargo shows faster trafficking than bulk-flow 

cargo.  
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Figure 15: Differences in ER-to-Golgi transport efficiency between different cargo constructs in 

HeLa cells. Comparison of the calculated mean transport indices of cell populations for illustration of 

the ER-to-Golgi transport efficiency of soluble cargo (Sol.; GFP-FM4-GH; n = 66 cells from 4 

independent experiments) or transmembrane cargo (TM; GFP-FM4-VSVGtm; n = 58 cells from 4 

independent experiments), respectively. Bars represent mean values ± SEM. *** significant versus 

Sol. at the same time point p < 0.001; Two-way ANOVA and Bonferroni post hoc test.  

4.5.2 Strong ATP depletion by glucose starvation does not decrease ER-

to-Golgi transport but 2-DG treatment completely abolishes it  

In the next step, we looked at the ER-to-Golgi transport in HeLa cells that were pre-treated to 

induce energy stress. As established before, glucose starvation representing a more 

moderate energy stress condition mimicking natural conditions that cancer cells might 

encounter in a tumor as well as 2-DG treatment as a variation of harsh stress induction were 

applied. The treatments started 30 minutes before transport initiation for both, glucose 

removal and 2-DG treatment (Figure 8).  
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Figure 16: Different effects of mild and severe energy stress on ER-to-Golgi protein trafficking. 

Representative time-course images of HeLa cells expressing GFP-FM4-GH and mCherry-Golgi-7 

showing the effect of short-term glucose starvation (top) and 2-DG treatment (bottom) on ER-to-Golgi 

transport. Images showing an overlay of green and red fluorescence channel were taken before (0 

min) and 3, 7, 15 or 30 min after transport initiation by solubilizer addition. Scale bar represents 10 

µm. (1) [Figure panels reproduced from Rauter et al., Cells 2020.]  

Surprisingly, despite the severe reduction in cytosolic and mitochondrial ATP under glucose 

starvation (Figure 12 and Figure 13) the quantification of ER-to-Golgi transport data shows 

no decrease in transport efficiency at any time point for the soluble cargo (GFP-FM4-GH, 

Figure 16, upper panel). On the contrary, there is even a trend hinting at a slightly enhanced 

transport under these conditions as compared to control cells in transport quantification data 

(Figure 17). After 30 minutes of 2-DG treatment, however, the transport in the vast majority 

of tested HeLa cells was abolished completely (and visibly, Figure 16, lower panel), yielding 

constantly low transport indices over the whole transport process (Figure 17).  
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Figure 17: ER-to-Golgi transport of luminal cargo is not decreased by glucose deprivation but 

abolished by 2-DG treatment. Mean transport index comparison of HeLa cells of different 

pretreatment conditions (+ Glu (grey), n = 66 cells, − Glu (blue), n = 78 cells, + 2-DG (red), n = 61 

cells; measured in ≥ three independent experiments) at the indicated time points after transport 

initiation. Bars represent mean ± SEM. n.s. not significant versus control (+ Glu) at the same time 

point, *** significant versus control (+ Glu) at the same time point p < 0.001, # significant versus all 

other time points of the same condition p < 0.05, Kruskal–Wallis test and Dunn’s post hoc test. (1) 

[Figure panel reproduced from Rauter et al., Cells 2020.] 

To investigate if the transport of transmembrane cargo follows the same trends as the bulk-

flow cargo, the experiments were repeated with GFP-FM4-VSVGtm, co-transfected again with 

mCherry-Golgi-7 as the Golgi marker. Interestingly, despite the different trafficking 

mechanisms for these cargo constructs, the analysis confirmed that the energy stress-

resistance of ER-to-Golgi transport in HeLa cells challenged by glucose deprivation is also 

very high for actively sorted transmembrane cargo. Under glucose starvation conditions 

HeLa cells showed slightly enhanced transport efficiency for GFP-FM4-VSVGtm (Figure 18) 

compared to controls. 2-DG treatment led to similarly striking prevention of ER-to-Golgi 

transport (Figure 18) as seen for the soluble cargo (Figure 17); over 90 % of cells did not 

show any visible transport of the construct to the Golgi in the presence of 2-DG.  
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Figure 18: Impact of energy stress on ER-to-Golgi transport of transmembrane cargo is higher 

compared to soluble cargo. Transport index comparison of HeLa cells of different pretreatment 

conditions (+ Glu (grey), n = 58 cells, − Glu (blue), n = 39 cells, + 2-DG (red), n = 51 cells; measured 

in ≥ three independent experiments) at the indicated time points after transport initiation. Bars 

represent mean ± SEM. * significant versus control (+ Glu) at the same time point p < 0.05, *** p < 

0.001; # significant versus all other time points of the same condition p < 0.05, Kruskal–Wallis test and 

Dunn’s post hoc test. (1) [Figure panel reproduced from Rauter et al., Cells 2020.]  

Based on this data, it can be concluded that although glucose starvation for 30 minutes 

significantly diminishes subcellular ATP pools (Figure 12 and Figure 13), there is no 

decrease in ER-to-Golgi transport efficiency for soluble or transmembrane cargo. This might 

have implications in cancer cell life since a functioning secretory pathway allows the 

secretion of matrix metalloproteinases, growth factors and many other crucial factors. 

Interestingly, 2-DG treatment abolished secretory transport of both cargo types, potentially 

hinting at a multiplicity of inhibitory effects on the secretory and sorting machinery by the 

antimetabolite.  

4.5.3 A novel classification approach allows the superior depiction of 

cell-to-cell heterogeneity and confirms transport facilitation under 

glucose starvation  

Since the secretory transport data was collected in time-lapse experiments following single 

living HeLa cells over time, there is additional information about temporal dynamics in ER-to-
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Golgi transport for each cell. During the quantification process, it became clear that there is 

certain heterogeneity in ER-to-Golgi transport efficiencies of HeLa cells for both cargo protein 

types. To better depict this and also illustrate the temporal dynamics in transport indices, a 

clustering – or classification – approach was introduced based on the data collected in 4.5.1 

and 4.5.2. The cells were clustered based on the semi-automatically calculated transport 

indices of control samples and visualized by arbitrarily classifying them into certain groups of 

different ER-to-Golgi transport efficiency. These groups were defined to contain cells with “no 

visible transport”, “moderate”, “high” or “very high” transport efficiency. Such a classification 

can be performed on soluble and on transmembrane cargo results (Figure 19) and was 

confirmed by checking the respective images in the four clusters (Figure 20). 

Within this arbitrary classification system, the different stress conditions can be compared to 

the controls for a certain construct in the HeLa cell model (Figure 21a-c). The results for the 

main cargo construct – the luminal, bulk-flow cargo GFP-FM4-GH – revealed that despite 

marginally increased mean transport efficiency (Figure 17) there is roughly a 10% increase 

in the group of cells showing very high ER-to-Golgi transport efficiency (Figure 21a, left 

panel, and b) as compared to control conditions (Figure 21c). On the other hand, this means 

there was a lower percentage of cells to be classified as showing moderate or low transport 

(Figure 21a) underlining the potential facilitation of ER-to-Golgi transport of bulk-flow cargo 

upon glucose starvation. 2-DG treatment almost completely prevented ER-to-Golgi transport 

of the soluble construct, as reflected in the mean transport index (Figure 17), resulting in a 

hard shift of percentages in favor of the group showing no visible transport. Over 80 % of 

cells did not show any visible ER-to-Golgi transport, while the rest only displayed moderate 

trafficking capacity (Figure 21b and c).  
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Figure 19: Classification of synchronized ER-to-Golgi transport using soluble and 

transmembrane FP-labeled cargos. (a) ER-to-Golgi transport of the soluble transport construct, 

GFP-FM4-GH in single HeLa cells (thin lines, n = 66 cells from 4 independent experiments) and 

respective mean ± SEM curves over time upon the addition of 250 nM solubilizer in the presence of 10 

mM glucose. Transport efficiency was classified as very high (red curves, transport index >10 at 30 

min), high (orange curves, transport index >5, <10 at 30 min), and moderate (green curves, transport 

index >2, <5 at 30 min); (b) ER-to-Golgi transport of the transmembrane cargo construct (GFP-FM4-

VSVGtm) under same conditions as described for panel (a). Classification of transmembrane cargo 

transport efficiency is based on the transport index after 15 min, i.e., very high transport (red curves, 

transport index > 10), high transport (orange curves, transport index >7, <10), and moderate transport 

(green curves, transport index >4, <7); (c) Bars showing the percentage of the different ER-to-Golgi 

transport efficiencies (very high, high, and moderate) of the soluble (Sol., left bars) and 

transmembrane (TM, right bars) cargo. Data are extracted from panels (a) and (b), respectively. # 

significant versus Sol. p < 0.05, Chi-square test. (1) [Figure panels reproduced from Rauter et al., 

Cells 2020.] 
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Figure 20: Time-lapse images of ER-to-Golgi transport in cells showing different trafficking 

efficiency based on the arbitrary classification system. Representative images showing HeLa 

cells expressing GFP-FM4-GH, soluble cargo construct (in green), and mCherry-Golgi-7, Golgi marker 

(in red), and merged signals (in yellow) at the indicated time points upon the addition of 250 nM 

solubilizer in the presence of 10 mM glucose (“control conditions”). ER-to-Golgi transport was 

classified as very high (upper panel), high (middle panel), and moderate (lower panel). A 100× 

magnification objective was used, scale bars indicate 10 µm in every image of the time course. (1) 

[Figure panels reproduced from Rauter et al., Cells 2020.] 
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Figure 21: The classification system for ER-to-Golgi transport efficiency confirms cell 

population results and offers additional readouts. (a) ER-to-Golgi transport of GFP-FM4-GH in 

glucose-deprived single HeLa cells (n = 78 cells from 3 independent experiments) showing very high 

(red, transport index at 30 min >10), high (orange, transport index >5, <10), moderate transport index 

(green, transport index >2, <5), and no transport (blue, transport index <2). Cells were treated with 

buffer without glucose for 30 min prior to transport initiation by the addition of 250 nM solubilizer at 37 

°C; (b) Classification as described in panel (a) of ER-to-Golgi transport in HeLa cells that were treated 

with 10 mM 2-DG, during and before (30 min) the addition of 250 nM solubilizer (n = 61 cells from 4 

independent experiments). (c) Bars show the percentages of different ER-to-Golgi transport 



   

 

 70 

efficiencies in presence of 10 mM glucose (left bars, + Glu, control, n = 66 cells from 4 independent 

experiments), the absence of glucose (middle bars, − Glu, n = 78 cells from 3 independent 

experiments) and upon cell treatment with 10 mM 2-DG (right bars, + 2-DG, n = 61 cells from 4 

independent experiments). # significant versus + Glu p < 0.05, Chi-square test. (1) [Figure panels 

reproduced from Rauter et al., Cells 2020.]  

When looking at the classification for transmembrane cargo, the trend of an increased ER-to-

Golgi transport efficiency under glucose starvation conditions and the massive depletion 

effect by 2-DG (Figure 18) could be confirmed as well (Figure 22a-c). Compared to the 

percentages of control cells clustered into the groups showing no, moderate, high or very 

high efficiency in anterograde ER-to-Golgi trafficking, there was a clear shift for both energy 

stress conditions (Figure 22a and b). Again, there were 10% more of the cells showing very 

high transport efficiency under glucose starvation (Figure 22a and c) than under control 

conditions (Figure 22c), accompanied by a decrease in the categories defined to contain 

less efficiently transporting cells. Interestingly, the trend of facilitating effects of glucose 

starvation on ER-to-Golgi transport was found to be more distinct in transmembrane cargo 

experiments – especially early after transport initiation (Figure 23), indicating not only 

implications of transport itself, but potentially also cargo sorting processes. On the other 

hand 2-DG mediated a similarly striking preventing effect on ER-to-Golgi transport for both 

cargos (Figure 23). 

Overall, the classification system allowed a superior visualization of single-cell responses 

and offered an additional readout to the more established mean and variance measures of 

transport indices. Furthermore, the depiction method nicely illustrates the heterogeneity in 

dynamics of ER-to-Golgi transport between individual cells.  
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Figure 22: ER-to-Golgi transport of transmembrane cargo is slightly facilitated under glucose 

starvation, while almost completely prevented under 2-DG. (a) Classification of glucose-deprived 

HeLa cells (n = 39 cells from 3 independent experiments) based on the efficiency of ER-to-Golgi 

transport of GFP-FM4-VSVGtm. Cells were treated with buffer lacking glucose for 30 min prior to 

transport initiation. Transport was classified as very high (red, transport index at 15 min >10), high 

(orange, transport index >7, <10), moderate (green, transport index >4, <7), or no transport (blue, 

transport index <4); (b) Classification of 2-DG-treated HeLa cells (n = 51 cells from 4 independent 

experiments) based on ER-to-Golgi transport efficiency. Transport was initiated and measured after 

pretreating cells with buffer containing 10 mM 2-DG for 30 min before the addition of solubilizer; (c) 
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Comparison of the percentages of tested HeLa cells in the four classes for each pretreatment 

condition. Cells were treated for 30 min before transport initiation with buffer containing 10 mM 

glucose (+ Glu, control, n = 58 cells from 4 independent experiments), no glucose (− Glu, n = 39 cells 

from 3 independent experiments), or 10 mM 2-DG (+ 2-DG, n = 51 cells from 4 independent 

experiments). # significant versus + Glu p < 0.05, Chi-square test. (1) [Figure panels reproduced from 

Rauter et al., Cells 2020.]  

 

 

Figure 23: Comparison of energy stress effects on ER-to-Golgi transport of soluble vs. 

transmembrane cargo via mean transport index at early time points. Transport of soluble (Sol., 

GFP-FM4-GH) and transmembrane construct (TM, GFP-FM4-VSVGtm) normalized to control conditions 

at indicated time points. Data from Figure 21 and 22. Bars represent mean values ± SEM. * significant 

versus control (+ Glu) at the same condition p < 0.05, *** p < 0.001, Mann–Whitney U test. (1) [Figure 

panel reproduced from Rauter et al., Cells 2020.]  

4.5.4 Disaggregation of ligand-sensitive protein transport constructs is 

not impaired under severe energy stress 

The drastic decrease of ER-to-Golgi transport efficiency upon introduction of severe energy 

stress in the form of 2-DG addition can indeed have several biological reasons. It is therefore 

important to exclude that a mechanistic feature of the transport constructs applied in the 

experiments might be an influencing factor. The specific properties of these constructs, as 

described before, involve the aggregation in the ER, which can only be reversed by the 

addition of solubilizer thereby leading to disaggregation of the fluorescent puncta and 

subsequently allow their ER-to-Golgi transport initiation. To make sure that the energy stress 

induction by 2-DG did not impair proper disaggregation in the first place (which would result 



   

 

 73 

in similarly low transport indices) the time-lapse images of 2-DG treated HeLa cells before 

and after solubilizer-addition were re-analyzed. 

 
 

Figure 24: Disaggregation of CAD-based constructs is not impaired under severe energy 

stress. Representative images showing HeLa cells expressing the soluble cargo construct GFP-FM4-

GH treated with 10 mM glucose containing buffer (upper row, n = 66 cells from 4 independent 

experiments) or 10 mM 2-DG containing buffer (lower row, n = 61 cells from 4 independent 

experiments) prior to and at indicated time points after solubilizer-addition (250 nM). Zoom-in with 

optimized scaling of a representative region (white square) was added for each image. Images were 

taken with a 100x magnification objective; scale bars in large images represent 10 µm, scale bar in 

zoomed images 1.5 µm for every image in the respective time course. (1) [Figure panel reproduced 

from Rauter et al., Cells 2020.]  

All tested cells displayed clear disaggregation within minutes upon solubilizer addition 

regardless of the treatment (Figure 24). To further quantify these results, a custom ImageJ 

algorithm was written to analyze the form factor of fluorescent constructs within the first time 

points (0 min, 3 min, 7 min). The form factor is a value representing the circularity of a 

structure. A value of 1 hereby describes a perfect circle and the higher the number gets the 
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less circular a form is. Based on this principle numbers closer to 1 were expected as a mean 

form factor of the more circular puncta structures on images taken before solubilizer addition, 

while a disaggregation would reveal the net-like, elongated structures of the ER (as seen in 

Figure 24; form factor >1). Time-lapse images of the first few minutes for control cells and 2-

DG treated cell expressing GFP-FM4-GH were analyzed and the hypothesis and the results 

from the visual image analysis were confirmed. Form factors of control and 2-DG treated 

cells start at similar values close to 1 describing a comparable starting situation of more 

circular fluorescent aggregates in the ER, while both groups show significantly increased 

form factors after 7 minutes confirming proper disaggregation (Figure 25). Interestingly, the 

form factor values at time point 7 min for 2-DG treated cells are significantly higher than for 

control cells. This is likely because 2-DG cells lack proper ER-to-Golgi transport and display 

ER-like net structures with increasing fluorescence intensity over time, while control cells 

already start to transport the construct into the Golgi immediately upon disaggregation. 

 
 

Figure 25: Form Factor changes confirm unrestricted disaggregation of CAD-constructs upon 

2-DG treatment. Statistical evaluation of disaggregation of cargo construct upon solubilizer addition 

represented by increase in form factor. Data from HeLa cells pre-treated for 30 min with 10 mM 

glucose buffer (n = 66 cells from 4 independent experiments) and 10 mM 2-DG buffer (n = 61 cells 

from 4 independent experiments) were taken for the analysis. A custom-made macro enabled the 

calculation of the median form factor of all green structures in the non-Golgi region. Mean of all cells ± 

SEM is plotted in the graph. n.s. not significant versus +Glu 0min, *** significant versus +Glu 0min 

p<0.001, *** (red) significant versus +2-DG 0min p<0.001,  significant versus +Glu 7min p<0.001; 

Mann-Whitney-U test. (1) [Figure panel reproduced from Rauter et al., Cells 2020.]  
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4.6 Investigating the impact of energy stress on crucial parameters in 

protein secretion 

The secretory transport of proteins is a highly complex process relying on numerous, often 

energy-dependent steps and cellular structures. As elaborated, cell treatment with the 

antimetabolite 2-DG even for a short time completely emptied subcellular ATP pools (Figure 

12 and Figure 13) and abolished ER-to-Golgi transport in the cancer cell model HeLa 

(Figures 17-23). However, it is difficult to say if there is a direct causal impact of lacking ATP 

on ER-to-Golgi transport leading to an almost complete stop in the secretory activity. Some 

of the crucial parameters in secretory transport may be influenced first by 2-DG treatment or 

the ATP depletion followed by it, and then in turn prevent ER-to-Golgi trafficking. These 

parameters involve the cellular microtubule network, ER-morphology and the cellular GTP 

content. 

4.6.1 The microtubule network is persistent and remains dynamic under 

energy stress 

It is assumed that a large number of anterograde and retrograde trafficking processes rely on 

energy-dependent transport via motor proteins along cytoskeleton elements like microtubules 

– it is known that this is also the case for ER-to-Golgi transport (17–19,21). This brings up 

the question if 2-DG treatment, which prevents ER-to-Golgi transport in our cancer cell 

model, destroys the microtubule (MT) network thereby mediating this effect. Thus, we tested 

if MTs collapse upon the same energy stress induction by 2-DG, as applied in 4.5, by 

investigating GFP-α-tubulin signal distribution within HeLa cells using high-resolution 

confocal fluorescence imaging.  

In both groups, the control group and the 2-DG treated group, sample cells displayed clear 

MT network structures immediately upon the start of treatment and imaging (0 min). 

Furthermore, a high dynamic of the green fluorescent MTs was observed, manifested in 

continuous re-organization and re-shaping of the MT network over time (Figure 26a). This 

also indicated similar functioning cytoskeleton dynamics under control conditions and upon 

2-DG treatment. After 60 minutes nocodazole, a chemical agent interfering with MT-

polymerization processes, was added in a high concentration to provoke the collapse of the 
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MT-network and prove the natural property of MTs to quickly disintegrate. All samples 

showed fast and efficient disintegration of MTs within 10 minutes of nocodazole treatment 

and an almost complete collapse of green fluorescent tubule structures into free cytosolic 

signal after 20 minutes (Figure 26a).  

To determine potential minor differences in MT stability for controls versus 2-DG treated 

cells, the images were analyzed using a custom-made ImageJ algorithm. A ratio of cytosolic 

versus microtubule fluorescence intensity was calculated. An increasing ratio represented 

more cytosolic respectively less MT signal, meaning a collapse of the MT network. The 

quantification data confirmed the visual impression of sample images, no difference in MT 

stability or amount was found between control and 2-DG samples (Figure 26b). This finding 

excludes lacking MT stability upon 2-DG treatment as a reason for 2-DG mediated ER-to-

Golgi transport prevention. 
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Figure 26: Severe energy depletion via 2-DG does not affect the microtubule network in HeLa 

cells. (a) Representative confocal images displaying HeLa cells expressing GFP-α-tubulin in buffer 

with 10 mM glucose (upper panel) or 10 mM 2-DG (lower panel). Images are shown for start (left), 

after 60 min (middle) and after subsequent 20 minutes of treatment with nocodazole (“+Noc”, 10 µM, 
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right). A 100x magnification objective was used; scale bars represent 5 µm in both time courses. (b) 

Statistical analysis of microtubule disassembly expressed by the ratio of FI in cytosol divided by FI of 

microtubules. Ratios for controls (+Glu, black bullets, n = 12, from three independent experiments) 

and 2-DG treated cells (+2-DG, red squares, n = 15, from three independent experiments) are 

depicted over time, symbols represent mean ± SEM. The nocodazole treatment (10 µM) is indicated in 

yellow, beginning at 60 minutes, directly after the 60 min image was taken. (1) [Figure panel 

reproduced from Rauter et al., Cells 2020.]  

4.6.2 ER-morphology is unchanged under energy stress 

The ER is the first organelle in the secretory pathway and the initial trafficking and 

modification hub (3,26). Severe changes in the morphology of this crucial organelle might 

change the way cargo proteins are distributed. A comparison of the ER-morphology enabled 

by the expression of the fluorescent construct CP450-CPV in control cells (measurement 

buffer containing 10 µM glucose) and cells treated with measurement buffer lacking glucose 

(- Glucose) or containing 10 µM 2-DG (+2-DG) for 30 minutes was conducted. No changes 

were observed after this short-term energy stress period (Figure 27) marking the equivalent 

time point of transport initiation in ER-to-Golgi transport measurements.  
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Figure 27: ER-morphology is not changed upon short-term energy stress in HeLa cells. 

Representative images in the left column show HeLa cells expressing CP450-CPV, a yellow 

fluorescent construct targeting to the ER membrane surface, under control conditions (+ Glucose), 

glucose deprivation (- Glucose), or 2-DG treatment (+ 2-DG) for 30 minutes prior to imaging. As 

indicated scale bars represent 10 µm and 5 µm in respective zooms. In the right column, a zoom into 

the outer regions of the fine ER-network structure is shown. (1) [Figure panel reproduced from Rauter 

et al., Cells 2020.] 
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4.6.3 Subcellular GTP concentrations are slightly increased upon 2-DG 

treatment 

Guanosine-5’-triphosphate (GTP) is an important chemical energy carrier, which provides 

readily available energy for a variety of enzymatic reactions within a cell – especially in the 

context of protein trafficking (10). A lot of GTPases, which convert GTP during their 

respective enzymatic reaction, are involved in secretory processes. A crucial step in ER-to-

Golgi transport is the initial formation of COPII transport vesicles (13,14) with Sar1, for 

example, being a well-investigated GTPase involved specifically in COPII-formation. The 

question of the influence of 2-DG on the cytosolic GTP concentration was therefore 

investigated by expressing the genetically encoded GTP-sensor GEVAL (GEVAL530 (138)) 

in HeLa cells. 

HeLa cells were transfected with the respective construct and changes in cytosolic GTP 

levels ([GTP]cyto) were measured via live-cell wide field microscopy in single cells. The cells 

were excited at 385 nm and 470 nm (Figure 28a) and a ratio was calculated, since due to its 

properties this single FP-based sensor reacts with an increase of emission at excitation < 

450 nm and a decrease at excitation > 450 nm, when GTP increases (138). There were no 

differences in basal GTP values among the tested cells indicating a balanced starting 

situation (Figure 28b). Under control conditions ratio signals remained consistent over the 

observation time of 60 minutes (Figure 28c), indicating stable GTP levels. Upon glucose 

starvation, however, a consistent increase of the GEVAL fluorescence ratio signal over time 

was observed, indicating GTP elevations in response to the moderate energy stress (Figure 

28c). Surprisingly, 2-DG treatment, which led to a complete depletion of ER-to-Golgi 

transport (see 4.5), did not lower GTP levels as expected, but promptly and strongly elevated 

cytosolic GTP (Figure 28c and d). These remarkable results suggest that 2-DG does not 

prevent ER-to-Golgi transport by depleting GTP levels similarly strong as ATP levels. 
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Figure 28: Global GTP concentrations are not decreased but slightly increased upon short-

term energy stress in HeLa cells. (a) Representative Images showing a HeLa cell expressing the 

genetically encoded GTP-sensor GEVAL530 excited at 385 nm (left) and 470 nm (right) as taken for 

ratio calculations in (b-d). Scale bar represents 10 µm. (b) Aligned dot plot showing mean basal ratios 

for controls and energy stress conditions (+ Glu; n = 9 cells, - Glu: n = 6 cells, 2-DG: n = 6 cells; each 

from three independent experiments). n.s. not significant against control (+Glu); Kruskal-Wallis test 

and Dunn’s post hoc test. (c) Dynamic GTP signals (mean value) over time upon perfusion switch 

from control buffer (+Glu) to respective color-coded treatment buffer (“Treatment phase”) containing 

10 mM glucose (+ Glu), no glucose (- Glu) or 10 mM 2-DG (+2-DG) from time point 5 min. Light 

colored halos represent ± SEM. (d) Dot plot illustrating maximum delta in GTP concentrations upon 

conducted protocol from (c). *** significant versus + Glu, p < 0.001; Mann-Whitney U test.   
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4.7 Induction of short-term energy stress alters subcellular Ca2+ 

concentrations and dynamics 

Ca2+-concentrations in cytosol and cellular organelles as well as their dynamics and 

mobilization properties are amongst the most considerable factors when investigating energy 

metabolism due to the inseparable connection between ATP and Ca2+ signals and signaling 

(110,111). Hence, we investigated if the introduction of energy stress leads to a modification 

of subcellular Ca2+ levels and dynamics in HeLa cells by applying the small chemical Ca2+ 

indicator FURA-2 and the genetically encoded ER-targeted fluorescent Ca2+ biosensor 

D1ER. 

The main transporter suggested to uphold elevated Ca2+ concentrations in the ER against 

the cytosolic pool under natural conditions, the (sarco)endoplasmic reticulum calcium 

ATPase (SERCA), is known to be highly energy-dependent (142). For this reason, we 

expected the ER Ca2+ content ([Ca2+]ER) to be reduced due to the ATP depletion under 

energy stress. However, we found no significant differences between controls and energy 

stress conditions in the FRET ratio signal of D1ER (Figure 29a, left panel), an established 

genetically encoded Ca2+ sensor targeted to the lumen of the ER (137). This indicates that 

energy stress does not lead to a lower [Ca2+]ER despite the strong energy-dependency of 

SERCA. The basal Ca2+ concentrations in the cytosol, on the other hand, were slightly 

increased under glucose starvation compared to control cell values (Figure 29a, right panel), 

as measured with the small chemical Ca2+ sensor FURA-2 in parallel experiments. Exchange 

of glucose with 2-DG, which rapidly depletes subcellular ATP pools (Figure 12 and Figure 

13), led to an even stronger elevation of basal cytosolic Ca2+ concentrations ([Ca2+]cyto) 

compared to mere glucose starvation. 
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Figure 29: Mild and severe energy depletion affects the cytosolic and ER Ca2+ homeostasis. For 

measurement of cytosolic calcium dynamics HeLa cells were loaded with Fura-2 (+Glu, n = 78 cells 

from four independent experiments; -Glu, n = 84 cells from three independent experiments, +2-DG n = 

73 cells; from four independent experiments), for visualizing ER-calcium HeLa cells expressing D1ER 

were measured (+Glu, n = 10 cells; -Glu, n = 14 cells, +2-DG n = 7 cells; each from three independent 

experiments). (a) Aligned dot plot and mean ± SD representing FRET ratio values of D1ER (i.e. 

[Ca2+]ER, left) and Fura-2 ratio values (i.e. [Ca2+]cyto, right) of unstimulated HeLa cells that were kept in 

the presence of 10 mM glucose (+ Glu, black), upon glucose starvation for 30 minutes (-Glu, blue) or 

cell treatment with 10 mM 2-DG for 30 minutes (+2-DG, red). *** significant versus +Glu p<0.001,  

significant versus -Glu p<0.001; Mann-Whitney-U test. (b) Aligned dot plot and means ± SD showing 

the maximum change in ratio signals of D1ER (left) and Fura-2 (right) upon cell stimulation with ATP 

(100 µM) and BHQ (15 µM) in the absence of extracellular Ca2+ (i.e. EGTA) as also shown in panel c. 
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* significant versus +Glu p<0.05, *** significant versus +Glu p<0.001; Mann-Whitney-U test. (c) ER 

(upper panel) and cytosolic (lower panel) Ca2+ signals over time in the presence of 10 mM glucose 

(+Glu control; black, left panels, nER = 10 cells, ncyto = 78 cells), the absence of glucose (-Glu, blue, 

middle panels, nER = 14 cells, ncyto = 84 cells) and upon cell treatment with 10 mM 2-DG (30 minutes 

prior to imaging experiments, +2-DG red, right panels, nER = 7 cells, ncyto = 73 cells). As indicated cells 

were stimulated with a mixture of 100 µM ATP and 15 µM BHQ in the absence of extracellular Ca2+ 

i.e. in the presence of 0.1 mM EGTA. Subsequently ATP and BHQ were removed and 2 mM Ca2+ was 

re-added via a perfusion system.  (1) [Figure panel reproduced from Rauter et al., Cells 2020.]  

After that, we aimed to assess the impact of the same energy stress conditions on Ca2+ 

dynamics, a key factor in cell signaling and metabolism. For that, the HeLa cells were treated 

with the inositol 1,4,5-triphosphate (IP3)-generating agonist ATP and the SERCA-inhibitor 

2,5-di-t-butyl-1,4-benzohydroquinone (BHQ) in the complete absence of extracellular Ca2+. 

The protocol aimed to trigger maximum IP3-mediated Ca2+ release from the ER while 

preventing backflow from the cytosol by BHQ and then investigate refilling into the ER by re-

adding extracellular Ca2+ while washing away ATP and BHQ. Under control conditions, i.e. 

presence of glucose, the treatment led to an immediate drop in ER-Ca2+ (Figure 29b and c) 

and consequently triggered a transient peak in [Ca2+]cyto as seen in parallel experiments 

(Figure 29c, left panels). Upon removal of ATP and BHQ and switch to a perfusion buffer 

with extracellular Ca2+, the ER-Ca2+ pool refilled rapidly, largely restoring levels to basal 

conditions (Figure 29c, left panels). Together with another transient peak with a rather fast 

decrease to almost basal levels in cytosolic Ca2+ (Figure 29c, left panels) this indicated 

efficient refilling of [Ca2+]ER under control conditions. There was a rather heterogeneous 

reaction of glucose-starved cells upon IP3-mediated Ca2+ mobilization, with clearly reduced 

Ca2+ transients upon mobilization and ER Ca2+ refilling (Figure 29c, middle panels). Under 

severe energy stress mediated by 2-DG, HeLa cells did not show rapid decreases of [Ca2+]ER 

but a slow, continuous decline of the ER Ca2+ levels over time (Figure 29c, right panels), 

which was also smaller than seen for control and glucose starvation conditions (Figure 29c). 

Accordingly, there was almost no peak in measurements of [Ca2+]cyto when treating the cells 

with 2-DG (Figure 29c, bottom right panel). Moreover, inefficient refilling of ER-Ca2+ was 

observed upon washing out ATP and BHQ and adding extracellular Ca2+ under this severe 

energy stress (Figure 29c, right panels). Measurements of the [Ca2+]cyto displayed less 

pronounced peaks in most cells with some cells triggering strong Ca2+ transients, which only 

decreased slowly again indicating inefficient refilling processes of ER-Ca2+ (Figure 29c).  

As anticipated, these results suggest extensive effects of mild and severe energy stress 

conditions on the cellular Ca2+ homeostasis. Not only do HeLa cells show increased basal 
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levels of cytosolic Ca2+, they also display significant reductions in Ca2+ mobilization ability 

upon addition of an IP3-mediating agonist as well as disturbances in refilling the ER Ca2+ 

pool. Strikingly, basal ER Ca2+ levels were not affected by glucose starvation or 2-DG 

treatment. 

4.8 Short-term Ca2+ stress does not prevent ER-to-Golgi transport 

Due to the substantial impact of energy stress induction on subcellular Ca2+ concentrations 

and dynamics in HeLa cells, the impact of Ca2+ stress itself on ER-to-Golgi transport 

efficiency was investigated. Especially elevated [Ca2+]cyto was interesting in this regard since 

higher levels of cytosolic Ca2+ have been shown to massively restrict cellular vesicle 

movement immediately (109).  

 
 

Figure 30: Established Ca2+ stress conditions in HeLa cells yield consistently high/low 

cytosolic Ca2+ concentrations. Curves showing changes in Fura-2 ratio (i.e. cytosolic Ca2+ 

concentrations) over time upon Ca2+ mobilization using 100 µM ATP and 15 µM BHQ in the absence 

of extracellular Ca2+ (i.e. 0.1 mM EGTA, n = 53 cells from three independent experiments) in (a) and 

presence of 2 mM Ca2+ (n = 66 cells from three independent experiments) in (b). The respective time 

frame after Ca2+ mobilization for ER-to-Golgi transport experiments is indicated with dotted lines 

(„Transport Exp.“). (1) [Figure panels reproduced from Rauter et al., Cells 2020.] 

To investigate this, the ER-Ca2+ pool was depleted by applying ATP and BHQ in the 

complete absence of extracellular Ca2+ (plus addition of EGTA) or presence of 2 mM 

extracellular Ca2+. This led to completely emptied cytosolic Ca2+ on the one hand (Figure 

30a), respectively continuously increased [Ca2+]cyto on the other hand (Figure 30b), and 
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allowed the investigation of the impact of ER Ca2+ depletion with a simultaneous elevation in 

cytosolic Ca2+ levels on ER-to-Golgi transport. 

 
Figure 31: ER-to-Golgi transport of soluble cargo is only minimally affected by short-term Ca2+ 

stresses. (a) Curves represent very high, high, moderate and no ER-to-Golgi transport of GFP-FM4-

GH in single HeLa cells (n = 59 cells from 3 independent experiments) after 15 minutes of Ca2+-

mobilization in EGTA. (b) ER-to-Golgi transport in single HeLa cells (n = 56 cells from three 

independent experiments) under conditions of Ca2+ mobilization in the presence of Ca2+, as shown in 
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panel b. (c) Bars represent the percentages of different transport efficiencies of the soluble cargo of 

HeLa cells treated with ATP and BHQ in the absence (i.e. EGTA) or presence ( + 2 mM Ca2+) of 

extracellular Ca2+. (d) Comparison of mean transport index ± SEM in stimulated HeLa cells (100 µM 

ATP plus 15 µM BHQ) in EGTA (grey bars, n = 59 cells,) or in the presence of 2 mM extracellular Ca2+ 

(green bars, n = 56 cells) at the indicated time points of transport. # significant versus all other time 

points of the same condition p<0.05; Kruskal-Wallis test and Dunn’s post hoc test. (1) [Figure panels 

reproduced from Rauter et al., Cells 2020.] 

HeLa cells expressing the soluble, luminal transport construct all showed clear ER-to-Golgi 

transport upon solubilizer addition, regardless of extracellular Ca2+ concentrations (Figure 

31a-d). Interestingly, there were no significant differences between conditions, yet there was 

a trend to slightly decreased transport indices after 30 minutes under conditions of low 

cytosolic Ca2+ (Figure 31a), despite the known inhibition of vesicle movement under elevated 

[Ca2+]cyto (109). This trend was also manifested using the arbitrary classification system 

established above and described in 4.5.3. While there were around 30% fewer cells showing 

only moderate ER-to-Golgi transport, the group of HeLa cells displaying very high transport 

efficiency was higher by over 20% (Figure 31b and c).  

From these results it can be concluded that short-term Ca2+ stress does not prevent ER-to-

Golgi transport. Non-impaired transport efficiency of protein cargo despite significantly 

elevated cytosolic Ca2+ levels also suggests, that the inhibiting effect of 2-DG on ER-to-Golgi 

transport is not likely to be mediated by its increasing effect on [Ca2+]cyto. 

4.9 Cellular vesicle movement is differentially influenced by energy and 

calcium stresses 

Unrestricted movement of vesicular structures in a cell contributes to the proper function of 

secretory trafficking. While it is known that elevated cytosolic Ca2+ levels impair vesicle 

trafficking (109), ER-to-Golgi transport did not seem to be affected by this (Figure 31). 

However, to better understand if the general movement of vesicular structures is impaired by 

energy stress further experiments were conducted. We investigated HeLa cells expressing 

pH-Lemon-GPI, a genetically encoded fluorescent construct located in the cell membrane 

and vesicular structures within the cell (109). This approach allows the estimation of the 

impact that energy stress exerts on the movement of GPI-positive vesicular structures and 
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helps to answer the question if the quantitative visualization of overall vesicle movements in 

a cell allows concluding on ER-to-Golgi transport. 

To capture the fast-paced movements of vesicular structures and quantify their mobility, 

high-resolution time-lapse imaging was conducted with high frequency (5 images per 

second) over 2 minutes. After background subtraction and bleaching correction, the image 

series were analyzed using a custom-made ImageJ algorithm exploiting the TrackMate 

plugin (143). This allowed tracking single vesicles over time and calculating their speed and 

displacement. The latter one is hereby understood as the distance between the first and the 

last point of a track of one vesicle and can be interpreted as directionality in vesicle 

movement (Figure 32).  

The observations not only revealed a massive reduction of vesicle movement in HeLa cells 

upon Ca2+ mobilization in the presence of extracellular Ca2+, i.e. elevated cytosolic Ca2+ 

levels, but also a drastic decrease under severe energy stress, i.e. after treatment with the 

antimetabolite 2-DG. These conclusions can be obtained from looking at the vesicle tracks in 

representative cells from tested groups, respectively, as compared to glucose controls or 

cells, in which Ca2+ mobilization was triggered in the absence of extracellular Ca2+ (Figure 

32a). The quantification of vesicle movements using the algorithm-based image analysis 

furthermore allowed an estimation of the restriction of vesicle speed under energy and Ca2+ 

stress. The mean velocity of vesicular structures was found to be slightly reduced upon 

glucose starvation and 2-DG treatment, while long-distance directional transport was not 

diminished in glucose-deprived cells (Figure 32b and c). 2-DG treated cells, however, 

displayed immense, highly significant reductions in long-distance transport of GPI-positive 

vesicles (Figure 32c). Both vesicle speed and directional transport over longer distances 

were strongly decreased after treating cells with the IP3-generating agonist ATP and SERCA 

inhibitor BHQ in the presence of extracellular Ca2+ (Figure 32b and c).  
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Figure 32: Vesicle motility in HeLa cells is differentially affected by Ca2+ and energy stresses. 

(a) Confocal images of HeLa cells stably expressing pH-Lemon-GPI that were used for time-course 

vesicle movement experiments. The first images in the time courses of representative cells of different 

treatment conditions (+Glu, +2-DG, both left panel; EGTA, +Ca2+, both right panel) are shown. The 

tracks of all detected moving vesicles in 600 images over 2 minutes for each individual cell are shown 

in yellow. A 100x magnification objective was used; scale bars represent 10 µm. (b and c) Scatter dot 

plots and mean values ± SD representing Mean Speed (b) and Mean Displacement (c) for each cell 

measured at different (pre-)treatment conditions: + 10 mM Glucose without any cell stimulation 

(control: black; n = 51 cells), -Glucose (blue; n = 44), + 10 mM 2-DG (+2-DG: red; n = 50), cell 

treatment with 100 µM ATP and 15 µM BHQ in EGTA (grey; n = 39) or 2 mM extracellular Ca2+ (+Ca2+: 

green; n = 37). n.s. not significant versus +Glucose (control), * significant versus +Glucose (control) 

p<0.05, *** significant versus +Glucose (control) p<0.001, *** (green) significant versus EGTA 

p<0.001; unpaired t-test. (1) [Figure panels reproduced from Rauter et al., Cells 2020.] 

In conclusion, the motility of vesicular structures in HeLa cells is significantly reduced upon 

introducing severe energy stress or mobilizing Ca2+ yielding increased cytosolic Ca2+ levels. 

While the investigation of a GPI-anchored construct might not necessarily be fully conclusive 

about the behavior of ER-to-Golgi vesicles themselves, it is striking that ER-to-Golgi 
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transport can happen uninterruptedly under conditions severely decreasing overall cellular 

vesicle motility. This is especially remarkable regarding the immense reduction of directional 

long-distance transport, for which the mechanisms are similarly based on motor proteins and 

cytoskeleton elements for all vesicular trafficking.  

4.10 Novel approaches to monitoring ER-to-Golgi transport via live-cell 

imaging using the dimerization dependent fluorescent protein 

technology 

Most of the constructs for measuring secretory activity require high-resolution imaging-based 

readouts. To lay the groundwork for easy large-scale cell population and single-cell analysis 

of ER-to-Golgi transport alike, a novel approach was developed. The idea was to enable the 

experimenter to apply a single genetically encoded construct that combines synchronized 

secretory transport mediated by ligand-sensitivity with the ability to monitor transport 

efficiency without a high optical resolution fluorescence imaging systems.  

4.10.1 Concept of the sensor 

The sensor backbone was designed using several well-established technologies. The basis 

of the construct is the so-called dimerization dependent fluorescent protein (ddFP) 

technology (131,132). The ddFP constructs are based on a potentially fluorescent monomer 

A (GA, green fluorescence), which only conveys its fluorescence properties when coming 

into direct physical contact with a non-fluorescent monomeric counterpart (B) in a non-

covalent interaction. To make use of the special properties of this technology, GA was C-

terminally fused to a Golgi targeting sequence (GAT, first 243 AA of beta-1,4-

galactosyltransferase) followed by a linker (GCCAAGGACCCCCCTGTGGCTACA). After 

GA, a P2A self-cleavage site was introduced. This was followed by the human growth 

hormone secretion signal as the start of the second part of the construct, a four-time repeat 

of the conditional aggregation domain ((125,127); FM4) and the monomer B (Figure 33a). 
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Figure 33: Design and working principle of a novel genetically encoded CAD- and ddFP-based 

ER-to-Golgi transport sensor. (a) Depiction of the encoded sensor elements: GAT+linker: Golgi 

anchor plus short amino acid linker; GA: ddFP monomer A; SC: self-cleavage site (P2A); hGHSS: 

human growth hormone signal sequence/secretion signal; 4xCAD: four repeats of the conditional 

aggregation domain; B: ddFP monomer B. Cleavage point of the construct during translation 

highlighted with red lines. (b) Sensor working principle. Prior to ligand addition the GA-part resides in 

the Golgi, while the B part is aggregated in the ER. Ligand (= solubilizer) addition leads to 

disaggregation of B parts in the ER, transport to the Golgi, thereby initiating fluorescence of GA part in 

Golgi by direct interaction. 
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The principle behind the construct was to express it in a cell type of choice and start without 

any fluorescent signal. Before transport initiation, the GA part would be located in the Golgi 

and the B part would be aggregated in the ER, unable to be transported further. When the 

solubilizer was added, ER-to-Golgi transport would be initiated and the monomer B would 

enter the secretory pathway, thereby meeting part GA in the Golgi, leading to green 

fluorescence upon successful transport (Figure 33b). The sensor was named “TRAPT1.0” 

(Transport Reporter for Analysis of Protein Trafficking).  

4.10.2 Proof of concept for a novel Transport Reporter for Analysis 

of Protein Trafficking (TRAPT) 

To investigate the functionality of the novel genetically encoded ER-to-Golgi transport sensor 

TRAPT1.0, HeLa cells were transfected with the construct and investigated via confocal 

microscopy. First, the sample was screened and, as expected, no fluorescence signal was 

found. Transport was initiated using high amounts of solubilizer (2 µM) and after 20 minutes 

the sample was screened again. Unfortunately, only a few cells showing clear but rather low 

fluorescence intensity in the Golgi apparatus were found (Figure 34a), indicating low 

expression levels.  

Due to the lack of reporter fluorescence under starting conditions and supposedly low 

expression levels based on the few cells found to display fluorescence at time point 20 

minutes after solubilizer-mediated transport initiation, it was very hard to find cells to follow 

over time. General functionality of the construct and low transfection and/or expression levels 

resulting in low fluorescence intensity levels could be confirmed (Figure 34b). However, 

these factors made analyses of cell populations via plate reader or similar measurements 

impossible.  
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Figure 34: TRAPT1.0 allows quantification of ER-to-Golgi transport by fluorescence increase 

but shows low expression levels. (a) Representative end point images of HeLa cells expressing 

TRAPT1.0, taken 20 minutes after solubilizer-addition. (b) Time-lapse images of two cells expressing 

TRAPT1.0 before (0 min) and 10 min after solubilizer addition. Images were scaled with the same 

parameters to allow comparability of intensities. Scale bars indicate 10 µm. 

Because of the size of the TRAPT construct and the P2A self-cleavage element, which has 

not been used between proteins targeted to the secretory pathway to our knowledge, it is 

possible that correct expression or targeting is (partially) hindered. Hence, expression and 

targeting of both protein parts were tested by generating altered constructs carrying fully 

functional FPs, named TRAPT_SScontrol, TRAPT_GAcontrol, and TRAPT_SIZEcontrol, 

respectively (Figure 35a-d). In cells expressing TRAPT_GAcontrol and TRAPT_SIZEcontrol, 

we found equally targeted fluorescence signal in the Golgi from the yellow fluorescent protein 

(CPV) that was inserted for GA in the initial TRAPT construct (Figure 35b and c). This 

indicated that Golgi targeting worked properly and self-cleavage plus a large protein segment 

at the C-terminus of it does not influence correct targeting and expression. Also, the hGH 

signal sequence to target the construct part after P2A into the ER and secretory pathway 

seemed to work properly. When exchanging 4xCAD and monomer B sequences for super 

folder GFP with a C-terminal nuclear localization sequence (sfGFPnuc; resulting in 

TRAPT_SScontrol), the high-intensity green fluorescent signal was found in the ER and 
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partially Golgi structures with no background in the cytosol or the nucleus (Figure 35d), 

suggesting proper co-translational insertion into the ER.  

Despite proof of the general principle of the construct, further improvements have to be 

conducted to optimize it and allow a readout via plate reader measurement in the future. 

However, the ddFP technology has proven to be a promising variant for the design of 

advanced fluorescent protein trafficking tools.  
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Figure 35: Expression of modified TRAPT1.0-constructs confirms correct targeting of the 

individual construct parts. All constructs were expressed in HeLa cells. (a) Depiction of the encoded 

sensor elements of TRAPT1.0: GAT+linker: Golgi anchor plus short amino acid linker; GA: ddFP 

monomer A; SC: self-cleavage site (P2A); hGHSS: human growth hormone signal sequence/secretion 
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signal; 4xCAD: four repeats of the conditional aggregation domain; B: ddFP monomer B. Cleavage 

point of the construct during translation highlighted with red lines. (b) Illustration of TRAPT_GAcontrol 

(CPV: circularly permuted Venus, YFP variant) and representative images of TRAPT-GAcontrol 

(screened n = 118 cells in three independent experiments). (c) Depiction of TRAPT_SIZEcontrol with 

representative images of the construct expressed in cells (screened n = 136 cells in three independent 

experiments). (d) Depiction of TRAPT_SScontrol (sfGFPnuc: super-folder GFP with a C-terminal NLS 

sequence) and representative images of the construct (screened n = 99 cells in three independent 

experiments). Scale bars represent 10 µm.  
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5 Discussion 

In this work, an innovative high-resolution fluorescence time-lapse imaging approach for the 

assessment of ER-to-Golgi transport efficiency in single living cells was refined and exploited 

to better understand how cell stresses impact the secretory activity. Short-term energy stress 

conditions were mimicked by glucose deprivation and treatment with the antimetabolite 2-DG 

and subcellular dynamics of ATP and Ca2+ were examined by applying state-of-the-art 

fluorescence microscopy techniques in combination with established genetically encoded 

biosensors (136,137). Furthermore, quantitative visualization approaches and the 

investigation of structural features in living cells in the course of this study significantly 

improved our understanding of the complex interrelations of metabolic activity and secretory 

protein trafficking processes in a well-investigated cell model for malignant solid cancer. 

Finally, novel genetically encoded probes for the visualization of ER-to-Golgi transport were 

designed, paving the way for assay-based quantification of this process. 

This study not only provides new insights into the energy and Ca2+ stress resistance of the 

secretory pathway in the HeLa cancer cell model but also puts the spotlight on how and why 

these cells can overcome severe ATP depletion and stress to guarantee a functioning 

secretion of proteins, which might well become an essential focus in future studies 

investigating the secretory pathway as a therapeutic target in cancer therapy. 

5.1 Semi-automated analysis of ER-to-Golgi transport in individual cells 

over time as an innovative strategy in the research field 

To this day, many studies applying genetically encoded, protein-based fluorescent sensors 

for synchronized ER-to-Golgi transport have not exploited the full potential of these tools. 

While live-cell imaging of these transport processes has already been performed for some 

time (47), a large number of publications still use the FP-based reporter only in end point 

approaches through cell fixation to allow subsequent imaging and quantification 

(18,45,101,125,127,144–147). Even experiments with novel approaches like the RUSH-

system often lay their focus on cell population results, applying granularity-based algorithms 

and automated imaging of fixed stained cells (126).  
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However, in my dissertation we have demonstrated high dynamics and heterogeneity in 

these secretory processes by applying the FP-based tools in intact living cells. Based on 

these findings, we developed a semi-automated quantification method of the visualized ER-

to-Golgi transport over time providing quantifiable time-lapse imaging data for individual cells 

without the need for cell fixation. We feel that this analysis tool represents an incredibly 

beneficial addition to the technical repertoire. Thanks to the co-expression of a target 

organelle marker (or any other desired co-labeling of organelles) dynamic quantification is 

possible.  

Furthermore, the influence of pre-treatments on the Golgi structures can be observed in the 

very same cells where transport is measured. This opens new possibilities for future 

experimental approaches including pre-treatment with transport inhibitors (e.g. Brefeldin A  

(148) or EHT-1864 (149)) or Golgi structure disturbing agents (e.g. Nocodazole, (124)) as 

well as “online” injection of chemical agents modifying the protein secretion after transport 

initiation to monitor dynamic changes in the process. 

5.2 The cancer cell secretory pathway displays high resilience to energy 

stress  

It has been well established that cancer cells display high efficiency in ER-to-Golgi secretory 

transport (4). Here, we confirm that HeLa cells have a huge capacity to secrete proteins fast 

and efficiently, showing similarly strong trafficking efficiency as observed in normal rat kidney 

(NRK) cells, a cell line with high secretory capacity that is commonly used in secretory 

pathway studies (101). These observations nicely confirm our understanding of the tumor cell 

that is strongly dependent on this pathway (4).  

Protein secretion is not only known to facilitate cell-extracellular matrix as well as cell-cell 

communication and protect cancer cells from the immune system (3,4,150,151) but also to 

relentlessly promote tumor progression and metastasis (4,69–74). The enormous stability of 

ER-to-Golgi transport as the essential first step in protein secretion (3) in HeLa cells is 

therefore also in line with the aggressive characteristics of this malignant cervix 

adenocarcinoma cell line (152). 
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2-deoxy-D-glucose, or 2-DG for short, is a glucose analog and well-known antimetabolite 

(153), which blocks the rate-limiting first step of glycolysis (154,155) – the conversion of 

glucose to glucose-6-phosphate – and thereby causes rapid depletion of subcellular ATP 

pools ((84) and this study). In this study, we observed that short-term energy stress induced 

by 2-DG treatment completely abolished ER-to-Golgi transport in HeLa cells suggesting a 

strong dependence of this process on ATP supply, probably by aerobic glycolysis, the 

classical cancer cell metabolic setting, well-known as the Warburg effect (92,93).  

It has been demonstrated that over longer periods the treatment of cells with 2-DG in vitro 

can also lead to a prevention of cell cycle progression and cytotoxicity eventually resulting in 

cell death, which has been confirmed in experiments conducted on tumor cells (156). 

Furthermore, long-term 2-DG treatment might lead to defective protein glycosylation and to 

the accumulation of un- and misfolded proteins in the ER lumen, resulting in an activation of 

the unfolded protein response (UPR; (155)). This is a process, which gets switched on upon 

the accumulation of unfolded proteins in the ER as part of the quality control system in this 

initial organelle of the secretory pathway (31,32). 

Interestingly, 2-DG has been suggested as a potential therapeutic agent in cancer therapy in 

the past and its effects have been studied in the context of metabolic targeting as an anti-

tumor strategy (154–156). Metabolic targeting is seen as a major perspective in therapeutic 

interventions against cancer (157) with a growing amount of specific targets (158). The 

effect-enhancing impact of additional 2-DG administration on the efficacy of common 

therapeutics (Adriamycin/Paclitaxel) has even been tested and confirmed in an in vivo 

xenograft mouse model before (159). Moreover, improved effects of radiotherapy upon 

additional application of 2-DG have been observed in humans (160). Under the light of this 

well-founded data and the convincing results gathered in this study, it can be speculated that 

the anti-tumor effect mediated by 2-DG can at least in part be attributed to its capacity to 

almost completely prevent cellular secretory transport, which has been established to be an 

essential feature of cancer cells (4). It therefore stands to reason that the effect of many anti-

cancer drugs targeting the metabolic pathway might partially be mediated by restricting 

secretory transport due to its expected dependence on energy supply.  

Given this strong dependence of ER-to-Golgi transport on ATP, it was even more striking to 

observe that glucose starvation, which differentially decreased cytosolic and mitochondrial 

ATP levels significantly, did not lower the efficiency of ER-to-Golgi transport in HeLa cells. 
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Despite these severe reductions in subcellular ATP pools, there was no diminished ER-to-

Golgi transport capacity for soluble bulk flow cargo or transmembrane cargo emphasizing the 

extremely high resilience of this process to energy stress in this cell model for a highly 

aggressive, malignant cancer. Remarkably, there was even a trend hinting at a facilitation of 

ER-to-Golgi transport in cells deprived of glucose, which occurred even stronger for actively 

sorted transmembrane cargo. While this trend, which is nicely reflected in the illustration of 

distinct ER-to-Golgi transport efficiency groups, has to be interpreted with caution and likely 

requires further experiments to be confirmed, it fits into the framework of cancer cell life – as 

will be elaborated in the following paragraphs.  

Cancer cells display characteristic physiological hallmarks – collectively known as the 

Warburg effect (92,93) – which include increased glucose uptake and make glycolysis their 

prime source of ATP (94). This shift towards anaerobic glycolysis promotes fast and efficient 

growth and rapid proliferation under conditions of abundant nutrient supply (94). However, 

tumor cells are much more metabolically flexible than often assumed and are equipped with 

a whole molecular toolbox to react to certain stress conditions (161).  

Glucose deprivation is a state commonly encountered in tumor cells (161), which is why it 

was chosen as an energy stress condition mimicking certain in vivo situations. For instance, 

missing vascularization in tumors, which can lead to severe acidification of the tumor 

microenvironment (TME; (162)), hypoxia and importantly severe nutrient shortage (161), is 

one of the most common obstacles an aggressive, highly proliferating tumor faces (163). The 

activation of cellular stress pathways through factors like liver kinase B1 (LKB1) or the mTOR 

complex can lead to sophisticated modifications in the metabolic phenotype to counteract 

this lack of nutrient abundance (161). On a side note, despite being generally favorable for 

the patient, tumors successfully adapting to these conditions of insufficient blood supply can 

emerge highly resistant to anti-tumor therapy based on the crucial drug delivery method via 

the blood (161). 

Interestingly, such metabolic “defense maneuvers” are likely also responsible for the 

heterogeneous and sometimes oscillatory signals that were observed in this study when 

measuring ATP over a longer period upon starvation of sample cells by using a 

measurement buffer completely lacking glucose, amino acids and other compounds utilizable 

as energy sources. This slow and heterogeneous decrease was quite surprising to us since it 

is known that cancer cells heavily rely on glycolysis and therefore glucose supply (84). HeLa 
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cells especially have been shown to require efficient action of hexokinases 1 and 2 (HK-1 

and HK-2), which are located at the outer mitochondrial membrane, to phosphorylate glucose 

using mitochondrial ATP in the first step of glycolysis (84,164). HeLa cells do not express 

LKB1 lowering the activity of the AMPK pathway (165,166), so they consequently lack some 

action of the important players mediating the metabolic stress response (161), as mentioned 

before. However, the AMPK pathway can also be activated via alternative routes like 

calcium/calmodulin-dependent protein kinase 2 (CaMKK2; (161)). Moreover, transient 

refilling of the cytosolic ATP resulting in the observed oscillatory signal could also have a 

different or, most likely, even several underlying causes like a refilling action from the 

mitochondrial ATP pool or the utilization of metabolic intermediates. Another typical reaction 

of cells to starvation conditions, for instance, is the activation of autophagy, which is known 

to play a huge role in cellular energy balance (167).  

These counteracting mechanisms favor high resistance of tumor cells under metabolic stress 

conditions in their local environment (161) and might therefore also provide a framework of 

sufficient local ATP or GTP levels to maintain a strongly energy-demanding process like the 

secretory pathway in such a situation (10). Transient peaks in mitochondrial ATP have been 

detected before upon glucose stress (84) and interestingly also in response to ER-stress 

(168). As suggested, guaranteeing optimal protein secretion in this state might be absolutely 

crucial to induce angiogenesis and thereby increase nutrient supply back to the high levels 

that cancer cells need for optimal growth and proliferation. An essential factor in 

vasculogenesis – under healthy conditions and in tumors – is the vascular endothelial growth 

factor (VEGF, (82)). The secretion of such factors has been of great interest and only 

recently, studies addressed the secretion of the most frequent VEGF isoform VEGF-165, 

which is mediated by the energy-dependent facilitators Sar1 and Arf1 during its journey from 

the ER to the Golgi and finally the plasma membrane (169). This need for functioning protein 

secretion of essential angiogenesis inducers further explains why cancer cells show such a 

high resilience to energy stress and try to maintain high secretion rates despite significant 

global ATP depletion.  

Another interesting observation in this study was that the effect on ER-to-Golgi transport 

visualized under glucose starvation was even stronger in the transmembrane cargo construct 

as compared to the luminal bulk flow construct. The transmembrane cargo based on the 

vesicular stomatitis virus G protein (VSVG) transmembrane domain, which features an ER 

export sequence on the cytoplasmic side, is actively sorted into anterograde COPII vesicles 
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at ER exit sites (141). Therefore, an explanation for this phenomenon would be the increased 

energy expenditure in ER exit of the transmembrane cargo protein, since these sorting 

events are dependent on GTP consumption by repeated Sar1 action (170).  

5.3 Implications in future cancer therapy  

The experimental results of this study confirm the vulnerability of the cancer cell secretory 

pathway to severe energy stresses like 2-DG treatment and simultaneously underline the 

resilience of ER-to-Golgi trafficking to significant ATP reductions as they occur under nutrient 

starvation.  

As stated before, the energy dependency of numerous steps during the protein trafficking 

process (10) together with the importance of the secretory pathway for cancer progression 

and overall survival (4) might suggest that metabolic targeting as an anti-cancer therapeutic 

strategy (157) in the past has been successful also due to the blockage of this vital pathway 

in cancer cell life.  

2-DG has not only been shown to efficiently block ER-to-Golgi transport in the cancer cell 

model applied in this study, it has also been suggested as a metabolic blocker and 

anticancer therapeutic (154,155,158). However, based on the results gathered in our 

experiments, less harsh metabolic interferences might allow the cells to escape from death 

by counteracting nutrient shortage through stress responses and induction of vascularization 

via secretion of respective factors. This leaves only the induction of very severe energy 

stress in tumor cells as a potential strategy and gives further reasons for why 2-DG is an 

effective anti-cancer therapeutic. Moreover, the findings for this cell line are highly interesting 

for other malignant, solid cancer cell types as well due to the similar metabolic framework 

(94). 

Besides tackling the secretory pathway via interference of the energy household of the cell, 

there are many other strategies. For instance, it has been suggested to already target 

proteostasis to alter the proteome (4) and therefore consequently also the secretome of 

cancer cells. Interestingly, cancer cells usually display aneuploidy as a characteristic feature 

potentially resulting in multiplied expression of oncogenes or lacking translation of tumor 

suppressor factors (171). Strikingly, it has also been shown in a much-noticed, high-impact 
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study that aneuploidy-selective anti-proliferation compounds are targeting this cancer 

hallmark specifically (172).  

In connection to the extensive protein production in cancer cells the quality control system 

dealing with potentially higher amounts of un- or misfolded proteins has to be constitutively 

upregulated (173,174). Not only in cancer but also in well-known diseases characterized by 

specific conformational changes like Creuzfeldt-Jakob or Alzheimer’s disease it has been 

shown that the UPR can be very active (173,175,176). It is also broadly understood that the 

environment can play a huge role in regulating the ER stress response in cancer and that 

there is a critical role of insufficient nutrients, hypoxia and acidification in the tumor 

microenvironment in this regulation (177). Moreover, it is suggested that there is a complex 

relationship between the hypoxic response and the hypoxia-inducible factor-1alpha (HIF1α) 

pathway (173) and there is strong evidence that ER stress-mediated autophagy can actively 

promote tumor growth (178). Overall, tackling the UPR might be a viable option to fight 

cancer cells (4), not least because it would consequently be accompanied by a decrease in 

vascularization-inducing factors. 

Another interesting aspect of ER stress is its connection to oxidative stress  (179). In contrast 

to the cytosol, the ER provides an oxidizing environment (180) to allow for easy protein 

folding and disulfide-bridge generation. The role of oxidative stress and reactive oxygen 

species (ROS) production during these processes could therefore also be a point of attack in 

cancer therapy approaches, especially considering the essential role of the ER folding 

environment in cancer development (174). Studies investigating the impact of antioxidants on 

protein secretion have already been conducted (181). 

Interestingly, modulation of pores and channels in the ER membrane by ROS (182,183) is 

assumed to potentially also influence the cell’s Ca2+ homeostasis (179). The mechanism and 

function of ion leakage out of the ER has been an important topic in older as well as more 

recent publications (184–186). The influence on Ca2+, a complex modulator of protein 

trafficking (98–100) also connects to the transport experiments under Ca2+ stress performed 

in this dissertation.  

A very different approach to target the secretory pathway directly in cancer cells is interfering 

with microtubule dynamics and stability. Microtubules are known to mediate ER-to-Golgi 

transport through directed vesicle transport via motor proteins (10,17,19,21). For this reason, 
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the microtubule network has also been investigated in the course of this study in connection 

to the severe energy stress condition of 2-DG treatment, which almost completely prevented 

ER-to-Golgi transport. We could show that protein transport prevention after 2-DG treatment 

did not originate from restricted microtubule dynamics or degradation. However, this does not 

implicate that targeting the cytoskeleton leaves ER-to-Golgi transport untouched. In fact, 

microtubule targeting agents (MTAs) like colchicine or paclitaxel have been utilized to target 

tubulin polymerization in cancer cells (187) and paclitaxel has even been proven to show 

increased anti-tumor activity if applied together with the antimetabolite 2-DG (159), as 

mentioned before.  

It is also possible to apply a more general approach to attacking the secretory pathway by 

using secretion inhibitors like Brefeldin A (BFA, (148)) or EHT-1864 (149). These chemical 

agents are known to reduce the secretion of VEGF, thereby targeting angiogenesis (70). 

Their potential as anti-proliferative agents has been demonstrated in a number of studies for 

different cancer types like breast cancer (188,189), colorectal cancer (190), prostate 

carcinoma or melanoma cells (191). Such applications have also been suggested to inhibit 

tumor growth in mouse experiments (70). Despite the success of these approaches on the 

cellular level, and partially in vivo, however, they have not yet been widely used as anti-

cancer therapeutics. 

In summary, it can be stated that, due to the enormous importance of the secretory pathway 

in cancer cells (4), protein secretion should remain a focus in anti-cancer strategies. Along 

with the great variety of potential targets discussed in this chapter, a more general, metabolic 

or more specific targeting of this pathway represent viable therapeutic options for the future 

applications.  

5.4 The interrelation between Ca2+ and ATP as the key to understanding 

secretory pathway dynamics 

Another focus of this study was the estimation of the influence of energy stress on 

subcellular Ca2+ concentrations and dynamics. Surprisingly, even under severe energy 

stress, introduced by treatment with 2-DG, the basal Ca2+ concentrations in the ER remained 

stable. This is unexpected and particularly fascinating since cells normally rely on the ATP-

dependent enzyme SERCA to maintain the Ca2+ pool of the ER (142) despite constant 
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leakage into the cytosol (186) and 2-DG rapidly and efficiently empties subcellular ATP-

pools. While further experiments would have to be performed to investigate this phenomenon 

in detail, it can be speculated that Ca2+ efflux from the ER is passively or actively blocked by 

some kind of, potentially multi-layered, mechanism. This might include modifications of Ca2+ 

channels under energy stress or changes in the ER folding and quality control machinery. An 

increased demand for Ca2+ required for ER-resident chaperones, which are generally known 

to be Ca2+-dependent (192), resulting from the presence of more misfolded proteins under 

such conditions, might contribute to this effect. A higher rate of misfolding might be likely 

caused under conditions of strong ATP depletion. Ca2+ leakage through the translocon (186) 

due to a decline in the strongly energy-dependent process of protein production might also 

represent a contributing factor.  

Moreover, a strong effect of energy stress on IP3-mediated Ca2+ release from the ER as well 

as refilling of the ER Ca2+ pool could be observed. While 2-DG strongly impaired the dynamic 

Ca2+ release, the effect of glucose starvation was still significant, but less pronounced and 

more heterogenous. This nicely reflects the impact of these two energy stresses on the 

subcellular ATP pools, where 2-DG led to a complete depletion, while glucose removal also 

had a decreasing, yet weaker, effect. Naturally, refilling of the ER Ca2+ pool after Ca2+ 

readdition without the presence of extracellular ATP or SERCA inhibitors was severely 

impaired in 2-DG treated cells – most likely due to the strong ATP-dependency of SERCA 

(142). Paradoxically, the reason for the impaired reaction in Ca2+ dynamics in response to 

ATP as observed in 2-DG treated cells might effectively be a lack of proper trafficking of the 

respective receptor to the plasma membrane.  

Importantly, basal Ca2+ concentrations in the cytosol were found to be significantly elevated 

in 2-DG treated cells. It has been shown that a strong increase of cytosolic Ca2+ can lead to a 

sudden and almost complete stop in vesicle movement (109) and can significantly reduce the 

motility of mitochondria (193). This prompted us to analyze if this increase in cytosolic Ca2+ 

concentrations might be a substantial factor in the prevention of ER-to-Golgi transport upon 

2-DG treatment. It has also been demonstrated that the ER-to-Golgi transport of VSVG can 

indeed be influenced by continuous Ca2+ signaling over a longer time (101). 

In this study, we found a similarly striking impact of 2-DG treatment and short-term Ca2+ 

stress induction, yielding strongly elevated cytosolic Ca2+ levels, on the movement speed and 

directional transport of GPI-positive vesicular structures. Speed and long-distance transport 
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hereby decreased significantly. However, despite this massive impairment of the vesicle 

motility, ER-to-Golgi transport was only slightly affected under short-term Ca2+ stress 

conditions. These results suggest that increased cytosolic Ca2+ levels are not likely to 

contribute largely to the detrimental effects of 2-DG on ER-to-Golgi transport. This 

observation is in line with recent reports investigating the impact of Ca2+ signaling in a 

different cell model and experimental setup (101). It is also striking that ER-Ca2+ mobilization 

without the potential for (partial) refilling by removing extracellular Ca2+ seemed to have a 

slightly stronger decreasing effect on ER-to-Golgi transport efficiency, which underlines the 

importance of luminal Ca2+ in the process (98,99).  

Overall, because of the complex role of Ca2+ in protein trafficking control, it can be 

speculated that these results are based on more specific, local regulatory actions rather than 

global Ca2+ dynamics.  

While this study provided significant data to help understand the interrelation of Ca2+ and 

ATP homeostasis as well as the complex control mechanisms of the secretory pathway by 

Ca2+, further experiments are needed to answer the many open questions in this fascinating 

relationship.  

5.5 Novel strategies to visualize ER-to-Golgi transport have the potential 

to complement high-resolution methods 

A great strength of the applied high-resolution fluorescence microscopy approach in these 

particular experiments allowing for the investigation of single living cells in real-time 

simultaneously represents a certain limitation. The need for high optical resolution might 

certainly be an obstacle in some cases. For this reason, we already provided proof of 

concept for a novel and innovative secretory transport construct, that allow easy transport 

synchronization and visualization without the need for high-resolution detection methods and 

therefore might well find their way into assay-based plate reader approaches or even in vivo-

investigations of ER-to-Golgi transport in the future.   

In parallel to ddFP approaches (132) it is also imaginable to design constructs based on the 

splitFP technology (129). The fusion of the small splitFP part (129) to the cargo aggregated 

in the ER and waiting for ligand-based disaggregation and thereby transport initiation would 
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have the advantage of less bulky cargos, supposedly leading to more efficient transport. 

However, it is unclear how the interaction of splitFP parts and the maturation of the functional 

FP would work sterically in the Golgi.  

 
Figure 36: Potential modification of TRAPT1.0 might facilitate measurements and make 

quantification independent from expression levels. Red monomer A (RA) resides in ER due to 

calreticulin signal sequence (ER, purple) and KDEL retrieval signal, where it interacts with aggregated 

monomer B (B) yielding red fluorescence. Upon solubilizer addition (LIGAND) B disaggregates and is 

trafficking to the Golgi through its hGH secretion signal (SS), where it interacts with green monomer A 

(GA) waiting in the Golgi because of its Golgi anchor (GAT), leading to an increase in green 

fluorescence and parallel decrease in red fluorescence.  

A potential modification of the current ddFP approach would be the addition of a second FP 

with different fluorescence properties. The introduction of a second FP, this time conveying 

red fluorescence, in the ER could represent a potential improvement (Figure 36). The 

advantage hereby would be that this red FP (RA), fused to an ER targeting sequence like the 

calreticulin signal sequence and equipped with a KDEL sequence to promote ER retention 
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and retrieval, could interact with the non-fluorescent FP (B), which resides in the ER in an 

aggregated form (via CAD) at the beginning of the experiment. This would yield a red 

fluorescence signal before ligand-addition (Figure 36). After transport initiation, the 

interaction of RA and B would decrease since B-CAD is transported to the Golgi, where it 

would interact with GA yielding green fluorescence (Figure 36). Successful transport could 

therefore be expressed as a ratio between green and red fluorescence making the concept 

independent from expression levels. This is particularly important because poor expression 

levels might be a serious problem due to the rather large size of the construct. Furthermore, 

it is unclear how cells handle transport constructs of this size in their secretory pathway.  

In summary, this study shows that the implemented ddFP approach represents an innovative 

and promising strategy to complement high-resolution methods in research investigating ER-

to-Golgi transport.  

5.6 Concluding remarks 

The connection between metabolic activity and secretory rates, especially in cancer cells, is 

frequently discussed in the literature, and the applied state-of-the-art techniques for the first 

time allow a closer look into this fascinating interrelation. The novel approach taken in this 

study opens the door for a great number of experiments addressing this crucial topic in the 

future. 

Furthermore, this study shows yet unseen stability of secretory transport under significant 

energy stress and ATP depletion mimicking conditions of nutrient starvation that tumor cells 

can encounter during their life. This potentiates the importance of the secretory pathway in 

cancer cell life and underlines the efficiency of energy supply in these cells. The 

antimetabolite 2-DG, a compound used in the past to support cancer therapy (160), was 

found to be highly effective in hampering ER-to-Golgi transport and its, thus far, unknown 

impact on the (sub)cellular Ca2+ homeostasis, a crucial component in secretory transport 

regulation, was revealed. However, short-term Ca2+ stress alone proved to not majorly 

contribute to the diminishing effect of 2-DG on secretory trafficking. Strikingly, the correlation 

of severe energy stress mediated by 2-DG with the structural integrity of the ER and 

microtubule network showed no effect of the antimetabolite.  
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Finally, a novel design for a genetically-encoded sensor based on ddFPs and utilizing self-

cleavage and conditional aggregation domains as demonstrated in this study opens up new 

possibilities to complement high-resolution fluorescence imaging methods. 

The results gathered in this study by applying refined innovative methodical approaches 

overall demonstrated a highly stress-resistant secretory pathway in the cancer cell model. 

New insights into the efficiency of ER-to-Golgi transport under energy and Ca2+ stress further 

emphasized the importance of the secretory pathway as a potential target in cancer therapy.  
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