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Summary

KRAS is frequently mutated in almost 30% of all cancers and these mutations are

known to be strongly associated with chemoradiotherapy resistance (CRT). Y-box bind-

ing protein-1 (YB-1) is an oncoprotein that is overexpressed across different cancer

entities and plays a significant role in cancer progression by being involved in almost all

cancer hallmarks, in particular in resistance to radiotherapy-induced cell death. Phos-

phorylation of YB-1 at S102 is associated with poor prognosis and this phosphorylation

and activation is mainly regulated by the MAPK/ p90 ribosomal S6 kinase (RSK) sig-

naling pathway in KRAS mutated cells.

YB-1 has been shown to facilitate the repair of IR-induced double-strand breaks (DSBs)

in breast cancer cells. However, due to the lack of kinase activity in YB-1 itself, designing

a direct inhibitor is challenging. Therefore, one possible approach is to target YB-1 via

upstream kinases that regulate YB-1. Data from our laboratory has shown that while

inhibition of RSK leads to activation of the PI3K/AKT pathway, potentially diminishing

the benefits of RSK targeting, dual targeting both RSK and AKT has proven to be the

most effective strategy in breast cancer cells.

Fisetin, a natural flavonoid, has been known to interfere with the RSK-mediated YB-1

phosphorylation at S102 in melanoma. In our research, we demonstrated that fisetin,

regardless of KRAS mutation status, blocks YB-1 phosphorylation at S102 in triple-

negative breast cancer (TNBC) and colorectal cancer (CRC) cells, as well as in CRC

tissue samples, ex vivo. Given to the role of YB-1 in stimulating the repair of ionizing

irradiation (IR)-induced DSBs, fisetin was found to inhibit DSB repair partially through

its inhibitory effect on YB-1. Phosphoproteomics analysis also revealed that fisetin

targets multiple DNA damage response (DDR)-related phosphosites in irradiated cells,

particularly those involved in DNA repair, replication, and chromatin binding, leading

to inhibition of DSB repair predominantly via homologous recombination (HR) and

classical non-homologous end joining pathways (C-NHEJ). These effects were associated

with the radiosensitization effect of fisetin in TNBC and CRC cells, while having no

effect on human skin fibroblast, suggesting the potential benefit in combination with

radiotherapy.

Since RSK-mediated YB-1 phosphorylation and activity play a key role in stimulating

the repair of IR-induced DSB in TNBC and CRC cells, the combination of fisetin with

radiation therapy could significantly enhance radiation response, regardless of KRAS

mutation status.
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Zusammenfassung

Bei nahezu 30% aller Krebserkrankungen liegt eine Mutation des KRAS -Gens vor, wobei

ein Zusammenhang mit einer Resistenz gegen Radiochemotherapie (RCT) evident ist.

Das Y-Box-bindende Protein 1 (YB-1) ist ein Onkoprotein, dessen Expression bei ver-

schiedenen Krebsarten erhöht ist. Es spielt eine wesentliche Rolle bei der Krebsentwick-

lung, da es an nahezu allen Krebsmerkmalen beteiligt ist, insbesondere an der Resistenz

gegen den durch Strahlentherapie induzierten Zelltod. Die Phosphorylierung und Ak-

tivierung von YB-1 erfolgt in KRAS -mutierten Zellen primär über den MAPK/p90 ribo-

somale S6-Kinase (RSK)-Signalweg. Die Phosphorylierung von YB-1 an S102 korreliert

mit einer ungünstigen Prognose.

In diesem Kontext konnte nachgewiesen werden, dass YB-1 die Reparatur von durch ion-

isierende Strahlung induzierten Doppelstrangbrüchen (DSBs) in Brustkrebszellen fördert.

Aufgrund der fehlenden Kinaseaktivität von YB-1 ist die Entwicklung eines direkten In-

hibitors jedoch herausfordernd. Ein möglicher Ansatz besteht folglich darin, YB-1 über

vorgeschaltete Kinasen, welche YB-1 regulieren, zu beeinflussen. Unsere Ergebnisse

konnten zeigen, dass eine Hemmung von RSK zu einer Aktivierung des PI3K/AKT-

Signalweges führt, wodurch die Vorteile der RSK-Targeting-Strategie möglicherweise

beeinträchtigt werden. Ein effektiver Ansatz ist demnach die duale Targeting Strategie

von RSK und AKT.

Fisetin, ein natürliches Flavonoid, ist dafür bekannt, die RSK-vermittelte YB-1-Phos-

phorylierung an S102 in Melanomen zu beeinträchtigen. Unsere Forschungsergebnisse

belegen, dass Fisetin unabhängig vom KRAS -Mutationsstatus die YB-1-Phosphory-

lierung an S102 in dreifach negativen Brustkrebs- (TNBC) und Darmkrebszellen (CRC)

sowie in CRC-Gewebeproben ex vivo hemmt. In Anbetracht der Funktion von YB-1

bei der Stimulierung der Reparatur von durch ionisierende Strahlung (IR) induzierten

Doppelstrangbrüchen (DSBs) wurde festgestellt, dass die Hemmung der DSB-Reparatur

durch Fisetin durch dessen hemmende Wirkung auf YB-1 begründet ist. Die Ergebnisse

der Phosphoproteomics-Analysen legen zudem nahe, dass Fisetin auf mehrere mit der

DNA-Schadensreaktion (DDR) assoziierte Phosphosites in bestrahlten Zellen abzielt,

insbesondere auf solche, die an der DNA-Reparatur, Replikation und Chromatinbindung

beteiligt sind. Dies führt zu einer Hemmung der DSB-Reparatur, die vorwiegend über

homologe Rekombination und klassische nicht-homologe Endverbindungswege erfolgt.

Dieser Effekt korrelierte mit der radiosensibilisierenden Wirkung von Fisetin in TNBC-

und CRC-Zellen, während es keine Wirkung auf menschliche Hautfibroblasten hatte.

Dies lässt einen potenziellen Nutzen in Kombination mit einer Strahlentherapie ver-

muten.



Zusammenfassung xi

Aufgrund der essenziellen Bedeutung der RSK-vermittelten YB-1-Phosphorylierung und

-Aktivität für die Stimulierung der Reparatur von IR-induzierten DSB in TNBC- und

CRC-Zellen könnte eine Kombination von Fisetin mit einer Strahlentherapie die Strahlen-

reaktion unabhängig vom KRAS -Mutationsstatus signifikant verbessern.
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Chapter 1

Introduction

1.1 Cancer

Cancer is often defined as abnormal cell growth and proliferation which is capable of

invasion to the blood vessels and spread throughout the body (King et al. 2000; Schwartz

2024) and is the world’s second most frequent cause of death. There were estimated

around 20 million new cases and about 10 million deaths in 2022 worldwide. It is

predicted that the number of new cancer cases will exceed over 35 million by 2050 (Bray

et al. 2024).

1.1.1 Triple negative breast cancer

Triple-negative breast cancer (TNBC) represents the most aggressive subtype of breast

cancer. TNBC is defined by the lack of the estrogen receptor (ER) and progesterone

receptor (PR). Additionally, it is defined by the absence of HER2 amplification. TNBC

represents about 20% of all diagnosed breast cancer cases and is observed more fre-

quently in younger patients. Moreover, TNBC occurs more commonly in patients with

BRCA1/2 mutations (Patel et al. 2024). In TNBC, metastasis to the liver, brain, and

lung has been observed. The lack of receptors limits the range of potential treatment

options for TNBCs and therefore makes it more challenging for effective treatment.

At present, chemotherapy, and surgery are the primary treatment strategies for TNBCs

(Patel et al. 2024). Furthermore, TNBCs have a high presence of tumor-infiltrating lym-

phocytes, rendering them a promising candidate for immunotherapy (Liu et al. 2023).

In addition to the approaches mentioned, radiotherapy has been demonstrated to be

an effective therapy for improving locoregional control in patients who have undergone

breast-conserving surgery or mastectomy, and for increasing the patients’ survival in

1
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the long term (He et al. 2018b). However, TNBCs are frequently radioresistant, and

therefore, targeting the mechanisms involved in radioresistance in TNBCs along with

radiotherapy may enhance the treatment response.

1.1.2 Colorectal cancer

Colorectal cancer (CRC) ranks as the third most frequent cancer globally. The inci-

dence of CRC in individuals above 50 years old has decreased, whereas it has increased

in younger age groups (Li et al. 2021). Early-stage tumors can be resected by surgery,

whereas late-stage tumors are treated with adjuvant and/or neoadjuvant chemoradio-

therapy (CRT). The response rate to chemotherapy and CRT is between 10 and 60% and

approximately 20%, respectively (Li et al. 2021; Hoendervangers et al. 2020). Further-

more, immunotherapy using immune checkpoint inhibitors (anti-PD-1 and anti-CTLA4)

has shown promising results and is currently under investigation in clinical trials. Nev-

ertheless, the efficacy of immune checkpoint inhibitors is enhanced in tumors with high

microsatellite instability. In this context, high tumor burden mutations result in more

neoantigens, which in turn, facilitates T-cell infiltration into the tumors (Parikh et al.

2021). In addition, molecular target therapies have been developed. These drugs target

proteins that are involved in tumor development pathways. The most common form

of molecular target therapy is the use of monoclonal antibodies and small molecule

inhibitors. However, the efficacy of this treatment approach depends on the genetic

background of the cancer cells which results in only a subset of populations benefit-

ing from these treatments. For instance, anti-epidermal growth factor receptor (EGFR)

targeting is only beneficial in KRAS wild-type (KRASwt) tumors and not in KRAS mu-

tated (KRASmut) tumors (Ridouane et al. 2017). Another drawback is that in patients

undergoing these treatments, often the tumor reoccurs and patients might suffer from

therapy resistance (Ohishi et al. 2023). Therefore, monotherapy with single agents is

limited and only few patients with specific genetic backgrounds may benefit. However,

these limitations can be overcome by using combination treatments.

The combination of chemotherapy and surgery has been shown to be effective in improv-

ing treatment outcomes (Fan et al. 2015). In addition, the combination of chemotherapy

and radiotherapy has also been investigated and it shows promising responses (Elbanna

et al. 2021; Manzi et al. 2023; Rodriguez et al. 2007). Furthermore, molecular targeted

therapy also showed an enhanced response rate when combined with chemotherapy or

CRT. However, the treatment efficacy also depends on the genetic background of the

cancer cells.
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1.2 Repair of ionizing radiation-induced DNA damages

Maintaining genome integrity is vital for cell survival. Thousands of DNA damage

occur in cells every day, potentially leading to gene mutations if these defects are not

repaired. Cells have evolved mechanisms to sense the DNA damage, activate the DNA

damage response (DDR) pathway, and induce cell cycle arrest to ultimately repair the

broken DNA. Ionizing radiation (IR) generates ions by releasing electrons from DNA or

water to break the covalent bonds. IR can directly induce double-strand breaks (DSBs).

However, IR has an indirect effect through the formation of reactive oxygen species

(ROS), which can further cause single-strand breaks (SSBs) (Borrego-Soto et al. 2015).

There are different types of IR, including X-rays, gamma rays which are called low

Linear Transfer of Energy (LET), and high LETs, including alpha and beta particles,

each of which with different characteristics. Low LETs cause damage to the cells mainly

through indirect effects, whereas, high LETs damage cells directly (Roy et al. 2022). IR

is used to shrink the tumor cells before surgery or kill any remaining cells after surgery.

Interestingly, the biological response to IR and the fate of the cells exposed to IR depend

on a variety of factors, including the complexity of the DNA DBSs, the type of DNA

damage, the dose rate, the dose of IR, and the genetic background of the cells (Mavragani

et al. 2019). When the DNA is damaged, the DDR pathway is activated which involves

several mechanisms including DNA repair pathways, pro-survival pathways, alteration

of cell cycle progression, cell death pathways, changes in metabolic pathways, and the

induction of senescence and autophagy (Roy et al. 2022). The interaction of these

pathways plays a critical role in determining radiosensitivity and ultimately shaping the

therapeutic response to radiation therapy. Following radiotherapy and DNA damage,

if the cells are able to repair the DNA, the cells will continue to proliferate, but if the

cells are unable to fix the defects, the cells will undergo apoptosis. In eukaryotic cells,

DSBs are mainly repaired by three main mechanisms: homologous recombination (HR),

classical non-homologous end joining (C-NHEJ), and alternative non-homologous end

joining (Alt-NHEJ) (Fig. 1). There are differences in the fidelity and kinetics of these

pathways. In addition, they are active in certain cell cycle phases. In this context, HR

is a slow mechanism of repair, with error-free characteristics that is active during the

S and G2 phases of the cell cycle. In contrast, C-NEHJ and Alt-NHEJ pathways are

faster and error-prone and are active throughout the cell cycle (Dueva et al. 2013a).

1.2.1 Homologous recombination

The ability of the HR pathway to start the repair process depends on the presence of

sister chromatids, which are available in the S and G2 phases of the cell cycle. Therefore,
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the sister chromatids are used as templates to restore the broken sequence. Mechanisti-

cally, HR has three steps; pre-synaptic (Fig. 1), synaptic, and post-synaptic. Initially,

after DSB occurs, the MRN complex, including Mre11, NBS1, and Rad50, detects the

DSB, which further recruits CtBP-interacting protein (CtIP) (Mozaffari et al. 2021; Sar-

tori et al. 2007). CtIP then enhances Mre11 nuclease activity at 3′ to 5′, to generate

short 3′ overhangs (Sakuno et al. 2015). Afterward, the long overhangs are further pro-

cessed by the recruitment of other nucleases, such as the Bloom syndrome helicase/DNA

replication ATP-dependent helicase/nuclease 2 (BLM/DNA2) complex, and exonuclease

1 (EXO1). Furthermore, the single strand 3′ overhangs are covered by the heterotrimeric

replication protein A (RPA) complex to protect them from nuclease activity. Thereafter,

BRCA2, along with PALB2 and the BRCA1/BARD1 complex, displaces RPA from the

single-stranded DNA and enhances the loading of Rad51 recombinase on the single-

stranded DNA to form the Rad51 nucleoprotein filament (Mladenov et al. 2023). This

step has been recognized as a pre-synaptic step in HR. In the synaptic step, Rad51 then

searches for homology sequences in the sister chromatids to invade them to make holiday

junctions. Rad54 then aids in DNA synthesis and removes Rad51 from the complex. In

the post-synaptic step, the holiday junction is resolved and the newly synthesized DNA

anneals to the DNA strand and finally ligates to restore the genome integrity (Mladenov

et al. 2023).

1.2.2 Classical non-homologous end joining

C-NHEJ is active in all phases of the cell cycle, including proliferating and quiescent cells.

When a DSB occurs, the Ku70/Ku80 heterodimer binds to the broken DNA and recruits

the DNA-PK catalytic subunit (DNA-PKcs), a member of the Phosphatidylinositol 3-

kinase-related kinase PIKK family of protein kinases, to form a DNA-PK holoenzyme

(Ghosh et al. 2021; Shimazaki et al. 2008). The DNA-PK holoenzyme acts as a docking

site and recruits other repair proteins to the damage site (Mladenov et al. 2023) (Fig.

1). Prior to the ligation step, DNA-PK is autophosphorylated to be removed from the

damage site. To make the DNA end compatible for the ligation, there are several en-

zymes that are specific for end processing, including Artemis nucleases, polymerases of

the POL X family, POL µ and POL λ, the tyrosyl-DNA phosphodiesterase 1 (TDP1),

and the polynucleotide kinase 3′-phosphatase (PNKP), depending on the type of DNA

ends. Mechanistically, these enzymes can add, remove, or modify nucleotides at DNA

ends (Mladenov et al. 2023), suggesting that the C-NHEJ is error-prone. DNA end

processing is a crucial step in the repair of IR-induced DNA DSBs (Chang et al. 2016).

DNA ends are then ligated with the DNA Ligase 4 (LIG4) and X-ray cross comple-

menting protein 4 (XRCC4), which together form a complex. Ligation is facilitated by
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XRCC4-like factor (XLF) and/or by a paralog of XRCC4 and XLF (PAXX) (Zhao et al.

2020).

1.2.3 Alternative non-homologous end joining

Alt-NHEJ is a backup pathway, also abbreviated as B-NHEJ, that is suppressed by

C-NHEJ and HR and is therefore activated when these pathways are defective (Dueva

et al. 2013b). This pathway is facilitated by microhomology sequences (between 2-20

nucleotides) found at the DNA ends, but they are not required for its function. Alt-

NHEJ is active in all phases of the cell cycle, however, its activity peaks in the S and

G2 phases. It is also slower than C-NHEJ, but more error-prone. It is known that Alt-

NHEJ can rejoin unrelated sequences together without restoring the DNA sequences.

Therefore, the frequency of gene translocations and large deletions is significantly high.

As a result, this pathway is one of the major sources of genomic instability (Dueva et al.

2013b). The mechanism of Alt-NHEJ is independent of DNA-PKcs and KU70/KU80.

However, the presence of these factors together with the major factors in Alt-NHEJ,

shows that it begins when the other two pathways are initiated but failed to continue

the repair processes. Another model of activation of this pathway is that PARP1 poly

(ADP-ribose) polymerase 1 (PARP1) senses the DNA breaks and activates this pathway.

Alt-NHEJ can also be active even when C-NHEJ is functional. However, the balance

between these two pathways affects the pathway selection (Zhang et al. 2024). Recently,

it has been shown that cGAS (cyclic GMP-AMP synthase), the main cytosolic DNA

sensor, translocates to the nucleus in the presence of DNA damage, and forms a complex

with KU80, which enhances its interactions with DNA-PKcs and thus promotes C-NHEJ

(Zhang et al. 2024). Interestingly, this complex formation leads to the suppression of Alt-

NHEJ. Therefore, the cGAS-KU80 complex modulates the balance between Alt-NHEJ

and C-NHEJ.

In Alt-NHEJ, mechanistically, PARP1 promotes CtIP and MRN complex for a short-

range DNA end resection (Fig. 1). The DNA ends can be rejoined using the homology

sequences, and the DNA is then synthetized by DNA polymerase θ (POLθ). Ligation is

further mediated by the DNA Ligase 3 (LIG3)/XRCC1 complex (Mladenov et al. 2023).

1.3 KRAS

Kirsten Rat Sarcoma Viral Oncogene Homologue (KRAS) is a commonly mutated on-

coprotein in the RAS family of small guanosine triphosphatases (GTPases), which are

linked to the plasma membrane. Three genes encode RAS GTPases, including HRAS,
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Figure 1: DNA DSB repair pathways after exposure to IR. DSBs are repaired
mainly by HR, C-NHEJ, and Alt-NHEJ. Modified after (Mladenov et al. 2013). Please

see the text for the details.

NRAS, and KRAS. Mutations in these GTPases are present in about 30% of all human

cancers, with KRAS mutations responsible for 75% of these cases (Prior et al. 2020).

Structurally, KRAS consists of two main domains; the N-terminal G-domain and the

C-terminal Hyper Variable Region (HVR). The G-domain is the catalytic domain that

regulates GDP/GTP binding. The catalytic domain contains switch I, switch II, and

phosphate-binding loop (P-loop) regions (Fig. 2). KRASwt switches between two states

under normal physiological conditions, i. e. a guanosine diphosphate (GDP)-bound

inactive state and a guanosine triphosphate (GTP)-bound active state. This transi-

tion is triggered by stimulation via receptor tyrosine kinases (RTKs). GTP binding to

RAS causes conformational changes, particularly in the switch I and switch II regions

of RAS, which then enables RAS to interact with other effector proteins. In this con-

text, GTPase-activating proteins (GAPs) enhance the hydrolysis of GTP and therefore

inactivate RAS. On the other hand, guanine nucleotide exchange factors (GEFs) cause

the release of GDP, which helps the binding of GTP to RAS, thereby activating RAS

(Kolch et al. 2023). KRAS transmits signals majorly through the RAF/MEK/ERK,
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PI3K/AKT, and RalGDS signaling pathways. These pathways are significantly upregu-

lated in KRAS mutated cells (Moodie et al. 1993; Rodriguez-Viciana et al. 1997; Zhang

et al. 1993). Interestingly, these signaling pathways cross-talk at multiple points, en-

abling them to interact with each other. The interaction of the indicated pathways

results in the activation of alternative pathways when one pathway is impaired (Eser

et al. 2014).

Figure 2: Crystal Structure of KRASwt bound to GDP. Created with BioRen-
der.com

There are oncogenic mutations in the KRAS that generally affect GTP hydrolysis and

keep RAS in a constitutively active state. Among them, mutations in G12, G13, and Q61

codons have been observed (Chen et al. 2013; Hunter et al. 2015; Smith et al. 2013).

Interestingly, there are multiple substitutions that have also been found within these

specific codons, including G12D, G12V, and G12C (Buhrman et al. 2007; Hunter et al.

2015; Haigis 2017; Muñoz-Maldonado et al. 2019), that the frequency of these mutations

varies between tumors, which in turn causes the activation of different signaling path-

ways. For instance, it has been reported that in non-small cell lung cancer (NSCLC), the

G12D mutation is linked to enhanced PI3K/AKT and MER/ERK pathways, whereas

G12V and G12C mutations are more associated with the RalGDS signaling pathway

(Ihle et al. 2012). In the clinical setting, these allelic variants may also cause diverse

clinical outcomes. For example, it has been reported that in NSCLC, G12V, and G12C

mutations are linked to poor progression-free survival (PFS) and disease-free survival

(DFS), respectively (Jia et al. 2017; Nadal et al. 2014). In addition, the G12D mutation

plays a critical role in decreasing the overall survival (OS) of pancreatic cancer patients

compared to G12V and G12R (Dai et al. 2022). There are a number of studies that have

also suggested that mutations in G12D, G12V, and G12C reduce recurrence-free survival
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(RFS) and PFS in colorectal cancer patients (Chida et al. 2021; Park et al. 2021) further

highlighting the importance of specific KRAS mutations in clinical outcomes.

1.4 Y-box binding protein-1

Y-box binding proteins are DNA/RNA binding proteins that bind to the CCAAT in-

verted sequence (Dolfini et al. 2013). This family of proteins is part of cold shock domain

(CSD) proteins that play a significant role in the control of cell growth and development

(Lindquist et al. 2018). Currently, three members of this family of proteins have been

identified, including Y-box binding protein-1 (YB-1)/DNA binding protein B (DBP2),

YB-2/ DNA binding protein C (DBPC), and YB-3/ DNA binding protein A (DBPA),

which share a similar structure. Compared to YB-2 and YB-3, YB-1 is the most well-

studied member that has been found to be highly expressed in solid tumors (Dahl et al.

2009; Fushimi et al. 2013; Nishio et al. 2014; Sinnberg et al. 2012; Zhan et al. 2022).

Interestingly, YB-1 has been suggested to be involved in all cancer hallmarks, e.g., it

stimulates resistance mechanisms by enhancing DDR, leading to CRT resistance (Chat-

terjee et al. 2008; Kim et al. 2013; Mylona et al. 2014; Shibahara et al. 2001; Zhang

et al. 2012).

Structurally, YB-1 at the N-terminal site has Alanine/Proline-rich domain (A/P) with

amino acid (aa) residues from 1 to 50. In addition, a highly conserved CSD from aa 51

till aa 129, and a C-terminal domain (CTD) from aa 129 to aa 324 (Yang et al. 2019)

as illustrated in Fig. 3. The CDS comprises a five stranded β-barrel that contains two

RNA-binding motifs known as ribonucleoprotein (RNP) particle domain-1 (RNP1) and

RNP2 (Matsumoto et al. 1998), which play an important role in binding to DNA/RNA.

YB-1 has function in both gene transcription (Lyabin et al. 2014) and protein translation

(Evdokimova et al. 1998; Evdokimova et al. 1995; Minich et al. 1993) by binding to

DNA and RNA, respectively. The CTD region of YB-1 has both positive and negative

charges, but overall CTD domain is positively charged. Furthermore, the CTD contains

one cytoplasmic retention signal (CRS) and three nuclear localization signals (NLS);

NLS1 from aa 149 till aa 156, NLS2 from aa 185 to aa 194, and NLS3 from aa 176 to

aa 292 (Roeyen et al. 2013). Additionally, there is a specific site for cleavage by the

20S proteasome located between glutamic acid 219 (Glu219) and glycine 220 (Gly220)

(Roeyen et al. 2013).

The basic charge of the CTD is responsible for improving the binding capacity of YB-1

to the mRNA, thus playing a role in translation regulation (Hamon et al. 2022). In this

context, YB-1 as a cytoplasmic protein is known to enhance the translation of certain

mRNAs, such as HIF1α (El-Naggar et al. 2015), Snail1, Twist, and others genes that



Chapter 1 Introduction 9

Figure 3: Diagram and crystal structure of YB-1. A YB-1 comprises three do-
mains: N-terminal A/P, CSD, and CTD in total having 324 aa. The CSD possesses two
RNP1 and RNP2 while the CTD has three NLS and one CRS. In addition, YB-1 has
a 20S proteasome cleavage site that occurs between aa Glu219-Gly220. The CTD also
displays clusters of positive and negative charges represented as indicated. Numerous
post-translational modification sites are indicated. B The CSD, spanning aa 51 to aa
129, participates in DNA/RNA binding and features a five-stranded -barrel with RNP1
and RNP2. aa amino acid, A/P domain alanine/proline-rich domain, CRS cytoplasmic
retention signal, CSD cold shock domain, CTD C-terminal domain, Glu219 Glutamic
acid 219, Gly220 Glycin 220, NLS nuclear localization signals, PTM Post-translational
modification, RNP1 ribonucleoprotein particle domain-1, RNP2 ribonucleoprotein par-
ticle domain-2, YB-1 Y-box binding protein 1. Adopted from (Khozooei et al. 2023).

Please see the text for the details.

control epithelial-mesenchymal transition (EMT) in breast cancer cells (Evdokimova et

al. 2009). Interestingly, YB-1 also boosts the translation and thus expression of the

insulin-like growth factor-I receptor (IGF-IR) (Chu et al. 2018). Furthermore, YB-1 can

be also translocated to the nucleus in response to different conditions such as ultraviolet

(UV) irradiation (Koike et al. 1997), hypoxia (Rauen et al. 2016), and cisplatin treatment

(Woolley et al. 2011). Once translocated, nuclear YB-1 either acts as a transcription

factor to promote the expression of certain genes or physically interacts with certain

proteins (Kim et al. 2013).

Various post-translational modifications (PTMs) take place on YB-1 under different

conditions, which impact its function and subcellular localization. Among these modi-

fications, phosphorylation has been well studied, particularly phosphorylation of serine

102 (S102). This phosphorylation site is located on the CSD and is known to affect

the binding of YB-1 to the DNA. In this context, it has been suggested that phospho-

rylation at S102 enhances the binding of YB-1 to ErbB2 promoter thereby increasing

the transcription of the ErbB2 gene (Stratford et al. 2008; Wu et al. 2006). Moreover,

this modification can facilitate the shuttling of YB-1 to the nucleus (Gieseler-Halbach

et al. 2017; Sutherland et al. 2005). However, a previous study was able to show that

once YB-1 is phosphorylated at S102, whether induced by IR, epidermal growth factor

(EGF) treatment, or the conditional expression of KRASG12V, it does not translocate

to the nucleus (Tiwari et al. 2018). This discrepancy in findings may be due to differ-

ences in the stimuli used and the specific patterns of PTMs required for YB-1 nuclear

translocation.
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Apart from S102 phosphorylation, other phosphorylation sites may also influence both

the function and localization of YB-1. For example, a study reported that when YB-1

is phosphorylated at S209, YB-1 does not enter the nucleus even when S102 is phos-

phorylated (Sogorina et al. 2022). Given that S209 phosphorylation is located on the

NLS, it may affect the accessibility of the NLS for translocation to the nucleus. Similar

to this report, two other phosphorylation sites i.e., at S165 and S176 have been discov-

ered to decrease NLS exposure and subsequently impair YB-1 shuttling to the nucleus

(Mehta et al. 2020). In addition, it has been reported that YB-1 translocates to the

nucleus in JAK2 mutated cells to regulate MKNK1 gene splicing. Interestingly, in this

study, subcellular localization of YB-1 has been identified to be controlled by S30 and

S34 phosphorylation (Jayavelu et al. 2020). Furthermore, a new study has proposed

that threonine 89 (T89) phosphorylation on YB-1 following IR and cisplatin, which is

mediated by DNA-PKcs, results in nuclear transfer of YB-1 (Nöthen et al. 2023).

As a multifunctional oncoprotein, YB-1 has a broad role in tumor progression. An

efficient and controlled cell cycle is required for the cells. It has been reported that

YB-1 controls the cell cycle by regulating the expression of certain genes involved in the

cell cycle such as cyclin A, cyclin B1, cyclin D, and E2F transcription factor (Fujiwara-

Okada et al. 2013; Jurchott et al. 2003; Lasham et al. 2012). In line with this finding,

knocking out YBX1 in mouse models of TNBC and lung cancer significantly decreased

tumor growth (Lasham et al. 2012; Tiwari et al. 2020).

Early evidence for the involvement of YB-1 in DNA repair comes from a study by

Hasegawa et. al. (Hasegawa et al. 1991), which showed that YB-1 is capable of binding

to DNA and preferentially to the depurinated DNA. Notably, this binding was not

sequence-specific (Hasegawa et al. 1991). This was further supported by the other study

showing that YB-1 recognizes and binds to cisplatin-modified DNA (Ise et al. 1999).

Furthermore, Izumi et al. (Izumi et al. 2001) has reported that YB-1 has 3′ → 5′

exonuclease activity through CSD region (Izumi et al. 2001). Interestingly, YB-1 has

been shown to have strand separation activity on the DNA that is dependent on its CTD

region (Guay et al. 2008). Another study reported that YB-1 physically interacts with

some DNA damage and repair proteins, namely Ku80, MSH2, DNA polymerase δ, and

WRN (Gaudreault et al. 2004). In addition, the interaction of YB-1 with proliferating

cell nuclear antigen (PCNA) was observed by Ise et al. (Ise et al. 1999). YB-1 also

causes resistance to CRT by impairing DNA repair mechanisms after CRT. In line with

this, an in vitro study showed that knockdown of YB-1 impaired the repair of DSBs and

sensitized breast cancer cells to IR (Toulany et al. 2011). Another study demonstrated

that after DNA damage, YB-1 is cleaved by proteolysis and the C-terminal truncated

YB-1 accumulates in the nucleus and binds to Mre11 and Rad50 (Kim et al. 2013).
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These observations collectively strengthen the concept that YB-1 plays a role in DNA

repair.

In KRAS -mutated tumors, YB-1 is constitutively phosphorylated at S102. Therefore,

YB-1 can be considered an oncoprotein with potential prognostic value. In this context,

it has been shown that YB-1 expression and nuclear localization are higher in pancreatic

cancer compared to the normal tissues (Lu et al. 2017b), and this was associated with

lymphatic/venous invasion (Shinkai et al. 2016). Additionally, a study by Shiraiwa et al.

(Shiraiwa et al. 2016) has shown the association of nuclear YB-1 expression with reduced

RFS in CRC. Interestingly, cytoplasmic YB-1 expression was found to be elevated in

rectal cancer tissues (Zhang et al. 2015). In lung cancer, YB-1 expression was found to

correlate with poor prognosis in nearly 50% of tumors (Gessner et al. 2004; Jiang et al.

2017; Shibahara et al. 2001). In addition, there are a number of studies that have also

demonstrated the prognostic value of YB-1 in other tumor entities (Chao et al. 2016;

Fushimi et al. 2013; Sheridan et al. 2015; Shibahara et al. 2001; Sinnberg et al. 2012;

Song et al. 2014; Yan et al. 2014). Taken together, these studies have highlighted the

prognostic value of YB-1 in various tumor entities that may play a role in the response

to therapy.

As mentioned above, YB-1 phosphorylation at S102 is the most well-studied PTM in

YB-1. This phosphorylation plays a critical role in the function of YB-1 and is mainly

regulated by AKT and p90 ribosomal S6 kinase (RSK) (Sutherland et al. 2005). Conse-

quently, YB-1 serves as a pivotal point where the phosphoinositide-3-kinase (PI3K) and

mitogen-activated protein kinase (MAPK) pathways, downstream of KRAS, intersect

(Evdokimova et al. 2006; Stratford et al. 2008).

1.5 Signaling pathways regulating YB-1 phosphorylation

at S102

As mentioned earlier, phosphorylation of YB-1 at S102 plays a significant role in its

functionality. This phosphorylation is majorly regulated by the two key serine/threonine

protein kinases RSK and AKT (Sutherland et al. 2005; Evdokimova et al. 2006; Stratford

et al. 2008) in the MAPK and PI3K pathways respectively.

1.5.1 MAPK/ERK pathway

This signaling pathway is triggered by RTKs, including EGFR, platelet-derived growth

factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), insulin receptor,
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and vascular endothelial growth factor receptor (VEGFR) (Hubbard et al. 2007). These

receptors are activated by ligand binding and IR, which causes receptor oligomerization.

Afterward, the oligomerization facilitates the autophosphorylation of tyrosine residues

in the cytosolic domain of these RTKs (Hubbard et al. 2007) (Fig. 4). Upon RTK phos-

phorylation, growth factor receptor-bound protein 2 (Grb2) binds via its Src homology 2

(SH2) domain to the phosphorylated tyrosine and via its Src homology 3 (SH3) domain

binds to Son of Sevenless (SOS), a GEF that regulates RAS activity. Thereafter, the

activated RAS binds and phosphorylates the serine/threonine protein kinase Rapidly

Accelerated Fibrosarcoma (RAF). A series of serine/threonine protein kinases are then

phosphorylated and activated. Following RAF activation, RAF phosphorylates and ac-

tivates MAPK kinase (MEK), which further leads to phosphorylation and activation of

extracellular signal-regulated kinase (ERK). ERK can act as a transcription factor (TF)

to further regulate the expression of target genes that are involved in cell growth and

proliferation, differentiation, and survival (Korzeniecki et al. 2021; Wagle et al. 2018). In

addition, ERK phosphorylates downstream targets including RSK which has 4 isoforms;

RSK1, RSK2, RSK3 and RSK4. Interestingly, activated RSK phosphorylates YB-1 at

S102 (Stratford et al. 2008).

In KRAS mutated tumors, this pathway is constitutively active which causes the cells

to become more dependent on the MAPK pathway (Lee et al. 2019). This was also

supported by the data showing that in KRAS mutated cells when YB-1 is highly phos-

phorylated, the cells rely on the MAPK/RSK pathway (Tiwari et al. 2020).

1.5.2 PI3K/AKT signaling pathway

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B/AKT signaling pathway reg-

ulates multiple cellular processes such as cell cycle, cell growth, and proliferation (Fig.

5). PI3K has three classes, including class I, class II, and class III. In total there are

eight isoforms of PI3K and among them, type I is the most well-studied isoform that has

been shown to be involved in tumor development (Vanhaesebroeck et al. 2010). Class I

has 2 subunits; the catalytic subunit p110 and the regulatory subunit p85. Mechanis-

tically, similar to the MAPK/ERK pathway, the PI3K/AKT pathway is also induced

by the binding of growth factors to the RTKs, resulting in the binding of the PI3K

to the phosphorylated tyrosine residues on the cytosolic domain of the RTKs. In ad-

dition, activated RAS can also activate PI3K (Shi et al. 2019). Once activated, PI3K

changes phosphatidylinositol (3,4)-bisphosphate (PIP2) lipids to phosphatidylinositol

(3,4,5)-trisphosphate (PIP3). PIP3 acts as a docking site to which AKT binds, allow-

ing Phosphoinositide-dependent kinase-1 (PDK1) to phosphorylate AKT at T308. This

phosphorylation leads to partial activation of AKT, which further activates mTORC1,
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Figure 4: MAPK/ERK/RSK pathway. Ligand binding to the receptors and expo-
sure to IR induce dimerization and activation of the RTKs resulting in autophosphory-
lation of tyrosine residues in the cytoplasmic domain of RTKs. Once phosphorylated,
Grb2 binds to the phosphorylated tyrosine to make a docking site for SOS binding.
This results in RAS activation which further induces a cascade of phosphorylation and
activation of the kinases resulting in the regulation of the genes involved in cell growth,
differentiation, proliferation, and survival. ERK extracellular signal-regulated kinase,
GAD GTPase-Activating Proteins, GEF Guanine nucleotide exchange factors, Grb2
Growth factor receptor-bound protein 2, IR ionizing irradiation, MEK MAPK kinase,
RAF Rapidly Accelerated Fibrosarcoma, P Phosphate, RSK P90 Ribosomal S6 kinase,
SOS Son of sevenless, YB-1 Y-box binding protein 1. Created with BioRender.com.

which is involved in protein translation. In addition, mTORC2 phosphorylates AKT

at S473, leading to full activation of AKT. Fully active AKT mediates various cellular

activities such as the induction of angiogenesis, growth, proliferation, and survival (Hem-

mings et al. 2012). It has been reported that activated AKT, can also phosphorylate

YB-1 at S102 as well (Bader et al. 2008; Evdokimova et al. 2006).
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Figure 5: PI3K/AKT pathway.PI3K is activated by ligands such as growth factors
or by RAS. Upon binding and dimerization and thus activation, PI3K binds to the phos-
phorylated tyrosine residue of the cytoplasmic part of the RTKs. This binding activates
PI3K, which further converts PIP2 to PIP3. AKT binds to the PIP3 docking site at the
plasma membrane where PDK1 phosphorylates it at T308. For full activation, AKT
is further phosphorylated S473 by mTORC2. Activated AKT has a role in regulat-
ing physiological processes in a YB-1-dependent or independent manner. Furthermore,
AKT activates mTORC1 which plays a crucial role in protein synthesis. AKT Protein
kinase B, 4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1 GAD
GTPase-Activating Proteins, GEF Guanine nucleotide exchange factors, Grb2 Growth
factor receptor-bound protein 2, mTORC2 mammalian target of rapamycin complex 1,
P Phosphate, PDK1 Phosphoinositide-dependent kinase-1, PI3K Phosphoinositide 3-
kinase, PIP2 Phosphatidylinositol 4,5-bisphosphate, PIP3 Phosphatidylinositol (3,4,5)-
trisphosphate, S6K S6 kinase, SOS Son of sevenless, YB-1 Y-box binding protein 1.

Created with BioRender.com.

1.5.3 The p21-activated kinase family of proteins

The p21-activated kinases (PAK) are a family of conserved serine/threonine kinases that

play a role in regulating various signaling pathways. PAKs are involved in the regulation

of the cytoskeleton and actin polymerization (Fig. 6). PAKs are upregulated in different

cancer entities and apart from their role in cytoskeleton remodeling, it has been reported

that PAKs are involved in cell survival by upregulating anti-apoptotic proteins (Kumar

et al. 2006). In addition, PAKs mediate growth factor signaling, cell migration, and

tumor progression (Kumar et al. 2006). Based on their structural similarities, this

family of proteins has been categorized into two groups; group I includes PAK1, PAK2,
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and PAK3, and group II includes PAK3, PAK4, and PAK6 (Rudolph et al. 2015). PAK1

is the most well-studied isoform which is regulated by small GTPases cell division cycle

42 (CDC42) and Ras-related C3 botulinum substrate 1 (RAC1) (Manser et al. 1994).

In line with this, studies have shown that RAS is involved in cytoskeleton remodeling

through the TIAM1/RAC/PAK axis (Takács et al. 2020a). In addition, PAK1 can be

regulated by PI3K, PDK1, and AKT (King et al. 2000; Tang et al. 2000; Tsakiridis

et al. 1996). PAK1 itself is reported to be involved in regulating both PI3K and MAPK

signaling pathways (Beeser et al. 2005; Lu et al. 2017a). In line with this, PAK has been

shown to be involved in the controlling of RAF, MEK, and ERK kinases (Eblen et al.

2002; Higuchi et al. 2008; Park et al. 2007). Consequently, PAK proteins may also be a

potential regulatory point in the signaling pathways that govern the phosphorylation of

YB-1 at S102.

1.6 Targeting KRAS/YB-1 cascade

As mentioned earlier, KRAS mutations are the key factors in resistance to CRT, high-

lighting the importance of targeting KRAS. Comprehensive reviews outline various ap-

proaches to KRAS targeting (Khozooei et al. 2023; Singhal et al. 2024). Due to some

intrinsic features, targeting KRAS is challenging. These features include conformational

dynamics between active and inactive states which highlights the need for selective

modulation of this balance. In addition, the high concentration of intracellular GTP,

and thus the strong affinity of KRAS for GTP, impedes the use of GTP-competitive

inhibitors. Furthermore, the lack of binding pockets on the KRAS also makes drug de-

velopment complicated (Singhal et al. 2024). However, a number of different approaches

that have been developed to inhibit KRAS, including targeting of KRAS PTMs with

farnesyltransferase inhibitors (FTIs) in combination with geranylgeranyl transferase 1

inhibitors (GGTIs) (Hahn et al. 2002; Martin et al. 2004), inhibiting nucleotide exchange

factors such as SOS1 inhibitors (Gort et al. 2020), blocking downstream pathways such

as the MAPK and PI3K pathways (Toulany et al. 2016; Toulany et al. 2014; Wee et

al. 2009), and using mutant-specific KRAS inhibitors such as sotorasib (Lanman et al.

2020) and adagrasib (McCormick 2020), which are specific against KRASG12C. In ad-

dition, other allele-specific inhibitors such as MRTX1133 against KRASG12D have been

developed and this drug is in phase I clinical trials (Wang et al. 2022). Overall, these

strategies are being developed to overcome KRAS-mediated resistance and therefore to

have better outcomes.

However, since YB-1 phosphorylation at S102 is mediated by KRAS, and YB-1 plays a

pivotal role in tumor progression, another strategy to overcome KRAS mutated tumors
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Figure 6: PAK1 as a cross point in the PI3K and MAPK pathways.PAK1 can
be regulated by RAS, PI3K, PDK1 and AKT. It has ability to activate MEK and ERK
independent of RAF induction. Furthermore, PAK1 stimulates PDK1, creating a pos-
itive loop where PDK1 may further activate PAK1. The activation of PAK1 influences
many physiological processes such as inflammation, Migration, Cytoskeleton remodel-
ing, proliferation, and cell survival. AKT Protein kinase B, ERK extracellular signal-
regulated kinase, GAD GTPase-Activating Proteins, GEF Guanine nucleotide exchange
factors, Grb2 Growth factor receptor-bound protein 2, MEK MAPK kinase, mTORC2
mammalian target of rapamycin complex 1, RAF Rapidly Accelerated Fibrosarcoma,
P Phosphate, PDK1 Phosphoinositide-dependent kinase-1, PI3K Phosphoinositide 3-
kinase, PIP2 Phosphatidylinositol 4,5-bisphosphate, PIP3 Phosphatidylinositol (3,4,5)-
trisphosphate, S6K S6 kinase, SOS Son of sevenless. Created with BioRender.com

is to target YB-1. Table 1, summarizes the strategies that can target YB-1 directly

or indirectly through upstream signaling pathways. Most of the approaches are in the

preclinical stages, but there are a number of strategies that are in the clinical phases. In

addition, a summarized schematic (Fig. 7) describes the targeting strategies of YB-1.
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Table 1: Targeting YB-1 directly and indirectly by different inhibitors and their out-
comes.

Targeting

strategy

Tumor Inhibitor Study out-

come

Ref.

Dual targeting

of PI3K/AKT

and

MAPK/RSK

pathways

Breast Can-

cer, Colorec-

tal Cancer

Dual targeting

of AKT and

RSK inhibitors

Decreases YB-1

S102 phos-

phorylation,

Chemosensitizes

to 5-Fu and

Radiosensitizes

in vitro.

(Lettau et al.

2021; Maier

et al. 2019)

Prostate

Cancer

RSK inhibitor

PMD-026

Decreases YB-1

S102 phos-

phorylation,

decreases AR-

V7 mRNA,

inhibits cell

proliferation,

enhances apop-

tosis in vitro,

blocks tumor

progression in

vivo.

(Ushijima et

al. 2022)

Advanced or

metastatic

breast cancer

Multikinase

inhibitor

TAS0612

against AKT,

p70S6K and

RSK

Decreases

S102 YB-1,

inhibits cell

cycle, enhances

sensitivity to

tamoxifen and

fulvestrant,

impairs tumor

progression

in vivo. Cur-

rently in phase

I clinical trial

(NCT04586270).

(Shibata

et al. 2020)

Targeting the

switch points

between

PI3K/AKT and

MAPK/RSK

pathways

KRAS -

mutated

NSCLC

FAK inhibitor

as a switch

point between

PI3K/AKT and

MAPK/RSK

pathway

Enhances

radiosensitivity.

(Tang et al.

2016)
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AR-positive

TNBC

Ceritinib as an

ALK inhibitor

+ enzalutamide

Decreases cell

proliferation in

vitro and in vivo

through reduc-

ing S102 YB-1

in FAK/YB-1

signaling.

(Dong et al.

2022)

Impairing

mRNA binding

of YB-1

Breast Can-

cer Brain

Metastasis

Abelson (ABL)

inhibitors

Blocks YB-1

phosphorylation

at Y72 and

Y99, reduc-

ing binding of

YB-1 to ErbB2

mRNA, thus

blocking ErbB2

expression

and inhibiting

metastatic

outgrowth.

(Khatri et al.

2019)

Natural

compounds that

target YB-1

TNBC Luteolin as a

RSK1/RSK2 in-

hibitor

Blocks YB-1

S102 phos-

phorylation,

increases apop-

tosis when

combined with

paclitaxel.

(Lin et al.

2008; Reipas

et al. 2013)

Liver Cancer 7-

Hydroxyindirubin

(7-HI)

Increases

anticancer

properties of

actinomycin D.

(Tanaka

et al. 2021)

Breast Can-

cer

Aloe-emodin

(AE)

Inhibits YB-1

expression, cell

migration and

invasion. Blocks

cancer stem cell

proliferation

in vitro and

inhibits tumor

progression in

vivo.

(Ma et al.

2016)
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Targeting YB-1

directly

Ovarian

Cancer

Niraparib Binds to YB-1

and impairs

YB-1-RNA

interactions.

Currently

in clinical

trial phase II

(NCT02657889).

(El Hage et

al. 2023)

Ovarian

Cancer

SU056 Inhibits cell

proliferation.

When combined

with paclitaxel,

has a synergistic

effect in vitro

and in vivo.

(Tailor et al.

2021)

Breast Can-

cer

2,4-Dihydroxy-

5-pyrimidinyl

imidothiocarba-

mate (DPI)

Directly in-

hibits YB-1 and

induces apopto-

sis. Sensitizes

cancer cells to

Doxorubicin.

(Gunasekaran

et al. 2018)

Renal Dam-

age and Fi-

brosis

HSc025 Binds to the

CTD of YB-1,

induces YB-1

nuclear translo-

cation, and

impairs YB-1

function in sta-

bilizing Col1a1

mRNA in the

cytoplasm,

reducing renal

damage and

fibrosis.

(Higashi

et al. 2011;

Wang et al.

2016)

Breast and

Prostate

Cancer

YB-1 blocking

peptide

Interferes with

S102 phos-

phorylation of

YB-1, sensi-

tizing cells to

trastuzumab

and IR in vitro.

(Law et al.

2010; Lettau

et al. 2021)
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Fisetin (3,7,3’,4’-tetrahydroxyflavone) (Fig. 8), is a plant-based polyphenol that has

been shown to have anti-cancer effects in several cancer entities. Different sources contain

fisetin, including grapes, onions, strawberries and apples (Lall et al. 2016). The effects

of fisetin on various cancer entities have been investigated (Adan et al. 2015; Kuntz et al.

1999; Li et al. 2011; Sechi et al. 2018; Suh et al. 2010; Yang et al. 2012; Ying et al. 2012;

Zhuo et al. 2015) and reviewed (Lall et al. 2016; Rahmani et al. 2022) as shown in Fig.

9.

Interestingly, fisetin was found to bind to the CSD of YB-1 (Fig. 10), where phos-

phorylation occurs at S102. Mechanistically, fisetin binds to the β1 − β4 strand in the

CSD. Molecular docking of fisetin with YB-1 shows that fisetin has a strong affinity for

the residues valine 63 (Val63), lysine 64 (Lys64), tryptophan 65 (Trp65), phenylalanine

(Phe66), isoleucine (Ile91), Gly104, aspartic acid 105 (Asp105), Gly106, and Glu107

residues. In particular, amino acid residue Trp65 is considered to be the binding packet

(Khan et al. 2014). Interestingly, fisetin forms a trinary complex with S102 and Glu107,

which could potentially disrupt S102 phosphorylation. In addition, the binding of fisetin

to the CSD prevents the interaction of AKT with YB-1 (Khan et al. 2014).

Interestingly, in melanoma cells, fisetin exhibits a stronger affinity to bind to RSK2

compared to other RSK isoforms, thus decreasing RSK kinase activity. Furthermore,

fisetin facilitates the binding of RSK2 to YB-1 to form a trinary complex. However, this

complex is postulated to stabilize the RSK2-YB-1 interaction, which in turn interferes

with YB-1 phosphorylation at S102 (Sechi et al. 2018).
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Figure 7: Targeting approaches in KRAS/YB-1 axis. S102 phosphorylation
of YB-1 is predominantly controlled by MAPK/RSK and PI3K/AKT pathways. In
KRAS mutated cells, the MAPK/RSK pathway mainly regulates YB-1 phosphoryla-
tion at S102. Phosphorylation of YB-1 at S102 has been shown to be involved in DNA
repair and thus CRT resistance. In addition to the S102 phosphorylation, other phos-
phorylations are also induced which may involve in resistance to CRT. For example,
DNA-PKcs activation following DNA damage may phosphorylate YB-1 at T89 in, which
can be shuttled to the nucleus. In addition, another mechanism of YB-1-mediated CRT
resistance may be through its function as a transcription factor that may regulate the
expression of different DNA repair and cell cycle genes. Furthermore, YB-1 phosphory-
lation at Y72 and Y99 is induced by ABL kinase which causes increased binding of YB-1
as a translation activator to the ErbB2 mRNA. Different strategies to interfere with
KRAS/YB-1 signaling are shown in red boxes. The question mark (?) indicates un-
known mechanisms. 6-OA 6-O-Angeloylplenolin, 7-HI 7-hydroxyindirubin, ABL Abel-
son family of tyrosine kinases, AKT/PKB Protein kinase B, ASO Antisense oligonu-
cleotide, Col1A1 collagen 1(I), CPP 9-mer cell permeable peptide, DPI 2,4-Dihydroxy-5-
pyrimidinyl imidothiocarbamate, DNA-PKcs DNA-dependent protein kinase catalytic
subunit, DSB Double strand break, DT Dual targeting, ERK Extracellular signal-
regulated kinase, FAK Focal adhesion kinase, FTI Farnesyltransferase inhibitor, GGTI
Geranylgeranyltransferase 1 inhibitor, GTP Guanosine triphosphate, IR Ionizing ra-
diation, KRAS Kirsten Rat Sarcoma Viral Oncogene Homologue, MEK MAPK ki-
nase, mRNA Messenger RNA, MUT Mutant, P Phosphate group, p70S6K p70 riboso-
mal S6 kinase, PAK p21-activated family of protein kinases, PDK1 Phosphoinositide-
dependent kinase-1, PI3K Phosphoinositide 3-kinase, PIP2 Phosphatidylinositol 4,5-
bisphosphate, PIP3 Phosphatidylinositol (3,4,5)-trisphosphate, RAF Rapidly activated
fibrosarcoma kinase, RSK p90 ribosomal S6 kinase, RTK Receptor tyrosine kinase, S102
Serine 102, SHP2i Src homology-2 domain-containing protein tyrosine phosphatase-2
inhibitor, Src SRC Proto-Oncogene, siRNA small interfering RNA, SOS1i Son of sev-
enless 1 inhibitor, WT Wild-type, Y72 Tyrosine 72, Y99 Tyrosine 99, YB-1 Y-box
binding protein 1, ? Unknown effector. Black arrows indicate the direction of the sig-
naling cascade, and the red arrows are the inhibitory signals. (Adopted from Khozooei

et al. 2023).
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Figure 8: Chemical structure of fisetin. Modified after (Grynkiewicz et al. 2019).

Figure 9: Anti-cancer effects of fisetin. Adopted from (Lall et al. 2016).

Figure 10: Fisetin (green) docking to CSD of YB-1.

Modified after (Khan et al. 2014).
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Aim of the study

YB-1 is a multifunctional oncoprotein that is overexpressed in different tumor entities

and is implicated in different cancer hallmarks. YB-1 overexpression is linked to therapy

resistance, leading to reduced OS. KRAS gain-of-function mutation and exposure to IR,

induce YB-1 phosphorylation at S102. Previous research from our laboratory indicates

that enhanced YB-1 phosphorylation at S102 stimulates the repair of IR-induced DSBs,

thereby causing radioresistance. In addition, YB-1 is highly phosphorylated in KRAS

mutated tumor cells, including TNBC and CRC cells.

One of the approaches to target YB-1 is by targeting its upstream signaling pathways. It

has been shown that YB-1 phosphorylation at S102 in KRAS mutated cells, is mediated

by RSK. Therefore, targeting RSK may be a promising approach, especially in cells with

mutations in the RAS pathway. Previously, it has been reported that targeting RSK

in breast cancer cells blocks YB-1 phosphorylation at S102 in both irradiated and non-

irradiated cells. However, activation of AKT following RSK inhibition, or constitutive

activation of AKT in cells with PIK3CA mutation, undermines the efficacy of RSK

targeting. Interestingly, dual inhibition of both RSK and AKT has shown promising

results, although toxicity issues need to be evaluated.

In the initial phase of the project, we aimed to utilize fisetin, known to interfere with

RSK-mediated YB-1 phosphorylation in melanoma cells, to further validate this effect

in TNBCs in vitro. Subsequently, we sought to combine fisetin with IR to determine

whether we could enhance the radiosensitivity of the TNBCs and investigate the under-

lying mechanisms of fisetin-mediated radiosensitization.

In the second part of the thesis, our objectives were to further expand the therapeu-

tic potential of fisetin in CRC cells in vitro and ex vivo, and to evaluate its benefits,

particularly in KRAS mutated cells.
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Results and Discussion

3.1 Publication I: Fisetin induces DNA double-strand break

and interferes with the repair of radiation-induced dam-

age to radiosensitize triple negative breast cancer cells

(Khozooei et al. J Exp Clin Cancer Res. 2022;41:256)

TNBC is an aggressive form of breast cancer that is associated with poor treatment

outcomes. In addition to surgery, radiotherapy remains one of the main approaches

for improving patient survival over the long term. However, following radiotherapy,

tumors frequently become resistant thereby interfering with the efficacy of the therapy.

Consequently, targeting the mechanisms involved in radioresistance in TNBCs along

with radiotherapy may result in enhanced treatment response. YB-1, an oncoprotein,

has been shown to play a critical role in different cancer hallmarks, particularly in cell

death resistance mechanisms. YB-1 is regulated by two main kinases, namely RSK and

AKT, which phosphorylate YB-1 at S102 (Lettau et al. 2021). This phosphorylation

and subsequent activation of YB-1 result in its role in stimulating IR-induced DNA

DSB repair (Lettau et al. 2021). It has been previously demonstrated that the single

targeting of RSK leads to activation of AKT (Lettau et al. 2021; Maier et al. 2019).

The activated AKT is known to be directly involved in the DSB repair by binding to

DNA-PKcs (Toulany et al. 2008; Toulany et al. 2012; Toulany et al. 2015). This, in

turn, serves to minimize the effect of RSK targeting. Therefore, dual targeting of both

AKT and RSK has been investigated in breast cancer and CRC cells, showing that it is

more effective in inhibiting cell proliferation and blocking the DNA DSB repair which

in turn induces radiosensitization and chemosensitization (Lettau et al. 2021; Maier

et al. 2019). However, due to toxicity issues regarding targeting AKT and RSK, an

alternative approach to target YB-1 is necessary. Fisetin is a plant flavonoid compound
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that has been shown to interrupt RSK-mediated YB-1 phosphorylation and activity. In

this study, we sought to elucidate the potential targets of fisetin in TNBC cells and

investigate the effect of fisetin on DSB repair and radiation response.

3.1.1 Fisetin inhibits YB-1 and AKT phosphorylation in a cell line-

dependent manner

First of all, the cells were authenticated, confirming that all TNBCs tested were neg-

ative for ER and PR, unlike the MCF-7 and T47D cell lines, which are classified as

ER+/PR+ (Fig. S1). The association between the phosphorylation levels of YB-1

(S102), RSK (T359/S363), and the total protein level of RSK2 is illustrated in Fig. S1.

The association between the phosphorylation levels of YB-1 (S102), RSK (T359/S363),

and the total protein level of RSK2 is illustrated in Fig. S1. It has been reported that

fisetin interferes with RSK-mediated YB-1 phosphorylation at S102 in the range of 20

to 80 µM in melanoma cells. In this study, the impact of fisetin treatment with concen-

trations ranging from 12.5 to 75 µM on the phosphorylation levels of YB-1 (S102) and

AKT (S473) was investigated in TNBC cells, including MDA-MB-231, MDA-MB-453,

HS 578T, and MDA-MB-468, over a 24-hour period. Fisetin significantly reduced YB-

1 S102 phosphorylation in MDA-MB-231 and MDA-MB-453 cells in a dose-dependent

manner, without affecting the YB-1 expression level (Fig. 1). It is noteworthy that, in

HS 578T cells, high concentrations of fisetin (50 and 75 µM) were observed to reduce

both YB-1 phosphorylation at S102 and expression. This effect was not observed in

MDA-MB-468 cells. Most importantly, fisetin did not induce AKT phosphorylation at

S473 in any of the TNBCs compared to RSK inhibitor LJI308 (Lettau et al. 2021; Maier

et al. 2019). However, AKT phosphorylation in MDA-MB-231 cells was even decreased.

Notably, the effect of fisetin was specific to the TNBCs, with no impact on HSF-7 nor-

mal human fibroblast cells. In HSF-7 cells, YB-1 phosphorylation was decreased very

slightly in fisetin concentrations of 25 and 50 µM (Fig. 1).

The TNBCs used in this study have distinct mutations in the PI3K/AKT and MAP-

K/RSK pathways, as detailed in Table S2. The analysis of the basal level of phosphory-

lation of YB-1, AKT, and RSK, in addition to the expression of RSK isoforms, indicates

that the phosphorylation of YB-1 at S102 is linked to the expression of RSK1 and RSK2

isoforms as well as phosphorylation level of RSK at T359/S363 (Fig. S1). A compar-

ative analysis of TNBCs, namely MDA-MB-231 and MDA-MB-468 cells, revealed that

the phosphorylation level of RSK is higher in cells with elevated YB-1 phosphorylation.

On the other hand, in MDA-MB-453 and HS578T cells, where AKT S473 is highly phos-

phorylated, YB-1 phosphorylation at S102 is low. These findings suggest that YB-1 is

mainly regulated by RSK in TNBCs, emphasizing on RSK as a critical candidate for
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YB-1 targeting. According to previous studies, fisetin inhibits YB-1 S102 in melanoma

cancer cells (Sechi et al. 2018), and interferes with PI3K/AKT pathway in breast cancer

cells (Sun et al. 2018). In the present study, fisetin was used as an alternative approach

to target both AKT and RSK to inhibit YB-1 phosphorylation. Our data is in line with

the reported study on the effect of fisetin on YB-1 phosphorylation (Sechi et al. 2018).

3.1.2 Fisetin mimics RSK pharmacological inhibitors in terms of in-

hibiting YB-1 phosphorylation

Given the lack of effect of fisetin on the reduction of YB-1 phosphorylation at S102 in

MDA-MB-468 cells, we sought to investigate whether this is due to its lack of effect on

RSK activity. To test this hypothesis, we treated the MDA-MB-468 cells with fisetin

(75 µM) in addition to two RSK inhibitors, namely LJI308 (LJI) and BI-D1870 (BID),

each at 2.5 µM for 24 h. For comparison, we also treated MDA-MB-231 cells where

we had previously observed the effect of fisetin on YB-1 phosphorylation (Figs. 2A-B).

Our data shows that fisetin, similar to the other two RSK inhibitors, reduced YB-1

phosphorylation at S102 in MDA-MB-231 cells. However, in MDA-MB-468 cells, fisetin

similar to BID, could not reduce YB-1 S102 phosphorylation. Interestingly, LJI with

lower IC50 compared to BID (Aronchik et al. 2014), inhibited YB-1 S102 slightly in

both cytoplasm and nucleus (Figs. 2A-B). These findings suggest that RSK represents a

primary target of fisetin. Moreover, fisetin exerts a similar effect on cells as that observed

with RSK inhibitors. When the cells are exposed to IR, DNA DSB occurs leading to

the phosphorylation of YB-1 at S102 (Lettau et al. 2021; Toulany et al. 2011). However,

in cells harboring KRAS gain-of-function mutation or PTEN loss-of-function mutation,

YB-1 is constitutively phosphorylated at S102 and this phosphorylation in these cells is

not further induced (Toulany et al. 2011). Therefore, we aimed to investigate whether

the effect of fisetin is altered in irradiated MDA-MB-231 with KRAS mutation and

MDA-MB-468 cells with PTEN mutation (Jang et al. 2010). As shown in Fig. 2C,

both cells represent a high level of YB-1 phosphorylation at S102, which is not induced

more by IR. Interestingly, similar to the non-irradiated conditions, fisetin inhibited YB-1

phosphorylation at S102 only in MDA-MB-231 cells (Fig. 2C).

In MDA-MB-468 cells, fisetin, similar to RSK inhibitors, did not affect YB-1 phosphory-

lation at S102, showing that this phosphorylation is RSK-independent. In line with this

observation, PTEN loss-of-function mutation in MDA-MB-468 cells, correlated with

highly activated AKT making YB-1 phosphorylation at S102 to be AKT-dependent

(Lettau et al. 2021).
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3.1.3 Fisetin radiosensitizes TNBC cells, enhances the frequency of

DSB in non-irradiated cells, and interferes with repair of IR-

induced DSB

In a previous study conducted in our laboratory, it was shown that the dual targeting

of AKT and RSK inhibits YB-1 phosphorylation at S102. This consequently interferes

with the DNA DSB repair and radiosensitizes both TNBC and non-TNBC cells (Lettau

et al. 2021). In this study, we sought to investigate whether interfering with YB-1

phosphorylation at S102 by fisetin is correlated with radiosensitization. The clonogenic

assay was performed in three settings. (1) A single dose of 3 Gy was administered

in conjunction with varying concentrations of fisetin in the range of 0 to 100 µM. (2)

Different doses of IR from 0 to 4 Gy combined with 75 µM fisetin, and (3) fractionated IR

(up to 5 fractions, 1 Gy per fraction) combined with fractionated fisetin concentration,

(up to 5 fractions, each with 75 µM). The results show that fisetin radiosensitizes the

TNBCs in all experimental settings (Fig. 3). Interestingly, fisetin alone in non-irradiated

cells, is able to decrease the clonogenic activity of the MDA-MB-231 and MDA-MB.468

cells (Figs. S2A-B). According to the data obtained, we combined 75 µM of fisetin with

fractionated irradiation. As data indicates in Fig. 3, fisetin enhanced radiosensitivity

in all TNBCs in a cell line-dependent manner. IR induces RSK/YB-1 and PI3K/AKT

prosurvival pathways, whereas, fisetin has the opposite effect, inhibiting RSK/YB-1 in

melanoma (Sechi et al. 2018), PI3K/AKT in pancreatic cancer (Xiao et al. 2021), and

YB-1 in TNBC (Fig. 1). It is therefore anticipated that the combination of fisetin and

IR will result in reduction in clonogenic activity and radiosensitizing effect.

According to the data in Fig. 3, the most radioresistant cell line among the cells tested is

HS 578T cells. When we compare the radiosensitization effect of fisetin in HS 578T cells

in a fractionated setting with the single dose of IR, we conclude that in fractionation

IR (where only 1 Gy is applied per day), HS 578T cells are able to repair the DSBs in

a more efficient manner. However, when fisetin is combined with a higher dose of IR

(4 Gy), the radiosensitization effect of fisetin is observed (Fig. S2C). It is important

to note that fisetin when combined with IR, did not have a radiosensitizing effect on

normal human fibroblast HSF-7 cells as illustrated in Fig. S2C.

YB-1, as an oncoprotein, has been shown to participate in DNA repair mechanisms

through direct binding to several DNA repair proteins, namely MSH2, DNA polymerase

delta, WRN, and Ku80. Alternatively, YB-1 has the ability to bind the DNA and

RNA at the site of DNA damage. In addition, data from our laboratory show that

blocking YB-1 S102 phosphorylation with a blocking peptide and knocking down of YB-

1 with siRNA impairs the repair of IR-induced DSBs (Lettau et al. 2021; Toulany et al.

2011) (Fig. 4C). We thus sought to determine whether the disruption of S102 YB-1



Chapter 3 Results and Discussion 28

phosphorylation by fisetin is associated with the inhibition of IR-induced DSB repair.

TNBC cells were treated with different concentrations of fisetin ranging from 25 µM to

75 µM and the number of residual DSB was assessed 24 h after IR. The data in Figs.

4A-B indicate that fisetin increases the residual DSB when combined with IR in all

TNBCs, independent of the effect of fisetin on YB-1 phosphorylation at S102, as fisetin

was not effective in reducing YB-1 phosphorylation at S102 in MDA-MB-468 cells (Fig

1). This effect was related to the observed radiosensitization effect of fisetin (Fig. 3).

More importantly, fisetin at the highest concentration (75 µM), did not block the repair

of IR-induced DSB in HSF-7 cells. Conversely, at 25 µM fisetin stimulated DSB repair

in HSF-7 cells. These results are consistent with the study showing that fisetin is able to

exert radioprotective effects against γ -irradiation (Piao et al. 2013). Furthermore, fisetin

was found to raise the levels of reduced glutathione (GSH), as a substrate for radical

scavenging by glutathione peroxidase. Therefore, it protects the cells from H2O2-induced

cell damage, thereby acting as an antioxidant in mouse hippocampal HT-22 and Chinese

hamster lung fibroblast (V79-4) cells (Ishige et al. 2001; Kang et al. 2014).

To explore if fisetin affects DSB induction by IR, γH2AX foci, as a marker of DNA

damage, were analyzed shortly after IR. In order to be able to count the γH2AX foci

30 min post IR, the cells were irradiated with 1 Gy rather than 4 Gy, thus reducing

the level of damage to facilitate accurate counting. The data presented in Fig. S3A

demonstrate that the pretreatment with 75 µM fisetin, increases γH2AX foci compared

to mock-treated conditions. This suggests that fisetin may either induce DNA damage or

block the repair of endogenous damages. These results are in line with the other studies,

indicating the role of fisetin as a DNA damage inducer at concentrations similar to those

used in this study, including in pancreatic cancer (50-100 µM) (Ding et al. 2020), hepatic

cancer (60 µM) (Kim et al. 2010), and gastric cancer (50 µM) (Sabarwal et al. 2017). To

better assess the interference of fisetin with DSB, the MDA-MB-231 and MDA-MB-468

cells were treated with fisetin at the concentrations of 25, 50, and 75 µM for 48 h, and

the number of γH2AX foci was analyzed as shown in Fig. S3B. Fisetin induced DNA

damage in both cells at the high concentration. Notably, lower concentrations (25 and

50 µM) also resulted in DNA damage induction in MDA-MB-468 cells, whereas no effect

was observed in MDA-MB-231 cells. These data suggest that fisetin has a dual role of

both inducing DNA damage in the cells and further impairing the repair of IR-induced

DSB. To compare the effect of fisetin on the IR-induced DSB repair and to determine

the extent to which this impact is dependent on YB-1, we knocked down YB-1 with

siRNA and applied fisetin before IR. The impact of fisetin on DSB repair was more

pronounced than that of YB-1 siRNA, and this effect was partially dependent on YB-1,

as evidenced by the analysis of the number of γH2AX foci (Fig. 4C).
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If damage is left unrepaired, it may result in chromosome aberrations during mitosis,

which could ultimately lead to mitotic catastrophe. Therefore, we examined whether

fisetin causes chromosomal aberrations in MDA-MB-231 and MDA-MB-468 cells where

YB-1 phosphorylation at S102 is differentially affected. As demonstrated by three-color

fluorescence in situ hybridization, fisetin treatment at a concentration of 75 µM for a

period of 72 hours is similarly capable of causing chromosomal damage, as is IR at a

dose of 2 Gy (Fig. 4D). A study by Klimaszewska-Wisniewska et al. (Klimaszewska-

Wisniewska et al. 2016) showed that fisetin at a concentration of 10 µM can induce

mitotic catastrophe when combined with paclitaxel. Interestingly, fisetin is known to be

an antimitotic compound, which directly inhibits Aurora B kinase during the mitotic

phase, ultimately leading to forced mitotic exit without cytokinesis (Salmela et al. 2009).

3.1.4 Fisetin inhibits DSB repair through interference with C-NHEJ

and HR repair pathways

As previously outlined, DSBs are primarily repaired by HR, C-NHEJ, and Alt-NHEJ

repair pathways. Here we investigated the underlying DSB repair pathway that is af-

fected by fisetin. The MDA-MB-231 and MDA-MB-468 cells were treated with specific

pathway inhibitors in combination with fisetin. The inhibitors of the C-NHEJ, HR, and

Alt-NHEJ pathways were NU7441 (5 µM), a DNA-PKcs inhibitor; B02 (5 µM), a Rad51

inhibitor; and talazoparib (25 nM), a PARP inhibitor. The data presented in Fig. 5A

indicate that treatment with fisetin and NU7441 resulted in substantial inhibition of

DSB repair in both MDA-MB-231 and MDA-MB-468 cells following exposure to 4 Gy

irradiation. Interestingly, B02 impeded DSB repair only in MDA-MB-468 cells (Fig.

5B). A combined treatment with fisetin and either Nu7441 (Fig. 5A) or B02 (Fig. 5B),

in contrast to single treatments, did not result in an enhanced residual DSB. In addition,

talazoparib increased the residual damage when applied as a single agent. However, the

combination of fisetin with talazoparib demonstrated an additive effect in blocking the

repair of IR-induced DSBs (Fig. 5C). It can thus be concluded that fisetin affects the

repair of DSBs through its action on the HR and C-NHEJ pathways, with a minimal

effect on Alt-NHEJ.

To provide additional evidence in support of the data obtained, the effect of fisetin on

I-SceI-induced DSB was tested on osteosarcoma cell lines, namely U2OS cells, which

harbor reporter constructs specific for each repair pathway (Gunn et al. 2012). Figs.

5D-F depicts the schematic of the DNA repair constructs for each cell line. Following

DSB induction by I-SceI, DSBs are repaired and as a result, (green fluorescent protein)

GFP protein is expressed and can be measured as a DNA repair efficiency. According

to the data in Figs. 5E-F, fisetin similar to the data obtained in MDA-MB-231 and
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MDA-MB-468 cells (Figs. 5A-C) reduces HR and C-NHEJ DNA repair efficiency which

is not observed in Alt-NHEJ cells. In line with our data, a study by Huang et al. (Huang

et al. 2022) has demonstrated that fisetin impairs HR in pancreatic cancer cells, through

reduction in the level of m6A on the PHF10 mRNA which plays a significant role in HR

(Huang et al. 2022).

3.1.5 Effect of fisetin in combination with IR on apoptosis and au-

tophagy

The accumulation of unrepaired DSBs leads to cell death through mitotic catastrophe,

apoptosis and autophagy. Therefore, we then sought to investigate whether fisetin in

combination with IR, increases apoptosis, as a mechanism of radiosensitization. We

first evaluated the cell cycle profile for each condition and analyzed the number of

cells in each cell cycle phase. In parallel, we examined the number of cells in the sub-

G1 phase of the cell cycle as apoptotic cells. Based on the data shown in Fig. 6A,

fisetin treatment (75 µM) for 72 h, reduced G1 cells in all TNBCs. In addition, sub-

G1 cells were increased in MDA-MB-231 and MDA-MB-4453 cells. Radiation alone

significantly reduced the number of G1 cells in MDA-MB-453 and MDA-MB-468 cells.

In contrast to fisetin, irradiation did not increase apoptosis in all TNBCs tested. The

combination of fisetin with irradiation could enhance apoptosis only in MDA-MB-468

cells compared to the single treatments (Fig. 6A). According to our previous data,

fisetin radiosensitized all TNBCs tested in this study. However, since fisetin did not

enhance apoptosis in these cells, therefore this radiosensitizing effect might not result

from enhanced apoptosis. These data contradict the report by Chen et al. (Chen et al.

2010), where they showed that fisetin enhances apoptosis as a mechanism of action of

radiosensitization in colorectal cancer cells. They compared the radiosensitization effect

of HT-29 (TP53mut) with HCT-116 (TP53wt) and showed that fisetin is more effective

in TP53 mutated cells. Of note, there are a number of factors that affect cell death

decisions, including, the complexity of DSB, the mutation status of the cells, and the

signaling pathways involved in the cell death mechanisms. Based on our data, fisetin

radiosensitized TP53 mutated TNBCs. However, fisetin did not radiosensitize non-

TNBC cell line T47D cells which have TP53 mutation (data not shown), explaining

that p53 is not a prerequisite for fisetin to be effective. In line with this, another

study by Leu et al. (Leu et al. 2016) has been shown that fisetin radiosensitizes CT-26

xenograft tumors that have TP53wt . These data show that there are other factors such

as TNBC status might affect the response to fisetin. TNBCs lack the expression of
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the receptors, which might be beneficial for fisetin treatment since they lack receptor-

mediated resistant mechanisms and therefore they respond better. This remains to be

elucidated.

It is known that IR increases protein unfolding as an indirect effect by generating ROS,

thereby triggering unfolded protein response (UPR) within the endoplasmic reticulum

(ER). Consequently, this results in ER stress. Interestingly, there is a close associa-

tion between the UPR pathway and autophagy therefore, IR may induce autophagy

indirectly. Autophagy is a lysosome-mediated catabolic process that degrades damaged

organelles in response to stress signals (Roy et al. 2022). The role of autophagy in post-

irradiation survival remains unclear. An increase in autophagy could be beneficial for

certain cells when exposed to stress conditions. For example, it has been reported that

ATM activation upon exposure to IR, results in reduction in autophagy. Consequently,

cancer cells upregulate a number of miRNAs and proteins, including miRNA18a and

WIP1 phosphatase, in order to inhibit ATM activity and thereby increase autophagy.

Conversely, numerous studies have reported the role of ATM in promoting radioresis-

tance. In this context, increased autophagy via the ATM-Chk2-BECN1 axis has been

shown to be upregulated in irradiated tumor cells (Roy et al. 2022). These reports thus

indicate that autophagy plays a dual role in cell survival after IR. To examine the pat-

tern of autophagy in the TNBCs, the cells were treated with fisetin (75 µM, 72 h), IR

(4 Gy), and a combination of both. The levels of LC3II and p62, as autophagy markers,

were examined. Based on the data depicted in Fig. 6B, fisetin increased the expression

of LC3II in MDA-MB-231 and MDA-MB-468 cells, however, it did not change the ex-

pression of p62. Interestingly, IR and a combination of IR and fisetin also did not induce

autophagy (Fig. 6B).

As mentioned earlier, it is not clear how autophagy affects cell fate after IR. The role

of autophagy in tumor development depends on the stage of the tumor. In the initial

stages of tumor progression, autophagy is considered to be tumor-suppressive. However,

as the tumor progresses to the later stages, autophagy is observed to contribute to the

survival of tumor cells (Kocaturk et al. 2019; Russo et al. 2018). Several reports have

indicated that the inhibition of autophagy causes radiosensitization in different cancer

types including breast cancer, liver cancer, and esophageal squamous cell carcinomas

(Chaachouay et al. 2011; Chen et al. 2011; Tseng et al. 2011). On the other hand,

autophagy inducers such as rapamycin, temsirolimus and everolimus inhibit mTOR and

enhance radiosensitization in glioma, renal cancer, and prostate cancer (Roy et al. 2022).

In pancreatic cancer, fisetin has been shown to enhance autophagy (Jia et al. 2019),

whereas it decreases autophagy in hepatocellular carcinoma HepG2 cells (Sundarraj et

al. 2021). The present study shows that fisetin, when combined with IR, does not alter

autophagy in comparison to radiation alone.
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3.1.6 Fisetin modulates activation of DDR signaling cascades

As has been previously demonstrated, fisetin interferes with RSK-mediated YB-1 phos-

phorylation at S102 in melanoma cancer cells (Sechi et al. 2018). Here, we sought to

investigate whether fisetin, in addition to its inhibitory effect on YB-1 phosphoryla-

tion at S102, affects the activation of alternative proteins or pathways involved in post-

irradiation cell survival of TNBCs. Therefore, we mock-treated or treated MDA-MB-231

cells with fisetin (75 µM) and mock-irradiated or irradiated with 4 Gy IR. Thereafter, by

applying a phospho-kinase array, we analyzed the number of different phosphoproteins

30 min and 24 h post IR. According to the data shown in Fig. 7, fisetin inhibits RSK1/2

phosphorylation at S221/S227. When fisetin was combined with IR, the phosphorylation

level of p53 (S392), Src (Y419), and the expression of β-catenin were suppressed both

30 min and 24 h post IR (Fig. 7). The administration of fisetin for a period of 24 hours

(in the 30-minute post-IR experiment) was observed to have a relatively mild effect.

These data show that fisetin apart from RSK, targets other survival pathways, which

may represent an additional mechanism of radiosensitization. In this context, β-catenin

overexpression has been shown to be correlated with radioresistant Human Nasopha-

ryngeal Carcinoma CNE-2 cells (He et al. 2018a). In accordance with the function of

β-catenin in radiosensitization, Zhao et al. (Zhao et al. 2018) have demonstrated that

Wnt/β-catenin pathway regulates high-mobility group box 1 protein (HMGB1), which

is a chromatin remodeling protein involved in DNA repair. This subsequently results in

radioresistance of esophageal squamous cell carcinoma (Zhao et al. 2018). In addition,

it has been reported that AZD0530, a Src kinase inhibitor, radiosensitizes lung cancer

cells in vitro (Purnell et al. 2009).

Next, we conducted a phosphoproteomics analysis on MDA-MB-231 and MDA-MB-468

cells to investigate the impact of pretreatment with fisetin, followed by irradiation with 4

Gy, on DDR signaling in comparison to irradiation alone. In MDA-MB-468 cells, where

fisetin did not alter YB-1 phosphorylation at S102, we identified a total of 472 differ-

entially regulated phosphoproteins out of 1564 phosphoproteins analyzed (Fig. 8A).

Among the top 10 most significantly downregulated phosphoproteins, DEK (T13, S51),

nucleolin (NCL) (S563), XRCC1 (S210), and TOP2A (S1106) were notably involved in

DNA repair processes. Subsequently, we conducted a gene ontology (GO) enrichment

analysis to determine if altered phosphosites are associated with DDR signaling, specif-

ically DSB repair. As shown in Fig. 8B and Table S1, the genes exhibiting the greatest

regulation are enriched in pathways associated with DSB repair. Interestingly, the GO

analysis in both MDA-MB-231 (Fig. S5) and MDA-MB-468 (Fig. 8B) revealed similar-

ities, indicating that DNA repair is among the primary pathways that fisetin affects in
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irradiated cells. Therefore, our data demonstrate that fisetin inhibits YB-1 phosphory-

lation at S102 in all TNBCs, with the exception of MDA-MB-468 cells. However, fisetin

inhibits the repair of IR-induced DSBs and radiosensitizes these cells. Furthermore,

by knocking down YB-1 in MDA-MB-231 cells, we demonstrated that fisetin has an

inhibitory effect on DSB repair, although to a lesser extent than the control condition.

In light of these findings, it can be concluded that fisetin exerts its effects not only

through YB-1 but also through multiple other targets, particularly in the context of

DNA repair mechanisms. This could potentially influence the response of cancer cells

to radiotherapy.
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3.2 Publication II: Fisetin overcomes non-targetability of

mutated KRAS induced YB-1 signaling in colorectal

cancer cells and improves radiosensitivity by blocking

repair of radiation-induced DNA double-strand breaks

(Khozooei et al. Radiother Oncol. 2023;188:109867)

The treatment of advanced and metastatic CRCs typically involves the use of adjuvant

and/or neoadjuvant chemotherapy or CRT regimens in conjunction with surgical resec-

tion (Aparicio et al. 2020). In addition, molecular-targeted therapy and immunotherapy

are also administered. The location and the stage of the cancer, in addition to the health

condition of the patients, determine the treatment plan. Despite advances in treatment

strategies, the mortality rate of CRC remains high. However, these treatments are ac-

companied by drawbacks, as they may be non-specific and therefore, cytotoxic to the

normal tissue (Kumar et al. 2023). Furthermore, patients may develop resistance to

therapy, necessitating the development of combinational therapies to enhance treatment

outcomes and overcome the resistant mechanisms in tumor cells. CRC is known to be

heterogeneous, which results in multiple pathways being involved in tumorigenesis (Zhu

et al. 2021). KRAS is one of the most frequently mutated genes, with approximately

44% of colorectal cancers, primarily in codons 12, 13, and 61 (Zhu et al. 2021). CRC pa-

tients with KRAS mutation have a poor prognosis and this mutation is associated with

reduced survival. Additionally, the YB-1 oncoprotein is also highly expressed in KRAS

mutated cells, which is also linked to decreased OS. As previously stated, YB-1 is mainly

regulated by the PI3K/AKT and RAS/RSK pathway, and it is directly phosphorylated

at S102 by RSK and AKT.

PAK proteins as a family of serine/threonine kinases with 6 isoforms, are involved in

multiple survival pathways modulated by RAS oncogenes. Among them, PAK1 as a

downstream of KRAS, has been shown to directly interact with PDK1, thereby enhanc-

ing AKT activity (King et al. 2000). In addition, PDKA can also phosphorylate and

activate PAK1 (King et al. 2000). Therefore, PAK1 can be regulated by KRAS which

can further control the activity of AKT. It is known that PAK1, activates ERK1/2 via

MEK1/2, and in turn, ERK1/2 via MEK1/2 activates PAK1 in a positive loop (Wang

et al. 2013). Hence, it is hypothesized that the PAK family members act as pivotal

points in the interaction between AKT and RSK, which phosphorylate YB-1 at S102.

It is found that the expression and phosphorylation of YB-1 at S102 are critical for

the repair of IR-induced DSBs and play a significant role in mediating radioresistance

within breast cancer cells (Lettau et al. 2021; Toulany et al. 2011). In line with this,
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the selective inhibition of YB-1 S102 phosphorylation through dual targeting of AKT

and RSK has been demonstrated to be effective in impairing the repair of IR-induced

DSBs in breast cancer cells (Lettau et al. 2021) and enhancing chemosensitization of

CRC cells to 5-fluorouracil (5-Fu) (Maier et al. 2019). Additionally, Our previous study

has shown that the flavonoid fisetin significantly inhibits YB-1 phosphorylation at S102,

induces DSBs, and impairs the repair of IR-induced DSBs in TNBCs, which served as a

potential candidate to overcome radiation resistance (Khozooei et al. 2022).

This study aimed to elucidate the impact of distinct treatment modalities on the phos-

phorylation status of YB-1 at S102. These include DT of AKT and RSK, PAK targeting,

EGFR targeting, and fisetin. Furthermore, the effect of these therapeutic approaches

on the DSB repair and consequently on the radiation response in CRC cells was inves-

tigated.

3.2.1 YB-1 is highly phosphorylated in CRC cells with an activating

mutation in MAPK pathways

The cell lines used in our study carry different KRAS mutations. HCT-116 with het-

erozygous KRASG13D , SW48 with KRASwt , and CaCo2 cells with KRASwt . The

CaCo2, which naturally containsKRASwt and has been engineered to expressKRASG12V

with a doxycycline-inducible construct (Möller et al. 2014). The doxycycline-inducible

KRASG12V expression system is comprised of two expression cassettes. The first cas-

sette contains doxycycline-inducible mutant KRASG12V and GFP with a Blasticidin

S resistance gene. The second cassette includes constitutively expressed doxycycline-

inducible system components, namely reverse tetracycline transactivator (rtTA) and

tetracycline repressible transcriptional silencer (tTS) with a puromycin resistance gene

(Möller et al. 2014; Roßner et al. 2016). The schematic below (Figs. 11A-B) illustrates

the construct for BRAF expression and the construct for the KRAS was designed based

on this expression system (Herr et al. 2011).

In this system, the constitutively expressed cassette expresses rtTA and tTS. In the ab-

sence of doxycycline (dox), the tTS binds to the tetracycline-binding element, thereby

repressing the expression of the cassette and ensuring that there is no leakage of the

expression in the absence of dox. In the presence of dox, the rtTA protein binds to

the tetracycline-binding element, thereby initiating the expression of the cassette. In

our system, the cassette is responsible for the expression of KRAS protein with G12V

mutation. To be able to track the mutated KRAS, the construct contains a GFP which
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is separated from the KRAS with an internal ribosomal entry site (IRES). This configu-

ration ensures that the GFP is expressed along with the KRASG12V mutation, but not

as a fusion protein.

Figure 11: The expression cassettes used to generate doxycycline-inducible
KRASG12V expression. BSR Blasticidine resistance gene, Dox Doxycycline, EF1a
Elongation factor 1a constitutive promoter, IRES Internal ribosomal entry site, Puro
Puromycin resistance gene, rtTA Reverse tetracycline-regulated transactivator, tTS

Tetracycline-repressible transcriptional silencer. Adapted from (Herr et al. 2011).

In order to assess the activity of the KRAS protein in these cells, we performed a Ras

activity assay. As indicated in Fig. 1A, the level of KRAS bound to the RAS binding

domain of Raf1 (Raf1-RBD) is higher in HCT-116 as heterozygous KRASG13D cells

compared to KRASwt cells SW48 and CaCo2 cells, indicating that the KRAS activity

in HCT-116 cells are higher. Upon induction of KRASG12V expression in CaCo2 cells

with 2 µg/ml dox for 72 h, an increase in KRAS activity was observed (Fig. 1A).

Subsequently, the phosphorylation status of YB-1 at S102 in CRC cells with activating

mutations in KRAS/MAPK pathway was determined, given that YB-1 is a downstream

effector of KRAS. As illustrated in Fig. 1A, YB-1 exhibited increased phosphorylation

at S102 in both KRASwt SW48 cells and KRASmut cells (Fig. 1A). In CaCo2 cells,

treatment with dox resulted in the phosphorylation of YB-1 at S102 almost in three-fold

change (Fig. 1A) These findings align with previous reports indicating that constitutive

activation of KRAS leads to enhanced phosphorylation of YB-1 at S102 (Maier et al.

2019; Toulany et al. 2011). However, the elevated level of YB-1 phosphorylation in

KRASwt SW48 cells may be attributed to an activating mutation located in the cascade

between KRAS and YB-1. In accordance with this, KRASwt SW48 cells have been

shown to possess a heterozygous mutation in MEK1 at codon 56 MEK1Q65P , which

functions as an upstream of RSK, a kinase responsible for YB-1 S102 phosphorylation

(Jing et al. 2019). Thus, activating mutations in KRAS and downstream of KRAS

signaling lead to enhanced YB-1 phosphorylation at S102.
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Next, the phosphorylation of YB-1 at S102 was assessed in a time kinetic experiment

in CaCo2 cells after dox treatment. This was done to assess the dependency of YB-1

phosphorylation on KRAS mutation status. The data in Figs. 1B-C show that, YB-1

phosphorylation is induced along with KRAS in dox-treated cells in a time-dependent

manner. This is evidenced by the increased GFP expression observed within six days.

Furthermore, the data demonstrate that dox treatment results in increased phosphory-

lation of ERK1/2 and AKT, indicating that KRAS mutation leads to enhanced MAPK

and PI3K/AKT signaling pathways. Apart from KRAS mutation, IR also has been

shown to induce KRAS activity in KRASwt cells (Toulany et al. 2007), as well as YB-1

phosphorylation at S102 in breast cancer cells (Lettau et al. 2021; Tiwari et al. 2018;

Toulany et al. 2011). In line with this observation, as shown in Fig. S1, IR induced YB-1

phosphorylation at S102 in CaCo2 with KRASwt but not in CaCo2 with KRASG12V

cells.

AKT and RSK have been shown to be involved in regulating YB-1 phosphorylation at

S102 (Stratford et al. 2008; Sutherland et al. 2005). A previous report shows that the

simultaneous targeting of AKT and RSK reduces YB-1 phosphorylation at S102 in SW48

and HCT-116 cells. Therefore, we sought to investigate how inhibiting RSK and AKT in

the long term (72 h) as a single agent or as a combination, affects YB-1 phosphorylation

at S102 in the isogenic CaCo2 parental and CaCo2 KRASG12V . As shown in Fig. 1D,

the AKT inhibitor MK2206 at 5 µM for 72 h effectively blocked the phosphorylation

of AKT at S473 in both KRASwt and KRASG12V CaCo2 cells. LJI308, as an RSK

inhibitor, demonstrated inhibitory effects on RSK phosphorylation at T359/S363 when

applied at a concentration of 10 µM for 72 h. However, this inhibition was observed

only in the KRASG12V CaCo2 cells. MK2206 reduced YB-1 phosphorylation at S102

in KRASwt CaCo2 cells, with a more pronounced effect than that observed with LJI308

suggesting that YB-1 phosphorylation at S102 in CaCo2 parental cells is dependent on

AKT. In contrast, in CaCo2 with KRASG12V expression, YB-1 phosphorylation at S102

is dependent on RSK, as evidenced by the strong inhibitory effect of LJI308 on YB-1

phosphorylation at S102, which was not observed with the AKT inhibitor. Irrespective

of the KRAS mutation status, DT of both kinases was the most effective approach

to inhibit YB-1 phosphorylation (Fig. 1D). Our data is in line with the other report

showing that the effectiveness of the kinases in regulating YB-1 phosphorylation at S102

depends on the mutation status of KRAS, where in KRASwt cells, YB-1 phosphorylation

is predominantly regulated by the PI3K/AKT pathway, but in KRASmut cells, it is

controlled by the MEK/ERK/RSK pathway (Tiwari et al. 2020). These observations

are also in line with a report demonstrating that KRASmut cells are addicted to the

RAF and its downstream pathways (Lee et al. 2019).
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Previous work demonstrated that in CRC cells, when RSK is inhibited under non-

irradiated conditions, AKT becomes activated (Maier et al. 2019). AKT has been shown

to be involved in the repair of IR-induced DSBs and due to the role of YB-1 in DDR

signaling, we sought to investigate how the pattern of YB-1 phosphorylation at S102 is

affected after IR in CRC cells pretreated with LJI380 and MK2206. As indicated in Fig.

S1, in parental CaCo2 cells, MK2206 with the concentration of 5 µM for 72 h inhibited

YB-1 phosphorylation at S102 post IR, but was not effective in KRASG12V mutated

CaCo2 cells. Furthermore, IR did not induce further YB-1 phosphorylation at S102 in

KRASG12V mutated CaCo2 cells. However, LJI308 with a concentration of 10 µM for

72 h reduced YB-1 phosphorylation at S102 in the mutated CaCo2 cells. Simultaneous

targeting of both AKT and RSK was shown to be the most effective approach in blocking

YB-1 phosphorylation following IR in both KRASmut and KRASwt cells (Fig. S1). In

line with this, previous results also showed that dual inhibition of AKT and RSK could

suppress chemotherapy-induced YB-1 phosphorylation at S102 in SW48 and HCT-116

cells (Maier et al. 2019).

3.2.2 Pathways in YB-1 phosphorylation in vitro and Ex vivo

As a consequence of the effective targeting of YB-1 phosphorylation at S102 by dual

targeting of AKT and RSK, there is an implication of a potential cross-talk between

these two pathways (Misale et al. 2019). In an effort to identify the critical point

of interaction, we investigated the role of PAK proteins and we found that the PAK

family members were the primary proteins involved. In line with this, PAKs have been

described to be involved in phosphorylation and activation of multiple kinases in PI3K

and MAPK pathways, including AKT (Higuchi et al. 2008), RAF (Beeser et al. 2005;

Lu et al. 2017a), MEK (Beeser et al. 2005; Lu et al. 2017a; Eblen et al. 2002; Wang

et al. 2013), and ERK (Beeser et al. 2005; Eblen et al. 2002; Wang et al. 2013). In

addition, it is found that PAK family proteins can be phosphorylated and activated by

kinases such as AKT (Tang et al. 2000), PDK1 (King et al. 2000), PI3K (Ebi et al. 2013;

Thillai et al. 2017), and RAF (McCarty et al. 2014). Interestingly PAK is downstream

of KRAS (Takács et al. 2020b) and has been shown to have a role in regulating protein

kinase C (PKC) (Reina-Campos et al. 2019). The findings of these reports provide

evidence to support the hypothesis that PAK functions as a mediator between kinase

cascades. Accordingly, we sought to investigate whether the inhibition of PAK would

result in the interference of YB-1 phosphorylation at S102. To test this hypothesis,

CaCo2 cells expressing KRASwt and KRASmut were treated with FRAX486, as a PAK

inhibitor, or DT. Furthermore, the cells were treated with erlotinib, an inhibitor of

EGFR, as a control treatment. Given that in KRASmut cells, EGFR does not control the
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PI3K/AKT and MAPK/ERK pathways, the erlotinib treatment with 10 µM for 72 hours

was observed not to impair YB-1 phosphorylation at S102 in CaCo2 KRASG12V cells

(Fig. 2A). Similar to DT, FRAX486 (10 µM, 72 hours) inhibited YB-1 phosphorylation

at S102 regardless of KRAS mutation status and the long-term inhibition of PAK did

not result in the reactivation of YB-1 phosphorylation at S102 (Fig. 2A and Fig. S2).

It is noteworthy that the inhibition of YB-1 phosphorylation by FRAX486 following

constitutive phosphorylation due to KRAS mutation or IR, was also observed in other

CRC cells, including HCT116 and SW48 with varying KRAS mutation status. However,

the effect was more pronounced in KRASwt cells (Fig. S3).

In ex vivo settings, the DT of both RSK and AKT effectively reduced YB-1 phospho-

rylation at S102 in all tissues from four patients (Figs. 2B,D-F). However, the effect

of FRAX486 and erlotinib was not similar in all samples. For instance, PAK inhibitor

had no effect in reducing YB-1 phosphorylation in samples #1 and #4 (Figs. 2B,F),

while inhibited in sample #3 (Fig. 2E). On the other hand, erlotinib reduced YB-1

phosphorylation in sample #2 and #3 (Fig. 2E), but not in sample #1 and #4 (Figs.

2B,F). Sequencing revealed that sample #1 has KRASG12V mutation which was not

observed in the other three samples (Fig. 2C). Interestingly, different patterns of YB-1

phosphorylation at S102 variations were observed between some of the replicates of the

same tumor tissue after inhibitor treatments. In this context, in tissues #2 and #3, the

pattern of IR-induced YB-1 phosphorylation at S102 is different (Figs. 2D-E). As an

additional example to this variation, the inhibition of IR-induced YB-1 phosphorylation

by MK2206 and FRAX486 in tissue #2 and by MK2206 in tissue #3 was observed to

be in a different pattern between replicates (Figs. 2D-E). However, in terms of AKT

phosphorylation at S473, IR induced this phosphorylation, but this was inhibited by

MK2206, DT, and slightly by FRAX486 (Fig. 2D). Furthermore, in tissue #4, the

pattern of IR-induced YB-1 and AKT phosphorylation is consistent between the two

replicates after treatment with MK2206, DT, and FRAX486. However, this was not the

case after erlotinib treatment (Fig. 2F), wherein one of the replicates, it did not affect

YB-1 phosphorylation despite having KRASwt . It is important to note that tissue #4

has KRASwt , however, the allele frequency of the loss-of-function mutation in F-Box

and WD Repeat Domain Containing 7 (FBXW7 ) gene is high. FBXW7 is found to

be mutated in almost 14% of CRC patients (Liu et al. 2023). This gene is considered

a potential tumor suppressor gene which is a part of the SKP1-CUL1-F-box protein

(SCF) complex, as an E3 ubiquitin ligase. It has been shown that FBXW7 is respon-

sible for degrading multiple oncoproteins, including c-Myc, cyclin E, c-Jun, and Notch.

Furthermore, FBXW7 also regulates p53 degradation (Liu et al. 2023). In addition to

the aforementioned oncoproteins, FBXW7 is also involved in DNA repair mechanisms.
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In this context, indeed it has been shown that FBXW7 promotes ubiquitination of mul-

tiple DNA repair proteins, including polo-like kinase (PLK), SOX9, and bloom (BLM)

helicase (Lan et al. 2021). Therefore, loss-of-function mutations in FBXW7 could poten-

tially improve tumorigenesis. In this context, the most frequent mutations in FBXW7

are found to be R505C, R465H, R465C, R278*, and S582L (Liu et al. 2023). All these

mutations affect the substrate binding of FBXW7, therefore interfering with the ubiqui-

tination of the target proteins (Lan et al. 2021). Once mutated, several oncogenes may

accumulate in the cells, resulting in uncontrolled proliferation and tumor progression.

Additionally, it has been reported that in esophageal squamous cell carcinoma cells,

where a loss-of-function mutation in FBXW7 is observed, the ERK1/2 activity is in-

creased (Pan et al. 2023). Given that ERK1/2 is downstream of KRAS and upstream of

RSK, it can be suggested that these cells with FBXW7 mutation have KRASmut pheno-

type. Interestingly, a recent report by Boretto et al. has shown that one of the substrates

of FBXW7 is EGFR (Boretto et al. 2024). When FBXW7 is mutated, EGFR can be

accumulated on the cell surface, resulting in the ineffectiveness of erlotinib in inhibiting

the signaling pathway despite being KRASwt . In KRASmut tumor tissue, similar to the

in vitro data, erlotinib did not affect YB-1 phosphorylation at S102 (Fig. 2B). While

sample #2 also has a loss-of-function mutation in FBXW7, the frequency of allele of the

mutation appears to be relatively low, which may also explain the observed heterogene-

ity between the of sample replicates of tissue #2. On the other hand, the patient #4 has

two loss-of-function mutations in FBXW7 gene. One of the mutations results in protein

truncation, while the other renders the protein non-functional. Given the high allele

frequency in tissue #4, the sample #4 shows KRASmut characteristics. Therefore, in

this tissue more uniform pattern of YB-1 and AKT phosphorylation is observed. Thus,

given the heterogenicity of the tumors, combinational targeting for example, DT of both

AKT and RSK could be beneficial. Although the number of tissues in our study was

limited, however, based on our data, tumor heterogenicity and mutation status of the

cells affect the therapy response to AKT, RSK, and PAK inhibition significantly.

Considering the potential influence of hypoxic regions within the tumor slices on signal-

ing patterns, an experiment was conducted under both normoxic and hypoxic conditions.

Unexpectedly, hypoxia led to reduced phosphorylation of RSK, AKT, and YB-1 in both

the parental CaCo2 cells and those overexpressing KRASG12V (Fig. S4). In ex vivo

experiments, the expression level of HIF1α was not observed (Figs. 2B,D-F). However,

differences in the tumor slices in the context of oxygenation level cannot be completely

excluded. This has to be tested in more tissue samples.
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3.2.3 Impact of targeting PAK and DT of RSK/AKT on NHEJ and

HR repair pathways

Our previous data indicated that fisetin reduces YB-1 phosphorylation at S102 and im-

pairs IR-induced DSB repair by interfering with C-NHEJ and HR DSB repair pathways

(Khozooei et al. 2022). The objective of this study was to investigate whether pretreat-

ment with DT of AKT (5 µM) and RSK (10 µM) and inhibition of PAK (10 µM) for 24

h would result in a reduction in the repair efficiency of I-SceI-induced DSBs in U2OS

cells harboring different DNA repair constructs (Fig. 3A). Once the I-SceI-induced DSB

has been repaired, the expression of GFP can be quantified (Fig. 3A). As demonstrated

in Figs. 3B-C, the data illustrate that both the DT of AKT and RSK and FRAX486,

resulted in a reduction in the repair efficiency of HR and Alt-NHEJ, as evidenced by a

reduction in the number of GFP-positive cells. the efficiency of C-NHEJ was found to be

reduced by FRAX586. However, the DT of AKT and RSK had a negligible impact on

C-NHEJ (Figs. 3B-C). Since some compounds might have non-specific effects on GFP

expression, U2OS cells transiently overexpressing enhanced GFP were treated with the

inhibitors used, including DT of AKT and RSK and FRAX486. As indicated in Fig. 3

D, the DT of AKT and RSK did not alter the fluorescence intensity of the GFP reporter

in any of the three U2OS cell lines. In contrast, the treatment with FRAX486 resulted

in a notable reduction in the GFP expression. As depicted in Fig. 3E, the impact of DT

of AKT and RSK and PAK inhibition on YB-1, AKT and RSK phosphorylation and

protein expression in U2OS cells was elucidated following 30 min post 4 Gy. FRAX486

markedly inhibited YB-1, AKT and RSK1/2/3 protein level which is also associated with

the significant decrease in their phosphorylation level in all three U2OS cells harboring

distinct DSB repair pathway constructs (Fig. 3E).

Given the observed impact of these inhibitors on the DSB repair pathways in U2OS

cells, we further sought to investigate the effect of DT of AKT and RSK, PAK inhibi-

tion, and fisetin treatment on IR-induced DSB repair, apoptosis, and radiosensitivity

in CaCo2 parental and CaCo2 with KRASG12V cells. Firstly, the effect of KRASG12V

on the IR-induced DSB repair was investigated. According to the data shown in Fig.

4A, the overexpression of KRASG12V increased the number of γH2AX foci both in non-

irradiated and irradiated conditions. In contrast to these data, previous report showed

that knockdown of KRAS in KRASmut breast cancer cells results in inhibition of repair

of IR-induced DSBs (Toulany et al. 2011). In line with this, in another study the role

of each KRASG12C , KRASG12D , or KRASG12V in isogenic SW48 cell line as well as

KRASG13D in HCT-116 cells was tested and shown that once KRAS is mutated, the

cells become radioresistant (Yang et al. 2021). It has been reported that KRASmut

overexpression leads to reduced radiation-induced mitotic catastrophe and accelerated
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exit from G2/M cell cycle arrest. In addition, the authors found that KRASmut over-

expression results in increased NRF2-mediated 53BP1 expression enhancing C-NHEJ

repair. Interestingly, YB-1 upregulates the NRF2 expression (El-Naggar et al. 2019),

which might suggest how the effect of KRASmut in stimulating DSB repair is mediated

by YB-1. The discrepancies between findings may be due to the use of different cell

systems in different studies. In the study by Yang et al. (Yang et al. 2021), KRAS is

stably overexpressed, allowing the cells to adapt to the replication stress mediated by

KRAS. However, in our study, we transiently overexpressed KRAS in CaCo2 cells which

may cause replication stress (Di Micco et al. 2006), leading to increased DNA damage

and residual damage in both non-irradiated and irradiated conditions. Another expla-

nation could be that, since CaCo2 cells have a TP53 mutation (Liu et al. 2006), the cells

rely on the G2/M checkpoint. Once KRAS is upregulated, it causes more replication

stress that leads to G2/M cell cycle arrest as the most radiosensitive phase of the cell

cycle (Hall et al. 2006; Landry et al. 2022; Seiwert et al. 2007). In contrast, SW48 and

HCT-116 cells are TP53wt (Liu et al. 2006), and they may undergo arrest in S phase to

repair the damage, making them more resistant to stress-induced damages.

Dual inhibition of AKT and RSK was shown to be effective in reducing YB-1 phosphory-

lation at S120 based on in vitro and ex vivo data (Fig. 1D, Fig. 2). Targeting AKT and

RSK similar to PAK inhibition resulted in inhibition of IR-induced DSB repair only in

CaCo2 parental cells (Figs. 4A-B, Figs. S6A-B). However, this effect was not associated

with the radiosensitization, as dual inhibition of AKT and RSK did not radiosensitize

both KRASwt cells and KRASmut cells. In contrast, targeting PAK with FRAX486,

could slightly radiosensitize KRASwt CaCo2 cells. As indicated in Fig. S5, erlotinib

significantly reduced the residual breaks and therefore enhanced the DSB repair. As

shown in Fig. 2A, erlotinib inhibited YB-1 phosphorylation at S102 in CaCo2 KRASwt

cells, however, it did not reduce AKT phosphorylation. Since AKT has a role in DNA

DSB repair, the lack of effect of erlotinib on the CaCo2 cells could be due to the YB-

1-independent effect of AKT on C-NEHJ and HR mechanisms of DSB repair (Bozulic

et al. 2008; Mueck et al. 2017; Toulany et al. 2012), indicating that AKT, independent

of YB-1, stimulates DSB repair and affect radiation response. In KRASG12V CaCo2

cells, as they have endogenous KRASwt , inhibition of EGFR abolish survival signaling

downstream of endogenous KRASwt , however, this could trigger a compensatory acti-

vation of pathways mediated by KRASmut leading to enhancement of IR-induced DSB

repair. In addition, there are reports showing that RAS is capable of dimer formation

(Güldenhaupt et al. 2012; Lin et al. 2014; Spencer-Smith et al. 2017), which indeed

recruits RAF effector that also need dimerization for its activation. KRAS dimerization

leads to enhanced MAPK activation (Nan et al. 2015). Interestingly, Ambrogio et al.

showed that, in the lung cancer cells having KRASwt , overexpression of KRASmutin
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these cells leads to the formation of KRASwt and mutated KRAS dimers (Ambrogio

et al. 2018). It has been shown that these cells are resistant to MEK inhibition as ERK

might be activated by different pathways. On the other hand, in cells lacking KRASwt ,

mutated KRAS forms homodimers which results in high activation of the MAPK path-

way and the cells become sensitive to MEK inhibition since the cells only rely on MAPK

for survival (Ambrogio et al. 2018). Therefore, the formation of dimer between KRASwt

and KRASmut, reduces oncogenic signaling activation. In our cell model when dox in-

duces expression of KRASG12V, the endogenous KRASwt remains, and they might form

a dimer leading to enhanced ERK activation despite EGFR inhibition, which is why in

erlotinib treated condition we see stimulation of DSB repair.

It is known that fisetin interferes with the RSK-mediated YB-1 phosphorylation at S102

in melanoma cancer (Sechi et al. 2018). Previously, we demonstrated that fisetin can

also inhibit YB-1 phosphorylation at S102 in TNBCs (Khozooei et al. 2022). This

effect was associated with inducing DNA damage, blocking the repair of IR-induced

DSBs, and consequently radiosensitizing TNBCs (Khozooei et al. 2022). In this study,

we aimed to investigate the effect of fisetin on CRC cells. As shown in Fig. 4C, fisetin

treatment for 24 h at a concentration of 75 µM inhibited YB-1 and RSK phosphorylation

in both CaCo2 KRASwt and CaCo2 KRASG12V cells. In contrast, the effect of fisetin

on ERK phosphorylation differed between two cell lines: in CaCo2 KRASwt , it was

inhibited, whereas in CaCo2 KRASG12V cells, ERK phosphorylation was increased. It

is interesting to note that in both cell lines, phosphorylated AKT is not induced following

fisetin treatment (Fig. 4C).

Next, the effect of fisetin on the repair of IR-induced DSBs was investigated as shown in

Fig. 4D, Fig. S6C. Both CaCo2 KRASwt and CaCo2 KRASG12V cells pretreated with

fisetin, showed significantly increased residual damages compared to control conditions.

As investigated before, fisetin impacts on a variety of different proteins involved in DNA

repair mechanisms in TNBCs (Khozooei et al. 2022), and therefore, this effect might

be also partially dependent on YB-1 as also indicated in Fig. 5. In addition, fisetin

radiosensitized CaCo2 cells regardless of KRAS mutation status, however, this effect

was more pronounced in KRASG12V compared to KRASwt cells. In addition, fisetin

enhanced the residual damages in SW48 cells when combined with IR (Fig. S8A),

which was also correlated to the radiosensitization effect as shown in Fig S8B. In line

with this data, we previously have shown that fisetin interferes with the repair of DSBs

in TNBCs regardless of KRAS mutation status via suppression of C-NHEJ and HR

pathways (Khozooei et al. 2022). Interestingly, it is known that in KRAS mutated

cells, the C-NHEJ pathway is enhanced through the NRF2/53BP1 axis. Thus, C-NHEJ

pathways could play a pivotal role in these cells. Based on our data in U2OS cells
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harboring KRASwt , dual inhibition of AKT and RSK significantly reduced HR and A-

NHEJ efficiency, however, it did not markedly decrease C-NHEJ (Figs. 3B-C). Similar to

DT of AKT and RSK, inhibition of PAK, resulted in a sharp decrease in all three repair

pathways (Figs. 3B-C). Of note, FRAX486 significantly suppressed GFP expression or

fluorescence intensity of the cells (Fig. 3D), this implies that the part of the observed

effect of FRAX486 on the repair efficiencies might be due to this reason. This effect was

in line with the absence of the effect of DT and FRAX in CaCo2 KRASG12V cells (Figs.

4A-B).

As one of the mechanisms underlying the inhibition of clonogenic activity and subse-

quent radiosensitization is related to unrepaired damages leading to apoptosis, we next

investigated whether fisetin enhances apoptosis. To this aim, we analyzed the number

of sub-G1 cells, a marker of apoptosis, in CaCo2 KRASG12V cells. We found that fisetin

alone increased sub-G1 cells, but did not increase IR-induced apoptosis (Fig. S9). In-

terestingly, irradiation did not enhance apoptotic cells and therefore, the combination

of fisetin and IR did not further increase apoptosis (Fig. S9). Similarly, we evaluated

the apoptosis after targeting PAK and dual inhibition of AKT and RSK. Based on the

data in Fig. S10, FRAX486 enhanced IR-induced apoptosis. Interestingly, while PAK

inhibition slightly radiosensitized the cells (Fig. S7), it did not affect the DSB repair

(Fig. 4B). In contrast, dual inhibition of AKT and RSK neither increased IR-induced

apoptosis (Fig. S10), nor did it radiosensitize the cells (Fig. S7) or impair the DSB

repair (Fig. 4A).

In conclusion, our data for the first time shows that fisetin can be a potential candidate

that may enhance therapeutic response in CRC by overcoming CRT regardless of KRAS

mutation status.
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3.3 Publication III: YB-1 activating cascades as poten-

tial targets in KRAS-mutated tumors (Khozooei et al.

Strahlenther Onkol. 2023 Dec;199(12):1110-1127.)

Due to our expertise in YB-1 and KRAS mutations, we were invited by the Strahlen-

therapie und Onkologie journal to write a comprehensive review on this topic. In this

review, we focused on the biology of YB-1 and its role in different cellular processes. We

compiled evidence highlighting the prognostic role of YB-1 in KRAS mutated cancers

and explored the association between KRAS mutation and the oncogenic functions of

YB-1. Furthermore, we outlined how YB-1 is regulated by the different signaling path-

ways. Finally, we discussed how targeting the KRAS/YB-1 axis by introducing multiple

approaches could be beneficial for KRAS mutated tumors that could potentially improve

CRT outcome.



Chapter 4

Conclusive remarks and future

perspectives

YB-1, a multifunctional oncoprotein, is known to be highly activated and overexpressed,

contributing to CRT resistance. Intriguingly, YB-1 is also found to be involved in DNA

repair mechanisms. The overexpression of YB-1 is associated with KRAS mutation,

where YB-1 is known to be regulated by KRAS/RSK pathway. Therefore, targeting

YB-1, especially in KRASmut tumors, represents a promising strategy to overcome CRT

resistance.

Targeting YB-1 directly, due to lack of kinase activity, is still challenging. However,

several strategies have been proposed, most of which are still in the preclinical phase.

In our study, we showed that fisetin, as a flavonoid natural compound, interferes with

YB-1 phosphorylation at S102 in TNBCs and CRC cells in vitro. Interestingly, fisetin

impairs the repair of IR-induced DSBs by interfering with C-NHEJ and HR pathways

partially through its effect on YB-1. However, our data show that YB-1 is not the sole

target of fisetin, as fisetin affects multiple proteins, particularly those involved in DNA

damage and repair pathways.

In addition, fisetin as an alternative to dual inhibition of AKT and RSK and PAK can

be a strong candidate, due to the fewer associated toxicities, that is able to exert its

anti-cancer effects in both KRASwt and KRASmut cells. This study opens a new avenue

for treating KRASmut cancers and highlights the potential of fisetin as an anti-cancer

agent, with the possibility of entering animal studies.

Mechanistically, the exact role of YB-1 in DSB repair is not fully understood. However,

YB-1 is an RNA and DNA binding protein that plays a crucial role in DNA repair

mechanisms. Upon activation in the nucleus, YB-1 interacts with DNA repair proteins

46
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to facilitate the repair processes. Recent studies have highlighted the significance of

RNAs and their interactions with both DNA and proteins in DSB signaling and repair.

In particular, long and short non-coding RNAs have been identified as direct regulators

of the DSB repair pathway. These RNAs may be connected to RNA-binding proteins,

such as YB-1, within the DSB response network. Therefore, further investigation is

needed to clarify the precise role of YB-1 in DSB repair.
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Pasi A. Jänne (2018). “KRAS Dimerization Impacts MEK Inhibitor Sensitivity and

Oncogenic Activity of Mutant KRAS”. In: Cell 172.4, 857–868.e15. issn: 0092-8674.

doi: https://doi.org/10.1016/j.cell.2017.12.020. url: https://www.

sciencedirect.com/science/article/pii/S0092867417315003.

Aparicio, Jorge, Francis Esposito, Sara Serrano, Esther Falco, Pilar Escudero, Ana Ruiz-

Casado, Hermini Manzano, and Ana Fernandez-Montes (2020). “Metastatic Colorectal

Cancer. First Line Therapy for Unresectable Disease”. In: Journal of Clinical Medicine

9.12, p. 3889. issn: 2077-0383. url: https://www.mdpi.com/2077-0383/9/12/3889.

Aronchik, I., B. A. Appleton, S. E. Basham, K. Crawford, M. Del Rosario, L. V. Doyle,

W. F. Estacio, J. Lan, M. K. Lindvall, C. A. Luu, E. Ornelas, E. Venetsanakos,

C. M. Shafer, and A. B. Jefferson (2014). “Novel potent and selective inhibitors of

p90 ribosomal S6 kinase reveal the heterogeneity of RSK function in MAPK-driven

cancers”. In: Mol Cancer Res 12.5, pp. 803–12. issn: 1541-7786. doi: 10.1158/1541-

7786.Mcr-13-0595.

Bader, A. G. and P. K. Vogt (2008). “Phosphorylation by Akt disables the anti-oncogenic

activity of YB-1”. In: Oncogene 27.8, pp. 1179–1182. issn: 1476-5594. doi: 10.1038/

sj.onc.1210719. url: https://doi.org/10.1038/sj.onc.1210719.

Beeser, A., Z. M. Jaffer, C. Hofmann, and J. Chernoff (2005). “Role of group A p21-

activated kinases in activation of extracellular-regulated kinase by growth factors”.

In: J Biol Chem 280.44, pp. 36609–15. issn: 0021-9258 (Print) 0021-9258 (Linking).

doi: 10.1074/jbc.M502306200. url: https://www.ncbi.nlm.nih.gov/pubmed/

16129686.

48

https://doi.org/10.1007/s13277-015-3597-6
https://doi.org/https://doi.org/10.1016/j.cell.2017.12.020
https://www.sciencedirect.com/science/article/pii/S0092867417315003
https://www.sciencedirect.com/science/article/pii/S0092867417315003
https://www.mdpi.com/2077-0383/9/12/3889
https://doi.org/10.1158/1541-7786.Mcr-13-0595
https://doi.org/10.1158/1541-7786.Mcr-13-0595
https://doi.org/10.1038/sj.onc.1210719
https://doi.org/10.1038/sj.onc.1210719
https://doi.org/10.1038/sj.onc.1210719
https://doi.org/10.1074/jbc.M502306200
https://www.ncbi.nlm.nih.gov/pubmed/16129686
https://www.ncbi.nlm.nih.gov/pubmed/16129686


Bibliography 49

Boretto, Matteo, Maarten H. Geurts, Shashank Gandhi, Ziliang Ma, Nadzeya Stal-

iarova, Martina Celotti, Sangho Lim, Gui-Wei He, Rosemary Millen, Else Driehuis,

Harry Begthel, Lidwien Smabers, Jeanine Roodhart, Johan van Es, Wei Wu, and

Hans Clevers (2024). “Epidermal growth factor receptor (EGFR) is a target of the

tumor-suppressor E3 ligase FBXW7”. In: Proceedings of the National Academy of

Sciences 121.12, e2309902121. doi: doi:10.1073/pnas.2309902121. url: https:

//www.pnas.org/doi/abs/10.1073/pnas.2309902121.
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Fisetin induces DNA double‑strand 
break and interferes with the repair 
of radiation‑induced damage to radiosensitize 
triple negative breast cancer cells
Shayan Khozooei1,2, Konstanze Lettau1,2, Francesca Barletta3, Tina Jost4,5, Simone Rebholz1,2, 
Soundaram Veerappan1,2, Mirita Franz‑Wachtel6, Boris Macek6, George Iliakis7, Luitpold V. Distel4,5, 
Daniel Zips1,2 and Mahmoud Toulany1,2*    

Abstract 

Background:  Triple-negative breast cancer (TNBC) is associated with aggressiveness and a poor prognosis. Besides 
surgery, radiotherapy serves as the major treatment modality for TNBC. However, response to radiotherapy is limited 
in many patients, most likely because of DNA damage response (DDR) signaling mediated radioresistance. Y-box 
binding protein-1 (YB-1) is a multifunctional protein that regulates the cancer hallmarks among them resisting to 
radiotherapy-induced cell death. Fisetin, is a plant flavonol of the flavonoid family of plant polyphenols that has anti‑
cancer properties, partially through inhibition of p90 ribosomal S6 kinase (RSK)-mediated YB-1 phosphorylation. The 
combination of fisetin with radiotherapy has not yet been investigated.

Methods:  Activation status of the RSK signaling pathway in total cell lysate and in the subcellular fractions was 
analyzed by Western blotting. Standard clonogenic assay was applied to test post-irradiation cell survival. γH2AX foci 
assay and 3 color fluorescence in situ hybridization analyses were performed to study frequency of double-strand 
breaks (DSB) and chromosomal aberrations, respectively. The underlying repair pathways targeted by fisetin were 
studied in cells expressing genomically integrated reporter constructs for the DSB repair pathways via quantifying 
the expression of green fluorescence protein by flow cytometry. Flow cytometric quantification of sub-G1 cells and 
the protein expression of LC3-II were employed to measure apoptosis and autophagy, respectively. Kinase array and 
phosphoproteomics were performed to study the effect of fisetin on DDR response signaling.

Results:  We showed that the effect of fisetin on YB-1 phosphorylation in TNBC cells is comparable to the effect of the 
RSK pharmacological inhibitors. Similar to ionizing radiation (IR), fisetin induces DSB. Additionally, fisetin impairs repair 
of IR-induced DSB through suppressing the classical non-homologous end-joining and homologous recombination 
repair pathways, leading to chromosomal aberration as tested by metaphase analysis. Effect of fisetin on DSB repair 
was partially dependent on YB-1 expression. Phosphoproteomic analysis revealed that fisetin inhibits DDR signaling, 
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Background
Triple negative breast cancer (TNBC) does not express 
estrogen receptor (ER) and progesterone receptor (PR) 
and is characterized by the absence of HER2 overexpres-
sion/ amplification [1]. TNBC is one of the most aggres-
sive subtypes of breast cancer that accounts for about 
20% of breast cancers. Since the three receptors are the 
major target of most hormone therapies, treating patients 
with TNBC remains challenging. Radiotherapy, as an 
important treatment approach for breast cancer patients, 
improves locoregional control both after breast conserv-
ing surgery and mastectomy [2], with a positive impact in 
high-risk patients for long-term survival [1]. Tumor radi-
oresistance comprised of acquired radioresistance as well 
as intrinsic radioresistance is the major cause of a dimin-
ished radiotherapy outcome.

Y-box binding protein 1 (YB-1), is a member of the 
cold-shock protein superfamily. The protein contains 
a cold-shock domain (CSD) that enables it to bind to 
DNA and RNA [3]. YB-1 is overexpressed in different 
tumor types and is involved in nearly all cancer hallmarks 
described to date [4], particularly cell death resistance 
after exposure to ionizing radiation (IR) [5, 6]. In breast 
cancers, expression of YB-1 plays an important role in 
cancer progression from the early-stage; this identifies 
YB-1 as a potential target for breast cancer treatment [7]. 
Clinical studies revealed that YB-1 expression diminishes 
response to radiochemotherapy in different tumor enti-
ties [8–10], is crucial in acquired drug resistance develop-
ment [11] and is associated with tumor recurrence [12]. 
DNA double-strand break (DSB) is the major cause of 
radiation-induced cell death. YB-1 knockdown interferes 
with DSB repair and mediates radiosensitization [5,  6]. 
In support of the role of YB-1 in DNA repair, YB-1 was 
found in a complex with MSH2 and Ku80 as well as with 
WRN proteins, involved in mismatch repair and DSB 
repair, respectively [13]. In line with the proposed role of 
YB-1 in DNA repair, namely DSB repair, previous reports 
have shown that in YB-1 knockdown breast cancer cells, 
the frequency of residual DSB is increased and the cells 
become radiosensitized [5,  6]. Because YB-1 lacks a 
kinase domain, direct molecular targeting by apply-
ing pharmacological inhibitors is not plausible. Thus, 
investigations have focused on targeting p90 ribosomal 

S6 kinase (RSK) as the most important kinase stimulat-
ing YB-1 phosphorylation [14] to interfere with its pro-
survival effect. Recently, we demonstrated that in breast 
cancer cells application of the RSK inhibitor LJI308 effec-
tively blocks YB-1 phosphorylation in non-irradiated 
as well as in irradiated cells [6]. However, compared to 
the YB-1-siRNA approach, the effect of LJI308 on inhi-
bition of DSB repair was minimal and it did not induce 
radiosensitization although YB-1 activity was blocked [6]. 
Mechanistically, we demonstrated that activation of AKT 
after RSK inhibition or constitutive activation of AKT in 
cells with mutation in genes such as PIK3CA or PTEN 
stimulates DSB repair and leads to the failure of RSK 
inhibitors to induce radiosensitization. Supporting these 
results, we were able to show that the dual inhibition of 
AKT and RSK is able to induce sensitivity to IR in breast 
cancer cells independent of TNBC status [6]. The toxicity 
issue of this approach remains to be investigated in fur-
ther in vivo studies.

Although successful targeting of YB-1 by other 
approaches, i.e., RNAi approaches and blocking pep-
tides has been reported, the applicability of these 
approaches in  vivo  remains a major issue. Recently, 
the effect of the plant flavonoid fisetin has been inves-
tigated on the activation of YB-1 in tumor cells from 
different entities [15]. It has been shown that fise-
tin interferes with binding of RSK2 to YB-1 and that 
it thus blocks YB-1 phosphorylation [16]. According 
to the described role of S102 phosphorylated YB-1 in 
DSB repair [6], fisetin in combination with IR might 
improve radiation response of TNBC. YB-1 independ-
ent targets of fisetin, e.g., demethylating histone H3K36 
[17], inhibition of AKT [18] and modulating autophagy 
[19] may also affect radiation response, independently 
of its effect on YB-1. In the present study, the effect of 
fisetin on phosphorylation of proteins inside and out-
side the YB-1 cascade was analyzed in TNBC cells. 
YB-1-dependent and YB-1-independent effect of fise-
tin in DSB repair were investigated. The obtained data 
demonstrated that fisetin induces DSB and has a strong 
anti-clonogenic activity in TNBC cells when applied as 
monotherapy. Likewise, fisetin strongly blocked DSB 
repair after irradiation and improved radiosensitivity in 
a combined therapy.

which leads to radiosensitization in TNBC cells, as shown in combination with single dose or fractionated doses 
irradiation.

Conclusion:  Fisetin acts as a DSB-inducing agent and simultaneously inhibits repair of IR-induced DSB. Thus, fisetin 
may serve as an effective therapeutic strategy to improve TNBC radiotherapy outcome.

Keywords:  Triple negative breast cancer, Y-box binding protein-1, Fisetin, Double strand break repair, 
Radiosensitization
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Materials and methods
Cell lines
TNBC cell lines; MDA-MB-231 (ATCC®  HTB-26™ ), 
MDA-MB-468 (ATCC®  HTB-132™ ), MDA-MB-453 
(ATCC®  HTB-131™ ) and HS 578T (ATCC®  HTB-126™ ) 
as well as non-TNBC cell lines MCF-7 and T47D were 
used. Single nucleotide polymorphism (SNP) profiling 
was used to verify the authenticity of the cells (Multiplex-
ion, Heidelberg, Germany). Normal human skin fibro-
blasts (HSF-7 cells) were included in the study as healthy 
control cells. The cells, except MCF-7, were cultured in 
DMEM containing 10% fetal calf serum (FCS) and 1% 
penicillin–streptomycin (PS) and incubated in a humidi-
fied atmosphere of 93% air and 7% CO2 at 37 °C. MCF-7 
cells were culture in RPMI medium containing 10% FCS 
and 1% PS. U2OS osteosarcoma cells expressing genomi-
cally integrated reporter constructs for homologous 
recombination (HR), classical non-homologous end join-
ing (C-NHEJ) and alternative NHEJ (Alt-NHEJ) repair 
pathways, engineered in Dr. Jeremy Stark’s lab [20] were 
cultured in DMEM containing 10% FCS, 1% PS and 2 µg/
ml of puromycin.

Antibodies and reagents
Primary antibodies against  YB-1 (#42,042), phospho-
YB-1 (S102) (#2900), phospho-RSK (T359/S363) (#9344), 
RSK1/RSK2/RSK3 (#9355), phospho-AKT (S473) 
(#9271) and p62 (#8025) were purchased from Cell Sign-
aling Technology (Frankfurt, Germany). All these anti-
bodies were used at the dilution of 1:1000. LC3 antibody 
was purchased from Nanotools (Teningen, Germany, 
dilution 1:150). The β-actin antibody (#A2066, dilution 
1:1000) and Triamzinolonacetonid (#8056) were pur-
chased from Sigma-Aldrich (Taufkirchen, Germany). 
The anti-phospho-H2AX antibody (S139) (#05–636, 
dilution 1:300) was purchased from Merck (Darmstadt, 
Germany). The RSK inhibitor LJI308 (#S7871) and fise-
tin (#S2298) were purchased from Selleckchem (#S7871) 
(Munich, Germany). BI-D1870 (#BML-EI407) was pur-
chased from Enzo (Lörrach, Germany). Rad51 inhibitor 
B02 (#S8434) was purchased from Absource (Munich, 
Germany). Small interfering RNA (siRNA) against YB-1 
(#M-010213) and nontargeting siRNA (#D-001810) were 
purchased from Darmacon (Frankfurt, Germany). Lipo-
fectamine RNAiMAX transfection reagent and opti-
MEM were purchased from Invitrogen (Darmstadt, 
Germany). I-SceI-GR-RFP expression plasmid was a gift 
from Tom Misteli (Addgene plasmid #17,654, USA).

Inhibitor treatment
The RSK inhibitors LJI308 (LJI) and BI-D1870 (BID) were 
dissolved in dimethyl sulfoxide (DMSO). For treatment, 
stock solutions of the inhibitors were diluted in culture 

medium and applied to the cells. Control cells received 
equivalent DMSO concentrations.

Irradiation
Irradiation was performed at 37  °C using a Gulmay 
RS225 X-ray machine (Gulmay Limited, Chertsey, UK) at 
a dose rate of 1 Gy/min operated at 200 kVp, 15 mA and 
0.5 mm copper filter.

Cellular fractionation and immunoblotting analysis
Cytoplasmic and nuclear protein fractions were sepa-
rated as previously described [21]. Cells were harvested 
in lysis buffer as described previously [22]. Protein was 
quantified with Biorad DC™  Protein Assay Reagent and 
100 µg of protein were loaded to SDS-PAGE. Afterwards, 
proteins were transferred to a nitrocellulose membrane, 
incubated with the corresponding primary antibodies at 
4 °C overnight, followed by 3 washes and then incubated 
with the corresponding secondary antibodies for 1  h at 
room temperature. PVDF (polyvinylidene fluoride) was 
used to detect LC3 I/II proteins. LI-COR Biosciences sys-
tem (Bad Homburg, Germany) and ECL detection kits 
(GE Healthcare or Cell Signaling) were used to detect 
chemiluminescence.

Clonogenic assay
Clonogenic assay was performed to investigate potential 
radiosensitizing effect of fisetin in all TNBC and HSF-7 
cells. Briefly, log phase cells in T12.5 flasks were treated 
with DMSO (0.1%) control (10 flasks) or 75 µM of Fise-
tin (10 flasks) for 24 h. Thereafter, cells were clustered in 
4 groups, i.e., control, IR, fisetin and fisetin + IR, with 5 
flasks/group. Cells were either mock irradiated (control 
and fisetin groups) or irradiated with one fraction of 
1 Gy (IR and IR + fisetin groups). From each group, one 
flask was trypsinized immediately after irradiation or 
mock irradiation and plated in 6-well plates in medium 
containing 20% FCS without additional treatment. The 
medium was changed for the rest of the cells (16 flasks), 
with the fresh medium containing DMSO (0.1%) or fise-
tin for the next fraction of irradiation the following day. 
The same procedure was repeated on day 2 and the fol-
lowing days. In the experiments with single dose irra-
diation, cells were treated either with DMSO (0.07%) or 
fisetin (75 µM). Twenty-four hours later, cells were mock 
irradiated or irradiated with 0 to 4 Gy. Cells were trypsi-
nized immediately after irradiation or mock irradiation 
and plated in 6-well plates. Depending on the cell lines, 
10 to 15  days later, cultures were stained and colonies 
with more than 50 cells were scored as survivors. Plat-
ing efficiency (PE) in each condition was calculated by 
dividing number of colonies to the number of seeded 
cells. The survival fraction for each radiation dose was 
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calculated by dividing the PE of irradiated cells with the 
PE of non-irradiated DMSO control or non-irradiated 
fisetin control. Survival curves were graphed based on 
the calculated survival fractions by using Sigma Plot and 
Microsoft Excel software.

γH2AX assay
To determine residual DNA DSB after IR, TNBC and 
HSF-7 cell lines were irradiated with the indicated dose 
of X-ray in each experiment. Either thirty minutes or 
24 h after irradiation, cells were fixed with 70% ethanol 
and followed by staining with phospho-H2AX (S139) 
antibody as described before [23]. The foci were counted 
using FoCo software [24] and the average foci number 
per nuclei were determined and graphed.

SiRNA transfection
SiRNA transfection was performed as described previ-
ously [5,  ]. Cells were transfected with 50  nM of non-
target siRNA or YB-1 siRNA. Twenty-four hours after 
transfection, cells were treated according to the required 
experimental procedure.

Three‑color fluorescence in situ hybridization
The effect of fisetin on chromosomal aberration was 
studied with three-color fluorescence in  situ hybridi-
zation as described before [25] in MDA-MB-231 and 
MDA-MB-468 cells with differential effect of fisetin on 
YB-1 phosphorylation. Cells were seeded in T175 culture 
flasks and 24 h later were treated with DMSO (0.07%) or 
fisetin (75 µM) for  72 h hours. In the IR condition, the 
cells were irradiated with 2 Gy and after 48 h, a mitotic 
shake off was performed to detach the currently dividing 
cells with condensed chromosomes mitotic cells. After 
cell lysis, pellets were resuspended in 0.02% potassium 
chloride solution (Sigma Aldrich, München, Germany) 
and a 3:1 methanol:acetic acid (Sigma Aldrich, München, 
Germany) solution. DNA was transferred to glass slides 
and treated with RNase (Roche, Penzberg, Germany) 
and pepsin (Sigma Aldrich, München, Germany) to 
remove cell debris. Afterwards, DNA was fixated with 
formaldehyde-buffer (Merck, Darmstadt, Germany), 
denatured with formamide-buffer (Merck, Darmstadt, 
Germany) at 72  °C and hybridization was performed by 
incubating DNA with a mixture of probes for chromo-
some #1, #2 and #4 at 37 °C for 72 h. Finally, glass slides 
were stained with FITC (Merck, Darmstadt, Germany) 
and anti-avidin/rhodamin (Merck, Darmstadt, Ger-
many) and microscopic images were taken using a Zeiss 
Axioplan 2 fluorescence microscope. The Metasystems 
software (Metafer 4 V3.10.1, Altlussheim, Germany) was 
used to search chromosome metaphases automatically 
at 100 × magnification and an image of each metaphase 

was acquired at a magnification of 630 × . For each meta-
phase, black and white images of each color (red, green 
and blue) were acquired and used for evaluation.

DSB repair pathway analysis
The DSB repair pathway analysis was performed in U2OS 
cells expressing genomically integrated reporter con-
structs for HR, C-NHEJ and Alt-NHEJ repair pathways 
[20]. Cells (5 × 105) were transfected with 800  ng/ml of 
inducible I-SceI expression plasmid [26] and were treated 
with fisetin (75 µM) after 24 h. Twenty-four hours after 
the fisetin treatment, the cells were treated with 100 ng/
ml of triamcinolonacetonid (TA) to induce nuclear trans-
location of I-SceI. After an additional 24  h, cells were 
analyzed for GFP expression by BD FACSCanto™  System 
using Flowing software.

Flow cytometric analysis of apoptosis
To analyze the effect of fisetin on apoptosis and cell 
cycle progression, all TNBC cell lines were seeded 24 h 
before treatment with DMSO (0.07%) or fisetin (75 µM). 
After twenty-four hours, cultures were mock irradi-
ated or irradiated with 4 Gy. Cells were trypsinized and 
fixed with 70% ethanol 48 h after irradiation. Propidium 
iodide staining and cell preparation for cell cycle analysis 
were performed as described before [27] using BD FAC-
SCanto™  System and the data were analyzed  by FlowJo 
software.

Phospho‑kinase proteome profiler array
MDA-MB-231 cells were treated with DMSO (0.07%) or 
fisetin (75 µM) for 72 h and followed by mock irradiation 
or irradiation with 4 Gy. Protein samples were extracted 
at 30 min and 24 h after irradiation. Phospho-kinase pro-
teome array was performed according to the manufac-
turer’s protocol (R&D Systems, Minneapolis, MN, USA).

SILAC‑based phosphoproteomics analysis
Quantitative phosphoproteomics using Stable Isotope 
Labeling by Amino Acids in Cell Culture (SILAC) was 
done in 6 samples distributed in two experimental groups 
in biological triplicates for MDA-MB-468 as follow: 
1) IR (4  Gy) (“light” and “medium” labelled); 2) IR plus 
Fisetin (75  µM) (IR + Fisetin) (“heavy labelled). Similar 
treatments were performed in MDA-MB-231 with the 
exception of labelling IR condition with “light” medium. 
Briefly, MDA-MB-231 and MDA-MB-468 cell lines 
were grown in 3 different media containing”light” (Lys0, 
Arg0), “medium-heavy” (13C6

14N4-L-arginine/Arg6, 
4,4,5,5-D4-L-lysine/Lys4) and “heavy” (13C6

15N4-L argi-
nine/Arg10,13C6

15N2-L-Lysine/Lys8) amino acids. Cells 
were cultured for 10 passages to ensure the incorpora-
tion of labeled amino acids was higher than 97% in all 
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cases. Afterwards, IR treatment was applied for 30  min 
and cells were lysed in lysis buffer [28] for 30 min at room 
temperature and then sonified for 1 min on ice (Bandelin 
SONOPULS HD 200, Program MS73D). Protein extracts 
were precipitated with ice-cold acetone-methanol at 
-20 °C overnight. The proteins were pelleted by centrifu-
gation (2000 × g, 20  min, 4  °C) and washed three times 
with 80% ice-cold acetone. Dried proteins were resolved 
in digestion buffer (6 M urea, 2 M thiourea, 10 mM Tris, 
pH 8.0). The samples were mixed in 1:1:1 ratio according 
to measured protein amounts in two pools, each of them 
containing a “light- “, “heavy-medium- “ and “heavy-
SILAC” sample. Afterwards, 600  µg of the mixture was 
digested in solution with trypsin as described previ-
ously [29] and 3% of the resulting peptides were directly 
desalted with C18 StageTips [30].

The rest of the peptide mixture was purified on Sep-
Pak 18 cartridges (Waters) and subjected to phospho-
peptide enrichment by MagReSyn Ti-IMAC (ReSyn 
Bioscience) as described previously [29] with minor 
modifications: approximately 60  μl of magnetic bead 
suspension per mix and enrichment round was washed 
two times for 5 min with 70% ethanol, followed by wash-
ing for 10 min with 1% NH4OH. Before peptide loading, 
beads were equilibrated three times with loading buffer 
(1  M glycolic acid and 5% TFA in 80% ACN). Elution 
from the beads was performed three times with 100  µl 
of 1% NH4OH. The pooled eluates were further purified 
by C18 StageTips. Peptide mixes were subjected to three 
consecutive rounds of enrichment. LC–MS analyses of 
peptides and enriched phosphopeptides were performed 
on an EASY-nLC 1200 UHPLC coupled to a quadrupole 
Orbitrap Exploris 480 mass spectrometer (both Thermo 
Scientific).

Separations of the peptide mixtures and enriched phos-
phopeptides were performed as described previously 
[31] with slight modifications: the peptides were injected 
onto the column in HPLC solvent A (0.1% formic acid) at 
a flow rate of 500 nl/min and subsequently eluted with a 
127 or 57  min segmented gradient of 10–33-50–90% of 
HPLC solvent B (80% acetonitrile in 0.1% formic acid) 
at a flow rate of 200 nl/min. The mass spectrometer was 
operated in data‐dependent mode, collecting MS spectra 
in the Orbitrap mass analyzer (60,000 resolution, 300–
1750  m/z range) with an automatic gain control (AGC) 
set to standard and a maximum ion injection time set 
to automatic. The 20 most intense precursor ions were 
sequentially fragmented with a normalized collision 
energy of 28 in each scan cycle using higher energy colli-
sional dissociation (HCD) fragmentation. In all proteome 
and phosphoproteome measurements, sequenced pre-
cursor masses were excluded from further selection for 
30 s. MS/MS spectra were recorded with a resolution of 

15,000 and 30,000, respectively, whereby AGC was set to 
standard and fill time was set to automatic.

MS data were processed using default parameters of 
the MaxQuant software (v1.5.2.8) [32]. Extracted peak 
lists were submitted to a database search using the 
Andromeda search engine [33] to query a target-decoy 
[34] database of homo sapiens (97,795 entries, down-
loaded on 7th of October 2020) and 285 commonly 
observed contaminants.

In the database search, full tryptic specificity was 
required and up to two missed cleavages were allowed. 
Protein N-terminal acetylation, oxidation of methionine, 
and phosphorylation of serine, threonine, and tyros-
ine were set as variable modifications, whereas no fixed 
modification was defined. Initial precursor mass toler-
ance was set to 4.5 ppm, and 20 ppm at the fragment ion 
level. Peptide, protein and modification site identifica-
tions were filtered at a false discovery rate (FDR) of 0.01. 
For protein group quantitation a minimum of two quan-
tified non-phosphorylated peptides were required, for 
phosphorylation sites at least one quantitation event was 
required. Quantified phosphorylation sites were further 
normalized for changes on the proteome level by dividing 
the site ratio by the corresponding protein group ratio. 
The normalization was done in R v. 4.1.2 (R Development 
Core Team (2012).

Bioinformatics
Downstream statistical analysis of proteomics and phos-
phoproteomics was performed in R (version 3.6.0). 
The R package proteus (version 0.2.14) was used to 
analyze  MaxQuant’s Proteomics output file “protein-
Groups_SILAC.txt” and the phosphoproteomics output 
file “Phospho (STY)Sites.txt”. Differential expression (DE) 
analysis was performed with the R package Limma (ver-
sion 3.42.2) outside of the package Proteus. As cut-off for 
statistical significance a multiple adjusted p value (p.adj 
value) < 0.05 was chosen, which is corrected for multiple 
testing to control the false discovery rate (FDR). In a first 
step the SILAC ratios were quantile normalized and log2 
transformed. In order to identify differentially expressed 
proteins a linear model was then fitted to each protein/
phosphosite as follows: exp =  ~ condition with “exp” rep-
resenting expression of a protein and  condition  repre-
senting the ratios from fisetin treatment vs control. Using 
as null hypothesis log fisetin/control = 0 above formula 
was analyzed for the intercept term only, which is defined 
as the mean response value when all explanatory vari-
ables (here “condition”) were set to zero. For graphical 
visualization heatmaps and a volcano plot showing sta-
tistical significance -log10(p-value) versus log2 FC were 
produced. The same procedure was done for phospho-
sites and afterwards the phosphosite table was compared 
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against the protein table to exclude phosphosites that 
were different due to differential expression at the protein 
level.

For a pathway and GO analysis in MDA-MB-468 cells, 
the g:Profiler tool (https://​biit.​cs.​ut.​ee/​gprof​iler/​gost) 
(version e101_eg48_p14_baf17f0) was used. The protein 
IDs corresponding to the DE phosphosites and proteins 
with p.adj < 0.05 were copied into the g:Profiler tool. 
Homo sapiens was selected as the species and for the 
advanced options the following parameters were consid-
ered: only annotated genes, g:SCS threshold, 0.05 thresh-
old and ENTREZGENE_ACC; before clicking on Run 
query. For GO analysis in MDA-MB-231 cells, DAVID 
2021 (https://​david.​ncifc​rf.​gov/) was used. The protein 
IDs related to the DE phosphosites with significance 
B < 0.01 were copied into the DAVID tool. Homo sapiens 
was selected as the species and the most enriched path-
ways in DNA damage and repair pathways were selected 
and plotted.

Statistics and densitometry
A densitometry analysis of the Western blots was per-
formed by using LI-COR Odyssey®  Fc with Image Studio 
Lite software version 5.2. (Bad Homburg v. d. Hoeh, Ger-
many). Student’s t-test was applied to test a significant 
difference on the expected endpoint according to each 
experiment between two groups. The non-parametric 
Mann–Whitney U test was performed to analyze a sig-
nificant difference on the number of chromosomal aber-
rations per metaphase induced by irradiation or fisetin 
treatment. p < 0.05 was considered statistically significant 
(* p < 0.05, ** p < 0.01, *** p < 0.001****, p < 0.0001).

Results
Inhibition of YB1 and AKT phosphorylation by fisetin is cell 
line dependent
Cell authentication confirmed the lack of ER and PR in 
all TNBC cell lines in comparison with the MCF-7 and 
T47D classified as ER+/PR+ (Fig. S1). In addition, it 
also suggested an association between the levels of phos-
phorylation of YB-1 (S102), RSK (T359/S363) and the 
expression of RSK2 (Fig. S1). Fisetin is a plant flavonoid 
with anticancer properties that inhibits RSK-mediated 
YB-1 S102 phosphorylation in the range of 20 to 80 µM 
by inhibiting the interaction of RSK1 and RSK2 to YB-1 
in melanoma cells [16]. Here, we evaluated the effects 
of fisetin at the concentrations of 12.5, 25, 50 and 75 
µM on phosphorylation of YB-1 (S102) and AKT (S473) 
in TNBC cells 24 h after treatment. We analyzed phos-
phorylation status of YB-1, AKT and RSK in TNBC 
cell lines; MDA-MB-231, MDA-MB-453, HS 578T and 
MDA-MB-468.

Fisetin showed a cell line dependent inhibition effect 
(Fig.  1). It strongly reduced YB-1 (S102) phosphoryla-
tion in MDA-MB-231 and MDA-MB-453 cells in a dose- 
dependent manner without an effect on YB-1 protein 
expression. In HS 578T cells, fisetin reduced not only 
50% YB-1 (S102) phosphorylation at the concentrations 
of 50 and 75  µM, but also YB-1 protein expression. In 
MDA-MB-468 cells, none of the fisetin concentrations 
inhibited YB-1 (S102) phosphorylation. Regarding AKT, 
fisetin failed to stimulate AKT (S473) phosphorylation 
in comparison to the RSK inhibitor LJI308 [6, 35] in all 
tested cell lines. However, it inhibited AKT (S473) phos-
phorylation in MDA-MB-231, with relatively lower levels 
of AKT phosphorylation shown in Fig. S1 and reported 
before [36]. In HSF-7 normal human fibroblast, fisetin 
slightly inhibited YB-1 (S102) phosphorylation only at 
concentrations of 25 and 50 µM (Fig. 1).

Fisetin mimics RSK pharmacological inhibitors in terms 
of inhibiting YB‑1 (S102) phosphorylation
Since fisetin inhibited YB-1 phosphorylation at S102 
in MDA-MB-231 but not in MDA-MB-468 cells, we 
inquired whether this is due to the difference in inhibit-
ing RSK activity or due to the divergent effects of fisetin 
on YB-1 (S102) phosphorylation. To this aim, we com-
pared the effects of fisetin (75 µM, 24 h) with the those 
of two RSK pharmacological inhibitors LJI308 (LJI) 
and BI-D1870 (BID), both at concentrations of 2.5  µM 
administered for 24  h. The data shown in Fig.  2A and 
the related densitometry in Fig.  2B indicate that fisetin 
(75  µM) mimics two RSK inhibitors that could mark-
edly inhibit YB-1 phosphorylation at S102 in both cyto-
plasmic and nuclear fractions of MDA-MB-231. Similar 
to the data shown in Fig. 1, fisetin did not inhibit YB-1 
phosphorylation in cytoplasmic and nuclear fractions 
of MDA-MB-468. Interestingly and similar to the fise-
tin effect, both RSK pharmacological inhibitors inhib-
ited YB-1 phosphorylation in MDA-MB-231 cells. In 
MDA-MB-468 cells, fisetin as well as the RSK inhibi-
tor BID did not affect YB-1 phosphorylation. While 
LJI with a lower IC50 values [37] slightly reduced YB-1 
phosphorylation in MDA-MB-468 cells in both cyto-
plasmic and nuclear fractions (Figs.  2A-B). This data 
indicates that RSK is one of the major targets of fise-
tin. It is known that IR, along with inducing DNA DSB, 
stimulates YB-1 phosphorylation in wild-type cells [5, 6]. 
In cells with mutations, e.g., gain of function mutation 
in KRAS or loss of function mutation in PTEN, YB-1 is 
highly phosphorylated and this is not further enhanced 
by IR [5,  ]. Here, we inquired whether pattern of the 
effect of fisetin on YB-1 phosphorylation will be changed 
after irradiation in KRAS-mutated MDA-MB-231 and 
in PTEN-mutated MDA-MB-468 cells. As expected, 
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both cell lines presented high level of YB-1 phospho-
rylation at S102, which was not further stimulated by IR 
(Fig. 2C). Intriguingly, the effect of fisetin on YB-1 phos-
phorylation at 15 min and 30 min after 4 Gy irradiation 
remained unchanged, i.e., inhibited in MDA-MB-231 
cells and not affected in MDA-MB-468 (Fig. 2C).

Fisetin radiosensitizes TNBC cells
Inhibiting YB-1 phosphorylation on S102 by dual tar-
geting of RSK and AKT was shown to be an efficient 
approach to block DSB repair and induce radiosensiti-
zation in breast cancer cells, independent of TNBC sta-
tus [6]. We performed a clonogenic assay to investigate 

Fig. 1  Effect of fisetin on phosphorylation of YB-1 and AKT is cell line dependent. The TNBC cells were treated with indicated concentrations of 
fisetin for 24 h. Thereafter, protein samples were extracted and loaded into a SDS-PAGE. The level of phosphorylation of YB-1 (S102) and AKT (S473) 
were detected by Western blotting. Blots were stripped and incubated with antibody against YB-1 and AKT1, respectively. Actin was detected 
from the YB-1 detected membrane without stripping as a loading control. The histograms represent the mean densitometry values ± SD of 
phospho-YB-1 to actin, YB-1 to actin and phospho-AKT to AKT1 normalized to 0 µM condition from 3 independent experiments. The asterisks 
indicate significant fisetin mediated changes on YB-1 and AKT phosphorylation (*p < 0.05, **p < 0.01, ***p < 0.001), ****p < 0.0001; students t-test). 
SD: standard deviation
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whether the inhibition of YB-1 phosphorylation by fise-
tin correlates with radiosensitization in the cell lines 
tested. To this aim, clonogenic assay was tested in 3 dif-
ferent combination settings, i.e., one dose of IR (3 Gy) 
combined with multiple concentrations of fisetin (0 to 
100  µM), multiple doses of IR (0 to 4  Gy) combined 
with one concentration of fisetin (75 µM) and fraction-
ated irradiation (1 to 5 fractions of 1  Gy) combined 
with fractionated fisetin treatment (1 to 5 fractions 
of 75  µM). The data obtained from these experiments 
showed that fisetin induces radiosensitivity under all 
tested conditions. Fisetin at different concentrations 
induced radiosensitization in MDA-MB-231 cells irra-
diated with 3  Gy (Fig. S2A), in accordance with the 
inhibition of YB-1 phosphorylation shown in Fig.  1. 
Fisetin in non-irradiated cells (0 Gy) strongly inhibited 
clonogenic activity as well (Fig. S2A).

In a separate experiment we compared the effect 
of fisetin (0 to 100  µM) with irradiation (0 to 4  Gy) in 
MDA-MB-231 and MDA-MB-468 on clonogenic activ-
ity and showed that, similar to IR, fisetin inhibits clono-
genic activity in both of the cell lines tested (Fig. S2B). 
Based on this data in the further experiments we applied 
fisetin at 75  µM in combination with fractionated irra-
diation and investigated its radiosensitization in all 4 
TNBC lines including MDA-MB-231 cells. Data shown 
in Fig.  3 indicates that fisetin induces radiosensitiza-
tion in all TNBC lines, however the effect was cell line 
dependent.

Among the cell lines tested, HS 578T was the most 
radioresistant cell line and the radiosensitizing effect of 
fisetin started appearing in fraction 4. From this data we 
proposed that DSB repair machinery effectively repairs 
damages induced by 1  Gy fraction and that the poten-
tial radiosensitizing effect of fisetin might be observed 
when combined with a single dose of irradiation. We 
confirmed this hypothesis by performing a clonogenic 
assay in combination with fisetin (75  µM) and a single 
dose of irradiation of 0 to 4 Gy. Data obtained from this 
experiment confirmed the radiosensitizing effect of fise-
tin in HS 578T cells (Fig. S2C). Very interestingly, fisetin 
(75 µM) did not radiosensitize normal human fibroblast 
HSF-7 cells when combined with single dose irradiation 0 
to 4 Gy (Fig. S2C).

Fisetin blocks repair of IR‑induced DSB
It is known that YB-1 stimulates repair of IR-induced DSB 
[5,  6]. Thus,  we investigated whether fisetin affects the 
repair of DSB in association with the inhibition of YB-1 
phosphorylation at S102. Analyzing residual DSB 24  h 
after irradiation revealed that the fisetin pretreatment 
at concentrations of 25, 50 and 75  µM for 24  h inhib-
its repair of DSB in all 4 TNBC cell lines tested, inde-
pendent of its effect on YB-1 phosphorylation at S102 
(Fig.  4A-B). Fisetin (75  µM) did not affect IR-induced 
DSB repair in HSF-7 cells, while at the concentration of 
25 µM it stimulated DSB repair (Fig. 4A-B), which is in 
favor of future clinical applications of the drug. To ana-
lyze whether induction of damage is different in the pres-
ence and absence of fisetin, the number of γH2AX foci 
was analyzed 30 min after irradiation with 1 Gy in cells 
pretreated with and without fisetin (75  µM). The data 
presented in Fig. S3A indicates that the frequency of 
γH2AX foci in fisetin treated cells is higher than in con-
trol cells at either the 0 Gy or 1 Gy irradiation condition, 
which indicates that fisetin can induce DSB. Functions of 
fisetin as an inhibitor of the repair of IR-induced DSB and 
as an inducer of DSB when applied as a single treatment 
was tested in MDA-MB-231 and MDA-MB-468 cells 
after treatment with 0, 25, 50 and 75 µM for 48 h. Data 
shown in Fig. S3B indicates that fisetin at a concentration 
of 75 µM induced DSB in both cell lines. However, fisetin 
at lower concentrations, i.e., 25 and 50 µM did not induce 
DSB in MDA-MB-231 cells. The frequency of residual 
DSB was higher when these concentrations of fisetin 
were combined with IR, indicating inhibition of repair of 
IR-induced DSB (Fig. 4A-B). By applying YB-1-siRNA in 
MDA-MB-231 cells, we were able to show that the inhibi-
tory effect of fisetin on DSB repair is much stronger than 
the effect of YB-1 knockdown (Fig. 4C). These data indi-
cate that fisetin blocks the repair of IR-induced DSB and 
that this effect is only partially dependent on YB-1.

Residual DSB in proliferating cells result in a variety 
of chromosomal aberrations that lead to cell death. We 
investigated whether fisetin induces chromosomal aber-
ration in MDA-MB-231 and MDA-MB-468 cells, in 
which YB-1 phosphorylation was differentially affected 
by fisetin, i.e., inhibited in MDA-MB-231 cells and not 
affected in MDA-MB-468 cells. Fisetin (75  µM, 72  h) 

(See figure on next page.)
Fig. 2  Fisetin and RSK inhibitors have similar effect on YB-1 phosphorylation. A The indicated cells were treated with fisetin (75 µM), LJI308 (LJI) 
(2.5 µM) or BI-D1870 (BID) (2.5 µM). Cytoplasmic and nuclear protein fractions were isolated after 24 h and subjected to SDS-PAGE. Phospho-YB-1, 
total YB-1, phospho-AKT and total AKT1 were detected by Western blotting. α-Tubulin and lamin A/C were used as cytoplasmic and nuclear 
markers, respectively. Actin was detected as loading control. B The histograms represent the mean densitometry values ± SD of P-YB-1 to actin 
and YB-1 to actin from 3 independent experiments normalized to DMSO treated control (Ctrl) condition. The asterisks indicate significant fisetin 
mediated changes on YB-1 phosphorylation (*p < 0.05, **p < 0.01, ***p < 0.001), ****p < 0.0001; students t-test). C Cells were treated with and without 
fisetin (75 µM, 24 h) and mock irradiated or irradiated 4 Gy. Cytoplasmic and nuclear protein fractions were isolated at the indicated times after IR 
and subjected to SDS-PAGE. Phospho-YB-1 and total YB-1 were detected by Western blotting. α-Tubulin and lamin A/C were used as cytoplasmic 
and nuclear markers, respectively. Actin was detected as loading control
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Fig. 2  (See legend on previous page.)

Appendix A Publication I 87



Page 10 of 21Khozooei et al. J Exp Clin Cancer Res          (2022) 41:256 

induced chromosomal aberration in MDA-MB-231. In 
MDA-MB-468 cells, the frequency of aberration was also 
slightly but not significantly enhanced (Fig. 4D). In both 
cell lines, IR (2  Gy) induced chromosomal aberration 
(Fig. 4D).

Fisetin inhibits DSB repair through interference 
with C‑NHEJ and HR repair pathways
IR-induced DSB are repaired either by C-NHEJ or Alt-
NHEJ throughout the cell cycle and by HR during the S 
and G2 phases. We investigated which DSB repair path-
way was inhibited by fisetin by combining fisetin with 
a specific inhibitor of each repair pathway. To this end, 
DNA-PKcs inhibitor NU7441 (5  µM), Rad51 inhibitor 
B02 (5  µM) and PARP inhibitor Talazoparib (25  nM) 
were used as the inhibitors of C-NHEJ, HR and Alt-NHEJ 
repair pathways, respectively. Data shown in Fig.  5A 

revealed that treatment with fisetin and NU7441 signifi-
cantly inhibited DSB repair in MDA-MB-231 and MDA-
MB-468 cells after 4  Gy irradiation. B02 inhibited DSB 
repair in MDA-MB-468 but not in MDA-MB-231 cells 
(Fig. 5B). A combination of fisetin neither with Nu7441 
(Fig. 5A) nor B02 (Fig. 5B) enhanced residual DSB com-
pared to single treatments. Similar to fisetin, talazoparib 
as a PARP inhibitor, induced DSB as monotherapy and 
inhibited repair of IR-induced DSB in both cell lines 
(Fig.  5C). A combination of fisetin with talazoparib 
resulted in an additive effect after irradiation in both cell 
lines (Fig. 5C).

To support the data by pharmacological inhibitors of the 
specific DSB repair pathways, the effect of fisetin on I-SceI-
induced DSB was tested in osteosarcoma cell lines U2OS 
cells harboring reporter constructs specific for the indi-
vidual repair pathways. Schematic figures demonstrating 

Fig. 3  Fisetin radiosensitizes TNBC cells. The cells were treated with a vehicle (DMSO) or fisetin (75 µM) for 24 h, irradiated with a fractionated 
irradiation of 1 Gy and clonogenic assay was performed as described in the Methods section. The data points represent the mean surviving 
fraction ± SD of 12 data from 2 independent experiments (MDA-MB-231, MDA-MB-453, HS 578T) and 6 data from one experiment (MDA-MB-468)
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the constructs for the repair pathways they report have 
been outlined in Fig.  5D-F. The data obtained using these 
cells indicate that pretreatment with fisetin (75 µM) inhibits 

I-SceI-induced DSB repair in cells reporting HR and C-NHEJ 
but not Alt-NHEJ as shown by the FACS plots (Fig. 5E) as 
well as the mean percentage of GFP positive cells (Figs. 5F).

Fig. 4  Fisetin inhibits the repair of IR-induced DSB, which leads to chromosomal aberration in TNBC cells. A, B The cells were treated with the 
indicated concentrations of fisetin for 24 h and irradiated with 4 Gy. Twenty-four hours after irradiation γH2AX foci assay was performed as 
described in the Methods section. A The representative immunofluorescent images of γH2AX foci used for analyses. B Asterisks indicate significant 
inhibition of DSB repair shown by increased mean residual γH2AX ± SD after fisetin treatment compared to DMSO treated/ 4 Gy irradiated control 
(Ctrl) condition in 500 nuclei in MDA-MB-231 cells, 700 nuclei in MDA-MB-453 cells, 600 nuclei in MDA-MB-468 cells, 500 nuclei in HS 578T cells 
and 440 nuclei in HSF-7 cells, from 3 independent experiments. C MDA-MB-231 were transfected with 50 nM indicated siRNA and protein samples 
were isolated 72 h after transfection to analyze knockdown efficiency by Western blotting. In the parallel cultures, 24 h after transfection cells 
were treated with DMSO or fisetin (75 µM) for additional 24 h and irradiated with 4 Gy. γH2AX was performed 24 h after irradiation (72 h after 
transfection) and counted using FoCo software. The asterisks indicate significant difference in mean γH2AX ± SD between the indicated conditions 
(*p < 0.05, **p < 0.01, ***p < 0.001), ****p < 0.0001; students t-test) analyzed in 444 cells, from 3 independent experiments. The DMSO concentration 
in the cells treated with different concentrations of fisetin was kept similar. D The mean number of chromosomal aberrations analyzed in at least 
50 metaphases 48 h after irradiation (2 Gy) or 72 h after treatment with fisetin (75 µM). (*p < 0.05, Mann–Whitney U test): n.s. = non-significant. Chr.: 
Chromosome
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Effect of fisetin in combination with IR on apoptosis 
and autophagy
As an alternative to residual DSB mediated cell death 
by mitotic catastrophe, enhanced apoptosis by the com-
bination of fisetin and radiation might be a potential 
mechanism of radiosensitization by fisetin. Here, using 
flowcytometry analysis, it was shown that fisetin (75 µM) 
treatment for 72 h (24 h before and 48 h after IR) gener-
ally reduces the percentage of cells in G1 phase (Fig. 6A). 
Fisetin significantly enhanced sub-G1 population as an 
indication of apoptosis only in MDA-MB-231 and MDA-
MB-453 cells. Radiation (4  Gy) did significantly reduce 
the G1 population only in MDA-MB-453 and MDA-
MB-468 cells. Irradiation did not induce apoptosis in 
either of 4 TNBC cell lines. Interestingly, a combination 
of fisetin with IR enhanced apoptosis compared to fisetin 
or radiation alone only in MDA-MB-468 cells (Figs. 6A).

Controversial data has been reported regarding the 
effect of fisetin on autophagy. It is not known how the 
level of autophagy is changed in TNBC cells after a fisetin 
treatment in combination with irradiation. In this study, 
we investigated if there was a correlation between the 
expression pattern of LC3-II and p62 as autophagy mark-
ers and radiosensitizing effect of fisetin. Our data dem-
onstrated that fisetin (75  µM, 72  h) markedly induced 
the expression of LC3-II in MDA-MB-231 and MDA-
MB-468 cells without changes on the expression level of 
p62. Neither IR nor the combination of IR with fisetin 
induced the expression of autophagy markers, as shown 
by Western blotting (Fig. 6B). However, similar to a 24 h 
treatment, treatment with fisetin for 72 h induced radio-
sensitization in MDA-MB-231 cells when combined with 
single dose irradiation of 3 Gy (Fig. S2A) or IR doses of 
1 to 4 Gy (data not shown). Together, the data presented 
for DSB repair, autophagy and apoptosis indicates that 
the combination of fisetin with radiation leads to radio-
sensitization due to enhanced residual DSB that results 
in mitotic catastrophe but not stimulating apoptosis or 
regulating autophagy in TNBC cells.

Fisetin modulates activation of DDR signaling cascades
Fisetin in the range of 20 to 80 µM interacts with RSK1 
and RSK2 to inhibits YB-1 phosphorylation at S102 in 
melanoma cells [16]. By applying a short scale phospho-
kinase array in irradiated MDA-MB-231 cells we could 
show that fisetin (75  µM) inhibits phosphorylation of 
RSK1/2 (S221/S227) as the major kinases involved in 
YB-1 phosphorylation. However, fisetin in combina-
tion with IR markedly inhibited p53 phosphorylation 
(S392), phosphorylation of Src kinase (Y419) and sup-
pressed the expression of ß-catenin, analyzed at 30 min 
as well as 24 h post-IR (Fig. 7). The inhibitory effect of 
fisetin alone in non-irradiated condition in the 30-min 
post-IR experiment was mild. This data indicated that 
fisetin may affect multiple pathways involved in cell 
survival.

To analyze a possible effect of fisetin on DDR sign-
aling, a large scale phosphoproteomic study was 
performed in fisetin pre-treated and irradiated cells 
compared to irradiation alone. In MDA-MB-468 cells, 
in which fisetin does not inhibit YB-1 phosphoryla-
tion, a total of 472 phosphosites from 1564 analyzed 
phosphosites were found to be up- or down regu-
lated (Fig.  8A, Fig. S4). DEK (T13, S51), nucleolin 
(NCL) (S563), XRCC1 (S210) and TOP2A (S1106) 
were among the top 10 inhibited phosphorylation 
sites involved in DNA repair. Next, we performed a 
gene ontology (GO) enrichment analysis to verify if 
deregulated phosphosites are involved in DDR signal-
ing, i.e., DSB repair. The GO data presented in Fig. 8B 
and Table S1 indicates that gene products involved 
in DSB repair are among the most frequently inhib-
ited targets participating in DDR signaling. Interest-
ingly, the GO biological process analysis in irradiated 
MDA-MB-231 cells presented in Fig. S5 was similar 
to the data obtained in MDA-MB-468 cells indicating 
the importance of DNA repair gene products as the 
most important targets of fisetin in irradiated cells 
(Fig. S5).

Fig. 5  Fisetin inhibits DSB through the HR and C-NHEJ repair pathways. A-C MDA-MB-231 and MDA-MB-468 cells were treated with or without 
fisetin (75 µM) for 22 h and followed by treatment with or without DNA-PKcs inhibitor (NU7441, 5 µM), Rad51 inhibitor (B02, 5 µM) or PARP inhibitor 
(Talazoparib, 25 nM) for 2 h. The DMSO concentration in cells treated with different inhibitors was kept similar. Thereafter, cells were mock irradiated 
or irradiated 4 Gy and γH2AX was performed 24 h after IR. γH2AX foci per nuclei were counted using FoCo software. The data are presented as the 
mean number of foci per nuclei ± S.D. The asterisks indicate significant inhibition of DSB repair shown by increased mean residual γH2AX ± SD 
after treatment with indicated inhibitors compared to DMSO treated/ 4 Gy irradiated control condition or compared between indicated groups 
from at least 300 nuclei in MDA-MB-231 cells and MDA-MB-468 cells from at least 3 independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001), 
****p < 0.0001; students t-test). D U2OS cells harboring different DNA repair constructs including HR, C-NHEJ and Alt-NHEJ were used. E The 
cells were either transiently transfected with an inducible endonuclease I-SceI plasmid (800 ng/ml) or not transfected as a negative control. 
Twenty-four hours after transfection, cells were treated with or without fisetin (75 µM, 24 h). Nuclear translocation of I-SceI was induced by 100 ng/
ml triamzinolonacetonid and twenty-four hours later the percentage of GFP positive cells were determined using FACS. F The bar graphs show the 
mean percentage of GFP positive cells ± SD from 4 independent experiments normalized to DMSO treated control condition. Asterisks indicate 
inhibition of the indicated repair pathway by fisetin treatment (*p < 0.05, **p < 0.01; students t-test). The data shown for GFP-negative control cells is 
the mean from 2 independent experiments

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Discussion
TNBC is an aggressive type of breast cancer with poor 
outcomes. Beside surgery, radiotherapy is the main treat-
ment option for TNBCs; unfortunately, radioresistance 
frequently occurs and diminishes the results of the ther-
apy outcome. YB-1 as a multi-functional oncoprotein is 
overexpressed in different tumor types and plays a pivotal 
role in cell death resistance mechanisms. Fisetin is a plant 
flavonoid compound that interferes with RSK mediated 
YB-1 activity. In this study, we uncovered potential tar-
gets of fisetin in TNBC cells and investigated effect of 
fisetin on DSB repair and radiation response. The data 
obtained demonstrates that fisetin induces radiosensiti-
zation in association with inhibiting DSB repair in TNBC 
cells but not in normal human skin fibroblast. Fisetin 
inhibited DSB repair by inhibiting the HR and C-NHEJ 
repair pathways.

Fisetin interferes with the DDR signaling RSK and AKT 
pathways
RSK and AKT are the main kinases phosphorylating YB-1 
at S102 [38], prerequisite for the effect of YB-1 in stimu-
lating repair of IR induced DSB [6]. AKT, besides its role 
in YB-1 phosphorylation, stimulates repair of IR-induced 
DSB by directly binding to DNA-PKcs [27, 39, 40]. Thus, 
due to the compensatory role of AKT, inhibiting YB-1 
activity by solely targeting RSK is not an effective approach 
to inhibit DSB repair and induce radiosensitization [6]. To 
this aim, it was previously shown that co-targeting of RSK 
and AKT was more effective than single targeting of each 
kinase in terms of inhibiting cell proliferation [35], block-
ing DSB repair and inducing chemosensitivity [35] as well 
as radiosensitivity [6]. TNBC cell lines in this study har-
bor the key mutations (Table S2) that stimulate the PI3K/
AKT and MAPK/RSK pathways, as underlying pathways 
involved in phosphorylation of YB-1 at S102. Analyzing 
basal phosphorylation of YB-1, AKT and RSK and the 
expression of RSK1 and RSK2 revealed that phosphoryla-
tion of YB-1 at S102 is mainly associated with the expres-
sion of RSK1 and RSK2 as well as the phosphorylation of 
RSK (T359/S363) (see Fig. S1). RSK and YB-1 are highly 
phosphorylated in MDA-MB-231 and MDA-MB-468 
cells while MDA-MB-453 and HS 578T cells present high 

phosphorylation of AKT (S473) and low phosphorylation 
of YB-1. According to this data, phosphorylation of YB-1 
is mainly stimulated by RSK, suggesting that RSK target-
ing is necessary to efficiently inhibit YB-1 phosphorylation 
and YB-1-dependent cellular functions. Fisetin is known 
to block YB-1 phosphorylation in melanoma cells by bind-
ing mainly to RSK2 and to a lesser degree to RSK1 [16]. 
Likewise, fisetin inhibits the PI3K/AKT pathway in breast 
cancer cells [18]. In the present study, we applied fisetin as 
an alternative approach to AKT/RSK dual targeting strat-
egy to block YB-1 phosphorylation. Our data in TNBC 
cells supports the reported effect of fisetin on YB-1 phos-
phorylation in melanoma cells [16]. Fisetin mimicked the 
effect of RSK inhibitors on YB-1 phosphorylation, indi-
cating that fisetin interfered with RSK in TNBC cells. It 
inhibited YB-1 phosphorylation in 3 out of the 4 TNBC 
cell lines tested. In MDA-MB-468 cells, in which fisetin 
did not affect YB-1 phosphorylation at S102, the lack of an 
effect was also observed by two well-described RSK inhibi-
tors, in the presence or absence or irradiation. This set of 
data indicates that S102 phosphorylation of YB-1 in MDA-
MB-468 cells is mainly RSK independent. In line with this 
conclusion, MDA-MB-468 cells lack the expression of 
PTEN [41], which results in hyperactivation of AKT and, 
consequently, AKT-dependent YB-1 phosphorylation [6].

Fisetin induces DSB and interferes with DSB repair after IR
Nuclear localization of YB-1 is linked to a poor prognosis 
in different tumors, as reviewed elsewhere [38]. Binding 
of YB-1 to DNA repair proteins MSH2, DNA polymer-
ase delta, Ku80 and WRN proteins has been described 
before [13]. In this context, our previous studies dem-
onstrated that a genetic knockdown of YB-1 or blocking 
S102 phosphorylation of YB-1 using a specific peptide 
impairs the repair of IR-induced DSB [5,  6]. Here, we 
could show that fisetin inhibits YB-1 phosphorylation at 
S102 in 3 out of 4 TNBC cell lines tested, indicating the 
potential of fisetin to block the repair of DSB after irra-
diation. Interestingly, in all cell lines tested, including 
MDA-MB-468 cells, which lack a response to the effect 
of fisetin on YB-1 S102 phosphorylation, the frequency 
of residual DSB shown by γH2AX was enhanced in the 
combination of fisetin with IR compared to IR alone. This 

(See figure on next page.)
Fig. 6  Fisetin in combination with irradiation does not affect cell cycle progression and autophagy. A log-phase cells were treated with fisetin 
(75 µM) for 24 h and irradiated with 4 Gy. Forty-eight hours after irradiation, cells were collected and fluorescence-activated cell sorting analysis 
was performed as described before [27]. The percentage of cells in different cell cycles as mean ± SD was calculated from at least 3 independent 
experiments and graphed. The asterisks indicate significant differences in individual treatment groups compared to the DMSO treated control (Ctrl) 
condition or between the arrows indicated conditions (*p < 0.05, **p < 0.01, ***p < 0.001; students t-test). B The cells were treated with a vehicle or 
fisetin (75 µM) for 65 h and mock irradiated or irradiated with 4 Gy. Protein samples were isolated 7 h after irradiation and subjected to SDS-PAGE. 
The level of LC3I/II and p62 were detected using Western blotting. The experiments were repeated at least 3 times and similar results were obtained. 
Actin was detected as the loading control. Bar graphs represent the mean densitometry of LC3-II to actin from at least 3 independent experiments 
normalized to 1 in control condition. The asterisks indicate significant differences in mean LC3-II/actin between the indicated conditions or 
compared to untreated control (*p < 0.05, **p < 0.01; students t-test)
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Fig. 6  (See legend on previous page.)
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effect was associated with radiosensitization in all tumor 
cells tested but not in normal fibroblasts. As expected, 
fisetin did not affect DSB repair in normal fibroblasts. In 
line with this observation, Piao et  al. reported that fise-
tin has a protective effect against γ-irradiation-induced 
oxidative stress and cell damage in Chinese hamster lung 
fibroblasts [42]. Interestingly, fisetin alone was shown to 
function as a DNA damage inducing agent when applied 
at 75  µM in all TNBC cells tested. This effect of fisetin 
in TNBC cells correlates with the previous reports from 
other laboratories indicating DNA damage induced in 
three tumor entities by fisetin at different concentra-
tions, i.e., in hepatic cancer (60 µM) [43], gastric cancer 
(50  µM) [44] and pancreatic cancers (50 and 100  µM) 
[17]. In the current study, applying fisetin at the concen-
trations of 25 and 50  µM did not induce DNA damage 
as shown in MDA-MB-231 (Fig. S3) but inhibited repair 
of IR-induced DSB at these as well as a concentration of 
75 µM (Fig. 4). This data supports the effect of fisetin on 
DDR signaling. Thus, fisetin can potentially function as 

a double-edged sword in irradiated TNBC cells. Similar 
to IR, it functions as a DSB inducing agent, but simul-
taneously inhibits repair of DSB that are induced by IR. 
At present, it is not known whether the quality and com-
plexity of DSB induced by fisetin and IR are similar. This 
is a topic that remains to be investigated.

DSB is the major type of DNA damage involved in 
radiotherapy-induced cell death. Activation of signaling 
pathways such as RSK/YB-1 and PI3K/AKT by irradia-
tion stimulates DSB repair and diminishes the effect of 
radiotherapy. [6, 39]. So far existing data indicates that 
fisetin inhibits survival signaling pathways in different 
tumors, e.g., RSK/YB-1 in melanoma [16], PI3K/AKT 
in pancreatic cancer [45] and YB-1 in TNBC cells as 
shown in the present study. The inhibition of prosur-
vival pathways by fisetin contrasts with the effect of IR, 
which is known to stimulate these pathways [5,  6, 46]. 
Thus, fisetin treatment is expected to block clonogenic 
activity. Comparing the effect of single doses of fise-
tin with the effect of single doses of IR on clonogenic 

Fig. 7  Effect of fisetin om multiple Kinases in MDA-MB-231 cells after irradiation. MDA-MB-231 cells were treated with fisetin (75 µM) for 72 h 
and irradiated with 4 Gy. Protein samples were isolated either 30 min (A) or 24 h after irradiation (B). A phospho-kinase proteome analysis was 
performed according to the manufacturer’s protocol after the described treatments

(See figure on next page.)
Fig. 8  DDR are the major target of fisetin in irradiated cells. A phosphoproteomic study was performed in MDA-MB-468 cells, treated with or 
without fisetin (75 µM) for 24 h and irradiated with 4 Gy. Thirty minutes after irradiation cells were isolated and phosphoproteomics was performed 
as described in the Material & Methods section. A A total of 472 deregulated phosphosites (320 downregulated and 152 upregulated) and 47 
deregulated total proteins were identified. B The gene ontology analysis indicates that phospho-proteins involved in DDR are the most frequently 
downregulated ones by fisetin in irradiated cells. The asterisks indicate significant deregulation (N = 3, *p < 0.05, **p < 0.01, ***p < 0.001; values 
extracted from g:profiler analysis). C The proposed signaling pathway targeted by fisetin to interfere with repair of IR-induced DS
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Fig. 8  (See legend on previous page.)
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activity of MDA-MB-231 and MDA-MB-468 cells sup-
ports this conclusion (Fig. S2B). The anti-clonogenic 
activity of fisetin in MDA-MB-468 cells was stronger 
compared to that in MDA-MB-231 cells. This might be 
due to the stronger effect of fisetin in DSB induction in 
MDA-MB-468 compared to that in MDA-MB-231 cells 
(Fig. S3B). Our results from the present study indicate 
that fisetin in combination with IR inhibits the major 
DSB repair pathway, i.e., C-NHEJ and HR (see Figs. 5). 
The data on the effect of fisetin on HR is also supported 
by a recent report from Huang et al., who showed that 
HR repair efficiency in pancreatic cancer cells is dimin-
ished by fisetin treatment [47]. In this study, the authors 
demonstrate that fisetin inhibiting HR is due to a modi-
fication of N6-methyladenosine [47]. However, gene 
ontology from our phosphoproteomic study revealed 
that a variety of phosphosites involved in DDR are 
inhibited by fisetin treatment in irradiated cells. Among 
them, gene products involved in DNA repair, chroma-
tin binding and DNA replication are the most affected. 
DEK (T13, S51) [48], nucleolin (S563) [49], XRCC1 
(S210) [50] and TOP2A (S1106) [51] were found to be 
among the top 20 fisetin inhibited phospho-proteins 
that have been reported to be involved in DDR signal-
ing, i.e., DSB repair. Thus, we suggest that fisetin affects 
DDR at multiple levels rather than blocking it at a spe-
cific stage by affecting/inhibiting a single target.

Radiosensitization of TNBC by fisetin results from boosting 
DSB but not modulating autophagy and apoptosis
Non-repaired DSB leads to cell death by different mecha-
nisms, i.e., mitotic catastrophe, apoptosis and autophagy. 
So far, published data indicates that fisetin induces cell 
death by stimulating apoptosis. Here, we were able to 
show a significant enhancement of apoptosis by fise-
tin treatment in two out of the 4 TNBC cell lines. IR 
did not induce apoptosis in any of the cell lines tested. 
Importantly, a combination of fisetin with radiation 
slightly stimulated apoptosis in only one cell line (MDA-
MB-468). However, the radiosensitizing effect of fisetin 
was observed in all TNBC cells but not in normal human 
fibroblast. The lack of enhanced apoptosis in TNBC cells 
after combination of fisetin with irradiation is in conflict 
with the report by Chen et al., who described that fisetin 
radiosensitizes TP53 mutated HT-29 colorectal cancer 
cells through stimulating apoptosis [52]. The initiation of 
apoptosis or alternative types of cell death depends on a 
variety of parameters. Complexity of DSB, expression of 
the components of the underlying signaling pathways 
involved in a certain type of cell death and the mutation 
status of these components are the most crucial param-
eters, which vary in different cell lines. Thus, the con-
flicting results might be due to the different in cell lines 

investigated. Although, all the TNBC cell lines tested so 
far in our study are mutated in TP53 and radiosensitized 
by fisetin, TP53 mutation is not a prerequisite for fisetin-
mediated radiosensitization since fisetin did not radiosen-
sitize the TP53 mutated non-TNBC cell line T74D (data 
not shown). Additionally, fisetin has been reported to 
improve radiotherapy outcome of TP53 wild-type CT‑26 
xenograft tumors [53]. Thus, this data may indicate that 
the radiosensitizing effect of fisetin in breast cancer cells 
is dependent on the TNBC status, i.e., the expression 
of HER2, estrogen and progesterone receptors. Radia-
tion induces autophagy in breast cancer cells [54] how-
ever contradictory results exist in terms of the effect of 
autophagy on post-irradiation cell survival. It has been 
shown that the inhibition of autophagy by pharmaco-
logical inhibitors radiosensitizes breast cancer cells, liver 
cancer cells and esophageal squamous cell carcinomas 
[54–56]. In contrast, a genetic knockdown of ATG5 and 
Beclin 1 was shown to mediate radioresistance in pros-
tate cancer cells [57]. The differential effect of fisetin on 
autophagy has been reported as well. The induction of 
autophagy by fisetin was described in pancreatic cancer 
cells [58], whereas fisetin inhibited autophagy in hepato-
cellular carcinoma HepG2 cells [19]. Independent of the 
function of autophagy in post-irradiation cell survival, as 
well as the effect of fisetin on autophagy induction, in the 
present study we could show that fisetin in combination 
with radiation does not change autophagy levels when 
compared to radiation alone.

Conclusion
The application of fisetin may improve the radiotherapy 
outcome of TNBC patients through interference with 
signaling pathways involved in DSB repair (Fig. 8C) and 
consequently mitotic catastrophe.
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table S1

Cluster 1 Enriched phosphosites upregulation

p_value intersection_sizeterm_id source term_name
0.000180446 19 GO:0016071 GO:BP mRNA metabolic process

0.000511117 14 GO:0006397 GO:BP mRNA processing

0.000511117 19 GO:0016032 GO:BP viral process

0.00297448 7 GO:0007266 GO:BP Rho protein signal transduction

0.00297448 17 GO:1903047 GO:BP mitotic cell cycle process

0.004094478 10 GO:0007265 GO:BP Ras protein signal transduction

0.004094478 10 GO:0006913 GO:BP nucleocytoplasmic transport

0.004094478 10 GO:0051169 GO:BP nuclear transport

0.00420302 26 GO:0033554 GO:BP cellular response to stress

0.005101079 3 GO:0045657 GO:BP positive regulation of monocyte differentiation

0.005707275 10 GO:1903311 GO:BP regulation of mRNA metabolic process

0.005763146 8 GO:0019080 GO:BP viral gene expression

0.006404935 17 GO:0000278 GO:BP mitotic cell cycle

0.006743806 4 GO:0030224 GO:BP monocyte differentiation

0.006743806 20 GO:0007010 GO:BP cytoskeleton organization

0.008999052 11 GO:0007264 GO:BP small GTPase mediated signal transduction

0.008999052 3 GO:2001224 GO:BP positive regulation of neuron migration

0.008999052 44 GO:0048523 GO:BP negative regulation of cellular process

0.008999052 5 GO:0006970 GO:BP response to osmotic stress

0.009584774 2 GO:0060327 GO:BP cytoplasmic actin-based contraction involved in cell motility

0.011473659 6 GO:0050684 GO:BP regulation of mRNA processing

0.013095388 21 GO:0046907 GO:BP intracellular transport

0.013095388 6 GO:0051028 GO:BP mRNA transport

0.013358335 22 GO:0007049 GO:BP cell cycle

0.013419969 6 GO:0006606 GO:BP protein import into nucleus

0.015683597 15 GO:0006396 GO:BP RNA processing

0.016026322 46 GO:0006139 GO:BP nucleobase-containing compound metabolic process

0.016026322 3 GO:0045655 GO:BP regulation of monocyte differentiation

0.016026322 7 GO:0032869 GO:BP cellular response to insulin stimulus

0.016026322 47 GO:0046483 GO:BP heterocycle metabolic process

0.016026322 18 GO:0022402 GO:BP cell cycle process

0.017002407 13 GO:0030029 GO:BP actin filament-based process

0.017002407 5 GO:0006275 GO:BP regulation of DNA replication

0.017489487 7 GO:0015931 GO:BP nucleobase-containing compound transport

0.017489487 5 GO:0006406 GO:BP mRNA export from nucleus

0.017489487 5 GO:0071427 GO:BP mRNA-containing ribonucleoprotein complex export from nucleus

0.017489487 6 GO:0051170 GO:BP import into nucleus

0.017489487 47 GO:0006725 GO:BP cellular aromatic compound metabolic process

0.020591715 46 GO:0048519 GO:BP negative regulation of biological process

0.020814213 6 GO:0050657 GO:BP nucleic acid transport

0.020814213 6 GO:0050658 GO:BP RNA transport

0.020951169 5 GO:0060147 GO:BP regulation of posttranscriptional gene silencing

0.02115331 6 GO:0051236 GO:BP establishment of RNA localization

0.02115331 5 GO:0060966 GO:BP regulation of gene silencing by RNA

0.023170942 9 GO:0008380 GO:BP RNA splicing

0.023170942 6 GO:0007052 GO:BP mitotic spindle organization

0.023170942 11 GO:0000226 GO:BP microtubule cytoskeleton organization

0.023170942 19 GO:0019220 GO:BP regulation of phosphate metabolic process

0.023170942 8 GO:0000375 GO:BP RNA splicing, via transesterification reactions

0.023170942 8 GO:0000377 GO:BP RNA splicing, via transesterification reactions with bulged adenosine as nucleophile

0.023170942 8 GO:0000398 GO:BP mRNA splicing, via spliceosome

0.023170942 5 GO:0006405 GO:BP RNA export from nucleus

0.023170942 2 GO:0016479 GO:BP negative regulation of transcription by RNA polymerase I

0.023170942 5 GO:0071166 GO:BP ribonucleoprotein complex localization

0.023170942 16 GO:0051336 GO:BP regulation of hydrolase activity

0.023170942 19 GO:0051174 GO:BP regulation of phosphorus metabolic process

0.023170942 42 GO:0090304 GO:BP nucleic acid metabolic process

0.023170942 8 GO:0032386 GO:BP regulation of intracellular transport

0.023170942 5 GO:0071426 GO:BP ribonucleoprotein complex export from nucleus

0.023238408 13 GO:0006974 GO:BP cellular response to DNA damage stimulus

0.023238408 3 GO:0038128 GO:BP ERBB2 signaling pathway

0.023238408 6 GO:0051168 GO:BP nuclear export

0.026581021 4 GO:0016925 GO:BP protein sumoylation

0.026642234 47 GO:1901360 GO:BP organic cyclic compound metabolic process

0.026642234 5 GO:0060968 GO:BP regulation of gene silencing

0.027783052 7 GO:0032868 GO:BP response to insulin

0.028243078 6 GO:1902850 GO:BP microtubule cytoskeleton organization involved in mitosis

0.028243078 10 GO:0006281 GO:BP DNA repair

0.028243078 8 GO:0019058 GO:BP viral life cycle
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0.028434248 13 GO:0007017 GO:BP microtubule-based process

0.02884127 29 GO:0065009 GO:BP regulation of molecular function

0.029765128 31 GO:0051641 GO:BP cellular localization

0.030099528 6 GO:0017038 GO:BP protein import

0.030991025 11 GO:0030036 GO:BP actin cytoskeleton organization

0.030991025 5 GO:0006997 GO:BP nucleus organization

0.030991025 6 GO:0006403 GO:BP RNA localization

0.030991025 24 GO:0050790 GO:BP regulation of catalytic activity

0.030991025 4 GO:0035023 GO:BP regulation of Rho protein signal transduction

0.032267839 3 GO:0045740 GO:BP positive regulation of DNA replication

0.032452809 5 GO:0030048 GO:BP actin filament-based movement

0.03303235 14 GO:0009894 GO:BP regulation of catabolic process

0.03303235 3 GO:0071276 GO:BP cellular response to cadmium ion

0.03303235 26 GO:0051649 GO:BP establishment of localization in cell

0.03303235 8 GO:1901653 GO:BP cellular response to peptide

0.035787051 16 GO:0051094 GO:BP positive regulation of developmental process

0.037533657 48 GO:0034641 GO:BP cellular nitrogen compound metabolic process

0.037533657 19 GO:0044093 GO:BP positive regulation of molecular function

0.039040916 26 GO:0071310 GO:BP cellular response to organic substance

0.040754602 3 GO:2001222 GO:BP regulation of neuron migration

0.041194753 5 GO:0061572 GO:BP actin filament bundle organization

0.041194753 4 GO:0019886 GO:BP antigen processing and presentation of exogenous peptide antigen via MHC class II

0.041194753 34 GO:0006996 GO:BP organelle organization

0.043547952 6 GO:0043488 GO:BP regulation of mRNA stability

0.043547952 2 GO:0090557 GO:BP establishment of endothelial intestinal barrier

0.043918283 7 GO:0071375 GO:BP cellular response to peptide hormone stimulus

0.043918283 15 GO:0009628 GO:BP response to abiotic stimulus

0.043918283 7 GO:0006260 GO:BP DNA replication

0.044764395 4 GO:0002495 GO:BP antigen processing and presentation of peptide antigen via MHC class II

0.045006088 48 GO:0016043 GO:BP cellular component organization

0.046073642 26 GO:0035556 GO:BP intracellular signal transduction

0.046073642 8 GO:0007015 GO:BP actin filament organization

0.046073642 6 GO:0061013 GO:BP regulation of mRNA catabolic process

0.046073642 6 GO:0007051 GO:BP spindle organization

0.046073642 4 GO:0002504 GO:BP antigen processing and presentation of peptide or polysaccharide antigen via MHC class II

0.046073642 2 GO:0002566 GO:BP somatic diversification of immune receptors via somatic mutation

0.046073642 4 GO:0031124 GO:BP mRNA 3'-end processing

0.048333614 6 GO:0043487 GO:BP regulation of RNA stability

0.049659881 8 GO:1901990 GO:BP regulation of mitotic cell cycle phase transition

0.049710058 4 GO:0048024 GO:BP regulation of mRNA splicing, via spliceosome

3.52E-06 53 GO:0005829 GO:CC cytosol

6.00E-06 18 GO:0099513 GO:CC polymeric cytoskeletal fiber

2.02E-05 62 GO:0005634 GO:CC nucleus

2.02E-05 91 GO:0005622 GO:CC intracellular anatomical structure

2.02E-05 19 GO:0099512 GO:CC supramolecular fiber

2.02E-05 22 GO:0099080 GO:CC supramolecular complex

2.02E-05 19 GO:0099081 GO:CC supramolecular polymer

0.000147372 16 GO:0070161 GO:CC anchoring junction

0.000211611 28 GO:0005856 GO:CC cytoskeleton

0.000217435 12 GO:0005911 GO:CC cell-cell junction

0.000319707 11 GO:0005874 GO:CC microtubule

0.000319707 45 GO:0043228 GO:CC non-membrane-bounded organelle

0.000322048 41 GO:0031981 GO:CC nuclear lumen

0.000322048 39 GO:0005654 GO:CC nucleoplasm

0.000364774 14 GO:0048471 GO:CC perinuclear region of cytoplasm

0.000364774 7 GO:0005875 GO:CC microtubule associated complex

0.000364774 86 GO:0043226 GO:CC organelle

0.000515617 44 GO:0043232 GO:CC intracellular non-membrane-bounded organelle

0.000687159 82 GO:0043229 GO:CC intracellular organelle

0.000756863 5 GO:0032432 GO:CC actin filament bundle

0.002040834 8 GO:0031965 GO:CC nuclear membrane

0.002040834 3 GO:0035145 GO:CC exon-exon junction complex

0.002352466 81 GO:0043227 GO:CC membrane-bounded organelle

0.002979127 6 GO:0005912 GO:CC adherens junction

0.002979127 9 GO:0016607 GO:CC nuclear speck

0.003268316 44 GO:0070013 GO:CC intracellular organelle lumen

0.003268316 44 GO:0043233 GO:CC organelle lumen

0.003268316 44 GO:0031974 GO:CC membrane-enclosed lumen

0.003268316 10 GO:0015629 GO:CC actin cytoskeleton

0.004628163 4 GO:0097517 GO:CC contractile actin filament bundle

0.004628163 4 GO:0001725 GO:CC stress fiber

0.005741579 22 GO:0030054 GO:CC cell junction

0.005888994 9 GO:0005635 GO:CC nuclear envelope
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0.006684073 4 GO:0042641 GO:CC actomyosin

0.01089827 74 GO:0043231 GO:CC intracellular membrane-bounded organelle

0.015834227 10 GO:0030424 GO:CC axon

0.01868173 15 GO:0015630 GO:CC microtubule cytoskeleton

0.019097421 41 GO:0032991 GO:CC protein-containing complex

0.022277989 2 GO:0099092 GO:CC postsynaptic density, intracellular component

0.023405452 12 GO:0005730 GO:CC nucleolus

0.024269511 14 GO:0140513 GO:CC nuclear protein-containing complex

0.024269511 4 GO:0005884 GO:CC actin filament

0.024269511 3 GO:0043657 GO:CC host cell

0.024269511 3 GO:0018995 GO:CC host cellular component

0.027258468 72 GO:0005737 GO:CC cytoplasm

0.02972019 2 GO:0099091 GO:CC postsynaptic specialization, intracellular component

0.02972019 4 GO:0030018 GO:CC Z disc

0.034502938 1 GO:0097489 GO:CC multivesicular body, internal vesicle lumen

0.034502938 2 GO:0005868 GO:CC cytoplasmic dynein complex

0.034502938 7 GO:0005925 GO:CC focal adhesion

0.034502938 1 GO:0016938 GO:CC kinesin I complex

0.035694718 4 GO:0031674 GO:CC I band

0.035694718 7 GO:0030055 GO:CC cell-substrate junction

0.039563811 4 GO:0043296 GO:CC apical junction complex

0.043704954 2 GO:0030057 GO:CC desmosome

0.045267414 10 GO:0016604 GO:CC nuclear body

2.54E-06 31 GO:0003723 GO:MF RNA binding

2.97E-05 12 GO:0045296 GO:MF cadherin binding

7.78E-05 44 GO:0003676 GO:MF nucleic acid binding

7.78E-05 14 GO:0050839 GO:MF cell adhesion molecule binding

0.000186227 93 GO:0005515 GO:MF protein binding

0.0021403 25 GO:0019899 GO:MF enzyme binding

0.002969474 16 GO:0008092 GO:MF cytoskeletal protein binding

0.006984406 50 GO:1901363 GO:MF heterocyclic compound binding

0.007998595 50 GO:0097159 GO:MF organic cyclic compound binding

0.007998595 16 GO:0098772 GO:MF molecular function regulator

0.018982513 9 GO:0003779 GO:MF actin binding

0.019265637 3 GO:0071889 GO:MF 14-3-3 protein binding

0.024980835 13 GO:0030234 GO:MF enzyme regulator activity

0.027460148 3 GO:0043531 GO:MF ADP binding

0.03679647 3 GO:0019894 GO:MF kinesin binding

0.038244415 96 GO:0005488 GO:MF binding

0.000611345 8 KEGG:03013 KEGG RNA transport

0.032815165 4 KEGG:04012 KEGG ErbB signaling pathway

0.032815165 4 KEGG:05210 KEGG Colorectal cancer

0.032815165 6 KEGG:04510 KEGG Focal adhesion

0.032815165 6 KEGG:05205 KEGG Proteoglycans in cancer

0.041680853 6 KEGG:05132 KEGG Salmonella infection

0.041680853 4 KEGG:03015 KEGG mRNA surveillance pathway

0.008324969 3 REAC:R-HSA-9665348REAC Signaling by ERBB2 ECD mutants

0.008324969 3 REAC:R-HSA-5637810REAC Constitutive Signaling by EGFRvIII

0.008324969 3 REAC:R-HSA-5637812REAC Signaling by EGFRvIII in Cancer

0.008324969 7 REAC:R-HSA-9609646REAC HCMV Infection

0.008950406 3 REAC:R-HSA-5637815REAC Signaling by Ligand-Responsive EGFR Variants in Cancer

0.008950406 3 REAC:R-HSA-1236382REAC Constitutive Signaling by Ligand-Responsive EGFR Cancer Variants

0.008950406 6 REAC:R-HSA-9609690REAC HCMV Early Events

0.014779479 3 REAC:R-HSA-9664565REAC Signaling by ERBB2 KD Mutants

0.015149541 3 REAC:R-HSA-1227990REAC Signaling by ERBB2 in Cancer

0.01561579 3 REAC:R-HSA-1643713REAC Signaling by EGFR in Cancer

0.022223142 20 REAC:R-HSA-1643685REAC Disease

0.027479275 9 REAC:R-HSA-194315REAC Signaling by Rho GTPases

0.027479275 2 REAC:R-HSA-5655291REAC Signaling by FGFR4 in disease

0.027479275 4 REAC:R-HSA-1169410REAC Antiviral mechanism by IFN-stimulated genes

0.027479275 2 REAC:R-HSA-8853334REAC Signaling by FGFR3 fusions in cancer

0.027479275 4 REAC:R-HSA-72202REAC Transport of Mature Transcript to Cytoplasm

0.027479275 6 REAC:R-HSA-913531REAC Interferon Signaling

0.027479275 2 REAC:R-HSA-2179392REAC EGFR Transactivation by Gastrin

0.027479275 3 REAC:R-HSA-4085377REAC SUMOylation of SUMOylation proteins

0.027479275 9 REAC:R-HSA-9716542REAC Signaling by Rho GTPases, Miro GTPases and RHOBTB3

0.027479275 3 REAC:R-HSA-3232142REAC SUMOylation of ubiquitinylation proteins

0.027479275 4 REAC:R-HSA-159236REAC Transport of Mature mRNA derived from an Intron-Containing Transcript

0.036639123 3 REAC:R-HSA-3899300REAC SUMOylation of transcription cofactors

0.036639123 13 REAC:R-HSA-5663205REAC Infectious disease

0.036656095 2 REAC:R-HSA-179812REAC GRB2 events in EGFR signaling

0.037144357 3 REAC:R-HSA-4570464REAC SUMOylation of RNA binding proteins

0.037144357 3 REAC:R-HSA-4615885REAC SUMOylation of DNA replication proteins
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0.039129446 2 REAC:R-HSA-180336REAC SHC1 events in EGFR signaling

0.040513845 2 REAC:R-HSA-1963642REAC PI3K events in ERBB2 signaling

0.040513845 3 REAC:R-HSA-1227986REAC Signaling by ERBB2

0.040513845 2 REAC:R-HSA-1963640REAC GRB2 events in ERBB2 signaling

0.040513845 3 REAC:R-HSA-2980766REAC Nuclear Envelope Breakdown

0.041735127 3 REAC:R-HSA-177929REAC Signaling by EGFR

0.044632777 5 REAC:R-HSA-3108232REAC SUMO E3 ligases SUMOylate target proteins
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table S1

Cluster 2 Enriched phosphosites downregulation

p_value intersection_sizeterm_id source term_name
2.21E-11 37 GO:0016071 GO:BP mRNA metabolic process

6.81E-11 83 GO:0006996 GO:BP organelle organization

1.54E-09 109 GO:0071840 GO:BP cellular component organization or biogenesis

6.03E-09 105 GO:0016043 GO:BP cellular component organization

6.03E-09 49 GO:0007049 GO:BP cell cycle

6.03E-09 22 GO:1903311 GO:BP regulation of mRNA metabolic process

9.74E-09 21 GO:0000377 GO:BP RNA splicing, via transesterification reactions with bulged adenosine as nucleophile

9.74E-09 21 GO:0000398 GO:BP mRNA splicing, via spliceosome

1.01E-08 21 GO:0000375 GO:BP RNA splicing, via transesterification reactions

1.14E-08 38 GO:0033043 GO:BP regulation of organelle organization

1.45E-08 23 GO:0008380 GO:BP RNA splicing

1.45E-08 33 GO:1903047 GO:BP mitotic cell cycle process

2.06E-08 40 GO:0022402 GO:BP cell cycle process

2.77E-08 67 GO:0044085 GO:BP cellular component biogenesis

3.66E-08 24 GO:0006397 GO:BP mRNA processing

4.81E-08 63 GO:0022607 GO:BP cellular component assembly

7.11E-08 37 GO:0051276 GO:BP chromosome organization

8.42E-08 34 GO:0000278 GO:BP mitotic cell cycle

6.70E-07 31 GO:0006396 GO:BP RNA processing

7.30E-07 91 GO:0048522 GO:BP positive regulation of cellular process

1.99E-06 96 GO:0048518 GO:BP positive regulation of biological process

3.49E-06 23 GO:0010638 GO:BP positive regulation of organelle organization

4.07E-06 50 GO:0051128 GO:BP regulation of cellular component organization

4.07E-06 21 GO:0051493 GO:BP regulation of cytoskeleton organization

7.38E-06 55 GO:0035556 GO:BP intracellular signal transduction

8.22E-06 10 GO:0048024 GO:BP regulation of mRNA splicing, via spliceosome

8.22E-06 36 GO:0007010 GO:BP cytoskeleton organization

1.25E-05 22 GO:0051301 GO:BP cell division

1.42E-05 11 GO:0050684 GO:BP regulation of mRNA processing

1.80E-05 31 GO:0051130 GO:BP positive regulation of cellular component organization

1.80E-05 16 GO:0140014 GO:BP mitotic nuclear division

2.09E-05 11 GO:0043484 GO:BP regulation of RNA splicing

3.73E-05 27 GO:0006259 GO:BP DNA metabolic process

3.92E-05 22 GO:0044770 GO:BP cell cycle phase transition

4.42E-05 60 GO:0009892 GO:BP negative regulation of metabolic process

4.42E-05 67 GO:0065008 GO:BP regulation of biological quality

4.46E-05 29 GO:0051726 GO:BP regulation of cell cycle

4.46E-05 79 GO:0090304 GO:BP nucleic acid metabolic process

5.21E-05 13 GO:0043488 GO:BP regulation of mRNA stability

5.86E-05 34 GO:0009057 GO:BP macromolecule catabolic process

6.34E-05 16 GO:0006402 GO:BP mRNA catabolic process

6.65E-05 13 GO:0061013 GO:BP regulation of mRNA catabolic process

6.65E-05 19 GO:0048285 GO:BP organelle fission

6.65E-05 25 GO:0006974 GO:BP cellular response to DNA damage stimulus

6.67E-05 14 GO:0033044 GO:BP regulation of chromosome organization

6.72E-05 35 GO:0045934 GO:BP negative regulation of nucleobase-containing compound metabolic process

6.72E-05 18 GO:0000280 GO:BP nuclear division

7.23E-05 13 GO:0043487 GO:BP regulation of RNA stability

8.29E-05 15 GO:0007059 GO:BP chromosome segregation

8.47E-05 77 GO:0048523 GO:BP negative regulation of cellular process

8.58E-05 30 GO:0044265 GO:BP cellular macromolecule catabolic process

8.58E-05 48 GO:0051172 GO:BP negative regulation of nitrogen compound metabolic process

8.58E-05 10 GO:0010212 GO:BP response to ionizing radiation

8.58E-05 56 GO:0010605 GO:BP negative regulation of macromolecule metabolic process

9.00E-05 145 GO:0065007 GO:BP biological regulation

0.000100961 135 GO:0050794 GO:BP regulation of cellular process

0.000100961 26 GO:0044087 GO:BP regulation of cellular component biogenesis

0.000104319 42 GO:0033554 GO:BP cellular response to stress

0.000114471 11 GO:2001252 GO:BP positive regulation of chromosome organization

0.000114471 11 GO:0042770 GO:BP signal transduction in response to DNA damage

0.000119463 23 GO:0010564 GO:BP regulation of cell cycle process

0.00013209 26 GO:0016032 GO:BP viral process

0.000137048 27 GO:0009894 GO:BP regulation of catabolic process

0.000137048 11 GO:0071478 GO:BP cellular response to radiation

0.000137048 19 GO:0044772 GO:BP mitotic cell cycle phase transition

0.000154997 16 GO:0006401 GO:BP RNA catabolic process

0.000157299 82 GO:0006139 GO:BP nucleobase-containing compound metabolic process

0.000158484 8 GO:1903312 GO:BP negative regulation of mRNA metabolic process

0.000160573 139 GO:0050789 GO:BP regulation of biological process

0.000160737 11 GO:0051168 GO:BP nuclear export

0.000160814 83 GO:0048519 GO:BP negative regulation of biological process

0.000169225 13 GO:0072331 GO:BP signal transduction by p53 class mediator

0.000173659 14 GO:0006260 GO:BP DNA replication

0.000181656 15 GO:0051052 GO:BP regulation of DNA metabolic process

0.000190765 15 GO:1902903 GO:BP regulation of supramolecular fiber organization

0.000191556 49 GO:0031324 GO:BP negative regulation of cellular metabolic process

0.000207483 7 GO:0071479 GO:BP cellular response to ionizing radiation

0.000243792 9 GO:0000077 GO:BP DNA damage checkpoint signaling

0.000247481 11 GO:0000819 GO:BP sister chromatid segregation

0.000247481 8 GO:0044773 GO:BP mitotic DNA damage checkpoint signaling

0.00028418 14 GO:0051169 GO:BP nuclear transport

0.000307257 16 GO:0009314 GO:BP response to radiation

0.000307257 70 GO:0016070 GO:BP RNA metabolic process

0.00030946 8 GO:0044774 GO:BP mitotic DNA integrity checkpoint signaling
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0.00030946 35 GO:0046907 GO:BP intracellular transport

0.000310157 14 GO:0010639 GO:BP negative regulation of organelle organization

0.000310157 17 GO:0007264 GO:BP small GTPase mediated signal transduction

0.00032041 6 GO:0035196 GO:BP production of miRNAs involved in gene silencing by miRNA

0.000340702 9 GO:0031570 GO:BP DNA integrity checkpoint signaling

0.000372103 18 GO:0006281 GO:BP DNA repair

0.000377554 5 GO:0050686 GO:BP negative regulation of mRNA processing

0.000415449 82 GO:0046483 GO:BP heterocycle metabolic process

0.000415449 85 GO:1901360 GO:BP organic cyclic compound metabolic process

0.00041598 6 GO:0031050 GO:BP dsRNA processing

0.00041598 6 GO:0070918 GO:BP production of small RNA involved in gene silencing by RNA

0.000420843 13 GO:0009895 GO:BP negative regulation of catabolic process

0.000435023 9 GO:0070507 GO:BP regulation of microtubule cytoskeleton organization

0.000472121 17 GO:1901987 GO:BP regulation of cell cycle phase transition

0.000472121 12 GO:0006302 GO:BP double-strand break repair

0.000472121 23 GO:0031329 GO:BP regulation of cellular catabolic process

0.000520975 82 GO:0006725 GO:BP cellular aromatic compound metabolic process

0.00055633 10 GO:0000075 GO:BP cell cycle checkpoint signaling

0.000594097 23 GO:0010608 GO:BP posttranscriptional regulation of gene expression

0.000615777 9 GO:0007093 GO:BP mitotic cell cycle checkpoint signaling

0.000635027 13 GO:0104004 GO:BP cellular response to environmental stimulus

0.000635027 13 GO:0071214 GO:BP cellular response to abiotic stimulus

0.000655643 11 GO:0032886 GO:BP regulation of microtubule-based process

0.000673837 12 GO:0098813 GO:BP nuclear chromosome segregation

0.000682661 17 GO:1903827 GO:BP regulation of cellular protein localization

0.000682661 4 GO:0009299 GO:BP mRNA transcription

0.000743374 59 GO:0051252 GO:BP regulation of RNA metabolic process

0.000743374 7 GO:0071709 GO:BP membrane assembly

0.000744935 62 GO:0019219 GO:BP regulation of nucleobase-containing compound metabolic process

0.000797568 51 GO:0033036 GO:BP macromolecule localization

0.000849637 30 GO:0051253 GO:BP negative regulation of RNA metabolic process

0.000852009 33 GO:2000113 GO:BP negative regulation of cellular macromolecule biosynthetic process

0.000852009 13 GO:0006913 GO:BP nucleocytoplasmic transport

0.000958151 33 GO:0010558 GO:BP negative regulation of macromolecule biosynthetic process

0.00097207 8 GO:0019079 GO:BP viral genome replication

0.001007059 10 GO:1902850 GO:BP microtubule cytoskeleton organization involved in mitosis

0.001017992 30 GO:0010629 GO:BP negative regulation of gene expression

0.001033916 7 GO:0044091 GO:BP membrane biogenesis

0.001041184 21 GO:0006325 GO:BP chromatin organization

0.001057777 51 GO:0065009 GO:BP regulation of molecular function

0.001057777 19 GO:0030036 GO:BP actin cytoskeleton organization

0.001113581 36 GO:0045935 GO:BP positive regulation of nucleobase-containing compound metabolic process

0.001139281 90 GO:0023052 GO:BP signaling

0.001194117 10 GO:0007163 GO:BP establishment or maintenance of cell polarity

0.001234902 55 GO:0010604 GO:BP positive regulation of macromolecule metabolic process

0.001330879 4 GO:0048025 GO:BP negative regulation of mRNA splicing, via spliceosome

0.001330879 42 GO:0050790 GO:BP regulation of catalytic activity

0.001430273 15 GO:0045786 GO:BP negative regulation of cell cycle

0.001483574 87 GO:0032502 GO:BP developmental process

0.001695935 8 GO:1903313 GO:BP positive regulation of mRNA metabolic process

0.001786082 20 GO:0030029 GO:BP actin filament-based process

0.001808859 4 GO:0070920 GO:BP regulation of production of small RNA involved in gene silencing by RNA

0.001808859 33 GO:0031327 GO:BP negative regulation of cellular biosynthetic process

0.001808859 4 GO:1903798 GO:BP regulation of production of miRNAs involved in gene silencing by miRNA

0.00182133 11 GO:0110053 GO:BP regulation of actin filament organization

0.001969537 8 GO:0006997 GO:BP nucleus organization

0.002003832 7 GO:0030330 GO:BP DNA damage response, signal transduction by p53 class mediator

0.002010679 10 GO:0090068 GO:BP positive regulation of cell cycle process

0.002053404 10 GO:0032271 GO:BP regulation of protein polymerization

0.002053404 4 GO:0051220 GO:BP cytoplasmic sequestering of protein

0.002203987 9 GO:0007052 GO:BP mitotic spindle organization

0.002241121 14 GO:1901990 GO:BP regulation of mitotic cell cycle phase transition

0.002284704 16 GO:0034655 GO:BP nucleobase-containing compound catabolic process

0.002369796 55 GO:0023051 GO:BP regulation of signaling

0.00237496 33 GO:0009890 GO:BP negative regulation of biosynthetic process

0.002428976 8 GO:0031056 GO:BP regulation of histone modification

0.002433354 14 GO:0043254 GO:BP regulation of protein-containing complex assembly

0.002582028 26 GO:0009628 GO:BP response to abiotic stimulus

0.002619717 4 GO:0033119 GO:BP negative regulation of RNA splicing

0.002619717 32 GO:0065003 GO:BP protein-containing complex assembly

0.002702484 9 GO:0051054 GO:BP positive regulation of DNA metabolic process

0.002739234 12 GO:0007265 GO:BP Ras protein signal transduction

0.002753057 6 GO:0032204 GO:BP regulation of telomere maintenance

0.002753057 9 GO:1901796 GO:BP regulation of signal transduction by p53 class mediator

0.002792143 53 GO:0051641 GO:BP cellular localization

0.002884496 3 GO:0051574 GO:BP positive regulation of histone H3-K9 methylation

0.002884496 3 GO:1903800 GO:BP positive regulation of production of miRNAs involved in gene silencing by miRNA

0.002884496 4 GO:2000637 GO:BP positive regulation of gene silencing by miRNA

0.00295174 97 GO:0051716 GO:BP cellular response to stimulus

0.00295174 21 GO:0070925 GO:BP organelle assembly

0.003113948 12 GO:0071103 GO:BP DNA conformation change

0.003224297 5 GO:0031468 GO:BP nuclear membrane reassembly

0.003224297 4 GO:0060148 GO:BP positive regulation of posttranscriptional gene silencing

0.003248827 25 GO:0051248 GO:BP negative regulation of protein metabolic process

0.003338049 17 GO:0000226 GO:BP microtubule cytoskeleton organization

0.003434766 88 GO:0007154 GO:BP cell communication

0.003505733 12 GO:0032956 GO:BP regulation of actin cytoskeleton organization
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0.003555012 10 GO:0000082 GO:BP G1/S transition of mitotic cell cycle

0.0038754 15 GO:0044089 GO:BP positive regulation of cellular component biogenesis

0.003912091 44 GO:0051649 GO:BP establishment of localization in cell

0.003912091 10 GO:0031330 GO:BP negative regulation of cellular catabolic process

0.003912091 35 GO:0043933 GO:BP protein-containing complex subunit organization

0.003912091 32 GO:0051254 GO:BP positive regulation of RNA metabolic process

0.003988357 11 GO:0045787 GO:BP positive regulation of cell cycle

0.003992375 16 GO:0007346 GO:BP regulation of mitotic cell cycle

0.004053072 11 GO:0045930 GO:BP negative regulation of mitotic cell cycle

0.004256207 48 GO:0051173 GO:BP positive regulation of nitrogen compound metabolic process

0.004304086 16 GO:0046700 GO:BP heterocycle catabolic process

0.004329092 56 GO:0009893 GO:BP positive regulation of metabolic process

0.004329092 3 GO:0071481 GO:BP cellular response to X-ray

0.004720687 16 GO:0044270 GO:BP cellular nitrogen compound catabolic process

0.004751708 9 GO:0006403 GO:BP RNA localization

0.004805444 39 GO:0044248 GO:BP cellular catabolic process

0.004805444 10 GO:0044839 GO:BP cell cycle G2/M phase transition

0.004805444 4 GO:0010165 GO:BP response to X-ray

0.004832298 6 GO:0031058 GO:BP positive regulation of histone modification

0.005039412 13 GO:0051656 GO:BP establishment of organelle localization

0.005039412 11 GO:1901988 GO:BP negative regulation of cell cycle phase transition

0.005039412 2 GO:0150007 GO:BP clathrin-dependent synaptic vesicle endocytosis

0.005039412 9 GO:2001020 GO:BP regulation of response to DNA damage stimulus

0.005218505 13 GO:0007015 GO:BP actin filament organization

0.005218505 22 GO:0000902 GO:BP cell morphogenesis

0.005323234 82 GO:0007165 GO:BP signal transduction

0.005553706 16 GO:0019439 GO:BP aromatic compound catabolic process

0.005891484 79 GO:0048856 GO:BP anatomical structure development

0.005891484 8 GO:0050658 GO:BP RNA transport

0.005891484 8 GO:0050657 GO:BP nucleic acid transport

0.005891484 20 GO:0032880 GO:BP regulation of protein localization

0.005925317 24 GO:0010628 GO:BP positive regulation of gene expression

0.005925317 6 GO:0006303 GO:BP double-strand break repair via nonhomologous end joining

0.005925317 15 GO:0022411 GO:BP cellular component disassembly

0.005925317 83 GO:0034641 GO:BP cellular nitrogen compound metabolic process

0.006184997 8 GO:0000070 GO:BP mitotic sister chromatid segregation

0.006229142 5 GO:0031571 GO:BP mitotic G1 DNA damage checkpoint signaling

0.006233636 9 GO:0046777 GO:BP protein autophosphorylation

0.006233636 60 GO:0006950 GO:BP response to stress

0.006291233 8 GO:0051236 GO:BP establishment of RNA localization

0.00632363 19 GO:0060341 GO:BP regulation of cellular localization

0.006334015 10 GO:0044843 GO:BP cell cycle G1/S phase transition

0.006435997 12 GO:0010948 GO:BP negative regulation of cell cycle process

0.006435997 7 GO:0030010 GO:BP establishment of cell polarity

0.006441976 5 GO:0044819 GO:BP mitotic G1/S transition checkpoint signaling

0.006478623 43 GO:0009056 GO:BP catabolic process

0.006554037 6 GO:0061640 GO:BP cytoskeleton-dependent cytokinesis

0.006908362 12 GO:0032970 GO:BP regulation of actin filament-based process

0.006939568 23 GO:0034622 GO:BP cellular protein-containing complex assembly

0.007083004 4 GO:0031112 GO:BP positive regulation of microtubule polymerization or depolymerization

0.007083004 16 GO:0051640 GO:BP organelle localization

0.007083004 32 GO:0010557 GO:BP positive regulation of macromolecule biosynthetic process

0.007113865 19 GO:0097435 GO:BP supramolecular fiber organization

0.007631834 49 GO:0031325 GO:BP positive regulation of cellular metabolic process

0.007631834 48 GO:0009966 GO:BP regulation of signal transduction

0.007777064 16 GO:1901361 GO:BP organic cyclic compound catabolic process

0.0079131 61 GO:0048869 GO:BP cellular developmental process

0.0079131 21 GO:0061024 GO:BP membrane organization

0.0079131 8 GO:0050821 GO:BP protein stabilization

0.008074335 12 GO:0043547 GO:BP positive regulation of GTPase activity

0.008074335 9 GO:0015931 GO:BP nucleobase-containing compound transport

0.008074335 9 GO:0006323 GO:BP DNA packaging

0.008210942 2 GO:1900114 GO:BP positive regulation of histone H3-K9 trimethylation

0.008210942 2 GO:0002309 GO:BP T cell proliferation involved in immune response

0.008252823 52 GO:0010646 GO:BP regulation of cell communication

0.008337087 32 GO:1902531 GO:BP regulation of intracellular signal transduction

0.008383229 7 GO:0051028 GO:BP mRNA transport

0.008413051 10 GO:0031647 GO:BP regulation of protein stability

0.009436194 10 GO:1903829 GO:BP positive regulation of cellular protein localization

0.009436194 10 GO:0051258 GO:BP protein polymerization

0.009436194 10 GO:0048511 GO:BP rhythmic process

0.009584939 5 GO:0071763 GO:BP nuclear membrane organization

0.009584939 42 GO:0051246 GO:BP regulation of protein metabolic process

0.009584939 13 GO:0060249 GO:BP anatomical structure homeostasis

0.009584939 41 GO:0008104 GO:BP protein localization

0.009584939 5 GO:0000281 GO:BP mitotic cytokinesis

0.009731764 67 GO:0048731 GO:BP system development

0.009765172 78 GO:0010467 GO:BP gene expression

0.009978936 9 GO:0007051 GO:BP spindle organization

0.010321326 3 GO:0046827 GO:BP positive regulation of protein export from nucleus

0.010576241 13 GO:0043087 GO:BP regulation of GTPase activity

0.010576241 5 GO:0000380 GO:BP alternative mRNA splicing, via spliceosome

0.010690582 17 GO:0051129 GO:BP negative regulation of cellular component organization

0.010882436 68 GO:0010468 GO:BP regulation of gene expression

0.010882436 9 GO:1901991 GO:BP negative regulation of mitotic cell cycle phase transition

0.010950915 7 GO:0001837 GO:BP epithelial to mesenchymal transition

0.011179025 31 GO:0034613 GO:BP cellular protein localization
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0.011273174 7 GO:0051017 GO:BP actin filament bundle assembly

0.011518886 33 GO:0009891 GO:BP positive regulation of biosynthetic process

0.011518886 5 GO:0072332 GO:BP intrinsic apoptotic signaling pathway by p53 class mediator

0.011926645 2 GO:0030263 GO:BP apoptotic chromosome condensation

0.011926645 2 GO:1905605 GO:BP positive regulation of blood-brain barrier permeability

0.011926645 5 GO:1901983 GO:BP regulation of protein acetylation

0.011926645 2 GO:0110011 GO:BP regulation of basement membrane organization

0.011926645 2 GO:2001197 GO:BP basement membrane assembly involved in embryonic body morphogenesis

0.011926645 2 GO:1904261 GO:BP positive regulation of basement membrane assembly involved in embryonic body morphogenesis

0.011926645 2 GO:1904259 GO:BP regulation of basement membrane assembly involved in embryonic body morphogenesis

0.012048779 13 GO:0006417 GO:BP regulation of translation

0.012048779 8 GO:1902749 GO:BP regulation of cell cycle G2/M phase transition

0.012048779 31 GO:0070727 GO:BP cellular macromolecule localization

0.012048779 7 GO:0061572 GO:BP actin filament bundle organization

0.012247477 22 GO:0032269 GO:BP negative regulation of cellular protein metabolic process

0.01258021 8 GO:1902905 GO:BP positive regulation of supramolecular fiber organization

0.012909249 4 GO:0035722 GO:BP interleukin-12-mediated signaling pathway

0.012913975 36 GO:1901575 GO:BP organic substance catabolic process

0.013217033 59 GO:0030154 GO:BP cell differentiation

0.013518417 14 GO:0034248 GO:BP regulation of cellular amide metabolic process

0.013546976 72 GO:0007275 GO:BP multicellular organism development

0.013709165 10 GO:0051056 GO:BP regulation of small GTPase mediated signal transduction

0.013709165 7 GO:0051494 GO:BP negative regulation of cytoskeleton organization

0.013709165 7 GO:0000723 GO:BP telomere maintenance

0.013709165 11 GO:0032535 GO:BP regulation of cellular component size

0.014204416 3 GO:0150105 GO:BP protein localization to cell-cell junction

0.014396554 74 GO:0051171 GO:BP regulation of nitrogen compound metabolic process

0.014534555 4 GO:0071349 GO:BP cellular response to interleukin-12

0.014637718 59 GO:0048583 GO:BP regulation of response to stimulus

0.014637718 5 GO:0050000 GO:BP chromosome localization

0.014657363 8 GO:1902275 GO:BP regulation of chromatin organization

0.014912369 56 GO:0010556 GO:BP regulation of macromolecule biosynthetic process

0.015054766 27 GO:0042981 GO:BP regulation of apoptotic process

0.015187749 5 GO:0006998 GO:BP nuclear envelope organization

0.015258609 4 GO:0070671 GO:BP response to interleukin-12

0.015258609 32 GO:0031328 GO:BP positive regulation of cellular biosynthetic process

0.015263877 78 GO:0031323 GO:BP regulation of cellular metabolic process

0.015525358 7 GO:0000910 GO:BP cytokinesis

0.015558517 16 GO:0080135 GO:BP regulation of cellular response to stress

0.015570733 81 GO:0060255 GO:BP regulation of macromolecule metabolic process

0.015631424 5 GO:0035023 GO:BP regulation of Rho protein signal transduction

0.015727045 2 GO:0048205 GO:BP COPI coating of Golgi vesicle

0.015727045 2 GO:0035964 GO:BP COPI-coated vesicle budding

0.015727045 2 GO:0048200 GO:BP Golgi transport vesicle coating

0.015727045 26 GO:0032270 GO:BP positive regulation of cellular protein metabolic process

0.015839007 4 GO:0101024 GO:BP mitotic nuclear membrane organization

0.015839007 4 GO:0007084 GO:BP mitotic nuclear membrane reassembly

0.015839007 39 GO:0032268 GO:BP regulation of cellular protein metabolic process

0.015906167 8 GO:0032388 GO:BP positive regulation of intracellular transport

0.015966514 6 GO:0006405 GO:BP RNA export from nucleus

0.016439966 29 GO:0010941 GO:BP regulation of cell death

0.016768814 4 GO:0032206 GO:BP positive regulation of telomere maintenance

0.016817749 3 GO:1901984 GO:BP negative regulation of protein acetylation

0.017467834 51 GO:0048513 GO:BP animal organ development

0.017778667 4 GO:0010458 GO:BP exit from mitosis

0.017778667 4 GO:0006984 GO:BP ER-nucleus signaling pathway

0.017799641 8 GO:0051495 GO:BP positive regulation of cytoskeleton organization

0.018119812 5 GO:0031110 GO:BP regulation of microtubule polymerization or depolymerization

0.0181421 6 GO:1905269 GO:BP positive regulation of chromatin organization

0.018505687 3 GO:0048026 GO:BP positive regulation of mRNA splicing, via spliceosome

0.018505687 3 GO:0051570 GO:BP regulation of histone H3-K9 methylation

0.019111417 27 GO:0120036 GO:BP plasma membrane bounded cell projection organization

0.01913199 7 GO:0032200 GO:BP telomere organization

0.019635015 75 GO:0080090 GO:BP regulation of primary metabolic process

0.019843366 4 GO:0035065 GO:BP regulation of histone acetylation

0.019887507 6 GO:0007266 GO:BP Rho protein signal transduction

0.020044922 27 GO:0043067 GO:BP regulation of programmed cell death

0.020093298 2 GO:0090240 GO:BP positive regulation of histone H4 acetylation

0.020093298 2 GO:0036466 GO:BP synaptic vesicle recycling via endosome

0.020093298 2 GO:2000210 GO:BP positive regulation of anoikis

0.020093298 3 GO:0034063 GO:BP stress granule assembly

0.020093298 2 GO:0052428 GO:BP modulation by host of symbiont molecular function

0.02028181 16 GO:0000904 GO:BP cell morphogenesis involved in differentiation

0.020911716 5 GO:0006903 GO:BP vesicle targeting

0.021410499 107 GO:0050896 GO:BP response to stimulus

0.021844047 4 GO:0031113 GO:BP regulation of microtubule polymerization

0.021844047 4 GO:0006977 GO:BP DNA damage response, signal transduction by p53 class mediator resulting in cell cycle arrest

0.022055785 19 GO:0030163 GO:BP protein catabolic process

0.02214635 6 GO:0000724 GO:BP double-strand break repair via homologous recombination

0.022194562 15 GO:0010942 GO:BP positive regulation of cell death

0.022687193 6 GO:0045727 GO:BP positive regulation of translation

0.022687193 34 GO:0071705 GO:BP nitrogen compound transport

0.022687193 8 GO:0016197 GO:BP endosomal transport

0.022817895 4 GO:0044380 GO:BP protein localization to cytoskeleton

0.022830918 7 GO:0008064 GO:BP regulation of actin polymerization or depolymerization

0.023175237 5 GO:0051205 GO:BP protein insertion into membrane

0.023237196 6 GO:0000725 GO:BP recombinational repair
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0.023242707 7 GO:1902115 GO:BP regulation of organelle assembly

0.023242707 7 GO:0030832 GO:BP regulation of actin filament length

0.023962632 5 GO:0090559 GO:BP regulation of membrane permeability

0.024317774 16 GO:0007420 GO:BP brain development

0.024317774 8 GO:0043543 GO:BP protein acylation

0.02475283 2 GO:1904354 GO:BP negative regulation of telomere capping

0.02475283 2 GO:1990414 GO:BP replication-born double-strand break repair via sister chromatid exchange

0.02475283 2 GO:1905603 GO:BP regulation of blood-brain barrier permeability

0.02475283 27 GO:0030030 GO:BP cell projection organization

0.02475283 2 GO:0071169 GO:BP establishment of protein localization to chromatin

0.024836253 4 GO:0000381 GO:BP regulation of alternative mRNA splicing, via spliceosome

0.02491965 13 GO:0061919 GO:BP process utilizing autophagic mechanism

0.02491965 13 GO:0006914 GO:BP autophagy

0.025813585 65 GO:0009059 GO:BP macromolecule biosynthetic process

0.026072184 18 GO:0043066 GO:BP negative regulation of apoptotic process

0.027313436 7 GO:0031032 GO:BP actomyosin structure organization

0.027826363 3 GO:0045070 GO:BP positive regulation of viral genome replication

0.028720311 7 GO:0071897 GO:BP DNA biosynthetic process

0.029300286 11 GO:0043161 GO:BP proteasome-mediated ubiquitin-dependent protein catabolic process

0.029300286 7 GO:0046578 GO:BP regulation of Ras protein signal transduction

0.029300286 54 GO:2000112 GO:BP regulation of cellular macromolecule biosynthetic process

0.029300286 26 GO:0051247 GO:BP positive regulation of protein metabolic process

0.029933087 7 GO:0006413 GO:BP translational initiation

0.029944543 2 GO:0099159 GO:BP regulation of modification of postsynaptic structure

0.029944543 2 GO:0052205 GO:BP modulation of molecular function in other organism involved in symbiotic interaction

0.029944543 4 GO:0045995 GO:BP regulation of embryonic development

0.029944543 4 GO:2000756 GO:BP regulation of peptidyl-lysine acetylation

0.029944543 2 GO:0044359 GO:BP modulation of molecular function in other organism

0.029944543 2 GO:0070973 GO:BP protein localization to endoplasmic reticulum exit site

0.029944543 2 GO:1901203 GO:BP positive regulation of extracellular matrix assembly

0.029944833 5 GO:0120034 GO:BP positive regulation of plasma membrane bounded cell projection assembly

0.030850277 7 GO:0040029 GO:BP regulation of gene expression, epigenetic

0.030853045 16 GO:0032989 GO:BP cellular component morphogenesis

0.031170412 4 GO:0046824 GO:BP positive regulation of nucleocytoplasmic transport

0.031170412 4 GO:0051310 GO:BP metaphase plate congression

0.031277069 8 GO:0000086 GO:BP G2/M transition of mitotic cell cycle

0.031277069 7 GO:0006473 GO:BP protein acetylation

0.031370656 6 GO:0051053 GO:BP negative regulation of DNA metabolic process

0.031579452 15 GO:0034330 GO:BP cell junction organization

0.031579452 5 GO:0061157 GO:BP mRNA destabilization

0.031579452 40 GO:0009653 GO:BP anatomical structure morphogenesis

0.031579452 5 GO:0006900 GO:BP vesicle budding from membrane

0.031739194 18 GO:0043069 GO:BP negative regulation of programmed cell death

0.032018318 4 GO:0043489 GO:BP RNA stabilization

0.032018318 4 GO:0090307 GO:BP mitotic spindle assembly

0.032018318 10 GO:0019058 GO:BP viral life cycle

0.032388114 12 GO:0090066 GO:BP regulation of anatomical structure size

0.032388114 16 GO:0006412 GO:BP translation

0.032424533 8 GO:0031334 GO:BP positive regulation of protein-containing complex assembly

0.033231685 27 GO:0031399 GO:BP regulation of protein modification process

0.033231685 5 GO:1903008 GO:BP organelle disassembly

0.033231685 4 GO:0030261 GO:BP chromosome condensation

0.033231685 4 GO:0035794 GO:BP positive regulation of mitochondrial membrane permeability

0.033244406 3 GO:0046825 GO:BP regulation of protein export from nucleus

0.034299725 5 GO:0061014 GO:BP positive regulation of mRNA catabolic process

0.034299725 5 GO:0098781 GO:BP ncRNA transcription

0.034447457 2 GO:0099532 GO:BP synaptic vesicle endosomal processing

0.034447457 2 GO:1904779 GO:BP regulation of protein localization to centrosome

0.034447457 32 GO:0048468 GO:BP cell development

0.034447457 2 GO:0048194 GO:BP Golgi vesicle budding

0.034712764 38 GO:0071702 GO:BP organic substance transport

0.035128095 5 GO:0050779 GO:BP RNA destabilization

0.035244132 3 GO:0031116 GO:BP positive regulation of microtubule polymerization

0.035244132 3 GO:0044818 GO:BP mitotic G2/M transition checkpoint

0.035244132 3 GO:0009303 GO:BP rRNA transcription

0.035414506 84 GO:0019222 GO:BP regulation of metabolic process

0.035578631 16 GO:0060322 GO:BP head development

0.035589375 4 GO:0006901 GO:BP vesicle coating

0.0356266 34 GO:0008219 GO:BP cell death

0.035795855 5 GO:2000278 GO:BP regulation of DNA biosynthetic process

0.037029543 6 GO:0018393 GO:BP internal peptidyl-lysine acetylation

0.03707515 4 GO:0031060 GO:BP regulation of histone methylation

0.03707515 7 GO:0006261 GO:BP DNA-dependent DNA replication

0.037199713 18 GO:0033365 GO:BP protein localization to organelle

0.037199713 3 GO:1905508 GO:BP protein localization to microtubule organizing center

0.037199713 3 GO:0035633 GO:BP maintenance of blood-brain barrier

0.037199713 3 GO:0050685 GO:BP positive regulation of mRNA processing

0.037867859 5 GO:1901989 GO:BP positive regulation of cell cycle phase transition

0.038249018 56 GO:0009889 GO:BP regulation of biosynthetic process

0.038249018 4 GO:1904377 GO:BP positive regulation of protein localization to cell periphery

0.038249018 7 GO:0007623 GO:BP circadian rhythm

0.038249018 9 GO:0032984 GO:BP protein-containing complex disassembly

0.038249018 6 GO:0006475 GO:BP internal protein amino acid acetylation

0.038748834 5 GO:0051225 GO:BP spindle assembly

0.038769812 8 GO:0017148 GO:BP negative regulation of translation

0.039103528 2 GO:0030953 GO:BP astral microtubule organization

0.039103528 3 GO:0040001 GO:BP establishment of mitotic spindle localization

Appendix A Publication I 108



0.039103528 3 GO:1901030 GO:BP positive regulation of mitochondrial outer membrane permeabilization involved in apoptotic signaling pathway

0.039103528 2 GO:1905214 GO:BP regulation of RNA binding

0.039103528 2 GO:0010172 GO:BP embryonic body morphogenesis

0.039268992 4 GO:1905710 GO:BP positive regulation of membrane permeability

0.040117658 7 GO:0008154 GO:BP actin polymerization or depolymerization

0.040117658 13 GO:0043065 GO:BP positive regulation of apoptotic process

0.040641294 5 GO:0060964 GO:BP regulation of gene silencing by miRNA

0.040641294 11 GO:0022613 GO:BP ribonucleoprotein complex biogenesis

0.040759023 4 GO:0048199 GO:BP vesicle targeting, to, from or within Golgi

0.040759023 16 GO:0043043 GO:BP peptide biosynthetic process

0.040759023 63 GO:0034645 GO:BP cellular macromolecule biosynthetic process

0.040949404 3 GO:0000289 GO:BP nuclear-transcribed mRNA poly(A) tail shortening

0.040949404 3 GO:0032205 GO:BP negative regulation of telomere maintenance

0.040949404 3 GO:0043516 GO:BP regulation of DNA damage response, signal transduction by p53 class mediator

0.040949404 3 GO:0010661 GO:BP positive regulation of muscle cell apoptotic process

0.040949404 3 GO:1904358 GO:BP positive regulation of telomere maintenance via telomere lengthening

0.040949404 3 GO:0051294 GO:BP establishment of spindle orientation

0.041192013 5 GO:0007569 GO:BP cell aging

0.042320081 55 GO:0031326 GO:BP regulation of cellular biosynthetic process

0.04240059 5 GO:0060147 GO:BP regulation of posttranscriptional gene silencing

0.04240059 5 GO:0051261 GO:BP protein depolymerization

0.043565025 2 GO:0010826 GO:BP negative regulation of centrosome duplication

0.043565025 2 GO:1900112 GO:BP regulation of histone H3-K9 trimethylation

0.043565025 2 GO:0046606 GO:BP negative regulation of centrosome cycle

0.043565025 2 GO:0019042 GO:BP viral latency

0.043565025 30 GO:0006915 GO:BP apoptotic process

0.043565025 3 GO:0032506 GO:BP cytokinetic process

0.043565025 3 GO:0051567 GO:BP histone H3-K9 methylation

0.043565025 2 GO:0070816 GO:BP phosphorylation of RNA polymerase II C-terminal domain

0.043565025 5 GO:0060966 GO:BP regulation of gene silencing by RNA

0.043565025 2 GO:0090557 GO:BP establishment of endothelial intestinal barrier

0.043565025 2 GO:0098974 GO:BP postsynaptic actin cytoskeleton organization

0.04425645 6 GO:0034250 GO:BP positive regulation of cellular amide metabolic process

0.044530855 4 GO:1902369 GO:BP negative regulation of RNA catabolic process

0.045086202 91 GO:0032501 GO:BP multicellular organismal process

0.0452114 6 GO:0018394 GO:BP peptidyl-lysine acetylation

0.045491948 3 GO:0033120 GO:BP positive regulation of RNA splicing

0.045753317 19 GO:0031401 GO:BP positive regulation of protein modification process

0.045821114 17 GO:0007017 GO:BP microtubule-based process

0.046549661 5 GO:0042177 GO:BP negative regulation of protein catabolic process

0.046549661 13 GO:0043068 GO:BP positive regulation of programmed cell death

0.046549661 5 GO:0031109 GO:BP microtubule polymerization or depolymerization

0.046684956 39 GO:0071310 GO:BP cellular response to organic substance

0.046962273 6 GO:0030833 GO:BP regulation of actin filament polymerization

0.047684211 4 GO:0033077 GO:BP T cell differentiation in thymus

0.049468016 2 GO:0006983 GO:BP ER overload response

0.049468016 2 GO:1905244 GO:BP regulation of modification of synaptic structure

0.049468016 2 GO:0071712 GO:BP ER-associated misfolded protein catabolic process

0.049527479 22 GO:0045892 GO:BP negative regulation of transcription, DNA-templated

1.83E-23 113 GO:0043228 GO:CC non-membrane-bounded organelle

2.05E-22 111 GO:0043232 GO:CC intracellular non-membrane-bounded organelle

6.90E-19 98 GO:0031981 GO:CC nuclear lumen

6.90E-19 94 GO:0005654 GO:CC nucleoplasm

2.21E-17 173 GO:0005622 GO:CC intracellular anatomical structure

3.42E-15 164 GO:0043229 GO:CC intracellular organelle

8.56E-15 103 GO:0070013 GO:CC intracellular organelle lumen

8.56E-15 103 GO:0043233 GO:CC organelle lumen

8.56E-15 103 GO:0031974 GO:CC membrane-enclosed lumen

2.29E-14 122 GO:0005634 GO:CC nucleus

6.22E-14 167 GO:0043226 GO:CC organelle

1.84E-10 92 GO:0005829 GO:CC cytosol

5.02E-10 55 GO:0005856 GO:CC cytoskeleton

1.38E-09 148 GO:0005737 GO:CC cytoplasm

6.56E-09 38 GO:0099080 GO:CC supramolecular complex

1.01E-08 29 GO:0016604 GO:CC nuclear body

1.96E-08 31 GO:0005730 GO:CC nucleolus

3.45E-08 18 GO:0005938 GO:CC cell cortex

7.07E-08 28 GO:0070161 GO:CC anchoring junction

8.80E-07 45 GO:0030054 GO:CC cell junction

2.04E-06 9 GO:0071013 GO:CC catalytic step 2 spliceosome

4.08E-06 141 GO:0043231 GO:CC intracellular membrane-bounded organelle

4.67E-06 12 GO:0005681 GO:CC spliceosomal complex

5.41E-06 31 GO:0140513 GO:CC nuclear protein-containing complex

5.84E-06 19 GO:0015629 GO:CC actin cytoskeleton

6.25E-06 149 GO:0043227 GO:CC membrane-bounded organelle

7.42E-06 22 GO:1990904 GO:CC ribonucleoprotein complex

1.29E-05 81 GO:0032991 GO:CC protein-containing complex

3.27E-05 37 GO:0005694 GO:CC chromosome

6.12E-05 9 GO:0034399 GO:CC nuclear periphery

6.15E-05 12 GO:0035770 GO:CC ribonucleoprotein granule

6.51E-05 10 GO:0005912 GO:CC adherens junction

6.74E-05 25 GO:0099512 GO:CC supramolecular fiber

7.52E-05 25 GO:0099081 GO:CC supramolecular polymer

9.23E-05 15 GO:0016607 GO:CC nuclear speck

0.000102561 21 GO:0099513 GO:CC polymeric cytoskeletal fiber

0.000106102 8 GO:0016363 GO:CC nuclear matrix

0.000106102 15 GO:0005925 GO:CC focal adhesion
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0.000120012 15 GO:0031252 GO:CC cell leading edge

0.000120319 15 GO:0030055 GO:CC cell-substrate junction

0.000145009 4 GO:0031616 GO:CC spindle pole centrosome

0.000154581 11 GO:0036464 GO:CC cytoplasmic ribonucleoprotein granule

0.000161509 16 GO:0005911 GO:CC cell-cell junction

0.000184854 8 GO:0030863 GO:CC cortical cytoskeleton

0.000258704 28 GO:0015630 GO:CC microtubule cytoskeleton

0.000517028 39 GO:0120025 GO:CC plasma membrane bounded cell projection

0.00054955 5 GO:0099738 GO:CC cell cortex region

0.000812531 6 GO:0010494 GO:CC cytoplasmic stress granule

0.000863136 17 GO:0098794 GO:CC postsynapse

0.000863136 17 GO:0030425 GO:CC dendrite

0.000863136 2 GO:0002944 GO:CC cyclin K-CDK12 complex

0.000875144 17 GO:0097447 GO:CC dendritic tree

0.001108416 14 GO:0005635 GO:CC nuclear envelope

0.001175638 39 GO:0042995 GO:CC cell projection

0.001363803 27 GO:0043005 GO:CC neuron projection

0.003279079 6 GO:0016605 GO:CC PML body

0.003914483 11 GO:0098978 GO:CC glutamatergic synapse

0.004159254 10 GO:0031965 GO:CC nuclear membrane

0.004159254 8 GO:0030496 GO:CC midbody

0.00434924 2 GO:0005638 GO:CC lamin filament

0.0058203 12 GO:0005874 GO:CC microtubule

0.006510676 3 GO:0035145 GO:CC exon-exon junction complex

0.00675489 2 GO:0045180 GO:CC basal cortex

0.00675489 2 GO:0030981 GO:CC cortical microtubule cytoskeleton

0.007354621 7 GO:0000922 GO:CC spindle pole

0.007516015 11 GO:0005819 GO:CC spindle

0.008667732 18 GO:0036477 GO:CC somatodendritic compartment

0.008876474 10 GO:0014069 GO:CC postsynaptic density

0.009341727 2 GO:0097427 GO:CC microtubule bundle

0.009705893 17 GO:0005815 GO:CC microtubule organizing center

0.009705893 10 GO:0032279 GO:CC asymmetric synapse

0.010195387 10 GO:0098687 GO:CC chromosomal region

0.011270566 5 GO:0030864 GO:CC cortical actin cytoskeleton

0.01163683 3 GO:0071782 GO:CC endoplasmic reticulum tubular network

0.01163683 7 GO:0043197 GO:CC dendritic spine

0.01163683 24 GO:1902494 GO:CC catalytic complex

0.012252049 7 GO:0044309 GO:CC neuron spine

0.012845946 10 GO:0099572 GO:CC postsynaptic specialization

0.014323337 2 GO:0032541 GO:CC cortical endoplasmic reticulum

0.014323337 2 GO:0045293 GO:CC mRNA editing complex

0.014323337 10 GO:0098984 GO:CC neuron to neuron synapse

0.014323337 2 GO:0008024 GO:CC cyclin/CDK positive transcription elongation factor complex

0.014323337 2 GO:0036396 GO:CC RNA N6-methyladenosine methyltransferase complex

0.016595919 4 GO:0005637 GO:CC nuclear inner membrane

0.016595919 7 GO:0030027 GO:CC lamellipodium

0.021142411 8 GO:0099568 GO:CC cytoplasmic region

0.021556532 6 GO:0000781 GO:CC chromosome, telomeric region

0.022046692 4 GO:0035861 GO:CC site of double-strand break

0.025055502 2 GO:0005652 GO:CC nuclear lamina

0.025055502 4 GO:0005844 GO:CC polysome

0.025055502 4 GO:0005905 GO:CC clathrin-coated pit

0.025055502 21 GO:0000785 GO:CC chromatin

0.029160908 4 GO:0000792 GO:CC heterochromatin

0.029160908 2 GO:0019908 GO:CC nuclear cyclin-dependent protein kinase holoenzyme complex

0.031633285 4 GO:0032432 GO:CC actin filament bundle

0.032742964 4 GO:0042641 GO:CC actomyosin

0.034158195 6 GO:0001726 GO:CC ruffle

0.034969479 7 GO:0000793 GO:CC condensed chromosome

0.038103573 6 GO:0030426 GO:CC growth cone

0.040993532 13 GO:0030424 GO:CC axon

0.041570093 31 GO:0070062 GO:CC extracellular exosome

0.041912216 2 GO:0099092 GO:CC postsynaptic density, intracellular component

0.042541083 6 GO:0030427 GO:CC site of polarized growth

0.044936996 1 GO:0009330 GO:CC DNA topoisomerase type II (double strand cut, ATP-hydrolyzing) complex

0.044936996 1 GO:0042564 GO:CC NLS-dependent protein nuclear import complex

0.044936996 1 GO:0097489 GO:CC multivesicular body, internal vesicle lumen

0.044936996 1 GO:0031592 GO:CC centrosomal corona

0.044936996 1 GO:1905720 GO:CC cytoplasmic microtubule bundle

0.048779479 7 GO:0045111 GO:CC intermediate filament cytoskeleton

0.049292515 6 GO:0000775 GO:CC chromosome, centromeric region

0.049292515 2 GO:0099524 GO:CC postsynaptic cytosol

0.049450943 4 GO:0090734 GO:CC site of DNA damage

4.08E-18 30 GO:0045296 GO:MF cadherin binding

4.57E-16 62 GO:0003723 GO:MF RNA binding

1.94E-14 32 GO:0050839 GO:MF cell adhesion molecule binding

6.58E-10 82 GO:0003676 GO:MF nucleic acid binding

9.58E-10 172 GO:0005515 GO:MF protein binding

1.77E-08 50 GO:0019899 GO:MF enzyme binding

2.51E-08 33 GO:0008092 GO:MF cytoskeletal protein binding

3.74E-08 24 GO:0003729 GO:MF mRNA binding

5.72E-06 178 GO:0005488 GO:MF binding

1.37E-05 92 GO:1901363 GO:MF heterocyclic compound binding

1.44E-05 18 GO:0003779 GO:MF actin binding

1.66E-05 18 GO:0005096 GO:MF GTPase activator activity

2.02E-05 92 GO:0097159 GO:MF organic cyclic compound binding
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2.18E-05 20 GO:0003682 GO:MF chromatin binding

2.38E-05 19 GO:0060589 GO:MF nucleoside-triphosphatase regulator activity

2.94E-05 18 GO:0030695 GO:MF GTPase regulator activity

5.63E-05 25 GO:0030234 GO:MF enzyme regulator activity

5.72E-05 31 GO:0044877 GO:MF protein-containing complex binding

0.000198987 11 GO:0005085 GO:MF guanyl-nucleotide exchange factor activity

0.000290412 21 GO:0019900 GO:MF kinase binding

0.000290412 8 GO:0047485 GO:MF protein N-terminus binding

0.00046174 11 GO:0042393 GO:MF histone binding

0.000467349 26 GO:0098772 GO:MF molecular function regulator

0.000476597 20 GO:0008047 GO:MF enzyme activator activity

0.000514663 5 GO:0036002 GO:MF pre-mRNA binding

0.000514663 19 GO:0019901 GO:MF protein kinase binding

0.000581729 16 GO:0003712 GO:MF transcription coregulator activity

0.001595472 16 GO:0008134 GO:MF transcription factor binding

0.002466023 11 GO:0031625 GO:MF ubiquitin protein ligase binding

0.00383636 5 GO:1990841 GO:MF promoter-specific chromatin binding

0.00383636 11 GO:0044389 GO:MF ubiquitin-like protein ligase binding

0.004315797 2 GO:0061649 GO:MF ubiquitin modification-dependent histone binding

0.004710911 12 GO:0015631 GO:MF tubulin binding

0.005583753 4 GO:0042162 GO:MF telomeric DNA binding

0.006157168 9 GO:0140297 GO:MF DNA-binding transcription factor binding

0.007266518 5 GO:0003684 GO:MF damaged DNA binding

0.007600682 10 GO:0051020 GO:MF GTPase binding

0.007820172 7 GO:0043021 GO:MF ribonucleoprotein complex binding

0.007820172 8 GO:0061629 GO:MF RNA polymerase II-specific DNA-binding transcription factor binding

0.008626439 4 GO:0061980 GO:MF regulatory RNA binding

0.008772051 8 GO:0008022 GO:MF protein C-terminus binding

0.009000368 3 GO:0070064 GO:MF proline-rich region binding

0.010150787 3 GO:0051010 GO:MF microtubule plus-end binding

0.010150787 7 GO:0140030 GO:MF modification-dependent protein binding

0.011638099 8 GO:0051015 GO:MF actin filament binding

0.011711804 39 GO:0003677 GO:MF DNA binding

0.017912113 10 GO:0060090 GO:MF molecular adaptor activity

0.026472501 7 GO:0003730 GO:MF mRNA 3'-UTR binding

0.032536439 15 GO:0019904 GO:MF protein domain specific binding

0.032536439 3 GO:0035198 GO:MF miRNA binding

0.032851391 11 GO:0004674 GO:MF protein serine/threonine kinase activity

0.035677133 6 GO:0045182 GO:MF translation regulator activity

0.036711968 8 GO:0031267 GO:MF small GTPase binding

0.036711968 2 GO:0098505 GO:MF G-rich strand telomeric DNA binding

0.039709047 4 GO:0002039 GO:MF p53 binding

0.042997499 2 GO:0140036 GO:MF ubiquitin-dependent protein binding

0.044144077 5 GO:0042826 GO:MF histone deacetylase binding

0.04866785 2 GO:0008353 GO:MF RNA polymerase II CTD heptapeptide repeat kinase activity

0.04866785 2 GO:0043047 GO:MF single-stranded telomeric DNA binding

0.049094775 8 GO:0003713 GO:MF transcription coactivator activity

0.002258104 9 KEGG:03040 KEGG Spliceosome

6.65E-05 25 REAC:R-HSA-1640170REAC Cell Cycle

0.00163073 11 REAC:R-HSA-72163REAC mRNA Splicing - Major Pathway

0.001658379 11 REAC:R-HSA-72172REAC mRNA Splicing

0.002292894 12 REAC:R-HSA-72203REAC Processing of Capped Intron-Containing Pre-mRNA

0.005777492 20 REAC:R-HSA-8953854REAC Metabolism of RNA

0.010459625 7 REAC:R-HSA-69473REAC G2/M DNA damage checkpoint

0.010796726 9 REAC:R-HSA-3108232REAC SUMO E3 ligases SUMOylate target proteins

0.010796726 17 REAC:R-HSA-69278REAC Cell Cycle, Mitotic

0.011941863 9 REAC:R-HSA-2990846REAC SUMOylation

0.014569222 6 REAC:R-HSA-5693606REAC DNA Double Strand Break Response

0.014569222 6 REAC:R-HSA-5693565REAC Recruitment and ATM-mediated phosphorylation of repair and signaling proteins at DNA double strand breaks

0.025683383 8 REAC:R-HSA-5693532REAC DNA Double-Strand Break Repair

0.025683383 13 REAC:R-HSA-68886REAC M Phase

0.025683383 12 REAC:R-HSA-3700989REAC Transcriptional Regulation by TP53

0.025683383 5 REAC:R-HSA-6796648REAC TP53 Regulates Transcription of DNA Repair Genes

0.025683383 3 REAC:R-HSA-1839117REAC Signaling by cytosolic FGFR1 fusion mutants

0.025683383 8 REAC:R-HSA-109581REAC Apoptosis

0.025683383 4 REAC:R-HSA-111465REAC Apoptotic cleavage of cellular proteins

0.025683383 8 REAC:R-HSA-69481REAC G2/M Checkpoints

0.025683383 2 REAC:R-HSA-446343REAC Localization of the PINCH-ILK-PARVIN complex to focal adhesions

0.025871543 4 REAC:R-HSA-8950505REAC Gene and protein expression by JAK-STAT signaling after Interleukin-12 stimulation

0.025871543 4 REAC:R-HSA-8864260REAC Transcriptional regulation by the AP-2 (TFAP2) family of transcription factors

0.028488207 3 REAC:R-HSA-3232118REAC SUMOylation of transcription factors

0.028488207 3 REAC:R-HSA-446353REAC Cell-extracellular matrix interactions

0.029917479 6 REAC:R-HSA-8856825REAC Cargo recognition for clathrin-mediated endocytosis

0.030289158 8 REAC:R-HSA-5357801REAC Programmed Cell Death

0.031158409 2 REAC:R-HSA-8869496REAC TFAP2A acts as a transcriptional repressor during retinoic acid induced cell differentiation

0.037437602 2 REAC:R-HSA-9682706REAC Replication of the SARS-CoV-1 genome

0.037437602 2 REAC:R-HSA-9694686REAC Replication of the SARS-CoV-2 genome

0.037437602 2 REAC:R-HSA-9679514REAC SARS-CoV-1 Genome Replication and Transcription

0.037437602 2 REAC:R-HSA-9694682REAC SARS-CoV-2 Genome Replication and Transcription

0.037437602 4 REAC:R-HSA-9020591REAC Interleukin-12 signaling

0.037437602 10 REAC:R-HSA-69620REAC Cell Cycle Checkpoints

0.037437602 3 REAC:R-HSA-6804115REAC TP53 regulates transcription of additional cell cycle genes whose exact role in the p53 pathway remain uncertain

0.042465139 4 REAC:R-HSA-6791312REAC TP53 Regulates Transcription of Cell Cycle Genes

0.047866207 4 REAC:R-HSA-75153REAC Apoptotic execution phase

0.049195183 3 REAC:R-HSA-429947REAC Deadenylation of mRNA

Appendix A Publication I 111



Table S2: Mutation status on KRA, HRAS, PTEN and TP53 in the TNBC cell lines under study.

Cell lines KRAS HRAS PTEN TP53

MDA-MB-231 mut [1] wt wt mut [6]

MDA-MB-453 mut [2] wt mut[3] mut [7]

MDA-MB-468 wt wt mut [5] mut [8]

HS 578T wt mut [4] wt mut [9]

1. Kozma SC, Bogaard ME, Buser K, Saurer SM, Bos JL, Groner B, Hynes NE: The human c-Kirsten ras gene is 
activated by a novel mutation in codon 13 in the breast carcinoma cell line MDA-MB231. Nucleic Acids Res 
1987, 15(15):5963-5971.

2. Vranic, S., Z. Gatalica, and Z.Y. Wang, Update on the molecular profile of the MDA-MB-453 cell line as a 
model for apocrine breast carcinoma studies. Oncol Lett, 2011. 2(6): p. 1131-1137.

3. Singh, G., et al., Characterization of a novel PTEN mutation in MDA-MB-453 breast carcinoma cell line. BMC 
Cancer, 2011. 11: p. 490.

4. Kraus, M.H., Y. Yuasa, and S.A. Aaronson, A position 12-activated H-ras oncogene in all HS578T mammary 
carcinosarcoma cells but not normal mammary cells of the same patient. Proc Natl Acad Sci U S A, 1984. 
81(17): p. 5384-8.

5. Jang, K., et al., PTEN sensitizes MDA-MB-468 cells to inhibition of MEK/Erk signaling for the blockade of cell 
proliferation. Oncol Rep, 2010. 24(3): p. 787-93.

6. Hui, L., et al., Mutant p53 in MDA-MB-231 breast cancer cells is stabilized by elevated phospholipase D 
activity and contributes to survival signals generated by phospholipase D. Oncogene, 2006. 25(55): p. 7305-
10.

7. Runnebaum, I.B., et al., Mutations in p53 as potential molecular markers for human breast cancer. Proc 
Natl Acad Sci U S A, 1991. 88(23): p. 10657-61.

8. Peng, J., et al., Targeting Mutated p53 Dependency in Triple-Negative Breast Cancer Cells Through CDK7 
Inhibition. Front Oncol, 2021. 11: p. 664848.

9. Huovinen, M., et al., Characterization of human breast cancer cell lines for the studies on p53 in chemical 
carcinogenesis. Toxicol In Vitro, 2011. 25(5): p. 1007-17.
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Fig. S1                            Khozooei et al. 2022

Fig. S1 The pattern of expression of the estrogen-, progesterone- and HER2 receptors, as well as the
activation status of YB-1, AKT and RSK in the indicated cell lines under study.

The protein samples were isolated from the indicated cells. The same samples were loaded to two
acrylamide gels. Following electrophoresis and blotting, the pattern of expression of HER2, ER and PR, as
well as the phosphorylation level of YB-1, RSK, AKT were detected by specific antibodies. P-YB-1, P-RSK,
P-AKT blots were stripped and incubated with antibodies against total protein. Actin was detected as the
loading control from the YB-1 blot without stripping as loading control for E blot in which the receptors
were detected.
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Fig. S2                         Khozooei et al. 2022

A

B

MDA-MB-231

C

Fig. S2 The radiosensitizing effect of fisetin in combination with single dose irradiation

(A) Indicated cells were treated with different concentrations of fisetin for 72 h and mock irradiation or
irradiated with 3 Gy . (B) Cells were treated with indicated concentrations of fisetin or DMSO (0.07%) for
72 h and DMSO treated cells were irradiated with a single dose of 0 to 4 Gy IR. (C) Cells treated with
DMSO (0.07%) or fisetin (75 µM) for 72 h and mock irradiated or irradiated with a single dose of 0 to 4
(C). Immediately after IR or 24 h after fisetin treatment clonogenic assay was performed as described in
the Methods section. The data points represent the mean surviving fraction ± SD of 6 data from one
experiment (A), 12 data from two experiment in MDA-MB-231 and 6 data from 1 experiment in MDA-
MB-468 (B) and 12 data from 2 experiments (C).
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Fig. S3                       Khozooei et al. 2022

Fig. S3 Frequency of DSB induction after fisetin, IR and the combination of fisetin and ITR.

(A) Indicated cells were treated with fisetin (75 µl) or DMSO (0.07%) for 24 h and mock irradiated or
irradiated with 1 Gy. Thirty minutes after irradiation ɤH2AX foci assay was performed as described in the
Methods section. The bars indicate the mean ɤH2AX ± SD in 170 nuclei (MDA-MB-231) or 200 nuclei
(MDA-MB-468, HS 578T, MDA-MB-468) from 2 independent experiments. (B) MDA-MB-231 and MDA-
MB-468 cells were treated with indicated concentrations of fisetin. The DMSO concentration was
adjusted to 0.07%. ɤH2AX foci assay was performed after 24 h. The bars indicate the mean ɤH2AX ± SD in
540 nuclei (MDA-MB-231) and 300 nuclei (MDA-MB-468) from 2 independent experiments. The asterisks
indicate a significant difference in mean ɤH2AX ± SD compared to control or hee indicated conditions
(*p< 0.05, **p< 0.01, ***p< 0.001), ****p< 0.0001; students t-test). n.s.: not significant.
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Fig. S4                            Khozooei et al. 2022

Fig. S4 Heat map, gene ontology and pathway analysis of phosphosites in MDA-MB-468 cells.

MDA-MB-468 cells were treated with 75 µM fisetin or DMSO for 24 hours and were irradiated at 4

Gy. Thirty minutes after IR, the proteins were extracted and the phosphoproteomic study was

performed as described in the Methods section. (A) K means clustering showing in the heat map

indicates up-regulated and down-regulated clusters for the analyzed phosphosites. GO analysis for

enriched up-regulated (B) and down-regulated (C) phosphosites are indicated. The X-axis shows the

number of genes, which are involved in the indicated pathways. The Y-axis represents pathways,

which are ordered based on significance as indicated by the p-adj value
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Fig. S5                            Khozooei et al. 2022

Fig. S5 Gene ontology analysis of MDA-MB-231 after pretreatment with fisetin.

MDA-MB-231 cells were treated with 75 µM fisetin or DMSO for 24 hours. Afterwards, the cells were
mock irradiated or irradiated at 4 Gy. Thirty minutes after IR, the proteins were extracted and the
phosphoproteomic study was performed as described in the Methods section. Gene ontology
analysis was performed, and the deregulated genes involved in DNA damage response were
categorized in different pathways.
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a b s t r a c t

Background and purpose: KRAS is frequently mutated, and the Y-box binding protein 1 (YB-1) is overex-
pressed in colorectal cancer (CRC). Mutant KRAS (KRASmut) stimulates YB-1 through MAPK/RSK and PI3K/
AKT, independent of epidermal growth factor receptor (EGFR). The p21-activated kinase (PAK) family is a
switch-site upstream of AKT and RSK. The flavonoid compound fisetin inhibits RSK-mediated YB-1 signal-
ing. We sought the most effective molecular targeting approach that interferes with DNA double strand
break (DSB) repair and induces radiosensitivity of CRC cells, independent of KRAS mutation status.
Materials and Methods: KRAS activity and KRASmutation were analyzed by Ras-GTP assay and NGS. Effect
of dual targeting of RSK and AKT (DT), the effect of fisetin as well as targeting PAK by FRAX486 and EGFR
by erlotinib on YB-1 activity was tested by Western blotting after irradiation in vitro and ex vivo.
Additionally, the effect of DT and FRAX486 on DSB repair pathways was tested in cells expressing repor-
ter constructs for the DSB repair pathways by flow cytometry analysis. Residual DSBs and clonogenicity
were examined by cH2AX- and clonogenic assays, respectively.
Results: Erlotinib neither blocked DSB repair nor inhibited YB-1 phosphorylation under KRAS mutation
condition in vitro and ex vivo. DT and FRAX486 effectively inhibited YB-1 phosphorylation independent
of KRAS mutation status and diminished homologous recombination (HR) and alternative non-
homologous end joining (NHEJ) repair. DT and FRAX486 inhibited DSB repair in CaCo2 but not in isogenic
KRASG12V cells. Fisetin inhibited YB-1 phosphorylation, blocked DSB repair and increased radiosensitivity,
independent of KRAS mutation status.
Conclusion: Combination of fisetin with radiotherapy may improve CRC radiation response, regardless of
KRASmut status.

� 2023 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 188 (2023) 109867

Advanced and metastatic colorectal cancers (CRCs) necessitate
the use of adjuvant and/or neoadjuvant chemo- or chemoradio-
therapy (CRT) regimens alongside surgical resection [1,2]. The
treatment options depend on the stage and location of the cancer,
as well as the patient’s overall health. Chemotherapy is recom-
mended for those metastatic CRCs that cannot initially be treated
by surgery or is given as adjuvant therapy after surgery. Radiother-
apy is more often used to treat rectal cancer than colon cancer. For
rectal cancer, radiotherapy or CRT may be used as neoadjuvant
therapy to shrink the tumor before surgery [3]. The response rate
to standard chemotherapies have been assessed to be variable

and quite low, at 10–60% [1,4]. Standard neoadjuvant chemoradio-
therapies also display a very low pathological complete response of
15–20% [5]. On the other hand, recent advances in the field of tar-
geted therapy have proven to significantly elevate the efficacy of
chemotherapy and CRT [6,7]. The effectiveness of molecular tar-
geted therapy largely relies on the genetic composition of the can-
cer. In this context, the effect of cetuximab-based anti-epidermal
growth factor receptor (EGFR) therapy has been observed to be
abrogated by the expression of KRASmutation in colorectal cancers
[8,9]. Generally, about 44% of colorectal cancers harbor KRASmuta-
tions [9], in which targeting EGFR, which lies upstream of KRAS in
the kinase cascade, will not be beneficial.

Y-box binding protein-1 (YB-1) is a multifunctional protein [10]
that is highly expressed and phosphorylated at residue serine 102
(S102) in CRC tissues compared to normal tissues [11–13]. YB-1 is
mainly phosphorylated by the serine/threonine protein kinase AKT
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and a p90 ribosomal s6 kinase (RSK). Thus, YB-1 lies at the cross-
roads of the phosphoinositide-3-kinase (PI3K) and mitogen-
activated protein kinase (MAPK) cascades and acts as one of the
resultant phosphorylation sinks for receptor tyrosine kinase
(RTK)-mediated cell survival and proliferation signals [14–16]. As
a consequence, YB-1 has been implicated to play a significant role
in pathways that are thought to promote the hallmark characteris-
tics of cancer and therapy resistance [12,17–19].

p21-activated serine/threonine kinase (PAK) proteins are a fam-
ily of conserved non-receptor serine/threonine kinases that inte-
grate various survival signaling pathways regulated by RAS
oncogenes. Among the six PAK isoforms, PAK1, downstream to
KRAS, directly interacts with PDK1 and stimulates AKT activity.
In the interaction with PDK1, PAK1 is also phosphorylated and acti-
vated by PDK1 [20]. Thus, PAK1 can potentially be one of the
kinases regulated by oncogenic KRAS that stimulates AKT phos-
phorylation, independent of PI3K. A functional interaction exists
between ERK1/2 and PAK1. Within this interaction, PAK1 activates
ERK1/2 through MEK1/2 [21] and ERK1/2 also activates PAK1 [22].
Thus, according to the literature described above, it is rational to
propose that PAK family members are the switch-point in the
crosstalk between AKT and RSK involved in YB-1 phosphorylation.

The expression and phosphorylation of YB-1 stimulate the repair
of ionizing radiation (IR)-induced double-strand breaks (DSBs),
which are the most lethal type of DNA damage, and mediate
radioresistance in breast cancer cells (BCC) [23,24]. Targeting YB-
1 S102 phosphorylation through the dual inhibition of AKT and
RSK was found to effectively block repair of IR-induced DSBs in
BCC [24]. A recent study reported that the flavonoid compound fise-
tin effectively inhibits YB-1 phosphorylation and, in parallel with
the induction of DSBs, inhibits the repair of IR-induced DSBs [25].

We investigated the effect of dual targeting (DT) of AKT and
RSK, targeting PAK, targeting EGFR, and fisetin treatment on YB-1
S102 phosphorylation, repair of IR-induced DSBs and radiation
response in CRC cells. The DT approach and targeting PAK strongly
reduced YB-1 phosphorylation, independent of KRAS mutation sta-
tus, in vitro. In the ex vivo study, DT completely inhibited YB-1
phosphorylation, while PAK targeting had a moderate inhibitory
effect. Both approaches inhibited DSB repair in CaCo2 parental
but not in CaCo2 KRASG12V cells. However, neither approach
affected post-irradiation cell survival independent of KRAS muta-
tion status. Erlotinib inhibited YB-1 phosphorylation in KRAS
wild-type (KRASwt) cells but not in KRASG12V mutated cells or
KRASG12V mutated tumor tissue, without inhibiting DSB repair in
any cell line. Fisetin inhibited YB-1 phosphorylation, interfered
with DSB repair, and reduced post-irradiation cell survival inde-
pendent of KRAS mutation status.

Materials and methods

Cell lines

The human CRC cell lines, KRASwt SW48 (ATCC, CCL-231), and
the heterozygous KRASG13D mutated HCT116 (ATCC, CCL-247) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) routinely
supplemented with 10% (v/v) Fetal Calf Serum (FCS) and 1% (v/v)
Penicillin-Streptomycin (stock of 10,000 U/mL Penicillin and
10,000 lg/mL Streptomycin) (P/S). Additionally, a KRASwt CRC cell
line, CaCo2 (ATCC, HTB-37), stably transfected with a
doxycycline-inducible KRASG12V expression system [26] was used.
The cells were cultured as described previously [27]. U2OS
osteosarcoma cells expressing reporter constructs for DSB repair
pathways, i.e., homologous recombination (HR), classical non-
homologous end joining (C-NHEJ) and alternative NHEJ (Alt-
NHEJ) repair pathways, developed in the laboratory of Dr. Jeremy
Stark [28] were cultured in DMEM containing 10% FCS, 1% P/S
and 2 lg/ml of puromycin.

Antibodies, reagents, inhibitor treatment, hypoxia treatment and
irradiation

The antibodies and reagents used are described in the Supple-
mentary Information. The AKT inhibitor MK2206, the RSK inhibitor
LJI308, the EGFR inhibitor Erlotinib, the PAK inhibitor FRAX486,
and fisetin were reconstituted in dimethyl sulfoxide (DMSO).
Doxycycline, Puromycin, and Blasticidine were reconstituted in
ultrapure water. For each treatment, the inhibitors were diluted
to the required working concentration in culture medium as
described in every figure-legend before being applied to the test
cultures, while control cultures received an equivalent amount of
DMSO. Severe hypoxia treatment (<0.01% O2) was applied using
the BD-GasPakTM EZ Pouch-Systems. Irradiation was performed
as described before [25].

KRAS activity assay and Western blotting

The levels of cellular GTP-bound KRAS were measured using a
RAS activity assay kit, by following the manufacturer’s
protocol and as described in detail previously [29]. The variations
in cellular phospho-protein and total-protein levels with different
treatments were assessed by Western blotting as described
previously [30]. The protein bands were visualized using a
LI-COR Biosciences chemiluminescence detection system (Bad
Homburg, Germany).

Analysis of YB-1 signaling cascade in tumor tissue ex vivo

Patients who had undergone initial surgical treatment were
included in the study. Previous neoadjuvant treatment or CRT were
the rule-out criteria. The study was approved by the Ethics Com-
mittee of the Medical Faculty University Tuebingen (confirmation
525/2020BO) and patients gave signed informed consent. Tumor
materials were collected and cultured as describe before [31]. Cul-
tures were treated with the indicated inhibitors for 24 h and pro-
tein samples were isolated from the tumor pieces 30 minutes
post-irradiation and Western blotting was performed.

cH2AX foci assay, flow cytometric analysis of apoptosis and analyzing
DSB repair pathway

cH2AX foci assay, flow cytometric analysis of apoptosis and
analyzing DSB repair pathway were performed as described before
[25]. Flow cytometric analysis was carried out using BD FACSCan-
toTM System and the data were analyzed by Floreada.io. To analyze
the off-target effect of the inhibitors on GFP intensity, U2OS cells
expressing the indicated DSB repair constructs were transfected
with a plasmid encoding GFP (800 ng/ml) from transfection kit
#VCA-1003 (Lonza, Cologne, Germany) using lipofectamine LTX.
Twenty-four hours after transfection, cells were treated with the
inhibitors for an additional 24 h. Thereafter, images were captured
using a fluorescence microscope and the mean intensity of GFP in
GFP positive cells was measured using Image J software (https://
imagej.nih.gov) and graphed.

KRAS sequencing

Genomic DNA was extracted from paraffin sections and used for
KRAS sequencing, as described in Supplementary Information.

Clonogenic assay, statistical analysis and densitometries

The clonogenic assay was performed to test the post-irradiation
cell survival in CaCo2 parental, CaCo2-KRASG12V and SW48 cells,
both with and without pretreatment with the indicated inhibitors.
The pretreatments consisted of fisetin (75 lM for 24 h), dual inhi-
bition of AKT (5 lM MK2206 for 2 h) and RSK (10 lM LJI308 for
2 h), or inhibition of PAK (10 lM FRAX486 for 2 h). Thereafter, irra-
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diation (0, 2 or 4 Gy) was performed and 24 h after irradiation, cells
were trypsinized and plated in 6-well plates in medium containing
20% FCS without additional treatment. The survival fraction for
each radiation dose was calculated and graphed as previously
described [25], using SigmaPlot (Version 7.0, SPSS Inc., Chicago, Illi-
nois, USA). Statistical analysis and densitometries were performed
as described before using GraphPad Prism (Version 9.4.1, San
Diego, USA) and Image Studio Lite (Version 5.2, LI-COR Biosciences,
Bad Homburg, Germany) [25].

Results

The YB-1 phosphorylation status was examined in colorectal
cancer (CRC) cells with activating mutations in the KRAS/MAPK
pathway. Compared with KRASwt SW48 and CaCo2 cells, HCT116
cells with a heterozygous KRASG13D mutation revealed increased
KRAS activity, as shown by the level of KRAS bound to the RAS
binding domain of Raf1 (Raf1-RBD). Similarly, inducing the expres-
sion of KRASG12V mutation in CaCo2 with doxycycline (2 lg/ml)
stimulated KRAS activity 72 h after doxycycline treatment
(Fig. 1A). YB-1 showed increased phosphorylation at S102 not only
in cell lines with an activating mutation in KRAS, but also in KRASwt

SW48 cells (Fig. 1A). Phosphorylation of YB-1 in CaCo2 cells after
overexpression of KRASG12V was enhanced 3-fold (Fig. 1A). The
Western blot (Fig. 1B) and densitometry values (Fig. 1C) indicate
a time-dependent increase in phosphorylation of YB-1 along with
an increase in the expression of KRASmut and the exogenous
KRASG12V gene expression marker GFP within 6 days of doxycycline
treatment in CaCo2 cells. This was in association with an increase
in phosphorylation of ERK1/2 and AKT (Fig. 1B-C). Since the role of
RSK downstream of ERK1/2 as well as AKT on YB-1 phosphoryla-
tion has been proposed [14,15], we examined the long-term
(72 h) effect of targeting RSK and AKT on YB-1. In CaCo2 parental
cells, the effect of AKT inhibitor MK2206 (5 lM) seemed to be
stronger than the effect of RSK inhibitor LJI308 (10 lM) on YB-1
phosphorylation (Fig. 1D). In contrast, after KRASG12V induction,
stimulated YB-1 phosphorylation became dependent on RSK but
not AKT as shown by Western blot (Fig. 1D). Since LJI308 is an
ATP competitive inhibitor of RSK N-terminal kinase domain, it
did not inhibit RSK phosphorylation at T359/S363, which are not
reported to be dependent on RSK kinase activity. Regardless of
KRAS mutation status, DT of RSK and AKT was the most effective
approach to block YB-1 phosphorylation (Fig. 1D).

In CRC cells, inhibition of RSK by LJI308 under non-irradiated
conditions leads to the activation of AKT [11]. AKT is a key compo-
nent in IR-induced DNA damage repair (DDR). Since YB-1 also plays
a major role in DDR signaling, we tested pattern of YB-1 phospho-
rylation after irradiation in CRC cells pretreated with the RSK and
AKT inhibitors. A pronounced IR-induced phosphorylation of YB-
1 in parental CaCo2 cells was slightly inhibited by MK2206
(5 lM, 72 h) but not by LJI308 (10 lM, 72 h) (Fig. S1, Densitome-
try). KRASG12V stimulated YB-1 phosphorylation was not further
stimulated by IR (Fig. S1). However, it was inhibited by LJI308
but not by MK2206. DT of AKT and RSK efficiently inhibited YB-1
phosphorylation independent of KRAS mutation status (Fig. S1).

In further experiments, the signaling pathways underlying YB-1
phosphorylation were investigated in vitro and ex vivo. The data
presented in Fig. 2A indicates that similar to the RSK/AKT dual tar-
geting, the PAK inhibitor FRAX486 inhibits YB-1 phosphorylation
independent of KRAS mutation status in vitro, which was not reac-
tivated with time upon PAK inhibition (Fig. S2). FRAX486 also
effectively reduced YB-1 phosphorylation in all tested CRC cell
lines, including SW48 and HCT116 (Fig. S3), with a stronger effect
in KRASwt cells than in KRASmut cells (Fig. S3). Since functional con-
trol of EGFR on the PI3K/AKT and MAPK/ERK pathways is known to
be impaired after KRAS mutations, the EGFR inhibitor erlotinib
(10 lM, 72 h) did not block YB-1 phosphorylation in KRASG12V

expressing CaCo2 cells (Fig. 2A). In the ex vivo analyses, RSK/AKT

DT effectively inhibited YB-1 phosphorylation in the tumor sam-
ples of all four patients (Fig. 2B, D-F). The effects of FRAX486 and
erlotinib on YB-1 phosphorylation were inconsistent among differ-
ent patient samples. FRAX486 did not inhibit YB-1 phosphorylation
in patient sample #1 and #4 (Fig. 2B, F) but it did in sample #3
(Fig. 2E). Erlotinib did not inhibit YB-1 phosphorylation in patient
sample #1 and #4 (Fig. 2B, F) but it inhibited this phosphorylation
in #2 and #3 (Fig. 2D-E). Sequencing of the KRAS gene revealed a
KRASG12V point mutation in patient sample #1 but not in the sam-
ples #2, #3, and #4 (Fig. 2C). Surprisingly, the pattern of YB-1
phosphorylation after treatment in some of the two replicates of
the same tumor tissue was found to be different. In this regard,
one of the examples highlighting the differential response is the
level of IR-induced YB-1 phosphorylation in the replicates of con-
trol (ctrl) conditions in tissue #2 and tissue #3 (Fig. 2D). Another
example is the inhibition of IR-induced YB-1 phosphorylation
using the AKT inhibitor MK2206 and PAK inhibitor FRAX486 in
one of the replicates in tissue #2 (Fig. 2D). Similarly, a difference
could also be observed in terms of YB-1 phosphorylation between
the two replicates treated with MK2206 in patient sample #3
(Fig. 2E). In contrast, the pattern of AKT phosphorylation in two
replicates was similar in the patient sample #2, i.e., it was induced
by irradiation, inhibited by MK2206 and DT and slightly reduced
by FRAX486 (Fig. 2D). On the other hand, all the replicates of
patient sample #4 showed similar patterns of YB-1 and AKT phos-
phorylation, except for the replicates treated with erlotinib
(Fig. 2F). LJI308 was more effective thanMK2206 on YB-1 phospho-
rylation in all four tumor tissues (Fig. 2B, D-F). Given that a poten-
tial hypoxic area in tumor slices can impact the signaling pattern
with and without inhibitor treatment, we replicated the experi-
ment depicted in Fig. 2A under normoxic and severe hypoxic con-
ditions. Surprisingly, we observed a suppression in the
phosphorylation of RSK, AKT, and YB-1 in response to hypoxia
(Fig. S4) in both CaCo2 parental cells as well as cells overexpressing
KRASG12V.

We have previously reported that fisetin inhibits YB-1 phospho-
rylation and impairs the repair of IR-induced DSBs by suppressing
the c-NHEJ and HR repair pathways [25]. Here we could show that
pretreatment with the combination of the AKT inhibitor MK2206
(5 lM) and the RSK inhibitor LJI308 (10 lM), indicated as DT, or
the PAK inhibitor FRAX486 (10 lM) for 24 h inhibit repair of I-
SceI-induced DSB by HR and Alt-NHEJ in U2OS cells, as shown by
the FACS plots (Fig. 3B) and percentage of GFP-positive cells
(Fig. 3C). FRAX486 inhibited C-NHEJ, but the effect of DT on this
pathway was not significant (Fig. 3C). To exclude nonspecific effect
of the inhibitors used on GFP expression, U2OS cells were tran-
siently transfected with a plasmid encoding enhanced GFP and
treated with the inhibitors as described above. DT did not affect
GFP expression in any of the cell lines tested. In contrast, FRAX486
markedly reduced GFP expression/fluorescence intensity in all cell
lines (Fig. 3D). Effect of DT and FRAX486 on phosphorylation of YB-
1 and YB-1 activating cascades in U2OS cells has been shown in
Fig. 3E.

Due to the observed effect of the applied approaches on the key
DSB repair pathways, in subsequent experiments, we investigated
the effect of dual targeting of RSK/AKT, single targeting of PAK, and
the effect of fisetin on residual DSBs, apoptosis, and radiosensitiv-
ity. Overexpression of KRASG12V enhanced absolute number of
cH2AX foci in non-irradiated as well as irradiated conditions
(Fig. 4A-B,D, Figs. S6A-C). DT of RSK/AKT as well as targeting PAK
by FRAX486 impaired repair of IR-induced DSB in only CaCo2 par-
ental cells (Fig. 4A-B, Figs. S6A-B). However, DT did not affect post-
irradiation cell survival of both parental and KRAS-mutated CaCo2
cells (Fig. S7). Targeting PAK by FRAX486 slightly induced
radiosensitization in KRAS-mutated CaCo2 cells but not in parental
cells (Fig. S7). EGFR inhibitor erlotinib not only did not abrogate
DSB repair in either of the cells (Fig. S5) but it also significantly
stimulated repair after irradiation in KRASG12V cells. Such an effect
was also observed in KRASwt cells in the presence or absence of
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irradiation (Fig. S5). The flavonoid compound fisetin was recently
described as an effective approach to block YB-1 phosphorylation,
impair DSB repair, and increase radiosensitivity in triple-negative
BCC [32]. We investigated whether fisetin is effective in inhibiting
phosphorylation of YB-1 and impairing DSB repair in CRC cells.
Pretreatment with fisetin (75 lM for 24 h) inhibited YB-1, RSK
and ERK1/2 phosphorylation in CaCo2 parental cells. In KRASG12V

cells, fisetin inhibited phosphorylation of YB-1 and RSK but
induced ERK1/2 phosphorylation (Fig. 4C). In neither of the cell
lines phospho-AKT was inhibited by fisetin (Fig. 4C). Fisetin treat-
ment significantly inhibited DSB repair, (Fig. 4D, Fig. S6C) and
induced radiosensitization independent of KRAS mutation status
(Fig. 4E). The radiosensitizing effect of fisetin was markedly stron-
ger in KRASG12V than in the KRASwt parental cells (Fig. 4E). The com-

Fig. 1. YB-1 is highly phosphorylated in CRC cells with an activating mutation in MAPK pathways. (A) Protein samples were isolated from the indicated CRC cells without
treatment or 72 h after treatment with doxycycline (2 lg/ml) to induce KRASG12V (CaCo2-KRASG12V). Activated KRAS was pulled down after IP of Raf1-RBD as described in the
Method section and subjected to SDS-PAGE along with the total lysate. Indicated proteins were detected by Western blotting. GST-RBD was visualized by Ponceau S staining.
Densitometry shows the mean ratio of P-YB-1/YB-1 from 2 experiments normalized to 1 in KRASwt SW48 cells. (B) CaCo2 cells were treated with doxycycline (2 lg/ml) for the
indicated time points. Protein samples were isolated and used for Western blotting. (C) Mean ratio of P-YB-1/YB-1, P-AKT/AKT1, and P-ERKs (ERK1/2)/ERK1/2 based on the
data presented in panel B from 3 biological replicates. In one of the replicates, total YB-1 was detected from a different gel (gel-III), whereas P-YB-1 was detected from gel-I.
The asterisks indicate significant difference in phosphorylation of the indicated proteins after expression of KRASG12V compared to the control condition without doxycycline
(- Dox) treatment (*p < 0.05, **p < 0.01, students t-test) (N = 3), n.s. = non-significant. (D) The CaCo2 parental cells and the cells after 72 h pretreatment with doxycycline
(CaCo2-KRASG12V) were treated with the AKT inhibitor (MK2206, 5 lM), the RSK inhibitor (LJI308, 10 lM), or a combination of both inhibitors as a DT approach for 72 h, and
the protein samples were isolated and used for Western blotting. Similar data was obtained from two additional replicates in which cells were treated with doxycycline for
48 h prior to inhibitor treatment. (A-B, D). Blots were then stripped and incubated with antibodies against total proteins. a-Tubulin or b-actin was detected as loading control.
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Fig. 2. Underlying signaling pathways in YB-1 phosphorylation Ex vivo. (A) CaCo2 cells were treated without or with doxycycline (2 lg/ml) for 72 h and treated with the
combination of the AKT inhibitor MK2206 (5 lM) and RSK inhibitor LJI308 (10 lM), indicated as DT, PAK inhibitor FRAX486 (10 lM) or EGFR inhibitor erlotinib (10 lM) for
72 h. Concentration of DMSO was kept identical in all treatment conditions (0.125%). Thereafter, cells were irradiated (4 Gy) and protein samples were isolated 30 min after
irradiation. Phospho-proteins were detected by Western blotting using phospho-specific antibodies. Blots were stripped and incubated with the corresponding antibody
against total proteins. GFP was detected to verify exogenous KRASG12V expression. Similar data was obtained from two additional replicates in which cells were treated with
doxycycline for 48 h prior to inhibitor treatment. (B, D-F) Cultured tumor tissues were treated with the indicated inhibitors as described in panel A for 24 h. Thereafter, the
cultures were mock irradiated (D-F) or irradiated with 4 Gy (B, D-F). Protein samples were isolated 30 min post-IR and subjected to SDS-PAGE. Level of indicated phospho-
proteins were detected by Western blotting using phospho-specific antibodies, followed by stripping and incubating with AKT1 and YB-1 (B) antibodies. a-Tubulin (A) and b-
actin (B, D-F) were detected as loading control. (C) Gene mutational analysis of patient tissue sample obtained by NGS, indicating protein variants and their allele frequency.
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bination of fisetin with IR led to enhanced residual DSB, that was
beyond an additive effect compared to the irradiation and fisetin
treatment conditions in SW48 cells (Fig. S8A). This effect seems
to be translated to radiosensitization as shown in Fig. S8B. To fur-
ther test whether the elevated cH2AX foci is due to enhanced
apoptosis rather than impaired repair of radiation-induced DSBs,
we tested apoptosis induction in CaCo2 KRASG12V cells after fisetin,
irradiation and the combination treatment conditions. Data shown
in Fig. S9 indicates that fisetin but not irradiation induces apoptosis

and the frequency of apoptotic cells in sub-G1 phase is not
enhanced after combining irradiation with fisetin (Fig. S9). Addi-
tionally, the stimulation of IR-induced apoptosis was observed
only after treatment with FRAX486 but not AKT/RSK DT (Fig. S10).

Discussion

CRC has a high frequency of KRAS mutations, which are often
associated with resistance to radiotherapy via activation of down-

Fig. 3. Impact of targeting PAK and DT of RSK/AKT on NHEJ and HR repair pathways. U2OS cells stably expressing DSB repair constructs (A) were either transiently
transfected with an inducible endonuclease I-SceI plasmid (800 ng/ml) or not transfected as a negative control (-I-SceI condition). (B) Cells were treated with the DT (5 lM
MK2206, and 10 lM RSK inhibitor LJI308,), or FRAX486 (10 lM). Control cells (+I-SceI condition) received DMSO (0.125%). Twenty-four hours after treatment with the
inhibitors, nuclear translocation of I-SceI was induced by triamcinolonacetonid (100 ng/ml) and 24 h later the percentage of GFP positive cells were determined using FACS.
(C) Histograms show the mean percentage of GFP-positive cells ± SD from three independent experiments normalized to the positive control condition treated with DMSO.
Asterisks indicate a significant inhibition of the indicated repair pathways by the applied treatments (*p < 0.05, **p < 0.01, ***p < 0.001; students t-test). (D) U2OS cells were
transfected with a plasmid encoding GFP. Cells were treated with the inhibitors 24 h after transfection for an additional 24 h. The mean intensity of GFP in GFP positive cells in
the captured images was measured and graphed. Histograms showmean GFP intensity ± SD in 20 cells from 2 biological replicates. (E) U2OS cells were treated as described in
part (B). Twenty-four hours after treatment, cells were irradiated with 4 Gy. Protein samples were isolated 30 min post-IR, subjected to SDS-PAGE and level of indicated
phospho-proteins were detected by Western blotting. Blots were stripped and incubated with the corresponding antibodies against total proteins. b-actin was detected as
loading control.
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stream survival signals. YB-1 is a multifunctional protein that plays
a stimulatory role in a number of DNA repair mechanisms. It is
highly expressed in CRC and is constitutively phosphorylated at
S102 in KRAS-mutated cells. Of the various approaches tested with
pharmacological inhibitors, EGFR kinase inhibitor erlotinib did not
inhibit YB-1 phosphorylation under the KRASmut condition in vitro
and ex vivo as well as in tumor tissue expressing oncogenic muta-
tion in KRAS gene or genes that are known to stimulate KRAS sig-
naling pathways. DT of RSK and AKT as well as the targeting of
PAK family members by FRAX486 effectively inhibited YB-1 phos-
phorylation in both KRASwt and KRASmut cells in vitro. An effective
inhibition of phospho-YB-1 was achieved by DT approach,
ex vivo. DSB repair was inhibited by DT and FRAX486 only in
KRASwt cells. In contrast, fisetin inhibited RSK/YB-1 signaling,
impaired DSB repair and induced radiosensitization, independent
of KRAS mutational status.

In agreement with previous reports [11,23], KRASmut cells
HCT116 (KRASG13D) and CaCo2 (KRASG12V) showed constitutive
and increased YB-1 phosphorylation. Unexpectedly, however,
increased phosphorylation of YB-1 was also observed in KRASwt

SW48 cells (see Fig. 1A). A further literature search revealed that
SW48 cells have a heterozygous activating MEK1Q56P mutation
[32], a protein downstream of KRAS and upstream of RSK, a major
YB-1 kinase. This supports the hypothesis that activation of KRAS
or downstream KRAS components leads to increased phosphoryla-
tion of YB-1. Consistent with this, an increase in the expression of
KRAS mutation resulted in an increase in PI3K/AKT and MAPK sig-
naling and correlated with an increase in YB-1 phosphorylation
(see Fig. 1B). Similar to KRAS mutation, exposure to IR can also
stimulate KRAS activity [29], and activation of YB-1 as shown in
BCC. [23,24,27]. Consistent with this, induction of YB-1 phosphory-
lation was observed in KRASwt CaCo2 cells but not in KRASG12V cells
after irradiation (see Fig. S1).

Fig. 4. Effect of DT of RSK/AKT and targeting PAK and treatment with fisetin on DSB repair. (A-E) CaCo2 cells were treated with or without doxycycline (2 lg/ml) for 48 h.
(A-B) cH2AX assay was performed 24 h after irradiation without pretreatment or after 2 h pretreatment with the combination of MK2206 (5 lM) and LJI308 (10 lM),
indicated as DT (A) or FRAX486 (10 lM) (B). (C) Cells were treated for 24 h with or without fisetin (75 lM). Protein samples were then isolated and loaded in three gels and
electrophoresis was performed. Phosphorylated proteins and total proteins were detected with specific antibodies from the respective gel. a-Tubulin was detected separately
in each gel as a loading control. (D) Cells were treated with fisetin (75 lM for 24 h) and mock irradiated or irradiated with 4 Gy, and the cH2AX foci assay was performed 24 h
after irradiation. (A-B, D) The scatter plots represent the distribution of cells with different number of cH2AX foci. Red lines within the scatter plots represent mean number of
foci per nuclei. Asterisks indicate significant difference in the frequency of cH2AX foci between the indicated conditions (*p < 0.05, **p < 0.01, ****p < 0.0001; students t-test)
analyzed in 300 cells from 4 independent experiments (A, D) and 260 cells from 3 independent experiments (B). (A-B, D) The representative images after the described
treatments in combination with irradiation. (E) Clonogenic survival assay was performed in CaCo2 and CaCo2 KRASG12V cells 24 h after mock irradiation or irradiation with
2 Gy or 4 Gy with or without 24 h of pretreatment with fisetin (75 lM). The data points represent the mean surviving fraction ± SD of 12 data from two experiments. Ctrl.:
Control, DT: Dual targeting, n.s.: non-significant, FRAX: FRAX486, Fis.: Fisetin, PE: Plating efficiency, SD: standard deviation, SEM: standard error of mean. (A-B, D) Arrows
represent significant increase or decrease in residual DSBs after treatment with the indicated inhibitors before irradiation.
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Discovering the most effective approach to block YB-1 phospho-
rylation is a prerequisite for developing a strategy to disrupt YB-1-
mediated activation of DDR signaling after IR exposure. AKT and
RSK are considered the major kinases for the S102 residue of YB-
1 [14,15]. However, changes in the activation level of individual
kinases due to the mutational status of KRAS or other upstream
components affect the influence of individual kinases on YB-1
phosphorylation [33]. In support of this, in the isogenic CaCo2 cell
system, YB-1 phosphorylation was observed to be AKT-dependent
in KRASwt cells and RSK-dependent in KRASmut cells (see Fig. 1D,
Fig. S1). A previous work had shown that simultaneously targeting
AKT and RSK efficiently inhibited basal, and chemotherapy induced
YB-1 phosphorylation in KRASwt SW48 and in KRASmut HCT116 cells
[11]. Consistent with this report, our present study also showed
that DT of RSK and AKT efficiently reduced YB-1 phosphorylation
independent of KRAS mutation status in non-irradiated and irradi-
ated cells (see Fig. 1D, Fig. S1).

Effective inhibition of YB-1 phosphorylation by DT of RSK and
AKT indicates a potential crosstalk between the two pathways
[34]. In search of the switch-point in the crosstalk, we examined
the function of PAK and EGFR and showed the PAK family members
as the involved molecules. Not surprisingly, EGFR inhibition did
not inhibit YB-1 phosphorylation in KRASG12V cells (see Fig. 2). In
contrast, PAK inhibition strongly reduced YB-1 phosphorylation
in both, KRASwt as well as KRASmut cells in vitro with the lack of
reactivation of YB-1 after long-term treatment (see Fig. S2). Never-
theless, data from ex vivo studies indicated that DT of RSK/AKT was
superior to PAK inhibition (see Fig. 2B, D-E). Consistent with the
in vitro studies, EGFR inhibition also did not block YB-1 phosphory-
lation in the tumor tissue with a KRAS mutation (see Fig. 2B). How-
ever, in one of the tumor tissues with wild-type KRAS (tissue
sample #4), EGFR inhibition seemingly had no effect on YB-1 phos-
phorylation (see Fig. 2F). According to our sequencing data, we
have observed that some patients exhibit loss of function muta-
tions in the F-Box and WD Repeat Domain Containing 7 (FBXW7)
gene (see Fig. 2C). Increased activation of ERK1/2 has been
observed in esophageal squamous cell carcinoma cells with loss
of function mutations in the FBXW7 gene [35]. Since ERK1/2 lies
directly downstream of KRAS and upstream of RSK, this could
explain the KRASmut characteristics displayed by tissue sample
#4 in terms of YB-1 phosphorylation, as seen with the absence of
induction of YB-1 phosphorylation post-irradiation, reduced effect
of PAK targeting and EGFR targeting, and a preference towards the
MAPK/RSK pathway over the PI3K/AKT pathway (see Fig. 2F).
Although tissue sample #2 also harbors a loss of function mutation
in FBXW7, the allele frequency of the mutation seems to be quite
low, which may also explain the heterogeneity between the repli-
cates of sample #2 (see Fig. 2D). On the other hand, sample #4
which seems to display a more uniform pattern in terms of YB-1
phosphorylation harbors two loss of function mutations in FBXW7,
with one mutation potentially leading to the truncation of the
functional region of the protein [36]. The allele frequency of both
mutations also seems to be higher when compared to sample #2
(see Fig. 2C). This could explain the KRASmut-like phenotype of
sample #4 and the heterogenous phenotype of sample #2. Similar
to sample #2, the level of YB-1 phosphorylation in sample #3 also
varied between two biological replicates taken from the same
tumor tissue with the same treatment (see Fig. 2E). This may again
be indicative of genomic heterogeneity and variability within
tumors of the same origin, necessitating a molecular targeting
strategy with different combinations, e.g., DT of RSK/AKT, to over-
come the selective effect caused by heterogeneity. Although the
number of patient samples is limited, this data may suggest that
tumor heterogeneity and the mutational status of the oncogenome
can also be governing factors of the efficacy of DT of AKT/RSK or
PAK inhibition. The observed variations in YB-1 signaling between
similar treatment conditions may also be attributed to the
differential levels of oxygenation in different tumor slices. In vitro
experiments to determine the effect of severe hypoxia on YB-1

signaling revealed that the phosphorylation of AKT, RSK, and
YB-1 are drastically reduced under severe hypoxic conditions
(see Fig. S4). Although the tumor samples did not display detect-
able expression of HIF1a (see Fig. 2B, D-F), differential oxygenation
and potential hypoxic regions cannot be completely ruled-out. To
solidify these conclusions, a greater number of tumor samples
should be tested.

The impact of targeting YB-1 on DSB repair has been shown to
be the same as that after KRAS knockdown in KRASmut BCC [23]. A
study by Yang et al. showed that a number of isogenic CRC SW48
cell lines carrying KRASG12C, KRASG12D, or KRASG12V allele mutations,
as well as HCT116 cells expressing a KRASG13D mutation, become
radioresistant upon KRASmut expression [37], which was due to
the upregulation of NRF2-53BP1-mediated NHEJ repair of DSBs
[37]. Since YB-1 stimulates NRF2 expression [38], stimulating
DSB repair by the above-described heterozygous mutations of KRAS
may be YB-1-dependent. In an obvious conflict with the stimula-
tory role of mutated KRAS on DSB repair, in our study, overexpres-
sion of KRASG12V enhanced residual DSBs (see Fig. 4A-B,D, Fig. S6A-
C). This should be a difference caused by the use of different types
of KRASmut expression systems. In the study by Yang et al. [37]
mutated KRAS was stably expressed in the cells which would lead
to the adaptation to the KRAS-mediated cellular replication stress.
However, in the CaCo2 cells used in our study, we transiently over-
expressed mutated KRAS, which would promote replication stress
[39] and result in enhanced residual cH2AX foci in non-
irradiated as well as in irradiated conditions.

DT of RSK/AKT was shown to effectively inhibit S102 phospho-
rylation in vitro and ex vivo. However, similar to PAK targeting, this
approach inhibited DSB repair in the parental CaCo2 cells but not
in isogenic KRASG12V cells (see Fig. 4A-B, Fig. S6A-B). Although
the EGFR inhibitor erlotinib inhibited YB-1 S102 phosphorylation
in the KRASwt CaCo2 cells, it did not inhibit AKT phosphorylation
and DSB repair in these cells upon irradiation (see Fig. S5). Lack
of effect on DSB repair might be because of YB-1-independent
function of AKT in C-NHEJ and HR repair of DSBs [40–42], as out-
lined in Fig. 5. In KRASG12V cells, since the cells also have endoge-
nous KRASwt, inhibition of EGFR could lead to the abrogation of
survival signaling pathways downstream to KRASwt. This can result
in a compensatory enhancement of signaling pathways that are
initiated from KRASmut, leading to stimulated DSB repair (see
Fig. S5). Since S102 phosphorylation is involved in DSB repair
[24], this data may indicate that other reported post-translational
modification (PTMs) of YB-1 [38,43–45] may also be involved in
DSB repair, an issue that remains to be investigated.

The flavonoid compound fisetin impairs YB-1 phosphorylation
by inhibiting binding of RSK to YB-1 [46]. Here, we showed that
fisetin blocks YB-1 phosphorylation and impairs DSB repair inde-
pendent of KRAS mutation (see Fig. 4C-D, Fig. S6C). One of the
potential mechanisms by which fisetin inhibits DSB repair in
KRASmut cells as well might be by inhibiting other PTMs of YB-1
in addition to S102 phosphorylation. Fisetin inhibits few other
proteins involved in DDR signaling [25], which might be a second
potential mechanism of the function of fisetin in inhibiting DSB
repair and inducing radiosensitization, as outlined in Fig. 5. Inhibi-
tion of DSB repair by fisetin in the present study, regardless of KRAS
mutation status, is consistent with the recent publication on the
inhibition of DSB repair by this compound in BCC, which was
shown to be through suppression of C-NHEJ and HR repair path-
ways [25]. Based on the upregulation of the C-NHEJ pathway by
KRAS mutation [37], and the increase in residual DSBs upon inhibi-
tion of this pathway in KRAS-mutated BCC [25], it seems that C-
NHEJ plays the major role in DSB repair and radioresistance in cells
harboring KRAS mutations. In line with this conclusion, inhibition
of C-NHEJ by DT in KRASwt U2OS cells (Fig. 3B-C) was not signifi-
cant. Although, the effect of PAK inhibitor FRAX486 on C-NHEJ
was significant, on the one side this effect was weaker than the
effect of FRAX486 on HR. On the other side, part of this observed
effect might be because of FRAX486 inherently suppressing GFP
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expression or fluorescence intensity (see Fig. 3D). This could be one
of the reasons behind the absence of any effect of DT or PAK target-
ing in KRASmut cells.

IR inhibits clonogenic activity by inducing different types of
cell-death, namely DSB-mediated mitotic catastrophe and apopto-
sis. In this study we could show that fisetin inhibits DSB repair and
induces radiosensitization in CaCo2-KRASG12V cells without stimu-
lating IR-induced apoptosis (see Fig. 4, Fig. S6 and S9). In contrast,
FRAX486 stimulated apoptosis and slightly radiosensitized cells
without affecting DSB repair (see Figs. S6, S7 and S10). On the other
hand, DT did neither affect DSB repair and radiosensitivity nor
stimulated apoptosis (see Fig. S6, S7 and S10). From these data it
might be concluded that impaired DSB repair to a certain degree
is necessary but not sufficient for IR-induced clonogenic
inactivation.

Collectively, to our knowledge this is the first report to intro-
duce fisetin as a strategy that may improve CRT outcome in CRC,
independent of KRAS mutation status.
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Supplementary Material and Methods 

Fisetin overcomes non-targetability of mutated KRAS in colorectal cancer cells and improves 
radiosensitivity by blocking repair of radiation-induced DNA double-strand breaks 
 

Antibodies and reagents 

The antibodies used for Western blotting – P-YB-1 (S102) (#2900), YB-1 (#9744), P-AKT (S473) (#4060), 

AKT1 (#2967), P-p90RSK (T359/S363) (#9344), RSK1/RSK2/RSK3 (#9355), P-p42/44 MAPK (ERK1/2) 

(T202/Y204) (#4377), p42/44 MAPK (ERK1/2) (#4695) – were purchased from Cell Signaling Technology 

(Frankfurt, Germany). Another AKT1 antibody (#610877) and HIF1α antibody (#610959) were 

purchased from BD Biosciences (Heidelberg, Germany). The KRAS antibody (#OP24) and the α-Tubulin 

antibody (#CP06) were purchased from Calbiochem (Schwalbach, Germany). Another KRAS antibody 

(#NBP2-45536) was purchased from Novus Biologicals (Wiesbaden Nordenstadt, Germany). The GFP 

antibody (#3H9) was purchased from ChromoTek GmbH (Planegg-Martinsried, Germany). The β-Actin 

antibody (#A2066) was purchased from Sigma-Aldrich (Taufkirchen, Germany). The anti-phospho-

Histone H2AX (S139) antibody (#9718) used for immunofluorescence assays was purchased from Cell 

Signaling Technology (Frankfurt, Germany). The Cy3-conjugated donkey anti-rabbit secondary 

antibody (#711-166-152) used for immunofluorescence assays was purchased from Dianova GmbH 

(Hamburg, Germany). The RSK inhibitor LJI308 (#S7871), the AKT inhibitor MK2206 (#S1078), and the 

PAK inhibitor FRAX486 (#S7807) were purchased from Selleckchem (Munich, Germany). The EGFR 

inhibitor erlotinib was from Hoffmann-La Roche (Basel, Switzerland). Fisetin (#S2298) was purchased 

from Selleckchem (Munich, Germany).  Doxycycline (#A2951) was purchased from AppliChem 

(Darmstadt, Germany). Puromycin (#P8833) and blasticidin (#15205) were purchased from Sigma-

Aldrich (Taufkirchen, Germany). 20X LumiGLO Reagent and 20X Peroxide (#7003) were purchased from 

Cell Signaling Technology and used to visualize proteins on nitrocellulose membranes using horse-

radish peroxidase tagged secondary antibodies. DAPI-containing mounting medium (#50011) was 

purchased from ibidi GmbH, (Gräfelfing, Germany) and was used for immunofluorescence assays. RAS 

activity assay reagent (Raf-1 RBD, agarose) (#14-278) was purchased from Sigma-Aldrich (Taufkirchen, 
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Germany). Lipofectamine LTX reagent was purchased from Invitrogen (Darmstadt, Germany). BD-

GasPakTM EZ Pouch-Systems (B260683) was purchased from Fisher Scientific (Schwerte, Germany) 

 

KRAS sequencing 

Genomic DNA was extracted from macrodissected 5 µm paraffin sections using the Maxwell® RSC DNA 

FFPE Kit and the Maxwell® RSC Instrument (Promega, Madison, WI, USA) according to the 

manufacturer’s instructions. Targeted mutation analysis of KRAS hotspot codon 12 was performed by 

Next Generation Sequencing (Ion GeneStudio S5 prime, Thermo Fisher Scientific, Waltham, MA, USA) 

using an AmpliSeq Custom Panel covering KRAS exon 2. Amplicon library preparation and 

semiconductor sequencing was done according to the manufacturers’ manuals using the Ion AmpliSeq 

Library Kit v2.0, the Ion Library TaqMan Quantitation Kit on the LightCycler 480 (Roche), the Ion 510 & 

Ion 520 & Ion 530 Kit – Chef on the Ion Chef and the Ion 530 Chip Kit (Thermo Fisher Scientific). Variant 

calling of non-synonymous somatic variants compared to the human reference sequence was 

performed using Ion Reporter Software (Thermo Fisher Scientific). 
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Fig. S1. DT of RSK and AKT is an effective approach to block YB-1 signaling
in irradiated CRC cells independent of KRAS mutation status. CaCo2 cells
were treated with and without doxycycline (2 µg/ml) for 48 h and treated with AKT
inhibitor MK2206 (5 µM), RSK inhibitor LJI308 (10 µM) or the combination of both
inhibitors as the DT. Concentration of DMSO was kept identical in different treated
conditions (0.125%). Seventy-two hours after treatment cells were mock irradiated
or irradiated with 4 Gy. Thirty minutes after irradiation protein samples were
isolated and subjected to SDS-PAGE and level of indicated phospho-proteins were
detected by Western blotting using phospho-specific antibodies. Blots were
stripped and incubated with the corresponding antibody against total proteins.
Densitometry values represent ratio of mean phospho-YB-1 to total-YB-1 from 3
independent experiments normalized to 1 in irradiated CaCo2 parental cells. GFP
was detected to verify exogenous KRASG12V expression. α-Tubulin was detected
as loading control.
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Fig. S2. Long-term inhibition of PAK does not result in reactivation of YB-1.
CaCo2 cells were treated with and without doxycycline (2 µg/ml) for 48 h and
treated with the PAK inhibitor FRAX486 (10 µM). At the indicated timepoints after
treatment, protein samples were isolated and subjected to SDS-PAGE and level of
phospho-YB-1 was detected by Western blotting using phospho-specific antibody.
The blot was stripped and incubated with the corresponding antibody against total
YB-1. GFP was detected as an indication for the expression of KRASG12V.
Densitometry values represent ratio of phospho-YB-1 to α-Tubulin and GFP to α-
Tubulin normalized to 1 in the corresponding control. Ctrl.: Control.
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Fig. S3. PAK targeting inhibits YB-1 S102 phosphorylation, independent of
KRAS mutation status. Indicated cells were treated with FRAX486 (10 µM). After
24 h, the cells were mock irradiated or irradiated with 4 Gy. Thirty minutes after
irradiation protein samples were isolated and subjected to SDS-PAGE. Indicated
phospho-proteins were detected by Western blotting using phospho-specific
antibodies. Blots were stripped and incubated with the corresponding antibody
against total proteins. Densitometry values represent the ratio of phospho-YB-1 to
α-Tubulin normalized to the control in each cell line. GFP was detected as an
indication for the expression of KRASG12V. CaCo2 cells were pretreated with
doxycycline (2 µg/ml) for 48 h to induce KRASG12V expression, Similar results were
obtained in the repeated experiment. Ctrl.: Control, FRAX: FRAX486.
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Fig. S4. The effect of hypoxia on DT of RSK/AKT, targeting PAK, targeting
EGFR, and treatment with fisetin in KRAS mutant and KRAS wild type
CaCo2 cells. (A) CaCo2 cells were treated with or without doxycycline (2 μg/ml)
for 72 hours. Following doxycycline treatment, the cells were exposed to the
combination of the AKT inhibitor MK2206 (5 µM) and RSK inhibitor LJI308 (10
µM), referred to as DT, the PAK inhibitor FRAX486 (10 µM), or the EGFR
inhibitor Erlotinib (10 µM) for 48 hours. This was followed by 24 hours of
incubation under normoxia or severe hypoxia (<0.01% O2). The concentration
of DMSO was maintained at 0.125% in all treated conditions. (B) CaCo2 cells
were treated with or without doxycycline (2 μg/ml) for 48 hours, and then treated
with fisetin (75 µM) for 24 hours, under normoxia or hypoxia. The concentration
of DMSO was maintained at 0.125% in all treated conditions. (A-B) Twenty-four
hours after exposure to normoxia or hypoxia, the cells were either mock
irradiated or irradiated with 4 Gy. Thirty minutes after irradiation, protein samples
were isolated and subjected to SDS-PAGE. The indicated phospho-proteins
were detected by Western blotting using phospho-specific antibodies. The blots
were stripped and incubated with the corresponding antibody against total
proteins. GFP was detected as an indication of KRASG12V expression. Ctrl.:
Control, DT: Dual targeting, Norm.: Normoxia, Hyp.: Hypoxia.
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Fig. S5. The EGFR kinase inhibitor erlotinib does not impair DSB repair in
CaCo2 cells after IR exposure. CaCo2 cells were treated with or without
doxycycline (2 μg/ml) for 48 h and treated without or with erlotinib (10 µM) for 72
h. Thereafter, cells were mock irradiated or irradiated with 4 Gy. γH2AX assay
was performed 24 h after irradiation. The asterisks indicate significant difference
in mean γH2AX ± SEM between the indicated conditions (*p < 0.05, **p < 0.01,
****p < 0.0001; students t-test) analyzed in 660 cells from 3 independent
experiments shown as bar graph as well as scatter plot. The representative
images after the described treatment in combination with irradiation. SEM:
standard error of mean, Erl.: Erlotinib, n.s.: non-significant, Ctrl.: Control.
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Fig. S6. The effect of KRAS, DT of RSK/AKT, targeting PAK and treatment
with fisetin on DSB repair. (A-B) CaCo2 cells were either treated with
doxycycline (2 μg/ml) for 48 hours or left untreated. The γH2AX assay was
performed 24 hours after irradiation without pretreatment or after a 2-hour
pretreatment with the combination of the AKT inhibitor MK2206 (5 µM) and RSK
inhibitor LJI308 (10 µM), referred to as DT (A), or the PAK inhibitor FRAX486 (10
µM) (B). (C) Cells treated with or without doxycycline (for 48 hours) and fisetin
(75 µM for 24 hours) were mock irradiated or irradiated with 4 Gy, and the γH2AX
foci assay was performed 24 hours after irradiation. (A-C) The histograms
represent the mean number of γH2AX foci per nucleus under the indicated
treatment conditions. Asterisks indicate a significant difference in the mean
γH2AX ± SEM between the indicated conditions (*p < 0.05, **p < 0.01,
****p < 0.0001; Student's t-test). The analysis was conducted on 300 cells from 4
independent experiments (A, C) and 260 cells from 3 independent experiments
(B). Ctrl.: Control, SEM: standard error of the mean, DT: Dual targeting, n.s.:
non-significant.
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Fig. S7

DMSO

FRAX486
DT

DMSO

1.0

0.1

0.01

SF
 ±

SD
   

  

X-ray (Gy) X-ray (Gy)

CaCo2                                            CaCo2 (KRASG12V)

Fig. S7: The Effect of dual targeting of AKT and RSK and inhibition of PAK
by FRAX486 on the post-irradiation survival of CaCo2 Parental Cells and
CaCo2 (KRASG12V) cells. The cells were either untreated or treated with
doxycycline (2 μg/ml) for 48 hours. The clonogenicity assay was conducted
immediately after irradiation (0, 2, and 4 Gy) without any pretreatment or after a 2-
hour pretreatment with either the combination of the AKT inhibitor MK2206 (5 µM)
and the RSK inhibitor LJI308 (10 µM), referred to as dual targeting (DT), or the
PAK inhibitor FRAX486 (10 µM). Survival fraction ± SD from 12 data points
obtained from 2 independent experiments has been graphed. SF: Survival fraction,
SD: standard deviation.
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Fig. S8. The effect of fisetin on DSB repair and post-irradiation cell
survival. SW48 cells were treated with or without fisetin (75 µM) for 24 hours.
(A) Thereafter, cells were mock irradiated or irradiated with 4 Gy. The γH2AX
assay was performed 24 hours after irradiation. The histograms represent the
mean number of γH2AX foci per nucleus under the indicated treatment
conditions. The asterisks indicate a significant difference in the mean
γH2AX ± SEM between the indicated conditions (****p < 0.0001; Student's t-
test). The analysis was conducted on 500 cells from 3 independent
experiments, and the results are shown as a bar graph and scatter plot.
Representative images are provided after the described treatment in
combination with 4 Gy irradiation. (B) A clonogenic survival assay was
performed 24 h after mock irradiation or irradiation with single doses of 0 to 4
Gy. Survival fraction ± SD from 18 data points obtained from 3 independent
experiments has been graphed. SEM: standard error of the mean, SD: standard
deviation, Fis.: Fisetin, Ctrl.: Control., SF: Survival fraction
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Fig. S9. The effect of fisetin on apoptosis. CaCo2 cells were treated with
doxycycline (2 μg/ml) for 48 hours. Subsequently, the cells were treated with fisetin
(75 µM) for 24 hours and subjected to mock irradiation or irradiated with 4 Gy. After
24 hours of irradiation, the cells were collected, and fluorescence-activated cell
sorting (FACS) analysis was performed. The percentage of cells in the sub G1 cell
cycle phase was calculated as the mean ± SD from 6 data points obtained from 2
independent experiments and presented in a graph. Ctrl.: Control.
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Fig. S10. The effect of DT of RSK/AKT and targeting PAK on apoptosis. The
effect of dual targeting (DT) of RSK/AKT and targeting PAK on apoptosis was
investigated. CaCo2 cells were treated with doxycycline (2 μg/ml) for 48 hours,
followed by treatment with the AKT inhibitor MK2206 (5 µM) and RSK inhibitor
LJI308 (10 µM) for 2 hours, referred to as DT, or the PAK inhibitor FRAX486 (10
µM). After treatment, the cells were either mock irradiated or irradiated with 4 Gy.
After 24 hours of irradiation, the cells were collected and subjected to
fluorescence-activated cell sorting (FACS) analysis. The percentage of cells in the
sub G1 cell cycle was calculated as the mean ± SD from 3 data points obtained
from 1 experiment and graphed. Ctrl.: Control, DT: Dual targeting, n.s.: non-
significant.
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Cell Lines EGFR ERBB3 KRAS HRAS MAP2K1 PIK3CA AKT2 AKT3

HCT116 WT
p.Q261*/WT             

p.Q202*/WT
p.G13D/WT WT WT p.H1047R/WT WT WT

SW48
p.G719S/WT 

p.G674S/WT
WT WT p.G161R/WT 

p.Q56P/WT 

p.H119Y/WT 

p.D351G/WT 

p.D175G/WT

p.G914R/WT
p.R251W/WT 

p.R189W/WT
p.R465Q/WT

CaCo2 WT

p.D857N/WT 

p.D798N/WT 

p.D98N/WT

WT WT WT WT WT WT

CaCo2+ doxycycline

(2 µg/ml)

WT

p.D857N/WT 

p.D798N/WT 

p.D98N/WT

WT

p.G12V

(dox-inducible 

expression)

WT WT WT WT WT

Table S1. Mutation status of genes involved in stimulation of YB-1 signaling cascades in the indicated CRC cell lines. WT: Wild-type

Databases:

Cancer Dependency Map Database: https://depmap.org/

COSMIC Database: https://cancer.sanger.ac.uk/cosmic
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Abstract
Y-box binding protein-1 (YB-1) is a multifunctional protein that is highly expressed in human solid tumors of various
entities. Several cellular processes, e.g. cell cycle progression, cancer stemness and DNA damage signaling that are
involved in the response to chemoradiotherapy (CRT) are tightly governed by YB-1. KRAS gene with about 30% mutations
in all cancers, is considered the most commonly mutated oncogene in human cancers. Accumulating evidence indicates
that oncogenic KRAS mediates CRT resistance. AKT and p90 ribosomal S6 kinase are downstream of KRAS and are the
major kinases that stimulate YB-1 phosphorylation. Thus, there is a close link between the KRAS mutation status and YB-1
activity. In this review paper, we highlight the importance of the KRAS/YB-1 cascade in the response of KRAS-mutated
solid tumors to CRT. Likewise, the opportunities to interfere with this pathway to improve CRT outcome are discussed in
light of the current literature.

Keywords Y-box binding protein-1 · Oncogenic KRAS · Chemoradiotherapy · Molecular targeting · DNA damage
response signaling

Y-box binding protein-1 (YB-1)

The Y-box binding family of proteins are multifunctional
RNA/DNA binding proteins that bind to the Y-box, an in-
verted CCAAT sequence [1]. These proteins belong to the
cold shock domain (CSD) protein family, which has been
shown to play an important role in regulating cell prolifer-
ation and development [2]. This family of proteins consists
of 3 members that share similar structures: YB-1/DNA-
binding protein B (DBPB), YB-2/DNA-binding protein C
(DBPC), and YB-3/DNA-binding protein A (DBPA). YB-1
is highly expressed in solid tumors of various entities [3–14]
and regulates all cancer hallmarks, e.g., it stimulates DNA
damage response (DDR), which results in chemoradiother-
apy (CRT) resistance [15–20]. YB-2 is a germ cell specific
Y-box binding protein that is also overexpressed in some
human malignancies such as seminoma and ovarian dys-
germinomas [21]. YB-3 is more functional during embryo
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development [22]. It has been shown to bind to similar
mRNAs as YB-1 [22, 23]. However, the binding of YB-3
to mRNAs is more commonly observed in the absence of
YB-1, and it is therefore proposed that YB-3 is transcrip-
tionally regulated by YB-1 [22]. The oncogenic impacts
of YB-3 have also been described previously [24–29]. In
support of the oncogenic effect of YB-3, silencing YB-3
was shown to induce chemosensitization to 5-fluorouracil in
gastric cancer and colorectal cancer (CRC) [23, 30]. Silenc-
ing YB-3 was also shown to induce E-cadherin expression
and inhibit β-catenin and cyclin D1 expression and thereby
inhibited gastric cancer proliferation [23].

Structurally, the Y-box binding family of proteins con-
tain an N-terminal Alanine/Proline-rich domain (A/P)
(amino acid (aa) residues 1–50), a highly conserved CSD
(aa 51–129), and a C-terminal domain (CTD) (aa 129–324)
([31]; Fig. 1). The CSD of YB-1 is crucial for specific
RNA/DNA binding characteristics [32]. The structure of
CSD consists of a five stranded β-barrel containing two
RNA binding motifs ribonucleoprotein (RNP) particle
domain-1 (RNP1) and RNP2 [33]. YB-1, as a transcription
factor, binds via the CSD to gene promoters to regulate
the transcription of various genes [34]. As a main player
in RNP complexes, YB-1 is also involved in translational
regulation [35–37]. The CTD contains positively and nega-
tively charged aa, but overall the CTD is positively charged
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Fig. 1 Schematic representation and crystal structure of YB-1. a YB-1 consists of three domains: N-terminal A/P, CSD, and CTD comprising 324
aa. The CSD contains two RNA binding motifs (RNP1 and RNP2). The CTD contains three NLS and one CRS. There is also a 20S proteasome
cleavage site between aa Glu219-Gly220. The CTD of YB-1 contains clusters of positive and negative charges represented as ‘+’ and ‘–’ respec-
tively. Various post-translational modification sites are shown. b The CSD of YB-1, from aa 51 to aa 129, is involved in nucleic acid binding
and structurally contains a five-stranded β-barrel with two RNA-binding motifs with consensus sequences-RNP1 and RNP2. aa amino acid, A/P
domain alanine/proline-rich domain, CRS cytoplasmic retention signal, CSD cold shock domain, CTD C-terminal domain, Glu219 Glutamic acid
219, Gly220 Glycin 220, NLS nuclear localization signals, PTM Post translational modification, RNP1 ribonucleoprotein particle domain-1, RNP2
ribonucleoprotein particle domain-2, YB-1 Y-box binding protein 1. Created with BioRender.com

([38]; Fig. 1). The CTD of YB-1 also contains a cytoplas-
mic retention signal (CRS) (aa 247–267) and three nuclear
localization signals (NLS); NLS1 (aa 149–156), NLS2
(aa 185–194) and NLS3 (aa 276–292) [39]. Besides, a spe-
cific site for the 20S proteasome cleavage exists between
Glutamic actid 219 (Glu219) and Glycine 220 (Gly220)
[39]. YB-1 is majorly observed in the cytoplasm and the
function of YB-1 in translational regulation could be at-
tributed to its cytoplasmic localization. The basic charges
of CTD enhance the binding of YB-1 to mRNA through
multimerization with other YB-1 proteins on the mRNAs
[38]. This phenomenon leads to compaction of the mRNAs
and thus translation repression [40]. In contrast to the
function of YB-1 in translational repression, YB-1 induces
the translation of subsets of mRNAs through recruiting
mRNAs to the polysomal chains to promote translation
[41]. This has been shown to occur via a cap-independent
manner and through internal ribosomal entry sites (IRES)
[42, 43]. It is interesting to note that free messenger RNPs
(mRNPs) have high ratio of YB-1/mRNA in the mRNP
(�4mol YB-1/mol mRNA) indicating translation repres-
sion, whereas low ratio of YB-1/mRNA in the mRNP
(�2mol YB-1/mol mRNA) results in translation activation
[42, 44–46]. This is due to the ability of YB-1 to displace
eIF4G from mRNAs [47]. Therefore, YB-1 has both effects
on the translation of mRNAs; either activation or suppres-
sion of translation. There are a number of studies showing
the oncogenic role of cytoplasmic YB-1 [43, 48–50]. For
instance, it has been shown that YB-1 promotes translation
of HIF1α in an IRES-dependent manner [42]. Mechanis-
tically, YB-1 directly binds to HIF1α mRNA and melts
the secondary structures formed in the IRES at the 50-
untranslated region (50-UTR) by its helicase activity to in-
duce more efficient translation of HIF1α and consequently
promotes sarcoma metastasis [42]. Similarly, YB-1 also

induces the translation of Snail1, Twist, and other mRNAs
regulating Epithelial-Mesenchymal Transition (EMT) in
breast cancer cells [43]. In breast cancer brain metastasis,
YB-1 translationally regulates ErbB2 mRNA by disrupting
its secondary structures as well and promotes ErbB2 trans-
lation [48]. In CRC, YB-1 translationally activates insulin-
like growth factor-I receptor (IGF-IR) and promotes liver
metastasis [51]. Additionally, another study showed that
cytoplasmic YB-1 induces tumorigenicity, enhances migra-
tory properties and invasiveness of melanoma cells [49].
Besides, YB-1 also regulates stress granule (SG) formation
by activating G3BP1 at the translational level in sarcoma
cells [50]. The SGs are formed in response to hypoxia
and metabolic stress to block overall protein synthesis.
Interestingly, it has been shown that SGs play an important
role in tumor progression [50]. The mechanism of trans-
lation activation of G3BP1 by YB-1 is similar to HIF1α,
Snail1 and Twist [50]. An overview of the role of YB-1
in translation regulation is shown in Fig. 2. YB-1 can also
translocate to the nucleus under certain conditions such
as UV irradiation [52] and hypoxia [53] or after cisplatin
treatment [54]. Nuclear YB-1 in addition to regulation of
gene expression implicated in cell proliferation, stress re-
sponse, and drug resistance, directly interacts with different
proteins involved in DNA repair [19].

Regulation of YB-1 expression

The regulation of YB-1 expression has not been extensively
studied and remains poorly understood. At the genetic level,
the YBX1 gene promoter has thus far been reported to con-
sist of three identified regulatory sequences—GATA re-
sponse elements, E-Box motifs, and GC-rich sequences.
Although the YBX1 promoter contains GATA binding el-
ements, both GATA1 and GATA2 were identified to acti-
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Fig. 2 The role of YB-1 in translation regulation. YB-1 regulates translation of Snail1, Twist, HIF1α, and G3BP1 mRNAs in a cap-independent
and IRES-dependent manner by resolving secondary RNA structures. In addition, YB-1 also stabilizes Col1a1 mRNA in the cytoplasm. PTMs
on YB-1 regulate the role of YB-1 in translational regulation. Phosphorylation of Y72 and Y99 on YB-1 increases binding to ErbB2 mRNA and
enhances translational elongation by removing secondary structures on ErbB2 mRNA, thus promoting ErbB2 translation. On the other hand, AKT-
mediated S102 phosphorylation of YB-1 prevents its binding to the 50-UTR cap of mRNAs, thereby preventing YB-1 mediated RNA silencing and
activating mRNA translation. YB-1 translationally regulates its own mRNA by interacting with the 30-UTR of its mRNA and preventing binding of
the translation initiation factors eIF4A and eIF4B. PABP has been shown to promote translation of YB-1 in a poly-A-tail-independent manner. The
YB-1 promoter has been shown to have three identified regulatory sequences-GATA response elements, E-box motifs, and GC-rich sequences that
can be regulated by different TFs. AKT/PKB Protein kinase B, Col1A1 collagen α1(I), G3BP1 Ras GTPase-activating protein-binding protein 1,
HIF1α Hypoxia-inducible factor 1-alpha, PABP Poly(A)-binding protein, PTMs Post-translational modifications, S102 Serine 102, Snail1 Snail
family zinc finger 1, Y72 Tyrosine 72, Y99 Tyrosine 99, YB-1 Y-box binding protein-1, TF Transcription factor, Twist 1 Twist-related protein 1,
IRES internal ribosomal entry sites, mTOR mammalian target of rapamycin, c-Myc cellular myelocytomatosis oncogene, Sp1 specificity protein 1,
E2F1 E2F transcription factor 1,MyoD Myoblast determination protein 1, GATA1/2 GATA-binding factor 1/2. Created with BioRender.com

vate the YBX1 promoter through an unconventional GATA
sequence in the 50-UTR of the YBX1 gene in erythroid
cells [55]. In response to cisplatin-exposure, the c-Myc-
Max complex has also been shown to transactivate the YBX1
gene promoter by binding to the upstream E-box motifs via
interaction with p73, in turn inducing a 6-fold increase in
cellular YB-1 mRNA level [56]. While c-Myc drives the
transcription of YB-1 mRNA, YB-1 has also been shown to
regulate c-Myc expression at the translational level, stimu-
lating a feed-forward loop [57]. Twist is another transcrip-

tion factor that binds to E-box sequences, and has been
shown to induce the expression of the YBX1 gene in cis-
platin-resistant cells [58]. As in the case of c-Myc, YB-1
can also induce the translation of Twist mRNA [43]. The
GC-rich sequences in the YBX1 promoter have also been
determined to be important for transcription. These regions
can interact with Sp1 and E2F1 proteins, and mutations in
these regions have been shown to downregulate YB-1 tran-
scription [59]. Sp1 and E2F1 have been shown to regulate
the transcription of YB-1 during early stages of differenti-
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ation in myocytes [59]. Subsequently, during the formation
of myotubes, MyoD and myogenin replace Sp1 and E2F1
and regulate the transcription of YB-1 by binding to the
proximal E-box sequence in the YBX1 promoter [59]. At
the translational level, YB-1 can regulate its own expression
by interacting with the 30-UTR of its mRNA and prevent-
ing the binding of eukaryotic translation initiation factors
eIF4A and eIF4B [60]. Alternatively, Poly(A)-binding pro-
tein (PABP) has also been shown to induce the translation
of the YB-1 mRNA in a poly-A-tail-independent manner
[61]. The mTOR pathway has also been implicated to reg-
ulate the translation of YB-1 mRNA and the 50-UTR has
been shown to be vital for this regulation [62]. On the other
hand, the stability of the YB-1 mRNA can be regulated
by various micro-RNAs (miRNA) such as miR-216a [63],
miR-382 [64], and miR-375 [65], which have been shown
to mediate degradation of the YB-1 mRNA.

Post-translational modifications of YB-1

The functions and subcellular localization of YB-1 can be
regulated by post-translational modifications (PTMs) that
occur under different conditions. Phosphorylation, a well-
studied PTM of YB-1, occurs at multiple sites, including
serine 102 (S102), which is located on the CSD. The S102
phosphorylation is shown to promote binding of YB-1 to
the epidermal growth factor receptor (EGFR) and ErbB2
promoters, which in turn induces gene transcription [66,
67]. In contrast, structural analysis of the CSD of YB-1
has demonstrated that S102 phosphorylation decreases CSD
stability and therefore reduces binding affinity to single-
stranded DNA (ssDNA) [32]. This inconsistency might be
explained by the fact that the binding affinity could be
sequence specific. Furthermore, other additional PTMs on
YB-1 can also affect its binding affinity to DNA. It is also
important to note that the structural analysis was performed
on an isolated CSD with a C-terminal extension, and not
the whole YB-1 protein [32]. In addition, the interaction
between the CSD and ssDNA was tested. This could also
explain the discrepancy between the results from the cel-
lular and test-tube experiments. Additionally, AKT-depen-
dent S102 phosphorylation of YB-1 prevents its binding to
the 50-UTR cap of mRNAs and thus activates mRNA trans-
lation [44, 68]. Therefore, DNA and RNA binding capacity
of YB-1 is modulated by this phosphorylation. Additionally,
this phosphorylation can promote the translocation of YB-1
to the nucleus [69, 70]. However, a previous study could
show that YB-1 phosphorylation at S102 induced by ioniz-
ing radiation (IR), treatment with epidermal growth factor
(EGF), and the conditional expression of KRASG12V does not
induce nuclear translocation of YB-1 [71]. This inconsis-
tency could be due to the difference in stimuli and patterns
of PTMs required for YB-1 nuclear translocation. In this re-

gard, it was reported that phosphorylation of YB-1 at S209,
which is located on the NLS, impairs YB-1 translocation to
the nucleus even when S102 is phosphorylated [72]. Sim-
ilarly, phosphorylation at S165 and S176 decreases NLS
accessibility and therefore inhibits YB-1 translocation to
the nucleus [73]. Phosphorylation of tyrosine 281 (Y281)
residue within the NLS is also shown to correlate with
nuclear shuttling of YB-1 [39]. Interestingly, it has been
shown that phosphorylation on S30 and S34 are required
for nuclear translocation of YB-1, which in turn controls the
MKNK1 gene splicing in JAK2mutated cells [74]. Recently,
Threonine 89 (T89) has also been shown to be phosphory-
lated by DNA-PKcs after IR or cisplatin treatment and this
leads to nuclear shuttling of YB-1 [75]. Subcellular local-
ization of YB-1 may also be regulated by cellular RNA
content and the RNA binding ability of YB-1 can be mod-
ulated by PTMs such as phosphorylation of Y72 and Y99
[48, 76]. In turn, decreased cytoplasmic RNA levels have
been shown to increase the nuclear localization of YB-1
[77]. In addition, translocation of YB-1 to the nucleus can
be mediated by 20S proteasome cleavage, which removes
the CRS [73].

Studies on other YB-1 PTMs have shown that phospho-
rylation at S165 and S176 lead to the activation of NF-κB by
enhancing NF-κB binding to DNA [78, 79]. YB-1 phospho-
rylation at these residues as well as at S167, S174 and S314
promotes cytokinesis [80]. The acetylation of YB-1 can also
regulate its function. Acetylation of lysine 81 (K81) has
been shown to suppress the binding of YB-1 to 50-UTRs of
mRNAs and consequently blocks translation [81]. In addi-
tion, YB-1 secretion relies on K301 and K304 acetylation in
the CTD [82]. YB-1 ubiquitination [83] is another PTM that
regulates YB-1 through proteasomal degradation. It is also
reported that Homologous to E6AP C-Terminus (HECT)
domain and Ankyrin repeat containing E3 ubiquitin lig-
ase 1 (HACE1) assembles the linkage of ubiquitin to YB-1
at K27 and subsequently promotes YB-1 secretion [84].
Another PTM that can occur on YB-1 is methylation. It has
been reported that arginine methyltransferase PRMT5 me-
diates NF-κB activation in CRC by adding a methyl group
to arginine 205 (R205) of YB-1 [85]. Small ubiquitin-re-
lated modifiers (SUMO proteins) are 15kDa in size and
are covalently bound to lysine residues in target proteins,
resulting in changes in protein function, interaction, and lo-
calization [86]. K26, K301 and K304 are critical for YB-1
SUMOylation. It is interesting to note that SUMOylation
on these residues promotes the interaction of YB-1 with
proliferating cell nuclear antigen (PCNA), but has no effect
on the protein stability, subcellular localization, or tran-
scription activity [87]. It has been reported that interaction
of YB-1 with PCNA inhibits mismatch binding activity of
MutSα and therefore increases frequency of spontaneous
mutations [88]. Twenty-four hours day-night rhythms are
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controlled by the circadian clock [89]. The circadian clock
has been shown to regulate YB-1 SUMOylation in a ze-
brafish model, which in turn modulates its subcellular lo-
calization [90]. It has been reported that in the beginning of
light phase, YB-1 is present in the nucleus and downregu-
lates cyclin A2 expression [90]. On the other hand, a study
by Mai et al. [87] has shown that YB-1 has GV131PV133QG,
a SUMO-interacting motif (SIM), that facilitates non-co-
valent binding to SUMO proteins [87]. In hepatocellular
carcinoma cells, glycosylation of YB-1 at S32, T126, S209,
and S313 has been shown to promote cell proliferation [91].
Furthermore, YB-1 glycosylation at T126 promotes S102
phosphorylation in hepatocellular carcinomas [91].

Role of YB-1 in cell cycle progression

Alterations in the cell cycle are associated with increased
cell proliferation, leading to tumor development [92]. In-
hibition of YB-1 by small interfering RNA (siRNA) is re-
ported to delay the G1/S transition by regulating the G1
phase of the cell cycle. Among cell cycle regulators, cy-
clin A, cyclin D, and transcription factor E2F are transcrip-
tionally regulated by YB-1 [92, 93]. Cyclin D has Y-box
sequences to which YB-1 directly binds and regulates its
transcription. In osteosarcoma cells, knockdown of YB-1
decreases the mRNA level and protein expression of cy-
clin D1 and the protein expression of cyclin A [92]. In ad-
dition to regulating the G1/S transition, YB-1 also regulates
the expression of cyclin B1 in the G2/M transition, which
also has Y-box sequences in its promoter [94]. Consistent
with this, YBX1 knockout murine models of triple-negative
breast cancer (TNBC) and lung cancer showed a significant
reduction in tumor growth [93, 95].

Role of YB-1 in DNA repair

CRT induces DNA damage in cells, leading to the acti-
vation of DNA repair mechanisms in the nucleus. YB-1
is activated in the nucleus immediately after the induction
of DNA damage for example after exposure to IR [71].
Consistent with its function in DNA repair, YB-1 has been
shown to interact directly with several DNA repair proteins,
including Ku80, MSH2, DNA polymerase δ, and WRN.
Interestingly, YB-1 exhibits endonucleolytic and exonucle-
olytic activities on DNA [96]. Indeed, a study by Toulany
et al. [97] was the first, which showed that knocking down
YB-1 in breast cancer cells impairs double-strand break
(DSB) repair and sensitizes them to IR in vitro [97]. Sim-
ilarly, it was demonstrated that pharmacological inhibition
of p90 ribosomal S6 kinase (RSK), an upstream regulator of
YB-1, inhibited ATM phosphorylation after IR [98]. In line
with these studies, a recent study by Khozooei et al. demon-
strated that inhibiting RSK mediated YB-1 phosphorylation

using the flavonoid compound fisetin impairs repair of IR-
induced DSBs by suppressing key DSB repair pathways
and causes radiosensitization in TNBC cells [99]. In addi-
tion to the role of YB-1 in the repair of IR-induced DNA
damages, YB-1 was also shown to recognize cisplatin-in-
duced damage by binding to cisplatin-altered DNA [100].
This was also confirmed by another study showing that
YB-1 binds preferentially to apurinic DNA rather than to
unmodified DNA [101]. YB-1 also regulates poly (ADP-Ri-
bose) polymerase 1 (PARP1) activity [102] and decreases
the efficiency of PARP1 inhibitors [103]. In addition, C-ter-
minal truncated YB-1 formed by proteolysis accumulates in
the nucleus and interacts with DNA repair proteins such as
Mre11 and Rad50 [19]. Therefore, it can be concluded that
YB-1 plays a critical role in regulating DNA repair which
might affect CRT response.

Prognostic value of YB-1 in KRASmutated cancers

The prognostic value of YB-1 in cancer patients with dif-
ferent tumors has been previously reviewed [104, 105]. The
KRAS gene is frequently mutated in pancreatic cancer, CRC
and lung cancer ([106]; Table 1). Point-mutations in KRAS
have been shown to result in the constitutive phosphoryla-
tion of YB-1 at S102 [97]. Thus, YB-1 may have prognostic
value in oncology in general and in KRAS-mutated tumors
in particular.

In pancreatic cancers, which have the highest frequency
of KRAS mutation, only a few studies have been performed
on the prognostic value of YB-1. Shinkai et al. [107]
showed that the intensity of YB-1 expression and positiv-
ity of nuclear YB-1 expression were higher in pancreatic
ductal adenocarcinoma than in pancreatic intraepithelial
neoplasia and normal pancreatic tissues [107]. Nuclear
YB-1 expression was significantly associated with ded-
ifferentiation, lymphatic/venous invasion and unfavorable
prognosis [107]. Additionally Lu et al. [63] showed that
YB-1 is overexpressed in pancreatic cancer cell lines and
patient tissue samples. In patient tissues, high levels of
YB-1 correlated with perineural invasion [63]. In CRC,
Shiraiwa et al. [108] showed that patients with stage III
CRC, who have high expression of YB-1 in the nucleus,
have a lower 5-year- and recurrence-free survival (RFS)
than patients with low nuclear YB-1 expression [108]. It
was also found that YB-1 mRNA levels were increased
in CRC tumor tissues [108]. In addition, YB-1 expression
and lymph node metastasis were shown to be correlated in
CRC patients [14]. Importantly, it was also demonstrated
that increased expression of YB-1 predicts liver recurrence
following resection in the case of colorectal metastases
[109]. In another study by Zhang et al. [110], a substantial
increase in cytoplasmic YB-1 was detected in rectal cancer
tissue when compared to noncancerous tissue, although,
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Table 1 Percentage of KRAS mutations and most common KRAS mutational variants in different cancer subtypes. Percentage of KRAS mutations
were curated from the somatic mutations data of the publicly available AACR GENIE v13.0 dataset [205] using the cBioPortal for Cancer
Genomics (https://www.cbioportal.org/) [206, 207]. All data were collected exclusively for cancer types with a minimum of 100 studied and
sequenced cases with at least 5% of cases containing an oncogenic mutation in KRAS. Most commonly occurring mutational variants were
determined from the same representative dataset. The database was accessed on the 7th of February, 2023

Cancer Type Percentage (%) of
KRAS mutations

No. of Samples
Screened

No. of Samples with
KRAS mutations

Most commonly occurring
mutational variants

Pancreatic Cancer 78.27 6880 5385 G12D, G12V, G12R

Ampullary Cancer 50.71 353 179 G12D, G12V, G12C

Appendiceal Cancer 50.07 739 370 G12D, G12V, G13D

Small Bowel Cancer 49.03 465 228 G12D, G12V, G13D

Colorectal Cancer 43.12 15,487 6678 G12D, G12V, G13D

NSCLC 27.38 24,117 6604 G12C, G12V, G12D

Endometrial Cancer 19.10 5090 972 G12D, G12V, G13D

Hepatobiliary Cancer 12.93 3456 447 G12D, G12V, Q61H

Germ Cell Tumor 9.45 1069 101 G12V, G12A, G12D

Cervical Cancer 9.35 866 81 G12D, G12V

Ovarian Cancer 8.66 6097 528 G12V, G12D

B-Lymphoblastic Leukemia/
Lymphoma

8.63 997 86 G12D, G13D

Myelodysplastic/
Myeloproliferative Neoplasms

7.97 602 48 G12D

Gastrointestinal Neuroen-
docrine Tumor

7.48 682 51 G12D

Mastocytosis 6.86 102 7 –

Esophagogastric Cancer 6.82 4750 324 G12D, G13D, G12V

Bladder Cancer 6.48 4675 303 G12D, G12V

Histiocytosis 6.08 526 32 K117N

interestingly, nuclear YB-1 was not detected [110]. De-
pending on the tumor type, the subcellular localization
of YB-1 may vary [105]. High expression of cytoplasmic
and nuclear YB-1 predicts poor prognosis, which may
influence therapeutic response [3–5, 7–14], as reviewed
in [104, 105]. Consistent with the function of YB-1 as
a transcription factor [111], nuclear YB-1 expression has
been positively correlated with EGFR expression in CRC
[108] as well as in non-small cell lung cancer (NSCLC)
[112]. In one of the first studies by Shibahara et al. [9],
nuclear expression of YB-1 was detected in 44.9% of the
196 NSCLC tumor tissues analyzed in association with
poor prognosis [9]. Nuclear YB-1 expression as a negative
prognostic marker in NSCLC was confirmed in further
studies [113, 114].

Despite the solid data on the association between nuclear
YB-1 expression and prognosis in pancreatic cancer, CRC,
and NSCLC, there is no study on the predictive value of
S102 phosphorylation of YB-1, especially in KRAS-mutated
tumors.

KRAS

Kirsten Rat Sarcoma Viral Oncogene Homologue (KRAS)
is a frequently mutated oncogenic protein, belonging to the
RAS family of plasma membrane associated small guano-
sine triphosphatases (GTPases). The RAS GTPases, en-
coded by three genes (HRAS, NRAS, and KRAS), have been
observed to be mutated in approximately 30% of all hu-
man cancers, with the KRAS isoform accounting for about
75% of RAS mutations [115]. Under normal physiological
conditions and in its wild-type form, KRAS can switch be-
tween a guanosine triphosphate (GTP)-bound active state
and a guanosine diphosphate (GDP)-bound inactive state in
response to ligand-induced stimulation of receptor tyrosine
kinases (RTKs). KRAS positively regulates signaling path-
ways associated with promoting cell survival, proliferation,
and cell cycle progression.

Structural biology, function, and regulation of KRAS

The KRAS gene encodes two splice variants—KRAS4A and
KRAS4B, which share N-terminal sequence similarity and
are only different in the aa sequence of their C-terminal
regions [116]. Of the two isoforms, KRAS4B has been
studied primarily due to its abundance in terms of expres-
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sion in comparison to KRAS4A in cancers [117]. How-
ever, increasing evidence suggests that KRAS4A may play
a vital role in oncogenesis and cancer progression [117].
Structurally, both KRAS protein isoforms consist of two
major domains—the N-terminal G-domain and the C-ter-
minal Hyper Variable Region (HVR). The G-domain, rang-
ing from aa residues 1–166, forms the core of the KRAS
proteins and consists of the GDP/GTP-binding catalytic re-
gion. This catalytic region contains three functional com-
ponents called Switch-I (S-I), Switch-II (S-II), and phos-
phate-binding loop (P-loop). S-I and S-II are the regions of
the G-domain that flexibly change conformation to inter-
act with GTP [118, 119], and this change in conformation
is thought to drive the activation of KRAS [120]. S-I and
S-II also form important interactions with RAS effectors,
guanine nucleotide exchange factors (GEFs), and GTPase-
activating proteins (GAPs), and are imperative to the reg-
ulation and functionality of the KRAS protein [121]. The
P-loop augments the GTPase function of KRAS by inter-
acting with the phosphate groups of GDP/GTP [119, 122],
and complexing with Mg2+, a cofactor essential for the hy-
drolysis of GTP [118, 120].

The C-terminal domain of KRAS plays an important
role in the membrane anchorage, localization, and hence
the biological activity of the KRAS protein [123]. Mem-
brane localization is important for the interaction of KRAS
with the proteins that regulate its activation. The stimu-
lation of plasma membrane associated RTKs by their lig-
ands initiates an intracellular signaling cascade. The activa-
tion of KRAS occurs via intermediary proteins, which in-
clude adapters and GEFs. Adapters bind to activated RTKs
and promote the activation and recruitment of GEFs to the
plasma membrane. Activated GEFs catalyze the exchange
of GDP, which is bound to inactive KRAS, with GTP, and
thus activate KRAS in the process. The binding of different
GEFs to KRAS is generally mediated from various angles
and acts by modifying the conformation of the nucleotide-
binding pocket formed by S-I, S-II, and the P-loop [121].

The natural deactivation of KRAS occurs upon the
hydrolysis of GTP to GDP. However, since the intrinsic
GTPase activity of KRAS is very minimal, it requires the
assistance of GAPs to undergo deactivation. GAPs accel-
erate the GTP hydrolysis process by several magnitudes
[124], and are important for the negative regulation of
KRAS-induced signaling cascades [121].

The impact of KRASmutations in cancer biology and
therapy

Oncogenic mutations of KRAS are typically reported to be
within the S-I, S-II, and the P-loop, where the biological
properties and sequence of aa are integral to the binary
state of KRAS. The most common KRAS mutations occur

at codons G12 (83%) and G13 (14%) of exon 2 and at
codon Q61 (2%) of exon 3 [125], within regions encoding
the P-loop and S-II respectively. The most common KRAS
mutational variants in different cancer subtypes have been
summarized in Table 1.

Oncogenic point mutations at these hotspots affect the
ability of GAPs to bind to KRAS and mediate GTP hy-
drolysis, in turn locking KRAS in an active conformation
[126]. Active KRAS stimulates downstream signaling via
various pathways, many responsible for transformative hall-
marks such as cell cycle progression, cell proliferation, sur-
vival, and migration [127]. Signals originating from active
KRAS are primarily transduced via the RAF/MEK/ERK,
PI3K/AKT, and RalGDS signaling axes, which are pre-
dominantly upregulated in the event of oncogenic KRAS
mutations [128–131]. These pathways overlap at various
levels and interact with each other through a complex net-
work of proteins. This extensive network of interactions
confers cancer cells with the ability to induce feedback sig-
naling in the presence of anomalies in alternative pathways
[132].

As a result of its supremacy over cell survival signaling,
activating mutations in KRAS are often associated with poor
prognosis [133–136] and radiotherapy resistance [137]. The
effect of KRAS mutations on the outcome of various con-
ventional therapeutic regimes has been widely investigated
in different cancers, and mutations in KRAS have often been
associated with a negative influence on CRT [138–140] and
certain targeted therapies [141–144]. In fact, a meta-anal-
ysis study in CRC patients also showed that combining
EGFR/VEGF targeted antibodies with FOLFOX/FOLFIRI
(Folinic acid, fluorouracil and oxaliplatin/Folinic acid, flu-
orouracil and irinotecan) chemotherapeutic regimens could
have a beneficial effect on patients with KRAS-wild-type tu-
mors whereas not an insignificant effect, but a detrimental
effect on patients with KRAS-mutant tumors [144].

Although all the oncogenic mutational variants of KRAS
exhibit constitutive activity, there exist differences in the
functionality between the allelic variants, of which the dif-
ferences between the G12, G13, and Q61 codons are the
most studied [145–149]. Similarly, the different substitu-
tional variants (e.g., G12D, G12V, G12C) of KRAS also
display differences in functionality and GTPase activity
[149–152]. The difference in functionality also contributes
to a divergence in the preference of downstream signaling
pathways [145, 149, 150, 153]. For example, in a study us-
ing NSCLC cell lines, KRASG12Dwas shown to be associated
with increased PI3K/AKT and MEK/ERK signaling while
KRASG12C and KRASG12V were associated with RalGDS sig-
naling [153]. Another study in isogenic CRC cells showed
that differences in signaling networks exist between G12
substitutional variants [154]. These differences were also
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discernable between G12 and G13 substitution mutations
[154].

The differences in the biochemical properties of the al-
lelic variants of KRAS also give rise to diverse clinical out-
comes [152, 155] and these outcomes have been assessed to
be tissue-specific [156]. For instance, in a study conducted
in Chinese patients with NSCLC, G12V mutations corre-
lated with a poor progression-free survival (PFS) compared
to non-G12V mutations [157]. Similarly, another clinical
study showed that G12C mutations presented with a dismal
disease-free survival (DFS) compared to non-G12C muta-
tions in resected lung adenocarcinoma [158]. In patients of
pancreatic ductal adenocarcinoma, the G12D mutation was
associated with worse overall survival (OS) when compared
to G12V and G12R mutants [159]. A study in stage III
CRC patients treated with adjuvant FOLFOX chemother-
apy also showed that the G12D/G12V mutations were as-
sociated with shorter RFS when compared to other G12
mutations [160]. Another study investigating the prognos-
tic impact of G12C mutations in metastatic CRC showed
that G12C mutations were associated with a shorter PFS
and OS [161]. Different mutations of KRAS also have been
shown to have varying effects on the outcome of EGFR
targeted therapy. An in vitro study has shown that G13 mu-
tations are relatively susceptible to targeting EGFR when
compared to G12 mutations [162]. Therefore, mutations in
KRAS majorly affect disease outcome and treatment sen-
sitivity, and the specific influence of different allelic and
substitutional variants of KRAS on disease outcome ranges
across a wide spectrum.

YB-1 activating components in KRAS-
mutated tumors cells

YB-1 undergoes various PTMs at residues within all three
structural domains (Fig. 1). However, the phosphorylation
of the S102 residue within the CSD has been extensively
studied and is thought to be extremely crucial in terms of
functionality. The phosphorylation at this residue is ma-
jorly orchestrated by the serine/threonine protein kinases
AKT and RSK [70, 163, 164]. Therefore, YB-1 lies at
the crossroads of the phosphoinositide-3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK) cascades, down-
stream of KRAS.

The MAPK cascade represents one of the primarily ac-
tivated pathways downstream to KRAS. The cascade be-
gins when activated KRAS activates rapidly activated fi-
brosarcoma (RAF) kinase. RAF phosphorylates and acti-
vates MAPK kinase (MEK), which further transfers phos-
phorylation to extracellular signal-regulated kinase (ERK),
activating it in the process. Active ERK phosphorylates
downstream substrates, which include the 4 isoforms of

RSK. The activation of RSK is regulated by a subsequent
series of phosphorylation. When RSK is fully active, it can
further phosphorylate its substrates, which include the S102
residue of YB-1 [163]. KRAS-mutant cells have been re-
ported to display an addiction towards the MAPK pathway
[165]. This has also been shown to be true in the context of
YB-1 S102 phosphorylation, in which KRAS-mutant cells
seem to prefer the RSK pathway [95]. RSK was also deter-
mined to be the major kinase of YB-1 S102 in KRAS wild-
type cells without oncogenic mutations in the PI3K path-
way [95, 98]. Although RSK displays a very high YB-1
S102 kinase function when compared to AKT under in vitro
conditions [163], targeting RSK leads to the compensatory
activation of YB-1 through AKT [98].

The p21-activated kinases (PAK1-6) are a family of six
conserved serine/threonine kinases, which play a role in
the PI3K and MAPK cascades. These cascades interact
with each other at various levels [133]. The RAS proteins
can also regulate PAK through the TIAM1/RAC/PAK axis
[166]. On the other hand, the PAK proteins have been de-
scribed to play a role in both, AKT [167] as well as RAF ki-
nase [168–170], MEK [168, 169, 171–173], and ERK [168,
169, 171, 173] activation. PAKs have also been shown to
be reciprocally phosphorylated by AKT [174, 175], phos-
phoinositide-dependent kinase-1 (PDK1) [176], PI3K [177,
178], and RAF [179] kinases. Hence, the PAK proteins
could also be a switch-point and a point of crosstalk be-
tween the kinase cascades implicated in YB-1 S102 phos-
phorylation.

Strategies to target the KRAS/YB-1 cascade

KRAS mutations play a major role in resistance to CRT,
which justifies the direct targeting of KRAS or KRAS sig-
naling pathways in combination with conventional thera-
peutic strategies. KRAS mutation is also a limiting factor
for the application of well-established EGFR-targeting ap-
proaches [141, 144, 180–183]. Historically, it has been chal-
lenging to target KRAS directly, and efforts have been made
to identify other targetable proteins in the KRAS pathway.
The discovery of methods to inhibit farnesylation of RAS,
which is important for membrane localization, marked the
beginning of a series of tools to target malignant KRAS
mutations [184, 185].

Targeting PTMs of KRAS

Although farnesyltransferase inhibitors (FTIs) have shown
promise in preclinical studies [185–188], they have not
achieved effective clinical outcomes [189–192], mainly due
to the compensatory activity of cellular geranylgeranyl-
transferase 1 [193, 194]. Subsequently, inhibitors that si-
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multaneously target farnesyltransferase and geranylgeranyl-
transferase 1 (FGTIs) reached clinical trials and showed
promising results [195, 196]. However, various studies sug-
gest that FTIs and FGTIs also suppress the prenylation of
other proteins, and that their effect on cancer cells may
also be KRAS independent [197–200]. To date, FGTIs have
been tested in Phase I clinical trials and require further in-
vestigation.

Antisense oligonucleotides and siRNA approaches
against KRAS

Alternative approaches developed to target KRAS-mutated
malignancies include antisense oligonucleotides (ASOs)
and siRNA against KRAS, GEF inhibitors, and downstream
pathway inhibitors. ASOs and siRNA can be tailored to
target either KRAS in general or the KRAS mutation in par-
ticular, and show promising preclinical results [201–205].
However, a major challenge in the clinical development
of ASOs and siRNA therapeutics is the lack of an effi-
cient and long-term delivery platform. A long-term release
system for siRNA against KRASG12D, termed as siG12D
LODER (Local Drug EluteR), is currently being investi-
gated as a delivery system in Phase II clinical trials [206]
(NCT01676259).

Targeting KRAS nucleotide exchange factors

The second approach to target mutant KRAS includes in-
hibiting the nucleotide exchange cycle of KRAS. Son of
sevenless 1 (SOS1) is a key GEF for KRAS and one of
the first inhibitors against the SOS1 protein proved to be
successful in preclinical studies and is currently being
tested in Phase I clinical trials (NCT04111458) [207].
Apart from SOS1 inhibitors, various Src homology-2 do-
main-containing protein tyrosine phosphatase-2 (SHP2)
inhibitors are also in clinical trials for KRAS-mutant tumors
(NCT04528836, NCT05163028, NCT03114319). SHP2 is
a protein tyrosine phosphatase and plays an integral role in
activating SOS1.

Targeting KRAS downstream pathways

Inhibition of downstream KRAS signaling is another ap-
proach to target mutant KRAS tumors by inhibiting the
MAPK and PI3K cascade to overcome KRAS-mediated
survival signaling. Targeting components of either MAPK
or PI3K pathway alone proved unsuccessful in KRAS-mu-
tated tumors due to compensatory activation of the alter-
native pathway [208–210]. On the other hand, simultane-
ously targeting upstream proteins of both signaling path-
ways, such as MEK and PI3K, has been shown to be poorly
tolerated and ineffective in clinical practice [211].

Mutant KRAS specific inhibitors

Recent advances in the development of highly specific
drugs directly targeting mutant KRAS are groundbreak-
ing discoveries in the field of targeted therapy. The first
inhibitor against mutant KRAS, sotorasib, was developed
against KRASG12C [212] and approved by the Food and
Drug Administration (FDA). KRASG12C, although predomi-
nant in lung cancer, is present in a very small proportion of
cases of pancreatic cancer and CRC, where the G12D and
G12V mutations predominate (Table 1). Further studies
and clinical data also show that resistance to KRASG12C-
targeted inhibitors is frequently acquired [213–215]. In
addition, targeting KRASG12C in real-life situations where
tumors are genetically heterogeneous could promote the
selective spread of tumors with other KRAS substitution
mutations. To overcome these shortcomings, KRASG12D

and KRASG12V inhibitors are currently being developed and
show promise in the preclinical setting [216–218].

Targeting YB-1

Given the critical role that KRAS cascades play in YB-1
phospho-S102-mediated activity and the key role of YB-1
in cancer hallmarks, targeting YB-1 is another alternative
strategy to combat mutant KRAS. YB-1 has effects on can-
cer cells due to its extensive interaction with key can-
cer-related proteins and signaling pathways [219]. In con-
sequence, approaches aimed at blocking the functions of
YB-1, which occur mainly through S102 phosphorylation,
could significantly improve the efficacy of cancer therapies
[220]. The main approaches that have been studied to block
YB-1 function in tumor cells have been discussed below.

Dual targeting strategies to block YB-1 S102
phosphorylation

Dual targeting of PI3K and RSK has been shown to be
highly effective in treating breast cancer cells both in vitro
and in vivo [221]. Consistent with this, previous stud-
ies have shown that AKT and RSK phosphorylate YB-1
at S102. However, different cellular contexts and muta-
tional statuses could influence the dependence of YB-1
phosphorylation on either signaling pathway [11, 95, 98,
222, 223]. In KRAS-mutant cells, the MAPK pathway has
been shown to be primarily involved in phosphorylation of
YB-1 S102. Therefore, targeting RSK may be beneficial,
and several RSK inhibitors are currently in clinical trials,
as reviewed elsewhere [104]. Recently, Ushijima et al.
[224] have demonstrated that PMD-026, an oral RSK1-4
inhibitor, decreased YB-1 S102 phosphorylation as well
as androgen receptor variant 7 (AR-V7) mRNA levels in
prostate cancer cells [224]. A single treatment with PMD-
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026 or in combination with enzalutamide and darolutamide
resulted in inhibition of cell proliferation and induction
of apoptosis [224]. In an in vivo mouse xenograft model,
PMD-026 suppressed tumor progression [224]. PMD-026
is currently being investigated in Phase I clinical trials for
TNBC patients (NCT04115306).

Although RSK targeting is highly effective, there are
some reports that targeting RSK to block YB-1 S102 phos-
phorylation activates AKT. This compensatory activation
has been shown to impair treatment success and, conversely,
results in phosphorylation of YB-1 at S102 [98, 222]. More-
over, in the clinical setting, targeting only RSK-mediated
YB-1 phosphorylation may not be useful due to the highly
heterogeneous nature of tumors, in which KRAS-mutated
and KRAS-wild-type cells may coexist. In tumor cells with-
out KRASmutation but with mutations in the PI3K pathway,
phosphorylation of YB-1 at S102 depends mainly on AKT
[95]. In this context, dual targeting of RSK and AKT may
be beneficial to achieve therapeutically significant results,
as preclinical studies in colorectal and breast cancer have
shown [98, 222]. Dual inhibition of PI3K and MEK proved
to be toxic in the clinical setting [211]. This is because
many downstream components of the two signaling path-
ways responsible for regulating various cellular processes
are blocked. Therefore, simultaneous targeting of AKT and
RSK, which are downstream effectors and known YB-1
S102 kinases, may be well tolerated and a better approach
to block YB-1 S102-mediated function.

The application of multikinase inhibitors is a comple-
mentary approach to the dual targeting strategy. The multi-
kinsase inhibitor TAS0612, which inhibits AKT, p70S6K,
and RSK, is currently being tested in clinical trials as an
oral therapeutic for patients with advanced or metastatic
solid tumor cancers (NCT04586270). TAS0612 decreases
phosphorylation of YB-1 at S102, inhibits cell division, and
increases sensitivity to estrogen-blocking drugs such as ta-
moxifen and fulvestrant in TNBC cells [225]. Remarkably,
tumor development was also significantly suppressed by
TAS0612 in vivo [225].

Targeting switch-points in the crosstalk between the
PI3K/AKT and MAPK/RSK pathways

An alternative to blocking YB-1 activity by dual targeting
is to target the proteins involved in the crosstalk between
AKT and RSK. Focal adhesion kinase (FAK) and PAK are
two proteins that can act as mediators of the crosstalk be-
tween AKT and RSK. FAK inhibition has been shown to in-
crease the radiosensitivity of KRAS-mutated NSCLC [226].
According to another report by Dong et al. [227], anaplas-
tic lymphoma kinase (ALK) inhibitor ceritinib and enzalu-
tamide together had potent inhibitory effects on androgen
receptor (AR) positive TNBC cell proliferation both in vitro

and in mouse models [227]. In addition to ALK, ceritinib
also targets CDC42 kinase 1 (ACK1) and its downstream ef-
fector FAK [227]. Consistent with FAK’s role as a crosstalk
mediator, ceritinib inhibited FAK/YB-1 signaling by reduc-
ing YB-1 phosphorylation at S102 in AR-positive TNBC
cells [227]. It has also been observed that the FAK/YB-1
axis leads to paclitaxel resistance in TNBCs. In this con-
text, the combination of ceritinib with paclitaxel strongly
inhibited cell proliferation and tumor growth in TNBC cells
[227].

Targeting YB-1 mRNA binding through an alternative
pathway

Abelson (ABL) family of tyrosine kinases may be effective
targets for blocking YB-1 mRNA binding activity. In this
regard, it has also been proposed that ABL inhibition results
in sensitization of KRAS-mutated lung adenocarcinoma tu-
mors to docetaxel in vivo [228]. Another study showed that
a combination of nilotinib (DDR1-ABL inhibitor) and la-
patinib (EGFR/ErbB2 inhibitor), sensitized KRAS-mutant
tumoroid models of CRC and recurrent glioblastoma to ra-
diation [229]. Interestingly, ABL inhibition also prevents
YB-1 phosphorylation at Y72 and Y99, which disrupts
YB-1 binding to the ErbB2 mRNA and blocks ErbB2 ex-
pression, and consequently ablates metastatic outgrowth in
breast cancer brain metastasis [48].

Indirectly targeting YB-1 using natural compounds

Fisetin is a natural flavonoid compound with anti-cancer ac-
tivity as demonstrated in various tumor models [230, 231].
Fisetin impairs binding of RSK1 and RSK2 to YB-1 and
inhibits melanoma growth in vivo [232]. A recent study by
Khozooei et al. [99] showed that fisetin inhibits phospho-
rylation of YB-1 at S102, similar to the RSK inhibitors
LJI308 and BI-D1870 [99]. Similarly, it interferes with
DSB repair after irradiation, mainly by inhibiting homol-
ogous recombination (HR) and classical non-homologous
end joining (C-NHEJ) [99]. Fisetin induces radiosensitiza-
tion in TNBC cells independent of KRAS mutation status
[99]. Fisetin has also been reported to bind to the CSD of
YB-1, resulting in inhibition of AKT-mediated S102 phos-
phorylation [233]. Additionally, a study by Huang et al.
[234] demonstrated that fisetin impairs ZC3H13-mediated
N6-methyladenosine modification of PHF10 mRNA and
therefore reduces PHF10 translation in pancreatic cancer
and inhibits HR repair of DNA DSBs [234]. It remains
to be investigated whether the function of fisetin on PHF10
expression is dependent on RSK/YB-1 signaling. Similar to
fisetin, luteolin is a natural flavonoid compound known as
an RSK1/2 inhibitor that blocks phosphorylation of YB-1 at
S102 in TNBC cells [235]. The combination of luteolin and
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paclitaxel was found to significantly increase apoptosis in
TNBC cells [236]. 7-hydroxyindirubin (7-HI) is one of the
derivatives of plant-based dye, indirubin [237]. 7-HI blocks
actinomycin D-triggered translocation of YB-1 to the nu-
cleus and enhances the anticancer effect of actinomycin D
in drug-resistant liver cancer cells [237]. Aloe-emodin (AE)
is a bioactive anthraquinone compound that blocks YB-1
expression in ErbB2-overexpressed breast cancer cells and
inhibits cell migration and invasion [238]. Interestingly, AE
blocked the proliferation of cancer stem cells and inhib-
ited tumor growth in mice [238]. 6-O-Angeloylplenolin is
a bioactive compound extracted from Centipeda minima

[239], and exhibits anti-cancer properties in lung cancer
both in vitro and in vivo [240, 241]. 6-O-Angeloylpleno-
lin reduced vincristine-induced YB-1 nuclear translocation,
and additionally, combination therapy with vincristine re-
duced colorectal tumor growth in vivo [241].

Direct targeting of YB-1

Besides inhibitors of upstream YB-1 signaling, research is
also underway to develop approaches that directly target
YB-1. A recent study by El Hage et al. [242] identified sev-
eral candidate molecules that bind to YB-1 and are poten-
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Fig. 3 The central role of KRAS in the activation of YB-1 upstream pathways. S102 phosphorylation of YB-1 can be mediated by MAPK/RSK,
PI3K/AKT, and Src/FAK cascades. KRASmut-induced YB-1 phosphorylation at S102 is mainly orchestrated by the MAPK/RSK pathway. S102
phosphorylation is thought to play a role in DNA repair and, consequently, may contribute to KRAS-mediated chemoradiotherapy (CRT) resis-
tance either by directly participating in DNA repair or by interacting with other DNA repair proteins. Alternatively, DNA-PKcs may phosphorylate
YB-1 at T89 in response to ionizng radiation (IR) or DNA-damaging agents, resulting in nuclear translocation of YB-1. In addition, YB-1 may
also mediate CRT resistance by regulating the expression of various DNA repair and cell cycle genes. Alternatively, the ErbB protein family may
induce phosphorylation of YB-1 at Y72 and Y99 via ABL kinases. These tyrosine phosphorylations of YB-1 contribute to the enhancement of
ErbB2 mRNA translation and result in increased expression of ErbB2. A summary of the different approaches to affect KRAS/YB-1 signaling at
different levels is shown in red boxes. The question mark (?) denotes unknown mechanisms. 6-OA 6-O-Angeloylplenolin, 7-HI 7-hydroxyindirubin,
ABL Abelson family of tyrosine kinases, AKT/PKB Protein kinase B, ASO Antisense oligonucleotide, Col1A1 collagen α1(I), CPP 9-mer cell per-
meable peptide, DPI 2,4-Dihydroxy-5-pyrimidinyl imidothiocarbamate, DNA-PKcs DNA-dependent protein kinase catalytic subunit, DSB Double
strand break, DT Dual targeting, ERK Extracellular signal-regulated kinase, FAK Focal adhesion kinase, FGTI Farnesyltransferase and geranyl-
geranyltransferase 1 inhibitor, FTI Farnesyltransferase inhibitor, GTP Guanosine triphosphate, IR Ionizing radiation, KRAS Kirsten Rat Sarcoma
Viral Oncogene Homologue, MEK MAPK kinase, mRNA Messenger RNA, MUT Mutant, P Phosphate group, p70S6K p70 ribosomal S6 kinase,
PAK p21-activated family of protein kinases, PDK1 Phosphoinositide-dependent kinase-1, PI3K Phosphoinositide 3-kinase, PIP2 Phosphatidyli-
nositol 4,5-bisphosphate, PIP3 Phosphatidylinositol (3,4,5)-trisphosphate, RAF Rapidly activated fibrosarcoma kinase, RSK p90 ribosomal S6
kinase, RTK Receptor tyrosine kinase, S102 Serine 102, SHP2i Src homology-2 domain-containing protein tyrosine phosphatase-2 inhibitor,
Src SRC Proto-Oncogene, siRNA small interfering RNA, SOS1i Son of sevenless 1 inhibitor, WT Wild-type, Y72 Tyrosine 72, Y99 Tyrosine 99,
YB-1 Y-box binding protein 1, ? Unknown effector. Black arrows indicate the direction of signal transduction and red inhibitory arrows display
targets of the indicated inhibitors. Created with BioRender.com

tially capable of disrupting YB-1-RNA interactions [242].
In this study, niraparib, a PARP-1 inhibitor currently be-
ing investigated in Phase II clinical trials for ovarian can-
cer and TNBC (NCT02657889), is one of the top candi-
dates that specifically binds to the quercetin pocket of the
CSD of YB-1 and consequently hinders its interaction with
RNA [242]. A recent study investigated the direct inhibi-
tion of YB-1 expression by a fluorine-based small molecule,
SU056, in the treatment of ovarian cancer cells in vitro and
in vivo [243]. In addition, they have shown that SU056 re-
duces ovarian cancer cell proliferation in vitro and in vivo
and the combination of SU056 with paclitaxel shows a syn-
ergistic effect [243].

2,4-Dihydroxy-5-pyrimidinyl imidothiocarbamate (DPI)
is another direct inhibitor of YB-1 which induces apoptosis
and has a potential inhibitory effect on breast cancer cell
proliferation [244]. The combination of DPI with doxoru-
bicin inhibited accumulation of YB-1 in the nucleus and
sensitized cells to doxorubicin without causing toxicity in
mouse models [244].

HSc025, a direct inhibitor of YB-1 mRNA binding ac-
tivity, binds to the CTD of YB-1 [245], and in turn induces
nuclear shuttling. The forced nuclear translocation of YB-1
induced by HSc025 [76, 245] has been shown to reduce
renal damage and fibrosis by inhibiting the Col1a1 mRNA
stabilizing cytoplasmic function of YB-1 and promoting its
activity as a transcriptional repressor of the Col1a1 pro-
moter in the nucleus [76]. Although HSc025 has not been
tested in cancer models, it could have potential therapeutic
abilities through the prevention of YB-1-mRNA binding.
For instance, a study in acute myeloid leukemia showed
that preventing the binding of YB-1 to oncogenic mRNAs
such as the Myc mRNA, reduces proliferation of leukemia
cells, while normal cells remain unaffected [41]. Similarly,
in myeloproliferative neoplasms, YB-1 was shown to me-
diate MKNK1 mRNA splicing in JAK2V617F mutant cells,

wherein, the disruption of YB-1 resulted in RNA mis-splic-
ing and interruption of the transcriptional control of ERK
signaling [74].

YB-1 blocking peptide is another approach to target
YB-1. A 9-mer cell permeable peptide was generated by
Law et al. [246] to interfere with YB-1 phosphorylation at
S102 [246]. This peptide could block cell proliferation and
sensitize breast and prostate cancer cells to trastuzumab
[246]. A peptide with similar function was shown to in-
hibit IR-induced YB-1 S102 phosphorylation and to inter-
fere with DSB repair in breast cancer cells [98]. As with
KRAS, targeting YB-1 by siRNA seems to be an effective
approach to overcome YB-1 function in oncology [97, 99,
247]. However, the application of both, peptides and siRNA,
in in vivo models and clinical settings remain to be chal-
lenging. A summary of the potential targets for interfering
with KRAS/YB-1 signaling is shown in Fig. 3.

Conclusion

KRAS is a commonly mutated RAS isoform that leads to
constitutive activation of the gene product and multiple
RAS-dependent signal transduction cascades. Expression
of mutant KRAS stimulates DDR signaling, which is as-
sociated with a limited response to conventional CRT and
increases cell survival after irradiation. Approximately 70%
of RAS mutations occur in KRAS. Therefore, molecular tar-
geting strategies against KRAS and key downstream sig-
naling pathways such as PI3K/AKT and MAPK/ERK were
initially proposed as potential strategies in combination
with CRT. Unfortunately, after extensive preclinical stud-
ies, the results of few early clinical trials have shown lim-
ited benefit from such therapies. The discovery of muta-
tion-specific KRASG12C inhibitors was groundbreaking in
the field of KRAS targeting and a light at the end of the
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tunnel. However, the initial clinical data on the inhibitors
as monotherapy are not satisfactory, and the main reason
for this is the presence of both intrinsic and acquired resis-
tance. One of the most important resistance mechanisms
may depend in part on the high redundancy of KRAS
signaling, which controls the activation of multiple feed-
back pathways. Thus, molecular targeting strategies against
KRAS cascades should dive deeper and target those acti-
vated effector molecules that sit at the bottom of the pool
and are preferably regulated by multiple mutant KRAS sig-
naling cascades. In this context, effector molecules such as
the multifunctional protein YB-1, which is phosphorylated/
activated by the major mutant KRAS downstream survival
pathways, may be better candidates. Based on the efficacy
of different strategies to target YB-1 in preclinical models,
as reviewed here, further studies are needed to clarify the
effect of these strategies in clinical settings in patients with
KRAS-mutated tumors.
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