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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a highly heterogeneous disease with immense 

resistance to both standard-of-care as well as experimental drugs, making it almost universally 

fatal. 

The disease’s remarkable metabolic plasticity has been identified as a key factor in its 

progression and drug resistance. As such, targeting metabolic regulators at the apex of the 

metabolic hierarchy, such as the AMP-activated protein kinase (AMPK), may hold promise for 

overcoming the unfavorable prognosis of PDAC. AMPK is a sophisticated metabolic 

gatekeeper that orchestrates the energy homeostasis in all eukaryotic cells. The presented 

results define a context-dependent function of AMPK in PDAC and show that the kinase may 

be crucial for the redox homeostasis of PDAC cells. This discovery provides opportunities for 

therapeutic strategies that leverage oxidative stress in combination with AMPK inhibitors 

(AMPKi) as an avenue to overcome drug resistance in PDAC. 

Currently, available AMPK targeting compounds are often criticized for their broad-spectrum 

kinase inhibitory effects and are considered experimental without imminent clinical translation. 

To accelerate the discovery of potential AMPK inhibitors that could be fast-tracked for clinical 

application, a drug repurposing approach was employed. Through a comprehensive drug 

screen of compounds under clinical investigation, the p21-activated kinase 4 (PAK4) inhibitor 

PF-3758309 was identified as a potential AMPK inhibitor. Proteomic inhibitor selectivity 

profiling further validated that PF-3758309 binds to AMPK and further experiments showed 

efficient blocking of AMPK downstream signaling at nanomolar concentrations. Notably, PF-

3758309 demonstrated nanomolar efficacy in cellular PDAC models across species. 

The presented data provide evidence that AMPK can be inhibited by PF-3758309, thereby 

targeting a central metabolic orchestrator. The observed cross-species response of PDAC 

cells towards PF-3758309 is the basis of further development of the scaffold to a selective 

AMPKi and underscores the clinical relevance of drug repurposing. 
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Zusammenfassung  

Das duktale Adenokarzinom des Pankreas (PDAC) ist eine sehr heterogene Erkrankung mit 

immenser Resistenz sowohl gegenüber Standardbehandlungen als auch experimentellen 

Medikamenten. PDAC zählt daher zu den tödlichsten Krebserkankungen der heutigen Zeit. 

Die bemerkenswerte metabolische Plastizität der Krankheit wurde als Schlüsselfaktor für ihr 

Fortschreiten und ihre Arzneimittelresistenz identifiziert. Daher kann die Hemmung von 

Stoffwechselregulatoren an der Spitze der Stoffwechselhierarchie, wie z. B. AMP-aktivierte 

Proteinkinase (AMPK), vielversprechend sein, um die fatale Prognose von PDAC zu 

verbessern. AMPK ist ein ausgeklügelter metabolischer Torwächter, der die 

Energiehomöostase in allen eukaryotischen Zellen orchestriert. Unsere Ergebnisse definieren 

eine Subtyp-abhängige Funktion von AMPK in PDAC und zeigen, dass die Kinase 

entscheidend für die Redox-Homöostase von PDAC-Zellen ist. Diese Entdeckung bietet 

Möglichkeiten für therapeutische Strategien, die oxidativen Stress in Kombination mit AMPK-

Inhibitoren (AMPKi) als vielversprechenden Weg zur Überwindung von 

Arzneimittelresistenzen bei PDAC nutzen. 

Leider werden derzeit verfügbare AMPK-Targeting-Wirkstoffe oft wegen ihrer Kinase-

Hemmwirkung mit breitem Spektrum kritisiert und als experimentell ohne bevorstehende 

klinische Translation angesehen. Um die Entdeckung potenzieller AMPK-Inhibitoren mit 

klinischer Relevanz zu beschleunigen, haben wir den Ansatz des Drug Repurposing 

angewendet. Drug Repurposing bedeutet bestehende Arzneimittel für eine alternative 

Verwendungsmöglichkeit zu gebrauchen. Durch ein umfassendes Arzneimittel-Screening von 

Verbindungen, die sich in der klinischen Prüfung befinden, identifizierten wir den p21-

aktivierten Kinase 4 (PAK4)-Inhibitor PF-3758309 als potentiellen AMPK Inhibitor. 

Proteomische Inhibitor-Selektivitätsexperiemente bestätigten, dass PF-3758309 an AMPK 

bindet, und weitere Experimente zeigten eine effiziente Blockierung der nachgeschalteten 

AMPK-Signalübertragung bei nanomolaren Konzentrationen. Bemerkenswerterweise zeigte 

PF-3758309 eine speziesübergreifende nanomolare Wirksamkeit in zellulären Assays. 

Unsere Daten belegen, dass AMPK durch PF-3758309 gehemmt werden kann, wodurch ein 

zentraler metabolischer Integrator angegriffen wird. Die beobachtete speziesübergreifende 

Reaktion von PDAC-Zellen auf PF-3758309 positioniert diesen Inhibitor als Baustein für die 

Entwicklung selektiver AMPK Inhibitoren und unterstreicht die Relevanz des Arzneimittel 

Repurposing. 
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Introduction 

1 Pancreatic Cancer 

1.1 Current Status 

Pancreatic cancer is one of the most aggressive and fatal malignancies and according to 

recent statistical data the third leading cause of cancer-related death in the United States 

(Siegel et al. 2022) as well as in Germany (Robert Koch Institute 2022) (Figure 1). These 

statistics are driven by rising incidences and no meaningful improvements in therapy regimens 

or screening approaches. In Germany, the absolute number of new cases of pancreatic cancer 

has almost trebled since the 1970s (Robert Koch Institute 2022), and while for other cancer 

types, the 5-year survival rate almost passed the 90% mark, pancreatic cancer continues to 

have the lowest 5-year survival among all cancer types of only 11% (Robert Koch Institute 

2022; Siegel et al. 2022). 
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Figure 1 | Mortality of the three most prominent cancer entities in Germany. Cancer entities are color-coded. 

The mortality of cancer of the pancreas is continuously rising. n: absolute number. (Robert Koch Institute 2022) 

 

Complete surgical resection is the only curable therapeutic option. However, less than 20% of 

patients are suitable for pancreatectomy (Barugola et al. 2009) seeing that most patients are 

diagnosed when the tumor is already locally advanced or metastasized (Siegel et al. 2022; 

Siegel, Miller, and Jemal 2017). After surgery, 60-70% of patients eventually suffer from 

recidivism of the disease (Nishio et al. 2017; Topal et al. 2022). As such, nearly all patients are 

offered conventional chemotherapy as first-line treatment. After showing marginal efficacy in 

clinical trials, Gemcitabine was approved as standard-of-care by the U.S. Food and Drug 

Administration (FDA) for metastatic pancreatic cancer in 1996 (Burris et al. 1997, 1997; 

Carmichael et al. 1996; Casper et al. 1994). Depending on the performance status of the 



Introduction 

_________________________________________________________________________________ 

19 

 

patient, a combination therapy of gemcitabine with albumin-bound (nab) paclitaxel (Von Hoff 

et al. 2013) or the multi-drug regimen FOLFIRINOX (5-Fluorouracil, Leucovorin, Irinotecan, 

and Oxaliplatin) (Conroy et al. 2011) is prescribed which improved survival time compared to 

gemcitabine monotherapy from 6.7 to 8.5 months in the gemcitabine with nab-paclitaxel group 

or from 6.8 to 11.1 months in the FOLFIRINOX group. These therapies, however, are 

associated with frequent serious adverse events.  

The predominately chemotherapeutic treatment approach for pancreatic cancer stands in stark 

contrast to the advancements observed in therapeutic options for other cancer types. For 

instance, the development of targeted therapies for driver mutations, such as tyrosine-kinase 

inhibitors, has led to a tripling of the 5-year survival rate in chronic myeloid leukemia, from 22% 

in the mid-1970s to 70% (Sasaki et al. 2015; Siegel et al. 2023). In addition, significant 

improvements in survival outcomes have been observed for metastatic melanoma patients 

with the advent of first-generation and second-generation immunotherapies, along with 

targeted therapies like BRAF and MEK inhibitors (Berk-Krauss et al. 2020; Siegel et al. 2023). 

Since then, the combination therapy of BRAF and MEK inhibitors has gained tumor-agnostic 

approval for BRAF-mutant unresectable and metastatic solid tumors (Mullard 2022). However, 

in the case of pancreatic cancer, fewer targetable mutations have been identified, posing 

challenges for developing effective therapeutic strategies. Thus, driving research in the field of 

pancreatic cancer is essential to bring about significant advancements and breakthroughs in 

the treatment of this disease, similar to those witnessed in other cancer entities. 

 

1.2 Pathobiology of PDAC  

The pancreas is a vital organ within both the digestive and endocrine systems. It consists of 

three distinct cell types that contribute to its overall function: (i) acinar cells which are crucial 

for the production of digestive enzymes, (ii) ductal cells that form a network of channels to 

facilitate the transportation of the pancreatic enzymes to the duodenum, (iii) and endocrine 

cells found in the islets of Langerhans which are responsible for hormone production and 

release. 

Pancreatic ductal adenocarcinoma (PDAC), the predominant type of pancreatic cancer, arises 

from the exocrine compartment of the organ and accounts for over 90% of all pancreatic cancer 

cases. Rarer tumor types of the pancreas include other exocrine tumors such as squamous 

cell carcinoma, adenosquamous carcinoma or colloid carcinoma, and neuroendocrine tumors. 

The understanding of PDAC carcinogenesis has greatly improved through decades of 

research and is described by the punctuated evolution progression model shown in Figure 2. 
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Figure 2 | Punctuated evolution progression model for pancreatic cancer. The diagram illustrates the 

sequence of genetic events during the transformation of normal pancreatic epithelial cells into aberrant precursor 

lesions, eventually leading to invasive PDAC. PDAC precursor cells can potentially emerge from acinar cells through 

ADM or from pre-existing ductal cells. Histologically normal epithelium may carry activating KRAS mutations. Early 

events arising in low-grade PanINs are somatic changes in the KRAS oncogene and telomere shortening. High-

grade PanINs acquire inactivation of the tumor suppressor genes TP53, CDKN2A, and/or SMAD4. Invasive 

adenocarcinomas are characterized by more structural and copy number variants, and genomic instability leading 

to chromothripsis and polyploidization. Mutations in additional genes that are not illustrated in this example may 

also occur during tumor progression. Besides genetic alterations, advanced PDAC is characterized by vast 

epigenetic changes and loss of immune surveillance. ADM: Acinar-to-ductal metaplasia, CDKN2A: Cyclin-

dependent kinase inhibitor 2A, KRAS: Kirsten rat sarcoma virus, PanIN: Pancreatic intraepithelial neoplasia, 

SMAD4: SMAD family member 4, TP53: Transformation-related protein 53. 

 

PDAC is thought to initiate through two possible cell types. Firstly, it may arise directly from 

ductal cells. Alternatively, PDAC can develop through a process called acinar-to-ductal 

metaplasia (ADM), where acinar cells undergo transdifferentiation into cells that resemble 

ductal cells (Friedlander et al. 2009; Kopp et al. 2012). The pancreatic tissue then undergoes 

further remodeling, leading to the formation of pancreatic intraepithelial neoplasia (PanIN),  

which progresses through three distinct stages (types 1, 2, and 3) from low-grade to high-

grade, reflecting increasing degrees of dysplasia. Other routes include PDAC development 
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from larger pre-neoplastic lesions, such as intraductal papillary mucinous neoplasms and 

mucinous cystic neoplasms (Kleeff et al. 2016). The increasing dysplasia is associated with 

accumulating genetic alterations. 90% of PanINs of all grades harbor activating Kirsten rat 

sarcoma virus (KRAS) mutations suggesting this event to be the initiation and making PDAC 

the most Ras-addicted of all cancers (Australian Pancreatic Cancer Genome Initiative et al. 

2015; Biankin et al. 2012; Jones et al. 2008; Makohon-Moore et al. 2018). Activated KRAS 

can, in turn, activate multiple signaling pathways, including the rapidly accelerated 

fibrosarcoma (RAF)-mitogen-activated protein kinase (MEK)-extracellular regulated protein 

kinases (ERK) signaling pathway, phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)—

mechanistic target of rapamycin (mTOR) signaling pathway, and other signaling pathways 

involved in cell proliferation and growth. Further progressed lesions are associated with the 

subsequent mutational inactivation of cyclin-dependent kinase inhibitor 2A (CDKN2A), and in 

highest-grade lesions, loss of transformation-related protein (TP53), and SMAD family member 

4 (SMAD4) is detected. PDAC suppressor gene inactivations can occur simultaneously with 

complex largescale chromosomal rearrangements accelerating the sudden onset of a full-

blown invasive and metastatic PDAC (Australian Pancreatic Cancer Genome Initiative et al. 

2015; Notta et al. 2016). Moreover, a high number of infrequently mutated genes occurring at 

a prevalence below 2% contribute to the genetic landscape of the disease (Kleeff et al. 2016). 

Nevertheless, genetic alterations are not enough to explain PDAC evolution in its entirety. 

Accumulating evidence suggests that changes in the epigenetic landscape regulating the 

expression of cancer-related genes contribute in tandem with genetic alterations to its 

pathobiology (Lomberk et al. 2018). 

In most individuals, the described process is entirely somatic, while up to 10% of patients with 

PDAC have a germline predisposition (Klein et al. 2004; Shi, Hruban, and Klein 2009). Risk 

factors and inherited syndromes associated with PDAC are listed in Table 1. 

 

Table 1 | Risk factors and hereditary syndromes linked with pancreatic cancer. The relative risk for risk factors 

and the lifetime risk for genetic syndromes are listed. For genetic syndromes, associated genes are given in 

brackets. The table is adapted from (Ryan, Hong, and Bardeesy 2014). PRSS1: Serine protease 1, SPINK1: Serine 

peptidase inhibitor Kazal type 1, STK11: serine/threonine kinase 11, CDKN2A: cyclin dependent kinase inhibitor 

2A, MLH1: mutL homolog 1, MSH2/6: mutS homolog 2/6, BRCA1/2: Breast cancer type 1/2, PALB2: Partner and 

localizer of BRCA2, ATM: Ataxia-telangiectasia mutated, TP53: transformation-related protein 53. 
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VARIABLE APPROXIMATE RISK 

Risk factor  

Nonhereditary and chronic pancreatitis 2-6 

Smoking 2-3 

Diabetes mellitus 2 

Obesity, inactivity, or both 2 

Non-O blood group 1-2 

Genetic syndrome and associated genes  

Hereditary pancreatitis (PRSS1, SPINK1) 50 

Peutz-Jeghers syndrom (STK11) 30-40 

Familial atypical multiple mole and 

melanoma syndrome (CDKN2A) 

10-20 

Hereditary nonpolyposis colon cancer 

(Lynch syndrome) (MLH1, MSH2, MSH6) 

4 

Hereditary breast and ovarian cancer 

syndromes (BRCA1, BRCA2, PALB2) 

1-2 

Ataxia-telangiectasia (ATM) Unknown 

Li-Fraumeni syndrome (TP53) Unknown 

 

1.3 Multi-Therapy Resistance 

PDAC is a highly heterogeneous disease with immense resistance against the standard of 

care as well as novel experimental drugs. This multi-therapy resistance has tumor cell-intrinsic 

and extrinsic roots. 

 

Tumor Cell-Extrinsic Factors 

One main tumor cell-extrinsic factor confounding PDAC treatment response is its 

heterogeneous tumor microenvironment (TME). TME is a collective term for the tumor-

surrounding blood vessels, immune cells, fibroblasts, signaling molecules, and the 

extracellular matrix (ECM). To establish a niche for unrestrained growth, the PDAC cells 

interact and reprogram these surrounding cells.  

Late-stage PDAC provokes an extreme desmoplastic reaction completely destroying the tissue 

architecture of the pancreas. The desmoplastic reaction denotes the activation and 

proliferation of cancer-associated fibroblasts (CAFs) and the excessive deposition of ECM 

proteins secreted by them. Only 10-20% of the pancreatic tumor mass are actual malignant 
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cells, while the majority of the bulk originates from CAFs and ECM proteins. This dense stroma 

creates a mechanical barrier around the tumor cells, preventing appropriate vascularization 

and thus limiting chemotherapy exposure as well as nutrient uptake and oxygen supply. Given 

the abundance of CAFs and their widely appreciated tumor-supporting and resistance-driving 

function, there have been strong efforts to modulate CAF activity to enhance the effect of 

chemotherapy, but breakthroughs fail to appear (Gunderson et al. 2019; Tran et al. 2013). 

Another prominent feature of PDAC is its immunosuppressive phenotype. It has been shown 

that PDAC almost completely blocks the infiltration of effector T-cells and only allows the 

presence of regulatory T-cells making PDAC an immunologically “cold” tumor (Clark et al. 

2007; Hiraoka et al. 2006; Tang et al. 2014). Immunotherapy which is considered a treatment 

revolution in other cancer entities is dependent on the infiltration of effector T-cells, but in 

PDAC, the described immunologic features nullify the effect of such therapeutic concepts 

(Yarchoan, Hopkins, and Jaffee 2017). 

 

Tumor-Cell Intrinsic Factors 

Besides the mentioned cell-extrinsic features fostering drug resistance, PDAC bears multiple 

tumor cell-intrinsic elements making it a disease extremely hard to treat. 

 

KRAS 

Since KRAS is the most frequently mutated oncogenic driver in PDAC, there has been a long 

history of researchers trying to either target downstream signaling which is, however, 

associated with severe side effects due to the essentiality of the pathway or to design and 

optimize covalent inhibitors that specifically target mutated KRAS. One recent milestone was 

the development of KRASG12C-specific inhibitors, namely Sotorasib and Adagrasib, which have 

shown promising clinical efficacy in lung cancer patients (Jänne et al. 2022; Skoulidis et al. 

2021). Currently, Sotorasib is under investigation to determine its safety and tolerability in 

combination with standard chemotherapy in pancreatic cancer (NCT05251038). In PDAC, only 

1% of KRAS-mutated tumors harbor KRASG12C mutations and could potentially benefit from 

these compounds, while the predominant variant is KRASG12D. A recent study published in 

Nature Medicine claims to have developed a non-covalent KRASG12D inhibitor that showed 

great efficacy in human PDAC cell lines (Anon 2022). These compounds bear great therapeutic 

potential, but the first results of the clinical trials also reveal that approximately two-thirds of 

patients do not respond to selective KRAS blockage (Jänne et al. 2022; Skoulidis et al. 2021). 
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Thus, targeting mutated KRAS may not be enough and we need to continue exploring 

alternative therapies. 

 

Molecular Diversity Beyond Mutations 

For decades, PDAC has been treated as one disease entity with chemotherapy as the sole 

therapy option since the mutational profile is dominated by four main genes i.e. KRAS, TP53, 

CDKN2A, SMAD4. However, these mutations poorly correlate with treatment response. 

Advances in large-scale sequencing technologies led to the development of increasingly 

sophisticated molecular tumor classifications with the goal to find subtype-specific therapies. 

Initially, two main transcriptional-based subtypes emerged, a classical subtype with a better 

prognosis which tends to respond to chemotherapy, and a basal-like subtype that is rather 

undifferentiated and associated with a poorer clinical outcome and chemotherapy resistance 

(Aung et al. 2018; Chan-Seng-Yue et al. 2020; Moffitt et al. 2015). This concept has been 

expanded by recent studies suggesting that not only basal-like and classical cell populations 

coexist in the same tumor but a continuum of these phenotypes (Nicolle et al. 2020) which are 

also able to switch from one transcriptional state into the other in response to environmental 

cues (Raghavan et al. 2021). These studies show that the plasticity of PDAC is higher than 

anticipated and this binary classification system is not enough to inform about the right 

treatment decisions. 

Accumulating evidence indicates that each patient needs individual therapy. In recent years, 

molecular tumor profiling and molecular studies have led to the discovery of pivotal genes and 

pathways that are dysregulated or mutated in cancer. Concurringly, the arsenal of drugs 

targeting these alterations with high efficacy is continuously expanding. Prototype clinical trials 

have already proven the success of matching targeted therapies based on molecular profiling. 

In the Know Your Tumor registry trial, 1082 PDAC patients underwent molecular testing and 

in 26% of the patients, actionable alterations were detected (Pishvaian et al. 2020). Of the 

patients analyzed, the patients who received a matched therapy the overall median survival 

was 2.39 years compared to 1.32 years when no actionable alteration was found. More 

ongoing clinical trials testing the efficacy of targeted drugs in molecularly matched patients are 

DRUP (NCT02925234), TAPUR (NCT02693535), and MATCH (NCT02465060) (Flaherty et 

al. 2020). The I-PREDICT Trial expanded the concept by the administration of multi-drug 

combinations targeting multiple identified molecular alterations based upon recommendations 

from a molecular tumor board (Sicklick et al. 2019). While these trials are the beginning of a 

new area of precision oncology, we need to further improve this patient-centric therapy 

approach.  
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As discussed above, the high level of heterogeneity of PDAC emerges from a molecular 

diversity beyond mutations. Global epigenetic, microenvironmental, and tissue-specific 

alterations have been shown to contribute to the diverse nature of PDAC seen in the clinic. To 

obtain a comprehensive understanding of each patient's tumor, it is imperative to conduct an 

extensive molecular characterization encompassing transcriptomics, proteomics, immune 

profiling, and metabolic subtyping. The integration of these layers of data could help to 

deconvolute the individual molecular makeup of the PDAC of specific patients with the absolute 

goal to find potential vulnerabilities and therapeutic windows. 

Especially the metabolic characterization of PDACs is a research field of recent interest. 

Metabolic reprogramming is a multifaceted process and has been linked with PDAC 

development and progression as well as clinical parameters including patient survival and 

resistance toward standard chemotherapy. Understanding the metabolic landscape of PDAC 

and exploiting this knowledge to target specific metabolic pathways could be a promising 

approach to developing novel clinical treatment regimens. 

 

1.4 Metabolic Reprogramming and Vulnerabilities of PDAC 

According to Hanahan and Weinberg, deregulated cellular energetics represents one of the 

fourteen hallmarks of cancer (Hanahan 2022; Hanahan and Weinberg 2011), a fact 

appreciated since the postulation of the Warburg hypothesis in the early 20th century (Warburg 

1956). The chronic and often uncontrolled cell proliferation that represents the essence of 

neoplastic diseases involves not only deregulated control of cell proliferation but also 

corresponding adjustments of energy metabolism to fuel cell growth and division. Otto Warburg 

observed that even in the presence of oxygen, cancer cells favor glycolysis over oxidative 

phosphorylation for adenosine triphosphate (ATP) production and energy synthesis (Warburg 

1956). Regarding the fact that glycolysis is 15-18 times less effective in energy production, 

cancer cells exhibit a drastically increased glucose uptake. This cancer phenotype has been 

translated into clinical application for the imaging of tumors by noninvasively visualizing 

glucose uptake using positron emission tomography (PET) with a radiolabeled analog of 

glucose (18F-fluorodeoxyglucose, FDG) as a tracer. 

In the past decade, numerous studies have investigated the heterogeneity and complexity of 

cancer metabolism beyond the Warburg effect. In-depth studies of the metabolic landscape of 

PDAC and the discovery of metabolic bottlenecks are crucial to eventually developing novel 

therapeutic approaches. In this chapter, the current knowledge of PDAC metabolism will be 

summarized (Figure 3). 
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Figure 3 | Metabolic rewiring in PDAC. PDAC cells face severe metabolic stresses including hypoxia, starvation 

of nutrients, and acidosis caused by oncogene activation, high proliferation, the dense microenvironment, and in 

some cases chemotherapeutic treatment. To cope with the metabolic stresses, PDAC cells undergo global 

metabolic rewiring which ensures their survival and ultimately bolsters the progression and resistance of the 

disease. 

 

Oncogenes are far-reaching drivers of the bioenergetics and metabolic traits of cancer cells. 

In PDAC, mutation of KRAS is the signature event and has been shown to alter the reliance of 

PDAC cells on specific metabolic pathways In 2012 Ying et al. established a conditional 

KrasG12D expressing mouse model and found that KrasG12D controls the expression of multiple 

rate-limiting enzymes of glycolysis increasing glycolytic fueling. Moreover, they found that the 

glycolysis intermediates were directed into biosynthetic pathways boosting O-glycan 

biosynthesis, steroid biosynthesis, and non-oxidative pentose-phosphate-pathway for 

pyrimidine synthesis. (Ying et al. 2012) 

PDAC cells have demonstrated a significant dependency on the maintenance of redox 

homeostasis. Redox homeostasis refers to the balance of oxidant production, especially 

reactive oxygen species (ROS), and their elimination. ROS levels play a critical role in cellular 

signaling and gene expression regulation, with physiological levels being necessary for normal 

cellular function. However, uncontrolled ROS production can lead to the oxidation of proteins, 

DNA, and lipids, potentially triggering programmed cell death. Elimination of ROS is secured 

by antioxidant systems including glutathione (GSH) and thioredoxin (TXN) which require 

NADPH as a reduction equivalent. Tilting of this redox balance towards oxidation is commonly 

referred to as oxidative stress. 

Redox homeostasis is a highly controversial topic in cancer. In cancer cells, ROS levels are 

often elevated due to increased metabolic rates, gene mutations, relative hypoxia, and in some 

cases chemotherapy. Although high ROS levels have been discussed to have pro-tumorigenic 
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properties, the maintenance of redox homeostasis seems as crucial for cancer cells as for 

normal cells. 

For instance, KRAS has been shown to induce the expression of Nuclear factor erythroid 2–

related factor 2 (NRF2), a master transcription factor of antioxidant genes. Consistent with 

these findings, interference with NRF2 hampered KRASG12D-induced proliferation (DeNicola et 

al. 2011:2).  

Moreover, studies by Son et al. have demonstrated that KRAS controls the expression of key 

enzymes requisite for glutaminolysis (Son et al. 2013). This elevated glutaminolysis which is 

characteristic of PDAC cells, is believed to stem, among other factors, from its role in redox 

metabolism. Since the pyruvate generated out of glycolysis is not channeled into the 

tricarboxylic acid cycle (TCA cycle), but reduced to lactate, PDAC cells rely upon the 

anaplerotic metabolite glutamine. The rewiring of glutaminolysis is used to uphold the TCA flux 

while using aspartate as an intermediate for the generation of NADPH from NADP+. In turn, 

NADPH is needed to preserve the GSH pool, which serves as one of the primary safeguards 

of redox homeostasis. 

Notably, the cytosolic enzyme isocitrate dehydrogenase 1 (IDH1) has been identified as 

another critical player in this context. IDH1 catalyzes the reversible conversion of isocitrate to 

α-ketoglutarate, utilizing NADP+ or NADPH as a cofactor, depending on the direction of the 

reaction. Thereby, IDH1 is coupled to antioxidant defense. It is mutated up to 80% in a subtype 

of brain cancer as well as 16% in intrahepatic cholangiocarcinoma underscoring the cancer-

driving force of this metabolic enzyme. Notably, the mutant IDH1 inhibitor Ivosidenib has 

exhibited substantial advancements in the treatment of IDH1-mutated intrahepatic 

cholangiocarcinoma leading to its FDA approval (A. X. Zhu et al. 2021). 

Although the mutation rate in PDAC is low, Vazier-Gohar et al. discovered IDH1 as a potential 

target in PDAC, especially under glucose deprivation (Vaziri-Gohar et al. 2022). A clinical trial 

started this year will examine the efficacy of Ivosidenib targeting the wildtype IDH1, in 

conjunction with standard-of-care mFOLFIRINOX in the neoadjuvant setting (NCT05209074).  

Recent studies performing in vivo and in vitro CRISPR screens to identify metabolic 

vulnerabilities in PDAC cells have highlighted the essentiality of heme biosynthesis. 

Specifically, heme oxygenase 1 (HMOX1) (X. G. Zhu et al. 2021) and hydroxymethylbilane 

synthase (HMBS) (Biancur et al. 2021) have emerged as critical players in PDAC. These 

enzymes play vital roles in ROS detoxification, further emphasizing the significance of redox 

regulation in PDAC cells. 

Moreover, pancreatic cancers exhibit constitutively high levels of autophagy when compared 

to other cancers (S. Yang et al. 2011). Autophagy is a highly selective and conserved pathway 
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that degrades cellular components, such as defective organelles and aggregates of misfolded 

protein through lysosomes. Notably, inhibition of autophagy has been shown to impair tumor 

growth (S. Yang et al. 2011; X. G. Zhu et al. 2021). In light of these findings, the autophagy 

inhibitor hydroxychloroquine has been tested in combination with gemcitabine and nab-

paclitaxel. Although the overall survival at 1 year among patients with metastatic pancreatic 

cancer was not improved, the response rate was higher suggesting a potential therapeutic 

window as a neoadjuvant option (Karasic et al. 2019). 

Furthermore, a comprehensive epigenomic study conducted in 2017 revealed a reciprocal 

feedback loop between metabolism and cancer characteristics, demonstrating that metabolites 

can manipulate gene expression by affecting epigenetic marks on histones and DNA. 

McDonald et al. reported that anabolic glucose metabolism significantly impacts global 

chromatin modifications driving malignant epigenetic programs in metastatic pancreatic cancer 

(McDonald et al. 2017). This research highlights the active role of metabolism in shaping 

cellular signaling and steering major cellular decisions to sustain continuous proliferation and 

cell survival. 

As already mentioned, the until to date established PDAC classifications are insufficient to 

guide clinical decisions. Deamen et al. propelled research in this field by using metabolite-

based subtyping of PDAC cell lines for treatment stratification. In this study, they found three 

metabolic subtypes: slow proliferating, lipogenic, and glycolytic. The subtypes significantly 

correlated with enriched sensitivity to a variety of metabolic inhibitors. This study highlights that 

understanding the essential metabolic pathways of PDAC may provide novel therapeutic 

strategies and opens opportunities for personalized therapies. (Daemen et al. 2015) 

Besides fostering cancer proliferation, emerging studies refer to an association between 

metabolic reprogramming and cancer drug resistance. Resistance to chemotherapy or 

molecularly targeted therapies is a major cause of tumor relapse and death. Using organoids 

established from the same patient pre- and post-chemotherapy, Peschke et al. could show a 

metabolic switch towards oxidative phosphorylation and lipogenesis after therapy (Peschke et 

al. 2022). Congruently with this observation, the inhibition of fatty acid biosynthesis (Orlistat) 

can overcome gemcitabine resistance in an in vivo orthotopic implantation model (Tadros et 

al. 2017). Moreover, Masoud et al. showed that targeting complex I in the PDAC subtype with 

high oxidative phosphorylation activity is synergistic with gemcitabine treatment (Masoud et al. 

2020). These studies support that metabolic reprogramming underlies the development of drug 

resistance and point to potential metabolic vulnerabilities of resistant cancer cells. Hence, 

therapeutic strategies that combine metabolic targeting in combination with chemotherapeutic 

drugs could display a promising avenue to overcome drug resistance in PDAC.  
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The concept of targeting metabolic subtypes has been challenged by recent studies showing 

remarkable metabolic plasticity of PDAC tumor cells and reverting metabolic patterns upon 

treatment. Targeting metabolic regulators at the apex of the metabolic hierarchy and thus 

targeting metabolic plasticity itself, could be a way to restrain the high resilience of the disease. 

 

2 AMPK 

2.1 Structure of AMPK 

Monitoring nutrient availability in the surrounding microenvironment and meeting energy needs 

are controlled by highly conserved and sophisticated systems. Among them, adenosine 

monophosphate-activated kinase (AMPK) has a unique position in cellular energy homeostasis 

(Herzig & Shaw, 2018).  

 

 

Figure 4 | Domain structure of AMPK. AMPK subunits are color-coded (α: purple. β: blue. γ: yellow) and domains 

are indicated. Left: Domain structure of α-, β-, γ-subunits of AMPK. Right: 3-Dimensional structure of active AMPK. 

Drawn by Chimera 1.16 using PDB file 4RER. AMP: Adenosine monophosphate, ADP: Adenoside diphosphate, 

AID: autoinhibitory domain, ATP: Adenosine triphosphate, CBS: cystathionine-β-synthase, CBM: carbohydrate-

binding module, CTD: Carboxy-terminal domain.  

 

It is a heterotrimeric complex composed of three subunits, the catalytic α-subunit, the 

scaffolding β-subunit, and the regulatory γ-subunit (Figure 4). There are two isoforms of the α 

(encoded by PRKAA1 and PRKAA2) and β (encoded by PRKAB1 and PRKAB2) subunit and 

three isoforms of the γ (encoded by PRKAG1, PRKAG2, and PRKAG3) subunit, giving rise to 

twelve possible combinations of the protein. The existence of multiple isoforms of AMPK 

subunits has been known for decades, but the functional relevance of the different isoforms 
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remains only partially understood. The α-subunit contains the Serine/Threonine kinase domain 

with the N-terminal lobe (N-lobe), the C-terminal lobe (C-lobe), and the critical residue 

Threonine 172 (Thr172) as well as an autoinhibitory domain (AID) which is followed by a linker 

and the carboxy-terminal domain (α-CTD). In its inactive state, the α-AID interacts with the 

Serine/Threonine kinase domain. The β-subunit harbors the carbohydrate-binding module 

(CBM) which functions as a binding pocket for glycogen. The functional significance of this 

remains unelusive, although it may serve to colocalize AMPK with downstream targets in 

glycogen particles, such as glycogen synthase. The β-CTD joins with both the α-CTD and the 

γ-subunit, thus forming the structural core of the complex. The γ-subunit enables AMPK to 

respond to changes in the ATP-to-Adenosine monophosphate (AMP) ratio as it contains four 

tandem cystathionine-β-synthase (CBS) domains that bind AMP, Adenosine diphosphate 

(ADP), and ATP competitively. 

 

2.2 Mechanism of Action 

AMPK can be activated by canonical and non-canonical mechanisms (Figure 5). 

 

Canonical Activation 

The canonical activation mechanism involves allosteric activation by AMP binding to the CBS 

repeats, preferentially CBS3, and promotion of Thr172 phosphorylation. Superseding of ATP 

from the CBS sides of the γ-subunit by binding of AMP, and to a lesser extent, ADP leads to a 

conformational change that physically shields Thr172 from dephosphorylation. By this 

allosteric mechanism, AMPK can sense the energy status and restore the energy homeostasis 

of the cell. Upon phosphorylation of Thr172 by upstream kinases, the activity of AMPK can 

further increase by more than 100-fold. 
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Figure 5 | Mechanisms of canonical and non-canonical activation of AMPK. Canonical activation mechanisms 

include a high AMP/ATP ratio resulting in the binding of AMP, and phosphorylation of AMPK by LKB1 at Thr172. 

Non-canonical activation mechanisms are triggered by diverse physiological cues including low levels of glucose, 

high levels of fatty acids, and the presence of ROS or DNA damage. Besides LKB1, the kinases TAK1 and CAMKK2 

have been shown to phosphorylate AMPK. Furthermore, Casp3 is capable to cause nuclear accumulation of 

AMPKα1 by cleaving its nuclear export sequence. AMP: Adenosine monophosphate, ATP: Adenosine triphosphate, 

CAMMK2: Calcium/calmodulin-dependent protein kinase kinase 2, Casp3: Caspase 3, LKB1: Liver kinase B1, ROS: 

Reactive oxygen species, TAK1: Transforming growth factor-β-activated kinase 1. 

 

The two major upstream kinases of AMPK are the liver kinase B1 (LKB1, STK11) (canonical) 

and the Ca2+/calmodulin-activated protein kinase kinase (CaMKK2) (non-canonical). STK11 

has been well characterized as a tumor suppressor gene encoding a ubiquitously expressed 

and evolutionarily conserved serine-threonine kinase, originally associated with the inherited 

cancer disorder Peutz-Jeghers Syndrome (Hemminki et al. 1997, 1998; Jenne et al. 1998). It 

is one of the most commonly mutated genes in sporadic human lung cancer, particularly in 

multiple subtypes of non-small cell lung carcinoma (NSCLC). LKB1 functions as a heterotrimer 

with the kinase-dead STE20-related kinase STRAD and the STE20 family scaffolding protein 

MO25 and is responsible for the majority of AMPK activation under energy stress. AMPK 

activation by LKB1 requires N-myristoylation of the β-subunit (Mitchelhill et al., 1997; Oakhill 

et al., 2010) which facilitates recruitment to cellular membranes where LKB1 is localized. LKB1 

is constitutively bound to axis inhibition protein (Axin), acting as a scaffold for AMPK. AMP 

binding to the γ-subunit induces a conformational change that enables the formation of a 

ternary complex of LKB1-Axin-AMPK. This complex promotes AMPK phosphorylation and 

activation. 

 

https://www.nature.com/articles/nrm3311#Glos7
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Non-Canonical Activation 

In LKB1 deficient tumors, CAMKK2 has been shown to sustain residual AMPK 

phosphorylation. CAMKK2 responds to increased intracellular calcium flux triggered by 

metabolic hormones including vascular endothelial growth factor (Stahmann et al. 2010), 

ghrelin (Y. Yang et al. 2011), or thyroid hormones (Sinha et al. 2015) and subsequently 

activates AMPK. In addition, CAMKK2 is the executive kinase leading to AMPK activation in 

response to DNA-damaging agents (Li et al. 2019:1). Recent findings by Cheratta et al. expose 

further insights. Cheratta et al. showed that upon DNA damage, Caspase 3 cleaves the nuclear 

export sequence of AMPKα1 leading to its nuclear retention and subsequent phosphorylation 

by CAMKK2 (Cheratta et al. 2022). Whether there is a third upstream kinase of AMPK, the 

transforming growth factor-β-activated kinase 1 (TAK1), is still the subject of debate, however, 

accumulating evidence suggests that TAK1 indeed phosphorylates AMPK, particularly in the 

context of cytoprotective autophagy (Herrero-Martín et al. 2009; Jia et al. 2020). 

Growing appreciation is given to AMPK activation through AMP-independent mechanisms. 

AMPK has been shown to become activated under acute glucose deprivation even when ATP 

levels are stable by a mechanism involving the glycolytic enzyme aldolase. Aldolase catalyzes 

the cleavage of fructose-1,6-bisphosphate to dihydroxyacetone phosphate and 

Glycerinaldehyd-3-phosphate. When the glucose levels in the cell drop and consequently the 

fructose-1,6-bisphosphate levels, aldolase promotes the formation of the supercomplex of 

vacuolar-type ATPase, ragulator, AXIN, and LKB1 at the lysosomal membrane where a pool 

of AMPK resides. The proximity of LKB1 and AMPK then causes AMPK phosphorylation and 

activation. (Zhang et al. 2017) 

The tertiary structure of the AMPK subunits forms an allosteric drug and metabolite (ADaM) 

site, a cleft between the N-lobe of the kinase domain and the β-CBM (Langendorf and Kemp 

2015). The AdaM site was reported to be critical for a new level of regulation wherein fatty 

acyl-CoA esters per se allosterically activate AMPK (Pinkosky et al. 2020). 

AMPK was also described as a redox-sensing protein and activated in response to oxidative 

stress. Zmijewski et al. showed that the presence of H2O2 can induce S-glutathionylation of the 

AMPKα and AMPKβ subunits and upregulate AMPK activity (Zmijewski et al. 2010). Even 

though a comprehensive picture is yet to emerge, the evidence points to AMPK at the core 

between cellular metabolism and cellular redox status. 

The activation status of AMPK is also supervised by phosphatases coordinating 

dephosphorylation including protein phosphatase 2A (Joseph et al. 2015), protein 

phosphatase 2C (Woods et al. 2017) and Mg2+-/Mn2+-dependent protein phosphatase 1E 

(Voss et al. 2011). 
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Phosphorylation Sites 

AMPKα subunits are also phosphorylated at other sites than Thr172. These sites include the 

serine/threonine-rich (ST) loop at the C-terminus of the α-CTD and the α-linker. The ST loop 

of AMPKα1 is the target of AKT (Hawley et al. 2014) as well as cyclic AMP-dependent kinase 

(PKA) (Hurley et al. 2006; Ning, Xi, and Clemmons 2011). Phosphorylation of Ser485 by AKT 

and PKA as well as also through autophosphorylation inhibits the activating phosphorylation 

at Thr172 and consequent AMPK activation. The ST loop of AMPKα2 has been previously 

reported to be phosphorylated at Thr485 by cyclin-dependent kinase (CDK) 1 (Lu et al. 2021) 

and potentially at several sites by CDK4 (Lopez-Mejia et al. 2017:4). A study published in 

Nature Metabolism discovered two phosphorylation sites in the α-linker (Ser347 in AMPKα1 

and at Ser345 in AMPKα). These sites are fundamental for the reciprocal relationship between 

AMPK and its metabolic counterpart, mTOR. mTOR is a central integrator of nutrient and 

growth factor signals that activates numerous biosynthetic pathways, especially protein 

translation, and overall cellular growth. Ling et al. show that mTOR phosphorylates AMPK 

leading to reduced phosphorylation of Thr172 (Ling et al. 2020:1). 

 

Motif of AMPK 

AMPK has been reported to directly phosphorylates more than 100 target proteins on at least 

130 sites tuning almost every metabolic pathway there is to restore energy balance (Steinberg 

and Hardie 2022). The central phosphorylation motif for AMPK has been established using 

variants of peptides known to be phosphorylated by AMPK (Weekes et al. 1993) and later 

confirmed using unbiased chemical screens (Schaffer et al. 2015). The frequency plot of the 

recognition motif of AMPK shown in Figure 6 represents the occurrence of amino acids based 

on 126 sites on 103 target proteins and is in line with the mentioned functional studies. 

 

Figure 6 | Consensus phosphorylation motif of AMPK. Generated using Weblogo.berkeley.edu using 126 

phosphorylation sites of 103 target proteins. The height of the letter indicates the frequency of that amino acid at 

that position. Amino acids are described with one letter abbreviation. C: C-terminal, N: N-terminal. 
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Fatty Acid and Cholesterol Metabolism 

Generally, AMPK blocks a wide range of anabolic reactions to minimize ATP consumption and 

at the same time activates catabolic reactions to stimulate ATP production. Biosynthetic 

processes which consume huge amounts of energy include lipogenesis. AMPK inhibits the first 

step in fatty acid synthesis through the phosphorylation of acetyl-CoA carboxylase (ACC) 1 

and ACC2 at Ser79 and Ser212 preventing the conversion of acetyl-CoA to malonyl-CoA. 

Malonyl-CoA also serves as an allosteric inhibitor of the fatty acid transporter carnitine 

palmitoyltransferase 1 (CPT1) which sits in the outer mitochondrial membrane. The fall of 

malonyl-CoA concentrations reactivates CPT1 and thus the transport of fatty acids into 

mitochondria for β-oxidation. Moreover, AMPK inhibits 3-hydroxy-3-methylglutaryl-coenzyme-

A-reductase (HMGCR), which catalyzes the rate-limiting step in cholesterol synthesis through 

phosphorylation at Ser871/Ser872 (Sato, Goldstein, and Brown 1993). Lipid synthesis is also 

governed by transcriptional programs of the sterol-response element-binding proteins 

(SREBPs) and carbohydrate-response element-binding proteins (ChREBPs). AMPK 

phosphorylates SREBP-1c at Ser372 and Ser374 of SREBP2 and suppresses proteolytic 

cleavage needed for nuclear translocation and target gene expression (Li et al. 2011). AMPK 

can further suppress the transcriptional lipogenic program through phosphorylation ChREBP 

at Ser568 which inhibits the DNA binding capacity of ChREBP (Kawaguchi et al. 2002). 

ChREBP is responsible for the transcription of important lipogenic enzymes including ACC and 

fatty acid synthase (FAS). 

 

Carbohydrate Metabolism 

AMPK controls many facets of carbohydrate metabolism including glucose import, 

gluconeogenesis, and glycogen synthesis. Glucose import is regulated by the interaction of 

AMPK with thioredoxin-interacting protein (TXNIP). Under high-glucose conditions, TXNIP 

sequesters and internalizes the membrane-bound glucose transporter (GLUT) 1 by 

endocytosis (Wu et al. 2013:1). Upon energy stress, AMPK phosphorylates TXNIP on Ser308 

leading to its rapid degradation and the retention of GLUT1 transporters on the cell surface for 

continuous glucose uptake (Wu et al. 2013:1). In addition, AMPK orchestrates gluconeogenic 

gene expression programs. Responsible for the transcription of enzymes in gluconeogenesis 

is the cyclic AMP response element binding protein (CREB). AMPK disrupts gluconeogenesis 

via Ser 171 phosphorylation of transducer of regulated CREB activity 2 (TORC2) (Koo et al. 

2005). Phosphorylation of TORC2 blocks its nuclear entry where it would otherwise enhance 

CREB-dependent transcription (Koo et al. 2005). Class IIa Histone deacetylases (HDACs) 

have been also identified as AMPK substrates that steer gluconeogenesis (Mihaylova et al. 
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2011). Phosphorylation of HDAC4 and HDAC5 by AMPK leads to their nuclear exclusion and 

prevents the activation of forkhead box O (FoxO) transcription factor family via deacetylation 

that would otherwise initiate a gluconeogenic gene expression (Mihaylova et al. 2011). 

Glycogen synthesis is also controlled by AMPK. AMPK phosphorylates glycogen synthase 

(GYS) 1 and GYS2 inhibiting glycogen synthesis (Bultot et al. 2012). 

 

Protein and rRNA Synthesis 

Protein synthesis is tightly governed by the interrelationship of AMPK and mTOR which serves 

as a signaling hub for regulating cellular metabolism, energy homeostasis, and cell growth. 

AMPK adjusts protein synthesis through the inhibition of mTORC1 by I) phosphorylation and 

activation of tuberous sclerosis complex 2 (TSC2) (Inoki, Zhu, and Guan 2003), a negative 

regulator of mTORC1, and II) phosphorylation and inhibition of regulatory-associated protein 

of mTOR (RPTOR), a subunit of the mTORC1 complex (Gwinn et al. 2008). 

Besides inhibition of mTOR, AMPK blocks ribosomal RNA synthesis through Ser635 

phosphorylation and inhibition of transcription initiation factor IA (TIF1A), which is essential for 

the assembly of the functional transcription initiation complexes of RNA-polymerase I (Hoppe 

et al. 2009). AMPK also inhibits protein elongation, through phosphorylation and activation of 

eEF2K (eukaryotic elongation factor 2 kinase), an inhibitor of translational elongation (Leprivier 

et al. 2013:2). 

 

DNA Damage 

DNA damage has been shown to activate AMPK in the nucleus by the Ca2+-CAMKK2 pathway 

(Li et al. 2019). Activated AMPK phosphorylates exonuclease 1 (EXO1) at Ser746 which 

inhibits the recruitment of EXO1 to stressed replication forks. This mechanism safeguards 

aberrant fork processing and preserves genome stability. Moreover, AMPK regulates a key 

mediator which facilitates canonical non-homologous end joining (c-NHEJ): p53-binding 

protein 1 (53BP1) (Y. Jiang et al. 2021). Jiang et al. proved that AMPK-mediated 

phosphorylation of 53BP1 at Ser1317 promotes 53BP1 recruitment to DNA damage sites, thus 

promoting c-NHEJ activity for efficient double-strand break repair. The AMPK-53BP1 axis is 

crucial for the maintenance of genomic integrity.  

 

Autophagy and Cell Cycle 

Autophagy is the degradation of intracellular cargo by lysosomes to either remove damaged 

organelles or to ensure the availability of critical metabolic intermediates in case of metabolic 
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shortage. The discovery of lysosomes by Christian de Duve more than 60 years ago bore a 

new research field and earned its pioneer a Nobel Prize in Physiology or Medicine in 1974. 

Essential genes were termed autophagy-related genes (ATG). Autophagy starts with the 

recruitment of ATGs to phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3, VPS34) 

complexes. It follows the nucleation of the autophagic cargo and the formation of a vesicle 

trapping the cargo, termed the autophagosome. The autophagosome subsequently fuses with 

lysosomes forging the autolysosome where the cargo is degraded. 

AMPK pulls the strings of the autophagic process at numerous critical layers. The balance 

between mTOR and AMPK activation not only orchestrates protein synthesis but also the 

autophagic machinery (Kim et al. 2011). Under nutrient-rich conditions, mTOR suppresses the 

autophagy regulator unc-51-like autophagy-activating kinase 1 (ULK1) (Kim et al. 2011). To 

survive nutrient deprivation, AMPK phosphorylates and activates ULK1 at Ser555 triggering 

the autophagic cascade (Egan et al. 2011; Kim et al. 2011). Weerasekara et al. propose that 

under hypoxia, AMPK can bypass ULK1 and directly phosphorylates ATG9A at Ser761 leading 

to the recruitment of ATG9A to microtubule-associated protein 1A/1B-light chain 3 (LC3)-

positive autophagosomes (Weerasekara et al. 2014). 

Supplementary to the control of kinases important for the initiation of the autophagic cascade, 

AMPK regulates VSP34 complexes which are important for vesicle trafficking and autophagic 

processes depending on their composition. Theses pro-autophagy VPS34 complexes include 

VPS34, VPS15, Beclin1 (BECN1), and the autophagic-specific subunit ATG14L (Kim et al. 

2013). AMPK inhibits the non-autophagic VPS34 complexes by phosphorylating 

Thr163/Ser165 of VPS34. The presence of ATG14L in the pro-autophagic complexes ensures 

that AMPK phosphorylates BECN1 at Ser91/94 and not VPS34 which induces the formation 

of the autophagosome (Kim et al. 2013). Moreover, Zhang et al. determined Thr388 as another 

phosphorylation site on BECN1 which serves as a critical determinant for the cellular decision 

between autophagy and apoptosis (Zhang et al. 2016). BECN1 is phosphorylated by AMPK at 

Thr388 leading to increased interaction with VPS34 and ATG14L and consequently inducing 

autophagy (Zhang et al. 2016). Intriguingly, phosphorylation at Thr388 also inhibits the 

interaction of BECN1 with the anti-apoptotic protein B-cell lymphoma 2 (BCL2), releasing BCL2 

which counteracts apoptosis (Zhang et al. 2016). 

Another important player in autophagosome formation is the receptor for activated C kinase 1 

(RACK1) which acts as a scaffold, transiently binding multiple ATG proteins at phagophore 

assembly sites. Phosphorylation of RACK1 at Thr50 by AMPK has been shown to enhance its 

direct binding to VPS15, ATG14L, and BECN1, thereby promoting the assembly of the 

autophagy-initiation complex (Zhao et al. 2015:1). 



Introduction 

_________________________________________________________________________________ 

37 

 

Transcriptional control of autophagy is governed by transcription factor E3 (TFEB) and 

transcription factor binding to IGHM enhancer (TFE3). They are controlled by a two-pronged 

system. I) mTORC1 controls TFEB and TFE3 cytosolic retention by directly phosphorylating 

TFEB at Ser211 (Martina et al. 2012) and Ser142 (Settembre et al. 2012) and TFE3 at Ser321 

(Martina et al. 2014:3). Inhibition of mTOR by AMPK ergo leads to their nuclear import. II) 

Moreover, AMPK-mediated multisite phosphorylation of TFEB and TFE3 on three serine 

residues leads to TFEB and TFE3 transcriptional activity (Paquette et al. 2021). 

Moreover, studies show the connection between autophagy and cell cycle genes which are 

controlled by AMPK. Liang et al. provide evidence that AMPK phosphorylates the cyclin-

dependent kinase inhibitor 1B (CDKN1B, p27Kip1) at Thr198, thereby increasing p27 Kip1 stability 

(Liang et al. 2007). They show that p27 Kip1 accumulation is the determinant of whether starved 

cells enter the autophagy cell survival pathway or undergo rapid cell death. Additionally, 

Dohmen et al. identified cyclin Y as an AMPK substrate, where phosphorylation of cyclin Y at 

Ser326 promotes its interaction with the CDK16 and stimulates its catalytic activity (Dohmen 

et al. 2020). Functional analysis revealed that cyclin Y/CDK16 induces autophagy. 

 

Mitochondrial Dynamics 

Mitochondria undergo fission or fusion in response to changes in cellular metabolism. 

Dysfunctional mitochondrial parts can be recycled by fission and subsequent mitophagy to 

sustain mitochondrial health. 

The mitochondrial fission factor (MFF) has been revealed as a direct target of AMPK. AMPK 

phosphorylates MFF at Ser155 and Ser172 which serves as the receptor for the dynamin-

related protein 1 (DRP1) of the mitochondrial fission machinery (Toyama et al. 2016). Once 

recruited, DRP1 further assembles around the mitochondrial tubule to initiate mitochondrial 

fission. 

By global quantitative phosphoproteomic analysis, another effector of AMPK-dependent 

mitochondrial dynamics was identified, the armadillo repeat containing 10 (ARMC10). The 

work of Chen et al. shows that ARMC10 sits in the outer mitochondrial membrane and can be 

directly phosphorylated by AMPK at Ser45 which promotes mitochondrial fission (Chen et al. 

2019). 

Another crucial signaling pathway that sustains mitochondrial health is the already-mentioned 

AMPK-ULK1 axis. Important downstream effectors are the ubiquitin kinase Phosphatase and 

tensin homolog (PTEN)-induced kinase 1 (PINK1) and the Parkin RBR E3 ubiquitin protein 

ligase (PARK2). The activation of PINK1 is one of the earliest events in mitophagy which leads 
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to the subsequent recruitment of PARK2. PARK2 coats damaged mitochondria with ubiquitin 

which triggers mitophagy. Hung et al. found that ULK1 phosphorylates Ser108 of PARK2 in an 

AMPK-dependent manner. They show that this phosphorylation event is required for the 

phosphorylation of PARK2 by PINK1 on Ser65 initiating mitophagy (Hung et al. 2021). 

The peroxisome-proliferator-activated receptor γ coactivator 1α (PGC-1α) is considered a 

master regulator of mitochondrial biogenesis and is described as a mediator of the 

transcriptional outputs triggered by metabolic enzymes including AMPK. Jäger et al 

demonstrated that AMPK directly phosphorylates PGC-1α at Thr177 and Ser538 which 

mediates an increase in PGC-1α protein action on the PGC-1α promoter (Jäger et al. 2007). 

In 2010 Leick et al expanded this remark and showed that PGC-1α is the crucial element 

through which AMPK increases GLUT4 expression (Leick et al. 2010). It is important to note 

that Leick et al. used AICAR as an AMPK activator and genetic studies are missing to validate 

their findings.  

 

Redox Homeostasis 

In addition to its energy-adjusting capabilities, AMPK acts as a redox sensor for maintaining 

redox homeostasis. 

AMPK functions through the phosphorylation of antioxidant transcription factors including 

members of the FoxO transcription factor family. It was shown that AMPK phosphorylates 

FoxO1 at Thr649 (Yun et al. 2014) as well as FoxO3 at at least three sites (Greer et al. 2007:3) 

to launch FoxO-dependent transcription of ROS detoxification enzymes. It is important to 

mention that especially FoxO3 modulates also the expression of autophagy-related genes 

(Greer et al. 2007). 

Moreover, AMPK directly phosphorylates NRF2 at Ser550, promoting the nuclear 

accumulation of NRF2 for androgen receptor (ARE) -mediated gene transcription and 

protection from ROS (Joo et al. 2016:2). 

AMPK also indirectly monitors the GSH pool, one of the most essential redox homeostasis 

safeguards. GSH in its reduced form is considered to be one of the most important scavengers 

of ROS. Glutathione peroxidase (GPX) uses GSH to eliminate H2O2 -generating oxidized GSH 

(GSSG). NADPH is required for the regeneration of GSH. Fatty acid synthesis consumes 

NADPH and the inhibition of the acetyl-CoA carboxylases ACC1 and ACC2 by AMPK 

decreases NADPH consumption in fatty-acid synthesis while increasing NADPH production 

through fatty-acid oxidation (Jeon, Chandel, and Hay 2012). This, in turn, allows NADPH to be 

used for GSH regeneration. 
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Figure 7 | Network of AMPK downstream effectors. AMPK orchestrates a wide plexus of processes to safeguard 

cellular homeostasis. These processes include fatty acid, cholesterol, and carbohydrate metabolism as well as 

protein and rRNA synthesis. Moreover, AMPK plays a role in the DNA damage response, autophagy, and cell cycle 

control. The contribution of AMPK in mitochondrial dynamics and redox homeostasis has also been shown. For a 

detailed description see the text. 53BP1: p53-binding protein 1, ACC1/2: Acetyl-CoA carboxylase 1/2, ARMC10: 

Armadillo repeat containing 10, ATG: autophagy-related genes, BCL2: Anti-apoptotic protein B-cell lymphoma 2, 

BECN1: Beclin1, CDK16: Cyclin-dependent kinase 16, ChREBPs: Carbohydrate-response element-binding 

proteins, DRP1: Dynamin-related protein 1, eEF2K: eukaryotic elongation factor 2 kinase, EXO1: Exonuclease 1, 

FoxO1/3: Forkhead box O 1/3, GLUT1: Glucose transporter 1, HDAC4/5: Histone deacetylase 4/5, HMGCR: 3-

Hydroxy-3-methylglutaryl-coenzyme-A-reductase, MFF: Mitochondrial fission factor, mTORC1: Mechanistic target 

of rapamycin complex 1, NES: Nuclear export sequence, NRF2: nuclear factor erythroid 2-related factor 2, p27: 

Cyclin-dependent kinase inhibitor 1B, PARK2: Parkin, PGC-1α: Peroxisome-proliferator-activated receptor γ 

coactivator 1α, PINK1: PTEN-induced kinase 1, RACK1: Receptor for activated C kinase 1, SREBP: sterol-

response element-binding protein, TFE3: Transcription factor binding to IGHM enhancer 3, TFEB: Transcription 

factor EB, TIF1A: Transcription initiation factor IA, TORC2: Transducer of regulated CREB activity 2, TXNIP: 

Thioredoxin-interacting protein, ULK1: Unc-51-like autophagy-activating kinase 1, Vsp34: Phosphatidylinositol 3-

kinase catalytic subunit type 3 

 

Overall, AMPK phosphorylates a broad spectrum of downstream effectors which affects almost 

every aspect of cellular metabolism. Depending on the subcellular location where AMPK is 

activated, the spectrum of downstream targets changes.  
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Regarding the fact that AMPK significantly shapes the metabolic plasticity of cells towards 

various stresses, the idea of targeting AMPK in the context of cancer has been highly 

discussed. The following section provides an overview of the current state of studies examining 

the involvement of AMPK in cancer and whether it is a rational target for therapeutic 

intervention. 

 

2.3 AMPK as Chameleon in Cancer 

The role of AMPK in cancer is highly controversial and AMPK has shown both, cancer-

promoting and cancer-inhibiting properties. 

 

Cancer-Suppressor 

Through its well-established role in inhibiting mTOR and thereby activating a metabolic 

checkpoint, AMPK has been thought to be a mere tumor suppressor (Gwinn et al. 2008; Inoki 

et al. 2003). Moreover, AMPK phosphorylates and activates the most classical tumor 

suppressor there is, TP53 (Jones et al. 2005). Compelling evidence for the growth-restrictive 

abilities of AMPK comes also from the frequent mutation of its upstream kinase, LKB1, in 

various cancer types, which suggests that malignant cells need to overcome the tumor-

suppressive functions of AMPK. In fact, Faubert et al. demonstrated that loss of AMPKα1 

accelerates Myc-driven lymphomagenesis in vivo, providing further support for the role of 

AMPK as the gatekeeper of oncogenic metabolic rewiring (Faubert et al. 2013).  

 

Cancer-Promoter 

This one-dimensional concept which suggests AMPK to be a plain tumor suppressor has been 

challenged by a myriad of studies showing the aftermath of AMPK signaling is highly context-

dependent. 

Already in 2006, Laderoute et al. observed that the proliferation of H-Ras-transformed mouse 

embryonic fibroblasts was strongly impaired when AMPKa was not present manifesting in a 

decreased tumor volume in xenografts (Laderoute et al. 2006). Several further studies 

demonstrate the importance of AMPK for tumors especially under nutrient deprivation (Jeon 

et al. 2012; Leprivier et al. 2013) or in the presence of oxidative stress (Cai et al. 2020). 
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AMPK in PDAC 

As in other cancer entities, the role of AMPK in PDAC is a conflicting topic among researchers 

in the field. Kumazoe et al. investigated AMPK in the context of the cancer stem cell 

compartment of PDAC (Kumazoe et al. 2017). By using a siRNA approach, they found that the 

LKB1 signaling is indispensable for PDAC stem cells. The growth alteration caused by LKB1 

siRNA was rescued by PGC-1β and FoxO3, transcription factors crucial for mitochondrial 

health. Kumazoe et al. provide insight into the metabolic basis of the observed effect. By halting 

the TCA cycle through the knockdown of the rate-limiting enzyme pyruvate dehydrogenase E1 

subunit alpha 1 (PDHA1), PDAC cells lost their stemness properties. Their work proves the 

importance of the LKB1-AMPK-PGC-1β-PDHA1 pathway for the acquirement of the cancer 

stem cell phenotype of PDAC cells. In the same year, Chen et al. published a paper proposing 

the opposite (Chen et al. 2017:1). According to the evaluation of IHC stainings of different 

stages of human PDAC, loss of AMPK activation was associated with pancreatic cancer 

progression. They validated their findings in vitro by using the siRNA approach and migration 

assay. They suggest that loss of AMPK promotes the activation of heat shock factor 1 (HSF1) 

which in turn promotes the invasion and metastasis of pancreatic cancer. 

Other studies, however, have demonstrated the critical role of AMPK in responding to 

environmental stresses. In 2019, Hu et al. found that hypoxia induces AMPK activation (Hu et 

al. 2019). They used pharmacological AMPK inhibition and showed that AMPK inhibition 

strongly impaired the survival, migration, and invasion ability of PDAC cells upon normoxia, 

however, the effect was more pronounced under hypoxia.  

Despite global efforts, the function of AMPK in cancer and specifically in PDAC remains 

incompletely understood. These studies suggest that quite subtle differences in the type of 

cancer, and the context of AMPK action, can markedly affect the outcome and conclusion of 

each study and picture AMPK to be an impeccable example of „Context matters“. 

 

3 Kinases as Therapeutic Targets in Cancer 

3.1 Lessons from Kinase Inhibitor Development 

Kinase inhibitors have been successfully implemented into clinical practice and transformed 

cancer therapy. In 2001, Imatinib received FDA approval as the first well-characterized kinase 

inhibitor. Imatinib blocks the Abelson tyrosine kinase (ABL), which is expressed as a 

deregulated fusion protein, namely breakpoint cluster region (BCR) –ABL, in nearly all cases 

of chronic myeloid leukemia and has shown spectacular efficacy. Although not designed on 

purpose, Imatinib also inhibits two other protein kinases (the KIT proto-Oncogene receptor 
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tyrosine kinase (KIT) and platelet-derived growth factor (PDGF) receptors) and it has proved 

to be equally effective in cancers, which overexpress or express the mutated form of these 

kinases. Imatinib is thus a great example of the utility of polypharmacology. Polypharmacology 

refers to the phenomenon that a drug acts on multiple targets. Most kinase inhibitors bind to 

the ATP binding pocket of the enzyme which is highly conserved among kinases. The 

consequent promiscuous target profile of compounds has both advantages and 

disadvantages. By inhibiting multiple nodes belonging to a network of interacting kinases 

polypharmacology can enhance the efficacy of a drug. In other cases, it can also blur the 

discovery of the primary target and complicate linking individual targets with the observed drug 

effect. In some cases, the clinical efficacy might even be explained entirely by off-target effects 

which were initially not taken into consideration. 

Traditionally, drugs were discovered by phenotypic assays or by rational design for specific 

targets of interest. Thus, hitherto drug discovery approaches never investigate the full potential 

of a particular drug or the underlying pharmacophore. In the last decades, the rise of advanced 

technologies in medicinal chemistry, biochemistry, mass spectrometry, and bioinformatics 

have significantly facilitated ligand discovery, selectivity profiling, and target identification on a 

proteome-wide scale. In parallel, the global information on inhibitor target profiles was 

integrated into public and private molecular databases. These cumulative efforts opened novel 

avenues for the use of polypharmacology for research purposes and for unlocking the full 

potential of one particular compound. 

 

3.2 Drug Repurposing 

In a study published in JAMA in 2020, the investment required to bring a new antineoplastic 

agent to the market was estimated to be $2771.6 million (Wouters, McKee, and Luyten 2020). 

These statistics are driven by multifold challenges faced by the global pharmaceutical industry 

and include high attrition rates and stringent regulatory requirements. 

Drug repurposing is an endeavor for identifying new uses for approved or investigational drugs 

that are outside the scope of the original clinical use. In theory, drug repurposing could 

decrease drug development costs, increase drug approval rates, and decrease attrition rates 

while maximizing the clinical application of the repurposed molecule. Moreover, this strategy 

could help to target proteins of biomedical significance for which no specific inhibitor has been 

developed until now.  

In a multitude of cases where drugs failed in clinical trials the mode(s) of action of the kinase 

inhibitors was insufficiently understood. This hampers the adequate use and full exploitation 

of these very advanced molecules. Today, we are in an era where we can characterize drugs 
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better than ever before which is playing to the strengths of drug repurposing. By building upon 

the available in vitro, in vivo, and clinical data of compounds which includes, depending on the 

stage of development, the target profile, pharmacokinetics, and safety properties, drug 

repurposing allows skipping the initial development phase thereby reducing overall costs and 

risks. As a consequence, compounds rapidly advance into disease-oriented research and if 

successful, into clinical application. Taken together, the concept of drug repurposing bears 

immense value to the pharma industry and more importantly to patients.  

 

3.3 Targeting AMPK 

Currently, there are only two AMPK inhibitors (AMPKi) available, namely Dorsomorphin (also 

known as Compound C) and BAY 3827 (as reported by Lemos et al. 2021). However, these 

compounds have been documented to harbor activities against off-target kinases. 

Dorsomorphin, for instance, has been shown to inhibit not only AMPK but also bone 

morphogenetic protein (BMP) signaling by targeting activin A receptor Type 1 (ACVR1), BMP 

receptor type 1A (BMPR1A) and BMP receptor type 1B (BMPR1B) (Yu et al. 2008). On the 

other hand, BAY 3827 has been described as a potent AMPK inhibitor with additional activity 

against ribosomal 6 kinase (RSK) family members (Lemos et al. 2021). It is important to note 

that both compounds have not been tested in clinical trials and are considered experimental 

compounds at this stage. To expedite the discovery of potential AMPK inhibitors, drug 

repurposing approaches could be explored, which may identify compounds that are already 

further along in clinical development and have the potential for fast-track clinical applications. 

 

4 Aims 

Metabolic plasticity has been widely appreciated as a crucial factor in the progression of 

cancer. Thus, targeting central metabolic orchestrators could have therapeutic utility. AMPK, 

being at the apex of the metabolic hierarchy, has been investigated in the context of cancer, 

however, present data on whether AMPK is a tumor-promoter or suppressor are controversial. 

In this thesis, I aimed to investigate the role of AMPK in PDAC. Moreover, I used the concept 

of drug repurposing to find a developmentally advanced AMPK inhibitor. 
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Material and Methods 

5 Material 

Table 2 | Instruments. 

Instruments Company  

AS2000 Maxwell® 16 instrument Promega, Madison, WI, USA 

Axiovert 25 Inverse Microscope Carl Zeiss, Oberkochen, Germany 

Clariostar 4300741 BMG Labtech, Ortenberg, Germany 

Dionex UltiMate 3000 nano HPLC System ThermoFisher Scientific, Waltham, MA, 
USA 

Eppendorf Multipipette E3X Eppendorf AG, Hamburg, Germany 

Eppendorf Reference/Research Pipettes Eppendorf AG, Hamburg, Germany 

FLUOstar® OPTIMA BMG Labtech, Champigny-sur-Marne, 
France 

Freezer Robert Bosch Hausgeräte GmbH, 
Gerlingen, Germany 

Fridge Siemens AG, Munich, Germany 

Horizontal shaker Titertek Instruments, Inc., Huntsville, AL, 
USA 

IncuCyte S3 Sartorius AG, Göttingen, Germany. 

Liquid handling pin tool V&P Scientific Inc., San Diego, CA, USA 

Laminar flow HERAsafe Heraeus Holding GmbH, Hanau, Germany 

Microcentrifuge Mini Star VWR, Radnor, PA, USA 

Multi-Blot Floating E-Clip Style Replicator – 
96 FP6 pins (Manual Pintool) 

V&P Scientific Inc., San Diego, CA, USA 

Multiskan FC ThermoFisher Scientific, Waltham, MA, 
USA 

NanoDrop 1000 Peqlab Biotechnologie GmbH, Erlangen, 
Germany 

Neubauer counting chamber 0,100mm Hecht Assistent, Sondheim an der Rhön, 
Germany 

NextSeq 500 System Illumina, San Diego, CA, USA 

Odyssey Fc LI-COR, Bad Homburg vor der Höhe, 
Germany 

Orbitrap Fusion™ Lumos™ Tribrid™ ThermoFisher Scientific, Waltham, MA, 
USA 

Stripettor ultra pipetting aid Corning Incorporated, New York, NY, USA 

T100 Thermal Cycler Bio-Rad Laboratories GmBH, Hercules, 
CA, USA 

ThermoMixer® C Eppendorf AG, Hamburg, Germany 
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Vacuboy, Vacuum Hand Operator Integra Biosciences AG, Zizers, 
Switzerland 

Waterbath 1083 GFL Gesellschaft für Labortechnik mbH, 
Burgwedel, Germany 

Western Blot System Mini-PROTEAN Tetra 
System 

Bio-Rad Laboratories GmBH, Hercules, 
CA, USA 

XF96e Extracellular Flux Analyzer Agilent, Santa Clara, CA, USA 

 

Table 3 | Kits. 

Kits Catalog Number Company 

Caspase-Glo® 3/7 Assay G8091 Promega, Madison, WI, USA 

CellTiter-Glo® Luminescent Cell 
Viability Assay 

G7570 Promega, Madison, WI, USA 

GeneJET PCR Purification Kit K0701 ThermoFisher Scientific, 
Waltham, MA, USA 

Maxwell® 16 LEV simplyRNA 
Purification Kits 

AS1280 Promega, Madison, WI, USA 

NEBuilder HiFi DNA Assembly 
Cloning Kit 

E5520S New England Biolabs., 
Ipswich, MA, USA  

NucleoSpin Plasmid, Mini kit 740588.250 Macherey-Naggel GmbH, 
Düren, Germany 

NucleoSpin Plasmid 
Transfection-grade 

740490.10 Macherey-Naggel GmbH, 
Düren, Germany 

 

Table 4 | Reagents. 

Reagents Catalog Number Company 

2-Deoxy-D-glucose S4701 Selleck Chemicals, Houston, 
TX, USA 

2-Propanol (Isopropanol) CN09.1 Carl Roth, Karlsruhe, Germany 

2-Mercaptoethanol, 98% 4227.3 Carl Roth, Karlsruhe, Germany 

3,3,5-Triiodo-L- thyronine  T2877 Sigma-Aldrich, St. Louis, MO, 
USA 

30% Acrylamide/Bisacrylamide-
stock solution (29:1) 

A124 Carl Roth, Karlsruhe, Germany 

A83-01 72022_C STEMCELL Technologies, 
Vancouver, BC, Canada 

Acetic acid 6755 Carl Roth, Karlsruhe, Germany 

ACK Lysing Buffer A1049201 ThermoFisher Scientific, 
Waltham, MA, USA 

Agarose 3810 Carl Roth, Karlsruhe, Germany 
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Albumin 11930.03 SERVA Electrophoresis GmbH, 
Rosenheim, Germany 

Alkopharm absolut (Ethanol 
80%) 

60870 BrüggemannAlcohol Heilbronn 
GmBh, Heilbronn, Germany 

Antimycin A J63522.MA ThermoFisher Scientific, 
Waltham, MA, USA 

APS 9592 Carl Roth, Karlsruhe, Germany 

Aqua 0082423E B. Braun Melsungen AG, 
Melsungen, Germany 

B-27 17504044 ThermoFisher Scientific, 
Waltham, MA, USA 

Bovine Pituitary Extract  P1476  Sigma-Aldrich, St. Louis, MO, 
USA 

Bradford reagent 5x 39222.03 SERVA Electrophoresis GmbH, 
Rosenheim, Germany 

Bromophenol Blue CAS 115-39-9 Santa Cruz Biotechnology, 
Heidelberg, Germany 

BSA, Molecular Biology Grade B6917 Sigma-Aldrich, St. Louis, MO, 
USA 

CCCP S6494 Selleck Chemicals, Houston, 
TX, USA 

Cell Recovery Solution, 100 mL 
Corning® 

354253 ThermoFisher Scientific, 
Waltham, MA, USA 

Cholera toxin  C8052  Sigma-Aldrich, St. Louis, MO, 
USA 

Crystal violet powder C0775 Sigma-Aldrich, St. Louis, MO, 
USA 

Cultrex Reduced Growth Factor 
Basement Membrane Extract, 
Type 2 

3536-005-02 R&Dsystems, Minneapolis, MN, 
USA 

Demineralized water (ddH2O) 7732-18-5 SAV Liquid Production GmbH, 
Flintsbach am Inn, Germany 

D-Glucose G8270 Sigma-Aldrich, St. Louis, MO, 
USA 

Dexamethasone  D1756  Sigma-Aldrich, St. Louis, MO, 
USA 

Dimethylsulfoxide (DMSO) A3672 AppliChem GmbH, Darmstadt, 
Germany 

dNTP-Mix 331550 Biozym Scientific GmbH, 
Hessisch Oldendorf, Germany 

DMEM/F12-500 mL 11330032  ThermoFisher Scientific, 
Waltham, MA, USA 
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DraI R0129S New England Biolabs., Ipswich, 
MA, USA 

Dulbecco´s Modified Eagles 
Medium; high glucose 

D5796 Sigma-Aldrich, St. Louis, MO, 
USA 

Dulbecco’s Phosphate Buffered 
Saline (PBS) 

D8537 Sigma-Aldrich, St. Louis, MO, 
USA 

EDTA (Versen) 1% (w/v) in PBS 
w/o CA2+ 

L 2113 Biochrom GmbH, Berlin, 
Germany 

Ethanol 100% 27669 Otto Fischar GmbH & Co. KG; 
Saarbrücken, Germany 

Ethidium promide solution E1510 Sigma-Aldrich, St. Louis, MO, 
USA 

Fetal Calf Serum (FCS) Superior S 0615 Sigma-Aldrich, St. Louis, MO, 
USA 

hGastrin I 10047-33-3 Tocris Bioscience, Bristol, 
United Kingdom 

Gateway™ LR Clonase™ II 
Enzym-Mix 

11791100 ThermoFisher Scientific, 
Waltham, MA, USA 

Glucose A2494001 ThermoFisher Scientific, 
Waltham, MA, USA 

Glutamine 25030081 Thermo Fisher Scientific, 
Munich, Germany 

Glycerine 56-81-5 Carl Roth, Karlsruhe, Germany 

Glycine 3790 Carl Roth, Karlsruhe, Germany 

hEGF E9644 Merck Schuchardt, 
Hohenbrunn, Germany 

hFGF 100-26 PeproTech, Cranbury, NJ, USA 

Immobilon Forte Western HRP 
substrate 

WBLUF0500 Merck Schuchardt OHG, 
Hohenbrunn, Germany 

Keratinocyte-SFM Medium (1x) 17005042 ThermoFisher Scientific, 
Waltham, MA, USA 

LB-Agar powder X.969.2 Carl Roth, Karlsruhe, Germany 

LB-Medium powder X968.1 Carl Roth, Karlsruhe, Germany 

Lipofectamine 2000 Transfection 
Reagent 

11668030 ThermoFisher Scientific, 
Waltham, MA, USA 

Matrigel®, Growth Factor 
Reduced (GFR) Basement 
Membrane Matrix, LDEV-free, 
Corning® 

354230 ThermoFisher Scientific, 
Waltham, MA, USA 

Methanol 8388 Carl Roth, Karlsruhe, Germany 

mNoggin 250-38 PeproTech, Cranbury, NJ, USA 

Natrium Chloride (NaCl) 3957 Carl Roth, Karlsruhe, Germany 

https://www.thermofisher.com/order/catalog/product/11668030
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Natrium acide S2002 Merck Schuchardt, 
Hohenbrunn, Germany 

Neuregulin  100-03  PeproTech, Cranbury, NJ, USA 

Nicotinamide  N3376  Sigma-Aldrich, St. Louis, MO, 
USA 

NPO₄ 74385 Sigma-Aldrich, St. Louis, MO, 
USA 

Nu-Serum IV, Corning® 355100  ThermoFisher Scientific, 
Waltham, MA, USA 

Oligomycin S1478 Selleck Chemicals, Houston, 
TX, USA 

Opti-MEM with GlutaMAX, Gibco 12559099 ThermoFisher Scientific, 
Waltham, MA, USA 

Page Ruler Prestained Protein 
Ladder 

26616X4 ThermoFisher Scientific, 
Waltham, MA, USA 

Penicillin/Streptomycin  15140-122  Thermo Fisher Scientific, 
Munich, Germany 

PF-3758309 S7094 Selleck Chemicals, Houston, 
TX, USA 

Phosphatase inhibitor 100x 39050 SERVA Electrophoresis GmbH, 
Rosenheim, Germany 

Polybrene Infection / 
Transfection Reagent 

TR-1003 Sigma-Aldrich, St. Louis, MO, 
USA 

Primocin  Ant-pm-1  Invivogen, San Diego, CA, USA 

Propidium Iodide 

 

P4170 Sigma-Aldrich, St. Louis, MO, 
USA 

Powdered milk T145 Carl Roth, Karlsruhe, Germany 

Protease inhibitor 25x CO-RO Roche Diagnostics GmbH, 
Penzberg, Germany 

rCutSmart™ Buffer B6004S New England Biolabs., Ipswich, 
MA, USA 

REDTaq® ReadyMix™ PCR 
Reaction Mix 

R2523 Sigma-Aldrich, St. Louis, MO, 
USA 

RLT Buffer 79216 QIAGEN GmbH, Hilden, 
Germany 

Rock inhibitor Y-27632 72304  STEMCELL Technologies, 
Vancouver, BC, Canada 

Rotenone S2348 Selleck Chemicals, Houston, 
TX, USA 

PureLinkTM RNase A, 10 mL, 
Invitrogen 

1772940 ThermoFisher Scientific, 
Waltham, MA, USA 

Puromycin ant-pr-1 Invivogen, San Diego, CA, USA 
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Pyruvate 11360070 ThermoFisher Scientific, 
Waltham, MA, USA 

Q5 High-Fidelity DNA 
Polymerase 

M0491S New England Biolabs., Ipswich, 
MA, USA 

Quick-Load® Purple 1 kb DNA 
Ladder 

N0552S New England Biolabs., Ipswich, 
MA, USA 

Recovery Cell Culture Freezing 

Medium 

12648010 ThermoFisher Scientific, 

Waltham, MA, USA 

RPMI 1640 Medium, GlutaMAX™ 
Supplement 

61870044 

 

ThermoFisher Scientific, 
Waltham, MA, USA 

SDS, ultra pure 2326 Carl Roth, Karlsruhe, Germany 

Seahorse XF Base Medium  102353-100 Agilent, Santa Clara, CA, USA 

Sodiumdeoxychelate D6750 

 

Sigma-Aldrich, St. Louis, MO, 
USA 

T4 DNA Ligase M0202S 

 

New England Biolabs., Ipswich, 
MA, USA 

T4 DNA Ligase Reaction Buffer 

 

B0202S 

 

New England Biolabs., Ipswich, 
MA, USA 

TRIS 4855 Carl Roth, Karlsruhe, Germany 

TrypLETM Express Enzyme (1x), 
100 mL 

12604013 ThermoFisher Scientific, 
Waltham, MA, USA 

Trypsin – EDTA Solution 10x T2610 

 

Sigma-Aldrich, St. Louis, MO, 
USA 

Tween 20 9127 Carl Roth, Karlsruhe, Germany 

TEMED 8142 Carl Roth, Karlsruhe, Germany 

V&P VP 110A V&P Scientific Inc., San Diego, 
CA, USA 

XbaI R0145S New England Biolabs., Ipswich, 
MA, USA 

Y-27632 HY-10071 Hycultec GmBh, Beutelsbach, 
Germany 

 

Table 5 | Products. 

Products Catalog Number Company 

24-well Polypropylene 
Microplates, clear, Corning® 

142475 ThermoFisher Scientific, 
Waltham, MA, USA 

384-well White/Clear Bottom 
Polystyrene Microplates, 
Corning® 

3765 ThermoFisher Scientific, 
Waltham, MA, USA 
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96-well Polypropylene 
Microplates, clear, Corning® 

3343 ThermoFisher Scientific, 
Waltham, MA, USA 

Acclaim™ PepMap™ 100 C18 164946 ThermoFisher Scientific, 
Waltham, MA, USA 

Cell Scraper  83.1830 Sarstedt AG & Co.KG, 
Nümbrecht, Germany 

Cellstar Cell culture bottle 

 

660175 Greiner BIO-ONE, 
Kremsmünster, Austria 

CELLSTAR® Polypropylen 
Röhrchen 

227261 

 

Greiner BIO-ONE, 
Kremsmünster, Austria 

Costar® TC-Treated Multiple Well 
Plates 24-well, Corning® 

CLS3527 Sigma-Aldrich, St. Louis, MO, 
USA 

Costar® TC-Treated Multiple Well 
Plates 6-well, Corning® 

CLS3516 ThermoFisher Scientific, 
Waltham, MA, USA 

Eppendorf Safe-Lock Tubes, 
1.5 mL  

0030120086 Eppendorf AG, Hamburg, 
Germany 

Eppendorf Safe-Lock Tubes, 
2mL 

0030120094 Eppendorf AG, Hamburg, 
Germany 

Falcon® Round-Bottom 
Polystyrene Tubes 

38055 STEMCELL Technologies, 
Vancouver, BC, Canada 

Filtropur 20003477 Sarstedt AG & Co.KG, 
Nümbrecht, Germany 

Gel Saver-Tip II GSII054R Kisker Biotech GmbH & Co. 
KG, Steinfurt, Germany 

Nitrocellulose Blotting 
Membrane 

10600001 Bio-Rad Laboratories GmBH, 
Hercules, CA, USA 

PCR® MICROPLATE, Axygen PCR-96-LP-AP-C ThermoFisher Scientific, 
Waltham, MA, USA 

Platemax CyclerSeal Sealing 
Film, Axygen 

PCR-TS ThermoFisher Scientific, 
Waltham, MA, USA 

Safe seal tube, 1.5 mL 72.706 

 

Sarstedt AG & Co.KG, 
Nümbrecht, Germany 

Screw cap tube, 15 ml, (LxØ): 
120 x 17 mm, PP, with print 

62.554.100 Sarstedt AG & Co.KG, 
Nümbrecht, Germany 

Screw cap tube, 50 ml, (LxØ): 
114 x 28 mm, PP, with print 

62.547.254 Sarstedt AG & Co.KG, 
Nümbrecht, Germany 

Seahorse XF96 V3 PS Cell 
Culture Microplates 

101085-004 Agilent, Santa Clara, CA, USA 

Tissue-culture treated culture 
dishes, Corning® 

CLS430599 ThermoFisher Scientific, 
Waltham, MA, USA 

Whatman® cellulose 
chromatography papers 

WHA3030917 Merck Schuchardt, 
Hohenbrunn, Germany 

 

https://shop.gbo.com/de/germany/products/bioscience/roehrchen-mehrzweckgefaesse/roehrchen/50ml-cellstar-polypropylen-roehrchen/227261.html
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Table 6 | Organisms. 

Organisms Catalog Number Company 

One Shot™ Stbl3™ Chemically 
Competent E. coli 

C737303 

 

ThermoFisher Scientific, 
Waltham, MA, USA 

 

Table 7 | Plasmids. 

Plasmids Catalog Number Company 

pENTR/D-TOPO 10780335 ThermoFisher Scientific, 
Waltham, MA, USA 

pLenti PGK Puro Dest 19068 Addgene, Watertown, MA USA 

pMD2.G 12259 Addgene, Watertown, MA USA 

psPAX2 12260 Addgene, Watertown, MA USA 

 

Table 8 | Buffers and Solutions. 

Buffers and Solutions Composition 

0.2% Crystal violet 0.2% (w/v) Crystal Violet powder 

 2% (v/v) Ethanol 

KCM Buffer (5x) 0.5 M KCl 

 0.15 M MCaCl2  

 0.25 mL MgCl2 

Laemmli Buffer (5x) 250 mM Tris-HCl (pH 6.8) 

 4% (w/v) SDS 

 40% (v/v) Glycerol 

 0.05% (w/v) Bromphenolblue 

 5% (v/v) -Mercaptoethanol 

LB-Agar 4% (w/v) LB-Agar powder 

 100 µM (v/v) Ampicillin 

LB-Medium 2.5% (w/v) LB-Medium powder 

 50 µM Ampicillin 

Running buffer (1x) 192 mM Glycine 

 25 mM TRIS 

 3.47 mM SDS 

Transfer buffer (1x) 192 mM Glycine 

 25 mM TRIS 

 20% (v/v) Methanol 
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Resolving gel (7.5%) 390 mM Tris-HCl, pH 8.8 

 7.5% (v/v) Acrylamide 

 0.1% (v/v) SDS 

 0.05% (v/v) APS 

 0.05% (v/v) TEMED 

Resolving gel (10%) 390 mM Tris-HCl, pH 8.8 

 10% (v/v) Acrylamide 

 0.1% (v/v) SDS 

 0.05% (v/v) APS 

 0.05% (v/v) TEMED 

Stacking gel buffer  125 mM Tris-HCl, pH 6.8 

 4.4% (v/v) Acrylamide 

 0.1% (v/v) SDS 

 0.05% (v/v) APS 

 0.2% (v/v) TEMED 

RIPA buffer 150 mM NaCl 

 10 mM TRIS 

 0.1% (w/v) Sodiumdeoxychelate 

 0.1% (w/v) SDS 

 1% (v/v) NPO₄ 

 1x Protease inhibitor 

 1x Phosphatase inhibitor  

TBS-T (1x) buffer, pH 7.6 20 mM TRIS 

 150 mM NaCl 

 0.1% (v/v) Tween 20 

5% TBS-T Milk 5% (w/v) Powdered milk 

 1x TBS-T 

TAE Buffer, pH 8.0 40 mM Tris-HCl 

 1 M EDTA 

 20 mM acetic acid 

 

Table 9 | Antibodies. 

Antibodies Dilution Catalog Number Company 

Acetyl-CoA Carboxylase 
(ACC) (C83B10), rabbit 

1:1,000 #3676S 
(RRID:AB_2219397) 

Cell Signaling 
Technology, Danvers, MA, 
USA 
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AMPKα (D63G4), rabbit  1:1,000 #5832S 
(RRID:AB_10624867) 

Cell Signaling 
Technology, Danvers, MA, 
USA 

Anti-AMPK alpha 1 
antibody [Y365] 

 ab32047 

(RRID: AB_722764) 

Abcam, Cambridge, UK  

Anti-α-Tubulin (T5168), 
mouse 

1:1,000 #89494 
(RRID:AB_477579) 

Sigma-Aldrich, St. Louis, 
MO, USA 

Anti-β-Actin (A5316), 
mouse 

1:2,000 #059M4770V 
(RRID:AB_476743) 

Sigma-Aldrich, St. Louis, 
MO, USA 

Phospho-Acetyl-CoA 
Carboxylase (P-ACC) 
(Ser79) (D7D11), rabbit 

1:1,000 #11818S 
(RRID:AB_2687505) 

Cell Signaling 
Technology, Danvers, MA, 
USA 

Phospho-AMPKα 
(Thr172) (40H9), rabbit 

1:1,000 #2535S 
(RRID:AB_331250) 

Cell Signaling 
Technology, Danvers, MA, 
USA 

HSP90 alpha/beta 
Antikörper (F-8) 

1:1,000 sc-13119 
(RRID:AB_675659) 

Santa Cruz 
Biotechnology, 
Heidelberg, Germany 

Mouse IgG (H+L chain) 
Rabbit Polyclonal 
Antibody 

1:10,000 R1253HRP OriGene Technologies, 
Rockville, MD, USA 

Rabbit IgG (H+L chain) 
Goat Polyclonal 
Antibody 

1:10,000 R1364HRP OriGene Technologies, 
Rockville, MD, USA 

 

Table 10 | Primers. 

Description Sequence Function 

muPrkaa1-pENTR-
fwd 

5‘ TGT ACA AAA AAG CAG GCT 
TTC CAC CAT GCG CAG ACT 
CAG TTC C 3’ 

Gibson Assembly of pENTR 
and Prkaa1 

muPrkaa1-pENTR-
rev 

5‘ TTT GTA CAA GAA AGC TGG 
GTT TAC TGT GCA AGA ATT 
TTA ATT AGA TTT GC 3‘ 

Gibson Assembly of pENTR 
and Prkaa1 

Primer PGK-fwd 5‘ GTG TTC CGC ATT CTG CAA 
G 3’ 

Sequencing of PGK Vector 

Primer PGK-rev 5‘ CAT AGC GTA AAA GGA GCA 
ACA 3’ 

Sequencing of PGK Vector 

5’ primer 
Mycoplasma I 

5‘ CGC CTG AGT AGT ACG TTC 
GC 3‘ 

Mycoplasma detection 

5’ primer 
Mycoplasma II 

5‘ CGC CTG AGT AGT ACG TAC 
GC 3‘ 

Mycoplasma detection 

5’ primer 
Mycoplasma III 

5‘ TGC CTG GGT AGT ACA TTC 
GC 3‘ 

Mycoplasma detection 
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5’ primer 
Mycoplasma IV 

5‘ TGC CTG AGT AGT ACA TTC 
GC 3‘ 

Mycoplasma detection 

5’ primer 
Mycoplasma V 

5‘ CGC CTG AGT AGT ATG CTC 
GC 3‘ 

Mycoplasma detection 

5’ primer 
Mycoplasma VI 

5‘ CAC CTG AGT AGT ATG CTC 
GC 3‘ 

Mycoplasma detection 

5’ primer 
Mycoplasma VII 

5‘ CGC CTG GGT AGT ACA TTC 
GC 3‘ 

Mycoplasma detection 

3’ primer 
Mycoplasma I 

5’ GCG GTG TGT ACA AGA 
CCC GA 3’ 

Mycoplasma detection 

3’ primer 
Mycoplasma II 

5’ GCG GTG TGT ACA AAA CCC 
GA 3’ 

Mycoplasma detection 

3’ primer 
Mycoplasma III 

5’ GCG GTG TGT ACA AAC 
CCC GA 3’ 

Mycoplasma detection 

 

Table 11 | Software. 

Software Manufacturer/Website 

Adobe Illustrator CC 2018 Adobe Inc., San José, CA, USA 

Axio Vision 4.8 Carl Zeiss, Oberkochen, Germany 

ChatGPT https://chat.openai.com/ 

Chimera Autodock Vina https://www.cgl.ucsf.edu/chimera/ 

ConfGen Schrödinger, LLC, NY, USA 

Cutoff Finder https://molpathoheidelberg.shinyapps.io/CutoffFinder_v1/ 

Desmond Schrödinger, LLC, NY, USA 

Drop-seq pipeline v1.0 McCarroll Lab, Harvard Medical School, Boston, MA, 
USA 

Epik Schrödinger, LLC, NY, USA 

FlowJo 10.8.1 BD Biosciences, Heidelberg, Germany 

GeneTrail 3.0 Chair for Bioinformatics, Saarland University, Germany 

Glide Schrödinger, LLC, NY, USA 

GraphPad Prism 9.00 GraphPad Software, San Diego, CA, USA 

GSEA v4.3.2 https://www.gsea-msigdb.org/ 

Image Studio Lite Version 5.2 LI-COR Biotechnology, Lincoln, NE, USA 

Inkscape 1.2.2 https://inkscape.org/ 

Ligprep Schrödinger, LLC, NY, USA 

Maestro Schrödinger, LLC, NY, USA 

MaxQuant v1.6.12.0 https://www.maxquant.org/ 

NEBuilder® Assembly Tool https://nebuilder.neb.com/ 

Office 365 Microsoft Corporation, Redmond, WA, USA 
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PyMol Schrödinger, LLC, NY, USA 

R v4.3 https://www.R-project.org/. 

SnapGene GSL Biotech LLC, San Diego, CA, USA 

Seahorse Wave Desktop 
Software 

Agilent, Santa Clara, CA, USA 

STRING 11.5 https://string-db.org/ 

 

6 2D Cell Culture 

Patient-derived cell lines (PD-CLs) were kindly provided by Prof. Dr. Elisabeth Heßmann 

(8/1/17). 

Cells were cultivated either in DMEM high glucose supplemented with 10% (v/v) FCS or in the 

case of primary human cell lines with Keratinocyte-SFM Medium with 10% (v/v) FCS, 0.5 

mg/ml bovine pituitary extract and 0.05 ng/ml at 37°C and 5% CO2. After reaching 80-90% 

confluency, cells were sub-cultured. Specifically, the medium was removed, and cells were 

washed once with PBS before 0.05% EDTA in PBS was added to detach the cells from the 

flask. Cells were diluted in a pre-warmed growth medium and the cell suspension was either 

recultured or used for subsequent experiments. Volumes are listed in Table 12. 

Table 12 | Volumes used for different flask sizes. 

 

Freezing of Cell Lines 

First, the medium was discarded and cells were washed with PBS twice. 0.05% EDTA in PBS 

was added to detach the cells from the flask. Detached cells were resuspended with 5 ml PBS, 

transferred into a 15 ml falcon, and centrifuged for 5 minutes at 4°C and 1000 rpm. The 

supernatant was aspirated and the pellet was dissolved in a freezing medium constituting of 

culture medium supplemented with 20% (v/v) FCS and 10% (v/v) DMSO. In the case of primary 

human cell lines, the pellet was dissolved in 80% (v/v) FCS and 10% (v/v) DMSO. 1 ml of the 

cell suspension was transferred to each cryo-tube. Cells were stored at -150°C until the next 

use.  

 

Flask Culture medium [ml] PBS [ml] EDTA [ml] Cryo-tubes 

T25 6 3 1 2-3 

T75 10 5 2 5-6 

T175 25 10 3 7-9 
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Thawing of Cell Lines 

Cryo-tubes with frozen cells, stored at -150°C, were quickly thawed in a prewarmed water bath. 

The thawed cell suspension was transferred to a 15 ml falcon with 5 ml PBS and centrifuged 

for 5 minutes at 4°C and 1000 rpm. The supernatant was aspirated and the pellet was 

dissolved in 6 ml of culture medium which was transferred to a T25 flask for culturing. 

 

7 3D Cell Culture 

The establishment and culturing of patient-derived organoids (PDOs) were performed as 

described by (Orben et al. 2022) or as described in the next section. The primary patient-

derived PDAC organoids were isolated from resected primary pancreatic cancer following the 

Tuveson protocol. Tumor samples were obtained from the Institute of Pathology at the 

University Medical Center Göttingen (UMG), and the primary PDAC tissue underwent 

molecular characterization at the Institute of Human Genetics (UMG) through gene panel 

sequencing. To cultivate the primary patient-derived PDAC organoids, cells were resuspended 

in Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix-Phenol Red-free-

LDEV-free in 24-well plates. Cultivation medium was added after Matrigel solidification. PDO 

media consisted of Advanced DMEM/F-12 medium, supplemented with 10 nM HEPES, 1X-

GlutaMAX, 0.1% BSA, 10% R-spondin1-Conditioned medium (R-spondin1-Conditioned 

medium overexpressing cell line HEK293T, provided by the Institute of Pathology at the 

University Medical Center Göttingen (UMG)), 1x B-27, 10 nM Nicotinamide, 1.25 mM  100 

ng/mL hFGF10, 10 nM hGastrin I, 500 nM A83-01, 10.5 µM Y-27632. PDOs were maintained 

at 37°C and 5% CO2. 

 

8 Mycoplasma Testing 

Routine testing for Mycoplasma infections was performed every month by a multiplexed PCR-

based method. To generate the DNA template, 2 ml of the culture medium from the confluent 

cell culture was centrifuged at 250 g for 2 minutes. The supernatant was transferred to a new 

1.5 ml tube and centrifuged again at 20.000 g for 10 minutes. The pellet was resuspended in 

50 µl PBS and heat-inactivated at 95 °C for 3 minutes. Primers for PCR are listed in Table 10. 

Premixes of 5’ primers and 3’ primes were prepared before the PCR. For the 5’ primer premix, 

10 µl of each 5‘ primer and 30 µl ddH2O were mixed. For the 3’ primer premix, 10 µl of each 3‘ 

primer and 70 µl ddH2O were mixed. To perform the PCR, 15µl Premix, 2 µl 5´primer dilution, 

2 µl 3´primer dilution, and 9 µl ddH2O were mixed before adding 2 µl of the template. PCR 

program is depicted in Table 13. 
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Table 13 | Mycoplasma PCR program. 

Temperature Time Cycles 

95°C 15 minutes  

95°C 1 minutes  

60°C 1 minutes x40 

74°C 1minutes  

72°C 10 minutes  

25°C Pause  

 

9 CellTiter-Glo® Luminescent Cell Viability Assay 

Growth Curves 

To determine the growth rate of cell lines, 1000 cells per well were seeded in 100 µl of growth 

medium in at least technical triplicates in white 96 well plates. After 24-hour intervals, 25 µl of 

CellTiter-Glo® Reagent prepared according to the manufacturer’s instructions was added to 

each well and incubated for 20 minutes on an orbital shaker protected from light. 

Luminescence was measured on a microplate reader. Experiments were performed in 

technical triplicates and at least in biological triplicates. 

 

Pharmacotyping of 2D Cell Lines 

For pharmacotyping of 2D cell lines, 1000 cells per well were seeded in a white 96 well plate 

in 100 µl of growth medium. After 24 hours of incubation at 37°C and 5% CO2, cells were 

treated with 20 µl of drug dilution per well. After a further 72 hours of incubation at 37°C and 

5% CO2, 25 µl of CellTiter-Glo® Reagent prepared according to the manufacturer’s instructions 

was added to each well and incubated for 20 minutes on an orbital shaker protected from light. 

Luminescence was measured on a microplate reader. Experiments were performed in 

technical triplicates and at least in biological triplicates. 

 

Pharmacotyping of 3D Cell Lines 

The pharmacotyping experiments of PDOs were performed as described by (Orben et al. 2022) 

as described in the next section. PDOs were digested to a single-cell suspension using TrypLE 

Express Enzyme. 1250 cells/well were mixed in a total volume of 50 µl/well containing 10% of 

Cultrex Reduced Growth Factor Basement Membrane Extract, Type 2 and seeded into 384 

well white plates for cell viability assays. After 24 hours, cells were treated with 10 µl of drug 

dilution. All plates were incubated at 37°C and 5% CO2. After 72 hours of treatment, cell viability 
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was measured by adding 15 µl of CellTiter-Glo® Luminescent Assay. Luminescence was 

measured using a plate reader.  

 

10 Life Cell Imaging 

For life cell imaging, 1250 cells per well were seeded in a clear 384 well plate and treated as 

described above. The plates were incubated for 7 days without media change and imaged 

using Incucyte® SX5 Live-Cell Analysis System (Sartorius), standard software, every 4 hours. 

 

11 Clonogenic Assay 

To analyze the long-term effects of drug treatments and genetic knockouts on cell survival and 

proliferation, clonogenic assays were performed. Volumes for specific well sizes are listed in 

Table 14. 

Table 14 | Volumes used for different well plates. 

Well plate Medium [ml] Drug [ml] Total Medium [ml] Crystal violet [µl] 1% SDS 

6 2 1 3 750 1.5 ml 

12 1 1 2 500 1 ml 

24 0.5 0.5 1 200 600 µl 

48 0.25 0.25 0.5 100 300 µl 

 

Cells were seeded in 6, 12, 24, or 48 well plates and after 24 hours, inhibitors were added. 

When the control wells were 80-90% confluent (about 7-10 days after seeding), the medium 

was removed and the cells were washed with PBS twice followed by the addition of crystal 

violet solution and incubation on a shaker for 10 minutes at room temperature. Then the plates 

were washed with ddH₂O until clean, air-dried, and scanned for visualization. For 

quantification, 1% SDS was added to each well and the plate was incubated on a shaker until 

the stain was completely solubilized. Absorbance measurements were performed at 570 nm 

in a photo spectrometer. 

 

12 Drug Screening 

The cherry-picked compound library was purchased from Selleck Chemicals. Drugs were 

chosen based on their previously discovered effectiveness in pancreatic cancer cells. The 

compound library was diluted in 384 well plates in DMSO in 7 concentrations of each 

compound to attain the following final treatment concentrations: 10 µM, 3.3 µM, 1.1 µM, 
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0.37 µM, 0.12 µM, 0.04 µM, 0.014 µM and DMSO as control. For each cell line, the optimal 

cell number was determined by growth curves. For each screen, cells were seeded in white 

96 well plates in 100 µl culture medium using a Multidrop Combi dispenser (ThermoFisher). 

The screening was conducted as one biological replicate performed as technical duplicates. 

After 24 hours of incubation, cells were treated with the diluted compound library using a liquid 

handling manual pin tool according to the following steps. Each cleaning step includes 3x 

dipping in the designated solution and 15 seconds of drying on a blotting paper afterward. 

Before each screen and at the end, the pin tool was cleaned according to the left flow chart in 

Figure 8. During drug treatment, the pin tool was cleaned according to the right flow chart in 

Figure 8. For the drug treatment, the pin tool was dipped 3x in each drug library plate and 

directly dipped 3x in the 96 well plate. 

 

Figure 8 | Usage of liquid handling manual pin tool. Left: The pin tool underwent the following cleaning 

procedure before and after usage. First, it was dipped three times in a V&P solution and left to dry for 15 seconds 

on Whatman paper. This step was repeated once. Then, the pin tool was dipped three times in ddH2O and again 

left to dry for 15 seconds on Whatman paper. This step was also repeated once. Finally, the pin tool was dipped 

three times in isopropanol and left to dry for 15 seconds on Whatman paper. Again, this step was repeated once. 

Right: The drug screen was conducted using the following procedure. Initially, the pin tool was dipped three times 

in a solution of DMSO:ddH2O (1:1) and then left to dry for 15 seconds on Whatman paper. Subsequently, the pin 

tool was dipped three times in isopropanol and again left to dry for 15 seconds on Whatman paper. Following that, 

the pin tool was dipped three times in the compound library and then dipped three times in the cell plate. 

 

To control for differing growth rates, cell viability was also measured 24 hours after seeding, 

and doubling times in hours were calculated by dividing cell viability at the endpoint by the cell 

START:

V&P 
solution

V&P 
solution

ddH2O

ddH2O

Isopropanol

Isopropanol

START:

DMSO:ddH2O

Isopropanol

Isopropanollibrary

cell plate

BEFORE 

AND 

AFTER 

DURING 



Material and Methods 

_________________________________________________________________________________ 

60 

 

viability 24 hours after seeding. Cell viability was measured using the CellTiter-Glo® 

Luminescent Assay (Promega) as described in section 9. 

Dose-response curves were generated using the R package GRmetrics. Only drugs for which 

a sigmoid curve could be fitted (coefficient of determination, r2>0.9, p<0.05) were considered 

for further analysis. Half maximal inhibitory concentration (IC50) and area under the curve 

(AUC) were used as drug sensitivity measures. For each modified cell line and its 

corresponding control cell line, the fold change of the IC50 (FC(IC50)) and delta AUC (ΔAUC) 

were calculated, and drugs were ranked according to these measures. Drug sensitivity 

parameters are summarized in Table 22 and 23. 

 

13 Caspase 3/7 Assay 

To evaluate apoptosis, 1000 cells per well were seeded in 100 µl of growth medium in a white 

96-well plate. After 48 hours, the caspase 3/7 assay (Promega) was used according to the 

instructions provided by the manufacturer. Experiments were performed as two technical 

replicates and three biological replicates. 

 

14 Seahorse Assay 

Glycolysis Stress Test  

XF96e Extracellular Flux Analyzer was used to evaluate the rate of extracellular acidification 

in cells. The manufacturer's instructions for the Seahorse XF Glycolysis Stress Test Kit User 

Guide (103020-400, Agilent Technologies) were followed when completing the assay. For this 

assay, 35,000 cells were plated on a Seahorse Plate. The next day, XF DMEM Buffer 

(supplemented with 1 mM pyruvate and 2 mM glutamine) was used to test the media's initial 

acidification, and subsequent extracellular acidification rate (ECAR) measurements were taken 

after the addition of 10 mM glucose, 3 mM oligomycin, and 50 mM 2-deoxy-D-glucose. 

 

Mito Stress Test  

According to instructions provided by the manufacturer in the Seahorse XF Cell Mito Stress 

Test Kit User Guide (103016-400, Agilent Technologies), the Seahorse XF96e Extracellular 

Flux Analyzer was used to measure the oxygen consumption rate (OCR) in cells. For the 

analysis, 35,000 cells were plated onto a Seahorse Plate. The next day, in XF DMEM buffer 

supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose, baseline respiration 
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was assessed. Following the addition of 3 M Oligomycin, 1.5 M CCCP, and 0.5 M 

Antimycin/Rotenone, OCR was further measured under varying metabolic conditions. 

 

15 Transcriptomic Analysis 

mRNA Isolation 

For RNASeq, cells were seeded in 6-well plates. Cell numbers were adjusted to their growth 

rate. mRNA extraction was performed on ice. The growth medium of cultured cells was 

discarded, and cells were washed twice with 500 µl PBS. Cell extracts were obtained using 

300 µl of 1x RLT buffer containing 1:100 β-Mercaptoethanol per well of a 6-well plate. Cells 

were scraped from the plate, transferred to 1.5 ml tubes, and isolated using the Maxwell 16 

LEV simplyRNA Tissue Kit, following the manufacturer’s instructions. RNA concentration was 

measured using a Nandrop spectrophotometer and samples were stored at -80°C. 

 

Bulk RNA-Seq  

RNA-Seq was performed at the Sequencing Core Unit at the TranslaTUM, Technical University 

Munich (TUM) or the NGS Integrative Genomics Core Unit, University Medical Center 

Göttingen (UMG).  

For the RNASeq performed at the Sequencing Core Unit at the TranslaTUM, library 

preparation for bulk-sequencing of poly(A)-RNA was done as previously described (Parekh et 

al. 2016). Subsequent steps were performed as previously published (Krauß et al. 2022:2). 

For the RNASeq performed at the NGS Integrative Genomics Core Unit, University Medical 

Center Göttingen (UMG), sequence images were transformed with Illumina software 

BaseCaller to BCL files, which was demultiplexed to fastq files with bcl2fastq v2.20. The 

sequencing quality was asserted using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences were aligned to the 

reference genome Homo sapiens (GRCh38.p13, 

https://www.ensembl.org/Homo_sapiens/Info/Index) using the RNA-Seq alignment tool (Dobin 

et al. 2013) (version 2.7.8a) allowing for 2 mismatches within 50 bases. Subsequently, read 

counting was performed using featureCounts (Liao, Smyth, and Shi 2014). 

RNA-Seq analysis was performed with R-Studio (R version 4.0.2 (2020-06-22), open-source 

license) and DEseq2. Genes with sum (read counts) < n (sequenced samples) were removed 

and the remaining counts were normalized and transformed using regularized log 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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transformation (rlog) implemented in the DEseq2 package. RNA-Seq can be accessed by 

PRJEB63203. 

 

Cluster Analysis 

Analysis of RNA-Seq of murine KrasG12D cell lines (n=38) was based on data generated by the 

Rad lab (Mueller et al. 2018). Information for metastasis formation (No, Yes), the grading of 

the respective tumors (Undifferentiated, G3, G2, G1) and murine PDAC clusters (mClusters) 

(C1, C2a, C2b, C2c, outlier) were derived from the mentioned publication. The cellular 

morphology (mesenchymal, quasi-epithelial, quasi-mesenchymal, epithelial) of the cell lines 

was determined by microscopic investigation. AMPK subunits were hierarchically clustered 

(method: average, distance: euclidean) and the resulting cluster tree was stratified into three 

main clusters. 

 

GSEA 

For gene set enrichment analysis (GSEA) between groups, the open-source tool GSEA v4.3.2 

was used. For single sample GSEA (ssGSEA), the R package GSVA (Hänzelmann, Castelo, 

and Guinney 2013) was used. Genesets HALLMARK and KEGG were downloaded from the 

MSigDB homepage (RRID:SCR_016863 ). 

 

scRNA-Seq Analysis 

Single cell nuclear transcriptomic data of 43 primary PDAC tumor specimens was downloaded 

from GSE202051. H5ad files were converted to H5seurat files with R (V. 4.2.2) and Rstudio 

(V. 2023.3 using the packages Seurat (V. 4.3.0) and SeuratDisk (V. 0.0.0.9020). Subsequent 

analyses were performed with package Seurat (V. 4.3.0). Cell subtypes were filtered for 

untreated cells according to the provided annotations using the subtype function of Seurat. 

Additionally, the percentage of expressed mitochondrial genes was determined using 

PercentageFeatureSet(data pattern ="^MT-") and cells with mitochondrial genes > 5% were 

filtered out. Principle component analysis (PCA) was performed using the subsetted data with 

npcs=40. Subsequently, UMAP was performed with dims=1:20 and reduction “pca”. 

Visualization of single cells and PRKAA1 expression density was performed using the additinal 

packages Nebulosa (V. 1.8) and viridis (V. 0.6.2) and the functions DimPlot, plot_density 

(reduction=”umap” and provided annotations) as well as DotPlot. 
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16 Western Blot 

Protein Extraktion 

Protein extraction was performed on ice. Growth medium of cultured cells was discarded, and 

cells were washed twice with PBS. Cell extracts were obtained using 100 µl of 1x RIPA buffer 

containing 1x protease-inhibitor as well as 1x phosphatase inhibitor per 10 cm cell culture dish. 

Cells were scraped from the plate, transferred to 1.5 ml tubes, centrifuged for 15 minutes at 

4°C and 16,000x g and the supernatant was stored at -80°C. 

 

Bradford Assay 

The protein concentration of cell extracts was estimated using Bradford assay. 300 µl of 1x 

Bradford reagent (diluted 1:5 in ddH2O from stock) was pipetted in each well of 96 wells plates. 

The standard curve was computed with 0, 0.5, 1, 2, 4, and 8 µg of BSA standard. 1 µl of protein 

extract was added to each well in triplicates. Absorbance measurements were performed at 

595 nm in a photospectrometer and subsequently, the extinction coefficient was calculated. 

Protein extracts were adjusted to desired protein concentrations in 1x Laemmli buffer.  

 

SDS-PAGE and Western Blotting 

For sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), the Western 

Blot System Mini-PROTEAN Tetra System (Bio-Rad, Hercules, California, USA) was used. 

Depending on the protein size, 7.5-12% gels were prepared according to Table 8. The gels 

were run with 1x running buffer (192 mM Glycine, 25 mM TRIS, 3.47 mM SDS) for 2-3 hours 

at 80-120 V. For Western blotting, gels were transferred onto nitrocellulose membranes in 1x 

transfer buffer (192 mM Glycine, 25 mM TRIS, 20% (v/v) Methanol) for 2 hours at 350 mA. To 

minimize unspecific antibody binding, membranes were blocked with 5% skim milk in 1x TBS 

and subsequently incubated with a primary antibody overnight at 4°C. Prior to incubation with 

a secondary antibody for 2 hours at room temperature, the membranes were washed with 

0.1% Tween in 1x TBS 3 times for 15 minutes. After incubation with the secondary antibody, 

the washing steps were repeated as described before. Depending on the fluorescent 

secondary antibody used, membranes were scanned with Odyssey Fc at 488 nm, 700 nm, or 

800 nm to visualize specific protein bands. To detect chemiluminescent secondary antibodies, 

membranes were incubated in HRP substrate for 10 seconds before scanning with ChemiDoc 

MP (Bio-Rad). For quantification, Image Studio Light version 5.2 software was used. For 

phosphorylation level analysis, the same lysates were transferred to two separate membranes 

and incubated either with phospho- or pan-antibodies. First, phospho- and pan-bands were 
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normalized each to their respective loading control. Subsequently, the relative phosphorylation 

levels were calculated. Antibodies and dilutions can be found in Table 9. 

 

17 Kinobead Assay 

Dose-dependent competition pulldown assays using kinobeads ε were performed as 

previously described (Reinecke et al. 2019). In brief, cell lysate (2.5 mg protein per pulldown) 

was incubated with different concentrations of compound solution (0.3 nM, 1 nM, 3 nM, 10 nM, 

30 nM, 100 nM, 300 nM, 1000 nM, 3000 nM, 30000 nM) or vehicle for 45 min at 4 °C. 

Subsequently, the pulldown assay was performed by adding beads to the compound-

incubated lysate for another 30 minutes at 4 °C. Enriched proteins were reduced and alkylated 

for 30 minutes at room temperature using 50 mM DTT and 50 mM CAA, respectively, followed 

by tryptic on-bead digest at 37 °C overnight. Peptides were eluted and desalted on C18 

material, dried down and stored at -20 °C until measurement. From the vehicle experiment, 

unbound proteins were subjected to a second pulldown experiment with fresh beads (‘pulldown 

of pulldown’, PDPD). This allows to estimate the protein depletion from the lysate upon the 

pulldown experiment and enables the calculation of apparent Dissociation constant (Kd) values 

(Kdapp) from effective concentration 50 (EC50) values as described by Heinzlmeir 

(Heinzlmeir, Stephanie 2017).  

Liquid chromatography-Tandem mass spectrometry (LC-MS/MS) measurement was carried 

out on a micro-flow LC system built by combining a modified Vanquish pump with the 

autosampler of the Dionex UltiMate 3000 nano HPLC System (Thermo Scientific) coupled to 

an Orbitrap Fusion Lumos Tribrid instrument (Thermo Scientific). Dried peptides were 

reconstituted in 0.1% formic acid and loaded directly onto an Acclaim PepMap 100 C18 column 

(2 μm particle size, 1 mm ID × 150 mm, Thermo Scientific) heated at 55 °C. Samples were 

separated using a 15-min linear gradient of 7-32% solvent B (solvent A: 0.1% formic acid, 3% 

DMSO in HPLC grade water; solvent B: 0.1% formic acid, 3% DMSO in ACN) at a flow rate of 

50 µl/minutes. Peptides were ionized using an electrospray voltage of 3.5 kV, a capillary 

temperature of 325 °C, and a vaporizer temperature of 125 °C. Sheath, aux and sweep gas 

were used at a flow rate of 32, 5, and 0, respectively. MS1-spectra were acquired in the orbitrap 

at a resolution of 120,000 using a maximum injection time of 50 ms and an AGC target value 

of 4x10e5. Ions were fragmented by high energy collisional dissociation (HCD) using a 

normalized collision energy of 35. MS2-spectra were acquired in the linear ion trap in rapid 

scan mode using a maximum injection time of 10 ms and an automatic gain control (AGC) 

target value of 1x10e4. The cycle time was 0.6 s, with isolation windows of 0.4 m/z and dynamic 

exclusion of 12 s. 
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For identification and quantification of peptides and proteins, raw files were searched against 

the UniProtKB Mouse Reference Proteome database (UP000000589, downloaded on April 

20th 2022) using MaxQuant (v1.6.12.0), with label-free quantification (LFQ) and ‘match-

between-runs’ enabled. The results were filtered for potential contaminants, reversed hits and 

proteins identified only by post-translational modifications (PTMs). For data analysis, LFQ 

intensities were normalized to vehicle control to retrieve residual binding at each drug dose. 

The resulting ratios were fitted to a four-parameter log-logistic regression model using the ‘drc’ 

package in R to retrieve curve parameters. The mass spectrometry proteomics data will be 

deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the massIVE data repository 

(https://massive.ucsd.edu/) and can be accessed via the identifier MSV000092202 (reviewer 

account: MSV000092202_reviewer, password reviewers_access). 

 

18 Cloning 

Agarose Gel Electrophoresis 

For agarose gel electrophoresis, 1.5% agarose gels were used. Therefore, a 1.5% agarose 

gel solution with 1x TAE buffer was microwaved until the agarose was completely dissolved. 

0.5 µg/µl ethidium bromide was added to the cooled agarose gel solution. Next, the gel solution 

was poured into the assembled gel tray with combs in place to create wells for loading. 

Following polymerization, the gel was placed in an electrophoresis chamber, covered with 1x 

TAE buffer supplemented with 0.5 µg/µl ethidium bromide. Samples with 1x loading dye 

(Thermo Fisher Scientific), as well as Quick-Load® Purple 1 kb DNA Ladder (New England 

Biolabs), were loaded onto the gel. The gels were run for 1.5-2 hours at 120 V (or until sufficient 

separation). Using a UV transilluminator, DNA fragment bands were visualized. 

 

Insert DNA Isolation 

Murine PDAC cells were cultured as described. To harvest cells, the growth medium of cultured 

cells was discarded, and cells were washed twice with PBS. Cells were scraped from the plate, 

transferred to 1.5 ml tubes, and centrifuged for 15 minutes at 4°C and 16,000x g, the 

supernatant was discarded and the cells were stored at -80°C. 100 µl of 50 mM NaOH was 

added and tubes were placed in a heat block at 100°C for 30 minutes. Afterward, 30 µl 1 M 

TRIS pH 7.4 were added to neutralize. 
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Vector Linearization 

The pENTR vector was linearized by restriction digest with XbaI and DraI (New England 

Biolabs) according to the manufacturer’s instructions. Briefly, 1 µg pENTR plasmid DNA was 

mixed with 5 µL 10x CutSmart Buffer (New England Biolabs), 1 µL XbaI, 1 µL DraI in 50 µl 

reaction volume adjusted with H2O and incubated at 37°C for 60 minutes. 

 

HiFi DNA Assembly  

NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs) is an improved version 

based on the principle of Gibson assembly. Gibson assembly is an in vitro recombination 

method created by Daniel G. Gibson (Gibson et al., 2009) for assembling multiple overlapping 

DNA molecules in one reaction. For HiFi DNA assembly, the following steps were performed. 

Overlapping ends of DNA fragments which are required for HiFi DNA assembly were 

generated by PCR and specifically designed primers. These PCR primers require two 

components, an overlap sequence that is complementary to adjacent fragments and a gene-

specific sequence that is required for PCR-amplification of the target sequence. For the design 

of primers, NEBuilder® Assembly Tool was used (https://nebuilder.neb.com/). PCR primers 

were purchased from Eurofins and are listed in Table 10. Fragments were amplified using Q5 

High-Fidelity DNA Polymerase (New England Biolabs) and the designed primers. Reactions 

were set up on ice according to Table 15. 

Table 15 | Components of Gibson Assembly. 

Components Amount 

Q5 Reaction Buffer (5x) 5 µl 

10 mM dNTPs 0.5 µl  

10 µM Forward primer 1.25 µl  

10 µM Reverse primer 1.25 µl  

Template cDNA: 1 ng-1 µg  Plasmid: 1 pg-1 ng  

Q5 High Fidelity DNA Polymerase 0.25 µl  

Q5 High GC Enhancer (5 x) 5 µl  

Nuclease-free H2O To 25 µl 

 

Reactions were gently mixed, spun, and transferred to a PCR machine. For thermocycling, the 

PCR program in Table 16 was used. 
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Table 16 | Thermocycling conditions for PCR using Q5 High-Fidelity DNA Polymerase. 

Temperature Time Cycles 

98°C 1 minutes  

98°C 10 seconds  

50-72°C 30 seconds x35 

72°C 30 seconds/kb  

72°C 2 minutes  

4°C Pause  

 

PCR products were verified by agarose gel electrophoresis. Prior to assembly, PCR fragments 

were purified using GeneJET PCR Purification Kit (Thermo Fisher Scientific) and 

concentrations were measured using a Nanodrop. In the final step, PCR products and 

restriction enzyme-digested vectors are assembled using NEBuilder HiFi DNA Assembly 

Master Mix (New England Biolabs). For optimal efficiency of the reaction, 75-100 ng of vector 

with 2-fold excess of insert were used. Reactions were set up on ice according to Table 17 and 

subsequently incubated in a thermocycler for 15-30 minutes at 50°C. 

Table 17 | Components for HiFi DNA Assembly. 

Components Amount 

DNA Molar Ratio vector:insert = 1:2 

Total amount DNA 0.03-0.2 pmol 

NEBuilder HiFi DNA Assembly Master Mix (2 x) 5 µl  

Deionized H2O 5-x µl  

 

Until transformation, samples were stored on ice. 

 

Gateway Cloning 

After assembly of Prkaa1 into the pENTR entry vector, the Prkaa1 insert was shuttled into the 

destination vector pLenti PGK Puro Dest (#19068) via Gateway Cloning using the 

Gateway® LR Clonase® II enzyme mix (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. 100 ng of the pENTR-vector with the Prkaa1 insert sequence were 

mixed with 100 ng of the destination vector and adjusted with H2O to a volume of 8 µL. Next, 

2 µL of LR Clonase enzyme were added and incubated at 25°C for 2 hours. Until 

transformation, samples were stored on ice. 
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KCM-based Transformation  

For amplification of the assembled plasmids, the plasmids were introduced into competent 

Stbl3 bacteria by KCM-based transformation. Specifically, Stbl3 bacteria were thawed on ice 

and transformation was performed according to Table 18. 

Table 18 | Protocol for KCM-based transformation.  

Components Volume 

KCM buffer 20 µl  

ddH2O 75 µl  

HiFi assembly reaction 5 µl  

Stb3 bacteria 100 µl  

 

The transformation mix was first incubated for 20 minutes on ice and subsequently for 

10 minutes at room temperature. Then, 1 ml LB-Medium was added and incubated for 1 hour 

at 30/37°C and 600 rpm. 100 µl of transformed bacteria were spread on prewarmed selection 

LB-agar plates supplemented with 100 µg/ml ampicillin. Plates were incubated overnight at 

30/37°C depending on the appropriate growth temperature of the vector. Plates were 

subsequently screened for positive clones by colony-PCR and stored at 4°C.  

 

Colony-PCR  

To verify the insert of interest was incorporated into the vector, colony-PCR was performed. 

Following PCR and agarose gel electrophoresis, successfully transformed colonies are 

identified based on the predicted size of the PCR amplicons. A reaction master mix was 

prepared on ice according to Table 19.  

Table 19 | Components for colony-PCR of 25 μl reaction.  

Components Amounts 

Primer fwd/rev (10 μl) 1 μl each  

S-Mix 12.5 μl  

Deionized H2O to 25 μl  

 

Single colonies were picked with a 10 μl tip and rinsed in a PCR tube with 25 μl of PCR-mix 

each. Afterward, the 10 μl tip was thrown into 14 ml round bottom tubes with 6 ml liquid LB-

medium supplemented with 50 µg/ml ampicillin. The PCR was performed in a thermocycler 

according to the PCR program shown in Table 20.  
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Table 20 | Thermocycling conditions for colony-PCR. 

Temperature Time  

95°C 3 minutes  

95°C 45 seconds  

40x 50°C 1 minutes 

72°C 1 minutes 30 seconds 

72°C 2 minutes  

4°C Pause  

 

Finally, positive colonies holding the assembled plasmid were identified by agarose gel 

electrophoresis. The already occulated LB-medium with the colonies was used in the next step 

for plasmid DNA isolation.  

 

Plasmid DNA isolation and Sequencing 

To isolate plasmid DNA of bacteria, 6 ml liquid LB-medium supplemented with 50 µg/ml 

ampicillin in 14 ml round bottom tubes were prepared. A single bacterial colony was picked 

and transferred to each tube. The tubes were incubated for 12 hours at 200 rpm at 30/37°C 

depending on the vector. 4 ml of each overnight culture was then used for plasmid DNA 

isolation by NucleoSpin® Plasmid kit (MACHEREY-NAGEL GmbH & Co.). DNA concentration 

was estimated by measuring the absorbance at 260 nm (A260) in a nanodrop. Isolated good-

quality plasmids were sent for Sanger sequencing to ensure the nucleotide sequence of the 

insert was correct. Sequencing files were downloaded and SnapGene software as well as 

Basic Local Alignment Search Tool (httpa://blast.ncbi.nlm.nih.gov/Blast) was used for 

sequence analysis. The pLenti PGK puro Prkaa1 construct was deposited to Addgene 

(#204356). 

 

19 Lentiviral transduction 

HEK293 cells were seeded in a T75 flask. On the following day, the transduction cocktail was 

prepared. First, 1.1 µg/µl psPAX2, 0.46 µg/µl pMD2.G, and 2 µg of the plasmid diluted in 10 µl 

H2O were mixed and added to 270 µl of Opti-MEM which was finally supplemented with 18 µl 

Lipofectamine. The cocktail was incubated at room temperature for 30 minutes and 

subsequently added to the HEK cells. After 24 hours of incubation, the transduction cocktail 

was removed and DMEM with 30% (v/v) FCS was added. The lentivirus-containing 
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supernatant was harvested after 24 and 48 hours, centrifuged at 500 g for five minutes, filtered 

and stored at -80°C.  

For lentiviral transduction, 100,000 cells were seeded in a 6-well plate. The next day, the media 

was replaced with 1 ml of the lentivirus-containing medium with 8 μg/ml Polybrene. After 8 

hours, 1 ml of culture medium was added. After 24 hours, the medium was changed to a culture 

medium. After additional 24 hours, transduced cells were selected with the respective selection 

marker. A control well with untransfected cells was treated with the selection marker as well to 

control for optimal selection time. 

 

20 Immunohistochemistry 

Immunohistochemistry Staining 

Immunohistochemistry (IHC) was performed using a Bond RXm system (Leica, Wetzlar, 

Germany, all reagents from Leica) with a primary antibody against AMPKα (Clone Y365, 

Dilution 1:400) as well as P-AMPKα (Clone Thr172, Dilution: 1:100). Briefly, slides were 

deparaffinized using deparaffinization solution. For AMPKα the tissue samples were pretreated 

with Epitope retrieval solution 1 (corresponding to citrate buffer pH 6) for 30 minutes, for p-

AMPKα Epitope retrieval solution 2 (corresponding to EDTA buffer pH 8) was applied for 30 

minutes. Antibody binding was detected with a polymer refine detection kit without post primary 

reagent and visualized with DAB as a dark brown precipitate. Counterstaining was done with 

hematoxyline. 

 

Descriptive Semiquantitative Score for P-AMPKa and AMPKa Immunohistochemistry 

IHC staining for AMPKα and p-AMPKα was performed on Tissue Microarrays (TMA) of 107 

patients (cohort previously described; (Noll et al. 2016)) with PDAC. The IHC slides were 

evaluated in relation to the intensity of the staining reaction and proportion of positive tumor 

cells. Regarding the intensity, we discriminated between negative, low, medium, high 

cytoplasmic staining of tumor cells.  

 

21 Docking Analysis 

For the docking study, the structures of AMPKα, CDK7, and PAK4 (Table 21) were 

downloaded from the Protein Databank (http://www.rcsb.org). The inhibitor PF-03758309 has 

been cocrystallized with PAK4 (PDB ID 2X4Z) and was used to test the docking method. The 
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following steps of protein preparation were executed using the graphical user interface of 

Maestro (Schrödinger, LLC 2021e). Subsequently, Schrödinger’s Protein Preparation Wizard 

was used to prepare the protein structures for ligand docking by adding hydrogen atoms, filling 

in missing side chains, capping the chains‘ termini, and optimizing the hydrogen bond network 

(at pH 7.4) (Epik, Schrödinger, LLC 2021; Madhavi Sastry et al. 2013). Finally, an energy 

minimization step was executed using OPLS 2005 as a force field (Harder et al. 2016; 

Jorgensen, Maxwell, and Tirado-Rives 1996; Jorgensen and Tirado-Rives 1988; Shivakumar 

et al. 2010). The prepared structure was solvated with the aid of TIP3P water molecules and 

neutralized with chloride ions in an orthorhombic box with a margin of 10 Å to the protein 

surface. Desmond was used afterward in order to perform an additional energy minimization 

step in the presence of water (Bowers et al. 2006; D.E; Shaw Research 2021). The minimized 

protein-ligand-complex served as a template for generating the receptor grid assigning the 

docked inhibitor as the center of the grid. All inhibitor structures for docking were prepared 

using Schrödinger’s Ligprep (Schrödinger, LLC 2021d) in standard settings including Epik 

(Greenwood et al. 2010; Schrödinger, LLC 2021b; Shelley et al. 2007) for the generation of 

ionization states and utilizing the OPLS 2005 force field. Confgen was used afterward to 

generate 64 diverse conformers per inhibitor (Schrödinger, LLC 2021a; Watts et al. 2010). 

These conformers served as an input for the subsequent docking procedure for which 

Schrödinger’s Glide was used in Standard Precision (SP) mode (Friesner et al. 2004, 2006; 

Halgren et al. 2004; Schrödinger, LLC 2021c). Resulting binding poses were visualized using 

PyMOL (Schrödinger, LLC n.d.) and MOE 2019.01 (Chemical Computing Group ULC 2019). 

The described docking setup was first tested with the cocrystallized inhibitors (PF-03758309 

in PAK4, related pyrazolo[1,5-a]pyrimidines in CDK7, and Staurosporine in AMPKα) to check 

whether RMSD values below 1.2 Å can be reproduced (Table 21). 

 

22 Statistical Analysis 

Graphs were generated using Graph Pad Prism 9, R v4.3, and GSEA v4.3.2. Statistical 

analysis for each experiment is described in the figure legends. All data were obtained from at 

least three independent experiments unless otherwise stated. The resulting p-values are 

indicated in the respective figures. A comparison was considered significant if the p-value was 

equal to or below 0.05. In cases where multiple statistical tests were performed on the same 

dataset, a Bonferroni correction was applied to account for false-positive results. 
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Results 

Contributions of authors other than myself are acknowledged in the figure legends. Data 

generated in collaboration with students under my supervision is also indicated in the text or 

in the figure legends, where appropriate. 

 

23 AMPKα Is Upregulated in a Subtype of PDAC 

To investigate the role of AMPK in PDAC, we reviewed the TCGA data set 

(https://www.cancer.gov/tcga) for AMPK subunit expression in PDAC (Figure 9) (Tang et al. 

2017). We found that all subunits of AMPK1 (PRKAA1, PRKAB1, PRKAG1) were significantly 

upregulated in PDAC compared to normal tissue. 

 

 

Figure 9 | mRNA expression of AMPK subunits in PDAC compared to normal tissue. Adapted from 

http://gepia2.cancer-pku.cn/ and https://www.cancer.gov/tcga. The PAAD dataset with 179 samples was matched 

to 171 GTEx samples. Tissues are color-coded (purple: PDAC, grey: Normal). mRNA expression is shown in 

log2(TPM+1). Log2FC cutoff: 0.58, p-value cutoff: 0.05. One-way ANOVA was performed. PAAD/PDAC: Pancreatic 

adenocarcinoma, GTEx: Genotype-Tissue Expression project, TPM: Transcripts per million.  

 

We further corroborated our findings by leveraging single-cell RNA sequencing (scRNA-Seq) 

data (GSE202051) (Hwang et al. 2022). A dataset of 108,917 cells was generated from 

surgical samples obtained from 18 PDAC patients (Figure 10a). We analyzed PRKAA1 

http://gepia2.cancer-pku.cn/
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expression across different cell types and observed the highest average expression in 

malignant epithelial cells (Figure 10b,c,d). 

 

Figure 10 | scRNA-seq analysis of treatment-naive PDAC tissue to investigate PRKAA1. a, Surgical samples 

of 18 treatment-naive PDAC patients were used for scRNA-Seq. In total, 108,917 single cells were analyzed as 

shown in b, c, and d,. b, UMAP with color-coded cell types. c, UMAP with color-coded density of PRKAA1 

expression. d, Dot plot depicting the expression of PRKAA1 for distinct cell types. Cell types are shown in rows. 

The percentage (%) of cells expressing PRKAA1 is indicated by circle size. The average expression of PRKAA1 by 

cell type is color-coded. Data were analyzed by Lukas Krauß (Technical University Munich, Prof. Dr. Günter 

Schneider) and myself. scRNA-Seq: single-cell RNA-Seq, UMAP: Uniform Manifold Approximation and Projection. 

 

To validate the protein expression of PRKAA1 in human PDACs, we conducted 

immunofluorescent staining for AMPKα and Thr172 phosphorylated AMPKα in a cohort of 107 

treatment-naïve patients. Our results showed heterogeneous expression of both AMPKα and 

P-AMPKα among PDAC patients (Figure 11a).  



Results 

_________________________________________________________________________________ 

74 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 | AMPKα and P-AMPKα immunofluorescent staining of human PDAC cohort. a, 

Immunohistochemistry staining of P-AMPK and AMPK in a cohort of 107 PDAC patients. Intensities of stained 

PDAC cells include low, medium, and high. b, The percentage (%) of PDAC patients with specific staining intensity 

is shown. Staining intensities are divided into three levels using Cutoff Finder (AMPK: 0,<1.56,>1.56; P-AMPK: 

0,<1.46,>1.46). Data were analyzed by Felix Schicktanz (TUM, Department of Pathology, PD Dr. Katja Steiger, 

Prof. Dr. med. Wilko Weichert). 

 

Unexpectedly, we did not observe a statistically significant association between staining 

intensity and a specific PDAC subtype, grade, or survival (Fig. 12a,b,c).  

 

b 
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Figure 12 | AMPKα and clinical parameters. Staining intensities are divided into three levels using cut-off finder 

(AMPKα: 0,<1.56,>1.56; P-AMPKα: 0,<1.46,>1.46). a, Quantification of P-AMPKα and AMPKα stained PDACs in 

exocrine (N = 21), classical (N = 44), and quasi-mesenchymal (N = 31) subtypes. The percentage (%) of PDAC 

patients with specific subtypes and staining intensity is shown. b, Quantification of PAMPKα and AMPKα stained 

pancreatic cancers classified as G1 (N = 6), G2 (N = 60), G3 (N= 41). The number (N) of PDAC patients with 

specific grading and staining intensity is shown. c, Cumulative survival of pancreatic cancer patients based on 

staining intensities of P-AMPKα and AMPKα.  

 

Taken together, PDAC cells are characterized by higher PRKAA1 levels compared to healthy 

tissue and we observed high expression and phosphorylation of AMPKα in a subset of PDACs. 

 

a 

b 
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24 Prkaa1 Is Associated with a Metastatic and Undifferentiated PDAC 

Phenotype in Experimental Models 

To explore the potential role of PRKAA1, we investigated PRKAA1 in the context of 

undifferentiated cells and metastasis. The DepMap portal provides data on the metastatic 

potential of human cancer cell lines (Jin et al. 2020). Jin et al. employed an advanced 

barcoding strategy to determine the metastatic growth of cancer cell lines in immunodeficient 

mice and computed the relative metastatic potential for each cell line (Figure 13a). By 

correlating the metastatic potential of the available PDAC cell lines with protein array data, we 

found AMPKα as having the highest Pearson correlation coefficient (R=0.51) (Figure 13b). 

Intriguingly, we observed no correlation between the phosphorylation of AMPKα and the 

metastatic potential. To further investigate this correlation, we accessed proteomic data and 

obtained similar results (Figure 13c). 

 

Figure 13 | Correlation of AMPK with the metastatic potential of human PDAC cell lines. Data was accessed 

via https://depmap.org/. a, Scheme of in vivo barcoding strategy to determine the metastatic potential of human 

cancer cell lines in mouse xenografts. Cancer cell lines were barcoded, pooled, and injected into immunodeficient 

mice. After metastatic growth, organs were harvested, and DNA barcodes were quantified by next-generation 
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sequencing. The metastatic potential of each cell was quantified as barcode enrichment relative to the abundance 

in the pre-injected population.b, Correlation of protein array data with metastatic potential in human PDAC cell lines. 

On the x-axis, the Pearson correlation coefficient is shown. On the y-axis, -log10(pval) is shown. c, Correlation of 

AMPK subunit expression with metastatic potential in human PDAC cell lines. PDAC cell lines are ordered by their 

relative metastatic potential on the x-axis. Relative AMPK subunit expression determined by proteomics is color-

coded. Pearson correlation coefficient (R) and p-value (p) are shown.  

 

In addition to the established long-term culture cells, we extended our data by including primary 

murine cell cultures to strengthen our findings. In collaboration with AG Saur's and AG Rad’s 

labs at the Klinikum rechts der Isar, which have a vast resource of primary murine cell cultures 

known to recapitulate human disease (Mueller et al. 2018), we investigated the connection 

between AMPK and metastasis. A total of 38 murine KRASG12D cell lines were analyzed for 

their AMPK subunit expression and clustered accordingly (Figure 14a). Three main clusters 

were identified and named based on their AMPK expression levels as Low, High-2, and High-

1. These clusters were further analyzed for the presence of metastasis in mice (No, Yes), the 

cellular morphology (mesenchymal, quasi-epithelial, quasi-mesenchymal, epithelial) of the cell 

lines, the grading of the respective tumors (Undifferentiated, G3, G2, G1) and their annotated 

murine PDAC cluster (mCluster) (C1, C2a, C2b, C2c, outlier). Quantification of metastatic 

PDACs in the different clusters revealed a significantly higher frequency of metastasis in the 

AMPK-High 1 and 2 cluster compared to the AMPK-Low cluster, with no significant difference 

between High-1 and High-2 clusters (Figure 14b). We also observed a significant difference in 

mCluster, with enrichment of cell lines of C1 in the High-A cluster (Figure 14c). The C1 

mCluster is considered more aggressive compared to the C2 clusters. Furthermore, tumors of 

High-1 cell lines were mainly graded as undifferentiated (Figure 14d) and, although no 

statistically significant relationship was observed, High-1 cell lines were characterized by a 

mainly mesenchymal morphology (Figure 14e). 
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Figure 14 | AMPK in murine PDAC model. a, Heatmap of AMPK subunit expression in murine KrasG12D cell lines 

(n=38). Subunit expression was determined using RNA-Seq. Annotations are given for AMPK cluster (Low, High-

2, High-1), metastasis formation (No, Yes) the cellular morphology (mesenchymal, quasi-epithelial, quasi-

mesenchymal, epithelial) of the cell lines, the grading of the respective tumors (Undifferentiated, G3, G2, G1) and 

their annotated murine PDAC cluster (mCluster) (C1, C2a, C2b, C2c, outlier). Clustering method: average, 

clustering distance: euclidean. b, Quantification of metastatic PDACs in AMPK clusters. Statistical analysis was 

performed by chi squared test. c, Quantification of mClusters in AMPK clusters. Statistical analysis was performed 

by chi squared test. d, Quantification of grading of the respective tumors in AMPK clusters. Statistical analysis was 

performed by chi squared test. e, Quantification of the cellular morphology (mesenchymal, quasi-epithelial, quasi-

mesenchymal, epithelial) in AMPK clusters. *:p-value<0.05, **:p-value<0.01, ****:p-value<0.0001. 

 

In summary, our findings indicate that elevated expression of Prkaa1 is associated with a 

metastatic and undifferentiated PDAC phenotype in primary mouse and established human 

cell lines.  

 

25 Prkaa1 Fosters a Phenotype Switch and Oncogenic Signaling 

To investigate the functional role of Prkaa1 in PDAC, we generated Prkaa1 overexpressing 

cell lines under the control of the constitutively active phosphoglycerate kinase (PGK) promoter 

via lentiviral transduction (Figure 15a). The PGK promoter was chosen due to its ability to 

maintain physiological expression levels. As described in the introduction, two main 

transcriptional-based subtypes have been described, the undifferentiated basal and the rather 

differentiated classical subtype. To investigate whether the function of Prkaa1 is dependent on 
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the molecular subtype of PDAC, which is classified into undifferentiated basal and 

differentiated classical subtypes, we selected two cell lines: 8182, a relatively differentiated cell 

line from the AMPK-Low cluster, and 9019, an undifferentiated cell line from the AMPK-High-

A cluster (Figure 14a). The validation experiments and complete characterization of these cell 

lines were performed under my supervision and can be found in the doctoral thesis of 

Franziska Génevaux. Interestingly, we observed that low passaged Prkaa1 overexpressing 

8182 cells exhibited a spherical growth pattern, which could potentially indicate a switch 

towards an undifferentiated phenotype (Figure 15b). In the mesenchymal 9091 cell line, no 

morphological difference was observed. To further investigate the subtype-dependent function 

of Prkaa1, we performed RNA-Seq of Prkaa1 overexpressing cell lines and their controls 

(PRJEB63203) and analyzed their transcriptional profile using GSEA. While the 8182 Prkaa1 

overexpressing cells showed an enrichment of the HALLMARKs GLYCOLYSIS, EMT, and 

KRAS UP (Figure 15c), the mesenchymal 9091 Prkaa1 overexpressing cells showed no 

regulation (data not shown). Epithelial-to-mesenchymal transition (EMT) is a process during 

which differentiated epithelial cells acquire mesenchymal features. In cancer, EMT is 

associated with a pluripotent, stem-cell-like phenotype, and metastasis. 

 

Figure 15 | Characterization of Prkaa1 overexpressing epithelial PDAC cell line. a, Scheme of generation of 

Prkaa1 overexpressing cell lines. Cells were generated by lentiviral transduction of a PGK-vector expressing 

Prkaa1. b, Microscopic pictures of 8182 cells with empty or Prkaa1 vector. The scale bar is shown in the bottom 

left. c, GSEA of RNA-Seq data in 8182 empty vs. 8182 Prkaa1 cells using the HALLMARK gene set database. 

Normalized enrichment scores (NES) and p-values (p) are shown. Data can be accessed by PRJEB63203. GSEA: 

Gene set enrichment analysis. 
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To explore the possibility that an enhanced metabolic capacity might be responsible for the 

observed partial phenotype switch, we conducted a Seahorse assay (Figure 16). Our results 

revealed a slightly elevated extracellular acidification rate (ECAR) in both 8182 and 9091 

overexpressing cell lines and an elevated oxygen consumption rate (OCR) only in 8182 Prkaa1 

overexpressing cells. 

 

Figure 16 | Seahorse assay of Prkaa1 overexpressing cell lines. Cell lines are color-coded. Left: On the y-axis, 

the ECAR in mpH/min is shown. On the x-axis the Time in minutes is given. Right: On the y-axis, OCR in pmol/min 

is shown. On the x-axis the Time in minutes is given. Experiments were performed as two biological replicates. 

ECAR: Extracellular acidification rate, OCR: Oxygen consumption rate. Seahorse assay was performed by Angela 

Boshnakovska (Georg August University, Göttingen, AG Rehling). 

 

To substantiate our findings of enrichment of the KRAS UP gene set in 8182 Prkaa1 

overexpressing cells, we accessed five publicly available datasets (Figure 17a). These data 

sets encompass RNA-Seq data of human biospecimens incorporated in The Cancer Genome 

Atlas (TCGA), International Cancer Genome Consortium (ICGC) and published in (Aung et al. 

2018) as well as RNA-Seq and proteomic data of human established PDAC cell lines. We 

performed correlation analyses between PRKAA1 and KRAS, MAPK3, and MAPK1 expression 

levels. We found evidence for a positive association between PRKAA1 expression and 

increased expression of KRAS, MAPK3, and MAPK1 on mRNA as well as protein level. 

Additionally, we accessed protein array data from the depmap portal and found a weak but 

significant correlation between MAPK1/3 phosphorylation and AMPKα expression across all 

cancer types, although not significant in PDAC (Figure 17b). 
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Figure 17 | Correlation of PRKAA1 with members of KRAS-MEK-ERK pathway. a, Correlation of PRKAA1 with 

KRAS, MAPK1 and MAPK3 in TCGA, ICGC, Notta, RNA-Seq (https://depmap.org/) and MAPK1 and MAPK3 in 

proteomics (https://depmap.org/) data. TCGA, ICGC and proteomics data are shown as z-score, Notta and RNA-

Seq data are shown as log-transformed values. Number of samples (N), Pearson correlation coefficient (R) and p-

value (p) are shown. b, Correlation of P-MAPK1/3 at Thr202 and Tyr204 and AMPKα using Protein Array data 

accessed via https://depmap.org/. Pearson correlation coefficient (R) and p-value (p) for cancer cell lines of the 

pancreas is indicated in red and for other entities in black. ERK: extracellular signal-regulated kinase MAPK1/3: 

Mitogen activated protein kinase 1/2, MEK: Mitogen activated protein kinase kinase. 

 

26 Prkaa1 KO Triggers a Vulnerable Cell State Associated with a 

Malfunctioning ROS Defence  

To expand our understanding of the role of Prkaa1 in PDAC, we used Prkaa1 knockout (KO) 

cell lines generated through CRISPR/Cas9 technology (Falcomatà et al. 2022) (Figure 18a). 

Three undifferentiated cell lines derived from the AMPK-High-1 (8570, 9091, 8248) cluster 

were utilized. Each cell line was transduced with two different sgRNAs targeting Prkaa1 (KO1, 

KO2), with LacZ serving as the control. The characterization of these cell lines was conducted 

in collaboration with Thorsten Richter and Jorina Hilbert under my supervision. The success 

of Prkaa1 KO was confirmed by Western Blot analysis of AMPKα and phosphorylation of its 

https://depmap.org/
https://depmap.org/
https://depmap.org/
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downstream target ACC (Figure 18b,c). Additionally, we examined cell growth over four days 

and observed no significant differences between Prkaa1 KO and LacZ cells (Figure 18d). 

Figure 18 | Characterization of murine Prkaa1 KO cell lines. a, Scheme of generation of Prkaa1 KO cell lines. 

CAS9 expressing murine PDAC cell lines were transduced with two different Prkaa1-targeting sgRNAs and 

subsequently their phenotype was analyzed. b, Western blots of AMPK pathway in control (LacZ) and Prkaa1 KO 

(KO1, KO2) cells. AMPK pathway was investigated using AMPKα, P-ACC, and ACC antibodies. HSP90 was used 

as a loading control. c, Quantification of b,. For statistical analysis, one-way ANOVA with Tukey’s multiple 

comparison was performed. d, Growth curves of control (LacZ) and Prkaa1 KO (KO1, KO2) cells. 1000 cells were 

seeded in 96-well plates and viability was measured each day for four subsequent days. Relative growth to day one 

is plotted on the y-axis. The experiment was performed with three technical replicates and two (8248) or three 
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(8570, 9091) biological replicates. ACC: Acetyl-CoA carboxylase, HSP90: Heat shock protein 90, P-: 

Phosphorylation, ns: not significant, *: p<0.05, **: p<0.01, ***: p<0.005, ****: p<0.001. 

 

We proceeded by performing RNA-Seq of Prkaa1 KOs and their respective control cells 

(PRJEB63203) revealing significant differential gene expression in 8248 and 9091 Prkaa1 KO 

cells, but no significant changes in 8570 Prkaa1 KO cells (Figure 19a). To further support the 

association between Prkaa1 and an undifferentiated phenotype, we performed a pre-ranked 

GSEA using specifically the HALLMARK EMT gene set, and consistent with our expectations, 

we observed a depletion of this signature in both 8248 and 9091 Prkaa1 KO cells (Figure 18b).  

 

 

Figure 19 | RNA-Seq Analysis of Prkaa1 KO cell lines. a, Volcano plot of differently expressed genes in LacZ 

vs. Prkaa1 KO cells determined by RNA-Seq. Log2 fold change is plotted on the x-axis and the log10 p-value is 

plotted on the y-axis. mRNA of three (8570, 9091) or four (8248) biological replicates was used for processing. b, 

GSEA of RNA-Seq data in LacZ vs. KO cells using the EMT-HALLMARK gene set. Normalized enrichment scores 

(NES) and p-values (p) are shown. Data can be accessed by PRJEB63203. EMT: Epitehlial to mesenchymal 

transition. 
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Given that Prkaa1 KO PDAC cell lines can be generated with similar proliferation rates as their 

LacZ controls, Prkaa1 is not deemed an essential gene under normal growth conditions. 

However, we investigated the cellular fitness of Prkaa1 KO cell lines by measuring basal 

caspase activity (Figure 20). Intriguingly, we observed an induction of Caspase 3/7 activity in 

8248 and 9091 Prkaa1 KO cells, suggesting a concealed dysregulation in these cell lines. 

 

 

Figure 20 | Basal levels of Caspase 3/7 activity in Prkaa1 KO cells. Relative caspase 3/7 activity in LacZ vs. 

KO1 and KO2 cells. Caspase 3/7 activity was normalized to LacZ cells. Experiments were performed as two 

technical and three biological replicates. For statistical analysis, one-way ANOVA with Tukey’s multiple 

comparisons was performed. *: p<0.05. Caspase 3/7 assay was performed by Thorsten Richter and Jorina Hilbert 

under my supervision. 

 

Given the well-established function of AMPK in regulating energy metabolism, we explored the 

metabolic capacity and resilience of PDAC cells in the absence of Prkaa1 using the Seahorse 

assay (Figure 21). Surprisingly, contrary to our initial expectations, Prkaa1 KO cells showed 

only minor deficits. Among the different KO cell lines, the 8570 KO cells, which showed the 

least differential gene expression, displayed a decrease in ECAR, suggesting potential 

metabolic alterations. Interestingly, these cells also exhibited a slight increase in maximal 

OCR. Conversely, the 8248 KO cells displayed both an increased ECAR and OCR, indicating 

a shift towards enhanced metabolic activity. Meanwhile, in the 9091 KO1 cells, no clear trend 

was observed. These findings collectively indicate that there are heterogeneous metabolic 

changes occurring in Prkaa1 KO PDAC cells, without a clear and consistent pattern observed 

across all cell lines. 
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Figure 21 | Seahorse assay of Prkaa1 KO cell lines. Cell lines are color-coded. Left: On the y-axis, the ECAR in 

mpH/min is shown. On the x-axis, the Time in minutes is given. Right: On the y-axis, OCR in pmol/min is shown. 

On the x-axis, the Time in minutes is given. Experiments were performed as two biological replicates. ECAR: 

Extracellular acidification rate, OCR: Oxygen consumption rate. Seahorse assay was performed by Angela 

Boshnakovska (Georg August University, Göttingen, AG Rehling). 

 

Furthermore, we assessed the survival of Prkaa1 KO cells under growth factor-depleted 

conditions (Figure 22a). Consistent with the Seahorse assay results, we observed a minor 

disadvantage of Prkaa1 KO cells in such conditions (Figure 22b,c). 
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Figure 22 | Survival of Prkaa1 KO cells under growth factor depletion. a, Scheme of growth factor starvation 

experiment. Cells were grown for 10 days with 10% or 1% FBS and subsequently, cells were stained with crystal 

violet for quantification. b, Clonogenic assay of LacZ, KO1, and KO2 of 8248, 8570, and 9091 cells in the presence 

of 10% or 1% FBS for 10 days. Experiments were performed as three biological replicates. c, Quantification of 

surviving fraction of b,. One-way ANOVA with Fisher LSD test was performed. ns: not significant, *: p<0.05. 

 

In summary, our observations indicated that Prkaa1 KO cells exhibited only minor metabolic 

deteriorations in the glycolytic capacity as well as oxidative phosphorylation. 

To further investigate Prkaa1-associated vulnerabilities, we designed a drug screening 

experiment using 8570 LacZ, KO1, and KO2 cells treated with 119 drugs in clinical use or 

preclinical investigation (Figure 23a). Subsequently, we conducted validation experiments in 

other KO cell lines, as well as combinatorial treatment with PF-3758309, our potential AMPK 

inhibitor (described in section 26). The results are detailed in the bachelor thesis of Thorsten 

Richter and the doctoral thesis of Jorina Hilbert. Notably, we discovered that Prkaa1 KO cells 

are more sensitive to the ROS inducer Erastin (Figure 23b). 
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Figure 23 | Drug Screen to uncover Prkaa1-dependent processes and associated vulnerabilities in PDAC 

cells. a, Scheme of drug screen and validation workflow. 8570 LacZ, KO1, and KO2 cells were treated with a drug 

library containing 119 compounds with a 7-fold dilution under clinical testing. After 72 hours, cell viability was 

measured and dose-response curves were generated by applying the GRmetrics package. Screening hits were 

defined as FC(IC50) of Prkaa1 vs. empty < 0.7. Potential hits were first validated in LacZ and KOs of 8570 and 

9091 cells. b, Dot plot of log (FC(IC50)) in 8570 LacZ vs KOs. Drugs are ordered according to their mean FC(IC50). 

Highlighted are drugs with FC(IC50)<0.7 in both KOs and the top hit Erastin as well as its analog Imidazole Ketone 

Erastin. c, Heatmap of log10(FC(IC50)) of potential drug screen hits in LacZ vs. KO1 and KO2 of 8570 and 9091 

cells. Log(FC(IC50))) is color-coded. X indicates a false positive hit which was not further investigated. The drug 

screen was performed by Jorina Hilbert and myself. FC(IC50): fold change (inhibitory concentration 50). 

 

Our findings were further supported by RNA-Seq data from our Prkaa1 overexpressing cell 

lines (Figure 24a), which exhibited upregulation in signatures associated with ROS 

detoxification and defense, including KEGG_DRUG_METABLISM_CYTOCHROME_P450, 

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 and 

KEGG_GLUTATHIONE_METABOLISM. Interestingly, in the Prkaa1 KO cells, the 8248 KOs 

showed a depletion of KEGG_DRUG_METABOLISM_CYTOCHROME_P450, while the 9091 

KOs showed enrichment of KEGG_DRUG_METABOLISM_CYTOCHROME_P450, 

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450, and 

KEGG_GLUTATHIONE_METABOLISM (Figure 24b). Given that signatures of similar 

pathways were among the top 5 regulated signatures in all cell lines, these results suggest that 

Prkaa1 plays an essential role in drug metabolism and Glutathione homeostasis in PDAC cells. 
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Figure 24 | GSEA of KEGG gene sets in Prkaa1 models. GSEA of RNA-Seq data of a, empty vs. Prkaa1 

overexpressing cells and b, LacZ vs. KO cells using the KEGG gene set database. Depicted are the top 5 enriched 

and depleted KEGG gene sets. Normalized enrichment scores are shown on the x-axis and p-values (pval) are 

color-coded. RNA isolation was performed by Franziska Génevaux, Jorina Hilbert and myself. Analysis was done 

by myself. Data can be accessed by PRJEB63203. GSEA: Gene set enrichment analysis. 
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27 Drug Screen Uncovers Potential AMPKi 

Based on the findings presented it appears that Prkaa1 might play a supportive role in PDAC 

cells. We found a connection of Prkaa1 with mesenchymal and metastatic murine PDAC cell 

lines as well as an increased metastatic potential in a murine xenograft model. Moreover, we 

found a possible connection between Prkaa1 with drug metabolism and glutathione 

homeostasis. As a result, targeting AMPK could potentially represent a novel therapeutic 

strategy for PDAC. However, the lack of specificity in currently available AMPK inhibitors poses 

a challenge.  

Therefore, our experiments were designed to identify a novel and highly specific inhibitor 

targeting AMPK by repurposing drugs already in clinical development.  

In the doctoral thesis supervised by me, Franziska Génevaux has provided results in the 

discovery of a novel AMPKi, specifically PF-3758309. Through a comprehensive drug screen 

of compounds under clinical investigation, PF-3758309 emerged as the top hit associated with 

resistance in Prkaa1 overexpressing cells (Figure 25a,b,c). Originally designed as a p21-

activated kinase 4 (PAK4) inhibitor with demonstrated anti-tumor activity in in vivo models 

(Murray et al. 2010), PF-3758309 had also undergone a phase I clinical trial (NCT00932126) 

with no safety concerns, although the study was terminated. 

 

Figure 25 | Drug screen identifies PF-3758309 as AMPKi. a, Experimental setup of drug screen in empty and 

Prkaa1 cell lines. 9091 and 8182 empty and Prkaa1 cell lines were treated with a 7-fold dilution of a drug library 

containing 112 compounds under clinical testing. After 72 hours, cell viability was measured and dose-response 

curves were generated by applying the GRmetrics package. Screening hits were defined as FC(IC50) of Prkaa1 

vs. empty > 2. b, Heatmap of log10 (FC(IC50)) in 9091 and 8182 cells. c, Chemical structure of PF-3758309 

mesenchymal 

epithelial 

Prkaa1 

Screening Hit Measures 
FC(IC50) Prkaa1 vs. empty>2 
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(https://www.selleckchem.com/). The drug screen was performed by Franziska Génevaux under my supervision. 

FC(IC50): Fold change (inhibitory concentration 50). 

 

We validated the findings that Prkaa1 drives resistance towards PF-3758309 in long-term 

clonogenic assays (Figure 26a,b). 

 

Figure 26 | Clonogenic of Prkaa1 overexpressing cell lines treated with PF-3758309. a, Clonogenic assay of 

empty and Prkaa1 overexpressing cells treated with different concentrations of PF-3758309 for 8 days. b, 

Quantification of a,. On the y-axis, the surviving fraction of empty and Prkaa1 overexpressing cells treated with 

different concentrations of PF-3758309 after 8 days. Experiments were performed as five biological replicates. For 

statistical analysis, two-way ANOVA with Bonferoni’s multiple comparison was performed. 

 

Furthermore, the resistance of cells towards PF-3758309 in relation to Prkaa1 was 

corroborated in the Cancer Target Discovery and Development (CTD2) screen accessed via 

depmap (Figure 27).  

 

Figure 27 | Resistance markers of PF-3758309. Correlation of PRKAA1 with CTD2 AUC of PF-3758309 

(https://depmap.org/) and proteomic (https://depmap.org/) data. Pearson correlation coefficient (R) and p-value (p) 

are shown. AUC: Area under curve. 
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In summary, our results demonstrate consistent associations of PF-3758309 with AMPK 

across multiple datasets, providing further evidence supporting its potential as an AMPKi. 

 

28 Deconvolution of Target Space of PF-3758309 

To validate the binding of PF-3758309 to AMPK and elucidate its global target footprint, we 

utilized kinobead technology, which allows for broad-range inhibitor-protein affinity profiling 

(Figure 28a). For this analysis, we employed 8182 empty and Prkaa1 overexpressing cells and 

identified overlapping target kinases based on the following filtering criteria: EC50 < 500 nM, 

R2>0.8, and bottom of curve < 0.2. As depicted in Figure 28b, all AMPK1 subunits were 

detected, along with the intended target PAK4 for PF-3758309. Notably, the affinity of PF-

3758309 towards the AMPK subunits was found to be higher compared to PAK4. Furthermore, 

PF-3758309 showed the lowest EC50 for PRKAA1 among 243 kinase inhibitors profiled in 

https://www.proteomicsdb.org/ (Figure 28c). 

.  

Figure 28 | Kinobeads pulldown to identify targets of PF-3758309. a, Target deconvolution strategy using the 

kinobead technology. The kinome of empty and Prkaa1 overexpressing cells was pulled down using broad-range 

kinobeads either in presence of different concentrations of PF-3758309 or without. Kinases were detected via LC-

MS/MS. Targets were ranked according to EC50<500 nM, R2>0.8, and bottom of curve<0.2. b, Radar plot of 

identified targets of PF-3758309 and their pKd. Spike length indicates the pKd of the respective kinase. AMPK 

subunits are indicated in red. The intended target Pak4 is indicated in blue. c, pEC50 of kinase inhibitors against 

Prkaa1 

https://www.proteomicsdb.org/
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PRKAA1 downloaded from https://www.proteomicsdb.org/. Kinase inhibitors are ordered based on pEC50. The 

kinobeads assay was performed by Stefanie Höfer (Technical University Munich, AG Kuster). EC50: Effective 

concentration 50, LC-MS/MS: Liquid Chromatography with tandem mass spectrometry, Pak4: p21-activated kinase 

4, pEC50: -log10(EC50), pKd: -log10(Dissosiation constante). 

 

To gain a deeper understanding of interacting kinases and pulled-down complexes, we 

performed a string analysis of the designated PF-3758309 target kinases (Figure 29a). Our 

findings revealed the presence of two prominent complexes that were pulled down: the CDK-

activating kinase (CAK)-complexes and the LKB1-AMPK-complex. Remarkably, our analysis 

also revealed that AMPK is specifically targeted by PF-3758309 with high potency, as 

evidenced by an EC50 below 20 nM (Figure 29b). 

 

Figure 29 | Network and interaction analysis of PF-3758309-bound proteins. a, String analysis of designated 

PF-3758309. Mean pKd is indicated by color of border around kinases. Complexes are highlighted in green and 

pink. b, EC50 of kinases targeted by PF-3758309 below 500 nM in 8182 empty and Prkaa1 overexpressing cells. 

CAK: CDK-activating kinase, EC50: Effective concentration 50, LKB1: Liver kinase B1, pKd: negative 

log(Dissosiation constante). 

https://www.proteomicsdb.org/
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To molecularly analyze the binding of PF-3758309 to key kinases identified in the Kinobead 

assay, we conducted docking experiments focusing on the kinases with the highest affinity, 

namely AMPKα, CDK7, and PAK4 (Figure 30). Among the available crystal and cryoEM 

structures of AMPKα, only three (PDB structures 4RER, 6C9F, and 6C9H) exhibited a docking 

solution resembling the binding mode of PF-3758309 in PAK4 (PDB ID 2X4Z). In AMPKα, PF-

3758309 binds to the ATP pocket and forms hydrogen bonds with Glu96 and Val98, similar to 

its interaction with PAK4. Additionally, hydrophobic interactions were observed with other 

residues. Similar binding modes were also observed in the docking pose of PF-3758309 with 

CDK7. These energetically favorable interactions observed in the studied kinase structures 

align well with the experimentally determined binding and provide valuable insights for further 

optimization of the inhibitor's interaction with AMPK. 
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Figure 30 | Docking analysis of PF-3758309 to ATP-binding pocket of AMPKα, PAK4 and CDK7. Predicted 

interaction of a, AMPKα (PDB ID 6C9F), b, PAK4 (PDB ID 2XZ4), c, CDK7 (PDB ID 7B5Q) with docked PF-

03758309. Left: 2D plot of kinase-ligand interaction. Right: 3D representation of the binding of the inhibitor (colored 

green) to the ATP pocket. Hydrogen bonds are shown as yellow-colored dashed lines. Salt bridges are shown as 

a 

b 

c 
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magenta-colored dashed lines. Water molecules are displayed as red spheres. The analysis was performed by 

Abdallah M. Alfayomy (University of Freiburg, Freiburg, Prof. Dr, Wolfgang Sippl). 

 

To demonstrate that PF-3758309 does not only bind to AMPK but also inhibits its downstream 

signaling, we investigated the phosphorylation of ACC, a well-known downstream target of 

AMPK, with Western blot (Figure 31a,b). Our findings revealed a significant inhibition of AMPK 

signaling, as evidenced by the blockage of ACC phosphorylation, which occurred within a 

similar concentration range as determined in the Kinobeads assay. 

 

Figure 31 | Western blot of AMPK signaling upon PF-3758309 treatment. a, Western blot and b, quantification 

of AMPK signaling upon PF-3758309 treatment. Cells were treated with 10 or 20 nM of PF-3758309 or left as 

vehicle-treated controls. Protein was harvested after 1, 6 and 24 hours. AMPK inhibition was investigated by P-

ACC and ACC antibodies. P-ACC was normalized to ACC. HSP90 served as loading control. Experiments were 

performed as three biological replicates. For statistical analysis, one-way ANOVA with Bonferroni’s multiple 

comparison was performed. ACC: Acetyl-CoA carboxylase, HSP90: Heat shock protein 90, P-: Phosphorylation, 

ns: not significant, *: p<0.05, **: p<0.01, ***: p<0.005. 

 

Collectively, our results indicate that PF-3758309 binds AMPK and blocks its downstream 

signaling at nanomolar concentrations.  

 

29 PF-3758309 Is Effective Across PDAC Models 

To assess the potential anti-tumor efficacy of PF-3758309 in PDAC, we conducted cell viability 

assays with 7-fold drug dilutions after three days of treatment and determined the IC50 values 

(Figure 32a,b,c). Our study included a comprehensive panel of 36 murine cell lines, 19 
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established PDAC cell lines, 5 patient-derived cell lines, and 7 organoids. The majority of the 

models exhibited an IC50 below 500 nM, indicating significant sensitivity to PF-3758309. 

Remarkably, prolonged exposure to PF-3758309 further enhanced efficacy in organoids, with 

complete loss of viability observed at 10 nM of the compound (Figure 32d). 

 

 

Figure 32 | Efficacy of PF-3758309 across PDAC models. a, IC50 of PF-3758309 after 3 days in murine cell 

lines. b, IC50 of PF-3758309 after 3 days in PDOs and PD-CLs. c, IC50 of PF-3758309 in established cell lines 

derived from depmap. d, Microscopic pictures of PDOs treated with different concentrations of PF-3758309 after 7 

days. The scale bar is shown in the bottom right. Two biological replicates are depicted. Pharmacotyping of PDOs 

was performed by Felix Orben (Technical University Munich, Prof. Dr. Günter Schneider) and Constanza Tapia 

(Georg August University, Göttingen, Prof. Dr. Günter Schneider). IC50: Inhibitory concentration 50, PD-CL: Patient-

derived cell lines, PDO: Patient-derived organoids. 

 

Furthermore, we conducted single sample gene set variation analysis (ssGSVA) of the KEGG 

gene sets in the panel of the primary murine cell lines, and found 
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KEGG_CITRATE_CYCLE_TCA_CYCLE to be the top gene set that correlated with sensitivity 

to PF-3758309 (Figure 33). 

 

Figure 33 | Sensitivity marker for PF-3758309 based on KEGG signatures. Pearson correlation coefficient of 

ssGSVA of KEGG gene sets and IC50 of murine PDAC cell lines. The correlation coefficient is indicated by color 

and size. The top 5 negatively correlated KEGG gene sets are depicted. IC50: Inhibitory concentration 50, ssGSVA: 

Single sample gene set variation analysis. 

 

Given that PF-3758309 targets AMPK, a key metabolic enzyme, we postulated that treatment 

with PF-3758309 may lead to impaired metabolic capacity. To test this hypothesis, we 

conducted a Seahorse assay on cells treated with PF-3758309 for 6 hours (Figure 34). Our 

findings revealed that PF-3758309 treatment resulted in decreased ECAR but not OCR in the 

cell line tested. 

 

Figure 34 | Seahorse assay upon PF-3758309 treatment. 8182 empty cells were treated with 100 nM PF-

3758309 for 6 hours. Cell lines are color-coded. Left: On the y-axis, the ECAR in mpH/min is shown. On the x-axis, 

the time in minutes is given. Right: On the y-axis, OCR in pmol/min is shown. On the x-axis, the Time in minutes is 

given. Experiments were performed as two biological replicates. ECAR: Extracellular acidification rate, OCR: 

Oxygen consumption rate. Seahorse assay was performed by Angela Boshnakovska (Georg August University, 

Göttingen, Prof. Dr. Peter Rehling). 

 

Collectively, our data underscore the potential of repurposing PF-3758309 as an AMPK 

inhibitor. PF-3758309 demonstrated significant efficacy in various PDAC models, indicating its 

promising therapeutic utility. 
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Discussion 

30 AMPK as a Potential Metastatic Driver 

Although AMPK is the main downstream effector of the tumor suppressor LKB1, the role which 

AMPK plays in tumorigenesis and progression of PDAC is incompletely understood. Given that 

AMPK is a trimeric complex compromising two variants of the α and β subunits and three 

variants of the γ subunit, it is important to note that the specific composition of the assembled 

AMPK complex influences its interaction with downstream effectors and needs to be further 

investigated.  

In this thesis, we mainly focused on PRKAA1. We found that PRKAA1 is upregulated in PDAC 

compared to healthy tissue. Although no correlation between AMPKα and a specific subtype 

was found in immunohistochemistry staining of a human PDAC cohort, Prkaa1 was associated 

with an undifferentiated and metastatic phenotype in xenografts of human established cell lines 

and murine PDAC models. The differences observed between murine models and human 

PDAC cohorts may be attributed to several factors. Firstly, metastatic patients are often 

ineligible for surgery and thus, underrepresented in the patient cohort. This sampling bias may 

explain the missing link between Prkaa1 and a mesenchymal phenotype. Additionally, it is 

important to consider the differences in experimental conditions between murine models and 

human studies. Murine models and established cell lines allow for experiments to be conducted 

under controlled conditions over relatively short durations. On the other hand, human studies 

involve a multitude of factors that can influence outcomes, including individual variations, 

environmental influences, and diverse treatment approaches. This complexity in human 

studies can affect the interpretation and generalization of results. Furthermore, the genetic 

background of mice is relatively homogeneous compared to the intricate mutational landscape 

found in humans. This genetic variation among humans can potentially obscure the role of 

PRKAA1 in PDAC, suggesting that its involvement might be secondary to other factors. While 

human studies are considered the gold standard in clinical research, it becomes crucial to 

remove or account for these overriding factors to specifically study the role of PRKAA1.  

As mentioned in the introduction, the role of AMPK in PDAC is not clear. The main drawbacks 

of the mentioned studies are short-term knockdowns and usage of unspecific inhibitors as well 

as activators, which do not allow for definite conclusions. 

In our study, we overcame these limitations by using constitutive overexpressing models as 

well as KOs generated by CRISPR/Cas9. We observed that physiological overexpression of 

Prkaa1 alone, without any other stimuli, was sufficient to induce a partial phenotype switch in 

relatively differentiated cells. 
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These findings are in contrast to studies that have demonstrated the role of AMPK in 

constraining EMT. For instance, Chou et al. in 2014 showed this effect by pharmacological 

activation of AMPK as well as siRNA-based knockdown of AMPK, in breast and prostate 

cancer cell lines (Chou et al. 2014). Similarly, a recent study published by the Jargong lab in 

2020 reported that low expression of AMPKα1 was associated with poor clinical outcomes in 

metastatic breast cancer (Yi et al. 2020). In vitro experiments further supported these findings, 

as silencing of AMPKα1 led to the inhibition of cell-cell interactions through loss of E-cadherin, 

resulting in an invasive phenotype (Yi et al. 2020). 

Nevertheless, in vivo studies show the opposite. Cai et al. showed that inoculating shAMPKa1 

expressing 4T1 breast cancer cells into mammary fat pads resulted in a reduced number of 

nodules per lung (Cai et al. 2020). In vitro experiments exposing the cells to glucose 

deprivation or oxidative stress in vitro, shAMPKa1-expressing 4T1 cells had a decreased 

survival rate. By further revealing that AMPK phosphorylates the pyruvate dehydrogenase 

complex (PDHc), the rate-limiting enzyme of the TCA cycle that controls pyruvate influx, Cai 

et al. provided a molecular basis for these observed phenomena and highlighted another 

AMPK-controlled circuit that is crucial for metastasis development.  

In addition, Saxena et al. demonstrated that the other AMPKα subunit, Prkaa2, is mandatory 

for the execution of the EMT program in response to physiological cues such as hypoxia and 

transforming growth factor β (TGFβ) in various malignant cell types (Saxena et al. 2018). 

Notably, the extent of the EMT program depended on whether the cells already possessed the 

requisite EMT machinery. By injecting cells that stably express scrambled shRNA or AMPKα2 

shRNA through the tail vein of nude mice, the researchers detected less lung metastasis when 

using AMPKα2 shRNA expressing cells. Mechanistically, Saxena et al. demonstrated that 

AMPK mediates its invasive effects via the upregulation of twist family basic helix–loop–helix 

transcription factor 1 (TWIST1) gene expression and its increased nuclear localization. 

TWIST1 is widely known for cell lineage determination and differentiation of the mesoderm and 

is a prime example of a transcription factor essential in cancer metastasis (Xu et al. 2017; Yang 

et al. 2004, 2008). 

Although our data highlights the significance of Prkaa1 in influencing the phenotype of PDAC 

cells, the molecular mechanisms underlying this role remain unclear and require further 

experimental elucidation. Moreover, it would be important to investigate the extent of 

phenotype switch in the presence of EMT inducers or blockers, as well as under cellular stress, 

in order to gain a more comprehensive understanding of how Prkaa1 regulates EMT in different 

cellular contexts. These investigations are warranted and represent an important next step in 

advancing our understanding of AMPK-modulated PDAC biology. 
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It is well established that the KRAS-MEK-ERK pathway drives PDAC progression as well as 

metastasis (Ischenko, Petrenko, and Hayman 2014; Mueller et al. 2018). In contrast to the 

general belief that AMPK blocks proliferative signaling, we found that Prkaa1 correlates with 

the oncogenic KRAS-MEK-ERK pathway. Further studies found also paradoxical activation of 

the oncogenic AKT-mTOR-axis. Strikingly, AMPK was shown to promote Akt survival signaling 

under various stresses suggesting AMPK can both decrease and increase mTOR activity 

depending on the cellular context (Han et al. 2018). Han et al provided evidence that AMPK 

phosphorylates S-Phase Kinase Associated Protein 2 (SKP2) at Ser256 which in turn drives 

K63-linked ubiquitination and activation of AKT. This newly identified AMPK-SKP2-AKT 

pathway provides a new perspective on the premise of the opposite roles of AMPK and mTOR. 

These findings highlight that Prkaa1 can foster oncogenic signaling. 

Contrary to our initial expectations, we observed that Prkaa1 KO cells exhibited similar growth 

rates compared to the LacZ control cells. Similarly, the Seahorse assay did not reveal any 

clear trends in metabolic function and we observed only a mild advantage of Prkaa1 in growth 

factor-depleted conditions. Notably, 8570 showed the highest metabolic alterations among the 

three KO cell lines, despite no differential gene expression observed. One possible explanation 

could be the presence of excessive nutrients in the in vitro culture conditions, which may have 

masked any effects of potential metabolic impairments. 

In this context, previous studies have shown that AMPK is required under conditions of nutrient 

depletion, such as essential amino acids (Ghislat et al. 2012) or cysteine (Yuan et al. 2021) 

deprivation. Additionally, AMPK has been implicated in the regulation of iron metabolism 

(Merrill et al. 2012; Wang et al. 2022). To gain a deeper understanding of the nutrient 

dependencies of Prkaa1 KO cells, it would be valuable to repeat these experiments using 

media cocktails that are specifically formulated to lack certain nutrients. This approach would 

not only help elucidate the role of Prkaa1 in regulating cellular growth and metabolism but also 

provide further insights into pharmacological targets for PDAC therapy in combination with 

AMPK inhibition.  

 

31 AMPK and Redox Metabolism 

Our research findings suggest that under in vitro culture conditions Prkaa1 may not be an 

essential gene, as Prkaa1 KO cells show similar growth rates as their control counterparts. 

However, we hypothesized that Prkaa1 KO cells may be more vulnerable to cellular stresses. 

To investigate this further, we conducted a drug screen in Prkaa1 KO cells to identify potential 

bottlenecks. Our results revealed that Erastin is a pan-vulnerability among Prkaa1 KO cells. 
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Erastin is a small molecule compound that has gained attention in the field of cancer research. 

It was initially identified through a high-throughput screening approach as a compound that 

selectively induces cell death in cancer cells harboring RASV12 mutations (Dolma et al. 2003). 

Erastin is thought to exert its action by targeting two specific components: (i) system xc− (Yan 

et al. 2022) and (ii) voltage-dependent anion channels (VDACs) (Yagoda et al. 2007). 

System xc− is a Na+-independent cystine–glutamate antiporter that consists of two subunits: 

the transmembrane transporter protein SLC7A11 (xCT) and the single-pass transmembrane 

regulatory subunit SLC3A2. This antiporter facilitates the exchange of extracellular l-cystine 

and intracellular l-glutamate, which are crucial precursors for the synthesis of glutathione 

essential for cellular defense against oxidative stress. (Bannai and Kitamura 1980; Lewerenz 

et al. 2013) 

On the other hand, VDACs are a class of porin ion channels with three isoforms (VDAC1, 

VDAC2, and VDAC3). They are the most abundant proteins in the outer mitochondrial 

membrane and serve as general diffusion pores for small hydrophilic molecules such as ATP, 

ADP, Pi, and respiratory substrates. The voltage-sensitive reversible closure of VDACs is 

regulated by various factors, including the interaction with dimeric tubulin (Rostovtseva et al. 

2008), binding of hexokinase 2 (Haloi et al. 2021) or α-synuclein (Rosencrans et al. 2021), 

which has significant implications for cellular processes. 

One of the consequences of VDAC closure is the reduction of oxidative metabolism within 

mitochondria due to the restricted entry of substrates into the mitochondria. This metabolic 

state promotes the upregulation of glycolysis as an alternative energy-generating pathway. 

Additionally, the closure of VDACs contributes to a decrease in the generation of ROS through 

reduced activity of the electron transport chain. Furthermore, the closure also prevents the 

release of pro-apoptotic proteins from the mitochondria, thus inhibiting the initiation of 

apoptosis. (Varughese, Buchanan, and Pitt 2021) 

As mentioned, Erastin interacts with both system xc− and VDACs. By targeting system xc−, 

Erastin disrupts the exchange of cystine and glutamate, thereby inhibiting GSH synthesis and 

compromising redox homeostasis (Sato et al. 2018). Simultaneously, Erastin increases the 

conductance of VDACs leading to enhanced oxidative metabolism and upregulation of ROS 

production (Maldonado et al. 2013; Yagoda et al. 2007).  

The combined targeting of system xc− and VDACs by Erastin disrupts redox homeostasis 

resulting in an unique form of cell death known as ferroptosis. Ferroptosis is distinguished by 

an iron-dependent and uncontrolled buildup of lipid peroxidation, ultimately resulting in cell 

death (X. Jiang, Stockwell, and Conrad 2021). In recent years, ferroptosis has emerged as a 
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promising therapeutic approach to combat refractory patients and chemotherapy-resilient 

cancer cells (Hangauer et al. 2017; Viswanathan et al. 2017).  

As highlighted in the introduction, Prkaa1 plays a crucial role in regulating various interfaces 

that are important for redox homeostasis, and thus, Prkaa1 may prevent ferroptosis. For 

instance, it directly phosphorylates antioxidant transcription factors including members of the 

FoxO transcription factor family (Greer et al. 2007; Yun et al. 2014) as well as NRF2 (Joo et 

al. 2016). Moreover, it blocks metabolic pathways which consume NADPH including fatty acid 

synthesis through phosphorylation of ACC1/2 (Jeon et al. 2012) while maintaining continuous 

TCA flux (Cai et al. 2020; Kumazoe et al. 2017) for NADPH production. 

Furthermore, our RNA-Seq analysis of both Prkaa1 overexpressing and Prkaa1 KO cell lines 

revealed that gene sets related to glutathione metabolism were among the top regulated, 

further supporting the role of Prkaa1 in redox homeostasis by glutathione-dependent 

antioxidant defenses.  

Notably, our results suggest that inducing ferroptotic cell death could be a vulnerability of 

PDAC cells, particularly in the absence of surveillance by Prkaa1. 

 

32 PF-3758309 as AMPKi 

One main step to broaden the understanding of AMPK in cancer and to increase its therapeutic 

possibility is the development of specific AMPK inhibitors. Currently available pharmacological 

AMPK inhibitors and activators have been drawn criticism due to their off-target effects and 

indirect mechanism of action. Nevertheless, promising anti-tumor efficacy has been 

demonstrated for Dorsomorphin as well as BAY-3827. For instance, BAY-3758 has been 

tested in androgen-dependent prostate cancer models (Lemos et al. 2021), while 

Dorsomorphin has shown effectiveness in hematological cancers (Liu et al. 2020) as well as 

in PDAC (Duong et al. 2012). These preliminary findings suggest that AMPK inhibition might 

hold therapeutic value in cancer therapy. 

To address the limitations of using experimental drugs, we pursued drug repurposing as a 

strategy to identify AMPK-targeting compounds. We initiated a drug screen including 112 

compounds currently under clinical testing and identified PF-3758309 as the top compound 

associated with resistance in Prkaa1 overexpressing PDAC cell lines. We further validated the 

binding of PF-3758309 to AMPK as well as the inhibition of AMPK signaling at low nanomolar 

doses. Importantly, PF-3758309 demonstrated efficacy across PDAC models. Although in 

short-term assays, the IC50 of cell lines was above the effective concentration where PF-

3758309 exhibited higher selectivity, in long-term assays, cells did not survive 10-20 nM. 
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Notably, PF-3758309 was previously tested in a clinical trial involving solid tumors and no 

safety concerns were raised (NCT00932126). However, despite the administration of PF-

3758309, the patients experienced relapses, leading to the termination of the study. This 

contradicts our in vitro data where we show a potent killing as well as in vivo data where PF-

3758309 blocked the growth of multiple human tumor xenografts (Murray et al. 2010). 

One possible explanation for this discrepancy could be that elevated levels of Prkaa1 confer 

resistance to PF-3758309. As discussed earlier, cancer cells often exhibit elevated levels of 

Prkaa1 compared to healthy tissue. Regarding the fact that Prkaa1 KO cells grow similarly to 

their control cells under in vitro culture conditions, inhibiting solely AMPK might not be enough 

to generate an effective response in PDAC. Moreover, our experimental setup revealed one 

murine PDAC cell line, 8570, to be AMPK-independent when no selection pressure was 

applied. Therefore, we propose combination therapy to overcome Prkaa1-driven resistance to 

PF-3758309. Promising candidates for combination therapy are ROS-inducing agents as 

discovered by our drug screen of Prkaa1 KO cells. Our results indicate that PDAC cells may 

be dependent on Prkaa1 for glutathione-dependent antioxidant defenses making this a rational 

therapeutic approach that merits further investigation. 

While we show that PF-3758309 efficiently targets AMPK, our data also reveals PF-3758309 

has off-target effects. We found that especially the CAK-complex, including CDK7, Menage A 

Trois 1 (MNAT1) and cyclin H was targeted at very low doses of PF-3758309. Interestingly, 

CDK7 has been identified as a potential target for cancer therapy. CDK7 plays a critical role in 

the regulation of the cell cycle and transcriptional regulation through the phosphorylation of 

RNA polymerase II at CTD Ser7 (Akhtar et al. 2009; Glover-Cutter et al. 2009) and Ser5 

(Ebmeier et al. 2017). Inhibition of CDK7 has been shown to disrupt transcriptional elongation 

and cause cell cycle arrest in cancer cells (Olson et al. 2019; Sun et al. 2020), making it an 

attractive target for cancer therapy. Moreover, there are currently ongoing clinical trials using 

CDK7 inhibitors, namely SY-5609 and Q901, in advanced solid tumors (NCT04247126, 

NCT05394103). 

Although we provide evidence for the cross-species efficacy of PF-3758309, the mode of 

action of this compound requires further exploration. In addition, while our cell-based studies 

are informative, they should be complemented with in vivo experiments to take into account 

the effects of the immune system as well as hepatic drug metabolism. These findings can then 

inform structure-based optimization efforts to improve the potency and selectivity of the 

compound. 

In summary, our data underscore the importance of conducting in-depth drug profiling to fully 

understand the mode of action of a compound and realize its full potential as an inhibitor. 
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Additionally, we corroborate the value of drug repurposing by discovering PF-3758309 as 

AMPKi which could serve as a scaffold for the development of advanced and more specific 

molecules in the future. 

 

33 Conclusion 

In conclusion, this work has contributed to highlight the context-dependent role of Prkaa1 in 

PDAC. The findings demonstrate that Prkaa1 (i) has the capacity to shape the phenotype of 

PDAC cells and (ii) is connected to drug metabolism as well as glutathione homeostasis while 

(III) its absence renders cells susceptible to ferroptotic stimuli. Moreover, these results 

underscore the significance of Prkaa1 as a potential therapeutic target in PDAC and suggest 

that targeting this pathway may represent a promising approach for the development of new 

treatments for this deadly disease. 

Due to the lack of clinically available AMPKi, a drug repurposing approach was employed to 

build upon previous research and expedite translation into an approved drug with clinical 

potential. Notably, the findings demonstrate that the Pak4 inhibitor PF-3758309, which has 

been part of Phase I clinical trial, can be repurposed as an AMPKi. Furthermore, the results 

provide evidence for the potential anti-cancer efficacy of PF-3758309 as an AMPKi in various 

in vitro PDAC models and thus lay the foundation for a promising pharmacological option for 

PDAC treatment with AMPKi. 

 

Figure 35 | Graphical abstract of this thesis. PDACs rely on AMPK to uphold their oxidative stress defense. 

Inhibition of AMPK by PF-3758309 in combination with oxidative stress caused by other agents or environmental 

factors may be a promising therapeutic approach for the treatment of PDAC. 
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34 Limitations and Outlook 

The presented results might represent a first step forward to broaden the spectrum of 

actionable targets in PDAC therapy. However, it still harbors limitations and underexplored 

aspects. 

Further studies are warranted to elucidate the precise mechanism by which Prkaa1 protects 

against oxidative stress, as well as to identify the key regulatory nodes of Prkaa1 that modulate 

phenotype plasticity with respect to EMT. In this study, I focused on Prkaa1 in advanced PDAC. 

It is crucial to consider the specific time points during cancer development, progression, and 

metastatic cascade, as Prkaa1 may exert distinct functions at different stages of these 

processes.  

Moreover, AMPK has been demonstrated to play a pivotal role in immune regulation. 

Therefore, in vivo studies utilizing mice with a functional immune system are imperative to 

unravel the intricate interplay of AMPK in this context. In addition, AMPK is a trimeric complex, 

consisting of two isoforms of the α and β subunits, as well as three isoforms for the γ subunit. 

It is important to note that the composition of the assembled AMPK complex also influences 

its downstream effectors. Thus, combinations of AMPK complex assembly need to be further 

investigated. 

Although the presented findings revealed that PF-3758309 effectively inhibits AMPK, it is worth 

noting that its binding of the CAK complex raises concerns about unspecific inhibitory effects. 

Therefore, further chemical optimization of PF-3758309 is warranted to minimize off-target 

effects. Moreover, considering the recruiter functions of AMPK, additional strategies such as 

proteolysis targeting chimera (PROTAC) development or molecular glues should be explored, 

as mere AMPK inhibition may not be sufficient to fully block AMPK signal transduction and 

output.  
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Supplemental Data 

 

Figure 36 | Raw Western blots of murine 8570 Prkaa1 KO cell lines. Raw Western blots of AMPK pathway in 

control (LacZ) and Prkaa1 KO (KO1, KO2) cells. Three biological replicates are shown. AMPK pathway was 

investigated using AMPKα, P-ACC, and ACC antibodies. HSP90 was used as a loading control. ACC: Acetyl-CoA 

carboxylase, HSP90: Heat shock protein 90, P-: Phosphorylation. 
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Figure 37 | Raw Western blots of murine 8248 Prkaa1 KO cell lines. Raw Western blots of AMPK pathway in 

control (LacZ) and Prkaa1 KO (KO1, KO2) cells. Three biological replicates are shown. AMPK pathway was 

investigated using AMPKα, P-ACC, and ACC antibodies. HSP90 was used as a loading control. ACC: Acetyl-CoA 

carboxylase, HSP90: Heat shock protein 90, P-: Phosphorylation. 
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Figure 38 | Raw Western blots of murine 9091 Prkaa1 KO cell lines. Raw Western blots of AMPK pathway in 

control (LacZ) and Prkaa1 KO (KO1, KO2) cells. Three biological replicates are shown. AMPK pathway was 

investigated using AMPKα, P-ACC, and ACC antibodies. HSP90 was used as a loading control. ACC: Acetyl-CoA 

carboxylase, HSP90: Heat shock protein 90, P-: Phosphorylation. 
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Figure 39 | Clonogenic assays of murine LacZ and Prkaa1 KO cells under growth factor depletion. 

Clonogenic assay of LacZ, KO1, and KO2 of 8248, 8570, and 9091 cells in the presence of 10% or 1% FBS for 10 

days. Experiments were performed as three biological replicates. 
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Figure 40 | Raw Western blots of AMPK signaling upon PF-3758309 treatment. Western blots of a, replicate 1 

b, replicate 2 c, replicate 3 of AMPK signaling upon PF-3758309 treatment. Cells were treated with 10 or 20 nM of 

PF-3758309 or left as vehicle-treated controls. Protein was harvested after 1 and 6. AMPK inhibition was 

investigated by P-ACC and ACC antibodies. P-ACC was normalized to ACC. HSP90 served as loading control. 

Experiments were performed as three biological replicates. Boxes indicate bands which were used for 
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quantification. Red boxes indicate bands which were choosen for result section. ACC: Acetyl-CoA carboxylase, 

HSP90: Heat shock protein 90, P-: Phosphorylation. 

 

 

Figure 41 | Raw Western blots of AMPK signaling upon PF-3758309 treatment. Western blots of a, replicate 1 

and replicate 2 and b, replicate 3 of AMPK signaling upon PF-3758309 treatment. Cells were treated with 10 or 20 

nM of PF-3758309 or left as vehicle-treated controls. Protein was harvested after 24 hours. AMPK inhibition was 

investigated by P-ACC and ACC antibodies. P-ACC was normalized to ACC. HSP90 served as loading control. 

Experiments were performed as three biological replicates. Boxes indicate bands which were used for 

quantification. Red boxes indicate bands which were choosen for result section. ACC: Acetyl-CoA carboxylase, 

HSP90: Heat shock protein 90, P-: Phosphorylation. 
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Table 21 | List of kinase protein structures downloaded from the Protein Databank as well as Glide 

redocking results for selected kinases. Details for AMPKα, PAK4 and CDK7 are listed. RMSD: Root Mean 

Square Deviation. 

PDB ID Deposite Date Resolution Å RMSD redocking Å 

AMPKα 
   

2H6D 2006-05-31 1.85 
 

2OOX 2007-01-26 2.60 
 

2OOY 2007-01-26 2.88 
 

2QR1 2007-07-27 2.70 
 

2QRC 2007-07-28 2.70 
 

2QRD 2007-07-28 2.41 
 

2QRE 2007-07-28 3.01 
 

2V92 2007-08-20 2.40 
 

2V9J 2007-08-23 2.53 
 

2Y8L 2011-02-07 2.50 
 

2Y8Q 2011-02-09 2.80 
 

2YA3 2011-02-17 2-50 
 

2YA3 2011-02-17 2.50 
 

2YZA 2007-05-04 3.02 
 

3AQV 2010-11-19 2.08 
 

4CFE 2013-11-14 3.02 
 

4CFF 2013-11-14 3.92 
 

4CFH 2013-11-18 3.24 
 

4EAG 2012-03-22 2.70 
 

4EAI 2012-03-22 2.29 
 

4EAJ 2012-03-22 2.61 
 

4EAK 2012-03-22 2.50 
 

4EAL 2012-03-22 2.51 
 

4QFG 2014-05-20 3.46 
 

4QFR 2014-05-21 3.34 
 

4QFS 2014-05-21 3.55 
 

4RER 2014-09-23 4.05 0.293 

4REW 2014-09-24 4.58 
 

4ZHX 2015-04-27 2.99 
 

5EZV 2015-11-26 2.99 
 

5ISO 2016-03-15 2.63 
 



Supplemental Data 

_________________________________________________________________________________ 

132 

 

5KQ5 2016-07-05 3.41 
 

5T5T 2016-08-31 3.46 
 

5UFU 2017-01-05 3.45 
 

6B1U 2017-09-19 2.77 
 

6B2E 2017-09-19 3.80 
 

6BX6 2017-12-17 2.90 
 

6C9F 2018-01-26 2.92 0.505 

6C9H 2018-01-26 2.65 0.316 

6C9J 2018-01-26 3.05 
 

6E4T 2018-07-18 3.40 
 

6E4U 2018-07-18 3.27 
 

6E4W 2018-07-18 3.35 
 

7JHG 2020-07-20 3.47 
 

7JHH 2020-07-20 3.92 
 

7JIJ 2020-07-23 5.50 
 

7M74 2021-03-26 3.93 
 

7MYJ 2021-05-21 2.95 
 

    
PAK4 

   
2X4Z 2010-02-03 2.10 0.441 

    
CDK7 

   
7B5O 2020-12-05  2.50 0.560 

7B5Q 2020-12-05  2.50 1.167 

 

Table 22 | IC50 and AUC of drug screen in 8570 Prkaa1 KO cells. 8570 LacZ, KO1, and KO2 cells were treated 

with a drug library containing 119 compounds with a 7-fold dilution under clinical testing. After 72 hours, cell viability 

was measured and dose-response curves were generated by applying the GRmetrics package. AUC, area under 

the curve, IC50: inhibitory concentration 50. 

agent 8570 LacZ 8570 KO1 8570 KO2 
 

IC50 [µM] AUC IC50 [µM] AUC IC50 [µM] AUC 

Abexinostat 
(PCI-
24781) 

0.2581 0.4741 x 0.4886 0.2377 0.4814 

Adavoserti
b  

0.2014 0.4301 0.1846 0.4366 0.1093 0.4067 

AZ 628 0.7834 0.6563 3.3340 0.8681 4.2907 0.7707 

AZ191 2.1202 0.7787 2.5905 0.8818 3.3958 0.8210 
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AZD1480 4.4915 0.9061 4.4561 0.8444 5.5812 0.8511 

AZD7762 0.3618 0.5348 0.6956 0.6015 0.6070 0.6159 

BAY-876 0.1083 0.5548 0.4355 0.5060 1.4288 0.7229 

BAY 11-
7082 

1.5921 0.6873 3.4104 0.8217 0.8380 0.5909 

BSJ-4-116 0.7489 0.6437 0.2554 0.4506 0.3287 0.4955 

CB-839 0.0142 0.1351 0.0134 0.1276 0.0170 0.1408 

CCF642 0.9272 0.6179 1.1399 0.7442 1.1316 0.7058 

Cobimetini
b 

0.0405 0.3393 x 0.3171 0.0420 0.3089 

Colchicine 0.0191 0.1897 0.0192 0.1759 0.0172 0.1765 

Crizotinib 
(PF-
02341066) 

0.6885 0.5909 0.6983 0.6334 0.5208 0.5535 

Danusertib 
(PHA-
739358) 

0.8026 0.6405 1.2440 0.6590 0.8895 0.6927 

Dasatinib 
hydrochlori
de 

0.5277 0.6085 0.1849 0.5911 0.1263 0.4715 

Deguelin 0.0667 0.3475 0.1666 0.4848 0.2012 0.4886 

Dinaciclib 
(SCH72796
5) 

0.0589 0.2623 0.0599 0.2551 0.0364 0.2093 

Erastin 0.7062 0.5593 0.4582 0.5889 0.4415 0.5603 

Etoposide Inf 0.6980 0.2595 0.4436 0.2342 0.4559 

Fluorouracil 
(5-
Fluoracil, 5-
FU) 

1.8668 0.7383 0.9242 0.6428 1.6894 0.7542 

Fluvastatin 
Sodium 

1.0809 0.6729 1.8577 0.7804 1.8146 0.8156 

Gemcitabin
e 

0.0179 0.1227 0.0288 0.1559 0.0238 0.1294 

GMX1778 
(CHS828) 

0.1633 0.4905 0.2023 0.4327 0.2222 0.4954 

GSK46136
4 

0.0124 0.1444 #NAME? 0.1338 0.0142 0.1627 

HTH-01-
015 

4.8087 0.8935 3.8014 0.9082 2.3728 0.7740 

Imidazole 
Ketone 
Erastin 

1.0842 0.6631 0.7350 0.5937 0.7222 0.6595 

Indisulam Inf 0.8847 3.5988 0.7675 4.0717 0.7905 
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Irinotecan 
HCl 
Trihydrate 

4.3659 0.8402 3.9270 0.8247 2.1174 0.7914 

Ixazomib 
Citrate 
(MLN9708) 

0.0550 0.2773 0.0804 0.3227 0.0899 0.3476 

JIB-04 0.1340 0.3662 0.1213 0.3729 0.1267 0.3566 

KX2-391 0.0227 0.1813 0.0237 0.1850 0.0188 0.1722 

Lys05 1.1159 0.7098 0.9835 0.5983 1.2060 0.6405 

Masitinib 
(AB1010) 

5.7493 0.9327 6.1795 0.9400 4.1843 0.8427 

MI-2 
(MALT1 
inhibitor) 

1.2764 0.6963 1.6077 0.6793 2.5144 0.7931 

MI-503 4.2727 0.9205 1.0789 0.6883 2.6034 0.7206 

Mubritinib 
(TAK 165) 

0.3606 0.5625 0.2784 0.5100 0.1028 0.3973 

Napabucas
in 

0.9710 0.6536 0.5475 0.6519 1.2776 0.7191 

Nintedanib 
Ethanesulf
onate Salt 

4.5623 0.8537 3.0121 0.8449 2.4084 0.7792 

NMS-873 0.1981 0.4418 0.4497 0.5140 0.3436 0.4917 

OF-1 4.8161 0.8604 4.6441 0.8747 5.0286 0.8838 

Onalespib 
(AT13387) 

0.0640 0.2788 0.0559 0.2602 0.0364 0.2017 

Onametost
at (JNJ-
64619178) 

0.6583 0.6106 1.1688 0.6474 Inf 0.5673 

OTX015 0.0999 0.4097 0.1511 0.4860 0.0848 0.3915 

Paclitaxel 0.0181 0.1655 0.0194 0.1714 0.0159 0.1692 

Panobinost
at 
(LBH589) 

0.0147 0.1388 0.0104 0.1206 0.0099 0.1093 

Pevonedist
at 
(MLN4924) 

2.8629 0.7942 2.9410 0.7717 1.9883 0.7385 

PF-
3758309 

0.0269 0.2404 0.0109 0.2018 0.0247 0.2387 

Plinabulin 
(NPI-2358) 

0.0209 0.1484 0.0216 0.1816 0.0211 0.1594 

Ponatinib 
(AP24534) 

0.8722 0.5946 0.7370 0.6946 0.7045 0.6665 

Rabusertib 
(LY260361
8) 

1.5161 0.8092 1.5819 0.8176 1.2488 0.7270 
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Rigosertib 
(ON-
01910) 

0.1335 0.4009 0.4698 0.5573 0.3364 0.5265 

RO512676
6 
(CH512676
6) 

0.4844 0.5592 0.0828 0.5067 0.2343 0.5155 

RSL3 0.3369 0.4866 0.3588 0.5196 0.2454 0.5887 

Sabutoclax 1.4474 0.7089 0.8684 0.6182 0.6322 0.5829 

Sapaniserti
b (INK 128, 
MLN0128) 

0.0233 0.2334 0.0188 0.2395 0.0283 0.2178 

SP2509 0.3793 0.4749 0.1467 0.3892 0.3115 0.4905 

STF-31 Inf 0.7863 0.6170 0.5940 1.4182 0.6864 

Subasumst
at (TAK-
981) 

0.2760 0.5377 0.2397 0.4943 0.1938 0.4789 

Tozasertib 
(VX-680, 
MK-0457) 

0.1119 0.4494 0.0946 0.4187 0.0544 0.3359 

VLX1570 0.1871 0.3899 0.0576 0.3150 0.0483 0.2404 

Volasertib 
(BI 6727) 

0.0318 0.2152 0.0361 0.2352 0.0361 0.2260 
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Table 23 | IC50 and AUC of drug screen in Prkaa1 overexpressing cell lines. Empty and Prkaa1 overexpressing 

cell lines of 8182 and 9091 were treated with a drug library containing 118 compounds with a 7-fold dilution under 

clinical testing. After 72 hours, cell viability was measured and dose-response curves were generated by applying 

the GRmetrics package. AUC, area under the curve, IC50: inhibitory concentration 50. 

 

agent 8182 empty 8182 Prkaa1 9091 empty 9091 Prkaa1 

 IC50 
[µM] 

AUC IC50 
[µM] 

AUC IC50 
[µM] 

AUC IC50 
[µM] 

AUC 

4EGI-1 Inf 0.9087 Inf 0.9765 Inf 0.9651 47.4372 0.9319 

A-
121047
7 

Inf 0.9921 Inf 0.8768 Inf 0.9911 Inf 0.9774 

A1874 1.3400 0.6909 1.6566 0.7681 1.9627 0.7676 2.4145 0.8036 

A-196 Inf 0.9652 Inf 0.8802 Inf 0.9419 Inf 0.9916 

Abexino
stat 
(PCI-
24781) 

0.3537 0.5214 0.6299 0.6935 0.2796 0.4700 0.3427 0.4861 

Adavos
ertib 
MK-
1775 

0.2012 0.5047 0.1207 0.4285 0.2585 0.4917 0.4259 0.5420 

Alisertib 
(MLN82
37) 

0.5245 0.6920 1.1055 0.7415 0.4570 0.6298 0.4801 0.6524 

Alpelisib 
(BYL71
9) 

2.9294 0.7518 1.8004 0.7270 11.9574 0.8295 22.9783 0.8565 

apx 
2009 
100mM 

0.4142 0.4998 0.5968 0.5970 0.4638 0.5279 0.5948 0.5588 

Azacitidi
ne  

5.5982 0.8641 2.8018 0.7903 8.3128 0.9057 8.4602 0.8611 

AZD 0.4311 0.5309 0.6669 0.5995 0.5618 0.5587 Inf 0.7768 

AZD120
8 

Inf 0.8841 Inf 0.8519 Inf 0.9561 Inf 0.9196 

AZD515
3 

0.1175 0.4052 0.0897 0.4020 0.0913 0.3869 0.0909 0.4234 

AZD673
8 

1.0468 0.7016 0.7992 0.6207 1.8808 0.7374 3.4821 0.8079 

AZD776
2 

0.4308 0.5438 0.3954 0.5477 0.6474 0.6336 1.3211 0.6831 

BAY-
876 

0.0312 0.2175 0.0168 0.2046 0.1009 0.3416 0.1998 0.4291 

BI-3406 Inf 0.9546 Inf 1.0696 Inf 0.9877 Inf 0.9651 

BI-78D3 1.9200 0.7173 1.7721 0.6851 2.0873 0.7421 2.4169 0.7698 
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BI-
847325 

0.0604 0.2697 0.0556 0.2789 0.1085 0.3878 0.1982 0.4234 

BI-
D1870 

5.6013 0.8264 4.1905 0.8262 0.6438 0.7345 1.4389 0.7625 

Birinapa
nt 

Inf 1.0005 Inf 1.1468 Inf 0.9114 Inf 0.9277 

BRD477
0 

Inf 1.0244 Inf 0.9573 Inf 0.9793 Inf 0.9816 

BX-795 1.3498 0.7197 2.8435 0.9187 1.8699 0.7329 1.8433 0.7391 

BX-912 5.6372 0.8405 8.4807 0.8936 7.5122 0.8960 8.3726 0.9048 

Carfilzo
mib 
(PR-
171) 

0.0121 0.0404 x 0.0137 0.0390 0.1635 0.0494 0.1955 

CB-839 0.0147 0.1659 0.0200 0.1863 0.0223 0.1587 0.0192 0.1414 

Chloroq
uin 

2.1918 0.8089 2.5508 0.7815 6.3516 0.9066 Inf 1.0014 

COH00
0 

1.3640 0.6500 1.0221 0.6062 1.5786 0.7056 2.1194 0.7642 

CPI-455 
HCl 

Inf 0.9793 Inf 1.0133 Inf 0.9505 Inf 0.9809 

Creniga
cestat 
(LY3039
478) 

Inf 0.7799 Inf 0.9938 Inf 0.8858 Inf 0.8467 

CUDC-
101 

2.9208 0.8395 3.3925 0.9211 1.5468 0.7374 1.4417 0.7009 

CW069 Inf 0.9467 Inf 0.9532 Inf 0.9849 Inf 0.9803 

Danuser
tib 

4.1106 0.7910 5.1209 0.7934 2.4493 0.7889 Inf 0.8887 

EED226 Inf 1.0069 Inf 1.0288 Inf 0.9771 Inf 0.9722 

Elesclo
mol 
(STA-
4783) 

0.0329 0.1728 0.0302 0.1539 0.0329 0.1510 0.0374 0.1739 

Entrecti
nib 
(RXDX-
101) 

1.5359 0.7118 1.5359 0.7417 2.3698 0.7577 3.3397 0.8106 

Enzasta
urin 
(LY3176
15) 

14.3621 0.9225 Inf 0.9143 Inf 0.9690 Inf 0.9688 

EOAI34
02143 

0.4659 0.5301 0.5185 0.5368 0.5520 0.5609 0.6134 0.5762 

Epacad
ostat 

Inf 1.0359 Inf 0.9694 Inf 1.0213 Inf 0.9918 
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(INCB02
4360) 

Erastin 1.2390 0.7216 1.9312 0.7631 0.4030 0.5235 0.4837 0.5460 

Erdafitin
ib (JNJ-
427564
93) 

5.0656 0.8830 3.3696 0.8156 4.1708 0.8227 4.1836 0.8240 

FT113 Inf 0.9472 Inf 1.1242 62.2237 0.9430 77.4247 0.9118 

Galunis
ertib 
(LY2157
299) 

Inf 0.8661 872.7859 0.8327 Inf 0.9145 Inf 0.9347 

GDC 1.4828 0.6908 0.8154 0.6248 2.9689 0.7483 2.6142 0.4959 

GSK 
283780
8A 

Inf 0.9082 Inf 1.0107 Inf 0.9426 Inf 0.9726 

GSK J1 Inf 0.9631 Inf 0.9147 Inf 0.9761 210.051
4 

0.9473 

GSK265
6157 

6.3363 0.9080 Inf 0.9199 10.9436 0.9482 Inf 0.9228 

GSK283
0371 

Inf 0.8753 Inf 0.8842 Inf 0.9194 Inf 0.9407 

GSK467 Inf 0.9530 Inf 0.9192 Inf 0.9711 Inf 0.9862 

GSK503 4.3153 0.8272 6.7525 0.9739 12.5746 0.9207 14.8525 0.9324 

GSK591 Inf 0.8611 Inf 0.8663 Inf 0.8277 195.600
5 

0.8226 

HTH-01-
015 

2.9841 0.8146 3.5415 0.8916 9.3389 0.9524 7.2990 0.8685 

HTH-02-
006 

2.1200 0.7384 3.4680 0.8659 2.1454 0.7445 Inf 0.9170 

IACS 0.0372 0.2112 0.1074 0.3182 0.0514 0.2379 1.7639 0.5674 

IM156 1.4354 0.7399 1.0510 0.6387 1.7218 0.7344 1.6598 0.7630 

Indirubin 90.9059 0.8945 Inf 0.8978 Inf 0.9014 Inf 0.8332 

Ispinesi
b (SB-
715992) 

x 0.2732 x 0.1985 x 0.3188 x 0.3568 

JIB-04 0.1326 0.3749 0.2386 0.4261 0.1088 0.3549 0.1644 0.3908 

JNJ1 
1mM 

Inf 0.8319 13.7297 0.8232 Inf 0.8025 Inf 0.8197 

JNJ-
646191
78 

0.1787 0.3988 0.2840 0.4468 0.3365 0.4705 0.4118 0.4945 

KU-
60019 

4.7490 0.8418 4.9551 0.9772 10.7098 0.9526 11.4297 0.9263 

Lapatini
b (GW-
572016) 

2.5593 0.7586 Inf 0.7881 6.4590 0.9070 5.7569 0.8837 
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Ditosylat
e 

LB100 Inf 1.0009 Inf 0.9316 5.3167 0.8579 51.8014 0.9183 

Linsitini
b (OSI-
906) 

6.6548 0.8700 Inf 0.7646 74.8229 0.8739 81.4272 0.9108 

LJH685 Inf 0.9416 Inf 1.0655 Inf 0.9672 Inf 0.8588 

LLY-507 1.4133 0.7117 1.2179 0.6777 2.7248 0.8039 1.9984 0.7380 

Lumines
pib 
(AUY-
922, 
NVP-
AUY922
) 

0.0147 0.0779 0.0313 0.1612 0.0228 0.1249 0.0347 0.1893 

MI-463 0.5393 0.5440 0.7822 0.5890 3.9545 0.7953 3.3330 0.7951 

Milciclib 
(PHA-
848125) 

0.4220 0.5262 0.7267 0.6018 0.3976 0.5145 0.6788 0.5697 

MK-
2206 
2HCl 

2.4174 0.7632 1.3994 0.6891 5.7342 0.8499 7.9917 0.8382 

ml093 
10mM 

0.3955 0.5933 0.1021 0.3597 0.6597 0.7022 0.6821 0.6906 

ML264 Inf 0.7144 14.3171 0.9229 Inf 0.9029 Inf 0.9654 

ML324 5.5299 0.8853 7.4989 0.9258 5.0879 0.8549 5.8379 0.8707 

MX69 Inf 0.9518 Inf 1.0452 Inf 0.9707 Inf 0.9506 

MYCi97
5 

6.4864 0.8752 5.3136 0.8619 6.0239 0.8942 6.2442 0.9122 

Napabu
casin 

1.0140 0.6456 0.8703 0.6281 0.8959 0.6275 1.1326 0.6728 

NMS-
873 

0.1358 0.3733 0.1292 0.3337 0.3296 0.4955 0.2387 0.4317 

None1 Inf 1.0737 Inf 0.9935 Inf 0.9052 Inf 0.9299 

None2 Inf 0.9556 Inf 0.9678 Inf 0.9709 Inf 1.0113 

None3 Inf 0.9339 Inf 0.9093 Inf 0.9545 Inf 0.9807 

None4 Inf 1.0132 Inf 1.0197 Inf 0.9875 Inf 0.9753 

None5 Inf 0.9747 Inf 0.9013 Inf 1.0046 Inf 1.0168 

NSC878
77 

Inf 0.9367 Inf 1.0156 Inf 0.9938 Inf 0.9387 

NVP-
CGM09
7 

4.0486 0.8240 4.3254 0.8682 5.1146 0.8214 4.7516 0.8078 

Orantini
b (TSU-
68, 

348.917
2 

0.8546 Inf 0.9448 Inf 0.9292 Inf 0.9422 
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SU6668
) 

OTX015 0.8216 0.6710 0.7006 0.6450 0.6768 0.6636 0.7883 0.6498 

P22077 11.5618 0.9407 Inf 0.9716 10.7473 1.0100 20.2984 0.9677 

Pelitinib 
(EKB-
569) 

0.4454 0.5677 0.3957 0.5184 2.0318 0.7689 1.4134 0.6940 

Pevone
distat 
(MLN49
24) 

0.4448 0.5750 0.3680 0.5155 0.4617 0.5648 0.6030 0.5909 

PF-
375830
9 

0.0169 0.2633 0.0896 0.3686 0.0164 0.2496 204.627
4 

0.6719 

Phenfor
min 

Inf 0.8428 Inf 0.8635 Inf 0.7644 Inf 0.8827 

Poziotini
b 
(HM781
-36B) 

2.4288 0.7313 1.0475 0.6066 11.2499 0.8500 16.7697 0.9021 

Pracino
stat 
(SB939) 

0.7259 0.6606 0.7209 0.6493 0.4341 0.5383 0.5510 0.5540 

PRT416
5 

30.3145 0.9050 Inf 1.1841 432.361
7 

0.9630 Inf 0.9682 

PTC-
209 HBr 

0.3355 0.5270 1.1673 0.6478 0.5881 0.6094 0.4295 0.5733 

PX-478 
2HCl 

Inf 0.9433 Inf 0.9153 Inf 0.9694 198.015
8 

0.9443 

RI-1 Inf 0.9547 Inf 1.0706 Inf 1.0306 170.684
7 

0.9380 

Rigosert
ib (ON-
01910) 

0.3205 0.4924 0.5686 0.6287 0.4959 0.6138 0.4869 0.6511 

RO5126
766 
(CH512
6766) 

2.0797 0.7493 2.0578 0.7509 Inf 0.8654 Inf 0.9513 

Ruxolitin
ib 

Inf 0.9180 Inf 1.0230 Inf 1.0000 13.5482 0.9815 

Sapanis
ertib 
(INK 
128, 
MLN012
8) 

0.0888 0.3429 0.0659 0.3433 0.0651 0.3037 0.0603 0.3036 

Saracati
nib 
(AZD05
30) 

0.6877 0.6330 0.9597 0.6832 2.3570 0.7724 2.8379 0.7928 
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Selisista
t (EX 
527) 

Inf 0.9594 Inf 1.0180 Inf 0.9785 Inf 1.0028 

SF1670 1.2675 0.6723 1.4760 0.7479 1.0772 0.6729 1.2119 0.6860 

SGC707 Inf 0.9345 Inf 0.9828 Inf 1.0073 Inf 0.9702 

STF-
083010 

Inf 0.9872 Inf 1.0670 Inf 1.0112 Inf 0.9931 

TAK-
243 

0.5491 0.6237 0.5243 0.5889 0.1935 0.3958 0.1649 0.3895 

Tak981 
10mM 

0.6814 0.6975 0.2228 0.4453 1.3547 0.7759 3.0940 0.8047 

Thiomyri
stoyl 

9.4823 0.9566 Inf 0.9970 Inf 0.9487 9.6771 0.9356 

Trameti
nib 
(GSK11
20212) 

0.0297 0.2183 0.0526 0.2443 0.4733 0.6141 0.9255 0.6514 

Ulixertini
b (BVD-
523, 
VRT752
271) 

1.6147 0.7010 3.3157 0.8365 Inf 0.9228 12.2969 0.8607 

UNC037
9 

3.3948 0.8321 2.1063 0.7467 6.5939 0.9294 8.1968 0.9747 

UNC063
8 

1.1740 0.7149 1.1027 0.6580 4.3448 0.8294 3.9114 0.8353 

UNC199
9 

2.8090 0.7728 4.6546 0.8638 5.8555 0.9170 8.0430 0.9359 

USP252
8 
inhibitor 
AZ1 

4.6715 0.9044 3.2847 0.8209 5.6504 0.8776 7.6302 0.9402 

Velipari
b (ABT-
888) 

31.7519 0.9185 Inf 0.9290 44.6236 0.8906 126.998
7 

0.9260 

WZ4003 3.5574 0.7729 4.4702 0.8336 7.1751 0.8799 7.1854 0.8976 

 


