
Edited by

Non-canonical 
Kinases and 
Substrates in 
Cancer Progression

Francisco M. Vega

Printed Edition of the Special Issue Published in Cancers

www.mdpi.com/journal/cancers



Non-canonical Kinases and Substrates
in Cancer Progression





Non-canonical Kinases and Substrates
in Cancer Progression

Editor

Francisco M. Vega

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Francisco M. Vega

Cell Biology

Universidad de Sevilla

Seville

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Cancers

(ISSN 2072-6694) (available at: www.mdpi.com/journal/cancers/special issues/KinSubCanPro).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3055-0 (Hbk)

ISBN 978-3-0365-3054-3 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/cancers/special_issues/KinSubCanPro


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Non-canonical Kinases and Substrates in Cancer Progression” . . . . . . . . . . . . ix

Francisco M. Vega

Non-Canonical Kinases and Substrates in Cancer Progression

Reprinted from: Cancers 2021, 13, 1628, doi:10.3390/cancers13071628 . . . . . . . . . . . . . . . . 1

Charles Pottier, Margaux Fresnais, Marie Gilon, Guy Jérusalem, Rémi Longuespée and Nor
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Preface to ”Non-canonical Kinases and Substrates in

Cancer Progression”

Protein Ser/Thr or Tyr kinases mediate most signal transduction pathways in eukaryotic

cells, being the favourite post translational modification for situations where a rapid response to

extracellular or intracellular signalling is required. Many of the known oncogenic proteins are

kinases and many tumour suppressor proteins are among their substrates. More than 15 years after

the publication by Manning et al. of their landmark paper describing the human kinome, only a

small proportion of the kinases potentially involved in cancer progression have received most of

the attention. Moreover, only a few of the potential targets have been investigated in their cellular

context. With an ever-pressing need for new druggable targets, the understanding of the biological

function and contribution to cancer progression of the lesser known cancer-related kinases represents

an unavoidable asset.

This Special Issue of Cancers pretends to bring together the latest views and original research

on non-canonical protein kinases, substrates, and scaffolds. Topics include protein structure

and regulation, scaffolding and complex formation, cellular signalling, non-canonical substrates,

inhibition and targeting, and biological function.

Francisco M. Vega

Editor
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Cellular protein kinases remain the target of choice when the intention is to intervene
in a particular signaling pathway leading to cancer progression. Their reversible mode of
action, tight regulation, and molecular structure allows for the design of specific inhibitors.
However, from the more than 500 protein kinases identified, many potentially involved in
important cancer-related signaling cascades, only a few have received most of the attention
over the years. This is either due to their central role on essential processes, the facility of
intervention, or their early discovery. This Special Issue tried to offer new insights into some
of the lesser-known human protein kinases, their substrates, regulation, and involvement
in cancer progression. The published articles offer good examples of the important cellular
functions that the so-called non-canonical kinases develop and their contribution to cancer.
They also discuss some of the therapeutical opportunities and challenges.

The vaccinia-related kinase (VRK) proteins are structurally related to the casein kinase
family and the viral protein B1R. This family of protein kinases has revealed itself as
an important mediator of tumor progression and cell proliferation. Although a role for
VRK1 in normal cell division is granted, the high expression and activity of this protein in
some cancers, including now pediatric neuroblastoma, is essential for malignization [1].
VRK1 synergizes with other oncogenes to drive cancer progression, notably with NMYC
in neuroblastoma. Increasingly, data point to their possible use as a prognostic marker
and therapeutical target. However, the complexity of its regulation and substrates makes
detailed molecular studies about this chromatin remodeling enzyme necessary. Here,
García-González et al. also report a role for VRK1 in chromatin acetylation leading to
DNA damage response, indicating that VRK1 could also be involved in increased genome
instability [2]. It is now clear that the expression of some of these non-canonical kinases
could be incorporated as new prognostic markers or biomarkers of therapy response
in various cancers. Another example is offered by the study of the protein kinase R
(PKR) and its regulator, the non-coding pre-mir-nc886, in colorectal cancer responses
after chemotherapy [3].

Another family of pleiotropic protein kinases associated with cancer is dual-specificity
tyrosine-regulated kinases (DYRK). Their molecular functions leading to tumor progression
are discussed in another contribution to this Special Issue [4]. Interestingly, small DYRK
inhibitors have been developed, offering new therapeutic avenues. Recent evidence has
established the importance of the tumor microenvironment for cancer progression and there
is a need to understand the signaling pathways mediating the response and adaptation
of cancer cells to external stimuli. In their contribution to the Special Issue, Reglero et al.
describe how a GRK2-dependent phosphorylation can modulate Hypoxia Inducible Factor
(HIF)-dependent responses to hypoxia in cancer cells [5].

Specific tyrosine kinase inhibitors are being used with success in the treatment of some
types of cancer. In addition to major signaling players, tyrosine kinase inhibitors also offer
specificity against other tyrosine kinases. A revision of their use and targets could offer new
opportunities for the treatment of tumors with poor prognosis and few therapeutic tools
available [6]. For example, the inhibitor sunitinib is used as an antiangiogenic inhibitor,
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principally for its action against the VEGF receptors, VEGFR1 and VEGFR2, and the
PDGF receptor. Sunitinib also inhibits other protein kinases such as Fms Related Receptor
Tyrosine Kinase 3 (FLT3) or KIT. These kinases seem to be the main targets in glioblastoma
and, when combined with a cytotoxic therapy such as boron neutron capture, offer a good
response in these difficult-to-treat tumors [7]. This is an example in which well-known
inhibitors use could be expanded for their action over non-canonical kinases. In most cases,
the attention, even in widely studied protein kinases, has been focused on kinase activity,
ignoring other protein domains with potentially important molecular functions. The Src
tyrosine kinase was one of the first oncogenic kinases discovered. However, much less
attention has been paid to the adapter domains SH2 and SH3 in the molecule. The results
presented in this Special Issue by Mayoral-Varo et al. explore the functionality of these
domains in breast cancer cells, suggesting a synergistic effect between their inhibition and
the inhibition of the kinase activity [8].

In summary, this Special Issue of Cancers shows good examples of the functionality
and therapeutic values that the study of non-canonical kinases or domains, their substrates,
and inhibition can offer. With research on these lesser-known proteins, we will expand not
only our knowledge about cancer progression, but our possibilities to halt it.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Receptor tyrosine kinases (RTKs) are key regulatory signaling proteins governing cancer

cell growth and metastasis. During the last two decades, several molecules targeting RTKs were used

in oncology as a first or second line therapy in different types of cancer. However, their effectiveness

is limited by the appearance of resistance or adverse effects. In this review, we summarize the main

features of RTKs and their inhibitors (RTKIs), their current use in oncology, and mechanisms of

resistance. We also describe the technological advances of artificial intelligence, chemoproteomics,

and microfluidics in elaborating powerful strategies that could be used in providing more efficient

and selective small molecules inhibitors of RTKs. Finally, we discuss the interest of therapeutic

combination of different RTKIs or with other molecules for personalized treatments, and the challenge

for effective combination with less toxic and off-target effects.

Keywords: cancer; oncology; pharmacology; tyrosine kinase inhibitors

1. Introduction

1.1. Description of Receptor Tyrosine Kinases and Downstream Signaling Pathways

Receptor tyrosine kinases (RTKs) are key regulators of cellular processes and their role in the

pathophysiology of many diseases is well recognized. The known human RTKs are classified into twenty

subfamilies and have a similar molecular architecture (Figure 1), with an extracellular ligand-binding

region and a single transmembrane helix. The cytoplasmic region contains the protein tyrosine kinase

(TK) domain with additional carboxy-(C-)terminal and juxtamembrane regulatory regions.

Activation of RTK (Figure 1) involves ligand binding to stabilize connections between monomeric

or oligomeric receptors and form active dimers or oligomers, which in turn activate the intracellular

kinase. RTK activities are mainly dependent on signaling molecule phosphorylation and activation

of transcription factors that mediate target gene expression in response to ligands [1]. These

activities can also be regulated by receptor internalization and recycling during physiological and

pathological processes.

The signaling pathways of the RTKs are complexes and involve an increasing number of

biochemical reactions and molecular mediators in complex signaling networks. For instance, epidermal
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growth factor receptor (EGFR) signaling network involves 211-biochemical-reactions and 322 signaling

molecules [2]. In fact, attempts of modeling of this network seem to be very complex due to the

requirement of more sophisticated spatial and stochastic aspects. An example of RTK network modeling

was proposed by Kitano’s “bow tie” or “hourglass” (Figure 2) [1]. In this model, the set of RTKs (input

layer) influences a small number of intermediaries, such as mitogen-activated protein kinases (MAPK),

phosphoinositide 3-kinase (Pi3K), and Ca2+ signaling (core processes). RTKs mainly activate the

Pi3K/protein kinase B (AKT)/mechanistic target of rapamycin (mTOR), rat sarcoma (RAS)/MAPK, Janus

kinase (JAK)/signal transducer and activator of transcription protein family (STAT), and phospholipase

C (PLC)/Ca2+/calmodulin-dependent protein kinase-protein kinase C (CaMK-PKC) pathways, and

downstream effectors of multicellular processes during cancer progression [3]. Pi3K/AKT/mTOR

pathway controls cell growth, metabolism, and survival, and is essential for maintaining pluripotency.

The RAS/MAPK pathway is a central regulator of metabolism, cell cycle, cell proliferation, differentiation,

and migration. STAT is known to control the signaling activated by lymphokines, the platelet-derived

growth factor (PDGF), the epidermal growth factor (EGF), or the fibroblast growth factor (FGF), and is

therefore involved in many cellular changes Finally, PKC is also involved in the regulation of survival,

proliferation and cell motility [3–5]. It is important to note the complex crosstalks between these

pathways. For example, the Pi3K/AKT and RAS/MAPK pathways interfere in various nodes including

extracellular signal-regulated kinases (ERK), and regulate themselves through a positive and negative

feedback, depending on the cellular context. These two pathways can also be activated by molecules

of the STAT pathway, and finally, PKC has been shown able to activate MAPK. Many neoplastic

characteristics (proliferation, metabolic anomaly, migration, etc.) are therefore regulated at least in

part by the intracellular signaling triggered by RTKs, and some key kinases of these pathways (Pi3K,

RAS, JAK, STAT, etc.) are frequently mutated in cancers [6–8]. Since molecular deregulation of cell

signaling is essential for the acquisition of cancer hallmarks, classifying tumors according to these

anomalies is complementary to histological classification. This molecular classification is becoming

more and more important. Thus, in certain clinical trials known as “agnostics”, the therapeutic strategy

no longer depends on the histology, but only on the molecular anomalies. These clinical trials are

currently investigating inhibitors of BRAF, human epidermal growth factor receptor-2 (HER2), and

Pi3K/AKT/mTOR or rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase kinase

(MEK) pathways on mutated tumors [9].

 

Figure 1. Activation of tyrosine kinase receptor. Ligand binding stabilizes connections between

monomeric receptors to form an active dimer, which in turn activates the intracellular kinase. Three

main effectors can be activated later: phosphoinositide 3-kinase (Pi3K), rat sarcoma (RAS), and

phospholipase C (PLC).
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Figure 2. Receptor tyrosine kinase (RTK) network modeling proposed by the Kitano’s “bow tie”. The

set of RTKs (input layer) influences a small number of intermediaries, such as mitogen-activated protein

kinases (MAPK), phosphoinositide 3-kinase (Pi3K), and Ca2+ signaling (core processes), which leads to

the activation of a complex signaling network implicating Pi3K/protein kinase B (AKT)/mechanistic

target of rapamycin (mTOR), rat sarcoma (RAS)/MAPK, Janus kinase (JAK)/STAT, and phospholipase

C (PLC)/Ca2+/calmodulin-dependent protein kinase-protein kinase C (CaMK-PKC) pathways with

their numerous crosstalks. The result of the signaling cascade leads to a transcriptional control.

1.2. Classification of Receptor Tyrosine Kinase Inhibitors

Cancer cell proliferation has been proposed to follow the Darwinian selection in order to continue

proliferation in harsh conditions and changes imposed by tumor microenvironment (TME) [10]. Drug

targeting intracellular signaling have been developed to target the hubs of these molecular pathways.

Among these drugs, receptor tyrosine kinase inhibitors (RTKIs) are a large family within these targeted

drugs and have been used clinically with numerous successes since 2001. They generally target the

active site of the kinase and thereby prevent the phosphorylation of intracellular targets, which are

often involved in cell proliferation or angiogenesis [11,12]. As of August 2019, 43 RTK inhibitors

were approved by the Food and Drug Administration (FDA) for oncological indications (Table 1) [13].

Reversible inhibitors are usually distinguished from irreversible ones, which bind covalently with or

near an adenosine triphosphate (ATP) binding site. Among the non-covalent inhibitors, the majority

are ATP-competitive inhibitors that link to active conformations (type-I inhibitors). ATP binding sites

are generally conserved, therefore selectivity can be achieved by targeting poorly preserved residues,

particularly residues flanking the hinge. Type-II inhibitors bind to a site adjacent to the ATP site of

inactive kinases and maintain their inactive conformation. This type of inhibitor is usually nonselective.

Allosteric inhibitors (type III) inhibit kinases by binding to an allosteric site, remote from the ATP site

and the hinge, and are highly selective [14]. New substrate-directed inhibitors or type-IV RTKIs, which

target substrate-binding site in a reversible manner, are under development. Finally, covalent kinase

inhibitors bound irreversibly with the kinase active site, also called type-V inhibitors, and have the

advantage to be potent and have reduced off-target side effects [15].

This review discusses the current challenges of the use of RTKIs in clinic and the potential use of

new emerging technological advances for the design of efficient RTKIs therapies.
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Table 1. List of FDA-approved small molecule protein kinase inhibitors (updated by 18 August 2019).

These inhibitors are sorted by their main targeted pathways and from signal initiation at cytoplasmic

membrane of the cell to its propagation to the nucleus [13,15–19].

Name Known Target
Inhibitor

Class
Indications

Anaplastic lymphoma kinase (ALK)

Alectinib ALK and RET II ALK+ NSCLC

Brigatinib ALK, ROS1, IGF-1R, Flt3, EGFR I ALK+ NSCLC after crizotinib

Ceritinib ALK, IGF-1R, InsR, ROS1 II
ALK+ NSCLC as first-line treatment

or after crizotinib resistance

Crizotinib ALK, c-Met (HGFR), ROS1, MST1R II ALK+, ROS1+ NSCLC

Entrectinib TRKA/B/C, ROS1, ALK I
ROS1+ NSCLC; solid tumors with

NTRK fusion proteins

Lorlatinib ALK I ALK+ NSCLC

Fusion of breakpoint cluster region and Abelson (BCR-ABL)

Bosutinib BCR-ABL, Src, Lyn, Hck CML

Dasatinib
BCR-ABL, EGFR, Src, Lck, Yes, Fyn, Kit, EphA2,

PDGFRβ
I Ph+ chronic ML and ALL

Imatinib BCR-ABL, Kit, PDGFR II
Ph+ CML or ALL, CEL, DFSP, HES,

GIST, MDS/MDP

Nilotinib BCR-ABL, PDGFR, DDR1 II Ph+ CLL

Ponatinib
BCR-ABL, BCR-ABL T315I, VEGFR, PDGFR, FGFR,

EphR, Src family kinases, Kit, RET, Tie2, Flt3
II Ph+ CML or ALL

Epidermal growth factor receptor (EGFR)

Afatinib EGFR, ErbB2, ErbB4 Covalent (V) NSCLC

Dacomitinib EGFR/ErbB2/ErbB4 I EGFR- mutated NSCLC

Erlotinib EGFR I SCLC and PaC

Gefitinib EGFR I NCLC

Lapatinib EGFR, ErbB2 II BC

Neratinib ErbB2/HER2 Covalent (V) HER2+ breast cancer

Osimertinib EGFR T970M Covalent (V) NSCLC

Vandetanib
EGFRs, VEGFRs, RET, Brk, Tie2, EphRs, Src family

kinases
I MTC

FMS-like tyrosine kinase 3 (FLT3)

Gilteritinib FLT3 I AMLwith FLT3 mutation5

Midostaurin FLT3 I ALL Flt3 mutation+

Fibroblast growth factor receptors (FGFR)

Erdafitinib FGFR1/2/3/4 I Urothelial carcinoma

Janus kinase (JAK)

Ruxolitinib JAK1 and 2 I MF and PV

Neurotrophic Tyrosine Receptor Kinase (NTRK)

Larotrectinib NTRK I
Solid tumors with NTRK gene

fusion proteins

Vascular endothelial growth factor (VEGFR)

Axitinib VEGFR1/2/3, PDGFRβ II RCC

Carbozantinib RET, Met, VEGFR1/2/3, Kit, TrkB, Flt3, Axl, Tie2, ROS1 I
Metastatic MTC, advanced RCC and

HCC

Lenvatinib VEGFRs, FGFRs, PDGFR, Kit, RET II DTC

Pazopanib VEGFR1/2/3, PDGFRα/β, FGFR1/3, Kit, Lck, Fms, Itk I RCC, STS

Regorafenib
VEGFR1/2/3, BCR-ABL, BRAF, BRAF(V600E), Kit,

PDGFRα/β, RET, FGFR1/2, Tie2, Eph2A
II CRC, GIST

Sorafenib
B/C-Raf, BRAF (V600E), Kit, Flt3, RET, VEGFR1/2/3,

PDGFRβ
II RCC, DTC and HCC

Sunitinib PDGFRα/β, VEGFR1/2/3, Kit, Flt3, CSF-1R, RET II RCC, GIST, PNET

6
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Table 1. Cont.

Name Known Target
Inhibitor

Class
Indications

BRAF

Dabrafenib BRAF I
Melanoma and NSCLC with BRAF

mutations

Encorafenib BRAFV600E/K I
BRAFV600E/K mutant melanoma

with binimetinib

Vemurafenib
A/B/C-Raf, BRAF (V600E), SRMS, ACK1, MAP4K5,

FGR
I

Melanoma with BRAFV600E
mutation and ECD

Bruton tyrosine kinase

Acalabrutinib Bruton tyrosine kinase Covalent (V) MCL

Ibrutinib Bruton tyrosine kinase Covalent (V)
MCL, CLL, WM, graph vs host

disease.

Mitogen-activated protein kinase kinase (MEK)

Binimetinib MEK1/2 III
BRAF V600E/K melanoma with

encorafenib

Cobimetinib MEK1/2 III
Melanoma with BRAF V600E/K

mutations with vemurafenib

Trametinib MEK1/2 III
Melanoma (2013) and NSCLC (2017)

with BRAF mutations

Cyclin-dependent-kinase 4/6

Abemaciclib CDK4/6 I HR+, HER– BC

Palbociclib CDK4/6 I ER+ and HER2– BC

Ribociclib CDK4/6 I HR+-EGFR– metastatic BC

Type-I inhibitors are ATP-competitive inhibitors that bind to active conformations, Type-II inhibitors bind to a
site adjacent to the ATP site of inactive kinases and maintain their inactive conformation; Type-III inhibitors are
allosteric inhibitors, they are highly selective and inhibit kinases by binding to an allosteric site, distant from the
ATP site and the hinge; Type-IV inhibitors target substrate-binding site in a reversible manner (under development);
Type-V inhibitors bind to their targets with covalent bonds. ALL: acute lymphoid leukemia; ALK: Anaplastic
lymphoma kinase; BCR-ABL: breakpoint cluster region- Abelson; CDK: cyclin-dependent kinase; CML: chronic
myeloïd leukemia; CLL: chronic lymphoid leukemia; CRC: colorectal carcinoma; CSFR: colony stimulating factor 1
receptor; DTC: differentiated thyroid carcinoma; ECD: Erdheim-Chester disease; EGFR: Epidermal growth factor
receptor; EphR: Ephrin receptor; FGFR: fibroblast growth factor receptor; FKBP: FK506-binding protein; GIST: gastro
intestinal stromal tumor; HCC: hepatocellular carcinoma; HER or ErbB: human epidermal growth factor receptor;
HGFR or c-Met: hepatocyte growth factor receptor; InsR: Insulin receptor precursor; IGF insulin-like growth factor;
Itk: interleukine 2 inducible T cell kinase; JAK: Janus kinase; MAPK: mitogen-activated protein kinases; MCL: mantle
cell lymphoma; MEK: MAPK/extracellular signal-regulated kinase; MF: Myelofibrosis; ML: myeloid leukemia;
MTC: medullary thyroid cancer; mTOR: mechanistic target of rapamycin; NSCLC: non-small-cell lung cancer;
NTRK: neurotrophic tyrosine receptor kinase; PDGFR: Platelet-derived growth factor receptors; PNET: primitive
neuroectodermal tumor; RCC: renal cell carcinoma; SGCAs: subependymal giant cell astrocytoma; SCLC: small cells
lung carcinoma; SRMS: src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristylation sites;
STS: soft tissue sarcoma; Tie2: tyrosine kinase with immunoglobulin and EGF homology domains; TRK: tropomyosin
receptor kinase; TSGCTs: tenosynovial giant cell tumors VEGFR; WM: Waldenstrom’s macroglobulinemia.

2. Current Place of Receptor Tyrosine Kinase Inhibitors in Oncological Treatments

RTKIs occupy an important place in precision oncology, even if their effectiveness is limited by

the acquisition of resistance mechanisms. This section describes the advent of RTKIs in non-small cell

lung cancer (NSCLC) and other types of cancer, and the mechanisms of resistance.

2.1. Evolution of Receptor Tyrosine Kinase Inhibitor Use in Non-Small Cell Lung Cancer

The use of RTKIs in NSCLC was reported in clinical trials with the first generation, EGFR

reversible inhibitors of ATP-binding sites (gefitinib and erlotinib in cancer patients). Compared with

chemotherapy, these treatments improved patient survival by 50% (overall survival (OS) of 30.5 months

versus 23.6 months) [20]. The second generation of RTKIs is composed of irreversible inhibitors

(afatinib and dacomitinib) with greater affinity for the EGFR kinase domain, which also inhibits

other members of the HER family to which the EGFR belongs. Afatinib doubles survival compared

to chemotherapy (median progression-free survival (mPFS) of 11.1 months versus 6.9 months) [21].
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Clinical studies showed longer survival with dacomitinib than with gefitinib (mPFS of 14.7 months

versus 9.2 months and median OS (mOS) of 34.1 months versus 26.8 months, respectively) [20,22].

Side effects, including skin irritation or ulceration, and gastrointestinal toxicity (diarrhea, constipation,

severe nausea, and vomiting) are more frequently severe with afatinib and dacomitinib.

The most common mechanism of resistance to these drugs is a secondary mutation of EGFR

kinase domain. Therefore, a third generation EGFR-RTKI, osimertinib, was designed to have more

affinity for mutated receptors. Compared to first generation EGFR RTKI, osimertinib significantly

improved PFS (18.9 months versus 10.2 months), with a favorable tolerability profile [20,23,24].

The current recommendation of the European Society for Medical Oncology (ESMO) for NSCLCs

with an EGFR-activating mutation is the treatment with erlotinib, gefitinib, and afatinib or osimertinib

as first-line therapy [25]. Combination of gefinitib with chemotherapy (carboplatin/pemetrexed)

is also recommended in the first line therapy for NSCLC. Other options are under investigation

but not recommended yet, such as the combination of erlotinib with bevacizumab or ramucirumab

(anti-angiogenic antibodies targeting the vascular endothelial growth factor receptor (VEGFR)). Indeed,

the drug combination targeting EGFR and VEGFR appears to be synergistic, probably because of the

crosstalk between their signaling pathways and vascular normalization induced by anti-angiogenic

therapy, which can in turn increase intra-tumor concentration of RTKI [26]. After systemic progression,

the recommended second-line treatment is osimertinib in the case of a T790M mutation in exon 20 [25].

In the absence of this mutation, the guidelines recommend chemotherapy (platinum-based) with or

without bevacizumab, or immunotherapy (atezolizumab) [25].

Many early phase clinical studies are investigating new combination therapies. For example,

some ongoing clinical trials are investigating the combination of a first generation EGFR RTKI

(gefitinib) with osimertinib as a first line treatment [27]. In addition, chidamide, an histone deacetylase

(HDAC) inhibitor, is tested in combination with several RTKIs of EGFR, after promising pre-clinical

results showing a synergistic action (chidamide notably prevents the activation of pathways such

as RAS/MAPK and Pi3K/AKT) [28]. Further investigations are evaluating the efficacy of new third

generation EGFR RTKIs (nazartinib, rociletinib, avitinib), non-selective RTKIs targeting several RTKs,

including EGF and VEGF (sorafenib, anlotinib, momelotinib), or RTKIs which target the c-MET

hepatocyte growth factor (capmatinib, tepotinib), the AXL receptor tyrosine kinase (gilteritinib), and

Janus kinase 2 (JAK2) (pacritinib, momelotinib). While positive results are expected from theses

ongoing studies, it should be noted that in the recent years, most strategies combining RTKIs have

failed in clinical phases for lack of efficiency or tolerability [29].

2.2. Current Indications of Receptor Tyrosine Kinase Inhibitors in Other Types of Cancer

NSCLC with mutated EGFR is an example that can summarize the evolution of RTKIs that showed

limited efficacy during the last twenty years. The situation is the same for other tumors, with the

exception of chronic myeloid leukemia, which can be “cured” with one or more RTKIs.

For renal cell carcinoma (RCC), anti-angiogenic RTKIs, such as sunitinib or pazopanib, are

recommended by the ESMO as first-line therapy in patients with favorable prognosis. In case of relapse

after treatment with RTKI, the second line treatment is either immunotherapy (nivolumab) or another

RTKI (cabozantinib or axitinib) [30]. Effectiveness of the second line is explained by dual inhibitory

effects on VEGFR2, and on MET or MAPK, which are activated in cancer cells resistant to first line

RTKIs [31,32].

In metastatic HER+ breast cancer, lapatinib can be used as a first line in addition to trastuzumab

in selected patients due to the high toxicity of this treatment. In the second line therapy, lapatinib

seems less effective than the antibody-dug conjugate trastuzumab emtansine, T-DM1 [33].

Systemic therapy for hepatocellular carcinoma relies mainly on multitarget kinase inhibitors. In

the first line treatment, sorafenib (VEGFRi, PDGFRi) or lenvatinib (targeting VEGFRi, FGFRi, PDGFRi)

are recommended, whereas cabozantinib (RETi, growth arrest-specific 6 (GAS6)i), regorafenib (VEGFRi,

FGFRi and PDGFRi), or immunotherapy were used in second line [34].
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In metastatic colorectal cancer, regorafenib, a multitarget kinase inhibitor (EGFRi, PDGFRi, FGFRi),

is the first RTKI that demonstrated a modest benefit in survival (6.4 versus 5 months) in the third line

after failure of antibodies targeting EGFR and VEGFR and chemotherapy [35]. Imatinib (breakpoint

cluster region (BCR)-Abelson (ABL) inhibitor) revolutionized the prognosis of gastrointestinal stromal

tumors expressing the RTK, KIT (CD117), with a mOS longer than 5 years [36], and is the current first

line therapy. After relapse, sunitinib and regorafenib can be used [37].

Lenvatinib (VEGFRi) and sorafenib are considered as first line therapy for differentiated thyroid

cancers resistant to radioactive therapy with a significant improvement of PFS (10.8 months with

sorafenib versus 5.8 months with placebo, mPFS 18.3 months with lenvatinib versus 3.6 months with

placebo) [38,39]. For progressive metastatic medullar thyroid carcinoma, cabozantinib and vandetanib

(EGFRi, RETi) are the first-line systemic treatments (PFS are 30.5 months with vandetanib versus 19.3

months with placebo, and 11.2 months with cabozantinib versus 4.0 months with placebo) [40].

First line standard treatment for unresectable stage III/IV BRAF V600 mutated melanoma is BRAF

RTKI (vemurafenib, dabrafenib, encorafenib) combined with MEK RTKI (cobimetinib, trametinib,

binimetinib) with an mPFS of the order of one year. Second line treatment is based on immunotherapy

alone [41].

To conclude, the best achievement of RTKIs in cancer treatment concerns chronic myeloid leukemia

(CML), since the survival rate of patients treated with imatinib at 10 years is 83.3% [42]. There are

some evolutionary explanations to CML exception. Cell population of CML is homogenous and

is therefore not subjected to an allopatric speciation process. One dominant oncogene is present

throughout the population, and clonal changes are progressive and orderly during the chronic phase

of the disease. These elements explain why the CML evolves in a clonal and stepwise manner,

in contrast to the dynamic and stochastic evolution of solid tumors [43]. Pre-clinical studies have

identified other causes of resistance, such as compensatory hyperactivation of anti-apoptotic pathways

(e.g., CRS), the involvement of efflux proteins (e.g., P-glycoprotein or the human organic cation

transporter 1 (hOCT1)) [43]. In the case of low-risk chronic CML, first generation RTKIs (imatinib) or

second generation RTKIs (nilotinib, dasatinib and bosutinib) are recommended, whereas only second

generation RTKIs are indicated for CML in chronic phase with high risk, and panotinib and other

third-generation RTKIs are reserved for the second line of treatment. [44].

2.3. Mechanisms of Resistance to Receptor Tyrosine Kinase Inhibitors

Generally, RTKI resistance can be intrinsic (primary), when the tumor does not respond to

treatment, or acquired (secondary), when resistance occurs after an initial response to RTKI treatment

and a progressive selection of resistant tumor cells.

Most of the mechanisms of resistance to RTKIs are mainly attributed to mutations occurring within

RTK itself. Several mutations were found in key residues (e.g., gatekeeper residue) in their catalytic

domains, which prevents RTKI-binding to ATP-pocket of RTK by steric hindrance [14]. Clinical studies

have revealed around fifty different mutations of BCR-ABL responsible for imatinib resistance, as well

as the involvement of other elements of intracellular signaling; such as the forkhead box protein O1

(FOXO1), β-catenin, STAT3, the nuclear factor-kappa B (NF-κB), and AXL in RTKI resistance [45]. In

gastrointestinal stromal tumors expressing KIT, genomic analysis of tumors have highlighted mutations

in gatekeeper residues in BCR-ABL and EGFR, or activating mutations in BRAF, or insulin-like growth

factor 1 receptor (IGF1R) amplifications were reported in imatinib resistance [46]. Some pre-clinical

studies highlight other mechanisms, such as KIT mutations of the ATP-binding pocket of the kinase

domain or the kinase activation loop [47,48].

Another way to circumvent the effect of RTKI is to activate a kinase located downstream or

in parallel of the targeted signaling pathway, or on a parallel pathway. This latter is the most

frequently described mechanism of resistance to RTKIs. This is particularly due to the emergence of

compensatory signaling pathways when the major one is blocked, and to the existence of naturally

occurring crosstalks and connections between different signaling pathways [49]. For instance, changes
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in signaling pathways are common with activation of EGFR or loss of PTEN (phosphatase and

tensin homolog), but also with alternative activation of AKT/mTOR, of STAT3, and of vascular

endothelial growth factor (VEGF) by RTKI-induced autocrine secretions of interleukins IL6 and IL8,

and resistance [50]. KRAS mutation in NSCLC is a well-known mechanism of resistance to anti-EGFR

RTKIs in clinic [51] and in pre-clinical studies. Thus, resistance of hepatocellular carcinoma (HCC)

to sorafenib is linked with activation of EGFR. In addition, by promoting cell survival, Pi3K/AKT

and autophagy are involved in therapeutic resistance of HCC. Furthermore, hypoxia induced by

sorafenib treatment leads to the activation of extracellular signal-regulated kinases (ERK)/MAPK and

JAK/STAT, and the up-regulation of hypoxy-inducible factor 2-alpha (HIF-2α), which in turn activates

the transforming growth factor alpha (TGF-α) and EGFR [52]. Resistance of thyroid cancer to RTKIs

involve RET mutations [53]. Frequent resistance mechanisms to BRAF inhibitors validated on patients’

tumors imply phosphorylation of EGFR, loss of PTEN, or activating mutations of MAPK, NRAS, or

Pi3K-AKT [54].

Phenotypic transformation can lead to resistance to RTKIs. The most frequent example is the

epithelial-mesenchymal transition (EMT) during which tumor cells lose their epithelial characteristics,

such as cell-cell adhesion and polarity, in favor of mesenchymal characteristics and of the acquisition of

an invasive phenotype. Thus, in NSCLC, translational studies have highlighted EMT as a mechanism

of resistance to RTKIs of EGFR via the activation of EMT-specific signaling pathways (AXL and

Hedgehog). Another rare transformation involved in the resistance of NSCLC to RTKIs is the

histological transformation of a pulmonary adenocarcinoma into small cell lung cancer. These

resistance mechanisms seem to be independent of the class of EGFR inhibitor used [23].

Another important mechanism of resistance is the selection of cancer cells expressing efflux pumps

able to transport drugs. For example, in RCC, pre-clinical data showed that sorafenib and sunitinib can

be sequestrated in the lysosome by ATP-binding cassette (ABC) transporter, P-glycoprotein [50]. Other

mechanisms of resistance linked to the interaction of neoplastic cells with their microenvironment will

be discussed in Section 3.3.

3. Improving the Use of Receptor Tyrosine Kinase Inhibitors: Combinatorial Treatment without
Increasing Toxicity

As previously explained, the combination of RTKIs is ideal from a theoretical point of view, but

is not easily achievable in clinical practice because of the toxicity. Therefore, combining a RTKI with

another class of drug can be an interesting avenue. This section explains the rational bases for drug

combinations in the light of pre-clinical analyzes of neoplastic cells and their microenvironment.

3.1. Receptor Tyrosine Kinase Inhibitor Combinations

In theory, combination of RTKIs is considered as an attractive option because it can prevent

primary and secondary therapeutic resistance. The first strategy, called vertical pathway inhibition,

aims to doubly inhibit the same signaling pathway. It consists in limiting the impact of a possible

mutation of the targeted RTK or in activating downstream effectors. The choice of inhibiting the same

target in two different ways was tested in a clinical trial with NSCLC patients treated with the first and

third-generation anti-EGFR inhibitors. Currently, the only example of targeting an RTK and one of

its downstream effectors is currently the double BRAF-MEK inhibition recommended in melanoma,

but other combinations are still under investigation in clinical trial [27,55,56]. It should be noted that

double inhibitions can be established on the basis of two selective RTKIs of a target or of a single RTKI

with a double inhibitory action. For example, RO5126766, the first selective dual BRAF/CRAF and

MEK inhibitor was investigated in a phase-1 dose-escalation clinical study [57].

A new strategy, called horizontal inhibition, is under development. It consists in a crosstalk

inhibition to prevent the over-activation of a second pathway in response to the inhibition of the first

one. Many pre-clinical data are encouraging and have given rise to phase-1 clinical trial in melanoma,

combining an anti-BRAF or MEK RTKI with an anti-Pi3K. Other phase-1 agnostic clinical trials have
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investigated the combination of inhibitors of MEK and AKT. All these clinical trials illustrate very well

the difficulty of combinations of RTKIs, since none has really resulted in a positive balance between

increased toxicity and survival gain [57], as often seen in trials for combinations of RTKIs [15].

Toxicity of RTK inhibitors is therefore an integral part of the therapeutic challenge. Large part of

their toxicity is attributable to their off-target effects. It should be prevented by a better determination

of RTKI affinity for other targets, in order to select the most specific RTKIs [58]. Another approach

consisting in reducing the distribution of RTKIs in healthy tissues using nanoparticles or pegylated

liposomes is under intense research, while their clinical benefits remain to be proven [59].

3.2. Receptor Tyrosine Kinase Inhibitors and Synthetic Lethality

A combination of treatment leads to synthetic lethality when the single treatment did not cause cell

death, unlike their combination. One of the first successes in synthetic lethality was the poly-adenosine

diphosphate ribose polymerase (PARP) inhibitor, which is currently used in clinic to achieve synthetic

lethality in breast cancer with mutated (BRCA)1 or 2. Recently, Maifrede et al. have reported that

in acute myeloid leukemia, inhibition of Fms-like tyrosine kinase 3 (FLT3) by an RTKI appears to

downregulate key proteins in DNA double-strand break (DSB) repair; such as BRCA1, BRCA2; and

RAD51. In this study, combination of RTKI of FLT3 with a PARP inhibitor has shown very encouraging

results in mouse models [60].

This concept can be extended to other therapeutic classes such as metabolic inhibitors. Ding et al.

thus identified by clustered regularly interspaced short palindromic repeats (CRISPR) knock-out

screening that transaldolase, an enzyme of the non-oxidative pentose phosphate pathway, was essential

for the survival of tumor cells treated with lapatinib. Inactivation of this enzyme combined with

inhibition of HER2 reduced the level of nicotinamide adenine dinucleotide phosphate (NADPH), and

thus increased the production of reactive oxygen species (ROS) while reducing the synthesis of lipids

and nucleotides [61].

The regulatory pathways of apoptosis could also be involved in drug resistance. Arsenic trioxide

(ATO) is successfully used in a rare form of leukemia, acute promyelocytic leukemia, as it induces the

differentiation of tumor cells. Wang et al. have noticed that ATO produces numerous apoptotic signals

without succeeding in the induction of apoptosis, because it causes phosphorylation and therefore

inactivation of glycogen synthase kinase (GSK)3β, one of the key pro-apoptotic enzymes. Then, they

successfully tested sorafenib, which activated GSK3β, increased the rate of apoptosis, and significantly

prolonged the survival rate of mouse tumor models [62].

3.3. Impact of the Non-Immune Microenvironment on Receptor Tyrosine Kinase Inhibitor Efficacy

RTKIs targeting tumor cells also act on cellular components of TME. This latter is indeed also

influenced by chemotherapy, immunotherapy, and radiotherapy, and in turn influences the response to

treatment [63].

Stromal cells in TME exposed to RTKIs produce cytokines, hormones, or growth factors that

modulate the response of the tumor to RTKIs. Thus, RTKIs targeting focal adhesion kinase (FAK),

FGFR, c-MET, and VEGFR decrease the number of fibroblasts or their activation, and therefore their

role in supporting growth of various tumors [64,65].

Interestingly, the TME can itself modify the signaling of neoplastic cells and drive resistance

to RTKIs. In thyroid carcinoma, pericytes lead to vemurafenib resistance through secretion of

thrombospondine 1 (TSP-1) and transforming growth factor beta-1 (TGFβ1), which increase expression

of protein kinase R (PKR)-like endoplasmic reticulum kinase (pERK1/2), phosphorylated AKT (pAKT),

and phosphorylated mothers against decapentaplegic homolog 3 (pSMAD3) levels [66]. Similarly,

stromal cells can secrete hepatocyte growth factor (HGF) which activates MET that in turn stimulates

MAPK and Pi3K/AKT/mTOR, leading to BRAFi resistance of melanoma cells [67,68]. Resistance to

RTKI therapy targeting HER2 could be mediated by cancer-associated fibroblasts (CAFs) through the

secretion of neuregulin-1 beta (NRG1β), which is an HER3 ligand [69].
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PDGFR and VEGFR inhibitors administered in small doses induce vascular normalization which

improves drug distribution within the tumor. The depletion of pericytes and hypoxia caused by

sunitinib treatment may increase the metastatic spread of tumor cells [64].

Few studies have looked at the effects of RTKIs on the extracellular matrix (ECM), but there is an

inverse correlation between the efficacy of lapatinib in HER2+ breast cancer and the elastic modulus of

ECM, which means that the more effective lapatinib, the more easily the ECM deforms [70].

3.4. Impact of the Immune Microenvironment on Receptor Tyrosine Kinase Inhibitor Efficacy

Immune microenvironment is also modulated by RTKIs. For example, dasatinib, sorafenib,

and imatinib decrease T-regulator cells (Tregs) and increase anti-tumor T-cell response. Similarly,

sunitinib decreases the survival and expansion of myeloid-derived suppressor cells (MDSCs) and

M2 macrophages, promoting the establishment of a permissive immune-competent TME [64,71].

Cabozantinib stimulates neutrophil-mediated anticancer innate immune response [72]. Treatment

with BRAF inhibitors alone or with MEK inhibitors increases the level of tumor associated CD8 +

lymphocytes and melanoma antigens expression [73]. For example, RTKIs targeting FGFR, in addition

to their action on neoplastic cells, reduce the number of immunosuppressive MDSCs in the tumor and

induce senescence of cancer-associated fibroblasts (CAFs) [65]. VEGFR1 inhibitors, in addition to their

anti-angiogenic actions, can normalize tumor microvasculature and decrease the infiltration of MDSCS,

Treg lymphocytes, and some populations of immunosuppressive tumor-associated macrophages

(TAMs) [71,74].

Furthermore, establishment of an immunosuppressive TME was observed during the acquisition

of resistance to RTKIs. Thus, resistance of BRAF tumors to RTKIs is concomitant with an increase in

MDSCs. Additionally, the resistance of glioblastoma to axitinib led to an increased number of Treg

lymphocytes and the expression of the programmed cell death protein-1 (PD-1) inhibitory checkpoint.

A shift in TAMs towards a phenotype promoting tumor growth was observed in gastro-intestinal

stromal tumors (GISTs) becoming resistant to imatinib [64]. In addition, the RTKIs targeting EGFRs

seem less effective in patients with a tumor highly infiltrated by CD8+ lymphocytes and associated

with a high level of programmed death-ligand 1 (PD-L1) [75]. Taken together, these results indicate

that an anti-tumor activity of immune TME seems important in the effectiveness of RTKIs [75].

In addition, the immune cells of the microenvironment can act through other mechanisms than

immunity. Thus, MDSCs recruited under treatment can produce pro-angiogenic factors and stimulate

VEGF-independent angiogenesis [76].

There is therefore a rational for developing combinations with RTKIs and immunotherapies. Few

clinical studies have already been published on the subject and the toxicity of these combinations often

seems to be very high. However, a phase-3 trial combining atezolizumab (anti-PD-L1) with sunitinib

(VEGFR inhibitor) in metastatic RCC, and a phase-2 trial combining pembrolizumab (anti-PD1) with

dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) in BRAF-mutant melanoma patients

have shown encouraging results with moderate toxicity [64]. Similar results were obtained with the

combination of lenvatinib and pembrolizumab in a phase-2 clinical study in endometrial and kidney

cancer [77], as well as with the combination of nivolumab and regorafenib, evaluated in a phase-2

clinical study in advanced gastric or colorectal cancers [78].

Tyrosine kinase receptors expressed by non-neoplastic cells may also become an attractive

therapeutic target, such as AXL, the RTK expressed by TAMs, which is considered as an emerging

class of innate immune checkpoints [79]. In view of all these elements, some early clinical studies are

currently studying some RTKI and checkpoint inhibitor combinations (e.g., nivolumab combined with

pazopanib or sunitinib, axitinib combined with pembrolizumab) [80–82]. The relationships between

RTKIs and immune cells, as well as clinical trials combining RTKIs with immune checkpoints inhibitors

are summarized in Table 2.
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Table 2. Relationship between anti-tumor immunity and RTKIs [64,65,71,73,74,76–82].

RTKI actions in favor of an anti-tumor immune response

RTKIs Effects on immune cells Characteristics of carried-out studies

BRAF inhibitors +/- MEK
inhibitors

↑ CD8+ TIL and melanoma
antigen expression

Patient biopsies and in vivo pre-clinical study,
BRAF mutated melanoma

Cabozantinib
↑ neutrophil-mediated antitumor

innate immunity
In vivo pre-clinical study, murine prostate cancer

Dasatinib ↓MDSCs Patient biopsies and in vivo pre-clinical study, CML

Sorafenib ↓MDSCs Patient biopsies and in vivo pre-clinical study, HCC

FGFR inhibitors ↓MDSCs In vivo pre-clinical study, murine breast cancer

Sunitinib ↓MDSCs and M2 macrophages In vivo pre-clinical study, RCC

VEGFR1 inhibitors
↓MDSCs, Tregs and M2

macrophages
In vivo pre-clinical studies on RCC and NSCLC

Tumor immune tolerance observed during the acquisition of resistance to RTKI

RTKI Effects on immune cells Characteristics of studies carried out

Axitinib ↑ Tregs, ↑ and PD-1 expression In vivo pre-clinical study, glioblastoma

BRAF inhibitors ↑MDSCs
In vivo pre-clinical study, BRAF mutated

melanoma

Imatinib ↑M2 macrophages In vivo pre-clinical study, GIST

Combinations of RTKI and checkpoint inhibitors under investigation

RTKI Checkpoint inhibitors Clinical trial

Dabrafenib Pembrolizumab (anti-PD1) Phase-2 trial, B-ref mutated melanoma

Lenvatinib Pembrolizumab (anti-PD1) Phase-2 trial, endometrial cancer and RCC

Regorafenib Nivolumab Phase-2 trial, gastric or colorectal cancer

Sunitinib Atezolizumab (anti-PD-L1) Phase-3 trial, metastatic RCC

CML: chronic myeloid leukemia; GIST: gastro intestinal stromal tumor; HCC: hepatocellular carcinoma; MDSCs:
myeloid-derived suppressor cell; MEK: mitogen-activated protein kinase; NSCLC: non-small-cell lung cancer;
PD1: progammed cell death protein 1; PD-L1: programmed death-ligand 1; RCC: renal cell carcinoma; TILs:
tumor-infiltrating lymphocytes; Tregs: regulatory T cells.

4. Conclusions

RTKIs have revolutionized the practice of oncology and hematology other the past 20 years with

over 40 compounds approved by the FDA (Figure 3). However, apart from rare exceptions, such as

some cases of chronic myeloid leukemia, no patient can currently be cured by the use of RTKI as single

agent in therapy. The problems of the emergence of resistance to treatment and toxicity, leading to the

reduction of the given dose or to RTKI treatment discontinuation, are the main challenges for their use

in cancer patients. With the current growth in the cost of treatment that discourages access to care,

reduction of development costs should also be considered as a priority.
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Figure 3. Time line of receptor tyrosine kinase inhibitor (RTKI) development and approval for the

treatment of cancer.

Production of new RTKIs with different mechanisms of action, such as covalent inhibitors,

inhibitors resistant to the most frequent tumor mutations, or inhibitors inducing RTK degradation or

internalization, is a promising approach. Reducing side effects due to “off-target” effects by improving

the selectivity of RTKIs is another major aspect to consider. The time for the new RTKI development,

and therefore their cost, may be reduced by the use of artificial intelligence (AI). Indeed, machine

learning also offers new possibilities to predict the 3D structure of a protein from the sequence of

its amino acids, interactions and binding between molecules of interest, and finally to design new

potential drugs [83,84]. A first example of discovery of RTKI by artificial intelligence was given by

Zhavoronkov et al. in 2019. A system of deep learning made it possible to discover several candidate

inhibitors of the discoidin domain receptor 1 in 21 days. Among them, two were effective in vitro and

one showed interesting results in mouse models [85]. After a design of the new molecules assisted

by AI, their initial development can be made more efficient by new microfluidic techniques. Desai

et al, for example, produced new ABL inhibitors. Compounds selected as the most promising by

algorithms are synthesized automatically in microarrays or microfluidic platforms and then screened

by the determination of the IC50 and other parameters. The best candidates can then directly be

integrated in pre-clinical studies [86–88].

Research for an effective and low-toxic combination is very complex. So far, apart from the

BRAF-MEK combination in melanoma, few combinations of two RTKIs have been used clinically.

Production of more selective RTKIs may increase the tolerance of their combination.

Another promising approach is the combination of RTKIs with another class of inhibitors. Analysis

of such combinations must take into account the effects of synthetic lethality type and the effects on

TME. This involves analysis of large databases, which can be performed by various AI techniques, and

new in vitro models as organs-on-chips. These systems include microchannels continuously perfused

by a culture medium and containing different cell types organized in organ-specific, tissue-tissue

interfaces [89]. Large screening of additives or synergistic properties of an RTKI with another or with

other drugs, taking into account the effect of RTKIs on the immune and nonimmune microenvironment

will likely help in the development of effective therapeutics with low toxicity and cost for a better care

of cancer patients.
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Abstract: DYRK (dual-specificity tyrosine-regulated kinases) are an evolutionary conserved family of

protein kinases with members from yeast to humans. In humans, DYRKs are pleiotropic factors that

phosphorylate a broad set of proteins involved in many different cellular processes. These include

factors that have been associated with all the hallmarks of cancer, from genomic instability to increased

proliferation and resistance, programmed cell death, or signaling pathways whose dysfunction is

relevant to tumor onset and progression. In accordance with an involvement of DYRK kinases in the

regulation of tumorigenic processes, an increasing number of research studies have been published in

recent years showing either alterations of DYRK gene expression in tumor samples and/or providing

evidence of DYRK-dependent mechanisms that contribute to tumor initiation and/or progression.

In the present article, we will review the current understanding of the role of DYRK family members

in cancer initiation and progression, providing an overview of the small molecules that act as DYRK

inhibitors and discussing the clinical implications and therapeutic opportunities currently available.

Keywords: DYRK kinases; cellular signaling; expression dysregulation; cell cycle; cell survival; tumor

progression; kinase inhibitors

1. Background

The first cancer gene identified, the proto-oncogene c-Src, was found to encode a protein

kinase [1]. Yet, since then, almost a hundred kinase genes have been attributed a tumor suppressor

or oncogenic role, and they represent the most abundant class of cancer driver genes known

to date [2]. Dual-specificity tyrosine-regulated kinases (DYRKs) belong to the CMGC group of

kinases, which includes cyclin-dependent kinases (CDKs), mitogen-activated protein kinases (MAPKs),

CDK-like kinases, the serine-arginine-rich protein kinase, Cdc2-like kinases (CLKs) and members

of the RCK family [3]. The DYRK family is formed by three subfamilies: the DYRK subfamily, the

homeodomain-interacting kinases (HIPKs), and the pre-messenger RNA-processing protein 4 kinases

(PRP4Ks) [3]. Here, we will use “DYRK” to refer specifically to the DYRK subfamily, which contains

five members in humans that are clustered into two classes based on their phylogenetic relationships [4]:
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class I DYRKs, DYRK1A and DYRK1B (also known as Mirk from minibrain-related kinase) and class

II DYRKs, DYRK2, DYRK3 (also known as REDK from regulatory erythroid kinase) and DYRK4

(Figure 1A).

 

Figure 1. Dual-specificity tyrosine-regulated kinase (DYRK) protein kinases: primary structure and

expression. (A) Scheme of the mammalian family of DYRKs, indicating their phylogenic relationships,

degree of homology and protein domains. The catalytic domain (KINASE) and the DYRK homology

box (DH) are common to all members of the family. Class I DYRKs have two nuclear localization

signals (NLSs) (NLS1 and NLS2) and a proline-, glutamic acid-, serine- and threonine-rich (PEST)

motif. DYRK1A also includes a tract of 13 consecutive histidine residues (His) and a region enriched in

serine/threonine residues (S/T) at the C-terminus. Class II DYRKs have a common structure, with the

characteristic N-terminal autophosphorylation accessory (NAPA) domain at the N-terminus. In the

case of DYRK2 and DYRK4, functional NLSs have been described within the noncatalytic N-terminus.

(B) The expression of human DYRKs based on the Genotype-Tissue Expression (GTEx) data represented

as the median TPMs (transcripts per million: GTEx Analysis Release V8, www.gtexportal.org/home,

dbGaP Accession phs000424.v8.p2). Tissues represented in the tumor data in Table S1 were chosen

(brain: cortex; cervix: ectocervix; colon: sigmoid colon; esophagus; mucosa, kidney: cortex; skin:

suprapubic—not sun-exposed).

DYRK kinases phosphorylate a broad set of substrates that are involved in a wide range of cellular

processes, and they are thought to fulfill essential biological functions both during development and in

maintaining homeostasis during the adult life. Consequently, the aberrant regulation or expression of

DYRK kinases has been associated with several human pathologies, including cancer. In the present

article, we will review our understanding of the role of DYRK family members in cancer initiation and

progression, providing an overview of the small molecules that act as DYRK inhibitors and discussing

the clinical implications and therapeutic opportunities currently available.

2. The DYRK Family of Kinases

The members of the DYRK family all share a highly conserved catalytic domain with special

features within the CMGC group [5] and the so-called DYRK homology (DH) box motif located

upstream of it (Figure 1A). In addition, DYRK kinases present class-specific domains: DYRK1A and

DYRK1B harbor a proline-, glutamic acid-, serine- and threonine-rich (PEST) motif in the noncatalytic
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C-terminal region and equally positioned nuclear localization signals (NLS) (Figure 1A). On the other

hand, class II DYRKs present a N-terminal autophosphorylation accessory region (NAPA) domain,

essential for catalytic activation [6] (Figure 1A). All human DYRKs accumulate in the cytosol of cells,

and DYRK1A, DYRK2 and DYRK4 can be imported into the nucleus by means of dedicated NLSs [7–9].

DYRK1A translocation to the nucleus acquires special biological significance, since it has been described

as a chromatin-associated kinase capable of regulating the gene expression [10,11], and it is functionally

linked to the DNA damage response (DDR) [12–14]. Chromatin association in the DDR context

has also been recently described for DYRK1B [15]. Moreover, a DYRK1A-specific run of histidine

residues targets this family member to the subnuclear splicing compartment [7], and the noncatalytic

N-terminal domain of DYRK3 serves to localize it to stress granules [16]. Both the histidine run in

DYRK1A and the N-terminus of DYRK3 participate in the generation of phase-separated subcellular

compartments [17,18]. Changes in the subcellular localization of DYRK proteins have been observed in

response to different signals, such as that of DYRK2 in response to DNA damage or proinflammatory

signals [19,20] or DYRK1A in response to Wnt signaling [21]. However, how the subcellular localization

of DYRKs is regulated or how it contributes to their activity is still not well-understood.

A high-throughput transcript data analysis indicates that DYRK1A and DYRK1B are expressed

ubiquitously in human tissues, whereas class II DYRKs are generally expressed more weakly and in a

more tissue-restricted pattern (Figure 1B). The expression of DYRKs is regulated through alternative

promoters that generate transcripts with distinct 5′-untranslated regions and/or encoding different

N-terminal regions [4]. In addition, alternative splicing generates multiple protein isoforms of unclear

functional significance [4,8,22–24]. DYRKs are also subject to other post-transcriptional events, such as

microRNAs (miR)-mediated gene silencing [25–27] or local translation [28].

DYRK kinases are “dual specificity” kinases, as they can phosphorylate both tyrosine (Y) and

serine/threonine (S/T) residues, although Y-phosphorylation is limited to their autophosphorylation

activity [29]. These kinases are activated by the phosphorylation of residues within the activation loop,

which drives a conformational switch from the inactive to active state [30,31]. Unlike other kinase

families, this key event in DYRKs is an autocatalytic reaction that occurs during protein synthesis and

that generates a constitutively active kinase [32]. As DYRK activation does not depend on upstream

kinases, other regulatory mechanisms are thought to operate. These include: the dephosphorylation of

residues in the activation loop, although no phosphatase has been attributed this role to date, allosteric

phosphorylation performed by other kinases [9,33–36], interactions with scaffolding proteins [37–39]

or accessibility to substrates due to changes in the subcellular localization. In this regard, and given the

constitutive nature of DYRK kinase activity, the regulation of their intracellular levels becomes crucial

to modulate their functions, and thus, altering the DYRK expression acquires additional importance in

terms of their impact on normal cell fitness.

3. The Role of DYRKS in Cancer

DYRKs phosphorylate a wide range of substrates, including factors associated with one or several

of the hallmarks of cancer [40] (Figure 2). Of all the DYRKs, only DYRK1A has been identified in

high-throughput cancer studies, initially as a potential tumor suppressor using Tumor Suppressor

and Oncogene Explorer (TUSON), a method developed to predict the potential of a given gene to

act as a tumor suppressor, or oncogene, by computing somatic mutation profiles and copy number

alterations (CNAs) [41]. Subsequently, it was proposed as a driver in liver cancer through a study that

identified such drivers according to mutations in unusual nucleotide contexts [42]. Although these

results would suggest that DYRKs are not major drivers of cancer, further evidence that they play a

role in oncogenic processes has emerged over the past two decades. In the following sections, we

will discuss the evidence indicating that each member of the DYRK family is involved in cancer by

considering two main aspects: (i) alterations to the DYRK expression in tumor tissues, either based

on published reports or on our own analysis of The Cancer Genome Atlas (TCGA: see Table S1; only

cancer type cohorts with at least 10 paired samples, matched tumor-healthy tissue, were considered
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in the analysis), and (ii) the impact of DYRK-dependent phosphorylation on substrates involved in

cancer-related events.

 

Figure 2. DYRKs are involved in cancer-associated processes. DYRK kinases participate in the

regulation of crucial cell events, the perturbation of which is responsible for producing important

features in cancer cells or the hallmarks of cancer.

4. DYRK1A

The DYRK1A gene maps to chromosome 21, and it is the most extensively studied member of the

family, mainly due to its key role in neurogenesis and in the etiology of some of the pathological traits

associated to Down syndrome (DS: recently reviewed in [43]). In fact, DYRK1A is a dosage-sensitive

gene, since small variations in the amount of its protein produce clinical phenotypes. On the one hand,

DYRK1A is overexpressed 1.5-fold in DS individuals [22], and indeed, some of the morphological and

cognitive defects of DS are reproduced when it is overexpressed in mouse models [43]. On the other

hand, DYRK1A haploinsufficiency caused by de novo truncation or by missense-inactivating mutations

was recently seen to underlie a rare, severe disorder, the DYRK1A haploinsufficiency syndrome (also

known as MRD7 or Mental Retardation, Autosomal Dominant 7: OMIM#614104 and ORPHA:464311

and 268261; [44,45] and references therein).

DYRK1A is a pleiotropic factor that phosphorylates a broad set of proteins involved in many

different cellular processes. These include factors that have been associated with all the hallmarks of

cancer, from genomic instability to increased proliferation and resistance to programmed cell death or

signaling pathways whose dysfunction is relevant to tumor onset and progression (e.g., Wnt, Notch

and Hedgehog (Hh); Figure 3 and Table 1). Notably, the role of DYRK1A in specific cell responses has

contrasting outputs, suggesting that it can act as a bimodal signaling regulator. For instance, DYRK1A

stimulates the transcriptional activity of the Hh-signaling effector GLI1 through direct phosphorylation

(Figure 3), although it also represses the Hh pathway through an indirect mechanism involving

regulators of the actin cytoskeleton [46,47]. Likewise, DYRK1A negatively regulates the nuclear

factor of activated T-cell (NFAT) transcription factors by inducing their phosphorylation-dependent

nuclear export [48], yet it serves as a positive modulator of NFAT signaling in primary endothelial cells

stimulated by vascular endothelial growth factor (VEGF) [49] (Figure 3). DYRK1A bimodal activity

has also been reported in Wnt signaling, where DYRK1A acts as a positive regulator of the activated

pathway, but it represses basal Wnt-signaling activity [21]. Finally, DYRK1A may induce cells to
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either enter or exit the cell cycle by controlling the Cyclin D1-to-p21 ratio [50]. All these observations

may reflect the different experimental systems used by different groups, and specifically, the ectopic

expression might produce confounding effects, since dramatic changes in the DYRK1A protein might

be transiently induced in these cells over and above the endogenous levels. Alternatively, these

findings might actually support the bimodal activity of DYRK1A in vivo, with the different outcomes

depending on specific conditions such as cell identity, subcellular localization or the levels of kinase

expression. Along similar lines, several studies have ascribed opposite functions to DYRK1A in cancer,

reflecting a very complex scenario. Therefore, as will become evident below, it remains unclear as

to whether DYRK1A acts as a tumor suppressor or a tumor promoter or, more probably, as either,

depending on the tumor context.

 

Figure 3. DYRK1A modulates the cellular factors involved in oncogenic processes. An overview of the

DYRK1A interactions with the cellular factors involved neoplastic transformation and cancer-related

pathways. CycD1: cyclin D1; DVL1: dishevelled 1; DREAM: dimerization partner (DP), RB-like, E2F

and multi-vulval class B (MuvB); EGFR: epidermal growth factor receptor; HPV: human papilloma

virus; ID2: inhibitor of DNA binding 2; NFAT: nuclear factor of activated T-cells; REST: RE1 silencing

transcription factor; VEGFR2: vascular endothelial growth factor receptor 2.
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Table 1. Signaling molecules targeted by DYRK1A and other dual-specificity tyrosine-regulated kinases (DYRKs).

Signaling Pathway Target Role Reference Other DYRKs Role Reference

Ca2+-NFAT NFAT Negative regulation of nuclear accumulation [48] DYRK2 same [51]

Cell cycle Cyclin D1 Negative regulation of protein levels [50] DYRK1B same [52]
Cyclin D2 Negative regulation of protein levels [53] n.d. n.d. -
Cyclin D3 Negative regulation of protein levels [53] n.d. n.d. -

Lin52 Positive regulation of DREAM complex assembly [54] DYRK1B same [54]
Myc Negative regulation of protein levels [55] DYRK2 same [56]
p21 n.d. - DYRK1B Negative regulation of protein accumulation [57]
p27 Positive regulation of protein levels [58] DYRK1B same [59]
p53 Positive regulation of transcriptional activity [60] DYRK2 same [19]

Hedgehog ABLIM1 Negative regulation of F-actin formation [47] n.d. n.d. -
GLI1 Positive regulation of nuclear accumulation and transcriptional activation [46,47] DYRK1B Positive regulation of protein accumulation [61]

GLI2/3 n.d - DYRK2 Negative regulation of protein accumulation [34]

Hypoxia ID2 DYRK1A-mediated phosphorylation of ID2 leads to HIF2α destabilization [62] DYRK1B same [62]
EGLN2/PHD1 * Interaction enhances DYRK1A phosphorylation of ID2 [62] DYRK1B same [62]

Notch Notch1 Negative regulation of transcriptional activity [63] DYRK2 same [64]

Notch1 Negative regulation of protein levels [64]
DYRK1B,
DYRK2

same [64]

RTKs EGFR * Positive regulation of protein levels [65–67] n.d. n.d. -
c-MET * Positive regulation of protein levels [67,68] DYRK1B same [68]

VEGFR2 * Positive regulation of protein levels [49] n.d. n.d. -

Wnt β-catenin Regulation of binding to co-activators p300 or CBP [69] n.d. n.d. -
Catenin-p120 Positive regulation of Wnt signaling [70] n.d. n.d. -

DKK3 n.d. [21] n.d. n.d. -
DVL1 Positive regulation of DVL1-dependent induction of a TOP-FLASH reporter [21] n.d. n.d. -

* Not a direct phosphorylation target. ABLIM1: actin binding LIM protein 1; CBP: CREB binding protein; DKK3: dickkopf WNT signaling pathway inhibitor 3; DVL1: dishevelled 1; EGFR:
epidermal growth factor receptor; EGLN2/PHD1: egl-9 family hypoxia inducible factor 2/prolyl hydroxylase 1; HIF2α: hypoxia-inducible factor 2-alpha; ID2: inhibitor of DNA binding 2;
NFAT: nuclear factor of activated T-cells; RTKs: receptor tyrosine kinases and VEGFR2: vascular endothelial growth factor receptor 2. n.d.: not determined.
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4.1. DYRK1A and Cell Cycle Regulation

The first indications of a role for DYRK1A in cell immortalization were obtained in studies on

oncogenic viruses, indicating that DYRK1A potentially affects cell transformation in oncovirus-associated

cancer models. Both DYRK1A and DYRK1B interact with the adenovirus oncoprotein E1A, a feature

conserved in the Saccharomyces cerevisiae DYRK Yak1p [71,72] (Figure 3). Mutations in E1A that

interfere with DYRK1A binding produce hyper-transformation in conjunction with G12V HRAS

proto-oncogene [72]. Moreover, the interaction between DYRK1A and E1A is dependent on the DCAF7

scaffold protein, which favors E1A phosphorylation at S89 [39] and contributes to the ability of the

adenovirus to regulate the interferon response [73]. DYRK1A also interacts functionally with human

papilloma virus (HPV), and Dyrk1a mRNA levels increase when primary mouse keratinocytes are

immortalized by HPV infection (HPV high risk strain 16) [74]. Indeed, there is more DYRK1A protein

in cervical lesions from HPV-derived patient samples than in the respective normal tissues. Alterations

to the DYRK1A expression might involve the miR-1246 known to target DYRK1A [26], which is

significantly downregulated in lesions from cervical cancer patients in a manner associated with HPV

infection [75]. DYRK1A interacts and phosphorylates HPV16 E7, stabilizing E7 and thereby potentially

promoting E7-dependent cell proliferation [76] (Figure 3). Moreover, DYRK1A interacts with beta-HPV

E6 proteins (Figure 3), and this DYRK1A interaction is defective in HPV E6 variants found in invasive

cervical carcinoma [77].

The link between DYRK1A and cell proliferation is based on its ability to phosphorylate crucial

cell cycle regulators, like Cyclin D proteins or p27 (Figure 3 and Table 1), modulating their stability and,

hence, their cellular levels [50,53,58,78]. It should be noted that these regulatory mechanisms have

mainly been observed in nontransformed cells, and as mentioned above, the effect of DYRK1A on

the cell cycle is not straightforward, as it depends on the Cyclin D-induced stabilization of the CDK

inhibitor p21, at least for Cyclin D1 [50]. In addition, DYRK1A is a kinase in the DREAM complex

(dimerization partner (DP), RB-like, E2F and multi-vulval class B (MuvB)). DYRK1A promotes the

assembly of this complex by phosphorylating the DREAM component Lin52 on S28, thereby triggering

cell cycle exit [54] (Figure 3). Notably, DYRK1A-mediated DREAM complex formation was proposed to

be responsible for ovarian cancer cell dormancy [79] and for the quiescence of gastrointestinal stromal

tumor (GIST) cells induced by treatment with imatinib [80]. Another DYRK1A cell cycle-related

target is the p53 tumor suppressor (Figure 3). DYRK1A positively regulates p53 transcriptional

activity by the direct phosphorylation of S15 [60], but it also negatively regulates this factor by

enhancing sirtuin (Sirt)1-dependent deacetylation [81]. The functional interaction of DYRK1A with p53

promotes cell cycle arrest in embryonic neuronal cells [60], as well as the survival of osteosarcoma and

colorectal cancer (CRC) cell lines in response to genotoxic stress [81]. The cross-talk between DYRK1A

and p53 also involves a negative feedback loop that engages two distinct regulatory mechanisms:

(i) the p53-dependent induction of miR-1246, which suppresses DYRK1A expression [26], and (ii) the

degradation of the DYRK1A protein mediated by the E3 ubiquitin ligase mouse double-minute 2

homolog (MDM2) [82].

4.2. DYRK1A and Receptor Tyrosine Kinase (RTK)-Dependent Signaling

An important aspect of the participation of DYRK1A in oncogenic processes is related to the

regulation of RTK-dependent signaling. This class of protein kinases is frequently altered in tumors,

with almost half of them included in the list of driver kinases assembled in 2016 [2]. We found a

conserved regulatory pattern that involves the positive effects of DYRK1A on the stability of several

RTKs (Figure 3 and Table 1), yet it is unclear whether these effects are mediated by a shared DYRK1A

target or one specific to each RTK. Thus, DYRK1A prevents epidermal growth factor receptor (EGFR)

endocytosis-mediated degradation in neural stem cells [65] and indeed, DYRK1A-dependent EGFR

stabilization has been described in glioblastoma (GBM) and non–small cell lung cancer (NSCLC) cell

lines [66,67]. Indeed, DYRK1A and EGFR protein levels correlate in tissues from glioma patients [66].

In pancreatic ductal adenocarcinoma (PDAC) tumor tissue, a similar relationship was found between
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the expression of DYRK1A and c-MET, the hepatocyte growth factor receptor [68]. DYRK1A exerts a

positive role on the c-MET protein levels in cell models of PDAC and NSCLC, which might contribute

to the protumorigenic role of DYRK1A in these types of tumors [67,68]. Given that RTKs are common

targets in cancer therapy [83], the inhibition of DYRK1A (and its paralog DYRK1B) could be considered

an element in combinatorial therapies to simultaneously target several deregulated RTKs. Finally,

DYRK1A depletion reduces the levels of membrane-bound VEGF receptor 2 (VEGFR2), and it causes

defects in VEGFR2-dependent signaling and the downstream NFAT-dependent transcriptional response

in endothelial cells [49]. These results are correlated with the defects in developmental angiogenesis

in a mouse model in which the Dyrk1a dosage is reduced [49], although whether DYRK1A has a

proangiogenic role in the tumor microenvironment needs to be further explored.

DYRK1A regulates other cell factors known to participate in malignant transformations, including

the stemness-related RE1 silencing transcription factor REST [84] or key effectors of cancer-promoting

signaling pathways, like the Hh, Wnt and Notch pathways (Table 1). However, whether DYRK1A

is connected to alterations in these pathways during tumor initiation/progression has not yet

been established.

4.3. DYRK1A in Cancer

Changes in the DYRK1A expression have been analyzed in tumor samples, and as such, DYRK1A

was seen to be downregulated in breast cancer [27] and in acute myeloid leukemia (AML) tissue [55],

and it is upregulated in GBM [66], lung cancer [67] and head and neck squamous cell carcinoma

(HNSCC) [85], as well as in PDAC [68]. Indeed, a weaker DYRK1A expression was correlated with

a worse overall survival in breast cancer patients [27] and a poorer prognosis in CRC and GBM

patients [62,86], whereas more DYRK1A was associated with a reduced survival time in patients with

lung cancer [67]. Our analysis of the TCGA RNA-Seq data revealed a clear trend towards DYRK1A

downregulation in tumor tissues, with a significant downregulation of DYRK1A in 11 out of the

15 tumor types considered (Table S1): colon (COADREAD), esophagus (ESCA), HNSCC, kidney

(KIRP and KIRC), liver (LIHC), lung (LUSC and LUAD), stomach (STAD), thyroid (THCA) and

uterus (UCEC). No significant CNAs associated with changes in the gene expression were observed

(Table S1), suggesting that the changes in RNA levels could be due to epigenetic, transcriptional or

post-transcriptional alterations. The general trend towards a reduced DYRK1A expression in tumor

samples would be in agreement with a more prominent tumor-suppressor role, even though the

correlation between DYRK1A mRNA and the protein levels has not been properly evaluated in any

cancer study.

A direct role for DYRK1A in tumor progression has been proposed in several studies. In cell

models, DYRK1A knockdown or enzymatic inhibition reduced the proliferation of HNSCC cell

lines [85], luminal/HER2 breast cancer [87] or PDAC [68], as well as impaired the self-renewal capacity

of GBM cells [66] and compromised ovarian cancer spheroid cell viability [79]. The pro-oncogenic

role suggested by these findings is in accordance with results obtained from xenografts in mouse

models [66,68,85]. However, a tumor suppressor role was also proposed on the basis of DYRK1A

overexpression experiments in AML cells [55]. The antitumor role of DYRK1A was suggested to be

related to the lower incidence of cancer in DS individuals [88], deviating from that observed in the

normal population. Indeed, epidemiological studies have demonstrated that individuals with DS have

a markedly lower incidence of most solid tumors [89] and reduced cancer-associated mortality [90]

relative to the age-adjusted non-DS population. However, childhood leukemia represents a strong

exception to this trend, as DS children have a 10 to 50-fold increased risk of developing AML, as

well as a 500-fold increased incidence of developing acute megakaryoblastic leukemia (AMKL) [91].

In this regard, DYRK1A was proposed to be a potent, megakaryoblastic oncogene, suggesting that

NFAT-negative regulation through an imbalance in DYRK1A might perturb myeloid differentiation

and promote AMKL in DS individuals [92].
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In summary, the literature reflects a complex picture in which DYRK1A may fulfill opposite roles

in different tumor contexts. Thus, more research is clearly required to fully understand how DYRK1A

contributes to tumor initiation or progression.

5. DYRK1B

DYRK1B is the closest paralog to DYRK1A, sharing 85% homology that extends beyond the kinase

domain (Figure 1A). Although both kinases share substrates (Table 1), the distinct clinical outcome

of inactivating mutations indicates they are not functionally redundant, i.e., a disorder within the

autism spectrum for DYRK1A and a metabolic syndrome for DYRK1B (abdominal obesity metabolic

syndrome-3, OMIM#615812; [93]). A recent review of DYRK1B has offered extensive information on

this kinase [94], and thus, here, we will focus on those aspects of the kinase that are related to its role in

cancer, which, unlike DYRK1A, point mostly to a prosurvival and protumorigenic role for DYRK1B

(Figure 4).

 

Figure 4. DYRK1B promotes survival and chemoresistance in cancer cells. Environmental stress

conditions induce DYRK1B expression or activity in tumor cells, which, in turn, promotes cell cycle exit,

quiescence (entry in G0) and survival. This mechanism has been proposed to mediate the resistance to

chemotherapeutic agents that target dividing cells.

The first studies into the influence of DYRK1B in cancer suggested a role in the survival of

cancer cells, with a stronger DYRK1B expression in CRC samples than in normal tissue [95]. Several

studies extended this finding to other tumor types, included liposarcoma [96], rhabdomyosarcoma [97],

osteosarcoma [98], lung [99], breast [100], ovary [101] and PDAC [68,102,103]. Indeed, a differential

expression analysis using TCGA data finds DYRK1B to be overexpressed in several tumor types,

including bladder (BLCA); breast (BRCA); kidney (KICH, KIRC and KIRP); liver (LIHC); prostate

(PRAD); thyroid (THCA) and uterus (UCEC) (Table S1). Furthermore, we confirmed previous

reports on the amplification of the DYRK1B genomic region (19q13.2) in ovarian cancer [104,105] and

PDAC [102,106] (Table S1). The amplification of this region with coherent DYRK1B overexpression was

observed in other tumor types (Table S1), suggesting that they may underlie the increase in DYRK1B

expression, although this may also be provoked by transcriptional activation due to changes in the

transcriptional profiles of tumor cells [107–111].

The functional interaction of DYRK1B with signaling pathways involved in cancer cell proliferation

has been explored, assessing both the fluctuations in DYRK1B expression upon the perturbation of

growth pathways and the output provoked by DYRK1B depletion in cancer cell lines. Several findings
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point to an antagonistic role of DYRK1B and MAPK signaling, with an increase in DYRK1B in response

to inhibitors of the MAPK kinase (MEK) in CRC and melanoma cell lines [36,95] and a reduction

following the mitogen activation of the RAS-MEK-extracellular signal-regulated kinase (ERK) pathway

in skeletal myoblasts [112]. The cross-talk between DYRK1B and the MAPK pathway was further

explored in ovarian cancer and NSCLC cell lines, where DYRK1B knockdown increased c-RAF and

ERK activation [107]. This DYRK1B-MAPK cross-talk might be even more complex, since DYRK1B

is an ERK substrate at a residue that potentiates DYRK1B activity [36], and accordingly, oncogenic

KRAS mutants act as positive modulators of DYRK1B activity [113,114]. The RAS-DYRK1B axis was

proposed to participate in both autocrine and paracrine Hh signaling in PDAC [114], although the

role of DYRK1B in the regulation of Hh signaling in cancer remains controversial, as it has been

attributed opposite functions within this signaling pathway [61,114,115]. Finally, there also appears

to be cross-talk between DYRK1B and the mammalian target of rapamycin (mTOR) pathway, with

DYRK1B expression upregulated upon mTOR inhibition [109] and mTOR/AKT activation induced by

DYRK1B within the Hh signaling pathway in pancreatic and ovarian cancer cells [115].

Like DYRK1A, DYRK1B phosphorylates several cell cycle regulators, like Cyclin D1, p21, p27 and

Lin52 [52,54,57,59] (Table 1). In this context, DYRK1B overexpression may help maintain a reversible

quiescent state or inhibit cancer cell proliferation [116–118], while DYRK1B reduction can drive cell

cycle entry in quiescence (by reducing the DYRK1B expression in PDAC or by DYRK1B inhibition

in CRC cell lines) [119]. By contrast, the depletion of DYRK1B in HPV E7-expressing keratinocytes

interferes with the induction of the S-phase promoted by E7 [120]. In addition, the depletion or

inhibition of DYRK1B enhances the DNA damage, apoptosis and sensitivity to reactive oxygen species

(ROS) or chemotherapeutic drugs targeting proliferating cells [15,104,121–123], as well as the sensitivity

to compounds that target pathways favoring proliferation in cell lines of different tumor origins, such

as mTOR and MEK inhibitors [107,109] (Figure 2).

A protumorigenic role for DYRK1B has been proven in cellular models of ovarian and pancreatic

cancers. Thus, DYRK1B knockdown negatively affects different aspects of ovarian cancer cell

malignancy, including viability, proliferative potential and migratory capacity [1,124,125]. Likewise,

DYRK1B knockdown negatively affects PDAC cell proliferation, migration and invasion [68,102],

whereas a treatment of PANC1 xenografts with a DYRK1B inhibitor impairs tumor growth [103].

In summary, and in contrast to the controversial role of DYRK1A in cancer, clear oncogenic facets

have been attributed to DYRK1B, acting as a prosurvival factor that could help cancer cells survive in

suboptimal growth conditions and preventing chemotherapeutic-induced DNA damage and apoptosis.

6. DYRK2

DYRK2 is a class II DYRK that has been more intensely studied in terms of its involvement in the

events associated with tumor progression. The biochemistry and biology of DYRK2 was covered in

recent reviews [126,127], and thus, here, we will center on the activity of this kinase in the context of

tumor biology.

6.1. Altered DYRK2 Expression in Cancer

The first hints that DYRK2 may influence carcinogenesis were derived from a genomic analysis

and differential gene expression studies, highlighting DYRK2 overexpression in association with the

amplification of its genomic locus in esophageal and lung adenocarcinomas [128,129], GIST [130], gastric

adenocarcinoma [131] and liposarcoma [132]. Additional evidence for the involvement of DYRK2 in

cancers came from a germline-somatic association study of genetic alterations in multiple cohorts of

breast cancer patients [133]. Moreover, the upregulation of DYRK2 was described in triple-negative

breast cancer (TNBC) and multiple myeloma [134]. Conversely, DYRK2 was downregulated in lung

adenocarcinoma and squamous cell carcinoma [135], diffuse large B-cell lymphoma [136], CRC [137],

hepatocellular carcinoma (HCC) [138,139] and high-grade glioma [140]. Our analysis of TCGA data

found DYRK2 to be overexpressed in eight tumor cohorts: bladder (BLCA), breast (BRCA), esophagus
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(ESCA), kidney (KIRC and KIRP), liver (LIHC), lung (LUAD and LUSC) and stomach (STAD) (Table S1).

An analysis of CNAs indicated that DYRK2 upregulation might be associated with gene amplification

in BLCA, BRCA, LUAD, LUSC and STAD (Table S1). Moreover, a significant DYRK2 overexpression in

DYRK2-amplified tumors was also observed in HNSCC, ovary (OV), melanoma (SKCM) and sarcoma

(SARC) (Table S1). Notably, no correlation was observed between the DYRK2 protein and mRNA

levels in breast cancer tissue when compared with healthy tissue [141]. A similar discrepancy between

the DYRK2 protein and mRNA was also detected in liver and lung cancers between a published

protein data analysis and our TCGA analysis of mRNA changes (Table S1). Hence, post-transcriptional

mechanisms may play a crucial role in determining the levels of the DYRK2 protein in tumor cells,

and these might explain, at least in part, the conflicting data obtained in relation to breast cancer

(see below).

Besides the alterations to the DYRK2 expression, it has been proposed that this kinase may

represent a prognostic marker for different types of cancer, based on a correlation analysis between

the gene/protein expressions and distinct clinical features like the degree of malignancy, relapse,

response to chemotherapy or patient survival. Thus, higher DYRK2 levels were positively correlated

with a more favorable prognosis and better response to chemotherapy in lung and bladder

cancer patients [142–144] and with better survival in patients with CRC liver metastases [145].

Likewise, a weaker DYRK2 expression was associated with a worse prognosis in ovarian serous

adenocarcinoma [146], CRC [137,145], HCC [138,139], glioma [140] and non-Hodgkin’s lymphoma [136]

patients. The situation in breast cancer is less clear, with conflicting results. As mentioned above, such

discordance may be due to the use of mRNA or protein to assess the DYRK2 expression. As such,

DYRK2 protein levels were shown to inversely correlate with tumor invasiveness [56], and enhanced

10-year disease-free survival was evident in DYRK2-positive breast cancer patients when compared

to DYRK2-negative patients [147], while a stronger DYRK2 mRNA expression was associated with a

worse prognosis in another study of breast cancer patients [148]. Apart from this, and in general, it

appears that the weaker the expression of DYRK2, the worse the prognosis. This model is consistent

with experimental data when DYRK2 levels are manipulated in carcinoma cell lines (ovary, CRC and

HCC) that are then used as xenografts in mice, whereby DYRK2 gene silencing confers an enhanced

proliferative capacity and metastatic potential in vivo [139,145,146]. However, again, some discordant

phenotypes have been described in vivo when studying DYRK2-depleted breast cancer cell lines.

A few works have explored the mechanisms underlying the reduction of DYRK2 levels in tumor

cells. The Kruppel-like factor 4 transcription factor has been shown to repress DYRK2 expression,

acting directly on the DYRK2 promoter in chronic myeloid leukemia (CML) cell lines and mouse

models, thereby favoring tumor progression [149]. Moreover, the DNA-methyltransferase 1-dependent

methylation of the DYRK2 promoter provokes transcriptional downregulation that may influence

DYRK2 expression in CRC cells [150]. DYRK2 protein levels are also modulated by several E3 ubiquitin

ligases, including seven in absentia homolog 2 (SIAH2) and MDM2 [9,151]. Interestingly, the DDR

protein kinase ATM is involved in this process by phosphorylating DYRK2 and, thus, preventing

DYRK2 degradation mediated by MDM2 [9,151]. This relationship could contribute to the ability of

these E3 ubiquitin ligases to promote survival in states of hypoxia and in the face of DNA-damaged

stress, respectively, by suppressing the proapoptotic activities of DYRK2. In particular, mutual

regulation has been described for SIAH2 and DYRK2 [151]; indeed, an increase in the SIAH2 protein

has been observed in lung cancer tissue and linked to DYRK2 downregulation [135]. Besides the

alterations to the cellular levels of DYRK2, changes in the substrate selectivity have been seen in

relation to Snail in ovarian cancer, with DYRK2 phosphorylation prevented by the prior p38-mediated

phosphorylation of Snail [152].

6.2. The Molecular Mechanisms Underlying the Role of DYRK2 in Cancer Cells

Several clues have been obtained regarding the putative molecular mechanisms responsible for

DYRK2-mediated tumor development/progression. Thus, DYRK2 activity appears to affect crucial
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processes like the cell cycle, DDR, epithelial-to-mesenchymal transition (EMT), the xenobiotic response

system and cellular proteostasis [127]. The activity of DYRK2 has often been linked to its ability to

negatively regulate the stability of its target proteins—in particular, through its interaction with the

UBR5/EDD-DNA damage-binding protein 1 (DDB1)-DDB1- and cullin 4-associated factor homolog 1

(DCAF1/VPRBP) (EDVP) E3 ubiquitin ligase complex [38] (Figure 5A). The relevance of this interaction

is highlighted by the alterations in the assembly of the EDVP complex detected in the analysis of certain

DYRK2 mutants found in cancer samples [153]. In addition, it is worth noting that many of the proteins

that are degraded following DYRK2 phosphorylation are targets of the tumor suppressor F-box/WD

repeat-containing protein 7 (FBXW7) (Figure 5A), suggesting possible cross-talk with E3 ubiquitin

ligase protein complexes made up of this factor. As previously mentioned, DYRK2 and SIAH2 cellular

levels inversely correlate [151], further supporting a regulatory cross-talk between DYRK2 and several

E3 ubiquitin ligases. Moreover, phosphorylation of the 19S subunit PMSC4/Rpt3 [148] might also

contribute to the DYRK2-dependent modulation of protein accumulation.

 

Figure 5. Cancer-associated activities of DYRK2. (A) DYRK2 substrates are associated with different

aspects of tumorigenesis, including proliferation (Myc, c-Jun, centrosomal protein of 110 kDa (CP110)

and katanin: [38,56]); transformation (TERT: [154]); invasiveness (Snail: [141]); signaling (mTOR, Notch

and Gli2/3: [34,64,155]) or the xenobiotic response system (pregnane X receptor (PXR): [156]). Red lines

mark those substrates that are degraded when DYRK2 associates with the multicomponent E3 ubiquitin

ligase EDVP. The rest (black lines) are all targets of FBXW7, considered to be a tumor suppressor [157].

(B) DYRK2 has been proposed as both a protumorigenic factor, as well as a tumor suppressor, in breast

cancer. On the one hand, reduced levels of DYRK2 enhance the accumulation of mitogenic transcription

factors like c-Jun and Myc, as well as the epithelial-to-mesenchymal transition (EMT)-promoting factor

Snail, which is correlated with tumor progression and more aggressiveness. On the other hand, DYRK2

phosphorylates and positively regulates the 26S proteasome, promoting triple-negative breast cancer

(TNBC) cell growth, and thus, DYRK2 depletion or inhibition impairs tumor growth in vivo.

In conjunction with the reduced expression of DYRK2 in tumor samples, DYRK2 depletion

promotes the proliferation of cell lines originating from distinct tumor types, including breast,

lymphoma, osteosarcoma, CRC and HCC [56,136–139,145,158], suggesting that DYRK2 may acts

as a brake on proliferation. In this regard, DYRK2 phosphorylates the oncogenic pro-proliferative

transcription factors c-Jun and Myc, increasing their rate of degradation [56]. Indeed, DYRK2 levels

negatively correlated with c-Jun/Myc levels in breast tumor tissues [56] (Figure 5B). Other DYRK2 targets

associated with cell cycle regulation are the centrosomal proteins katanin p60 and CP110/CCP110 and the

telomerase TERT (Figure 5A), although no specific link between these proteins and DYRK2-dependent

tumorigenic processes has as yet been proposed [38,154,159].
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Besides the cell cycle, DYRK2 also regulates cell factors involved in other processes crucial for

tumor progression, such as apoptosis or DDR. The interaction between DYRK2 and the E3 ubiquitin

ligase RNF8 was proposed to influence DYRK2 recruitment to the DNA repair machinery [160], and the

phosphorylation of p53 by DYRK2 promotes apoptosis in response to DNA damage, with ATM acting

upstream by increasing the DYRK2 nuclear accumulation [9,19]. The modulation of p53 and Myc

was also proposed as a DYRK2-mediated mechanism in leukemia stem cells and CML cell lines [149].

The putative regulatory activity during DDR and/or the ability of DYRK2 to increase components of the

xenobiotic response system, such as the PXR/NR1I2 nuclear receptor [156] (Figure 5A), may contribute

to enhance the resistance to chemotherapy drugs observed upon DYRK2 silencing [64,138,146].

A reduction in DYRK2 has also been linked to the enhanced migration and invasion of breast, glioma

and ovary cancer cell lines [56,64,140,141,146]. In this regard, DYRK2 phosphorylates the EMT

transcription factor Snail, priming it for ubiquitination-mediated degradation [141] (Figure 5A), which

provides additional evidence that DYRK2 prevents the activation of aggressive phenotypes in breast

and ovarian cancer cells.

To date, the most controversial role for DYRK2 associated with tumors is in breast cancer

(Figure 5B). Based on results from xenograft experiments using MCF-7 cells, a tumor-suppressor role

was first proposed given that DYRK2 silencing favored tumor growth [56]. The enhanced expression

of direct DYRK2 targets like c-Jun or Myc, and/or other proteins like CDK14, could account for this

phenotype [56,158]. Similarly, DYRK2 silencing increased the invasion, metastasis [141] and breast

cancer cell stemness [161]. Conversely, using a clustered regularly interspaced short palindromic repeats

(CRISPR)-based approach to generate DYRK2-knock out MDA-MB-468 breast cancer cells, DYRK2 was

seen to promote breast cancer cell proliferation and tumor growth in xenografts. This effect could be

mediated by the DYRK2-dependent phosphorylation of the proteasomal 19S subunit PMSC4/Rpt3 [148]

(Figure 5B). In this context, two DYRK2 inhibitors, the natural drug curcumin and the small-molecule

LDN192960, impaired cell proliferation and invasion and induced apoptosis in multiple myeloma

and TNBC cell lines [134,162]. Whether these contradictory results arise from the use of cell lines

with different responsiveness to estrogen/progesterone and/or an “addiction” to proteasome activity

must be further explored. In any case, the DYRK2-associated stratification of breast tumors should be

properly studied before designing any DYRK2-targeting therapeutic approach.

7. DYRK3 and DYRK4

The contribution of DYRK3 and DYRK4 to tumorigenesis is less clear, with very little evidence for

the participation of DYRK3 and almost no evidence for that of DYRK4. This lack of information also

mirrors the limited knowledge of the biological activities of these two family members.

DYRK3 was initially described as a kinase involved in erythroid development [24,163], although

its most relevant activity described to date is the ability to regulate phase-transition during mitosis,

thereby mediating the formation of multiple liquid-unmixed compartments such as stress granules,

an essential process for proper mitotic division [16,17]. The association of DYRK3 with the mTORC1

pathway was established through the ability of DYRK3 to phosphorylate PRAS40, thereby promoting

mTORC1 activity [16].

Our analysis of the TCGA data did not reveal any specific trend for DYRK3, which is

under-expressed in breast (BRCA), kidney (KIHC), lung (LUAD and LUSC), prostate (PRAD) and

thyroid (THCA) tumor cohorts and overexpressed in colon (COADREAD), HNSCC, kidney (KIRC)

and stomach (STAD) cancer tissues (Table S1). Likewise, no particular trend can be found in the

literature. Thus, DYRK3 mRNA was found significantly increased in highly invasive NSCLC cell lines

compared with low invasive lines [164], while a strong DYRK3 expression was positively correlated

with survival in glioma patients [165]. Moreover, DYRK3 was proposed as a specific early-stage tumor

driver in gastric cancer [166]. Finally, a reduction in the DYRK3 protein was recently described in HCC

biopsies relative to normal tissue, and low DYRK3 levels were associated with a poor prognosis in this

type of cancer [167]. In addition, manipulating the DYRK3 expression in HCC cells demonstrated an
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inverse correlation with proliferation rates both in vitro and in tumor xenograft models, as well as with

the metastatic potential of the tumor cells, further evidencing that DYRK3 fulfills a tumor-suppressor

role in this type of cancer [167]. Indeed, a regulatory axis was proposed that involves the ATF4

transcription factor and its coactivator NCOA3 as a direct DYRK3 substrate, regulating the expression

of key metabolic enzymes in the purine synthesis pathway that are relevant to HCC progression.

However, whether this role for DYRK3 can be extrapolated to other tumors remains to be confirmed.

DYRK4 is the DYRK family member associated with the least significant alterations in the TCGA

cohorts analyzed. We found that it was downregulated in lung (LUAD), prostate (PRAD) and stomach

(STAD) cohorts and with different patterns of expression in the three kidney cohorts: overexpressed in

KIRC and KIRP and downregulated in KIHC (Table S1). Interestingly, a recent high-throughput screen

on 313 kinase-deficient cell lines revealed that DYRK4 knockout cells were among the most sensitive to

agents that produce DNA damage [168], suggesting that DYRK4 might merit further exploration as a

putative target to enhance chemotherapy toxicity on cancer cells.

8. DYRK Inhibitors as Antitumor Therapies

Chemical compounds that bind and functionally block protein kinases have been studied

extensively and employed as antitumor agents, both in research and in clinical trials [83]. Although the

role of DYRK family members in tumorigenesis and tumor progression has not been fully elucidated,

pharmacological inhibitors of DYRK kinases have been tested in laboratories for their antimalignant

activity, and a few of them are already undergoing clinical trials.

In the case of DYRK1A, the search for both naturally occurring and synthetic inhibitors has

been extensive given that DYRK1A may be a potential pharmacological target not only in cancer but,

also, in neurodegenerative diseases (reviewed in [43]), DS [169–172] and diabetes (reviewed in [173]).

DYRK1A inhibitors have been comprehensively reviewed elsewhere [174–176], and so, we will only

refer to the orally bioavailable archetypic DYRK1A inhibitors in tumor contexts. For instance, the

anticancer properties of green tea and its derivatives have been proven in many animal models, a

product that contains the natural DYRK1A inhibitor Epigallocatechin-3-gallate (EGCG). However,

EGCG can potentially target many different intracellular pathways [177], making it difficult to assign

particular effects to DYRK1A inhibition. Additionally, the ß-carboline alkaloid harmine selectively

inhibits DYRK1A and—albeit, less efficiently—other members of the family [178,179], and it has

been reported to have cytotoxic effects on cancer cell lines [66,85,180,181] and antitumor effects

in vivo in glioma and in PDAC xenograft experiments [66,68], as well as synergistic effects with

other chemotherapeutic agents [79,80,182]. However, the neurotoxic effects of harmine due to the

targeting of monoamine oxidase A rule against its use in humans. Therefore, the search for harmine

derivatives with enhanced antitumor activity and reduced neurotoxic effects has been intense in recent

years [183–185]. Finally, the synthetic DYRK1A inhibitor INDY, proven to modulate the phenotypic

effects of DYRK1A overexpression in vivo [186], has been shown to improve the response of ovarian

cancer spheroids to carboplatin [79].

Compounds targeting DYRK1B, with either restricted or broad specificity, have been used as

research tools, and they display toxicity towards several types of cancer cells or they promote the cell

cycle re-entry of quiescent tumor cells (reviewed in [94]). The latter would enhance the effectiveness

of other antiproliferative drugs in combinatorial approaches. For instance, the DYRK1B inhibitor

AZ191 [52] increases the anticancer effects of doxorubicin in liposarcoma cell lines [96] or sensitizes

the PDAC cell lines to mTOR inhibition [115]. However, AZ191 has been also shown to counteract

the antitumor effects of the lysosome inhibitor Bafilomycin A1 in HCC cell lines [111]. For DYRK2,

experimental data on the antitumor effects of the natural DYRK2 inhibitor curcumin and of the

synthetic compound LDN192960 was obtained in both in vitro and in vivo models of TNBC and

multiple myeloma, supporting the hypothesis that DYRK2 is a promising pharmaceutical target in

these malignancies [134,162]. Finally, better understanding the role of DYRKs in tumor cells has proven

valuable by helping to identify combinatorial therapeutic approaches, as in the cases of the DYRK1B
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inhibitors that enhance the inhibitory efficiency of MEK and mTOR [107,109,187] or DYRK2 inhibition

sensitizing MDA-MB-468 cells to the proteasome inhibitor bortezomib [148].

Most kinase inhibitors lack complete specificity [178,188], a potentially negative property that

might be exploited in multitargeting strategies, which become a familiar situation in antitumor

therapies. Interestingly, the only inhibitors of the DYRK family members currently being screened

in clinical trials were identified as inhibitors of other protein kinases. In particular, compound

CX-4945 was initially identified as a casein kinase 2 inhibitor, but it was subsequently shown to be a

potent DYRK1A and DYRK1B inhibitor [171], and it is currently in phase I and II clinical studies for

medulloblastoma, cholangiocarcinoma and basal cell carcinoma (NCT02128282, NCT03904862 and

NCT03897036). Recently, OTS167, a chemical initially described as a maternal embryonic leucine zipper

kinase inhibitor, has been proven to have potent anti-DYRK1A activity [189]. OTS167 is currently

being assessed in clinical trials for the treatment of advanced breast cancer and TNBC (phase I)

and for multiple types of leukemia, including AML and advanced CML (phase II: NCT02795520).

Finally, two other DYRK inhibitors have been assessed in clinical trials for non-neoplastic disorders:

GSK-626616 [16] completed a phase I clinical trial to evaluate its action on anemia (NCT00443170), and

lorecivivint, a potent CLK2 inhibitor that also inhibits DYRK1A [190], is being studied in a phase II

trial for the treatment of moderate-to-severe symptomatic osteoarthritis (NCT03706521). Thus, they

could be repurposed in trials for the treatment of specific cancer types.

9. Conclusions

In the last decade, more experimental evidence indicates that DYRK protein kinases are a novel

class of “kinase-of-interest” in cancer. However, this evidence mostly comes from studies exploring

DYRK expressions in tumor tissues and/or the phenotypic changes triggered by manipulating the

DYRK protein in cancer cell lines. These data not only provide a partial and confusing picture of the

influence of DYRKs in tumor initiation and progression, but also, they highlight the many questions

that still need to be addressed. In particular, it remains unclear which molecular pathways are regulated

by DYRKs in different tumor types and which of them selectively trigger cells to engage in neoplastic

transformation or enhance the malignant phenotype of tumor cells. Resolving these issues will not only

help understand the biology behind the activity of these kinases, but also, it will provide a basis for the

rational design of therapeutic approaches based on inhibitors. In this regard, while incomplete, the

currently available data provides precious information on which forthcoming therapeutic approaches

may be based. Therefore, the tumor types in which downregulation of the DYRK kinase has been

associated with increased tumor growth and/or invasiveness should not be considered for trials with

DYRK inhibitors. Conversely, inhibitors targeting DYRK family members that are known to favor the

tumorigenesis of specific tumor types should be considered for such trials. Nevertheless, putative

side effects due to the inhibition of members that are essential to maintaining cellular homeostasis

in normal cells, such as the dosage-sensitive DYRK1A or DYRK1B, should be carefully monitored.

In this context, engineering drugs to increase their specificity, exclusively targeting proliferating cells,

would be worthwhile. Finally, and considering the differential and sometimes opposite roles of distinct

DYRK kinases in tumor progression, selectivity towards a specific member of the family is crucial and,

at the same time, very challenging, particularly given the strong structural similarity of the catalytic

domain. Smart solutions might include an allosteric drug design or other additional efforts to increase

compound selectivity.

To conclude, many important advances in understanding how the dysregulation of DYRK protein

kinases is associated to pathological phenotypes in humans have been made in recent years—in

particular, in terms of the involvement in DYRK cancers. Still, many secrets behind the oncogenic

or protective potential of DYRK kinases remain to be revealed, and we anticipate that the field will

continue to grow for the foreseeable future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2106/s1:
Table S1. Differential expression of DYRK genes in TCGA tumor samples.
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Simple Summary: Triple-Negative breast cancers (TNBC) have not specific therapeutic targets and

are considered the most aggressive mammary tumors. c-Src controls several cellular processes:

proliferation, differentiation, survival, motility, and angiogenesis. Alteration of c-Src functionality,

by increasing its expression and/or its kinase activity, is associated to progression and metastasis

of tumors in mammary gland, pancreas, colon, brain, and lung. However, c-Src tyrosine kinase

inhibitors alone are not fully clinically effective, suggesting that c-Src adapter SH2/SH3 domains may

be important. We questioned whether the SH2-c-Src domain is relevant for tumorigenicity of TNBC

SUM159 and MDA-MB-231 human cell lines. Conditional expression of SH2 and SH3 inactivating

mutants in these TNBC cells, or transfection of aptamers directed to SH2, allowed us to show that this

domain is required for their tumorigenesis. Therefore, the SH2-c-Src domain could be a promising

therapeutic target that, combined with c-Src kinase inhibitors, may represent a novel therapeutic

strategy for TNBC patients.

Abstract: The role of Src family kinases (SFKs) in human tumors has been always associated with

tyrosine kinase activity and much less attention has been given to the SH2 and SH3 adapter domains.

Here, we studied the role of the c-Src-SH2 domain in triple-negative breast cancer (TNBC). To this

end, SUM159PT and MDA-MB-231 human cell lines were employed as model systems. These

cells conditionally expressed, under tetracycline control (Tet-On system), a c-Src variant with point-

inactivating mutation of the SH2 adapter domain (R175L). The expression of this mutant reduced the

self-renewal capability of the enriched population of breast cancer stem cells (BCSCs), demonstrating

the importance of the SH2 adapter domain of c-Src in the mammary gland carcinogenesis. In

addition, the analysis of anchorage-independent growth, proliferation, migration, and invasiveness,

all processes associated with tumorigenesis, showed that the SH2 domain of c-Src plays a very

relevant role in their regulation. Furthermore, the transfection of two different aptamers directed

to SH2-c-Src in both SUM159PT and MDA-MB-231 cells induced inhibition of their proliferation,

migration, and invasiveness, strengthening the hypothesis that this domain is highly involved in

TNBC tumorigenesis. Therefore, the SH2 domain of c-Src could be a promising therapeutic target

and combined treatments with inhibitors of c-Src kinase enzymatic activity may represent a new

therapeutic strategy for patients with TNBC, whose prognosis is currently very negative.
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1. Introduction

The Src family of non-receptor tyrosine kinases (SFKs) is composed of nine members,
and it has a modular structure, containing the SH2 and SH3 (Src homology domains 2
and 3), which are involved in protein-protein interactions with tyrosine phosphorylated
proteins or with proteins containing proline rich sequences, respectively [1,2]. These two
domains are also present in many other adapter and regulatory proteins, and facilitate the
formation of intracellular signaling complexes [3]. While the activity of c-Src, the prototype
of the SFKs, is mainly modulated by phosphorylation, the SH2 and SH3 domains are also
required for the conformational changes associated with its cellular distribution, kinase
activity, and cell functionality [4–7]. c-Src plays a key regulatory role of many cellular
processes, including proliferation, differentiation, survival, motility, and angiogenesis.
Therefore, alteration of c-Src functionality, by increasing its expression and/or its kinase
activity, has been associated to progression and metastasis of tumors in the mammary
gland, pancreas, colon, and lung [1,5–8].

Breast tumors are diverse, and they have been classified according to their genetic
and histological characteristics [9,10]. Among them, the basal triple negative breast cancer
(TNBC) does not express estrogen and progesterone receptors (ER−, PR−), nor overex-
presses HER2, and usually has an inactive p53 mutant [10–12]. TNBCs do not have specific
therapeutic targets and are considered the most aggressive mammary tumors, with a
tendency to metastasize mainly into the lung, brain, and bone [13,14].

Experimentally, inhibitors of c-Src kinase activity, or its suppression, block prolifera-
tion, survival, migration, and invasion, as well as tumorigenesis in vivo [15–17]. However,
inhibitors of c-Src tyrosine kinase activity alone do not appear to be fully clinically ef-
fective [8,18], suggesting that its adapter domains may play an important role for c-Src
functionality in tumorigenesis. In this context, expression of c-Src with point-inactivating
mutations at either SH2 or SH3 domains, which conferred stimulation of its kinase activity,
blocks the prolactin-induce activation of Jak2 in MCF7 [19]. In mouse SYF fibroblasts,
expression of c-Src-R175L prevents Fak auto-phosphorylation (pY397), malignant transfor-
mation, motility defects, and focal adhesion formation, indicating the relevance of the SH2
domain of c-Src [20]. The SH2 domain of c-Src interacts with the pY397-Fak facilitating the
open conformation of c-Src that activates its kinase activity and, in turn, protects pY397-
Fak from phosphatases [21,22]. In addition, c-Src phosphorylates Fak on several tyrosine
residues, thus promoting cellular signaling and tumor progression [6,23,24].

Small molecules, such as inhibitory peptides and non-peptides, have been used to
block the SH3/SH2 domains of c-Src [25–29] with a relative success. Aptamers are single
stranded oligonucleotides (DNA or RNA) that bind to proteins with high affinity and
specificity, blocking their functionality. They have been used for diagnosis and therapy
in several infectious, inflammation, vascular diseases, as well as in other pathologies
including breast cancer [30–32].

Here, we analyzed the role of the adapter domain of c-Src in the in vitro tumorigenic
properties of SUM159PT (from now on SUM159) and MDA-MB-231 TNBC cell lines. We
found that the conditional expression of c-Src variants with suppression of SH2 functional-
ity caused profound effects on the behavior of these triple negative cell lines. Consistently,
two different aptamers directed to SH2-c-Src inhibited proliferation, migration, and inva-
siveness of both SUM159 and MDA-MB-231 cells. Thus, the SH2-c-Src domain appears to
play a crucial role in TNBC tumorigenesis.
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2. Results

2.1. c-Src Variants of the SH2 Adapter Domain

In the studies presented here we used two different triple negative breast cancer
(TNBC) cell lines, SUM159 and MDA-MB-231. Although SUM159 and MDA-MB-231 are
both Basal-Mesenchymal TNBC cell lines with a spindle phenotype, they show differences
in deleted and mutated genes. Furthermore, previously published data from the laboratory
using both SUM159 and MDA-MB-231 cells showed that they differ in some signaling
responses [16]. All together, we can conclude that even if both are representing TNBC cells,
their cellular behavior could diverge.

To analyze the role of the SH2 adapter-domain of c-Src in the in vitro tumorigenic
properties of SUM159 and MDA-MB-231 cell lines, we conditionally expressed (Tet-On
system) chicken c-Src variants with point mutations inactivating this domain (Figure 1A).
It should be pointed out that chicken c-Src could replace human c-Src functionality [16], as
they have more than 94% identity at the amino acid sequence [33]. Nevertheless, the EC10
mouse monoclonal antibody (Millipore, no. 05-185) specifically recognizes chicken c-Src,
making it possible to determine by Western blot (WB) the expression of c-Src variants in
the presence of the endogenous human c-Src of SUM159 and MDA-MB-231 cells.

We used the R175L point mutation (SH2) affecting intra- and inter-molecular c-Src
interactions, preventing c-Src from being in the close configuration, consequently, c-Src-
R175L has a constitutive tyrosine-kinase activity [34]. The c-Src-SH2-SH3 double variant
(c-Src-W118A-R175L) [19], which also has a constitutive tyrosine-kinase activity, was also
employed to test for the impact of the SH3 domain in SH2 functionality. To avoid unde-
sirable effects due to the insertion of the c-Src variants in the genome of the cells upon
transfection, each cell line was made of a pool of, at least, three positive independent clones.
Since we are studying the role of SH2 domain in TNBCs SUM159 and MDA-MB-231, we
expressed the wild type c-Src (c-Src-wt) to compare the results obtained with the SH2
mutant. As observed in Figure 1B, the chicken c-Src variants were induced by the addition
of Doxy to culture media (0.2 µg/mL, 72 h) at similar levels in SUM159 and MDA-MB-231.
Analyses of the degree of activation of c-Src chicken variants by determining the autophos-
phorylation at Y418 showed that the expression of c-Src-wt slightly increased the levels
of phosphorylation at Y418 in both cell lines. In contrast and consistent with the scheme
presented in Figure 1A, expression of both c-Src-R175L and c-Src-W118A/R175L showed a
high degree of phosphorylation at Y418, which agrees with the stimulated tyrosine kinase
activity of these mutants (Figure 1B).

SFKs expression is associated with a different outcome in breast cancer patients [35].
Thus, we decided to determine the protein levels of several SFKs members in both cell models
by WB. Expression of c-Src and Fyn was higher in SUM159 than in MDA-MB-231 cells, while
the contrary was observed for c-Yes. Regarding Lyn protein, SUM159 cells showed higher Lyn
A levels than MDA-MB-231, whereas the opposite situation was observed for Lyn B expression
(Figure 1C). Expression of c-Src variants did not alter that of endogenous Src-kinases (data not
shown). Therefore, we used two TNBC cell lines that exhibit a different expression pattern of
SFKs, which better represent the variability of TNBC.
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Figure 1. c-Src variants and expression of Src kinases in SUM159 and MDA-MB-231 cells.

(A) Schematic design of c-Src and the variants employed in this study, which were condition-

ally expressed (Tet-On system) upon addition of doxycycline (Doxy, 0.2 µg/mL) to the cell culture.

The R175L mutation inhibits both intra- and inter-molecular interactions of the SH2 domain of c-Src.

The W118A/R175L double mutation inhibits both the SH2 and SH3 domains. (B) Induction of

chicken c-Src variants by Doxy was detected by Western blot (WB) using the EC10 mouse monoclonal

antibody that specifically recognizes chicken c-Src and β-Actin as a loading control. (C) Comparative

expression of Src kinases in SUM159 versus MDA-MB-231 cells determined by WB. Actin was used

as a loading control and the ratio of kinase/actin in SUM159 was considered as 1.

2.2. SH2 Domain of c-Src Is Important for In Vitro Breast Cancer Stem Cell-Renewal

Within a tumor, there is a small portion of the tumor-mass (1–2%) derived from the
stem-cell population that by mutations acquired tumorigenic properties. These breast
cancer stem cells (BCSCs) are slow dividing and capable of regenerating a tumor upon
transplantation in nude mice [35]. To determine the self-renewal capacity of the enriched
population of BCSCs, we performed the mammosphere formation assay during three
generations to define, at the third generation, the sphere formation efficiency (SFE, see
Materials and Methods) [36–38]. We observed that SFE increased in all SUM159 and
MDA-MB-231 cells expressing c-Src variants, indicating the enrichment of BCSCs pop-
ulation (Figures S1 and S2). Nevertheless, it should be noticed that SUM159 contained
higher numbers of mammospheres than MDA-MB-231. We then analyzed the effect of
c-Src variants described above (Figure 1A) on the BCSCs renewal ability of each cell line
SUM159 or MDA-MB-231 expressing c-Src-mutants and compared it with the c-Src-wt. The
functionality of SH2 and SH3 adapter domains appeared to be relevant for SFE, as both
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c-Src-R175L and c-Src-W11A/R175L significantly reduced the self-renewal of the enriched
population of MDA-MB-231 and SUM159-BCSCs (Figure 2A).

start a new page without indent 4.6cm

 

Figure 2. Role of c-Src variants in the self-renewal of breast cancer stem cells (BCSCs) derived from SUM159 and MDA-MB-

231. The evaluation of self-renewal was determined by the sphere formation efficiency (SFE) in the enriched subpopulation

of BCSCs derived from SUM159 and MDA-MB-231 (A). The SFE was measured at the third generation of mammospheres

(see Materials and Methods). Each experiment was measured in triplicates (n = 3) and repeated three times. Results were

expressed as a percentage of the mean ± standard deviation (SD). The statistical significance is referred to those obtained

from c-Src-wt, * p < 0.5, ** p < 0.01. Quantitative analyses of stem cell markers ALDH1, NANOG, and Oct3/4 expression

by WB in SUM159 and MDA-MB-231 cells conditionally expressing c-Src variants (B). Results represented data obtained

from three independent WB (n = 3) using β-Actin as a loading control expressed as a percentage of the mean ± SD, and

were referred to those obtained from cells expressing c-Src-wt considered as 1. The statistical significance is referred to cells

expressing c-Src-wt, * p < 0.5, ** p < 0.01.
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We have also found that the induction of SrcDN (c-Src-K295M/Y527F, which is devoid
of catalytic activity but with functional SH2 and SH3 domains), a functional mirror image
of c-Src-W118A/R175L, significantly reduced SFE in both SUM159 and MDA-MB-231.
Furthermore, the endogenous c-Src function is required for SFE in MDA-MB-231 cells, as
its conditional suppression [16] inhibited SFE (Figure S3).

Altogether, the findings indicate that the three domains are necessary for self-renewal, as
the alteration of only one of them reduced the sphere formation ability of both TNBC cells.

Consistent with the reduction of the enriched population of BCSCs induced by the ex-
pression of c-Src-R175L and c-Src-W118A/R175L c-Src mutants in both SUM159 and MDA-
MB-231 cells, we analyzed the expression of ALDH1 by WB, a stem cell marker [36–39].
The results showed that in the MDA-MB-231 disruption of the functionality of c-Src
SH2 domain by R175L mutation inhibited the ALDH1 level as compared to c-Src-wt
(Figure 2B and Figure S4). Disruption of the functionality of c-Src SH2 and SH3 domains
by the double mutant c-Src-W118A/R175L clearly reduced ALDH1 levels in either SUM159
or MDA-MB-231 (Figure 2B and Figure S4). Expression of NANOG and Oct3/4 was
reduced in SUM159 cells expressing c-Src-R175L and c-Src-W118A/R175L mutants as com-
pared to the expression of c-Src-wt (Figure 2B and Figure S4). In contrast, in MDA-MB-231,
only the induction of c-Src-W118A/R175L mutant reduced the levels of Oct3/4, while none
of the c-Src mutants altered the expression of NANOG (Figure 2B and Figure S4). Further-
more, the levels of NANOG and Oct3/4 were reduced in SUM159 and MDA-MB-231 cells
following SrcDN expression or suppression of the endogenous c-Src (Figure S3).

Collectively, these results indicate that the SH2-c-Src domain is relevant for renewal of
the enriched population of BCSCs in SUM159 and MDA-MB-231 cells.

2.3. Role of Adapter Domains in Anchorage-Independent Growth

Anchorage-independent growth correlates with cellular tumorigenic and metastatic
potential, a typical feature of in vivo TNBC aggressive phenotype. Thus, we analyzed the
role of the SH2 adapter domain of c-Src in this event by determining cellular growth in
soft agar. In SUM159 cells, induction of the c-Src-R175L mutant did not alter the colony
formation as compared to the wild type. In contrast, mutation of the SH2 and SH3 domains
together appeared to be relevant for colony formation in soft agar, as expression of c-
Src-W118A/R175L significantly reduced the number of colonies in the agar (Figure 3A
and Figure S5). In MDA-MB-231 cells, Doxy induction of either c-Src-R175L or c-Src-
W118A/R175L mutants significantly inhibited soft-agar colony formation, as compared
to c-Src-wt (Figure 3A and Figure S5). Concurrently, these results support the role of the
SH2-c-Src domain in anchorage-independent growth.
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Figure 3. Modulation of anchorage-independent growth and cell proliferation by expression of c-Src variants in SUM159

and MDA-MB-231 cells. (A) Colony formation in soft-agar was employed to determine the effect of c-Src variants expression

in SUM159 and MDA-MB-231 cells in anchorage-independent growth (see Materials and Methods). Each experiment

was measured in triplicates (n = 3) and repeated three times. Results were expressed as the mean ± SD of the number

of colonies/plate, * p < 0.5, ** p < 0.01. (B) Cell proliferation of SUM159 and MDA-MB-231 expressing c-Src variants

was determined by the trypan blue exclusion assay (see Materials and Methods), * p < 0.5, ** p < 0.01, *** p < 0.001.

(C) Quantitative analyses of cell proliferation markers Myc, cyclin D1, and p27 expression by WB in SUM159 and MDA-

MB-231 cells conditionally expressing c-Src variants. Results represented data obtained from three independent WB (n = 3)

using either β-Actin, α-Tubulin, or GAPDH as a loading control expressed as a percentage of the mean ± SD, and were

referred to those obtained from cells expressing c-Src-wt considered as 1. The statistical significance is referred to cells

expressing c-Src-wt, * p < 0.5, *** p < 0.001.
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2.4. c-Src-SH2 Domain Modulates Cellular Proliferation

Several data show the relevance of c-Src in cell proliferation and survival [1]. Therefore,
we evaluated the effect of c-Src variants in SUM159 and MDA-MB-231 cell proliferation.
In SUM159, induction of the c-Src-R175L and c-Src-W118A/R175L significantly reduced
cell proliferation compared to c-Src-wt (Figure 3B). Similar results were obtained in MDA-
MB-231 cells. Nevertheless, the reduction of cell proliferation observed in SUM159 was
higher than in MDA-MB-231, which was modest (Figure 3B). When proliferation was
analyzed considering cells without Doxy-induction as the control (Figure S6), since c-Src-
wt expression did not alter proliferation, we observed similar results to those obtained
considering c-Src-wt as the control. Cell cycle analyses by propidium iodide showed that
in these mutants the number of cells in “Sub-G1” increased, and “G2-M” was reduced
(Figure S7), which may help in understanding the proliferation differences. Analyses
of cell cycle by pulse/chase with BrdU and propidium iodide in SUM159-Tet-On-c-Src-
W118A/R175L showed an increased number of cells in the G1 phase upon induction of
this mutant versus control (Doxy), a reduction of “S”, as well as in “G2/M”. MTT analyses
of these cells showed a 45% reduction of metabolic active cells, which may be related to the
number of viable and proliferating cells [40]. These results agree with those observed here
(Figure 3B). Together, these results suggest that both c-Src-R175L and c-Src-W118A/R175L
variants reduced proliferation with no signs of toxic effects.

We then analyzed by WB the levels of Myc, cyclin D1, and p27kip1 cell cycle mak-
ers (Figure 3C). The functionality of SH2-c-Src domain appeared relevant as induction
of c-Src-R175L and c-Src-W118A/R175L in SUM159 reduced Myc expression. In con-
trast, in MDA-MB-231, no significant variations were detected upon induction of c-Src
variants (Figure 3C). Interestingly, in SUM159 cells, expression of c-Src-R175L and c-Src-
W118A/R715L variants highly induced cyclin D1 (Figure 3C). In MDA-MB-231 cells, while
c-Src-R175L did not modify cyclin D1 levels, the double mutant c-Src-W118A/R175L sig-
nificantly reduced them. When the data were analyzed considering cells without Doxy
induction as the control, the results showed the same tendency (Figure S6). The cyclin D1
gene regulation is complex and it varies between cell lines and experimental conditions. In
rodent cells, it has been reported that Myc induces D1 in some cases while in others, Myc
does not induce or even repress D1 (for review see [41]). Therefore, the downregulation of
Myc observed in SUM159 cells may contribute to the upregulation of cyclin D1.

Furthermore, regarding the cell cycle inhibitor p27Kip1, induction of both c-Src-R175L
and c-Src-W118A/R175L mutants significantly increased its expression in SUM159 and in
MDA-MB-231 (Figure 3C and Figure S6).

These results showed that SUM159 cells seemed to be more sensitive than MDA-MB-
231 to the alteration of SH2-SH3 adapter domain functionality, as demonstrated by the
effects induced by the expression of mutants on cell proliferation and cell cycle marker
levels. Therefore, the kinase activity has an essential role in cell proliferation as the SH2
domain just partially modulates cell proliferation.

2.5. Regulation of Cellular Migration and Invasion by c-Src Adapter Domains

Cell migration is one of the essential steps of the metastatic cascade. We analyzed by
wound-healing assays the effect of c-Src variants expression in SUM159 and MDA-MB-
231 cell migration. In SUM159, Doxy induction of either c-Src -R175L or -W118A/R175L
did not significantly alter migration as compared to c-Src-wt expression, and as shown
by the lack of significant difference in the remaining wound-healing area after 13 h of
migration between the control and the two variants (Figure 4A and Figure S9). When the
analyses were made considering unstimulated c-Src variants (Doxy) as the control, it was
observed that c-Src-wt inhibited cell migration in SUM159, while induced it in MDA-MB-
231 (Figures S8–S10). Nevertheless, the results showed the same tendency as observed
when the c-Src-wt expression was used as the control. However, looking at the recording
videos of migration, we observed abnormal movements of SUM159 cells expressing the
c-Src-W118A/R175L variant. Thus, we further analyzed the migration pattern of individual
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cells at the migration border by tracking the path of single cells. We found that only the
expression of c-Src-W118A/R175L variant in SUM159 cells caused random migration, as
the ratio of Euclidean/Accumulated distances was significantly reduced, while the velocity
of cell migration was increased, as compared to the control (Figure 4A and Figure S9).
Consequently, SUM159 cells expressing the c-Src-W118A/R175L variant did not close the
wound-healing area more or faster than cells expressing c-Src-wt or c-Src-R175L (Figure 4A).
Indeed, they were moving randomly, not all in the direction to close the wound area, and
at higher velocity than the other cells. In MDA-MB-231 cells, mutations affecting the SH2
domain functionality (R175L and W118A/R175L) reduced migration compared to c-Src-wt
(Figure 4A and Figure S9). However, none of these mutations caused random migration in
MDA-MB-231 cells.

The oncogenic potential of c-Src in tumor cells is pleiotropic and controls cytoskeletal-
linked events, such as extracellular matrix-adhesion, migration, and invasion. We previ-
ously showed that the catalytic activity of this proto-oncogene is involved in invasion and
migration [15]. Now, we analyzed whether the SH2 adapter domain of c-Src is involved
in the regulation of SUM159 and MDA-MB-231 cellular invasion. In SUM159, expression
of c-Src-R175L variant inhibited the number of invading cells, while the double SH2/SH3
mutant c-Src-W118A/R175L, was unable to modify the invasiveness of SUM159 cells, as
compared to the c-Src-wt (Figure 4B). In contrast to SUM159, expression of c-Src -R175L
and -W118A/R175L significantly inhibited cell invasion in MDA-MB-231 in comparison
to c-Src-wt (Figure 4B). When the analyses were made considering unstimulated c-Src
variants (Doxy) as the control, it was observed that c-Src-wt did not alter invasiveness in
SUM159, while induced it in MDA-MB-231 (Figure S8). Nevertheless, the results showed
the same tendency as observed when the c-Src-wt expression was used as the control.

The growth factor or integrin stimulation induces Fak autophosphorylation on Y397,
generating a high affinity binding site for the Src SH2 domain [20,21], which in turn phos-
phorylates Fak at several tyrosine residues allowing the activation of multiple signaling
pathways [42]. The association of Src with Fak controls the turnover of focal adhesion
complexes, which are involved in cell motility, migration, and invasion [39]. These pro-
cesses involve the dynamic control of protein associated with focal adhesion complex,
among them, Fak, Paxillin, Caveolin 1, etc., due to, at least in part, their phosphoryla-
tion/activation [16,42,43]. We then analyzed the degree of activation/phosphorylation of
these proteins involved in cell migration and invasion by WB. In SUM159, expression of
c-Src-W118A/R175L increased Caveolin 1 levels (Figure S11A), while only c-Src-R175L

increased pY14-Caveolin 1. Paxillin expression remained constant upon induction of c-Src
variants, albeit pY118-Paxillin/Paxillin augmented in c-Src-R175L expressing SUM159 cells
(Figure S11A). Fak expression was constant, whereas pY397 diminished upon induction
of c-Src-R175L and c-Src-W118A/R175L compared to c-Src-wt. Phosphorylation of Fak at
Y576 was significantly reduced in cells expressing c-Src-R175L, while it was increased by
c-Src-W118A/R175L, as compared to c-Src-wt (Figure S11A). In MDA-MB-231, expression
of Caveolin 1 remained constant for all c-src variants expressing cells (Figure S11B). The mu-
tants c-Src-R175L and c-Src-W118A/R175L have an open conformation, consequently, they
highly increased the activation of Caveolin 1 (Figure S11B). Expression of c-Src mutants
did not alter the levels of Paxillin protein, while the activation of Paxillin (ratio p118Y-
Paxillin/Paxillin) was surprisingly inhibited in MDA-MB-231 expressing c-Src -R175L and
-W118A/R175L, as compared to c-Src-wt (Figure S11B). Fak protein levels were unaltered in
any of the MDA-MB-231 cell lines expressing c-Src variants (Figure S11B). Conversely, Fak
autophosphorylation at Y397 was increased by expression of W118A/R175L. The specific
activity of Fak (pY576-Fak/Fak) was not augmented in all c-Src mutants expressed in MDA-
MB-231 (Figure S11B) as compared to c-Src-wt. When the results of WBs were analyzed
considering non-induced conditions for c-Src variants as the control (Doxy conditions),
the results showed the same tendency (Figures S12 and S13). When all the c-Src variants
expressing SUM159 and MDA-MB-231 cells were analyzed together in a single WB, the
results showed that expression of total c-Src was higher in SUM159 than in MDA-MB-231,
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supporting the data from Figure 1B, as it was observed for total Fak. Changes in pY397-Fak
were not evident in any of the two cell lines. In contrast, phosphorylation of Fak by c-Src
at Y576 increased upon expression of the mutants in both cell lines. However, results
from triplicate experiments (Figures S11–S13) showed inhibition of pY576-Fak in SUM159
expressingc-Src-R175L. Possibly, this discrepancy is due to the fact that the analysis of
Figure S14 represents a single sample, while data from Figures S11 and S12 represented
the average of three different samples. Similarly, while the levels of total Akt practically
unchanged in SUM159 and MDA-MB-231 cells due to the expression of c-Src variants, the
extent of pS473-Akt was increased upon induction of all the c-Src variants (Figure S14).

We have also analyzed the effect of c-Src mutants in the cellular distribution of pY14-
Caveolin 1 and pY418-Src in both SUM159 and MDA-MB-231 cells by confocal microscopy.
In c-Src-wt or in c-Src-R175L expressing SUM159 cells, pY14-Caveolin 1 and pY418-Src
co-localized at the focal adhesion sites (Figure S15), whereas in those expressing c-Src-
W118A/R175L, distribution of pY418-Src did not fully co-localize with pY14-Caveolin 1 at
focal adhesion sites (Figure S15 basal layer, and Figure S15 upper layer). However, if we
focus at higher levels, we find that in both mutant expressing SUM159 cells pY14-Caveolin
and pY418-Src decorated caveolae (spherical structures within the cellular cytoplasm)
(Figure S15).

Confocal microscopy analyses at the basal layer of MDA-MB-231 overexpressing c-Sr-
wt and -R175L showed a distribution of pY14-Caveolin 1/pY418-Src at the adhesion areas.
The intracellular accumulation of pY418-Src was also detected at perinuclear areas. In cells
expressing c-Src-W118A/R175L, the focal adhesion was not clearly displayed (Figure S15).
The distribution of pY14-Caveolin 1/pY418-Src in MDA-MB-231-c-Src-R175L at the upper
layer showed their co-localization at the perinuclear region, and in the cytoplasm where
they decorated some vacuolar structures, as observed in SUM159. Similar to SUM159, in
MDA-MB-231-c-Src-W118A/R175L, the vacuolar structures were also observed but to a
much lesser extent (Figure S15).
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Figure 4. Effect of c-Src variants expression in SUM159 and MDA-MB-231cellular migration and invasion. Migration of cells

was analyzed by wound-healing assays, and tracking analyses (n = 3), as described in Materials and Methods in SUM159

and MDA-MB-231 cells (A). Additionally, tracking analyses of W118A/R175L to determine the cell migration of at least

100 individual cells determine the Accumulated distance, Euclidean, and the Velocity of migration to evaluate the ration

of Euclidean/Accumulated distance that define random migration. (B) The capability of cells to migrate through a layer

of Matrigel was employed to determine cell invasion (see Materials and Methods) in both SUM159 and MDA-MB-231

conditionally expressing c-Src variants. The control value is similar to that in Figure 2. Results of three independent

experiments (n = 3) were expressed as the mean ± SD. The statistical significance is referred to cells expressing c-Src-wt,

* p < 0.5, ** p < 0.01, *** p < 0.001.
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2.6. SH2-c-Src Directed Aptamers Reduced Cell Proliferation

The 14F and 17F aptamers directed to SH2-c-Src were designed and selected as de-
scribed (Materials and Methods, and in the extended methods in Supplementary Infor-
mation). The analyses of aptamers have been referred to the aptamer control (containing
38xAG, see Material and Methods), as in preliminary studies no differences were detected
in cell proliferation of either SUM159 or MDA-MB-231 cells when compared to the trans-
fection of the control (38xAG) and mock (empty transfection) [40]. We then determined the
IC50 concentration for each aptamer in SUM159 and MDA-MB-231 cells by considering
the total number of cells after the treatment with different concentrations of the aptamers
(0, 25, 50, 200, and 500 nM), taking as 0% the concentration of aptamers with no effect
and as 100% the effect at the maximal concentration of the aptamers for each cell line
(see Materials and Methods). The results were graphically represented (Figure 5A). The
IC50 values for 14F (117.1 and 141.7 nM) and 17F (94.3 and 97.0 nM) for SUM159 and
MD-MB-231, respectively, were slightly different. Nevertheless, we decided to perform all
the experiments at 100 nM for each aptamer at both cell lines. We determined the effect of
SH2-c-Src directed aptamers (100 nM) in cell proliferation using the trypan blue exclusion
method, allowing us to evaluate the total number of cells, the dead cells, and the living cells
72 h after transfection. The results showed (Figure 5B) that in both cell lines the number of
dead cells was similar for all aptamers control (aptamer control), 14F and 17F, indicating
that at this concentration they were not cytotoxic (Figure 5B). The 14F and 17F aptamers
reduced the total cell number, as well as the number of viable cells in SUM159, while in
MDA-MB-231 only the 14F caused a significant reduction of total and viable cells, as there
is no significant reduction in viable cells in the MDA-MB-231 cell line with the 17F aptamer.

Then, we analyzed the levels of Myc, cyclin D1, and p27Kip1 in SUM159 and MDA-
MB-231 cells treated with 14F and 17F aptamers. As compared to the aptamer control
considered as 1, these aptamers reduced the expression of Myc and cyclin D1, while they
increased those of p27Kip1 in both SUM159 and MDA-MB-231 cells (Figure S18).
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A 

Figure 5. Dose/response of SH2-c-Src directed aptamers in SUM159 and MDA-MB-231 cells and

evaluation of cell proliferation. (A) Control aptamer (38xAG) and SH2-c-Src directed aptamers 14F

and 17F were transfected at 25, 50, 200, and 500 nM to SUM159 and MDA-MB-231and the IC50 values

were determined as described in Material and Methods (n = 3). (B) Control and SH2-c-Src directed

aptamers 14F and 17F were transfected at 100 nM to either SUM159 or MDA-MB-231 and, 72 h later,

the number of total, dead, and viable cells were determined by the trypan blue exclusion method

(see Materials and Methods). Each experiment was measured in triplicates (n = 3) and repeated three

times. Results were expressed as a percentage of the mean ± SD, * p < 0.5, ** p < 0.01, *** p < 0.001.

2.7. Role of 14F and 17F in Cell Migration and Invasion

As cell migration and invasion are steps required for TNBC metastasis, we evaluated
the relevance of the SH2 -c-Src domain in the regulation of these events by blocking its
functionality in SUM159 and MDA-MB-231. We first observed that MDA-MB-231 cells
migrated significantly less than SUM159, as the wound area after 13 h of migration was
bigger. In either of the cell lines, the aptamers significantly reduced migration, as both 14F
and 17F had a bigger wound area at the end of the experiments compared to the control
(Figure 6A, Figures S16 and S17).
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Figure 6. Role of SH2-c-Src directed aptamers in SUM159 and MDA-MB-231 cells to evaluate cellular

migration and invasion. Wild type SUM159 and MDA-MB-231 cells were transfected with either

control, 14F or 17F aptamers at 100 nM and cell migration (A) and invasion (B) were determined

as described in Materials and Methods. Each experiment was measured in triplicates (n = 3) and

repeated three times. Results were expressed as a percentage of the mean ± SD, * p < 0.5, ** p < 0.01.

As for cell invasion, while only the 17F aptamer clearly reduced invasiveness in
SUM159 cells, both 14F and 17F inhibited cell invasion of MDA-MB-231 cells (Figure 6B).
We analyzed the effects of 14F and 17F aptamers on the expression of c-Src, pY418-
Src/C-Src, Fak, pY397-Fak, Caveolin 1, pY14-Caveolin 1/Caveolin 1, Paxillin, and pY118-
Paxillin/Paxillin in both SUM159 and MDA-MB-231 cells by WB considering the aptamer
control as 1. In SUM159 and MDA-MB-231 cells, expression of c-Src and the activated
form were unmodified, as also observed for Fak and auto-phosphorylated (Figure S18).
In contrast, Caveolin 1 levels were reduced by aptamer 14F and increased by aptamer
17F, whereas pY14-Caveolin 1/Caveolin 1 was reduced by both aptamers in SUM159, but
not in MDA-MB-231. Paxillin levels were unaltered by either of these aptamers, although
the pY118-Paxillin/Paxillin ratio was significantly reduced by both 14F and 17F in both
SUM159 and MDA-MB-231 cells (Figure S18). These results are different to those observed
in Figure S11, as employing aptamers were blocking the functionality of the SH2 domain
(Figure S18), while through the other experimental approach the induction of expression of
c-Src variants was achieved.

Considering that migration and invasion are required for the metastatic process, these
results support the experiments carried out with the conditional expression of c-Src variants
and indicated that the SH2 domain is relevant for c-Src functionality.
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3. Discussion

The SFKs control many signaling pathways involved in the regulation of several
cellular processes. Thus, the deregulation of their functionality is associated with tumors,
including breast cancer [1,7,44]. Here, we studied the relevance of the SH2 adapter domain
of c-Src in two TNBC cell lines SUM159 and MDA-MB-231. Several scientific reports
showed that, even though the two cell lines share several common characteristics, as both
are considered Basal-Mesenchymal TNBC cell lines with a spindle phenotype, SUM159
(primary breast adenocarcinoma) has mutations in HRAS and PIK3CA (https://web.
expasy.org/cellosaurus/CVCL_5423), while MDA-MB-231 (pleural effusion) has deletions
in p14ARF, p16, and CDKN2, and mutations in the KRAS, BRAF, and TERT promoter
(https://web.expasy.org/cellosaurus/CVCL_0062), supporting the heterogeneity observed
in TNBC [12,45–48].

Our analyses of SFKs expression in SUM159 and MDA-MB-231 cells showed that
c-Src, Fyn, and Lyn A were expressed at higher levels in SUM159 than in MDA-MB-231,
while the opposite occurred for Lyn B and Yes.

To determine the relevance of the SH2-c-Src domain we followed two independent and
complementary approaches, the conditional expression of c-Src variants with inactivating
point mutations affecting SH2 functionality (R175L, W118A/R175L), and the transfection of
two different aptamers directed to the SH2-c-Src domain, that interacted and then blocked
the SH2-c-Src function in SUM159 and MDA-MB-231

It is well established that c-Src increased its expression/activity as the tumor pro-
gresses [1,5,7]. Our results also indicated that the c-Src played a relevant role in the renewal
of the enriched population of BCSCs. The role of Src in the maintenance of these cells
was previously observed in MCF7 [38], and here in SUM159 and MDA-MB-231 cells by
the conditional expression of the dominant negative form of c-Src (SrcDN), as well as in
MDA-MB-231 that conditionally have c-Src suppressed. Indirectly, expression of miR205 in
SUM159, which inhibits SFKs members expression, suppressed SUM159 BCSCs renewal
and stem cell markers [37]. Moreover, selective inhibitors of SFKs tyrosine-kinase activ-
ity also have an inhibitory effect in BCSCs renewal. In SUM159, resistant to paclitaxel,
Dasatinib causes epithelial differentiation and enhances sensitization to paclitaxel, and a
combination of both compounds reduces stem cell renewal and synergizes to diminish the
viability of paclitaxel-resistant SUM159 cells [49]. In high-grade serous ovarian cancer cells,
co-treatment of Saracatinib (SFKs inhibitor, AZD0530) and selumetinib (MEK inhibitor,
AZD6244) reduced SFE and ALDH1 positive cells and, in vivo the loss of tumor-initiating
cells following serial tumor xenografting [50]. Our results showed that the inactivating
mutation of the SH2 and SH3 domains R175L and W118A/R175L significantly reduced
BCSCs renewal in both cell lines, supporting the relevance of the adapter domains in
the renewal of the tumor initiating cells. In primary PDAC cultures, established from
patient-derived xenografts with Dasatinib or PP2 reduced the clonogenic, self-renewal,
and tumor-initiating capacity of PaCSCs, which we attribute to the downregulation of key
signaling factors such as p-FAK, p-ERK1-2, and p-AKT [51].

The anchorage-independent growth, which characterized tumor cells, showed the
discrepancy between SUM159 and MDA-MB-231 cells. While in SUM159 cells only the
suppression of both SH2 and SH3 functionality reduced it, in MDA-MB-231 cells, both c-
Src-R175L and c-Src-W188A/R175L diminished colony formation in soft-agar as compared
to c-Src-wt. Suppression of endogenous c-Src in MDA-MB-231 cells significantly reduced
anchorage-independent growth [16]. Likewise, specifically silencing c-Src and not Yes or
Fyn inhibited soft-agar colony formation in MDA-MB-231, MDA-MB-436, and SKBR3 [52].
Furthermore, SFKs catalytic activity inhibition or stable transfection of catalytically inactive
c-Src into MDAMB-468 and MCF7 reduced the colony formation ability [53]. In addition,
inhibition of SFKs expression by miR205 in SUM159 significantly diminished the anchorage-
independent growth [37]. Inhibitors of SFKs catalytic activity such as Dasatinib inhibits
soft-agar colony formation in BxPC3 and PANC1 pancreatic cancer cells [54]. Therefore, the

61



Cancers 2021, 13, 462

SH2-c-Src domain appeared relevant for MDA-MB-231 breast cancer cells in the anchorage-
independent growth.

Cell proliferation was also influenced by SH2 functionality, as it was reduced upon
induced expression of c-Src-R175L and c-Src-W118A/R175L variants as compared to
c-Src-wt, as it was Myc expression in SUM159. On the contrary, we observed that in MDA-
MB-231, inhibition of cell proliferation was not linked to alteration in the levels of Myc.
Inhibition of SFKs tyrosine-kinase activity clearly blocks cell proliferation in MDA-MB-231
cells [15]. Interestingly, while Myc expression was reduced, cyclin D1 increased in response
to the expression of c-Src-R175L and c-src-W118A/R175L in SUM159 cells. In this context,
in rodent cells, it has been reported that Myc induces D1 in some cases, while in others,
Myc does not induce or even repress D1, supporting the concept of the complex regulation
of cyclin D1 gene (for review see [41]). Thus, the downregulation of Myc observed in
SUM159 cells may contribute to the upregulation of cyclin D1.

Numerous studies show that the catalytic activity of SFKs is important for migration
and invasion of tumor cells [6,15,16,22,55–57]. Induction of Fak autophosphorylation by
the growth factor or by integrins facilitates its interaction with the SH2 domain of c-Src,
opening c-Src conformation and, consequently, increasing its tyrosine kinase activity. Then,
c-Src phosphorylates Fak at other sides, and facilitates the interaction/activation of other
signaling molecules [1,7,20,21]. The complex Src/Fak phosphorylates/activates several
focal adhesion proteins involved in migration and invasion [16,39,42,43]. In addition, our
results showed that the SH2-c-Src domain was also relevant for modulation of invasion
in both TNBC cell lines. Interestingly, they also revealed in SUM159 cells that altering the
functionality of both SH2 and SH3 c-Src domains (c-Src-W118A/R175L variant) caused
migration to occur in a random manner, as cells had high motility but they did not close
the wound healing area. In HT1080 fibrosarcoma, overexpression of PEAK1 kinase, which
is phosphorylated/activated at Y665 by SFKs, causes random migration and elevates cell
invasion [58]. Consistently, in SUM159 cells, increased migration was associated with the
activation of focal adhesion proteins caveolin1, paxillin, and Fak which were increased
by overexpression of c-Src-W118A/R175L variant. In contrast, the c-Src-R175L reduced
pY576-Fak/Fak. Confocal-microscopy analyses of the cellular distribution of activated Src
(pY418-Src) and caveolin 1 (pY14-Caveolin 1) in SUM159 cells expressing the c-Src-R175L
mutant at the basal layer showed their colocalization at the focal adhesion sites, as observed
in SUM159-c-Src-wt. Interestingly, at the upper layer of analyses both c-Src -R175L and
-W118A/R175L variants showed co-decoration of caveolae-like structures as compared
to c-Src-wt. As mentioned above, SUM159 and MDA-MB-231 cells though they share a
good number of common properties, also show some differences. Nevertheless, results
showed that the SH2-c-Src domain played an important functional role in SUM159 and
MDA-MB-231 TNBC cells.

To support these data, we approached this study by a different and complementary
method. We designed two different aptamers directed to interact with the SH2-c-Src
domain. The results showed that at a dose around the IC50 concentration both aptamers
significantly inhibited the proliferation of SUM159 and MDA-MB-231, without inducing
apoptosis, as the number of dead cells was unaltered. In agreement with these observations,
the expression of Myc and cyclin D1 were reduced, while p27Kip1 levels were augmented.
As observed for cells expressing c-Src-R175L, these aptamers inhibited migration and
invasion in both TNBC cells. The aptamers design to bind to MNK1, which controls
the eIF4E function by phosphorylation, significantly inhibits proliferation and migration
of MDA-MB-231 [30]. The AS1411 aptamer directed to nucleolin induces blc-2 mRNA
instability, reduces cell growth by causing cytotoxicity in MCF7 and MDA-MB-231 [59].
This aptamer has been tested in different tumors including glioma, renal cell carcinoma [31].

The results obtained indicated that the functionality of SH2-c-Src domain is important
for the potential tumorigenicity of SUM159 and MDA-MB-231 cells as the inactivating
point-mutation of this domain inhibited the biological functions required for the TNBC
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cell. Similarly, aptamers directed to the SH2-c-Src domain also significantly reduced the
performance of these TNBC cells.

4. Materials and Methods

4.1. Antibodies and Reagents

Table S1 contains the antibody information. The chemical reagents and enzymes used
were of analytical grade and purchased from Thermo-Fisher (Waltham, MA, USA), Roche
(Basel, Switzerland), Corning (Merck, Darmstadt, Germany), PeproTech (London, UK),
PAA Laboratories GmbH (Cölbe, Germany), Bio-Rad (Hercules, CA, USA), GE Healthcare
and Sigma-Aldrich/Merck (Merck, Darmstadt, Germany).

4.2. Cell Lines and Culture

MDA-MB-231 (HTB-26) was from ATCC, and SUM159PT (CVCL-5423) [60] was
provided by Dr. G. Dontu [61]. Cell lines were mycoplasma free and authenticated by the
short-tandem-repeat analysis (GenePrintR 10 System from Promega (Madison, WI, USA),
and GeneMapper v3.7 STR profile analysis software, Life Technologies, Carlsbad, CA,
USA) (see Supplementary Information). Profiles were checked against public databases
ATCC and DSMZ. MDA-MB-231 was maintained in DMEM, 5% FCS, 2 mM glutamine,
100 IU/mL penicillin, and 100 µg/mL streptomycin. SUM159 was cultured in Ham’s F12,
5% FCS, 5 µg/mL insulin, 1 µg/mL hydrocortisone, 2 mM glutamine, 100 IU/mL penicillin,
and 100 µg/mL streptomycin.

Generation of SUM159PT-Tet-On-c-Src- and MDA-MB-231-Tet-On-c-Src -wt, -R175L,
- and -W118A/R175L, was carried out as described [16], and grown in the presence of
3 µg/mL blasticidin, 100 µg/mL zeocin to maintain the plasmid selection of cells expressing
c-Src-wt and c-Src-R175L or with 3 µg/mL blasticidin, 3 µg/mL hygromycin for the
selection of cell expressing c-Src-W118A/R175L.

The wild type (wt) and c-Src variants used in these experiments were from a chicken
origin [1,4,19]. The BLASTp comparative analysis of c-Src protein sequences between
Homo Sapiens (Protein Accession Number: P12931.3) and Gallus-Gallus (Protein Accession:
P00523.4) resulted in over 94% identity at the amino acid sequences [33]. Since the EC10
mouse monoclonal antibody (Millipore, #05-185) specifically recognizes chicken c-Src, it
was possible to determine c-Src variants in the presence of the endogenous human c-Src of
SUM159 and MDA-MB-231 cells.

4.3. Mammosphere Cultures

Single cell suspensions of adherent cultures were plated in 6-well ultralow attachment
plates (Falcon, Corning Life Science, Merck, Darmstadt, Germany) at 2 × 103 cells/well.
Mammosphere cultures were maintained in serum-free DMEM/F12 media (1:1), B27 (1:50),
EGF (20 ng/mL) and bFGF (20 ng/mL), insulin (5 µg/mL), hydrocortisone (5 µg/mL).
After 10 days, cells were pipetted up and down to eliminate cellular aggregates and
mammospheres (sphere-like structures with diameter ≥ 50 µm) were clearly detected by
the optical phase contrast microscope (Nikon-Eclipse TS100, 4× magnification). Cultures
were then trypsinized to induce mammosphere dissociation to single cells, which were
seeded again for mammosphere formation. The experiment ended at the third generation
of mammosphere formation. Sphere forming efficiency (SFE) was then calculated as the
number of spheres formed per number of seeded cells and expressed as % means ± SD, as
described [37,38].

4.4. Anchorage-Independent Growth

Cells were resuspended in a warmed solution of 0.3% agarose in a complete medium
and seeded at 105 cells/60 mm dishes with a bottom layer of 0.5% agarose. Cells were re-fed
every 72 h with a complete medium (300 µL/dish). At the 10-day growth, plates were stained
with 0.5 mL of 0.005% crystal violet/water for 1 h and colonies with diameter ≥ 0.1 mm from
4–5 fields/plate were counted, as described [37].
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4.5. Cell Proliferation

Cell proliferation was evaluated by counting viable cells performing a Trypan blue
(Sigma-Aldrich) exclusion assay. Cells were seeded at 3 × 105 cells/60 mm dishes, 72 h
later they were trypsinized, cells were pelleted and resuspended in a culture medium,
mixed with a 0.4% Trypan blue/PBS solution (1:1), loaded on a hemocytometer, and Trypan
blue-negative (viable cells) and Trypan blue-positive cells (dead cells) were counted.

4.6. Cell Migration

Cells were seeded in a complete medium in a 6-well plate and grown to confluence.
The monolayer was scratched with a 200 µL micropipette tip, and washed with a fresh
medium to remove floating cells. A complete medium was added to the cultures, and
photomicrographs were taken every 30 min with a Microscope Cell Observer Z1 system
(Carl Zeiss AG) equipped with a controlled environment chamber and Camera Cascade
1 k to monitor the wound closure. Migration was quantified using the wound-healing tool
ImageJ, as described [15,37]. Tracking of cell migration was carried out in 100 cells/assay
using the “manual-tracking” from the ImageJ program together with the “chemotaxis and
migration tool”.

4.7. Invasion Assay

Invasiveness was determined as described [15]. Briefly, cells were seeded in a serum-
free medium on the upper chamber of cell culture inserts of 24-well plates (8 µm-pore PET
membranes, BD) coated with MatrigelTM (5 × 104/well/200 µL). The lower chamber was
filled with 600 µL of 20% FBS; 22 h later, after removing the cells on top of the inserts, those
on the lower surface were fixed with methanol, nuclei stained with DAPI, and mounted
on slides with a Prolong antifade-reagent. Filters were observed with a Plan 20×/0.50
objective of an axiophot fluorescence microscope (Zeiss, Oberkochen, Germany) equipped
with an Olympus DP70 digital camera. DAPI-stained nuclei were counted.

4.8. Western Blot Analysis

Cell lysates preparation and Western Blot (WB) analyses were carried out, as previ-
ously described [37]. Briefly, cells were lysed at 4 ◦C with a lysis buffer (10 mM Tris–HCl
(pH 7.6), 50 mM NaCl, 30 mM sodium pyrophosphate, 5 mM EDTA, 5 mM EGTA, 0.1% SDS,
1% Triton X-100, 50 mM NaF, 0.1 mM Na3VO4, 1 mM PMSF, 1 mM benzamidine, 1 mM
iodoacetamide, and 1 mM phenantroline). Cell lysates were obtained by centrifugation at
21,380× g for 30 min at 4 ◦C; the protein concentration in the supernatant was determined
by the BCA protein assay (Pierce, Rockford, IL, USA), and lysates were adjusted to equiv-
alent concentrations with a lysis buffer. Aliquots of 30 µg of total cell lysates were then
separated on SDS–PAGE. Proteins were transferred to PVDF membranes that were blocked
1 h at room temperature with 5% non-fat milk in TTBS (TBS with 0.05% Tween-20) or 5%
BSA in TTBS for phosphoproteins. Incubation with primary specific antibodies was carried
out overnight at 4 ◦C, and horseradish peroxidase-conjugated secondary antibodies in a
blocking solution for 1 h at room temperature. Immunoreactive bands were visualized by
the ECL kit.

4.9. Aptamers Design and Selection

The SH2 and SH3 domains of c-Src cloned into GST [62] and expressed in E. coli
were purified from the soluble fraction by glutathione-resin affinity chromatography
(Genescript, Piscataway, NJ, USA) as described [30]. Aptamers selection, cloning and
sequencing, and secondary ssDNA structure prediction, as well as an enzyme-linked
oligonucleotide assay (ELONA) methodology was previously described [30]. The ap-
tamers employed were: 1. Control containing 38xAG, as described [30]; ApSH2.F14:
GCGGATGAAGACTGGTGTAGACAATGGATACTCCCGCCACCTCCTCCCCCG CCCC-
CCCGCCCTAAATACGAGCAAC; ApSH2.17F: GCGGATGAAGACTGGTGTGCGGTGGT
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GGGTTGGGTGGGTGGGTTTGCGGGTTGCGTTGGCCCTAAATACGAGCAAC. Please
see the extended method in the Supplementary Information for details.

4.10. Aptamers Transfection and IC50

SUM159 and MDA-MB-231 cells were seeded in 24 multi-well plates (104 cells/well/
500 µL) in their corresponding culture media without antibiotics; 24 h later, cells were washed
twice with their serum and antibiotic-free corresponding media. Then, the cells were incubated
in 400 µL of culture media without antibiotics and 100 µL of the transfection mixture: 1. 0.25,
0.5, 2, or 5 µL of each aptamer, corresponding to 25, 50, 200, or 500 nM, in 49.75, 49.5, 48, or
45 µL of culture media; 2. 1.25 µL of DharmaFECT-4 (Thermo-Scientific) in 48.75 µL culture of
media, following the manufacturer’s manual; 8 h later, the cells were extensively washed with
a culture media without antibiotics, then incubated for an additional 40 h and then analyzed
as previously described in the cell proliferation assay section. The IC50 for each aptamer
was determined considering the total number of SUM159 or MDA-MB-231 cells after the
treatment with different concentrations of the aptamers. To this end, the untreated cells were
considered as 0% (without effect) and 100% the effect at the maximal concentration of the
aptamers for each cell line. Then, the obtained data were graphically represented employing
the mathematical formula for the logarithmic trendline calculated with Excel to obtain the
IC50 for each aptamer. Then, the IC50 values of each aptamer were used to determine their
effects in cell proliferation, migration, and invasion of SUM159 and MDA-MB-231 cells, as
previously described.

4.11. Statistical Analyses

Mean values, standard deviation, and statistical significance between data from the
two different experimental conditions (±Doxy) were determined by the two-tail Student
t-test. Data were normalized to the activity of the c-Src-wt variant for each cellular assay.

5. Conclusions

Our results conclude that the SH2-c-Src domain functionality is relevant for the poten-
tial tumorigenicity of SUM159 and MDA-MB-231, as the inducible expression of c-Src with
the unfunctional SH2-c-Src domain inhibited the renewal of the enriched BCSCs cells, as well
as other relevant functionalities in these TNBC cells. Similarly, the aptamers directed to the
SH2-c-Src domain also significantly reduced the performance of these TNBC cells. Therefore,
using a combination of SH2-c-Src functional inhibitors with those directed to the tyrosine
kinase activity should be able to fully block the c-Src functionality and, consequently, could
be therapeutically effective in the breast cancer treatment. Furthermore, as c-Src is also
involved in other types of tumors (pancreas, colorectal, lung, etc.) [1,7,18,43,63,64], our
results could eventually be extrapolated to these other pathologies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072

-6694/13/3/462/s1. 1. Supplementary Materials and Methods: 1. Purification and selection of

aptamers for the SH2 domain of c-Src (extended method); 2. Immunofluorescence by lasers-canning

confocal microscopy; 2. Supplementary Figures: Figure S1: Analyses of sphere formation efficiency

(SFE); Figure S2: Images of mammospheres of SUM159 and MDA-MB-231 cells expressing c-Src

variants; Figure S3: Effect of conditional expression of SrcDN in SUM159 and MDA-MB-231 cells

or suppression of endogenous c-Src in MDA-MB-231 on SFE; Figure S4: Western blot analyses of

ALDH1, NANOG, and Oct3-4 from mammospheres of SUM159 and MDA-MB-231 cells expressing

c-Src variants; Figure S5: Soft-agar colonies from SUM159 and MDA-MB-231 cells expressing c-Src

variants; Figure S6: Analyses of cell proliferation and Myc, cyclin D1, and p27Kip1 in Sum159

and MDA-MB-231 cells expressing c-Src variants, considering—Doxy conditions as the control;

Figure S7: Cell cycle analyses of SUM159 and MDA-MB-231 cells expressing c-Src variants; Figure S8:

Migration and invasion data of SUM159 and MDA-MB-231 cells expressing c-Src variants; Figure S9:

Kinetics curves of wound-healing assays of SUM159 and MDA-MB-231 cells expressing c-Src variants;

Figure S10: Representative images of wound-healing assays of SUM159 and MDA-MB-231 cells

expressing c-Src variants; Figure S11: Expression and activation of Caveolin 1, Paxillin, and Fak
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in SUM159 and MDA-MB-231 cells expressing c-Src variants. Referred to c-Src-wt as the control;

Figure S12: Expression and activation of Caveolin 1, Paxillin, and Fak in SUM159 and MDA-MB-231

cells expressing c-Src variants. Referred to—Doxy as the control; Figure S13: Representative WB

analyses of expression and activation of Caveolin 1, Paxillin, and Fak from the total cell extract from

SUM159 and MDA-MB-231 cells expressing c-Src variants; Figure S14: Western Blot analyses of

total c-Src, Fak, phosphorylated pY397-Fak, pY576-Fak, and Akt and phosphorylated pS473-Akt

from SUM159 and MDA-MB-231 cells expressing c-Src variants; Figure S15: Confocal scanning

microscopy analyses of pY14-Caveolin 1 and pY418-Src localization in SUM159 and MDA-MB-231

cells expressing c-Src variants; Figure S16: Kinetics curves of wound-healing assays of SUM159

and MDA-MB-231 cells treated with aptamers 14F and 17F; Figure S17: Representative images

of wound-healing assays of SUM159 and MDA-MB-231 cells treated with aptamers 14F and 17F;

Figure S18: Analyses by WB of expression of proliferation markers Myc, Cyclin D1, p27Kip1, and of

migration Caveolin 1, Paxillin, and Fak in SUM159 and MDA-MB-231 cells treated with aptamers;

Table S1: Detailed information for antibodies used in this work. Authentication of SUM159PT and

MDA-MB-231 cell lines by short-tandem-repeat analyses. Uncropped gels of Figures 1–4, S3, S7, S8,

S9, S12, S13.
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Simple Summary: Aggressive neuroblastoma (NB) is one of the most common pediatric cancers and

causes a disproportionate mortality among affected children. A better knowledge about the biology

of this tumor is needed to be able to provide new treatments and prognostic tools. Protein kinases are

one of the best targets for molecular cancer treatment, as we are potentially able to produce inhibitors

that abrogate its activity. In this study we have identified that the human protein kinase VRK1 is

associated with tumor aggressiveness and patient survival in NB. We have characterized the function

of VRK1 in NB tumor cells and determined that VRK1 is an essential mediator of NB cell proliferation.

We also study the relationship between VRK1 and the oncogene MYCN, the best-known marker for

NB progression to date. Our work suggests that VRK1 synergize with MYCN to drive NB progression

and that VRK1 inhibition may constitute a novel cell-cycle-targeted strategy for anticancer therapy

in neuroblastoma.

Abstract: Neuroblastoma (NB) is one of the most common pediatric cancers and presents a poor

survival rate in affected children. Current pretreatment risk assessment relies on a few known

molecular parameters, like the amplification of the oncogene MYCN. However, a better molecular

knowledge about the aggressive progression of the disease is needed to provide new therapeutical

targets and prognostic markers and to improve patients’ outcomes. The human protein kinase

VRK1 phosphorylates various signaling molecules and transcription factors to regulate cell cycle

progression and other processes in physiological and pathological situations. Using neuroblastoma

tumor expression data, tissue microarrays from fresh human samples and patient-derived xenografts

(PDXs), we have determined that VRK1 kinase expression stratifies patients according to tumor

aggressiveness and survival, allowing the identification of patients with worse outcome among

intermediate risk. VRK1 associates with cell cycle signaling pathways in NB and its downregulation

abrogates cell proliferation in vitro and in vivo. Through the analysis of ChIP-seq and methylation

data from NB tumors, we show that VRK1 is a MYCN gene target, however VRK1 correlates with
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NB aggressiveness independently of MYCN gene amplification, synergizing with the oncogene

to drive NB progression. Our study also suggests that VRK1 inhibition may constitute a novel

cell-cycle-targeted strategy for anticancer therapy in neuroblastoma.

Keywords: neuroblastoma; high-risk; VRK1; proliferation; MYCN; tumorigenesis

1. Introduction

Neuroblastoma is a pediatric solid tumor with embryonic origin derived from sympathoadrenal

precursors of the neural crest [1]. It is the most common type of cancer diagnosed during the first

year of life and the most frequent extracranial solid tumor in children [2]. Neuroblastoma is clinically

characterized by a great heterogeneity, with patients presenting extensive metastasis and with frequent

relapses. This cancer displays an event-free survival below 50% [3]. At the cellular level, intratumoral

heterogeneity has emerged as a hallmark for these tumors, with presence of cell populations that

differ in their differentiation status, proliferative potential and response to treatment [4,5]. Aggressive

neuroblastomas are incurable to date, reflecting the pressing need for a better understanding of the

cellular and molecular mechanisms that mediate aggressiveness, relapse and metastasis, in order to

elucidate new and better prognostic markers and therapeutic targets.

Although neuroblastomas can occur in familial contexts, most cases arise sporadically.

Few recurrent alterations in common oncogenes or tumor suppressors have been identified. Among

those, the oncogene MYCN is amplified in about 20–30% of all tumors, being associated with

poor prognosis [6]. Many aggressive tumors however do not harbor MYCN amplification [7]. It is

believed that many of the changes leading to neuroblastoma initiation and progression are aberrant

epigenetic events affecting transcriptional programs, probably linked to processes occurring during

sympathoadrenal development from the neural crest [8,9].

Vaccinia-related kinase 1 (VRK1) is a member of a ser/thr kinase family that phosphorylates

various molecules and transcription factors implicated in chromatin condensation, DNA repair and

cell cycle progression [10–12]. VRK1 acts in some context as a chromatin remodelling enzyme, as

it is known to phosphorylate several histones, affecting their acetylation and methylation status,

and influencing gene transcription, DNA damage response and cell cycle [11,13]. A physiological role

for VRK1 has been described in fetal tissues, for example during uterine development or embryonic

development of the hematopoietic system [14,15]. VRK1 is also highly expressed in spermatogonia

stem cells, being essential for spermatogonia cell maintenance [16].

VRK1 activity has been also associated with pathological situations. Genetic variants of VRK1

have been linked to diverse neurodegenerative disorders [17,18]. High VRK1 expression has been

associated with poor prognosis in various cancers like head and neck [19], lung carcinomas [20] or

hepatocellular carcinomas [21,22]. Furthermore, it is known that high VRK1 protein levels confer a

stronger resistance to treatment in breast [23] and lung cancer [24]. The possible implication of VRK1

in neuroblastoma or other pediatric cancers is unknown. However, the VRK1 gene has been suggested

as a potential transcriptional target for the oncoprotein MYCN [25].

Given the evidence linking VRK1 to tumor progression and the connection with MYCN, we decided

to analyze the contribution of this protein to neuroblastoma cell biology, focusing on its pathological

significance and prognostic value. We demonstrate that VRK1 is highly expressed in high-grade

neuroblastoma and is associated with proliferation and dedifferentiation in tumor cells. Functional

experiments show that VRK1 is essential for NB cell proliferation and tumor progression, and thus

could be a new target for neuroblastoma treatment. Despite being a target of MYCN transcription

factor, VRK1 is a marker of tumor progression and malignancy independent of MYCN expression.

The expression of VRK1 can serve as a prognostic factor for MYCN nonamplified tumors with malignant

progression or to stratify intermediate grade patients with uncertain outcome.

72



Cancers 2020, 12, 3465

2. Results

2.1. VRK1 Expression Correlates with Aggressiveness in Neuroblastoma Tumors

To elucidate the possible implication of VRK1 in NB tumors, we explored the expression of

VRK1 in several cohorts of human NB patient tumor samples, using expression data from public

databases. VRK1 is highly expressed in the International Neuroblastoma Staging System (INSS) stage

4 NB compared with normal adrenal tissue, and significant differences can be observed between more

aggressive neuroblastoma stages (stages 3 and 4) and more benign ones (Stages 1, 2 and 4S) (Figure 1a

and Figure S1a).

Figure 1. VRK1 mRNA expression correlates with neuroblastoma (NB) progression in patient tumor

samples. (a–c) VRK1 expression in patient tumor samples of all stages separated by the International

Neuroblastoma Staging System (INSS) stage a, the International Neuroblastoma Risk Group Staging

System (INRGSS) risk b or histology c. GSE62564 and GSE3446 datasets used; (d) Kaplan curve showing

overall survival probability from patients stratified according to VRK1 expression (GSE62564); (e–g)

stage 3 patient tumor samples separated by risk (e) histology (f) or outcome (g). GSE62564 and GSE3446

datasets used; (h–j) Kaplan curve showing overall survival probability from stage 3 patients (h) stage

3 MYCN nonamplified patients (i) or low/intermediate risk patients (j) stratified according to VRK1

expression (GSE62564). Number of samples shown in brackets. *: p < 0.05; ***: p < 0.001.

High VRK1 expression levels were also able to significantly stratify patients with high-risk,

unfavorable histology, poor survival and worse outcome (Figure 1b–d and Figure S1b), indicating

a strong correlation between VRK1 expression and NB unfavorable prognosis and aggressiveness.

Same results were obtained with all patient datasets tested. A proportion of patients classified at

diagnosis as INSS Stage 3 present progression of the disease later on. Strategies to stratify these
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patients early on would be beneficial to anticipate treatment. VRK1 expression alone could identify,

among INSS stage 3 patients, those with high-risk, unfavorable histology, worse outcome and low

survival probability, indicating the potential of VRK1 expression as a prognostic factor (Figure 1e–h).

High VRK1 expression is also indicative of worse survival probability among the patients with stage

3 tumors without MYCN amplification and among low- and intermediate-risk patients (Figure 1i,j).

VRK1 expression also identifies patients with worse survival when classified into age at diagnosis

groups, including groups in which it would be important to find new prognostic markers to identify

patients with tumor progression, such as the ones diagnosed before 12 months of age (Figure S1c).

In addition to mRNA expression, VRK1 protein detection by immunohistochemistry on our

own collection of 36 human neuroblastoma tumor samples shows high VRK1 expression in M stage

tumors and patient-derived xenografts (PDXs) derived from high-grade NB patients, compared to L1

tumors (Figure 2a). Interestingly, we observed a decrease in VRK1 expression in samples obtained after

treatment, when compared to the ones obtained at diagnosis, but high VRK1 expression on samples

from patients with relapses and worse outcome (Figure S1d).

Figure 2. VRK1 protein expression in NB samples and cells. (a) Immunohistochemistry showing VRK1

expression in examples of NB tumor patient samples from the indicated International Neuroblastoma

Risk Group Staging System (INRGSS) stages (top row) or patient-derived xenografts (PDXs) samples

(bottom row), from our in-house collection. Scale bars: 60 µM. (b) Western blot showing VRK1

expression in cell lysates from different NB cell lines or PDX-derived cells. In red, MYCN-amplified

cell lines. In green, nonamplified cell lines. (c) Immunofluorescence showing VRK1 expression (red) in

NB cell lines. Nuclear staining is shown in blue. Scale bar: 60 µM.
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We finally analyzed VRK1 protein levels in a panel of commonly used neuroblastoma cell lines

and primary PDX-derived cells. VRK1 expression was variable among the cell lines and does not seem

to correlate with MYCN amplification, but the kinase was expressed in all neuroblastoma cell lines and

PDX samples tested (Figure 2b,c). We decided to perform functional studies in SK-N-SH and IMR-32

cell lines, with similar levels of VRK1, a moderate expression and different MYCN-amplification status.

2.2. VRK1 is Associated with NB Tumor Cell Proliferation

A role for VRK1 in the control of cell division has been proposed in cells from diverse origin [12].

To analyze the specific implication of VRK1 in neuroblastoma tumors, we first took an indirect approach

in which, using different human neuroblastoma expression datasets, we analyzed the function of

genes whose expression were significantly correlated to the one of VRK1 across the samples, creating a

VRK1-high-expression signature (Figure 3a and Table S4). A signaling pathway analysis performed

with these genes showed a significant enrichment in pathways related to cell cycle, DNA replication,

DNA repair and differentiation. There was a strong positive correlation in NB tumors and PDX-derived

cells between VRK1 expression and the expression of the proliferation marker Ki67, as well as the

mitotic index in the tumors, observed both by mRNA and immunohistochemistry (Figure 3b–d).

VRK1 is an essential gene in many cellular contexts, and a total abrogation of VRK1 expression

has been shown to be detrimental for cells [15,26]. Therefore, we used transient siRNA transfection to

partially reduce the expression of VRK1 in neuroblastoma cells and study the functional consequences.

VRK1 downregulation in NB cells by specific siRNA diminishes cell division, observed as a significant

reduction in cell culture confluency, cell viability and cycling Ki67-positive cells (Figure 3e,f).

Competition assays performed with SK-N-SH cells labeled either with Green Fluorescent Protein (GFP)

or Red fluorescent Protein (RFP), and depleting VRK1 with siRNA only in one of the two populations,

showed an enrichment in cells transfected with control siRNA after 96 h in culture (Figure S2a).

Single-cell clonogenic proliferation assays also showed an NB cell proliferation dependence on VRK1

(Figure S2b). Cell cycle and apoptosis analysis by FACS showed that cells depleted of VRK1 do not

experience an increase in apoptosis (Figure S3).

All together, these functional assays demonstrate an important role for VRK1 in NB

cell proliferation. Concordant with this, transient and moderate VRK1 knockdown induces a

downregulation of cell cycle progression protein levels, such as cyclin D1 or mdm2, and an increase in

cell cycle suppressors like p 53 and its target p 21 (Figure 3g). Interestingly, the downregulation of

VRK1 also provokes a drop in MYCN protein expression.

2.3. VRK1 Downregulation Impairs Neuroblastoma Tumorigenesis in a Xenograft Model

Given the association of VRK1 with malignancy, we investigated whether VRK1 depletion on

neuroblastoma cells would impact tumor progression. Neuroblastoma cells were treated with siRNA

against VRK1 or with control siRNA before xenograft transplantation on recipient immunocompromised

mice (Figure 4). Tumor onset was delayed on mice injected with VRK1-depleted cells, and resulting

tumors in these mice were significantly smaller. A histological analysis showed that tumors grown

from VRK1-RNAi-treated cells were less proliferative. Surprisingly, depletion of VRK1 with siRNA is

transitory and tumors were collected after 8 weeks, indicating that VRK1 downregulation is somehow

maintained in tumors and might have a profound and long-lasting influence on tumor establishment

and growth.
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Figure 3. VRK1 associates with neuroblastoma tumor cell proliferation. (a) Representative genes

correlated with VRK1 expression across NB sample datasets and their associated pathways. p values

for signaling Gene Expression Omnibus (GEO) terms are shown; (b), mRNA expression correlation

between VRK1 and Ki67 in human NB tumors (GSE45547); (c) immunohistochemical detection of the

proliferation marker Ki67 and VRK1 in serial sections of NB patient samples. Representative negative

(left) and positive (right) cases have been selected. Quantifications show correlation between VRK1

protein expression and Ki67 expression or mitotic-karyorrhexis index (MKI) per sample. Number of

samples per group shown in brackets; (d) immunofluorescence staining showing a VRK1 and Ki67

cellular staining in a PDX tumor sample. Scale bar: 250 µM; (e) immunofluorescence staining and

quantification of Ki67-positive cells in NB cell lines after 96 h transfection with either VRK1 or control

siRNAs. Nuclei are counterstained with DAPI. Scale bar: 100 µM. ** p < 0.01; * p < 0.05; (f) Viability of

NB cells after VRK1 downregulation by siRNA. *** p < 0.001; (g) Western blot analysis showing the

levels of the indicated proteins after transient VRK1 downregulation. Quantification of representative

blots shown. Note average 50% reduction in VRK1 expression.
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Figure 4. VRK1 downregulation impairs neuroblastoma tumorigenesis in a xenograft model. (a) Volume

of tumors in mice collected after flank injection with SK-N-SH cells 24 h after transfection with either

VRK1 or control siRNA; (b) Immunohistochemical staining showing VRK1 and Ki67 protein expression

in representative tumors from each condition. Percentage of positive cells are shown. Scale bars: 60 µM.

2.4. VRK1 Associates with Neuroblastoma Progression Independently of MYCN Amplification

We have previously seen that VRK1 expression strongly correlates with aggressiveness in

neuroblastoma tumors. VRK1 expression is also significantly higher in MYCN-amplified versus

nonamplified neuroblastoma tumors (Figure 5a). However, the correlation of VRK1 expression

with malignant traits was still maintained when only the MYCN nonamplified tumors were

analyzed (Figure 5b). This indicates that, despite the possible relationship between VRK1 and MYCN,

VRK1 expression strongly correlates with neuroblastoma unfavorable prognosis and aggressiveness

independently of the MYCN amplification status.

We decided to further explore the connection between MYCN transcription factor and VRK1 in

neuroblastoma. Amplification of MYCN in neuroblastoma tumors correlates with high VRK1 gene

expression and aggressiveness, although the levels of VRK1 do not correlate with the levels of MYCN

expression in nonamplified tumors (Figure 5c). In neuroblastoma PDX tissues, all MYCN-positive cells

showed expression of VRK1 (Figure 5d). These could be explained because VRK1 has been identified as a

MYCN transcriptional target with an E-box MYCN response element in the gene promoter [25]. Analysis

of VRK1 gene promoter methylation status in an NB tumor panel shows a region, downstream of the

VRK1 transcription start site, that is hypomethylated in high-risk tumors with MYCN amplification

and is defined by a single CpG probe (cg26685539, mean methylation difference 0.2 (b), q < 0.001))

(Figure 6a, Table S5). According to MYCN ChIP-seq data from three neuroblastoma cell lines (Be(2)-C,

Kelly and NGP), this region does not map to the uniformly hypomethylated MYCN-binding site,

and possibly indicates the binding of additional transcription factors or coactivators. Significant

negative correlation between cg26685539 methylation and VRK1 expression indicates the presence of a

promoter downstream correlated region (pdCR) [27] with high potential for VRK1 gene transcription

regulation (Figure 6b). This opens the possibility to synergistic actions regulating cell proliferation in

neuroblastoma cells. MYCN-amplified neuroblastoma cell lines are more sensitive to VRK1 inhibition

than cells with no MYCN amplification, reinforcing this possibility (Figure 6c).
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Figure 5. VRK1 associates with neuroblastoma progression independently of MYCN amplification.

(a) Expression of VRK1 in MYCN-amplified or MYCN nonamplified NB tumors (GSE45547); (b) VRK1

expression on patient tumor samples without MYCN amplification separated by INSS stage (GSE45547),

risk, histology, outcome (GSE62564) or mitotic-karyorrhexis index (MKI) (GSE3446). Kaplan curves

show overall survival probability from patients stratified according to VRK1 expression (GSE45547).

Number of samples shown in brackets. ***: p < 0.001; (c) two gene (VRK1 and MYCN) expression

analyses in tumor samples (dataset GSE49710). Number of samples in each INSS stage are shown and

separated by colors; (d) immunofluorescence showing MYCN and VRK1 staining in a representative

PDX sample.
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Figure 6. VRK1 promoter is hypomethylated in MYCN-amplified NB tumors. (a) Graphic representation

of the VRK1 gene promoter region and colour-coded methylation levels on 16 regional CpG probes

across 105 NB tumor samples. The MYCN binding site according to MYCN ChIP-seq in neuroblastoma

cell lines Be(2)-C, Kelly and NGP is depicted in green with exemplary Be(2)-C MYCN ChIP-seq signal

at the top. cg2668539 probe is shown in red; (b) Correlation between VRK1 expression and the

methylation of the probe cg26685539 in NB tumors. Each dot represents a patient sample and is colored

code according to MYCN gene expression; (c) MYCN status-dependent sensitivity (RSA) for VRK1

knockdown in 9 NB cell lines. Negative RSA values indicate viability reduction upon knockdown.

3. Discussion

Recurrent mutations or alterations in known oncogenes are not common in neuroblastoma. High

MYCN expression occurs in about 20% of neuroblastoma and is a clear indication of bad prognosis.

MYCN gene amplification confers a high probability of aggressive disease and metastasis [28]. However,

there is still a proportion of NBs with poor survival but no clear molecular prognosis indicator at

diagnosis or therapeutic target. We have shown that VRK1 kinase is highly expressed in NBs of high

grade and poor survival, providing a potential new gene target with therapeutic value.

Our gene expression and ontology analysis predicts that VRK1 expression is associated in

neuroblastoma tumors with signaling pathways involved in cell cycle regulation, DNA replication or

DNA repair. VRK1 has been described as a proliferation control protein in human fibroblasts and in

some cancers like head and neck or myeloma [19,29,30]. We have identified that VRK1 is associated

with cell proliferation in NB tumor cells and that it is an essential gene controlling cell division in these

tumors. VRK1 expression downregulation associates with cell cycle arrest, observed by a reduction of

cyclin D1 and MDM2 and an increase of p 53 and p 21, while no increase in apoptosis was observed.
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These indicate a possible cancer type-dependent action of VRK1, as higher apoptotic activity was

detected in esophageal squamous cell carcinoma cells after VRK1 downregulation [22]. We found

that VRK1 expression in NB also associates with genes belonging to signaling pathways related to

differentiation. Given the importance of sympatoadrenal differentiation for the origin and development

of NB, it would be interesting to study a possible role of VRK1 in this phenomenon.

A complete abrogation of VRK1 expression has been shown to be deleterious in cells and during

development [15,18]. These have posed difficulties for the generation of knockout mice models or the

use of CRISPR-Cas9 to study VRK1 biology. Surprisingly, a transient and partial reduction of VRK1

expression in NB cells was enough to significantly impaired tumor growth in a xenograft mouse model.

Moreover, a sustained reduction in VRK1 expression in tumor cells in vivo could be observed long

after transfection. It is possible that VRK1 downregulation elicits a long-lasting epigenetic effect on NB

tumor cells or that a high VRK1 expression is needed for the successful establishment of the tumor in

the initial steps. VRK1 is known to induce epigenetic changes in chromatin by histone phosphorylation

and acetylation modulation [23,31]. We cannot rule out an influence of the tumor microenvironment

on VRK1 expression and the proliferative potential of NB cells, not triggered in the case of tumor

establishment with VRK1 knockdown cells. In any case, this could place VRK1 as an essential gene

for NB progression, suggesting a possible use of transient inhibition of VRK1 for the treatment of NB.

So far, we lack compounds to specifically inhibit the VRK family of proteins, but different efforts are

underway to produce potent and specific inhibitors [11,32].

Interestingly, VRK1 expression alone stratified patients originally diagnosed as intermediate risk

or INSS stage 3, allowing the identification of patients with worse outcome. Although most stage

3 patients respond well to therapy and become disease free, about 10-15% of them do not respond

adequately to current treatments, many of them but not all, corresponding to patients with MYCN

amplified tumors. VRK1 expression, together with known prognostic factors, might contribute to a

better and more precise stratification of intermediate risk patients. Further studies with bigger cohorts,

especially in the case of stage 3 MYCN non-amplified tumors, could finally help to determine the

potential use of VRK1 expression in the clinic.

VRK1 expression significantly correlates with malignancy in NB patient tumors, even in tumors

without MYCN amplification, suggesting that VRK1 might be an indicative of poor survival,

independent of MYCN status. We have observed a significantly higher expression of VRK1 gene

in MYCN amplified tumors, although the correlation with MYCN gene expression disappears in

tumors without amplification. The VRK1 gene promoter contains an E-BOX MYCN response sequence,

and ChipSeq data from NB cells confirms MYCN binding to the VRK1 gene. Interestingly, VRK1

downregulation seems to also affect MYCN expression, raising the possibility of a regulatory feedback

loop, similar to the one occurring between VRK1 and other regulators, like p 53 [33]. Both VRK1

and MYCN proteins could be cooperating in NB progression, although VRK1 gene expression does

not seem to be entirely dependent on MYCN transcriptional activation. Interestingly, high levels of

MYCN in MYCN-amplified tumors are associated with a specific epigenetic landscape in the VRK1

gene, characterized by hypomethylation of a region downstream of the promoter, which correlates

with high expression of the kinase. This opens up the possibility for the presence of a new unknown

transcription factor collaborating with MYCN to further activate VRK1 in MYCN-amplified NB

tumors. MYCN-amplified tumor cells seem to be dependent on VRK1 expression for its exacerbated

proliferation, raising the possibility of using VRK1 inhibitors for NB treatment as an alternative to

MYCN targeting. Furthermore, the use of VRK1 inhibitors in combination with BET bromodomain

domain inhibitors, with action against MYCN transcriptional activity, might also be a promising

option [34,35].
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4. Materials and Methods

4.1. Human Tumor Gene Expression and Methylation Analysis

VRK1 gene expression analysis was performed with the use of the R2: Genomics Analysis and

Visualization Platform (Available on: http://r2.amc.nl; Academic Medical Centre, Amsterdam) and

GEO Datasets (Gene Expression Omnibus; NCBI: National Centre for Biotechnology Information,

Bethesda, MD, USA). Patient cohort datasets used are summarized in Table S1. Tumors on these

datasets are clinically classified following the International Neuroblastoma Staging System (INSS) [36],

classifying tumors in growing degree of aggressiveness into stages 1, 2, 3 or 4. 4S is a special metastatic

benign stage. Risk information on these patient samples according to the INRG stratification system is

also used [37]. Gene ontology and pathway analysis were performed with the help of the Reactome

Pathway Database (Available on: https://reactome.org).

VRK1 gene promoter region methylation analysis by Illumina HumanMethylation450 BeadChip

was performed with data from [38]. Differential DNA methylation was performed applying the

dmpFinder function of the minfi R package with limits q-val < 0.05 and mean methylation difference

> 0.1 (beta value). MYCN ChIP-seq data from neuroblastoma cell lines was derived from GEO ID

GSE80154 [39].

4.2. Cell Culture and siRNA Transfection

The human NB cell lines SK-N-SH, SK-N-DZ and IMR-32 were obtained from the EACC (Salisbury,

UK) and grown at 37 ◦C in 5% CO2 in Dulbecco’s Modified Eagle Medium (GIBCO) + 10% fetal

bovine serum (FBS). CHLA20 and CHLA-255 NB cell lines were obtained from the COG Cell Line

and Xenograft Repository (Texas Tech University Health Sciences Center, Lubbock, TX, USA) and

were grown in IMDM media (GIBCO) + 15%FBS and 1 × ITS (5 µg/mL insulin, 5 µg/mL transferrin y

5 ng/mL selenic acid). All media was supplemented with 2 mM glutamine (GIBCO BRL, Gaithersburg,

MD, USA), 100 U/mL of penicillin and 100 µg/mL of streptomycin. Cell lines expressing fluorescent

proteins were generated by transfection and selection with the corresponding vectors (pEGFPN1 and

pERFPN1 from Clontech, Mountain View, CA, USA). NB39T and NB48T PDX primary cell lines were

derived from freshly obtained tumors and have been described previously [5].

Two siRNAs targeting VRK1 (named siVRK1(02) and siVRK1(03), respectively) and

a control siRNAs (named siControl) were obtained from Dharmacon (Thermo Scientific,

Waltham, MA, USA). Transient transfections were performed using Lipofectamine 2000

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions with final siRNAs

concentration of 100 nM. Knock down of the protein was checked and assays performed 72 h

post-transfection, unless indicated otherwise. The sequences of VRK1 siRNAs and control

siRNAs were: siVRK1(02) (CAAGGAACCUGGUGUUGAA; UUCAACACCAGGUUCCUUG),

siVRK1(03) (GGAAUGGAAAGUAGGAUUA; UAAUCCUACUUUCCAUUCC), siControl-ontarget

plus#4 (UGGUUUACAUGUUUUCCUA; UAGGAAAACAUGUAAACCA).

For NB cell line sensitivity to VRK1 knockdown, data from the DRIVE data portal was collected [40].

4.3. Western Blot and Cellular Assays

Western blot analysis was performed from cell lysates using the following antibodies: mouse

anti-VRK1 (1F6) (1:1000, #3307, Cell Signaling Technology, Danvers, MA, USA), mouse anti-Cyclin D1

(1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-MDM2 (1:500, R&D Systems),

rabbit anti-p 21 (1:500, Abcam), mouse anti-Nestin (1:500, R&D Systems), mouse anti-MYCN (1:500,

Millipore, Burlington, MA, USA), mouse anti-α-Tubulin (1:5000, Sigma) and rabbit anti-GAPDH

(1:5000, Trevigen, Gaithersburg, MD, USA).

Cell viability was measured with the use of AlamarBlue reagent (Thermo Scientific, Waltham,

MA, USA) 96 h post-transfection, following recommended instructions.
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For clone formation assays, cells were transfected with siRNA as described and after 72 h 5 × 104

cells per well were seeded on a 6-well plate and grown for 7 days before pictures of the cell clones

formed were taken under the microscope.

Apoptosis assay was performed with the Phycoerythrin (PE) AnnexinV Apoptosis Detection

kit (BD Pharmigen, San Diego, CA, USA). The original Western blot figures can be found in the

Supplementary Materials (Figure S4).

4.4. Tumor Xenografts

6–8 weeks-old CB-17 SCID mice were acquired from Harlan Laboratories. Each mouse was

injected in the right flank with 4 × 105 SK-N-SH, 24 h after transfection with the corresponding

siRNAs. Efficiency of knock-down was demonstrated in parallel. After 8 weeks, all mice were

sacrificed humanely and tumors excised and measured. Tissue samples were included in paraffin for

immunohistochemical analysis.

The generation and maintenance of PDXs was described previously [5]. Four different generated

PDXs were used (Table S2). PDX tumor samples were obtained and treated similarly than xenograft.

4.5. Immunofluorescence and Immunohistochemistry

For immunofluorescence, cells or frozen sections were fixed with 4% paraformaldehyde,

permeabilized with 0.2% Triton X-100 in PBS, blocked with 1% BSA in PBS and incubated with

the corresponding antibodies. The following antibodies were used: rabbit anti-VRK1 (1:500, Sigma,

San Luis, MO, USA), rabbit anti-Ki67 (1:500, Thermo Scientific, Waltham, MA, USA), mouse

anti-MYCN (1:500, Millipore, Burlington, MA, USA). Nuclei were stained with DAPI (Life Technologies,

Carlsbad, CA, USA; 1:1000). Secondary antibodies used were Alexa488-donkey-anti-mouse-IgG and

Alexa568-goat-anti-rabbit-IgG (Life Technologies, Carlsbad, CA, USA; 1:1000). Images were obtained

with an epifluorescence microscope (Olympus BX-61, IX-71 or Nikon TiE2000). Images were analyzed

with ImageJ software (National Institutes of Health, Bethesda, WA, USA) and Cell Profiler [41].

Immunohistochemical detection in patient samples was performed using a cohort of 31 primary

paraffin-embedded neuroblastoma cancer tissue sections, placed in duplicate on a tissue microarray

(TMA) (Table S3) or PDXs. Tumors on the TMA were clinically classified into the more recent

International Neuroblastoma Risk Groups staging system (INRGSS), dividing patients into L1, L2,

M or MS stages [42]. For immunohistochemistry staining, paraffin-embedded sections were obtained

from tissues, hydrated, treated for antigen retrieval with citrate buffer (pH 6) and incubated with the

corresponding antibodies. Vectastain ABC kit and DAB peroxidase substrate kit (Vector Laboratories,

Burlingame, CA, USA) were used following recommended procedures. Consecutive sections were

used when appropriate. Antibodies used were rabbit anti VRK1 (Sigma, San Luis, MO, USA; 1:500)

and rabbit anti Ki67 (Thermo Scientific, Waltham, MA, USA; 1:500). Secondary antibodies used

were biotinylated-conjugated anti-mouse and biotinylated-conjugated anti-rabbit (Vector Laboratories

Burlingame, CA, USA; 1:1000). Pathologists scored the samples using a scale that combines the

percentage of positive cells and the intensity of the reaction product [43].

4.6. Statistical Analysis

Statistical analysis was performed on R2 genomics platform or Graphpad Prism software. One-way

(two-way on grouped differentiation data) analysis of variance ANOVA or the unpaired t-test were

used for statistical analysis. Results were assumed significant when p < 0.05. Fisher’s exact test was

used for the analysis of positive and negative tumor samples. In gene expression analysis plots, box

and whiskers graphs show median, 10–90 percentiles and outliers as dots. Scan was used to identify

Kaplan survival curves cutoff, and p-values are Bonferroni corrected. Bar graphs show average ± SEM

in all cases. Number of measurements or samples (n) is indicated in each case.
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4.7. Ethics Approval and Consent to Participate

All animal experiments were conducted according to procedures approved by the Ethics Committee

from the University of Seville (CEEA_US2014-012) and complying with all animal use guidelines.

Fresh neuroblastoma tumor samples were managed and obtained from the Andalusian tissue Biobank

(Andalusian Public Health System Biobank and ISCIII-Red de Biobancos PT13/0010/0056, Seville, Spain)

after informed consent was obtained from subjects’ guardians following all established regulations.

Clinical information on patient cohorts is available for research use and has been anonymized.

5. Conclusions

Overall, our findings identify VRK1 as an essential protein for NB cell proliferation, and establish

a complex relationship and possible collaboration with the MYCN oncogene driving NB progression.
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Simple Summary: Glioblastoma is one of the most aggressive central nervous system tumors.

Combinations of therapies, such as tyrosine kinase receptor inhibition and boron neutron capture

therapy (BNCT), could offer greater patients benefits over single-therapies. The aim of our study

was to assess the potential of sunitinib-carborane hybrid compound 1 as an anti-glioblastoma agent.

We confirmed for 1 the ability to inhibit tyrosine kinase receptors, which could promote canonical and

non-canonical effects, absence of mutagenicity, ability to cross the blood–brain barrier, and powerful

in vivo anti-glioblastoma activity. The overall attractive profile of 1 makes it an interesting compound

for a bimodal therapeutic strategy against high grade gliomas.

Abstract: Malignant gliomas are the most common malignant and aggressive primary brain tumors

in adults, the prognosis being—especially for glioblastomas—extremely poor. There are no effective

treatments yet. However, tyrosine kinase receptor (TKR) inhibitors and boron neutron capture

therapy (BNCT), together, have been proposed as future therapeutic strategies. In this sense in our

ongoing project of developing new anti-glioblastoma drugs, we identified a sunitinib-carborane

hybrid agent, 1, with both in vitro selective cytotoxicity and excellent BNCT-behavior. Consequently,

we studied the ability of compound 1 to inhibit TKRs, its promotion of cellular death processes,

and its effects on the cell cycle. Moreover, we analyzed some relevant drug-like properties of

1, i.e., mutagenicity and ability to cross the blood–brain barrier. These results encouraged us to

perform an in vivo anti-glioblastoma proof of concept assay. It turned out to be a selective FLT3, KIT,

and PDGFR-β inhibitor and increased the apoptotic glioma-cell numbers and arrested sub-G1-phase

cell cycle. Its in vivo activity in immunosuppressed mice bearing U87 MG human glioblastoma

evidenced excellent anti-tumor behavior.

Cancers 2020, 12, 3423; doi:10.3390/cancers12113423 www.mdpi.com/journal/cancers87
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1. Introduction

Even though glioblastoma is one of the most frequent and aggressive adult primary central nervous

system tumors, with no more than two years of survival in a low percentage (3–5%) group of patients [1],

there are still no adequate therapeutic strategies. Some studied therapeutic tools include surgery,

chemotherapy, boron neutron capture therapy (BNCT), radiotherapy, tumor treating fields therapy,

photodynamic therapy, and combined strategies. Regarding chemotherapy, the first-line drug is the

alkylating agent temozolomide (Tmz, Figure 1) which shows clear disadvantages, drug resistance in

patients [2] being the most relevant. As second-line chemotherapeutics, tyrosine kinase receptors (TKRs)

inhibitors have been used [3–5], i.e., vascular endothelial growth factor (VEGF) receptor (VEGFR1

and 2) inhibitors. In this sense, the anti-tumor and anti-angiogenic agent sunitinib (Sun, Figure 1)

inhibits VEGFR1, 2, and 3, PDGFR-α and β, KIT, FLT3, RET, and CSF1R [6]. It was studied on a

preclinical neuroendocrine tumor model, thereby displaying a reduction in the glioma cells’ invasive

capacity [6–8]. Nevertheless, it has not been active in newly diagnosed glioblastoma patients [9] and in

a single-arm phase II trial Sun displayed minimal anti-glioblastoma activity with high toxicity [10].

On the other hand, as an alternative therapeutic approach, BNCT emerges as an opportunity to

treat high-grade gliomas [11]. The BNCT therapy occurs when cells accumulating 10B are irradiated

with thermal neutrons to produce 4He and 7Li. [11,12] The resulting energy is about 100 million times

more than was put in. The generated radiation destroys malignant cells containing the boron compound

(approximately 109 atoms of 10B/cell) and results in a therapeutic effect. Thus, highly boron-enriched

molecules with an adequate vector might allow the selective delivery of a consistent amount of boron to

the tumor without loading healthy cells. The fact that new irradiation facilities are becoming accessible

at hospitals due to the recent advances in particles technology [13,14] and in medical imaging and in

computing [15–17], makes radiotherapies such as BNCT a feasible choice for cancer medical therapy

that may work especially well for tumors, which are resistant to chemotherapy and conventional

radiotherapy. All these indications foresee BNCT as an accessible leading-edge technology.

Figure 1. Chemical structures of glioblastoma drug temozolomide (Tmz); some relevant tyrosine

kinase receptor inhibitors, sunitinib (Sun), erlotinib (Erl), and lapatinib (Lap); and a previous hybrid

TKI–boron cluster [18–22].

For an efficient BNCT, a 10B containing drug that accumulates selectively into target cells is

necessary. Regarding this subject, we have previously investigated and developed hybrid agents that

provide dual therapeutic actions (chemotherapy plus BNCT), i.e., tyrosine kinase receptor inhibitors
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such as chemotherapeutics and boron clusters, as BNCT agents. The substructures derived of the

TKRs inhibitors, which were combined with icosahedral boron clusters for potential use in BNCT,

are sunitinib (Sun, Figure 1), erlotinib (Erl, Figure 1), and lapatinib (Lap, Figure 1) [18–22].

Moving to the workflow of our investigation, herein we describe some studies on compound

1 that allow us to think that it could be used as an anti-glioblastoma drug using combined therapies.

We first examined its in vitro ability to inhibit 468 human protein kinases, the kind of cellular death

triggered in glioblastoma cells and in a simulated tumor microenvironment, i.e., glioma cells-astrocytes,

and the effects on the cell cycle for both kinds of cells. Secondly, we analyzed some relevant drug-like

properties of 1, such as mutagenicity and the ability to cross the blood–brain barrier. Based on the

good results obtained in the previous experiments, thirdly we performed an in vivo proof of concept

of compound 1 as an anti-glioblastoma agent, using an immunosuppressed mouse bearing U87 MG

human glioblastoma.

2. Results

Recently, we designed a series of hybrid compounds (Figure 2), which combine substructures

derived from Sun and icosahedral boron clusters [22], to be tested as bifunctional-boron-cluster-based

compounds with relevant activities in cells expressing tyrosine kinase proteins. The substituent

at the C-3-indol system and the indolin-2-one motive are important for effective kinase inhibition

by Sun. Both structural characteristics play relevant roles in protein-binding processes [9,23–25].

Moreover, the substituent at the C-3-indol system influences the compound solubility too [23,24].

The icosahedral boron-cluster C2B10H12 isomers (ortho, meta, and para) are white solids that rank among

the most chemically and biologically stable molecular compounds known. Icosahedral carboranes

are hydrophobic [26] and have an icosahedral shape with a depth of about 0.5 nm and a volume

similar to the one of benzene in rotation with twice the number of atoms [27]. Carboranes display 3D

aromaticity [28,29]. Furthermore, the inorganic 3D neutral C2B10H12 clusters and their derivatives

can produce hydrogen and dihydrogen bonds C-H· · ·X and B-H· · ·H-X (X = N, C, O, and S [30,31])

and B-H· · ·π and C-H· · ·π hydrogen bonds [32]. The unique rigid and spherical form of the carborane

cluster plus the possibility it offers to produce these weak intramolecular interactions could provide

extra beneficial interactions with target receptors. Consequently, in the new hybrid compounds

(Sun+ boron-cluster), the carborane cage could be located in the target-pocket exploring unique regions

of chemical space , i.e., in the Sun indolin-2-one region, establishing extra-interactions with kinases that

cannot be achieved with purely organic compounds [22]. Two types of substructures—(i) flexible and

polar backbones (methyl-1,2,3-triazolylalkyl moieties), and (ii) a rigid and hydrophobic system

(2-propynylphenylmethyl linker)—have been selected as connectors between indolin-2-one system

and carborane clusters. Moreover, three different icosahedral boron clusters were selected to

introduce chemical diversity into the target: the neutral o and m-carboranes, and the anionic

cobaltabis(dicarbollide). The designed hybrid compounds, 1 and 4–11, carrying the tyrosine kinase

receptor inhibitors plus the boron cluster moiety, were synthesized as shown in the Supplementary

Material (Figure S1). Figure 2 displays the formulae of the synthesized Sun-icosahedral boron

cluster hybrids.

Further, the in vitro activity of the bifunctional-boron-cluster-based compounds (1, 4–11)

against different tyrosine kinase-overexpressing tumor cells HT-29, C6, and U98 MG, was evaluated

(see Table S1) [22]. Hybrid 1 was the most active against U87 MG glioblastoma cells of the full

Sun-boron-cluster-based compound (1, 4–11) series and was at least four times more active than the

parent Sun. Table 1 summarizes the in vitro activity of the parent Sun, Erl, and Lap tyrosine kinase

receptor inhibitors and the most active compounds of each family of hybrids compounds derived

from these TKRs inhibitors. The incorporation of boron cluster resulted in hybrid compounds, such as

carboranes 1–3 (Figure 1), with enhanced in vitro activity against TKR-overexpressing cells with respect

to the corresponding parents [18–22]. In these studies, compound 1 stood out, especially against
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glioma cells, compared to Erl and Lap derivatives, i.e., 2 and 3, and compared to the rest of the Sun

derivatives (Table 1, Table S1).

Figure 2. Representation of Sun-icosahedral boron cluster hybrids [22].

Table 1. In vitro activity of the most relevant hybrid TKI–boron clusters and the corresponding parent

compounds against different TKR-overexpressing tumor cells, U87 MG, C6, and HT-29.

Compound IC50,U87 MG(µM) 1,2 IC50,C6(µM) 1,2 IC50,HT-29 (µM) 1,2 References

1 8.0 ± 0.3 6.9 ± 0.5
<6.25 (0.45 ±

0.04%)
[22]

Sun 32 ± 4 36 ± 10 6.25 ± 0.04 [18,20]
2 70 ± 5 30 ± 5 25.0 ± 5.0 [18,20]

Erl 63 ± 5 >100 >100 3 [18,20]
3 10.0 ± 0.2 11.8 ± 0.4 >100 (73 ± 6) [21]

Lap 54 ± 14 >100 (89 ± 5) 6.25 ± 0.05 [21]

1 Concentrations, in µM, required to inhibit the cellular growth by 50%. They were determined from dose–response
curves, and represent the mean ± SD. All experiments were repeated at least three times. 2 Values in parentheses are
the percentages of cell survival at 100 µM. 3 Higher doses than 100 µM could not be evaluated due to solubility
problems. The colors in the cells show the level of activity in each studied cell (green: highest activity; yellow:
intermediate activity; pink: lowest activity).

Later, the potential use as a BNCT agent was checked using compound 1 as the model compound

(Table S2). When compound 1 was incubated on F98-glioma cells the boron accumulation increased

with time, reaching its maximum (6 µg of B/mg protein) after 4 h of incubation, while the amount of

boron on astrocytes decreased, the ratio of glioma/astrocyte being 2.12 at that time.

2.1. Kinases’ Binding Affinity for Compound 1

The previously evidenced relationship between the lipophilicity and cellular-toxicity of the

studied carboranes [22] made us think that, beyond the aspect related to the process of crossing

the cell membrane, mechanistically the interaction with a bio-receptor could be involved in the

activity. Consequently, in order to inquire the tyrosine kinase inhibition ability of compound 1, it was

extensively profiled in a high-throughput competition-binding assay against a panel of 468 kinases

(KINOMEscan®) at 10 µM. It demonstrated high inhibitory activity against 33 out of the 468 analyzed

bio-targets (Figure 3, Table 2, Table S3), with a final selectivity score, or “S,” of 0.04. This result is highly
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relevant as most tumors can circumvent the inhibition of a specific kinase either by de novo resistance,

which refers to the failure of drugs to produce any detectable response after initial treatment, or by

acquired resistance [33].

Figure 3. Selectivity profile of compound 1 against 468 protein kinases. Relative binding

affinities are indicated by red circles in a phylogenetic kinome tree for wild-type enzymes

(left) and atypical/mutant/lipo/pathogen variants (right). The sizes of the red circles are proportional to

the strength of the binding; the larger circles indicate higher affinity. A total of 33 of the best interactions

with binding levels 35% greater than the control (red circles) at a fixed 10 ìM concentration of test

compound were mapped. Selectivity factor (S), S35 = 0.04. Image generated using TREEspot™ Software

Tool and reprinted with permission from KINOMEscan®, a division of DiscoveRx Corporation,

© DiscoveRx Corporation 2010.

Table 2. Primary screening results 1 of KINOMEScan assay for compound 1, at 10 µM, for the most

inhibited TKRs.

DiscoveRx Gene Symbol Entrez Gene Symbol Percent of Remaining Enzymatic Activity 2

PDGFR-α PDGFRA 2.6
PDGFR-β PDGFRB 0.05

FLT1 3 FLT1 14
FLT3 FLT3 2.1

FLT3(D835V) FLT3 0.1
FLT3(ITD) FLT3 2.3

FLT3(ITD,D835V) FLT3 0.55
FLT3(ITD,F691L) FLT3 0

KIT KIT 0.25
KIT(V559D) KIT 0.45

KIT(V559D,T670I) KIT 1.4

1 Assay performed by DiscoveRx. 2 With respect to untreated tyrosine kinase receptor. 3 Included in order to
compare with other FLTs.

Like Sun [6], compound 1 displays inhibition capacity against FLT3, PDGFR-α and β, KIT, CSF1R

(classified as type III receptor tyrosine kinase), and VEGFR2 (Table 2). Specifically, the best inhibition

ability of 1 was against the FMS-like tyrosine kinase 3 (FLT3) internal tandem duplication mutation of

the gatekeeper residue F691 (FLT3-ITD, F691L) involved in acute myeloid leukemia, among others [34].

Secondly, 1 inhibited in a good manner PDGFRs (especially PDGFR-β) and the mutations that occur in

the exon 11 of the KIT gene, which encodes the juxta-membrane domain (V559D and L576P) (Table S3)

involved, for example, in gastrointestinal stromal tumors [35].

Compound 1 is a multi-tyrosine-kinase inhibitor, but unlike Sun, with a “S” score of

0.57 (Figure S2) [36], it is selective against the aforementioned bio-systems. Additionally, 1 displays
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lower inhibition of AMP-activated protein kinase (AMPK) and ribosomal S6 kinase RSK1 than Sun

at the assayed dose (near to 15% and lower than 17%, respectively, of inhibition at 10 µM; Table S3).

Sun cardiotoxicity could be the result of the AMPK and RSK1 inhibitions (IC50,Sun,AMPK = 0.32 µM,

IC50,Sun,RSK1 = 0.36 µM) [37,38]; consequently, we would expect that compound 1 does not display this

off-target secondary effect of tyrosine kinase inhibitors.

To confirm it, compound 1 was challenged directly against the isolated FLT3 and PDGFR-β

receptors; using the ADP-Glo kinase assay system, we observed IC50 values of 3.1 and 2.1 µM,

respectively. These results are consistent with the dose used for the KINOMEscan®assay (Figure S3).

2.2. Effect of Compound 1 on Co-Cultures of Tumor Cells and Normal Astrocytes

U87 MG cells, stained with PKH26 dye, were co-cultured with neonatal murine astrocytes

to resemble the cellular environment of a developing brain tumor. This system was incubated

with compound 1 or Sun or dimethylsulfoxide (DMSO) as a control (vehicle-treated cells) at the

corresponding IC50 doses against U87 MG for 24 h [22]. Very different behavior was observed by

confocal microscopy among the studied 1 and Sun and the control (DMSO) (Figure 4). As expected,

PKH26 dye revealed a decrease of U87 MG population upon 1 or Sun treatment when compared to

the control. Additionally, GFAP staining, which highlights astrocyte activation [39,40], indicated that

the population of these tumor-associated astrocytes was observed mainly in the cells incubated with

Sun, and in a lower level, in the control, but astrocyte activation was not observed in the co-culture'

cells treated with compound 1. Accordingly, it was concluded that astrocytes become reactive by

the action of Sun but not by sunitinib-carborane hybrid 1. These results highlighted the particular

biological behavior of compound 1 against the astrocytes–glioma cells system. Finally, DAPI nuclei

staining showed for both Sun and 1 treatments, chromatin condensation, which could be associated

with the onset of apoptosis.

Figure 4. Effect of compound 1 on co-cultures of astrocytes with U87 MG tumor cells. Confocal images

showing the co-culture of U87 MG cells (PKH26) and mouse neonatal reactive astrocytes (GFAP).

The nucleuses were stained with DAPI. Co-cultured cells were treated at IC50,U87 MG doses of Sun or

compound 1 or with DMSO as a control, for 24 h. Scale bar: 20 µm.
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2.3. Study of Cellular Death Mechanism Triggered by Compound 1

To confirm the kind of cell death promoted by compound 1 in U87 MG cells and in U87 MG

co-cultured with astrocytes, mitochondrial membrane potential change studies and phosphatidylserine

exposure analysis, respectively, were performed. The results showed that compound 1 produced cell

death of U87 MG tumor cells via apoptotic mechanism given the 4 h of contact at IC50 dose (Figure 5a).

Additionally, it was observed that in co-cultured experiments (mixed of U87 MG and astrocytes)

compound 1, at IC50 dose (8.0 µM), significantly increased the percentage of U87 MG cells undergoing

early apoptosis from 17% to 63% and the percentage of cells undergoing late apoptosis from 4% to 34%

with respect to control samples (Figure 5b,c). Consequently, approximately 97% of the total U87 MG

cell population became apoptotic after treatment with compound 1. Similar results were observed

after treatment with Sun at the IC50 dose (32.0 µM), the main phenomenon being early apoptosis.

Both compound 1 and Sun have the same kind of effect on glial cells regarding death (Figure 5b,c).

Figure 5. (a) Collapse of the mitochondrial membrane potential results for untreated and compound

1-treated U87 MG cells. Compound 1 was evaluated at IC50 doses (8.0 ìM) incubated for 4 h.

(b) Quantitative analysis of flow cytometry results (three independent experiments). (*) p < 0.05;

(**) p < 0.01; (***) p < 0.001 when compared to the negative control by two-way analysis of

variance (ANOVA). (c) Phosphatidylserine exposure results for mixed glial cells (top) and U87 MG

(bottom). Compound 1 and Sun were evaluated at their IC50 doses (8.0 ìM and 32.0 ìM, respectively)

after incubation for 24 h.
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2.4. Compound 1’s Effect on the Cell Cycle

To determine the effect of compound 1 on the cell cycle, we investigated the cell cycle distribution

of compound 1 against astrocytes and U87 MG cells by using flow cytometry analysis. Both cell lines

showed a sub-G1 phase arrest after treatment with 1. Astrocytes showed a significant increase in the

percentage of cells in sub-G1 and G1 phases after 24 h incubation with compound 1 at IC50 doses

(8.0 µM) (Figure 6a,b). Similarly, as it can be seen in Figure 6c,d, the percentage of U87 MG cells in

sub-G1 phase upon treatment with compound 1 was higher than the corresponding percentage for

untreated cells, which were mainly in a G2/M phase. Sun provoked an increase in the percentage of

both astrocytes and U87 MG cells in the sub-G1 phase after 24 h of incubation at IC50 (32 µM).

Figure 6. Effects on cell cycle in mixed glial cells (a,b) and U87 MG cells (c,d) treated with compounds

1 or Sun. Values correspond to the averages ± SEMs of three independent experiments. Cell debris

was omitted from analyses; 10,000 events were analyzed per sample. ** p < 0.05, * p < 0.1, + p = 0.1245,

when compared to the negative control group by multiple T-test.
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These results could be indicating the FLT-inhibition non-canonical effects. Hedgehog signaling

cascade is able, via the FLT3/PI3k pathway, to non-canonically upregulate glioma zinc finger (GLI)

transcription factors [41]. GLIs, and especially GLI1 in human brain gliomas, play important roles in

cell-cycle and apoptosis regulation [42,43]. GLI1-upregulating agents lead to G1 and sub-G1 phase

arrest and apoptosis in different kinds of cancers [43–45].

2.5. Drug-Like Properties of Compound 1

The special in vitro biological-behavior of compound 1, significantly different from its parent

compound Sun (i.e., different tyrosine kinases inhibition profile, better cellular cytotoxicity, and ability

to be used as BNCT agent [22]), led us to study deeper into its use as a drug. Consequently,

some drug-like properties of 1 were theoretically and experimentally analyzed.

On the one hand, theoretical predictions of drug-like properties [46] showed that compound 1

shared drug-like properties with Sun, mainly the absence of toxicities and adequate water solubility

(Table 3). Secondly, as displayed at Table 4, compound 1 has proven not to be mutagenic, using an Ames

test with two different S. typhimurium strains, another desirable characteristic that would act in favor of

this compound as a drug [47]. Finally, and thinking in the potential use of 1 as anti-glioblastoma agent,

we studied its ability to cross the brain blood barrier (BBB) using a reported artificial endothelial-cell

model [48–51]. According to the results, compound 1 has the ability to cross the BBB, as ≈3-times

more compound translocates across the artificial BBB after hybrid 1 exposure in the feeding side of

the membrane for 24 h at room temperature in the dark and without stirring (Table 4). These results

encouraged us to study compound 1 in an animal model of glioblastoma.

Table 3. Predicted drug-like properties of compound 1, Sun, and Tmz.

Cpd HIA 1 Subcellular Localization CYP-Subs 2 hERG 3 Carc 4 LD50
5 LogS 6 Viol, Rule 5 7

(+) Mit 8 3A4 w (−) 2.69 −3.48 1 9

(+) Mit 3A4 w (−) 2.66 −3.24 0

(+) Mit - w (−) 2.53 −1.63 0

1 Human intestinal absorption: If the compound has an HIA% less than 30%, it is labeled as (−); otherwise it
is labeled as (+) [52]. 2 Ability to be a substrate of cytochrome P450 isoenzymes (CYP450 2C9, CYP450 2D6,
and CYP450 3A4) [53]. Shown is the predicted isoform of CYP for which the compound potentially acts as substrate.
3 Human ether-a-go-go-related gene (hERG) inhibition [54,55]. Weak-inhibition is labeled as “w.” 4 Potential as
carcinogens [56]. Non-carcinogen is labeled as (−). 5 Rat acute toxicity by oral exposure [57], expressed as mol/kg.
6 Aqueous solubility [58]. 7 Number of violations of Lipinski’s “rule of five.” 8 Mit: mitochondria. 9 MW higher
than 500 Da.
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Table 4. Summary of Ames and BBB permeability tests for compound 1.

Ames Test
BBB 1

TA98 TA100

Dose (µg/plate) Number of revertants before BBB [1] = 15 ± 5 µM

Positive control 2 295 ± 11 704 ± 6 after BBB [1] = 48 ± 4 µM
0.45 12 ± 1 67 ± 3
0.15 9 ± 1 56 ± 3
0.05 7.5 ± 1.5 46.5 ± 1.5

0.016 6 ± 1 37 ± 6
0.005 8 ± 1 29.5 ± 0.5

0 3 12 ± 2 95.6 ± 5.7
Mutagenic (−) (−)

1 The concentration of compound 1 in the assay milieu before and after the BBB translocation was measured by
HPLC. 2 4-Nitro-o-phenylendiamine (NPD). 3 Negative control: phosphate buffer and DMSO (10% v/v) (no effect on
cell growth was observed by this mixture of solvents).

2.6. Study of the In Vivo Anti-Glioblastoma Activity of Compound 1

In vivo anti-glioblastoma activity of compound 1 was evaluated in immunosuppressed mice

bearing human U87 MG tumors [59]. The antitumor activity was evaluated using both the evolution of

the tumor volumes and the animal survival.

Compound 1 was intraperitoneallt administered at 1 mg/kg/day three times a week for as long

as the mice lived (in the best cases eight weeks). In this assay, Tmz was used as a positive therapy

reference and administered in the same conditions but at 4 mg/kg/day (Figure 7a). The volumes were

determined by bioluminescence imaging weekly. We found that treatment with 1 significantly reduced

glioblastoma growth when compared to untreated animals (Figure 7b,c). The tumor volumes were

significantly different three weeks after cell injection.

Additionally, compound 1, at a dose four times lower than the dose of Tmz and in the same

administration conditions, significantly prolonged the survival of unhealthy mice by between 2 to

1.8 times, with an average survival time of 45 days (Figure 7d). In comparison, Tmz-treated and

untreated control groups showed median survivals of 23 and 25 days, respectively (Figure 7d).

Furthermore, 1 provoked increases of 70% and 89% of mouse survival time, from 30 and 27 to

51 days, and increases of 32% and 43% for the time to mouse deaths, from 25 and 23 to 33 days,

respectively. These results strongly suggest an anti-glioblastoma activity of compound 1. Furthermore,

we aimed to proving that compound 1 did not induce apparent toxicity effects such as death, seizures,

convulsions decreased/increased motor activity, or dehydratation, which was monitored based on

body weight before and after treatment, on mice during the trail. This fact may indicate that it is well

tolerated (Figure S4). Importantly, all mice treated with compound 1 survived the study period.
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Figure 7. (a) Dosification schedule. (b) Selected images of the evolution of glioblastoma correspond

to 14 days (1) and to 21 days (2) after cell injection; in each case the left mouse was an untreated

control and the right one was treated with compound 1. (c) Weekly evolution of glioblastoma sizes;

in black untreated control and in red treated with 1. In the third week (day 21st) the study was ended

because all the untreated animals died. (d) Kaplan–Meier survival curves of mice bearing glioblastoma

receiving different treatments. Black: untreated animals; green: Tmz (4 mg/kg/day)-treated animals;

red: compound 1 (1 mg/kg/day)-treated animals. The study showed a significant difference either

between compound 1 and control (untreated animals) or 1 and Tmz (p < 0.01). Data were analyzed by

log-rank test.

3. Discussion

A series of hybrid compounds with potential anti-glioblastoma activity has been developed [22].

Among them emerged the novel compound 1, which is a multi-tyrosine-kinase inhibitor,

especially inhibiting FLT3, KIT, and PDGFR-β. In the U87 MG/astrocyte co-cultured experiments,

resembling the tumor cellular environment, reactive astrocytes were inhibited by compound 1,

contrary Sun’s behavior, this being a very important fact due to reactive astrocytes being associated

with enhanced proliferation and cells with abnormal mitoses [60]. Additionally, compound 1 promoted

U87 MG early apoptosis and late apoptosis with both different death profiles in associated astrocytes,

a lower level of late apoptosis and some grade of necrosis. For Sun, almost exclusively early apoptosis

in both cellular systems. The effects on the cell cycle on U87 MG and astrocytes, showed that compound

1 increased the number of cells in sub-G1 phase. According to the U87 MG cellular death mechanism

and the effect on the cell cycle promoted by compound 1, the non-canonical effect by the inhibition of

FLT3, via GLI1 upregulation, could be an operative extra-effect of compound 1 besides the classical

FLT3-canonical. Future research to investigate the Hedgehog-GLI1 signaling status, by RT-PCR or

Western blot analysis, should be done. Additionally, to fully characterize the mechanisms of action of

compound 1, and on-target and off-target effects, proteomics-based assays will be carried out.

The in vivo behavior of compound 1 showed that, beyond further use in combination with BNCT,

it possesses anti-glioblastoma activity per se. This result opens the use of 1 as a new therapeutic

agent via TKRs inhibitions, which in the case of combination with BNCT could further improve

the therapeutic efficacy against one of the most lethal cancers. Ongoing studies will focus on the
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preparation of compound 1 10B-enriched and assessment of BNCT’s in vivo efficacy that may result in

significant clinical benefits.

4. Materials and Methods

4.1. Chemistry

Compound 1 was synthesized according to literature [22].

4.2. Biology

In vitro cytotoxicity assays on EGFR-expressing cells [22]. Cells (C6, U87 MG, or HT-29)

were seeded in 96-well plates (7000–10,000 cells/well depending on the cell line) in 100 µL final

volume of growing milieu and were allowed to grow for 24 h. After that, 125 µL of fresh culture

milieu was added and the cells were allowed to grow for additional 24 h. Then, 25 µL of a solution

10× of desired final concentration of the tested compounds in culture milieu was added to the culture.

Cells were further incubated for 24 h. Afterwards, culture milieu was removed and cells were washed

twice with 200 µL of PBS. Cells were then fixed with 50 µL of ice-cold trichloroacetic acid for 1 h at

4 ◦C; the plates were washed five times in distilled water and allowed to dry at room temperature.

Sulphorhodamine B (SRB) solution (50µL, 0.4 w/v in aqueous solution of acetic acid (1 %, v/v)) was added

to each well of the dried 96-well plates. Staining was performed at room temperature for 30 min.

The SRB solution and unbound dye were removed by washing the plates quickly with an aqueous

solution of acetic acid (1 %, v/v) at least five times (until excess dye was fully removed). The washed

plates were allowed to dry in the air for at least 24 h. Finally, the bound SRB was solubilized by adding

Tris base buffer (pH 10, 10 mM, 100 µL) to each well and the resulting solution was shaken for 5 min on

a shaker platform. The optical density (OD) of each well solution was read in a 96-well plate reader

at λ = 540 nm. The OD of SRB solution in each well was directly proportional to the cell number.

Cell viability percentage was calculated according to the following equation: C.V.% = (A540 nm –B/C−B),

where C.V.% stands for cell viability percentage, A540 nm corresponds to OD of a particular well, B is

the OD of untreated wells with no cells seeded onto them, and C is the OD of control wells treated only

with 1% of DMSO. C.V.% values were plotted against compound concentration and the IC50 values

were determined.

Cell line and culture conditions. Human malignant glioblastoma cell line (U87 MG, ATCC®

HTB-14™) was cultured in Dulbecco’s modified Eagle’s milieu high glucose (4.5 g/L), with stable

glutamine, with sodium pyruvate milieu supplemented with 10% inactivated fetal bovine serum (FBS)

and penicillin/streptomycin (1%). The cells were kept at 37 ◦C under a 5% CO2 humidified environment,

changing the milieu every 2–3 days. Cells were sub cultured once they reached 90–95% confluence.

Astrocytes were isolated from newborn mice. The mice were terminally anesthetized, the cerebral

cortexes were dissected with the meninges previously removed. Cerebral cortexes were mechanically

chopped then enzymatically dissociated using 0.25% trypsin for 10 minutes at 37 ◦C. To halt trypsin

digestion a mix of DMEM with FSB 10% was added. After repetitive pipetting to disaggregate the

tissue, it was strained through an 80 µm mesh and centrifuged. The pellet was resuspended in complete

DMEM milieu.

4.2.1. Kinases Assays

For most assays, kinase-tagged T7 phage strains were grown in parallel in 24-well blocks in

an E. coli host derived from the BL21 strain. E. coli were grown to log-phase and infected with T7

phage from a frozen stock (multiplicity of infection = 0.4) and incubated with shaking at 32 ◦C until

lysis (90–150 min). The lysates were centrifuged (6000× g) and filtered (0.2 µm) to remove cell debris.

The remaining kinases were produced in HEK-293 cells and subsequently tagged with DNA for

qPCR detection. Streptavidin-coated magnetic beads were treated with biotinylated small molecule

ligands for 30 min at room temperature to generate affinity resins for kinase assays. The liganded
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beads were blocked with excess biotin and washed with blocking buffer (SeaBlock (Pierce, MA, USA),

1% BSA, 0.05% Tween 20, 1 mM DTT) to remove unbound ligand and to reduce non-specific phage

binding. Binding reactions were assembled by combining kinases, liganded affinity beads, and test

compound in 1× binding buffer (20% SeaBlock, 0.17× PBS, 0.05% Tween 20, 6 mM DTT). Test compound

was prepared as 40× stocks in 100% DMSO and directly diluted into the assay. All reactions were

performed in polypropylene 384-well plates in a final volume of 0.02 mL. The assay plates were

incubated at room temperature with shaking for 1 h and the affinity beads were washed with wash

buffer (1× PBS, 0.05% Tween 20). The beads were then re-suspended in elution buffer (1× PBS, 0.05%

Tween 20, 0.5 µM non-biotinylated affinity ligand) and incubated at room temperature with shaking for

30 min. The kinase concentration in the eluates was measured by qPCR. Compound 1 was screened at

10 µM, and results for primary screen binding interactions were reported as percentages of control

(PoC). PoC = (test compound signal-positive control signal)/(DMSO signal-positive control signal).

PoC values at 10 µM for all kinases were visualized using TREEspot (DiscoveRx, San Diego, CA, USA).

4.2.2. PDGFR-β and FLT3 Enzymatic Assays

The wild-type PDGFR-β kinase enzyme system (Catalog. V3731) and FLT3 kinase enzyme system

(Catalog. V4064) were purchased from Promega Corporation (Fitchburg, WI, USA). The experiments

were performed according to the manufacturer’s instructions. For more detailed and complete

protocols, see the ADP-Glo™ kinase Assay Technical Manual and the active kinase datasheet available

at: http://www.promega.com/KESProtocol. Briefly, for the kinase reaction step serial dilutions of

the compound 1—1000, 100, 10, 1, 0.1, and 0.01 µM for FLT3, and 100, 10, 1, 0.1, and 0.01 for

PDGFR-β—were prepared. A 5 µL enzyme reaction mixture was performed containing 1 mL of the

compound dilution (5% DMSO), 2 µL of the enzyme dilution, and 2 µL of the ATP/substrate solution to

get a final concentration of 50 µM ATP, 0.2 g/mL of Poly(Glu, Tyr) substrate, and 5 mg/mL of enzyme.

Each reaction was performed by triplicate on a 384-well plate and incubated during 1 h at room

temperature. The kinase reaction was stopped with 5 µL of ADP-Glo™ during 40 min, followed by the

addition of 10 µL of Kinase Detection Reagent. Sun was used as a positive control. Luminescence

was measured after 40 min on a BioTek®FLx800 Multi-Detection Microplate Reader (Integration time

0.5–1 s). Curve fitting and data presentations were performed using GraphPad Prism version 5.0

(GraphPad Software, Inc., San Diego, CA, USA).

4.2.3. Confocal Microscopy of Treated Co-Cultures of U87 MG and Astrocytes

Astrocytes (3 × 104 cells) were seeded into p35 dishes and were allowed to grow until 80%

confluence. Next, 5× 104 U87 MG stained cells with PKH26 dye were seeded onto a p35 dish containing

a growing primary cell culture of astrocytes. After a 48 h-incubation in fresh growing milieu, the p60

dishes were treated with the IC50 doses of compound 1 or Sun. A p60 dish treated with 1% DMSO served

as a negative control. Treated cells were incubated for further 24 h. After that, treated co-cultures were

fixed for 20 min at 4 ◦C with PFA and washed 2 times with PBS. Then, samples were permeabilized

for 10 min at room temperature with 0.1% Triton X-100 in PBS, passed through washing PBS,

blocked with 5% BSA:PBS for 1 h at room temperature, and incubated overnight in a solution of

1% BSA:PBS containing the primary antibody and DAPI at 4 ◦C. After washing, treated cells were

incubated in 1:500-diluted secondary antibody during 2 h at room temperature. The following

antibodies were used for immunofluorescence staining: primary antibody 1:400 mouse monoclonal

anti-GFAP (Sigma-Aldrich, Darmstadt, Germany) and secondary antibody conjugated to AlexaFluor

633 (Invitrogen, Carlsbad, CA, USA). DAPI was used at a 1:1000 dilution. Antibodies were detected by

confocal microscopy using a confocal Olympus FV300 microscope.

4.2.4. Cellular Death Mechanisms

Cell death mechanism triggered by either compound 1 or Sun were evaluated by collapse of the

mitochondrial membrane potential (∆Ψm) assay and phosphatidylserine exposure analysis.
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Collapse of the ∆Ψm

As a measure of the initiation of the mitochondrial apoptosis cascade, the cationic lipophilic

5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo cyanine chloride (JC-1) dye was utilized as

an indicator of changes in ∆Ψm, as previously described [61]. In intact cells with high ∆Ψm, JC-1 can

enter the mitochondria and reversibly form aggregates with intense red fluorescence (emission at

590 nm; orange-red fluorescence). In case of mitochondrial membrane potential collapse, JC-1 remains

in the cytosol as a monomer and emits at 527 nm (green fluorescence). To access the possible

effect of compound 1 on mitochondrial membrane potential a growing culture of U87 MG cells

(2 × 106 cells) were treated at IC50 dose. After a 4 h-incubation with compound 1, cells were trypsinized,

centrifuged (660× g, 5 min, 4 ◦C), and collected. Cells were resuspended and incubated with 400 µL of

JC-1 dye (1/500 dilution) for 30 min. Then, the cells were centrifuged, resuspended in 500 µL of PBS,

and transferred into FACS tubes. The mean fluorescence intensity of JC-1 labeling was measured by

FACS. The results were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, USA).

Phosphatidylserine Exposure Assay

Astrocytes (6 × 104 cells) were seeded into p60 dishes and were allowed to grow until 80%

confluence. Next, 1 × 105 U87 MG stained cells with PKH26 dye were seeded onto a p60 dish

containing a growing primary cell culture of astrocytes. After a 48 h incubation in fresh growing

milieu, the p60 dishes were treated with the IC50 doses of compound 1 or Sun. A p60 dish treated

with 1% DMSO served as a negative control. Treated cells were incubated for further 24 h. Then,

cells were harvested with trypsin (0.05%, supplemented with EDTA, 0.38 mg/mL), and centrifuged

at 250 g speed. The resulting pellet was resuspended in an appropriate volume of Annexin binding

buffer (0.01 M Hepes pH 7.4, 0.14 M NaCl, and 2.5 mM CaCl2) as to get a cell suspension of 1 × 106 cells

per mL. After cell counts, samples were divided and cells alone and isotype-matched control samples

were generated to control for nonspecific binding of antibodies and for autofluorescence. An Annexin

V-FITC antibody solution (catalog number: A13199) was used at a 1:20 concentration. After 30 min

of incubation with the aforementioned antibody at 4 ◦C, samples were incubated with DAPI at a

1:5000 concentration and immediately after were submitted to flow cytometry analysis. To perform the

analysis, cells were first gated for PKH26 in order to tell apart U87 MG cells from astrocytes. In each

type of cells, the following markers were used to define four different populations: for living cells

DAPI low, Annexin V low; for necrotic cells DAPI high, Annexin V low; for early apoptotic cells DAPI

low, Annexin V high; and finally, for late apoptotic cells, DAPI high, Annexin V high. Samples were

acquired using FACSAria Fusion flow cytometer and BD FACSDiva™ software.

4.2.5. Measurement of Cell Cycle/DNA Content

In order to investigate how compound 1 affects cell cycle, a co-culture of astrocytes and U87 MG

was performed to simulate tumor microenvironment. The DNA content in G1/G0, S, and G2/M phases

was analyzed using flow cytometry.

U87 MG cells were stained with CFSE using CellTrace™CFSE Cell Proliferation Kit (Thermo Fisher

Scientific, Waltham, MA, USA) and seeded into p60 dishes (3 × 105 cells) containing a growing culture

of glia. Co-cultured cells were incubated for 48 h and then treated with compound 1 or Sun at

IC50,U87 MG doses for 24 h. The harvested cells were washed with PBS, fixed with 2% PFA solution at

4 ◦C for 20 min. Subsequently, the cells were resuspended in fresh staining buffer (1 µg/mL DAPI and

0.1% Triton X prepared in PBS) and incubated in the dark for 30 min at room temperature. Cell cycle

distribution analysis was performed with an Attune NxT flow cytometer using Attune NxT Software

for data acquisition. For each sample, cellular aggregates were gated out and 10,000 cells were counted

and plotted on a single parameter histogram. The percentages of cells in the G1/G0, S, and G2/M

phases and the sub-G1 peak were then calculated using FlowJo 7.6.
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4.3. Drug-Like Properties

4.3.1. Prediction

Drug-like properties were predicted using admetQSAR tool kit (http://lmmd.ecust.edu.cn/

admetsar1/predict/) from the molecule SMILE code generated with ChemDraw Standard 14.0 software.

4.3.2. Ames Test

Salmonella typhimurium TA98 and TA100 strains were incubated in agar minimum glucose milieu

solution (Difco Bacto® agar) and aqueous glucose solution (40%). First of all, the direct toxicity of

the compound 1 against S. typhimurium TA 98 strain was studied. From these data, the mutagenic

assay was performed. Briefly, 1 in phosphate buffer (0.1 M, pH 7.4) and DMSO (10%, v/v) at five

doses, 0.450, 0.150, 0.050, 0.016, and 0.005 µg/plate, starting at the highest doses without toxic effects

(0.450 µg/plate), were studied in triplicate. Controls: positive control in the assay: NPD (20.0 mg/plate

for TA98 strain and 2.0 mg/plate for TA100 strain); negative control: phosphate buffer and DMSO

(10% v/v) (no effect on cells growth was observed by this mixture of solvents). The revertants were

counted and the studied system was considered mutagenic if the colonies number was at least doubled

the natural revertants (negative control) for two or more consecutive doses.

4.3.3. BBB In Vitro Passage Assay

BBB Artificial Model

Isolation and culture of glial cells from newborn rats. Cerebral cortex of ten 1-day-old Wistar

newborn rats were taken with aseptic operation and then were cut to pieces. After stripped the pia

mater, cerebral cortex were digested by 1 mL of 0.25% trypsin at 37 ◦C for 10 min. Next, dispersed cell

suspension was made by mechanical method. Cell suspensions were seeded into 12-well plates coated

with L-polylysine, at a cell density of 1 × 105 cell per well.

Isolation and Culture of Porcine Brain Micro Vessel Endothelial Cells

Pig brains were obtained fresh from the abattoir, washed in ethanol 70% and transported on ice

in PBS (with Ca2+/Mg2+). The hemispheres of three brains were washed, the cerebellum removed,

and meninges peeled off and discarded. White matter was carefully removed. The grey matter was

collected in milieu M-199 Earle’s salts (Biological industries, Beit Ha’emek, Israel) with added penicillin

(100 U/mL) and streptomycin (100 µg/mL) and forced through a 20 mL syringe. The homogenized,

was centrifuged and filtered successively through 160 and 80 µm nylon meshes. The resulting micro

vessels were seeded in T75 culture flasks, previously coated over night with calf skin collagen (Sigma cat.

C-8919), in M-199 milieu with 10% newborn calf serum, penicillin (100 U/mL), streptomycin (100 mg/mL),

glutamine (2 mM) and puromycin (2 mg/mL) and cultured until 80% confluence. Endothelial cells

were detached by brief trypsinisation and seeded into rat tail collagen coated Transwell filter inserts

2.5 × 105 cells/filter (0.5 mL). Trans-endothelial electrical resistance (TEER) was measured as indication

of membrane stability with EVOM2 epithelial voltohmmeter (World precision instruments, Inc.,

Sarasota, FL, USA).

Assembling of the Artificial BBB Model

After 3 days, filters with endothelial cells were transferred to 12-well plates containing primary

glial cells, and the milieu was changed to serum-free milieu DMEM:F12 supplemented with penicillin

(100 U/mL), streptomycin (100 mg/mL), glutamine (2 mM) and hydrocortisone (550 nM). After 3 days

of co-culture, TEER was measured and treated given to the cells (epithelial side) for 24 h. When ending

the experiment, TEER was measured again in order to check the stability of membrane after treatment,

and media from both sides of membrane were collected.
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BBB-Passage Protocol

Compound 1 (400 µM) was incubated in the upper layer for 24 h at room temperature in the

dark and without stirring. After that, aliquots from the upper and lower layers were analyzed and

quantified by reverse phase-high performance liquid chromatography (RP-HPLC). RP-HPLC was

done on an Agilent 1200 Series Infinity Star equipped with GABI detector, a UV detector and a

ThermoScientific Hypersil ODS reverse phase C18 column (300 mm × 4.6 × 10 microns). A gradient

mode (flow rate 1 mL/min), beginning with a mobile phase consisting of an aqueous solution of TFA

0.1% (A) that gradually was converted to acetonitrile (B) (0 to 100% in 20 min) was used. The injection

volume was 50 µL and the detection was performed at a wavelength of 220 nm. Calibration curve was

made with compound 1 prior performing the BBB quantification.

4.4. In Vivo Anti-Glioblastoma Studies

Animals. All protocols for animal experimentation were carried out in accordance with

experimentation procedures approved by Technion Institute of Technology Ethical Commission

in the Use of Animal, Israel (Protocol number IL-143-10-17 Technion). All animal experimental

protocols followed the principles outlined in the Declaration of Helsinki. Animals were housed in wire

mesh cages at 20± 2 ◦C with 12 h artificial light-dark cycles. The animals were fed ad libitum to standard

pellet diet and water and were used after a minimum of 5 days acclimation to the housing conditions.

In Vitro glioblastoma U87 MG cell growing. Glioblastoma U87 MG cells are grown in full milieu,

MEM-eagle with fetal cow serum (9%), glutamine (2%), and gentamycin (0.05%) (Biological Industries,

Beit Ha’emek, Israel). The cells were thawed and grown. After three days, the cells were split and

grown for additional 4 more days until the injection. The culture milieu was changed every two days.

To prepare the cells for injection into the mouse brain, they were counted and suspended in PBS.

Stereotactic surgery—cell injection in brain. The mice were anesthetized either by inhalation

of isoflurane or injection of ketamine-xylazine mixture in physiological saline (ketamine 1 mg/mL:

xylazine 20 mg/mL). Eye ointment was applied to maintain adequate moisture during the procedure.

Using a sterile scalpel, a sagittal incision was preformed over the parieto-occipital bone, approximately

1 cm long. The exposed skull surface was then cleaned. With stereotactic surgery, coordinates where

the cells were injected were marked (1.5 mm right and 1.5 mm backward bregma). A volume of 3 mL

containing 2.5–3.0 × 105 U87 MG cells was injected into a depth of 2.5 mm skull. After the cell injection

we waited 4 minutes until taking the syringe out.

4.4.1. Treatments

The experiments were carried out on 7–8 weak-old BALB/c female mice (17.6–18.0 g of body

weight, bw) bred under specific pathogen-free conditions. At the end of experiments, they were

anaesthetized with isoflurane and sacrificed by cervical dislocation. When tumors begin to develop,

according to bioluminescence imaging (3rd day after cell inoculation), six mice per group were

located in one cage and the treatments began the next day. Three groups of treatment were defined:

(i) compound 1, dissolved in sterile physiological saline:Tween 80 (4:1, v/v), administered at 1 mg/kg

bw ip; (ii) Tmz, dissolved in sterile physiological saline:Tween 80 (4:1, v/v), administered at 4 mg/kg

bw ip; (iii) negative control (vehicle, sterile physiological saline:Tween 80 (4:1, v/v)). The animals were

dosed three days a week every two days, with resting-days, for as long as the mice lived. Days of

treatments after cells inoculation: 4th, 6th, 8th, 11th, 13th, 15th, 18th, 20th, 22th, 25th, etc.

4.4.2. Anti-Tumor Evaluation

The antitumor activity was evaluated using both the evolution of the tumor

volumes and the animal survival. Tumor volumes were determined by bioluminescence

imaging weekly. The bioluminescence imaging was based on the oxidation of luciferin

[d-(-)-2-(6-hydroxy-2-benzothiazolyl)-thiazole-4-carboxylic acid] in the presence of oxygen and
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adenosine triphosphate. This reaction is catalyzed by the enzyme luciferase, which converts chemical

energy into photons with resultant emission of light. Luciferase is present only in the injected cancer cells

(that were pre transfected with plasmid encoding for the enzyme). Bioluminescence monitoring was

done once a week beginning two days after cell injection until mouse death. After the administration

of luciferin (d-luciferin potassium salt, 150 mg/kg) via intraperitoneal injection, mice were anesthetized

with isoflurane. Measurements are taken every minute until 24 min after luciferin injection. Regions of

interest encompassing the intracranial area of signal were defined using Living Image software, and the

total photons/s/sr/cm2 (photons per second per radian per square cm) was recorded.

4.5. Statistical Analysis

All results are expressed as the averages of independent experiments ± SEM. Differences between

populations were calculated with two-tailed Student’s t-test. Kaplan–Meier survival curve and

comparisons were performed by log-rank test. GraphPad Prism 6 was used for data analysis.

5. Conclusions

Many divesting tumors in humans, such as high-grade gliomas, are not yet treated satisfactorily

by conventional therapeutic approaches. In our ongoing project of R+D of drugs with dual action

(chemotherapy + radiotherapy combination), a new anti-glioblastoma agent was identified. This agent

inhibiting TKRs, which produces canonical and non-canonical effects, is able to overcome the in vivo

behavior of the first-line drug temozolomide.

This Sun-carborane cluster bifunctional hybrid compound, which exploits the

TKR-interaction/inhibition ability plus the previously reported selective boron accumulation

for the BNCT process, would act as an anticancer bimodal agent (chemo + radiotherapy) to result

in significant clinical benefits by reducing the drug doses to get the same therapeutic effect while

diminishing the side effects to the patient.
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Simple Summary: Dynamic remodeling of chromatin requires epigenetic modifications of histones.

DNA damage induced by doxorubicin causes an increase in histone H4K16ac, a marker of local

chromatin relaxation. We studied the role that VRK1, a chromatin kinase activated by DNA damage,

plays in this early step. VRK1 depletion or MG149, a Tip60/KAT5 inhibitor, cause a loss of H4K16ac.

DNA damage induces the phosphorylation of Tip60 mediated by VRK1 in the chromatin fraction.

VRK1 directly interacts and phosphorylates Tip60. This phosphorylation of Tip60 is lost by depletion

of VRK1 in both ATM +/+ and ATM−/− cells. Kinase-active VRK1, but not kinase-dead VRK1, rescues

Tip60 phosphorylation induced by DNA damage independently of ATM. The VRK1 chromatin

kinase is an upstream regulator of the initial acetylation of histones, and an early step in DNA

damage responses.

Abstract: Dynamic remodeling of chromatin requires acetylation and methylation of histones,

frequently affecting the same lysine residue. These alternative epigenetic modifications require the

coordination of enzymes, writers and erasers, mediating them such as acetylases and deacetylases.

In cells in G0/G1, DNA damage induced by doxorubicin causes an increase in histone H4K16ac,

a marker of chromatin relaxation. In this context, we studied the role that VRK1, a chromatin kinase

activated by DNA damage, plays in this early step. VRK1 depletion or MG149, a Tip60/KAT5 inhibitor,

cause a loss of H4K16ac. DNA damage induces the phosphorylation of Tip60 mediated by VRK1

in the chromatin fraction. VRK1 directly interacts with and phosphorylates Tip60. Furthermore,

the phosphorylation of Tip60 induced by doxorubicin is lost by depletion of VRK1 in both ATM +/+

and ATM−/− cells. Kinase-active VRK1, but not kinase-dead VRK1, rescues Tip60 phosphorylation

induced by DNA damage independently of ATM. The Tip60 phosphorylation by VRK1 is necessary

for the activating acetylation of ATM, and subsequent ATM autophosphorylation, and both are lost

by VRK1 depletion. These results support that the VRK1 chromatin kinase is an upstream regulator

of the initial acetylation of histones, and an early step in DNA damage responses (DDR).

Keywords: phosphorylation; histone H4; acetylation; DNA-damage response; nucleosomal histone

kinase-1
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1. Introduction

Chromatin remodeling underlines all biological processes of the genome. The dynamic reorganization

of chromatin requires several different, or alternative, epigenetic modifications of histones,

which include acetylation, methylation, ubiquitination, and phosphorylation. Different combinations

of these epigenetic marks are associated to the compaction or relaxation of chromatin and its biological

functions including transcription, replication, differentiation, telomere protection, genome stability

and DNA damage repair (DDR) [1–4]. Each individual cell has to remodel its chromatin to adjust to its

particular functional situation. The pattern of histone modifications determines the tumor epigenome

in tumor cells [5,6], which is also reflected in the tumor cell heterogeneity [7]. Some of these alternative

epigenetic modifications frequently affect the same lysine residue in the targeted histone [8–10], such as

acetylations and methylations, and there is crosstalk among these different histone modifications [2,4].

This dynamic chromatin remodeling involves at least four different enzyme families with several

members, which includes writers such as lysine acetyl transferases (KAT) and methyl transferases

(KMT), as well as erasers such as lysine deacetylases (HDAC) and demethylases (KDM) [2,4,11]. All of

them are active target for pharmacological development in cancer [3,12]. The transition from one

epigenetic histone modification to another requires the coordination of two, or four, of these enzymes,

depending on the types of modifications in a specific lysine residue. However, the coordinators of

these alternative enzymes and their functional and temporal organization are unknown.

Kinases are likely candidates to regulate, or coordinate, the balance of alternative histone epigenetic

modifications, depending on the individual cell functional needs, by phosphorylation in Ser or Thr

residues in nucleosomal histones [3], as well as by the regulation of the enzymes implicated in these

modifications. Among them, human VRK1 (Q99986) [13], also known as nucleosomal-histone kinase 1

(NHK1) in Drosophila melanogaster [14], a very abundant nuclear/chromatin kinase [15], is well situated

to participate in these processes. Human VRK1 is involved in the regulation of cell proliferation [16–18],

and DNA damage responses [19–22]. VRK1 also specifically phosphorylates and regulates several

transcription factors such as p53 [23–25], c-Jun [26], ATF2 [27], CREB [28], and Sox2 [18]. Furthermore,

VRK1 also phosphorylates BAF, which is involved in regulation of the nuclear envelope assembly and

chromosome attachment, and their disruption cause DNA chromosomal alterations [29–31]. The kinase

activity of VRK1 is induced by different types of DNA damage able to cause single or double strand

breaks or alkylating lesions [19]. In response to DNA damage, VRK1 directly phosphorylates histones

H3 [21,32–34], H2AX [14,35], NBS1 [20], and 53BP1 [19,36]. VRK1 also phosphorylates hnRNPA1 in

telomerase activation [37]. The VRK1 kinase activity is regulated by interactions of its C-terminal

regulatory region with different proteins [38], such as the macroH2A histone variant [18,39], or with

nuclear Ran [40].

When DNA damage occurs, each individual cell has to respond independently of its particular

situation regarding resting or dividing, differentiation stage and the heterogeneity of its cellular or

protein interactions. The initial response to DNA damage implicates a local chromatin relaxation

that is associated to histone H4 acetylation in K16 [41–43]. Therefore, H4K16 hypo-acetylation is

associated with defective DNA repair [36,44]. The importance of H4K16ac in order to trigger a

proper DNA-damage response in a locally altered chromatin indicates that this modification is tightly

regulated. However, the regulation of histone H4 acetylation has to be indirect and mediated by

regulation of the Tip60/KAT5 (Q92993) acetylase, as a potential candidate. The acetylation in K5

of H2AX by Tip60 is necessary for the recruitment of NBS1 to damaged chromatin [45]. Tip60 also

regulates chromatin recognition by 53BP1 [46]. Impairment of H4K16ac interferes with the docking site

of NBS1, which is required for recruitment of 53BP1 in DNA damage responses [47]. VRK1 depletion

impairs both NBS1 [20] and 53BP1 [19] specific phosphorylation and activation in response to DNA

damage. Moreover, Tip60 is necessary for the acetylation and activation by autophosphorylation of

ATM in response to DNA damage [48], whereas VRK1 is also essential for ATM activation [19,20,36].

Overexpression of Tip60 is associated to a poorer prognosis [49] and to cisplatin resistance in tumor

cells [50]. High levels of VRK1 are also associated to poor prognosis [51] and confer resistance to
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DNA-damage based treatments [52]. All these data place VRK1 as a candidate to regulate Tip60 activity

and H4K16ac.

In this work, we have studied the role that the VRK1 chromatin kinase played in the regulation of

Tip60/KAT5, and its association to both very early upstream events in DNA-damage response, such as

H4K16 acetylation (responsible for a local chromatin relaxation), and sequential steps in the context of

the ATM pathway during DNA damage response.

2. Results

2.1. DNA Damage Induces Phosphorylation of Tip60 and Acetylation of H4K16

To address the role of human VRK1 in the chromatin relaxation associated to histone acetylation,

it was determined whether the activation of Tip60 by doxorubicin, leading to the acetylation of H4K16,

might be associated to Tip60 phosphorylation by a not yet identified kinase. To eliminate mitogenic

signals that activate VRK1 [17], cells were serum-deprived for 48 h. In these conditions, cells accumulated

in G0/G1, there is no expression of cyclinD1, and retinoblastoma is not phosphorylated [17]. The induction

of DNA damage by doxorubicin was confirmed by determination of free DNA ends in TUNEL assays

(Figure S1A), and the DDR was confirmed by determining the formation of 53BP1 foci induced by

double–strand breaks caused by doxorubicin, a response that is prevented by VRK1 knockdown

(Figure S1B). These cells were treated with doxorubicin and they responded with an increase in the

phosphorylation of endogenous Tip60 (Figure 1A), as well as an increase in H4K16ac (Figure 1A).

To confirm the role of Tip60, we tested the effect of two HAT inhibitors that target HATs associated

to two different roles of VRK1, DDR, and transcription. The inhibitor MG149 that targets Tip60 [53]

prevented H4K16 acetylation in response to DNA damage induced by doxorubicin, but this acetylation

was not affected by C646 that inhibits p300 [54], in serum-deprived A549 cells (Figure 1B) and U2OS

cells (Figure S2).
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Figure 1. Effect of KAT (Lysine acetyl transferase) inhibitors on the acetylation of histone H4 induced by

doxorubicin. (A). Time course of the effect of doxorubicin on the phosphorylation of endogenous Tip60
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in serine detected with anti-phosphoserine antibody, and the acetylation of histone H4 in K16 in cells

deprived of serum (0.5%) for 48 h and arrested in G0/G1 before treatment with doxorubicin (Doxo).

Histones were prepared by acidic extraction. The reference value corresponds to the starting time point

(0 min). (B). Induction of H4K16ac by treatment with doxorubicin (10 µM) and the effect of MG149

(Tip60 inhibitor, 2 µM) and C646 (p300 inhibitor, 10 µM) added ten hours before doxorubicin addition.

The box plots show the quantification of the fluorescence using the Image J program. ns: Not significant.

*** p < 0.001.

2.2. Kinase-Active VRK1 Rescues H4K16 Acetylation Induced by DNA Damage

Depletion of VRK1 caused a loss of H4K16ac in cells that were serum-deprived to prevent

mitogenic activation of VRK1 [21,34]. Therefore, we hypothesized that VRK1 chromatin kinase might

be a candidate kinase to regulate the acetylation of histone H4. The regulation of Tip60/KAT5 by

a VRK1-mediated phosphorylation is a likely mechanism that regulates this acetylation. Therefore,

to determine whether VRK1 can be a candidate kinase regulating Tip60 phosphorylation, its depletion

should have a similar effect to that of Tip60 inhibitors on H4K16 acetylation. For this aim, it was

determined whether H4K16ac induced by DNA damage and caused by doxorubicin [21], was sensitive

to VRK1 depletion, and to MG149, an inhibitor of the histone acetylase Tip60. Depletion of VRK1 by

two different siRNA caused a loss of H4K16ac induced by doxorubicin, and this effect mimicked that

caused by MG149 and detected by immunofluorescence (Figure 2A). The effect of VRK1 depletion on

the loss of H4K16ac level induced by doxorubicin was also confirmed using two different siRNA in

Western blots (Figure 2B). This effect was confirmed using a different cell line, U2OS cells, which have

a higher basal level of histone acetylation in the absence of doxorubicin treatment. In U2OS cells,

depletion of VRK1, and the MG149 Tip60 inhibitor, had a similar effect and resulted in a significant

reduction of H4K16ac (Figure S2).

To confirm that the H4K16ac induced by doxorubicin was dependent on the kinase activity of

VRK1, we performed a rescue experiment. For this aim, endogenous human VRK1 was depleted in

stable A549 cells expressing either murine VRK1 (mVRK1) wild-type or kinase-dead (K179E) [19,55].

Following depletion of the endogenous human VRK1, only wild-type mVRK1, but not kinase-dead

mVRK1-K179E, was able to rescue H4K16ac induced by doxorubicin (Figure 2C).

2.3. VRK1 Directly Interacts with and Phosphorylates Tip60

To test whether VRK1 and Tip60 are directly related, we performed two types of assays with VRK1

and Tip60 human proteins. First, we performed an interaction assay from proteins expressed in bacteria

and purified. In this experiment, a fixed amount of GST-VRK1 was incubated with increasing amounts

of His-Tip60. The GST-VRK1 pulldown detected an increase in its interaction with His-Tip60 as the

concentration of the latter was higher, and reaching a plateau as their concentrations became equimolar

(Figure 3A). This indicated that both proteins are able to form a direct stable complex by themselves.

To confirm the interaction in vivo, A549 cells were transfected with Tip60-V5 and VRK1-HA tagged

human proteins, and a reciprocal immunoprecipitation was performed. The Tip60-VRK1 complex was

detected in both reciprocal precipitations indicating it is stable by itself (Figure 3B). To confirm this

interaction, the endogenous Tip60 was immunoprecipitated and the endogenous VRK1 detected in the

immunoprecipitate (Figure 3C). In addition, we determined that the interaction between endogenous

VRK1 and endogenous or transfected Tip60 was not affected by DNA damage (Figure 3D).

To demonstrate that the phosphorylation of Tip60 by VRK1 is also direct, we performed an

in vitro kinase assay, with bacterially expressed and purified proteins. The assay was done with

either active VRK1, or kinase-dead VRK1 (K179E) as negative control [19,40,55], and His-Tip60 as

substrate. The phosphorylation of Tip60 was determined by immunoblot. Tip60 was phosphorylated

by kinase-active VRK1, but not by kinase-dead VRK1 (K179E) (Figure 3E). Therefore, we concluded

that VRK1 directly phosphorylates Tip60.

112



Cancers 2020, 12, 2986

B

H4K16ac

H3

siCt siVRK1-02

VRK1

β-actin

Time (min) 0  15  30 60 120 

̶ 20
̶ 15
̶ 37

̶ 50
kDa0  15  30  60 120 

Doxo (10 µM)

siVRK1-03

0   15  60 120 180 

C

̶
̶

D
o
xo

D
o
xo

m
V

R
K

1
-K

D

s
iC

t
s
iV

R
K

1
-0

2

H4K16ac DAPIH4K16ac DAPI

̶
̶

D
o
xo

D
o
xo

m
V

R
K

1
-W

T

s
iC

t
s
iV

R
K

1
-0

2

A

C
o
n

tr
o

l

s
iC

t

2
 h

 D
o
x
o

2
 h

 D
o
x
o

+
M

G
1

4
9

DAPIVRK1H4K16ac

s
iV

R
K

1
-0

2

C
o
n

tr
o

l
2

 h
 D

o
x
o

2
 h

 D
o
x
o

+
M

G
1

4
9

DAPIVRK1H4K16ac
s
iV

R
K

1
-0

3

C
o
n

tr
o

l
2

 h
 D

o
x
o

2
 h

 D
o
x
o

+
M

G
1

4
9

75 µm 

VRK1H4K16ac DAPI

75 µm 75 µm 

Doxo (10 µM)

MG149

̶
̶

+ +

̶ +

H
4
K

1
6
a
c
 F

lu
o
re

s
c
e
n
c
e

(a
.u

.)

60

50

40

30

20

10

0

siVRK1-03

siVRK1-02

siCt

n.s.

***
n = 50 cells ***

n.s.n.s.

***

100

siCt siVRK1-02

0          2           0          2

H
4
K

1
6
a
c
 f

lu
o
re

s
c
e
n
c
e

(a
.u

.)

hours

80

60

40

20

0

mVRK1-KD
mVRK1-WT

***

n.s
.

n.s.

****

***
n = 50 cells

Doxo (10 µM)

Figure 2. Effect of VRK1 depletion on H4K16 acetylation. (A). VRK1 was knockdown in A549 cells

using siVRK1-02 (siV-02) and siVRK1-03 (siV-03). Serum-deprived (0.5% FBS for 48 h) cells were treated
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with 10 µM doxorubicin (Doxo) for 3 h to induce DNA damage. MG149 (2 µM) was added to the cell

culture at 12 h before doxorubicin. ns: Not significant, *** p < 0.001. (B). Effect of VRK1 depletion

with two different siRNA on endogenous H4K16 acetylation induced by doxorubicin (Doxo) and

detected by immunoblot. (C). Rescue of H4K16ac induced by doxorubicin in siVRK1-02 depleted cells

and their rescue with either murine VRK1 or kinase-dead VRK1-KD (K179E) in stable A549 cell lines.

All experiments were repeated three times. siCt: siControl. *** p < 0.001, * p < 0.1.
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Figure 3. VRK1 direct interaction and phosphorylation of Tip60. (A). Binding of Tip60 to human VRK1.

Increasing amounts of His-Tip60 were incubated with a fixed amount (1000 ng) of GST-VRK1, followed

by a pulldown of GST-VRK1 and determination of Tip60. In the gel was included an assay with GST to

rule out a non-specific interaction with His-Tip60. Proteins were detected by immunoblot with specific

monoclonal antibodies for the GST and His epitopes. (B). Direct interaction between VRK1 and Tip60.
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Cells were transfected with tagged plasmids expressing human VRK1-HA and Tip60-V5. The complex

between these two proteins within cells was detected by reciprocal immunoprecipitations.

(C). Immunoprecipitation of endogenous Tip60 with an anti-Tip60 antibody (ab137518) and detection of

endogenous VRK1 in the immunoprecipitate. (D). Doxorubicin treatment does not alter the interaction

between endogenous VRK1 and Tip60 (top) or between endogenous VRK1 and transfected Tip60-V5

(bottom). (E). Direct in vitro phosphorylation of Tip60 by VRK1 using bacterially expressed and purified

proteins. Phosphorylated Tip60 was determined with an anti-phosphoserine antibody.

2.4. Kinase-Active VRK1 Mediates the Phosphorylation of Tip60 Induced by DNA-Damage

It is known that the kinase activity of VRK1 is induced by DNA damage independently of its

type, including damage caused by doxorubicin [19]. Therefore, we tested whether incubation of

A549 cells with doxorubicin was able to cause the phosphorylation of Tip60 in cells treated with

doxorubicin. The treatment with doxorubicin did not alter the intracellular complex formed between

the endogenous VRK1 and the transfected Tip60 determined by immunoprecipitation (Figure 4A).

However, doxorubicin treatment induced an increase in the level of phosphorylated-Tip60 that is

complexed with VRK1 (Figure 4A). Next, it was determined whether this Tip60 phosphorylation

induced by doxorubicin was dependent on VRK1. For this aim, endogenous human VRK1 was depleted

using two different siRNAs and the level of Tip60 phosphorylation induced by doxorubicin was

determined in the immunoprecipitate. The increase of Tip60 phosphorylation induced by doxorubicin

was lost in VRK1-depleted cells by using two different siRNA (Figure 4B).

Next, we performed a rescue experiment to confirm the effect of VRK1 on the phosphorylation

of Tip60 in response to doxorubicin treatment. For this purpose, stable A549 cell lines were

made, one expressing wild-type murine VRK1 (mVRK1), and the other by expressing kinase-dead

murine VRK1-(K179E) [55]. In these cells, the effect of the murine VRK1 proteins was determined

after depletion of the endogenous human VRK1. Wild-type murine VRK1 was able to rescue the

phosphorylation of Tip60 induced by doxorubicin, but the kinase-dead mVRK1-(K179E) did not rescue

Tip60 phosphorylation (Figure 4C).

2.5. VRK1 Depletion Prevents the Accumulation in Chromatin of Phospho-Tip60 Induced by DNA Damage

VRK1 is a nuclear kinase present in nucleoplasm and chromatin [21,32]. Therefore, it was

determined whether the effect of VRK1 depletion on the nuclear localization of endogenous Tip60/KAT5

protein was dependent on its localization within nuclei. VRK1 was depleted with siRNA, and cells

were treated with doxorubicin. In control cells, doxorubicin induced a significant accumulation of

endogenous Tip60 in nuclei in response to DNA damage (Figure 5A). In VRK1 depleted cells, there was

a loss of nuclear fluorescence associated to endogenous Tip60 (Figure 5A).

Next, it was determined whether the phosphorylated endogenous Tip60 was associated to the

chromatin fraction of the nuclear protein. For this aim, the localization of phosphorylated Tip60 in

response to doxorubicin was determined by fractionation of nuclei into chromatin and nucleoplasm

fractions. The presence of phosphorylated endogenous Tip60 induced by doxorubicin was only

detected in the chromatin fraction (Figure 5B right), but not in the nucleoplasm (Figure 5B left).

Furthermore, this chromatin localization of endogenous Tip60 was lost by depletion of VRK1 (Figure 5B

right). These data indicated that the phosphorylation of Tip60 occurred on chromatin where VRK1 is

also present, but not in the nucleoplasm fraction.
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Figure 4. VRK1 mediates the phosphorylation of Tip60 induced by doxorubicin. (A). Time dependent

phosphorylation of Tip60 in cells treated with doxorubicin. A549 cells were transfected with plasmid

Tip60-V5 or empty vector (Ct); and to eliminate mitogenic signaling, cells were maintained in 0.5%

serum for 48 h before the addition of doxorubicin to the culture. Cells were lysed at different time points

and Tip60 was immunoprecipitated and determined its stable interaction with endogenous VRK1.

The phosphorylation of the Tip60 after doxorubicin treatment and present in the immunoprecipitated

Tip60-VRK1 complex was detected in Western blots. To the right it is shown the quantification from

three independent experiments. Vect: Transfected with empty vector. Vect: Transfection control with

empty vector. (B). Effect of VRK1 depletion on the phosphorylation of Tip60. A549 cells were treated

with si-control (left), siVRK1-02 (center) or siVRK1-03 (right) followed by transfection with plasmid

Tip60-V5, and cells were treated with doxorubicin at the indicated times. Transfected Tip60-V5 was

immunoprecipitated and the phosphorylation of Tip60 determined in Western blots. The graph to

the bottom-left shows the quantification of phosphorylated Tip60 from three different experiments.

Vect: Transfected with empty vector. (C). Rescue of Tip60 phosphorylation induced by doxorubicin in two

A549 stable cell lines expressing either murine kinase-active (left) or kinase-dead murine VRK1 (K179E)

(right) in which endogenous human VRK1 was depleted. Experiments were repeated three times.
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Figure 5. VRK1 knockdown prevents chromatin accumulation of endogenous Tip60 induced by

doxorubicin. (A). Effect of doxorubicin on the Tip60 nuclear protein detected by immunofluorescence.

siCt: si-control; si-V1-02: si-VRK1-02. The fluorescence was quantified in fifty cells using the Image J

program. *** p < 0.001. (B). Effect of doxorubicin on the endogenous Tip60 and its phosphorylation in

the nucleoplasm and chromatin fractions determined in control or VRK1-depleted A549 cells. In all

time course experiments, the reference value is the one corresponding to the starting time point (0 min).

All experiments were repeated four times.

2.6. The Phosphorylation of Tip60 by VRK1 is Induced by Doxorubicin in ATM Null Cells

The activation of ATM in DDR requires its previous acetylation in K3016 by Tip60 that induces

its autophosphorylation in Ser1981 required for its kinase activity [56,57]. Moreover, the knockdown

of VRK1 prevented the autophosphorylation of ATM in Ser1981 in DDR [19,20]. To rule out the
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possibility that the effect of VRK1 on Tip60 might be indirect and due to ATM, the induction of Tip60

phosphorylation in response to doxorubicin treatment was determined in the HT144 (ATM−/−) cell

line. In these ATM deficient cells, doxorubicin induced the phosphorylation of Tip60 (Figure 6A),

which indicated that ATM is not necessary for Tip60 phosphorylation. Next, we determined whether

the Tip60 phosphorylation induced by doxorubicin in HT144 (ATM−/−) cells was also dependent

on endogenous VRK1. The knockdown of VRK1 with two different siRNAs in HT144 (ATM−/−)

cells resulted in the loss of Tip60 phosphorylation induced by doxorubicin (Figure 6B). This led to

the conclusion that ATM does not mediate the phosphorylation of Tip60, and VRK1 is an upstream

component in the pathway.
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Figure 6. The phosphorylation of Tip60 is independent of ATM and lost by VRK1 depletion.

(A). Time course of the phosphorylation of Tip60 by DNA damage induced by doxorubicin in HT144

cells (ATM−/−) deprived of serum (0.5% FBS) for 48 h before treatment. Tip60 was immunoprecipitated

and its phosphorylation determined in Western blots. In the graph to the right is shown the relative

increase in Tip60 phosphorylation from three independent experiments. Ct is a negative control of

the transfection with an empty vector. (B). Depletion of VRK1 with two different siRNA causes a loss

of Tip60 phosphorylation induced by doxorubicin in HT144 cells (ATM−/−). To the right is shown

the quantification of the relative phosphorylation in siControl and siVRK1 in HT144 cells (ATM−/−).

The graph to the right shows the relative increase in Tip60 phosphorylation from three independent

experiments. Ct: Cells transfected with empty vector.
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2.7. ATM Acetylation by Tip60 Is Insensitive to ATM Kinase Inhibitors but Is Lost by VRK1 Depletion or
Tip60 Inhibition

Next, we used a different approach to demonstrate that the phosphorylation of Tip60 is independent

of ATM kinase activity. Serum deprived A549 (ATM+/+) cells were treated with KU55933, an inhibitor of

ATM [58,59], or caffeine that inhibits ATM/ATR activity [60,61]. In the absence of these inhibitors, and in

response to doxorubicin treatment, there was acetylation of ATM in K3016 [56], and phosphorylation of

Ser1981 in ATM (Figure 7A, left), as positive control, as well as the predicted phosphorylation of Tip60.

ATM forms an inactive dimer and its acetylation in K3016 by Tip60 leads to ATM autophosphorylation in

Ser1981 [57]. However, the addition of KU55933 or caffeine inhibited the activating autophosphorylation

of ATM in Ser1981 without affecting ATM acetylation in K3016 or the phosphorylation of Tip60

(Figure 7A, center and right). To demonstrate that ATM modifications, acetylation and phosphorylation,

required VRK1, a different approach was used. Following depletion of endogenous VRK1 with two

different siRNA, their effect on ATM-K3016 acetylation and ATM-S1981 phosphorylation induced by

doxorubicin was determined in the immunoprecipitated endogenous ATM. Depletion of VRK1 resulted

in the loss of both ATM acetylation and autophosphorylation (Figure 7B). Additionally, determining

the phosphorylation of CHK2 in T68, a downstream target of ATM, which was also lost by VRK1

depletion, confirmed this observation (Figure 7C).

Next, to confirm this observation at individual cell level, the phosphorylation of ATM induced by

doxorubicin and its inhibition, by either VRK1 depletion or the Tip60 inhibitor MG149, were determined

by immunofluorescence. VRK1 depletion (Figure 8A) or treatment with MG149 (Figure 8B) resulted

in the loss of ATM-S1981 phosphorylation. The KU55933 ATM inhibitor does not affect H4K16

acetylation but prevents ATM-S1981 phosphorylation in the response to doxorubicin (Figure 8C).

However, the MG149 Tip60 inhibitor (Figure 8C) prevents both H4K16 acetylation, and ATM-S1981

phosphorylation, which further supports that ATM acetylation precedes its phosphorylation as expected

since acetylation of ATM is required for activation of this kinase [56].

2.8. The Kinase Activity of VRK1 Is Necessary to Rescue ATM Acetylation and Phosphorylation

To demonstrate that VRK1 is necessary for ATM acetylation and phosphorylation, a different

experimental approach was used by performing a rescue experiment. Two A549-derived stable

cell lines expressing murine VRK1 kinase active (mVRK1) and kinase-dead (mVRK1-K179E) were

used. In these two stable cell lines, the endogenous human VRK1 was depleted and the effect of

doxorubicin treatment on endogenous ATM acetylation and phosphorylation were studied, using Tip60

phosphorylation as an internal control. The kinase-active mVRK1 was able to rescue both the specific

ATM–K3016 acetylation and ATM-S1981 phosphorylation in immunoblots (Figure 9A), and ATM-S1981

phosphorylation by immunofluorescence (Figure 9B). Neither of these two ATM modifications were

rescued by the kinase-dead mVRK1-K179E (Figure 9A,B).
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Figure 7. VRK1 is required for the acetylation of ATM by Tip60 in response to DNA damage induced by

doxorubicin. (A). The phosphorylation and acetylation of ATM, and the phosphorylation of endogenous

Tip60 were determined in A549 cells (ATM+/+) deprived of serum (0.5% FBS) for 48 h and treated with

doxorubicin in combination with KU55933 or caffeine that inhibit ATM. The covalent modifications

were detected in the immunoprecipitated endogenous proteins with specific antibodies. (B). Effect of

VRK1 depletion with two different siRNA, and Tip60 inhibition with MG149, on the phosphorylation

and acetylation of ATM in response to doxorubicin treatment in A549 cells. Treatment with the MG149

inhibitor was performed by its addition to cultures 12 h before cell lysis. (C). Effect of VRK1 depletion

on the phosphorylation of CHK2 in T68, a downstream phosphorylation target of ATM in response

to doxorubicin.
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Figure 8. Phosphorylation of ATM is lost by depletion of VRK1 or inhibition of Tip60 in A549 (ATM+/+)

cells. (A). Effect of VRK1 depletion or Tip60 inhibition on the phosphorylation of ATM in Ser1981.

A549 cells deprived of serum (0.5% FBS) for 48 h were treated with doxorubicin and the effect of VRK1

depletion on the phosphorylation of ATM was determined by immunofluorescence. Field images and

the selected individual cell are shown in Figure S3A. (B). Effect of the inhibition of Tip60 with MG149 on

the phosphorylation of ATM in Ser1981 induced by doxorubicin and detected by immunofluorescence.

Field images and the indicated individual cell are shown in Figure S3B. (C). Differential effect of KU55933

(ATM inhibitor) and MG149 (Tip60 inhibitor) on the acetylation of H4K6 and ATM phosphorylation in

A549 cells treated with doxorubicin. The graphs show the quantification of 50 cells. ns: Not significant.

*** p < 0.001. All experiments were repeated three times.
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Figure 9. The acetylation and phosphorylation of ATM induced by doxorubicin are rescued by

kinase-active VRK1. (A). Rescue of ATM acetylation and phosphorylation induced by doxorubicin

in A549 stable cell lines expressing kinase-active (mV-WT) (left) or kinase-dead murine VRK1

(K179E) (mV-KD) (right) in which the endogenous human VRK1 was depleted. (B). Rescue of ATM

phosphorylation induced by doxorubicin in A549 stable cell lines, which express either murine

kinase-active (mVRK1) (top) or kinase dead murine VRK1 (K179E) (mVRK1-KD) (bottom), and in

which endogenous human VRK1 was depleted. The graph to the right shows the quantification of fifty

cells ns: Not significant. *** p < 0.001.

3. Discussion

Chromatin remodeling is a highly organized and regulated process. When DNA damage occurs,

the cell has to respond to an aberrant alteration by a locally altered chromatin, which triggers a response

aiming to its repair and that requires several sequential steps. The many different alternative covalent
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modifications of histones in chromatin underlie its dynamic changes associated to specific functions.

These modifications require several different enzymatic activities that need to be coordinated and linked

to specific cellular functions, ranging from transcription, replication, or chromatin compaction to DNA

damage responses. There is a large group of lysine acetyl transferases (KAT) [62] and their regulation

and coordination are unknown, but in both processes, phosphorylation is likely to play an important

role that remains to be studied and understood. Kinases are well suited to orchestrate these roles

and associate them to specific signaling pathways. The identification of the chromatin kinase VRK1,

which participates in transcription, cell division and DNA repair, as a regulator of KAT5/Tip60 is a

significant step in this context. Tip60 phosphorylation occurs in other biological processes. In apoptosis,

GSK3 phosphorylates Tip60 and leads to the expression of PUMA (P53 Up-Regulated Modulator of

Apoptosis) [63]. Tip60 is also phosphorylated by CDK9 and associated to gene transcription [64],

and by cyclinB/cdc2 complexes in G2/M in cell cycle progression [65]. However, the regulation of Tip60

in DNA damage responses is initiated in a locally altered chromatin [48,66], as it occurs with VRK1

that is activated independently of the type of DNA damage [19].

Chromatin kinases are likely candidates to participate in early responses to DNA damage.

The location of VRK1 as a kinase resident on chromatin places it in a very suitable situation to

trigger, coordinate and organize the signals involved in sequential DDR steps. The colocalization of

VRK1 [34] and Tip60 [42,67] on the chromatin fraction and its stable direct interaction indicate that

Tip60 phosphorylation can contribute to its retention on this fraction, since VRK1 depletion results

in the loss of Tip60 in the chromatin fraction. The complex between VRK1-Tip60 is activated by the

structural change caused by the interaction of VRK1 with histones in nucleosomes located where DNA

is altered by damage [21,39]. The kinase activity of VRK1 can be regulated by the interaction of its

flexible C-terminus with histones [32,39]. These results indicated that the phosphorylation of Tip60

occurred on chromatin where VRK1 is also present and both form a basal complex, but an additional

contribution of their nucleoplasm fraction cannot be rule out.

The chromatin kinase VRK1, which indirectly regulates histone acetylation in response to DNA

damage in G0/G1, is a likely candidate to regulate Tip60. This KAT also regulates histone acetylation

in DDR [45], and VRK1 depletion prevents H4K16 acetylation. The acetylation of H4K16, mediated

by Tip60, is a marker of locally relaxed chromatin, facilitates the next steps, after deacetylation,

for recruitment of 53BP1 to damaged DNA sites, and DNA repair by the NHEJ pathway [68,69].

Moreover, during progression of DDR, the deacetylation of H4K16 permits the dimethylation of H4K20

(me2) that facilitates later steps in the specific repair pathway [47,69]. Consistent with this role for

H4K16ac, depletion of VRK1 impairs later steps in the specific pathway, such as the formation of 53BP1

foci in response to DNA damage by either ionizing radiation or doxorubicin [19–21,52], which is not

rescued by kinase-dead VRK1 [55]. Thus, the interplay of histone acetylation and methylation can be

associated to different functions in DDR, and is consistent with the role of VRK1 in NHEJ in cells in

G0/G1. In this context, it will be important to study the role that VRK1 plays in the regulation of the

methylase and demethylase that regulate K4H20me2.

The sequential order of Tip60 and ATM roles in the early response to DNA damage involving

VRK1 is outlined in Figure 10. The interaction of VRK1 with histones regulates its kinase activity

and permits the phosphorylation of Tip60, which by acetylation of H4 permits a local chromatin

relaxation at the site of DNA damage. This locally relaxed chromatin permits the access to different

components that participate in the sequential steps of DNA repair, from the initial DNA-end protection,

damage identification and finally repair by facilitating the ATM acetylation and its subsequent

autophosphorylation. In the case of DNA damage by doxorubicin that causes double-strand breaks,

VRK1 depletion also alters the specific phosphorylation and formation of γH2AX [21], NBS1 [20]

and 53BP1 foci [19,52], which represents sequential steps in the process downstream of H4K16ac.

Inhibition of ATM, prevents its phosphorylation, but does not alter its acetylation by Tip60, which is

lost by VRK1 depletion. Furthermore, there is a parallel cellular response mediated by VRK1 in

response to DNA damage involving the specific phosphorylation of p53 in Thr18 [24], which prevents
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its interaction with mdm2, and facilitates subsequent phosphorylation by ATM/ATR to select specific

transcriptional cofactors [70]. The initial phosphorylation of p53 in Thr18 by VRK1 [23,24,71] disrupting

the interaction between p53 and the mdm2 ubiquitin ligase [72]. Additional phosphorylation of p53

in other N-terminus residues, such as Ser15 by ATR and Ser20 by ATM [73], determine the selection

and affinity of p53 for specific transcriptional cofactors [70]. A similar order is likely to occur in the

coordination of sequential steps in DDR. The sequential order of activation of kinases in DDR is

consistent with their consecutive roles in the phosphorylation of p53 in response to DNA damage.

This p53 activation by VRK1 contributes to induction of cell cycle arrest or apoptosis, depending on

the magnitude of the DNA damage, and the ability of the cell to cope with it.

strand breaks, VRK1 depletion also alters the specific phosphorylation and formation of γH2AX 
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Figure 10. Sequential order of covalent modifications in response to DNA damage involving VRK1,

Tip60, H4, ATM and p53. The site of action of siVRK1 and of specific acetylase and kinase inhibitors

are indicated.

In this study, we have identified that VRK1 regulates the phosphorylation of Tip60 in the absence

of ATM and in the presence of ATM inhibitors, indicating that VRK1 is an upstream component needed

for the H4K16ac associated to the aberrant relaxation of damaged DNA and required for initiation of

the specific sequential steps in DDR. This finding, the activation of Tip60/KAT5, a writer epigenetic

enzyme, is a step in the coordination and regulation of alternative modifications in specific histone

lysine residues. In those lysine residues with alternative epigenetic modifications, the coordination

of four enzymes involved is still poorly known, but that is essential to understand how chromatin

perform its transition from one configuration to another and to organize its three-dimensional structure

in different physiological or pathological situations.

4. Materials and Methods

4.1. Reagents

MG149 (Axon MedChem, Groningen, The Netherlands), C646 (SelleckChem, Houston, TX, USA),

KU55933 (Tocris Bioscience, Bristol, UK) were dissolved in dimethyl sulfoxide. All other reagents were

from Sigma-Aldrich-Merck (Darmstadt, Germany).
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4.2. Plasmids

Human VRK1 was expressed from plasmid pCEFL-HA-VRK1 [18,20,74]. Human Tip60 was

expressed from plasmid pcDNA3.1-TIP60-V5-His obtained from D. Maurer [63]. Murine VRK1 (mVRK1)

was expressed from plasmid pCMV6-mVRK1-myc-DKK (OriGene, Rockville, MD, USA). A kinase-dead

construct of the murine VRK1(K179E) was generated with the Quick-Mutagenesis system (Stratagene,

San Diego, CA, USA) [74]. Murine VRK1, wild-type and kinase dead (K179E) were also made in lentiviral

construct, plasmids pLenti-C-HA-IRES-BSD-mVRK1 and pLenty-C-HA-IRES-BSD-mVRK(K179E) were

used to make A549-derived stable cell lines that were selected with blasticidine.

For in vitro kinase assays of the human protein, the following plasmids were used, PGEX-4T-VRK1

and pGEX-4T-VRK1-K179E [24,55,75] for expression and purification of the fusion proteins expressed

in Escherichia coli DH5α and the GST-fusion proteins were purified as previously reported [26,75].

Human Tip60 cloned in vector pET28a-LIC (HTATIP-2OU2) with a hexahistidine tag for bacterial

expression was a gift from Cheryl Arrowsmith (Addgene reference 33338). Mutations introduced in

human of murine were confirmed by Sanger sequencing and reported in previous studies [19,20].

4.3. Cell Lines, Culture and Transfections

The following cell lines were used and obtained from the ATCC (Teddington, Middlesex, UK)

A549 (CCL-185) and HT144 (ATM−/−) (HTB-63). Cell lines were mycoplasma free. Cells were grown

in 100 mm dishes with DMEM medium (GIBCO) supplemented with 10% inactivated fetal bovine

serum (GIBCO), 1% L-Glutamine (GIBCO) and 0.5% Pen Strep (GIBCO). Twenty-four hours later,

cells were transfected with the corresponding expression plasmid. Transfections were performed

mixing the amount of plasmid with two volumes of polyethylenimine (PEI) reagent (Polysciences, Inc.,

Warrington, PA, USA) following manufacturer’s instructions in 1 mL of 150 mM NaCl, incubated for

30 min at room temperature, and added to the cell culture [18,74]. Cell lysis was performed with mild

lysis buffer (50 mM Tris–HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl, and 1% triton X-100). At the time

of the lysis, the buffer was complemented with phosphatases inhibitors (1 mM NaF and 1 mM sodium

orthovanadate) and proteases inhibitors (1 mM PMFS, 10 µg/mL aprotinin and 10 µg/mL (leupeptin).

In all experiments involving induction of DNA damage by doxorubicin treatment, cells were

placed in 0.5% FBS for 48 h before doxorubicin addition to the culture. Serum deprivation was used to

remove mitogenic signals from growth factors, and to accumulate cell in G0/G1, which was checked by

flow cytometry and the lack of cyclin D1and phosho-Rb [17,19].

A549 cells lines were infected with lentiviral particles containing the vector pLentiC-HA-IRES-BSD

(OriGene Technologies, Rockville, MD, USA) expressing murine VRK1 or kinase-dead murine VRK1

(K179E) were cloned and selected with blasticidine [76].

In all time course experiments, the reference value is the one corresponding to the starting time

point (0 min), and the sequential time points were compared with it after normalization by the levels of

endogenous and transfected protein, where applicable. The inhibitors MG149 (2 µM) or C646 (10 µM)

were added 10 h before addition of doxorubicin. All experiments were repeated three times.

4.4. VRK1 Depletion by siRNA

Specific silencing of VRK1 was performed using two different siRNA from Dharmacon

(DHARMACON RNA Technologies). The VRK1 sequences targeted by these siRNA oligonucleotides

were siVRK1-02 (siV1-02), CAAGGAACCTGGTGTTGAA; and siVRK1-03 (siV1-03): That GGAAUGG

AAAGUAGGAUUA. As negative control, the “ON-TARGETplus siCONTROL Non-targeting siRNA”

from DHARMACON was used and is indicated as siCt in experiments. The efficiency of RNAi

transfection was determined with “siGLO RISC-free siRNA” (DHARMACON). Briefly, cells were

transfected with the indicated siRNA at a concentration of 20 nM using Lipofectamine 2000 Reagent

(Invitrogen) or Lipotransfectin (Nivorlab) [18,34,74]. After transfection, cells were processed at the times
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indicated in specific experiments that were performed as previously reported [19,77]. The depletion of

VRK1 by siRNA has been previously reported for A549 [18,21,36] and HT144 [20,21] cell lines.

4.5. Antibodies

The primary and secondary antibodies, applications and conditions used in this work are listed in

Tables S1 and S2 respectively.

4.6. Immunoblots

Protein extracts from cell lysates were quantified using the Protein assay (Bio-Rad; Hercules,

CA, USA). Forty micrograms of protein extracts were used for immunoblots. Protein samples were

fractionated in a 7.5%, 10%, or 12.5% SDS polyacrylamide gel and transferred to a PVDF Immobilon-FL

membrane (Millipore), at 90 V, 4 ◦C, for 90 min. PVDF membranes were blocked for 1 h at room

temperature with 5% defatted milk in TBS-T buffer (25 mM Tris-HCl pH 8.50 mM NaCl, 2.5 mM

KCl, 0.1% Tween-20) or, alternatively, with 5% of BSA in TBS-T buffer when phosphorylated state of

proteins was analyzed [20,34,36]. Membranes were washed in TBS-T buffer 3 times for 10 min each

time and incubated with the primary antibody for 8 h, or overnight, at 4 ◦C. Next, PVDF membranes

were extensively washed in TBS-T buffer and incubated with the corresponding secondary antibody

(Goat Anti-Mouse IgG, Dylight 680 -red colored- or Goat Anti-Rabbit IgG, DyLight 800 -green colored-)

at 1:10,000 for 1 h at room temperature (in darkness). Membranes were washed in TBS-T buffer for

10 min three times. Finally, fluorescence signals were detected, and quantified, using a LI-COR Odyssey

Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

4.7. Immunoprecipitations

Cells were lysed at a density of seventy percent confluence. Cell lysates (1–2 mg of protein)

were incubated with the corresponding antibody for each experiment for 8 h, or overnight, at 4 ◦C

with agitation. Subsequently, the protein-antibody immune complexes were precipitated with 80 µL

of Protein G–Agarose Resin 4 Rapid Run (4RRPG, Agarose Bead Technologies) for 8 h at 4 ◦C in

agitation [18,34,74] and the immunoprecipitate was collected by centrifugation (2200 rpm, 2 min) and

washed three times with lysis buffer. Next, 10 µL of buffer 5× (250 mM Tris-HCl, 10% SDS, 50% glycerol,

0.5% bromophenol blue) were added to the samples, boiled for 5 min and subjected to electrophoresis,

followed by immunoblot analysis. Specific antibodies for immunoblot analysis are listed in Table S1.

4.8. In Vitro VRK1-Tip60 Protein Interaction and Kinase Assay

The kinase assay contained, either 10 µg of purified GST-VRK1 wild-type or 10 µg of purified

GST-VRK1-K179E (kinase-dead) with 6 µg of purified His-Tip60 as substrate, to maintain an equimolar

ratio. The protein mix was incubated in a specific buffer for casein kinases (20 mM Tris-HCl pH 7.5,

5 mM MgCl2, 0.5 mM DTT and 150 mM KCl) and 2 mM of cold ATP during 1 h at 30 ◦C. The proteins

fractionated in SDS-polyacrylamide gels, and transferred to an Inmobilon-FL membrane (Millipore).

Tip60 phosphorylation was detected with monoclonal anti-phosphoserine antibody (clone 4A4).

The proteins on the membrane were detected by Western blot.

To study the interaction between human VRK1 and Tip60 a binding assay was performed

using bacterially expressed and purified GST-VRK1 and His-Tip60 in the amounts indicated in the

experiment [74,75]. The proteins were incubated in a buffer containing 20 mM Tris-HCl pH 7.5, 5 mM

MgCl2, 0.5 mM DTT and 150 mM KCl in a volume of 25 µL at 35 ◦C and gentle agitation for 1 h, followed

by the addition of 80 µL of Gutathione-sepharose 4 Fast Flow (Merck, ref: GE17-5132-01) equilibrated

with lysis buffer. The mix was incubated at 4 ◦C for eight hours. Finally, a pull-down was performed by

centrifugation at 2800 rpm for 5 min at 4 ◦C. The resin was washed three times in the same pull-down

buffer, and finally 10µL of buffer were added and loaded in a 10% polyacrylamide-SDS gel. The proteins

were transferred to a PVDF Immobilon-FL membrane that were used for immunoblot analysis.
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4.9. Immunofluorescence and Confocal Microscopy

Cells were cultured in coverslips placed in 60-mm dishes. Forty-eight or ninety-six hours after

corresponding transfections of expression plasmids and/or siRNAs, coverslips were placed into T24

single wells and cells were fixed with 3% paraformaldehyde (MERCK) in 1× PBS during 30 min at

room temperature. Next, cells were treated with 200 mM glycine during 15 min and permeabilized

with 0.2% Triton X-100 in PBS for 30 min. Finally, cells were blocked with 1% BSA in PBS 1× for, at least,

1 h. Once permeabilized, coverslips were incubated with the corresponding first primary antibody in

1% BSA in PBS for 8 h, or overnight, at 4 ◦C. Afterwards, cells were washed 3 times with PBS, and the

secondary antibody was added and incubated and washed in a similar manner. The specific antibodies

and dilutions used for this technique are indicated in Table S1. The secondary antibodies (Table S2)

were incubated together in 1% BSA in PBS for 1 h at room temperature. Finally, cell nuclei were stained

with 0.1% DAPI (SIGMA) in 1× PBS for 15 min at room temperature and washed 3 times with PBS.

Coverslips were mounted with Mowiol (Calbiochem-Merck), and images were captured with a LEICA

SP5 DMI-6000B confocal microscope. The lasers used in this microscope were: Argon (488 nm) for

detecting green fluorescence, DPSS (561 nm) for detecting red fluorescence, and UV Diode (405 nm) for

DAPI detection. Images were captured with a 63.0× lens zoomed in 2× with a 1024 × 1024 frame and

600 Hz scanning speed. Images were analyzed with the ImageJ program (NIH).

4.10. Nucleoplasm-Chromatin Fractionation

Fractionation of nucleoplasm and chromatin fraction was performed as reported for Tip60 [64].

Briefly, cells were lysed and incubated on ice for 8 min in cytosol lysis buffer (10 mM HEPES; 10 mM

KCl, 1.5 mM MgCl2, 0.34 mM sucrose, 10% glycerol, 20 µM MG132, 0.1% Triton X-100, 1:100 PMSF,

1:1000 aprotinin, 1:1000 leupeptin, 1:500 sodium orthovanadate and 1:500 NaF). Subsequently, cell lysate

was centrifuged at 1300× g for 5 min in order to separate cytoplasm fraction (supernatant), which was

discarded, and whole nuclei extract (pellet). Nuclei fraction was taken up in nucleoplasm extracting

buffer (400 mM NaCl, 3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 20 µM MG132, 1:100 PMSF,

1:1000 aprotinin, 1:1000 leupeptin, 1:500 sodium orthovanadate and 1:500 NaF) and incubated at 4 ◦C

for 20 min. To precipitate chromatin from nucleoplasm (supernatant) an additional centrifugation at

1000× g for 2 min was performed. The chromatin fraction was washed three times in nucleoplasm

extracting buffer. After that, the chromatin fraction was resuspended in nuclei lysis buffer (50 mM

Tris-HCl, pH 8.1, 10 mM EDTA, 0.5% SDS, 1:100 PMSF, 1:1000 aprotinin, 1:1000 leupeptin, 1:500 sodium

orthovanadate and 1:500 NaF) and sonicated 5 times for 30 seconds, waiting 30 seconds between

each sonication to break DNA. Nucleoplasm and chromatin-associated proteins were quantified by

Bradford assay, and analyzed by Western blotting.

4.11. Statistical Analysis

Statistical results were analyzed using the SPSS23 statistical package. Quantitative experiments

were performed at least three times, the number of cells is indicated and statistical analysis was

performed by the non-parametric Mann–Whitney U test after confirming samples did not adjust to a

normal distribution according to two-tailed Kolmogorov test using the IBM SPSS 23 statistics package.

Results are presented as box plots with the median, first and third quartiles and standard deviations [78].

4.12. TUNEL Assay

TUNEL (TdT-mediated dUTP Nick-End Labeling) was performed to analyze the DNA free ends

of DNA breaks associated to doxorubicin treatments following the indications of the provider (In Situ

Cell Death Detection Kit, Fluorescein; Ref: 11684795910; Roche). Cells were cultured in coverslips

placed in 60-mm dishes under the specific conditions of the experiments and, subsequently, they were

fixed and permeabilized as indicated for immunofluorescence assays. Simultaneously, 50 µL of enzyme

solution, containing terminal deoxynucleotidyl transferase (TdT), were mixed with 550 µL of label
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solution, which contains nucleotide mixture in reaction buffer. The coverslips were incubated with

50 µL of the TUNEL reaction mixture in a humidified atmosphere for 60 min at 37 ◦C in the dark.

Later, coverslips were rinse 3 times with PBS and samples were analyzed in the confocal microscope

using an excitation wavelength of 488 nm and detection in the range of 515–565 nm (green).

4.13. Database Submission

The protein interactions from this publication have been submitted to the IMEx (http://www.

imexconsortium.org) consortium through IntAct [79], and assigned the identifier IM-27878.

5. Conclusions

We have identified that VRK1 regulates the phosphorylation of Tip60 in the absence of ATM and

in the presence of ATM inhibitors, indicating that VRK1 is an upstream component needed for the

H4K16ac associated to the aberrant relaxation of damaged DNA and required for initiation of the

specific sequential steps in DDR.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/10/2986/s1,
Figure S1. Induction of DNA damage by doxorubicin and triggering a DNA-Damage response (DDR) by the
NHEJ pathway in A549 cells. Figure S2. Effect of acetyl transferase inhibitors on the basal level of endogenous
H4K16 acetylation. Figure S3. Phosphorylation of ATM is lost by either depletion of VRK1 or inhibition of Tip60 in
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conditions of applications. Table S2. Secondary antibodies, conditions of applications.
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Abstract: Adaptation to hypoxia is a common feature in solid tumors orchestrated by

oxygen-dependent and independent upregulation of the hypoxia-inducible factor-1α (HIF-1α).

We unveiled that G protein-coupled receptor kinase (GRK2), known to be overexpressed in certain

tumors, fosters this hypoxic pathway via phosphorylation of the mRNA-binding protein HuR, a central

HIF-1α modulator. GRK2-mediated HuR phosphorylation increases the total levels and cytoplasmic

shuttling of HuR in response to hypoxia, and GRK2-phosphodefective HuR mutants show defective

cytosolic accumulation and lower binding to HIF-1α mRNA in hypoxic Hela cells. Interestingly,

enhanced GRK2 and HuR expression correlate in luminal breast cancer patients. GRK2 also promotes

the HuR/HIF-1α axis and VEGF-C accumulation in normoxic MCF7 breast luminal cancer cells and

is required for the induction of HuR/HIF1-α in response to adrenergic stress. Our results point

to a relevant role of the GRK2/HuR/HIF-1α module in the adaptation of malignant cells to tumor

microenvironment-related stresses.

Keywords: hypoxia; β-adrenergic signaling; breast cancer; mRNA regulation; nucleocytoplasmic

shuttling; GRK2; HuR; HIF1α; VEGF

1. Introduction

Oxygen is a key factor in embryonic development and in normal tissue homeostasis, and its

shortage triggers adaptive mechanisms required for cell survival [1,2]. Hypoxia is also a hallmark of
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solid tumors that results from a leaky vasculature within the tumor and the high proliferation rate

of both cancerous cells and immune infiltrating cells [3]. Tumor-associated hypoxia correlates with

cellular resistance to chemotherapy, metastasis, and poor patient survival, indicating that hypoxia

acts as an extrinsic driver of tumor progression [4,5]. The hypoxia-inducible transcription factors

HIF-1 and HIF-2 are the main coordinators of the cellular response to low oxygen tension in both

normal and transformed cells [2,5]. HIF-1 is formed by two helix-loop-helix-PAS proteins, namely

HIF-1α and HIF-1β or ARNT. Under normoxia, HIF-1α subunits are efficiently ubiquitinated and

targeted for proteasome-dependent degradation by the multimeric SCF2 E3 ligase coupled with the

von Hippel-Lindau tumor suppressor protein VHL, which recognizes HIF subunits only after their

hidroxylation by PHD1-3, a family of oxygen-dependent prolyl-hidroxylases. In hypoxic conditions,

HIF-1α subunits are stabilized as a result of PHD inhibition and translocated to the nucleus, where they

dimerize with ARNT, in order to activate the transcription of hundreds of genes [5,6].

Interestingly, in cancerous cells, the HIF signaling pathway can also be regulated by other

environmental and intracellular signaling factors in an oxygen-independent manner, via modulation of

protein stability, gene transcription, or mRNA binding proteins such as YB-1 and HuR (Human antigen

R), which are often up-regulated in tumor contexts thereby leading to enhanced translation of HIF-1α

mRNA in normoxic and hypoxic conditions [7–9]. HIF-1α is often downstream of the activation of

different plasma membrane receptors-triggered signaling pathways, thus linking HIF-1α status to the

growth needs of cells [10–12].

Different G protein-coupled receptors (GPCRs) have been associated with the progression of

several types of tumors [13,14]. Of note, activation of GPCRs by β-adrenergic, endothelin-1 or

lysophosphatidic acid agonists has been shown to promote the stabilization of HIF proteins [12,15,16],

thus mimicking hypoxic conditions. Cumulative evidence indicates that chronic neurosympathetic

activity fosters the malignant growth and dissemination of tumor cells through direct stimulation of

β2AR receptors [17]. Several processes appear to underlie the influence of βAR on tumor progression,

including increased HIF-1α signaling and angiogenesis. Besides its role in GPCR desensitization, the G

protein-coupled receptor kinase 2 (GRK2) is emerging as a key signaling hub. GRK2 can act as a positive

effector of certain GPCR and receptor-tyrosine kinases (RTK) transduction cascades [18,19], and also

directly interacts/phosphorylates components of signaling networks involved in cell transformation [20].

We have recently shown that GRK2 expression is up-regulated in different breast cancer contexts, playing

a driving role in the acquisition of oncogenic features [21,22]. Concurrently, GRK2 downregulation

takes place in the breast tumor vessels [23]. Such opposite and cellular-specific alterations in GRK2

expression seem to be causally related, promoting a marked increase of intra-tumoral hypoxia and of

the tumor-associated macrophage-derived factor adrenomedullin, a known VHL-HIF-1 target gene.

In this report we unveil that GRK2 is a relevant modulator of the hypoxic pathway in transformed

epithelial cells via phosphorylation-dependent modulation of the mRNA-binding protein HuR, leading

to subsequent nuclear accumulation of the HIF-1α protein. Stimulation of GRK2 upon hypoxia

or adrenergic receptor activation emerges as a novel mechanism of regulation of HIF signaling in

physiological or pathological processes, such as cancer progression.

2. Results

Our previous results pointed to GRK2 as a common regulatory and transducing effector of diverse

pathways that are altered in luminal and basal breast cancer [21,22]. Remarkably, the mRNA binding

protein ELAV-like protein 1 (HuR), a key upstream modulator of HIF-1α and other targets, is also

overexpressed in these tumor contexts [24,25]. Moreover, GRK2 upregulation alters the activity of

several transcription factors in normal breast cells that are chronically stimulated with EGF [21],

whereas HuR activity changes in response to EGF [26]. A subset of EGF- and GRK2-regulated

transcription factors in such conditions can be linked to a GRK2-mediated gain-of-function of the

prolyl isomerase Pin1 [21] (Figure S1). Interestingly, other subsets can be linked to HuR (Figure

S1), since their mRNAs are either regulated or potentially targeted by this protein [27]. Altogether,
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these observations suggested a potential functional relationship between HuR and GRK2 in both tumor

and non-tumor settings.

2.1. HuR Protein Levels Positively Correlate with GRK2 Activity

We analyzed the steady-state levels of HuR protein under different GRK2 expression and activation

status contexts in Hela cells, a cellular model widely used in the functional characterization of HuR.

The protein levels of HuR directly correlated with GRK2 abundance, being significantly upregulated

in cells over-expressing the wild-type GRK2 (Hela-WT5), but down-modulated upon stable GRK2

silencing (Hela-shGRK2) (Figure 1A). Interestingly, HuR abundance remained unaltered compared

to parental Hela cells, upon stable over-expression of the catalytically inactive GRK2-K220R mutant

(Hela-K1 cells) or of GRK2-S670A, which lacks the ability to phosphorylate a subset of GRK2 substrates

(Hela-A1 cells) [21,28]. These results suggested that GRK2-mediated phosphorylation of either HuR or

an intermediate factor was involved in the regulation of HuR expression levels.

 

Figure 1. GRK2 phosphorylates and regulates HuR. (A) HuR total levels were analyzed by

immunoblotting of the total lysates of parental and HeLa cell lines over-expressing wild-type GRK2
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(Hela-WT5), a mutant lacking the ability to phosphorylate a subset of GRK2 substrates (Hela-A1),

the catalytically inactive GRK2-K220R mutant (Hela-K1) or harboring stable GRK2 silencing

(Hela-shGRK2). Values are mean ± SEM from four independent experiments. * p < 0.05 vs. parental

(Student’s t-test). (B) GRK2 and GST-HuR were incubated in the presence of [γ-32P]-ATP, as detailed in

Materials and Methods. Km was estimated by double-reciprocal plot analysis of three independent

experiments. (C) Phosphorylation of GST-HuR was performed in the presence of [γ-32P]-ATP using

recombinant GRK2-WT, GRK2-S670A, or GRK2-K220R proteins, as described in Materials and Methods.

Intensity of 32P and the Coomassie bands were quantified by densitometry and plotted as a percentage of

WT GRK2-triggered 32P incorporation. Data representative of two independent experiments are shown.

*** p < 0.001 vs. parental (Student’s t-test). (D) GRK2 (50 nM) and GST-HuR, GST-HuR-T142/143A,

or GST-HuR-S197A (100 nM) were incubated in the presence of [γ-32P]-ATP, as detailed in Materials and

Methods. Intensity of the 32P and Coomassie bands was quantified by densitometry and plotted as a

percentage of GRK2-triggered 32P incorporation. The graph shows fold differences in two independent

experiments. * p < 0.05 vs. WT ** p < 0.01 vs. WT (1-way ANOVA). Detailed information about the

Western blots can be found in Figure S2.

2.2. HuR Is a GRK2 Phosphorylation Substrate

Purified GST-HuR was efficiently phosphorylated by recombinant GRK2 (Km of ~ 48 nM,

Figure 1B), similar to the well-known physiological substrates of GRK2 [28,29], whereas no

phosphorylation was observed in the recombinant GRK2-K220R (Figure 1C), indicating that HuR is a

direct target of GRK2. Consistently, a direct and preferential binding of HuR to the catalytic domain of

GRK2 was detected in the overlay assays (Figure S3A).

Akin to some GRK2 substrates such as HDAC6 [28], phosphorylation of GRK2 at the regulatory site

Ser670 seems to be required to enable kinase activity towards HuR, since the recombinant GRK2-S670A

mutant was incapable of phosphorylating HuR (Figure 1C), despite being able to fully phosphorylate

other well-established GRK2 substrates [28]. These data and those obtained in Hela-A1 cells suggest

that HuR belongs to the subset of ‘phospho-Ser670-biased’ GRK2 targets.

We identified three potential phosphorylation site(s) on the GRK2-phosphorylated GST-HuR,

by using proteomic approaches (Figure S3B). Single or double site-directed mutagenesis to alanine of

these candidate sites, followed by in vitro phosphorylation assays showed that GST-HuR-Thr-142/143A

and GST-HuRS-197A purified proteins displayed a significantly reduced phosphorylation by GRK2,

compared to the wild-type (Figure 1D), indicating that these residues are accounting for circa 75%

of total GRK2-dependent HuR phosphorylation. Interestingly, these residues are located in two key

functional and regulatory regions of the HuR protein, the second RNA-binding domain (RRM2)

(residues Thr142 and 143) and the nucleocytoplasmic localization hinge region (residue Ser197)

(Figure S3B). Phosphorylation of the hinge region and the RRM domains by different kinases has been

shown to underlie changes in HuR subcellular localization, binding affinity with mRNA, and regulation

of translational efficiency [30–34].

2.3. GRK2 Activity Modulates the Hypoxia-Induced Modulation of HuR Cellular Levels and
Cytoplasmic Shuttling

Hypoxia is a well-characterized stress known to upregulate HuR protein levels, in order to foster

HuR actions [35]. Interestingly, Hela-WT5 cells stably expressing GRK2, displayed an enhanced boost

in HuR levels upon acute exposure to low oxygen, while such HuR upregulation was absent upon

kinase downregulation (Hela-shGRK2 cells) (Figure 2A). A similar unresponsive pattern was observed

in the hypoxic Hela cells expressing GRK2 mutants that are unable to phosphorylate HuR (Hela-A1

and Hela-K1 cells) (Figure 2A). These data supported the notion that regulation of HuR by GRK2 was

strictly dependent on its kinase activity and on previous GRK2 phosphorylation at Ser670. Consistently,

parallel to changes in the HuR levels, a clear up-regulation of S670-GRK2 phosphorylation was noted

after 2 h of hypoxia, which was sustained afterwards in both parental and Hela-WT5 cells (Figure 2B),

but not in Hela-A1 or Hela-K1 cells.
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Figure 2. pS670-GRK2 modulates hypoxia-induced HuR upregulation. (A,B) HeLa stable cell lines

were cultured under hypoxia and the pSer670 GRK2, GRK2, and HuR levels were analyzed by

immunoblotting, at the indicated times. Values are mean ± SEM from 4–6 independent experiments.

Upper panel: ‡ p < 0.05 wt5 vs. parental; # p < 0.05 A1 vs. parental; * p < 0.05 K1 vs. parental; † p <

0.05 shGRK2 vs. parental (Student’s t-test). Lower panel: * p < 0.05 A1 and K1 vs. parental; † p < 0.05

A1 and K1 vs. WT5 (Student’s t-test). Detailed information about the Western blots can be found in

Figure S4.

HuR is mainly localized in the cell nucleus in basal conditions, whereas its activity in stress

conditions is tightly linked to protein cytosolic shuttling [32,36]. Akin to stress conditions such as UV

treatment [37], serum starvation [38], or heat shock [39], cytosolic translocation of the HuR protein

occurs after prolonged CoCl2 exposure, a condition mimicking hypoxic stress [35]. We observed that

GRK2-mediated HuR phosphorylation markedly affects the HuR cytoplasmic accumulation in hypoxia.

In parental Hela cells, HuR protein is mobilized from the nucleus as early as 2 h after low oxygen

exposure, in line with previous reports [40], and enhanced cytoplasmic HuR levels are still noted 24 h

afterwards (Figure 3A). Such a pattern of HuR mobilization was potentiated by over-expression of

wild-type GRK2, whereas no shuttling was observed in the cells expressing a catalytically inactive GRK2

mutant (Hela-K1) or upon GRK2 downmodulation (Hela-shGRK2). Consistent with a relevant role for

GRK2-mediated HuR phosphorylation in this process, the cytosolic redistribution of phospho-defective

HuR mutants HuR-S197A or HuR-T142/143A was markedly reduced upon exposure to hypoxia for 3

h or 6 h (Figure 3B). The combination of these mutations in the triple HuR-T142/143/197A construct

resulted in a stronger impairment of HuR shuttling (Figure 3B). None of these HuR mutations appear
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to disturb the localization of HuR in untreated cells, suggesting that GRK2 regulation specifically takes

place under stress.

 

–
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Figure 3. GRK2 affects hypoxia-dependent changes in HuR subcellular distribution. (A) The indicated

HeLa stable cell lines were cultured under hypoxia, and HuR nuclear and cytosolic levels were

analyzed by immunofluorescence, at the indicated times. Values are mean ± SEM from 3–4 independent

experiments. †† p < 0.01 wt5 vs. parental; ‡ p < 0.05 ‡‡‡ p < 0.001 K1 vs. parental; ** p < 0.01

shGRK2 vs. parental (Student’s t-test). Representative images are shown. Scale Bar = 10 µm.

(B) HeLa cells were transiently transfected with HA-HuR WT, HA-HuR-S197A, HA-HuR-T142/143A,

or HA-HuR-T142/143A-S197A, and was cultured under hypoxia for the indicated times. Localization of

HA-tagged HuR was assessed by immunofluorescence and the nuclear and cytosolic levels were

quantified. Values are mean ± SD from two independent experiments. ‡‡ p < 0.01 S197A vs. wt;

† p < 0.05 †† p < 0.01 T142/142A vs. wt; *** p < 0.001 T142/143A-S197A vs. wt; (two-way ANOVA).

Representative images are shown. Scale Bar = 7 µm.

Overall, these results indicated that GRK2-mediated phosphorylation at the residues located in

the different domains of HuR can modulate the cellular levels and the cytoplasmic localization of HuR

protein, in response to hypoxia.

2.4. GRK2 Phosphorylation of HuR Is Required for HIF-1α Upregulation in Response to Hypoxia

Central to cellular hypoxia is the upregulation of HIF-1α, which is in turn required for the

transcriptional induction of genes involved in metabolism, angiogenesis, or survival [5,6,41]. In addition

to protein stabilization, HuR-mediated translational control of HIF-1α mRNA is an important

mechanism accounting for HIF-1α protein accumulation, in response to short-term hypoxia [42,43].
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Interestingly, nuclear levels of HIF-1α after 4 h of hypoxia were markedly potentiated in the presence

of extra GRK2 (HeLa-WT5 cells), compared to parental Hela cells. By contrast, such HIF-1α nuclear

accumulation was impaired in the Hela cells overexpressing either GRK2-K220R or GRK2-S670A

mutants, both unable to phosphorylate/mobilize the HuR protein (Figure 4A).

 

induced upregulation of HIF1α. 
and HIF1α levels 

–
Student’s hypoxic HIF1α levels 

Figure 4. GRK2 kinase activity is required for HuR-induced upregulation of HIF1α. (A) HeLa stable

cell lines were cultured under hypoxia for 2 h and HIF1α levels were analyzed by immunofluorescence.

Values are mean± SEM (fold-change over parental cells in normoxia) from 3–4 independent experiments.

* p < 0.05 (Student’s t-test) comparing the changes in hypoxic HIF1α levels in Hela stable cells lines,

with those observed in hypoxic parental cells. Representative images are shown. Scale Bar = 10 µm.

(B) HeLa cells were transiently transfected with pcDNA3 as empty vector (EV), HA-HuR WT, or
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HA-HuR-T142/143A-S197A, and cultured for 4 h under hypoxia. Total lysates were then

immunoprecipitated with either an HA antibody or control IgGs. RNA was purified from

immunoprecipitates and used for qRT-PCRs. GAPDH was used as an endogenous control. The graph

shows fold differences in transcript abundance (mean ± SEM in two independent experiments

performed in triplicates). ** p < 0.01 hypoxic vs. normoxic WT; * p < 0.05 hypoxic triple mutant vs.

hypoxic WT (two-way ANOVA). The expression levels of the different HA-HuR proteins analyzed by

immunoblotting are shown below. (C) HeLa cells were transiently transfected with pcDNA3 as empty

vector (EV), HA-HuR WT, or HA-HuR-T142/143A-S197A, and was cultured under hypoxia for the

indicated times. p21 and endogenous and overexpressed HuR levels were analyzed by immunoblot.

A non-specific band was used as the loading control. Values are mean ± SEM from two independent

experiments. Detailed information about the Western blots can be found in Figure S5.

These results suggested that GRK2-phosphorylated HuR could be more efficient in binding to

HIF-1α mRNA or in regulating its decay or translation rates.

Then, we performed RNA immunoprecipitation (RIP) assays to detect HuR-HIF-1α mRNA

complexes in Hela cells that were overexpressing HA-tagged constructs of HuR. As shown in Figure 4B,

circa 2.7-fold enrichment in HuR-bound HIF-1α mRNA was found in the hypoxic cells, as compared

to the normoxic cells. In contrast, no significant hypoxia-induced increase in the binding of the

HuR-T142/T143A-S197A mutant to HIF-1α mRNA was noted. The specificity of these responses was

assessed using the non-HuR target GAPDH mRNA and control IgG immunoprecipitates, in parallel

experiments (Figure 4B). These data strongly supported the importance of GRK2-mediated HuR

modulation in the activation of the HuR/HIF-1α axis in hypoxia.

It has been proposed that stress-induced HuR might not bind with identical affinities to its

mRNA targets [40], suggesting an HuR target “prioritization” in response to specific stress stimuli.

Interestingly, the hypoxia-induced protein levels of p21, a well-known HuR target [34] was not altered

by the HuR-T142/T143A-S197A expression (Figure 4C), thereby suggesting that phosphorylation of

HuR by GRK2 alone or together with other hypoxia-induced kinases, does not necessarily affect other

HuR targets.

2.5. GRK2 Fosters the HuR/HIF-1α Axis and a Pro-Lymphangiogenic Response in the Normoxic Breast
Luminal Cancer Cells

Expression of the ELAVL1 (HuR) and ADRBK1 (GRK2) genes showed a direct correlation in

breast cancer patients inspected with the web tool CANCERTOOL (Figure S6A). A significant positive

association in hormone-stratified cohorts was found only in estrogen-positive tumors (Figure S6B).

No association of ELAVL1 and ADRBK1 co-expression was evidenced with the molecular subtypes

of breast cancer “basal-like”, “normal-like” or “HER2-enriched” in the three independent cohorts,

whereas a significant direct correlation was noted in the luminal subtype (Figure S6C).

Therefore, we used the cell line MCF7, a model of estrogen receptor (ER)-positive and luminal A

human breast tumors engineered to express different dosages of GRK2 [21], and further characterized

the effects on HuR. In basal conditions, cells overexpressing GRK2 (MCF7-GRK2) displayed a marked

increase in total HuR protein levels, compared to parental MCF7 cells, whereas the opposite effect was

observed upon GRK2 down-regulation in MCF7-shGRK2 cells (Figure 5A). Basal cytosolic translocation

of HuR was higher in MCF7-GRK2 cells compared to parental cells, as inferred from the significant

reduction of nuclear HuR levels, in spite of the global upregulation of the protein (Figure 5B).
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Figure 5. GRK2 modulates HuR levels and cytoplasmic shuttling, HIF1-α distribution, and VEGF-C

secretion in luminal breast cancer cells. (A,B) Whole lysates or nuclear extracts from MCF7 cells stably

expressing GRK2-wt or shGRK2 were used to analyze the HuR levels by immunoblot. Values are mean

± SEM from 3–4 independent experiments. * p < 0.05 ** p < 0.01 (Student’s t-test). Representative blots

with loading controls are shown. (C) MCF7 stable inducible cell lines were treated with tetracyclin

(Tet) to induce the expression of the indicated GRK2 mutants. HuR nuclear levels were analyzed by

immunoblot. Values are mean ± SEM from two independent experiments. * p < 0.05 (Student’s t-test).

Representative blots with loading controls are shown. (D,E) HIF1-α distribution and VEGF-C secretion

levels were analyzed in parental MCF7 cells or in derived cells lines stably overexpressing GRK2 or
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a silencing construct (shGRK2) of the kinase. (D) HIF1-α and DAPI staining was analyzed by

immunofluorescence; distribution of intensity values is shown. Values are distribution percentages of

cells with HIF1-α intensity values over, within, or below the mean intensity. Representative images are

shown. * p < 0.05; ** p < 0.01 (Student’s t-test) when each category (over, within, below) in MCF7-GRK2

and MCF7-shGRK2 cells is compared to parental ones. Scale Bar = 25 µm. (E) ELISA-measured VEGF-C

secretion values are shown (mean ± SEM from 3 independent experiments). * p < 0.05 (Student’s t-test).

Detailed information about the Western blots can be found in Figure S7.

This effect depended on the GRK2-dependent phosphorylation of HuR, as the inducible

over-expression of GRK2-S670A did not trigger a reduction in nuclear HuR levels, whereas a kinase

mutant mimicking the positive regulatory S670 phosphorylation event (GRK2-S670D) decreased the

nuclear HuR levels akin to the wild-type GRK2 protein (Figure 5C).

We next investigated whether GRK2-dependent HuR modulation in MCF7 cells might affect

HIF-1α nuclear distribution. As expected in tumor cells [44], normoxic MCF7 cells had a constitutive

elevation of HIF-1α protein in the nucleus. Levels of HIF-1α protein display cell-to-cell variations, with

a Gaussian distribution when the cells were stratified in subgroups, according to staining intensity,

ranging from no signal (0) to maximal signal (800), with steps of 100 arbitrary units, peaking at the

average intensity of 364.40 ± 39 (mean ± SD) arbitrary units (mean gray value). We then grouped

the stratified cell population according to the proportion of cells with intensities in the range of the

average value (34.8 ± 2.4%), above the average value (11.7 ± 4.8%), or below the average value (53.5 ±

6.1%) (Figure 5D). Interestingly, the overexpression of GRK2 did not affect the average intensity of

nuclear HIF-1α protein (382.58 ± 17 arbitrary units), but markedly altered the distribution of cells

around this value. Thus, the proportion of cells with HIF-1α levels higher than the average value was

increased circa 3-fold, while those with lower levels were reduced circa 5.5-fold. Conversely, in the

MCF7-shGRK2 cells, the average intensity of the HIF-1α protein (422.25 ± 23) was within the range of

the parental cells, but the proportion of cells with HIF-1α a level over this value was reduced 2-fold

(Figure 5D). Altogether, these results suggested that the increased expression of GRK2 noted in the

breast cancer cell lines and in patients, would also contribute to tumor progression by fostering the

cellular mechanisms that induce and stabilize the HIF-1α protein in normoxia.

A main pro-carcinogenic effect of the HIF-1α factor is the induction of angiogenesis and

lymphangiogenesis through the activation of transcription of the VEGF family members [41,45].

Of note, the secretion of VEGF-C, a potent inducer of lymphatic vessels through which breast cancer

cells often disseminate [46,47] was strongly increased in the MCF7 cells overexpressing GRK2 as

compared to the parental cells, and conversely secretion was reduced upon GRK2 downregulation

(Figure 5E). Therefore, it is tempting to suggest that GRK2 might impact VEGF-C expression via

pathways downstream of HuR phosphorylation to foster lymphangiogenesis and metastases of luminal

breast cancer cells.

2.6. Adrenergic Stress Induces a HuR/HIF1-α Hypoxia-Like Response in MCF7 Breast Cancer Cells in a
GRK2-Mediated Manner

The effects of GRK2 on the HuR/HIF1-α axis in MCF7 cells suggested that stressful or

microenvironment conditions other than hypoxia might also contribute to foster this tumorigenic

pathway. In this context, it is known that adrenergic stimulation promotes ERK-mediated

phosphorylation of GRK2 on Ser670 in different cellular systems [48] and also strengths hypoxic

signaling via HIF1-α accumulation in a GRK2-dependent manner in normoxic endothelial cells [12].

In addition, compelling evidence demonstrates that chronic adrenergic stress is involved in breast

cancer progression [49,50].

Therefore, we addressed whether chronic β2-adrenergic receptor stimulation promoted HuR

regulation by GRK2 in MCF7 breast cancer cells. Isoproterenol challenge upregulated total HuR

protein levels in both parental and MCF7-GRK2 cells, but not in GRK2-silenced cells (Figure 6A).

Isoproterenol also triggered parallel changes in GRK2 protein, suggesting that adrenergic effects on
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HuR levels involve GRK2. In addition, isoproterenol stimulation also promoted a reduction of HuR

nuclear protein levels in parental cells, and this effect was potentiated in the presence of extra kinase

in MCF7-GRK2 cells (Figure 6B). However, isoproterenol treatment failed to promote the nuclear

exit of HuR in MCF7-shGRK2 cells, indicating that GRK2 activity is required for HuR mobilization.

Consistent with the increased mobilization of nuclear HuR, nuclear HIF1-α protein was upregulated

after 48 h of βAR stimulation in cells overexpressing GRK2, compared to parental cells (Figure 6C).α
48 h of βAR stimulation in cells overexpressing GRK2

 

Chronic adrenergic stress leads to HIF1α accumulation through GRK2 and HuR 

μM 

α and DAPI nuclear marker levels were analyzed by 
μm

Student’s 

Figure 6. Chronic adrenergic stress leads to HIF1α accumulation through GRK2 and HuR

upregulation in luminal breast cancer cells. Adrenergic signaling facilitates nuclear export of HuR

in a GRK2-dependent manner. MCF7-luc (control MCF7 cells) and cells stably expressing GRK2-wt

or shGRK2 were treated with 50 µM isoproterenol for the indicated times to induce adrenergic

stress. Total GRK2 and HuR levels (A) and nuclear HuR levels (B) were analyzed by immunoblot

with the indicated loading controls. (C) HIF1-α and DAPI nuclear marker levels were analyzed by

immunofluorescence. Representative images are shown (scale bar, 25 µm). All values are mean ± SEM

from three independent experiments. * p < 0.05, ** p < 0.01, ***p < 0.001 (Student’s t-test). Detailed

information about the Western blot can be found in Figure S8.
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Overall, our results point that the GRK2/HuR/HIF-1α axis is potentiated in response to hypoxic

and adrenergic stresses, thus emerging as a relevant pro-tumorigenic module.

3. Discussion

In this paper, we identified GRK2 as a modulator of the HuR/HIF-1α axis in relevant pathological

settings. We uncovered that HuR is a GRK2 substrate, requiring prior phosphorylation of GRK2

at its Ser670 regulatory site. Phosphorylation by GRK2 enhances the HuR levels and the cytosolic

shuttling of HuR upon hypoxic conditions, favoring its binding to HIF-1α mRNA and increased nuclear

accumulation of this central modulator of hypoxia-driven pathways. In the MCF7 cells, a cellular

model of luminal A breast cancer in which upregulation of GRK2 and HuR frequently concur, GRK2

increased the total and basal cytosolic HuR protein levels, which correlated with a higher nuclear

distribution of HIF-1α and enhanced secretion of the lymphoangiogenic factor VEGF-C in normoxic

conditions. Moreover, chronic adrenergic stimulation fosters the HuR/HIF1-α module in MCF7 cells

through GRK2 (Figure 7), which could facilitate survival of malignant cells even before the expanding

tumor mass become hypoxic, and could also improve the adaptation of tumor cells to the hypoxic

environment of lymphatic vessels and to other tumor-related stresses.

1α 

1α axis

1α mRNA a

1α and enhanced secretion of the lymphoangiogenic factor VEGF
α module 

 

dependent activation of the HuR/HIF1α axis. 

α mRNA, increasing protein translation 
α function as

Figure 7. Model for the GRK2-dependent activation of the HuR/HIF1α axis. In basal conditions,

the main HuR protein pool is located in the nucleus. Hypoxia or adrenergic signaling facilitates GRK2

phosphorylation at Ser670, enabling HuR phosphorylation by GRK2, thus increasing HuR nuclear

export. Cytosolic HuR protein binds to and stabilizes HIF1-α mRNA, increasing protein translation

and HIF1-α function as a transcription factor. As a consequence, transcription and protein secretion of

the VEGF-C angiogenic factor would be enhanced (scheme created with BioRender).
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Ser670 phosphorylation is an emerging regulatory switcher in GRK2 substrate specificity and

partner association [18]. Context-specific ERK1/2-dependent GRK2 Ser670 phosphorylation is necessary

for GRK2 to phosphorylate HDAC6 [21,28], to disrupt its interaction with GIT1 [51], or to allow its

HSP90-mediated localization to the mitochondrial membrane [52]. A variety of stimuli, including

growth factors [28,29], adrenergic and other GPCR ligands [53], ischemia [54], or hypoxic conditions

(this manuscript) can trigger GRK2 phosphorylation at this residue via ERK1/2 stimulation, which is

also triggered by hypoxic mimetics [55]. Therefore, it is likely that enhanced ERK1/2 activity in

response to different environmental factors would switch on the ability of GRK2 to phosphorylate and

modulate HuR.

We have identified residues within the hinge region (S197) and the RRM2 domain (T142/T143) as the

main targets of GRK2-mediated HuR phosphorylation, and mutations preventing such modifications

specifically impair hypoxia-induced HuR cytoplasmic shuttling in HeLa cells, without altering its basal

localization. Moreover, the triple HuR-T142/143/197A mutant also displays reduced binding to HIF-1α

mRNA in hypoxic conditions.

Several mechanisms might underlie the observed effects of GRK2 on HuR functionality.

Enhanced cytosolic levels of GRK2-phosphorylated HuR might be a consequence of increased nuclear

export/decreased nuclear import or fostered cytoplasmic retention. The long hinge region (aa 187–243)

includes the HuR Nucleocytoplasmic Shuttling (HNS) sequence (aa 205–237) containing both nuclear

localization and nuclear export determinants [30–33,56]. This HNS resembles a consensus bipartite

Nuclear Localization Signal, NLS sequence, with two clusters of the basic residues near the N-terminus

(aa 205–206 and aa217–219), being the first of the ones critical for nuclear targeting [57]. Introduction of

a negative charge by phosphorylation at S197 might reduce the electrostatic potential of the neighboring

basic lysine residues (aa 205–206), which are key for the interaction with the import machinery and

favors the nuclear exit. Additionally, phosphorylation of HuR on S197 might inhibit its interaction

with trans-acting factors that facilitate its translocation through the nuclear pore complex [30,56],

thus favoring cytoplasmic retention. The hinge region of HuR (aa 190–243) is involved in the interaction

with the nuclear protein ligands pp32 and April [58], in turn recognized by the export receptor

CRM1 [39], thereby making it feasible for the phosphorylation of S197 to improve its association to

pp32/April. Our results showing a cytoplasmic localization of HuR phosphorylated on S197 adds

complexity to these HuR trafficking regulatory mechanisms.

GRK2-mediated phosphorylation at T142/143 within the RRM2, the second HuR RNA binding

domain also fosters HuR cytoplasmic localization. It has been reported that interaction of HuR with

nuclear importin TNR2 is reduced by binding of ARE-containing RNA to HuR [56]. Since GRK2

phosphorylation increases the formation of HuR/HIF1 mRNA complexes, this could hamper the

interaction with the nuclear import machinery. In addition to TNR2 and the transporting homologue

TNR1 [56,59], the importing α/β pathway is required for nuclear import of HuR [60]. We cannot rule

out that the mechanisms whereby GRK2 regulates HuR shuttling include interference of HuR/importin

α/β complexes.

The subcellular location in which the phosphorylation of HuR by GRK2 takes place could shed

light on the GRK2-mediated modulation of HuR trafficking. HuR and GRK2 display opposite canonical

subcellular distribution at the basal conditions. Although GRK2 was initially described as a cytoplasmic

protein, its nuclear presence has also been reported [61], thus allowing HuR phosphorylation at this

location and regulation of nuclear export. Alternatively, or in addition, since HuR moves to the cytosol

under hypoxia, this would facilitate GRK2-mediated phosphorylation and decreased nuclear import

or fostered cytoplasmic retention.

Preventing HuR modification by GRK2 also results in a defective interaction with HIF1-α

mRNA. HuR phosphorylation has a notable impact on the binding of HuR to mRNA targets [24].

Conformational changes occurring on RRM1 and RRM2 regions are crucial for mRNA-binding [62,63].

Tandem RRM1-RRM2 displays prominent inter-domain flexibility, particularly affecting residues in

the linker and in the loops of RRM [63]. This flexibility allows HuR to fit around low affinity strands
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with high efficiency, enabling the recognition of many different mRNA substrates. Interestingly,

Thr142 is one of the positions in the RRM2 loop showing large chemical shift perturbations [63].

Thus, phosphorylation of Thr142 by GRK2 could favor structural flexibility in the close-bound state

of HuR by preventing some stabilizing interaction in the proximity of the inter-domain linker. It has

been proposed that binding of mRNAs bearing shorter 3′UTR with lower AU content could be more

influenced by the flexibility of RRM1-2 domains [63]. Remarkably, with 8 AU-rich motifs throughout

the 3′UTR (AREsite2 database, http://rna.tbi.univie.ac.at/AREsite), HIF1α mRNA could fit in the group

of mRNAs with greater dependence on HuR conformations. Therefore, it is tempting to suggest that

GRK2 might favor recognition of a subset of mRNAs displaying lower intrinsic affinities for HuR.

Furthermore, although we have not analyzed in-depth the mechanism whereby HuR

phosphorylation by GRK2 impacts its total protein levels, it is worth noting that phosphorylation of

RRM2 residues has been linked to HuR stabilization. Phosphorylation of Thr118 by CHK2 protects

HuR from proteasomal degradation upon heat shock [64]. Modifications at this site alter the extent

of HuR polyubiquitination, mainly assembled on Lys182, a RRM2 residue key for protein stability.

Whether phosphorylation of Thr142/143 by GRK2 has similar effects remains to be investigated.

The role of HuR in breast cancer development is well-documented in model cell lines, in vivo

animal models, and clinical studies [24,25]. The increased levels of HuR in MCF7 cells compared to

non-tumoral cells is implicated in the regulation of many genes involved in the cell cycle, survival,

and angiogenesis [38,65,66]. Our data put forward that in this luminal A breast cancer model GRK2

would foster HuR/HIF-1α pathways even in normoxic conditions. In MCF7 cells, GRK2 dosage

positively correlated with the total HuR protein levels, cytoplasmic HuR translocation, higher nuclear

distribution of HIF-1α, and increased VEGF-C secretion. Upregulation of HIF-1α in normoxia is a

feature of tumor cells [44] and different non-canonical modalities of HIF-1α modulation have been

identified [8]. We have previously shown that in MCF7 cells the activation of estrogen and growth factor

pathways converge for promoting an enhanced GRK2 expression and fostering GRK2 phosphorylation

at Ser670 [21], which would enable GRK2-meditaed HuR phosphorylation and enhanced functionality

and, thus, cooperate with other pathways in upregulating HIF-1α cascades.

HuR can modulate HIF1α mRNA via the 3′UTR region for transcript stabilization or via 5′UTR

for translation, depending on the cellular context [67,68]. It seems that the 5′UTR-based mechanism

predominates in highly malignant cells, while those based on 3′UTR-mediated stabilization do so in

less aggressive ones (such as MCF7) [69]. Thus, it is feasible that GRK2 phosphorylation of HuR in

MCF7 cells would foster the latter mechanism. Our results also point that the GRK2/HuR/ HIF1α axis

is involved in modulating the expression of VEGF-C, a critical factor for remodeling the lymphatic

network and tumor cell dissemination [45–47]. It is well-known that VEGF factors are transcriptional

targets of HIF-1α but are also HIF-1-independent post-transcriptional targets of HuR itself [70,71].

Therefore, GRK2-phosphorylated HuR might also directly modulate the VEGF-C mRNA in breast

tumor MCF7 cells.

Adrenergic stress is emerging as a relevant microenvironmental player in cancer progression [49,50].

Chronic emotional stressors increase the catecholamine levels and βAR activation in cancer cells and

increases metastatic potential [72] and levels of pro-angiogenic factors [73]. We unravel that chronic

adrenergic stimulation triggers the upregulation of both GRK2 and HuR protein levels, increases

cytoplasmic HuR and fosters nuclear HIF-1α presence, thus, mimicking a pseudo-hypoxia situation

that might contribute to tumor progression. Chronic adrenergic stimulation increases GRK2 expression

by different transcriptional and post-transcriptional mechanisms [74,75], and also to promote HuR

expression [76]. Normoxic HIF-1α accumulation in adrenergic-stimulated endothelial cells depends

on the phosphorylation of β-AR by GRK2 [12]. Our data suggest a mechanism linking β-AR activation

to a GRK2/HuR/HIF1α downstream axis (Figure 7). Upon agonist stimulation, GRK2-mediated

phosphorylation of β-AR would enable β-arrestin-dependent MAPK activation and subsequent

modification of GRK2 at S670, the key event allowing the targeting of HuR and the HIF1 cascade.

β-adrenergic stimulation is known to activate the MAPK cascade [77,78], and prolonged and high-dose
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stimulation of the β2AR induces a switch in receptor coupling from Gs to Gi, shifting the signaling to

MAPK pathways [79].

In sum, our data put forward a relevant role for the GRK2/HuR/HIF1α module in cancer cells and

in response to the adrenergic overdrive, regardless of the oxygen status. Enhanced GRK2 expression

and S670 phosphorylation status in the given tumor contexts would lead to enhanced HuR functionality,

thus, counteracting the canonical HIF protein degradation driven by prolyl hydroxylases [7,9] and

recapitulating a pseudo-hypoxic state in normoxia, as a consequence. Besides inducing the angiogenic

remodeling of tumoral stroma, GRK2-induced pseudo-hypoxia might favor cancer cell de-differentiation

and emergence of cancer stem-like cells. Pseudohypoxic cells are often observed at the tumor–stromal

interface in locally invading tumors, providing growing advantages during tumor expansion, as these

cells are more aggressive and resistant [4]. The coordinated regulation of key players in angiogenesis

such as HuR, HIF-1α, and VEGF-C suggest that upregulation of GRK2 might be a relevant event for

acquiring increased malignancy and invasiveness, and point that combined pharmacological inhibition

of GRK2 might be useful in certain cancer therapy contexts. This mechanism reinforces the notion of

GRK2 as a central oncomodulator influencing several hallmarks of cancer [22].

4. Methods

4.1. Cell Culture and Treatments

Cells were maintained in DMEM supplemented with 10% fetal bovine serum. Stable Hela

(ATCC) cells were previously described [27]. MCF7luc-F5 cells stably expressing pcDNA3-GRK2-wt or

pLKO-GRK2-shRNA (5′-GCAAGAAAGCCAAGAACAAGC-3′) and tetracycline-inducible expression

(TET-on) system for mutant GRK2-S670A or GRK2-S670D in MCF7 cell, were also previously

described [21]. GRK2 expression in the TET-on system was promoted by treating the cells with

1 µg/mL tetracyclin for 24 h. Hypoxia (1% O2) was achieved in an Invivo2 400 hypoxia Workstation

(Baker Ruskinn, USA). Isoproterenol (50 µM) was supplemented with 1 mM ascorbic acid and 20 mM

HEPES pH 7.5.

4.2. Plasmids and Cell Transfection

Plasmids encoding HA-HuR WT were previously described [33]. HA-HuR-S197A,

HA-HuR-T142/143A, or HA-HuR-T142/143A-S197A were generated using QuickChange® Lightning

site-directed mutagenesis kit (Thermo Fisher, Waltham, MA, USA). HeLa cells (70%–80% confluent

monolayers in 60 or 100 mm dishes) were transiently transfected using the lipofectamine/plus method.

4.3. Immunoprecipitation, Western Blot, Dot Blot, and ELISA

Whole cellular lysates were prepared in RIPA buffer (Tris-HCl 20 mM pH 7.5, 150 mM NaCl, 1%

Triton-X100, 0.1% SDS, 0.5% sodium deoxycholate, cocktail of protease, and phosphatase inhibitors),

as described [28]. For the analysis of nuclear and cytoplasmic pools of HuR and HIF-1α, cells were

collected in hypotonic lysis buffer (10 mM Tris–HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.3% (v/v)

Nonidet P-40, 2 mM Na3V04, 10 mM NaF, and protease inhibitors), incubated on ice for 10 min

and centrifuged at 500 ×g for 5 min to obtain the nuclear fraction. The cytoplasmic supernatant

contains the extranuclear fraction (plasma membrane, microsomal vesicles, cytoskeleton, and cytosol).

Pellets containing cell nuclei were washed in lysis buffer without Nonidet P-40 and again pelleted at 500

×g. Both fractions were solubilized in Laemmli sample buffer and resolved by SDS–PAGE. Proteins were

resolved in SDS–PAGE and transferred to nitrocellulose membranes. Cytosolic (GAPDH) and nuclear

(Nucleolin) markers were used for control loading. For the dot-blot experiments, GST-tagged GRK2

fragments (2 µg) and recombinant GRK2 full-length protein were spotted on strips of nitrocellulose and

incubated for 4 h at 37 ◦C, with GST-HuR (2 µg/mL) in the interaction buffer (20 mM Tris-HCl pH 7.5,

100 mM NaCl, 1 mM EDTA, 0.3% NP-40, 10% Glycerol, 0.5 mM NaF, and 1 mM Na3V04). Membranes

were incubated with the indicated primary antibodies—α-Actin (1:2000, Santa Cruz Biotechnology,
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Santa Cruz, CA, USA), GAPDH (1:2000, Santa Cruz Biotechnology), (pSer670-GRK2 (1:500, GeneTex,

Irvine, CA, USA), GRK2 (1:1000, Santa Cruz Biotechnology), HuR (1:000, Santa Cruz Biotechnology),

Nucleolin (1:1000, Santa Cruz Biotechnology), p21 (1:500, Santa Cruz Biotechnology), and α-Tubulin

(1:2000, Santa Cruz Biotechnology). Blots were developed using a chemiluminescent method (ECL,

Amersham, Little Chalfont, UK). Band density was quantitated by laser densitometric analysis.

VEGF-C secretion was determined in cell-conditioned media of MCF7 cells incubated in DMEM

1% FCS for 48 h, by using a Human VEGF-C Quantikine ELISA Kit (R&D Systems, Minneapolis,

MN, USA). Measurements in duplicates were normalized to the amount of the total protein in cell

lysates quantified by the Lowry method.

4.4. Immunofluorescence and Confocal Microscopy

As described in [28], 4% PFA-fixed cells were processed and incubated O/N at 4 ◦C, with primary

antibodies—HA (1:600, Cell Signaling, Leiden, The Netherlands), HIF1α (1:200, Novus Biologicals,

Centennial, CO, USA) and HuR (1:200, Santa Cruz Biotechnology). Then, coverslips were incubated

for 1 h RT with fluorescent secondary antibodies, and for 5 min with To-Pro3 (1:2000, ThermoFisher,

Waltham, MA, USA) or DAPI (1 µg/mL, Merck, Darmstadt, Germany) to stain nuclei. Finally, samples

were mounted using Mowiol-DABCO (Boston Bioproducts, Ashland, MA, USA), let to dry overnight

at RT and then stored at 4 ◦C. Images were acquired using a confocal laser microscope LSM710 (Zeiss,

Oberkochen, Germany) and the nucleus area and mean intensity values were analyzed using ImageJ

(NIH, Bethesda, MD, USA). In both the basal and stress conditions, nuclear masks were drawn using

the nuclear staining distribution pattern of HuR and were guided by the morphological features

(nucleolus, euchromatin, speckles) (Figure S9). For each cell, three measurements were made within

the nucleoplasm, excluding the HuR-negative areas corresponding to nucleoli and nuclear speckles,

or indistinctly in the cytoplasm peripheral to the nucleus. Fluorescence intensity values were corrected

for background staining. The ratio of the mean cytoplasmic (C) to nuclear (N) value was calculated for

each cell. Average C/N values from all cells within a field were pooled for subsequent plotting and

comparative analysis. Cells from 10 different randomly acquired fields (40× or 63×) were measured for

each cell type and condition. Average values from all cells within a field were pooled for subsequent

plotting and analysis.

4.5. Kinase Activity Assays

In vitro kinase assays with wild-type, S670A or K220R GRK2 full-length (50 nM); and WT,

T142/143A or S197A GST-tagged HuR recombinant proteins (50–250 nM for Km value and 100 nM

for the rest) were performed, as described [28]. The Michaelis constant (Km) was estimated by

double-reciprocal plot analysis of three independent experiments.

4.6. Mass Spectrometry Analysis

GRK2 (50 nM) and GST-HuR (100 nM) were incubated in the presence of cold ATP, as detailed

above and resolved by SDS–PAGE. The band corresponding to full-length GST-HuR was digested

by trypsin and chymotrypsin, and the fragments were analyzed using LC–MS/MS in the ‘CBMSO

PROTEIN CHEMISTRY FACILITY’ that belonged to the ProteoRed network, PRB2-ISCIII, supported

by the grant PT13/0001.

4.7. RNA Immunoprecipitation

RNA Immunoprecipitation (RIP) assays were performed, as previously described [80]. Whole-cell

lysates (500 µg) were incubated with a suspension of Protein A/G PLUS-Agarose, precoated with 15

µg of either IgG or anti-HA antibody-conjugated agarose beads (all from Santa Cruz Biotechnology).

Bound mRNA was purified from immunoprecipitants, retrotranscribed by RT-PCR, and the HIFα

mRNA content was measured by real-time PCR analysis and normalized to GAPDH mRNA bound in

a nonspecific manner to IgG.
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4.8. Bioinformatics Analysis of HuR and GRK2 Expression in Human Breast Tumors

Pairwise correlation of gene expression ELAVL1 (HuR protein) and ADRBK1 (GRK2 protein)

levels in breast tumors was calculated and represented using the CANCERTOOL webtool [81].

Pearson correlation test was applied to analyze the relationship between paired genes, and the

correlation coefficient and p-values were adjusted using the Benjamini–Hochberg method. Datasets with

a correlation coefficient greater than 20% (−0.2 < R < 0.2) and a p-value lower than 0.05 were considered.

4.9. Statistical Analysis

Data analysis was performed using the GraphPad Prism for Windows. Means between groups

were compared by two-way or one-way ANOVA with Bonferroni’s or Tukey’s post-hoc test, or with

unpaired Student’s t-test, as indicated in the figure legends. All results are expressed as mean ± SEM.

5. Conclusions

An active GRK2/HuR/ HIF-1α module, particularly in estrogen-positive luminal A breast tumors

could facilitate survival of malignant cells, even before the expanding tumor mass becomes hypoxic,

and also improves the adaptation of tumor cells to the hypoxic environment of lymphatic vessels and

to other tumor-related stresses, such as chronic over-activation of the adrenergic system, in order to

foster tumor progression.
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Abstract: Colorectal cancer treatment has advanced over the past decade. The drug 5-fluorouracil

is still used with a wide percentage of patients who do not respond. Therefore, a challenge is the

identification of predictive biomarkers. The protein kinase R (PKR also called EIF2AK2) and its

regulator, the non-coding pre-mir-nc886, have multiple effects on cells in response to numerous types

of stress, including chemotherapy. In this work, we performed an ambispective study with 197

metastatic colon cancer patients with unresectable metastases to determine the relative expression

levels of both nc886 and PKR by qPCR, as well as the location of PKR by immunohistochemistry

in tumour samples and healthy tissues (plasma and colon epithelium). As primary end point, the

expression levels were related to the objective response to first-line chemotherapy following the

response evaluation criteria in solid tumours (RECIST) and, as the second end point, with survival

at 18 and 36 months. Hierarchical agglomerative clustering was performed to accommodate the

heterogeneity and complexity of oncological patients’ data. High expression levels of nc886 were

related to the response to treatment and allowed to identify clusters of patients. Although the PKR
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mRNA expression was not associated with chemotherapy response, the absence of PKR location

in the nucleolus was correlated with first-line chemotherapy response. Moreover, a relationship

between survival and the expression of both PKR and nc886 in healthy tissues was found. Therefore,

this work evaluated the best way to analyse the potential biomarkers PKR and nc886 in order to

establish clusters of patients depending on the cancer outcomes using algorithms for complex and

heterogeneous data.

Keywords: colorectal cancer; 5-fluorouracil-based chemotherapy; protein kinase PKR; non-coding

nc886; ambispective study; cluster of patients; biomarkers

1. Introduction

Colorectal cancer (CRC) is one of the most common forms of cancer worldwide, being the third

most commonly diagnosed malignancy and the second leading cause of cancer death in recent years [1].

Although CRC treatment has advanced over the past decades, treatment outcomes depend, in part, on

tumour- and patient-specific molecular characteristics [2]. Even though many novel drugs have been

developed for patients with advanced CRC, 5-fluorouracil (5-FU) is still widely used as the classic

and basic drug in adjuvant chemotherapy and palliative care. 5-FU is used as an infusion, taken

orally (capecitabine), or used in combination with different drugs (FOLFOX, FOLFIRI) but its efficacy

is limited by numerous factors including tumour cell genetics, epigenetics, and proteomics, which

promote chemoresistance and metastasis [2]. In the last decade, the efficacy of these regimens has been

increased by incorporating new biological therapies based on the use of monoclonal antibodies [3].

Despite the fact of the considerable improvement in the efficacy, there are still a wide percentage of

patients who do not benefit from 5-FU-based treatments. Therefore, the identification of biomarkers

that associate or predict the benefit of an appropriate selection of candidates for 5-FU-based therapies

and combined therapies constitutes a broad area in clinical and translational research.

The protein kinase R (PKR, also called EIF2AK2) is an interferon-inducible double-stranded

RNA protein kinase with multiple effects on cells. This protein kinase plays an active part in the

cellular response to numerous types of stress mediating in several biological pathways and with

a potent role in the induction of apoptosis in response to numerous compounds [4]. PKR is a

serine-threonine kinase, composed by the kinase domain shared by the other eukaryotic initiation

factor 2 alpha (eIF2α) kinases, and two dsRNA binding domains (dsRBD) that regulate its activity.

PKR autophosphorylation represents the activation reaction that leads to the phosphorylation of

eIF-2α, impairing eIF-2 activity, which results in the inhibition of protein synthesis [5]. In addition

to its translational regulatory function, PKR has a role in signal transduction and transcriptional

control through the IκB inhibitor/ nuclear transcription factor NF-κB pathway [6]. Although the

primary PKR activator is dsRNA—produced during infection by several viruses and detected at low

levels in mammalian cells—PKR is also activated by a variety of cellular stresses including cytokines,

calcium stress, oxidative stress, endoplasmic reticulum stress, lipo-stress, amyloid-β (Aβ) peptide

accumulation, polyanions such as heparin, and several drugs, or through the PKR-associated activator

(PACT) [7]. PKR, which is expressed constitutively in mammalian cells, has also been implicated

in the control of cell growth and differentiation with debated antitumor role and as an important

antiviral agent [7]. Recently, the role of PKR related to metabolism, inflammatory processes, cancer,

and neurodegenerative diseases has gained great interest [7,8].

The importance of PKR function in cell growth, differentiation, stress response, and

immunomodulation is further noted by the existence of numerous modulators. Therefore, it has

been identified that several PKR regulators are involved in cancer outcome, where the non-coding

RNA pre-miR-886, also called nc886 or vault vtRNA 2-1, has been described as a potent regulator

of PKR [9–11]. Nc886 binds to PKR with an affinity comparable to dsRNA and prevents PKR from
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being activated, in contrast to the PKR-activating ligand dsRNA [9–11]. Although nc886 was initially

discovered as a PKR inhibitor, recently researchers have demonstrated that nc886 can adopt two

structurally distinct conformers that are functionally opposing regulators of PKR [12,13].

We have previously identified PKR as a molecular target of 5-FU in several colon and breast

cancer cells lines, playing an important role in the cytotoxic effect of 5-FU at least, in part, through the

induction of cell death by apoptosis [14]. Because PKR has also been implicated in the anti-tumour

activity of chemotherapeutic drugs such as doxorubicin (DOX) and etoposide [15,16], and nc886 has

been identified as an interesting tumour suppressor [17–19], we consider the analysis of PKR and the

nc886 in patients as potential predictive biomarkers to be of clinical importance. For this reason, the aim

of this work was to carry out an ambispective study in 197 metastatic colon cancer patients to evaluate

the expression levels of PKR and its pre-microRNA-nc886 by qPCR in colon tumour samples and their

respective healthy tissues and plasma, analysing its relation with the patient’s clinical evolution. The

primary end point was the evaluation of these variables with the objective response (OR) to first-line of

5-FU-based chemotherapy determined by the response evaluation criteria in solid tumours (RECIST).

As the second end point, we also analysed the relationship of these variables with overall survival

(OS) at 18 and 36 months in those patients when the information was available. In addition, we

analysed the PKR location by immunohistochemistry in 76 colon tumours and its respective colon

healthy tissues. For all of this study, novel bioinformatic analyses have been included in order to

distinguish parameters and signals for the identification of different profiles in patients, who have the

same diagnostic and disease. Hence, clustering analyses were done using hierarchical agglomerative

clustering (Statistical Toolbox, Matlab 2007, Spotfire Decision Site 9.1.2) [20], with the objective of

improving the quality and specificity of the results considering the heterogeneity between samples

and the genetic and proteomic background of oncologic patients.

2. Materials and Methods

2.1. Patients and Samples

The study was approved by the Biomedical Research Ethics Committee of Granada (Cod Peiba.

0170-N-16) and informed patient consent was obtained. The process of recruitment, traceability of

samples, and informed consent was regulated and controlled by the Andalusian Public Health System

Biobank (BBSSPA), according to the World Medical Association Declaration of Helsinki.

The study included a total of 197 colon metastatic cancer patients with unresectable lung or liver

metastases from September 2014 through to September 2018 who were treated with 5-FU-based therapy

as first-line treatment using the standard treatment schedule. To avoid discarding as few samples as

possible, the missing values were approximated to the median value established for each variable

analysed (see the supplementary Excel document with available data in Figure S1). Criteria of the

RECIST guidelines were used to characterize the response to this treatment [21,22]. According to

these criteria, after the first restaging assessment that was generally performed around 3–4 months

after the initiation of 5-FU-based treatment, patients with progressive disease were considered as

non-responders with primary resistance and those patients with partial response or stable disease under

the 5-FU treatment for at least 3–4 months were considered as responders. Survival was considered

after 18 months and 36 months in those patients where the data were available (see the supplementary

Excel document with available data in Figure S1).

Tumours were classified according to the 2002 tumour, node, metastasis (TNM) classification

and the Fuhrman grading system by experienced pathologists (B.R. and J.L.L.-H.) [23]. Archived

formalin-fixed paraffin-embedded (FFPE) tissue samples from colon tumour and their corresponding

surrounding healthy colon tissues obtained for routine diagnostic purposes were used in this study.

Peripheral blood samples of subjects were collected prospectively with one tube for EDTA anticoagulant

(3 mL). Samples were centrifuged at 3000 rpm for 10 min and, then, aliquoted and frozen at −80 ◦C until

use. The flow diagram shown in Figure 1 outlines the steps performed in this ambispective study.
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Figure 1. Flowchart of the ambispective study.

2.2. RNA Extraction from FFPE Tissue and from Plasma Sample

Haematoxylin and eosin-stained histological FFPE sections were prepared to identify areas of

normal and tumour tissue. These regions of interest were biopsied by macrodissection after the

xylene-alcohol dewaxing performed by specialist pathologists (Atrys Health S.A., Gr, SP). The tissue of

interest was scraped with a scalpel and dipped in lysis buffer (ATL) (Qiagen, Hi, GE). Only tumour

samples with more than 80% cancer cells were considered for further analysis. Non-malignant tissue

with a distance of >100 mm to the cancer tissue was collected from all patients of the study cohort

for comparison purposes. Total RNA was isolated from the dissected FFPE tissue samples using an

miRNeasy FFPE Kit (Qiagen, Hi, Ge) and from plasma using the miRNeasy Serum-Plasma Kit (Qiagen,

Hi, Ge) following the recommended protocol by previous concentration of 300 µL of cold plasma

using the Vacufuge Concentrator system (Eppendorf, GE). Both RNA isolations were automated

using the QIAcube (Qiagen, Hi, GE). Integrity and quality of RNA (RIN) was tested with Bioanalyzer

(Agilent, CA) and diluted to a maximum concentration of 500 ng in 14 µL. The reverse transcription

was performed with the SuperScript VILO cDNA Synthesis Kit (Invitrogen-Thermo Fisher Scientific,

USA) on all samples (4 µL 5X VILO Reaction Mix, 2 µL 10X SuperScript Enzyme Mix, 14 µL RNA,

10 min at 25 ◦C, 60 min at 42 ◦C, and 5 min at 85 ◦C).

2.3. RT qPCR Assay

The determination of the expression of PKR gene and nc886 element was carried out in plasma,

tumours, and healthy colon tissues from patients enrolled in this ambispective study. To determine the

expression of the PKR (EIF2AK2) gene and nc886 (VTRNA2) element, specific fluorescent hydrolysis

probes TaqMan-MGB (Thermo Fisher Scientific, MA, USA) were used (Hs01091582_m1, Hs04273370_s1,

respectively) by real-time qPCR and by digital dPCR in different samples (Figures S2 and S3). To

select the most appropriate endogenous control, we analysed the endogenous classic Glyceraldehyde

3-phosphate dehydrogenase (GADPH), Hypoxanthine-guanine phosphoribosyltransferase (HPRT),

and β2 microglobulin (B2M) genes [24] by several tests to assess their stability in different types of

tissue by qPCR (Figure S4). Due to the results obtained, B2M (Hs00187842_m1) was considered as

the endogenous control for plasma and FFPE tissue samples. For the amplification of the samples,

the “TaqMan Gene Expression Master Mix” protocol was adapted to a final volume of 10 µL in

the QuantStudio 12K Flex system (Thermo Fisher Scientific, MA, USA). The mean Ct-values were

technically normalized using the endogenous B2M, and the expression level was considered as 2−∆Ct

(∆Ct = Cttargetgene − CtB2M) [25–27]. The missing values were approximated to the median value

established for each variable analysed (see the supplementary Excel document in Figure S1).
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2.4. Immunohistochemistry Analysis

Formalin-fixed paraffin-embedded samples (n = 76) were cut at 2.5 µm in thickness and placed on

a slide. The antigenic retrieval was carried out by incubating the antibody for 30 min with hydrogen

peroxide (H2O2) at pH 8. The immunohistochemical technique was carried out on the Lab Vision

Autostainer 480S (Thermo Fisher Scientific, MA, USA). For the development of the technique, the

Commercial Kit Detection System Master Polymer Plus (Peroxidase) was used. The polyclonal anti-PKR

antibody was administered by Santa Cruz Biotechnology, and it was used with a 1:50 dilution in 30 min

of incubation. The development of the technique was carried out with diaminobenzidine (DAB) and

after, with hematoxylin and eosin staining. The immunohistochemical location of the PKR protein was

determined by two pathologists that considered the presence of the PKR protein in the nucleolus or

outside of nucleolus (mostly located in cytoplasm).

2.5. Machine Learning and Statistical Analysis

PGMRA is a deep unsupervised [28,29] and data-driven machine learning method that combines

model-based, consensus, fuzzy, possibilistic, relational, optimization, and conceptual clustering techniques

into a single method (see the supplementary material in [30] for a review, [20,31]). The model-based

approach uses non-negative matrix factorization to identify candidates for functional clusters [20,32]

represented as tensors or flattened biclusters (e.g., subjects × symptoms). Biclusters can be learned

independently of the number of clusters, and thus, from different granularity partitions (consensus).

The method separately searches for biclusters in distinct domains of knowledge (e.g., genetics, clinical

symptoms) without regard for their calculations in other domains of knowledge [33]. Then, the approach

agnostically co-clusters the inter-domain biclusters and identifies natural relationships (associations)

among them. Associations result from optimizing the probability of the intersection among biclusters using

hypergeometric statistics or Fisher’s exact test [34,35] evaluated by a posterior permutation test instead of

using typical inter/intra clustering metrics among dots in the n-dimensional space (model-based). Biclusters

in one domain of knowledge or associations of biclusters from different domains of knowledge can be

reorganized into networks at different levels of granularity, connected by sharing observations (subjects)

and/or features (∆ct mean values, objective first-line chemotherapy response). This framework constitutes

a knowledge base and characterizes architecture of the disease. The methodological basis of PGMRA

is available in [20,31,34–36], and its web server application is online at http://phop.ugr.es/fenogeno [20].

Fast parallel software implementations were run at the Centre for High Performance Computing (CHPC)

facility at Washington University School of Medicine (WUSM).

2.6. Derivation of the Empirical Index

First, we calculated a purely empirical (i.e., agnostic and data-driven) indicator of character

functioning. We clustered subjects corresponding to the two expression variables and assigned each

subject the number of the cluster to which they belonged (as described in the next paragraph). The

result was a single empirical index of cluster membership that served as a comprehensive measure of

variability in the RNA expression.

To calculate the cluster rankings, we applied hierarchical agglomerative clustering (Statistical

Toolbox, Matlab 2007b) [20] with a complete linkage method and correlation similarity measurement to

group value phenotypic or environmental sets by their shared subjects using hypergeometric statistics.

The function that controls the vertical order in which a row is plotted (Spotfire Decision Site 9.1.2) in a

hierarchical clustering is defined as follows.

Given two sub-clusters within a cluster (there are always exactly two sub-clusters considered at

each step), both sub-clusters are weighted and the sub-cluster with the highest weight is placed above

the other sub-cluster. This function is systematically applied until a single cluster containing all rows
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is obtained. To calculate the weight w3 of a new cluster, C3 is formed from two sub-clusters C1 and C2

with a weight of w1 and w2, and each containing n1 and n2 rows, and the following expression is used:

w3 =
n1 x w1 + n2 x w2

(n1 + n2)
(1)

The weight of a sub-cluster with a single row is calculated as the average value of its columns.

2.7. Feature Selection Process Using Non-Negative Matrix Factorization (NMF) in PGMRA

We use non-negative matrix factorization (NMF) method as a deep autoencoder [29] in a particular

domain of knowledge (qPCR data, clinical data) to identify candidates for functional clusters [20,32],

represented as tensors or flattened biclusters (e.g., unknown relationships embedded in the data (subjects

× non-coding RNA differential expression)). Our implementation of the NMF, termed fuzzy NMF

method (FNMF), learns [20,30] biclusters independently of the number of clusters, and thus, from different

granularity partitions (consensus). The method separately searches for biclusters in distinct domains of

knowledge without regard for their calculations in other domain of knowledge [33]. Then, the approach

agnostically co-clusters the inter-domain biclusters and identifies natural relationships (associations)

among them. Associations result from optimizing the probability of the intersection among biclusters

using hypergeometric statistics instead of using typical inter/intra clustering metrics among dots in

the ndimensional space (model-based). These associations are learned regardless of any status of the

observations (e.g., cases and controls, unsupervised) and are optimized on the basis of multiobjective

and multimodal optimization techniques [37]. By incorporating a posteriori, a “supervised” status, the

method is able to calculate the risk of the association by the frequency of one status vs. another. Once it

occurs, the method becomes semi-supervised, and posterior statistical significance of the association is

calculated using kernel-based and multivariate statistical analyses [20,38].

3. Results

3.1. Normalized Values of Non Coding nc886 in Plasma and Tumor Tissues Predicted the Objective First-Line
Chemotherapy Response

We tested first the association of the expression level of the PKR gene and the nc886 RNA molecule

determined by the ∆ct mean values identified by qPCR in tumour (T), plasma (P), and healthy (S)

tissues (see the supplementary Excel document in Figure S1) with the OR to first-line chemotherapy.

The response was encoded as a Boolean (positive/responders, negative/non-responders) tested after

3–4 months of starting the treatment as indicated in the Material and Methods section.

We identified two biclusters (subjects sharing subsets of features) composed of subjects sharing

P-nc886 ∆ct mean and T-nc886 ∆ct mean values (Figure 2A). These biclusters exhibited significantly

different values of their composite features (Figure 2B, p < 2.44655 × 10−77 ANOVA statistics).
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Figure 2. Association of the expression level of protein kinase R (PKR) and nc886 determined by the ∆ct

mean values identified by RT qPCR in tumour (T), plasma (P), and healthy (S) tissues with the objective

response to first-line chemotherapy. (A) P-T_nc886 clusters: Biclusters of subjects sharing ∆ct mean

values of nc886 in P and T. ∆ct mean values are normalized between 0 (green) and 1 (red). (B) Boxplot

of ∆ct mean values of nc886 in P and T for each cluster. (C) Correlation between the objective first-line

chemotherapy response and the nc886 ∆ct mean clusters (Figure 2A). p-values were calculated with

hypergeometric statistics. Colour code for p-values’ statistical significance is indicated from high (red)

to low (blue). The size of the circles indicates the number of individuals in the relationship.

Those subjects were significantly associated with the objective first-line chemotherapy response

(Figure 2C). The first bicluster displayed low P-nc886 and mid/low T-nc886 ∆ct mean values and was

associated with a positive response (Figure 2C, p < 0.018, hypergeometric statistics/Fisher’s tests).

The second bicluster exhibited high T-nc886 ∆ct mean values, and was associated with a negative

response (Figure 2C, p < 0.016, hypergeometric statistics/Fisher’s tests). The other studied variables that

involved the expression of PKR in the different samples were not included in any bicluster significantly

associated with the objective first-line chemotherapy response (see non-negative matrix factorization

(NMF) in PGMRA as a feature selection process in the Materials and Methods section).

Once we detected the two highly associated variables, we independently validated the former

results by performing a regression analysis between the cluster order (ranking, see the Materials

and Methods section) and the individual features with respect to the OR to first-line chemotherapy.

∆ct values were normalized between [0,1] due to PGMRA requirements. We determined that the

clusters, represented by the order of their observations, were better associated with the objective

first-line chemotherapy response (p < 0.00012, F statistics) than the individual T-nc886 ∆ct mean values

(p < 0.0028) and P-nc886 ∆ct mean values (p < 0.013) (data not shown). Moreover, all other variables

involved in similar regressions were non-significantly associated with the OR.

Furthermore, because the relative level of gene expression is inversely proportional to the ∆ct

mean value following the 2-∆Ct method [26], our data suggest for cluster 1 a significant association

between patients who showed high level of expression of nc886 in both plasma and tumour samples
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with a significant positive response to treatments based on the use of 5-FU. In contrast, cluster 2

included patients who mostly and significantly showed lower levels of nc886 expression in the tumour

and a negative response to treatment. However, the levels of expression of the PKR gene were not

related to the OR to first-line chemotherapy.

3.2. PKR Location Predicted the Objective First-Line Chemotherapy Response

Because the relative levels of expression of the PKR gene mRNA in the colon tumour could not be

related to the patient’s response to the treatment, we decided to analyse the location of PKR in the

tumour and healthy colon tissue cells by immuhistochemistry (n = 76). Although PKR was located in

all healthy tissues analysed at the level of the cytoplasm of the cells, in tumour samples its location

could be restricted to the nucleolus in some cases (Figure 3). Therefore, we considered the two variables

of presence or absence (located in the cytoplasm) of PKR in the nucleolus.
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Figure 3. Different locations of PKR in healthy colon tissues and tumour tissues. (A) Representative

immunohistochemical detection of total PKR in healthy colon tissues. PKR immunostaining was weak

(first panel) or strong (second panel), but was mostly located in the cytoplasm of cells. Scale bar,

50 µm. (B) Representative immunohistochemical detection of total PKR in tumour colon tissues. PKR

immunostaining was mostly located in the cytoplasm of cells (first panel); however, in several tumours,

PKR was located heavily in the nucleolus (second panel). Scale bar, 50 µm.

To test the predictive value of the PKR location, we analysed the patients for which this information

was available. Two biclusters were obtained by PGMRA when including PKR ∆ct mean values in P, T,

and S (P-PKR, T-PKR, S-PKR) and the ∆ct mean values of nc886 in P, T, and S (T-nc886, P-nc886, S-nc886)

(Figure 4A). The first bicluster displayed variable ∆ct mean values (high S-PKR, medium P-PKR, low

or medium T-PKR and T-nc886, high or medium S-nc886, and medium P-nc886 values). A second

bicluster was composed also of variable ∆ct mean values (high P-nc886 and T-nc886, medium S-PKR

and T-PKR, and low P-PKR and S-nc886 values). These biclusters exhibited significant different values

of their composite features (Figure 4B, p < 2.05581 × 10−204 ANOVA statistics). The main differences

between clusters included variables in colon tumour and colon healthy tissues (Figure 4B). The first

bicluster matched with the absence of PKR in the nucleolus (Figure 4C, p < 0.00001, hypergeometric
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statistics/Fisher’s tests). The second bicluster was associated with a presence of PKR in the nucleolus

(Figure 4C, p < 0.00005, hypergeometric statistics/Fisher’s tests).

We independently validated the former results by calculating using ANOVA statistics with the

six variables previously selected. We determined that the clusters were significantly better associated

with the presence of PKR in the nucleolus (p < 0.000002) than the individual values (p < 0.035). The

bicluster lacking PKR location in the nucleolus showed a relation to the positive first-line chemotherapy

response (Figure 4D, p < 0.006, hypergeometric statistics), and the bicluster with PKR location in the

nucleolus showed a relation to the negative first-line chemotherapy response (Figure 4D, p < 0.03,

hypergeometric statistics).

Therefore, the analysis was able to group patients whose PKR location in the cytoplasm of the

tumour cells corresponded with a positive response to the treatment, and in contrast, patients with PKR

restricted to the nucleolus could be grouped in clusters that corresponded with the negative response

to treatment. Although the expression levels of PKR and nc886 in the different tissues analysed were

necessary to determine these significant clusters, these levels were highly variable.
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Figure 4. Association of the PKR location with ∆ct mean values identified by RT qPCR in tumor (T),

plasma (P), and healthy (S) tissues and the objective response to first-line chemotherapy. (A) Clusters

P-T-S_PKR_nc886: Biclusters of subjects sharing ∆ct mean values of PKR determined in the analysed

tissues (P-PKR, T-PKR, S-PKR) and ∆ct mean values of nc886 determined in the analysed tissues (T-nc886,

P-nc886, S-nc886). ∆ct Mean values are normalized between 0 (green) and 1 (red). (B) Boxplot of ∆ct

mean values of PKR determined in the analysed tissues (P-PKR, T-PKR, S-PKR) and ∆ct mean values of

nc886 determined in the analysed tissues (T-nc886, P-nc886, S-nc886) for each cluster P-T-S_PKR_nc886.

(C) Co-clustering between the PKR location in the nucleolus and the clusters P-T-S_PKR_nc886. p-values

were calculated with hypergeometric statistics. Colour code for p-values’ statistical significance is

indicated from high (red) to low (blue). The size of the circles indicates the number of individuals in the

relationship. (D) Co-clustering occurred between the objective first-line chemotherapy response and

the co-clusters identified in (C). p-values were calculated with hypergeometric statistics. Colour code

for p-values’ statistical significance is indicated from high (red) to low (blue). The size of the circles

indicates the number of individuals in the relationship.
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3.3. Final Outcome Was Predicted by the Expression Level of PKR and nc886 in Healthy Tissues

Finally, we raised the question about the correlation between the OR to first-line chemotherapy and

the time-range patient survival after 18 and 36 months. To test the predictability effect of the measured

variables, we first applied the PGMRA method to separately factorize these three measurements using

NMF and we uncovered three biclusters, now called “survival clusters” (Figure 5A). Survival cluster 1

involved patients who mostly showed a negative response to the first line of treatment and died before

18 months (Figure 5A). Survival cluster 2 included patients who mostly showed a positive response to

the first line of treatment and were alive after 18 months; however, they died before reaching 36 months

(Figure 5A). Survival cluster 3 involved all patients who mostly showed a positive response to the first

line of treatment and were alive after 18 and 36 months (Figure 5A).

On the other hand, independently, PGMRA selected the expression values of PKR and the nc886

in P, T, and S for two biclusters (Figure 5B). We found two clusters based on colon healthy tissue values

from PKR and nc886, from now on called S-PKR_S-nc886 clusters. S-PKR_S-nc886 cluster 1 included a

large number of patients mostly with low ∆ct mean values for nc886 and PKR. S-PKR_S-nc886 cluster

2 included fewer number of patients mostly with high ∆ct mean values for nc886 and PKR (Figure 5B).

These S-PKR_S-nc886 biclusters exhibited significantly different values of their composite features

(Figure 5C, p < 2,48689 × 10−136 ANOVA statistics).

Finally, we co-clustered the S-PKR_S-nc886 clusters with the survival clusters, identifying two

significant associations. The most representative bicluster displayed low nc886 ∆ct mean values and

medium PKR ∆ct mean values in healthy tissues (Figure 5D). This cluster was associated with a

positive objective first-line chemotherapy response, and a long time-range patient survival (Figure 5D,

p < 0.014, hypergeometric statistics/Fisher’s tests). Therefore, higher expression levels of nc886 once

again selected patients with better disease outcomes. The other significant bicluster exhibited high

∆ct mean values in healthy colon tissue of the two variables PKR and nc886 (Figure 5D), and was

associated with negative objective first-line chemotherapy response and short survival (Figure 5D,

p < 0.016, hypergeometric statistics/Fisher’s tests). Therefore, lower expression levels of nc886 and

PKR in healthy colon tissue selected patients with worst disease outcomes. A non-significant survival

bicluster exhibiting a mixture survival values was not significantly associated with nc886 and PKR ∆ct

mean values in healthy tissues (Figure 5D).

The three survival classes were independently validated using regression analysis with the clusters

(rankings, see the Materials and Methods section) of healthy tissue nc886 ∆ct mean values and the

healthy tissue PKR ∆ct mean values (p < 0.0053, F statistics).
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Figure 5. Correlation between the objective first-line chemotherapy response and the time-range patient

survival with the ∆ct mean values identified by RT qPCR in colon healthy (S) tissue. (A) Survival

clusters: Biclusters of subjects according to their objective first-line chemotherapy response, and

survival after 18 and 36 months. Values are coded as follows: negative response in green and positive

response in red. (B) S-PKR-S-nc886 clusters: Biclusters of patients according to their ∆ct mean values of

nc886 and PKR in healthy tissue (S-nc886 ∆ct mean, S-PKR). ∆ct mean values are normalized between

0 (green) and 1 (red). (C) Boxplot of S-PKR and S-nc886 ∆ct mean values in healthy tissue for each

S-PKR-S-nc886 cluster. (D) Co-clustering between survival clusters and the S-PKR-S-nc886 clusters.

p-values were calculated with hypergeometric statistics. Colour code for p-values’ statistical significance

is indicated from high (red) to low (blue). The size of the circles indicates the number of individuals in

the relationship.

4. Discussion

The identification of biomarkers that associate or predict the benefit of an appropriate selection

of patient candidates for both 5-FU-based and combined therapies constitutes a broad area useful

in clinical and translational research of CRC disease. However, the low specificity of chemotherapy

and the great heterogeneity of the patients and samples analysed make the search for predictive

biomarkers very complex [2]. Tests for microsatellite instability (MSI) and for the detection of loss of

heterozygosity for chromosome 18q (18qLOH) in the early stage of the disease are beginning to be

evaluated for guiding therapeutic decisions regarding the administration of 5-FU-based treatments;

however, these are still under investigation. Thus, it is necessary to explore new biomarkers that can

increase the portfolio to the oncologists and facilitate taking better decisions in the treatment of CRC

patients. In many cancers, mutation or abnormal expression or activity of protein kinases is correlated

with tumorigenesis, metastasis, and resistance to chemotherapy [39]. This study identified clusters

of metastatic colon cancer patients on the basis of the kinase PKR and its modulator nc886 after the

analysis of tumours and healthy samples in relation to the response to chemotherapy based on the use

of the 5-FU drug (Table 1).
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Table 1. Clusters of patients associated with objective first-line chemotherapy response and with overall

survival at 18 and 36 months.

Sex

Metastatic Colon Cancer Patients
Total Male Female Age (Mean Years), SD

197 127 70 65.1 ± 10.5

Firs-line Chemotherapy Response
clusters (OR)

Total Responders(+) Non-Responders(-) ∆ct mean values, SD
197 128 69

P-nc886_S-nc886 T-nc886 P-nc886
Cluster

1
160 110 50 0.427 ± 0.09 0.289 ± 0.05

Cluster
2

37 18 19 0.567 ± 0.17 0.495 ± 0.14

S-PKR_S-nc886 S-nc886 S-PKR
Cluster

1
77 45 32 0.386 ± 0.12 0.465 ± 0.09

Cluster
2

14 6 8 0.682 ± 0.09 0.703 ± 0.16

Survival clusters (OS)
First-line
Response

OS 18 m OS 36 m

Survival + - Survival Exitus Survival Exitus
Cluster

1
26 0 26 0 26 0 26

Cluster
2

18 15 3 12 6 0 18

Cluster
3

47 36 11 47 0 47 0

In order to group patients sharing similar features within the existing heterogeneity, we approached

this ambispective study using NMF techniques encoded into the PGMRA system [20]. This system

was successfully used to identify complex genotypic–phenotypic architecture of mental disorders and

personality traits [40], which has now been customized for cancer phenotypes. In contrast to classical

clustering techniques, not all features are included in such associations, but only those that provide

a multifaceted description of groups of patients at risk. These meaningful associations are termed

biclusters [20,34].

When analysing the ∆ct mean values of nc886 in P and T, we identified two biclusters composed

of subjects sharing ∆ct mean values of T-nc886 and P-nc886 that were associated with the OR to

first-line chemotherapy. We found a significant association between patients with high levels of nc886

expression in both P and T, as well as a positive primary response to treatments based on 5-FU. Our

results are consistent with previous results that show that nc886, as a Pol III transcript, is expressed

abundantly and ubiquitously in all normal human tissues [41] and that its expression is increased in

cancer cells [42]. In fact, most patients in our study expressed high levels of nc886 when considering

the ∆ct mean values obtained in tumours (Table 1). The tumour suppressor role of nc886 has been

already previously related to a better prognosis of the disease in several neoplasia such as lung, ovarian,

and breast cancer, among others [17,19,43–45], but this study was the first time that has been related

to CRC.

Moreover, we identified a smaller second significant cluster associating patients that showed a

negative response to first-line treatment with lower levels of nc886 expression in the tumour. This result

agrees with the previous results, where the expression of nc886 was found to be diminished or silenced

in a subset of malignant cells by the DNA hypermethylation of its promoter’s CpG island [17–19,44,45].

Although we did not analyse the level of silencing of nc886, our results are consistent with the poor

outcome detected during nc886 epigenetic repression in several neoplasms, supporting the role of

tumour suppressor of nc886 also in colon cancer disease.

The levels of PKR mRNA expression could not be associated to chemotherapy response in our

analysis. The Ser/Thr kinase PKR is a non-canonical kinase involved in many cellular pathways

exerting various functions on cell growth and tumorigenesis [4,7,8]. Although there have been multiple

studies of PKR, the exact role in cancer biology remains controversial. This is due on one hand to its
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ability to induce eIF2α-mediated apoptosis and on the other hand to NF-κB-mediated pro-survival

effect, involved in both tumour-suppressive or oncogenic roles [6–8,11,14]. Because we previously

identified PKR as a molecular target of 5-FU in several colon cancer cells lines [14] playing an important

role in the cytotoxic effect of 5-FU, through the induction of apoptosis, in a PKR expression-dependent

manner, we expected a high expression level of the PKR gene in responder patients. However, the

high level of post-translational modifications and regulation of the protein indicated that PKR activity

does not necessarily have to correspond to the amount of its messenger RNA. In fact, numerous

proteins have been described as regulating their activity (e.g., PACT, trans-activation response (TAR)

RNA binding protein (TRBP), nucleophosmin (NPM)) [4,7,8,46–48] and several post-translational

modifications have been showed by SUMOylation and ISGylation, among others [49,50]. Nc886 has

been described as a PKR inhibitor, being the inhibition of PKR/NF-kB in correlation with its tumour

suppressor activity. However, recently researchers have demonstrated that nc886 can adopt two

structurally distinct conformers that are functionally opposing regulators of PKR that have a second

conformation able to activate PKR [12]. Therefore, whether a high level of nc886 is related to a best

response to 5-FU treatment that corresponds with a high ability of PKR to induce apoptosis is still

unknown and needs further investigation. In addition, a different location of PKR in the nucleus and

nucleolus has been demonstrated with different forms that also suggest differences in its activity [51,52].

It has been described that PKR localizes in the cytoplasm, strongly in the nucleolus, and diffusely

throughout the nucleoplasm [52]. Our analysis of total PKR expression by immunohistochemistry

in 76 samples of colon tumour and their respective healthy colon tissues showed expression in the

cytoplasm in all healthy tissues and in most of the colon tumour analysed. However, a smaller group of

tumours were shown diffuse staining in the nucleus and, above all, staining was restricted exclusively

to the nucleolus. The PGMRA analysis considering the presence or absence of PKR in the nucleolus

found a bicluster where patients with PKR located in tumour cytoplasm (and absent in the nucleolus)

were related with OR to first-line chemotherapy. A cluster included patients whose PKR location

in the cytoplasm of the tumour cells corresponded with a positive response to the treatment, and

although the levels of expression of PKR and nc886 analysed were variable between samples, they

were necessary to establish statistically significant clusters. In contrast, patients with PKR restricted to

the nucleolus in the tumour could be grouped significantly in a cluster that corresponded with the

negative response to treatment. Therefore, an increase in the number of samples to be analysed would

be convenient in future research to specifically relate the levels of nc886 with the location of PKR and

the response to treatment. Although the role that PKR activity may have in the nucleus/nucleolus is not

yet known, it has been suggested that PKR exists in leukaemia cell lines and patient samples in diverse

molecular weight forms in the nucleus as result of several post-translational modifications. Although

cytoplasmic location was detected in leukaemia low-risk patients, nuclear location was restricted to

high-risk patients [51]. In addition, intrahepatic PKR nucleolar labelling was observed in human blood

PBMCs and liver biopsies, with a suggested ribosome biogenesis role [53].

Finally, we found different survival clusters in those patients for which information was available

(Table 1), allowing for the grouping of patients according to the expression of nc886 and PKR in healthy

colon tissue. Interestingly we found two clusters significantly related to the outcome of the patients;

the most representative cluster included patients with higher expression levels of nc886 and medium

expression levels of PKR in the healthy colon tissues who were alive after 3 years of the first-line

treatment. In contrast, lower levels of expression of both PKR and nc886 in healthy colon tissue were

related with patients who died at a year and a half after the first-line treatment. Although PKR levels

did not appear to be related to their activity, as we have previously discussed, for tumour cells, they

interestingly remained average in healthy tissue in the cluster of patients with the best outcome, and

showed less expression in healthy tissue for the cluster with worse outcome. The role of PKR as a

cellular stress response protein is widely known, as PKR intervenes against numerous and varied

infections, also eliminating damaged cells inducing apoptosis. In addition, PKR is able to allow the

cells to live via NF-kB activation once the stress has been resolved on time [4,7,8,13]. Moreover, PKR
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also regulates some tumour suppressors and protein kinases involved in cancer pathways such as

the signal transducers and activators of transcription factors (STATs), activating transcription factors

(ATFs), tumour suppressor p53 (Tp53), the phosphatase and tensin homologue tumour suppressor

(PTEN), the mitogen-activated protein kinases (MAPKs), and the toll-like receptors (TLRs), among

others [4,7,8,13]. All these data suggest how important it is that PKR is expressed at adequate levels in

normal tissue where it would be slightly regulated, as well as the importance that PKR would have in

tumours where, regardless of its expression, its regulation can be critical.

5. Conclusions

In summary, although it would be convenient to increase the “n”, especially for studies where

we have had less available data, we can consider that PGMA is a useful system for working with

heterogeneous diseases such as cancer. PGMA analysis allowed us to identify clusters where the levels

of expression of nc886 can be suggested as a potential biomarker for both the first-line response to

chemotherapy and the survival of patients for at least 18 or 36 months. The higher levels of expression

of nc886 in tumours, plasma, and healthy tissues were found in those patients with a better outcome.

Although it is necessary to analyse a greater number of subjects to know the role of PKR as a biomarker,

our data suggest that its location in the tumour cell compartments, but not its mRNA expression level,

could predict the response to treatment based on the use of 5-FU in metastatic colon cancer patients.
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