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Summary 

Steroid receptors (SRs) are hormone-induced transcription factors that 

regulate gene expression by their concerted actions with coregulatory 

proteins with diverse enzymatic functions. One class of SR-coregulators is 

comprised by kinases, which can be recruited to chromatin along with SRs to 

locally modify other transcriptional regulators, as well as histone proteins. In 

order to identify novel SR interactors, we have performed a quantitative mass 

spectrometry-based interaction screen in breast cancer cells. As result of this 

approach, we demonstrated that the Polo-like kinase 1 (PLK1) interacts with 

progesterone receptor (PR) and estrogen receptor (ER) in presence of their 

respective hormone stimuli. Performing chromatin immunoprecipitation 

experiments we identified a recruitment of PLK1 to hormone-responsive cis-

elements on chromatin. By inhibiting the PLK1 activity or by depleting its 

protein levels using a siRNA approach, we observed that the hormone-

dependent induction of several classical SR target genes was strongly 

compromised. Global gene expression analysis let us observe that PLK1-

dependent SR target genes are enriched in developmental functions and 

linked to good clinical prognosis in breast cancer patients. To value the 

impact of PLK1 on estradiol signaling, we conducted large-scale 

phosphoproteomics with MCF7 breast cancer cells treated with estradiol in 

presence or absence of the specific PLK1 inhibitor BI2536. We observed that 

28% of estradiol-induced phosphorylation sites depended on PLK1 activity. 

Among proteins with PLK1-dependent phosphorylation sites, we identified 

several transcriptional regulators including the ER-associated histone H3K4-

methylase MLL2. As we have observed that PLK1 inhibition reduced the 

estradiol-mediated induction of H3K4 methylation levels at MLL2 target 

genes, together these results propose a role of PLK1 in the regulation of 

MLL2 activity. Finally, in a targeted approach using recombinant histone 
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proteins as substrate of PLK1, we observed a specific phosphorylation of 

histone H2B at serine 36. In summary, we conclude that PLK1 affects SR-

dependent and SR-independent gene transcription by phosphorylating several 

transcriptional regulators and chromatin components. 
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Resumen 

Los receptores esteroideos (SR) son factores de transcripción activados por 

hormonas que median los efectos transcripcionales gracias a su acción 

conjunta con proteínas correguladoras con diversas funciones enzimáticas. 

Las quinasas son un tipo de correguladoras de la acción de los SRs que los 

SRs reclutan a la cromatina para modificar localmente otros reguladores 

transcripcionales, así como las proteínas histónicas. Con el objetivo de 

identificar nuevos factores relacionados con SRs, llevamos a cabo un estudio 

de interacción proteómica basado en la espectrometría de masas cuantitativa 

utilizando para ello un modelo celular de cáncer de mama. Como resultado de 

este estudio, hemos identificado la quinasa Polo-like kinase 1 (PLK1) como 

una proteína capaz de interaccionar con los receptores de progesterona y 

estrógenos en presencia de sus respectivos estímulos hormonales. Mediante 

experimentos de inmunoprecipitación de cromatina, hemos observado un 

reclutamiento de PLK1 a elementos en cis sensibles a la acción hormonal. 

Tras afectar los niveles funcionales de PLK1, mediante el empleo de 

inhibidores de su actividad enzimatica o por la reducción de sus niveles de 

proteína utilizando RNAs de interferencia (siRNAs), hemos observado una 

clara relación entre la funcionalidad de PLK1 y la inducción de genes 

clásicos dependientes de hormona. Mediante el análisis global de la expresión 

génica observé que aquellos genes dependientes de la acción hormonal y de 

la actividad de PLK1 estaban relacionados con funciones asociadas a 

desarrollo y se mostraban vinculados con un pronóstico clínico favorable en 

pacientes con cáncer de mama. Con el objetivo de valorar el impacto de 

PLK1 en la señalización mediada por estradiol en células de cáncer de mama 

llevamos a cabo estudios de fosfoproteómica a gran escala en células MCF7 

tratadas con estradiol en presencia o ausencia de un inhibidor específico para 

PLK1 (BI2536). Los datos obtenidos mostraron que el 28% de los sitios de 
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fosforilación inducida por estradiol es dependiente de la actividad de PLK1. 

Entre las proteínas con sitios de fosforilación dependientes de PLK1 

encontramos varios reguladores transcripcionales, incluyendo la histona 

H3K4-metiltransferasa MLL2 la cual se encuentra asociada funcionalmente 

al receptor de estrógenos (ER). Como consecuencia de la inhibición de PLK1 

observamos una reducción en la inducción mediada por estradiol de los 

niveles de metilación en la lisina 4 de la histona H3 en genes diana de MLL2. 

En conjunto estos resultados proponen un posible papel de PLK1 en la 

regulación de la actividad de MLL2. Finalmente, mediante un ensayo de 

especificidad basado en el empleo de distintas histonas recombinantes como 

sustrato de PLK1, observamos una fosforilación específica de la serina 36 de 

la histona H2B. Éstos resultados permiten concluir que los mecanismos 

moleculares mediante los cuales PLK1 afecta a la transcripción de genes 

tanto dependientes como independientes de SR están relacionados con la 

fosforilación conjunta de varios moduladores transcripcionales así como de 

componentes asociados a la cromatina. 
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Preface 

Unbiased interaction proteomics is a powerful method to identify unexpected 

relationships of proteins. Searching for new regulators of steroid receptor 

(SR) signaling, we identified the mitotic kinase PLK1 to interact with SRs in 

interphase. Due to its key roles on mitotic cell cycle progression, PLK1 

qualifies as an oncogene, and numerous studies have been undertaken to 

develop pharmacological inhibitors against it. Conversely, evidence exists for 

an additional tumor suppressive role of PLK1, yet the underlying molecular 

mechanism in mammals is obsolete. In this study, we provide a first 

mechanism for the tumor-suppressive properties of PLK1 in regulating gene 

transcription in interphase. We propose that the basal expression levels of 

PLK1 in interphase are needed to maintain anti-proliferative and pro-

apoptotic cell functions. Our results might therefore request a reconsideration 

of the general qualification of PLK1 as anti-cancer target, given the fact that 

tumors can be mixed populations of cells with different PLK1 expression 

levels. Moreover, our study presents the first global analysis of the estradiol-

responsive phosphoproteome in breast cancer cells, providing an invaluable 

resource for future studies on breast cancer signaling. 
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1. Introduction 

1.1. Chromatin 

1.1.1. Structure 

DNA is not free in the nucleus, but packed in a highly organized structure 

termed chromatin. In order for the RNA-polymerase II machinery to bind and 

transcription to start, chromatin usually needs to be locally remodeled into an 

“open” and active state. Similarly, gene repression is often related to a closed 

chromatin state (4). In the first level of chromatin organization DNA is 

wrapped around an octamer of histone proteins forming the nucleosome 

(Figure 1). The length of linker DNA between nucleosomes varies between 

species, tissues and even within a single nucleus (5). As a next level of 

compaction, nucleosomes interact to form a 30 nm fiber structure owing to 

the presence of linker histone H1. The grade of compaction can be further 

regulated by the presence of core histone variants, and histone 

posttranslational modifications (PTMs). During mitosis, chromatin is even 

higher condensed by the means of extensive looping arrangements (6) 

(Figure 1). 



Introduction 

2 

 

Figure 1: Chromatin is organized in different levels of compaction, adapted from 
(6). 

1.1.2. Histone modifications 

All histone proteins contain a globular domain, which build the core of the 

nucleosome and a long N-terminal tail that protrudes out from the core of the 

nucleosome and can be heavily post-translationally modified (4) (Figure 2A). 

A total number of eight different reversible histone post-translational 

modifications (PTMs) have been characterized including acetylation, 

methylation, phosphorylation, ubiquitination, SUMOylation, ADP 

ribosylation, deamination and proline isomerization (7) (Figure 2B). 
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According to the ‘histone code theory’ postulated by Strahl an Allis (8), 

histone PTMs serve as important docking sites for other transcriptional 

regulatory proteins, so called ‘reader proteins’. Histone PTMs can also act in 

combination with each other and also cross-talk between different histone 

tails (9). 

A 

 
B 

 

Figure 2: Structure and PTMs of the nucleosome. (A) Model of the histone 
octamer (yellow) and DNA (red), which together form the nucleosome (B) Histone 
proteins and common histone PTMs. Adapted from (10). 
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1.1.2.1. Histone acetylation 

Histone acetylation is linked to an active chromatin state and is regulated by 

the opposing action of two classes of enzymes, histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) (11). Apart from acting as an 

important docking site for transcriptional regulators that contain acetyl-

binding bromo domains, histone acetylation also directly affects chromatin 

structure in neutralizing positive charges of lysines and thereby weakening 

the interaction of histones with the negatively charged DNA. This leads to a 

more relaxed chromatin configuration that enables transcription factors to 

access their binding sites on the DNA (12, 13). Of all known modifications, 

acetylation has the greatest potential to unfold chromatin. 

1.1.2.2. Histone methylation 

Another important histone PTM is methylation of lysine and arginine, which 

can occur in different states. While lysine residues can be mono-, di- and 

trimethylated, arginine can be mono- and dimethylated. Moreover di-

methylated arginine exists in a symmetric and an asymmetric configuration 

(14, 15). Histone methyl-marks are recognized by binding proteins via 

distinct domains, including chromo- and tudor domains, as well as WD40 

repeats and PHD fingers (4). Specific methyl marks have specific roles on 

gene regulation. While for instance trimethylation of lysine residues 4 and 36 

on histone H3 are associated with transcriptionally active genes, 

trimethylation of lysine 9 and 27 on the same histone tail are markers for 

repressed genes (16). Unlike HATs which are acting on a wide range of 

lysine residues in histone tails, histone methyltransferases (HMT) and 

demethylases (HDMs) contain a high degree of substrate specificity (7). 
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1.1.2.3. Histone phosphorylation 

Histone phosphorylation can occur on all four histone proteins. While in 

mitosis histone phosphorylation fulfills a key role in cell cycle progression, in 

interphase serves as a mediator for transient gene activation (4).  Apart from 

generating epitopes for specific phospho-binding proteins including 14-3-3, 

which was described for H3S10ph and H3S28ph (17), phosphorylation can 

also lead to the displacement of adjacent methyl-group binding proteins. 

While phosphorylation of H3S10 can displace repressive HP1 proteins from 

H3K9me3 (18), phosphorylation of H3T6 can prevent the repressive H3K4/9 

HDM LSD1 from demethylating H3K4m3 to specifically act on H3K9me3 

(19). Moreover, histone phosphorylation generates negative charges in the 

nucleosome, thereby weakening the interaction with DNA, in a similar way 

than the positive-charge-neutralizing effect of histone acetylation (20). 

1.1.3. Chromatin remodeling 

Chromatin remodeling is an essential process in the activation of 

transcription as it allows regulatory factors including the RNA-polymerase II 

machinery to freely access the promoter DNA. Similarly, transcription can be 

repressed by the generation of a higher compaction state. Chromatin 

remodeling can occur in four different ways summarized in Figure 3: (i) 

nucleosome sliding, in which the position of a nucleosome on the DNA 

changes, (ii) the creation of a remodeled state, in which the DNA becomes 

more accessible but histones remain bound, (iii) the complete dissociation of 

DNA and histones, or (iv) histone replacement with a variant histone (21) 

(Figure 3).  
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Figure 3: The four different types of ATP-dependent chromatin remodeling. 
Adapted from (21). 
 

In the process of transcriptional regulation, three different classes of 

remodeling complexes have been identified: Switch/Sucrose non-fermenting 

(SWI/SNF)-type, and imitation switch (ISWI)-type, which are both related to 

chromatin activation and repression, as well as Mi2-type complexes, which 

are exclusively involved in repression (7). In addition, a forth class of 

chromatin remodelers has been identified, which fulfills essential roles in the 

DNA repair process termed INO80-type chromatin remodelers (22). 

1.2. Steroid hormone receptors 

1.2.1. Structure 

Steroid hormone receptors (SR) comprise a family of nuclear receptors that 

act as ligand-inducible transcription factors. SRs comprise the androgen 

receptor (AR), estrogen receptors (ERα, and ERβ), progesterone receptors 
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(PR-A and PR-B), mineralocorticoid receptor (MR), and glucocorticoid 

receptor (GR), which fulfill a variety of physiological functions including 

reproduction, metabolism and salt homeostasis (23). In addition, the SR 

subgroup of nuclear receptors contains three orphan receptors that are closely 

related to ER known as estrogen related receptor α (ERRα), β (ERRβ) and γ 

(ERRγ) (24), for which no natural ligand is known to date. Having evolved 

from a common ancestral receptor by a series of genome duplications (25), 

SRs share a similar modular structure consisting of a N-terminal regulatory 

domain (NTD), a highly conserved DNA-binding domain (DBD), a flexible 

hinge region and a moderately conserved C-terminal ligand-binding domain 

(LBD) (Figure 4). ERα is an exception in containing an additional F-domain 

at the carboxy-terminal end, which can influence the transactivation potential 

of the receptor (26, 27). 

 

Figure 4: Domain structure of steroid receptors. N-terminal domain (A/B), DNA-
binding domain (DBD, C), hinge (D) and ligand binding domain (LBD, E) are 
marked. ERα contains an additional C-terminal F-domain. The regions corresponding 
to activation function 1 (AF-1) and AF-2 are indicated. Adapted from (24) and (28). 
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The two PR isoforms, PR-A and PR-B, are expressed from the same gene 

with two different promoters and alternative start codons (29). Therefore, PR-

A is identical to a PR-B protein lacking the first 164 amino acids. On the 

contrary, ERα and β as well as the three estrogen related receptors are 

transcribed from independent genes (30, 31). 

Although only moderately conserved at the sequence level, all SR LBDs 

share a similar structure. The LBD is composed of ten to twelve α-helices 

that together form a canonical antiparallel α-helical sandwich (32). Apart 

from ligand-binding, the LBD also plays important roles in nuclear 

translocation, chaperone binding, receptor dimerization, and the recruitment 

of coregulators (24). All these events take place after hormone binding owing 

to the fact that the LBD undergoes an essential conformational change after 

forming a complex with the ligand involving the correct positioning of helix 

12 known as charge clamp configuration. This generates a potent ligand-

dependent transactivation domain, termed activation function 2 (AF-2), 

which recruits coregulatory proteins containing a helical LXXLL motif (L 

representing leucine, X any amino acid) (32). 

A second transactivation domain, AF-1, is located in the NTD of the receptor 

acting independently of the activation status of the receptor. Yet, AF-1 can 

synergize with the ligand-dependent AF-2 (33), and therefore directly 

participate in hormone-dependent gene activation. PR-B additionally contains 

a third transactivation domain (AF-3) close to the N-terminal end in the B-

unique sequence (34), which also synergizes with the AF-2 (35).  

Although till now no full length SR structure was solved, evidence exists that 

the NTD is a highly disordered region without globular structure (36). Since 

intrinsically unstructured regions are often involved in the assembly of 

protein interactions and serve as sites for post-translational modifications (37, 

38), the main function of the NTD is to integrate SRs in the context of 
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protein-interaction and signaling networks. In fact, for most SRs the great 

majority of known phosphorylation sites are located in the NTD (39, 40). 

The SR DBD folds into a globular domain made up of two non-equivalent 

zinc-finger structures which were first solved for GR and ER (41, 42). Only a 

few amino acids within the first zinc finger are responsible for the sequence-

specificity of DNA binding and are termed P-box (Figure 5). The DBD also 

contributes to receptor dimerization, however only in presence of the 

palindromic DNA response element (32). The residues responsible for the 

dimerization are located in the second zinc-finger structure and are defined as 

the D-box (Figure 5) (43). 

 

Figure 5: Schematic representation of the two zinc-fingers present in the SR 
DBD. Adapted from (44, 45). 

1.2.2. Genomic functions of steroid receptors 

Like all ligand-induced nuclear receptors, the main function of SRs is to 

serve as transcription factors. Transcriptional activation by SRs is a concerted 

process including the dissociation of chaperone complexes, receptor 

dimerization, binding to hormone responsive cis-elements on chromatin and 

recruitment of coregulatory proteins (28).  

While the majority of SRs in the non-active state are localized in the cytosol, 

ERα (from now on referred to as ER) and in breast cancer cells also PR are 

localized inside the nucleus already prior to hormone stimulation. Non-active 
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SR are bound to chaperone complexes containing Hsp90 together with 

Hsp70, and co-chaperone proteins, including Hsp40 (DNAJ), Hsp70 

organizing protein (HOP), Prostaglandin E synthase 3 (p23), BAG1L, as well 

as the immunophilins FKBP51 and FKBP52 (46-50). The main functions of 

this complex are to ensure proper folding of the steroid receptors, protecting 

unliganded SRs from degradation, and maintaining SRs in a responsive state 

to sense for hormone entering the cell (51). The Hsp90 chaperone complex 

was also found to have essential roles in the process of nucleo-cytoplasmic 

shuttling (52). In unliganded state, SRs are in a constant equilibrium between 

nuclear and cytoplasmic localization, and the ratio of the rate constants of 

nuclear import and export decides about the predominant localization (53). 

More recently, p23 and more weakly also Hsp90 were shown to act on the 

level of chromatin to disassemble active steroid receptor complexes and to 

disrupt GR-mediated transcriptional activation (54). 

Upon hormone-induced dissociation of chaperone complexes, SRs 

translocate into the nucleus taking advantage of a nuclear localization signal 

(NLS) sequence in the linker region. In the nucleus SRs bind to specific 

target sequences (hormone responsive elements, HREs) on the DNA in the 

promoter or enhancer regions of target genes. PR, AR, GR, and MR share the 

same consensus cis-element, termed GR response element (GRE). The GRE 

consists of two hexanucleotide halves 5’-AGAACA-3’, which are arranged 

as inverted palindromic repeats separated by 3 non-conserved base pairs (28, 

41). ER has a different cis-element, termed ER response element (ERE) 

consisting of the two pentanucleotide halves 5’-GGATC-3’ and a spacer of 5 

base pairs (41). Each GRE or ERE half-site is bound by one receptor 

monomer. Notably, the spacing of 3 base pairs in case of the GRE, or 5 base 

pairs in case of the ERE, allows the SR dimer to bind both half sites on the 

same face of the DNA double helix contacting only a narrow sector of the 

helix circumference (28). Therefore, unlike other transcription factors that 
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require free DNA stretches to bind, e.g. NF1, SRs are able to bind to HREs 

localized on nucleosomes (55-57). 

In addition SRs can be recruited to DNA via the interaction with other 

transcription factors such as AP-1 and SP-1 (58, 59). Non-genomic functions 

of steroid receptors 

Although the majority of SRs are present in the nucleus or the cytoplasm, a 

small fraction of SRs is constantly bound to the plasma membrane, where it 

can activate signaling cascades. As the activation of kinase cascades are 

independent from the genomic effects of SRs, these events were initially 

termed ‘non-genomic functions’ of SRs (60). However, more recent studies 

indicate that these rapid signaling effects are closely linked to the 

transcriptional functions of SRs as interfering with kinase cascades using 

specific inhibitors, results in the inhibition of certain sets of SR target genes 

(40, 61). 

SRs are targeted to the plasma membrane by a conserved 9 amino acid motif, 

containing a central palmitoylated cysteine (62). Palmitoylation was shown to 

be required for association with caveolin-1, subsequent membrane 

localization and steroid signaling (62). Membrane-bound ER directly 

interacts with the proto-oncogene tyrosine-protein kinase c-Src as well as 

with the regulatory subunit of Phosphoinositide 3-kinase (PI3K) leading to 

the activation of the two major signaling pathways c-Src/p21ras/ERK and 

PI3K/Akt, respectively (63, 64). Activation of both pathways was shown to 

be essential for estrogen induction of cell proliferation in breast cancer cells. 

Also PR can activate these signaling cascades via an interaction of PR with 

ER (65, 66). In absence of ER, also a direct interaction of the c-Src SH3 

domain with the proline-rich motif of PR was identified similar to the 

interaction of ER and c-Src (67). 
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Several other signaling cascades have been identified to be involved in the 

response to steroid hormones. These include activation of cdk2/cyclinA (68, 

69), Janus kinase/signal transducer and activator of transcription 

(JAK/STAT) (70, 71), Protein-kinase C (PKC) (19, 72), PKC-related kinase 

1 (PRK1) (73) Casein-kinase II (CKII) (74) and I-kappa-B kinase-alpha 

(IKKα) (75).  

The whole range of substrates of all these signaling cascades is only poorly 

understood. Apart from proteins that are directly involved in cell-cycle 

regulation (76), these also include transcriptional regulators such as SRs (40, 

77), coregulator proteins (69, 78), general transcription factors (79, 80) and 

histones (19, 61, 73). Therefore, the transcriptional outcome of steroid 

induction is a combination of both genomic and signaling effects. 

1.2.3. Regulation of steroid receptors 

The activity of SRs can be controlled by various PTMs including 

phosphorylation, acetylation, sumoylation, ubiquitination and methylation. 

PTMs regulate dimerization (81), DNA binding (82), transactivation activity 

(83), nuclear localization (84) and protein turnover (85) of SRs. 

Phosphorylation is generally accepted as a positive regulator of steroid 

receptor function and can integrate different signaling cascades including the 

ones initiated by growth factors. For PR a total of 14 phosphorylation sites 

have been identified, which are catalyzed by different kinases including 

extracellular signal regulated kinase (ERK) 1/2, cdk2 and CKII (Figure 6).  

Apart from S676, which is located in the hinge region, all other sites are 

present in the N-terminal domain of PR (40). S81, S162, S190, and S400 are 

already phosphorylated in the absence of hormone (86), yet their 

phosphorylation level increases with progestin. On the contrary, S102, S294, 

and S345 are hormone-induced sites, which are non-phosphorylated in 
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absence of hormone (87). Phosphorylation of PR in S294 renders the receptor 

hypersensitive to hormones and increases its transcriptional activity by 

enhancing its ubiquitin dependent degradation. Ubiquitin-dependent turnover 

was found to be an essential feature for the cyclical transcriptional activation 

by SRs (88, 89). 

 

Figure 6: Post-translational modifications on the progesterone and estrogen 
receptor. The main receptor domains are indicated: ligand binding domain (LBD), 
DNA binding domain (DBD), B-unique sequence (BUS). Phosphorylation (p), 
acetylation (ac), methylation (met), sumoylation (S), adapted from (39). 
 

Also ER is subject to various phosphorylation events (Figure 6). In response 

to estradiol the main induced phosphorylation sites are S118 and to lesser 

extent S104 and S106. Estradiol-stimulated phosphorylation of S118 is 

mediated by the TFIIH kinase cdk7 (83) or IKKα (75) and is linked to 

enhanced ER activity and ubiquitin dependent degradation. Additionally, 

S118 can be phosphorylated in response to growth factors by ERK1/2 

resulting in ligand-independent activation of ER (90). Other known ER 

phosphorylation sites are substrates of Akt (91) and PKA (81). 
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A well-studied example of the functional effect of the various other 

modifications of SRs is the hinge region of ER (Figure 6). While p300-

mediated acetylation of K266 and K268 increases ER transcriptional activity 

by enhancing DNA binding (82), acetylation of K302 and K303 has the 

opposite effect in reducing the transactivation potential of ER (92). In line 

with this observation a K303R mutation was found in about one third of 

premalignant breast hyperplasias, generating a hypersensitive ER that is 

activated by very low levels of estrogen (93). Interestingly, PKA-dependent 

phosphorylation of S305, was found to inhibit acetylation of K303 leading to 

an enhanced transcriptional response similar to that seen with the naturally 

occurring K303R mutant receptor (93). Other PTMs such as ubiquitination at 

K302 and K303 (94) and sumoylation at K266 and K268 (95) have also been 

shown to affect ER stability and activity. More recently, K302 was identified 

to be specifically monomethylated by the methyltransferase SET7 both 

stabilizing the receptor and mediating its efficient recruitment to target sites 

(96). 

1.3. Coregulators 

1.3.1. Overview 

Bound to chromatin, SRs recruit cofactor complexes via interaction with AF-

1 and AF-2 (and in case of PR also AF-3). One can differ between two 

general classes of coregulators: coactivators, which increase the rate of gene 

transcription and corepressors that inhibit transcription. Coactivators can be 

subdivided into primary coactivators and secondary coactivators. Secondary 

coactivators are members of multisubunit coactivator complexes, which 

increase SR-mediated gene transcription but do not directly contact the SRs 

(97, 98). 
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To date around 300 coregulators of nuclear receptors have been reported in 

the literature with diverse functions on gene regulation including 

posttranslational histone modification, chromatin remodeling, bridging to the 

RNA polymerase II preinitiation complex, transcriptional elongation and 

RNA splicing (98).  

1.3.2. Histone modifiers 

1.3.2.1. Histone acetyltransferases 

The first SR coregulator that was identified was steroid receptor coactivator 1 

(SRC1) (99), a member  of the SRC/p160 family, which also involves two 

other homologous members SRC2 (TIF2, GRIP1) and SRC3 (ACTR, AIB3). 

SRC family proteins directly bind activated SRs via three LXXLL motifs in 

the N-terminal helix–loop–helix–Per/ARNT/Sim (bHLH–PAS) domain that 

interact with the AF-2 region in the LBD (100). It was proposed that 

members of the SRC family form the primary interaction with steroid 

receptors, while themselves being part of large multiprotein coregulator 

complexes (101). The importance of SRC1 on PR-mediated gene activation 

was proven by experiments with SRC1 null-mice, which exhibited partial 

hormone resistance in progesterone target tissues such as mammary gland 

and uterus (102). 

While SRC1 and SRC3 were shown to contain intrinsic HAT activity (103, 

104) for SRC2 a direct proof is still missing. As SRC2 contains all of the 

homology regions shared by SRC1 and SRC3, including the putative HAT 

domain, also SRC2 is a likely HAT candidate (105).  

All three members of the SRC family were identified to directly interact with 

two other HATs - the cAMP-response element-binding (CREB)-binding 

protein (CBP) and p300 - via the transcriptional activation domain 1 (AD1) 
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in the SRC C-terminus. CBP and p300 function as co-activators for all SRs as 

well as other transcription factors including p53 and NF-κB. Apart from 

forming a complex with SRC proteins, both proteins were also shown to 

directly interact with PR in a ligand-dependent manner (106). Besides, 

CBP/p300 were identified to synergize with SRC1 in the transactivation of 

PR and ER (107). 

Other HATs that were shown to act as SR coactivators include the 

p300/CBP-associated factor (PCAF) (108), the histone acetyltransferase 

binding to ORC-1 (HBO1) (109), and the TATA-binding protein (TBP)-free 

TBP associated factors (TAF)-containing complex/Spt-Ada-Gcn5 

acetyltransferase (TFTC/SAGA) (110). 

1.3.2.2. Histone methyltransferases and demethylases 

The first HMT that was identified to act as a SR coregulator is the 

Coactivator-associated arginine methyltransferase 1 (CARM1), which 

interacts with the AD2 domain in the C-terminus of SRC-family proteins 

(111). CARM1 methylates arginine 17 of the histone H3 tail forming mainly 

asymmetric dimethylarginine (H3R17me2a), a mark that is associated with 

gene activation (112). Interestingly, CARM1 is the only ER coactivator 

reported so far that can simultaneously block cell proliferation and induce 

differentiation through global regulation of ER-regulated genes in breast 

cancer cells (113). This makes it a promising candidate in the specific 

regulation of tumor-suppressive gene sets by ER. 

Another arginine HMT acting as a SRs coregulator is the protein arginine N-

methyltransferase 1 (PRMT1), which mainly catalyzes monomethylation and 

asymmetric dimethylation of H4R3. Lysine HMTs include the H3K4 HMTs 

mixed-lineage leukemia (MLL)-family members MLL1, MLL2 and MLL3 

(114, 115), as well as the H3K9 HMT G9a (116). 
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Demethylation at SR target sites was found to be mediated the H3K4/9 HDM 

LSD1 (117, 118), as well as the JmjC-containing H3K9 demethylases 

JHDM2A, JMJD2A/D and JMJD2C (119-121). 

A major step of target gene activation is the removal of repressive H3K9me3 

mark and the subsequent generation of H3K4me3. How these two processes 

work together in the concerted transactivation by SRs, was recently reported 

by Shi and colleagues, who identified the HDM JMJD2B to be part of a 

complex with MLL2 (122). The JMJD2B/MLL2 complex directly interacts 

with ER and is responsible for H3K9me3 demethylation followed by H3K4 

trimethylation on ER-activated genes. Interestingly, JMJD2 itself is a 

transcriptional target of ER potentially generating a feed-forward loop in ER-

mediated transactivation (122). 

1.3.2.3. Kinases 

Another class of SR coregulators that can modify histones tails are formed by 

kinases. The mitogen- and stress-activated kinase 1 (MSK1) interacts with 

PR in a ternary complex with Extracellular signal-regulated kinases 1 and 2 

(ERK1/2) and is recruited to PR binding sites on chromatin, where it 

phosphorylates histone H3 in S10 (61). A similar mechanism has been 

observed for ER recruiting I-kappa-B kinase alpha (IKKα) to chromatin, 

which also targets H3S10 (75). Phosphorylation of H3S10 has been proposed 

to release the interaction of the repressive protein HP1 with the adjacent 

K9me3 mark and to recruit 14-3-3 family adapter proteins to stimulate 

transcription (18, 123). 

Two other kinases, PKCβ1 and PRK1 were shown to enhance AR-mediated 

gene expression by phosphorylation of H3T6 and H3T11, respectively (19, 

73). Although no experimental proof of a direct interaction of these two 

kinases with AR exist, in vivo colocalization studies by chromatin 
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immunoprecipitation (ChIP) suggest that both kinases act as SR coactivators 

(19, 73). 

1.3.3. Chromatin remodelers 

Chromatin remodelers can function as direct coregulators for SRs. Both 

SWI/SNF-type and ISWI-type complexes were found to potently coactivate 

SRs. In case of SWI/SNF both ER and PR were reported to directly interact 

with BRG1-associated factor 57 (BAF57) (124, 125), while for ISWI the 

NURF subunit BPTF was found to be a hormone-dependent interactor of PR 

(126). On the other hand, the nucleosome remodeling and histone 

deacetylation (NuRD) complex, a representative of Mi2-type complexes, acts 

as a corepressor complex for ER via direct interaction with the MTA1 or the 

MTA2 subunit (127, 128).  

1.3.4. Corepressor complexes 

Likewise to coactivators, SR corepressors contain a big functional variety. 

The main two functions involve histone modification and chromatin 

remodeling, but also include chromatin-independent mechanisms such as 

inhibition of RNA processing, competition with coactivators, sequestration of 

SRs in the cytoplasm and inhibition of SR dimerization or DNA binding 

(129). 

The first two nuclear receptor corepressors that were identified were nuclear 

receptor corepressor (NCoR) and silencing mediator of retinoic acid and 

thyroid receptor (SMRT) (130, 131). Instead of having a LXXLL motif, 

which is present in many coactivators, both NCoR and SMRT interact with 

unliganded nuclear receptors through an elongated helix with the sequence 

LXX(I/H)IXXX(I/L) termed CoRNR box. Similar to the LXXLL motif, the 

extended CoRNR helix binds to the hydrophobic cleft of the AF-2, however, 



Introduction 

19 

only if helix 12 is not in the charge clamp configuration as it is with agonist 

binders. This ensures a selective repression of inactive receptors and 

generates a molecular switch between coactivator and corepressor binding 

depending on the presence of ligand. Interestingly, SRs were also found to 

interact with both corepressors in the presence of antagonist ligands, although 

in that case interactions were mediated by other regions than the AF-2 (132-

134).  

Corepressors can also interact with SRs in an agonist-dependent manner to 

actively mediate hormone-mediated downregulation of SR target genes. 

Similar to coactivators, such corepressors contain LXXLL motifs allowing 

them to bind to the AF-2 domain. Examples include the repressor of ER 

activity (REA) (135), nuclear receptor interacting protein 1 (RIP140) (136), 

short heterodimer partner (SHP) (137), and ligand-dependent corepressor 

(LCoR) (138).  

Recently, also SMRT and NCoR have been identified to be recruited to 

estrogen-downregulated genes in an agonist-dependent manner (139). This 

indicates a dual function of both corepressors: While in absence of hormone 

NCoR/SMRT ensure silencing of hormone-inducible genes, in presence of 

hormone they might serve as active corepressors for downregulated genes. 

NCoR, SMRT, LCoR and RIP140 function by recruiting various HDAC 

protein complexes to chromatin resulting in local closed chromatin 

conformations (55). These include Sin-associated protein (SAP) and NuRD 

complexes but also mSin3a/HDAC1-independent complexes involving class 

II HDACs (129). REA and SHP, on the other hand, exert their corepressor 

function by competing with SRC binding to the AF-2, while another ER 

corepressor SMRT/HDAC1 Associated Repressor Protein (SHARP) 

combines both HDAC and competition functions (129). Apart from 

interacting with the NuRD complex, SHARP also has the ability to bind the 
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steroid receptor RNA coactivator (SRA) via an intrinsic RNA binding 

domain thereby preventing its interaction with ER, which leads to decreased 

SRA-induced steroid receptor activity in presence of SRC1 (140).  

1.3.5. Regulation of Coregulators 

SR coregulators can be regulated by various posttranslational modifications 

such as phosphorylation, methylation, acetylation, ubiquitination and 

sumoylation (3). The enzymes that catalyze these modifications are in many 

cases identical to the histone-modifying coregulators discussed before. PTMs 

can influence the molecular function of a coregulator, modulate the assembly 

of cofactor complexes, change the subcellular localization, and increase or 

reduce the affinity of coactivators for a given set of transcription factors (98, 

141-143). 

One example of how several PTMs can be integrated on one coregulator is 

the coactivator SRC3. In the basal state SRC3 is hypophosphorylated and 

SUMOylated at residues 723 and 786 (144). After phosphorylation at S505 

and S509 in a GSK3-depedent manner, SRC3 becomes monoubiquitinated at 

amino acids 723 and 786 enabling it to function as a potent and specific 

coactivator (144). During the transcriptional process the ubiquitination sites 

are progressively polyubiquitinated, ultimately leading to SRC3 degradation 

by the 26S proteasome complex (98). Additional phosphorylation sites on 

SRC3 are targeted by other kinases and are necessary for SRC3 to form 

divergent multiprotein complexes and to coactivate its full range of 

transcription factors (98, 145). 

Several other coactivators have been described to require phosphorylation for 

their activity. During the activation of progesterone target genes, the 

Cdk2/cyclinA kinase complex, which directly interacts with PR, 

phosphorylates SRC1 (69). Phosphorylation of SRC1 is both needed for 
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effective PR association as well as its HAT activity, indicating an essential 

role of the phosphorylation event in the transactivation of PR target genes 

(69). Apart from SRC1, cdk2 also phosphorylates the Poly-ADP-ribose 

(PAR) polymerase 1 (PARP-1), an ER and PR coregulator that catalyzes the 

transfer of ADP-ribose chains onto glutamic acid residues of acceptor 

proteins, including histones and transcription factors (146, 147). Cdk2 

activity enhanced PARP-1 dependent displacement of histone H1 at PR target 

sites resulting in increased transcriptional activation in response to 

progesterone (147). 

Also the corepressors SMRT and N-CoR are regulated by phosphorylation, 

controlling their intracellular localization (142, 148). In both cases, 

phosphorylation results in the export from the nucleus to the cytoplasm, 

preventing the proteins from exerting their transcriptional corepressor 

functions.  

1.3.6. Sequential recruitment of coregulators 

The existence of a plethora of coregulators raises the question, how they can 

all act together in the activation of a single target gene. Although receptor 

specificity has been described for some cases, for instance for the differential 

recruitment of cofactors by PR and GR (106), there is still a considerable 

number of different coregulators for each SR that are potentially available to 

bind. In recent years, it became evident that the dynamic sequence of 

coregulator binding is regulated to great extent by histone modifications, 

which are recognized by specific domains of coregulator complexes (142). 

For instance, during the first minute of the progesterone response, the 

ASCOM complex, including MLL2 and MLL3, is recruited to the MMTV 

promoter along with PR. ASCOM mediates trimethylation of H3K4, which is 

needed for successful anchoring of the NURF chromatin remodeler subunit 
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BPTF. BPTF binding mediates a first round of chromatin remodeling, which 

together with cdk2 activity leads to the displacement of histone H1 (126). In 

a subsequent step, the PCAF complex mediates acetylation of lysine 14 of 

histone H3, which anchors the Swi/Snf-type BAF-complex that is recruited 

along with PR. BAF mediates a second round of chromatin remodeling, 

which includes displacement of histone H2A/H2B dimers, enabling 

additional PR molecules and NF-1 to bind to previously inaccessible HREs 

needed for full activation of the MMTV promoter (57, 125) (Figure 7). 

 

Figure 7, Model for the initial steps in activation of the MMTV-promoter by PR, 
adapted from (126). 

1.3.7. Role of coregulators in breast cancer 

The activity of SR coregulators can also be regulated by their expression 

levels defining the availability of a limited number of cofactors for 

competing transcription factors. Although under physiological conditions in 

differentiated cells, cofactor expression levels are rather constant, during 

tumorigenesis, the overexpression of certain SR cofactors, which are 

involved in cell growth, can provide a selective advantage for cancer cell 

proliferation. One of the best studied examples is SRC3 (amplified in breast 

cancer 1, AIB-1), which is overexpressed in many types of human cancer 

including breast cancer (100, 149). In addition to acting as an oncogene itself, 

SRC3 can also potentiate the transforming potential of other transcriptional 
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regulators, such as HER2. Co-overexpression of SRC3 and HER2 in breast 

cancer was reported to highly correlate with poor prognosis and early 

resistance to Tamoxifen-therapy (150). 

While overexpression of certain coactivators is linked to tumorigenesis, 

overexpression of several SR corepressors was shown to have a potential role 

in tumor-suppression (129). One example is the ER corepressor SAFB1 

(scaffold attachment factor B1) (151), which interacts with NCoR and the 

chromatin remodeler CHD1. While SAFB1 overexpression was shown to 

block the cell cycle, knock out of SAFB1 in mouse embryonic fibroblasts 

(MEFs) resulted in lack of senescence and increase of immortalization 

characteristics (152). Moreover, in breast cancer patients low SAFB1 

expression was significantly associated with worse overall survival, further 

supporting its role as a tumor suppressor (153).  

1.4. Polo-like kinase 1 

1.4.1. Discovery of PLK1 

Polo like kinase 1 (PLK1) is a serine/ threonine kinase that was first 

discovered in budding yeast (Saccharomyces cerevisiae) and fruit fly 

(Drosophila melanogaster) as an gene essential for proper cell division (24, 

77). Cloning of the gene later revealed the function as a protein kinase (154). 

While budding yeast contains only one ortolog of PLK1, namely Cdc5, 

Drosophila encodes two isoforms, Polo and PLK4. In mammals five PLKs 

have been identified so far, termed PLK1, PLK2, PLK3, PLK4 and PLK5 

with largely non-overlapping functions (155, 156) (Figure 8).  
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Figure 8: The human PLK family. The protein structure of each PLK is aligned 
using the kinase domain (green). Polo boxes are shown in blue, and the PBind motif 
is represented as a red box. Phosphorylation sites in the t-loop are indicated. Adapted 
from (157). 
 

PLK1-4 share a conserved N-terminal kinase domain and a C-terminal polo-

box domain (PBD), which serves as an interaction domain for 

phosphorylated proteins. While the PBD of PLK1-3 contain two polo-boxes 

needed for the assembly of the binding pocket, PLK4 has only one polo-box 

and interacts with substrates as a dimer (158). Human PLK5 was initially 

described as a pseudogene as it contains a stop codon in the kinase domain 

(157). However, it was recently found that translation of PLK5 mRNA is re-

initiated after the stop codon generating a protein with a small portion of the 

kinase domain and a functional PBD (156, 159). The PBDs of PLK2, 3 and 5 

share an additional conserved motif called PBind located just before the first 

polo-box. For PLK2, this region was described to mediate the direct 

interaction with the ATPase NSF, which does not follow the classical 

substrate binding model of the PBD (157). 

Out of all PLK isoforms, PLK1 is the best characterized one. This greatly 

owes to the fact that PLK1 is dramatically overexpressed in many types of 
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cancers and its potential to be pharmaceutically targeted in cancer therapy 

(160). 

The name Polo kinase was given due to the loss-of-function phenotype 

originally observed in Drosophila cells. Cells with mutated Polo failed to 

assemble a proper bipolar spindle during mitosis and instead arranged their 

condensed chromosomes in a circular fashion around a monopolar spindle 

(161). The same prometaphase-arrest phenotype was also observed in 

mammalian cells reducing PLK1 levels with siRNA or inhibiting the kinase 

activity with small-molecule inhibitors (162, 163). 

1.4.2. PLK1 functions in mitosis 

While the loss-of-function phenotype proposes a role of PLK1 in correct 

bipolar spindle formation, the role of PLK1 in mitosis is much broader and 

involves important functions in all stages of mitosis (164).  

One of the main roles of PLK1 is the timing of mitotic entry, which is driven 

by the activation of the Cdk1-Cyclin B1 complex (155). At the entry of M-

phase, Cdk1 is inhibited by the Wee and Myt kinases, which phosphorylate 

Cdk1 and thereby keep it in an inactive state (165). These repressive 

phosphorylation marks can be counteracted by the phosphatase Cdc25 

leading to activation of Cdk1 and progression into M-phase. PLK1 regulates 

these events by both phosphorylating and activating Cdc25 as well as 

phosphorylating and inhibiting Wee1 and Myt (165) (Figure 9). As Cdk1 

itself participates in Cdc25 activation by PLK1, this generates a positive 

feedback loop for rapid activation of the Cdk1-Cyclin B1 complex at the 

centrosomes (166) (Figure 9). 
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Figure 9: Regulation of the mitotic entry by PLK1. During interphase Cdk1 is 
repressed by phosphorylation of Thr14 and Thr15. PLK1 participates in removing 
these phosphorylation sites by phosphorylating and activating the phosphatase 
Cdc25, and phosphorylating and inhibiting the Cdk1 upstream kinases Myt/Wee. 
Active Cdk1 itself participates in phosphorylation of Cdc25 and Myt1/Wee1 
resulting in a positive feedback loop. Adapted from (165). 
 

Although the mechanism of Cdk1-Cyclin B1 activation is highly conserved 

from yeast to vertebrates, PLK1 is not essential for mitotic entry as cells 

lacking PLK1 are able to proceed into mitosis, yet with a delay in late 

prophase, when Cdk1 activation is believed to occur at centrosomes (167). 

Cells, which are arrested in G2/M by the DNA-damage checkpoint, however, 

depend on PLK1 to start a new cell cycle after the DNA has been 

successfully repaired (166, 168). Additionally to activation of Cdk1, PLK1 is 

needed for phosphorylation of Claspin, an adaptor protein that sustains 

checkpoint activity. Phosphorylation of Claspin leads to ubiquitination and 

proteasomal degradation of the protein allowing mitotic entry (169). 

Other important functions of PLK1 in mitosis comprise the regulation of 

dissociation of cohesin complexes from chromosome arms, as well as the 

activation of the anaphase-promoting complex (APC), an E3 ubiquitin ligase 

important for the metaphase to anaphase transition (167). Activation of the 

APC is mediated both by direct phosphorylation as well as phosphorylation 
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and degradation of the APC inhibitor Emi1 (167, 170, 171). Although APC 

activation can also occur in absence of PLK1, PLK1 is needed for the 

centrosomal localization of the APC. 

More recently, PLK1 was found to mediate essential roles during cytokinesis. 

In mammalians and flies, Polo kinases are recruited to the central spindle by 

interacting with the protein regulator of cytokinesis PRC1 and the mitotic 

kinesin-like protein 2 (MKLP2) (172). At the spindle PLK1 activates a Rho 

GTPase that stimulates the contraction of the contractile ring separating the 

dividing cell into two daughter cells. 

1.4.3. Functions of PLK1 outside of mitosis 

Compared to the large number of studies of PLK1 functions in mitosis, 

comparably little is known about the role of PLK1 in interphase. This is 

mainly due to the fact that PLK1 expression levels peak towards G2/M phase 

(172) and that the loss of function phenotype leads to a mitotic cell-cycle 

arrest setting the attention largely on mitotic functions of PLK1 (168). 

However, over the last 16 years several studies pointed towards and 

involvement of PLK1 in other cellular processes including DNA replication, 

gene transcription and DNA damage repair (173). 

1.4.3.1. Regulation of DNA replication by PLK1 

The first evidence for an involvement of PLK1 in DNA replication came 

from the budding yeast PLK1 ortolog Cdc5 that was shown to phosphorylate 

the DNA replication protein Dbf4 in vitro (174). Interestingly, a mutation of 

Cdc5 rendering the kinase inactive led to a loss of chromosome phenotype 

that could be rescued by plasmids containing additional origins of replication, 

further implying a role of Cdc5 in DNA replication (173). 
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In mammalians, PLK1 was shown to interact with almost all members of the 

Mcm2-7 protein complex, the major helicase complex required for 

unwinding the DNA prior to DNA replication (175). PLK1 also was reported 

to phosphorylate and regulate the histone acetyltransferase Hbo1 and 

phosphorylation of Hbo1 by PLK1 was required for loading of Mcm3 and 

Mcm6 to the pre-replicative complex (pre-RC) (176). One of the main 

subunits of this complex, Orc2, is also binding-target and substrate of PLK1 

(177, 178). Cells expressing a mutated Orc2 protein that cannot be 

phosphorylated by PLK1 fail to maintain a functional pre-RC under stress-

conditions and activate the intra-S phase checkpoint causing a delay in S-

phase progression (178). Furthermore, PLK1 was found to interact with and 

phosphorylate Topoisomerase II alpha (TopIIA) promoting its activity in S-

phase (175). TopIIA is essential for both transcription and DNA replication 

in transiently breaking and rejoining the DNA strand to release torsional 

stress that occurs during the unwinding process of double stranded DNA by 

helicases (179). 

A more direct evidence of PLK1 action on DNA replication was given by 

Yim and Erikson, who performed lentiviral PLK1 knockdown of PLK1 in 

HeLa cells that were arrested in G1/S phase by thymidine block or serum 

starvation (180). PLK1-depleted cells exhibited a slower S-phase progression 

that was accompanied by a disrupted pre-RC formation, reduced DNA 

synthesis and an increased rate of apoptosis additionally supporting a 

functional role of PLK1 in DNA replication (180). 

1.4.3.2. Role of PLK1 in DNA damage 

While PLK1 mediates DNA replication, DNA damage leads to repression of 

PLK1 and therefore a reduction in the DNA replication rate (168, 181). 

Activation of the DNA damage response checkpoint leads to 



Introduction 

29 

dephosphorylation of PLK1 at T210 rendering the kinase inactive, as well as 

proteasomal degradation via the APC complex (182, 183). As a result, in case 

of erroneous DNA replication, PLK1 is not longer available to enhance 

replication resulting in a slow-down of the replication process, which allows 

other DNA damage response mechanisms like the DNA repair machinery to 

become active. 

1.4.3.3. Gene regulation by PLK1 

Studies over the last years provided evidence that PLK1 can directly 

modulate gene transcription by phosphorylating transcription factors and 

coregulator proteins.  

The first example was the tumor-suppressor p53, which transcriptional 

activity was reduced upon PLK1-dependent phosphorylation (184). Later, a 

similar inhibitory effect of PLK1 was identified on for the p53-family 

members Tap63 (185) and Tap73 (186, 187). However, as evidence was 

exclusively gathered by siRNA-mediated knockdown of PLK1 in p53 wild 

type cells or overexpression of p53 family members in p53 null cells, the 

biological impact of these regulations is not conclusively solved.  

An activating role was found for the relationship of PLK1 with Forkhead box 

protein M1 (FoxM1) (188). PLK1 directly interacts with FoxM1 after Cdk1-

priming and activates it by direct phosphorylation. FoxM1 target genes at the 

G2/M boundary include FoxM1 itself thereby generating a positive feedback 

loop (188). Interestingly, two years earlier the yeast PLK1 homolog Cdc5 

was identified to phosphorylate a coactivator of the forkhead transcription 

family member Fkh2p termed Ndd1p (189). As yeast Fkh2p fulfills a similar 

role on expression of mitotic regulators than FoxM1 in mammals, the 

mechanism of transcriptional control at the G2/M boundary is conserved. 

Recently, also the G2/M specific transcription factor Yin and yang 1 (YY1) 
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was found to be substrate of PLK1, further supporting the transcriptional 

coactivating role of PLK1 for late G2-phase transcription (190).  

PLK1 was also implicated in G1/S phase transcriptional control by 

phosphorylating Brf1, a subunit of the RNA polymerase III transcription 

factor complex that mediates transcription of tRNAs and the 5S rRNA. 

Interestingly, PLK1-dependent activation of Brf1 was specific for interphase, 

while in mitosis PLK1 repressed Brf1 by the phosphorylation of a second 

site, which prevented the recruitment of Pol III to the tRNA and 5S rRNA 

promoters (191). 

1.4.4. Substrate recognition by PLK1 

1.4.4.1. Substrate binding via the Polo-box domain 

Additional to an N-terminal kinase domain, all PLK isoforms share a C-

terminal phosphopeptide binding domain, the Polo-box domain (PBD) (192) 

(Figure 8). The PBD allows PLK1 to be targeted to various subcellular 

structures. Experiments showed that mutating the conserved amino acid 

residue W414 to F was sufficient to delocalize PLK1 from centrosomes and 

kinetochores and to disrupt PLK1´s catalytic function at these sites (193). 

Therefore, the PBD provides an excellent way of spatial and temporal 

regulation of PLK1. 

Using peptide libraries mimicking a known PBD docking site and several 

mutants of it, Elia and colleagues defined the optimal consensus motif of 

(P/F)-(Φ/P)-Φ-(T/Q/H/M)-S-(pS/pT)-(P/X) with Φ representing a 

hydrophobic amino acid and X representing any amino acid (158, 192). 

Although many described in-vivo interactions mediated by PBD vary from 

this motif, most of the phosphosites involved in PBD binding, contain a Ser 
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in position -1 and a Pro in +1 respective to the phosphorylated Ser or Thr 

(193).  

Alignment of the PBDs from different PLK isoforms revealed that the PBD 

can be subdivided into two conserved polo-box regions, PB1 and PB2 (193). 

PLK4 is an exception in only containing the homologues to PB1. Structural 

analyses with the PBD in complex with a phosphopeptide revealed, that PB1 

and PB2 contain identical folds of a six-stranded anti-parallel β-sheet 

together with one α-helix (β6α-fold) and form a hetero-dimeric 

phosphopeptide binding module (158, 194).  

Interestingly, in the PLK4 PBD that only contains one polo-box, a similar 

binding module is generated by the PBs of two PLK4 molecules, leading to 

the generation of a similar binding cleft, than in PLK1. In PLK1-3 the fold is 

further stabilized by the short α-helical polo cap (158, 194).  Notably, the 

pS/pT residue of the phosphopeptide is located not in the center but rather on 

the edge of the binding cleft. While the Ser in position -1 together with pS/pT 

serves as a high affinity anchor of the phosphopeptide interacting via 

hydrogen bonds with particular residues in the PBD binding cleft, the further 

upstream hydrophobic residues mediate specificity of the binding via 

interaction with hydrophobic residues of the phosphopeptide (193).  

When comparing crystal structures of PBD with and without phosphopeptide, 

Yun and colleagues did not observe any conformational difference, 

suggesting that the interaction between PBDs and a phosphopeptide follows a 

classical lock-and key model (195).  

Given the fact that PLK1 is mainly regulated via interactions mediated by the 

PBD, a protein that binds PLK1 is likely involved in PLK1 function in either 

targeting the kinase to a specific subcellular region or being regulated itself 

by the catalytic activity of PLK1. To increase the knowledge of PLK1 
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interactors potentially following this role, Lowery and colleagues performed 

a proteomic interaction screen using the PBD as bait (196). The authors 

identified more than 600 mitosis-specific proteins targets that interacted with 

the PBD. Interestingly, the majority of these proteins were not related to cell 

cycle regulation, but involved in various other cellular processes such as gene 

transcription, translation, RNA processing and vesicle transport (196) 

indicating new yet undiscovered roles of PLK1 in these processes. 

1.4.4.2. Self-priming versus non-self priming 

The binding of PLK1 to phosphorylated proteins imposes the presence of a 

preceding phosphorylation event that regulates the interaction by generating 

the docking site to “prime” the protein for an interaction. According to the 

consensus motif for PBD binding, which contains a Pro in the +1 position, 

the priming kinase is likely to be a Pro-directed kinase like Cdk1. 

Consistently, Cdk1 was found to be responsible for the majority of priming 

reactions studied so far, which is in close agreement with the fact that various 

mitotic processes require the concerted action of both PLK1 and Cdk1 (193).  

Apart from Cdk1, in some cases the priming reaction is catalyzed by PLK1 

itself, which is known as the self-priming mechanism (197). One example for 

a self-priming event is the kinesin-like protein and PLK1 substrate Mklp2 

(198). In experiments using a mutant protein of Mklp2 that could not be 

phosphorylated on the docking site, this protein was not able to recruit PLK1 

to the central spindle, which was the first evidence that self-priming exits in 

vivo. Although several other self-priming interactions have been 

characterized, the majority of PBD interactions known to date follow the 

non-self priming mechanism (193). 

Self-priming and non-self priming events differ in their physiological role. 

While non-self priming generates a high degree of regulation, self-priming 
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can generate an auto-amplification mechanism of PLK1 dependent 

phosphorylation events (193). By phosphorylating another phosphorylation 

site on the same or an adjacent protein, PLK1 can generate another epitope 

for PLK1 binding via the PBD. Therefore, the mechanism allows large 

amounts of PLK1 to be accumulated at a specific subcellular location. One 

example is the PLK1 dependent priming and binding of PBIP1 at the 

kinetochores, which takes place in early interphase when PLK1 is still not 

fully activated by upstream kinases (197). The positive feedback loop thereby 

allows PLK1 enrichment even at suboptimal conditions. 

The question remains though, how PLK1 is initially targeted to the docking 

protein, as binding normally requires a phosphorylation site to preexist. One 

possible theory is that PLK1 binds PBIP1 with very low affinity and 

phosphorylates the protein with its basal activity. When this step is achieved, 

partial activation of PLK1 by release of the inhibitory interaction between 

PBD and kinase domain allows PLK1 to more efficiently phosphorylate other 

PBIP1 molecules (193, 197). 

1.4.4.3. Phospho-independent interactions of PLK1 

Evidence exists that PLK1 can interact with other proteins in a phospho-

independent manner. One example is the interaction of PLK1 with the 

AuroraA kinase activator Bora, which does not require priming 

phosphorylation and either the kinase or the PBD domain is sufficient for the 

interaction (199).  

1.4.4.4. Processive versus distributive phosphorylation model 

While most proteins that bind PLK1 are also substrate of this kinase, the 

discovery of hCenexin1, which interacts with PLK1 without being 

phosphorylated was original and led to the proposal of two distinct models of 
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PLK1 action (200). In the first classical “processive” model PLK1 binds to a 

docking protein via a primed phosphorylation site and phosphorylates 

another Ser or Thr on the same molecule. In the second “distributive” 

phosphorylation model PLK1 binds to a docking protein but phosphorylates a 

third protein that interacts with the docking protein either directly or within a 

complex (201). While for seven years this model existed only in theory, due 

to the presence of proteins such as hCenexin1, which despite PLK1 binding 

are not phosphorylated themselves, only recently the mechanism was found 

to exist in vivo. Johmura and colleagues observed that PLK1 is targeted along 

the length of mitotic spindles by interaction with the γ-tubulin ring complex 

protein Nedd1 via a Cdk1 primed docking site (201). Interestingly, this 

recruitment was essential for the phosphorylation of Hice1, a subunit of 

another microtubule located complex as mutation of the Nedd1 docking site 

of PLK1 abolished the phosphorylation of Hice1. Hence, phosphorylation of 

Hice1 by Nedd1–bound PLK1 can be regarded as the first bona-fide example 

of the “distributive phosphorylation” model as proposed by Lowery (200, 

201). 

1.4.5. Regulation of PLK1 activity 

The activity of PLK1 is regulated at several levels. In addition to spatio- 

temporal targeting of PLK1 to sub-cellular loci mediated by the PBD, PLK1 

is strongly regulated by cell cycle phase-specific gene expression changes, 

activation by phosphorylation as well as proteasomal degradation (155). 

1.4.5.1. Regulation at the gene expression level 

PLK1 expression levels exhibit great cell cycle dependent changes. While the 

protein level is low in G1 phase, it increases during S-phase and peaks 

around the G2-M phase transition (172). Transcription of the PLK1 gene is 
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stimulated by transcription factors of the forkhead family in both mammals 

and yeast (188, 202, 203). Interestingly, PLK1 positively regulates its own 

transcription. While in yeast PLK1 was shown to phosphorylate and activate 

a co-activator protein of the forkhead transcription factor Fkh2p, in mammals 

PLK1 directly phosphorylates and activates the forkhead transcription (188, 

189). As activation of FoxM1 by PLK1 requires priming of Cdk1, this 

increase in expression occurs at the G2/M transition when active Cdk1-

CyclinB levels are highest. This positive feedback loop is further expanded 

by the transcription levels of CyclinB and Cdc25B, which are both activated 

by FoxM1 as well (188). 

Additionally to the forkhead transcription factor binding site, the PLK1 

promoter also contains several other cis-elements including consensus 

binding motifs for E2F, AP1, AP2, SP1, NF-Y and NFκB although 

experimental data on how these sites contribute to PLK1 expression is largely 

missing (204).  

Apart from TF binding sites, the PLK1 promoter contains a bipartite 

repressor element lying above the transcription site termed CDE/CHR (cell 

cycle-dependent element/cell cycle genes homology region). Mutations 

within this element diminished the increase of PLK1 mRNA expression 

towards G2/M phase significantly indicating a crucial role in the cell cycle 

dependent regulation of PLK1 (205). Repression of PLK1 via the CDE/CHR 

element is possibly mediated by p53 and its target p21 although a clear 

description of the mechanism involved is still missing (155, 204).  As 

CDE/CHR elements are also present in the promoters of other G2/M specific 

genes such as CyclinB Aurora A and Cdc25, a common role in cell cycle 

regulation appears to be likely (204). 

I addition to p53, also retinoblastoma (Rb) family proteins were found to 

repress PLK1 in a CDE/CHR independent manner (204, 206). The Rb related 
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pocket-proteins p107/p130 was found to form a repressive complex with 

E2F4, which directly binds to the E2F cis-element in the PLK1 promoter. Co-

recruitment of the SWI/SNF chromatin-remodeling complex leads to histone 

deacetylation and repression of the promoter. Phosphorylation of Rb proteins 

by Cdk complexes in mid-G1 prevents the interaction with E2F4 and 

therefore leads to derepression of the PLK1 promoter (206). 

Interestingly, in interphase E2F was shown to also have an activating 

function on PLK1 expression. Knock-down of the E2F3 isoform in bladder 

cancer cells led a decrease in PLK1 gene expression, while E2F3 over-

expression in Rb-negative or Rb-depleted prostate cancer cells increased 

PLK1 expression levels (207). Further, adenoviral overexpression of E2F1 in 

Rb positive small cell lung cancer (NSCLC) cells increased PLK1 expression 

levels without Rb depletion (208). Therefore, it appears to be evident that the 

level of PLK1 expression in interphase is tightly controlled by the balance of 

protein expression and activation levels of E2F and its repressor Rb. 

1.4.5.2. Regulation of PLK1 activity by phosphorylation 

Although PLK1 can be partially activated by binding to a phosphopeptide 

thereby releasing an intramolecular inhibitory interaction between the PBD 

and the kinase domain (193), full PLK1 activation requires the 

phosphorylation of T210 in the activation loop (209). This phosphorylation is 

believed to physically prevent the kinase domain and the PBD to interact 

allowing PLK1 to adopt a fully active conformation (193). Consequently, 

abolishing this phosphorylation by mutating T210 to alanine strongly 

abrogates PLK1 activity, whereas the phospho-mimetic substitution to 

glutamic acid leads to an increased catalytic activity and a premature mitotic 

entry during the cell cycle (209, 210). In mammals, phosphorylation of T210 

is mediated by the concerted action of Aurora A kinase and its regulator 
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protein Bora, which activate PLK1 at the G2/M boundary (199). As in turn 

PLK1 phosphorylates Bora leading to its proteasomal degradation during M-

phase, PLK1 activation by Aurora A is regulated in a negative feedback 

mechanism that allows proper progression through the cell cycle (211). 

Although AuroraA/Bora is the only kinase identified so far to phosphorylate 

T210, the fact that active PLK1 is needed during the regulation of 

cytokinesis, when Bora is absent, indicate the existence of other kinases that 

activate PLK1 in this site (155). 

Activation of PLK1 by T210 phosphorylation is antagonized via 

dephosphorylation by the Protein phosphatase 1 (PP1) and its adaptor protein 

MYPT1 (212). PP1/MYPT1 not only affects the levels of T210 

phosphorylation but also counteracts the catalytic functions of PLK1. 

Depletion of MYPT1 in cells with reduced PLK1 levels restores centrosomal 

function and mitotic progression indicating opposing functions of 

PP1C/MYPT1 and PLK1 (212).  

Apart from activation of PLK1 by phosphorylation of T210 in the activation 

loop, PLK1 can be also activated by phosphorylation of S137 (209). 

Interestingly, the phosphomimetic mutants of T210 and S137 revealed 

similar activities in kinase assays, which was comparable to the activity of 

the PLK1 137D/210D phosphomimetic double mutant indicating no 

synergistic effect on PLK1 activation. Transfecting both mutants in HeLa 

cells, however, revealed two different phenotypes. While PLK1-210D cells 

arrested in late M-phase in accordance with other studies, PLK1-137D 

transfected cells arrested in G1/S, pointing out a novel regulated role of 

PLK1 in early interphase (209). Wu and colleagues recently showed, that 

S137 is specifically phosphorylated by the kinase Tpl-2 in-vivo, which was 

not able to phosphorylate T210 (213). Tpl-2 is a homolog of the MAPKKK 
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family and has been implicated in the activation of ERK, JNK and p38 

pathways (214). 

In addition, the p21-activated protein kinase 1 (PAK1) was shown to 

phosphorylate PLK1 in S49 promoting its function in anaphase to telophase 

(215). The mechanistic functions of pS49 as well as other phosphorylation 

sites that have been identified by global phosphoproteomic studies remain to 

be characterized. 

1.4.5.3. Regulation of PLK1 by proteolytic degradation 

Proteasomal degradation of PLK1 occurs not only after DNA damage as 

mentioned before, but also mediates the cell cycle dependent protein level 

changes of PLK1 in late M-phase or early G1, when PLK1 protein levels are 

heavily depleted (155). In both cases the ubiquitin-dependent proteolysis is 

achieved by the APC complex targeting a functional destruction box that is 

conserved in humans and flies (216). Deletion of the destruction box was 

found to stabilize PLK1 at the mitotic exit, while depletion of the APC 

adaptor CDH1 caused PLK1 to accumulate in mammalian cells (216, 217). 

This cell-cycle dependent regulation of PLK1 appears to be crucial for 

avoiding high concentrations of PLK1 in interphase, where it might interfere 

with interphase-specific cellular functions. 

1.4.6. Functions in development and cancer 

PLK1 is overexpressed in many types of cancers and can be used as an 

adverse prognostic marker for cancer patients (218). Several studies using 

small-inhibitors, or short hairpin RNA (shRNA) against PLK1 could proof a 

significant decrease in cancer cell viability making it an attractive target in 

pharmaceutical cancer treatment (160). The potential of PLK1 targeting in 

cancer cells was shown to depend on the p53 status of the cell. Cells with 
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absent or mutant p53 appear to be considerably more sensitive to PLK1 

depletion or inhibition than cells expressing wild-type p53 (219, 220). One 

possible explanation for this finding is that p53 negatively controls the 

expression levels of PLK1 (221). Mutant p53 would therefore lead to 

elevated PLK1 levels and a loss of proliferative control. 

Paradoxically, in several cancer cell lines, mutations of PLK1 were found 

that impaired with its function (222). On top, PLK1 heterozygote knockout 

mice were found to develop tumors at a threefold greater frequency than 

wild-type mice (223). Together these data indicate an additional tumor 

suppressive role of PLK1, which mechanism is still not understood. 

However, it can be concluded that while overexpression of PLK1 is 

undoubtedly related to cancer progression due to its effects on cell cycle 

regulation, misregulation of endogenous PLK1 levels can potentially lead to 

cancer formation (193). 

In accordance with the functions as a tumor-suppressor, PLK1 has essential 

roles in the normal development of mammals, worms and flies. PLK1 

homozygous knockout mice are early embryonic lethal as a result of 

improper cell cycle progression. In worms and flies, PLK1 is implicated in 

the regulation of asymmetric stem cell division, which is a key event of 

development of multicellular organisms (168). For instance, Drosophila Polo 

was found to regulate the function and asymmetric localization of the 

signaling protein Numb in neuroblasts, which after cell division promotes 

neuronal differentiation of the Numb containing daughter cell (224). 

Taken together, PLK1 has both oncogenic and tumor-suppressive properties, 

the molecular mechanism for latter especially in mammals is obsolete. 
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1.5. Quantitative proteomics 

1.5.1. Methods for quantitative mass-spectrometry 

The biological function of a protein does not only depend on its expression 

level in the cell, but also by its interactions with other proteins as well as its 

PTMs integrating it in the cellular signaling network. The experimental 

measurement of these events requires sensitive and precise methods to study 

the abundance of proteins or modifications and compare the information 

between different samples. Recent advances in quantitative mass 

spectrometry (MS) provided the tools that allow high-accuracy measurements 

of peptides on the global scale. Quantitative MS methods include metabolic 

labeling, chemical and enzymatic labeling as well as label-free strategies 

(225, 226). While all methods enable quantitative comparison between 

peptides measured by MS, they differ in the grade of experimental variation 

that can occur during the experimental process (Figure 10). 

 

Figure 10: Different quantitative mass spectrometry workflows. Blue and yellow 
boxes represent two experimental conditions. Dashed lines indicate steps of the 
experiment, where variation can occur resulting in imprecise mass spectrometric 
measurement. Adapted from (226). 
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For metabolic labeling, stable isotope-marked amino acids are incorporated 

into living cells. As this allows the combined experimental processing of 

differentially labeled cell extracts, metabolic labeling is the most precise 

technique that is most sensitive to even small changes in protein or PTM 

abundance. For chemical labeling, samples are labeled after the biological 

experiment either on protein or on peptide level and analyzed together by MS 

(Figure 10). While this method does not require cell labeling and can be 

therefore also used for tissues and difficult to culture cells, post-experimental 

labeling makes the assay prone to experimental variation. A third method 

using labeling is the ‘spike-in’ method, which is similar to the metabolic 

labeling with the difference that none of the samples are labeled. In contrast, 

every single sample is mixed with a labeled protein mixture, protein or 

peptide standard (Figure 10). All three label-methods share the same 

principle of MS-based peptide quantification. Labeled and unlabeled peptides 

are measured in a single MS-run and can be distinguished in MS-spectra by 

the higher mass of the labeled one. Comparison of MS-intensities of labeled 

and unlabeled peptide allows the relative quantification of the abundance of 

both peptides. In case of ‘spike-in’ methods also absolute quantification is 

possible when the amount of spiked peptide is known.  

An alternative to labeling methods is label-free quantification, which is an 

emerging method that depends solely on the bioinformatic comparison of 

peptide intensities after MS-analysis (Figure 10). Due to its higher 

measurement errors, label-free quantification is mainly used for pull-down 

experiments, in which the differences in protein abundance are high. 

1.5.2. Stable isotope labeling of amino acids in cell culture 

Stable isotope labeling of amino acids in cell culture (SILAC) is the most 

commonly used method for metabolic labeling and was first presented by 
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Mann and coworkers in 2002 (227). For this technique, cells are grown in 

media containing isotopically labeled amino acids, which are generally 

arginine and lysine. After several passages, cells have incorporated these 

labeled amino acids into all proteins (Figure 11). Cells can be labeled in three 

different states using following combinations of amino acids: unlabeled 

arginine/lysine (R0K0), [13C6]-arginine/[2H4]-lysine (R6K4), and [13C6,15N4]-

arginine/[13C6,15N2]-lysine (R10K8), also referred to as ‘light’, ‘medium’, and 

‘heavy’ medium. The use of arginine and lysine ensures that all tryptic 

peptides, apart from the C-terminal one, are at least singly labeled, as trypsin 

cuts proteins after every arginine or lysine. Protein identification is based on 

the fragmentation spectra of at least one out of the three coeluting peptide 

states. Relative quantification is performed by comparing the intensities of 

isotope clusters of ‘light’, ‘medium’ and ‘heavy’ peptides in the same MS-

run (Figure 11).  

 

Figure 11: Quantitative proteomics using SILAC. (A) Schematic depiction of a 
SILAC experiment with triple labeling conditions. (B) Idealized MS spectra of 
isotope clusters of a SILAC peptide set. Heavy and medium peptides are shifted 
respective to the non-labeled counterpart according to the mass-difference introduced 
by the labeling. 
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Due to its power in terms of sensitivity and accuracy, the SILAC method has 

been successfully applied to various biological questions including cell-

signaling (228), protein-protein interaction (229),  protein-DNA interaction 

(230), and gene function (231). 

1.5.3. Large-scale protein interaction analyses 

Virtually every cellular function requires the coordinated action of a large 

number of multiprotein complexes of distinct composition and structure. 

Similarly, biological processes depend on the dynamic interaction networks 

of proteins that link chemical or physical stimuli to specific effector 

molecules (232). The analysis of the dynamic properties of protein-

complexes and protein-protein interactions is therefore of central importance 

in biological research.  

The first described large scale interactomes were based on a technique called 

“yeast two-hybrid” system, in which the bait protein is fused to the DNA 

binding part of a yeast transcription factor, while the activation part is fused 

to a library of protein-encoding sequences (233, 234). Both constructs are 

used together in a reporter system, in which the expression of the reporter 

gene depends on the interaction of bait and library protein, linking the DNA 

binding domain and activation domain of the transcription factor together. 

More recently, however, this technique was replaced by the combination of 

affinity purification and mass spectrometry (AP-MS). The advantage of AP-

MS compared to yeast-hybrid methods is the possibility to perform 

interaction analyses with endogenously or ectopically expressed proteins 

rather than depending on fusion constructs. Moreover, AP-MS allows the 

simultaneous study of PTMs on interacting proteins, which actually might be 

involved in mediating the protein-protein-interaction. While initially AP-MS 

was done under stringent purification conditions to isolate a distinct set of 
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interactors, which were separated by SDS-PAGE followed by MS from 

digested silver-stained gel bands, the advances in quantitative proteomics 

now allow the study of enriched proteins even under highly complex 

conditions such as immunoprecipitation under near physiological conditions. 

In this case background binders can be easily distinguished from specific 

interactors by their 1:1 ratio of bait versus control experiment (232). 

1.5.4. Phosphoproteomics 

Reversible protein phosphorylation is one of the most abundant PTMs in 

eukaryotic cells and a major regulatory mechanism of protein function. 

Recent studies revealed that around 70% of proteins in the cell can be 

phosphorylated (228). Large-scale phosphoproteomic studies, however, are 

limited by the low stoichiometry that is often found for the phosphorylated 

form of a protein that may account for less than 1% of the total protein (235). 

In order to analyze this small population of phosphorylated peptides that is 

present together with the enormous background of non-phosphorylated 

peptides in a digested cell extract, enrichment methods need to be applied.  

Different enrichment strategies have been successfully applied for 

phosphopeptides. These include (i) peptide immunoprecipitation (ii) 

immobilized metal affinity chromatography (IMAC), (iii) titanium dioxide 

(TiO2) chromatography, and (iv) strong cation exchange (SCX)-

chromatography. While peptide immunoprecipitation only works for tyrosine 

phosphorylated peptides due to the lack of phosphoserine- or 

phosphothreonine-specific antibodies (236), the other three techniques allow 

the enrichment of the whole phosphoproteome regardless the phosphorylated 

amino acid. IMAC enrichment uses metal cations such as Fe3+ to bind and 

retain phosphogroups, whereas TiO2 benefit from Lewis acid-base 

interactions (235). During SCX, phosphorylated peptides at acidic pH (~ 2.7) 
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contain an additional negative charge compared to their non-phosphorylated 

counterpart peptides, which reduces their retention in stationary phase and 

therefore end up in different fractions. 

For current large-scale phosphoproteomic analyses, SCX is regularly 

combined with either IMAC or TiO2 chromatography (228, 237-239). 

Depending on the SCX fraction this method allows phosphopeptide 

enrichment up to 95% (235) and identification and quantification of  up to 

25,000 phosphorylation sites (237) in a single study. An outline of the 

experimental setup is depicted in Figure 12. 

 

Figure 12: Schematic depiction of the SCX/TiO2 enrichment protocol for 
phosphopeptides. Proteins from derived from a cell-extract are digested into 
peptides, which are separated by strong cation exchange chromatography (SCX). 
Each fraction is enriched for phosphopeptides by TiO2 chromatography, desalted and 
analyzed by LC/MS-MS. Adapted from (235). 
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2. Objectives 

 

1. Development and application of a SILAC-based interaction screen 

for novel hormone-dependent interactors of the progesterone 

receptor. 

2. Characterization of the role of PLK1 in steroid receptor-dependent 

gene regulation. 

3. Studying the implication of PLK1 in steroid-hormone signaling in 

breast cancer cells. 
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3. Material and Methods 

3.1. Reagents 

Antibodies 

Anti-phospho-PLK1 (pT210), anti-PLK1 (36-298) and anti-H3 were from 

Abcam; anti-ER (HC-20), anti-PR (H190) and anti-MLL2 were from Santa 

Cruz Biotechnology; anti-H3K4me3 was from Millipore; anti-phospho-ER 

(pS118), anti-phospho ERK1/2 (E10), rabbit-IgG and mouse-IgG were from 

Cell Signaling Technology. 

Plasmids 

The PR expression vector pSG5-PR was a kind gift of Pierre Chambon and 

the p3XFLAG-CMV-14 vector was from Sigma. The pET21b(+)-hH2B 

vector for bacterial expression of histone H2B was a kind gift of Till Bartke  

from Tony Kouzarides lab (The Gurdon Institute, Cambridge). 

Inhibitors 

BI2536 was from Axon Medchem; Poloxin was a kind gift of Thorsten Berg 

(University of Leipzig). 

Recombinant proteins 

Recombinant active PLK1 was Millipore, recombinant histones H3, H4, 

H2A, H2B from New England Biolabs. 
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3.2. Molecular biology methods 

Cloning 

To generate FLAG-PR constructs, PR was amplified from the pSG5-PR 

vector by PCR using Pfu polymerase (Stratagene) with following primers 

(bold letter indicate the restriction site and underlined letters the PR-

complementary sequence). 

PRfor-ATG/EcoRI GCGAATTCATGACTGAGCTGAAGGC 

PRrev/BamH1 GGGGATCCGGCCTTTTTATGAAAGAGAAGGGGTTTC 

 

Site directed mutagenesis 

Histone H2B mutants were generated using the QuikChange Site-directed 

mutagenesis kit (Stratagene) according to manufacturer´s instructions with 

primers listed in Table 1. 

Table 1: Primer sequences for histone H2B mutations 

mutant primer sequence 

S6A 
sense TGCCTGAGCCAGCGAAAGCCGCTCCCG 

antisense CGGGAGCGGCTTTCGCTGGCTCAGGCA 

S36A 
sense CGCAGCCGCAAGGAGGCCTACTCCGTATACGT 

antisense ACGTATACGGAGTAGGCCTCCTTGCGGCTGCG 

T115A 
sense CTGTGTCAGAGGGCGCCAAGGCCGTTACC 

antisense GGTAACGGCCTTGGCGCCCTCTGACACAG 

 
Transformation 

CaCl2 competent E. coli TOP10 or BL21 were transformed with 2 µL of 

ligation mix or 100 ng of plasmid following the heat shock protocol. DNA 

and bacteria were incubated on ice for 30 min followed by incubation at 42 

ºC for 45 s and incubation on ice for 5 min. Subsequently, 500 µL of SOC-
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medium was added and the transformed cells were placed under agitation at 

37 ºC for 60 min. Cells were plated on LB-agar plates containing 100µg mL-1 

ampicillin and incubated at 37ºC overnight. Single colonies were picked the 

next day and incubated overnight with agitation in 4 mL of LB medium with 

ampicillin. 

Expression and purification of histones 

Recombinant histone proteins were expressed in E. coli BL21(DE3) cells 

from pET21b(+) vectors and purified by denaturing gel filtration as 

previously described (240). E. coli BL21(DE3) cells were grown in 2X TY 

medium containing 16 g/l Bacto Tryptone, 10 g/l yeast extract, 5 g/l NaCl, 

100 µg/l ampicillin and 25 µg/l chloramphenicol. Cell were grown to 

exponential phases an expression induced at an OD (A600) of 0.8 by addition 

of isopropyl-b,D-thiogalactopyranoside (IPTG) to a final concentration of 0.2 

mM and the culture was incubated for another 2 h. Cells were harvested by 

centrifugation for 15 min at 4000 rpm, room temperature. The total cell mass 

was resuspended in 33ml of wash buffer containing 50 mM Tris-HCl (pH 

7.5), 100 mM NaCl, 1 mM benzamidine and 1 mM Na-EDTA, and store at –

20ºC. The cell suspension was thawed at 37 ºC in a water bath, lysozyme 

added and the volume adjusted to 40 ml with wash buffer. The crude extract 

was spun for 20 min at 4 ºC and the supernatant discarded. The pellet was 

washed by three consecutive steps of resuspension and centrifugation in 35 

ml of wash buffer containing 1% (v/v) Triton X-100. The detergent was 

removed by repeating the washing twice with wash buffer. The remaining 

pellet containing the inclusion bodies was stored at –80ºC. The pellet was 

thawed in presence of 333.5 µl of DMSO for 30 min at room temperature. A 

5.5 ml volume of a 7 M guanidinium hydrochloride solution, containing 20 

mM Tris-HCl (pH 7.5), 10 mM DTT, was added slowly and unfolding was 

allowed to proceed for one h at room temperature under gentle mixing. 
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Solubilized inclusion bodies were applied to a 26/60 Sephacryl S200 gel 

filtration column equilibrated with 1.5 columns volumes of S200-buffer 

containing 7 M urea, 20 mM sodium acetate (pH 5.2), 200 mM NaCl and 5 

mM β-mercaptoethanol. The column was run at 22 ºC at a flow rate of 1 

ml/min. Eluted fractions were analyzed for the presence of non-degraded 

histones by SDS-Page followed by Colloidal staining and selected fractions 

pooled and extensively dialyzed against water containing 5mM β-

mercaptoethanol. 

3.3. Cell culture 

Cell culture and hormone treatments 

T47D wild-type, T47D-FLAG-PR and MCF-7 cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) (high glucose, pyruvate, 

Glutamax), supplemented with 10% fetal bovine serum (FCS), 100 u ml-1 

penicillin and 100 u ml-1 streptomycin (all Gibco).  

T47D-MVTL cells were routinely grown in RPMI-1640 medium 

supplemented with 10% FCS, 2 mM L-glutamine, 100 u ml-1 penicillin, 100 u 

ml-1 streptomycin and 10 µg ml-1 insulin.  

For hormonal starvation, MCF7 cells were cultured for 3 days in phenol-red 

free DMEM supplemented with 5% charcoal-dextran-treated serum 

(HyClone) and standard antibiotics. For hormone induction experiments with 

T47D cells, cells were cultured for 2 days in phenol-red free RPMI-1640 

supplemented with 5% charcoalized serum and standard antibiotics and 1 day 

in serum free phenol-red free RPMI-1640. Cells were induced with E2 (10 

nM), R5020 (10 nM) or vehicle (ethanol) for indicated times. 
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SILAC labeling 

T47D-FLAG-PR, T47D-MVTL or MCF7 cells were SILAC labeled as 

previously described (225). Cells were cultured for at least 5 passages in 

arginine- and lysine-free RPMI medium (Biowest) containing 10% dialyzed 

FBS (Gibco), 2 mM L-glutamine and standard antibiotics and supplemented 

with isotopically-different forms of arginine (100 mg ml-1) and lysine (100 

mg ml-1) in following combinations: arginine / lysine, [13C6]-arginine / [2H4]-

lysine, or [13C6,15N4]-arginine / [13C6,15N2]-lysine, also referred to as ‘light’ 

(L), ‘medium’ (M), and ‘heavy’ (H) medium. 

Generation of a stable FLAG-PR cell line 

To generate a stable FLAG-PR cell line, 500.000 T47D wild type cells were 

seeded in one p60 tissue culture plate in standard medium. After 1 day 

medium was changed to DMEM without antibiotics and 2 µg p3xFLAG-

CMV-14-PR DNA transfected using Lipofectamine 2000 according to 

manufacturer´s instructions. After 1 day cells were trypsinized and placed in 

one p150 tissue culture plate. After 1 more day, medium was replaced by 

DMEM containing 700 µg ml-1 geneticin (G418). Medium was changed every 

3 days until individual colonies were trypsinized and grown as clones. 

RNAi experiments 

The siRNA for PLK1 was described previously (170) and had the target 

sequence AGAUUGUGCCUAAGUCUCU; siRNA pools for PLK2 (SNK), 

PLK3 (FNK) and BCL11B were from Santa Cruz Biotechnology; the siRNA 

pool for MLL2 was from Dharmacon. siRNAs were transfected using 

Lipofectamine 2000 (Invitrogen) following manufacturer’s instructions at 

day one of the starvation process.  
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3.4. Fluorescence-activated cell sorting (FACS) 

Cells were trypsinized, washed twice with PBS and around 100,000 cells 

resuspended in 0.9 ml of PBS containing 5 mM EDTA. Cells were 

permeabilized dropwise adding 2.1 ml of 100% EtOH (-20 ºC) while mixing 

and fixed at 4 ºC over night. Cells were washed twice with PBS and 

resuspended in 1 ml of analysis solution consisting of 15 µl 1mg ml-1 

propidium iodide solution (Sigma), 30 µl 10mg ml-1 Ribonuclease A (Sigma) 

and 955 µl PBS. Cells were stained over night at 4 ºC before being analyzed 

on a BD FACScan flow cytometer. 

3.5. Immunoblotting 

Protein samples were mixed with LDS loading buffer (Invitrogen) containing 

50mM DTT, boiled for 5 minutes and resolved on SDS-PAGE gels of 

different acrylamide percentage depending on the molecular weight of the 

protein of interest at 90V in Running Buffer (25 mM  Tris-base, 200 mM 

glycine, 0.1% w/v SDS). Proteins were then transferred to Nitrocellulose 

Transfer Membranes at 300 mA for 1 hour on ice in Transfer Buffer (25 mM 

Tris-HCl pH 8.3, 200 mM glycine, 20% v/v methanol). Successful protein 

transfer was controlled by staining of the membrane with Ponceau S (Sigma). 

Transferred membranes were blocked for 1 hour at room temperature in 5% 

w/v skimmed milk in TBS-T (50 mM Tris-HCl pH.7.4, 150 mM NaCl and 

0.1% Tween-20) and incubated overnight at 4ºC with the corresponding 

primary antibody diluted in 5% skimmed milk in TBS-T. After 2 fast washes 

and 2 washes at 10 minutes with TBS-T, membranes were incubated for 1 

hour at room temperature with the corresponding secondary antibody 

conjugated to horseradish peroxidase (mouse: 1.3000, rabbit: 1:4000) diluted 

in 2.5% skim milk in TBS-T. After 1 fast wash and three washes of 10 

minutes with TBS-T, protein detection was performed by enhanced 
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chemiluminiscence with western blotting detection reagents from GE 

healthcare. 

3.6. Immunofluorescence microscopy 

MCF7 cells grown on sterile cover slips were fixed for 20 min in 4% 

paraformaldehyde and permeabilized for 30 min with 0.5% tween in 10% 

normal goat serum (Dako Cytomation, Glostrup, Denmark) in PBS at room 

temperature. Samples were incubated with primary antibodies at the 

following working dilutions over night: anti-ER-pS118 (1:250) anti-PLK1-

pT210 (1:250). The following day, cover slips were incubated with 

appropriate secondary antibodies detecting mouse and rabbit IgG conjugated 

with Alexa Fluor 594 or 488 (Molecular Probes). Images were captured using 

a Zeiss LSM 510 META confocal microscope. 

3.7. Gene expression analysis 

RNA extraction and RT–PCR 

RNA was extracted with the RNeasy extraction kit (QIAGEN). cDNA was 

generated from 100 ng of total RNA with the First Strand cDNA Superscript 

II synthesis kit (Invitrogen) and analyzed by qPCR. Gene specific expression 

levels were regularly normalized to Gapdh expression. Primer sequences are 

listed in Table 1. 

Table 2: qRT primers for gene expression analysis 

name sequence 
qRT_ps2_for TTGTGGTTTTCCTGGTGTCA 
qRT_ps2_rev CCGAGCTCTGGGACTAATCA 
qRT_GREB1_for CAAAGAATAACCTGTTGGCCCTGC 
qRT_GREB1_rev GACATGCCTGCGCTCTCATACTTA 
qRT_WISP2_for CAGGGGTCGCAGTCCACAAAA 
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qRT_WISP2_rev AGGCAGTGAGTTAGAGGAAAGG 
qRT_Serpina3_for CTGACCTGTCAGGGATCACA 
qRT_Serpina3_rev TGCAGAAAGGAGGGTGATTT 
qRT_XBP1_for GCGCCTCACGCACCTG 
qRT_XBP1_rev GCTGCTACTCTGTTTTTCAGTTTCC 
qRT_SGK1_for TCGGACTCTGCAAGGAGAAC 
qRT_SGK1_rev GGCAGGCCATACAGCATCTC 
qRT_PgR_for GGCGAGAGGCAACTTCTTTC 
qRT_PgR_rev CATCTGCCCACTGACGTGTT 
qRT_CDH26_for GCGGAGGACACATGGAAGTT 
qRT_CDH26_rev CCAATGAAGAGTGGCACCAA 
qRT_PLK2_for GTCTGGAACACCCGCAGTAG 
qRT_PLK2_rev TCCAGACATCCCCGAAGAAC 
qRT_PLK3_for TGCCCAGTGTGGAAGAGGTA 
qRT_PLK3_rev GCTCCCAGCCACTGAGAATC 
qRT_PHF8_for CCTTCAGTTGGCTCCCAGAG 
qRT_PHF8_rev AATGGGGGTAAAGGGGTGAG 
qRT_Krt4_for AAGTTTGCCTCCTTCATCGAC 
qRT_Krt4_rev CAAGGTTTTTGCTGGAGGTG 
qRT_MMP25_for AGAAGCGAACCCTGACATGG 
qRT_MMP25_rev GGGTAGCTGTCCTGGTGGAA 
qRT_Stat5a_for CTGAACGTGCACATGAATCC 
qRT_Stat5a_rev ATCACGCAGCAGTTGTTCAG 
qRT_HSD2_for ACGCAGGCCACAATGAAGTAG 
qRT_HSD2_rev GCAGCCAGGCTGGATGATG 
qRT_CXCL12_for TGAGCTACAGATGCCCATGC 
qRT_CXCL12_rev AGCTTCGGGTCAATGCACAC 
qRT_luc_for CTAGAGGATGGAACCGCTGG 
qRT_luc_rev ACACCGGCATAAAGAATTGAA 
qRT_TGFB2_for AATGCCAACTTCTGTGCTGG 
qRT_TGFB2_rev TTTGGTCTTGCCACTTTTCC 
qRT_TGFB3_for GTGGAAGCCATTAGGGGACA 
qRT_TGFB3_rev TGAAGCGGAAAACCTTGGAG 
qRT_TRAIL_for GGGACCAGAGGAAGAAGCAA 
qRT_TRAIL_rev TGAATGCCCACTCCTTGATG 
qRT_GPR109B_for TCACTGGACTCGGCCTAAGA 
qRT_GPR109B_rev GGGAAGAAGGCCAACAAGTC 
qRT_MCF2L_for TGCACCTCATCGCTATCACC 
qRT_MCF2L_rev CCCCATTCTCCTCCCTCTTC 
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Agilent Gene Expression Profiling and Gene Ontology analysis 

Aliquots of 100 ng of total RNA from three biological replicates were labeled 

using Low Input Quick Amp Labeling kit (Agilent) following manufacturer 

instructions. Briefly, mRNA was reverse transcribed with T7-oligo-dT 

primer. cDNA was then in vitro transcribed with T7 RNA polymerase in the 

presence of Cy3-CTP. The labeled cRNA was hybridized to the Agilent 

Human whole genome 4X44k v2 microarray according to the manufacturer's 

protocol. The arrays were washed, and scanned on an Agilent G2565CA 

microarray scanner at 100% PMT and 5 µm resolution. Intensity data was 

extracted using the Feature Extraction software (Agilent) and processed using 

the Agi4x44PreProcess-package of the Bioconductor project in the R 

statistical environment. Differential expression analysis was carried out on 

non-control probes with an empirical Bayes approach on linear models 

(limma) (241). Results were corrected for multiple testing according to the 

False Discovery Rate (FDR) method (Benjamin & Hochberg). A cut-off of 

1.5 and FDR of 0.01 was chosen to analyze regulation of gene expression. To 

address the effect of BI2536 on ER-mediated gene induction, the contrasts of 

regulation by E2 in presence and absence of BI2536 were required to be 1.3-

fold different with a p value of < 0.05. GO data was generated using the 

DAVID Bioinformatics Resources 6.7 (242). 

Gene expression data from human breast tumors 

The microarray data set from 268 Tamoxifen-treated patients was obtained 

from a previous study (243). All data were normalized previously by RMA 

(Robust Multi-array Analysis). The preprocessed 1881-sample breast tumor 

dataset was previously described (244). For the correlation of single gene 

expression with distant metastasis-free survival, recursive partitioning was 

applied on the gene expression data of breast cancer patients as previously 
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described (245). For the integrated expression analysis, patients were ranked 

for the average expression of the studied gene set and top 33% versus bottom 

33% analyzed for distant metastasis-free survival (DMFS) according to Zwart 

et al. (245). The p values for Kaplan Meyer curves were calculated with a 

log-rank test (Mantel-Haenszel), the corresponding hazard ratio (HR) was 

determined by the Mantel-Cox method.	  

3.8. Co-immunoprecipitation 

Cells were lysed in IP buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 5 mM MgCl2, 0.5% Triton-X, 1× protease inhibitor 

cocktail (Roche) and phosphatase inhibitors (1 mM sodium orthovanadate, 20 

mM β-glycerophosphate) for 30 min at 4 °C. Extracts were cleared by 

centrifugation at 16,100 g and incubated overnight with anti-ER or rabbit-

IgG bound to protein A Dynabeads (Invitrogen). Immunoprecipitated 

material was washed four times with TBS and analyzed by Western blot. 

3.9. ChIP assays 

ChIP assays were performed as described (246) with minor modifications. 

Cells were cross-linked in medium containing 1% formaldehyde for 10 min 

at 37 °C. Cross-linking was quenched with 125 mM glycine for 5 min at 

room temperature. Cells were washed twice with PBS and collected by 

scraping in PBS supplemented with protease and phosphatase inhibitors on 

ice. Cells were lysed in hypotonic buffer, centrifuged, and the pellet 

containing crude nuclei lysed with SDS-lysis buffer. Chromatin was sheared 

by seven 30 s cycles in a Bioruptor (Diagenode). Around 20 µg of chromatin 

(DNA-content) was diluted at least tenfold with ChIP buffer and incubated 

with 5 µg of antibody overnight. Immunocomplexes were recovered with 40 

µl of protein A agarose bead slurry (Diagenode) for 2 h with rotation and 
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washed three times with ChIP buffer and once with ChIP buffer containing 

500mM NaCl. Eluted DNA complexes were incubated at 65°C overnight, 

and purified DNA was analyzed by qPCR. Primer sequences are listed in 

Table 2. 

Table 3: qRT primers for ChIP experiments 

name sequence 
ChIP_ps2_ERE_for CCCCGTGAGCCACTGTTGTCA 
ChIP_ps2_ERE_rev CGCCAGGGTAAATACTGTACTCACTGC 
ChIP_GREB1_ERE_for TTGAGCAAAAGCCACAAAGTAGTTATC 
ChIP_GREB1_ERE_rev AACAATGAGTCTGATTACGACCCACAG 
ChIP_WISP2_ERE_for CCCTTATTGCCAAGAGCAAAC 
ChIP_WISP2_ERE_rev CAGAGCTGACCCAAGGTCTC 
ChIP_SerpinA3_ERE_for CAACAAGAGGTGACTGTGTGG 
ChIP_SerpinA3_ERE_rev GACCTGCAGATTGAGTGCAGA 
ChIP_XBP1_ERE_for CTGGAACAAAATTCCCAGCA 
ChIP_XBP1_ERE_rev ATTCAAACCCTGCCCCTAGA 
ChIP_ps2_pro_for GGGGAGATGTTGGCATGAAC 
ChIP_ps2_pro_rev CTTCAGTCGGGGCTGTTTTC 
ChIP_GREB1_pro_for GAAGACAGCTGTGGCCTGTG 
ChIP_GREB1_pro_rev GGTTTACTGCTCCCCTGCAC 
ChIP_WISP2_pro_for AGGGCTTCTCTCCCTGGAAC 
ChIP_WISP2_pro_rev GCCCAGAGAAGGCAAGACAC 
ChIP_SerpinA3_pro_for TAAGCAGAGGCCAGGAGGAG 
ChIP_SerpinA3_pro_rev AAGGCACAGGGAATCAGTGG 
ChIP_XBP1_pro_for GCCAAAGGTACTTGGGGTCA 
ChIP_XBP1_pro_rev CTGGAAAGCTCTCGGTTTGG 

3.10. Interaction proteomics 

For hormonal deprivation, SILAC-labeled cells were cultured for 2 days in 

SILAC media without phenol red supplemented with 5% dialyzed FCS. 

T47D-FLAG-PR cells were induced with R5020 (10 nM) for 5 and 30 min. 

T47D-MVTL cells were pretreated with 100 nM BI2536 for 1 h prior to 

induction with R5020 for 30 min. Cells were washed twice with ice-cold PBS 
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and harvested by scraping on ice in PBS supplemented with 1× protease 

inhibitor cocktail (Roche) and phosphatase inhibitors (1 mM sodium 

orthovanadate, 20 mM β-glycerophosphate). Cell pellets were lysed in IP 

buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 

1mM EGTA, 5mM MgCl2, 0.5% Triton-x, 1× protease inhibitor cocktail and 

phosphatase inhibitors for 30 min at 4 °C. Extracts were cleared by 

centrifugation at 16,100 g, extracts of the three SILAC states combined in a 

1:1:1 (w:w:w) manner and incubated for 2 h with FLAG-agarose (M2) beads 

(Sigma) or with 50 µg anti-PR bound to 250 µl protein A Dynabeads 

(Invitrogen). Immunoprecipitated material was washed twice with IP-buffer 

and twice with TBS for the T47D-FLAG-PR experiment or four times with 

TBS containing 0.05% Triton-x for T47D-MVTL, eluted with LDS-loading 

buffer containing 50mM DTT and separated by SDS-PAGE. The whole lane 

was cut into 32 slices (T47D-FLAG-PR) or 6 slices (T47D-MVTL), which 

were in-gel digested and analyzed by LC-MS/MS on an Orbitrap XL mass 

analyzer. Raw data were processed with the MaxQuant software with 

standard settings (247-249). Bioinformatic analysis was performed using the 

Perseus software. Proteins had to be identified with at least two peptides, one 

of which being unique. In order to be significantly enriched or depleted, 

proteins needed to be significantly (Benj. Hochberg FDR < 0.01, 

Significance B) different from all other proteins measured. 

3.11. Phosphoproteomics 

 Analysis of phosphopeptides by LC-MS/MS 

For hormonal deprivation, SILAC-labeled MCF7 cells were cultured for 3 

days in SILAC media without phenol red supplemented with 5% charcoal-

treated dialyzed FCS. Cells were pretreated with BI2536 (100 nM) or DMSO 

for 1 h, followed by induction with E2 (10 nM) for 30 min. Cells were 
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washed twice with ice-cold PBS and harvested by lysis in modified RIPA 

buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 

1% NP-40, 0.1% sodium deoxycholate, phosphatase inhibitors (1 mM 

sodium orthovanadate, 5 mM sodium fluorate, 20 mM β-glycerophosphate) 

and 1× protease inhibitor cocktail (Roche).  Cells were incubated on ice for 

15 min, scraped, collected, and vortexed for 2 min. Protein extracts were 

clarified by centrifugation for 20 min at maximum speed to pellet chromatin 

and other insoluble material. Proteins in the supernatant were precipitated 

overnight at -20 °C by addition of four volumes of ice-cold acetone. 

Following centrifugation, precipitated proteins were washed once in ice-cold 

80% acetone and re-dissolved in urea buffer (6 M urea, 2 M thiourea, 10 mM 

HEPES, pH 7.4) supplemented with phosphatase inhibitors. The insoluble 

pellet was resuspended in urea buffer with phosphatase inhibitors and 

benzonase and extracted under rotation at room temperature. Protein 

concentrations of all fractions were determined with the Bradford assay and 

evaluated by SDS–polyacrylamide gel electrophoresis. Extracts of soluble 

and pellet extracts were mixed in a 1:1:1 ratio, reduced with 1 mM 

dithiothreitol (DTT), alkylated with 5.5 mM iodoacetamide and subsequently 

digested with endoproteinase Lys-C and trypsin (1 µg per 50 µg of protein) as 

previously described (228). Trifluoracetic acid (TFA) was added to the 

peptide mixtures to 0.5%. Peptides were desalted on tC18 cartridges (Waters) 

as described (235). Lyophilized peptide mixtures were resuspended in buffer 

A (30% acetonitrile, 5 mM potassium dihydrogen phosphate, pH 2.7) and 

loaded on a MonoS 50/5 column (GE-Healthcare) that had been equilibrated 

in buffer A. Peptides were separated by a 30 min linear gradient from 0–30% 

buffer B (buffer A plus 350 mM KCl). All fractions (2 ml) were collected, 

including the flow-through and samples acidified by addition of TFA to 

0.1%. Phosphopeptides from each fraction were enriched using TiO2-

columns as described (228, 250, 251) with slight modifications: TiO2 beads 

were preincubated with 30 mg ml-1 2,5-dihydroxybenzoic acid (DHB) in 80% 
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ACN/ 0.1% TFA. From this 1:1 TiO2 beads slurry, 10 µl was added to each 

sample and rotated end-over-end for 30 min. Beads were washed once with 1 

ml 30% ACN / 3% TFA and once with 80% ACN / 0.1% TFA, transferred to 

home-made C8-Stage tips in 200 µl pipet tips and washed once with 100 µl 

80% ACN / 0.1% TFA. Peptides were eluted once with 100 µl of 0.5% 

NH4OH in 20% ACN and once with 100 µL of 0.5% NH4OH in 40% ACN 

into 40 µl 10% TFA. For some fractions a second round of TiO2 was 

performed. Peptides were desalted on home-made C18 StageTips as 

described (235), dried to almost completeness and reconstituted in 4 % FA 

for LC-MS/MS analysis. The peptides were analyzed on an Orbitrap Velos 

mass spectrometer (Thermo Fisher Scientific) linked to an online nanoflow 

HPLC system (Proxeon Biosystems) via a nanoelectrospray ion source 

(Proxeon Biosystems) and fragmented via higher-energy C-trap dissociation 

(HCD) (252). 

Bioinformatic analysis of phosphoproteome data 

Raw data were processed with the MaxQuant software v. 1.2.2.5 and 

processed as per the standard workflow previously described (249). 

Bioinformatic analysis was performed using the Perseus software (v. 

1.2.0.17). For identification of regulated phosphosites, a threshold of 1.5-fold 

regulation was used, which had to be fulfilled in both replicate experiments. 

Regulation by E2 was measured using normalized M/L ratios, regulation by 

BI2536 using normalized H/M ratios. If a peptide contained several 

phosphorylation sites, regulatory information was included for all possible 

phosphorylation states. Filtering the dataset for phosphosites regulated by 

either E2 or BI2536 resulted in good Pearson correlations between 

experimental replicates for both M/L and H/M ratios (Figures S3C and S3D). 

For motif-enrichment analysis, phosphosites were filtered for a localization 

probability > 0.75 to qualify them as class I sites (248) (Figure S3E), and 
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Fisher´s exact test was performed for regulated phosphosites respective to all 

measured phosphosites. For GO-term enrichment analysis, Fisher´s exact test 

was applied for all regulated phosphosites compared to all measured 

phosphosites at the protein level.  

3.12. In vitro kinase assay 

100 ng of recombinant PLK1 protein was incubated with 1 µg of histone 

octamer or 500 ng of recombinant histone proteins in 25 µL reaction buffer 

(0.2 mM ATP) for 20 min at 30 ºC. Reactions were terminated by adding 

SDS-loading buffer and loaded on a SDS-PAGE. For radioactive assays, the 

gel was dried and the radioactive signal measured by exposing of an 

autoradiography film. For non-radioactive assays, the SDS gel was stained 

with Colloidal-blue and bands were cut, in-gel digested and analyzed by LC-

MS/MS. 
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4. Results 

4.1. SILAC-based interaction proteomics identifies PLK1 as 

interaction partner of PR 

In order to perform a mass-spectrometry based interaction study of PR, we 

generated a T47D-based cell line that stably expresses a triple FLAG-PR 

construct. To verify that exogenous PR is functionally active in the stable cell 

line, we tested whether FLAG-PR is recruited to the HRE enhancer of Stat5a, 

which presents a strong binding of endogenous PR after hormone treatment 

(253). To this end, we treated T47D-FLAG-PR cells for 1 h with the 

synthetic progesterone analog R5020 and performed a ChIP experiment using 

a specific FLAG-antibody covalently coupled to agarose beads. We observed 

binding of FLAG-PR to the Stat5a enhancer that was clearly dependent on 

induction by R5020 (Figure 13A). Next, we wanted to study whether this 

nuclear PR is able to interact with coregulatory proteins such as SRC1. To 

accomplish this, we prepared nuclear extracts from R5020-treated or 

untreated T47D-FLAG-PR cells in which the DNA was either enzymatically 

cleaved or left intact. Performing a Co-IP experiment using FLAG antibody-

coupled beads we observed a clear hormone-dependent interaction of PR 

with SRC1, which was enhanced in presence of DNAse treatment (Figure 

13B). 
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Figure 13: Functional characterization of T47D FLAG-PR cell line. (A) 
Hormone-deprived and serum-starved T47D-FLAG-PR cells were treated for 1 h 
with R5020 and FLAG-ChIP performed for the PR enhancer region of Stat5a. (B) 
Hormone-deprived and serum-starved T47D-FLAG-PR cells were treated for 30 min 
with R5020 and nuclear extracts prepared using the Active Motif Nuclear Co-IP kit 
in presence and absence of DNA digestion. FLAG-IP was performed and analyzed 
for co-immunoprecipitation of SRC1. 
 

To identify new hormone-dependent interaction partners of PR, we set up a 

quantitative high-accuracy mass spectrometry (MS) approach combining the 

stable isotope labeling of amino acids in cell culture (SILAC) technique with 

FLAG-based affinity purification (232). Figure 14A shows an overview of 

the experimental setup. We SILAC-labeled T47D-FLAG-PR cells by 

growing them in media containing different isotopically labeled forms of 

arginine and lysine. After 5 passages cells had fully incorporated the 

isotopically labeled versions in their proteins. We thereby generated three 

different cell populations: one “light” (L) population containing regular 

arginine and lysine, one “medium” (M) population with [13C6]-arginine and 

[2H4]-lysine and “heavy” (H) population containing [13C6,15N4]-arginine and 

[13C6,15N2]-lysine. The labeling efficiency was > 94% indicated by the MS-

spectrum of an incompletely digested peptide containing two arginines 

comparing the intensities of the double and the single-labeled peptide (Figure 

14B). 
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Figure 14: SILAC-based interaction screen for progestin-dependent PR 
interactions (A) Scheme depicting the strategy for the SILAC FLAG-IP using the 
T47D-FLAG-PR containing cell line. The box shows the eluate of the single IP 
separated by SDS-PAGE in two adjacent lanes and stained by Colloidal-blue. The 
whole double lane was cut into 29 slices, in-gel digested, and analyzed by high-
accuracy LC-MS/MS. (B) MS-spectrum of an incompletely digested peptide 
containing two arginines. The blue star and the blue plus indicate the peaks of the 
heavy and medium singly labeled peptide respectively. Comparison of the peak 
intensities to the fully labeled peptides indicated a labeling efficiency of > 94%. 
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While the light cell population was left untreated, the medium and heavy cell 

populations were induced with R5020 for 5 and 30 min, respectively. Cells 

were harvested, lysed and extracts combined for a single FLAG-IP. Washed 

immunocomplexes were eluted with LDS-loading buffer and separated by 

SDS-PAGE. The whole lane was cut into 32 slices, digested with trypsin, and 

analyzed by LC-MS/MS on an Orbitrap XL mass spectrometer (Figure 14). 

Figure 15 summarizes the results of the interaction study. The scatter plots 

show all proteins identified and measured by mass spectrometry. While the x-

axes represent enrichment or depletion of PR interactions upon 5 min (Figure 

15A) and 30 min (Figure 15B) treatment with R5020 - indicated by 

normalized M/L and H/L ratios respectively - the y-axes represent the 

summed intensities of peptides. As expected, most proteins did not show any 

hormone-dependent regulation in their binding behavior to PR and clustered 

close to the centerline including all proteins that unspecifically bound to the 

FLAG beads. As expected, PR was the protein with the highest intensity, and 

was equal in all three cell populations (Figure 15A-C).  
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Figure 15: SILAC-based PR interaction proteomics. (A,B) Scatterplots 
representing normalized M/L (A) and H/L (B) ratios of the SILAC-Co-IP 
experiment. Proteins, which were significantly (p < 0.01) enriched compared to all 
other proteins are marked in blue, PR in purple. (C-E) MS spectra of representative 
peptides of PR, HSP90 and PLK1. 
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We identified several proteins to be displaced from PR upon hormone 

treatment at both time points (Figure 15 and Table 4). These included known 

members of the PR HSP90 chaperone complex, including HSP90 and HSP70 

isoforms, as well as co-chaperone proteins such as the 54 kDa PR-associated 

immunophilin AIG6 (47), the HSP70 co-chaperones DNAJA2 (254) and 

BAG2 (255), as well as the HSP90 co-chaperone p23 (48). 

Table 4: List of proteins, which are displaced from PR upon induction by R5020 
 

Gene Name Protein Name 
Normalized 
M/L ratio 

(log2) 

Normalized 
H/L ratio 

(log2) 
Peptides 

AIG6 54 kDa progesterone receptor-associated 
immunophilin -1.9 -1.3 4 

BAG2 Bcl-2-associated athanogene 2 -1.4 -1.8 2 

CACYBP Siah-interacting protein -1.5 -0.7 2 

DNAJA2 DnaJ homolog subfamily A member 2 -0.6 -1.2 2 

FLNA Filamin A -1.1 -0.4 109 

HSC70 Heat shock cognate 71 kDa protein -1.9 -1.7 56 

HSP70B Heat shock 70 kDa protein B' -1.3 -1.3 11 

HSP90A Heat shock protein HSP 90-alpha -2.7 -3.0 38 

HSP90AB1 Heat shock protein HSP 90-beta -2.4 -2.7 35 

HSPA1 Heat shock 70kDa protein 1A variant -1.5 -1.2 44 

HSPA1A Heat shock 70kDa protein 1A -1.7 -1.6 39 

JUP Putative uncharacterized protein JUP -1.2 -2.0 26 

K6B Keratin, type II cytoskeletal 6B -3.0 -3.4 12 

MGP Matrix Gla protein -0.3 -1.7 2 

p23 Prostaglandin E synthase 3 -3.0 -2.8 4 

 

Interestingly, we identified two proteins of the beta-catenin signaling 

pathway: Siah-interacting protein (CACYBP), a probable nuclear linker 

protein for ubiquitin E3 complexes participating in the ubiquitin-mediated 

degradation of beta-catenin. (256) and the E-cadherin/catenin adhesion 

complex member JUP (257) (Table 4). 
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In contrast to the high number of proteins that were displaced from PR upon 

hormone treatment, we identified only two proteins that gained affinity to 

PR: KCTD2 at 5 min (Figure 15A) and PLK1 at 30 min (Figure 15A,C). A 

possible explanation for this might be the level of stringency of the IP, 

excluding interactions with lower affinity. On the other hand this indicated 

that the interactions of PR with KCTD2 and PLK1 are quite stable having 

similar strength than the interactions with the chaperone complex. 

4.2. PLK1 interacts with endogenous PR and ER in breast 

cancer cells 

Having identified an interaction of PR with PLK1, we next sought to verify 

this interaction by regular Co-IPs. To accomplish this, we used the same 

FLAG-PR expressing cell line, which we left untreated or stimulated for 5, 

30, 60, 90 and 120 min with R5020 (Figure 16A). While we could detect the 

PR-PLK1 interaction as early as 5 min after R5020 addition to the cells, it 

increased at 30 min and had its maximum at 60 min of hormone induction. 

The interaction further remained constant until 2 h of hormone treatment. 

Interestingly, PR-PLK1 interaction kinetics greatly resembled the activation 

kinetics of PR, which can be followed by the induction levels of PR 

phosphorylation in S294 and S400 (Figure 16A). 

To exclude the probability of an artifact due to the 2-fold over-expression 

levels of exogenous PR compared to endogenous PR levels in wild type 

T47D cells, or non-specific binding of the FLAG antibody, we repeated the 

experiment using a specific antibody against PR together with extracts from 

T47D wild-type cells. Also under endogenous levels, we observed a clear 

hormone-dependent interaction of PLK1 with PR (Figure 16B) that was 

further verified by the reverse Co-IP experiment using an antibody against 

PLK1 (Figure 16C). Interestingly, while both isoforms of PR specifically co-
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precipitated with PLK1, as compared to the IgG control, the hormone-

dependent increase was only seen for PR-B (Figure 16C). This might indicate 

isoform-specific interaction differences with the main hormone-dependent 

contribution of interaction mediated by PR-B.  

 

Figure 16: PLK1 interacts with endogenous PR. (A) Co-IP with T47D-FLAG-PR 
cells stimulated for indicated times with R5020. Input material was analyzed for PR 
and PLK1 phosphorylation sites. (B) IP of endogenous PR using T47D wild type 
cells stimulated with R5020 for 1 h and immunoblotting for PLK1 (C) Reverse CoIP 
than in (B). 
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estradiol, or left untreated, and performed Co-IP using a specific antibody 

against ER. In contrast to the PR-PLK1 interaction that was clearly hormone-

dependent, we already observed binding of ER and PLK1 in absence of 

estradiol (Figure 17). Although the character of both interactions differs, both 

receptors interact with PLK1 in presence of hormone proposing a role of 

PLK1 in both estradiol and progesterone signaling response. 

 

Figure 17: PLK1 interacts with estrogen receptor. CoIP of ERα and PLK1 in 
MCF7 cells stimulated with E2 for 60min. 

4.3. The PR-PLK1 interaction is independent of ERK1/2 and 

cdk2 and does not require self-priming 

Most of the studied interactions of PLK1 are mediated by the Polo-box 

domain, which binds to a specific phosphorylated peptide sequence on target 

proteins (193). In the majority of cases, the docking phosphorylation site is 

catalyzed by a priming kinase such as Cdk1. As the polo-box binding motif is 

S-(S/T)-P, also other proline-directed kinases can potentially serve as priming 

kinases. In interphase T47D cells, the major proline-directed kinases that 

influence the response to progestins are ERK1/2 and cdk2 (126, 258). To test 

whether ERK1/2 or cdk2 are responsible for priming the PLK1-PR 

interaction, we performed CoIP experiments in presence or absence of 

specific inhibitors of both kinases (Figure 18).  
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PD98059 (PD) inhibits ERK1/2 by blocking its upstream kinase MEK-1. 

(259). Pretreating T47D cells with PD, efficiently abolished phosphorylation 

of the ERK activation loop in response to hormone (Figure 18A). Moreover 

in presence of PD, the induction of phosphorylation levels of PR in S294 at 5 

min, as well as phosphorylation of S345 at 30 min were inhibited. As both 

phosphorylation events are reported to be ERK targets, we concluded that 

ERK inhibition was efficient (77, 85). On the other hand, the interaction of 

PR with PLK1 was not affected in presence of PD, at none of the two time 

points, indicating that ERK is not involved in a potential priming reaction 

(Figure 18A). 

Similarly, using the specific cdk2 inhibitor III (260) we also did not observe a 

reduction in PLK1 binding to PR. This suggested that also cdk2 can be 

excluded as a priming kinase (Figure 18B). 

 

Figure 18: The PR-PLK1 interaction is independent of cdk2 and ERK signaling. 
(A) Hormone-deprived and serum-starved T47D cells were pretreated with PD for 1 
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h followed by stimulation with R5020 for 30 min. CoIP was performed with anti-PR 
and probed for PLK1. (B) CoIP experiment as in (A) but pretreating cells with for 1 h 
with cdk2 inhibitor III. 
 

We next tested whether PLK1 itself would serve as the priming kinase, as 

this mechanism has been previously reported for other PLK1 interactions 

(197). We therefore used the specific PLK1 inhibitor BI2536 at 100 nM, 

which is the concentration needed to block cells in mitosis (163), and 500 nM 

and performed CoIPs in presence and absence of hormone as before (Figure 

19). Both BI2536 concentrations neither had an effect on the PLK1-PR 

interaction, nor on the activation of PR followed by the phosphorylation 

levels of S294 (Figure 19). We therefore could conclude that the PR-PLK1 

interaction does not follow a self-priming mechanism and that PLK1 acts 

downstream of PR activation. 

 

Figure 19: The PR-PLK1 interaction does not depend on PLK1 kinase activity. 
Hormone-deprived and serum-starved T47D cells were pretreated for 1 h with 
BI2536 at indicated concentrations followed by the induction with R5020 for 1 h. 
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As most proteins that interact with PLK1 are also PLK1 substrates, we 
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treated with R5020 alone, in combination with BI2536, or left untreated and 

performed a single IP for endogenous PR (Figure 20). The eluate was 

separated by SDS-PAGE and the part of the lane, which was bigger than 65 

kDa, cut in 6 slices and analyzed by LC-MS/MS (Figure 20A).  

We were able to identify and quantify 8 phosphorylation sites on PR – S20, 

S25, S81, S102, S164 S294 and S400 (Figure 20B). While S20 and S102 

were constitutively phosphorylated in absence and presence of hormone, for 

the other 5 sites we observed a clear induction by R5020 (Figure 20B). As 

none of the measured PR phosphosites presented differences in 

phosphorylation levels in presence and absence of PLK1 inhibition, PLK1 

does not mediate phosphorylation of any of these sites (Figure 20B). 
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Figure 20, PLK1 does not mediate phosphorylation of PR at known sites. (A) 
SILAC labeled T47D-MVTL cells were pretreated for 60 min with BI2536 or vehicle 
(DMSO) followed by induction with R5020 for 30 min. Extracts were combined in a 
1:1:1 ratio and a single IP performed. The eluates of the PR-IP were loaded in two 
subsequent lanes on a SDS-PAGE, which was stained by Colloidal blue.  The > 65 
kDa part of the double lane was cut into 6 pieces, in-gel digested and analyzed by 
LC-MS/MS. (B) Fold regulation of PR phosphosites in response to R5020 in 
presence and absence of BI2536. C+ represents normalized M/L ratios. BI2536+ 
normalized H/L ratios. (C) Phosphorylation of PIBS is affected by PLK1 inhibition 
(left), while PIBS protein intensity did not change (right). Phosphosite localization 
probabilities for the double phosphorylated peptide were 98.6% for Y560 and 45.6% 
for both T568 and T569 making them indistinguishable. C+ represents normalized 
M/L ratios, BI+ normalized H/L ratios. 
 

To verify that BI2536 was effectively inhibiting PLK1 in our cells, we 

searched the dataset for phosphorylation sites on proteins other than PR. We 

thereby identified a clear hormone-dependent increase in the double 

phosphorylation site pY560, pT568/T569 of Progesterone-induced-blocking 

factor 1 (PBIF), which was sensitive to BI2536 treatment (Figure 20C). 

While the double phosphorylation site increased 16.7-fold in response to 

R5020 treatment, in presence of BI2536 the induction was only 4.4-fold 

(Figure 20C, left). The protein concentration was neither affected by 

hormone nor BI2536 (Figure 20C, right). As PIBF was reported to localize to 

the centrosome similar to mitotic PLK1 (261), a direct phosphorylation of 

PIBF by PLK1 is likely.  

 Analyzing the dataset for interaction partners of PR, we identified 

displacement of HSP70 and HSP90 proteins similar to what we have 
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observed for the FLAG-cell line (Figure 20D). This time we also identified 

hormone-dependent increase in PR-binding of several proteins including the 

guanine nucleotide exchange factor GRIPAP1 and PLK1. The highest 

increase in PR binding, however, we observed for the histone lysine 

demethylase PHF8, which function on SRs is unknown. (262-265). 

Comparing the relative binding intensities of HSP70, HSP90, GRIPAP1, 

PLK1 and PHF8, we did not observe any difference in absence and presence 

of PLK1-inhibition, excluding the possibility that PLK1 acts on the level of 

general PR activation. 

 

Figure 21: Analysis of PR interaction partners from the endogenous SILAC 
CoIP experiment. Scatterplots presenting normalized M/L and H/L ratios versus 
total protein intensity from the SILAC experiment presented in Figure 9. 

4.5. PLK1 is activated by R5020 and present in the nucleus of 

interphase breast cancer cells 

Performing time-course analysis of R5020-treated T47D-FLAG-PR cells we 

observed an upregulation of PLK1 phosphorylation on T210 at 30 min after 

hormone induction, which was again lost at the 60 min time point (Figure 

16A). This result indicated that PLK1 is transiently activated by progestin. 
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Using T47D-MVTL cells treated for 30 min with R5020, we confirmed this 

observation (Figure 22). 

 

Figure 22: PLK1 is activated by R5020. Hormone deprived and serum starved 
T47D-MVTL cells were treated for 30 min with R5020 and PLK1 protein level and 
phosphorylation status assessed by Western blot. 
 

We next asked whether this would be a general property of steroid hormones. 

To answer this question we performed the same experiment with E2-treated 

MCF7 cells. Immunoblotting for PLK1-pT210, however, did not reveal a 

clear result probably due to technical limitations.  

In order to assess whether active PLK1 is present in interphase MCF7 cells, 

we performed immunofluorescence experiments in presence and absence of 

estradiol treatment (Figure 23). While we observed a clear estradiol-

dependent induction of phospho-ER (S118), PLK1 was already 

phosphorylated in the absence of hormone, with no notable differences 

compared to the hormone-treated samples (Figure 23A). Yet, the same subset 

of cells that contained nuclear phospho-PLK1 levels, also responded to 

estradiol induction, suggesting a link between ER and PLK1 signaling events 

(Figure 23). 
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Figure 23: Active PLK1 is present in the nucleus of interphase MCF7 cells. 
Hormone-deprived MCF7 cells were induced for 30 min with estradiol or vehicle 
(EtOH). Cells were fixed with Paraformaldehyde and immunofluorescence 
microscopy performed with indicated antibodies.  
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4.6. PLK1 coactivates steroid hormone-dependent gene 

transcription 

Having identified an interaction of PLK1 with steroid receptors, we 

wondered whether PLK1 would affect hormone-dependent gene 

transcription.  We therefore analyzed the effect of PLK1 inhibition on the 

induction of progesterone receptor (PR) target genes in T47D-MVTL breast 

cancer cells containing a single copy of the MMTV promoter followed by the 

luciferase gene. Treating T47D cells for 6 h with the synthetic progesterone 

analog R5020 in the absence or presence of BI2536, we observed that several 

PR target genes were inhibited, including Stat5a, Hsd2, Cxcl12, Phf8, Krt4 

and Mmp25 (Figure 24). Interestingly, the induction of the MMTV promoter 

was not influenced by BI2536, indicating a target gene-specific role of PLK1, 

rather than a general inhibition of the PR. 

 

 
 

Figure 24: PLK1 coactivates PR-target genes. Hormone-deprived and serum-
starved T47D-MVTL cells were pretreated with 100 nM BI2536 or DMSO for 1 h, 
followed by induction with R5020 or EtOH for 6 h, and gene expression levels 
analyzed by qRT-PCR. Error bars represent standard error of mean (SEM) of three 
independent experiments. 
 

As we have observed an interaction of PLK1 also with ER, we repeated the 

experiment using MCF7 cells stimulated with estradiol in absence or 
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revealed a clear E2-mediated induction of classical ER target genes, 

including Greb1, Sgk1, Ps2, SerpinA3, Wisp2 and Xbp1, in the control cells 

(Figure 25A). Notably, in the presence of BI2536, induction of Greb1, Sgk1, 

Ps2, SerpinA3 and Wisp2 was reduced (Figure 25A). As Xbp1 was not 

affected by PLK1 inhibition, the effect was specific for target genes rather 

than due to a general inhibition of ER transcriptional activity (Figure 25A).  

 

Figure 25: PLK1 coactivates ER target genes. (A) Hormone-deprived MCF7 cells 
were pretreated with 100 nM BI2536 or the vehicle (DMSO) for 1 h, followed by 
induction with E2 (10 nM) or EtOH for 6 h. Gene-specific mRNA expression levels 
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were measured by quantitative RT-PCR, normalized to Gapdh expression and 
represented as relative values to the vehicle control. (B) Scheme depicting the 
different inhibitory modes of BI2536 and Poloxin on PLK1. (C) Gene expression 
analysis as in (A) but with cells pretreated for 1 h with 25 µM Poloxin instead of 
BI2536. 
 

The inhibitor BI2536 as an ATP-analogue inhibits PLK1 by binding to its 

catalytic domain, preventing binding of further ATP molecules (163). To 

exclude the possibility of a non-specific effect of BI2536 on other kinases, 

we repeated the experiments using the PLK1 inhibitor Poloxin, which blocks 

the polo box domain needed for the interaction of PLK1 with its substrates 

(Figure 25B) (218). Treatment of MCF7 cells with Poloxin inhibited E2-

mediated induction of the same set of genes, and to a similar extent than 

BI2536, but only slightly affected the induction of Xbp1, proving that PLK1 

functions as a target gene-specific ER coactivator (Figure 25C).  

Although both inhibitors are highly specific to Polo-like kinases, they are 

also able to inhibit the PLK1 isoforms PLK2 (SNK) and PLK3 (FNK) to 

some extent (163, 218). To verify that our observed effects were due to 

inhibition of PLK1 and not other PLK isoforms, we reduced PLK1 levels 

with PLK1-specific short interfering RNA (siRNA) (Figure 26A). Under 

these conditions, about 55% of the cells arrested in G2/M phase (Figure 

26B); however, 36% of the cells were still in G1/S phase and responded to 

the E2 treatment, as indicated by the normal induction of two estrogen 

responsive genes PgR and Cdh26 (Figure 26C). PLK1 knockdown affected 

the majority of genes sensitive to pharmacological PLK1 inhibition, 

including Sgk1, Ps2, SerpinA3 and Wisp2, but did not affect the induction of 

Xbp1 (Figure 26C).  
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Figure 26: siRNA-mediated PLK1 knockdown affects ER dependent gene 
transcription. (A) MCF7 cells were transfected with siRNA against PLK1 or control 
siRNA, and protein levels were analyzed by Western blot. (B) Cell cycle analysis by 
FACS after propidium iodide (PI) staining of MCF7 cells transfected with indicated 
siRNAs as in (A). (C) siRNA-transfected cells were induced by E2 or EtOH, and 
gene expression levels were analyzed by qRT-PCR. 
 

As a further proof that the effects observed by PLK1 inhibition are not 

mediated by other PLK isoforms we also performed siRNA-mediated 

knockdown of PLK2 or PLK3 (Figure 27A). None of the two knockdown 

conditions affected estrogen-mediated gene induction, thereby proofing a 

direct role of PLK1 on E2-mediated gene induction (Figure 27B). 
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Figure 27: PLK2 and PLK3 knockdown does not affect ER dependent gene 
induction. (A) MCF7 cells were transfected with siRNAs against PLK2, PLK3 or 
control siRNA and mRNA expression levels analyzed by qRT-PCR. (B) siRNA-
transfected MCF7 cells were induced by E2 or EtOH for 6h, and gene expression 
levels analyzed by qRT-PCR.  

4.7. PLK1 binds to HRE elements on chromatin 

Having observed an interaction of PLK1 with steroid receptors we sought to 

analyze whether PLK1 would be recruited to chromatin. To this end we 

performed chromatin immunoprecipitation (ChIP) experiments with MCF7 

cells before and after 5, 30 and 60 min of R5020 treatment (Figure 28). PLK1 

was recruited to ER target sites in promoter or enhancer regions of Ps2, 

Greb1, Wisp2 and Serpina3 as early as 5 min after hormone addition with 

similar kinetics as ER (Figure 28). While binding remained constant with up 

to 30 min of E2 treatment, it decreased towards 60 min for all binding sites, 

implying that PLK1 is involved in early events of gene activation.  

PLK1-ChIP in R5020-treated T47D cells gave variable results probably 

accounting to the low efficiency of the PLK1 ChIP experiments. 
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Figure 28: PLK1 is recruited to ER target sites on chromatin. Hormone-deprived 
MCF7 cells were induced with E2 for the indicated amounts of time, and ChIP assay 
was performed with specific antibodies against PLK1 and ER or total mouse IgG for 
ER binding sites of PLK1-dependent genes. Target regions were amplified by qRT-
PCR; binding is represented as the percentage of input. Error bars represent SEM of 
3 independent experiments. 

4.8. PLK1-coactivated SR target genes have developmental and 

tumor-suppressive functions 

To functionally characterize the transcriptional effects of PLK1 in the 

coactivation of SR target genes, we performed global gene expression 

analyses with R5020-treated T47D-MVTL cells and E2-treated MCF7 cells 

in presence and absence of BI2536. 

Using T47D-MVTL cells, which were induced for 6 h with R5020 or ethanol 
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that were downregulated. BI2536 significantly affected the induction of 22% 

upregulated and 17% downregulated genes (Figure 29). Similarly, using 

MCF7 cells treated for 6 h with E2, we identified 638 E2-upregulated and 

498 E2-downregulated genes. BI2536 significantly affected the induction of 

33% of E2-upregulated and 30% of E2-downregulated genes (Figure 29). We 

therefore could conclude that PLK1 is an essential mediator of the 

transcriptional response to progestin and E2. 

 

Figure 29: PLK1 coregulates significant subsets of R5020 and E2-regulated 
genes. T47D or MCF7 cells were pretreated with BI2536 or vehicle (DMSO) for 1 h 
prior to stimulation with R5020 or E2 for 6 h. Total RNA was extracted and analyzed 
by Agilent gene expression arrays. Cut-off for regulation was 1.5-fold mRNA change 
and adjusted p-value < 0.01. The effect of BI2536 was assessed by direct comparison 
of hormone-dependent fold-changes in presence and absence of BI2536. The 
induction needed to be more than 1.3-fold different with a p value < 0.05. 
 

In order to characterize physiological effects of PLK1-mediated gene 

transcription, we used gene ontology (GO) and KEGG pathway analysis to 

identify overrepresented gene functions. Analyzing R5020 dependent genes 

that were sensitive to BI2536 we observed a significant enrichment of several 

developmental and anti-proliferative terms such as “positive regulation of 
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developmental process” and “negative regulation of cell proliferation”, which 

were less enriched in the BI2536 unaffected gene set (Figure 30A). This gene 

set, on the other hand, was enriched in classical terms related to cancer such 

as “anti-apoptosis”, “MAPKKK cascade” or “positive regulation of cell 

proliferation” (Figure 30A). 

This difference in gene functions of PLK1-dependent and -independent genes 

was even clearer for E2-upregulated genes in MCF7 cells (Figure 30B). 

Developmental terms were exclusively enriched in the BI2536-sensitive gene 

set. Meanwhile, the BI2536-unaffected gene set was highly enriched in genes 

annotated to be involved in “cell cycle” and “pathways in cancer” (Figure 

30B). 

These data suggests that the PLK1 coactivated genes have similar functions 

in T47D and MCF7 cells in regulating developmental and anti-proliferative 

functions. 
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Figure 30: PLK1-dependent SR-upregulated genes are enriched in 
developmental and anti-proliferative functions. (A) GOBP and KEGG term 
enrichment analysis for R5020-upregulated genes that are inhibited or not inhibited 
by BI2536. (B) GOBP and KEGG term enrichment analysis for R5020-upregulated 
genes that are inhibited or not inhibited by BI2536. 
 

As in cancer biology developmental genes are regularly involved in tumor 
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with poor prognosis than those correlating with positive clinical outcome 

(Figure 31C). In this case, however, the average expression level had a mixed 

clinical outcome with a decrease in distant metastasis-free survival after 10 

years post operation (Figure 31D). 

 

Figure 31: High expression of ER-PLK1 dependent genes correlate with good 
clinical outcome. (A) Correlation of E2-upregulated, BI2536-inhibited genes with 
distant metastasis-free survival in a cohort of 268 Tamoxifen-treated breast cancer 
patients. Correlations were scored as good (green), poor (red) or non-significant 
(white) using a cutoff of p < 0.05 for each gene, as determined by recursive 
portioning (RP) based on a log-ranked (Mantel–Cox) test. (B) Kaplan-Meier plots for 
the E2-upregulated, BI2536-inhibited gene set. The average expression level of the 
E2-upregulated, BI2536-inhibited gene set was correlated with distant metastasis free 
survival in the same breast cancer cohort used in (A). Patients were ranked according 
to the average expression values (top 33% versus bottom 33%) after which the 
distant metastasis-free survival was determined for both groups. The p value was 
determined by a log-ranked (Mantel-Haenszel) test, the hazard ratio (HR) was 
determined with the Mantel-Cox method. (C) Correlation analysis as in (A) for E2-
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upregulated genes that were not inhibited by BI2536. (D) Kaplan Meyer plot as in 
(C) for the average gene expression of the E2-upregulated, not BI2536-inhibited gene 
set. 
 

To verify the observation of a tumor-suppressive effect of the PLK1-ER gene 

set we also correlated its average expression to a previously compiled dataset 

of 1881 breast cancer patients with mixed background (244). As with the 

previous breast cancer cohort high expression correlated with a good clinical 

outcome (Figure 32). 

 

Figure 32: High expression of ER-PLK1 dependent genes correlate with good 
clinical outcome. Kaplan-Meier plot for the E2-upregulated, BI2536-inhibited gene 
set. The average expression level of the E2-upregulated, BI2536-inhibited gene set 
was correlated with distant metastasis free survival in a compiled breast cancer 
cohort of 1881 patients (244). 
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by PLK1, we performed GO enrichment analysis for BI2536-sensitve gene 

sets. In both MCF7 and T47D cell the main molecular function that appeared 

was ‘regulation of apoptosis’ (Figure 33A,B). Further we found a significant 

enrichment also for the term ‘positive regulation of apoptosis’ (Figure 

33A,B) indicating that BI2536-sensitive gene sets are enriched in pro-

apoptotic functions. We confirmed the BI2536-mediated inhibition of four 

pro-apoptotic genes in MCF7 cells by qRT-PCR (Figure 33C). As these 

genes were also sensitive to Poloxin, we concluded that the transcriptional 

effect was specific for PLK1 (Figure 33D).  
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Figure 33: SR-independent PLK1-regulated genes are enriched in pro-apoptotic 
functions (A) GOBP-term enrichment analysis for genes downregulated by 7 h 
BI2536 in MCF7 cells. (B) GOBP-term enrichment analysis for genes downregulated 
by 7 h BI2536 in T47D-MVTL cells. (C) Hormone-deprived MCF7 cells were 
treated with DMSO (‘C’) or BI2536 for 7 h, and gene expression levels analyzed by 
qRT-PCR. (D) Hormone-deprived MCF7 cells were treated with DMSO (‘C’) or 
Poloxin (‘Px’) for 7 h, and gene expression levels analyzed by qRT-PCR. 
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We next analyzed whether the enrichment of pro-apoptotic genes of the 

PLK1-dependent gene set would also have an impact on the clinical outcome 

of breast cancer patients and performed correlation analyses to the 

Tamoxifen-treated breast cancer cohort. While high expression of BI2536-

downregulated genes correlated well with a positive clinical outcome (Figure 

34A), the BI2536-upregulated genes did not have a significant impact on 

breast cancer prognosis (Figure 34B). 

 

Figure 34: High expression of PLK1 dependent genes correlates with good 
clinical outcome. (A) Kaplan-Meier plots for the BI2536-downregulated gene set. 
Distant metastasis-free survival of a cohort of 268 Tamoxifen-treated breast cancer 
patients was correlated with the average gene expression of the BI2536-
downregulated gene set taken from the global gene expression analysis of MCF7 
cells. Patients were ranked according to the average expression values (top 33% 
versus bottom 33%) after which the distant metastasis-free survival was determined 
for both groups. The p value was determined by a log-ranked (Mantel-Haenszel) test, 
the hazard ratio (HR) with the Mantel-Cox method. (B) Correlation analysis as in (A) 
with the set of BI2536-upregulated genes. 
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After identifying a key role of PLK1 in ER target gene activation, we decided 

to explore its involvement in estradiol-induced signaling on a global level. To 
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SILAC-labeled MCF7 cells and applied a two-step enrichment protocol for 

phosphorylated peptides combining strong cation exchange chromatography 

with TiO2 enrichment (Figure 35) (228).  

 

Figure 35: Overview of SILAC-based MCF7 phosphoproteomics. SILAC-labeled 
MCF7 cells were are pretreated with BI2536 (H) or DMSO (L,M) for 1 h prior to 
induction with E2 (M,L) or EtOH (L) for 30 min. Cells were lysed, lysates combined 
and soluble and insoluble (chromatin) fractions digested into peptides. 
Phosphopeptides were enriched by strong cation exchange chromatography followed 
by TiO2 enrichment and phosphopeptides analyzed by high accuracy LC-MS/MS. 
 

Labeling efficiency was close to 100% as observed by analysis of individual 

protein samples derived from the three different SILAC populations and a 

mix of them (Figure 36A). To exclude cell population specific differences in 

the ability to respond to E2, we separately tested the unlabeled and the two 

metabolically labeled cell populations for induction levels of ER S118 

phosphorylation in response to estradiol and found no differences (Figure 
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phosphorylation, which is a marker of the induction state in response to 

growth factors, indicating that all cell populations were in a similar signaling 

state (Figure 36B). 

 

Figure 36: SILAC-labeling of MCF7 cells (A) Extracts from the three different 
SILAC populations, as well as a 1:1:1 mix of them was analyzed by GeLC-MS/MS. 
The spectra of a representative peptide containing a single arginine are shown. The 
labeling efficiency was close to 100%. (B) Cells from each of the three different 
populations were hormone deprived for 3 days and treated with E2 (10nM) for 1 h. 
Whole cell extracts were prepared and phosphorylation of ER and ERK analyzed by 
Western blot. 
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For the global phosphoproteome analysis, we pre-treated cells with BI2536 

or DMSO for 1 h followed by E2 induction for 30 min (Figure 35). Western 

blot analysis demonstrated that BI2536 did not influence ER activation, as 

measured by the level of phosphorylation at S118, nor did it change the 

phosphorylation status of ERK1/2 (Figure 37). 

 

Figure 37: BI2536 does not affect phosphorylation of ER. Western blot analysis of 
soluble fractions from the SILAC-phosphoproteome experiment depicted in Figure 
35. 
 

Performing two independent experiments, we were able to identify and 

quantify 17,448 phosphorylation sites on 3,463 proteins, with 8,251 

phosphosites common to both replicate experiments. Applying a threshold of 

1.5-fold regulation that had to be fulfilled in both replicates we identified 195 

sites that were upregulated by E2 and 68 that were downregulated (Figure 

38B). Using a similar filter for the effect of BI2536 (ratio H/M) we 

reproducibly identified 146 sites that were reduced in response to BI2536, 

while 80 sites were enhanced likely due to secondary effects of PLK1 

inhibition on phosphatases (Figure 38B). Filtering the dataset for 

phosphosites regulated by either E2 or BI2536 resulted in good Pearson 

correlations between experimental replicates for both M/L and H/M ratios 

(Figure 38A).  

Notably, we observed a strong overlap (54 sites) between E2-upregulated and 

BI2536-sensitive phosphosites, representing 28% and 40% of each 

population, respectively (p = 1.7E-51) (Figure 38B). This indicates that 

PLK1 is involved in a substantial subset of E2-mediated signaling events and 
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further suggests that E2 has a strong effect on the PLK1-regulated 

phosphosites. This mutual regulation is further evidenced by an 18% overlap 

of E2-downregulated sites with sites that are enhanced by BI2536 (p = 2.1E-

12), and the lack of a substantial overlap between phosphosites that are either 

upregulated by E2 and enhanced by BI2536, or downregulated by E2 and 

reduced by BI2536 (Figure 38B). 

 

Figure 38: E2-/ BI2536-regulated MCF7 phosphoproteome (A) Scatter plots for 
M/L and H/M ratios for filtered phosphosites regulated either by E2 or BI2536 in 
both replicates. Correlation coefficients were determined by the Pearson method. (B) 
Overlap of E2- and BI2536-regulated phosphosites. 
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15 amino acids after filtering all identified phosphopeptides for a localization 

probability of greater 75% (228) (Figure 39A).  

 

Figure 39: Analysis of class I phosphosites for consensus motif enrichment. (A) 
Filtering of phosphosites common to both duplicates for class I sites and overlap of 
E2-upregulated and BI2536-downregulated class I phosphosites. (B) Motif-
enrichment analysis of E2 up- and BI2536-downregulated class I phosphosites 
according to Table 5. 
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also significantly enriched among the E2-upregulated sites (Figure 39B, 

Table 5). Most strikingly, however, the enrichment was highest in E2-

upregulated phosphosites that were inhibited by BI2536 (Figure 26B, Table 

2). These findings support an implication of PLK1 in E2-mediated signaling.  

Table 5: Kinase consensus motif enrichment analysis of class I phosphorylation 
sites. Fisher’s exact test for significantly (FDR < 0.05) enriched kinase consensus 
motifs among regulated class I phosphosites versus all class I phosphosites. Standard 
kinase motifs as provided by Perseus were completed by two additional PLK1 motifs 
D/E/N/-X-S/T-Φ (PLK1_N) and S/T-F (PLK1_F). 

E2-upregulated 
Name Enrichment P value Ben. Ho. FDR 

PLK1_N 4.5 1.3E-04 2.4E-03 

PLK1 4.6 6.3E-04 5.9E-03 

PLK1_F 2.8 8.4E-03 4.6E-02 

BI2536-downregulated 
Name Enrichment P value Ben. Ho. FDR 

PLK1_N 7.5 3.9E-08 4.9E-07 

PLK1_F 5.5 3.1E-06 2.0E-05 

AURORA 3.9 4.1E-06 2.2E-05 

AURORA-A 3.9 1.7E-04 6.3E-04 

PLK1 5.7 1.7E-04 7.0E-04 

PKA 1.6 9.2E-03 2.5E-02 

CAMK2 1.3 1.8E-02 4.2E-02 

E2 up- BI2536-downregulated 
Name Enrichment P value Ben. Ho. FDR 

PLK1_N 9.5 3.0E-05 3.8E-04 

PLK1_F 7.7 9.8E-05 7.4E-04 

PLK1 10.4 9.6E-05 9.1E-04 

Polo box 4.7 3.4E-03 1.4E-02 

AURORA 3.3 1.3E-02 4.5E-02 

AURORA-A 4.0 1.4E-02 4.5E-02 
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Of note, both PLK1 motifs were also significantly enriched in a SILAC-

based phosphoproteomic dataset of R5020-treated T47D cells at 5 and 30 

min of R5020 induction (Figure S4), indicating a conserved role of PLK1 

signaling in the estrogen and progestin responses. 

 

Figure 40: SILAC-based phosphoproteomic analysis of progestin treated T47D-
MVTL cells (A) Experimental setup was similar to the one used for MCF7 cells with 
minor differences: lysis was performed under SDS conditions and proteins digested 
by the FASP method (267). Following SCX fractionation, phosphopeptides were 
enriched with IMAC resin as previously described (235). Mass-spectrometric and 
bioinformatic analysis were identical to the MCF7 experiment. (B) Motif-enrichment 
analysis of R5020-upregulated class I phosphosites. For D/E/N/-X-S/T-Φ: 5 min, p = 
9.8E-05 and 30 min, p = 9.1E-05; for S/T-F: 5 min, p = 9.9-03, and 30 min, p = 1.4E-
04. 
 

To gain deeper insight into the biological processes mediated by PLK1 in 

interphase MCF7 breast cancer cells, we performed Fisher´s exact test for 

GO terms for proteins containing one or more BI2536-sensitive 

phosphorylation sites. As expected, significantly enriched terms included 

those associated with PLK1 functions, such as ‘cell cycle process’ and 

A B

Identification  and  quantification  of  

phosphopeptides  by  LC-MS/MS

pool  lysates  1:1:1

L

0  min

M

5  min 30  min          R5020

H

digest

strong  cation  exchange

enrichment  with  IMAC

0

1

2

3

4

5

e
n
ri
c
h
m
e
n
t

D
E
N
-X
-S
/T
-

S
/T
-F

5  min  up-regulated

30  min  up-regulated



Results 

102 

‘cytoskeleton organization’ (Table 6). Notably, BI2536-sensitive 

phosphoproteins were also significantly enriched for the term ‘cell 

differentiation’, supporting the role of PLK1 in developmental processes. 

(Table 6).  

Table 6: GOBP-term enrichment analysis of BI2536-sensitive phospho-proteins. 
Fisher´s exact test for significantly (p < 0.05) enriched GOBP terms of proteins with 
at least one BI2536-sensitive phosphosite compared to all phosphoproteins in the 
dataset. Lists were filtered for the presence of more than 9 phosphoproteins and a 
minimum enrichment of 1.3. 
 

GOBP term Category 
size 

Inter- 
section 

size 

Enrich-
ment 
factor 

P value 

regulation of mitotic cell cycle 47 6 3.0 0.010 

cell adhesion 84 10 2.8 0.002 
cellular component movement 73 8 2.6 0.008 

negative regulation of catalytic activity 56 6 2.5 0.021 
cell motility 57 6 2.5 0.023 
cell migration 57 6 2.5 0.023 

transmembrane transport 68 7 2.4 0.017 
carbohydrate metabolic process 59 6 2.4 0.026 

nervous system development 60 6 2.3 0.028 
small molecule catabolic process 61 6 2.3 0.030 

cytoskeleton organization 117 11 2.2 0.006 
positive regulation of developmental 
process 64 6 2.2 0.035 

axon guidance 64 6 2.2 0.035 

negative regulation of apoptosis 75 7 2.2 0.025 
negative regulation of programmed cell 
death 76 7 2.2 0.027 

mitotic cell cycle 76 7 2.2 0.027 

negative regulation of cell death 77 7 2.1 0.028 
cell division 88 8 2.1 0.021 
negative regulation of molecular 
function 80 7 2.0 0.033 

cell projection organization 70 6 2.0 0.048 
cell differentiation 142 12 2.0 0.010 

locomotion 113 9 1.9 0.029 
cell surface receptor linked signaling 
pathway 208 14 1.6 0.027 
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positive regulation of catalytic activity 182 12 1.5 0.041 

cell cycle process 182 12 1.5 0.041 
regulation of catalytic activity 235 15 1.5 0.033 
regulation of signaling 265 16 1.4 0.040 

positive regulation of cellular process 402 23 1.3 0.031 

 

On the other hand, proteins containing E2-regulated phosphorylation sites 

were enriched in E2 signaling–associated GO terms, such as ‘positive 

regulation of transcription from RNA polymerase II promoter’ and ‘ion 

transport’, but also for ‘actin cytoskeleton organization’ and ‘cell 

differentiation’, similar to the BI2536-sensitive phosphosite population 

(Table S5). 

Table 7: GOBP-term enrichment analysis for estradiol regulated 
phosphoproteins,. Fisher´s exact test for significantly (p < 0.05) enriched GOBP 
terms of proteins with at least one E2-regulated phosphosite compared to all 
phosphoproteins in the dataset. Lists were filtered for the presence of more than 9 
phosphoproteins and a minimum enrichment of 1.3. 
 

GOBP term Category 
size 

Inter- 
section 

size 

Enrichment 
factor P value 

spermatogenesis 29 6 2.7 0.016 
male gamete generation 29 6 2.7 0.016 

gamete generation 34 7 2.7 0.010 
ion transport 59 12 2.6 0.001 

regulation of neuron projection development 30 6 2.6 0.018 

endosome transport 25 5 2.6 0.029 
transmembrane transport 68 13 2.5 0.001 

cell-cell junction organization 27 5 2.4 0.038 
cation transport 38 7 2.4 0.017 

G-protein coupled receptor protein signaling 
pathway 33 6 2.3 0.027 

regulation of neurogenesis 40 7 2.3 0.021 
regulation of cell morphogenesis 29 5 2.2 0.048 

M phase of mitotic cell cycle 29 5 2.2 0.048 
ribonucleotide catabolic process 41 7 2.2 0.024 

positive regulation of Ras GTPase activity 47 8 2.2 0.017 

regulation of neuron differentiation 36 6 2.1 0.037 
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regulation of cell projection organization 36 6 2.1 0.037 

organic substance transport 48 8 2.1 0.019 
negative regulation of cellular protein 

metabolic process 48 8 2.1 0.019 

regulation of nervous system development 43 7 2.1 0.029 
purine nucleotide catabolic process 43 7 2.1 0.029 

cell junction organization 37 6 2.1 0.041 

negative regulation of catalytic activity 56 9 2.1 0.017 
regulation of cell development 50 8 2.1 0.023 

negative regulation of protein metabolic 
process 50 8 2.1 0.023 

ubiquitin-dependent protein catabolic process 44 7 2.0 0.032 
nucleotide catabolic process 44 7 2.0 0.032 

multicellular organismal reproductive process 44 7 2.0 0.032 
cellular nitrogen compound catabolic process 45 7 2.0 0.035 

actin cytoskeleton organization 66 10 2.0 0.017 
regulation of Ras GTPase activity 60 9 1.9 0.024 

nervous system development 60 9 1.9 0.024 
negative regulation of molecular function 80 12 1.9 0.011 

actin filament-based process 67 10 1.9 0.019 

cell division 88 13 1.9 0.010 
cytoskeleton organization 117 17 1.9 0.004 

regulation of nucleotide metabolic process 104 15 1.9 0.007 
positive regulation of cell differentiation 49 7 1.8 0.048 

nuclear division 79 11 1.8 0.022 

mitosis 79 11 1.8 0.022 
ribonucleotide metabolic process 58 8 1.8 0.044 

organelle fission 80 11 1.8 0.024 
purine nucleotide metabolic process 60 8 1.7 0.050 

positive regulation of transcription from RNA 
polymerase II promoter 84 11 1.7 0.030 

regulation of purine nucleotide catabolic 
process 93 12 1.7 0.028 

positive regulation of GTPase activity 87 11 1.6 0.036 

positive regulation of gene expression 136 17 1.6 0.015 
positive regulation of hydrolase activity 113 14 1.6 0.025 

regulation of GTPase activity 91 11 1.6 0.045 

cell differentiation 142 17 1.5 0.021 
regulation of cell differentiation 101 12 1.5 0.042 

positive regulation of nucleobase, nucleoside, 
nucleotide and nucleic acid metabolic process 154 18 1.5 0.022 
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positive regulation of molecular function 207 24 1.5 0.012 
positive regulation of transcription, DNA-

dependent 130 15 1.5 0.034 

positive regulation of nitrogen compound 
metabolic process 156 18 1.5 0.024 

positive regulation of RNA metabolic process 142 16 1.5 0.035 

positive regulation of catalytic activity 182 20 1.4 0.027 
cellular component assembly at cellular level 157 17 1.4 0.039 

cellular catabolic process 148 16 1.4 0.043 

organelle organization 410 44 1.4 0.004 
regulation of transcription from RNA 

polymerase II promoter 187 20 1.4 0.033 

positive regulation of macromolecule 
metabolic process 227 23 1.3 0.038 

regulation of molecular function 286 28 1.3 0.036 

regulation of catalytic activity 235 23 1.3 0.046 
 

4.11. PLK1 kinase targets include transcriptional regulatory 

proteins 

We next searched our MCF7 phosphoproteome dataset for transcriptional 

coregulators and transcription factors that contain one or more regulated 

phosphosites (Figure 41). We first focused on proteins containing E2 up- or 

downregulated phosphosites that were not affected by BI2536. We identified 

several known ER cofactors among this group of proteins, including SRC2, 

BPTF, MTA, MED9, MED14 and PSF, indicating that our phosphoproteome 

analysis could represent known signaling events involved in steroid receptor–

mediated transcriptional regulation (Figure 41 and Figure 42). 
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Figure 41: PLK1 and estradiol signaling results in phosphorylation of 
transcriptional regulators. Proteins with regulated phosphosites involved in 
transcriptional regulation with at least one E2- or BI2536-regulated phosphorylation 
site. 
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Figure 42: Unique E2-regulated phosphosites on transcriptional regulators. 
Average normalized M/L ratios (blue) and H/L ratios (red). Error bars represent the 
range of the two independent experiments. 
 

Next, we focused on proteins with E2-upregulated BI2536-sensitive 

phosphosites to identify proteins that are potentially responsible for the co-

activating function of PLK1 on ER target genes identifying 9 proteins with 

functions in gene regulation (Figure 41 and Figure 43). These included the 

ER coactivator ATAD2 (268), the thyroid receptor coactivator TRIP11 (269), 

the nuclear receptor corepressor SHARP (140), the p63 coactivator and 

transcriptional elongation factor SSRP1 (270), and the ER-associated histone 

H3K4 trimethyltransferase MLL2 (114). The latter was reproducibly assigned 

to the BI2536-affected category by comparing the fold induction in response 

to E2 in presence or absence of BI2536 (Figure 44). 

 

Figure 43: Unique E2-regulated, BI2536-sensitive phosphosites on 
transcriptional regulators. Average normalized M/L ratios (blue) and H/L ratios 
(red). Error bars represent the range of the two independent experiments. 
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Figure 44: MLL2 S4822 is an E2-upregulated BI2536-sensitive phosphorylation 
site. MLL2 was manually assigned to the set of E2-uprgeulated and BI2536-inhibited 
phosphoproteins.  The E2-mediated induction of S4822 was reproducibly inhibited 
by BI2536 comparing M/L and H/L ratios, although it failed threshold requirements 
for the H/M ratio. Error bars represent the range of two independent experiments. 
 

We also identified several proteins involved in transcriptional regulation 

among the proteins that contain BI2536-regulated phosphosites that were 

unaffected by E2 (Figure 41 and Figure 45). Interestingly, several of these 

have known functions in development or apoptosis-regulation and could 

therefore potentially account for the ER-independent tumor-suppressive 

transcriptional effects of PLK1 described above (Figure 33). These include 

the developmental transcription factor SOX4, the transcriptional repressor 

BCL11B, the apoptosis antagonizing transcription factor AATF and the 

death-promoting transcriptional repressor BCLAF1 (Figure 41 and Figure 
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Figure 45: Unique BI2536-downregulated phosphosites on transcriptional 
regulators. Average normalized M/L ratios (blue) and H/L ratios (red). Error bars 
represent the range of the two independent experiments. 

4.12. PLK1 regulates MLL2-dependent H3K4-trimethylation on 

ER-target genes 

The histone-lysine N-methyltransferase MLL2 is a previously described ER 

coactivator, which was found essential for the transcriptional activation of ER 

target genes, including Ps2 (114) and Greb1 (122). As presented before, we 

identified an estrogen-mediated, PLK1-dependent phosphorylation of MLL2 

at S4822. Searching our T47D phosphoproteome for the same site we 

identified a strong induction in response to progestin (Figure 46), indicating a 

conserved role in the steroid response of breast cancer cells. 
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Figure 46: MLL2 S4822 is phosphorylated in response to R5020 in T47D-MVTL 
cells. Changes of MLL2 phosphorylation in S4822 and S4849 in response to 5 and 30 
min of R5020 represented as normalized M/L and H/L ratios according to Figure 40. 
 

To test whether MLL2 has an impact on the PLK1-dependent transcriptional 

response to E2, we reduced MLL2 levels by siRNA-mediated knockdown 

(Figure 47A). We found that MLL2 depletion inhibited E2-induction of Ps2, 

Wisp2, Serpina3 and Greb1, while it did not affect the induction of Sgk1 

(Figure 47B). As a control, the induction of the PLK1-independent ER target 

gene Xbp1 was not inhibited by MLL2 knockdown and even was increased 

similarly to what we have observed under PLK1 knockdown conditions 

(Figure 47B and Figure 26C). 
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Figure 47: PLK1 regulates MLL2 coactivating function on ER target genes. (A) 
Hormone-deprived MCF7 cells were transfected with siRNA against MLL2 
(siMLL2) or control siRNA (siC), and protein levels of MLL2 and ER were analyzed 
by Western blot. (B) Cells were transfected with siRNA as in (A) and treated for 6 h 
with E2. Gene expression changes were analyzed by qRT-PCR. 
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H3 on K4 (H3K4me3), a histone mark linked to transcriptional activation 

(271). We wondered whether PLK1 is important for the catalytic activity of 

MLL2. We therefore performed ChIP experiments for H3K4me3 in the 

presence or absence of PLK1 inhibition in MCF7 cells that had been induced 

with E2 for 1 h (Figure 6C). E2 treatment mediated a 1.8- to 5-fold increase 
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Serpina3. PLK1 inhibition strongly decreased this increase for all four genes, 

suggesting that PLK1 has a role in the regulation of H3K4 trimethylation on 

ER target genes. Notably, for the PLK1-independent ER target gene Xbp1, 

we did not observe an increase in H3K4me3 levels in response to hormone 

induction. Comparing ChIP intensities of the non-induced cells, Xbp1 had 10- 

to 80-times higher H3K4me3 levels than PLK1-dependent genes (Figure 6C). 
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Therefore, Xbp1 might have an alternative mechanism for H3K4 

trimethylation catalyzed by other lysine methyltransferases than MLL2. 

 

Figure 48: PLK1 mediates E2 dependent induction of H3K4me3 in ER target 
genes. MCF7 cells were treated with BI2536 (“BI”) or DMSO (“C”) for 1 h followed 
by induction with E2 for 1 h. Levels of H3K4me3 and ER recruitment were 
measured by ChIP in proximal promoter regions and ER target sites, respectively. 

4.13. PLK1 phosphorylates Histone H2B in S36 

It has been previously shown that kinases, which are recruited to chromatin 

by their interaction with steroid receptors, can locally phosphorylate histone 

proteins. While MSK1 and IKKα phosphorylate histone H3S10 in response 

to progesterone and estradiol, respectively (61, 75), PRKCß mediates 

phosphorylation of H3T6, and PRK1 the phosphorylation of H3T11 in 

response to androgens (19, 73).  
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Having observed recruitment of PLK1 to chromatin, we wondered whether 

also PLK1 would have the ability to phosphorylate histone proteins. To this 

end, we performed in-vitro kinase assays with recombinant active PLK1, 

which we incubated with histone octamers purified from HeLa cells (Figure 

49 lanes 2 and 3). In the autoradiograph we observed a single band with 

molecular weight in the range of histone H3 or H2B. In order to identify, 

which histone is targeted by PLK1, we repeated the experiment using 

individual recombinant histone proteins (Figure 49 lanes 4-11). While we 

identified very weak signals for H3 and H2A and no signal for H4, H2B was 

strongly phosphorylated by PLK1. We therefore could conclude that PLK1 

can phosphorylate the histone octamer and that this phosphorylation is 

specific for H2B. 

 

Figure 49: PLK1 phosphorylates H2B in vitro. In vitro kinase assay with histone 
octamer purified from HeLa (Oct) and individual recombinant histone proteins. 
Recombinant active PLK1 was incubated with indicated proteins for 20 min at 30ºC 
and kinase reaction analyzed by SDS-PAGE followed by autoradiography exposure. 
The lower panel presents a colloidal-blue stained SDS-PAGE of a cold kinase 
reaction. Dashed boxes indicate gel-bands that were cut and analyzed by mass 
spectrometry for the presence of phosphorylation sites. Arrows indicate 
phosphorylation sites that were identified for histone proteins with a false discovery 
rate of 1% (regular letters) or 5% (italic letters). 
 

In order to identify the site on which H2B is phosphorylated by PLK1, we 

repeated the experiment in absence of ATP32 and analyzed cut gel bands by 

mass spectrometry. Applying a false discovery rate (FDR) of 1%, we 
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identified a single phosphorylation site, H2BS36, specifically in the gel bands 

of the octamer and H2B that were incubated with PLK1. Additionally, we 

identified phosphorylation of H2BS6 with a FDR of 5%, also in the PLK1 

phosphorylated H2B band (Figure 49).  

To decipher, which is the phosphorylation site targeted by PLK1 we 

generated recombinant histone mutants including S36A, S6A and T115A. 

The latter site was included as it follows the variant PLK1 consensus motif 

containing glutamic acid in position -2 independent of a hydrophobic residue 

in +1 (272). Notably, although not following any classical PLK1 motif, S36 

was the only of the three sites analyzed that was phosphorylated by PLK1 

(Figure 50). 

 

Figure 50: PLK1 phosphorylates H2B in S36. In vitro kinase assay with bacterially 
expressed H2B mutant proteins. Recombinant active PLK1 was incubated with 
indicated proteins for 20 min at 30ºC and kinase reaction analyzed by SDS-PAGE 
followed by autoradiography exposure. The lower panel presents a colloidal-blue 
stained SDS-PAGE of the produced histone mutants. 
 

As H2BS36 was recently described to be an activating epigenetic mark 

involved in transcriptional elongation (273), local phosphorylation of S36 on 

target genes could be an additional mechanism by which PLK1 coactivates 

ER-dependent gene transcription. 
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5. Discussion 

5.1. PR interactomics identifies PLK1 as SR interactor 

In the initial SILAC-based interaction screen for hormone-dependent PR 

interactors we identified a whole set of chaperone and co-chaperone proteins 

to be displaced from PR upon hormone induction, which is in accordance 

with the canonical model of SR activation. In contrast, we only identified two 

proteins that gained affinity, Potassium channel tetramerization domain-

containing protein 2 (KCTD2) and PLK1. While KCTD2 specifically 

interacted with liganded PR at 5 min of hormone induction, potentially being 

involved in early signaling events of PR at the plasma membrane, PLK1 was 

the only protein that gained affinity for activated PR at 30 min. This was 

initially surprising given the plethora of coregulators that are known to 

interact with SR (3). An explanation can be found in the theory of O´Malley 

and co-workers, which proposed that coregulators are part of multiprotein 

steady-state complexes (97, 274). Performing intensive mass-spectrometric 

analysis of these complexes, the authors did not identify any SR to associate 

with any of these complexes, indicating that the interaction between 

coregulatory complexes and SRs in the nucleosol is rather weak (97). 

Coregulator complexes are therefore likely been recruited to SRs after their 

binding to DNA. The primary interaction is mediated by SRC-family proteins 

which are the linkers for large coregulatory complexes (98). In line with this 

finding, it was reported that the interaction of PR-A with SRC2 in solution is 

2-fold weaker than in presence of a GRE and even 10-fold weaker than in 

presence of multiple GREs (275). DNA therefore acts as an allosteric ligand 

of PR-A inducing structural changes within the protein in order to stimulate 
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coactivator recruitment. Allosteric effects of DNA on transcriptional 

regulators have been well established for several other transcriptional factors 

before (276). In line with this theory, performing CoIPs with nuclear PR in 

absence or presence of DNAse treatment, we identified a strong increase in 

observable PR-SRC interaction after DNA digestion supporting the theory of 

cooperative DNA and SRC binding on enhancer sites.  

In order to obtain SRC interaction also in a MS-based screen, one could 

prepare nuclear extracts in combination with DNA digestion. One limitation 

of this experiment is the nucleo-cytoplasmic shuttling of PR and SRC 

proteins, which is affected by progestin treatment. Although in 

immunofluorescence experiments, PR is nuclear in presence and absence of 

hormone, during cellular fractionation, PR is distributed equally between 

nucleosol and cytoplasm (unpublished observation). This is presumably due 

to the fact that the nucleoplasmic shuttling that keeps unliganded PR in the 

nucleus breaks down after disrupting the plasma membrane. After hormone 

induction, PR is retained in the nucleus by interaction with chromatin and is 

purified with the nuclear fraction. Under these conditions, the direct 

comparison of affinity gain or loss due to hormone treatment needs to be 

controlled by the total amount of proteins in nucleosolic and cytoplasmic 

fraction. As this requires whole proteome sequencing for both cases, this 

experiment is rather complex.  

Notably, our second interactome analysis, which involved 

immunoprecipitation of endogenous PR, also revealed PLK1 as PR 

interactor. While we also observed displacement of chaperone proteins 

similar to the interactome analysis with FLAG-tagged PR, in this case we 

could identify several other proteins that gained affinity to PR after hormone 

treatment. Although these again did not include coactivators of the SRC 

family, we identified a strong enrichment of PHD finger protein 8 (PHF8) 
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together with active PR. PHF8 is a recently characterized histone lysine 

demethylase acting specifically on mono- and dimethylated H3K9, 

dimethylated H3K27 and monomethylated H4K20, thereby acting as a 

transcriptional activator (262-265). Although no functional link to SR 

function is known to date, the expression of the Phf8 gene is induced upon 

progesterone induction. Assuming that PHF8 is targeted to PR binding sites 

to demethylate repressive histone marks thereby enhancing PR-mediated 

gene induction, PHF8 action would be part of a feed-forward loop. The 

interaction screen further revealed a hormone-dependent interaction with 

GRIPAP1, a guanine nucleotide exchange factor for the Ras family of small 

G proteins (RasGEF) that could be involved in signaling events initiated at 

the plasma membrane. 

5.2. PR-PLK1 interaction is independent of ERK, cdk2 and PLK1 

signaling 

How the hormone-dependent PLK1 interaction is established on the 

molecular level was not conclusively solved, although we were able to 

exclude several possibilities. Classical PBD-mediated interactions involve the 

consensus motif S-(S/T)-P. We therefore speculated that that one of the 

known PR-related proline kinases – ERK1/2 or cdk2 – might mediate the 

interaction. However, using specific inhibitors did not affect the hormone-

dependent interaction. Next, we tested whether the interaction follows the 

self-priming mechanism. Treating T47D cells with the PLK1 inhibitor 

BI2536, however, did not affect the PR-PLK1 inhibition not even at 5-fold 

higher concentration than the effective concentration reported for mitotic 

PLK1 inhibition (163). Therefore, the PLK1-PR interaction either is 

mediated by priming via an yet undiscovered kinase phosphorylating PR, or 

the binding is independent from the classical PBD phosphopeptide-binding 

mode, which was reported for other PLK1 interacting partners such as the 
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Aurora kinase A activator Bora (199). Similarly, whether the interaction of 

ER with PLK1 is mediated by a constitutive phosphorylation site, or via PBD 

independent binding, remains to be analyzed in more detail. 

5.3. PLK1 plays a major role in SR non-genomic signaling. 

Treating T47D cells with R5020 we identified an increase in phosphorylation 

levels of PLK1 in T210, which links PLK1 with the non-genomic actions of 

PLK1. Interestingly, in the process of Xenopus oocyte maturation, the 

Xenopus PLK1 homolog Plx also becomes activated by progesterone (277). 

This response is at least partly mediated by the Xenopus homolog of 

mammalian PR, which is localized at the plasma membrane (278). The 

activation of PLK1 might therefore be conserved not only between oocyte 

and somatic cells, but also among different cell cycle phases similar to the 

double function MAP kinases in oocyte maturation and gene regulation in 

somatic interphase cells (66). As we were not able to measure pT210 by 

western blot in MCF7 cells, presumably due to technical limitations, we 

aimed to detect active PLK1 by immunofluorescence microscopy. PLK1-

pT210 was localized in the nucleus of a large subset of cells, already before 

estradiol treatment. Interestingly, the same cells, which had nuclear active 

PLK1 were the ones that responded to estradiol measured by phosphorylation 

levels of ER-S118, indicating a close link of ER and PLK1 signaling. The 

reason, why PLK1 is induced in progesterone treated T47D, but not in 

estradiol induced MCF7 cells, might be found in the different cell culture 

conditions. While the starvation protocol of T47D cells includes hormone 

deprivation for two days followed by serum starvation of an additional day, 

MCF7 cells were grown for three days in absence of hormone without an 

additional serum starvation step, which would render cells unresponsive to 

estradiol. Active PLK1 therefore follows the signaling signature observed for 

active ERK1/2. While in T47D cells, we observe a clear induction towards 30 
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min progestin treatment in estradiol treated MCF7 cells, phosphorylation 

levels of ERK1/2 remain constant. 

Phosphoproteome analyses with both MCF7 and T47D cells confirmed the 

key role of PLK1 in ER and PR signaling. For MCF7 cells we identified 28% 

of all E2-upregulated phosphosites to depend on PLK1. Further, the 

consensus motif of PLK1 was overrepresented in both E2- and R5020-

upregulated phosphorylation sites in MCF7 and T47D cells, respectively. 

Several kinase pathways have been implicated in the non-genomic action of 

SRs including c-Src/p21ras/ERK (63), PI3K/Akt (64), cdk2/cyclinA (68, 69), 

JAK/STAT (70, 71), PKC (19, 72), PRK1 (73), CKII (74), and IKKα (75). 

While all these kinase pathways are specific for G1/S phase signaling, the 

mitotic kinase Aurora A was recently reported to coactivate the 

transcriptional activity of the androgen receptor (279). PLK1 is therefore the 

second example of a mitotic kinase mediating SR signaling events in 

interphase. 

5.4. PLK1 is a transcriptional coregulator 

Non-genomic actions by SRs are closely linked with the genomic actions of 

SRs as transcription factors as non-genomic signaling pathways target 

transcription regulators or chromatin components to directly influence SR-

mediated target gene activation. For instance, cdk2 interacting with PR was 

found to regulate gene transcription by at least three mechanisms, including 

displacement of histone H1 (126), activation of SRC1 (69) and activation of 

catalytic activity of PARP-1 (147). All three phosphorylation events are 

required for the transcriptional activation of the MMTV-promoter. 

To address whether PLK1 signaling is involved in SR-target gene regulation 

in breast cancer cells, we used the specific PLK1 inhibitor BI2536 at the 

concentration known to block mitotic function of PLK1 in HeLa cells (163). 
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BI2536 affected the induction of both PR- and ER-dependent target genes. 

Although BI2536 was reported to contain a high specificity for Polo-like 

kinases, being an ATP-analogue, the probability of a side-effect to other 

kinases exists. Using a second inhibitor, Poloxin, which impairs PLK1 

function by competitively blocking the PBD (218), we could exclude the 

possibility of a non-specific side-effect of BI2536 on other kinases. Although 

both inhibitors are highly specific to Polo-like kinases, they are also able to 

inhibit the PLK1 isoforms PLK2 (SNK) and PLK3 (FNK) to some extent 

(163, 218). To verify that our observed effects were due to inhibition of 

PLK1 and not other PLK isoforms, we used siRNA-mediated knockdown of 

PLK1-3. One limitation of these experiments is the resulting cell cycle 

changes due to knockdown of PLK isoforms that affected the basal 

expression levels of ER-responsive genes. To circumvent this problem, we 

normalized the expression values to the non-treated controls. The resulting 

fold-induction values were only affected with knockdown of PLK1, but did 

not change with knockdown of PLK2/3 proving the role of PLK1 in 

transcriptional control of ER target genes. An alternative way to solve this 

problem would be to FACS-sort cells according to their cell cycle phase after 

performing the induction experiment and particularly analyze the G1/S 

fraction of cells in which SR-mediated gene transcription is highest (280). 

5.5. PLK1 – SR dependent gene sets are tumor suppressive 

PLK1 inhibition affected the transcriptional regulation of 20% and 32% of 

progestin- and estradiol-regulated genes, respectively. Gene ontology (GO) 

analysis of these gene sets revealed an overrepresentation of developmental 

and anti-proliferative genes. This finding was surprising, as especially for ER 

transcriptional effects are traditionally linked with cell cycle progression. In 

line with this, targeting ER with antagonist ligands such as Tamoxifen is the 

most common treatment for breast cancer patients (129). However, recent 
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studies presented a more defined picture of ER transcription mediating both 

proliferative and developmental functions (113). This theory was based on 

the observation that ER-positive tumors are regularly more differentiated than 

ER-negative ones (113). Besides, ER-positive breast tumors are characterized 

by low aggressiveness and favorable disease-free survival (281). The 

protective effect of ER led to the assumption that ER regulates both 

proliferation and differentiation in breast cancer cells, although the balance is 

shifted toward the proliferation side. On molecular level, this balance can be 

explained by the existence of distinct ER-cofactor complexes, which 

preferentially target either proliferative or developmental genes. While for 

instance SRC3 was recently identified to regulate a subset of ER-

transactivated genes that are linked to poor clinical prognosis (245), the HMT 

CARM1, was found to specifically coactivate transcription of genes involved 

in differentiation and inhibition of cell proliferation (113). PLK1 might 

therefore fulfill a similar transcriptional function on SR target genes.  

Proliferation and differentiation are mutually exclusive processes. In cancer 

biology proliferative genes are linked with tumorigenesis, while 

developmental genes can act as tumor suppressors. Expression of the ER-

PLK1 dependent gene set correlated with a positive outcome of breast cancer 

patients. For the dataset of Loi and colleagues (243) this correlation was only 

found for Tamoxifen-treated patients, while we did not observe correlation 

with untreated patients. This observation can be likely explained by the fact 

that Tamoxifen-treated patients were predominantly ER-positive, while the 

untreated group were ER negative and therefore also ER-dependent 

transcriptional control was lost. This is in line with a study proving the 

tumor-progressive role of SRC3, in which it was shown that the expression of 

a SRC3-coactivated subset of ER target genes correlated with poor prognosis 

exclusively in the Tamoxifen-treated group of patients (245).  Another 

question resulting from the correlation analysis is why the PLK1-independent 
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gene set does not correlate with poor outcome, although this would be 

suggested by the GO analysis. A likely reason is that the clinical outcome of 

the average expression level of this gene set is balanced by the high 

expression of a few tumor suppressors in this gene set. Therefore, the PLK1-

independent set of ER induced genes might have still mixed functions on 

breast cancer progression. 

5.6. Identification of estradiol- and PLK1- regulated 

phosphoproteins  

To identify molecular mechanisms, by which PLK1 affects E2-mediated gene 

expression we defined the E2- and PLK1-dependent phosphoproteome in 

MCF7 cells on a global level. The signaling response to steroid hormones is 

highly complex involving a large network of different kinase cascades. 

Meanwhile, the quantitative information of phosphoproteomics is based on 

single peptide measurements that are prone to technical errors. To cope for 

the high variability in this experiment we performed a duplicate analysis of 

two biologically and technically independent experiments. Filtering our 

dataset for either E2- or BI2536-regulated phosphosites resulted in good 

correlations between both replicate experiments. We verified the specificity 

of PLK1 inhibition by analyzing overrepresentation of kinase consensus 

motifs. The modified PLK1 motif D/E/N/-X-S/T-Φ (266) was the highest 

enriched motif among BI2536-sites underlining the significance of PLK1 in 

the E2-response. BI2536-sensitive sites were further significantly enriched 

for the consensus motif of Aurora-A, which can be explained by cross-

regulation of many phosphorylation sites by both kinases (282). The 

appearance of PKA and CAMK2 in the list is likely due to bionformatic 

prejudices as PKA and CAMK2 consensus motifs partly overlap with the 

Aurora-A motif (Table 8). 
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Table 8: Consensus motifs of Aurora-A, PKA and CAMK2. Bold letters indicate 
amino acids, which are conserved between kinase motifs. X represents any amino 
acid. 

 
kinase consensus motif 

Aurora-A R/K/N-R-X-S/T-M/L/V/I 

PKA 
R-X-S/T 

R-R/K-X-S/T 
K-R-X-X-S/T 

CAMK2 R-X-X-S/T 
R-X-X-S/T-V 

 

Filtering our phosphoproteomic dataset for proteins involved in gene 

transcription we identified several known ER co-factors including SRC2, 

BPTF, ATAD2, ORCA, MTA, MED9, MED14 and PSF containing one or 

more E2-regulated phosphosite. Although none of these sites were previously 

linked to ER action, some sites have been characterized in other signaling 

contexts. For instance, the S493/S499 double modification site on SRC2, 

which we identified to be induced by E2 was recently described to be induced 

by glucocorticoids and related to enhanced coactivator activity of SRC2 

(283). Phosphorylation of HDAC7 in S181 on the other hand was described 

to mediate nuclear-cytoplasmic shuttling of HDAC7 (284). Inhibition or 

mutation of this site together with three other conserved 14-3-3 binding sites 

resulted in a block of nuclear-cytoplasmic shuttling and an enrichment of 

HDAC7 in the nucleus. Interestingly, HDAC7 was found in a complex with 

the corepressor SMRT (285), which was recently identified to mediate down-

regulation of ER dependent genes in response to E2 (139). Phosphorylation 

of HDAC7 might therefore promote the formation of a nuclear 

HDAC7/SMRT complex involved in the trans-inhibition function of agonist-

bound ER. 
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We identified several transcriptional regulators with E2-induced BI2536-

sensitive phosphorylation sites that are potentially involved in the PLK1-

dependent transcriptional regulation. One of these factors was the H3K4 

trimethylase MLL2, which is a key regulator of developmental genes 

essential for the early embryonic development of mice (271). MLL2 interacts 

with ER and is essential for the transcriptional activation of ER target genes, 

including Ps2 (114) and Greb1 (122). Estrogen-mediated, PLK1-dependent 

phosphorylation of MLL2 occurs at S4822, which has been previously 

identified by mass-spectrometry in various cell types including HeLa (286), 

T-cells (287) and human embryonic stem cells (288). The function of this 

phosphorylation site is unknown. Interestingly, we identified a strong 

induction of this site also in a phosphoproteome analysis of T47D breast 

cancer cells in response to progestin, indicating a conserved function in the 

action of steroid hormones in breast cancer cells. 

Knockdown of PLK1 in MCF7 cells verified its role on the estradiol-

mediated induction of several ER-PLK1 dependent target genes. As the 

induction of H3K4me3 levels on these genes was dependent on PLK1 

catalytic activity, phosphorylation of MLL2 in S4822 might play a possible 

role in the positive regulation of MLL2 action. A direct proof for this theory, 

however, would require rescue experiments with ectopic expression of 

S4822A mutated MLL2 in presence of siRNA-mediated knockdown of 

endogenous MLL2. Yet, as MLL2 is encoded by 16.6 kbp of coding mRNA, 

regular cloning is not easy to achieve and requires a complex cloning strategy 

in several pieces. Alternatively, one could synthesize the plasmid or use Zinc-

finger nuclease technology to directly target the S4822 site in the genome and 

mutate it to alanine.  

Interestingly, the PLK1-independent ER target gene Xbp1 did not reveal any 

increase in K4me3. Moreover, Xbp1 H3K4me3 levels were 10-80 times 
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higher in absence of hormone compared to PLK1-ER-dependent genes. The 

independency of Xbp1 on PLK1 might therefore be explained by the 

independency of E2-dependent induction of H3K4me3, which is controlled 

by MLL2. 

The transcriptional effects of PLK1 are not restricted to regulation MLL2 

catalytic activity, as the PLK1-ER dependent gene Sgk1 was equally induced 

in presence and absence of MLL2 knockdown. Sgk1 is a particular E2-

responsive gene, as it does not contain an ERE in a region of 100kb spanning 

the transcription start site. The E2-dependent regulation of Sgk1 might 

therefore be indirectly mediated by transcription factors that are activated by 

E2-induced signaling cascades. Interestingly, in breast cancer cells, Sgk1 

expression was reported to be positively regulated by the AAA ATPase and 

bromodomain-containing protein ATAD2 (289), which also was present 

among our E2-upregulated BI2536-sensitive phosphoproteins. 

5.7. PLK1 mediates pro-apoptotic gene transcription 

independently of SRs. 

Additionally to its coregulator role on steroid receptors, we also identified a 

transcriptional role of PLK1 on the basal transcription levels of genes. In 

both MCF7 and T47D global gene expression analyses, the overlap of genes 

that were downregulated by BI2536 in absence of hormone with genes that 

are induced by steroid hormones was low indicating that these transcriptional 

effects are independent of SRs. Analyzing the gene sets for 

overrepresentation of GO terms revealed an enrichment of pro-apoptotic 

functions in both cell lines. As this indicated a tumor-suppressive role also of 

the SR-independent transcriptional effects of PLK1, we correlated the PLK1-

dependent genes with two different breast cancer cohorts revealing a clear 
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clinical benefit for patients with high expression of these genes expressed by 

a higher distant metastasis free survival rate. 

The enrichment of pro-apoptotic genes among PLK1 transactivated genes, 

however, controverts previous studies that claimed a negative regulatory role 

of PLK1 on pro-apoptotic genes due to inhibition of the transcriptional 

activity of the p53 family members p53 (184), Tap63 (185) and Tap73 (186, 

187). This discrepancy is likely to be explained by the different experimental 

conditions. While in previous studies the transcriptional effects of PLK1 

were assessed by ectopic co-expression of PLK1 and p53 family members in 

p53 null-cells, or by siRNA-mediated knockdown of PLK1 in p53 wild-type 

cells, in our experiments we targeted the endogenous levels of PLK1 by 

direct inhibition. If PLK1 were to negatively influence p53 family members 

in our system, we should have observed effects in the expression of p53 

family target genes. However, the expression levels of the classical p53 target 

genes p21, 14-3-3σ and Bax were not affected by 7 h BI2536 treatment. 

Further, we observed an identical pro-apoptotic effect of PLK1 in p53-

positive MCF7 cells as well as in p53-negative T47D cells (290), excluding 

the possibility of PLK1-dependent inhibition of p53 activity in our system. 

In our phosphoproteomic analysis we identified several transcriptional 

transcription factors with BI2536-sensitive phosphorylation sites, which were 

described to regulate apoptosis. These included the transcriptional repressor 

BCL11B (also known as CTIP2) (291), the apoptosis antagonizing 

transcription factor AATF (292) and the death-promoting transcriptional 

repressor BCLAF1 (293). BCL11B was described to inhibit pro-apoptotic 

genes by recruiting the NuRD complex to promoter sites via direct interaction 

with the two NuRD complex members RbAp46 and RbAp48 (291, 294). 

Interestingly, the PLK1-dependent double phosphorylation site T313, S318 

on BCL11B is located within the protein region identified to interact with 
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RbAp46 and RbAp48 (294), while the PLK1-dependent phosphorylation site 

on S772 resides in a region known to be important for the interaction of 

BCL11B with the transcriptional repressor HP1α (295). Studying BLC11B 

target genes in T-cell Grabarczyk and colleagues identified tumor necrosis 

factor-related apoptosis-inducing ligand (Trail) to be a direct target of 

BCL11B mediated repression (296). Interstingly, Trail was also among genes 

that in the MCF7 microarray study were downregulated by BI2536 

supporting the theory of the functionality of the phosphorylation sites in 

inhibition of BCL11B transrepressor activity (Figure 51). 

 

Figure 51: Hypothetical model for the pro-apoptotic effect of PLK1 via 
inhibition of BCL11B repressor activity. (A) PLK1 phosphorylates BCL11B in 
three phosphorylation sites that inhibit interaction with the NuRD complex members 
RbAP46 and RbAP48 as well as the interaction with HP1α. (B) Inhibition of PLK1 
leads to dephosphorylation of BCL11B, recruitment of the NuRD complex members 
RbAP46 and RbAP48 as well as HP1α and repression of pro-apoptotic gene 
transcription including the Trail promoter. 
 

Similarly, PLK1-dependent phosphorylation of AATF might lead to the 

inactivation of its anti-apoptotic function, while phosphorylation of BCLAF1 

might promote its pro-apoptotic transcriptional activity. 
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5.8. PLK1 phosphorylates histone H2B in vitro 

Over the last years several kinases have been identified, which directly 

modify nucleosomes by phosphorylating histone proteins in both tail and 

globular domains (20). While in mitosis histone phosphorylation is an 

essential prerequisite for chromatin compaction prior to chromosome 

segregation, in interphase phosphorylation sites on histones serve as 

epigenetic marks that regulate gene transcription (20). One of the best-studied 

examples is the transcriptional activation of target genes by phosphorylation 

of S10 (61, 297). In the progesterone response, this is phosphorylation event 

is mediated by MSK1, which together with ERK1/2 is present in a ternary 

complex with PR (61). After hormone induction, MSK1 is recruited directly 

to PR target sites on chromatin, where it locally phosphorylates S10 leading 

to the displacement of the transcriptional repressive HP1γ proteins from the 

K9me3 mark (61). Similarly, ER recruits the kinase IKKα to chromatin, 

which also catalyzes H3S10 phosphorylation (75). 

Having identified an interaction of PLK1 with both PR and ER, we wanted to 

analyze whether also PLK1 would have the ability to modify nucleosomes. 

Performing a series of in vitro kinase assays we identified a single 

phosphorylation site on histone H2B to be a specific target for PLK1. This 

finding was surprising, as S36 does not follow any classical PLK1 consensus 

motif, yet it is strongly phosphorylated. 

The lack of accordance with the PLK1 consensus motif can be explained by 

the low stringency of this motif. Although in several phosphoproteomic 

experiments it appeared to be enriched among PLK1 inhibited sites, in each 

experiment a large percentage did not follow this motif, indicating the 

existence of alternative and highly diverse sequences that are phosphorylated 

by PLK1 (266, 272). 
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S36 is localized in the N-terminus of H2B just before the globular domain. 

As in the nucleosome structure this residue is close to the DNA a positive 

role in transcription on weakening the interaction of the histone octamer with 

the DNA appears to be likely. In line with this theory, phosphorylation of 

H2B was recently described to be involved in transcriptional elongation in 

response to metabolic stress (273). In this case, the kinase mediating the mark 

is the mammalian AMP-activated protein kinase (AMPK). Therefore, S36 

could potentially be an integrator for various stimuli, which are mediated by 

different kinases, similar to phosphorylation of H3S10 by MSK1 and IKKα 

in response to mitotic or estrogen stimuli, respectively. 

As so far we have only characterized the phosphorylation with free histones 

or histone octamers purified from HeLa cells, in order to exclude a potential 

inhibitory role of DNA, one could perform in vitro kinase assays with 

assembled nucleosomes. Moreover, generating a specific antibody to perform 

intensive ChIP analyses would clarify the role of this phosphorylation event 

in vivo. 

5.9. PLK1 function as oncogene vs. tumor suppressor 

PLK1 is a key regulator of cell cycle progression and overexpressed in many 

types of human cancers. In this study we identified a new role of PLK1 in 

regulating RNA polymerase II mediated gene transcription in interphase 

breast cancer cells. While the mitotic functions of PLK1 are well established, 

the role of PLK1 in interphase is not well characterized. This mainly accounts 

to the fact that PLK1 presents major cell-cycle dependent expression 

changes. While PLK1 expression peaks at G2/M phase, it is reported to be 

generally low in resting cells with an increase in expression in G1/S. As we 

identified robust gene expression also in hormone-deprived breast cancer 

cells, which are predominantly in G1-phase of the cell cycle, PLK1 
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expression levels in interphase might vary between cell types. In fact, 

reviewing limited data on transcriptional control of PLK1 in interphase, 

PLK1 expression appears to be regulated by the balance of the opposing 

actions of repressive and activating transcription factors of the E2F family. 

E2F4 was found to repress transcription by recruiting Retinoblastoma (Rb) 

family proteins to a E2F enhancer element in the PLK1 promoter (206). 

Knockdown of the transcription activating E2F family member E2F3 in 

bladder cancer cells, on the other hand was reported to decrease PLK1 

transcription, while over-expression of E2F3 in Rb-depleted bladder or 

prostate cancer cells, or E2F1 in Rb-positive small cell lung cancer cells led 

to an increase in PLK1 transcription (207, 208). PLK1 expression levels in 

interphase therefore appears to be controlled at least partly by the balance of 

repressive and activating E2F transcription factors.  

Apart from E2F also p53 and its product p21 were proposed to mediate 

interphase transcriptional repression of PLK1, by interacting with the 

CDE/CHR bipartite repressor element (221). In our system, the p53 status 

might not play a major role as we found robust PLK1 expression both in 

hormone deprived p53 positive MCF7 cells, as well as in p53-neagtive T47D 

cells (290).  

Identifying a tumor-suppressive role of PLK1 seems to be paradoxically, as 

high PLK1 expression levels would both favor cancer progression and tumor-

suppression. The two different ways of transcriptional regulation - 

transcription factors of the forkhead family in G2/M and E2F in G1/S - 

might, however, uncouple the regulation of both functions. While 

overexpression of PLK1 drives cells faster through mitosis, basal levels of 

PLK1 might be needed to maintain a tumor suppressive transcriptional 

program. Although more detailed studies might be needed to clarify the 

differential regulation of PLK1 in interphase and mitosis, our findings 
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request a reconsideration of the role of PLK1 in breast cancer that takes into 

account its different expression levels in different tumor cell populations. 
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6. Conclusions 

 

1. PLK1 is a functional interactor of progesterone and estrogen receptor 
 

2. PLK1 regulates steroid receptor-dependent and -independent gene 
transcription, which is enriched in developmental and tumor-
suppressive functions. 
 

3. PLK1 plays a key role in estradiol- and progestin-mediated signaling, 
with 28% of estradiol-induced phosphorylation events depending on 
PLK1 activity. 
 

4. The catalytic activity of PLK1 is required for the induction of 
H3K4me3 levels in ER target genes. 
 

5. PLK1 phosphorylates histone H2B in S36. 
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