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Summary 

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that are frequently deregulated 

in cancer and represent promising therapeutic targets. CDK8 and its close homolog CDK19 

were initially reported to exert transcriptional functions, relying on binding of cyclin C for kinase 

activity and subsequent binding to the mediator complex. Over the last decades we learned 

that CDK8 has a lot more functions. The CDK8 submodule can directly phosphorylate signaling 

molecules including members of the JAK-STAT pathway, TGF-ß and BMP receptor signaling. 

In tumorigenesis, CDK8 has been identified as an oncogenic driver in various cancer types, 

including colorectal cancer, melanoma, breast cancer and hematological malignancies. In 

contrast, tumor suppressing roles were identified, so its functions seem to be divergent and 

highly context-dependent.  

In this thesis, novel functions of CDK8 in the tumorigenesis of triple-negative breast cancer 

and BCR-ABL-positive leukemia have been studied and identified.  

We demonstrate an essential role for CDK8 in regulating the invasiveness and metastatic 

capacity of highly aggressive and metastatic triple-negative breast cancer cells, as observed 

in in vivo experiments and differential gene expression analysis. Our in vitro and in vivo 

experiments further uncovered an essential function of CDK8 in tumor immune surveillance. 

In TNBC cells, we found that CDK8 is a crucial regulator of natural killer (NK)-cell-mediated 

immune evasion by regulating crucial immune checkpoints including the expression of PD-L1. 

We pioneered and uncovered a CDK8-PD-L1 axis. 

In the second part, we could assign a critical role to CDK8 in BCR-ABL-positive leukemia and 

provide a potential therapeutic point of attack for acute lymphoblastic leukemia (ALL). Our 

findings identify CDK8 as a key mediator of leukemia maintenance. Transcriptomic and 

correlation analyses in human datasets identified a connection of CDK8 and the mTOR 

signaling pathway and led us to apply a small molecule, which inhibits mTOR and 

simultaneously degrades the CDK8 protein. We showed successful reduction of viability of 

human leukemic cell lines and primary patient cells upon treatment with this small molecule, 

suggesting a new promising treatment avenue.  

In summary, my studies add novel and highly relevant pieces to the big puzzle on finding 

candidates for targeted therapies and allow us to closer understand functions and mechanisms 

of CDK8-driven tumorigenesis and tumor immune surveillance. The studies further 
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demonstrate CDK8 as a new promising drug target, which might in future help us to cure fatal 

diseases.  

Zusammenfassung 
Cyclin-abhängige Kinasen (CDKs) sind Serin/Threonin-Proteinkinasen, die häufig in 

Krebserkrankungen dereguliert sind und vielversprechende therapeutische Ansatzpunkte 

darstellen. CDK8 wurde als erkrankungsinduzierendes Onkogen in einer Reihe von 

Tumorarten beschrieben (u.a. Kolorektalkrebs, Melanom, Brustkrebs und hämatologischen 

Krebserkrankungen). Konträr dazu, wurden auch Funktionen als Tumorsuppressor 

identifiziert. Die Funktionen von CDK8 scheinen somit divergent und stark kontextabhängig zu 

sein. 

CDK8 und ihr Homolog CDK19 wurden ursprünglich in der Regulation der Transkription 

beschrieben. Sie benötigen die Bindung von Cyclin C um ihre Funktion als Kinase auszuüben 

und in einem weiteren Schritt den Mediator Komplex zu binden. In den letzten Jahren wurde 

zunehmend bekannt, dass CDK8 jedoch deutlich vielfältigere Funktionen besitzt. Das CDK8-

Untermodul kann direkt Signalmoleküle phosphorylieren, unter anderem im JAK-STAT, TGF-

ß und BMP Rezeptor Signalweg.  

Diese Dissertation fokussiert auf triple-negativen Brustkrebs und BCR-ABL positive Leukämie 

und analysiert, identifiziert und bewertet neue Funktionen von CDK8 in der Tumorentstehung.  

Anhand von in vivo Experimenten und differentieller Genexpressionsanalyse zeigen wir eine 

essenzielle Rolle von CDK8 in der Regulation der Invasivität und der metastatischen Fähigkeit 

von hoch-aggressivem und metastatischem triple-negativem Brustkrebs auf. Unsere 

Ergebnisse aus in vitro und in vivo Experimenten enthüllen kritische Funktionen von CDK8 in 

der Immunüberwachung des Tumors. In triple-negativem Brustkrebs erweist sich CDK8 als 

Modulator der Immunevasion vor natürlichen Killerzellen (NK-Zellen). Diese Evasion erfolgt, 

indem CDK8 wesentliche Immuncheckpoints reguliert, unter anderem PD-L1. Wir konnten 

somit erstmals eine CDK8-PD-L1 Achse identifizieren.  

In dem zweiten Teil dieser Dissertation finden wir eine essentielle Rolle für CDK8 in BCR-ABL 

positiven Leukämien und zeigen einen neuen therapeutischen Ansatz für die Behandlung von 

ALL Patienten auf. Unsere Ergebnisse ordnen CDK8 eine Schlüsselrolle in der 

Aufrechterhaltung der Leukämien zu. Analysen des Transkriptoms und Korrelationen mit 

humanen Datensätzen zeigen einen Zusammenhang zwischen CDK8 und dem mTOR 
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Signalweg auf. Basierend auf dieser Erkenntnis, bedienen wir uns eines „small molecules“, 

welches mTOR hemmt und gleichzeitig den Abbau des CDK8 Proteins induziert. Wir 

beweisen, dass die Behandlung von humanen Leukämie Zelllinien und primären 

Patientenproben zur Reduktion der Viabilität führt.  

Zusammenfassend stellen meine Ergebnisse neue und wesentliche Teile eines größeren 

Puzzles dar, welches darauf abzielt passende Kandidaten für zielgerichtete Therapieansätze 

aufzuzeigen. Sie helfen uns Funktionen und Mechanismen zu verstehen, wie CDK8 zur 

Krebsentstehung und Immunüberwachung des Tumors beiträgt. Wir demonstrieren, dass es 

sich bei CDK8 um einen vielversprechenden Ansatzpunkt handelt, der uns eventuell in der 

Zukunft helfen kann, fatale Erkrankungen zu heilen.  
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1. Introduction 

1.1. Cyclin-dependent kinases (CDKs) 
Cyclin-dependent kinases (CDKs) are a family of serine/ threonine kinases consisting of 21 

members. Their catalytic activity is modulated by interacting with cyclins and CDK inhibitors 

(CKIs) (Lim and Kaldis, 2013). Studies were mainly performed in yeast and resulted in the 

identification of the CDKs and their binding partner cyclins, a finding which was awarded the 

Nobel Prize in 2001. Interaction of CDKs, cyclins and CKIs is necessary for orderly progression 

through the cell cycle. Deregulation of cell cycle control leading to sustained proliferation is 

recognized as one of the key hallmarks of cancer (Hanahan and Weinberg, 2011; Whittaker et 

al., 2017). Beside cell cycle regulation, CDKs have indispensable roles in other important 

processes, such as transcriptional regulation, epigenetic regulation, metabolism, stem cell self-

renewal, neuronal functions and spermatogenesis. CDKs and their corresponding binding 

partner involved in cell cycle (green), transcription (blue) and neuronal functions (red) are 

depicted in Figure 1. Tasks can be accomplished with or without the need for CDK/cyclin 

complex formation or kinase activity (Lim and Kaldis, 2013).  

 
Figure 1: Biological functions of CDK complexes. 

CDK-Cyc complexes, involved in cell cycle progression (in green), transcriptional processes (in blue) and in 
control of neuronal viability (in red); modified from (Asghar et al., 2015). (Copyright permission obtained by 

Copyright Clearance Center, License number: 5240841255637). 

Phylogenetic analysis identified evolutionary relationships between CDK subfamilies – dividing 

them into direct and indirect regulators of the cell cycle (CDKs 1-6, 11 and 14-18) as well as 

transcriptional regulators (CDKs 7-13, 19 and 20) (Figure 2). CDKs have a conserved catalytic 

core containing an ATP-binding pocket, a cyclin subunit-binding domain and activating T-loop 

motif. They are constitutively expressed but typically need association with a cyclin subunit to 
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get active, as associated cyclins are shown in Figure 2 (right part) (Malumbres, 2014; 

Malumbres et al., 2009). 

                Associated cyclin 

 
Figure 2: Human CDK subfamilies and their evolutionary relationship.  

The color-code describes conserved domains: green, kinase domain; associated cyclins required for activation of 
CDKs are listed right; modified from (Whittaker et al., 2017). (Copyright permission obtained by Copyright 

Clearance Center, License number: 5240840838308). 

1.1.1. Cell cycle regulation by CDKs 
The cell cycle consists of five phases. In G1 and G2 phases, cells have the capacity to grow, 

in S phase they replicate their DNA, divide by mitosis in M phase and stop to proliferate and 

enter quiescence once they reach G0 phase. Progression through the cell cycle is regulated 

by activities of different CDKs and interaction with their corresponding regulatory cyclin partner 

(Asghar et al., 2015; Whittaker et al., 2017).  

Entry into cell cycle happens in normal cells by stimulation of growth factor receptors by 

mitogenic signals. These different signals stimulate CDK4 and CDK6. Mitogenic signals in 

contrast can also activate antiproliferative checkpoints that directly inhibit CDK4/6 or induce 

for example the CDK4/6 inhibitor p16INK4A. CDK4 and CDK6 associate with D-type cyclins, 

thereby forming the active kinase complex which then phosphorylates key substrates, 

including the retinoblastoma protein (RB). This leads to the dissociation of HDAC1 and E2F 
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transcription factors allowing histone acetylation and starting a gene expression program 

(Figure 3, big blue box). CDK4 and CDK6 further initiate the stability of E-type and A-type 

cyclins and subsequent CDK2 transcription (Figure 3) (Blais and Dynlacht, 2007). The 

CDK2/cyclin E complexes phosphorylate RB - leading to a hyper-phosphorylated RB, which 

permits cell cycle progression by initiation of DNA replication. RB remains phosphorylated 

throughout the cell cycle S, G2 and M phases. At the end of mitosis RB is dephosphorylated 

by protein phosphatase-1 (Malumbres and Barbacid, 2009). Again, other checkpoints can 

directly inhibit CDK2 activity or induce inhibitors of CDK2/cyclin complexes (e.g. p21CIP1 and 

p27KIP1). Once the DNA replication is completed, CDK1-cycA and CDK1-cycB complexes form 

and phosphorylate targets in G2 phase. This promotes expression of genes involved in mitotic 

progression. Repeatedly, potent checkpoints can limit CDK1 activity.  

Subsequent Cyclin B is degraded, which is required for anaphase progression and the 

production of two daughter cells in G1 phase of the cell cycle. RB gets dephosphorylated and 

the cell cycle is responsive to new signals again (Figure 3) (Asghar et al., 2015; Whittaker et 

al., 2017). 

 
Figure 3: Cell cycle progression by CDKs.  

CDK-Cyc complexes and their inhibitory checkpoints (in green) acting in different phases of cell cycle progression 
(Asghar et al., 2015). (Copyright permission obtained by Copyright Clearance Center, License number: 

5240841255637). 
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1.1.2. Transcriptional regulation by CDKs 
The RNA polymerase II (RNAPII) is responsible for transcribing all protein-coding genes in 

eukaryotes. It is recruited to the promotor of genes where it initiates productive transcription. 

The C-terminal domain (CTD) of RNAPII (the DNA-directed RNAPII subunit (RPB1)) contains 

multiple heptapeptide repeats which can be targeted and phosphorylated by transcription-

associated CDKs, including CDK7, CDK8, CDK9, CDK12, CDK13 bound to their respective 

cyclin. Changes in the phosphorylation pattern of the CTD are important in the timing of its 

polymerase activity and the sequential recruitment of co-regulators (Jeronimo et al., 2013, 

2016; Lim and Kaldis, 2013). As described for cell cycle control, in the regulation of 

transcriptional control, different CDK/cyclin complexes and their activities are restricted to 

different phases of the transcriptional cycle. This is important to drive the stepwise progression 

from pre-initiation, initiation, elongation to termination (Figure 4). 

 
Figure 4: Regulation of transcription by CDKs.  

The stepwise progression of transcriptional regulation, consisting of initiation, pausing/release, elongation and the 
termination phase (Chou et al., 2020). (Copyright permission obtained by Copyright Clearance Center, License 

number: 5240850038948). 

The ablation of CDK7, CDK8, CDK11, cyclin H, cyclin T2 and cyclin K causes embryonic 

lethality, showing that their functions are non-redundant (Lim and Kaldis, 2013).  

In the transcriptional process (Figure 4) a coactivator complex, namely the Mediator complex 

transmits signals from transcription factors to RNAPII. CDK8 binds to cyclin C, MED12 and 

MED13 and thereby forms the CDK8 module, which associates with the Mediator complex 

(Allen and Taatjes, 2015; Tassan et al., 1995). Further, the preinitiation complex (PIC) needs 

to assemble to facilitate DNA entry at the active site of RNAPII and start the process. Different 

general transcription factors (GTFs) are recruited, among them the final GTF TFIIH, which 

includes CDK7 (Compe and Egly, 2012). The CDK8-cycC complex can phosphorylate CDK7, 

which binds cyclin H and an accessory protein MAT1, a CDK-activating kinase (CAK). Its 

general role is the phosphorylation of the CTD at Ser5, thereby regulating the initiation of 

transcription and promoter escape. However, the precise role of CDK7 remains controversial 
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(Chou et al., 2020). A recent study showed that selective CDK7 inhibition primarily inhibited 

E2F-driven gene expression, causing a G1-S cell cycle arrest, and did not significantly inhibit 

phosphorylation of the CTD or global gene expression (Olson et al., 2019). Additionally, CDK7 

may indirectly regulate transcription by phosphorylating TFs, such as the estrogen or androgen 

receptor, which are important in hormone-driven cancers (Chou et al., 2020).  

By association of the CDK7/CAK complex with core TFIIH complex, CDK9 gets activated and 

serves as a control for the switch of initiation to elongation. CDK9 itself binds cyclin T or cyclin 

K for its kinase activity. CDK9-cycT is called the “positive transcription elongation factor b (p-

TEFb)” and phosphorylates the CTD of RNAPII as well as other factors including DRB 

sensitivity-inducing factor (DSIF) and negative elongation factor (NELF) to relieve promoter 

pausing and promote transcription elongation (Wang and Fischer, 2008). CDK12 and CDK13 

represent further transcriptional CDKs. They are closely related, share 50% amino acid 

homology overall and even 92% identity in their kinase domains. Shared and non-overlapping 

functions have been described (Chou et al., 2020). Both phosphorylate RNAPII’s CTD at Ser2 

and Ser5 and regulate its elongation phase, CDK12 also regulates transcriptional termination. 

Further, CDK10 and CDK11 have roles in transcription. CDK10 partners with cyclin M and has 

been described as a tumor-suppressor in estrogen-driven tumors. CDK11 associates with L-

type cyclins and acts on the splicing machinery and on proteins involved in transcriptional 

initiation and elongation. It is highly expressed in triple-negative breast cancer, multiple 

myeloma and liposarcoma (Chou et al., 2020).  

The remaining CDKs are rather poorly studied yet. CDK3 appears to be important for cell cycle 

control. However, other studies suggest that CDK3’s function can be compensated. CDK5 was 

initially found as a “neuronal” kinase although more recent data from thyroid cancer models 

suggest a similar role to CDK4 and CDK2 in cell cycle control. Last but not least, CDK20 and 

its binding partner cyclin H were thought to phosphorylate and activate CDK2 – this still 

remains controversial in literature and needs further studies. Additional data suggest that 

CDK20 rather functions as an activating kinase for intestinal cell kinase (ICK), a regulator of 

cell cycle progression of intestinal epithelial cells (Whittaker et al., 2017). 

1.1.3. Cyclin-dependent kinase 8 (CDK8) 
CDK8 is part of the transcriptional group of CDKs. It exists in a CDK8 module, together with 

cyclin C, MED12 and MED13. This module either binds the Mediator complex, in a reversible, 

but stable association or interacts directly with transcription factors (Malik and Roeder, 2005; 
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Menzl et al., 2019a). The interaction between the CDK8 module and core mediator occurs via 

MED13 (Knuesel et al., 2009; Tsai et al., 2013). 

In vertebrates, CDK8 has a paralogue, CDK19, which appears to assemble in a “CDK19 

module”, together with cyclin C, MED12 and MED13 (Daniels et al., 2013). Additionally, also 

paralogues for MED12 and MED13 exist: “MED12-like” and “MED13-like” (MED12L, MED13L), 

respectively. CDK8 and CDK19 share 83 % sequence homology, whereas MED12 and MED13 

share only 59 % and 53 % identity with their paralogues. Different constellations and thereby 

functional specialization can occur as the paralogues bind mutually exclusively to the CDK8 

module (Fant and Taatjes, 2019). 

The core mediator complex consists of 26 submodules and has a head, middle and tail 

structure (Figure 5). Once bound to the CDK8 module it builds a bridge for transcription factors, 

chromatin modifiers, promoters and enhancers to RNAPII and is crucial during transcription 

(described in chapter 1.1.2). CDK8 can either repress or activate gene transcription. It 

represses transcription on the one hand by phosphorylating cyclin H, leading to inactivation of 

TFIIH and on the other hand by phosphorylating the CTD of RNAPII to preclude its recruitment 

to promoter DNA and to inhibit the assembly of the PIC in the initiation step of transcription 

(Lim and Kaldis, 2013). CDK8-mediator can support transcription by cooperating with the 

positive transcription elongation factor b (p-TEFb), which releases RNAPII for active 

transcription (Ebmeier and Taatjes, 2010).  

 
Figure 5: The Mediator complex.  

It consists of a head and middle region (red) plus a tail (blue) which bind the CDK8 module (yellow) (Malik and 
Roeder, 2005). (Copyright permission obtained by Copyright Clearance Center, License number: 

5240850379920). 
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The CDK8 module also acts independently of the mediator complex by directly interacting with 

transcription factors. Thereby it can regulate different signaling pathways, as NOTCH-

dependent signaling, signal transducer and activator of transcription (STAT) signaling and 

transforming growth factor-β (TGF-β) and bone morphogenetic protein (BMP) receptor 

signaling.  

The neurogenic locus notch homolog protein (NOTCH) signaling pathway is important for inter-

cellular communication, T-cell differentiation and neuronal development. Once a ligand (p.e. 

Delta) binds the extracellular domain, the intracellular NOTCH domain gets proteolytically 

cleaved, which releases the NOTCH receptor intracellular domain (ICD). ICD shuttles to the 

nucleus, where it activates transcription of NOTCH target genes (Kopan, 2012). CDK8-cycC 

phosphorylates the ICD thereby enhancing its activity, but also priming the ICD for 

ubiquitination and subsequent degradation (Fryer et al., 2004).  

The Janus kinase (JAK) - signal transducer and activator of transcription (STAT) signaling 

pathway controls cytokine-mediated communication in the immune system. Upon ligand 

binding of the cell surface receptor, cytokine-receptor-associated JAKs phosphorylate a 

tyrosine at STAT homodimers, inducing dimerization and translocation to the nucleus, where 

DNA binding and transcription of target genes can occur. STATs can be posttranslationally 

modified, as described by phosphorylation of serine in the C-terminal transactivation domain 

(TAD). The CDK8 module phosphorylates regulatory sites within the TADs of STAT1, STAT3 

and STAT5. In the interferon (IFN) signaling pathway CDK8 phosphorylates STAT1 at serine 

727, making it a key regulator of anti-viral responses and NK cell anti-tumor responses 

(Bancerek et al., 2013; Putz et al., 2014; Staab et al., 2013). 

Transforming growth factor β (TGF-β) and bone morphogenetic protein (BMP) signaling 

pathways propagate signaling through SMAD2, SMAD3 and SMAD1, SMAD5, SMAD8, 

respectively. Upon ligand binding to heteromeric serine/threonine kinase receptor complexes 

SMADs get phosphorylated at C-terminal tails. This leads to accumulation of SMADs in the 

nucleus and subsequent assembly of transcriptional complexes and regulation of target genes 

(Massagué, 2012). SMAD linker phosphorylation in the nucleus controls transcriptional activity. 

Antagonistic signals, such as fibroblastic growth factor (FGF), epidermal growth factor (EGF) 

and stress signals acting through mitogen-activated protein kinases (MAPKs) signaling lead to 

cytoplasmic retention and proteasomal degradation. CDK8 and CDK9, in contrast, have been 

shown to act as agonists and phosphorylate the linker regions before assembly of 

transcriptional complexes. This fully activates SMAD-dependent transcription, at the same time 

it also primes SMAD proteins for degradation (Alarcón et al., 2010; Aragón et al., 2011). 
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CDK8 is required for embryonic development. A complete Cdk8 knockout in mice leads to 

embryonic lethality on day 2.5 to 3 due to a preimplantation defect (Westerling et al., 2007). In 

adult mice, it is dispensable for adult tissue homeostasis. A conditional and inducible deletion 

of Cdk8 showed no gross abnormalities (McCleland et al., 2015). The physiological role of its 

paralogue CDK19 is still unclear. Cdk19 knockout mice have a normal phenotype of the 

nervous, reproductive or cardiovascular systems. However, further studies are needed to 

unravel the physiological functions of CDK19 (Wu et al., 2021). 

CDK8 in solid tumors 
Most of the previously described CDK8-dependent pathways are deregulated in cancer. There 

is accumulating evidence that CDK8 contributes to tumor development in different steps and 

cancer entities. 

First indications for a role of CDK8 as a proto-oncogene came from data of colorectal cancer 

patients (CRC). The CDK8 gene is amplified in 47 % of 123 CRC patient samples (Firestein et 

al., 2008) and a negative correlation could be shown between CDK8 expression and survival 

of patients with CRC (Firestein et al., 2010). Further, CDK8 is even higher expressed in 

advanced stages III and IV and contributes to disease progression from colorectal adenoma 

to carcinoma (Seo et al., 2010). In almost all CRCs an abnormal activation of the wingless-

related integration site (WNT)/ -catenin pathway was found, contributing to growth, invasion 

and survival (Bienz and Clevers, 2000). To have a full malignant transformation, additional 

genetic perturbations are required - CDK8 was identified to contribute. The kinase function of 

CDK8 interacts with the Wnt pathway, it is essential to promote -catenin-dependent 

transcription and transformation by phosphorylating -catenin target genes. CDK8 additionally 

phosphorylates E2F1 on serine 375, thereby hindering the suppressive effect of E2F1 on -

catenin. Upon loss of CDK8, cell proliferation is reduced and the numbers of cells in G1 and 

S-phase are diminished (Firestein et al., 2008). In contrast, a study shows that CDK8 

suppresses tumor growth in an in vivo model of ApcMin colon cancer. An inducible deletion of 

Cdk8 increased tumor size and accelerated growth due to a reduction in histone H3K27 

trimethylation and an increase of Polycomb group (PcG)-regulated genes which are relevant 

for oncogenic signaling (McCleland et al., 2015). This emphasizes that CDK8’s functions are 

highly context specific.  

MacroH2A (mH2A) is another epigenetic factor. It is a histone variant which replaces 

conventional histones and has unique biological functions. In malignant melanoma it 

suppresses tumor progression. Loss of mH2A increases the malignant phenotype. Knockdown 
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of mH2A led to increased proliferation and migration in vitro and accelerated growth and 

metastasis in vivo. To a certain extent, these tumor promoting functions result from direct 

transcriptional upregulation of CDK8. Further, CDK8 was found to have an inverse correlation 

with mH2A in 36 melanoma patient samples. It is therefore speculated that CDK8 drives 

melanoma progression by upregulating cell growth and migration (Kapoor et al., 2010). 

In breast cancer, CDK8 appears to play an essential part. Analysis of transcriptome data of 

968 breast cancer patients revealed increased levels of CDK8/CDK19, cyclin C and MED13 

compared to normal mammary tissue or benign/ hyperplastic breast cancer. Further, high 

levels of CDK8 correlate with worse recurrence free survival in breast cancer patients (Broude 

et al., 2015; Roninson et al., 2019). Functions of CDK19 have not been verified yet. However, 

functions of CDK8 have been reported. The Skp2-mH2A1-CDK8 axis appears to be a critical 

pathway in breast cancer development. Skp2 is a F-box protein which forms a E3 ligase 

complex (SCF complex) together with Skp1 and Cullin-1. It was found as a novel E3 ligase, 

triggering ubiquitination and degradation of the histone variant mH2A1, which is low expressed 

in breast cancer. Skp2 induced mH2A1 degradation leads to gene and protein expression of 

CDK8. CDK8 itself can serve as a kinase for p27 or lead to promoting p27 ubiquitination and 

degradation mediated by Skp2. This may contribute to cell growth and migration, polyploidy, 

G2/M arrest and tumorigenesis, dependently and independently of p27 regulation (Xu et al., 

2015a). A further function of CDK8 was observed in estrogen receptor positive breast cancer. 

Estrogen-induced transcription depends on CDK8 kinase activity, with CDK8 acting 

downstream of the estrogen receptor. These effects could be recapitulated with a specific 

CDK8/CDK19 inhibitor, Senexin A. Further, inhibitor treatment resulted in diminished tumor 

growth but failed to induce apoptosis in mouse models. Synergistic effects with an ER 

antagonist fulvestrant (belonging to selective estrogen receptor down-regulators – SERD) 

were reported, without any apparent toxicity in mice (McDermott et al., 2017). 

Further, pancreatic cancer studies showed that CDK8 has a role in epithelial-to-mesenchymal 

transition (EMT) – a process important in the metastatic and invasive potential of cells. 

Dependent on the status of K-RAS mutation, pancreatic cancer samples had higher expression 

of CDK8. High levels of CDK8 and mutated K-RAS trigger invasion and migration of cells via 

WNT/ -catenin signaling by increasing the EMT-associated transcription factors (TFs) Snai1 

and ZEB1 (Xu et al., 2015b). Further evidence for a correlation between CDK8/CDK19 

expression and EMT-associated TFs is provided by studies in ovarian, pancreatic and breast 

cancer cell lines. The BMP signaling pathway induces invasion of pancreatic cancer. In detail, 

BMP-induced SMAD1 drives the upregulation of matrix metalloproteinase (MMP)-2. Activation 
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of this pathway depends on the kinase activity of CDK8 as described in the previous chapter. 

Upon CDK8/CDK19 inhibition or knockdown of CDK8 or CDK19, BMP4-induced EMT was 

shown to be suppressed in ovarian and pancreatic cancer cell lines. Furthermore, 

CDK8/CDK19 inhibition abrogated muscle invasion in vivo in a murine breast cancer model, 

using Py2T cells, mimicking a HER2-enriched cell line. Mechanistically this goes together with 

an upregulation of E-cadherin and downregulation of EMT-associated TFs Snai1 and Snai2. 

RNA-seq data of 293 high-grade serous ovarian tumors additionally provided evidence for a 

positive correlation of CDK8 and CDK19 with EMT markers in patients (Serrao et al., 2018). In 

addition, a study revealed that high levels of CDK8 promote angiogenesis in pancreatic cancer 

via activating the CDK8--catenin-KLF2 signaling pathway, consequently leading to 

upregulation of vascular endothelial growth factor (VEGF), VEGFR2, MMP-9, c-myc and cyclin 

D1. This thereby supports the metastatic potential of cells as confirmed in a nude mice 

xenograft model (Wei et al., 2018). 

In colorectal cancer (CRC), CDK8 has a specific role as it interacts with two signaling pathways 

which are important in formation of hepatic metastasis (Figure 6). Hepatic metastases are often 

unresectable, unresponsive to therapies and a major cause of lethality in colon cancer patients 

(Liang et al., 2018). Using human and mouse colon cancer cells, CDK8 knockdown or inhibition 

of CDK8/CDK19 resulted in only little effects on colon cancer cell growth but suppressed the 

metastatic growth in the liver. By interacting with two different signaling pathways, CDK8 

enables the metastatic growth in the liver. It downregulates the matrix metalloproteinase 

(MMP) inhibitor TIMP3 via TGF-/ SMAD-driven expression of the microRNA miR-181b, which 

targets TIMP3. In CRC TIMP3 is a well described suppressor of invasion, angiogenesis and 

metastasis (Lin et al., 2012). Additionally, CDK8 induces Mmp3 in murine and MMP9 in human 

colon cancer cells, via WNT/ -catenin-driven transcription (Figure 6) (Liang et al., 2018). 

MMPs do as well have a major role in tumor progression. Aside from matrix degradation, they 

have key roles in growth factor receptor signaling, cell adhesion, angiogenesis and apoptosis 

(Duarte et al., 2015). 
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Figure 6: CDK8 regulates metastatic growth in the liver.  

CDK8 regulates two different pathways (WNT/ -catenin and TGF-/ SMAD), important in formation of hepatic 
metastasis in colorectal cancer (Liang et al., 2018). (Copyright permission obtained by Copyright Clearance 

Center, License number: 5240850642860). 

CDK8 in leukemia 
In leukemia, key roles of CDK8 have been proposed. A study found a role of both, CDK8 and 

CDK19 in acute myeloid leukemia (AML) on super-enhancers (SE) – regions/ clusters 

composed of multiple enhancers loaded with Mediator complex, transcription factors and 

chromatin regulators. In a CDK8-chromatin immunoprecipitation followed by sequencing 

(CHIPseq) experiment in the AML cell line MOLM-14, CDK8 was found on SE, associated with 

binding of MED1 and BRD4. Gene Ontology (GO) terms hematopoiesis, transcription and 

cellular differentiation were found among the CDK8-occupied SE-associated genes. In MOLM-

14 cells BRD4 supports SE-mediated transcription, CDK8 and CDK19 inhibit SE-associated 

genes. Using the natural product Cortistatin A (CA), CDK8 and CDK19 could be selectively 

inhibited, leading to diminished cell proliferation of MOLM-14 cells in vitro, reduced AML 

progression in mice bearing MV4-11 leukemic cells and even more enhanced transcription of 

SE-associated genes in sensitive AML cells (Pelish et al., 2015). A further study reported that 

CA treatment inhibited growth of AML cells with a hyper-activated JAK-STAT signaling, in part 

by blocking STAT1-S727 phosphorylation. Myeloproliferative neoplasms (MPNs) can progress 

to an AML in up to 20% of MPN patients, called “post-MPN AML”. Post-MPN AML is 

characterized by constitutive JAK-STAT signaling, often induced by an activating somatic 

mutation in the JAK2 kinase (V617F). The JAK1/2 inhibitor Ruxolitinib was approved as 

targeted therapy for a subset of MPN patients, reducing STAT tyrosine phosphorylation, 



12 
 

without being curative alone. CA was found to act different, perturbating the STAT1 serine 

phosphorylation, thereby inducing growth arrest and differentiation in JAK2-mutated AML cells. 

In contrast, Ruxolitinib only induced apoptosis. A combination treatment of CA and Ruxolitinib 

enhanced growth suppression in vitro and in patient samples, may representing a new 

therapeutic approach (Nitulescu et al., 2017). SEL120-34A, another CDK8/CDK19 inhibitor, 

reducing the CDK8 targets STAT1-S727 and STAT5-S726 phosphorylation, was also tested 

on AML cells. Treatment of cells with high levels of STAT1 and STAT5 phosphorylation and 

high expression of hematopoietic progenitor markers showed anti-proliferative effects. Results 

could be recapitulated with other CDK8/CDK19 inhibitors SEL129-34A, Senexin B and 

CCT251545 (Rzymski et al., 2017). In addition, a study in T-cell acute lymphoblastic leukemia 

(T-ALL) described a tumor-suppressive function of the CDK8/cyclin C axis. Activation of CDK8 

by cyclin C enhances ICN1 degradation within the NOTCH signaling pathway. A significant 

fraction of human T-ALLs have reduced cyclin C levels due to a heterozygously deleted CCNC 

gene (encoding cyclin C). Deficiency of cyclin C increases ICN 1 oncogene levels and thereby 

accelerates T-ALL disease progression (Li et al., 2014). 

A hallmark of cancer cells is aerobic glycolysis, also named the Warburg effect. Cancer cells 

require high levels of ATP to be able to proliferate fast, which is provided by increased glucose 

consumption and high rates of glycolysis. HIF1 acts together with CDK8 to affect gene 

expression and is a master transcriptional regulator of glycolytic enzymes. A role for CDK8 in 

the expression of glycolytic genes has been described in colorectal cancer cell lines using the 

CDK8/CDK19 inhibitor Senexin A. Transcriptome analysis revealed that CDK8 kinase activity 

regulates parts of the glycolytic cascade. CDK8/CDK19 inhibition lowered glucose transporters 

and uptake, the glycolytic capacity and diminished cell proliferation and anchorage-

independent growth in normoxia and hypoxia (Galbraith et al., 2017).  

CDK8 in tumor surveillance 
CDK8 also plays an important part in the immune system. For natural killer (NK) cells it has 

been described that CDK8 acts upstream of STAT1, modulating NK-cell anti-tumor responses. 

Mice with a point mutation in the CDK8 phosphorylation site of STAT1, (serine 727 to alanine; 

STAT1-S727A), showed enhanced NK cell cytotoxicity against a range of NK cell-surveilled 

tumor cell lines, together with increased expression of granzyme B and perforin. It translates 

in vivo into a later disease onset in different cancer models, such as melanoma, leukemia, and 

metastasizing breast cancer in STAT1-S727A mice. This could be attributed to enhanced 

cytotoxic potential of STAT1-S727A NK cells (Putz et al., 2013). Deletion of CDK8 in the NK 
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cell compartment, in Cdk8fl/flNcr1Cre transgenic mice revealed a normal development and 

maturation of NK cells but increased expression of the lytic molecule perforin. This translates 

into enhanced NK cell cytotoxicity in vitro and improved NK cell-mediated tumor surveillance 

of melanoma, lymphoma and leukemia mouse models in vivo, describing a suppressive effect 

of CDK8 on NK cell activity. Unexpectedly, CDK8-deficient NK cells have unaltered STAT1-

S727 phosphorylation, probably due to a compensatory effect of CDK19 (Witalisz-Siepracka 

et al., 2018). On top, a recent study described a newly developed CDK8/CDK19 inhibitor BI-

1347. Treatment of NK cells with the inhibitor decreased STAT1-S727 phosphorylation and 

increased perforin and granzyme B production. Functionally, NK cell lysis of primary leukemia 

cells was increased and inhibitor treatment in vivo showed prolonged survival of mice with 

melanoma xenografts. Combination treatments with either PD-1 monoclonal antibodies in a 

colorectal cancer model or SMAC mimetic in a breast cancer model increased survival of mice 

and provides evidence for new therapeutic combinations (Hofmann et al., 2020).  

A novel role of CDK8/ CDK19 was also reported in the adaptive immune system, in Foxp3 

expressing regulatory T (Treg) cells. CDK8/CDK19 inhibitors induced the differentiation of Treg 

cells and expression of Treg signature genes, such as Foxp3. Inhibitor treatment led to a 

sensitized TGF- signaling together with decreased IFN-STAT1 signaling and enhanced 

Smad2/3 phosphorylation. In vivo this translated into an increased Treg population and 

dampened autoimmune symptoms in an experimental autoimmune encephalomyelitis (EAE) 

model upon inhibitor treatment (Guo et al., 2019). 

Figure 7 summarizes all previously described physiological and pathological functions of 

CDK8. It illustrates the context-specific roles of CDK8 which are not yet fully understood and 

demand further research, but also harbor a lot of novel treatment options. 
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Figure 7: Physiological and pathological functions of CDK8. 

Functions of CDK8 in transcription and signaling (depicted in the inner circle) and their relation to physiological 
(violet) and pathological (red) conditions (depicted in the outer circle) (Menzl et al., 2019a). (Copyright permission 

obtained by Creative Common CC BY license). 

CDK8/CDK19-specific inhibitors 
The functions of CDK8 and CDK19 are context dependent, making them important drug targets 

and a high number of inhibitors have been developed to date. Due to their high degree of 

structural similarity, they inhibit not only CDK8 but also the kinase function of CDK19. The 

compounds are reversible inhibitors which bind competitively with ATP. For measuring kinase 

activity, CDK8 needs to be tested as an active kinase, which it is when associated with cyclin 

C. Association with cyclin C and MED12 increases CDK8 activity about 30-fold (Fant and 

Taatjes, 2019). 

In the beginning of inhibitor development, several known kinase inhibitors were found to bind 

CDK8 when evaluated against a panel of human protein kinases. Selectivity of these 

compounds is very different - reaching from low (e.g. Flavopyridol, a pan-CDK inhibitor) to 

medium and high for only one compound (Rzymski et al., 2015). In 2009, Cortistatin A was 

reported, showing a high level of selectivity to CDK8 and binding it with high affinity, with a 

dissociation constant (Kd) of 17 nM. It is a steroidal alkaloid, isolated from a marine sponge 

Corticium simplex. It is also described as a high affinity ligand for CDK19 (Kd= 10 nM) and 

Rho-associated, coiled-coil containing protein kinases (ROCK) with Kd for ROCK I of 250 nM 

and for ROCK II of 220 nM (Cee et al., 2009). In 2012, SNX2-class compounds were revealed 

as selective inhibitors of CDK8 and its isoform CDK19. These compounds were discovered in 

a high-throughput screening and subsequent structure optimization resulted in the detection 



15 
 

of Senexin A, an inhibitor with Kd= 0.83 uM and Kd= 0.31 uM for CDK8 and CDK19, 

respectively. CDK8 kinase activity is inhibited with an IC50 of 0.28 uM (Porter et al., 2012). 

Improvement of solubility and potency led to the development of a new generation compound, 

called Senexin B. It strongly binds to CDK8 and CDK19 with Kd values of 140 nM and 80 nM, 

respectively and CDK8 kinase inhibition reveal IC50 values from 24 to 50 nM in different 

assays. The compound further was investigated in pharmacokinetic studies, using mice and 

rats with positive outcome. In 2014 novel CDK8 inhibitors were reported by three companies 

and screening revealed highly selective inhibitors for CDK8. Among, the company Selvita 

identified a clinical candidate molecule, SEL120-34, which made it to clinical trials (Rzymski et 

al., 2015). 

Further studies modified structures and developed different CDK8/CDK19 inhibitors, as e.g. 

BI-1347 (Hofmann et al., 2020), compound 2, compound 20 and many more with having 

different IC50 values and varying levels of off-target effects and off-target kinase inhibition 

(Fant and Taatjes, 2019). Described functions of promising inhibitors were reviewed in the 

previous chapter. 

Most important, two inhibitors made it to a Phase I clinical trial, with only one – SEL120 – being 

currently ongoing and recruiting in an early-phase clinical trial for treatment of hematologic 

malignancies (Table 1).  

Number Status Drug Condition Start Completion 

 
NCT04021368 
 

Recruiting RVU120 
(SEL120) 

o Acute Myeloid 
Leukemia 

o High-risk 
Myelodysplastic 
Syndrome 

Sept 2019 Dec 2022 

 
NCT03065010 
 

Completed BCD-115 

o ER+ HER2- local 
advanced and 
metastatic Breast 
Cancer 

Nov 2016 March 2018 

Table 1: Clinical trials using CDK8/CDK19 inhibitors. 

https://clinicaltrials.gov/ct2/results?cond=&term=cdk8&cntry=&state=&city=&dist= (access 20220110) 

The first clinical trial with BCD-115 treatment in breast cancer was discontinued after 90 days 

due to adverse events. Dual CDK8/CDK19-targeting compounds at therapeutic dose levels 

may be too toxic. Combinations of CDK8 inhibitors with drugs targeting alternative pathways 

are the way to go and may generate synergy and lead to tolerable levels of CDK8 inhibitors, 

as some studies already described such synergies (Chou et al., 2020). 

 

https://clinicaltrials.gov/ct2/results?cond=&term=cdk8&cntry=&state=&city=&dist=
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1.2. Breast cancer 
Breast cancer represents a major public-health issue. It is among the most common cancer 

entities and the most common causes of cancer deaths worldwide (Veronesi et al., 2005). 

According to WHO statistics the estimated number of new cases in 2020 was over 2 million 

breast cancer cases worldwide, including both sexes and all ages (Figure 8 left panel). 

Statistics revealed almost 700,000 deaths and a 6.9% mortality rate in breast cancer cases 

worldwide (Figure 8 right panel).  

 

    
Figure 8: WHO statistics on Cancer worldwide. 

Estimated number of new cases (left) and estimated number of deaths in 2020 (right), worldwide, both sexes and 
all ages. https://gco.iarc.fr (access 20210219) 

1.2.1. Classification 
Breast cancer is a heterogenous disease with different morphologic and biological features. 

The traditional classification and routine assessment are based on histologic typing, grading, 

tumor staging and hormonal receptor expression analysis (Tsang and Tse, 2020). Histologic 

subtypes are based on the pathologic growth pattern. There are over 20 different types of 

invasive breast cancer with the most common being infiltrating duct carcinomas and no special 

type (IDC-NST) compromising 70-80%. Criteria for classification include tumor cell type, 

extracellular secretion, architectural features and immunohistochemical profile (Tan et al., 

2020). The Nottingham modification of the Scarff-Bloom Richardson grading evaluates tumor 

grade. The scoring system takes microscopic assessment of histologic differentiation into 

account, analyzing tubule formation, nuclear pleomorphism and proliferation, stating a mitotic 

index (Mook et al., 2009). Tumor staging is based on tumor size (T), status of regional lymph 

nodes (N) and distant metastasis formation (M), referred to as “TNM staging”. It uses both, 

clinical and aforementioned pathologic information and distinguishes 5 stages (0, I, II, III, IV) 

https://gco.iarc.fr/
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(Weiss et al., 2018). Latest, also the hormonal receptor status was incorporated into tumor 

staging. Routine assessment includes defining the status of the two nuclear sex steroid 

receptors estrogen receptor (ER) and progesterone receptor (PR) and analysis of HER2 

(=ERBB2) expression. Determination is crucial in prediction for hormonal and anti-HER2 

targeted therapy response. The majority, ~75% of breast cancer cases express ER and PR 

and are usually low grade and less aggressive (Hammond et al., 2010). HER2 is 

overexpressed in 15% of all cases, showing an amplification of the corresponding gene at 

17q12 (Slamon et al., 1987). They show an aggressive clinical course and poor prognosis. 

Nevertheless, they respond to anti-HER2 targeted treatments. Remaining 10-15% of breast 

cancer cases belong to the group of triple-negative breast cancers (TNBC). They are high 

grade, have a poor prognosis and no targeted therapies are available to date (Tsang and Tse, 

2020). 

With emerging high-throughput technologies paradigms in breast cancer biology changed. By 

performing global gene expression profiling 5 intrinsic subtypes were identified performing 

hierarchical clustering - namely luminal A, luminal B, HER2-overexpressing, basal-like (BLBC) 

and normal-like tumors (Table 2) (Perou et al., 2000).  

Intrinsic Subtype Gene Profile IHC Phenotype 

Luminal A High expression of 
- luminal epithelial genes 
- ER-related genes 

ER+, PR ≥20%,  
HER2-, Ki67low 

Luminal B 
Lower expression of 

- Luminal epithelium 
- ER-related genes 

Higher level of 
- HER2-related genes 

ER+, PR <20% or 
HER2+/ or Ki67high 

HER2-overexpression 
High expression of 

- HER2-related genes 
Low expression of 

- ER-related genes 

ER-, PR-, HER2+ 

Basal-like 

High expression of 
- Basal epithelial and 

proliferation genes 
Low expression of 

- HER2-related genes 
- ER-related genes 

ER-, PR-, HER2- 

Table 2: Overview of different molecular subtypes of breast cancer. 

 (Tsang and Tse, 2020); IHC: immunohistochemical 



18 
 

For daily clinical practice these methods are too costly and technically complex, therefore 

immunohistochemistry of ER, PR, HER2 and Ki67 are state-of-the-art (Goldhirsch et al., 2013). 

Consequently, some discrepancies exist. Only 80% of TNBC belong to the intrinsic basal-like 

BC group, only 65% of HER2+ patients belong to the HER2-overexpressing group and the 

cutoff for Ki67 is still a matter of debate (Cheang et al., 2015; Morigi, 2017; Prat et al., 2014).  

Further clustering was reported by the Molecular Taxonomy of Breast Cancer International 

Consortium (METABRIC) including intrinsic subtyping and genomic heterogeneity - assigning 

ten integrative clusters (IntClust 1 to 10) (Curtis et al., 2012). Next generation sequencing 

(NGS) identified 40 driver mutations. TP53, PIK3CA and GATA3 are the most common driver 

genes with incidences over 10%, showing that generally mutations are rare in breast cancer 

(Koboldt et al., 2012) and are found across subtypes. The Cancer Genome Atlas Network 

(TCGA) performed a multiomics approach combining six different platforms and in the end 

could show the existence of four main breast cancer classes, which correlated well with the 

subtypes shown in Table 2.  

1.2.2. Treatment 
Treatment approaches and strategies are based on the categorization of breast cancer into 3 

major subtypes (hormone receptor positive/ HER2 negative, HER2 positive and triple-

negative) and into nonmetastatic or metastatic disease. The majority of cases (>90 %) are 

non-metastatic at time of diagnosis. Therapeutic goals are primarily eradication of the tumor 

and secondly the prevention of metastatic recurrence, which happens more likely in triple-

negative breast cancer. Metastatic breast cancer is incurable. Therapy aims are prolonging life 

and alleviating symptoms (Waks and Winer, 2019). The median overall survival for metastatic 

hormone receptor positive and HER2 positive breast cancer is five years and for triple-negative 

breast cancer it is one year (Waks and Winer, 2019).  

Non-metastatic breast cancer 
The two main therapeutic opportunities for treating non-metastatic breast cancer are systemic 

and local therapy. Dependent on breast cancer subclass, there are different systemic 

treatment options summarized in Table 3. 
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Hormone receptor 
positive/ HER2 
negative 

HER2 positive Triple-negative 

% of breast 
cancer cases 

 
70 15-20 

 
15 

Typical systemic 
therapy for non-
metastatic 
disease 

 

 
 
Endocrine therapy 
(all patients) 
 
Chemotherapy 
(some patients) 

Chemotherapy + HER2-
targeted therapy (all patients) 

Endocrine therapy (if also HR+) 

 
 
Chemotherapy (all 
patients) 

Systemic 
therapy for 
metastatic 
disease 

Initial: Aromatase 
inhibitors + CDK4/6 
inhibitor 

Later: Hormonal 
and/or targeted 
therapy  

Initial: taxane+ trastuzumab+ 
pertuzumab 

Endocrine therapy+ HER2-
targeted therapy 

Ado-trastuzumab emtansine 

Later: HER2-targeted therapy+ 
chemotherapy or endocrine 
therapy (if HR+)  

 
Initial: single-agent 
chemotherapy 
 
Later: single-agent 
chemotherapy  

Table 3: Therapeutic options for different breast cancer subtypes. 

Hormone receptor positive breast cancer is the most common subclass, with around 70 % of 

cases (Howlader et al., 2014). All patients receive endocrine therapy, which consists of oral 

antiestrogen medication. Tamoxifen is a selective estrogen receptor inhibitor, which inhibits 

the binding of estrogen to its receptor and therefore downstream signaling. It is taken daily for 

5 years and is effective in pre- and postmenopausal women (Abe et al., 2011). Aromatase 

inhibitors (anastrozole, exemestane and letrozole) are effective in postmenopausal woman as 

well and inhibit the conversion of androgens to estrogen, lowering circulating levels of estrogen 

(Joshi and Press, 2018). Adjunct to endocrine therapy, chemotherapy remains as an essential 

treatment option in HR+ tumors, as it has been shown that higher-risk tumors are associated 

with greater absolute benefit from chemotherapy (Albain et al., 2012). Chemotherapy regimens 

contain anthracycline (e.g. adriamycin) in combination with taxane (such as 

adriamycine/cyclophosphamide followed by taxane) for high-risk patients (Blum et al., 2017) 

and are administered by intravenous therapy for 12-20 weeks. In the treatment of HER2+ 

(ERBB2) breast cancer big progress has been made by developing HER2-targeted therapy. 
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The monoclonal antibody trastuzumab targets the extracellular domain of ERBB2. It is now 

standard of care treatment to add one year of this monoclonal antibody to 12-20 weeks of 

chemotherapy, in the combination paclitaxel/ trastuzumab, in patients with small, node-

negative HER2+ tumors (Piccart-Gebhart et al., 2005; Romond et al., 2005; Slamon et al., 

2011). Patients with higher-risk tumors further receive the agents pertuzumab, a monoclonal 

antibody targeting the ERBB2 dimerization domain or neratinib, an oral small-molecule 

tyrosine kinase inhibitor of multiple HER family members (Martin et al., 2017; Von Minckwitz 

et al., 2018). Dependent on the hormonal status of HER2+ patients, additional endocrine 

therapy is administered. For treatment of non-metastatic triple-negative breast cancer, the only 

FDA approved drugs are chemotherapeutic agents. All patients with breast tumors larger than 

5 mm receive intravenous therapy for 12-20 weeks with aforementioned combinations of 

chemotherapeutic drugs. One single evidence-based adjuvant strategy available for patients 

with TNBC is single-agent capecitabine (Masuda et al., 2017).  

Local therapy of non-metastatic breast cancer is another treatment approach consisting of two 

methods – surgery and radiation therapy. There are two standard surgical procedures, either 

a total mastectomy or an excision plus radiation, assuming clear margins between cancerous 

and healthy tissue. Separately, axillary lymph node dissection (ALND) needs to be considered, 

both as a diagnostic tool, as well as for a therapeutic purpose to remove cancerous cells 

(Ernard et al., 2002). Radiation therapy can be delivered to a portion of the breast or the whole 

breast, to the chest wall (after mastectomy) and the regional lymph nodes (Maughan et al., 

2010; Waks and Winer, 2019).  

Metastatic breast cancer 
Almost all deaths of patients with metastatic breast cancer are due to metastatic disease 

(National Institutes of Health). Different factors are relevant to prognosis as visceral 

metastasis, brain metastasis and multiple metastatic sites claim worse prognosis and younger 

age, bone-only metastasis and longer disease-free interval between diagnosis and metastasis 

development give improved prognosis (Waks and Winer, 2019). In the systemic treatment of 

metastatic breast cancer there is an early and later treatment regiment, summarized in Table 

3. Dependent on the subclass of breast cancer there are principles, which are followed. In 

hormone receptor positive/ HER2 negative breast cancer, early treatment is endocrine therapy 

usually in corporation with a CDK4/6 inhibitor (abemaciclib, palbociclib or ribociclib) in the first 

or second line (Finn et al., 2016; Goetz et al., 2017; Hortobagyi et al., 2016). After resistance, 

there is a transition to chemotherapy, as a single-agent sequential chemotherapy. In HER2 
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positive cases first-line therapy includes a taxane plus trastuzumab and pertuzumab and 

second-line the antibody-drug conjugate trastuzumab emtansine (Von Minckwitz et al., 2009). 

For metastatic triple-negative breast cancer cytotoxic chemotherapy is the only therapeutic 

option available in patients not harboring BRCA1/2 mutations. If they do so, targeted inhibitors 

of PARP enzymes are approved (Litton et al., 2018; Robson et al., 2017). Also, a phase 3 

clinical trial showed improved progression-free survival upon treatment with chemotherapy and 

immunotherapy combination, like nab-paclitaxel plus PD-L1 inhibitor atezolizumab for 

pretreated metastatic triple-negative breast cancer patients (Schmid et al., 2018) but still, there 

is an urgent need to discover new, targeted therapies.  

1.2.3. Triple-negative breast cancer (TNBC) 
As aforementioned 10-15% of all breast cancer cases are classified as triple-negative breast 

cancer, defined by the lack of ER, PR and HER2 expression. TNBC is more common among 

specific ethnicities as Latin, African and African-American (Lund et al., 2009). It is 

characterized by an aggressive behavior, early relapse, metastatic spread to lung, liver and 

central nervous system and a poor survival (Dent et al., 2007). Although it is a defined breast 

cancer subclass, it is very heterogeneous showing diverse response rates to therapies. 

Genomic expression profile assays were used to define “molecular fingerprints” to be able to 

propose seven molecular subtypes (Lehmann et al., 2011). A refinement was performed 

including clinical trial datasets summarizing the groups into four, which are in use as prognostic 

and predictive tool, summarized in Figure 9 (Burstein et al., 2015; Lehmann et al., 2016; Lopes 

Da Silva et al., 2020). 

 
Figure 9: Molecular subtypes of triple-negative breast cancer.  

(Lopes Da Silva et al., 2020) 

TNBC do express neither hormone receptors, nor HER2 and therefore therapeutic approaches 

as mentioned in chapter 1.2.2. are not an option. No targeted therapies are available hence 
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specific molecular subtypes and biological factors, important in TNBC tumorigenesis are of 

utmost interest in the discovery of new drugs and biomarkers. 

Tumorigenesis 
Several studies identified main signal transduction pathways important in tumorigenesis of 

TNBC, summarized in Figure 10. 

 
Figure 10: Main signal transduction pathways in TNBC tumorigenesis. 

Different signaling pathways found to be important in tumorigenesis of TNBC (Lopes Da Silva et al., 2020). 
(Copyright permission obtained by Copyright Clearance Center, License number: 5240851033309). 

Among them is the p53 protein, a transcription factor important in cellular response to DNA 

damage. The p53 gene is mutated in 75-80 % of patients with TNBC, harboring either 

missense mutations with high p53 protein expression or deletion mutations with no expression 

of the protein (Yemelyanova et al., 2011). Ki67, a cell membrane antigen, important in 

determination of cell proliferation is a prognostic marker, however in TNBC it is an uncertain 

value (Viale et al., 2008). The EGF receptor is part of a transmembrane glycoprotein family 

with a tyrosine kinase domain and activates pathways important in cell proliferation and 

apoptosis inhibition. The prevalence of overexpression in TNBC is controversial and ranges 

from 13-78 %. Targeted therapies do exist, however data from TNBC patients are controversial 

and EGFR is no confirmed prognostic marker (Gumuskaya et al., 2010). C-KIT (CD117) protein 

expression is detected in 50 % of patients. It has an important role in cell transformation and 

differentiation and is particularly interesting because targeted therapy (via imatinib) is a well-

established approach in the treatment of other cancer entities such as chronic myeloid 

leukemia or solid tumors like Gastrointestinal Stromal Tumors (Lopes Da Silva et al., 2020). 

Angiogenesis signaling is mediated by vascular endothelial growth factors (VEGFs) and is 

important in the growth and tumor spreading. VEGF is highly expressed in 30-60 % of TNBC 
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patients (Linderholm et al., 2009) and efficacy of bevacizumab, the humanized monoclonal 

antibody of VEGF-A has been studied in TNBC. It failed to show improvements in overall 

survival in phase 3 studies (Miller et al., 2007; Robert et al., 2011). Germline mutations of 

BRCA1 and BRCA2 genes occur in 14-20 % of patients and even more patients have been 

reported to harbor homologous recombination deficiency (HDR). Both are important in DNA-

double strand break repair, which is important in all cells of the body that undergo constant 

external damage to the DNA apparatus (Jasin and Rothstein, 2013; Sharma et al., 2014; Telli 

et al., 2016). The tumors are likely to be more sensitive to platinum chemotherapy and PARP 

inhibitors, like Olaparib (Underhill et al., 2011).  

Normal breast tissue usually does not contain immune cells, whereas tumor tissue and 

surrounding stroma consists of higher levels of immune cell infiltrates (Degnim et al., 2014). 

TNBC is considered to be one of the most immunogenic breast cancer types and tumor-

inflitrating lymphocytes (TILs) are highly expressed in around 20 % of cases (DeNardo and 

Coussens, 2007; Schmidt et al., 2008). Both, the innate and adaptive immune system are 

important in the defense against non-self-cells or tumor antigens. Breast cancer cells do 

express many antigens on the cell membrane, which can activate and stimulate immune cells 

and thereby induce an immune response. PD-L1 has been reported to be expressed on 15.8-

30 % of TNBC cases (Beckers et al., 2016; Ghebeh et al., 2006). It can be measured on tumor 

cells or on tumor infiltrating immune cells and can be used as a predictive biomarker (Schalper 

et al., 2014). As described in chapter 1.2.2. large phase 3 clinical studies evaluated the 

combination of atezolizumab, a PD-L1 inhibitor and nab-paclitaxel as first-line therapy in TNBC 

showing improvements in overall survival for PD-L1 positive tumors (Impassion130 Trial) 

(Emens et al., 2021). 

Among described signaling pathways, targeted therapies do exist for some of them, however 

for patients with TNBC cytotoxic chemotherapy remains the mainstay of therapy. PARP 

inhibitors and checkpoint inhibitors show promising results in clinical trials for TNBC and have 

been recently incorporated in therapy in some settings (Lopes Da Silva et al., 2020). 

Nevertheless, a more comprehensive understanding of the disease is needed for the 

development of more targeted and effective treatment options.  
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1.3. Philadelphia Chromosome-Positive Leukemia 
Leukemia is a malignant disease and one of the most common types of cancer worldwide with 

250,000 new cases per year. Among children up to 15 years, it makes up 30 % of cancer cases 

(Avelino et al., 2017). Leukemia is characterized by an abnormal expansion of white blood 

cells, which are produced in the bone marrow. In rare cases, erythroid precursors can give rise 

to leukemia as well, the so called acute erythroid leukemia. Cells can spread to other organs 

like spleen, brain, lymph nodes and other tissues and due to the rise of abnormal cells, healthy 

cells are diminished (Inamdar and Bueso-Ramos, 2007).  

Important biomarkers in leukemia are BCR/ABL (=BCR-ABL1) fusion genes. They are found 

in all cases of chronic myeloid leukemia (CML) and in up to 30 % of acute lymphoblastic 

leukemia (ALL). The formation of the fusion gene is a molecular consequence of the 

Philadelphia (Ph) chromosome, a shortened chromosome 22 resulting from a translocation 

between long arms of chromosome 9 and 22 in hematopoietic stem cells (presented as 

t(9;22)(q34;q11) - shown in the upper panel of figure 5) (Avelino et al., 2017). The Philadelphia 

chromosome is found in 90 % of CML patients (Rowley, 1973).  

 
Figure 11: Chromosomal translocation and BCR-ABL protein isotypes. 

(Avelino et al., 2017) (Copyright permission obtained by Creative Common CC BY license). 

The resulting BCR/ABL protein is located in the cytoplasm and has a deregulated tyrosine 

kinase function. Three main isotypes of the protein with abnormal activity are produced – 

p230BCR/ABL, p210BCR/ABL and p190BCR/ABL (=p185) (Figure 11). p210BCR/ABL is expressed in 95 % 

of CML cases during stable phase of the disease and in some ALL and AML cases; the p190 
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is present in 70 % of Ph+ B-ALL patients and p230 is rarely found (Komorowski et al., 2020; 

Melo, 1996; Winter et al., 1999). The native ABL1 has a tightly regulated kinase activity, serving 

as a key hub to control cell cycle and apoptosis. The malignant transformation by BCR/ABL 

shows constitutive activation of the protein because it loses the N-terminal “cap” – a region 

with critical autoregulatory domain. Two major mechanisms have been implicated in the 

transformation of BCR/ABL+ cells. First, an altered adhesion to bone marrow stroma cells and 

the extracellular matrix and second, the constitutively active mitogenic signaling and reduced 

apoptosis (Sattler and Griffin, 2003). In the promotion of CML, pathways like the 

RAS/RAF/MEK/ERK pathway, the JAK2/STAT pathway and the PI3K/AKT/mTOR pathway are 

hijacked by BCR/ABL (Mughal et al., 2016; Soverini et al., 2018). Interestingly, the slightly 

different isoforms (p190 versus p210) show differences in their interactomes, signaling 

networks and the subcellular localization, although both isoforms contain an intact ABL1-

derived kinase domain and show the same autophosphorylation and kinase activation (Cutler 

et al., 2017; Komorowski et al., 2020; Reckel et al., 2017).  

1.3.1. Chronic myeloid leukemia (CML) 
CML is a rare disease with 1-2 cases per 100,000 per year and it makes up 15-20 % of all 

leukemia cases in adults (Hehlmann, 2020; Sawyers, 1999). It was the first human malignancy 

that could be associated with a chromosomal abnormality, the Philadelphia chromosome, 

resulting in the deregulated activity of BCR/ABL thereby inducing leukemia. In clinics, patients 

harbor a leukocytosis, a left shift in the differential count and splenomegaly. The disease has 

a natural course of 3 phases, namely the initial chronic phase (CP), the intermediate 

accelerated phase (AP) and the final, fatal blastic phase (BP) (Figure 12). The first chronic 

phase (CP) lasts for several years and leads to expansion of the myeloid cell compartment; 

however the cells retain their capacity to differentiate and function normal. Patients have mild 

symptoms and often are asymptomatic. In the accelerated phase (AP) more immature cells 

are in the blood. Patients have symptoms and response to therapy is less favorable. This 

phase can last from weeks to years. The final stage is the blast phase (BP), where immature 

cells are predominant and survival is measured only in months. There is an increase in genetic 

instability, either in BCR/ABL itself or in other genes/chromosomes leading to accumulation of 

genetic/ cytogenetic defects (depicted as “X”, “Y” or “Z” in Figure 12) and the possibility for 

drug resistance increases substantially (Soverini et al., 2018).  
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Figure 12: The triphasic course of CML. 

The course of CML consists of chronic phase, accelerated phase and blastic phase (Soverini et al., 2018). 
(Copyright permission obtained by Creative Common CC BY license). 

1.3.2. Acute lymphoblastic leukemia (ALL) 
ALL is a rare malignancy of lymphoid T- or B-cell progenitor cells in the bone marrow, blood 

and extramedullary sites. 75 % of ALL cases develop from B-cell lineage. There is a bimodal 

distribution with one peak of ALL cases developing in childhood and representing the most 

common pediatric malignancy and a second peak occurring in patients around 50 years of 

age. Most of cases, around 80 % develop in children. Treatment of childhood ALL represents 

a success story with traditional chemotherapy and clinical trial methods leading nowadays to 

cure rates exceeding 90 %. The prognosis for adults is far worse with an ongoing decline in 

survival with higher age from adolescence and poor prognosis for all patients with relapse 

(Salvaris and Fedele, 2021; Terwilliger and Abdul-Hay, 2017). A wide range of genetic lesions 

have been identified in ALL patients. Among different genetic subtypes for B-ALL is the 

BCR/ABL fusion gene and Philadelphia chromosome. The prevalence of this subtype is least 

in Children (with 2-4 %) < AYA (adolescent and young adult) < Adults – where 20-30 % of adult 

ALL patients harbor it. The prognosis is poor but improved with tyrosine kinase inhibitor (TKI) 

as a standard therapy (Byun et al., 2017; Salvaris and Fedele, 2021). 

In clinics, ALL manifests as an accumulation of malignant poorly differentiated lymphoid cells. 

Typical symptoms include “B symptoms” (weight loss, fever and night sweats), easy bruising 

and bleeding, dyspnea, fatigue and infections. Extramedullary sites can be involved leading to 

lymphadenopathy, splenomegaly or hepatomegaly. Central nervous system (CNS) 
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involvement may occur as well. As a diagnostic marker the presence of 20 % or more 

lymphoblasts in blood or bone marrow is established (Terwilliger and Abdul-Hay, 2017). 

1.3.3. Treatment 
Two different strategies are applied to inhibit BCR/ABL, namely ATP-competitive inhibitors and 

allosteric inhibitors (Figure 13).  

 
Figure 13: BCR-ABL inhibition strategies. 

The two different BCR-ABL inhibition strategies are ATP-competitive and allosteric inhibition (green: SH2 domain, 
blue: SH1/ kinase domain, yellow: inhibitor) (Soverini et al., 2018). (Copyright permission obtained by Creative 

Common CC BY license). 

ATP-competitive inhibitors bind the kinase domain of the protein, in the cleft between the N-

lobe and the C-lobe, where the ATP-binding site is located (Figure 13a). Allosteric inhibitors in 

contrast, bind to other sites that are important in regulation of the kinase activity. There are 

small molecules that bind to the hydrophobic pocket in the C-lobe (Figure 13b) or proteins 

(monobodies) that bind the SH2-kinase interface (Figure 13c) (Soverini et al., 2018). 

ATP-competitive inhibitors 
Imatinib is a 2-phenyl-amino-pyrimidine that was originally named “signal transduction inhibitor 

571” (STI571). Its discovery was a big breakthrough – it is a potent ABL1 inhibitor, although it 

also inhibits other kinases as the PDGFR family and c-KIT (Soverini et al., 2008). Kinases have 

different activation states. They are either in an active (“open”) or an inactive (“closed”) 

conformation. The activation usually happens by phosphorylation of a key serine/threonine or 

tyrosine residue – in the case of ABL1 Tyrosine 393 is phosphorylated allowing substrates to 

bind. Imatinib selectively binds to the inactive conformation of the kinase (type 2 inhibitor). 

Thereby it can trap the deregulated BCR/ABL oncoprotein, which results in inhibition of 

BCR/ABL autophosphorylation and substrate phosphorylation and subsequent in blocking 

proliferation and inducing apoptosis (Druker et al., 1996; Gambacorti-Passerini et al., 1997).  
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Compared to prior IFN-α therapy, side effects are minimal, including nausea, myalgia, edema 

and skin rash. Hematologic and cytogenetic responses are remarkable. Imatinib appears to be 

a safe and effective therapy and got approved by the FDA in May 2001 and in December 2002 

it was approved for first-line use in newly diagnosed CML patients (Johnson et al., 2003). 

The problem of drug resistance and still detectable BCR/ABL transcripts in the blood and bone 

marrow in some patients led to the development of second and third generation tyrosine kinase 

inhibitors (TKIs). Intrinsic and acquired resistance mechanisms against TKIs are still an issue 

and can be divided in mutational (ABL1 kinase domain mutations) or non-mutational (BCR-

ABL1 independent) changes in leukemic cells. Most studies are based on data received from 

CML patients. It was found that most common mutational changes are point mutations in T315 

of ABL1 (T315I), also known as the gatekeeper residue. It limits TKI binding and confers 

resistance to first and second-generation TKIs. On top, the switch to other TKIs can have 

disadvantages in causing selective pressure on leukemic cells which leads to multi-TKIs 

resistance. For example, concomitant mutations of T315I, such as D276G or F359V lead to 

resistance of third generation TKIs (ponatinib) as well. Regarding non-mutational changes, 

alternative activation of BCR/ABL1 downstream pathways (p.e. JAK/STAT, SRC, MAPK or 

PI3K) are likely to account for and seem crucial in mediating resistance. Similar mechanisms 

were also found in Ph+ B-ALL, as was reported for e.g. RAF/MAPK and AKT/mTOR signaling 

in conferring imatinib resistance. Additionally, non-mutational TKIs resistance are likely to be 

mediated by the leukemic microenvironment as e.g. by mesenchymal stem cells (Komorowski 

et al., 2020). 

Of second and third-generation TKIs only four were successful and made it up to FDA and 

EMA approval (Figure 14) (Soverini et al., 2018). 

 

 
Figure 14: List of approved ATP-competitive inhibitors.  

 Three generations of TKIs and corresponding members (TKIs: tyrosine kinase inhibitors). 
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Dasatinib, nilotinib and bosutinib are second generation TKIs. Dasatinib is a thiazolylamino-

pyrimidine and in addition to potently inhibiting ABL1 and some other kinases, it inhibits the 

SRC family kinases. It is around 300-fold more potent against BCR/ABL compared to imatinib 

and is also able to bind the open kinase conformation (type 1 inhibitor) (Shah et al., 2004). 

Nilotinib is a phenylamino-pyrimidine derivative, structurally close to imatinib and also binds 

the inactive conformation of the kinase. It is 20- to 30-fold more potent than imatinib and highly 

selective for BCR/ABL (Weisberg et al., 2006). Bosutinib, together with dasatinib, belongs to 

the dual BCR/ABL1 kinase inhibitors and has an in vitro 1-log greater potency compared to 

imatinib (Remsing Rix et al., 2009). Taken together, second-generation TKIs can induce 

deeper and faster molecular responses and cases who progress from CP to BP can be 

reduced. However, no significant differences in overall survival could be observed. Using 

nilotinib and dasatinib, more severe adverse effects and serious complications have been 

reported. Both are used as a first-line and second or subsequent-line of treatment, bosutinib 

in contrast as a third-line treatment is only administered in cases where other first and second-

generation inhibitors are not appropriate (Soverini et al., 2018).  

As a second/ subsequent line of treatment in patients harboring the highly resistant T315I 

mutation, a third-generation TKI was developed namely ponatinib. It is a type 2 inhibitor that 

binds its targets in the inactive state. It is active against SRC kinases, indicating medium-range 

specificity. In contrast to first and second generation TKIs it can bind the kinase domain 

irrespective of mutations. However, severe complications like thrombosis and heart failure 

have been reported (Zhou et al., 2011). 

Allosteric inhibitors 
Several allosteric regions have been identified in the BCR/ABL molecule and are potentially 

“drugable”. The two compounds GNF-2 and GNF-5 can mimic myristate binding, which is a 

conformational change in the C-terminal lobe important in keeping the kinase inactive. This 

region is lost in BCR/ABL, making it a potential drug target. GNF-2 development dropped 

because of inefficacy against the T315I mutant and GNF-5 (renamed ABL001 or asciminib) 

reached advanced clinical development including combination studies with nilotinib (Wylie et 

al., 2017). As a second key regulatory region, the SH2-kinase interface has been identified 

having a stimulatory effect on kinase activity. Studies tested and synthesized monobodies – 

single-domain proteins that can bind to a bait protein of interest with very high affinity. Using 

monobodies binding to the SH2 domain led to inhibition of  BCR/ABL kinase activity in vitro 
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and ex vivo and furthermore to induction of cell death in CML cell lines – however in vivo 

delivery of monobodies remain a big challenge (Grebien et al., 2011). 

Taken together targeting the BCR/ABL oncoprotein is a showcase example for a successful 

therapeutic avenue towards a fusion kinase. Treatment with TKIs are promising, leading to 

stable responses with some patients who can discontinue the treatment and are considered 

cured. However, most of the patients need life-long TKI treatment. Point mutations in the tumor 

cells facilitate tumor escape mechanisms. These mutations frequently lead to an impairment 

of TKI binding. The search for novel inhibitors or inhibitory approaches is still of high relevance 

and ongoing (Soverini et al., 2018). 
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1.4. Tumor immune surveillance 
During cellular division, the DNA replication machinery may make mistakes thereby supporting 

cancer formation. Luckily, there are numerous intrinsic and extrinsic tumor-suppressor 
mechanisms that prevent the development of cancer cells (Chang and Beatty, 2020; Vesely 

et al., 2011). 

Intrinsic tumor-suppressor mechanisms happen within healthy cells and trigger senescence, 

repair or apoptosis aiming at establishing a potent barrier and preventing transformation 

(Figure 15, upper part). Cellular senescence can be induced by numerous cellular proteins 

(e.g. p53) that sense genomic disorders caused by mutagenic insults and also by activated 

oncogenes. Other mechanisms, including p53 can sense the activity of oncogenes and initiate 

the programmed cell death machinery. Cell death can as well be triggered in response to 

cellular stress, injury, lack of survival signals and so on, which results in release of proapoptotic 

effectors and activates executioner caspases. There are alternative cell death pathways 

known, such as necrosis, autophagy and mitotic catastrophe that may halt the transformation 

process of healthy cells (Vesely et al., 2011).  

On the other hand, extrinsic tumor-suppressor mechanisms of nontransformed cells exist, 

with the goal to restrict the growth of cancerous cells. There are three commonly accepted 

extrinsic tumor-suppressor mechanisms by which cells and their adjacent tissues sense the 

presence of cancerous cells and prevent them from invading and spreading to other tissues in 

the host, as first, disruption of epithelial cell-extracellular matrix association results in cell 

death. Second, the dysregulation of polarity genes, that control cellular junctions, protect the 

cell and prevents it from progressing the cell cycle. And last, effector leukocytes of the immune 

system limit transformation or tumor cell growth (Vesely et al., 2011).  

The immune system has three roles in the prevention of tumors. First, it eliminates and 

suppresses viral infections and protects from virus-induced tumors. Further, it eliminates 

pathogens and dissolves inflammation, preventing an inflammatory environment which would 

support tumorigenesis. Finally, the immune system can specifically identify and eliminate 

tumor cells on basis of tumor-specific antigens (TSAs) expressed on tumor cells. This process 

is called “cancer immunosurveillance” and occurs when the immune system identifies 

transformed cells that have escaped cell-intrinsic tumor-suppressor mechanisms and 

eliminates them before they can establish malignancy (Zitvogel et al., 2006). The innate and 

adaptive immune cell types, effector molecules and pathways collectively act together, each 

of them having a specific mechanism of action to control tumor targets.  
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Observations in cancer mouse models and patients revealed that the immune system not only 

protects the host against malignant formation, but also edits tumor immunogenicity. This 

concept is called “cancer immunoediting” and is a refinement of the cancer 

immunosurveillance concept, considering that immunity is a dynamic process with dual host-

protective and tumor-sculpting actions. Cancer immunoediting is composed of 3 phases: 

elimination, equilibrium, and escape, described in detail in the following chapter (Dunn et al., 

2002; Schreiber et al., 2011).  

1.4.1. Cancer immunoediting 
The first phase of cancer immunoediting is the elimination phase. Molecules and cells of both 

innate and adaptive immunity work together to locate, recognize and directly destroy nascent 

transformed cells and prevent the development of malignancy. Involved immune cells include 

natural killer (NK) cells, T cells, natural killer T (NKT) cells,  T cells, macrophages, and 

dendritic cells (DC), along with effector molecules, including TRAIL and perforin and cytokines 

IFN-, IL-12 and type I IFNs (Figure 15). Knowledge is inferred from studies in mouse models 

which are deficient for certain cytokines, molecules, or immune cell subsets. They revealed 

earlier onset of disease or a higher penetrance of neoplasia. This was mainly done in gene-

targeted mice or by using neutralizing monoclonal antibodies (mAbs) (Schreiber et al., 2011; 

Shankaran et al., 2001; Swann and Smyth, 2007; Vesely et al., 2011). 

If the antitumor immunity of the host is unable to completely eliminate transformed cells, there 

is progress into the next phase – the equilibrium phase or cancer persistence/ dormancy – 

the longest of the immunoediting phases. Historically, the term “tumor dormancy” described 

the status of a latent tumor, which is present in patients for decades and may be re-occur as 

a local lesion or distant metastases (Aguirre-Ghiso, 2007). The tumor cells in the equilibrium 

phase are still controlled by components of the immune system. Studies support that the 

adaptive immunity (but not the innate immunity) is responsible in this phase. Tumor cells and 

the immune system are in a dynamic balance in the host – an antitumor immunity is present 

but fails to fully eradicate the transformed cells. Some of the tumor cells become capable of 

evading the immune system, a heterogenous population of tumor cells arises. The selective 

pressure provided by the immune system selects for tumor cells with the most immune-evasive 

mutations. Eventually, these cells initiate the disease outbreak. The last phase of 

immunoediting, the escape phase (Figure 15) has started. Tumor cells can grow in an 

immunological unrestricted manner as the immune system fails to either eliminate or control 

transformed cells. Additionally, cancer cells undergo genetic and epigenetic changes to 
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circumvent both, the innate and adaptive immune system, which in turn also contributes in 

selecting more aggressive tumor variants. A lot of escape mechanisms exist and can be 

categorized in two groups. On the one hand there are cell-autonomous modifications of tumor 

cells to directly evade immune recognition and elimination, or on the other hand, tumor cells 

effect immune cells and modify them to generate an immunosuppressive surrounding (Chang 

and Beatty, 2020; Schreiber et al., 2011; Vesely and Schreiber, 2013; Vesely et al., 2011). The 

concept of cancer immunoediting is graphically illustrated in Figure 15. 
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Figure 15: Cancer immunoediting.  

The different phases of cancer immunoediting and involved immune cell subsets (Vesely et al., 2011). (Copyright 
permission obtained by Copyright Clearance Center, License number: 1184904). 
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1.4.2. The innate and adaptive immune system 
The immune system can be roughly divided into the innate and adaptive part with an extensive 

crosstalk between them. The innate immune system serves as a first line of defense against 

infections by having germ-line encoded pattern-recognition receptors and other cell-surface 

molecules allowing to quickly detect microbial components and thereby orchestrating 

inflammation (Dranoff, 2004). It includes soluble factors, such as complement proteins – 

plasma proteins, which are activated as a proteolytic cascade. They function to coat the 

surface of microbes which leads to their lysis or phagocytosis. Further the innate part consists 

of several cellular effectors, such as granulocytes, mast cells, macrophages, dendritic cells 

(DCs), natural killer (NK) cells and the recently discovered family of innate lymphoid cells (ILC) 

1-3 (Figure 16) (Mariotti et al., 2019). 

The adaptive immune system, by contrast consists of B cells, producing antibodies and T 

cells, consisting of CD4+, CD8+ and regulatory T cells. Its development is more time-

consuming, as it first requires the expansion of rare lymphocytes that have somatically 

rearranged a T-cell receptor or immunoglobulin molecules that are highly specific for either 

microbial-derived proteins or processed peptides presented via major histocompatibility 

complex (MHC) molecules. There are further two cell types, natural killer T (NKT) cells and  

T cells that function at the intersection of both parts of the immune system (Figure 16) (Dranoff, 

2004). 

 
Figure 16: The innate and adaptive immune response.  

Summary of innate and adaptive immunity and involved immune cell subsets (Dranoff, 2004). (Copyright 
permission obtained by Copyright Clearance Center, License number: 5240860203036). 
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Recognition of cancer cells 
Two main mechanisms are involved in the recognition of cancer cells (Figure 17). First, innate 

immune cells use pattern-recognition receptors or other cell-surface molecules to directly 

detect tumor cells. Cancer cells often express stress-related genes, such as MICA and MICB 

(in humans) – ligands for NKG2D receptors on NK cells, cytotoxic lymphocytes (CTLs) and 

phagocytes (Diefenbach and Raulet, 2002). DCs can use integrins and CD36 to bind and 

phagocyte apoptotic tumor cells. Macrophages and DCs can also use scavenger receptors 

and CD91 to ingest complexes of heat-shock proteins (HSPs) with tumor-derived peptides. 

HSPs are released from necrotic cancer cells (Figure 17a). Secondly and in contrast, adaptive 

immune cells use an indirect pathway of cancer recognition, called cross-priming by DCs 

(Figure 17b). Co-stimulatory signals for T-cell activation are not expressed by tumor cells, 

therefor DCs need to stimulate them. Tumor cells or debris are usually captured by DCs, 

subsequently they migrate to regional lymph nodes and process the material onto CD1D for 

presentation to NKT cells and onto MHC class I and MHC class II molecules for presentation 

to CD8+ and CD4+ T cells. Further DCs express co-stimulatory molecules B7-1 and B7-2 to 

boost T-cell activation and secrete IL-12 and IL-18 to activate T helper 1 (TH1), CD4+ T-cell 

responses and cytotoxic CD8+ T cells. DC maturation gets stimulated through CD40 signaling, 

the CD40 ligand in turn, is expressed on activated CD4+ T cells and NKT cells. B cells produce 

antibodies that are reactive with tumor proteins and get triggered among others by CD4+ T 

cells and DCs (Figure 17b) (Dranoff, 2004).  
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Figure 17: Mechanisms of cancer recognition by the innate and adaptive immune system.  

(Dranoff, 2004) (Copyright permission obtained by Copyright Clearance Center, License number: 
5240860203036). 

1.4.3. Natural killer (NK) cell mediated tumor immune surveillance 
On basis of their morphology, expression of lymphoid markers and their origin from the 

common lymphoid progenitor cell in the bone marrow NK cells are classified as lymphocytes. 

They are components of the innate immune system because of their constitutive cytolytic 

function and lack of antigen-specific cell surface receptors. In mice and humans NK cells 

participate in the early control against virus infections and in tumor immunosurveillance (Smyth 

et al., 2002). Additionally, they contribute to embryonal development, as they have the special 

capacity to invade the uterus (Moffett-King, 2002). 

As cytolytic effector lymphocytes NK cells directly induce death of virus-infected cells and 

tumor cells. They produce various cytokines and chemokines which are important to crosstalk 

with other hematopoietic cells. NK cells are major producer of cytokines such as IFN in 

physiological and pathological settings. This helps to shape T-cell responses in lymph nodes 

by a direct interaction of naïve T cells and NK cells, which then migrate to lymphoid organs or 

by indirect effects on DCs (Figure 18) (Martín-Fontecha et al., 2004). Further, NK cells produce 

proinflammatory and immunosuppressive cytokines, such as TNF or IL-10. In many 

conditions NK cells are biased to produce IFN, however there are situations of systemic or 

chronic inflammation that promote IL-10 secretion. The subsequent immune response gets 
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shaped – NK cells either dampen or boost T-cell and macrophage responses through these 

cytokines (Figure 18, IFN-green or IL10-red arrows). Additionally, NK cells produce growth 

factors, such as GM-CSF, G-CSF and IL-3 and secrete chemokines such as CCL2-5, XCL1, 

CXCL8 (IL-8). They are important for NK cells to colocalize with other cells, such as DCs in 

inflammation (Bottino et al., 2005; Walzer et al., 2005). 

 
Figure 18: Biological functions of natural killer cells.  

(Vivier et al., 2011) (Copyright permission obtained by Copyright Clearance Center, License number: 1184916). 

NK cell-mediated cytotoxicity and cytokine production impacts other cell types, equipping NK 

cells also with regulatory functions. These interactions between NK cells and other immune 

response components are tightly regulated. To achieve full effector potential, NK cells vice 

versa require priming by different factors, such as IL-15, which is presented by macrophages 

or DCs, IL12 or IL-18 (Chaix et al., 2008; Guia et al., 2008; Lucas et al., 2007; Mortier et al., 

2009). Summarized, NK cells participate in immunity in many different ways and they undergo 

a process of functional maturation to achieve all of their functions. 

Regulation of NK cells occurs via a plethora of receptors, which are either activating 
receptors, stimulating NK cell reactivity, or inhibitory receptors that dampen the NK cell 

activity (Bottino et al., 2005; Bryceson et al., 2006; Vivier et al., 2004). The group of activating 

receptors include surface proteins that interact with soluble ligands such as cytokines or other 

cell surface molecules. Cytokine receptors such as IL-15R, IL-2R and IL-21R are involved in 

NK cell development and effector functions. Especially IL-15 is important for maturation and 
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survival, and IL-1R in humans/ IL-18R in mouse for maturation of NK cells (Chaix et al., 2008; 

Hughes et al., 2010). 

In conditions of cellular stress self-molecules can be induced, such as ligands for NKG2D. 

They are expressed at low levels in some tissues, most normal cells, however, do not express 

substantial levels of NKG2D ligands on their cell surface. Upon cellular distress, for example 

after the initiation of the DNA damage response, their surface expression is enhanced. 

Furthermore, most tumor cell lines express one or more ligands for NKG2D and many primary 

human tumors. The activating receptor NKG2D on NK cells interacts with those ligands (Raulet 

and Guerra, 2009). NK cells also detect a lack of MHC class I molecules, called “missing self”, 

which occurs when cells are perturbed by transformation or infection. They express MHC class 

I-specific inhibitory receptors, like killer cell immunoglobulin-like receptors (KIRs) in humans, 

lectin-like Ly49 molecules and CD94/NKG2A heterodimers in both, humans and mice, by 

which they recognize the lack of MHC class I molecules. Taken together, NK cells sense the 

density of different cell surface molecules that are expressed on the surface of interacting cells. 

Healthy cells do express MHC class I molecules and low amount of stress-induced self-

molecules – therefore NK cells reprieve them (Figure 19A). They selectively kill target cells 

which are “in distress” by downregulating MHC class I molecules or upregulating NKG2D 

ligands (Figure 19B) (Raulet and Guerra, 2009). 

 

 
Figure 19: NK cell effector functions.  

NK cell effector functions are dynamically regulated, leading to NK cell tolerance (left) or NK cell activation (right) 
(Vivier et al., 2011). (Copyright permission obtained by Copyright Clearance Center, License number: 1184916). 
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1.4.4. NK cells in the immunosurveillance of metastasis 
Metastatic spread of malignant cells is governed by cancer-cell-intrinsic mechanisms which 

allow for epithelial-to-mesenchymal transition (EMT). This process includes a series of events 

summarized as the “metastatic cascade”. Briefly, this includes invasion of the local 

microenvironment, reaching the circulation and colonizing distant anatomical sites. 

Importantly, considerable influence comes from microenvironmental and systemic processes. 

Further, immune cells - and in particular NK cells - control metastatic dissemination (Cerwenka 

and Lanier, 2016; Guillerey et al., 2016; Peinado et al., 2017). Human and mouse metastatic 

melanoma cells are killed by NK cells in vitro and in vivo due to their overexpression of ligands 

for NKp44, NKp46 and DNAM-1, (Lakshmikanth et al., 2009). In line, EMT has been linked to 

upregulation of different NKG2D ligands coupled to the loss of ligands for NK cell inhibitory 

receptors (NKIR) such as E-cadherin, rendering metastatic cells susceptible to recognition and 

elimination by NK cells (Li et al., 2009; Lopez-Soto et al., 2013).  

Extensive preclinical literature further linked an increase in metastatic colonization with a 

decrease in NK cell number or level of activity, as concluded from studies in different 

engineered mouse models harboring molecular defects or the use of pharmacological agents. 

Vice versa, robust protection against metastasis have been shown upon interventions that 

boost NK cell effector functions. For example, mice with a selective deletion of Mcl1 in NKp46+ 

NK cells (leading to a loss of circulating and tissue-infiltrating NK cells) rapidly develop 

pulmonary, bone and hepatic metastasis upon challenge with B16F10 melanoma cells. Their 

wildtype (wt) counterparts accumulate no metastasis at all (Sathe et al., 2014). Adoptive 

transfer of Cish-/- NK cells (displaying a hyperactive phenotype) efficiently rescues such an 

increased sensitivity of mice (Putz et al., 2017). In line, specific NK-cell depleting antibodies 

markedly increases the metastatic burden in immunocompetent mice upon inoculation with 

cancer cell lines. Likewise, inactivation of cytotoxic NK cell effector molecules (like IFN) by 

gene knockout renders mice more sensitive to metastatic disease (López-Soto et al., 2017). 

Trafficking of NK cells is an important determinant of their anti-metastatic functions. Profound 

alterations in trafficking of NK cells to peripheral organs were found in mice carrying an NK-

cell-specific phosphatase and tensin homolog (Pten) deletion. Increased metastatic burden in 

lungs of mice has been documented upon B16F10 melanoma cells inoculation (Leong et al., 

2015). Along these results, deletion of zinc finger E-box binding homeobox 2 (Zeb2) from 

NKp46+ NK cells reduces the pool of NK cells in multiple organs, rendering the mice more 

susceptible to metastatic lung colonization by melanoma cells (van Helden et al., 2015). 

Several signaling pathways are involved in the regulation of NK cell functions. Studies could 
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show involvement of the JAK-STAT signaling pathway as for example the treatment with 

Ruxolitinib (a JAK1/2 inhibitor) has an impact on the metastatic burden of mice. Inoculation of 

E0771 or 4T1 mammary carcinoma cells in mice in combination with Ruxolitinib administration 

leads to increased metastatic burden (Bottos et al., 2016).  

Additionally, observations in the clinics reveal an inverse correlation between high levels of 

circulating and tumor-infiltrating NK cells and the presence of metastasis at clinical 

presentation. This correlation was found in patients with gastrointestinal sarcoma (GIST) 

(Delahaye et al., 2011), gastric (Ishigami et al., 2000), colorectal (Coca et al., 1997), renal 

(Donskov and Von Der Maase, 2006) and prostate carcinomas (Gannon et al., 2009). 

Additionally, high expression of NK cell activating receptors on the cell surface or enhanced 

NK cell cytotoxicity were linked to good prognosis in different cohorts of cancer patients who 

suffered from a metastatic disease or were at risk of doing so. For example, patients suffering 

from primary prostate carcinoma infiltrated with NK cells that expressed high levels of NKG2D 

and NKp46 levels did not develop metastasis one year after surgery (Pasero et al., 2016). 

Independent of MHC-mediated antigen presentation, NK cell activity in the control of 

metastasis is regulated via three pathways. They release pre-formed granules which contain 

the lytic enzymes perforin and granzyme B, secrete IFN or they expose death receptor 

ligands, including FASLG and TRAIL (Morvan and Lanier, 2016). To get full NK cell activation, 

the intracellular phosphorylation-dependent signal cascade gets inhibited or activated by 

regulation of inhibitory and activating receptors at the plasma membrane. Inhibitory and 

activating receptors may also have overlapping ligand specificity, as e.g. the poliovirus 

receptor (PVR, also known as CD155) and NECTIN2 (CD112), which can bind DNAM-1 to 

stimulate NK cell effector functions or CD96, TIGIT or CD112R exerting inhibitory activity 

(Chan et al., 2014; Stanietsky et al., 2009; Zhu et al., 2016). Effector functions of NK cells are 

finely regulated, to allow rapid activation against infected, damaged, or malignant cells, but 

also signals to prevent autoimmune reactions against healthy tissues (López-Soto et al., 2017). 

Taken together, normal cells and some malignant cells express various inhibitory receptors 

(NKIRs), which suppress the activation of NK cells (Figure 20A). Potentially metastatic cancer 

cells and cells who underwent EMT, lose the expression of ligands for inhibitory receptors and 

upregulate ligands for activating receptors (NKARs) by which NK cells in turn get activated and 

mediate anti-metastatic effects (Figure 20B) (López-Soto et al., 2017). 
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Figure 20: Immunosurveillance of Metastasis by NK Cells.  

(López-Soto et al., 2017) (Copyright permission obtained by Copyright Clearance Center, License number: 
5240840529678). 

In contrast, the precise role of NK cells in immunosurveillance of primary solid tumors is still 

unclear, demanding further research. In the control of hematological malignancies, including 

leukemia and lymphoma, NK cells reportedly have a prominent role (Ilander et al., 2017; Street 

et al., 2004). However, in primary solid tumor growth, the involvement of NK cells in 

physiological settings remains a matter of debate. In vivo, it was reported that in the absence 

of adaptive immunity, NK cells shape developing tumors (O’Sullivan et al., 2012). In vitro, 

different cancer cell lines are killed by NK cells including malignant cells with stem-cell like 

features, irrespective of their histological origin (primary tumor versus metastatic lesions) 

(Ames et al., 2015; Castriconi et al., 2009; Tallerico et al., 2013). In immunological infiltrates 

of most solid tumors in humans, NK cells are a minor fraction and their presence is of limited 

prognostic value compared to those of other tumor-infiltrating lymphocytes (López-Soto et al., 

2017; Senovilla et al., 2012). Current literature suggests a prominent part of NK cells in 

metastasis control and remains ambiguous regarding precise roles in the immunosurveillance 

of solid tumors.  
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2. Manuscripts 

2.1. Prologue 

The first indication for the oncogenic role of CDK8 came from colorectal cancer and was later 

extended to other cancer entities, including melanoma, breast cancer, pancreatic cancer and 

acute myeloid leukemia.  

In the following study we found an essential role for CDK8 in triple-negative breast cancer 

(TNBC) cells, especially in regulating their invasiveness and metastatic capacity. Additionally, 

we observed CDK8 to be involved in driving cancer-intrinsic immune evasion mechanisms by 

regulating crucial immune checkpoints. We show that knockdown of CDK8 in murine TNBC 

cells impairs tumor regrowth after surgical removal and prevents metastasis formation in vivo. 

Differential gene expression analysis confirmed that CDK8 drives EMT in a kinase-

independent manner and that it controls NK-cell-mediated immune evasion in TNBC cells. Our 

in vitro and in vivo experiments confirm this finding. On top, we pioneered and describe an axis 

between CDK8 and PD-L1 in mouse and human TNBC cells.  

In summary, we identified CDK8 as a critical regulator of tumorigenesis and describe it as a 

novel immune checkpoint - providing a rationale for studying a CDK8-directed therapy for 

TNBC. 

 

This research was originally published in Cell Death & Disease: 

Vanessa M. Knab, Dagmar Gotthardt, Klara Klein, Reinhard Grausenburger, Gerwin Heller, 

Ingeborg Menzl, Daniela Prinz, Jana Trifinopoulos, Julia List, Daniela Fux, Agnieszka Witalisz-

Siepracka, Veronika Sexl. Triple-negative breast cancer cells rely on kinase-independent 
functions of CDK8 to evade NK-cell-mediated tumor surveillance. Cell Death & Disease 

12, 991 (2021) https://www.nature.com/articles/s41419-021-04279-2.pdf 

 

Author contributions 
V.S. and D.F. supervised the study. V.S., D.F. and D.G. provided reagents and material. 

V.M.K., K.K., D.G., and A.W.S. designed and analyzed the experiments; V.M.K., K.K., I.M., 

D.P., J.T., and J.L. performed the experiments. R.G. and G.H. performed bioinformatics 

analysis. V.M.K., K.K., D.G., A.W.S., and V.S. wrote the paper.  

 

https://www.nature.com/articles/s41419-021-04279-2.pdf
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2.1.1. Triple-negative breast cancer cells rely on kinase-independent functions of CDK8 
to evade NK-cell-mediated tumor surveillance 
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2.2. Prologue 

In this study we report a novel essential function for CDK8 in BCR-ABL-driven leukemia and 

provide a potential therapeutic strategy for the treatment of ALL patients. Using Mx1Cre and 

Vav-Cre mouse models with a loss of CDK8, we observed an enhanced disease latency and 

prevention of disease maintenance. This we found associated with pronounced transcriptional 

changes, which could not be recapitulated with CDK8/CDK19 kinase inhibitors. Transcriptomic 

analysis revealed a connection of CDK8 with mTOR signaling, together with a significant 

correlation of CDK8 with mTOR pathway members, when analyzing human cohorts of ALL and 

AML patients.  

That led us to apply a small molecule YKL-06-101, which inhibits mTOR and simultaneously 

degrades the CDK8 protein. We verified this molecule to significantly reduce viability of human 

leukemic cell lines and primary patient samples and thereby might represent a new promising 

treatment strategy.  

 

This research was originally published in Nature Communications: 

Ingeborg Menzl, Tinghu Zhang, Angelika Berger-Becvar, Reinhard Grausenburger, Gerwin 

Heller, Michaela Prchal-Murphy, Leo Edlinger, Vanessa M. Knab, Iris Z. Uras, Eva 

Grundschober, Karin Bauer, Mareike Roth, Anna Skucha, Yao Liu, John M. Hatcher, Yanke 

Liang, Nicholas P. Kwiatkowski, Daniela Fux, Andrea Hoelbl-Kovacic, Stefan Kubicek, Junia 

V. Melo, Peter Valent, Thomas Weichhart, Florian Grebien, Johannes Zuber, Nathanael S. 

Gray & Veronika Sexl. A kinase-independent role for CDK8 in BCR-ABL1+ leukemia. 
Nature Communications 10, 4741 (2019) 

https://www.nature.com/articles/s41467-019-12656-x.pdf 

 

Author contributions 
V.S. was the principal investigator and takes primary responsibility for the article. V.S. and 

N.S.G. designed and supervised the study. I.M., A.B.-B., M.P.-M., L.E., V.M.K., I.Z.U., E.G., 

K.B., and A.S. performed and analyzed experiments. T.Z., Y.L., J.M.H., and Y.L. synthesized 

and characterized the degraders. R.G. and G.H. performed bioinformatics analysis. P.V. 

provided patient materials and human leukemic cell lines. J.V.M. provided the Z199 cell line. 

M.R., S.K., F.G., J.Z., D.F., A.H.K., N.P.K., and T.W. contributed to interpretation of the data 

and revised the manuscript with regard to critical intellectual content. I.M. and V.S. wrote the 

manuscript. 

https://www.nature.com/articles/s41467-019-12656-x.pdf
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2.2.1. A kinase-independent role for CDK8 in BCR-ABL1+ leukemia 
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3. Discussion and Conclusion 
Our studies identify novel oncogenic functions of CDK8 in triple-negative breast cancer and 

BCR-ABL+ leukemia. We provide first insights into the underlying molecular mechanisms and 

define CDK8 as a promising drug target. 

Triple-negative breast cancer (TNBC) is an aggressive disease with a high risk of relapse and 

metastasis formation. The standard of care relies on surgery and chemotherapy. As no 

targeted therapies are available (Aysola et al., 2013; Fabbri et al., 2019; Lebert et al., 2018), 

we set out to identify new therapeutic angles. Our studies were initiated by in silico studies that 

reveal an inverse correlation between recurrence-free survival and the levels of CDK8 in 

various types of breast cancer (Broude et al., 2015; Lim and Kaldis, 2013; Roninson et al., 

2019). CDK8 was reported to be involved in EMT, an important process for invasion and 

metastasis of breast cancer cells (Serrao et al., 2018; Wang and Zhou, 2014). 

These observations encouraged us to focus on the role of CDK8 in highly metastatic TNBC. 

We found that CDK8 is not required for cell proliferation or survival of murine TNBC cells. 

CDK8 was required to allow the regrowth of primary tumors after their surgical removal and 

metastatic spreading. These observations are drawn from our studies in a murine orthotopic 

breast cancer model. In line, we detected a CDK8-dependent regulation of the EMT-associated 

TF Snai2 in TNBC cells, which is in accordance with previous reports, that had implicate CDK8 

in the regulation of EMT TFs in ovarian, pancreatic and HER2-enriched breast cancer cell lines 

and in the promotion of metastasis of colon cancer (Liang et al., 2018; Serrao et al., 2018). 

Similarly, the expression levels of Mmp9 and Ccl2 were significantly higher when CDK8 was 

present. The matrix metalloproteinase Mmp9 controls the invasiveness of different cancer cell 

types (Aalinkeel et al., 2011; Liang et al., 2018; Mehner et al., 2014) while Ccl2 is 

overexpressed in invasive breast cancers and is postulated to support metastasis (Fang et al., 

2016; Kitamura et al., 2015; Qian et al., 2011).  One recent study (Serrao et al., 2018) reported 

reduced EMT upon CDK8/CDK19 kinase inhibition in a murine breast cancer model, which 

contrasts our observation. We failed to detect any deregulation of the EMT-associated TF 

Snai2, as well as Ccl2 or Mmp9 upon CDK8/CDK19 inhibitor treatment. We therefore propose 

a kinase-independent regulation.  

RNA sequencing of TNBC cells highlighted the regulation of modulators of NK-cell cytotoxicity 

as a major CDK8-dependent pathway. Extensive preclinical literature and observations from 

the clinics point at a pivotal role of NK cells during metastatic dissemination (Cerwenka and 

Lanier, 2016; Guillerey et al., 2016; Peinado et al., 2017). With respect to the immune-
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surveillance of primary solid tumors, the involvement of NK cells is less clear and remains a 

matter of debate.  

In vitro, NK cells kill cancer cell lines irrespective of whether they derive from a primary tumor 

or a metastatic lesion (Ames et al., 2015; Castriconi et al., 2009; Tallerico et al., 2013). In vivo, 

the situation is more complex and less clear. NK cells appear to shape the developing tumor 

in the absence of adaptive immunity (O’Sullivan et al., 2012). NK cells represent a minor 

fraction of the immunological infiltrate in most solid tumors (López-Soto et al., 2017; Senovilla 

et al., 2012). The precise role of NK cells in the surveillance of primary solid tumors remained 

elusive. To shed new light onto the function of NK cells in the control of the primary tumor and 

of metastasis we used a murine orthotopic breast cancer model and NK depletion experiments. 

We demonstrate that NK cells have the ability to control primary tumor growth. Intriguingly, 

NK-mediated surveillance is counteracted when CDK8 is present in the tumor cells – in our 

E0771 model primary tumor cells are not killed by NK cells and hence escape surveillance. 

This might explain the observation of a NK cell-mediated control of metastasis in breast cancer 

while failing to see effects on primary tumor growth (Bottos et al., 2016; Hofmann et al., 2020; 

Ohs et al., 2017; Putz et al., 2013). Our data indicate that NK cells control primary tumor growth 

and that loss of CDK8 renders tumor cells “visible” for NK cells. We therefore characterize 

CDK8 as a novel player of immune evasion in TNBC. 

We found PD-L1 (a PD-1 ligand) to be deregulated by CDK8 on a transcriptional and 

translational level in E0771 cells. This observation is supported by a dataset from TNBC 

patients, where the levels of expression of PD-L1 and CDK8 positively correlate. PD-L1 is 

significantly higher expressed in TNBC compared to non-TNBC patients. A Phase 3 clinical 

trial combined chemotherapy with PD-L1-targeted antibody treatment and yielded first 

promising results (Lebert et al., 2018; Marra et al., 2019; Mittendorf et al., 2014). Accumulating 

evidence points at a relevant role of PD-1 signaling in NK cells. This nourishes the hope that 

PD-1/PD-L1 checkpoint inhibitors may attack the tumor from two angles: from the T- and the 

NK-cell side (Hsu et al., 2018; Liu et al., 2017; Park et al., 2020; Quatrini et al., 2020). We 

hypothesize that the CDK8-PD-L1 axis – within the tumor cell – contributes to the evasion from 

NK cells and that CDK8 provides further lines of defense against NK-cell cytotoxicity by 

influencing a panel of inhibitory and activating NK ligands. Our data suggest a CDK8-mediated 

regulation of MHC class I, NKG2D ligands and ICAM-1. Together with PD-L1 they all contribute 

to the molecular mechanism how CDK8 drives immune evasion.  

In summary, we propose that targeting CDK8 in TNBC has therapeutic potential. It may be 

beneficial as it dampens the invasive and pro-metastatic behavior of TNBC cells. Secondly it 
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may prevent tumor cells from evading NK cells. On top, a suppressive effect of NK-cell-intrinsic 

CDK8 on the activity of NK cells was described using mice with conditional ablation of CDK8 

in Nkp46+ cells. CDK8 did so by regulating the lytic molecule perforin (Witalisz-Siepracka et 

al., 2018). This study explains a cytotoxicity enhancing effect of CDK8 blockage.  

We could not recapitulate our findings using a CDK8/CDK19 kinase inhibitor (Senexin B). With 

kinase-inhibition we failed to see effects on NK cell-mediated recognition or elimination of 

E0771 cells. These data again indicate a kinase-independent role for CDK8 in NK-cell immune 

evasion. This hypothesis is supported by independent studies describing mechanistically 

distinct transcriptional functions of CDK8 and its paralogue CDK19 (Steinparzer et al., 2019). 

CDK8 kinase-independent functions were also found in melanoma cells and hematologic 

malignancies (Kapoor et al., 2010; Menzl et al., 2019b; Poss et al., 2016). In contrast, the effect 

of CDK8 on ER+ breast cancer progression seems to be kinase-dependent (McDermott et al., 

2017), assigning divergent roles to CDK8 in different cancer entities. We assume that a small-

molecule compound degrading only CDK8 is a promising alternative for therapy of TNBC.  

In addition, we identified CDK8 as a key mediator of BCR-ABL-driven leukemia. Using an 

inducible system, we show that deletion of CDK8 but not of CDK6, CDK7, CDK9 or CDK19 

has a dramatic effect on cell survival and proliferation of murine BCR-ABL1p185+ cells. This 

indicates a unique role of CDK8 downstream of BCR-ABL1p185+ in murine B-ALL. As all of these 

proteins were present at significantly elevated levels in the tumor cells, it was rather 

unexpected that only the knockdown of CDK8 affected cell viability and growth. CDK6 has 

been shown to exert tumor-promoting functions by enhancing proliferation and stimulating 

angiogenesis in BCR-ABL-induced leukemia (Bellutti et al., 2018; Kollmann et al., 2013), but 

did not show major effects in this setting. We speculate that our inducible experimental system 

only identifies essential players which cannot be compensated by other signaling pathways. 

We observed that the initial transformation by the oncogene is not influenced, but CDK8 is 

indispensable for the maintenance of our established leukemic cell lines.  

STAT5 is a known target of CDK8 and a key factor for leukemia maintenance (Bancerek et al., 

2013; Berger et al., 2013; Rzymski et al., 2017). We thus hypothesize that the effects of CDK8 

on cell viability and growth stem in part from the role of CDK8 as an upstream-kinase for the 

STAT5S725 phosphorylation in BCR-ABL-driven leukemia.  

Cdk8 knockout mice are embryonically lethal, therefore we employed Mx1Cre and VavCre 

mouse models, to delete CDK8 inducible or within the hematopoietic compartment 

(Georgiades et al., 2002; Kühn et al., 1995). Once we deleted Cdk8 after disease onset using 
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the inducible Mx1Cre system, we observe reduced viability of cells in vitro and prolonged 

survival of mice in vivo. Under physiological settings, CDK8 is required for embryonic 

development, however deletion of Cdk8 in adult mice has no significant effect (McCleland et 

al., 2015). Our data are in accordance with this observation. The deletion of Cdk8 in adult 

Mx1Cre or Vav-Cre mice is well tolerated. This opens a therapeutic window as healthy cells 

appear to be spared upon deletion of Cdk8 while tumor cells might be efficiently targeted.  

Our global RNA sequencing approach identified critical CDK8-dependent signaling pathways 

in BCR-ABL1p185+ -driven leukemia, among them being the mTOR signaling pathway. The 

mTOR inhibitor Everolimus has already been discussed as a therapeutic strategy in BCR-ABL-

induced ALL in combination with Imatinib to overcome resistance to Imatinib (Kuwatsuka et 

al., 2011). We tested the potential link of CDK8 and mTOR signaling in human ALL cells. 

Analysis of human RNA sequencing datasets from ALL and AML patients suggested a highly 

significant correlation between the levels of expression of CDK8 and members of the mTOR 

pathway. This finding is entirely new in the setting of a hematologic disease. The interaction of 

CDK8 with mTOR was suggested in the context of lipogenesis but not in any form of cancer to 

date (Feng et al., 2015). 

Our data point at a kinase-independent role of CDK8. Senexin B treatment, that inhibited 

CDK8´s kinase activity, had only minor effects on differential gene expression. It affected 

transcription of only six genes and we failed to detect any interaction of CDK8 with members 

of the mTOR signaling pathway when analyzing our RNA sequencing approach. 

We used molecules for specific protein degradation – “proteolysis targeting chimeras” - to 

target CDK8 independent of its enzymatic activity. We tested two distinct compounds in human 

leukemic cell lines, one compound specifically degrading CDK8 (JH-XI-10-02) (Hatcher et al., 

2018) and the other degrading CDK8 paralleled by the ability to block mTOR signaling (YKL-

101-06). Only the combined effect of degrading CDK8 and inhibiting mTOR significantly 

increased apoptosis in three human leukemic cell lines. We verified these data in human 

patient samples where 5 out of 12 primary patients’ samples reacted with a pronounced and 

statistically significant reduction of cell viability. 

In summary, we found a connection between CDK8 and the mTOR signaling pathway in a 

subset of leukemic cells. We provide evidence that CDK8 interferes with BCR-ABL-driven 

leukemia and propose a new therapeutic strategy in their treatment. Targeting two unrelated 

signaling pathways holds a great promise as it will reduce the probability of resistance and 

may represent an approach to treat not only B-ALL but also a range of other human cancers.  
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Taken together our studies identified novel functions of CDK8 in triple-negative breast cancer 

and BCR-ABL-driven leukemia. They contribute to a better understanding on how CDK8 drives 

tumorigenesis and tumor immune surveillance.  

In the future it will be of great therapeutic interest to learn whether tumor-intrinsic CDK8 drives 

NK-cell-mediated tumor surveillance in BCR-ABL+ leukemia. In leukemia and lymphoma, NK 

cells are critical players of these immune responses (Carlsten and Järås, 2019; Ilander et al., 

2017; Street et al., 2004) and high numbers and activation status of NK cells correlate with 

good prognosis in various leukemia types (Gonzalez-Rodriguez et al., 2019). In line, post 

treatment of BCR-ABL+ leukemia with TKI the probability of relapse correlates with the number 

and activity of NK cells (Yoshimoto et al., 2014) and the use of TKIs lowers the levels of NK-

cell-activating ligands on the surface of leukemic cells (Salih et al., 2010). 

A second key future question is to explore whether the “dual degrader” (degrading CDK8 while 

inhibiting mTOR signaling) is a reasonable therapeutic strategy for TNBC. The majority of 

TNBC cases overexpress EGFR and therefore exhibit constitutive activation of EGFR-

dependent signaling pathways, in particular the PI3K/AKT/mTOR pathway. Molecular 

alteration affecting key components of this pathway are frequently seen in TNBC as well. Loss 

of PTEN expression and the presence of activating mutations in the gene encoding PI3K 

(PIEKCA) constitutively activate downstream effectors such as mTOR. Additionally, studies 

provide evidence that an approach of co-targeting mTOR and EGFR could be a potential 

therapeutic strategy in TNBC (El Guerrab et al., 2020). So we believe that co-targeting mTOR 

and CDK8 represents a treatment approach in TNBC.  

In summary, we were able to extend the knowledge of CDK8’s function in triple-negative breast 

cancer and BCR-ABL+ leukemia, which might help in the future to cure these aggressive 

diseases. Still, a lot of exiting research questions remain to be investigated.  
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