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SUMMARY

CK2 is a protein kinase composed by two catalytic VXEXQLWY . RU .« WKDW F
DFWLYH DOVR DV PRQRPHUV DQG WZR UHJXODWRU\ VXE}
active and, by phosphorylating hundreds of substrates, is involved in different

signaling pathways, as the PI3K/Akt, the IKK/NF- % WKH -$. 67%$7 DQG WKH
: Q W-catenin pathways. CK2 is also implicated in several human diseases;

among them, its role in cancer is the most widely studied, but its pathological

functions have been also reported in diabetes, obesity, atherosclerosis,

cardiovascular diseases, neurologic disorders, and viral infections.

The main aim of this work was the investigation of the role of CK2 in four non-
UHODWHG KXPDQ GLVHDVHV QDPHO\ )ULHGULFKTVY DWD]
leukemia (CML), Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS)

and coronavirus disease 2019 (COVID-19).

&. DQG )ULHGULFKYV DWD[LD

JULHGUHLFKYV DWD[LD )5'$ +edesbBivadardiet adcK Wédiro/R P D O
degenerative disease, caused by mutations in the FXN gene, which leads to a
significant reduction in the expression of frataxin (FXN), a mitochondrial protein
that plays a key role in iron sulfur clusters assembly. Thus, any attempt to
increase FXN levels is encouraged from a therapeutic perspective. Previous
studies have shown that FXN proteasome-mediate degradation can be promoted
by phosphorylation and since the FXN sequence contains five potential
consensus sites for CK2, we investigated whether this kinase also plays a role in
regulating FXN turnover. Our research revealed that frataxin can be
phosphorylated at S206 by CK2 kinase, and this phosphorylation promotes
frataxin turnover, significantly reducing its protein expression. Moreover, we
found that CK2 acts mainly over extra-mitochondrial FXN, and that CK2 targeting,
by pharmacological inhibition with its clinal grade inhibitor CX-4945 or by genetic
ablation, increases frataxin expression in human cells. More importantly, CK2
inhibition by CX-4945 in FRDA patients-derived cells promoted frataxin
accumulation. These encouraging in vitro and ex vivo results suggest CK2 as a

valuable target in FRDA and pave the way for future in vivo studies.



CK2 in chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasia caused by the
fusion tyrosine kinase BCR-ABL1, which is constitutively active and sufficient to
maintain the leukemia phenotype of CML. The current standard of care for CML
is the use of tyrosine kinase inhibitors (TKIs), as imatinib, however around 25%
of the patients develop resistance. One of the worst types of resistance is the one
caused by the mutation T315I in BCR-ABL1, since patients bearing this mutation
are only responsive to ponatinib, a TKI with strong side effects, thus eagerly
waiting for additional or alternative therapies. CK2 is overexpress and contributes
to aberrant signaling in T315I-cells, thus the aim of this work was to evaluate the
potential of CK2 as a pharmacological target for this kind of CML drug-resistance.
We found that T315I imatinib-resistant cells are highly sensitive to several CK2
inhibitors. We mainly focused on the clinical grade inhibitor CX-4945, finding that
it induced apoptosis and reduced survival pathways, as BCR-ABL1, STAT-3,
STAT-5, and Lyn, that are specifically hyperactivated in T315I imatinib-resistant
cells. Most effects were mirrored by genetic targeting of the CK2 D catalytic
subunit by siRNA downregulation or CRISPR/Cas9 knockout, which also induced
increased sensitivity towards TKIs. The effects of CX-4945 were exerted even in
the presence of bone marrow microenvironment-mimicking conditions, and under
hypoxic conditions, where the action of most drugs was significantly reduced. Our
results, mainly obtained in the most common cellular model T3151-KBM5, but with
the key findings reproduced also in a second newly developed line, T315I-K562,
allow to conclude that CK2 targeting is a promising strategy to counteract this

aggressive kind of drug resistance in CML.

CK2 in Poirier-Bienvenu Neurodevelopmental Syndrome

The Poirier 8Bienvenu neurodevelopmental syndrome (POBINDS) is a rare and

newly discovered neurologic disorder with early onset epilepsy, intellectual

disability, and developmental delay as main traits. POBINDS is caused by

mutations in the CSNK2B JHQH FRGLQJ IRU WKH UHJXODWRU\ VXE
to date 91 cases have been reported being mostly CSNK2B de novo variants.

The biochemical characteristics of the & . mutants remain largely unknown.

Therefore, with this project we aimed to establish a cellular model for the
characterization of POBINDS mutants and to biochemically analyse some of
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them, chosen because found in Italian patients, as a first step of a further analysis
in patients-derived cells and animal models. As model, we started from HEK-

$' &. knockout (KO) cell clones, that present reduced CK2 activity. These

FHOOV ZHUH VWDEO\ WU D Q W RWTH G/hiZH Miskoreti .CK2Z L O G

activity, thus validating the model. We therefore stably expressed POBINDS
mutants into the CK2 KO cells, to analyse their expression and CK2 activity. We
found reduced protein expression of three out of the five analysed POBINDS
mutants. Moreover, protein stability assays showed that, in comparison to the
WT, two of the mutants were less stable, presumably due to an increased
cleavage by a proteasome-dependent mechanism. These two mutants also

showed defective CK2 activity compared to the WT. Altogether, our results show

WKDW VRPH 32%,1'6 &. PXWDQWY SUHVHQW GHIHFWL"
decreased protein stability. However, not all the analysed mutants displayed
GLIIHUHQFHVY FRPSDUHG WR :7 &. ORUHRYHLcutZH GLG Q

correlation between the biochemical features of a certain mutant and the
phenotypes of the patients harbouring that mutation. Although several
speculations can be done to explain these discrepancies, a more extended
biochemical characterization will help in better understanding the biochemical
features/phenotype correlation. In particular, we are now collecting cells derived
from patients, that will directly clarify if their properties are consistent with their

clinical presentation.

CK2 and COVID-19

It has been reported that, in cells infected by Severe Acute Respiratory Syndrome
Corona Virus 2 (SARS-CoV-2), the virus responsible for the COVID-19 pandemic,
different CK2-dependent phospho-sites are upregulated, suggesting an
enhanced CK2 activity of the host cells upon SARS-CoV-2 infection. Moreover,
CK2 was found at the actin filopodial protrusions induced by the infection,
colocalized with the SARS-CoV-2 nucleocapsid (N) protein, pointing this protein
as a putative candidate for the effects on CK2 activity. The main aim of this project
was therefore to understand if and how the SARS-CoV-2 N protein can modulate
the activity of CK2. Our results showed a weak phosphorylation of the N protein
by CK2, but, more importantly, the experiments revealed that the N protein

strongly stimulated CK2 activity (up to 5-fold) in a time- and dose-dependent
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manner, towards both peptide and protein substrates. Interestingly, this increase

LQ DFWLYLW\ ZzDV PDLQO\ REVHUYHG ZLWK WKH PRQRPHU
VWLPXODWLRQ SURGXFHG RQ WKH WHWUDPHULF &. DQG '
Using HEK-293AD and HEK- $' &. knockout cell clones stably

transfected with the SARS-CoV-2 N protein we confirmed the interaction of CK2

with the N protein and observed N protein-dependent activation of CK2,
HVSHFLDOO\ LQ WKH &. .2 FHOOV :H DUH QRZ GHVLJQLQ.
the exact region of N protein responsible for the activating effects. Therefore, our

results not only shed light on the mechanisms by which CK2 is implicated in

COVID-19, but also provide hypothesis for the development of a CK2 activator.

Since no compound able to activate CK2 is currently available, it could turn to be

useful in all those conditions were a CK2 defective function is observed.

In summary, this thesis adds evidence to the concept that CK2 is a valuable target
for diverse human diseases. Moreover, in addition to the historical view of this
HQJ\PH DV D 3\WRR PXFK”™ WKLQJ ZLWK D SDWKRORJLFDO L
here we highlight WKDW DOVR WKH 3WRR ORZ" FRQGLWLRQ H[LV
GULYLQJ PROHFXOH )RU WKH SK\VLRORJLFDO UXIQWWLRQD
OHYHO"™ LV QHFHVVDU\ WKDW ZKHQ ORVW FRXOG UHTXL



INTRODUCTION

1. Protein phosphorylation

Protein phosphorylation is one of the most frequent post-translational
modifications (PTMs). To date it is estimated that more than one-third of the
human proteome is phosphorylated (Ardito et al., 2017; Ramazi & Zabhiri, 2021).
This type of modification is reversible and corresponds to the covalent addition of
a phosphate group (POas), normally obtained from the purine nucleotide
triphosphate (ATP or GTP) -phosphoryl (POs?") group, to the hydroxyl group of
a protein substrates, as illustrated in Figure 1. The phosphorylation reaction is
catalyzed by enzymes known as protein kinases (also referred as
phosphotransferases) and the phosphate group transfer is commonly facilitated
by magnesium (Mg?*) or manganese ions (Mn?*), which chelate the phosphate
groups of ATP. In cells, almost all of the phosphorylation events occur either in
serine, threonine, or tyrosine residues, with serine as the most common and
tyrosine the least common residues to be phosphorylated. The phosphorylation
of this three residues is considered as the canonical phosphorylation, however,
less often other amino acids, as aspartate, lysine, histidine and arginine, can be
phosphorylated in what is called noncanonical phosphorylation (Mascher et al.,
2006). The reverse process or dephosphorylation, that implies the removal of the

phosphoryl group from the protein substrate, is catalyzed by enzymes known as

phosphatases.
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Figure 1. Schematic representation of protein phosphorylation.

(A) The protein kinase transfers the phosphate group of a molecule of ATP to the hydroxyl group
of a serine residue to form phosphotyrosine and ADP. (B) Structure of phospho-threonine,
phospho-threonine, and phospho-tyrosine residues (modified from Walsh et al., 2005).



1.1. Cellular importance of protein phosphorylation

In cells, the phosphorylation/dephosphorylation modifications act as molecular
switches of a big variety of proteins, having a pivotal role in cellular regulation
and signal transduction of essential processes, as metabolism, cell proliferation,
cell differentiation, apoptosis, cytoskeletal dynamics, and gene expression (Ardito
et al., 2017). The phosphorylation process modifies its targets due to three
intrinsic characteristics of the addition of a phosphoryl-group. First, as this group
has three hydrogen bond acceptors, the phosphorylated protein would have the
potential to create new bonds. Secondly, the phosphoryl-group has two negative
charges, implying that its addition can modify the electrostatics of the substrate,
thus having the potential to modify binding and catalytic properties. And thirdly,
adding the phosphoryl-group can alter the shape and size of the substrate,
modifying its surface and creating new binding sites (Ellis & Kobe, 2013).
Schematically represented in Figure 2, these changes in the substrate can have
different functional consequences, as to induce the active or the inactive
conformation (Cole et al., 2003), favor protein-protein interactions (Nishi et al.,
2011), generate changes in the subcellular location (Kuwahara et al., 2008), and
promote the formation or removal of a second PTM (Hunter, 2007). Moreover, a
single kinase may simultaneously phosphorylate several substrates, acting in
numerous cell signaling pathways and leading to amplification of the signaling,
thus turning the phosphorylation process extremely regulated and complex
(Humphrey et al., 2015).

1.2. Protein kinases

The discovery of protein phosphorylation started in 1906 with the identification of
phosphate in the protein vitellin by Phoebus Levene (Levene & Alsberg, 1906),
however, it is not until mid-1950s that things started to heat up when groups
working on glycogen metabolism discovered the first protein kinase, the
phosphorylase kinase (PhK), an enzyme responsible of glycogen breakdown
(Fischer & Krebs, 1955). In 1968, Krebs and colleagues purified the second



kinase to be discovered: the cAMP-dependent protein kinase (PKA), which a few
years later would lead to the concept of kinase cascade and to underline the
importance of the protein phosphorylation in different cell processes (Taylor et
al., 1990; Walsh et al., 1968). To date, it is known that around 2% percent of the
human genome encodes protein kinases, containing more than 500 protein

kinases (PKs), which constitute one of the largest protein families.
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Figure 2. Protein phosphorylation as molecular switch mechanism.

Schematic representation of a reversible protein phosphorylation where the addition of a
phosphate group is mediated by a kinase and the removal by a phosphatase (PP). In eukaryotic
cells, the phosphorylation/dephosphorylation modulation can regulate activity, turnover,
localization, binding properties, conformation, and post translational modifications (PTM) of the
substrate protein, acting as molecular switches. Ac, acetylation; Me, methylation, P,
phosphorylation; Ub, ubiquitination. (Humphrey et al., 2015)

1.2.1. Protein kinases classification

The most frequent classification for protein kinases divides them into two

subfamilies depending on the residue they phosphorylate: serine/threonine (S/T)



kinases, which target either serine or threonine, and tyrosine kinases, which have
tyrosine as substrate. Serine residues are the most frequently phosphorylated
followed by threonine and tyrosine, with 86.4%, 11.8% and 1.8% of the
phosphorylating events respectively. This classification can present difficulties
due to the dual-specificity protein kinases that can phosphorylate both
serine/threonine and tyrosine residues, and additionally the protein kinases that
phosphorylate histidine or aspartate residues, although this phosphorylation is
less stable than the canonical type (Schwartz & Murray, 2011).

As represented in Figure 3, a second type of classification subdivide the human
kinases into 497 eukaryotic protein kinases (ePKs) and 58 atypical kinases, which
include the lipid kinases (Kanev et al., 2019; Manning et al., 2002). The eukaryotic
protein kinases can be further subdivided into: cyclic nucleotide- and calcium-
phospholipid-dependent kinases (AGC) (comprising the PKA, PKG and PKC
families), the Ca2+/calmodulin-regulated kinases (CAMK), the casein kinase 1
family (CK1), the CMGC group (which includes the cyclin-dependent kinases
(CDKs), mitogen-activated protein kinases (MAPKS), glycogen synthase kinase
(GSK), homeodomain-interacting protein kinases (HIPKs) and casein kinase 2
(CK2)), the receptor guanylate cyclase kinases (RGC), the homologs of yeast
Sterile 7, Sterile 11, Sterile 20 kinases (STE), the tyrosine kinase-like (TKL) and
tyrosine kinases (TK) (including receptor and non-receptor types). This
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Figure 3. Human kinases classification.

The human kinome is composed by lipid and protein kinases. Protein kinases can be classified
as atypical or eukaryaotic, which in turn can be classified into subgroups based on their sequence
similarity. For kinase group abbreviations see the text (modified from Duong-Ly & Peterson, 2013;
based in Manning et al., 2002).

1.2.2. Conserved protein kinase structure

The understanding of the kinase structure can unveil the substrate recognition
mechanism of a kinase, shedding light on important information that can be used
with therapeutic purposes, as for example the design of inhibitors or activators.
Although in-silico analysis using only the sequence of kinases has been proved
adequate to define conserved motifs of protein kinases, it is the sum of this
information and the crystallographic structure that can give precise information
regarding the architecture of a kinase. Despite the diversity that can be found
between protein kinase families, the sequence and structure of the catalytic core
of the protein kinase has been found to be highly conserved among them.

It is possible to distinguish two separated lobes conserved on the structure of the
catalytic domain of protein kinases: the N-lobe and the C-lobe (Taylor & Kornev,
2011). The N-lobe is the smaller one and mainly comprises the N-terminal
sequence disposed DV Bheet with five strands and a helical subdomain named
. &helix, which is spatially positioned between the two lobes. The N-lobe also
presents conserved motifs as the Glycine-rich Loop (GxGxxG), which is the most
flexible part of the lobe and responsible for the donor phosphates orientation for
catalysis, and the AxK motif, in which a conserved lysine is present, responsible
to couple the phosphates of the ATP to the . &helix. The C-lobe is the larger
OREH UHSRUWHG DV KLJKO\ VWD EQH O RQFEHVRSRERRW IBG PDLC
forms the kinase core presenting the catalytic loop that helps with the orientation
of the substrate protein and directs the catalytic event (Figure 4). In addition to
the N- and the C-lobes, there are two conserved hydrophobic motifs comprising
residues from both lobes QDPHG 3VSLQHV™ 7KH UHPeDi®AMR U\ VSLQ!
spatial motif observed only in active kinases, while the catalytic spine (C-spine)
is completed by the binding of the ATP, contributing to its positioning towards the
C-lobe (Kornev et al., 2006).
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Figure 4. Conserved structural features of eukaryotic protein kinases catalytic domain.

Ribbon representation of the archetypal protein kinase A (PKA) catalytic domain. (A) the bilobed
catalytic domain with the N-terminal lobe (blue) mainly composed by b-strands and the C-lobe
mostly helical (colored red). (B) A more detailed view of the catalytic domain shows the substrate
binding site (yellow) interacting with the substrate (purple) and the ATP binding site (green) in the
cleft between the lobes. PKI, protein kinase inhibitor (de Oliveira et al., 2016)

1.2.3. Kinase activity regulation

Eukaryotic PKs, distinguishing from most metabolic enzymes, have evolved to be
highly regulated and most of the times only transiently activated (Johnson &
Lewis, 2001). The regulatory mechanism follows a differential conformation
between the active and inactive states, this way, kinases ready to execute their
catalytic function present a specific active conformation where key regulatory and
catalytic residues are aligned. One of the hallmarks of the active state is the
presence of the R-spine, and a second hallmark of this state is the stabilization

of the so called Activation-loop (A-loop), typically mediated by phosphorylation
and/or protein fprotein interactions (Arter et al., 2022). It has been described that
while the sequential steps to place the key residues of the active site in their
proper positions, thus activating the kinase, are well conserved among kinases,
the inactive states show a diverse range of conformations from rotated into
suboptimal positions for the catalysis to quite disordered conformations in some

of the cases (Taylor & Kornev, 2011). Moreover, the dynamics between the 3R Q"
DQG 3RIlI" FRQIRUPDWLRQV DUH LQ DFFRUGDQFH ZLWK V

reported that most of the proteins are inactive in basal conditions, switching to
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their active state upon specific signals. However, there are exceptions to this
concept, as is the case of the object of this thesis, the constitutively active kinase

CK2, to which the following paragraphs are dedicated.

2. Protein kinase CK2

CK2 (previously known as CKII and frequently referred to as CSNK2, from the
gene name), is a highly conserved S/T protein kinase present in all eukaryotic
organisms. 7KH DFURQ\P &. FRPHV IURP WKH Witk &tefFDVHLQ N
Burnett and Kennedy isolated from liver two distinct enzymes (hamely casein
kinase 1 and casein kinase 2) that were able to phosphorylate casein in vitro
(Burnett & Kennedy, 1954). However, and as they first hypothesized, in
physiological conditions casein is phosphorylated by another kinase, identified
several years later as G-CK or genuine casein kinase, and not by CK2
(Venerando et al., 2014). From the discover of Burnett and Kennedy, the study
of CK2 has progressively continued over the years followed by the deciphering
of its subunits primary structures in 1987 (Saxena et al., 1987), and their
tridimentional structures in 1998 and 2001 (Chantalat et al., 1999; Niefind et al.,
2001). Moreover, several works have compared the properties of the tasein
kinases " CK1 and CK2 as well as the specifical CK2 properties (Hathaway &
Traugh, 1982; Venerando et al., 2014).

To date, a vast number of studies have shown that CK2 is ubiquitously expressed
and localized mainly in nucleus and cytoplasm but also possible to be found in
other subcellular compartments, as plasma membrane and mitochondria (Filhol
& Cochet, 2009). CK2 is constitutively active, thus not requires any
phosphorylation event or signaling to be activated, however its functions are
mainly regulated by changes in protein expression and in subcellular localization,
substrate availability/accessibility, protein interaction/binding and ratio of its
subunits/isoforms (Borgo et al., 2021b; Litchfield, 2003; St-Denis & Litchfield,
2009).

As it phosphorylates hundreds of substrates, CK2 is considered extraordinarily

pleotropic, accounting for up to 25% of the phosphoproteome (Venerando et al.,
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2014). Indeed, CK2 has been described to be involved in virtually all cellular
processes, as for example cell proliferation, cell survival, apoptosis, and cell cycle
regulation, moreover, has also been described to regulate several transcription
factors, thus controlling protein synthesis. This way, it is not surprising that CK2
is involved in several human diseases, extensively described in cancer but also
implicated in inflammatory diseases, neurologic disorders and viral infections, as

it will be described in the next paragraphs.

2.1. CK2 structure

In cells, CK2 is usually present as an heterotetrameric holoenzyme composed by
two catalytic, . and/or . fDQG WZR UHJXO DWRdthawaX & XrQughy V
1979), where the tetrameric conformationscanbe &. .2 &. 2 &. ..7 &.
RU &.2.&. 2complexes. In the following paragraphs, the characteristics of

the monomeric subunits as well as of the tetrameric enzyme will be described.

2.1.1. CK2 catalytic subunits

CK2has WZR FDWDO\WLF VXEXQLWYV LVRIRUPV . DQG .1 ZKLI
with a global sequence identity of approximately 75% between them.
Interestingly, they only differ in their C-terminal domain, which is highly conserved
among species. The catalytic subunits are coded by two different genes:
CSNK2A1 (found on chromosome 20p13) encodes the 391 aminoacids long
VXEXQLW . 0z CBENK2A2 (fdeind on chromosome 16p21) encodes
WKH DPLQRDFLGV ORQJ V X(B/KkQdr ¥ al.1995]. Moréb\er,
&. . FDQ V XdteHnhakproteolysis and be present at a molecular weight of
38 kDa (Faust et al., 1999), although the physiological relevance of this cleavage
is not known.

From a structural point of view, the CK2 catalytic subunits are part of the
eucaryotic kinase CMGC subfamily and, as pointed in Figure 5, and they present
the canonical kinase structural motifs: the N- and C- lobes, . & KH @& §lycine-
rich loop, the substrate binding site, the catalytic loop, and the activation loop.
However, the CK2 catalytic subunits present some particular features in their
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catalytic domain, as a reduced and more hydrophobic ATP-binding pocket due to

the presence of the hydrophobic residues V66 and M163 that in most ePKs are

conserved as alanine and leucine residues, respectively (Niefind et al., 1998).

Moreover, in contrast to most CMGC and S/T kinases, the activation loop of the

catalytic subunits does not possess a regulatory phosphorylation site, as their N-

terminal region is constantly in an active conformation. Furthermore, the CK2
glycine-ULFK ORRS FRUUHVSRQG WR D 3ffgrd6a gyBtW LYH ZKLF
residue compared to the classically denoted 3*[*[[*~ P RW(Bafhb et al.,

1997).

N-terminal subdomain

F g “Conserved Lys”
\ . \

\—M,

’

X AD[’ Wk\’ aC helix
e\

N Activation

segment

s‘ @ (C-terminal
subdomain
Figure5. &. . GLVSOD\V H3.V FRQVHUYHG PRWLYHV

5LEERQ UHSUHVHQWDWLRQ R W Khtalytid dgridain BouiddIAOP Wheld HisR 1 & . .
possible to identify the N- and C- lobes, the activation loop (dark grey) and the hinge region (blue).
ORUHRYKHOLFHY DUH LQ UHG L Q Fsban@slatein ty&Han®kth& tbskrived

sites K68 and F113, necessary for the catalytic activity of all the kinases are in magenta and

orange, respectively. (PDB:6YPN) (modified from Atkinson et al., 2021)

&. . DQG . GLVSOD\ VLPLODU HQijroP(Bddenibacs BtRREHUW LHV
1994), however there is evidence that suggest differential cellular roles. In

mice, ZKHUHDYV Kaockoutis OHWKDO DW HDUO\ HPEU\RORJLFDO
knockout is viable, displaying however round-headed infertile spermatozoa in

male mice (Buchou et al., 2003; Dominguez et al., 2011). Additionally, there are
isoform-specific protein interactions reported, as is the case of the phosphatase

PP2A and the peptidy- SURO\O LVRPHUDVH 3LQ WKDW RQO\ LQWHU
(Hériché et al., 1997; Messenger et al., 2002)
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212. & UHJXODWRU\ VXEXQLW

7TKH &. UHIJXODWRU\ VXEXQLW KDV WKH PRVW FRQVHUY
between species among the CK2 subunits, is composed by 215 aminoacids (Mw
28 kDa) and is coded by the CSNK2B gene (found on chromosome 6p21) (Pyerin
& Ackermann, 2001).

&. SUHVHQWYV VWUXFWXUDO DQG ELRFKHPLFDO SDUWLF
autophosphorylation sites at S2, S3 and potentially at S4 in its N-terminal
sequence that increase the kinase activity (Bodenbach et al., 1994). Moreover,
while an acidic region comprising the residues in position WR LQ WKH &.
N-terminal region presents autoinhibitory effects (Meggio et al., 1994), the region
comprising the residues in position 181 to 203 in the C-terminal acts as a positive
regulatory domain of CK2 activity (Pinna & Meggio, 1997). ,Q DGGLWLRQ &.
FRQWDLQYVY D VHTXHQFH WKDW UHVHPEOHYVY WKH 2GHVWUXF
specific degradation of cyclin B (Glotzer et al., 1991), however in this case its role
is the regulation of the stability of the tetrameric enzyme as well its own (Allende
& Allende, 1995; Zhang et al., 2002).
As shown in Figure 6, the CC-WHUPLQDO RI &. SUHVHQWYV D JLQF
containing four cysteine residues, C109, C114, C137, and C140, involved in the

- GLPHUL]JDWLRQ 7KH-shdets @& eha@r&ckeriiek this area and its
elevated hydrophobicity contribute to form hydrophobic interactions between
monomers, in fact, it has been reported that the disruption of the zinc finger by
PXWDWLRQV LQ & DQG & SUHYHQWYV &. th&aLPHUL]DYV
LQWHUDFWLRQ EHWZHHQ (Chaft&attGls KED9) K Bas Qdew V
VXJIJHVWHG WKWV LIDWLRQ LV D FUXFLDO SUHUHTXLVLWH
FRPSOH[ ZLWK WKH FDWDO\WLF VXEXQLWV DV &. PXWD
exhibit deficient holoenzyme formation.

6HYHUDO HYLGHQFH VXJJHVWVYV WKDW WKH QRQFDWDO\WL
formation of the tetrameric CK2, as well as in the regulation of its catalytic activity
and stability, in its substrate selectivity and serves as a docking platform for
recruitment of substrates or potential regulators (Canton et al., 2001; Graham &
Litchfield, 2000; Marin, Meggio, & Pinna, 1999; Meggio et al., 1992a). Moreover,

EDVHG RQ WKH SUHYV Hifjdrdit eellular. comp@rtments to the ones
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ZLWK &. . SUHVHQFH LW KDV EHHQ VXJJHVWHG WKDW &.
independent entity (Krek etal., 1992) ,Q IDFW &. KDV EHHQ UHSRUWHG
independently with the protein kinases c-Mos and A-Raf, acting as negative and
positive regulator of kinase activity, respectively (Chen et al., 1997). Additional
VWXGLHV KDYH LPSOLFDWHG &. LQ LQWHUDFWLRQV Z
production enzyme p47-phox (Kim et al., 2001), the tumor suppressor BRCA1

29% ULHQ HWaimd@ne traffic regulator LYST (Tchernev et al., 2002).

C C

R o

Acidic loop Destruction box

Acidic loop
Figure6. &. - GLPHU
Ribbon representation of the crystal structureof &. - GLPHU ZKHUH WKH JLQF DWRPV DQG

OLJDQGV DUH LQ EOXH DQG YMWUWDRG W BV B HElGES @D (@alified
from Chantalat et al., 1999).

2.1.3. CK2 tetrameric holoenzyme

As shown in Figure 6, the CK2 holoenzyme presents a "butterfly"-shaped
VWUXFWXUH ZKHUH WKH FDWDO\WLF VXEXQLWNPHWQG RL
through the C-terminal domain of the regulatory subunits (Niefind et al., 2001),

resulting in a structure more stable and usually with higher catalytic activity than

the monomeric catalytic subunits by themselves.

Different evidence has suggested the existence of higher levels structures of the

CK2 holoenzyme. For example, the ring-shaped structures detected in

Drosophila cells, later replicated in vitro, are composed by four tetramers able to
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dissociate into .2 2tetramers in high salt concentration conditions (Glover, 1986;
Valero et al., 1995). Trimeric aggregates of human CK2 tetramers have also been
described in vitro, in which the CK2 N-terminal domain of a first tetramer
interacts with the catalytic . subunit of a second tetramer (Lolli et al., 2014, Lolli,
Pinna, & Battistutta, 2012). In this model, the autophosphorylation of CK2 at S2
would represent an autoinhibitory mechanism of regulation. Nevertheless, the

presence of this structure in living organisms is yet to be confirmed.

C-terminus of CK2a —,

Figure 7. CK2 holoenzyme "butterfly"-shaped structure.

RLEERQ UHSUHVHQWDWLRQ RI WKH FU\VWDO VWUXFWXUHLRlI KHWHUR\
yellow and red) bind to the regulatory C- WHUPLQDO RI WKH VXEXQIAWPPNE EOXH DQG
anon-K\GURO\VDEOH $73 DQDORJXH L \‘sithEnt @1 hir@ing QokkeE @RBD O\WLF .
1JWH) (Nienberg et al., 2016).

2.2. CK2 substrate specificity

CK2 is an acidophilic kinase that phosphorylates sites surrounded by acidic
residues. The CK2 consensus recognition sequence has been extensively
studied, and to date, it stands out as one of the most specific and precisely
defined among ePKs (Meggio, Marin, & Pinna, 1994; Salvi et al., 2009). The CK2
minimal consensus sequence is denoted by the sequence S/TxxD/E/pS/pY: the

amino acid to be phosphorylated (position 0) is a serine or a threonine, and the
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minimal requirement is the presence of an acidic residue (thus a glutamic or
aspartic acid, or a previously phosphorylated serine (pS) or tyrosine (pT)) at
position n+3 from the target site, as shown in Figure 8. Different bioinformatic
analyses using CK2 bona fide substrates (533 phospho-sites) have revealed that
besides this minimal requirement the presence of additional acidic residues
between n-7 and n+7 increases the probability of phosphorylation by CK2,
whereas the presence of basic residues in the proximity of the target site have a
negative influence. Moreover, the presence of a proline residue at position +1 is
detrimental (Meggio & Pinna, 2003; Salvi et al., 2009). Although CK2 is definitely
a S/T kinase, it can also phosphorylate tyrosine residues, but this is unusual and

not yet proven in vivo (Marin et al., 1999b).
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Figure 8. Web logo analysis of CK2-validated phospho-sites.

The sequence has been produced from the analysis of 767 non-redundant CK2-validated
phospho-sites collected from the PhosphoSitePlus database. The font height corresponds to the
frequency of the presence of a certain residue at that specific position (modified from Cesaro et
al., 2023).

Although the presence of the consensus sequence is almost mandatory for a site
WR EH SKRVSKRU\ODWHG E\ &. WKH UHJXODWRU\ V X
GHWHUPLQLQJ &. VXEVWUDWH VSHFLILFLW\ YRXQHMIPSOH
severely prevents the phosphorylation of calmodulin, a reported CK2 in vivo
substrate (Meggio, et al., 1992b), while the CK2 phosphorylation of the protein
HIV-REV60 (Marin et al.,, 20000 DQG WKH WUDQVOD\WGaR®et dDFWRU HL'
2006), both CK2invivo VXEVWUDWHY RFFXUV RQO\ LQ SUHVHQFH R
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ZD\ VXEVWUDWHYV FDQ EH FODVVLILHG LQ JURXSV EDVFH
subunit to be phosphorylated: substrates that can be phosphorylated either in the
SUHVHQFH RU WKH DEVHQFH RI &. DUH FRQVLGHU DV FO!
ZKHUH &. $ hegatwly their phosphorylation are consider class I
VXEVWUDWHY ZKLOH VXEVWUDWHYV ZKHUH &. LV HVVHQW
class Il substrates (Pinna, 2002). However, this classification is based on in vitro
experiments and since in vivo CK2 has been mainly found in its tetrameric form,
the physiological consequences of this classification are not yet completely

understood.
2.3. & 3UHJXODWLRQ"’

DeVSLWH WKH 3SORFNHG™ FRQVWLWXWLYH FRdiffeRrRbtPDWLRQ F
possibilities of modulating its activity have been proposed (Borgo et al., 2021b).
As expected for a constitutive enzyme, the first regulation tool is represented by
changes in the expression levels; indeed, as it will be described below, for
example in tumor cells the frequently observed higher CK2 activity is usually
associated with higher expression levels of its subunits. However, other
mechanisms have been proposed, ranging from subcellular translocations to
partner interactions.

Also, post translational modification has been analyzed. The &. 6
autophosphorylation site was reported to result in increased kinase activity
(Zhang et al., 2002). Phosphorylation of CK2 . at T13 by AKT and T360 and S362
by ERK2 are proposed to increase the CK2-mediated phosphorylation of TIF-1 .
and .-catenin, respectively (Ji et al.,, 2009; Nguyen & Mitchell, 2013).
Phosphorylation of CK2 . at Y255 by Lyn and c-Fgr kinases results in an up to
three-fold increased activity (Donella-Deana et al., 2003).

Another putative regulation mechanism is represented by the interactions
between CK2 and specific protein partners. Table | shows the list of the proteins
proposed to activate CK2. It has to be noted, however, that the effective in vivo

relevance of this findings is often still to be proven.
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Table I. Examples of protein-protein interactions that activate CK2

Interactor péf:?stt?_gtg(z)z Biological Function References
AT2 Cav1.2 Cardiovascular Regulation ( Kashihara et al.,2014 )
CaMKIl GIuN2B Glutamate Signalling ( Sanz-Clementeet al.,2013 )
CD163 AKT Cell Proliferation ( di Masi et al., 2020 )
CD5 N/A Adaptive Immunity (Raman et al.,1998 )
CKIP-1 PAK1 Cell Morphology ( Kim et al.,2015)
FACT p53 DNA Damage Response ( Keller et al., 2001)
FGF-1 CK2pB Cell Proliferation ( Skjerpen et al.,2002 )
FGF-2 Nucleolin Cell Proliferation (Bonnet et al., 1996)
HSP90 N/A Stress Response ( Miyata et al., 1995)
L1CAM PTEN; p53 Neuritogenesis (Wang et al., 2015)
MEK ERK Cell Proliferation (Plotnikov et al., 2019)
NELFE N/A Cell Proliferation (Yu et al., 2021)
p21 HDAC2 Cell Proliferation ( Jia et al., 2016)
p38pB SET Stress Response (Arriazu et al.,2020 )
Pin1 N/A Cell Cycle ( St-Denis et al., 2011)

CK2 activity is also known to be stimulated in vitro by polyamines, organic

polycationic alkylamines that indeed can be found in mammalian cells (Park,

2006; Sagar et al., 2021), but the physiological occurrence of this mechanism is

not confirmed. From in vitro studies, spermine resulted to be the most effective

polyamine in increase CK2 activity (Leroy et al., 1997), probably by a mechanism

that involvesits ELQGLQJ WR &(Lerdy ¥ all, 1995). This binding would

DIITHFW WKH VXEVWUDWH UHF BdlQyreflf ¢t RIQ1IMOMViNleR Q R &.

al., 1997). Moreover, increased CK2. DQG &. HISUHVVLRQ DQG DFWLYL
found upon overexpression of ornithine decarboxylase, the enzyme responsible

for catalyze the first step of the spermine biosynthesis (Shore et al., 1997).

2.4. Protein kinase CK2 physiopathology

,Q VLIJQDO WUDQVGXFWLRQ &. KDV EHHQ GHULQ@HG DV D
different mechanism of action compared to most protein kinases that usually react
to external stimuli by transmitting the information to the nucleus through a
hierarchical mechDQLVP LQ D ILIJXUDWLY H((RuzteheV&LFEME&  GLUHFW
2010) &. DFWYV LQ D 3KRUL]JRQWDO"™ GLUHFWLRQ DFWLQJ D\

pathways and over different components within them. This can be achieved since
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CK2 is a constitutively active kinase, thus not requiring external stimuli to enter in
an active state, and therefore always ready to act in cells.

CK2 has been described as an extraordinarily pleiotropic enzyme, with more than
700 human bona fide phospho-site substrates identified to date, according to the
PhosphoSitePlus (Cesaro et al., 2023), and many of them confirmed in vivo. For
this reason, it acts in virtually all cellular processes, mostly related in cell survival
and maintenance, thus it is not surprising that it is also involved in different human

diseases.

2.4.1. Physiological roles of CK2

CK2 acts in different pathways, mainly favoring pro-survival and antiapoptotic
signals. Some of the most studies pathways in which CK2 is involved are

presented in Figure 9 and listed below:

PI3K (phosphoinositide 3-kinase)/Akt pathway: in this pathway, that operates

as a pro-survival signaling cascade, CK2 stabilizes and simultaneously reduces

the activity of the tumor suppressor lipid phosphatase PTEN, which plays a

crucial inhibitory role dephosphorylating PIP3 and thus suppressing pro-survival

signaling (Torres & Pulido, 2001). Moreover, CK2 directly phosphorylates Akt at

S129, contributing to its complete activation together with the canonical T308 and

S73 activation phosphosites (Di Maira et al., 2009). To date, phospho-S129 Akt

is considered one of the most reliable probes for CK2 activity, especially useful

to monitor CK2 activity in response to inhibitors. Furthermore, CK2 promotes the

pathway activity by promoting the binding of Akt to the chaperone Hsp90, which

results in the protection of the T308 phospho-residue from the activity of

phosphatases (Di Maira et al., 2009).

... , % NLQDVEo 3D W KthAdtkanscription factor NF- % DFWV RYHU DQWL
apoptotic and pro-proliferation genes, with a key role in cell development. The

NF- % IXQFWLRQV DUH FRMibitdt RfOND-H %Bthé&t \retaifrs it in the

cytosol blocking its translocation to the nucleus, and by IKK, which upon the
DGHTXDWH VWLPXOL SKRVSKRU\ODWHVCK2haSheBrPRWLQJ L\
VKRZQ WR GLUHFWO\ SKRVSKRU\OD \EHdy, etml., P& WR DFWI
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McElhinny etal., 1996) ERWK UHVXOWLQJ LQ , % GHJUDGDWLRQ DQ
% UHOHDVH ORUHRYHU &. SKR¥S&RUXRKDXMHM WKW @)

enhancingNF- % S WUDQVFULSWaR é&BO2MeW LY LW\

JAK/STAT pathway: JAK-STAT signaling plays a key role in the regulation of

cell survival, proliferation, and differentiation. In normal cells, cytokines and

growth factors temporarily activate JAK tyrosine kinases to execute their function.

CK2 has been reported to phosphorylate the kinase JAK2 and the transcription

factor STAT3 (Manni et al., 2013; Zheng et al., 2011), resulting in amplification of

downstream signaling, including immune system transient signaling initiated by

interleukins (ILs), such as IL-6 (Seif et al., 2017).

7KH :Qatenin pathway: The canonical Wnt pathway controls cell

proliferation, mainly in embryonic development, and tissue self-renewal. In this

pathway, Dvl inhibits GSK- DFWLYLW\ ZKLFK LQ LWV DFWLYH VWDW

WUDQVFUL S Wdatergnh pioriRdtig s proteasome-mediated degradation.

&. KDV EHHQ GHVFULEHG WR SKRVSKRU\ODWH DQG FRQVE

catenin (Song et al., 2003; Willert et al., 1997), as well as to promote binding in

the nucleus of the transcription factor TCF/LEF.

DNA repair pathways: Throughout the different stages of the cell cycle, it is

possible to identify at least five major ways of DNA repair: mismatch repair, base

excision repair, homologous recombination, nucleotide excision repair, and non-

homologous end joining. CK2 phosphorylates different proteins in the repair

pathways generally increasing their association to DNA (Rabalski et al., 2016),

as in the case of XRCC1 (Loizou et al., 2004) and XRCC4 (Koch et al., 2004),

proteins crucial for the DNA double-strand break repair.

Many other interactions of CK2 have been reported across several signaling

pathways, such as tyrosine-kinase receptors (de Gooijer et al., 2018), Notchl

(Zhang et al., 2013), mTOR (Di Lorenzo et al., 2022; Gowda et al., 2017), Erk1/2

(Plotnikov et al., 2019) and Hedgehog (Jia et al., 2010). It is important to note

that, the influence of CK2 over the different pathways obviously dependent on its

activity, and because this is constitutive, its expression level is crucial, becoming

the effect more evident in pathological conditions where it is overexpressed.
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Figure 9. CK2 role in pro-survival pathways.

Schematic representation of the role of CK2 in: (A) PI3K/Akt pathway, (B) IKK/NF- % SDWKZD\
(C) JAK2/STAT3 pathway, (D : Q Wtatenin pathway and (E) DNA damage response (modified
from Borgo et al., 2021a).

2.4.2. CK2 in human diseases

As expected, given its pleiotropic nature and its constitutively active
conformation, CK2 has been associated to several diseases, as shown in Figure

10, and listed below:

Viral infections: CK2 has been reported to phosphorylate several viral proteins,
with over 40 cases documented (Meggio & Pinna, 2003). Between them, there
are the HIV-1 Rev protein (Meggio et al., 1996), the hepatitis C NS5A and
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hepatitis B La proteins (Dal Pero et al., 2007; Schwartz et al., 2004), the leader L

protein of the encephalomyocarditis virus (Basta et al., 2014), the matrix M

protein of human respiratory syncytial virus (Bajorek et al.,, 2014) WKH .DSRVLTV
sarcoma-associated herpesvirus ORF57 (Majerciak et al., 2015), the

nucleocapsid protein of the Hantaan virus (Yoon et al., 2015) and the NSP1 of

rotavirus (Davis et al., 2017). Interestingly, the human papillomavirus E7 protein,

one of the first reported cases (Firzlaff et al., 1989), is the target of clinical-grade

anticancer drug CIGB-300 (Perea et al., 2008). Moreover several viruses have

been reported to exploit the activity of CK2 for their infective cycles and

propagation, as the Human Cytomegalovirus (St-Denis & Litchfield, 2009), the

Epstein-Barr Virus (Montenarh et al., 2023), and several coronaviruses, including

the SARS-CoV-2 responsible of the COVID-19 pandemic. In fact, the CK2

inhibitor CX-4945 is in clinical trials to test its efficacy over SARS-CoV-2 infection

(University of Arizona, 2023).

Neurodegenerative Diseases: CK2 has been described in several
QHXURGHIJHQHUDWLYH GLVHDVHYVY DV LQ 3DUNLQVRQTV Gl
.-synuclein, promoting its aggregation in Lewis bodies (Okochi et al., 2000).

In $O]KHLPHUTVY GLVHDVH &. L QGdctatdde \acvitylvihiehdédH VvV W K H
WR UHGXFWLR Qpé&ptid® produgtibris(Lenzken et al., 2010). However,

CK2 also induces tau hyperphosphorylation and hippocampal CK2
overexpression in mouse models produces cognitive impairments (Zhang et al.,

2018) ,Q +XQWLQJIJWRQYV GLVHDVH &. UHGXFHV FHOOXOL
indirectly increasing the phosphorylation levels of Huntingtin protein (Atwal et al.,

2011; Fan et al., 2008), which is hypo-phosphorylated in the polyQ-HTT disease-

related mutants. CK2 has also been described as involved in amyotrophic lateral
VFOHURVLY ZKHUH WKH H[SUHVVLRQ RS3 aygledatesV XEXQLW
probably due to CK2-mediated phosphorylation (Yamashita et al., 2016).

Inflammation: CK2 has been suggested a therapeutical target for diseases

where IL-6 is instrumental, as rheumatoid arthritis, where CK2 inhibition

suppresses the secretion of IL-6 (Drygin et al.,, 2011; Singh & Ramji,

2008). Moreover, CK2-dependent activation of NF- % VLIJQDOLQJ KDV EHHQ IF
essential in chronic intestinal inflammation (Parhar et al., 2007), as well as in

diabetic renal fibrosis, which is ameliorated in induced diabetic animals upon CK2

targeting (Huang et al., 2017). CK2 has also been linked to renal injury due to
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glomerulonephritis, a progressive inflammatory disease which is primary cause
of chronic renal failure (Yamada et al., 2005). Recent studies has also shown the
involvement of CK2 in immune response and in autoimmune disorders (Gibson
& Benveniste, 2018), in fact, CK2 showed to promote CD4* T-cell proliferation
DQG 7K DQG 7K UHVSRQVHV FUXFLDO LQ WKRKRKRIQYWULE:
disease (Yang et al.,, 2020). Moreover, CK2 inhibition attenuates chronic
immune-mediated colitis progression in claudin-2-dependent manner (Raju et al.,
2020).

Bacterial and parasite infections:  CK2 is relevant in infections produced by
bacteria such as Helicobacter pylori (Lee et al., 2014) and Listeria
monocytogenes (Chong et al., 2009), and by parasites as the ones induced by
Theileria (ole-MoiYoi, 1995) and Toxoplasma gondii (Delorme et al., 2003).
Diabetes and Obesity: The role of CK2 in diabetes and obesity is still not fully
clear. A reduction of CK2 catalytic subunits levels in pancreatic islets from
nonobese diabetic (NOD) mice, compared to healthy samples, has been reported
(Sacco et al., 2016). In contrast, hearts of type 1 diabetes mellitus (T1DM) rats
VKRZHG LQFUHDVHG OHYHOV RI &. . LQ WKH VDUFR HQC
reduced levels in the nuclei when compared to normal rats (Bitirim et al., 2018).
Moreover, our group have found overexpression and upregulation of CK2 in the
adipose tissue of obese and obese type 2 diabetes mellitus (T2DM) mice when
compared with their controls (Borgo et al., 2017). Similarly, higher CK2 levels
were found in adipose tissue from different obese human subjects when
compared to normal-weight controls, independently of the presence of T2DM,
and these CK2 alterations were reverted upon significant weight loss, suggesting
that aberrant CK2 signaling might be related to obesity rather than T2DM (Borgo
et al., 2017). Additionally, different works have demonstrated that CK2
phosphorylates components related to the insulin metabolism, suppressing
insulin expression/release (Lupp et al., 2014; Meng et al., 2010; Rossi et al.,
2015). Consequently its inhibition was suggested to promote insulin secretion
(Doliba et al., 2017; Servas et al., 2017).

Cardiovascular Diseases: CK2 has been associated with the pathogenesis of
cardiac ischemia #reperfusion injury (Zhou et al., 2018). In fact, reduction of the
accumulation of vascular smooth muscle cells within the neointimal compartment,

a cause of accelerated atherosclerosis, was observed upon CK2 inhibition
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(Wadey et al., 2017). However, CK2 has been found necessary for the
physiologic hypertrophy of heart (Abdul-Ghani et al., 2017), and its
downregulation was associated with cardiac hypertrophy (Murtaza et al., 2008).
Moreover, its interrupted interaction with the SK2 potassium channel has been
related to heart failure (Yang et al., 2015).

The involvement of CK2 in cancer and neurodevelopmental diseases, being

particularly relevant for this thesis, will be described in more detail in the next

paragraphs.
Brotp — e
P AD: TID; sutism; S =
ADHY; schipophrenin {&:,é,—i:ﬁj
MDD: OCNDS: POBINDS: o 7
EMCY encephalitis; listeriosis; AW ¥ JL_’““_’ 4 -
toxopkismasis. EMCY myralcanll.ttf:
0 myocardial ischeming
By - lrl.-" atherosclerosis;
Chaga's disense; | cardiac bypertrophy
axygen-induced retinepathy; | .r'j
dinbetic retinopathy; | 4 o Kidney
imacubir degenerstion, A Dimbetic nephrguthy;
glomeralonephritis:
Lung ———

HTNY pulmonary syndrome;
HSY branchinkitis poeamonda:
COVID-1' eystic fbrosis.

_Pancreas
" TIDM; TIDM

I.-.ﬁ."cmrl'
¢ T-ALL; B-ALL;
B /' AML: CLL: OML;
Liver — /' lymphoma; MM;
Hepatith B: / amto-immung disoriders;
hepatitis © O AT Bisteriosis;
; s g I_I:-, muakaria.
/" k& Adiprse fisstie
# 4 3 Obesity: MSI
Iy i T
# o L5
# f \-'\-\._‘_
Stemach ™ P i
L pylori gasiritis, A M
ihtd Pl e L rethro
4 N, gonorrhoeac urethritis
/.
i b
Calan &
Hutivirus gasirpenteritisg \
schistosnminsis; \\
whromic colitis; LY
Cororhim's allscase, * Netrommscitlar fissie
ALS
Skin "
Faguiad’s sircoma; candiilinsds;
leishnyaninsis,

Figure 10. CK2 is involved in different human pathologies.

Schematic representation of the tissues/organs interested by human diseases where the
involvement of CK2 has been reported. Solid tumors have not been included (modified from Borgo
etal., 2021a).
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2.4.2.1 CK2 in cancer

The role of CK2 in cancer is the best documented. CK2 relevant participation has
been described in several leukemias, where its overexpression and/or pro-
oncogenic role have been extensively studied, such as T-cell acute lymphoblastic
leukemia (T-ALL) (Silva et al., 2010), B-cell acute lymphoblastic leukemia (B-
ALL) (Gomes et al., 2014; Mishra et al., 2007), acute myeloid leukemia (AML)
(Quotti Tubi et al.,, 2013), chronic lymphocytic leukemia (CLL) (Martins et al.,
2010), chronic myeloid leukemia (CML) (Borgo et al., 2013), in lymphomas
(Landesman-Bollag et al., 1998) and multiple myeloma (Piazza et al., 2006).
Among solid tumors, CK2 important roles and/or overexpression have been
reported in ovarian cancers (Kwon et al., 2022), breast cancers (Filhol et al.,
2015), cervical cancers (Tugizov et al., 2005), prostate cancers (Trembley et al.,
2019), bladder cancers (Jia et al., 2016), renal cell carcinoma (Rabjerg et al.,
2017), pancreatic cancers (Venkat et al., 2020), glioblastoma (de Gooijer et al.,
2018), medulloblastoma (Nitta et al., 2019), head and neck squamous cell
cancers (Su et al., 2023), lung cancers (Pérez et al., 2022), melanoma (Zhou et
al., 2016), cholangiocarcinoma (Di Maira et al., 2019), esophageal cancers (Yoo
et al., 2012), gastric cancers (Jiang et al., 2019), hepatocellular carcinoma
(Zhang et al., 2015) and mesothelioma (Zhang et al., 2014), as reviewed in
Trembley et al., 2023 and in Borgo et al., 2021a.

The promotion of tumor progression by CK2 has been explained by its
involvement in all the hallmarks of cancer. It provides selective advantage in
growth and proliferation (Yde et al., 2008), facilitates altered stress response and
supports overall survival (Wang et al., 2005; Weng et al., 2001), is involved in
genome instability and mutation (Montenarh, 2016), promotes invasion and
metastasis (Deshiere et al., 2013), favors metabolic rewiring (Silva-Pavez &
Tapia, 2020; Zonta et al., 2021), induces angiogenesis and vascularization
(Montenarh, 2014), supports the tumor microenvironment (Rodriguez et al.,
2008), and contributes to immune escape (Kim et al.,, 2008). Of course, not
necessarily CK2 exerts all these actions at the same time, and, consistently with
LWV 30 DW H twibcton Sr@midvied before, its roles are mainly achieved
through the modulation of other oncogenic signaling pathways, which are

crucially hyperactive in each specific cancer (Firnau & Brieger, 2022; Hanahan,
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2022; Trembley et al., 2023).

CK2 levels are usually higher in cancer cells than in normal counterpart tissues
(Ruzzene Pinna 2010). Although isolated evidence for CK2 gene amplification
has been reported (Gray et al., 2014), to date, no CK2 gain of function mutation
has never been found, and the increased CK2 activity observed in different
cancer cells is mainly due to an increased protein amount (Di Maira et al., 2007).
Moreover, tumor cells have been proposed to be 3D G G L FW H GRu¥¥YdRe &.
Pinna, 2010), as they seem to depend more on CK2 than normal cells, probably
as a consequence of the higher and constant requirement of activation of pro-
survival and anti-apoptotic pathways not observed in healthy cells. However, this
fddiction “of tumor cells to CK2 has a positive implication, as in turn they are
also more sensitive to CK2 inhibition than normal cells, and this has prompted
the investigation of CK2 inhibitors as possible chemotherapeutics (Borgo &
Ruzzene, 2021; Cozza et al., 2013; Strum et al., 2022; Venerando et al., 2014).

2.4.2.2 CK2 in neurodevelopmental disorders

The investigation of the role of CK2 in neurodevelopmental disorders is more
recent compared to the study of its role in other diseases, however in the last ten
years the evidence linking CK2 to several disorders has increased, as described

below:

CK2 has been linked to Tourette syndrome, as it phosphorylates SLITRK1, a
transmembrane protein that regulates synapse formation and that has been
described mutated in subjects with the syndrome. Phosphorylation of SLITRK1
on the CK2 site produced SLITRK1-enhanced neurite outgrowth (Kajiwara et al.,
2009).

CK2 has also been described involved in Schizophrenia. The first evidence
reported reduction in the activity and protein levels of CK2 in frontal cortex
extracts from schizophrenic patients compared to normal brains (Aksenova et al.,
1991). $ VXEVHTXHQW ZRUN VKRZHG WKH UHGXFWLRQ RI ¢
prefrontal cortex from 15 schizophrenia patients, confirming the previous results
(Castillo et al., 2010). This work also pointed that the decrease of the CK2-

dependent phosphorylation of syntaxin-1 contributes to the pathophysiology of

27



schizophrenia by altering the release of neurotransmitters as a consequence of
reduced ability of syntaxin-1 to form SNARE complexes.

Major depressive disorder is a common disorder by itself and as comorbidity in
many others neurodevelopmental disorders. While the phosphorylation of
syntaxin-1 by CK2 was not as important in this disorder as in schizophrenia
patients (Castillo et al., 2010), a recent work has showed the implication of CK2
in the negative transcriptional and posttranscriptional regulation of the 5-HT4
receptor, a serotonin receptor with therapeutic target potential (Castello et al.,
2018) ,Q WKLV Z RKhbbkoutmice presented antidepressed-like phenotype
associated to the 5-HT4 receptor overexpression in the prefrontal cortex.

The role of CK2 in autism has been mainly linked to its interaction with the nuclear
protein AUTS2 (Gao et al., 2014), often altered in autism. This produces
modifications in the normal transcriptional programs, as one of AUTS2 interaction
partners is the Polycomb repressive complex 1 (PRC1) which has a major
transcriptional regulation role through epigenetic mechanisms. AUTS2 exerts its
functions as a member of the PRC1.5 complex, and its interaction with CK2
modulated its ability to interact with other components of the complex. CK2 has
also been proposed to be responsible for the phosphorylation of the fragile X
mental retardation protein (FMRP). Mutations in FMRP gene, located on the X
chromosome, cause the Fragile X syndrome, the most common genetic cause of
autism. CK2 is suggested to phosphorylate a site that regulates the FMRP
functions as mRNA-binding protein, with relevance related to neuroplasticity
processes (Bartley et al., 2016).

As evident from what has been described so far, the role of CK2 in
neurodevelopmental and psychiatric disorders is quite complex, implying different
mechanisms of action depending on the disease, and having no genetic bases.
However, in the recent years two different, nonetheless symptomatically similar,
neurodevelopmental disorders, named Okur-Chung neurodevelopmental
syndrome (OCNDS) and Poirier-Bienvenu neurodevelopmental syndrome
(POBINDS), have been associated to YDULDQWYV RI WKH &.
(CSNK2A1 gene) DQG WKH ré&gulatory subunits (CSNK2B gene),
respectively (Okur et al., 2016; Poirier et al.,, 2017). Both disorders are
characterized by different degrees of intellectual disability, behavioral problems,

developmental delay, hypotonia, and motricity deficits. Moreover, one of the main
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features of POBINDS is the early-onset seizures, also presents in some OCNDS
patients, although with a reduced rate (Ballardin et al., 2022). Both syndromes
are considered rare disorder, with so far only 160 diagnosed cases of OCNDS
(CSNK2A1 Foundation) and 91 cases reported of POBINDS (Li et al., 2023).

The Poirier-Bienvenu neurodevelopmental syndrome will be described later in

more detail, being one of the topics of this work.

2.5. CK2 inhibition

Given its involvement in several human diseases, CK2 is a prominent drug target.
To date, there is a wide spectrum of available CK2 inhibitors, as shown in Table
II. Most of the CK2 inhibitors are ATP competitive, which could be supposed a
disadvantage, as the catalytic site is highly conserved among PKs (as mentioned
in INTRODUCTION.1.2.2), thus resulting in not specific inhibition. However, CK2
presents distinct features in its catalytic site, as a smaller ATP-binding site due to
the presence of bulky hydrophobic residues (V66 and 1174) not observed in
others PKs (Niefind et al., 1998). This particular characteristic makes CK2 more
sensitive to relatively small inhibitors as compared to enzymes with a larger site,
in where the interaction with the inhibitors results less favored (Battistutta et al.,
2001; Cozza et al., 2013). On the contrary, a smaller catalytic site makes CK2
less responsive to bigger inhibitors, as in the case of staurosporine, which is
effective in most PKs but not on CK2 (Meggio et al., 1995).
Given the CK2 particularities, the ATP competitive CK2 inhibitors share some
common properties: they are hydrophobic and planar heterocyclic scaffolds with
hydrophilic portions aimed to target the residues V66 and 1174. These inhibitors
can be categorized based on their chemical structures, as shown in Table II.
Among them, it is possible to identify several subclasses. They range from
several natural compounds, as apigenin, myricetin, and quercetin (Lolli, et al.,
2012), to multitarget inhibitors as TDB, which inhibits CK2 and Pim-1 (Cozza et
al., 2014) to the promising clinical grade inhibitor CX-4945 (Pierre et al., 2011).
Even though most CK2 inhibitors are ATP-competitive, non-competitive inhibitors
have also been developed, as the allosteric inhibitors Pc, that acts between the
DQG V X Bdugét \wt\al.,, 2007), and POMs, a class of inhibitor whose

mechanism of action is not fully understood (Fabbian et al., 2022; Prudent et al.,
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2008). Bi-substrate inhibitors, as ARCs (Viht et al., 2015) or K137-E4 (Cozza et
al., 2015), have shown increased specificity as they compete with the phosphate
acceptor peptide and the phosphate donor nucleotide. Moreover, peptide
inhibitors, designed to block specific CK2-dependent phosphorylation sites, are
showing promising results, as the clinical grade peptide CIGB-325, that targets

the phosphoreceptor domain of the papillomavirus E7 protein (Perea et al., 2018).

Table Il. Classification of CK2 inhibitors

Class of inhibitor Subclass Representative References
compounds
TBB (Sarno et al., 2001)
Polyhalogenated
benzimidazoles and TDB (Cozza et al., 2014)
i | P I, 2
benzotriazoles DMAT (Pagano et al., 2008)
Flavonoids Quercetin (Sarno et al., 2003)
Coumarins Ellagic acid (Cozza et al., 2011)
Anthraquinones Quinalizarin (Cozza et al,, 2015)
Pyrazolotriazines Compound 9e (Nie et al., 2007)
SRPIN803 derivatives Compound 4 (Dalle Vz%dz%")e etal,
ATP competitive TBCA (Cozza et al., 2009)
inhibitors . — (Sarno et al., 2003)
Carboxyl acid derivatives IQA (Pierre et al., 2011)
CX-4945
(Battistutta et al., 2011)
CX-5011
Triazol bromoguaiacol G0289 (Oshima et al., 2019)
derivatives
; i CIGB-325
Peptide competitive ; (Perea etal., 2018)
inhibitors
Pc
a/B interface targeting (Laudet et al., 2007)
Allosteric inhibitors
- POMs (Prudent et al., 2008)
K137-E (Cozza et al., 2015)
Bi-substrate inhibitors - ARCs (Viht et al., 2015)

Currently, only two CK2 inhibitors have entered the clinical stage: CX-4945
(Silmitasertib) in trials as a chemotherapeutic (Pediatric Brain Tumor Consortium,
2023; Senhwa Biosciences, Inc., 2021, 2023a, 2023b; University Hospital,
Grenoble, 2020) and as treatment for COVID-19 (Recknor, 2022; University of
Arizona, 2023), and CIGB-325 also as a chemotherapeutic (Laboratorio Elea
Phoenix S.A., 2015, 2016).
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MATERIALS AND METHODS
1. In vitro experiments
1.1. Invitro phosphorylation assay

In vitro phosphorylation assays of recombinant FXN (Abcam) or recombinant
SARS-CoV-2 N protein (BioVendor) were performed using 5 ng of purified

UHFRPELQDQW WHWUDPHULF &. . RU QJ RI &.

Andrea Venerando, University of Udine, Italy). The reactions were performed in
a radioactive mix of 50 mM Tris-HCI pH 7.5, 10 mM MgClz, 0.1 M NaCl and 10
0 >-33P-ATP] (1000-2000 c.p.m/pmol) when tetrameric CK2 was used or 50
mM Tris-HCI pH 7.5, 10 mM MgCl2 and 10 0 >-33P-ATP] (1000-2000
c.p.m/pmol) with the monomeric CK2. The reactions were incubated at 30°C for
20 min and stopped by the addition of Laemmli buffer. The proteins then were
separated in SDS-PAGE, stained with Coomassie blue, and analyzed by digital
autoradiography (CyclonePlus Storage Phosphor System, PerkinElmer).

1.2. Invitro CK2 activity assays

In vitro CK2 activity assays were performed using 5 ng of purified recombinant

WHWUDPHWLF RU . QJ Rl & . RU .1 VXEXQLWYV
Andrea Venerando, University of Udine, Italy). The CK2 model peptide substrate
3&.-WLGH”’ 555%''6"'"""" NLQGO\ SURYLGHG E\

University of Padova, Italy) or casein were used as CK2 substrates. The selected
CK2 substrate and different concentrations of recombinant SARS-CoV-2
nucleocapsid protein (BioVendor) were incubated in a radioactive mix of 50 mM
Tris-HCI pH 7.5, 10 mM MgClz2, 0.1 M NaCl and 10 0 >-*3P-ATP] (1000-2000
c.p.m/pmol) for the tetrameric CK2, or 50 mM Tris-HCI pH 7.5, 10 mM MgClz and
10 0 >-°3P-ATP] (1000-2000 c.p.m/pmol) for the monomeric CK2. The
reactions were incubated at 30°C for 20 min and stopped by sample absorption
on phospho-cellulose P81 papers, which were then immediately washed three

N L
NLQGO\ S
3URI 2U

WLPHV ZLWK PO SKRVSKRULF DFLG WRAFPDXMWH XQLQFF

washed phospho-cellulose P81 papers were immersed in scintillation liquid and

then radioactivity was read in a scintillation counter (Perkin Elmer).
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2. Cell culture and transfection

2.1. Cell lines and cell culture

The human cell lines HEK- 7 DQG &knockout HEK-239T cells, and the
HEK- $' DQG &.knockout HEK-293AD cells (kindly provided by Prof.
Mauro Salvi and Dr. Christian Borgo, University of Padova, Italy) were grown in
D-MEM (Sigma) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and
PSG 1X (100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine)
(Sigma). The FRDA patient-derived cell lines FRDA50, FRDA203 and FRDA214
were cultured in DMEM/F12 media supplemented with 10% (v/v) FBS and PSG
IX(in FROODERUDWLRQ ZLWK 3URI ODOLVDQYV JURXS 8QLY
Italy).

Human CML cell lines KBM5, KBM5-T315I (He et al., 2020), K562 and K562-
T315I (kindly donated by Jong-Won Kim (Sungkyunkwan University, Korea) and
Dennis Dong Hwan Kim (University Health Network, Canada) (Jang et al., 2021)),
and the murine stromal cell line MS-5 (kindly donated by Prof. Sandra Marmiroli,
University of Modena and Reggio Emilia, Italy), were grown in RPMI 1640
supplemented with 10% (v/v) FBS and PSG 1X, in the absence (KBM5, K562
and MS-5) or presence (KBM5-T315l and K562-T315l) of 1 0 imatinib. Imatinib
was removed before experiments, followed by a wash-out period of 2 13 days.
All cells were maintained at 37°C in a humidified atmosphere with 21% O2, 5%
CO2 (normoxia). Hypoxia (1% O2, 5% CO2) was obtained using either a Hypoxia
Chamber (StemCell Technologies) or the INVIVO200 hypoxia workstation
(Ruskinn Technology Ltd., UK).

2.2. Stromal-CML cells co-culture model

4 x 10* MS-5 cells/well were seeded in 12-well plates 16 hours prior to the
seeding of 2.8 x 10° KBM5-T315I cells/well. Mono-cultured KBM5-T315I cells
were used as control. After 48 hours of co-culture, the cells were treated for the
times and conditions indicated under the specific result. After treatments, the co-
cultured and mono-cultured KBM5-T315I cells were carefully collected from the

well, centrifugated for 5 min at 2400 rpm and washed with sterile PBS (Sigma)
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before their use for functional assays.

2.2.1. Cell transfection

Transient frataxin expression: HEK-293T cells were transiently transfected with

the construct pcDNA3.1-Frataxin1-210 coding for the human frataxin cDNA or the

selected phosphomimetic (S89D, S206D) or non-phosphorylatable (S89A,

S206A) frataxin mutants (GenScript).

Stable H[SUHVVLRQ RI &. 32%;:;%&''.6 RMXWIDMBKY293AD cells

were transfected with the construct pcDNA3.1-HA- & . FDUU\LQJ KVJURP\FLQ
UHVLVWDQFH DQG FRGLQJ IRU WKH KXPDQ &. F'1$ RU
mutants (E61del, R111H, R111P, C137F and H165R) (GenScript).

Stable expression of SARS-CoV-2 nucleocapsid protein: HEK- $' DQG &.

knockout HEK-293AD cells were transfected with the pTwist CMV_6-HA-SARS-

CoV-2 nucleocapsid protein, carrying puromycin resistance, and coding for the

SARS-CoV-2 nucleocapsid protein (Addgene).

All the transfections were performed with the jetOPTIMUS kit ® (Polyplus),

following the manufacturer instructions. The media was changed 4 hours after

transfection, and for transient transfection, treatments or lysis were done after 36-

or 48 hours post-transfection.

2.2.2. Selection of stably transfected clones

7R REWDLQ VWDEO\ WUDQ V-\MB W/OI'GI HFHRiIDGKoOBVHEKE & .

293AD cells were treated with hygromycin 200 pg/mL for three weeks. Similarly,

the SARS-CoV-2 N protein-transfected HEK- $' D QG & .knockout HEK-

293AD cells were treated with increasing concentration of puromycin (2, 3 and 4

Hg/mL IRU WKUHH ZHHNV 7KH H[SUH\MWYV-RQpRttigdwas RU 6$56
analyzed by Western blot after this period to confirm the stably transfection.

3. Cell treatments and functional assays

3.1. CK2 pharmacological inhibition

For frataxin protein expression levels analysis, 5 x 10° HEK-293T, frataxin-
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transfected HEK-293T and the FRDA50, FRDA203 and FRDA214 cells (in
FROODERUDWLRQ ZLWK 3URI ODOLVDQYV JURtdl®
were treated with 0 DQG CX34945 (MedChemExpress).

For viability assays, 3 x 10* KBM5-T315I or K562-T315I cells were seeded in
triplicate in 96-well plates 16 hours prior treatments with escalated concentrations
(1, 3, 5,10 and 20 RV) of the CK2 inhibitors CX-4945, GO289 or SGC-CX-1 (all
of them MedChemExpress). Cells were treated for 24, 48 and 72 hours as
indicated. Treatment with 1 BV imatinib mesylate (Cayman Chemical) was used
as control of resistance. For signaling pathways analysis, 6 x 10° cells were
seeded in 100 mm dishes 16 hours prior 24 hours treatment with escalated
concentrations of CX-4945, or 1 AM imatinib mesylate or 2 nM ponatinib. For the
stromal-CML cells co-culture model, 24- or 48 hours treatment with CX-4945
were performed after 48 hours from the seeding of the KBM5-T325I cells.

All the inhibitors were dissolved in DMSO, which was added to the controls of the

treatments.

3.2. Cell viability assay

Cell viability in response to treatments was measured by MTT assays (Sigma-
Aldrich), according to manufacturer's protocol. For KBM5-T315] and K562-T315I
cells, 3 x 10* cells were seeded in triplicate in 96-well plates 16 hours prior
treatments of 24, 48 or 72 hours with the CK2 inhibitors, and after this period MTT
was added at a final concentration of 0.45 mg/mL. For KBM5-T315I cells obtained
from the co-culture, 3 x 104 cells were seeded in triplicate in 96-well plates and
MTT was added at a final concentration of 0.45 mg/mL.

After adding the MTT, the cells were incubated for two hours at 37°C in a

humidified atmosphere with 21% Oz, 5% CO:2 and the reaction was stopped by

8QLYHU\

addition of 0.1N HCI in isopropyl alcohol 3ODWHV ZHUH UHDG DW

absorbance, in a Tecan spectrophotometer (Lifesciences).

3.3. FACS analyses of apoptosis

Apoptosis of KBM5-T325I cells was quantified using the eBioscience (EAnnexin
V Apoptosis Detection Kit (Invitrogen &), following manufacturer instructions. PE

conjugated Annexin V and 7-AAD staining were quantified using FACS Calibflow
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cytometry.

3.4. Colony formation assay

4.5 x 103 KBM5-T325I cells were suspended in 1 mL of RPMI medium with 0.3
% (w/v) agar (Sigma, USA) and then seeded over a 1 mL base layer of RPMI
medium with 0.6 % (w/v) agar in 12-well plates. Cells were incubated for 14 days,
adding fresh RPMI medium to the semi-solid base every 3 days. After this period,
the liquid media was removed and MTT at a final concentration of 0.45 mg/mL

was added to the wells to count active colonies.

3.5. Protein stability assays

To evaluate & . protein stability, 3 x 10° &. -WUDQ V | HF WhbGko#i.
HEK-293AD cells/well were seeded in 6-well plates and, once reached 70% of
confluence, treated with 100 g/mL cycloheximide (MedChemExpress, dissolved
in DMSO) for 2, 4 and 8 hours. DMSO was used for the control. After treatments,

cells were lysed, and proteins analyzed by Western blot.

3.6. Ubiquitin-proteasome proteolytic pathway
inhibition

8x10° &. -WUDQVIHF Wndckodt HEK-293AD cells were seeded in 60

mm dishes and treated with 10 M MG-132 or 100 nM TAK-243 (both from

MedChemExpress) overnight (16 hours) once reached 70% of confluence.

DMSO was used was used for the control. After the treatments, the cells were

lysed, and proteins analyzed by Western blot.

4. Protein analysis

4.1. Cell lysis

Cells were collected by centrifugation at 1200 rpm for 5 min, washed twice with
cold PBS pH 7.4 (1.37 M NaCl, 27 mM KCI, 100 mM Na2HPO4 - 2H20, 18 mM
KH2POa4), resuspended in a lysis buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 1
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mM EDTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol) supplemented with
protease inhibitor cocktail (Merck), and phosphatase inhibitor cocktails 2 and 3
(Merck), and incubated 30min on ice. Then, lysates were centrifuged at 15000
rpm for 15 min at 4°C and the supernatants, containing the cell-soluble fraction,
were collected for their quantification of protein concentration by the Bradford

method.

4.2. Cell fractionation

For cell fractionation, cells were washed twice with PBS and then resuspended
in ice-cold hypotonic buffer (10 mM Hepes pH 7.9, 10 mM KCI, 0.9 mM EDTA,
0.9 Mm EGTA) supplemented with protease inhibitor cocktail (Merck), and
phosphatase inhibitor cocktails 2 and 3 (Merck). Cells were incubated on ice for
30 min, then passed 80 times through a 21G needle using a 1mL syringe.
Samples were centrifuged at 500 rpm for 5 min at 4°C, the supernatants were
collected and centrifugated at 1000 rpm for 5 min at 4°C to discard possible non-
lysed cells. The supernatants were again collected and centrifugated at 3000 rpm
for 10 min at 4°C. The resulting pellets, corresponding to the nuclear fraction,
were collected and resuspended in lysis buffer while the supernatants were
centrifugated at 15000 rpm for 20 minutes at 4°C. The resulting pellets,
corresponding to the mitochondrial fraction, were collected and resuspended in
lysis buffer while to the supernatant, corresponding to the cytosolic fraction, was
added lysis buffer to obtain same volume as the other fractions. Protein
concentration of each subcellular fraction was determined by the Bradford
method.

4.3. Antibodies

The primary antibodies used in this work were: anti-frataxin (Abcam, mouse),
anti- anti-ABL1 (Calbiochem, mouse), anti-pY245-ABL (Cell Signaling, rabbit),
anti-STAT5 (Cell Signaling, rabbit), anti-pY694-STAT5 (Abcam, rabbit), anti-
STAT3 (Cell Signaling, rabbit), anti-pY705-STAT3 (Cell Signaling, rabbit), anti-
Lyn (Epitomics, rabbit), anti-p-Y396-LYN (Epitomics, rabbit), anti-CRKL
(Epitomics, rabbit), anti-Py207CRKL (Epitomics, rabbit), anti-PARP (Roche,
rabbit), anti-CASP3 (Epitomics, rabbit), anti-LDH (Santa Cruz Biotechnology,
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rabbit), anti-TOM20 (Santa Cruz Biotechnology, rabbit), anti-HA (Santa Cruz
Biotechnology, mouse), anti-CK2 $EFDP UDEECKY. ER@iNdl
(Biorad, mouse), anti-AKT1 (Sigma, mouse), anti-pS129-AKT1 (Abcam, rabbit),
anti-EIF2  Santa Cruz, mouse), anti-S6 (,) Signalway antibody, rabbit),
anti-NF-kB (Santa Cruz, mouse), anti-pS529NF-kB(Santa Cruz, rabbit) and anti-
CK2 phospho-substrates (Cell Signaling, rabbit). All these antibodies were used
at 1:1000 dilution. Anti-actin (Abcam, mouse) and anti-tubulin (Sigma-Aldrich,
mouse) were used as loading control antibodies and used at 1:4000 dilution.
Anti-mouse 1gG (PerkinElmer) and anti-rabbit IgG (PerkinEImer) were used as
HRP-conjugated secondary antibodies, diluted 1:4000 and 1:5000 respectively.
All the antibodies were diluted in TTBS (50 mM Tris-HCI pH 7.5, 50 mM NacCl,
0.1% (v/v) Tween 20) plus 1% (w/v) BSA.

4.4. Co-immunoprecipitation experiments

Co-LPPXQRSUHFLSLWDWLRQVY ZHUH SHUIRUPHG E\ LQFXED)
protein with the anti-HA or anti-CK2. DQWLERGLHV RYHUQLJKW DW f&
A-Sepharose (Sigma-Aldrich) was added and incubated for 30 min at 4°C.
Immunoprecipitates were obtained by centrifugation at 2000 rpm for 2 min at

room temperature, washed twice with 50 mM Tris-HCI pH 7.5 and centrifugated

at 3000 rpm for 4 min. The immunocomplexes were resuspended in 5 mM Tris-

HCI pH 7.5, solubilized in Laemmli buffer and analyzed by Western blot.

4.5. Western blot analysis
JRU )UDWD[LQ GHWHFWLRGQ HOQVRO WD W H MraRsfected J ); 1

HEK-293T cells lysate were solubilized in Laemmli buffer and loaded on 15%
SDS-PAGE gel. The run was performed at 30 mA per gel for 1h at 4°C, using a
Running Buffer containing 25 mM Tris, 192 mM Glycine and 0.1% (v/v) SDS.
Proteins were then blotted onto nitrocellulose blotting membranes (Amersham &
Protran®), using the Lightning Blotter™ semi-dry transfer system (PerkinElmer)
at 24 V, 700 mA for 10 min at room temperature. After blotting, the nitrocellulose
membranes were blocked with TTBS plus 5% (w/v) BSA for 1h and then washed
three times with TTBS. The membranes were incubated with the corresponding

primary antibody overnight at 4°C.

37



For BCR-ABL1 detection, J proteins from total lysate were solubilized in
Laemmli buffer, loaded on 7.5% SDS-PAGE gel. The run was performed at 30
mA per gel for 1h at 4°C, using a Running Buffer containing 25 mM Tris, 192 mM
Glycine and 0.1% (v/v) SDS. Proteins were then blotted onto polyvinylidene
fluoride (PVDF) membranes (Immobilon-P Millipore), using Hoefer ETE22 Mini
Tank Blotting Unit (Hoefer B at 60 V, 400 mA for 2.3 h at 4°C. Dried PVDF
membranes were then washed with TTBS and then incubated overnight at 4°C
with the corresponding primary antibody.

JRU WKH UHVW RI WKH SURWHLQV WR EH GHWHFWHG J
in Laemmli buffer, loaded on 11% SDS-PAGE gel. The run was performed at
30mA per gel for 1h at 4°C, using a Running Buffer containing 25mM Tris, 192mM
Glycine and 0.1% (v/v) SDS. Proteins were then blotted onto PVDF membranes
using the Lightning Blotter™ semi-dry transfer system (PerkinElmer) at 24 V, 700
mA for 20 min at room temperature. Dried PVDF membranes were then washed
with TTBS and then incubated overnight at 4°C with the corresponding primary
antibody solution.

For both types of blotting membranes, after 16 hours of incubation, the primary
antibodies were removed and the membranes were washed three times with
TTBS. The membranes were then incubated with the corresponding HRP-
conjugated secondary antibody solution for 30 min at room temperature. After
this time, the secondary antibodies were removed from the membranes, followed
by three washes of the membranes TTBS. The signals were developed using a
chemiluminescence solution composed by 2.25 mL H20, 250 yL 1 M Tris pH
9.35, 1 pL H202 and 2.5 mL of a luminol solution (prepared with 78 mg luminol
and 95 mg p-iodophenol dissolved in 100 mL 0.1 M Tris pH 9.35) plus 30% (w/v)
BSA. Immuno-stained bands were detected with chemiluminescence on
ImageQuant LAS 500 and analyzed with Carestream Molecular Imaging

software.

5. Statistical analysis

Data were analyzed using Prism Software (GraphPad). Data were expressed as
mean * Standard Deviation (SD). The statistical analysis was performed using
one-way ortwo-ZD\ $129%$ DQG RU PXOWLSOH FRPSDULVRQ WHVW
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test depending on the type of experiment/data. For the analysis, at least 2
independent experiments were performed. ns no significant, *P < 0.05, **P <
0.01, ***P <0.005, ****P < 0.001.
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CHAPTER I: CK2 IN FRIEDREICH'S ATAXIA
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1. Introduction

1.1. Friedreich's ataxia

Friedreich's ataxia (FRDA) is a rare hereditary autosomal recessive disease that
accounts for the most common type of inherited ataxia, affecting around 1 in
50,000 person in Europe and in the USA (Lynch et al., 2021). FRDA is caused
by mutations in the frataxin (FXN) gene, more specifically by a guanine f#adenine *
adenine (GAA) trinucleotide repeat expansion in the gene located on
chromosome 9g13 (Koeppen, 2011). While normal alleles present no more than
33 GAA repeats, around 96% of FRDA patients present homozygotic GAA
expansions of 66 to 1500 repeats. The left 4% of patients present heterozygotic
expanded GAA repeat plus a point or insertion/deletion mutation in the other
allele of the FXN gene (Koeppen, 2011; Lynch et al., 2021).

1.1.1. Clinical features and care

FRDA clinical onset is typically before adulthood with only a 15% of patients
showing the firsts manifestations past 25 years of age. Traditionally, FRDA has
been classified as a neurodegenerative disease with ataxia as the main feature,
but lately has been suggested to be considered and approached as a
multisystemic disorder since, together with the neurological dysfunctions,
patients with FRDA often develop diabetes and cardiomyopathies. Interestingly,
the onset and the severity of the neurological features of FRDA patients have
been correlated with the number of GAA-triplet repeats (Filla et al., 1996;
Indelicato et al., 2020; Reetz et al., 2015).

Regarding the neurological features, limb and gait ataxia are the most common
presentations. However, other neurological conditions are present as dysarthria
(motor speech disorder), spasticity, loss of proprioceptive sensation, lower
extremity weakness, absent reflexes, and loss of vibration and proprioception
sensation and sensory nerve loss, that among others can cause urinary

urgency and neuropathic pain (Corben et al., 2010; Harding et al., 2020; M. Patel
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et al., 2016; Reetz et al., 2015) . Moreover, FRDA patients can present a broad
spectrum of visual and auditory alterations leading to vision and hearing loss in
advanced ages (Rance et al., 2010; Seyer et al., 2013). Cardiac dysfunction is
the cause of death of about 60% of FRDA patients (Koeppen et al., 2015).
Cardiac abnormalities are usually present in individuals with FRDA as for
example hypertrophic cardiomyopathy, observed in up to two thirds of them,
which in some cases also leads to cardiac fibrosis (Mottram et al., 2011; Schadt
et al., 2012). Other common comorbidities are scoliosis and dysphagia, both
present in up to 90% of patients (Rummey et al., 2021; Vogel et al., 2014),
diabetes mellitus type 1 and type 2 occurs in up to 30% of patients (Tamaroff et
al., 2022), reduced bone density (Eigentler et al., 2014), sleep apnea (Corben et
al., 2010), depression & mental iliness (Costabile et al., 2018).

To date, providing care to FRDA patients still remains a challenge, as there are
no cures for the disease, and for years patients have been treated
symptomatically, for example with agents for spasticity (tizanidine, baclofen) or
neuropathic pain (gabapentin, duloxetine). In early 2023, the Food and Drug
Administration (FDA) approved omaveloxolone as the first therapeutic for the
management of FRDA in patients aged 16 years and older (FDA, 2023).
Currently, due to the lack of cures for FRDA, any strategy aimed at increasing the
FXN protein levels is considered relevant from a therapeutic point of view.

1.1.2. Frataxin: the responsible for the pathology of

Friedreich's ataxia

The primary consequence of the repeated GAA-triplet expansions in the FXN
gene is the drastic reduction of FXN mRNA and protein expression. In fact, FRDA
SDWLHQWVY SHULSKHUDO WLVVXHV H[SUHVV OHVV WKDQ
healthy subjects (Campuzano et al., 1996, 1997; Jiralerspong et al., 1997). In
physiological conditions, FXN mRNA is expressed in heart, pancreas, skeletal
muscle, liver, and spinal cord, which are the most affected tissues in FRDA
patients (Campuzano et al., 1996). Interestingly, FXN expression levels are
correlated with the number of GAA-triplet repeats, suggesting that the levels of

expressed FXN are linked to the severity of the neurological features of FRDA
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patients (Lazaropoulos et al., 2015).

As FRDA patients cardiac tissue and mouse models have shown increased
mitochondrial iron, reduced iron-sulfur clusters (ISC) and heme synthesis, and
elevated mitochondrial reactive oxygen species (ROS), FXN was first proposed
to be an iron storage protein, with the role of providing iron for ISC cluster and
heme biosynthesis (Bradley et al., 2000; Delatycki et al., 1999; Lamarche et al.,
1980; Miranda et al., 2002; Wong et al., 1999). However, now it is known that
FXN is mainly involved in ISC biosynthesis, a crucial process in eukaryotes due
to the function of ISCs as prosthetic groups to several proteins, including DNA
repair enzymes and electron transport proteins, thus involving FXN in several

cellular processes, as shown in Table lll.

Table IIl. FEXN cellular functions

Cellular )
Function References
process
Fe—S FXN interacts with components of the iron
. . sulphur assembly complex ISCU, NFS1 and | (Schmucker et al., 2011)
biogenesis. ISD11.

FXN acts in the activation of Aconitase
Krebs cycle enzyme through facilitation and stabilization (Bulteau et al., 2004)
of Fe group transfer.

Hem i i i
_ eme - FXN medlate_s iron delivery to' (Yoon & Cowan, 2004)
biosynthesis Ferrochelatase in heme synthesis.
Electron FXN interacts with electron transport chain (Lodi et al., 1999;
transport and Complex Il. Consistently, reductionin FXN | Vazquez-Manrique et al.,
metabolism expression is correlated with ATP reduction. 2006)

FXN deficiency reduces expression of Nrf2,

Antioxidant
a transcription factor that regulates

(Kobayashi et al., 2004;
Shanetal., 2013)

response antioxidant response.
Frataxin deficiency reduces ferroportin1
Iron expression and increases transferrin (Koeppen et al., 2007:
homeostasis receptor 1 and mitochondrial iron importer Navarro et al., 2015)

mitoferrin-2 expression, contributing to
mitochondrial iron accumulation.

Human frataxin is translated in the cytosol as a full-length protein precursor
FXN21° (Mw 23 kDa) and targeted to mitochondria through an N-terminal
mitochondrial localization sequence. Upon import into mitochondria, the

precursor undergoes a two-step proteolytic cleavage by the mitochondria
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processing peptidase, resulting in an intermediate form FXN4?>#210 (Mw 18 kDa),
that is subsequently cleaved to the mature form FXN81 210 (Mw 14 kDa) (Condo
et al., 2007; Koutnikova et al., 1998; Schmucker et al., 2008). In human, two
isoforms with extra-mitochondrial location have been characterized: FXN I
(FXN76210 Mw 15 kDa) and FXN Il (FXN?® 53210 Mw 18 kDa) (Guo et al., 2018;
Xia et al., 2012). These isoforms present a different tissue distribution compared
to the canonical FXN, as the highest mRNA levels of FXN Il were found in the
FHUHEHOOXP ZKLOH WKH RQHV RI );1 LQ KHBUW ,Q )5
canonical FXN is the predominant form, however in healthy condition and other
tissues the ratio among the different isoforms has not been determined (Weng et
al., 2020).

Little is known about the regulation of FXN protein expression levels. The C-
terminal region (CTR) has been pointed as crucial to the protein stability and
dynamics (Faraj et al., 2014). Moreover, a few studies have pointed the
importance of post-translational modifications in the turnover of the protein, which
seems to be proteasome-dependent. FXN-transfected HEK-293 cells treated with
proteasome inhibitors, such as MG-132, showed precursor accumulation and a
consequent increase of the mature form of up to of 2.5 fold (Benini et al., 2017;
Rufini et al., 2011). The results were attributed to the ubiquitination on K147 of
the FXN precursor by the RING E3 ligase RNF 126, moreover ubiquitin-
competing molecules promoted FXN accumulation (Benini et al., 2017; Rufini et
al.,, 2015). A second post-translational modification was linked to FXN
degradation: the phosphorylation of Y118 by Src kinase increases FXN
ubiquitination, which was confirmed by systematic point mutations of eight
tyrosine residues (Y74, Y95, Y118, Y123, Y143, Y166, Y175 and Y205) to
phenylalanine residues, observing that the Y118F mutant totally abrogated FXN
ubiquitination, decreasing degradation of the protein (Cherubini et al., 2015).
Moreover, FXN-transfected HEK-293 cells treated with different Src inhibitors
promoted FXN accumulation in a dose-dependent form.

1.2. CK2 in Friedreich's ataxia

Despite its involvement in several diseases, including different
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neurodegenerative diseases, to date there is no evidence of CK2 implication in
FRDA or in frataxin modulation. However, as shown in Figure 11, according to
the CK2 minimal consensus sequence (see INTRODUCTION 2.2), seven
residues within the FXN sequence can be identified as putative CK2

phosphorylation sites.

1 MWTLGRRAVA GLLASPSPAQ AQTLTRVPRP AELAPLCGRR GLRTDIDATC TPRRASSNQR
61 GLNQIWNVKK QSVYLMNLRK SGTLGHPGSL DETTYERLAE ETLDSLAEFF EDLADKPYTF
121 EDYDVSFGSG VLTVKLGGDL GTYVINKQTP NKQIWLSSPS SGPKRYDWTG KNWVYSHDGV
181 SLHELLAAEL TKALKTKLDL SSLAYSGKDA

Figure 11. Human FXN sequence displays putative CK2 phosphorylation sites.

Aminoacidic sequence of human FXN is shown. Serine and threonine residues that fulfil the CK2
consensus are in red and bold, those in red but not bold fulfil the minimal requirement but display
also detrimental features (basic residues in the vicinity). The tyrosine phosphorylated by Src
(Y118) and the K147 ubiquitinated by the RING E3 ligase RNF 126, both residues relevant in
FXN turnover, are shown in blue and green, respectively.
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2. Aim of the study

As explained in the Introduction, there is no cure for FRDA, and, despite the
recent approval of omaveloxolone, the restoration of the frataxin levels still
remains the main focus for therapeutics strategies. Therefore, any hypothesis
aimed at increasing the FXN protein levels is considered relevant from a
therapeutic point of view. CK2 has never been described in FRDA or in frataxin
modulation. However, due to the observation that FXN sequence displays seven
putative CK2-phosphorylation sites,andtKH HYLGHQFH IURP 3URI ODOLVD
that phosphorylation by Src kinase can regulate the FXN protein levels by
affecting its ubiquitination (Cherubini et al., 2015), we hypothesized that also CK2

has the potential to regulate FXN levels through its phosphorylation.
To test this hypothesis, our aims were:
i.  To evaluate the direct phosphorylation of FXN by CK2

To evaluate if CK2 can directly phosphorylate FXN, we performed several in vitro
phosphorylation assays using recombinant CK2 and FXN, together with mass

spectrometry analysis to identify possible phosphorylation sites.

ii. To investigate the importance of the CK2-dependent

phosphorylation in FXN protein levels

To understand whether CK2 phosphorylation might regulate the FXN protein
levels, we exploited non-phosphorylatable and phospho-mimetic FXN mutants in
HEK-293T cells.

iii.  To evaluate if CK2 targeting can increase FXN levels in human cells

To this aim, we first evaluated the involvement of CK2 in mitochondrial and extra-
mitochondrial FXN through CK2 pharmacological inhibition. Then we evaluated
the FXN levels in HEK-293T cells after CK2 targeting by pharmacological
inhibition, taking advantage of the availability of a clinical grade CK2 inhibitor (CX-
4945), and by CK2 subunit ablation, exploiting HEK-293T & . . knockout (KO
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results, CK2 pharmacological inhibition in FRDA patient-derived cells was

performed.
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3. Results

3.1. CK2 directly phosphorylates FXN in S89 and S206

The first aim was to evaluate whether CK2 phosphorylates FXN, and to this
purpose we performed in vitro radioactive phosphorylation assays using
recombinant CK2 and the recombinant FXN precursor, thus the full-length FXN
(210 aa). As shown in Figure 12A, the phosphorylation assays revealed that FXN
is susceptible to CK2 phosphorylation, either by the tetrameric form as well as by
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Figure 12. CK2 phosphorylates FXN in S89 and S206.

(A) In vitro FXN protein phosphorylation by CK2. For the assay, 1ug of recombinant FXN was
LQFXEDWHG IRU PLQ DW & ZLWK QJ R 2UHdF FOPrig lof0BKD.\W WHWUDPHU
the presence of a radioactive phosphorylation mixture. The activity of these amounts of the two
CK2 isoforms (tetrameric and monomeric) was similar towards the model peptide casein (not
shown). Phosphorylation was detected upon SDS-PAGE separation and digital autoradiography
(Cyclone plus). (B) Fragmentation spectrum of the C-terminal peptide by mass spectrometry

analysis.
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After confirming that CK2 does phosphorylate FXN and having in consideration
that the FXN sequence presents seven putative CK2-phosphorylation sites, we
wondered which were the actual phosphorylation sites. To give an answer to this
question, in collaboration with Dr. Arrigoni (University of Padova, ltaly), by mass
spectrometry analysis we identified the serine 206 (S206) as the main
phosphorylation site, along with a small amount of phospho-serine 89 (S89)
(Figure 12B).

3.2. Phosphorylation of S206 by CK2 regulates FXN

turnover

Confirmed the phosphorylation of FXN by CK2 and the sites, we decided to
evaluate if the phosphorylation by CK2 have an effect in the FXN protein levels.
To this purpose, we exploited non-phosphorylatable (S89A and S206A) and
phospho-mimetic (S89D and S206D) FXN mutants. After transfection of these
mutants in HEK-293T cells, and as shown in Figure 13A, we were able to detect
all three FXN forms: precursor (P, Mw 23 kDa), intermediate (I, Mw 18 kDa) and
mature (M, Mw 14 kDa). Interestingly, for unknown reasons, the S89D mutant
migrated at apparently higher molecular weight, however, no significant
differences in the FNX levels were observed between the S89A and the S89D
mutants, or compared to the transfected wild type protein (WT), suggesting that
the phosphorylation of this residue is not involved in the modulation of the FXN
amount. On the contrary and very interestingly, the S206A mutant displayed a
significant increase of the mature FXN form compared to the WT, while the
opposite was observed for the S206D mutant, which presented a strong reduction
of all the FXN forms (Fig. 13A).

To exclude that the reduced levels of the S206D mutant were due to a
transfection problem, we evaluated different transfection times. Although the
results are preliminary, they showed that the S206 mutant, compared to the WT,
displayed similar levels in the expression of all the FXN bands at the shortest
transfection time (12h), suggesting that no transfection problem has to be
associated to this mutant (Fig 13B). After 36 hours post transfection, the mature

and intermediate bands are still similar to those of the WT protein, while the
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reduction in the precursor band starts to be evident. Altogether, these results
suggest that the lower amounts of the S206A mutant, as well visible in Fig 13A,
are indeed due to the mutation (and not to a transfection problem with this

plasmid).

48h post-transfection 48 hours post-transfection
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Figure 13. Phosphorylation of S206 by CK2 regulates FXN turnover.

HEK-293T cells transfected with the non-phosphorylatable (S89A and S206A) and phospho-
mimetic (S89D and S206D) FXN mutants. (A) Lysates were obtained 48 hours post-transfection.
(B) Lysates of HEK-293T cells transfected with S206A and S206D FXN were obtained 12- and
36 hours post-transfection. Representative images of Western blot from (A) 3 and (B) 1
independent experiments are shown, where 10 J of proteins were loaded (left). Quantification
upon normalization to the loading control (actin) is shown on the right, with data presented as
mean + SD. Statistical analysis was performed withtwo-ZD\ $129% ZLWK 'XQQHWW fV SRVW W
no significant, *P < 0.05, **P < 0.01, ***P <0.005, ****P < 0.001. In (B), data are results from one

independent experiment.

3.3. CK2 inhibition increases extra-mitochondrial FXN

As the results shown so far suggested a role of CK2 in the modulation of FXN
levels, we wondered which is the underlying mechanism. CK2 is mostly located
in nucleus and cytoplasm, however with evidence of its presence also in
mitochondria (Damuni & Reed, 1988; Sarrouilhe & Baudry, 1996). FXN is mainly
a mitochondrial protein, but with a minimal fraction present as extra-mitochondrial

(Guo et al., 2018; Xia et al., 2012). We wanted to evaluate if the modulation of
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the FXN levels by CK2 were restricted to mitochondria, thus we performed
subcellular fractionation of FXN-transfected HEK-293T cells upon CK2 inhibition
by the clinical grade CK2 inhibitor CX-4945, which is currently in clinical trials
against COVID-19 and cholangiocarcinoma.

As the FXN intermediate and precursor levels were extremely low to detect after
the fractionation process, in these experiments we evaluated the mature FXN
form. As shown in Figure 14A, CK2 inhibition induced a slight increase of the total
FXN levels after 24 hours of treatment.

A
5 hours 24 hours % o 20 = 34"33.'3‘?5
CX-4945(uM ): - 1 5 - 1 5 Z54s ns s T
k=] ns
FXN T — — — N § 1o
. BTZ 05
ACTIN £ X
T— ———— X
z DMSO1 5 DMSO1 &
[CX-4945] (uM)
B 24 hours 24 hours treatment
M C 2
. £+ 3@ Mitochondrial
CX-4945(uM ): - 1 5 - 1 5 =3, H Cytosolic
FXN e o S_—— - -- § E s ™
TOM20 s e e sZ°
=
LbH -— z DMSO1 5 DMSO1 5

[CX-4945] (uM)

Figure 14. CK2 inhibition increases extra-mitochondrial FXN.

FXN-transfected HEK 293T cells treated with 0 DQG CX4945. (A) Mature FXN in the
total cell lysate after 5- and 24 hours treatment with CX-4945. Actin was used as a loading control.
(B) Mature FXN in the mitochondrial and cytosolic fractions after 24 hours treatment with CX-
4945. TOM20 and LDH were used as loading controls of the mitochondrial and cytosolic fractions,
respectively. In (A) and (B), representative images of Western blot from 3 independent
experiments are shown, where 10 J of proteins were loaded (left). Quantification upon
normalization to the loading control is shown on the right, with data presented as mean + SD.
Statistical analysis was performed with two-ZD\ $129% ZLWK 'XQQHWW ¢qV
significant, *P < 0.05, **P < 0.01, ***P <0.005, ****P < 0.001.

After standardization of the fractionation protocol, we obtained two different
subcellular fractions: the mitochondrial (M) and the cytosolic (C), both with
reliable degrees of purity as judged by the expected presence of TOM20 and
LDH, used as mitochondrial and cytosolic markers respectively (Figure 14B left).
The analysis of the FXN levels in the subcellular fractions in response to CK2

inhibition showed interesting results: a significant increase of the of extra-
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mitochondrial mature FXN levels was induced by 5 0 CX-4945 treatment, while
no significant changes were observed in the mitochondrial FXN levels (Figure
14B).

3.4. CK2 targeting increases endogenous FXN protein
levels in HEK -293 cells

Given the observed increase of the FXN levels upon treatment with the CK2
inhibitor CX-4945 in FXN-transfected HEK 293T cells, we decided to evaluate the
effect of CK2 targeting on the endogenous FXN levels. In HEK-293T cells, the
endogenous precursor and intermediate forms of FXN were not detectable.
However, the mature FXN band, as shown in Fig. 15A, was visible, and the cell
treatment with CX-4945 induced its increase. Additionally, we exploited a
different approach to target CK2, namely the use of HEK-2 7 & . .knockout
.2 & . DQG &knodkout .2 &. .» FHOO FORQHV 7KH DEODWLF
one or the other of the two CK2 catalytic subunits reduces the global cellular
activity of the enzyme of around 40-60% (not shown). Interestingly, this produced
an increase of about 2-fold of the total FXN levels, compared to FXN levels of

control cells (Figure 15B).
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Figure 15. CK2 targeting increases endogenous FXN protein levels in HEK-293 cells.

(A) Endogenous mature FXN levels of HEK-293T cells treated for 48 hours with the CK2 inhibitor
CX- 0 DQG . The results were normalized by the loading control (tubulin); and the
(B) endogenous mature FXN levels of two HEK- 7 &. .knockoutcells FORQHV .2 &. .
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DQG .2 &. . DQG WkAdRk8utcells FORQHY .2 & QB .2 &2).The results

were normalized by the loading control (actin). Representative images of Western blot from 3

independent experiments are shown, where 50 J Rl SURWHLQYVY ZHUH ORDGHG OHIW 4
upon normalization to the loading control is shown on the right, with data presented as mean +

SD. Statistical analysis was performed with one-ZD\ $129% ZLWK 'XQQHWWI{V SRVW WH\
significant, *P < 0.05, **P < 0.01, ***P <0.005, ****P < 0.001.

3.5. CK2 targeting increases endogenous FXN protein

levels in FRDA patients -derived cells

The encouraging results obtained by CK2 targeting in HEK-293T cells prompted
us to analyze the effect in FRDA patients-derived cells. To this purpose, in
FROODERUDWLRQ ZLWK 3URI ODOLVDQYV JURaYS 8QLYHU\
we inhibited CK2 by treatments with CX-4945 in three FRDA patient-derived cell
lines, named FRDA50, FRDA203 and FRDA214. As shown in Figure 16, CK2
inhibition slightly but significantly increased the mature FXN levels in all the

analyzed cells.
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Figure 16. CK2 inhibition with CX-4945 increases endogenous FXN protein levels in FRDA
patients-derived cell lines.

FRDA patients-derived cell lines FRDA50, FRDA203 and FRDA214 were treated for 24- or 48

hours with 0 DQG CX34945, as indicated. Cells were then lysed, 40 J RI SURWHLQV ZHUH
analyzed by Western blot for FXN, and the quantification of the FXN mature bands is shown in

the graphs, upon normalization on actin, used as loading control. Results from 3 independent

experiments are presented as mean + SD. Statistical analysis was performed with one-way

$129% ZLWK 'XQQHWWYIV SRVW WHVW QV QR VL3QLILFDQW 3

0.001.
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4. Discussion

This study shows for the first time that frataxin can be phosphorylated by CK2,
and that this promotes reduction of its protein levels. Moreover, here we found
that CK2 acts mainly over extra-mitochondrial FXN and that CK2 targeting
increases frataxin expression in human cells, and more importantly, in FRDA
patients-derived cells, where the clinical grade CK2 inhibitor CX-4945 promoted
frataxin accumulation.

Our demonstration that CK2 actually phosphorylates FXN at S206, and barely at
S89, requires some important comments and considerations. First, since we used
full length frataxin in the in vitro phosphorylation assays we can conclude that
CK2 is able to phosphorylate the FXN precursor, but we cannot exclude that the
phosphorylation occurs also on FXN already cleaved to the intermediate and/or
the mature form. Secondly, not all the expected sites, based on the consensus
sequence, are phosphorylated by CK2. Obviously, this can be the consequence
of the protein structure, as some residues might be protected and not accessible
for phosphorylation. But, for example, we expected that one site could be T119,
since this region of the protein should be exposed, as this residue follows the
Y118 found to be affected by Src kinase (Cherubini et al., 2015), and since the
previous intervention of Src, by introducing further acidity, could in theory facilitate
the subsequent phosphorylation by CK2. At present, we do not have an
explanation for the lack of phosphorylation of the T119 residue by CK2. However,
preliminary in silico analysis of the region structure (Cesaro L., personal
communication) suggests that T119 is not as exposed as Y118.

Protein kinases can modulate different properties of their targets through
phosphorylation, such as activity, localization, protein interactions and turnover.
Indeed, FXN phosphorylation by Src kinase on Y118 was found to increase its
ubiquitination and consequently its proteasomal-dependent degradation
(Cherubini et al., 2015). Our results suggest that also CK2, by phosphorylating
frataxin at S206, might regulate the turnover of the protein, however, the
mechanism underlying this regulation is yet to be investigated. Based on the
available information, two mechanisms can be proposed: the first is that the CK2

phosphorylation affect the frataxin stability via a structural and/or electrostatic

54



change of the protein, since the S206 resides within the C-terminal region (CTR)
of the protein, a segment constituted by the residues from 196 to 210 that lacks
periodic structure. This segment has been reported to be important for the protein
stability, as the absence or mutations of the CTR produce reduced stability, and
changes in the structural dynamics and function of the protein (Castro et al., 2019;
Faraj et al., 2014). It is therefore conceivable that the S206 phosphorylation alters
the CTR structure and prevents its stabilizing function. The second possibility is
that CK2 phosphorylation promotes FXN ubiquitination, which is not an isolated
event as CK2, a constitutively active kinase, has been described to regulate the
turnover of several proteins, as for example with the pancreatic duodenal
homeobox 1 protein (PDX-1) (Klein et al., 2017) and the Sensitive to Apoptosis
Gene protein (SAG) (He et al., 2007), of which CK2 negatively regulates the
stability in a proteasome-dependent manner. However, our preliminary results
(not shown) did not highlighted any changes in the ubiquitylation levels of FXN in
response to CK2 inhibition, but further experiments will be necessary before
completely excluding this hypothesis.

Interestingly, our subcellular fractionation experiments suggest that CK2 would
affect more the extra-mitochondrial, in particular cytosolic, than mitochondrial
frataxin. It has to be reminded that FXN is generated as a precursor protein in the
cytosol, and then processed through a double cleavage, which occurs in the
mitochondria. Therefore, it is possible that CK2 phosphorylates FXN in the
cytosol, and this prevents its translocation to the mitochondria.

Despite the recent approval of the first drug for FRDA treatment, from a
therapeutic perspective any attempt to increase FXN levels is encouraged. In this
view, since we observed an increase of the FXN level upon CK2 targeting in HEK-
293T cell, and more importantly, in three FRDA patient-derived cell lines, our
work suggests that CK2 might be a promising target candidate, also considering
the wide spectrum of CK2 inhibitors available, some already of clinical grade (CX-
4945 and CIGB-300). As the increase of frataxin, even at low levels, can be
helpful in the amelioration of the damage generated by its strong reduction in
FRDA patients, our results, although preliminary, are encouraging. Naturally,
further studies will be necessary, especially to understand if the increase of
frataxin produced by CK2 inhibition can protect the cells from the stress-induced

mitochondrial damage associated to the low level of frataxin in FRDA cells. This
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will pave the way for further studies, also in vivo FRDA models. Moreover, our
work highlights the possible relevance of the cytosolic FXN, an isoform of which

not much has been reported so far and whose functions probably deserve further
attention.
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CHAPTER II: CK2 IN CHRONIC MYELQOID

LEUKEMIA
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1. Introduction

1.1. Chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm, characterized
by the uncontrolled growth of myeloid cells at different stages of maturation, that
accounts for approximately 15% of new cases of leukemia in adults, with an

estimated incidence of 2 cases per 100.000 adults (Jabbour & Kantarjian, 2018).

1.1.1. BRC-ABLL1: the responsible of the pathology of

chronic myeloid leukemia

The main cause of the CML pathogenesis is the BCR-ABLL1 fusion gene, resulted
from the juxtaposition of the Abelson murine leukemia (ABL1l) gene on
chromosome 9 with the breakpoint cluster region (BCR) gene on chromosome
22, after the chromosomal translocation t(9;22)(q34;911) between the long arms
of their respective chromosomes (Rowley, 1973). This translocation results in the
expression of the oncoprotein BCR-ABL1, a constitutively active tyrosine kinase
that promotes aberrant activation of different signaling pathways, leading to and
supporting leukemia (Daley et al., 1990). It has been described that the main
signaling pathways affected by the constitutive activation of BCR-ABL1 are Src
family kinases, JAK/STAT, Ras/MAPK and PI3K/AKT pathways, whose functions
and interactions promote cell growth and survival, as well as inhibition of cell
death (Chai et al., 1997; Chu et al., 2007; Zhao et al., 2006).

1.1.2. Clinical features and care

CML can be classified into three phases based on the amount of immature white
blood cells (blasts) present in bone marrow and peripheral blood: a chronic phase
(CP), followed by an accelerated phase (AP) and an aggressive blast phase (BP).
About 90% of patients are diagnosed in chronic phase, progressing to AP and
then to BP within 3 to 5 years when untreated (Clarke & Holyoake, 2017).
Moreover, the American Cancer Society reports that the average age of diagnosis
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is around 64 years in Western countries, while in other countries the average has
been reported lower (Mishra et al., 2013); and that half of the patients on CP are
asymptomatic. When symptoms are present, these may include fatigue, fever,
weight loss, and left upper quadrant pain that is often a result from anemia and
splenomegaly. Among AP warning signals are worsened anemia and
splenomegaly and organ infiltration, while CML-BP presents more aggressive
symptoms such as severe bleeding, fever and infections.

The first line treatment for CML is the use of tyrosine kinase inhibitors (TKIs)
which have noticeably improved patient survival since 2001, with the approval of
imatinib mesylate (IM) for the treatment of CML patients (Druker et al., 2001;
Efficace et al.,, 2011). As IMis now available generic and worldwide, it has
become an effective and also cost-effective initial therapy. However, it is
estimated that about 25% of patients will develop intolerance or resistance to TKI
therapy, facilitating the progression to accelerated phase or blast crisis (Osman
& Deininger, 2021; Steegmann et al., 2016). Due to this reason, after IM, second-
and third-generation TKIs have been developed and some of them even
approved for the treatment of CML patients, as nilotinib, dasatinib, bosutinib and
ponatinib (Bradeen et al., 2006; Deguchi et al., 2008; Haddad et al., 2022; Morita
& Sasaki, 2021, Puttini et al., 2006).

1.1.3. Tyrosine Kinase Inhibitor resistance

According to the National Comprehensive Cancer Network (NCCN) guidelines,
patients with more than a 10% of BCR-ABL1 transcript levels (following the gPCR
International Scale) at « PRQWKYV DQG BORRBIH tAhSipt levels
above 1% after 15 months of treatment are considered to have TKI-resistant
disease (Radich et al., 2018). Different mechanisms have been described to
produce TKI resistance, being BCR-ABL1 genomic amplification and point
mutations in the ABL1 kinase domain the better defined.

The first mechanism involves the overexpression of BCR-ABL1 due to gene
amplification, that might allow the persistent kinase activity despite the TKis
treatment, enabling cell survival of the tumor cells (Gadzicki et al., 2005; Gorre et
al., 2001). On the other hand, point mutations in ABL1 kinase domain (KD) are

the most common mechanism of TKI resistance, moreover, KD mutations were
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found more frequently in blastic phase patients compared to chronic phase
patients, suggesting that the rescue of BCR-ABL1 signaling is critical in the
progression of the disease (Branford et al., 2003; Soverini et al., 2006).
The degree of resistance to different TKIs varies across the mutants, plus the
complexity of having multiple mutations changes the patients outcome as well as
the response to the frontline TKI used (Radich et al., 2018). More than 50 different
KD mutations have been reported; 12 residues can be considered hotspots as
they account for most of the mutations: M244, G250, Q252, Y253, E255, V299,
F311, T315,F317, M351, F359, and H396 (Zabriskie et al., 2014). Most of these
mutations reduce the accessibility of the TKIs to the ABL1 drug binding site.
However, the degree of resistance to the different TKIs widely varies, as for
example the mutations M351T or F311L can be managed with dose escalation,
while a notable opposite case is the T315] mutation, which is resistant to almost
all TKlIs (Soverini et al., 2018).
The ABL1 T315I is particularly interesting, due to its high prevalence among the
point mutations as well as for its extremely resistant phonotype. The T315I
PXWDWLRQ KDV EHHQ GHVFULEHG D YhaDthroighWwHéeNHHSHU”’
substitution of the threonine with a bulkier hydrophobic isoleucine residue causes
a steric clash, preventing the access of IM to the ATP-binding pocket ( Patel et
al., 2017). Moreover, this mutation is also resistant to second- generation TKIs,
that have been described to be effective over most of the point mutations, as
dasatinib and nilotinib, due to the need of these inhibitors to establish a high-
affinity binding to BCR-ABL1 through a hydrogen bond with the residue T315
(LGH 29+DUH 2 1 + D UFb dang tie@eatment of patients with
this mutation is restricted to the use of ponatinib, a third-generation TKI, that does
not require the formation of the critical hydrogen bond with the residue T315 to
exert high-affinity binding to BCR-ABL1 2f+DUH HW DO 5HGDHOOL
2009). However, despite to be the only inhibitor effective against the ABL1
mutation T315I, ponatinib showed to produce serious arterial occlusive events,
as cardiovascular and cerebrovascular occlusion, in 31% of patients and other
secondary effects (Cortes et al., 2018), making alternative therapies urgently

necessary.
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1.2. CK2 in chronic myeloid leukemia

As described in the main introduction, CK2 is a constitutively active S/T kinase
involved in several physiological processes, mainly regulating positively
proliferative pathways. CK2 has also been described involved in numerous
diseases (Borgo et al., 2021a), particularly in cancer, where it is frequently
overexpressed and contributes to the malignant phenotype by multiple
mechanisms (Chua et al., 2017).

The first evidence of the involvement of CK2 in CML dates from 1985, when
increased expression of CK2 was found in CML-blast crisis patients, compared
to healthy blood mononuclear cells (Phan-Dinh-Tuy et al., 1985). Thirteen years
ODWHU WKH SK\VLFDO LQWHU D-ABLL,RiQthe ABN1ZpdrtioQ,
was demonstrated in CML K562 cells (Hériché & Chambaz, 1998). Results from
our group in LAMA84 CML cells resistant to imatinib, due to BCR-ABL1 gene
amplification, showed upregulation of CK2 protein and activity levels when
compared to imatinib-sensitive cells. In the imatinib resistant cells, co-localization
of CK2 with BCR-ABL1 was found in cytoplasm (Borgo et al., 2013). This work
also showed that the CK2 inhibitor CX-4945 was able to counteract the
CK2/BCR-ABL1 interaction and induce apoptosis, while in combination with
imatinib reduced the viability of the imatinib resistant LAMA84 cells. Moreover,
& . . knockdown, by siRNA, restored the sensitivity to low imatinib
concentrations in imatinib resistant LAMA84 cells as well as in other resistant
CML cell lines. A second study of our group, revealed that CK2 targeting, either
by the inhibitor CX-5011 (a CX-4945 derivative) or by RNA interference, caused
a dramatic dephosphorylation of S6 ribosomal protein (S6RP) at S235/236 and
the consequent reduction in protein translation, in imatinib-resistant CML cell
lines (Salizzato et al., 2016). This work also showed the synergistic action of CX-
5011 with either imatinib or the MEK-inhibitor U0126 in reducing the viability of
imatinib-resistant CML cells.

It has also been described that BCR-ABL1 induces the inactivation of PTEN by
CK2 phosphorylation in CML cells, and CK2 inhibition, by the inhibitor TBB,
promoted PTEN reactivation and apoptosis induction (Morotti et al., 2015).
Additionally, this study links for the first time CK2 with the BCR-ABL1 T315I
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mutation, as CK2 inhibition by TBB induced apoptosis of BCR-ABL1 T315I CML
primary cells from a bone marrow sample. Recently, the work of Mitrovsky and
colleagues (Mitrovsky et al., 2023), confirmed our previous findings (Borgo et al.,
2013), as they found higher CK2 activity in six novel imatinib- and dasatinib-
resistant CML cell lines, compared to sensitive cells. Interestingly, among their
novel lines, JURL-MK1 cells with the T315] mutation were also present. Although
a detailed analysis of them was not performed, this work shed light on a possible
involvement of CK2 also in T315-induced CML TKI resistance.

1.2.1. CK2 in T315Il-induced TKI resistance in chronic

myeloid leukemia

Our group had already started to investigate the role of CK2 in the T315I-
dependent imatinib resistance of CML, before this PhD thesis work started. Two
variants of the CML cell line KBM5 were exploited: the wild type KBM5 cells
harboring wild type BCR-ABL1 and normally sensitive to imatinib (here often
UHIHUUHG WR DV 6 [IURP 3VHARLYILiMnatinfésistantQcélls,
harboring the BCR-ABL1 T315| mutation. Important to notice, these cells were
the only cell model of this resistance available at the beginning of the study.

As shown in Figure 17, the KBM5-T315I cells displayed higher levels of the CK2
FDWDO\WLF VXEXQLWYVYV &. . DQG &.-sénhskwrREIDBigLc
17A). CK2 activity was evaluated through the phosphorylation of two of its
substrates, Aktl at S129 (Di Maira et al., 2005, 2009) and NF-kB p65 subunit at
S529 (Wang et al., 2000). Compared to imatinib-sensitive cells, the KBM5-T315I
cells displayed increased phosphorylation of the two CK2 activity reporters
(Figure 17A). As reported in Figure 17B, in KBM5-T315I cells, BCR-ABL1 is not
only mutated, but also overexpressed and hyperactivated, as indicated by its
autophosphorylation site Y245. Moreover, regarding BCR-ABL1 downstream
pro-survival pathways, in KBM5-T315I cells, Akt is hyper-activated, as judged by
the activation site S473, as well as increased Akt total protein and phosphorylated
levels of Akt downstream-target rpS6. KBM5-T3151 cells displayed similar
ERK1/2 activation level, compared to the imatinib-sensitive cells, despite this
pathway should be dependent on BCR-ABL1 (Amarante-Mendes et al., 2022).
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Figure 17. CK2 is overexpressed and involved in pathological signaling in T315I resistant cells.

Representative images of Western blot to control (A) CK2 expression levels and activity and (B)
BCR-ABL1 expression levels and downstream signaling in KBM5 cells sensitive to imatinib (S)
and in KBM5-T315I imatinib-resistant cells (T315l), treated with 0 CX-4945 (CX) or 2 nM
ponatinib (PON) for 5 hours. CK2 targeting by (C) transient &. . siRNA knockdown and (D)
& . .knockout .2 &. DQG .2 &..(Unpublish data from Dr. Salizzato)

Then KBM5-T315I cells were treated with the clinical grade CK2 inhibitor CX-
4945, to evaluate the effects of CK2 inhibition on these signals, and compare
them with those induced by ponatinib, the only TKI active also against T315I-
BCR-ABL1 (Kantarjian et al., 2022). As expected, ponatinib almost abrogated the
BCR-ABL1 and ERK1/2 activation, and reduced the Akt and rpS6 signaling
pathways, without affecting the CK2 protein-amount and its activity towards its
specific targets (Figure 17A and B). CX-4945, as expected, produced a strong
reduction in the phosphorylation of the CK2-dependent sites (Figure 17A);
alongside with a not so expected and encouraging reduction of the increased

signaling in KBM5-T315I cells compared to the imatinib-sensitive cells (Figure
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17B). Interestingly, the ERK1/2 activity state, which was not increased in the

KBM5-T315l compared to sensitive cells, was not affected by the CK2 inhibitor.

To further confirm the results obtained with CX-4945, supporting the CK2

involvement in the imatinib-resistance of KBM5-T315I cells, CK2 was targeted by

&. . VL5 k$%ckdown DQG E\ &. . JHQHWLF DEODWLR&. JLIXUH &
transientknockdown ZKLFK LV DFFRPSDQLHG E\ WKH H[SHFWHG &.
to its instability when not associated with the catalytic subunits (Borgo et al., 2019;

Luscher & Litchfield, 1994), decreased BCR-ABL1 protein level, confirming the

close interaction between CK2 and BCR-ABLL1 in these T315I-induced imatinib
UHVLVWDQW FHOOV )LJXUH  &nockoOtvV R2 L QF WEE MIZRQ&.V. D
significant down-UHJXODWLRQ RI WKH &. UHJXODWRU\ VXEXQL
expected (Borgo et al., 2019; Luscher & Litchfield, 1994), without any alteration

Rl WKH FDWDO\WLF LVRIRUP &. .f OHYHOV $V VKRZQ LQ
presented reduced CK2 activity, as reported by the phosphorylation levels of its

targets Aktl S129 and p65 NF-kB S529. CK2 . ablation produced a reduction of

BCR-ABL1 and interestingly, of the activation levels of Lyn, a Src kinase

overexpressed in imatinib resistant cells (Donato et al., 2003).

1.2.2. &. . knockout enhance sensitivity to TKIs in

T315I -resistant cells.

Additionally, as showed in Figure 18, when cell viability was measured in
response to TKIs, in comparison to the parental KBM5-T315I cells normally
expressing CK2, the KBM5-T3151 CK2 knockout .2. FHOO Bl@RedHYV
enhanced sensitivity to ponatinib (third-generation TKI) (Fig 18A) and also to
bosutinib (Fig. 18B), a second-generation TKI, ineffective in overcoming the TKI
resistance associated to the BCR-ABL1 T315I mutation in vivo (Remsing Rix et

al., 2009).
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2. Aim of the study

CK2 is a constitutively active kinase involved in several human diseases,
especially described in cancer. CK2 has been proven to support the CML
phenotype, however, its relevance in BCR-ABL1 T315I-induced TKI resistance,
suggested by a few studies, has never been investigated. Data from our group,
have recently reveal that CK2 contributes to the aberrant and overexpressed
signaling pathways in T315I-cells. Moreover, CK2 pharmacological or genetic
targeting dampened those signals, additionally sensitizing T315I-cells towards
TKIls. Altogether, these results let us hypothesize that CK2 is a valuable target
and its inhibition by the clinical grade inhibitor CX-4945 a possible therapeutical
strategy for imatinib-resistance of CML cells bearing the BCR-ABL1 T315I
mutation.

To test this hypothesis, our aims were:

I. To characterize the effect of CK2 pharmacologic inhibitors over
malignant features in T315I-resistant cells

To reach this aim, we evaluated the effect of CK2 pharmacologic inhibitors over
the cell viability and apoptosis by using KBM5-T315I cell as a model of T315I-
resistant cells. Moreover, we investigated the mechanism by which the CK2

inhibitor CX-4945 dampens the tumorigenic phenotype.

ii. To evaluate the efficacy of CX-4945 on T315I-resistant cells inth e

presence of stromal cells

To understand if the effect of CX-4945 was reduced by the bone marrow
microenvironment (BMM) protection of the leukemia cells, we performed different
cell functional assays to evaluate cell viability, apoptosis and clonogenic potential
of T315l-resistant cells in the presence of stromal cells. Additionally, we

evaluated CX-4945 efficacy under hypoxic conditions.
iii.  To corroborate the results in a second T315I -resistant model

To this aim, we evaluated some of the effects of CX-4945 in a second T315I -
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resistant cellular model, in the meantime developed by a Korean group.
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3. Results

3.1. CK2 pharmacological inhibition reduces KBM5-

T315I cell viability and promotes apoptosis

As previous results from our group have revealed that CK2 supports important
signaling pathways in KBM5 cells bearing the BCR-ABL1 T3151 mutation
(KBM5-T315), thus promoting the resistant phenotype (see CHAPTER 11.1.2), we
decided to characterize the effect of CK2 pharmacological inhibition over the
malignant phenotype in views of a therapeutic strategy. As it has been extensively
described that CK2 promotes proliferation and anti-apoptotic signaling in tumoral
cells (Ruzzene & Pinna, 2010), including CML cells (Borgo et al., 2013), we
decided to first evaluate whether different CK2 inhibitors were able to reduce cell
viability of KBM5-T315I. To this purpose, we performed MTT viability assay of
KBM5-T315I cells with the ATP-competitive CK2 inhibitors CX-4945 (Siddiqui-
Jain et al., 2010), GO289 (Oshima et al., 2019) and SGC-CK2-1 (Wells et al.,
2021), using imatinib as a control of resistance. As shown in Figure 19A, the three
inhibitors significantly reduced KBM-T315I cell viability even at low micromolar
concentrations, in contrast to imatinib that, as expected, was found to be
ineffective even at concentrations considerably higher than those used for
sensitive cells.

As the three inhibitors tested displayed similar efficacy in reducing viability, we
selected CX-4945 to continue our work, as it is already in ongoing clinical trials
as chemotherapeutic (Pediatric Brain Tumor Consortium, 2023; Senhwa
Biosciences, Inc., 2021, 2023a, 2023b; University Hospital, Grenoble, 2020). We
then evaluated if the effect of CX-4945 on KBM-T315I cells is time-depended,
and we confirmed a concentration- and time-dependent effect, observing
significant reduction even after 24 hours treatment, as shown in Figure 19B.
Additionally, we evaluated if the reduction of viability promoted by CX-4945 in
KBM-T315I cells was due to apoptosis, and indeed we found that the treatment
induced a dose-dependent cleavage of the apoptosis-associated proteins PARP
and caspase-3 (Figure 19C), suggesting that the CX-4945 induces cell death by

apoptosis, as further confirmed by FACS analysis (see below, Figure 21C).
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Figure 19. CK2 pharmacological inhibition reduces KBM5-T315I cell viability and promotes
apoptosis.

(A) Cell viability of KBM5-T315I cells after 48h treatment with the ATP-competitive CK2 inhibitors

CX-4945, GO289 and SGC-CK2-1 at 1, 3, 5, 10 and 20 RM. (B) KBM5-T315I cell viability after

treatment with 1, 3, 5, 10 and 20 RV CX-4945 for 24, 48 or 72 hours. (C) Apoptosis-associated

proteins PARP (f.l.: full-length) and caspase 3 (CASP3). Representative images of Western blot

from 3 independent experiments are shown, where 2 J RI SURWHLQVY ZHUH ORDGHG
Quantification upon normalization to the loading control (actin) is shown on the right, with data

presented as mean * SD. In (A) and (B), data from 3 independent experiments is presented as

mean = SD. Statistical analysis was performed with two-way ANOVA (A and B) or one-way

$129% & ZLWK 'XQQHWWIIV SRVW WHVW QV QR V3JQLILFD@W 3

0.001.

3.2. CK2inhibitor CX- 4945 reduces BCR-ABL1 signaling
in KBM5-T315I cells

We then went into further detail about the different signaling pathways affected
by CX-4945 in these cells. As shown in Figure 20, CX-4945, as expected, almost

completely abrogates CK2 activity even at the lowest concentration, as reported
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by its substrate Aktl at S129 (Di Maira et al., 2005, 2009). Interestingly, CX-4945
showed to be also effective, even at the lowest concentrations, in significantly
reducing the activation levels of BCR-ABLL1 (as judged by its phosphorylation at
Y245 (Hantschel & Superti-Furga, 2004)), and of the oncogenic transcription
factor STAT3 (Wingelhofer et al., 2018) (as judged by its phosphorylation at Y705
(Johnson et al., 2018)). At higher concentrations, CX-4945 was also effective in
reducing the protein expression of STATS5, a transcription factor that is a BCR-
ABL1 substrate and supports survival in CML (Schafranek et al., 2015; Shuai et
al., 1996). Moreover, CX-4945 treatment reduced Src- kinase Lyn signaling (a
regulator of BCR-ABL phosphorylation commonly overexpressed in imatinib
resistant cells (Donato et al., 2003; Wu et al., 2008)), affecting both Lyn protein
level and Lyn activation, as reported by its phosphorylation at Y396 (Donella-
Deana et al., 1998). The BCR-ABL1 substrate CRKL did not show any alteration,
neither in the total levels or at the BCR-ABL1 phosphorylation site Y207 (de Jong
et al., 1997), upon CK2 inhibition.
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Figure 20. CK2 inhibitor CX-4945 reduces pro-survival signaling pathways in KBM5-T315I cells.

Pro-survival signaling proteins from KBM5-T315I cells treated for 24 hours with 1, 3, 5, 10 and 20

M CX-4945. Representative images of Western blot from 3 independent experiments are shown,

where 50 Jor 2 J RI SURWHLQV ZHUH ORDGHG OHIW AXDQWLILFDWLRAC
loading control (actin), and to the total proteins in the case of phospho-antibodies, is shown on

the right, with data presented as mean + SD. Statistical analysis was performed with one-way

$129% ZLWK 'XQQHWW{V SRVW WHVW QV QR VL3QLILFDQW 3

0.001.
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3.3. CK2 inhibitor CX-4945 reduces KBM5-T315I cell
viability and induces apoptosis even in the presence

of stromal cells

The potential of the bone marrow microenvironment (BMM) to provide protection
to the leukemia cells through multidimensional interactions, can drive or sustain
therapy resistance in different types of leukemia, including CML (Patterson &
Copland, 2023). Therefore, to characterize the effect of CX-4945 also for this
aspect, we decided to evaluate its efficacy in co-cultures of the KBM5-T315I cells
with MS- VWURPDO FHOOV NLQGO\ GRQDWHG E\ 3URI O0ODUPL
Modena and Reggio Emilia, Italy), a model that partially mimics the protective
effects of the BMM. The two cell lines were co-cultured for 48 hours pre-
treatment, then, CX-4945 treatment was performed for further 48 hours, and after
this time the KBM5-T315I cells were collected from the co-culture and analyzed,
as described in Figure 21A.

First, we performed MTT assays to measure the cell viability of the KBM5-T315I
cells, that were easily collected from the co-culture due to their growth in
suspension, differently to the MS-5 cells, which, growing in adhesion, were left
on the bottom of the culture flask. As shown in Figure 21B, CX-4945 was as
effective in reducing KBM5-T315I cell viability in co-culture with stromal cells, as
in the mono-culture. This was a first indication that the inhibitor can overcome the
stromal cell protection. To be completely sure to exclude MS-5 cells from our
viability analysis, and to go further in details on the type of death induced by the
inhibitor, we performed flow cytometry analysis (FACS) of the KBM5-T315lI
collected from the co-culture after labeling with Annexin V, which due to its high
affinity for phosphatidylserine enables the recognition of early-stage cell
apoptosis, and 7-aminoactinomycin D (7-AAD) for the recognition of necrotic
FHOOV 3UHOLPLQDU\ DQDO\WVLYVY LQ FROOD&@wpRUDWLRQ
University of Modena and Reggio Emilia, Italy) had shown that the cells collected
from the co-culture were exclusively KBM5-T315I (not shown). The results of our
FACS analysis for the apoptotic marker confirmed that CX-4945 induced
apoptosis in KBM5-T315I cells in a dose-dependent manner (Figure 21C,

quadrants Q1 and Q2). Moreover, in the presence of the MS-5 cells, the
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percentage of apoptotic cells induced by each CX-4945 concentration was quite
similar to that observed in the corresponding mono-culture condition, with only a
slight reduction at 20 0 (Figure 21D).
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Figure 21. CK2 inhibitor CX-4945 reduces KBM5-T315I cell viability and induces apoptosis even
in the presence of stromal cells.

(A) Schematic representation of the co-culture model, where the KBM5-T315I cells were co-

cultured with MS-5 stromal cells 48 hours pre-treatment. After this time, 48 hours CX-4945

treatments were performed and later the KBM5-T315I cells were collected from the co-culture

and analyzed. Mono-cultured KBM5-T315I cells were used as control. (B) Cell viability ofS mono-

and co-cultured KBM5-T315I cells after treatment with 1, 3, 5, 10 and 20 M CX-4945. Cell

apoptosis, quantified using Annexin V/7-AAD assay by flow cytometry, of (C) mono-cultured and

(D) co-cultured KBM5-T315I cells after 5, 10 and 20 AM CX-4945 treatments. In (B), data from 3

independent experiments are presented as mean + SD, and statistical analysis was performed

withtwo-ZD\ $129% ZLWK 'XQQHWWYIV SRVW WHVW QV QR VAJQLILFDQW 3
**pP < 0.001.
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3.4. CK2 inhibitor CX-4945 reduces KBM5-T315I cell

viability under hypoxic conditions

Since the bone marrow microenvironment exerts its protection over leukemia
cells especially under hypoxic conditions (Houshmand et al., 2019), which also
support leukemia stem cells persistence (Ng et al., 2014), thus promoting the TKI-
resistant phenotype of CML cells (Copland et al., 2006), we decided to assess
the efficacy of CX-4945 under hypoxic conditions and in presence of stromal
cells. 7R WKLV SXUSRVH LQ FROODERUDWLRQ ZLWK 3UR
established a model where KBM5-T315I cells were co-cultured in normoxia with
MS-5 stromal cells for 48 hours, then treated with CX-4945 under hypoxia (1%
02, 5% CO2) or normoxia (21% 02, 5% CO2) for comparison. After preliminary
experiments, we determined that, in this case, the convenient treatment time was
24 hours; in fact, the 48 hours treatment applied to the experiments shown so far
was found to induce death under these hypoxic conditions, as well as in untreated
cells. Our experimental model is depicted in Figure 22A. Using this model, we
found that CX-4945 reduced the cell viability of KBM5-T315I cells in hypoxic
conditions to a similar extent to the normoxia condition, and, more importantly,
also similarly either in the absence or in the presence of stromal cells (22B).
Altogether, our results of co-culture experiments suggest that CX-4945 is
probably able to overcome the BMM protective effect.
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Figure 22. CK2 inhibitor CX-4945 reduces KBM5-T315I cell viability under hypoxic conditions.

(A) Schematic representation of the model, where KBM5-T315I cells were co-cultured in normoxia
with MS-5 stromal cells 48 hours pre-treatment. After this time, 24 hours CX-4945 treatments
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were performed under hypoxia (1% 02, 5% CO2) or normoxia (21% 02, 5% CO2) and later the
KBM5-T315I cells were collected from the co-culture and analyzed. Mono-cultured KBM5-T315lI
cells and CX-4945 treatment in normoxia were used as controls. (B) Cell viability of mono- and
co-cultured KBM5-T315I cells after 1, 3, 5, 10 and 20 RV CX-4945 treatments, in normoxia and
hypoxic conditions. Statistical analysis was not performed since the results derive from a single
experiment.

3.5. CK2 inhibitor CX-4945 reduces KBM5-T315I
clonogenic potential even in the presence of stromal

cells

Given the encouraging results, we further exploited our established co-culture
model (Figure 21A) by performing soft-agar clonogenic assays. This approach,
which evaluates the formation of colonies, can reveal the clonogenic
potential/proliferative ability of the cells in a more stringent and reliable way than
survival or growth assays (Li, 2004; Simanovsky et al., 2008), thus allowing to
better understand the potency of a putative drug. As showed in Figure 23, we
found that CX-4945 strongly reduced the clonogenic potential of mono-cultured
KBM5-T315I cells. In co-culture, the effect was partially reduced by the protective
action of the stromal cells, but only at the lowest CX-4945 concentrations, while,
at the highest ones, there were almost no colonies, both in mono- and co-cultured

conditions.
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Figure 23. CK2 inhibitor CX-4945 reduces KBM5-T315I clonogenic potential.

Soft-agar colony assay of mono- and co-culture KBM5-T315I cells. The KBM5-T315I cells were
cultured alone or with MS-5 stromal cells 48 hours pre-treatment. After this time, 48 hours CX-
4945 treatments were performe, and later the KBM5-T315I cells were collected and seeded in
semi-solid soft agar. The cells were cultured for 14 days and then treated with MTT to count live
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colonies. Representative images from 2 independent experiments are shown (left). Quantification

is shown on the right, with data presented as mean + SD. Statistical analysis was performed with

two-ZD\ $129% ZLWK 'XQQHWWIIV SRVW WHVW QV QR V31JQLILFDQW 3
*P < 0,001.

3.6. CK2 inhibitor CX-4945 is effective in reduce cell
viability and pro-survival signaling pathways in a

second T315l-resistance model

Despite the interest in the T315I-induced resistance, for years the KBM5-T315lI
cells were the only cellular model available. However, in the last couple years, a
few new models have been established. We were able to obtain a K562-T315I
cell line, kindly donated by Dr. Jong-Won Kim (Sungkyunkwan University, Korea)
and Dr. Dennis Dong Hwan Kim (University Health Network, Canada) (Jang et
al., 2021), that we used to corroborate the results obtained with the KBM5-T315I
cells.

We first evaluated whether different CK2 inhibitors were able to reduce cell
viability of K562-T315I cells. To this purpose, we performed MTT cell viability
assays after 48 hours treatment with the ATP-competitive CK2 inhibitors CX-
4945, GO289 and SGC-CK2-1, using imatinib as a control of resistance. As
shown in Figure 24A, similarly to what observed in KBM5-T315I cells, the three
inhibitors significantly reduced K562-T315I cell viability even at low micromolar
concentrations, in contrast to imatinib that, as expected, was found to be
ineffective even at concentrations considerably higher than those used for
sensitive cells. The apoptotic nature of the cell death induced by CX-4945, as in
KBMS5 cells, was confirmed by the cleavage of the apoptotic marker PARP (Fig
24B).
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Figure 24. CK2 pharmacological inhibition reduces K562-T315l cell viability and promotes
apoptosis.

(A) Cell viability of K562-T315I cells after 48 hours treatment with the ATP-competitive CK2
inhibitors CX-4945, GO289 and SGC-CK2-1 at 1, 3, 5, 10 and 20 BM, or imatinib as negative
control. (B) Pro-survival signaling proteins in K562-T315I cells after 24 hours 10 and 20 A CX-
4945 treatments. Treatments with 1 M imatinib (IM) and 2 nM ponatinib (PON) were used as
control. 50 Jor 20 Jof proteins were loaded. In (A), data from 3 independent experiments are
presented as mean = SD, and statistical analysis was performed with two-way ANOVA (A) with
'XQQHWW{V SRVW WHVW QV QR VLJQLILFDQW 3 In (BB

statistical analysis was not performed since the results derive from a single experiment.

As shown in Figure 24.B, a 24 hours treatment with CX-4945 (10 and 20 M), as
expected, almost completely abrogated CK2 activity (as judge by the reporter
substrate Aktl at S129 (Di Maira et al., 2005, 2009)). Interestingly, as in KBM5-
T315I cells, a number of pro-survival signaling proteins are also affected by CX-
4945: it reduces the BCR-ABL1 levels, the activation levels of the oncogenic
transcription factor STAT3 (Wingelhofer et al., 2018), and the activation levels of
the Src- kinase Lyn (as reported by its phosphorylation at Y396 (Donella-Deana
et al., 1998)). In contrast, in this case the BCR-ABL1 substrate STAT5 did not
show any alteration. As expected, the treatment with imatinib did not reduce any
of the analyzed signaling, while ponatinib was effective in reducing BCR-ABL1
and inducing PARP cleavage, however the effects were modest compared to
those observed with CX-4945.

In summary, although preliminary due to the recent availability of this cell model,
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our results with K562-T315I cells confirm the sensitivity to CK2 targeting in this

kind of TKI resistance.
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4. Discussion

The connection between CK2 and BCR-ABL1, the disease-driving molecule of
CML, had already been investigated in our laboratory (Borgo et al., 2013). Here,
we extend the study to a particularly interesting case of TKI resistance of CML,
the one caused by the BCR-ABL1 T315I-mutation. We showed that the activation
of BCR-ABL1 is sustained by CK2 in T315I cell lines. We found that CK2 supports
their malignant phenotype by the enhancement of some of the main signaling
pathways associated to CML tumor progression and TKI-resistance, such as Akt
(Singh et al., 2021), NF-kB (Morotti et al., 2015), Lyn (Wu et al., 2008), STAT3
(Nair et al., 2012) and STAT5 (Ye et al.,, 2006). Importantly, our work also
demonstrates that CK2 targeting induces apoptosis and reduces the clonogenic
potential of the T3151 CML cells. Moreover, a potential synergistic effect between
CK2 targeting and TKIs is observed, opening new perspectives of possible
combined therapies based on CK2 inhibitors and TKIs.

As CK2 inhibitor, we mainly focused on CX-4945, given its clinical grade, but
when we used different inhibitors, we observed similar effects. Moreover, beside
the pharmacological inhibition by ATP-competitive inhibitors, we also applied
other approaches to reduce CK2 signaling, including the CK2 genetic targeting,
HLWKHU Khoékout by CRISPR-Cas9 or knockdown by siRNA. Most of the
effects were similar, thus confirming the particularly high specificity of the CK2
inhibitors. However, in the case of the BCR-ABL1 protein levels, we found that
only CK2 genetic targeting but not CX-4945 reduced it in KBM5-T315lI cells. This
interesting observation suggest that the physical presence of CK2, and not
merely its activity, is necessary for this effect on BCR-ABL1, as it has been
suggested before due to its co-localization (Borgo et al., 2013). However, in
K562-T315I cells, the effect of reducing the BCR-ABLL1 protein levels is induced
also by CX-4945. Currently, we have no explanation for this discrepancy, and
further investigation will be needed to understand the complex interaction
between CK2 and BCR-ABL1.

Our data also suggest that the inhibition of CK2 would be exerted even in the
presence of bone marrow microenvironment and under hypoxic conditions,

where the action of most drugs is significantly reduced (Aggoune et al., 2014;
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Cambria et al., 2023; Le et al., 2020; Zhou et al., 2016). Of course, further studies
will be necessary to confirm this finding in vivo. Although we performed our
experiments mainly with KBM5 cells, the only T135I cell model available at the
beginning of this study, at the end we could replicate some experiments with a
newly developed cell model, K562 cells (Jang et al., 2021). The preliminary
results obtained so far suggest that the effects of CK2 targeting can be
generalized for this kind of TKIls resistance in CML.

Indeed, CK2 has been extensively described as a valuable drug target in cancer,
DQG WKH FRQFHSW R I[(Ru&zend&Rmnh#, R0L®,@hat refers to the
higher dependence on CK2 displayed by cancer cells compared to healthy cells,
offers important therapeutic advantages: targeting only one protein, CK2,
produces the down-regulation of many signaling pathways, which are
characteristic of cancer cells, thus reducing the risk of damaging healthy cells.
The availability of several CK2 inhibitors, including two already in clinical trials:
CIGB-300 (Laboratorio Elea Phoenix S.A., 2015, 2016) and CX-4945 (Pediatric
Brain Tumor Consortium, 2023; Senhwa Biosciences, Inc., 2021, 2023a, 2023b;
University Hospital, Grenoble, 2020), complete the view of the actual relevance
of our findings. Although our results are only in vitro, we think they are promising,
and important to pave the way for future studies in higher models of this TKI
resistance, as in patient-derived cells or in one of the few and newly developed

mouse models (Mian et al., 2021).
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CHAPTER Ill: CK2 IN POIRIER sBIENVENU

NEURODEVELOPMENTAL SYNDROME
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1. Introduction

1.1. Poirier Bienvenu neurodevelopmental syndrome

Poirier 8Bienvenu neurodevelopmental syndrome (POBINDS) is a rare
autosomal-dominant disorder caused by a heterozygous variant of CSNK2B, the
gene coding forthe UHJX ODWR U\ CK2{EWX¥ QdowlerRvas discovered in
2017 by Poirier and collaborators (Poirier et al., 2017), and to date 91 patients
have been reported (Li et al., 2023; Trivisano et al., 2023).

1.1.1. Clinical features and care

POBINDS patients have shown highly heterogeneous clinical phenotypes, with
early onset epilepsy, different degrees of intellectual disability (ID),
developmental delay (DD) and hypotonia as the main features (Di Stazio et al.,
2023; Orsini et al., 2022). In fact, analysis of the symptomatology of 81 patients
reported that KDG VHL]XUHV XQGHU W 80Hdidplay¢d Rdrying\H D UV
degrees of ID and 72 of DD (Li et al., 2023). Less frequently, patients also present
autism and language, behavioral, mental and/or motor disorders (Di Stazio et al.,
2023).

Most of the patients have been treated symptomatically with anti-epileptic drugs
(as levetiracetam and sodium valproate) as there is no actual cure or specific
treatment, however the efficacy of this antiepileptic drugs varies from patient to

patient as it depends on the type and severity of the seizures (Yang et al., 2021).

1.1.2. CK2 WKH UHVSRQVLEOH RI WKH SD
POBINDS

&. LV WKH UHJXODWRU\ VXEXQLW RI WKH WHWUDPHULF
functions in the formation of the tetrameric CK2, as well as in the regulation of
the holoenzyme stability, in its substrate selectivity and serving as a docking
platform for recruitment of substrates or potential regulators (Canton et al., 2001;
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Graham & Litchfield, 2000; Marin, Meggio, & Pinna, 1999; Meggio et al., 1992a)

(see INTRODUCTION 2.1.2).

CSNK2B LV RQ FKURPRVRPH S KDV D JHQRPLF VL]H
contains seven exons that encode the 215 amino acids protein &. . From the

91 POBINDS cases reported, 88 carry a de novo mutation, while only 3 cases

have been reported to be inherited from an affected parent (Trivisano et al.,

2023). Moreover, in an analysis with the data of 81 cases, approximately 60

CSNK2B variants were found associated with the disease, of them 19 are

missense, 15 frameshift, 14 non-sense and 12 splicing mutations (Li et al., 2023).

The data shows that POBINDS-linked variants can be found across the exonic

and intronic sequences, thus found along the whole & . protein sequence with

no clear variant hotspots identified.

Due to the recent discovery of this syndrome, very few studies are available, and

a link between genotype and phenotype of POBINDS patients is still not clear

(Bonanni et al., 2021; Di Stazio et al., 2023; Li et al., 2023; Orsini et al., 2022;

Yang et al., 2022). Attempts have been performed also by in-silico analyses,

based on the available VWUXFWXUDO IXQFWLRQDO (k@IRUPDWLF
INTRODUCTION 2.1.2), VXJJHVWLQJ D PRUH VHYHUH SKHQRW\SH
mutants (Ballardin et al., 2022; Unni et al., 2022). For example, the variants that

affect the zinc finger (C109, C114, C137, and C140) have been suggested to
hypothetically reduce the CK2 activity and increment seizures. Nakashima and

collaborators (Nakashima et al., 2019), have shown a reduced expression of the

&. p.T37Yfs*5s PXWDQW DQG WKH LQDELOLW\ WR.LQWHUDFW
p.P179Yfs*49 mutant. However, the biochemical implications of most &.

mutants in the CK2 activity/functions, and the subsequent cellular effects, are still

largely unknown and need to be investigated.
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2. Aim

The main aim of this work was to perform a biochemical characterization of five
POBINDS &. mutants selected among those found in Italian patients (Orsini
et al., 2022). As shown in Figure 25, the selected variants were: E61del, R111H,
R111P, C137F and H165R. We chose these variants because we plan first to
characterize them in a cellular model, and then move to ex vivo experiments,
exploiting our collaboration with Dr. Orsini (Azienda Ospedaliero Universitaria
Pisana, Italy), who can provide us with patients-derived cells.

To our purposes, we therefore wanted to establish a reliable cellular model using
HEK-293AD CK2 knockout (KO) cell clones and stably transfecting them with
WT CSNK2B or the selected CSNK2B variants. In our cellular model, we

evaluated protein expression, activity, and stability of each selected &.

mutant.
p.Glu27_Asp28dup it
p.Asp32Asn hal s L - il
b.Phe3dser p.Met p:c;;:n?ph ‘His165AT
p.Met1? p.Asn35Lys p.Arg86Cys” ArgL1lHis | o cys137Arg p.Leu187Arg"
’ | .Arg111Pro | |
Acidic Zinc Fin C-Terminal
Groove Ber Domain
1 55 77 05 « | 140 171 215
p GluSTerl' C-7|3-2A>G 3£°-,:3§?‘2c’3’6 ;|; Phe207fs"
il % +2T> A
pilpdee pThr37fs* 17:;26:321%' p.lle8sfs* ‘ p.Met132fs c.558-2A5G
p.Glu20Ter 0.GInd2Te! Ly p.Tyr101Ter ¢.557+1G>A
p.Argd7Ter p.Asn181fs
p.Pro179fs*

Figure 25. 6HOHFWHG 32%,1'6 &. PXWDQWYV

6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SURWHLQ VHTXHQFH RI &. DQ
DVVRFLDWHG PXWDWLRQV DUH UHSUHVHQWHG RYHU WKH &. VHTXHC
work are highlighted by blue rectangles (modified from Ernst et al., 2021)
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3. Results

3.1. Establishment of the cellular model for the

POBINDS mutant biochemical analysis

For the characterization of the selected mutants, we exploited HEK-293AD CK2

knockout (KO) cell clones. As shown in Figure 26A, these cells, lacking the CK2

subunit, displayed reduced CK2 activity towards different substrates (as shown

by the phosphorylation of Akt at S129) in comparison to wild type cells. Moreover,

as expected (Borgo et al.,, 2019), WKH\ DOVR GLVSOD\exp&SKFHG &. .1

level.
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Figure 26. &8HOOXODU PRGHO IRU WKH VWXG\ RI 32%,1'6 &. PXWDQWYV

Protein levels of CK2 . D Q Gubuhits, and phospho-S129 Akt, as reporter of CK2 activity. (A)

Lysates from two HEK-293AD CK2 knockout (KO) cells clones (clone 1 and 2) are shown in

comparison to wild type (WT) cells. (B) HEK-293AD CK2 KO cells were transfected with the

empty vector (Ctrl) or CK2 :7, as indicated, and compared to WT HEK-293AD cells.

Representative images of Western blot from 3 independent experiments are shown, where 20 J

of proteins were loaded (left). Quantification upon normalization to the loading control (calnexin)

is shown on the right, with data presented as mean = SD. Statistical analysis was performed with

one-ZD\ $129% ZLWK 'XQQHWWIV SRVW WHVW QV QR VIBIQLILFDQW 3
*xp < 0.001.

To establish a reliable model, we stably transfected the HEK-293AD CK2 KO
cells with CK2 ZL @pg (WT) and evaluated the extent of its expression. As
shown in Figure 26B, the transfection of WT CK2 in the KO cells recovered an
DSSUHFLDEOH OHYHO RI &. ORUHRY HUpaMiaKres¢uZ DV DFFRF
of the & . . fexpression, and the CK2 catalytic activity (see phospho-S129 Akt).
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As visible from the quantification of the bands of Fig 26B, the transfected cells
did not display significant differences compared to the WT cells, thus confirming
the model as an effective tool to study the CK2 POBINDS mutants. Therefore,
we stably transfected each one of the five selected POBINDS variants (E61del,
R111H, R111P, C137F and H165R) into the HEK-293AD CK2 KO cells, and
performed the characterization described below, using the CK2 : 7 Hransfected
HEK-293AD CK2 KO cells as a control.

3.2. POBINDS CK2 mutants display differential protein

expression

We first evaluated the CK2 protein levels in the stably transfected HEK-293AD
CK2 KO cells described above. As shown in Figure 27, our results revealed
differences in CK2 expression among the mutants. In fact, while the CK2
R111H and E61del mutants displayed expression levels similar to WT CK2 , the
R111P, H165R and C137F mutants showed significantly reduced protein levels.
Moreover, the CK2 PXWDQWV + 5 DQG & ) GLG QRW
levels, reportedly reduced in HEK-293AD CK2 knockout (KO) cells.

KO  WT RIIIH HI6SR CI137F E6ldel RILIP

[
o

=i
CK2p -— - - 15 @ R111H

2 e
CK2a - - M Esidel
CK2 o -— . G ane e = R111P
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Figure 27. POBINDS CK2 mutants display differential protein expression.

CK2 DQG &. FDWDO\WLF VexresQdn\eéxels ilHEK-298AD CK2 knockout (KO)
cells stably transfected with the five selected POBINDS variants (E61del, R111H, R111P, C137F
and H165R). CK2 :7 #iransfected HEK-293AD CK2 KO cells were used as control.
Representative images of Western blot from 3 independent experiments are shown, where 20 J
of proteins were loaded (left). Quantification upon normalization to the loading control (tubulin) is
shown on the right, with data presented as mean + SD. Statistical analysis was performed with

UHFRYHL

one-ZD\ $129% ZLWK 'XQQHWWITV SRVW WHVW QV QR VIBIQLILFDQW 3

P < 0.001.
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3.3. Reduced protein levels of POBINDS CK2 mutants
is due to increased proteasome-dependent

degradation

To understand the reason behind the difference in the CK2 levels displayed by
the mutants, we performed protein stability assays by treating the stably
transfected cells with the protein synthesis inhibitor cycloheximide (McKeehan &
Hardesty, 1969) for different lengths of time. This allows to follow how the
amounts of a certain protein changes along the time, and therefore to evaluate
its stability and turnover. As shown in Figure 28A, compared to CK2 WT, the
H165R and C137F mutants showed significantly reduced protein stability, while
the E61del, R111H and R111P mutants did not displayed significant differences
compared to the control.
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Figure 28. POBINDS CK2 mutants display differential protein stability.

CK2 H[SUHVVLRQ HEBKXBAD\WCKR I knockout (KO) cells stably transfected with the
selected POBINDS variants (E61del, R111H, R111P, C137F and H165R) after (A) treatment with
cycloheximide (CHX) 100 g/mL for 2, 4 or 8 hours and (B) treatment with 10 M MG-132 or 100
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nM TAK-243 for 16 hours. CK2 :7 #transfected HEK-293AD CK2 KO cells were used as

control. The results are normalized by the loading control (tubulin or actin). Representative images

of Western blot from (A) 3 and (B) 2 independent experiments are shown, where20 J Rl SURWHLQV

were loaded (left). Quantification upon normalization to the loading control (tubulin or actin) is

shown on the right, with data presented as mean = SD. Statistical analysis was performed with
two-way ANOVA (A)orone-ZD\ $129% % ZLWK 'XQQHWWIV SRVW WHVW QV QR V
*»*pP < 0.01, **P <0.005, ***pP < 0.001. Data with no statistical analysis are results from one

independent experiment.

This reduced stability of some mutants suggested that their lower cellular levels
were due to increased degradation of the protein. Little is known about the
regulation of the CK2 subunit turnover; however, it has been demonstrated that
CK2 s prone to ubiquitination and consequent proteasome-degradation (French
et al., 2007). Therefore, we decided to check if the reduced stability displayed by
the &. C137F and H165R mutants was due to proteasome-dependent
degradation. To this purpose, we analyzed the CK2 levels of the stably
transfected cells after treatments with the proteasome inhibitor MG-132 (Holecek
et al., 2006), or the inhibitor of the ubiquitin activating enzyme (UAE) TAK-243
(Hyer et al., 2018). As shown in Figure 28B, treatments with both compounds
strongly increased the protein amounts of &. C137F mutant and slightly
increased the levels of the &. H165R mutant, thus suggesting that their
reduced cellular levels (see Figure 27) are mainly due to an abnormally high
proteasome-dependent degradation.

3.4. POBINDS &. mutants display different CK2

activity

6LOQFH &. SOD\V DQ LPSRUWDQW UROH LQ WKH UHJXOD!
stability and substrate specificity of the tetrameric CK2 (see INTRODUCTION
2.1.2), to understand whether the CSNK2B variants affect cellular CK2 functions,
we analyzed the phosphorylation levels of three CK2 substrates: Aktl at S129
(Di Maira et al., 2005, 2009), NF-kB at S529 (Wang et al., 2000) and EIF2 at S2
(Llorens et al., 2006), and used them to evaluate the functionality of the selected
& . mutants. As shown in Figure 29, the transfection of the &. R111P,
C137F and H165R mutants did not recover CK2 activity, as they displayed
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strongly reduced phosphorylation levels of the Akt, NF-N% DQG (,) VLWHYV
similarly to those observed in not transfected KO cells. On the contrary, the & .

E61del and R111H mutants recovered CK2 activity to an extent similar to the WT-

transfected cells. Interestingly, the E61del mutant showed a reduction of the
phosphorylation levels of (,) but not of the Akt and NF-kB sites, suggesting

that the effect of this mutant might be substrate-dependent.
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Figure 29. POBINDS & . mutants display different CK2 activity.

CK2 activity, analyzed by the phosphorylation levels of three substrates: pS129 Aktl, pS529 NF-

kB and pS2 EIF2 , of HEK-293AD CK2 knockout cells stably transfected with the selected

POBINDS variants (E6l1del, R111H, R111P, C137F and H165R) or CK2 :7 as control.

Representative images of Western blot from 3 independent experiments are shown, where 20 J

of proteins were loaded (left). Quantification upon normalization to the loading control (actin) is

shown on the right, with data presented as mean + SD. Statistical analysis was performed with

one-ZD\ $129% ZLWK 'XQQHWWIIV SRVW WHVW QV QR VIBIQLILFDQW 3
*rxp < 0.001.

To evaluate whether the reduction of the CK2 activity displayed by the &.

H165R and C137F mutants was intrinsically related to the mutations or due to the

reduced protein amount (see Figure27and $ ZH LQFUHDVHG WKHLU &. ¢
by treatment with MG-132 or TAK-243 (see Figure 28B) and evaluated CK2

activity by checking the phosphorylation level of Akt at S129 and EIF2 at S2. As

VKRZQ LQ )LJXUH WKH LQFUHDVH RI BERKp&tein & ) DQG
levels after TAK-243 treatment, resulted in a slight increase of the Akt phospho-

S129 and EIF2 phospho-S2. These results, although preliminary, would suggest

that the reduction of the CK2 activity displayed by these two mutants is at least
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in part due to the loss of stability.
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Figure 30. 7KH UHGXFHG DFWLYLW\ RI 32%,1'6 & ) DQG +  B5hei.

reduced protein levels.

CK2 and CK2 substrates pS129 Aktl and pS2 EIF2 levels of C137F-transfected and H165R-
transfected HEK-293AD CK2 knockout cells after treatment with 10 M MG-132 or 100 nM TAK-
243 for 16 hours, to increase CK2 protein amount. CK2 : 7 #ransfected HEK-293AD CK2

KO cells were used as control. Representative images of Western blot from 2 independent
experiments are shown, where 20 J RI SURWHLQV Zleft). HQuarifldakdhQupon
normalization to the loading control (actin) is shown on the right, with data presented as mean %

PXWDQW

SD. Statistical analysis was performed with one-ZD\ $129% ZLWK 'XQQHWWIIV SRVW WHYV

significant, *P < 0.05, **P < 0.01, ***P <0.005, ****P < 0.001.
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4. Discussion

Our study is the first biochemical characterization of POBINDS CSNK2B variants.
We focused our research on a group of five mutants that were identified in Italian
POBINDS patients. We found that, when we transfected them in the established
cellular model, three of them, namely R111P, C137F and H165R, displayed
reduced expression. We demonstrated that these three mutants showed
impaired CK2 activity, but, at least for the H165R and C137F mutants, this is a
consequence of a reduced protein stability due to increased proteasome-
dependent degradation. Instead, in the case of WKH &. PXWDQWYV ( GHO D
R111H, that ZHUH H[SUHVVHG DW OHYHOV VIheblwibud WR WKH
alterations in the biochemical characteristics analyzed so far was found for the
R111H, while the E61del mutant showed hampered phosphorylation of only one
of the analyzed CK2 substrates, suggesting that this mutation does not globally
reduce the activity but probably affects the substrate selection.

To go in more detail, we can analyze our results in comparison of the effects
expected from the literature and the in silico hypothesis. Concerning the C137F
mutant, our results were somehow expected. In fact, using six functional
prediction programs, Unni and collaborators had predicted that this mutation
should strongly impact on the enzyme functionality (Unni et al., 2022), since the
C137 is one of the four conserved cysteine residues located withinthe & .  zinc-
finger region (aa 105 #146) that coordinate Zn?* ions. This process is essential for
WKH VXEXQLW GLPHUL]DWLRQ ZKLFK LQ WXUQ LV QHFHV\
formation (Canton et al., 2001). Mutations in any of these cysteine residues have
a high probability of interfering with the zinc finger structure. Moreover, the
replacement of the cysteine with a phenylalanine can cause steric clash with the
neighboring residues due to the benzene ring (Unni et al., 2022). Our results are
consistent with these predictions, since this mutant is the one with the strongest
biochemical alterations among the five studied mutants, with a very reduced
stability and an almost complete abrogation of CK2 activity.

Compared to the C137F mutant, the H1L65R mutant displayed a milder alteration
in its stability, with a less reduced protein expression. The residue H165 is buried
L Q V L G HhaNxKkstiucture forming part of the hydrophobic cluster of the & .

dimerization interface, and its mutation to arginine, that may induce steric
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hindrance, has been predicted to produce a local structural change due to the

rupture of the hydrogen bond with its neighbor residue G162 (Niefind et al., 2001;

Yang et al., 2021). Interestingly, despite the higher protein level compared to the

C137F mutant, the H165R mutant almost completely abrogated the CK2 activity,

consistently with the in silico prediction by Unni and collaborators (Unni et al.,

2022).

The R111P and R111H mutants are particularly interesting, as R111 is a buried
UHVLGXH DOVR ORFDW H«fac-ngdY kehi@n, \AnK kthe &nutation to

proline has been suggested to produce a structural rearrangement, thus affecting

the coordination of the Zn?* ions (Lolli, Pinna, & Battistutta, 2012; Niefind et al.,

2001; Unni et al., 2022). Interestingly, the R111P mutation, that through in silico

analysis has been predicted to produce functional impact (Unni et al., 2022),

showed reduction of the protein level, that seems not sensitive to the inhibitors of

the proteasome system, and a reduced CK2 activity. Instead, when we analyzed

the mutation of this arginine to histidine (R111H), intriguingly, our results

indicated that this mutation did not induce any significant difference in the

expression, stability, and activity, compared to the WT.

Another mutant that did not show obvious GLITHUHQFHV WR WKH &. .7 LV
E61del. The residue E61 is located inthe & . acidic loop (aa 55 #64), a domain

WKDW FDQ ELQG WR WKH &. . E-Ryulafe GKQXautMitHby DQG GRZ
impeding the access of negatively charged substrates to the active site (Boldyreff

et al., 1994; Marin et al., 1997). On this basis, changes at this site could be

expected to prevent the formation of the tetrameric holoenzyme and alter CK2

activity. In contrast, from the results obtained so far, we can say that the

expression and stability of the protein is not affected by this mutation, suggesting

a normal assembly of the holoenzyme. However, this mutant showed reduced
phosphorylation of one of the CK2 substrates analyzed, indicating that this

mutation might affect the CK2 activity in a substrate dependent manner.

An important line of considerations that can be done with our results involves the
FRUUHODWLRQ EHWZHHQ WKH ELRFKHPLFD@QUBRMRKRSHUWLHYV
DQG WKH FOLQLFDO SKHQRW\SH RI WKH \&6HD WL WEW\W&WKDW
H165R mutant, a certain correlation occurs: we found a strong reduction of the

protein levels, stability and especially of the CK2 activity. This is in agreement

with the phenotype of the 4 reported patients with this mutation (Table IV,
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modified from Li et al., 2023), who display similar clinical features, which include

an extremely early onset of seizures (days/newborn), profound intellectual

disability (ID), severe developmental disability (DD), different facial deformities

among other symptoms. However, and similar to what described in previous

works (Bonanni et al., 2021; Di Stazio et al., 2023; Li et al., 2023; Orsini et al.,

2022; Yang et al., 2022), in general, we did not find a clear correlation between

WKH ELRFKHPLFDO IHDWXUHYV niRutantd/ landl theMr¥gerted G & .
symptomatology of the patients carrying the respective CSNK2B variants,

showed in Table IV (modified from Li et al., 2023). The clearest example is the

&. 5 + PXWDQW RXU ZRUN GLG QRW KLJKOLJKW DOWI
HISUHVVLRQ DQG VWDELOLW\ QRU LQ &. DFWLYLW\ FRPSD
patient with this variant presents a severe phenotype with generalized tonic

clonic seizure, profound ID and DD.

The difficulty in finding a correlation between clinical phenotype and the
ELRFKHPLFDO SURSHUWLHYV RI WKH &. PXWDQWYV PLJKW
First of all, data obtained so far are only a preliminary characterization of the

mutants, and several other biochemical properties will require deeper

investigation. We plan to investigate the ability of WKH PXWDQWYVY WR IRUP W
GLPHU WR ELQG WKH &. FDWDO\WLF VXEXQLWY . DQG .1
complexes with other proteins. It is also worth to notice that the function of CK2

on CK2 activity is mainly in the selection of substrates. Therefore, it is possible

that the effect of a mutation is exerted on a certain substrate and not on the global

activity of the enzyme. Our evaluation was performed using the most common

CK2 substrates, but it does not necessarily reveal the whole panorama, and a

god idea might be, if not a phospho-proteome analysis of the transfected cells, at

least to focus on pathways associated to embryogenesis and neural

development, where the detrimental effects of POBINDS mutants may be

exerted. For example, there has been recently reported two CSNK2B variants

linked to a new intellectual disability-craniodigital syndrome (IDCS), different from

POBINDS, in which the missense mutations D32H and D32N downregulated the

Wnt-signaling, which is involved in animal developmental (Asif et al., 2022; Hayat

et al., 2022).
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Table 1V. Symptomatology of POBINDS patients carrying the selected CSNK2B variants (modified from Li et al., 2023).

Impairment of
Variant | Gender Age Seizun:a! Epilepsy EEG | MRI DD D Hypotonia | Autism Facial deformities i Speac) psychomotor Other Reference
Onset time types impediment
development
deprassed dnd peceding lymphedema, severe
febrile + forshesid, hypartalorism, motor delay sioli';sis Iond tapered
E61del F 18 years | 8 months selziires ! + + (profound) + / prominent glabella, low-placed speech delay (profound) fin ers'an d cardiac Orsini et al, 2022
p ears, short filter, small, teeth p g aa';omalies
diastasis and retrognathia
1 infantile spasms,
RIMH| F |16 months| 16 months|  GTC o t ¥ - / High patatal archand speech delay malordalay spastic hypertonus Orsini et al, 2022
(profound) | (profound) microcephaly (profound)
(profound)
myoclonic e + speaking only
M 5+ years | 13 months lepilepsy, GTC! + + + (mild) (moderate) / / ! several Words / ! Yang et al , 2022
R111P M 9+ years ! ! ! - - - / / ') - ! growth retardation, LD Yang et al , 2022
M 2 years | 5 months GTC - - +(mild) +(mild) - / - speech delay motor delay - Li etal, 2019
F 16 months| 5 months GTC - - +(mild) +(mild) - / - speech delay motor delay - Li et al, 2019
hyperactive, difficult
F 7 months | 5 months | tonic—clonic - - +(mild) +(mild) - - - - to concentrate, motor - Yang et al, 2021
C137F delay
F 2 years | 6 months GTC + - - - - / - - - - Lietal 2019
focal motor simultaneous apnea, bilateral i
seizures + + strabismus, tongue protrusion gross motor myoclonie movements,
F 7 months [ Newborn 1 - - + f A Y + obstructive Wilke et al, 2022
myaoclonic (Profound) | (profound) dysplastic ears (overfolded development delay | 4
N aryngomalacia
spasms helix)
focal-clonic * aliangular:shiaped face, small iad Is:'lalgn)"lztl‘;?i:
M 7 days 7 days Sotnifa + + + (profound) + + nose, horizontal eye rims, and ¢ poor motor skills h oarguga and ré) wih Orsini et al 2022
H165R P small and round ears yp il
restriction
; + + ;
M 8 months | 5days myoclonic + * | tprofound) | (profound) - - - monosyllabic motor delay - Yang et al, 2021
. . speech delay, not acute gastroenteritis,
M 7 years 3days [focal seizures| / + (bedridden)| (Profound) - - inverted mouth shape able_spaak any + frequar!t acute Nakashima et al, 2019
meaningful words pneumonia, GERD

F: Female. M: Male. +: Positive. -: Negatives. +/-: Boundary. /: Not available

GTC: Generalized tonic-clonic. ID: Intellectual disability. DD: Developmental delay. LD: learning disability. ADHD: Attention deficit hyperactivity disorder. GERD: Gastroesophageal reflux disease.. EEG: electroencephalogram.




Another possible cause of the difficulty to find correlations between the
biochemical characteristics and the clinical phenotype is that, as often observed
in genetic syndromes, the mechanisms underlying the POBINDS phenotype are
much more complex than what apparently expected, being dependent on the
VSHFLILF SDWLHQW 3H QGINKEBaridr i/ éxptdssedl AThiD can
be exemplified by two recently described familiar cases (Trivisano et al., 2023),
in which the patients present the same CSNK2B variant but quite different
symptomatology. This is especially clear among the three cases of the Family 2,
as reported in Table V (modified from Trivisano et al., 2023). Of course, we can
only speculate on this, imagining, for example, that a certain CK2 substrate,
whose phosphorylation is hampered by a mutation, could be by chance
particularly highly expressed in the cells of a certain patient. In this case, even a
partial phosphorylation could provide enough phospho-molecules to ensure the
proper function of that protein. This hypothetical patient would have a milder
phenotype than a patient with the same mutation, but lower amount of the specific
CK2 protein substrate.

As mentioned above, this is only the first step of our biochemical/biological
characterization, since, while we will continue working with the cellular model in
KHUH SUHVHQWHG ZH DUH QRZ DOVR FORVH WR HYDOXI
establish animal models for further studies.
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Table V. Symptomatology of POBINDS familiar cases (modified from Trivisano et al., 2023)

Family 1 Family 2
Case 1 Case 2 Case 1 Case 2 Case 3
Age at study gy 34y 17y 1My 42y
Gender M M F F F
NM_001320: NM_001320:
CSNK2B variant | NM_001320: c.175 + 1G > C: p.? |c.175 + 1G > NM—””“SE]’ 4%};‘[2‘3 ZHP NM-OOHé& ;g}:fc >Tip. .142C > T: p.
C.p.? Gln48Ter
Proviousiy no no no no No
reported variant
Inheritance Inherited n.a. Inherited Inherited n.a.
Age at walking 4y n.a. 4y 18 m n.a.
Age at first words 4y6m n.a. n.a., language delay 12m n.a.
Mild disability Mild disability No disability
FIQ = 61;

VCI = 61; IMild disability (1Q n.a.)

Cognitive
disability (age) | Moderate ID(Qn.a)(@y) PRI = 75; IQ=62(17y) 1Q =90 (11y) @2y)

WMI = 75;
PSI=72(33y
Behavioral ) _ o ) B Not collabcrat_ive and
reblaims Disruptive behavior disorder no no Attention deficit maladaptive
P! behaviour
Epilepsy yes yes yes yes yes
Age at epilepsy
onset 3m 3y 2y 10y 9m
focal to bilateral seizures . ;
Seizure type at characterized by right eye kil saibiras febrile generalized tonic- foCilfﬁi:;?:u‘;:iim:g::_:g;Dss generslizad
onset deviation, sialorrhea, cyanosis, clonic seizures Pplininten) nrallc ALt £
clonic jerks of four limbs s ¥ ¥
Selzure frequency daily sporadic sporadic monthly unknown
at onset
seizures characterized by

scream, eye deviation,

Other types of tonic-clonic generalized seizures (7|
seizures during FU| g ) no diffuse hypertonia and absence seizures (10 y) No
(age) ¥ bilateral clonic jerks (9 y),
absence seizures (9 y)
Drug resistance yes no no no No
Seizure
persistence at FU yes, monthly no yes, monthly yes, sporadic Yes, sporadic
(frequency)
Current ASMs LTG, VPA, CLB none ETS ETS, LEV VPA
Previous ASMs PB none ETS LEV VPA
N.Drm.al BA, sporadlc_tj.hﬁuse .SIO“.' BA, genergl}zed Normal BA, multifocal and
epileptiform abnormalities (7 y epileptic abnormalities (12 g & e
i i h s generalized epileptic abnormalities
5 m);Slow BA, no epileptic y);Normal BA, bilateral T {10y 9 m):
EEG (age) abnormalities Normal (33 y)|__epileptic abnormalities yamj na
Slow BA, Multifocal epileptiform
(9y5m) (17y) abnormalities during awake and
diffuse during sleep (11 y 4 m)
Other
electrophysiologic VEP and SEP normal no no no no
al test
Other Neurologicall i
signs ataxia no no no no
Brain MR normal n.a. pineal gland abnormalities n.a. n.a.
Arched upper lip with dental 5
diastema and large central upper Elongated Elopgaled face, plosis, s Elongated face, large
. e face, dental | strabismus, bulbous nose, |Bulbous nose, prominence of upper S
Dysmorphisms incisors, elongated face, 1y > : superior incisors,
4 o abnormalities, dental diastema, large dental arch, extroverted lower lip 4
prognathism, open mouth, with : e prognathism
prognathism central incisors
downturned corners
Other Growth
comorbidities Aortic root dilatation (Z-score 2, 4) re(?r:?:r:g in no no no

n.a.: not available; y: years; m: months; M: male; F: female; EEG: electroencephalography; MRI: magnetic resonance; VEP: visual evoked potentials;
SEP: somatosensory evoked potential; DQ: Developmental Quotient; IQ: Intellectual Quotient; FIQ: Full Intellectual Quotient; VCI: Verbal Comprehension
Index; PRI: Perceptual Reasoning Index; WMI: Working Memory Index; PSI: Processing Speed Index; LEV: levetiracetam; VPA: valproate;
CBZ: carbamazepine; ETS: ethosuximide; CLB: clobazam; PB: phenobarbital, MDZ: midazolam; FU: follow-up; ASMs: anti-seizure medications; BA:
background activity; F: frontal; C: central; T: temporal; P: parietal; O: occipital, Fam = Family; ACMG: American College of Medical Genetics and Genomics;

P: pathogenic; LP: likely pathogenic
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CHAPTER IV: CK2 INTERACTION WITH

SARS-COV-2 NUCLEOCAPSID PROTEIN
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1. Introduction

1.1. Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2)

Coronaviruses (CoVs) (family Coronaviridae) DUH VXEGLYLGHG LQWR IRXU J
DQG / PHDQZKLOH . DQG FRURQDYLUXWHW EQSHOVD \PD

infect birds. Most of the known human coronaviruses produce common cold

symptoms in the infected subjects. However, three zoonotic FRURQDYLUXVHV

have been reported to cause severe symptoms in humans: the Severe Acute

Respiratory Syndrome Coronavirus (SARS-CoV) (Drosten et al., 2003), the

Middle East Respiratory Syndrome-Related Coronavirus (MERS-CoV) (Zaki et

al., 2012), and the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2) (Zhu et al., 2020). SARS-CoV-2 is the causative of COVID-19, and it was

first detected in late 2019 in patients with pneumonia in Wuhan, China.

The SARS-CoV-2 virus encodes four structural proteins, namely membrane (M)

protein, nucleocapsid (N) protein, envelope (E) protein and spike (S)

glycoprotein, that form an envelope virion. In addition, the virus encodes the non-

structural proteins, that mostly compose the viral replication and transcription

complex, and the accessory proteins that usually exert immunoevasive roles.

SARS-CoV-2 virus has a positive-sense single-stranded RNA genome (+ssRNA),

which is encapsidated by the N protein. During the virion assembly process, the

M and E proteins ensure the incorporation of the RNA genome into the viral

particle, while the S protein trimers provide specificity for cellular entry receptors.

The general life cycle of the coronavirus virion involves the attachment of the S

protein S1 domain to the host cell receptor ACE2, which allows the cleavage of

the S protein by the cell surface serine protease TMPRSS2, promoting viral

uptake and fusion at the cellular membrane. After the release and uncoating of

the viral RNA, the polyproteins ppla and pplab are further processed into

individual non-structural proteins, as the RNA replicase franscriptase complex

(RdRp), which in turn, is responsible for the replication of the structural protein.

After translation of the structural protein, the N protein remains in the cytoplasm,

where encapsidates the viral RNA, while the S, E and M proteins translocate into
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the host endoplasmic reticulum (ER) to then translocate to the ER-to-Golgi
intermediate compartment (ERGIC). Is in the ERGIC where all the structural
proteins and the encapsidated RNA interact to start the budding process towards
the final secretion of the virions from the infected cells by exocytosis (Lamers &
+DDJPDQV O9TINRYVNL HW DO

To promote the infection and its replication, SARS-CoV-2, similarly to others
viruses, modulate complex crosstalk between different signaling pathways,
activating several host cell kinases (Chatterjee & Thakur, 2022). As early as the
beginning of COVID-19 pandemic, different works suggested CK2 to be among
the host protein kinases exploited by SARS-CoV-2, thus representing a
prominent druggable candidate (Bouhaddou et al., 2020; Gordon et al., 2020a,
2020b). In particular, in an affinity-purification/mass spectrometry analysis,
Gordon and collaborators (Gordon et al., 2020a) identified CK2 among the human
proteins that physically associate with SARS-CoV-2 proteins. CK2 involvement
was suggested to be important in stress granule regulation; consistently, its
pharmacological inhibition disrupted stress granules in SARS-CoV-2 infected
cells. The global phosphorylation landscape of SARS-CoV-2 infection
(Bouhaddou et al., 2020) reported upregulation of several CK2-dependent
phospho-sites of viral and host cell proteins in SARS-CoV-2 infected Vero E6
cells, suggesting enhanced CK2 activity upon SARS-CoV-2 infection. Moreover,
this work revealed CK2 co-localization with the viral N protein in infection-induced
filopodia protrusions with budding viral particles in Caco-2 cells. This results were
supported by a second study of Gordon and collaborators (Gordon et al., 2020b),
that found interaction of both CK2 catalytic subunits, . D Q G an{l the CK2
regulatory subunit with the viral N protein after affinity-purification/mass
spectrometry analysis of SARS-CoV-2 infected cells. Moreover, among the
suggested 22 sites reported to be phosphorylated in N protein, two of them are
predicted to be CK2 target (Bouhaddou et al., 2020; Davidson et al., 2020).
Additionally, transcriptome and computational analyses of SARS-CoV-2 infected
Calu-3 cells showed activation of CK2 (Shaath & Alajez, 2020), and Fatoki and
coworkers described CK2 as one of the key players in the SARS-CoV-2 lifecycle
(Fatoki et al., 2021).
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1.1.1. SARS-CoV-2 Nucleocapsid protein

The SARS-CoV-2 N protein, composed of 419 amino acids, is encoded by the
open reading frame ORF9 of the virus and its fundamental function is the
packaging of the viral genome into a long helical ribonucleocapsid complex. As
shown in Figure 31A, five domains have been described in the N protein: a N-
terminal domain (NTD), a RNA-binding domain (RBD), a predicted disordered
central linker (LINK), a dimerization domain, and a C-terminal domain (CTD)
(Cubuk et al., 2021). Although the structure of the full-length N protein is not yet
available, some structural features are known, as for example that the NTD folds
LQWR VL[ DQ-ghéeeSSDMID D GGHURW U XGLQJ SRV Enapiv th@&\ FKDUJH (
forms a basic finger, while the CTD assembles into a cuboid shape composed of
homologous dimers (Yan et al., 2022). The RNA binding sites reside between the
NTD S UR W U Xh@ilpi@ and the core structure (Yan et al., 2022), as shown in
Figure 31B.

RNA binding . ' Dimerization

domain (RBD) domain |
1 50 174 246 365 419

N-NTD + dsRNA (PDB ID: TACS)

Figure 31. Structural representation of the of the SARS-CoV-2 N protein.

(A) Schematic representation of the SARS-CoV-2 N protein domains. (B) SARS-CoV-2 N protein
N-terminal domain in complex with double strand RNA. Positive charge potential is presented in
blue, while negative charge potential is presented in red. N-terminal domain (NTD), RNA-binding
domain (RBD), central linker (LINK), C-terminal domain (CTD), double strand RNA (dsRNA)
(modified from (A) Cubuk et al., 2021; (B) Yan et al., 2022).
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In other coronaviruses, the N protein has also regulatory roles in the viral life
cycle, controlling the host cellular machinery (Kopecky-Bromberg et al., 2007;
Surjit et al., 2006). This seems also probable for the SARS-CoV-2 N-protein,
since, among CoVs, the N protein sequence is highly conserved, and it
represents one of the most abundant structural proteins in virus-infected cells (He
et al., 2004).

Interestingly, the SARS-CoV-2 N-protein is not the only N protein that has been
suggested to interact with CK2, as there is evidence of biological important
relationships between N protein and CK2 in different CoVs. For example, in Avian
infectious bronchitis coronavirus (IBV), a lower affinity for random RNA by the N
protein was linked to the phosphorylation of four predicted CK2 sites (Chen et al.,
2005). Later, it was demonstrated that two of these sites were phosphorylated by
a different kinase activated during IBV replication (ataxia-telangiectasia mutated
and Rad3-related, ATR) (Fang et al., 2013). CK2 has also been suggested to be
one of the kinases that, by phosphorylating SARS-CoV N protein, allows its
binding to 14-3-3 proteins allowing its translocation to the cytoplasm (Surjit et al.,
2006). Gordon and coworkers found association of SARS-CoV and MERS N
protein with all the three CK2 subunits, although the consequences were not
elucidated by the authors (Gordon et al., 2020b).

In summary, the N proteins/CK2 connections seem to be a common feature of

CoVs-infected cells.
1.2. CK2 activity stimulation upon viral infection

As described in the introduction (see INTRODUCTION 1.2.3), most of the kinases

are in an inactive conformation and their activation in response to specific stimuli

usually requires a phosphorylation event and/or binding to a specific effector

(Endicott et al., 2012). However, this is not true for all kinases, and specifically

CK2 has been described as a constitutively active enzyme, VWUXFW XUDOO\ 30ORF
in an active conformation, thus not needing any phosphorylation event or a

second messenger to be catalytically competent. Despite this permanent active

state, it is known that CK2 can undergo a sort of regulation in different cellular

conditions (see INTRODUCTION 2.3), for example by binding to other molecules

(Borgo et al., 2021hb).
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Several examples have been reported of protein interactions suggested to
increase the activity of CK2. The activation is often exerted towards a specific
substrate, as for the binding of CK2. D Q G & to FGF-1 during cell proliferation,
reported to VWLPXODWH WKH DXWRSK RSKkjgrigdhlét @.D2RRQ RI &.
Many other cases are known, as shown in Table | (see INTRODUCTION 2.3),
although the effective in vivo relevance of these findings is often still to be proven.
Several viruses exploit CK2 to complete their replication and life cycle, thus it is
not surprising that CK2 activity stimulation has been observed also upon virus
infection. One of the first observations was in human cytomegalovirus
transformed cells, which, compared to normal cells, displayed an increment of
CK2 activity due to increased CK2 protein levels (Muganda et al., 1995).
Similarly, transgenic mice expressing the hepatitis C virus (HCV) core and F
proteins reveled increased CK2 protein levels (Hu et al., 2013), and transfection
of the HCV core protein in hepatoma cells produced stimulation of CK2
expression and CK2 activity (Foka et al., 2014).

While in all these cases the increased CK2 activity was due to higher protein
expression levels, in the case of the influenza A virus (H1N1), CK2 activity was
higher in infected cells without changes in its protein level (Hui & Nayak, 2002).
Similarly, increased CK2 activity without increased CK2 levels was observed in
cells infected by the herpes simplex virus type 1 (HSV-1), and this was interpreted
as due to interaction with the ICP27 viral protein (Koffa et al., 2003). Another
example is the Epstein-Barr Nuclear Antigen 1 (EBNAL) viral protein that, through
its bindingto &. ,increases CK2 association and consequent phosphorylation
of the promyelocytic leukemia protein (PML) (Sivachandran et al., 2010). Virus-
dependent CK2 stimulation was also observed by the Rev protein of the
immunodeficiency virus type-1 (HIV-1); in this case the protein is both a CK2
substrate (Meggio et al.,, 1996) and a potent activator of CK2 (Ohtsuki et al.,

1998), however these data were produced only in vitro.
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2. Aim

Although there is strong evidence supporting a connection between SARS-CoV-
2 and CK2 in infected cells, the direct evidence of CK2 activation by the viral
proteins and the actual phosphorylation of N protein by CK2 have not been
demonstrated. Our work hypothesizes that SARS-CoV-2 N protein is
phosphorylated by CK2 and that the activation of CK2 observed in SARS-CoV-2
infected cells is mediated by its interaction with the N protein.

To test this hypothesis, our aims were:

i.  To evaluate the direct phosphorylation of SARS-CoV-2 N protein by
CK2

To evaluate if CK2 can directly phosphorylate SARS-CoV-2 N protein, we
performed several in vitro phosphorylation assays using recombinant CK2 and N

protein.
ii. To assess the effect of SARS-CoV-2 N protein on CK2 activity

To understand whether SARS-CoV-2 N protein can increase CK2 activity, we
performed several in vitro phosphorylation assays to evaluate the activity of
recombinant CK2 towards model peptide and protein substrates, in the presence

of recombinant N protein.
iii.  To assess the interaction of SARS-CoV-2 N protein and CK2 in cells

To evaluate if CK2 and SARS-CoV-2 N protein interact in cells, following an
increase of the CK2 activity, we established a cellular model using HEK-293AD
and HEK- $' &. knockout (KO) cell clones stably transfected with the N-

protein.
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3. Results

3.1. CK2 phosphorylates the SARS-CoV-2 N protein

To evaluate if CK2 can directly phosphorylate SARS-CoV-2 N protein, we
performed in vitro radioactive phosphorylation assays using recombinant CK2
and recombinant SARS-CoV-2 N protein as substrate. As shown in Figure 32,
the phosphorylation assays revealed that N protein is phosphorylated either by
the tetrameric CK2 (Figure 32A) as well as by the monomeric subunit CK2 .
(Figure 32B). However, a stoichiometric analysis and a comparison between the
level of phosphorylation of the N protein and of other known CK2 substrates (not

shown), revealed that the level of phosphorylation of N protein was very low.
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Figure 32. CK2 phosphorylates the SARS-CoV-2 N protein.

Invitro SARS-CoV-2 N protein phosphorylation using (A) 0.5 pg and 1 pg of recombinant N protein

and5 QJ RI UHFRPELQDQW W H)\Wwr(B) ®Hud ard @4 pg of recombinant N protein

and100 QJ RI PRQRPHULF &. . 7KH SURWHLQV ZHUH LQFXEDWHG IRU
of a radioactive phosphorylation mixture. Phosphorylation was detected upon SDS-PAGE

separation and digital autoradiography (Cyclone plus). Data are results from one independent
experiment.

3.2. SARS-CoV-2 N protein strongly activates CK2  in

vitro

To understand whether the SARS-CoV-2 N protein can increase CK2 activity, we
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performed in vitro phosphorylation assays to evaluate the activity of recombinant
tetrameric CK2 and the monomeric subunits CK2 . andCK2 .1 WRZDUGV WKH PRG}
peptide substrate CK2-tide, in the presence of increasing concentrations of
recombinant N protein. As shown in Figure 33A, we found significantly increased
activity of the tetrameric CK2 .2 2 as well as both catalytic subunits, upon the
addition of N protein. This increase was dose-dependent, and it showed to be
much more pronounced on CK2 ., arriving up to a 5-fold increase, while CK2 .
and tetrameric CK2 presented a more modest effect, of almost 2-fold increase.
Therefore, we decided to investigate more in detail the effect of N protein on CK2
activity using CK2 .. We evaluated the dose- and time-dependance of this strong
activation. We observed that significant stimulatory effect starts at 100 ng of N
protein and increases in a dose dependent manner, arriving to a plateau at
1000ng of N protein (Figure 33B). Moreover, at constant concentration of N
protein, the effect over CK2 . activity increases during the incubation time, at least
up to 20 min (Figure 33C).
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Figure 33. SARS-CoV-2 N protein increases CK2 activity towards a model peptide substrate.

In vitro CK2 activity towards CK2-tide peptide was measure using (A) CK2 . as well as both
monomeric subunits &. . and & . . in presence of 0.5, 1 and 2 pg of recombinant N protein.
The proteins were incubated for 20 min at 30°C in the presence of a radioactive phosphorylation
mixture; (B) & . . in presence of increasing concentrations of recombinant N protein (10, 20,
50,100, 200, 400, 500 and 1000 ng). The proteins were incubated for 20 min at 30°C in the
presence of a radioactive phosphorylation mixture; (C) &. . in presence of 250 ng of
recombinant N protein. The proteins were incubated for 5, 10, 20 and 40 min at 30°C in the
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presence of a radioactive phosphorylation mixture; (D) & . . in presence of 200 and 400 ng of
native (control) or thermal denatured recombinant N protein. 200 ng of native and denatured
bovine serum albumin (BSA) was used as control. The proteins were incubated for 20 min at 30°C
in the presence of a radioactive phosphorylation mixture. Data from 2 independent experiments
are presented as mean * SD. Statistical analysis was performed with two-way ANOVA (A) or one-

ZD\ $129% % ZLWK 'XQQHWWYV SRVW WHVW QV QR V3iJQLILFDQW 3

*++p < 0.001. Data with no statistical analysis are results from one independent experiment.

Then, to assess whether the stimulation of CK2. DFWLYLW\ UHTXLUHYV 1 SU

tridimensional structure, we compared the effects of N protein in its native
structure or after thermal treatment, expected to produce at least partial
denaturation. Surprisingly, as shown in Figure 32.D, the activation of CK2 . was
also observed by using thermal denatured N-protein, suggesting that the
stimulation does not require higher structure elements and that probably the
responsible for the activation is a short element not affected by the denaturation.
Figure 33D also shows that the stimulation of CK2 . specifically requires the N-
protein, pointing that unspecific proteins, as bovine serum albumin, neither native
nor GHQDWXUHG SURGXFH WKLV LQFUHDVH RI &.

DFWLYLYV

Additionally, we evaluated the effect of the SARS-CoV- 1 SURWHLQ RQ WKH &.

activity using one of its model protein substrates, casein. As shown in Figure 34,
WKH 1 SURWHLQ Ddetiwity Yovaktsl €asé&in, however to a lower extent,
compared to what observed towards the peptide substrate, reaching a maximum
of 2.5-fold increase. This might be due to a possible steric hindrance that the N
protein can produce, thus limiting accessibility to the catalytic site to bigger
substrates when compared to small peptides.
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Figure 34. SARS-CoV-2 N protein increases CK2 activity towards model protein substrate.

In vitro CK2 activity towards casein was measure using & . . in presence of 0.5, 1 and 2 pg of
recombinant N protein. The proteins were incubated for 20 min at 30°C in the presence of a
radioactive phosphorylation mixture. Phosphorylation was detected upon SDS-PAGE separation
and digital autoradiography (Cyclone plus). Data are results from one independent experiment.

3.3. N-protein physically associates to CK2

We moved our investigation to the evaluation of the stimulatory effect of the

SARS-CoV-2 N protein over CK2 activity in cells, and to this purpose we used

HEK-293AD and HEK- $' &.  knockout .2 FHOO FORQHV DQG VW
transfected them with the HA-tagged N protein. In these cells, we first assessed

the physical association between CK2 and N protein by co-immunoprecipitation

experiments. As shown in Figure 35, we found co-precipitation of N protein with

& . ., and also the opposite, since & . . co-precipitates with the precipitated

HA-N protein. The association was observed both in HEK-293AD :7 DQG .2

cells, suggesting that N protein interactswith &. . LQGHSHQGHQWO\ RI &.
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Figure 35. SARS-CoV-2 N protein physically interacts with CK2 in cells.

Immunoprecipitation of & . . and HA-tagged N protein from protein lysates of HEK-293AD (WT)
and HEK-293AD CK2 knockout ( KO) cells stably transfected with the HA-tagged N protein.
Not-transfected cells (thus not expressing N-protein) were used as control (first and third lanes).
Data are results from one independent experiment.
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3.4. SARS-CoV-2 N protein enhances the

phosphorylation level of CK2 substrates in cells

To evaluate if the activation of CK2 activity by the N protein also occurred in cells,
we continue working with the HEK-293AD (WT) and HEK-  $' &. knockout
.2 FHOO FORQHV VWDEO\ W-4hjg@dVN hpiowiid Gigutd 36K WKH +3$
shows different lysates of WT or KO cells (two different clones) with increasing
levels of N-protein expression (revealed by anti-HA antibody) due to increasing
concentrations of puromycin, the antibiotic drug used to select the N-protein
expressing cells. By exploiting a CK2 phospho-substrate antibody, that
recognizes the consensus sequence for CK2 phosphorylation, we analyzed the
cellular CK2-dependent phosphorylation levels by Western Blot in these lysates.
As visible in fig 36, in the WT cells the expression of the N-protein did not produce
significant increase of the bands recognized by the CK2 phospho-substrate
antibody, when compared to the non-WUDQVIHFWHG :7 FHOOV 2Q WKH F
KO cells the presence of N protein is accompanied by an increase of some of the
bands recognized by the CK2 phospho-substrate antibody, which are marked by
the solid arrows in Figure 36. Interestingly, this increase is, at least in part,
proportional to the N protein expression levels, and the phospho-bands affected
by the expression of the N protein appear to be bands mainly reduced by lack of
the CK2 subunit, as in the HEK- 7 .2 bUH VWURQJO\ UHGXFHG FRP
WT cells.
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Figure 36. N protein enhances the phosphorylation level of CK2 cellular substrates.

Western blot of HEK-293AD (WT) and HEK- $' &. knockout .2 FORQH DQG FHOOV
stably expressing different levels of HA-tagged N protein. CK2-dependent phosphorylation levels

detected by a CK2 phospho-substrate antibody that recognizes the consensus sequence for CK2

phosphorylation. Solid arrows mark the bands with a positive effect on CK2 activity by the N

protein, while dashed arrows show bands with an inhibitory effect on CK2 activity by the N protein.

Data are results from one independent experiment.

As probably expected, not all the phospho-bands recognized by the CK2
phospho-substrate antibody are affected by the presence of the N protein in the
HEK-293T KO cells. On this regard, it should be kept in mind that CK2 is also
active as a monomer, and that one of the roles of CK2 is driving the substrate
selection, a characteristic that probably cannot be fulfilled by the N protein.
Moreover, as shown by the dashed arrows in Figure 35, we observed that in WT
cells some of the phospho-bands recognized by the CK2 phospho-substrate are
reduced upon transfection of the N protein, which might be associated to a
possible competition with CK2 .
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4. Discussion

Our results demonstrate that SARS-CoV-2 N protein is a lousy in vitro substrate
of CK2 holoenzyme and & . .. More strikingly, our results show that the SARS-
CoV-2 N protein increases CK2 activity in vitro and in cells. Although in vitro the
activation by the N protein was observed in CK2 holoenzyme, &. .%nd &. .,
the last one presented the stronger increase. Activation of & . . by denatured N
protein suggest that, rather than the tertiary structure, a short sequence region of
the N protein might be the responsible of the effect observed on &.
Preliminary results obtained by an in silico analysis, in collaboration with Dr.
Leonardi (University of Padova, Italy), allow to hypothesize that a relevant could
be the [89-106] sequence of the N-protein. We are now producing the
corresponding synthetic peptide to analyze its effect on CK2 activity, and, if the
results are promising, we will conjugate the peptide to a cell-penetrating
sequence to check its effects in cells.

As far as the CK2 side is concerned, our results suggest that the interaction with
the N protein might be in a region of &. . that is less accessible in the CK2
holoenzyme and probably less conserved in & . .1

The results that we obtained in cells allow interesting considerations. First, the
strongest effects were observed in KO cells, where the predominant catalytic
subunitis &. ., obviously not combined in the tetrameric holoenzyme. This is
consistent with what observed in vitro, with the . monomeric form as the most
sensitive to the activation, and with our co-precipitation experiments, that suggest
a direct association to ., independent of the presence of . Moreover, it is worth
notice that N protein did not stimulate all the visible CK2-dependent phospho-
bands, interestingly, the bands stimulated were mainly CK2 -dependent bands,
being strongly reduced in the KO cells. However, not all these bands were
affected by the N protein expression. This is in line with the hypothesis that the N
protein, by interacting with CK2 ., can somehow mimic the effect of CK2 , not
activating generically the enzyme but instead being involved in the substrate
specificity. In this view, the inhibitory effect induced by the N protein on some of
the CK2-dependent phospho-bands would not necessarily be a negative
characteristic, as it could be similar to the negative regulation of CK2 activity by
the subunit (Pinna, 2002).
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Since CK2 is mostly present in cells as the tetrameric holoenzyme, the fact that
the strongest activation by the N protein is towards the catalytic monomer could
put in doubt the relevance of our results. However, the holoenzyme presents
dynamic properties and it has been suggested that monomeric CK2 could be
transiently or locally present (Deshiere et al., 2013). It has also been suggested
that CK2 . could bind partners different from CK2 (Filhol et al., 2015; Filhol &
Cochet, 2009). Additionally, from a therapeutic perspective our result can be
interesting: to date, there are several CK2 inhibitors, including CX-4945 (Pierre
et al., 2011) currently in clinical trials against COVID-19, but there are no CK2
activators available. Despite there is evidence of possible mechanisms of
activation of CK2, a therapeutic activator has never been considered necessary,
since in most diseases where CK2 is involved, it is overexpressed/upregulated.
However, the recently discovered neurodevelopmental disorders caused by
mutations in the genes for CK2 . and (Ballardin et al., 2022) have highlighted
the importance to develop also CK2 activators. In this context, our results
represent an initial step for the development of a CK2 activator.
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GENERAL CONCLUSION

This thesis evaluated different aspects of the involvement of CK2 in four non +

related diseases: Friedrich ataxia (FRDA), chronic myeloid leukemia (CML),

Poirier 1Bienvenu neurodevelopmental syndrome (POBINDS) and COVID-19.

The involvement of CK2 in several diseases has been known for many years,

and, since it is a constitutively active enzyme, essential in virtually all cellular
processes, one can be induced to think that the problem in these diseases is
associated to its loss of function. Instead, in most of the pathological conditions

where its involvement has been described, CK2 was found to EH 3WRR PXFK’
'HVSLWH WKH PHFKDQLVPV XQGHUO\LQJ WKLV 3WRR PXFK
vary between diseases, the usage of CK2 inhibitors has been suggested as a

valuable strategy for different pathologies, especially, but not only, several types

of cancer. It has been also demonstrated that targeting CK2 is not a problem for

healthy cells, since cancer cells, which are addicted to CK2, are much more
sensitive to its inhibition, therefore normal cells survive to inhibitor doses that are

sufficient to induce cancer cell death. In this thesis, we confirm this historical view

of CK2 as a therapeutic target to be inhibited, adding further evidence of
conditions where this strategy can be pursued.

In fact:

1. in FRDA, we showed the involvement of CK2 in the turnover of the frataxin,
the protein responsible for the pathology in this disease, and we provided
initial evidence that CK2 inhibition in FRDA patient cells is able to increase
frataxin levels and can therefore be interesting from a therapeutic point of
view.

2. in CML, where CK2 was already known to be involved, we found
encouraging results on the effects of CK2 inhibition in cells that are
resistant to the first line CML therapy (the tyrosine kinase inhibitors, TKIs)
due to the T315| mutation of BCR-ABL1. The patients harboring this
mutation display one of the most severe CML phenotypes, and for them
only third-generation TKI therapy is available, with unfortunately frequent
and important side effects. Therefore, our finding of inhibitors that
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efficiently induce apoptosis in these cells represent a promising alternative
to be further investigated, either as monotherapy or in combination with
TKIs (thus allowing to reduce the TKI effective doses).

3. in COVID-19, CK2 has already been proposed as a target, with the CK2
inhibitor CX-4945 in clinical trial for this disease. Here, we studied in detalil
the connection between the SARS-CoV-2 N protein and CK2, finding
results that strongly support the value of CK2 inhibition in COVID-19. But
our investigation on the CK2 activation by SARS-CoV-2 N protein has
other important implications. Indeed, our study intends to arrive at the

design of a CK2 activator.

Why should a CK2 activator be important?

The answer to this question refers to the fourth disease that we investigated in
this thesis, POBINDS, and other similar conditions. In fact, only recently new
FRQGLWLRQV ZKHUH &. ZDV VXSSRVHG WR EH 3WRR ORZ’
genetic diseases POBINDS and Okur-Chung (OCNDS). Here, we characterized
for the first time some of the POBINDS mutants, founding that, at least for some
of them, CK2 activity is indeed hampered, and a CK2 activator would be probably
necessary. Our results showing the ability of the SARS-CoV-2 N protein to
strongly activate CK2 are a first step for the potential development of a
therapeutic CK2 activator: we are now identifying short peptides within the N
protein sequence with the ability to activate CK2 ., and, once this is confirmed,
we aim at producing cell-permeable derivatives that will be tested as activators
of CK2 in cells. The cellular model that we established for the analysis of the

effects of the POBINDS mutations will be a valuable tool to initiate this analysis.

In summary, we can conclude that CK2 is a key molecule that, to maintain its
SK\VLRORJLFDO IXQFWLRQDOLW\ VKRXOG EH NHSW DW W
condition, known for several years, has to be obviously avoided, we now know
WKDW DOVR WKH 3WRR ORZ" FRQGLWLRQ H[LVWV ZLWK SD
provides evidence of the need for the right balance, and also preliminary suggests

strategies to correct possible unbalanced conditions.

112



RELATED PROJECTS AND PUBLICATIONS

113



1. PROTEIN KINASE CK2 AND SARS-COV-2
REVIEW

CK2 has already been proposed as a target in COVID-19, with the CK2 inhibitor
CX-4945 in clinical trial for this disease. Although the main aim of my work was
the study of the connection between the SARS-CoV-2 N protein and CK2, |
contributed WR WKH UHY Brdtgin WihageOGKS afRd SARS-CoV-2: An
Expected Interplay Story “published in the journal Kinases and Phosphatases,
which explore the relationship between CK2 and SARS-CoV-2 as well as with
other viruses of the coronavirus family, highlighting also possible therapeutic

strategies (Quezada Meza & Ruzzene, 2023).
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Abstract: Protein kinase CK2 is a Ser/Thr protein kinase that phosphorylates hundreds of substrates
mainly related to survival and proliferation pathways. It has long been considered an anti-cancer
drug target. However, during the recent COVID-19 pandemic, CK2 inhibitors have been repurposed
as anti-SARS-CoV-2 drugs. This was based on the initial nding of CK2 among the proteins of
the host cell that interact with the viral proteins and modulate the infection. Since then, several
studies have deepened our understanding of the CK2/COVID-19 connection, and we deem it is
time to review all the ndings. Interestingly, other coronaviruses cross-talk with CK2 as well, with
similarities and differences compared to the SARS-CoV-2 case. Therefore, we believe that the analysis
of the effects obtained by targeting CK2 in case of coronavirus infections, both at the molecular and
phenomenological level, will help in extrapolating information that could be useful not only for
COVID-19 (whose pandemic emergency is hopefully turning off) but also for other infections.

Keywords: protein kinase CK2; CSNK2A1; CSNK2A2; CSNK2B; coronaviruses; COVID-19; SARS-CoV-2

1. Introduction
1.1. CK2 General Features, Structure, and Regulation

Protein kinase CK2 is a Ser/Thr kinase expressed in all eukaryotic cells and involved
in all cellular processes. It localizes mainly in the nucleus and cytoplasm, but also other
sub-cellular compartments [ 1], such as mitochondria and plasma membrane, where it can
be exported to the external side and is therefore considered an ecto-kinase [2]. The acronym
CK2 originates from the term “casein kinase 2” since this protein kinase was initially re-
garded as responsible for the phosphorylation of milk casein [ 3]. However, it was later clear
that casein is physiologically phosphorylated by another kinase (G-CK, or genuine casein
kinase, recently identi ed with Fam20C [ 3]). At the same time, it is not a physiological
substrate of CK2, which in turn phosphorylates hundreds of substrates [ 4] and is involved
in virtually all cellular processes. It is ubiquitously expressed and essential for embryonal
development [ 5], and its levels are particularly high in physiologically and pathologically
rapidly proliferating cells [ 6-8]. Indeed, cancer cells are known to be addicted to CK2 [9],
which plays essential roles in potentiating cancer hallmarks and tumorigenic signals [ 10-12].
Therefore, CK2 is presently considered a cancer drug target [13-17].

CK2 is constitutively active, meaning that it does not require signaling by second
messengers or phosphorylation events to be activated, and its functions are roughly regu-
lated by changes in protein expression. However, several mechanisms have been proposed
that might contribute to modulating the activity of this enigmatic kinase, ranging from
changes in subcellular localization, substrate availability/accessibility, association to other
proteins, composition in subunits/isoforms, and supramolecular polymerization of the
kinase holoenzyme [18,19].

From a structural point of view, mammalian CK2 is a tetrameric holoenzyme: it is
composed of two catalytic subunits (  or 9 coded by two different genes, CSNK2A1
and CSNK2A2, respectively) and two regulatory subunits , coded by the CSNK2Bgene.
Different holoenzyme combinations are possible ( 2 2, % 5 and © ,). However,
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the catalytic subunits are also active as monomers, and the regulatory functions of  are
mainly to preserve the enzyme stability and drive the selection of substrates [ 20]. The actual
existence of the isolated CK2 subunits in cells is still uncertain: several pieces of evidence
(reviewed in [ 18]) suggest a role of the monomeric catalytic subunits, not combined with the
regulatory ones, in speci ¢ pathological conditions, especially in cancer cells. Nevertheless,
a direct demonstration of the isolated  or %subunits in cells has never been provided.
The two isoforms of the catalytic subunit, and © are supposed to be mainly over-
lapping in their functions, but a few differential roles have also been reported: they differ
mainly for their C-terminal sequences, through which they can bind different partner
proteins, what is hypothesized to allow them exerting some isoform-speci ¢ functions [  21].

1.2. CK2 in Diseases

CK2 activity is implicated in a plethora of diverse human diseases, as recently re-
viewed [ 27]. As mentioned above, its pathological functions are mainly documented in
cancer. The rst connection between CK2 and mammalian tumorigenesis dates back to
the late 80s, when Ole-MoiYoi and coworkers, by studying bovine theileriosis (a cattle
parasite disease that represents a naturally occurring animal model), provided the earliest
evidence of a molecular causative link between CK2 and mammalian lymphoid oncogene-
sis (as reviewed in [23]). Subsequently, a huge amount of data was collected supporting a
tumorigenic role for CK2 in different types of human hematological malignancies and solid
cancers, where it is often found overexpressed compared to normal tissues [24,25]. Given
the close relationship frequently occurring between viral infections and tumorigenesis, this
profound engagement of CK2 in cancer has particular relevance for the topic of this review,
as will be discussed below.

For a detailed description of the many other diseases where CK2 has been found
involved, we refer the readers to another recent review [ 22]. Here we can just brie y list the
CK2 implication in in ammation and autoimmune disorders [  26], diabetes and obesity [27],
diverse ophthalmic pathologies [ 28,29, cardiovascular diseases, such as cardiac ischemia—
reperfusion injury, atherosclerosis, and cardiac hypertrophy [ 30-32]. CK2 is also considered
an emerging target for neurological and psychiatric disorders [ 33] and possibly for cystic

brosis [ 34]. Moreover, recently, psychiatric disorders and syndromes due to mutations
of the genes for the CK2 subunits have been identi ed [ 35]. Speci cally, they are called
Okur-Chung Neurodevelopmental Syndrome or OC-NDS (mutations of the CSNK2A1
gene, coding for CK2 ) and Poirier-Benvenu Neurodevelopmental Syndrome or POBINDS
(mutations of the CSNK2Bgene, coding for CK2 ).

Notably, other well-known functions of CK2 are in human infections; given the rele-
vance of the topic of this review, they will be dealt with separately in the next paragraph.

1.3. CK2 in Viral Infections

Protein phosphorylation is a widespread and effective way to modulate protein func-
tions, which even viruses exploit for their replication and life cycle. However, they depend
on host protein kinases for the catalysis of this process; consistently, the activation of
speci ¢ cellular kinases in response to the infection has been frequently observed, with
the consequent phosphorylation of viral proteins, but also increased phosphorylation level
of host cell proteins [ 36]. CK2 is among the most pleiotropic kinases, with 25 % of the
phospho-proteome depending on its activity [ 3]. Therefore it makes sense that it could also
be crucial for viruses. Indeed, its involvement in the phosphorylation of viral proteins has
been known for many years, with 40 cases documented in 2003 [4]. One of the rst reported
cases is the human papillomavirus E7 protein; interestingly, this is the target of CIGB-300,
a clinical-grade drug displaying promising anticancer properties [ 37,38]. Other notable
examples (recently reviewed [8,22]) are the HIV-1 Rev protein, hepatitis C and B virus
proteins, NSP1 of rotavirus, the nucleocapsid protein of the Hantaan virus, the matrix M
protein of the human respiratory syncytial virus, the leader L protein of the encephalomy-
ocarditis virus, the Kaposi's sarcoma-associated herpesvirus ORF57. Other viruses reported
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to exploit the activity of CK2 for their infection and propagation are Epstein-Barr Virus
(EBV) [39], Herpes Simplex Viruses (HSV), Human Cytomegalovirus (CMV) [ 8], and the
list is continuously increasing, now also including coronaviruses, as described below in
more details. In many cases, the infection preludes tumor transformation; therefore, the
involvement of CK2, a pro-tumor kinase, is not so unexpected.

The mechanisms by which the phosphorylation by CK2 of viral proteins contributes
to the infection are largely unknown. In some cases, the classical antiapoptotic mechanism
that CK2 exerts by phosphorylating sites near a caspase site and preventing cleavage §0]
might also apply to viral proteins, as reported in the case of ORF57 [ 41]. For the human
papillomavirus E1 protein, it has been demonstrated that the phosphorylation by CK2
stabilizes ATP-dependent DNA helicase activity, which is essential for viral replication [ 42].

Regardless of the phosphorylated protein and the effect produced, it is worth noting
that CK2 targeting has been proposed to stimulate host defence against virus infection by
increasing IFN- and IFN- response, possibly by regulating the RIG-1 dependent signaling
pathway [ 43,44]. This mechanism would not be limited to a speci c viral infection.

2. CK2 and Coronaviruses

Coronaviruses are viruses known for many years, named after the Latin word for
crown “corona” due to their peculiar glycoprotein spikes on the virus's surface, visible
by electron microscopy, that resemble the solar corona. They are subdivided into four
genera,namely , , ,and . and coronaviruses ( -CoV) infect mammals, while
and primarily infect birds. Until the SARS-CoV outbreak in 2003, coronaviruses were
not given much attention by scientists since the ones known to infect humans caused
minor symptoms. Presently, three human coronaviruses are known that can produce
severe symptoms, all belonging to the genus: the Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV, identi ed in 2003), the Middle East Respiratory Syndrome-Related
Coronavirus (MERS-CoV, identi ed in 2012), and the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2, recognised in 2019). They cause diseases called SARS, MERS,
and COVID-19, respectively.

The CK2 involvement in coronavirus infection is supported by several observations,
as summarized in Figure 1. Firstly, the human -CoV receptor on the host cell is ACE2
(angiotensin-converting enzyme 2), a known CK2 target [ 45]. As early as 2010, Chen
and coworkers found that the CK2-dependent phosphorylation of ACE2 at the specic
site Ser787 is increased upon binding of SARS-CoV; this activates downstream signal
transduction pathways, namely ERK1/2 and AP-1, upregulating the brosis-associated
CCL2 (chemokine C-C motif ligand 2) which mediates lung in ammation and lung brosis
and facilitates viral invasion into the host cell. Consistently, the dysregulated production of
in ammatory cytokines in response to SARS-CoV is reduced by the inhibition of CK2 [ 46].

The essential role of CK2 in  -CoV replication has been recently demonstrated [47] by
developinga -CoV reporter assay based on mouse hepatitis virus (MHV), a member of
the -CoV genus, frequently used as a model to study the virulence of other -CoVs, since
it does not require restrictive safety facilities. The -CoV binding to the ACE2 receptor
occurs through the spike protein (S protein) present on the surface of the virus [ 48 and is
followed by clathrin-mediated endocytosis [ 49]. Yang and coworkers used a chemogenomic
approach to demonstrate that CK2 inhibitors suppress murine, bat, and human -CoV
replication. They further con rmed the results by the genetic knockdown of the individual
CK2 subunits and provided evidence that the effects are due to the reduced endocytosis of
the spike protein [ 47].

A -coronavirus bovine (BCoV) model was instead exploited by Perea's group [ 50] to
investigate the ef cacy of the anti-CK2 peptide CIGB-300 (in ref [ 50] called CIGB-325) in
inhibiting the viral infection. The authors found that CIGB-300 has an antiviral effect in
cell-based assays and reduced M (membrane) and N (nucleocapsid) viral protein levels.
CIGB-300 is designed to act at the substrate level: it binds to the phospho-acceptor domain
and prevents CK2-dependent phosphorylation [ 51]. Interestingly, in pull-down assays,
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CIGB-300 was found to physically interact not only with several cellular CK2 substrates, as
expected, but also with the BCoV N protein. The observed CIGB-300/N protein association
allows us to speculate that BCoV N protein is a putative CK2 substrate; however, further
experiments will be necessary to exclude an indirect binding mediated by other proteins.
The results by Perea and coworkers are particularly interesting since BCoV, despite sharing
pathogenic properties with other coronaviruses, does not enter host cells by binding to the
ACEZ2 receptor but attaches to N-acetyl-9-O-acetylneuraminic acid (Neu5, 9Ac2) through
HE (haemagglutinin esterase) and S proteins [52]. The nding that CK2 targeting reduces
the BCoV infection is an additional indication that ACE2 is not the only crossing point
between CK2 and coronaviruses and that there are several levels by which CK2 may impact

the virus life cycle.
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Figure 1. Connections between CK2 and -CoVs. CK2 is depicted with the typical “butter y”
structure of the tetrameric holoenzyme. The boxes summarise the connections of CK2 to each -CoV
(see the text for references). The question mark (?) indicates still speculative nding.

Indeed, the N protein seems crucial in the CK2 regulation of coronavirus biology.
N protein of the Avian infectious bronchitis coronavirus (IBV) was found to display a
lower af nity for random RNA, and four phospho-sites were predicted as CK2 sites[ 53].
However, later it was demonstrated that at least two of these sites are not direct targets
of CK2 but phosphorylated by ataxia-telangiectasia mutated and Rad3-related (ATR), a
kinase activated during IBV replication [ 54]. In any case, CK2 can be relevant since it can
be indirectly stabilized by ATR [ 55], thus suggesting that phosphorylation of N protein is
most likely a dynamic and timely regulated process during the infection cycle.

N protein of SARS-CoV is also regulated by CK2 [ 56,57]: it was suggested that CK2 is
among the multiple kinases that, by phosphorylating SARS-CoV N protein, allow its bind-
ing to 14-3-3 proteins and its translocation to the cytoplasm. The functional consequences
of this process were not elucidated, but the authors postulated that nuclear localization
of the N phosphoprotein might interfere with the cellular machinery and trigger apop-
tosis; other hypotheses are that phosphorylation may increase the protein stability, or
promote its self-association, an essential step for viral assembly, or regulate downstream

signaling pathways.
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N protein has also been found to be associated with CK2 in MERS and SARS-CoV-2
infection [ 56], thus pointing to N proteins as a general element exploited by CK2in  -CoVs-
infected cells. The multiple levels of connection between CK2 and SARS-CoV-2 will be
described in detail in the following paragraph.

3. CK2 and SARS-CoV-2

SARS-CoV-2, like the other -CoVs, exploits the ACE receptor, a CK2 substrate [45],
raising the interest in CK2 as an anti-COVID-19 target. But regardless of ACE, as early
as the rst year of the COVID-19 pandemic, two important papers were published that
directly correlated CK2 to SARS-CoV-2 infection. Gordon et al. [ 58] applied an af nity-
puri cation/mass spectrometry approach to identify host proteins exploited by the virus
and already targeted by existing drugs. Among the human druggable proteins that physi-
cally associate with SARS-CoV-2 proteins, they identi ed CK2, which was supposed to be
involved in stress granule regulation. Consistently, CK2 inhibitors disrupt stress granules.
All the CK2 subunits (the  (CSNK2A1) and ' (CSNK2A2) catalytic isoforms and the
regulatory subunit (CSNK2B)) were found to bind to the N protein[ 56].

The global phosphorylation landscape of SARS-CoV-2 infection was also published
in 2020 [59)], reporting that some CK2-dependent phospho-sites (belonging to both viral
and host cell proteins) are upregulated in SARS-CoV-2 infected cells. This suggested
that SARS-CoV-2 would enhance CK2 activity. They found that CK2 localizes with N
protein in lopodia protrusions possessing budding viral particles markedly induced by
the infection. Also, employing transcriptome and computational analyses, Shaath and
Alajez [60] observed activation of CK2 in Calu-3 infected cells, and Fatoki and coworkers
described CK2 as one of the key players in the SARS-CoV-2 lifecycle p1]. As reviewed by
Chatterjee and Thakur [36], some of the CK2-dependent phospho-sites found in SARS-CoV-
2 infected cells belong to the viral M protein, but the consequences of the phosphorylation
remain unknown.

SARS-CoV-2 activates several host cell kinases36], with the nal effect of complex
crosstalk between different signaling pathways globally contributing to virus infection
and replication. An example of great relevance for this review is the case of the PI3K/Akt
pathway: it is deeply interconnected with CK2, which potentiates it by acting at several
levels [62]. Since this pathway is instrumental to SARS-CoV-2 biology [ 63,64], CK2 also
contributes to virus replication by boosting it. Another example of the intricate network
by which CK2 might sustain the SARS-CoV-2 infection is the ERK1/2 and AP-1 signal-
ing pathway (previously mentioned also for SARS-CoV), in which PAK1, an activator
of this pathway and a substrate of CK2, can promote the activation of the transcription
nuclear factor- B (NF- B) and STAT3 pathways [65]. Both NF- B and STAT3 are CK2
substrates, involved in the induction of in ammatory cytokine expressions and polariza-
tion of M2 macrophages promoting lung brosis in response to SARS-CoV-2 infection,
respectively [66,67]. An additional crossing point between CK2 and SARS-CoV-2 is the
Wnt/ -catenin signaling pathway, which CK2 regulates [ 68,69] and is crucial in SARS-
CoV-2 infection since the treatment of SARS-Cov-2 infected cells with iCRT14t, a specic
inhibitor of Wnt/  -catenin, decreased the cytopathic effect (changes in cell morphology
caused by the virus) and reduced SARS-CoV-2 N protein level [ 36].

The multiple levels of connections between CK2 and SARS-CoV-2 are summarized in
Figure 2.
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Figure 2. Different levels of CK2 involvement in SARS-CoV-2 infection. CK2 actions are indicated
by the red arrows, with a question mark where data are still speculative, or the effects of the
phosphorylation are not known. Dashed arrows refer to signaling pathways not de ned. See the text

for references.

4. CK2 Targeting as Anti-COVID-19 Strategy

The above-described involvement of CK2 in the SARS-CoV-2 biology, its druggability,
and the existence of CK2 inhibitors already in human clinical trials as anticancer drugs (CX-
4945 or silmitasertib (https://clinicaltrials.gov/ct2/results?cond=&term=CX-4945&cntry=
&state=&city=&dist =) (accessed on 15 June 2023) and CIGB-300ifps://clinicaltrials.
gov/ct2/results?cond=&term=cigh-300&cntry=&state=&city=&dist =) (accessed on 15 June
2023) have promptly sparked interest in CK2 as a possible target for COVID-19 as well, and
the repurposing of the compounds.

Apart from the already quoted study on bovine coronaviruses [ 50], by a computational
biology analysis [ 70], CIGB-300 has been proposed to interfere with the SARS-CoV-2 life
cycle in infected human cells: it might affect the immune response to the infection and
perturb the virus hijacking of RNA splicing machinery. An exploratory clinical study with
CIGB-300 (now called CIGB-325) has been performed to investigate its safety and putative
clinical bene t in COVID-19 patients with pneumonia[ 71]. Despite the small sample size
(twenty patients), and the preliminary level of the study, the results were encouraging
since CIGB-300 signi cantly reduced the median number of pulmonary lesions with mild
and/or moderate adverse events.

The CX-4945 repurposing was proposed since the beginning [58] when CK2 was
found to interact with SARS-CoV-2 N protein and in uence stress granule regulation.
CX-4945 is presently in a clinical trial for COVID-19 and coronavirus, besides cancer https:
/[clinicaltrials.gov/ct2/show/NCT04668209?term=CX-4945&draw=2&rank=1 (accessed
on 15 June 2023). Other compounds have been investigated as potential anti-COVID-
19 drugs. By studying the network of genes expressed in COVID-19-infected patients,
Fatoki et al. [61] tried to predict the drug compounds that could interfere with pathologic
signaling pathways. They identi ed CK2 (along with DNA-PK) as playing a crucial role
in the SARS-CoV-2 lifecycle, and, by investigating phytochemicals that could represent
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therapeutic modulators, suggested emodin, ellagic acid, quercetin, and others as CK2
targeting compounds. They are indeed among the already-known inhibitors of CK2 [ 13].

5. Conclusions

Protein phosphorylation, elicited from the host kinases, is a well-known mechanism
viruses exploit for survival. SARS-CoV-2 is no exception: the viral proteins N, M, S, 3a,
and 9b were phosphorylated in about 70 different sites, corresponding to the consensus se-
guences of several kinases. Moreover, in SARS-CoV-2 infected cells, the phosphorylation of
many host cell proteins increases (more than 15,000 phosphorylation sites identi ed) [36,59],
and, at least in part, this is achieved through the activation of host kinases induced by the
virus. Despite its constitutive activity, CK2 is among the activated enzymes. This could
seem counterintuitive: what is the advantage of activating a kinase that is already catalyti-
cally competent? However, while the conformation structure of CK2 perfectly explains its
constitutive activity [ 72], this does not exclude regulation events that can further enhance
the phosphorylation of its substrates [ 18]. Since CK2 is very pleiotropic, being responsible
for up to 25% of the phosphoproteome [ 3], its involvement in phosphorylating substrates
instrumental for the virus life cycle is not unexpected. Moreover, its peculiar consensus
sequence (S/T-x-x-E/D/pX) [ 73] is very common and present in several virus proteins.

As the Figure 2 summarises, CK2 and SARS-CoV-2 biology signals have several
connecting points. Among them, it is worth pointing out the virus receptor ACE2, which
is a substrate of CK2. Although the effects of the ACE2 phosphorylation on SARS-CoV-2
infection have never been described, by similarity with what was observed in the case
of SARS-CoV [46], they are expected to be essential for the receptor functions. Other
crucial levels of SARS-CoV-2/CK2 integration are the several signaling pathways strongly
implicated in the infection and regulated by CK2 at multiple levels, such as PI3K/Akt, NF-

B, STAT3, Wnt/ -catenin, ERK1/2, and AP-1. However, the most signi cant connection is
probably represented by the N protein, which can physically interact with each of the CK2
subunits and stimulate its catalytic activity. Indeed, N proteins of different coronaviruses
are crucial for the functions played by CK2 in the infected cells (see Figure 1). Future
studies will hopefully de ne the N protein/CK2 interaction at the molecular level, with
exciting implications for our knowledge of CK2 biology, and ideally providing hypotheses
on possible interventions to regulate its activity.

Although the COVID-19 outbreak is now less scary, it is important to highlight that
identifying new antiviral therapies is still desirable to face the continued virus evolution
with the possible emergence of new variants. Inevitably, selective pressure can generate
drug-resistant mutants: this is frequent with direct antiviral agents, while cellular proteins
exploited by the virus are less likely to be circumvented by viral escape mutants [ 74]. Also,
considering the potential emergence of new -CoVs, a broad-spectrum drug with activity
against a wide range of viruses would be advantageous to prevent rapid viral spread. In
this view, data reported so far provide strong evidence for CK2 as an ideal target. The wide
availability of CK2 inhibitors and the clinical level of some of them complete the rationale
for considering this kinase as a valuable target.
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2. ROLE OF CK2 IN CONTROLLING ER-PHAGY

| contributed to the researchwork R 'U 6 HWWHPEUHYTV JURXS&f 7HOHWKI
Genetics and Medicine, Italy), that demonstrated that FAM34C cannot bind LC3B

when phosphorylated by CK2. During starvation, mTORC1 inhibition limits

FAM134C phosphorylation by CK2, hence promoting receptor activation and ER-

phagy. Although ER-phagy deregulation has not been implicated in human

diseases yet, preliminary evidence suggests that deregulation of FAM134C-

mediated ER-phagy might contribute to the ER pathology and lipid alterations

observed in diseases associated with mTORC1 hyperactivity. In particular, my

work demonstrated that: 1) CK2 phosphorylates the ER-phagy receptor FAM34C

RQ WKH 6 6 DQG 7 VLWHV P725& SKRYISKRU\ODW
CK2; 3) this affects the ability of CK2 to recognize some of its substrates. The

results of this investigation were published under the title Phosphorylation of

FAM134C by CK2 controls starvation-induced ER-phagy "~ L Q W K H SkdreeU QD O

Advances (Di Lorenzo et al., 2022).
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Selective degradation of the endoplasmic reticulum (ER) via autophagy (ER-phagy) is initiated by ER-phagy receptors,
which facilitate the incorporation of ER fragments into autophagosomes. FAM134 reticulon family proteins
(FAM134A, FAM134B, and FAM134C) are ER-phagy receptors with structural similarities and nonredundant func-
tions. Whether they respond differentially to the stimulation of ER-phagy is unknown. Here, we describe an
activation mechanism unique to FAM134C during starvation. In fed conditions, FAM134C is phosphorylated by
casein kinase 2 (CK2) at critical residues flanking the LIR domain. Phosphorylation of these residues negatively
affects binding affinity to the autophagy proteins LC3. During starvation, mTORC1 inhibition limits FAM134C
phosphorylation by CK2, hence promoting receptor activation and ER-phagy. Using a novel tool to study ER-phagy
in vivo and FAM134C knockout mice, we demonstrated the physiological relevance of FAM134C phosphorylation
during starvation-induced ER-phagy in liver lipid metabolism. These data provide a mechanistic insight into
ER-phagy regulation and an example of autophagy selectivity during starvation.

INTRODUCTION ER-phagy is emerging as a critical quality control mechanism to
(Macro)autophagy begins with the sequestration of cytosolic spibeserve ER homeostas®s-14). FAM134B was described as the
strates in autophagic vesicles that subsequently fuse with lysosdirgtsnammalian autophagy receptor that controls the degradation
where cargo degradation occut¥. (Nutrient starvation represents of the ER 15), and its activity can be modulated at both transcrip
the most potent physiological inducer of autophagy. Starvatidienal and posttranslational levels6¢19). Subsequently, additional
induced autophagy is mainly controlled by mechanistic target BiR membrane proteins have been characterized as ER-phagy receptors
rapamycin complex 1 (MTORCL1) that phosphorylates members(dEX264, SEC62, RTN3L, CCPG1, and ATRG)}Z5). Recently, we
the autophagy initiation complex ULK1 and ATG13 and the-trafurther expanded this knowledge by characterizing the two FAM134B
scription factors TFEB and TFE3-6). The mechanisms controlling paralogs, FAM134A and FAM1342%(. FAM134 proteins represent
autophagy substrate capture during starvation-induced autophadbg first ER-phagy receptor family. Despite the strong homology in
are not well defined, and this type of autophagy is consideretheLlIR region and the presence of a reticulon homology domain in all of
bulk process. them, the FAM134 family members have several unique characteris
The selection of substrates during autophagy can be mediatetidsy For example, FAM134B overexpression is sufficient to promote
autophagy receptors, which are able to bind cytosolic cargoes féefi-phagy17), while FAM134A and FAM134C appear to be inactive
tating their sequestration into forming autophagosomes. Autophaigysteady-state condition2®). Whether functional changes in the
receptors associate with the LC3 and GABARAP proteins on augtucture and/or the interactome profiles of FAM134A and FAM134C
phagic membranes through the LC3-interating region (LIR) aradte needed for their activation is currently unknown.
GABARAP-interacting motif, respectively; 8). Selective autophagy  In this study, we identified a mechanism of FAM134C activation that
cargo includes the endoplasmic reticulum (ER) (ER-phagy); mitmntributes to ER-phagy induction during starvation. FAM134G acti
chondria (mitophagy), lipid droplets (lipophagy), and several otheation is controlled by casein kinase 2 (CK2)—dependent phosphoryl-
cellular components. ation at critical and unique residues that are proximal to the LIR
motif. This phosphorylation event modulates the interaction between
FAM134C and LC3 proteins, and it is modulated during starvation in an
- . . — . . mTORC1-dependent manner. We showed the physiological relevance
Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli, frdtabolism of FAM134C phosphorylation in vivo and, using in vivo tools to study
and Cell Signaling Laboratory, Spanish National Cancer Research Centre (CN . .. .
Madrid, SpainUniversita della Svizzera italiana (USI), Faculty of Biomedical SciencEs, -pha_tgy, an altered FAM134_C med'ated activation of ER-phagy in
Euler Institute, Lugano, SwitzerlaritDepartment of Biomedical Sciences, University mice with aberrant mMTORC1 signaling.
of Padova, Padova, ItalDepartment of Clinical Medicine and Surgery, Federico Il
University, Naples, ItaljDepartment of Biology, University of Rome “Tor Vergata”,
Rome, Italy’Institute of Biochemistry II, Faculty of Medicine, Goethe University
Frankfurt am Main, GermanyBuchmann Institute for Molecular Life Sciences RESULTS
(BMLS), Goethe University, Frankfurt am Main, Germ¥Dgpartment of Trans Regulation of FAM134 proteins by starvation and

lational Medicine, Federico Il University, Naples, ItSf&NR Neuroscience Insti nTORC1 inhibition

tute, Padova, Italy*'Department of Pharmacy, Federico Il University, Naples, Italy.

*Corresponding author. Email: p.grumati@tigem.it (P.G.); settembre@tigem.it (C.59 Study the response of the FAM134 proteins to starvation and mTOR

tThese authors contributed equally to this work. inhibition, we used U20S cells that express doxycycline-inducible
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hemagglutinin (HA)-FAM134A, HA-FAM134B, and HA-FAM134Cunexpected prominent role of FAM134C, over other family members,
at comparable levels (fig. S1A). We analyzed FAM134 lysosomalduring mTORC1-dependent starvation-induced ER-phagy. These
before and after treatment with the mTOR inhibitor Torinl and in théata prompted us to search for a possible mechanism of FAM134C
presence of bafilomycin Al (BafAl), an inhibitor of lysosomal degradativation during starvation and mTORC1 inhibition.
tion. The addition of BafAl to cells for 4 hours resulted in a massive
accumulation of FAM134B, but not of FAM134A and FAM134@AM134C phosphorylation at critical residues controls its
within LAMP1-positive vesicles, thus indicating that FAM1348ctivation during starvation
lysosomal flux was higher compared to the other family memb@ise lysosomal delivery of HA-FAM134C was potently induced
(Fig. 1, A and B), consistent with previous observati@fis ( in response to serum, amino acids, or their combined deprivation
The addition of Torinl stimulated FAM134C and FAM134AHanks’ balanced salt solution (HBSS) medium] in U20S cells (fig.
lysosomal puncta formation, with FAM134C showing a more robuSBA). Phosphoproteomic analysis comparing starved (HBSS) with
response (Fig. 1, A and B). Conversely, Torinl did not furtheatrient- and insulin-rich medium (full medium) U20S cells- ex
increase FAM134B lysosomal puncta number, in the presence prassing HA-FAM134C identified specific residues located in the C
absence of BafAl (Fig. 1, A and B). terminus of FAM134C (S285, S335, S435, S436, and T440) signifi
Next, we generated human embryonic kidney (HEK) 293 cealntly phosphorylated in full versus starved medium conditions
stably expressing FAM134 proteins tagged with red fluorescéfig. 2A). The analysis of a published phosphoproteome dataset of
protein—enhanced green fluorescent protein (RFP-EGFP) te metarved versus insulin-stimulated Hepa-1-6 cell li2€s donfirmed
sure FAM134 delivery to lysosomes in response to a time courdgbatfendogenous FAM134C was significantly more phosphorylated
Torinl treatment by fluorescence-activated cell sorting (FAC&)S436 and T440 in insulin-stimulated conditions (fig. S3B). The
analysis (Fig. 1C). The acidic environment inside the lysosoB8#35, S436, and T440 residues are in the cytosolic C-terminal region
efficiently quenches the fluorescent signal of EGFP but not of RéfRthe protein in proximity (12, 11, and 7, respectively) of the
and the fluorescent shift can be measured by FACS. We obseh¥Bdsequence that binds to LC3/GABARAP proteins (starting at
that FAM134C was the most responsive to Torinl adminiB447). To elucidate the role played by these residues, we investigated
tration, showing about 20-fold increased acidification upothe binding mode between FAM134C and LC3B. As no experimen
6 hours of Torinl administration. Differently from what we-obtal structure was available, we first generated a homology model of
served in U20S cells, Torinl enhanced FAM134B lysosortia FAM134C binding interface encompassing the residues P434 to
delivery in HEK293 cells, although at much lower levels compaf460 (FAM134C_P434-P460 hereafter) (Fig. 2B and fig. S4, A to I).
to FAM134C. Molecular docking simulations and parallel-tempering molecular
To assess the relative contributions of the FAM134 proteins durghghamics (PT-MD) calculations of the FAM134C/LC3B complex
Torinl-induced ER-phagy, we generated RCS cells lacking eithere performed to identify the interprotein contacts that stabilize
Fam134aFam134bFam134cor all three combinedeem134X°)  the heterodimer structure. These methods are widely used to study
(fig. S1B) and expressing the mKeima reporter fused to the m&lecular binding system29 30). The PT-MD calculations showed
membrane protein RAMP4. The mKeima protein is unaffected that all the residues S435, S436, and T440 engage in H-bord inter
lysosomal proteases, and the appearance of a proteolytically cleastohs with LC3B. FAM134C'’s T440 and S435 form H-bonds with
mKeima from RAMP4 can be used to measure lysosomal delivibey backbone oxygens of LC3B V46 and L71, respectively, while
of RAMP4-decorated ER fragmen20(27). We observed that FAM134C’s S435 engages in two H-bonds, one with the backbone
Fam134€° and Fam134"° showed a significant stronger im oxygen of LC3B N74 and the other with the Q77 side chain (Fig. 2B).
pairment of Torinl-induced ER-phagy compared with the oth&rhe full list of the FAM134C_P434-P460/LC3B interactions is
genotypes, as measured by the levels of processed mKe#aparted in table S6. The obtained structure of the FAM134C_
(Fig. 1, D and E). Similarly, FACS analysis in Torinl-treated cdp434-P460/LC3B binding complex highlights the role played by
trol and Fam134 knockout (KO) cells expressing the fluoresc&#35, S436, and T440 in the formation and stability of the heterodimer,
ER-phagy reporter SS-RFP-GFP-KDEL demonstrated reductimmompting us to further investigate the impact of the phospheryla
of ER-phagy flux in alFam134KO cells, withiFam134£° and tion of these amino acids. To this end, we computed the electrostatic
Fam134KO having the strongest effects (Fig. 1F). To gain insigitsp of LC3B through the “Adaptive Poisson-Boltzmann Solver”
into the functional relevance of these observations, we perfornsedtware 81). Here, it can be noted that the region of LC3B inter
full proteome mass spectrometry (MS) analysis on U20S and R€tthg with FAM134C’s S435, S436, and T440 is relatively neutral in
cells that overexpress and lack FAM134 proteins, respectivelyteims of charge, suggesting that phosphorylation of the indicated
both U20S and RCS control cells, Torinl treatment significantlsidues, increasing the local electron density, might lead to a less
down-regulates several ER proteins in an ER-phagy—dependambrable interaction with LC3B. We also investigated how single and
fashion, because this effect was blunte#itg¥<© andFam134X° triple mutations S435D, S436D, and T440D in FAM134C affect the
cells (Fig. 1, G and H; fig. S2; and table S5). We found that the oberding affinity to LC3B. The substitution of serine and threonine
expression of HA-FAM134C increased the number of ER proteiesidues with aspartate allows assessing the result of charge modifi
down-regulated by Torinl stimulation to a higher extent comparedtion in FAM134C, mimicking the effect of phosphorylation at
with HA-FAM134B or HA-FAM134A overexpression (Fig. 1G anthese sites. Our results show that both the triple mutant (3D) and the
table S4). Furthermor&am134£° caused the strongest inhibi single mutants S435D and S436D strongly decrease the FAM134C
tion of Torinl-induced ER protein degradation compared withinding score to LC3B, while such effect is less pronounced in the
Fam134band Faml134adeletions (Fig. 1H, fig. S2, and table S5)440D mutant (see fig. S4, J to L). On the other hand, the triple
Collectively, gain- and loss-of-function experiments performed mutant resulting from the substitution of S435, S436, and T440 with
different cell types and using diverse approaches uncoveredakamine (3A), instead of aspartate, has a binding score like that of the
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Fig. 1. Regulation of FAM134 protein by mTORC1 inhibition. (A) Representative images of immunofluorescence staining for HA, LAMP1, and nuclei in HA-FAM134s—
expressing U20S cells cultured with BafAl (200 nM; 4 hours) and/or Torinl (150 nM; 8 hours), where indicated. ScalarbdB) TPuantification of HA puncta into
LAMP1-positive vesicles. Mean = SEM- 3 biological replicates: = 15 cells per experiment. Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test:
*P<0.05 and *P< 0.005. @) Fluorescence-activated cell sorting (FACS) analysis in human embryonic kidney (HEK) 293T cells expressing ssRFP-GFP-FAM134s. Torinl (150
was added for the indicated time points. Quantification of red fluorescence shift relative to untreated (0 hours). Mean NSEMbiological replicates. Two-way ANOVA

and Tukey’s multiple comparison test: *< 0.0001, *< 0.005, andP< 0.05. D) Representative Western blot analysis in RCS cells expressing mKeima-RAMP4 treated
with Torinl (150 nM; 15 hourd)-Actin was used as a loading controE) (Quantification of mKeima/mKeima-Ramp4 ratio relative to dimethyl sulfoxide (DMSO)—treated
cells. Mean + SEML= 4 biological replicates. One-way ANOVA and Tukey's multiple comparison t&st:07005 and **®< 0.0005.F) FACS analysis in RCS cells expressing
ssRFP-GFP-KDEL treated with Torin1 (150 nM; 15 hours). Quantification of red fluorescence shift relative to untreated. Meblr#63#idlbgical replicates. One-way
ANOVA and Tukey's multiple comparison test: % 0.0001, **< 0.005, andP< 0.05.G andH) Proteome of U20S (G) and RCS cells (H) untreated or treated with Torinl
(150 nM; 12 hours). Bar graphs show the number of ER proteins down-regulated by Torin1 (150 nM; 12 hours) in control [wild type (WT)] and HA-FAM134—-overexpressin
U20S cells (G) and in RCS with indicated genotyped\(H biological replicates. Adjustelvalue < 0.05
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Fig. 2. Phosphorylation of FAM134C controls its affinity for LC3B. (A) Heatmap of the phosphorylation levels of FAM134C at indicated residues in U20S cells cultured

in starved (HBSS medium) versus stimulated (amino acids + 100 nM insulin) medium. Heatmap is color-coded according to the intensity level of the phosphorylated site.
N = 3 biological replicates. FDR:P% 0.005.8) Structural analysis of the FAM134C_P434-P460/LC3B complex. Projection of the electrostatic potential map of LC3B onto
the structure of the centroid associated with the most populated cluster family. The insets display the interactions established"By Se#*®, and Th#*® of FAM134C

with LC3B and their frequency of occurrence in the PT-MD principle conformational state. LC3B was represented through its solvent-accessible surface, colored accordinc
to the local electrostatic potential map values following the color gradient on the right side. FAM134C_P434-P460 was represented in ribbon and colored in orange.
Green boxes highlight the first (F) and the fourth (L) amino acids of the FAM134C LIR do@)aMestern blot analysis showing immunoprecipitation (IP) experiment of
HA-FAM134C-WT and HA-FAM134C-3D overexpressed in U20S cells. Low and high refers to different exposures of the membrane. BafA1 (200 nM) was supplied whe
indicated. Arrowheads indicate a nonspecific band. On the right, bar graph shows quantification of LC3B binding of FAM134C-3D relative to WT in the presence of BafAl
Mean + SEM\ = 3 biological replicates. Student’s pairédest: *< 0.005.

wild type (WT). These results support the model that phosphorylatiamas rescued by reintroducing WT- or 3A-Myc-FAM134C but not

at S435, S436, and, at a less extent, T440 could affect the FAM3B4@yc-FAM134C protein (Fig. 3, E and F).

binding to LC3B. To experimentally prove the functional role of

FAM134C phosphorylation, we mutagenized S435, S436, and T@KQ phosphorylates and controls lysosomal delivery

residues into alanine [phosphomutant (3A)] or aspartic acaf FAM134C

[phosphomimetic (3D)], and consistent with the in silico analysishe FAM134C region containing residues S435, S436, and T440
coimmunoprecipitation (co-IP) experiments showed a reduceathows the consensus binding sequence for protein kinase CK2, a
interaction of 3D-FAM134C compared to FAM134C WT witltonstitutively active serine/threonine kinase whose holoenzyme is
endogenous LC3B (Fig. 2C). In unstimulated conditions, 3D-Myeemposed of two catalytic subunigsgnda') and a dimer of regu
FAM134C showed a reticular localization like WT-Myc-FAM134Qatory b subunits 82 33). We analyzed an IP-MS experiment on
However, unlike WT-Myc-FAM134C, the 3D-Myc-FAM134C prophospho-Ser/Thr peptides using a CK2 substrate antibddly*(/

tein was relocalized significantly less in LAMP1-positive vesicle€XD/E) to identify CK2 substrates and observed that S435, S436,
the presence of Torinl and BafAl (Fig. 3, A and B). Conversely and T440, as well as S258, T283, S288, S313, and S320, in FAM134C
observed that 3A-Myc-FAM134C formed multiple LAMP1-positivare bona fide CK2 phosphorylation sites (PhosphoSitePlus database)
puncta even in the absence of Torinl (Fig. 3, A and B). Similar ddtig. 4A) @4). Consistently, a commercially available phospho-CK2
were obtained analyzing colocalization of WT-, 3A-, and 3D-Mystbstrate antibody detected immunoprecipitated FAM134C. More
FAM134C proteins with the autophagosome marker LC3 (fig. S&Yer, this detection was blunted by preincubating cells with the CK2
These data suggest that phosphorylation of FAM134C at S485ipitor CX4945 (Fig. 4, B and C). IP-MS of the FAM134 proteins
S436, and T440 controls its activation during ER-phagy by reguttgmonstrated that FAM134C, but not FAM134A or FAM134B,
ing FAM134C affinity for LC3B. To corroborate these results, ieeracts with CK2, a', andb subunits (Fig. 4D and table S7). To
reconstituted mouse embryonic fibroblast (ME@M134£° with  formally demonstrate that FAM134C is a bona fide CK2 substrate, we
WT-, 3D-, and 3A-Myc-FAM134C proteins (fig. S6). MEmM134£°  generated WT and 3A mutant FAM134C fragments, encompassing
had no ER-phagy defects in basal conditions but showed impaitieel C-terminal cytosolic region of FAM134C (FAM132C4,
MTOR-dependent activation of ER-phagy (Fig. 3, C and D), whialnere the phosphorylation occurs. An in vitro kinase assay showed
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Fig. 3. FAM134C activity is regulated by phosphorylation. (A) Representative immunofluorescence staining of Myc, LAMP1, and nuclei in U20S cells transfected with
WT-, 3D-, and 3A-Myc-FAM134C. Cells were treated for 2 hours with BafAl1 (100 nM), and where indicated, Torin1 (250 nM) was added for 6 hours. Swale bar, 10
(B) Quantification of Myc-FAM134C lysosomal puncta per cell. Bar graph shows mean NSB\hiological replicatesa = 15 cells per experiment. Two-way ANOVA and
Tukey’s multiple comparison test: *©< 0.0001.q) Representative inmunofluorescence staining for RFP, GFP, and nuclei in Waiari@4E° MEF cells, stably expressing

the ER-phagy reporter ssRFP-GFP-KDEL, after Torin1 treatment (150 nM; 24 hours). Scaterb&ua@tification shows the number of red-only positive puncta (ssRFP

per cell. Mean + SENI = 3 biological replicatesn = 15 cells per experiment. Two-way ANOVA and Sidak’s and Tukey’s multiple comparison t&st:0:8005 and

**P< 0.005. ns, not significanD) Quantification of red fluorescent shift performed by FACS analysis in WTFand.34E° MEF cells, stably expressing ssRFP-GFP-KDEL,
treated with Torinl (150 nM) or DMSO at the indicated time poimNs: 3 biological replicates. Two-way ANOVA and Sidak’s and Tukey’s multiple comparison test:
=P < 0,0001 and P< 0.05. ) Representative images ¢fam134E° MEFs cells expressing ssRFP-GFP-KDEL and transfected with WT, 3D, or 3A mutant FAM134C
proteins. Cells were kept in complete medium or starved for 8 hours in HBSS. Scale bams, E) Quantification of red-only puncta (RERSFP) average per cell.

Bar graph shows mean + SENI= 3 biological replicatesa = 15 cells per experiment. Two-way ANOVA and Tukey’s multiple comparison t&st:0:005 and P< 0.05.
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Fig. 4. CK2 phosphorylates FAM134C(A) List of putative residues with CK2 consensus at the C terminus of FAM134C (data obtained from the PhosphositePlus website).
(B) U20S cells expressing doxycycline-inducible HA-tagged FAM134C were subjected to IP. Inputs and immunoprecipitates were analyzed by immunoblotting using the
indicated antibodies. €) Bar graph shows quantification of phosphorylated/total HA-FAM134C ratio relative to (B). Mean :#\SEB/biological replicates. Student's
pairedt test: **< 0.0005. CX4945: CK2 inhibitom#d; 6 hours) and BafAl (200 nM; 6 hour®). CK2a andb subunit interaction with FAM134 proteins based on IP-MS
interactome experiment from U20S FLAG-HA-FAM134A, FLAG-HA-FAM134B, and FLAG-HA-FAM134C doxycycline-inducible cells. NA, not detected. Numeric valt
represent log difference. E) In vitro CK2 phosphorylation radioactive assay. C-terminal FAM134C WT and phosphomutant (T440A and 3A) peptidesbaicdr@ioR
substrate) were incubated with CK2in the presence of radioactive adenosine triphosphate (ATP). Substrate phosphorylation was detected by autoradiography. Equal
amounts of proteins were verified by Coomassie staining. On the bottom, relative quantitation of the bands is performed by analysis with the CyclonePlus Storage Phos
phor System (PerkinElmer); the unit amounts of each peptide are indicated, and activity is reported as % of that measured with 5 uniés bféalki2 SEMN = 3 biolog

ical replicates. One-way ANOVA and Tukey's multiple comparison testP&®.0001 and P< 0.05. ) Western blot analysis of CK2-dependent phosphorylation of

WT- and 3A-HA-FAM134¥ % peptides transfected imtg7<® MEFs untreated or treated with the CK2 inhibitor CX4948##4 6 hours). Vinculin was used as loading
control. NT, not transfected.

that CK2 phosphorylates WT-FAM134€%%%and that the and protein levels between A549 (alveolar cells) and U20S cell
phosphorylation efficiency was significantly reduced using tliees. Moreover, we tested ER-phagy in A549, stably expressing the
3A-FAM134%%*5yariant (Fig. 4E). The residual phosphorylaER-phagy reporter RFP-GFP-KDEL, and found that CK2 inhibi
tion observed incubating the 3A-FAM13%2&*®®mutant with CK2 tion promoted ER-phagy in A549, but not in U20S, cells (fig. S7,
is consistent with the presence of additional CK2 sites in tBeo D). These data suggest that CK2 controls ER-phagy flux in cells
FAM134C*%*¢peptide (Fig. 4A). When transfected in cellgxpressing high levels of endogenous FAM134C.
WT-FAM134C>%4% put not the 3A-FAM134€%**®mutant, is
recognized by the phospho-CK2 substrate antibody (Fig. 4F). TiSORC1 inhibition promotes FAM134C activation via
detection was abrogated by CX4945 pretreatment (Fig. 4F). Con€#2 regulation
ent with a phosphorylation-dependent mechanism of FAM134Because starvation conditions induced FAM134C dephosphoryla
regulation, the pharmacological inhibition of CK2 enhanced fullion at residues that are phosphorylated by CK2 (Figs. 2A and 4A
length FAM134C binding efficiency with endogenous LC3B (Fig. 5&)d fig. S3B), we investigated whether FAM134C phosphorylation
and promoted WT- but not 3D-Myc-FAM134C lysosomal localizat S435, S436, and T440 was also modulated by mTOR inhibition.
tion and degradation (rescued by BafAl) (Fig. 5, B and C). Similar dedaprevent autophagy-mediated degradation of FAM134C upon
were obtained using a different pharmacological inhibitor of CKbrinl administration, we analyzed phosphorylation levels of WT-
(SGC-CK2-1) (Fig. 5B). Notably, CK2 inhibition had no effect dFAM134CG>0~4%¢and 3A-FAM134€°0-%fragments in RCS cells
FAM134A and FAM134B delivery to lysosomes (fig. S7A). Togetherated with BafAl and in MEFs lacking the autophagy protein Atg?7.
these data suggest that FAM134C is a bona fide CK2 substrate and\edbund that the phosphorylation levels of the WT-FAM1%34¢%¢
CK2 controls FAM134C, but not FAM134A and FAM134B, activitpeptide, but not of the 3A-FAM134€-*%®peptide, were signifi

CK2 inhibition failed to induce ER-phagy in U20S cells expressintly reduced by Torinl treatment in both cell lines (Fig. 6A and
ing the ER-phagy reporter SS-RFP-GFP-KDEL. The Protein Afigs S8A), supporting the model that FAM134C phosphorylation
database (www.proteinatlas.org) indicates B 134Cis highly can be modulated by mTOR inhibition.
expressed in pancreatic endocrine cells, collecting duct cells an@ilVe tested whether CK2 activity was influenced by starvation and
alveolar cells. We confirmed these data comparing FAM134C transam3OR inhibition. CK2 kinase assay on recombinant CK2 incubated
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Fig. 5. Regulation of FAM134C by CK2(A) Representative Western blot analysis of IP experiments of doxycycline-inducible HA-FAM134C treated with CX4945 was
indicated (4nmM; 4 hours). Vinculin was used as loading control for input. Arrowheads indicate a nonspecific band. On the right, the bar graph shows quantification of
immunoprecipitated LC3B relative to untreated samples. Mean + SEM3 biological replicates. Student’s pairétest: P< 0.05.B) Representative Western blot analysis of
HA-FAM134C in U20S cells overexpressing doxycycline-inducible HA-FAM134C treated with DMSO, Torinl (250 nM; 6 hours), CK2 inhibitom@X88461g), or CK2
inhibitor SGC-CK2-1 (50 nM; 6 hours) in the absence or presence of BafAl (106-Adt)n was used as a loading control. Bar graph shows quantification of
HA-FAM134Qi-actin ratio relative to DMSO-treated samples. Mean + SEM 3 biological replicates. Sidak's and Tukey’s multiple comparison testP#%9.0001,

***P< 0.0005, andP< 0.05. ¢) Representative immunofluorescence staining of Myc (green), LAMP1 (red), and nuclei (blue) in U20S cells transiently transfected with
Myc-FAM134C-WT, Myc-FAM134C-3D, and Myc-FAM134C-3A. Cells were pretreated for 2 hours with BafA1 (100 nM), and then DMSO or CK2 inhibitdViDX4945 (4
added for 6 hours. Scale bar, bfh. On the right, bar graph shows quantification of Myc-FAM134C in LAMP1-positive vesicles. Mean i SBMiological replicates.

n =15 cells per experiment. Two-way ANOVA and Tukey’s multiple comparison tes®<%70001.

with different concentrations of Torinl demonstrated that CK2 &f Raptor or Rictor subunits, respectiveBp(or/RictorindKO

not directly inhibited by Torinl (fig. S8B). In yeast, starvation aMEFs) 88), we observed reduced phosphorylation levels of AKT
mTORC1 inhibition were reported to modulate the affinity of CKSet?®and CDC37 Sétin RptorindkO, but not inRictorindKO,

for its substrates through the phosphorylation of the CK2 regulatdMEFs (Fig. 6G). Furthermore, probing the phospho-CK2 substrate
subunitbl at Sertt (35. We found that the level of CKDhos antibody on total cell lysates, we observed that deletRptof, but
phorylation at S&°, which is located in close proximity to the posinot Rictor, altered the CK2 phosphorylation pattern (Fig. 6G).
tive regulatory region domain of CK233), was significantly reduced Although we cannot exclude that other cellular elements mightinter
by both HBSS and Torinl treatments (Fig. 6, B and CI°%&#2> pose between mTORC1 and CK2 in vivo, collectively, these data
has a proline in +1 position, having a sequence that is compatglggest that CK2 activity on a subset of substrates can be modulated
with the sites phosphorylated by mTOR. In vitro peptide phosphorguring starvation by mTORCL, providing a possible explanation for
ation assay using a commercial truncated form of mTOR kinake mTORC1-mediated regulation of FAM134C during starvation.
demonstrated that mTOR can phosphorylate a peptide reproducing

the sequence of human CK$203-215] including S&*°in a FAM134C degradation during starvation is controlled by
concentration- and time-dependent manner (Fig. 6, D and E) @TOR in vivo

levels that are similar to the known mTORC1 substraté®tof  To investigate the physiological relevance of our findings, we generated
S6K (fig. S8C). The overlay of literature-derived CK2 substraaeeno-associated virus (AAV) serotype 2/9 expressing the ER-phagy
obtained from PhosphoSitePIlud4 with our phosphoproteomic reporter ss-RFP-GFP-KDEL. AAV2/9-ssRFP-GFP-KDEL was sys
dataset reveals that the phosphorylation levels of 18 bona fide @f@cally administered to WT C57B6 mice, and after 4 weeks, liver
substrates were significantly different in stimulated versus stargaginples were isolated from 24-hour starved and ad libitum—fed
conditions (fig. S8D). Torinl treatment reduced the phospherylmice. Starvation significantly increased the number of red-only
tion of AKT Set?®(36) and CDC37 Sét (37), two well-established puncta of infected WT hepatocytes compared with fed mice
reporters of CK2 activity (Fig. 6F). In MEFs where mTORCL1 affeig. 7A), suggesting that this tool can be used in vivo to monitor
MTORC?2 activity can be inhibited via tamoxifen-inducible deletidBR-phagy activation. Next, we infected mice with a liver-specific
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Fig. 6. CK2-dependent phosphorylation of FAM134C is modulated by mTORC1(A) Western blot analysis oktg7<° MEF cells transfected with WT- or 3A-HA-
FAM134E>°*%®peptides and treated with Torin1 (&M; 6 hours).B) Western blot analysis of U20S cells transfected with GFRx@k&mid treated with DMSO, Torinl
(1mM), or HBSS (4 hours). Vinculin (Ap-actin (B) was used as loading controls. Quantification (A and B) of phosphorylated/total protein kati® (A) andN = 4 (B)
biological replicates. Mean + SEM. Two-way ANOVA and Sidak’s multiple comparison Est0.805 and **®< 0.0005.¢) Phosphorylation analysis of CKh U20S
cells.N =3 biological replicates. Student’s pairédest: P< 0.05. D and E) Radioactive phosphorylation assays using (D) mTOR (200 ng; 20 min) ard[Z}82-215]
peptide at the indicated concentrations and (E) mTOR (200 ng) ancb@R@B-215] peptide (1.2 mM) for the indicated times. Mean + SEM 2 (F) Western blot analysis

of MEF cells treated with DMSO or Torind; 6 hours)N = 3 biological replicates. H3 histone was used as loading control. Bar graphs show quantifications (mean + SEM)
of phosphorylated AKT and CDC37/total protein ratio. Student’s paire¢est: P< 0.05 and *P< 0.005 G) Western blot analysis of WT, tamoxifen-inducible Raptor KO
(Rptor-indKQ or Rictor KOR(ctor-indKPMEFs. WT MEFs were treated with CX4948/(% hours) as control. Asterisk (*) denotes bands changing interidity3 biological
replicates. Bar graphs show quantifications (mean + SEM) of phosphorylated AKT and CDC37/total protein ratio. Two-way ANOVA and Sidak’s multiple comparison test
*P<0.05, *P< 0.005, **P< 0.0005, and **#< 0.0001.

Tsc1KO (Li-Tsc£°) and with a guanosine triphosphate (GTP)<Fig. 7A). WT mice infected with AAV2/9-ssRFP-GFP-KDEL treated
bound constitutively active form &tagA (RagA™); both models with the mTOR inhibitor (WYE-132) for 24 hours showed a signifi
showed constitutive mTORC1 signaling even under fasting eondant increase of red-only puncta compared with vehicle-treated
tions (fig. S9, A and BB9. Li-TscXC and Rag& ™" hepatocytes mice (Fig. 7B). These gain- and loss-of-function data demonstrate
showed a significantly reduced number of red-only puncta-cotmat ER-phagy is primarily regulated by mTORCL1 in liver during
pared to WT, suggesting defective starvation-induced ER-phaggrvation.
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Fig. 7. Starvation and mTOR inhibition regulate Fam134c degradation in vivo. (A) Representative immunofluorescence staining of RFP, GFP, and nuclei in liver
sections isolated from WT,-Tscf® andLi-Rag& ""mice injected with AAV ssRFP-GFP-KDEL kept with food at libitum or fasted for 24 hours. ScalerarQRantifica

tion shows red-only positive puncta (REPnumber per cell. Mean + SEM= 3 biological replicatesa = 15 cells per experiment. Student’s pairetest: *P < 0.005.

(B) Representative immunofluorescence staining of RFP, GFP, and nuclei in liver from WT mice injected with AAV ssRFP-GFP-KDEL and treated with WYE-132 (m’
inhibitor) or vehicle for 24 hours. Scale bar,@@. Quantification of red-only puncta (RE/SFP) average per cell. Mean + SBVE 3 biological replicatesa = 15 cells per
experiment. Student’s paireditest: ****P< 0.0001.¢) Western blot analysis of liver extracts from WT mice treated with WYE-132 (mTOR inhibitor) or vehicle for 24 hours.
b-Actin was used as a loading contrN.= 3 biological replicates. Student’s pairédest: ***?< 0.0005. andE) Western blot analysis of liver samples isolated from WT,
Li-Tscf°(D), oLi-RagR P (E) mice fasted for 24 houits-Actin was used as a loading contrdd.= 3 biological replicates. Student's pairédest: P< 0.05 and *P< 0.005.

(F) Representative immunofluorescence staining of RFP, GFP, and nuclei in liver from WT mice injected with AAV mRFP-GFP-FAM134C-WT, mRFP-GFP-FAM134C-Z
MRFP-GFP-FAM134C-3A and fasted for 24 hours. Scale Ipan, 2h the right, quantification shows red-only puncta (RRBFP) average per cell. Mean + SEM: 50 cells.

One-way ANOVA and Tukey’s multiple comparison test: P%%0.0001.

Consistent with a role of FAM134C during starvation-induceaiccumulated in liver samples isolated from starve@istit® and
ER-phagy, liver samples isolated from starved and WYE-132—tre®edA " mice compared to controls (Fig. 7, D and E). These data
mice showed complete degradation of Fam134c, but not of Faml@4&ide physiological relevance to the model by which Fam134c
(Fig. 7C and fig. S9C). Fam134b-2 levels were instead increasedtiwity is controlled by mTORC1 levels.

WYE-132—treated or starved animals (Fig. 7C and fig. S9C), consistfo study whether Fam134c degradation is dependent on phos
ent with a transcriptional induction dfam134b-Zuring starva phorylation in vivo, we generated AAV2/9 viruses expressing
tion in liver (16). Furthermore, Fam134c, but not the other Fam1344/T-FAM134C, 3D-FAM134C, and 3A-FAM134C proteins fused
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with the RFP-GFP tandem reporter. Infected mice were analypedmotes ER-phagy in lung alveolar cells that express high levels of
after 24 hours of fasting, and we observed the appearance of numdrdd4134C, but not in U20S cell line where FAM134C levels are low,
red-only dots in the hepatocytes infected with RFP-GFP-FAM134C-\§figgesting that the relative expression of autophagy receptors might
and RFP-GFP-FAM134C-3A but not with RFP-GFP-FAM134Girive substrate specificity during autophagy.

3D proteins (Fig. 7F). These data also suggest that in vivo deCK2 was previously implicated in the regulation of mitophagy

phosphorylation is needed for FAM134C activation. via phosphorylation of FUNDC(), and also in this case, phos
phorylation negatively modulates the avidity of the receptor for

Deletion of FAM134C, but not of FAM134B, impairs liver mATGS8s. Therefore, in both cases, CK2 has the peculiar ability to

lipid metabolism upon MTOR inhibition negatively modulate the affinity of the autophagy receptors for

Next, we analyzed ER-phagy in mice lacking Re¢reg3gene, mATG8s. Conversely, CK2-mediated phosphorylation of the ER-
which encodes Faml34|§e(treg3 ). Control andRetreg3 mice phagy receptor TEX264 at residues located in positions 1, 2, and
were infected with AAV2/9-ss-RFP-GFP-KDEL and then kept with upstream the LIR domain was recently shown to enhance its
food ad libitum or starved for 24 hours before sacrifice. We diinding to LC3/GABARAP proteins, hence promoting ER-phady (
served robust ER-phagy induction upon starvation in control micehe differential effects of this phosphorylation can be explained by
but not inRetreg3 mice (Fig. 8A), demonstrating the importancehe proximity of the phosphorylated residue to the LIR domain. The
of Fam134c during starvation-induced ER-phagy in vivo. Proteom@sidues phosphorylated by CK2 in FAM134C interact with-a re
analysis performed iRam134%°, but notFam134K°, cells showed gion of LC3B that has a relatively neutral charge; thus, phosphoryl-
impaired degradation of enzymes involved in lipid biosynthesiion, by significantly increasing the local electron density, might
upon Torinl treatment (fig. S2). As mMTORCL1 is a critical regulatead to a less favorable interaction with LC3B. Conversely, the LIR
of liver lipid metabolism particularly during starvatid),iwve analyzed domain binds an electron-poor (positively charged) LC3B region;
lipid content in liver sections of WRetreg3 , andRetregl  therefore, phosphorylation of residues immediately adjacent to the
(encoding for Fam134b) mice treated with vehicle or mTOR inhibitbfR sequence might favor binding strength, as observed for TEX264,
WYE-132 for 24 hours (Fig. 8, B and C). Untreated mice showed®BT, NIX, and BNIP341-44).
alteration in lipid contents, independently of genotype. As expected,CK2 is a constitutively active kinase, which is regulated at the sub
the pharmacological inhibition of mMTOR significantly increasestrate level33 45). In yeast, CK2 substrate affinity can be influenced
lipid content in the liver of WTRetreg3 , andRetregl mice; by mTORC1 via its effector kinase Kn8%)(In mammalian cells,
howeverRetreg3 accumulated significantly higher levels of lipidphosphorylation of elf2and Pdx1 substrates by CK2 depends on
compared to WT andRetregi mice, suggesting that FAM134Cboth mTORC1 and insulin signaling, respectivel§, 47). In this
mediated ER-phagy is important for liver lipid metabolism duringgork, we demonstrated that FAM134C is a newly identified CK2
starvation and mTOR inhibition (Fig. 8C). substrate that is regulated in an mTORC1-dependent fashion.
ER-phagy deregulation has not been implicated in human diseases
yet. However, we showed that impaired ER-phagy was associated
DISCUSSION with aberrant accumulation of FAM134C in liver samples isolated
In this work, we characterized a novel mechanism of FAM13&0Gm mice with hyperactive mTORCL1, suggesting that deregulation
activation in response to starvation and mTORCL1 inhibition. Wa&f FAM134C-mediated ER-phagy might contribute to the ER
propose that, during starvation, the inhibition of mMTORC1 facilpathology and lipid alterations observed in diseases associated with
tates the capture of ER fragments within forming autophagosonmeEORC1 hyperactivity48).
by enhancing the interaction between LC3/GABARAP proteins andLast, our work defines a mechanism of autophagy substrate
FAM134C (Fig. 8D). selectivity that is operated during starvation-induced autophagy,
In vivo, we observed that FAM134C is quickly and very efficientioviding a link between metabolic and quality control autophagy.
degraded in liver samples isolated from fasting and WYE-13Pke cross-talk between bulk and selective autophagy is still largely
treated animals. Conversely, FAM134B showed an opposite iigexplored 49). The identification of new principles governing auto
sponse, a marked increase upon starvation and mTORCL inhibitiphagy cargo selectivity holds potential implications for the -treat
One possibility is that FAM134C is involved in the initial step afent of many human diseasé&®),51).
ER-phagy and is regulated by a phosphorylation-dependent mecha
nism, whereas FAM134B accounts for a later, transcriptionally
regulated, ER-phagy response to starvation. Furthermore, we demdATERIALS AND METHODS
strated thatFam134deletion in vivo affected mTOR-mediatedCell culture
regulation of liver lipid metabolism, a phenotype that was nbt20S TRex cells were provided by S. Blacklow (Brigham and
evident in mice lackindram134b demonstrating that FAM134 Women’s Hospital and Harvard Medical School). The RCS cell
proteins have physiologically different roles during starvatiotine was a Swarm chondrosarcoma chondrocyte Rpéor/Rictor
induced ER-phagy. inducible KO MEFs were provided by M. N. Hall. M&F7° cells
Mechanistically, we found that FAM134C binding to LC3B iwere a gift from M. Komatsu and N. Mizushirfam134¢° MEFs
response to the fed/fasting transition is regulated by CK2-mediateere provided by C. Hilbner (Jena University). HEK293T cells were
phosphorylation of three residues (S435, S436, and T440) locatedhased from the American Type Culture Collection.
in proximity but not adjacent to the FAM134C LIR domain Cells were maintained at 37°C with 5%,@DDulbecco’s modi
(F447-L450). This regulation is specific to FAM134C, because Hah Eagle’s medium (DMEM) and supplemented with 10% fetal
FAM134A and FAM134B lack correspondent CK2 phosphositésyine serum (FBS) and 1% penicillin and streptomycin. Complete
hence, their activity is not influenced by CK2. Notably, CK2 inhibitigiarvation was performed in HBSS (Euroclone, ECB4006L), serum
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Fig. 8. Loss of Fam134c in mouse impairs lipid metabolism in liver upon mTOR inhibition. (A) Representative immunofluorescence staining of RFP (red), GFP (green),

and nuclei (blue) in liver from WT arRetregd mouse after ad libitum feeding or 24 hours of fasting. Scale bam20 Quantification shows red-only positive puncta

(RFP) number per cell relative to ad libitum condition. Mean + SBWk 3 biological replicatesn = 15 cells per experiment. Two-way ANOVA and Tukey’s multiple
comparison test: ***P< 0.0001.K) Representative Western blot analysis of indicated proteins in liver from I’Z‘éfnegi , andRetregé mice treated with WYE-132

(mTOR inhibitor) or vehicle for 24 hours. Vinculin was used as a loading control. On the bottom, quantification shows phosphorylated/total protein ratio. MeaN = SEM.
biological replicates. Two-way ANOVA and Tukey’s multiple comparison testP=*9.0001.¢) Representative images of Oil Red O staining in Rétregl , and

Retregé mouse liver sections. Mice were treated with WYE-132 (mTOR inhibitor) or vehicle for 24 hours. On the right, quantification of red area was reported as percentage
(%) of total area. Mean + SENI= 5 biological replicates. Two-way ANOVA and Tukey'’s multiple comparison tesB¢*3*0001.9) Proposed model of FAM134C activation

during starvation. The inhibition of mMTORC1 concomitantly induces autophagosome biogenesis and reduction of FAM134C phosphorylation that favors autophagy of
FAM134C-decorated ER fragments.
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starvation was performed in DMEM (Euroclone, ECM0728), afgP Clonase Reaction Kit (Invitrogen, #11789020) and further re
amino acid starvation was performed in amino acid—free RPBmbined, through the LR Clonase Reaction Kit (Invitrogen, #11791020),
(US Biological, R9010-01) supplemented with 10% dialyzed WBS the GATEWAY destination vectors iTAP MSCV-N-FLAG-HA
(Invitrogen, Thermo Fisher Scientific). Cells were reverse-transfeci@ES-PURO or Myc-pcDNA3.1 (table S8). Myc-pcDNA3.1 GATEWAY
with Lipofectamine LTX and Plus reagent according to the marndestination vector was generated from a standard Myc-pcDNAS3.1
facturer’s instructions. Plasmids are listed in table S8. Stable (tatle S8), where the GATEWAY features (attR1-CAT/CmR-ccdB-
lines were generated using retroviral or lentiviral virus generatedchaitR2) were inset in the multiple cloning site.

HEK293T cells. For retrovirus, 1§ of MSCV-N-Flag-HA-IRES- For the generation of pcW57-ssRFP-GFP-FAM134s, the eGFP
PURO-FAM134s and PCMVneo-mKeima-RAMP4 (table S8) vesequence was cleaved out from pcW57-ssRFP-GFP-KDEL (table S8)
tors with the packaging plasmid viral Gag-Pol (0"8b and the and amplified, while FAM134s sequences were amplified from
envelope plasmid VSV-G (0.7g) was transfected in a p60 dishMyc-FAM134s pcDNA3.1 (table S8). The In-Fusion Multiple-Insert
The medium containing lenti- or retroviral particles was spun dow®loning procedure, using the In-Fusion HD Cloning Kit (Takara, #
to eliminate dead cells. For retroviral infection, cells were sp&89649), was applied to clone the two inserts into the linearized
down with retroviral suspension containing polybreneg8nl) for pcW57-ssRFP vector.

90 min at 2300 rpm, followed by a medium change after 6 hours orThe C-terminal FAM134C WT and mutants were generated
overnight incubation. For lentivirus, 3}y of plasmids pcW57- by amplification of the 250— to 466—amino acid sequence into the
ssSRFP-GFP-KDEL or pcW57-ssRFP-GFP-FAM134s (table S8) @&TEWAY destination vector iTAP MSCV-N-FLAG-HA IRES-
pPAX2 packaging plasmid (1g) and pMD2.G envelope plasmidPURO or pGEX-4T1-GST (table S8). To purify C-terminal FAM134C
(1 ng) was cotransfected in HEK293T cells using a six-well plated FAM134C mutant proteins, GST-FAM134C vectors were
For lentivirus infection, cells were incubated with lentiviral suspegenerated, cloning the cDNAs into the GATEWAY destination
sion containing with polybrene @y/ml; Merck, #TR-1003-G) for vectors pGEX-4T1 (table S8). For the generation of the retrovirus
24 hours. Confluent infected cell lines were then selected with pi&&VVneo-mKeima-Ramp4, the Ramp4 sequence was amplified

respective antibiotics. from TetOn-mCherry-eGFP-RAMP4 vector (table S8) fused at
the N terminus with mKeima and inserted into pCMVneo using
Generation of CRISPR clones the In-Fusion HD Cloning Kit (Takara, # 639649) according to the

To deplete the genes of interest, we applied the clustered regutadpufacturer’s instructions.

interspaced short palindromic repeats (CRISPR)-CRISPR-associateto generate the AAV, the construct mMRFP-GFP-KDEL or mRFP-

protein 9 (Cas9) technology. The all-in-one vector (Sigma-AldricBFP-FAM134C-WT or mRFP-GFP-FAM134C-3D was amplified

contains specific single-guide RNA (sgRNA) under the control ofram the respective vectors (table S8). The pTigem plasmid (table S8)

U6 promoter, a recombinant form of Cas9 protein under the cooontaining the inverted terminal repeats of AAV2, the kanamycin

trol of the cytomegalovirus (CMV) promoter, and an eGFP reportegsistance sequences, and the CMV promoter was linearized, and

gene under the control of the SV40 promoter. RCS cells were tramserts were cloned using the In-Fusion HD Cloning Kit.

fected with 5y of all-in-one vector containing one of the following For FAM134C mutagenesis, primers were designed using the

sgRNA: Atg7 sgRNA sequence: CGCTGAGGTTCACCATCCQuikChange Primer Design tool (Agilent). cDNA mutations were

Fam134a sgRNA sequence: CCCCCTGAAGAACCGCACT; Faml18éherated via PCR site-directed mutagenesis using QuikChange Il

sgRNA sequence: TGAGCTCTGTGGGTAAGCCAAGG; and Faml13#atagenesis kit (Agilent), according to the manufacturer’s proto

SgRNA sequence: CGGGCACGCTGAGCAACCG (). col. Transformation was performed in DEHSompetent Cells
After transfection, single-cell sorting for the eGFP fluorescer{¢avitrogen).

was performed by FACS using BD FACSAria lll. To identify the

specific mutations, confluent cells were then subjected to polymerdaseunoblotting of total cell lysates

chain reaction (PCR) analysis followed by Sanger sequencing.Ce#ls were washed twice with phosphate-buffered saline (PBS) and

lected clones were then validated by Western blotting analysis otktien scraped in radioimmunoprecipitation assay (RIPA) lysis

protein of interest. buffer [20 mM tris (pH 8.0), 150 mM NacCl, 0.1% SDS, 1% NP-40,
and 0.5% sodium deoxycholate] supplemented with PhosSTOP and
Chemicals EDTA-free protease inhibitor tablets with 1x final concentration

BafAl (Euroclone, #BK54645S) was used at 100 or 200 nM for{Ruzhe). Cell lysates were incubated on ice for 20 min; then, the soluble
indicated time. Torinl (Euroclone, #BK14379S) was used at 150 fristtion was isolated by centrifugation at 15,000 rpm for 20 min at
250 nM, or InM at different time points. CK2 inhibitor CX49454°C. Protein concentration was measured using the colorimetric
(Selleckchem, #S2248) was used @¥4or 6 hours. The CK2 bicinchoninic acid (BCA) protein assay kit (Pierce Chemical Co.).
inhibitor SGC-CK2-1 (Tocris, #7450) was used at 50 nM for 6 houpsotein extracts (25 to 5fYj) were separated by SDS—polyacrylamide
the mTOR inhibitor WYE-125132 (Selleckchem, #PZ0321) was ugetl electrophoresis (SDS-PAGE) and transferred onto-poly
for in vivo experiments at 10 mg/kg and injected three times evemylidene difluoride (Merck Millipore) or nitrocellulose mem

8 hours. Doxycycline (Sigma-Aldrich, #D9891) was usedwidl brane (PerkinElmer). Primary antibodies used are listed in table S9.
and added 24 hours before the experiments. Tamoxifen (Sigiarseradish peroxidase—conjugated goat anti-mouse or anti-rabbit

Aldrich, #H6278) was used atiyl for 72 hours. immunoglobulin G antibody was used at 1:2000 (Vector Laboratories).
Signal detection was performed using ECL Star Enhanced €hemi
Cloning procedures and DNA mutagenesis luminescent Substrate (Euroclone) according to the manufacturer’s

To generate HA- and Myc-FAM134s plasmids, FAM134s and FAM13g®©@tocol. The Western blotting images were acquired using the
mutants were cloned into pDONR223 vector (Invitrogen) using ti@&hemiDoc-It imaging system (UVP).
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Coimmunoprecipitation The expressed protein was purified by 20 nM glutathione (GSH) in
HEK293T cells were cotransfected with pMSCVneo-GFP-LC3 pla8 mM tris (pH 8), 1 mM dithiothreitol, 1 mM EDTA, and 300 nM
mid together with 3D-Myc-FAM134C or 3A-Myc-FAM134C. AfteNaCl with final pH 8.
24 hours of transfection, cells were incubated for 8 hours with
BafAl (100 nM), harvested, and lysed in RIPA buffer containifrgvitro phosphorylation assays
protease and phosphatase inhibitor cocktails. Lysates were ceftriperform the FAM134C phosphorylation assay, different amounts
fuged at 14,800 rpm for 20 min and quantified, and @@0vas of WT or mutant recombinant FAM134C C-terminal proteins were
incubated overnight at 4°C with 1 of anti-Myc agarose beadincubated with recombinant tetrameric CK2 (7 ng) for 20 min at
slurry (Diagnostic Brokers Associated, yta-100). Beads were tBBAC in a total volume of 2@ of radioactive phosphorylation
washed three times in RIPA buffer, resuspended in Laemmli buffarffer containing 50 mM tris-HCI (pH 7.5), 10 mM MgC0.1 M
and boiled. The 50% of the immunoprecipitated fraction was loadedCl, and 10M [g->3P]adenosine triphosphate (ATP) (Hartmann
on SDS-PAGE, and Western blotting analysis was performed ugkmglytic) at 5000 counts per minute (cpm)/pmol. Reactions were
the anti-GFP and anti-Myc antibodies. stopped by adding Laemmli buffer. Proteins were resolved onto 11%
Stable cell lines for FAM134s were induced with doxycycli8®S-PAGE, stained with Coomassie blue, and analyzed by digital
(1 ng/ml) for 24 hours. U20S cells expressing FAM134s wengoradiography (CyclonePlus Storage Phosphor System, PerkinElmer)
harvested in 50 mM tris-HCI (pH 8.0), 120 mM NacCl, 1% (v/v) NP-4®, detect and quantify radioactive bands.
and complete protease inhibitor cocktail in a confluent 15-cm- For CK2 kinase assay, CK2 activity was measured toward the
diameter petri dish. Lysates were cleared by centrifugation at 40,000del peptide substrate RRRADDSDDDDD (0.1 mM), as else
for 10 min and incubated overnight at 4°C with monoclonal antivhere described5@). For the mTOR kinase assays, the RRR-
HA-agarose antibody (Thermo Fisher Scientific, #26181), previolQAASNFKSPVKTIR peptide corresponding to GKBuman
conjugated to Protein G Sepharose beads (Thermo Fisher Sciensiéiguence [203-215] and the control peptide RRR-NQVFLGFTYVAP,
#15918014). Beads were then washed three times in 0.1% (v/v) NPefi@sponding to p70 S6 kinase human sequence [382-393], were syn
Proteins were eluted by boiling in Laemmli buffer and loaded tretized using a multiple peptides synthesizer (Syroll, MultiSynTech
SDS-PAGE for Western blot analysis or processed for MS analyGimbH) (the three additional arginine residues at the N terminus
allow peptide binding to phosphocellulose paper upon kinase assays).
Immunofluorescence Recombinant truncated mTOR (1362—end, Millipore) was incubated
Cells were fixed for 15 min in 4% paraformaldehyde (PFA) in PBS ab@0°C in a total volume of 2bof a radioactive phosphorylation
permeabilized for 20 min in blocking buffer [0.05% (w/v) saponimixture containing 50 mM Hepes (pH 7.5), 1 mM EGTA, 3 mM
0.5% (w/v) bovine serum albumin (BSA), 50 mM4&Hand 0.02% MnCl,, and 100M [g¢-33P]JATP (Hartmann Analytic) at 3000 cpm/
NaNjs in PBS]. Cells were incubated overnight in a humid chamhenol. Reactions were stopped by sample absorption on phospho
with primary antibodies (table S9), washed three times in PBS, aelillose papers. Papers were washed three times with 75 mM phos
incubated for 1 hour at room temperature with the secondapporic acid and counted in a scintillation counter (PerkinElmer).
(Alexa Fluor—labeled) antibodies. After three washes in PBS, cells were
incubated for 20 min with Hoechst 33342¢Iml) and finally mounted MS proteomics and phosphoproteomics
in Mowiol. Anti-mouse or anti-rabbit Alexa Fluor—labeled antibodyror the proteomic experiment, cells were plated into six-well plates
(1:1000; Thermo Fisher Scientific) was used. All confocal experimamts incubated for 1 hour in complete DMEM the following day.
were acquired with an LSM 880 confocal microscope (Carl Zeik#erward, cells were washed twice with PBS and then incubated for
equipped with a 63x or 100x objective and using a slice thicknesaomin in RIPA lysis buffer [20 mM tris (pH 8.0), 150 mM NacCl,
0.5mm. All the quantifications were performed using ImageJ plugiris1% SDS, 1% NP-40, and 0.5% sodium deoxycholate] supplemented
with PhosSTOP and EDTA-free protease inhibitor tablets. Cell
ER-phagy assays: ssRFP-GFP-KDEL and mKeima-RAMP4  lysates were then centrifuged at 15,000 rpm for 20 min at 4°C. The
Fam134¢° MEF andFram134°°RCS cell lines were infected wittsoluble fraction was collected, and protein concentration was
lentivirus pCW57-CMV-ssRFP-GFP-KDEL to generate ER-phameasured using the colorimetric BCA protein assay kit (Pierce
reporter-inducible cell lines. The expression of the plasmid wa@ksemical Co., Boston, MA, USA). Protein extractsn@Owere
induced with doxycycline (Ag/ml; 24 hours), and starvations orthen processed for MS analysis.
Torinl treatment was applied at different time points, as indicated. For phosphorylation analysis, HA-FAM134C U20S stable cell
Cells were either collected in PBS and the fluorescence was analymesdwere induced with doxycycline rig/ml) for 24 hours. Cells
with BD FACSAria Il or fixed in 4% PFA for 15 min to quantify thevere starved for 5 hours (HBSS containing 200 nM BafAl) and
number of red-only puncta after image acquisition. For FACS -anadyimulated for 20 min with complete DMEM supplemented with
sis, 10,000 fluorescent events (both red and green) were collected aressential (Invitrogen, #11130051) and nonessential amino acids
red fluorescent shift was analyzed by applying a specific threst{biditrogen, #11140050), 1x glutamine (Invitrogen, #25030081), and

based on the untreated samples. 100 nM insulin (Merck, #19278). Cells were washed twice with PBS,
scraped, and incubated for 20 min with RIPA lysis buffer supple
Protein expression and purification from bacteria mented with PhosSTOP and EDTA-free protease inhibitor tablets.

FAM134C (250 to 466) was cloned into pGEX6P1 and expressed &8l the experiments were performed in a labeling-free setting.
glutathioneStransferase (GST) fusion proteinskscherichia coli For full proteomes in FAM134-overexpressing cells and IP-MS
BL21 DE3. Cells were lysed by sonication in lysis buffer [20 rimitéractomes, proteins were precipitated in acetone and then reduced
tris-HCI (pH 7.5), 10 mM EDTA (pH 8), 5 mM EGTA, 150 nM NaChknd alkylated in a solution of 6 M guanidine-HCI, 5 mM tris(2-
and 1% Triton X-100], and the lysate was cleared by centrifugaticerboxyethyl)phosphine (TCEP), and 20 mM chloroacetamide.
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Peptides were obtained by digesting proteins with LysC (Wako) $earch engine. For protein assignment, spectra were correlated with
3 hours at 37°C and with the endopeptidase sequencing-grade tryfignuniProt Homo Sapiens and Rattus Norvegicus database (v. 2019)
(Promega) overnight at 37°C. Collected peptide mixtures were cimeluding a list of common contaminants. Searches were performed
centrated and desalted using the Stop and Go Extraction (STAGfh tryptic specifications and default settings for mass tolerances
technique $3). For full proteomes in RCS cells, peptides were dbr MS and MS/MS spectra. Carbamidomethyl at cysteine residues
tained using the iST Kit from PreOmics. For phosphoproteomagas set as a fixed modification, while oxidations at methionine,
U20S cells were lysed [2% SDS, 50 mM tris-HCI (pH 8), 150 mM NaCétylation at the N terminus, and phosphorylation STY (in the case
10 mM TCEP, and 40 mM chloracetamide], heated at 95°C for 10 miinphosphoproteomes) were defined as variable modifications. The
and sonicated with Sonics Vibra-Cell (1-s ON/1-s OFF pulse for 3fisimal peptide length was set to seven amino acids, and the false
using 30% amplitude). The equivalent of 1 mg of protein lysate wiatovery rate (FDR) for proteins and peptide spectrum matches to
precipitated by methanol/chloroform using four volumes of ice-colt?o. The match-between-run feature with a time window of 0.7 min
methanol, one volume of chloroform, and three volumes of wateras used. For further analysis, the Perseus software (1.6.2.3) was usec
The mixture was centrifuged at 20,0@0r 30 min, the upper aque and first filtered for contaminants and reverse entries as well as proteins
ous phase was removed, and three volumes of ice-cold methamatl were only identified by a modified peptide. For full proteomes
were added. Proteins were pelleted by centrifugation and washed IP interactomes, the label-free quantification ratios were logarith
twice with one volume of ice-cold methanol and air-dried. Thmized, grouped, and filtered for minimum valid number (minimum
resulting protein pellet was resuspended in 8 M urea with 10 ndfithree in at least one group). Missing values have been replaced by
4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) (pH 8.2andom numbers that are drawn from a normal distribution.
For digestion, 306y of proteins was diluted to 1 M urea and incu  Data obtained for the total proteome analysis in U20S and RCS cells
bated 1:50 (w/w) ratio with LysC (Wako Chemicals) for 3 houase reported in tables S1 and S2, respectively. For ER proteome analy
and 1:100 (w/w) ratio with sequencing-grade trypsin (Promegs}, ER proteins were downloaded from the Subcellular Location sec
overnight. The reaction was acidified using trifluoroacetic acid (TF#9n of The Human Protein Atlas database (www.proteinatlas.org/
(0.5%) and purified using Sep-Pak tC18 (Waters, 50 mg) accordabgut/download). Data were filtered to keep only ER and ribosomal
to the manufacturer’s protocol. Phosphopeptides were enrichgdteins (table S3). In Fig. 1H (proteome analysis in RCS), the proteins
using Titansphere Phos-TiO beads (GL Sciences Inc.) according tddbed to be significantly modulated by Torinl treatment in control
manufacturer’s protocol. Phosphopeptides were cleaned up byc€ls were used for downstream analyses in cells with the different
stage tip and fractionated using C18 stage tips. After washing (8@¥totypes (table S5). For phosphoproteomes, intensity values were
acetonitrile) and after an equilibration step with 0.1% TFA, peptidiitered for the sites that have localization probability of >0.75. After
were loaded on C18 stage tips in 0.1% TFA solution and wasthés] the values were logarithmized, grouped, and filtered for mini
twice with 0.1% TFA in water. Samples were vacuum-dried for lignidim valid number (minimum of three in at least one group). Last,
chromatography (LC)-MS measurements. the intensities were normalized by subtracting the median intensity
Instruments for LC-MS/MS analysis consisted of NanoLC 126Deach sample. Significantly regulated proteins between conditions
coupled via a nanoelectrospray ionization source to the quadrupalere determined by Student'test using FDR < 0.05 as threshold.
based Q Exactive HF benchtop mass spectrometer. Peptide sepaititea are available via ProteomeXchange with identifier PXD030451
was carried out according to their hydrophobicity on a homemaglesername: reviewer_pxd030451@ebi.ac.uk; password: KoKm7mwD).
chromatographic column, 7Bm inside diameter, 8m tip, bed-
packed with Reprosil-PUR (C18-AQ), T particle size, 120-A MD simulations
pore size, using a binary buffer system consisting of solutioriTe three-dimensional (3D) structure of LC3B (PDB ID 6LAN) was
(0.1% formic acid) and solution B (80% acetonitrile and 0.1d¥tained from the Research Collaboratory for Structural Bioinfor
formic acid). Runs of 120 min after loading were used for proteomatics Protein Data Bank (RCSB PDB))( The side chains of res
samples, with a constant flow rate of 300 nl/min. After sample loédlues D48, E62, and S90 were not univocally resolved, allowing us
ing, run started at 5% buffer B for 5 min, followed by a seriest@fthoose by visual inspection the side chain conformations B, A,
linear gradients, from 5 to 30% B in 90 min, then a 10-min stepatad A for these three residues, respectively. The first nine residues,
reach 50% and a 5-min step to reach 95%. This last step was rbalonging to CCDC50, were removed to obtain the LC3 WT. The
tained for 10 min. Q Exactive HF settings are as follows: MS spegbastructure of FAM134C_P434-P460 was built by means of the
were acquired using 3E6 as an AGC target, a maximal injection tiMM@DELLER suite using the FAM134B structure with PDB ID 7BRQ
of 20 ms, and a 120,000 resolution at 200 mass/chargemé&tjo ( as template. The starting 3D structure of the complex formed by
The mass spectrometer was operated in a data-dependent TdpRdA134C_P434-P460 and LC3B was obtained by using the molecular
mode with subsequent acquisition of higher-energy collisionddcking program HADDOCK 2.455). In the docking calculation,
dissociation fragmentation MS/MS spectra of the top 20 most intemgedefined the active residues a priori, i.e., F447 and L450 for FAM134C _
peaks. Resolution, for MS/MS spectra, was set to 15,000matz2200P434-P460 and 123, F52, and 166 for LC3B. To select the best bind
AGC target to 1E5, maximum injection time to 20 ms, and tlireg pose, we measured the distance between FAM134C’s L438 and
isolation window to 1.6 Th. The intensity threshold was set at 2.0lE2Bb’s L71, a hydrophobic interaction predicted to be crucial for

and dynamic exclusion at 30 s. the binding mechanism. The binding complex obtained from docking
was then solvated using a box of TIP3P water model and a salinity
Data analysis of 0.15 M NaCl. The N terminus and C terminus of FAM134C_

All experiments were performed in at least three independdP34-P460 were capped with an acetyl and a methyl amino-protecting
biological replicates. For MS, all acquired raw files were procesgedip, respectively. The Amber ff99sb-ildn force field was used
using MaxQuant (1.6.2.10) and using the implemented Androme() for the MD calculations that were run using the GROMACS
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2020.5 engine. Each simulation box underwent a thermalization glycol, molecular weight 400), 0.5% Tween 80, and 5% propylene
cle with smoothly decreasing restraints on heavy atoms to gegtycol] and refed with chow 1 hour after the injections. Vehicle or
equilibrate the structure. In detail, we used the following protocBYE-125132 was injected three times, every 8 hours, for a total
Heating the system from 100 to 300 K by increasing the temperatueatment of 24 hours.

by 50 K each step composed of 1 ns of canonical ensemble (NVTRor Western blotting, 25 mg of liver was homogenized in 1 ml of
simulation followed by 1 ns of isothermal—isobaric (NPT) ensemiB¢PA buffer containing protease and phosphatase inhibitor-cock
simulation. During the thermalization, the V-rescale thermostat wtgls using a Tissue Lyser 1l homogenizer (QIAGEN) and left on a
used, whereas the Langevin dynamics temperature control schent&ting wheel overnight at 4°C. Then, pellets were discarded by
was used in the production runs. Periodic boundary conditiospinning down for 30 min at maximum speed, and BCA assay was
were applied, and the particle mesh Ewald method was used to fpediormed on supernatants to determine protein concentration.
long-range electrostatic interactiors?), For short-range interac Immunostaining of RFP and GFP was performed ormho-
tions, a cutoff distance of 1.0 nm was applied. The pressure was tixiett formalin-fixed and paraffin-embedded liver sections. Sections
at a reference value equal to 1 bar by means of the Parrinello-Rahwere permeabilized in 3% (w/v) BSA, 0.3% Triton X-100 in PBS for

barostat $8). 20 min and then incubated with 10% goat serum in PBS for 1 hour.
Primary antibodies were incubated overnight at 4°C. Sections were
Parallel-tempering MD washed three times with 0.1% BSA in PBS and then incubated for

We used 70 independent replicas of 500 ns of the FAM134Chour with secondary antibodies Alexa Fluor—conjugated and
P434-P460/LC3b system. Each replica was simulated at a diffete6tdiamidino-2-phenylindole (DAPI). Sections were mounted in
temperature to cover the temperature range from 300 to 450 K. Mawiol mounting medium and analyzed using a superresolution
temperature of each replica was defined using the formula reportedfocal LSM 880 microscope (Carl Zeiss).

by Prakastet al. (59). Positional restraints were applied on the For Oil Red O staining, tissues were embedded in O.C.T. (optimal
secondary structure & of LC3B and on D445-P460'asCof cutting temperature) compound and cut into i sections, fixed
FAM134C_P434-P460. For the production phase, we used the sanfrmalin, and stained following the IHC World protocol. To guan

protocol previously reported for the MD simulations. tify the Oil Red O—positive area, images were processed through the
threshold tool of the ImageJ software to segment out and measure
FAM134C_P434-P460/LC3b binding interface evaluation the staining areas as percentage of total area.

The protein-protein interactions established by the residues at the

FAM134C_P434-P460/LC3B's interface were assessed by calculagmgration of Retreg3 KO mice

their frequency of occurrence using the PLOT NA routine of Drugice carryingRetregXO were generated using the European Condi
Discovery Tool§0) and displayed as histograms. We set a distartiimal Mouse Mutagenesis/KnockOut Mouse Project (EUCOMM/

cutoff value of 4 A to define two interacting residues. KOMP)-CSD “Knockout-First” ES cell resource at MRC Harwell
Institute. The targeting cassette of the transgeeicegallele con
Animal housing tains a promotorleds-galactosidase and neomycin resistance genes

All mice in this study were housed under specific pathogen—fiftenked by [LoxP-flippase (FLP) recognition target] and LoxP sites
conditions, at 22°C, and with 12-hour dark/12-hour light cycldgnking exon 2 of thRetreg3ene. Excision of exon 2 was achieved
(light cycle from 8:00 a.m. to 8:00 p.m.). Mice were fed witlbycrossing the transgenic mice carrying the transgenic cassette with
standard chow diet and were of pure C57BL/6 background. gdrmline Cre-expressing mice.
mice were observed weekly by trained personnel. All studies orGenotyping strategy consists of a three-primer PCR setup by de
mice were conducted in strict accordance with the Institutionsigning a mutant reverse primer (5Smut-R1, GAACTTCGGAATA-
Guidelines for animal research and approved by the Italian MinisS®GAACTTCG) that sits in the 5 FRT site and a forward primer
of Health, Department of Public Health, Animal Health, Nutrition(Fam134c-5arm-WTF, GGCATTAATATACACAATAGCACAA) to
and Food Safety in accordance to the law on animal experimegige a mutant-specific band [119 base pairs (bp)] when the cassette is
tion (D.Lgs. 26/2014). Furthermore, all animal treatments wepeesent, or a WT band (269 bp) when the cassette is not present and a
reviewed and approved in advance by the Ethics Committee atréneerse primer (Fam134c-Crit-WTR, GGCACGTGGATTTCT
Telethon Institute of Genetics and Medicine (TIGEM) Institut6&AGTT) sitting in exon 2 is used. When the cassette is present, the
(Pozzuoli, Italy) or according to protocols approved by the Centpooduct between Fam134c-5arm-WTF and Fam134c-Crit-WTR is
Nacional de Investigaciones Oncoldgicas (CNIO)-Instituto de Saluwd large to be amplified under standard PCR conditions.
Carlos Ill Ethics Committee for Research and Animal Welfare Mice with constitutive nutrient and growth factor signaling in
(CElyBA) at the CNIO (Madrid, Spain). liver, Li-TSC1© andLi-RagA’™", were achieved by breeding

All mice used were maintained in a C57BL/6 strain backgroudsC12¢1* mice andRag& ™™ mice with Albumin-Cre transgenic
To minimize variability, mice belonging to the same litter weraice, as described i89).
grouped on the basis of their genotype.

AAV vector production and injection

Animal procedures AAV2/9 vectors were produced by InnovaVector (www.innovavector.euy/)
For fasting experiments, mice were separated in clean cages withptriple transfection of HEK293 cells with (i) MRFP-GFP-KDEL, mRFP-
access to food from 8a.m. to 8a.m. the following day. For the experim@riFam134c-WT, mRFP-GFP-Fam134c-3D, or mRFP-GFP-Fam134c-3A;
with the mTOR inhibitor WYE-125132, mice were starved frofii) pTigem Helper, which supplies the adenoviral genes for rep
6 p.m. to 1 p.m. the following day and then injected intraperitonedilyation; and (iii) pTigem Rep/Cap, which contains the gene sequence
with WYE-125132 or vehicle (10 mg/kg) [30% PEG400 (polyethyldoethe replication protein (rep) of AAV2 and for the capsid (cap)
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proteins of the selected serotype. AAV2/9 vectors were then pur. M. Molinari, ER-phagy responses in yeast, plants, and mammalian cells and their crosstalk
fied by two rounds of Csghradients. Physical titers of the viral  with UPR and ERADev. CeB6, 949-966 (2021).
preparations (genome copies per miIIiIiter) were determined H}? A. Khaminets, T. Heinrich, M. Mari, P. Grumati, A. K. Huebner, M. Akutsu, L. Liebmann,

. e . . . . A. Stolz, S. Nietzsche, N. Koch, M. Mauthe, I. Katona, B. Qualmann, J. Weis, F. Reggiori,
real-time PCR quant|f|cat|on using TaqMan (App"ed Blosystems) and I. Kurth, C. A. Hubner, I. Dikic, Regulation of endoplasmic reticulum turnover by selective

dot-blot analysis. The final titer of each preparation was €alcu autophagy.Natures22, 354-358 (2015).
lated as the average between the PCR quantification and dst- s. Kohno, Y. Shiozaki, A. L. Keenan, S. Miyazaki-Anzai, M. Miyazaki, An N-terminal-
blot results. truncated isoform of FAM134B (FAM134B-2) regulates starvation-induced hepatic

I . . . e selective ER-phagy.ife Sci. Allian& 201900340 (2019).
X
For the AAV |nject|ons, fOHOWIng anesthesia with ISOﬂUI’ﬁI’]G, 1 17. L. Cinque, C. De Leonibus, M. lavazzo, N. Krahmer, D. Intartaglia, F. G. Salierno, R. De Cegli,

2 . . . .. .
101_ viral pamCles in 1064 of PBS Wer_e IanCted into the retrQ' C. Di Malta, M. Svelto, C. Lanzara, M. Maddaluno, L. G. Wanderlingh, A. K. Huebner,
orbital venous plexus of 8-week-old mice with a 27-gauge syringe.m. cesana, F. Bonn, E. Polishchuk, C. A. Hiibner, I. Conte, 1. Dikic, M. Mann, A. Ballabio,

Mice were euthanized 4 weeks after the injection_ F. Sacco, P. Grumati, C. Settembre, MiT/TFE factors control ER-phagy via transcriptional
regulation of FAM134BEMBO R9, €105696 (2020).

.. . 18. X.Jiang, X. Wang, X. Ding, M. Du, B. Li, X. Weng, J. Zhang, L. Li, R. Tian, Q. Zhu, S. Chen,

StatlStl(.:a! anaIySIS . X L. Wang, W. Liu, L. Fang, D. Neculai, Q. Sun, FAM134B oligomerization drives endoplasmic

All statistical data were calculated using GraphPad Prism 7 excepteticulum membrane scission for ER-pha@MBO 29, 102608 (2020).

for proteomic and phosphoproteomic data that were calculated by F. lavarone, G. DiLorenzo, C. Settembre, Regulatory events controlling ERGairag@pin.

Perseus. Data comparisons were performed using Stuti@sfor Cell Biolr6, 102084 (2022).

analysis of variance (ANOVA) (one-way or two-way) with Sldak’@ H._An, A. Ord_ureau, J. A Ffaulo, C.. J. Shoerﬁake.r,. V. Denic, J. W. Harper, TE)_<264 |S§nendoplasm|c
reticulum-resident ATG8-interacting protein critical for ER remodeling during nutrient

and/or Tukey’s multiple comparison teftvalues of <0.05 were g ocomol. celra, 891-908 €10 (2019).
considered significant. All experiments were repeated at least thggen. chino, T. Hatta, T. Natsume, N. Mizushima, Intrinsically disordered protein TEX264
times. The exact sample size for each experiment is repoNdd as  mediates ER-phagyol. CelF4, 909-921.e6 (2019).
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3.ROLE OF CK2 |IN THE GLYCOLYTIC
PHENOTYPE OF TUMOR CELLS

| contributed to a related project carried by our group that had as main objective

the study of the role of CK2 in tumor metabolic rewiring, one of the hallmarks of

cancer. By CK2 targeting of tumor cells, this work showed a functional role of

CK2 HVSHFLDOO\ IRU &. . LQ WKH KLJKHUlnjantietkQ\WLF UDW
my work helped to demonstrate that HIF-1 amount, and consequent hexokinase-

2 (HK2) and lactate dehydrogenase (LDH) levels, were lower in CK2 knockout

clones compared to wild type cells in U20S and SKNBE cells. The results of this

investigation were published under the title Tontribution of the CK2 Catalytic

,VRIRUPV . DQG . WR WKH *O\FRO\WLF 3KHQR®EISH RI 7XPF
(Zonta et al., 2021).
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Abstract: CK2 is a Ser/Thr protein kinase overexpressed in many cancers. It is usually present in
cells as a tetrameric enzyme, composed of two catalytic ( or ') and two regulatory ( ) subunits,
but it is active also in its monomeric form, and the speci c role of the different isoforms is largely
unknown. CK2 phosphorylates several substrates related to the uncontrolled proliferation, maotility,
and survival of cancer cells. As a consequence, tumor cells are addicted to CK2, relying on its activity
more than healthy cells for their life, and exploiting it for developing multiple oncological hallmarks.
However, little is known about CK2 contribution to the metabolic rewiring of cancer cells. With this
study we aimed at shedding some light on it, especially focusing on the CK2 role in the glycolytic
onco-phenotype. By analyzing neuroblastoma and osteosarcoma cell lines depleted of either one ( )
or the other ( ") CK2 catalytic subunit, we also aimed at disclosing possible pro-tumor functions
which are speci c of a CK2 isoform. Our results suggest that both CK2  and ' contribute to cell
proliferation, survival and tumorigenicity. The analyzed metabolic features disclosed a role of CK2 in
tumor metabolism, and suggest prominent functions for CK2  isoform. Results were also con rmed
by CK2 pharmacological inhibition. Overall, our study provides new information on the mechanism

of cancer cells addiction to CK2 and on its isoform-speci ¢ functions, with fundamental implications
for improving future therapeutic strategies based on CK2 targeting.

Keywords: CK2; casein kinase 2; isoforms; cancer metabolism

1. Introduction

The rewiring of metabolism is a hallmark of cancer, and the shift in ATP generation
from oxidative phosphorylation to glycolysis and the production of lactate even under
oxygen-rich conditions (aerobic glycolysis) is a major metabolic feature of many cancer
cells [1].

CK2 (previously known as casein kinase 2) is a Ser/Thr protein kinase, ubiquitously ex-
pressed, but particularly abundant in cancer cells [ 2-4]. It phosphorylates a huge number
of proteins, and is involved in several cellular processes, with a major role in supporting
cell proliferation and survival [ 5,6]. Itis usually present in cells as a constitutively active
tetrameric enzyme, composed of two catalytic (  or ') and two regulatory () subunits [7].
Catalytic subunits are active even in the absence of the subunit, but the relevance of the
monomeric form in cells has not been proved, yet. However, several evidences support a
possible pro-tumor function of the isolated catalytic subunits [ 8,9]. The two isoforms  and

"are very similar in structure and often considered overlapping in functions; however,
also isoform-speci c functions have been described [ 10,11] and a possible differential role
in tumors has been hypothesized [12]. CK2 involvement in cancer has been known since
many years, and has been described as a “lateral action”, where, by phosphorylating crucial
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substrates, it potentiates signaling related to most cancer hallmarks. However, CK2 im-
portance in cancer metabolism is less documented, even though its functions in hormonal
regulation of carbohydrate metabolism have been described [ 13]. Zhang and colleagues [14]
observed that glucose uptake and lactate secretion were lower in bladder cancer cell lines
where CK2 expression was knocked down. Consistently, they found that a number of
glycolysis-related genes were less expressed in these cells, or in w.t. bladder cancer cells
treated with the CK2 inhibitor CX-4945, and they interpreted this as a consequence of the
CK2-dependent reduction of S473 Akt phosphorylation. This paper only refers to CK2
isoform. Yang et al. [15] reported about the modulation of pyruvate kinase M isoforms by
CK2. They found that, in colon cancer cells overexpressing CK2 , the constitutively active
PKM1 was downregulated through a proteasome-dependent mechanism, while the level
of PKM2 (whose induction contributes to the Warburg effect) was unchanged, but it was
more localized in the nucleus, where it promotes a higher expression of LDHA.

Another study [ 16], by an isotope tracer metabolite analysis, showed that glucose is
more important than glutamine in sustaining the tumor phenotype of CK2 ~ -overexpressing
cells, where ROS levels were found to decrease.

The CK2 implication in cancer energetics can be also inferred by its regulatory role on
Akt and its effectors mTORC1 and -catenin [17,18], ultimately affecting the modulation of
key metabolic targets, as recently described [L9]. Moreover, CK2 plays a role in adipocyte
metabolism [20], and its possible implication in cancer aberrant lipid metabolism has been
hypothesized [ 21].

These observations prompted us to investigate more in depth how metabolic features
of tumor cells depend on CK2, especially focusing on the speci ¢ functions of the individual
catalytic isoforms. To this aim, we exploited the CRISPR-Cas9 technology to turn off the
expression of either or 'CK2 catalytic subunits in SK-N-BE (human neuroblastoma)
and U20S (human osteosarcoma) cells, giving rise to clones hereinafter denoted as KO
and KO ‘', and we analyzed how this impacted on cellular and metabolic features.

2. Materials and Methods
2.1. Antibodies and Chemicals

Anti-CK2 / ' (MCA3031Z) was purchased from Bio-Rad (Hercules, CA, USA),
anti-CK2 (ab76025) and anti-pSer129 Akt (ab133458) from Abcam, anti-total Akt (clone H-
136), anti-Hk2 (clone 1A7) and anti-total LDH (clone H-160) from Santa Cruz Biotech-
nologies (Dallas, TX, USA), anti- actin (A2228) and anti-tubulin (T5168) from Sigma;
anti-Hif-1  (127309) from GeneTex.

The CK2 inhibitor CX-4945 (5-[(3-Chlorophenyl)amino]-benzolc]-2,6-naphthyridine-8-
carboxylic) was purchased from MedChemExpress and the chemical inducer of hypoxia
DMOG (dimethyloxallyl glycine) was from Sigma. Inhibitors solutions at different concen-
trations were prepared in 100% DMSO (Sigma, St. Louis, MO, USA).

2.2. Cell Culture

For this study, we used the human neuroblastoma cell line SK-N-BE (synonyms SK-N-
BE(2)), and the human osteosarcoma cell line U20S.

All cells (wild type, w.t. and KO clones, see below) were grown in Dulbecco's Modi ed
Eagle Medium (D-MEM, Sigma) containing 5 mM glucose, supplemented with 10% ( v/v)
fetal bovine serum (FBS) and PSG (1% penicillin and streptomycin and 2 mM L-Glutamine)
(Sigma). Cells were maintained at 37 C in a humidi ed atmosphere of 95% air and 5% CO ».

2.3. Generation of CK2-Knockout Cells by CRISPR-Cas9 Editing Tool

All-in-one plasmids expressing Cas9-Dasher green uorescent protein (GFP) and
the single guide RNA (sgRNA) guide (CMV-Cas9-2A-GFP, Cas9-ElecD) to target the spe-
ci ¢ CK2 subunits were purchased from ATUM (Newark, CA, USA). The sgRNA guide
sequences targeting CK2 in SK-N-BE are: 8CCTGGATTATTGTCACAGCA-3 9 (clone 1) and 5-
TTACATGTATGAGATTCTGA-3 (clone 2) for CK2  (Csnk2a), 52 GGGTCTACGCCGAGGTGAAC-3 0
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(clone 1) and TTAATATCACCAACAATGAG (clone 2) (clone 2) for CK2 ' (Csnk2a2. The sgRNA
guide sequences targeting CK2 in U20S are: #CCTGGATTATTGTCACAGCA-3 9(clone 1)
and 5'-TTACATGTATGAGATTCTGA-3' (clone 2) for CK2  (Csnk2a), 5°GGGTCTACGCCG
AGGTGAAC-39(clone 1) and 5>AACTGGTTCGAAAACTTGGT-3 ?(clone 2) for CK2 '
(Csnk2a2.

Individual CK2 subunit knockout was performed as previously detailed [ 22]. BrieYy,
cells were co-transfected with 1 g of SgRNA plasmid and Lipofectamine 3000 (Thermo Fisher
Scienti ¢, Waltham, MA, USA) according to the manufacturer's instructions. At 48 h
post-transfection GFP-positive cells were sorted in 96-well plates using uorescence-
activated cell sorting with a FACSAria Il Cell Sorter (BD BioSciences, Franklin Lakes,
NJ, USA). Sorted cells were expanded to obtain individual clones, which were selected by
immunoblotting in order to verify the complete absence of target protein expression.

As a control, we also produced a monoclonal w.t. line, whose phenotype largely
overlapped that of the w.t. cells used throughout the study. To this purpose, cells have
been transfected with an GFP vector and GFP-positive cells were sorted in 96-well plates
by FACS and expanded to obtain individual clones.

2.4. Cell Treatments and Lysis

Cells were cultured in dishes up to 70—-80% con uence, then treated at the indicated
time and concentration conditions with the chemical compounds (CX-4945 or DMOG),
or with solvent in the case of control cells. Non-toxic concentrations were applied,
ensuring viability level was >70%, as assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-3,5-
diphenyltriazolium bromide) method [ 23]. At different time points, cells were harvested,
centrifuged and washed with PBS. Cells were lysed with a buffer containing 0.5% ( v/v)
Triton X-100, as elsewhere described P4] and subjected to the Bradford quanti cation assay
before SDS-PAGE separation and western blot analysis.

2.5. Western Blotting Analysis and Titration of the CK2 Antibody Reactivity

Equal amounts of proteins (10-20 g) from cell lysates were resolved by 7.5%, 11%,
or 15% SDS-PAGE and transferred to Immobilon-P membranes (Merck-Millipore, Burling-
ton, MA, USA) using the Lightning Blotter Transfer System (Perkin Elmer, Waltham, MA,
USA). Dried membranes were then washed in TTBS buffer (50 mM Tris-HCI pH 7.5, 50 mM
NacCl, 0.1% Tween-20), and incubated with the indicated antibodies. Membranes were
then incubated with secondary HRP-conjugated antibody (Perkin Elmer) for 30 min and
bands were detected by a chemiluminescence solution composed by 50 mM Tris, pH 9.35,
0.02% ¢/ v) H,05 and 50% (v/ v) luminol solution plus 30% ( w/v) BSA, with an enhanced
chemiluminescent detection system (Thermo Fisher Scienti ¢). Immunostained bands were
quanti ed using a 4000 mm Pro Kodak Image Station, followed by analysis with Carestream
Molecular Imaging software. -actin or -tubulin were used as a loading control.

For the titration of the CK2 antibody reactivity, recombinant human CK2 subunits
were analyzed. They were produced, puri ed and kindly donated by Stefania Sarno,
Padova [25]. Puri ed proteins, dialyzed against 25 mM Tris-HCI pH 7.5 and 50% glycerol,
were stored at 20 C, before loading on SDS-PAGE. Gels were either stained by Colloidal
Coomassie Blue or transferred to Immobilon-P membranes and analyzed by Western
blotting with the anti-CK2 / 'antibody.

2.6. Cell Growth Assay

The growth of viable cells was monitored by a Trypan blue exclusion assay. SK-N-BE
(5 10%orU20S (2 10°) cells were seeded in triplicate in 6-well/plates. Cells were
allowed to attach for 5 h, then t = 0 was considered, and the number of viable cells
was monitored every 24 h up to 96 h. To this purpose, cells were washed, treated with
0.05% trypsin solution, centrifuged, resuspended in a 0.13% Trypan blue solution and
counted in an hematocytometer, excluding stained (dead) cells. Unstained (viable) cells
were counted in triplicate for each time point.
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2.7. Spheroid Formation Assay

Cells were seeded in quadruplicates at 1~ 10% cells/well in 200 L of culture medium
supplemented with 5% ( v/ v) FBS, in a 96-well plate with round bottom wells precoated
with 50 L of 1% agar in culture medium [ 26]. Images were taken every 24 h for 7-8 days,
by using a Leica DMI4000 automated inverted microscope equipped with a Leica DFC300
FX camera (2.5 objective, magni cation-changer 1.6).

2.8. Clonogenic Survival Assays

Cells were plated at 250 (SK-N-BE) or 100 (U20S) cells/well in 6-well plates, in full
growth medium. Media were replaced by fresh culture medium every 4 days. After 15 days,
cells were washed with PBS, xed with methanol and stained with 0.5% crystal violet.
Digital images of cell colonies were obtained using a scanning device (Epson Perfection
V700 Photo). Quanti cation of the clonogenic assay was performed with the ImageJ plugin
“ColonyArea” [ 27] to determine the area covered by colonies in the well and the colony
intensity percentage.

2.9. Wound-Healing Assays

Wound-healing assays were performed by creating identical wound areas into the cell
monolayer using lbidi culture-inserts (Ibidi GmbH, Cat. no. 80209). Cells were seeded in
triplicate in complete culture medium on each side of the Ibidi culture-insert, into a 24-well
plate, at proper cell densities (1.5 10° SK-N-BE cells/mL and 5.5 10* U20S cells/mL).
After 24 h, cells reached con uence, and the culture-inserts were removed in order to
form a cell-free gap into the cell monolayer. Each well was washed once with PBS to
remove cell debris and immediately re lled with fresh D-MEM medium supplemented
with 5% (v/ v) FBS and 2mM L-glutamine. The wound images were captured at this
time (t = 0) and at the indicated time points (24—48 h for SK-N-BE, 2—4-8 h for U20S)
using a Leica DMI4000 automated inverted microscope equipped with a Leica DFC300
FX camera .5 objective, magni cation-changer 1.6). Images of in vitro scratch wound
healing assays were analyzed with a plugin of ImageJ software (1.52t version) adapted
from [ 28] and relative cell migration of each cell line was measured.

2.10. Extracellular Lactate Concentration Analysis

Extracellular lactate concentration was measured using an L-Lactate Assay Kit (Promega,
Madison, WI, USA), following the manufacturer's instructions. Brie y, cells were seeded
in a 96-well plate at the proper cell density (2 10* SK-N-BE or8  10° U20S w.t. and KO
cells) in D-MEM supplemented with 1% ( v/ v) dialyzed FBS (Thermo Fischer Scienti c);
medium was collected at various time point and storedat 20 C until analysis. The lactate
concentration in each sample was detected by an enzymatic assay, which results in a
luminescent product, proportional to the lactate present. Signals were detected with a
luminometer plate reader (Tecan M200 In nite Pro Microplate Reader) and expressed as
average relative light units. A standard curve was built with known amounts of lactate,
to identify the linear range; samples of cell culture medium were diluted 1 to 20 folds,
to ensure reading within the linear range.

2.11. Seahorse Glycolysis Stress Test

Cellular glycolytic phenotype was analyzed by the extracellular ux analyzer Seahorse
(Agilent, Santa Clara, CA, USA) (XF Analyzer for SK-N-BE cells, or XFe Analyzer for U20S
cells), performing glycolytic stress tests and following the extracellular acidi cation rate
(ECAR) in real time, as previously reported [ 29]. Brie y, cells were seeded in a Seahorse
24-well assay plate in D-MEM, with 10% ( v/ v) FBS, 5 mM glucose and 2 mM L-Glutamine,
at cell densities determined in order to have 80% con uence after 24 h (7 10* SK-N-BE
cells/well, and 2 10* U20S cells/well). After 24 h, cells were washed and medium
was replaced with prewarmed running medium (D-MEM without phenol red supple-
mented with 1 mM sodium pyruvate, 30 mM sodium chloride and 2 mM L-Glutamine,
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pH 7.4, and incubated in a non-CO , incubator at 37 C for 60 min. ECAR were recorded in
basal conditions (in the absence of glucose) and following sequential injections of 10 mM
Glucose, 1 g/mL oligomycin (mitochondrial ATP synthase inhibitor; this concentration
completely abolished ATP synthase activity, as judged by the evaluation of the Oxygen
Consumption Rate (OCR), not shown), 100 mM 2-DG (2-deoxyglucose, hexokinase 2 in-
hibitor). Glucose addition induces the glycolytic pathway, thus highlighting the “glycolytic
response”. The subsequent injection of oligomycin, which blocks the mitochondrial ATP
production, allows to estimate the maximal glycolysis. Lastly, administration of 2-DG
measures the non-glycolytic ECAR. The “glycolytic capacity” and the “glycolytic reserve”
were obtained by subtracting to the maximal glycolytic rate the residual non-glycolytic
ECAR and the glycolytic response, respectively. Cells were lysed post-measurement and
protein content, measured by the Bradford method, was used as a normalization value.
Quanti cation of the different glycolytic parameters was performed with different Agilent
software. XF software, which is associated to the XF analyzer and was used for SK-N-BE
cells (Figure 8A,C), calculates the AUC (Area Under Curves) for each phase. In the case of
SK-N-BE treatments with CX-4945 (Figure 8C), since the length of the phases was differ-
ent, three points were chosen for each phase (points 1-3 for basal glycolysis; 5-7 for the
response to glucose addition; 13-15 for the maximal glycolysis; 18—20 for non-glycolytic
acidi cation). The software Wave, associated to XFe Analyzer which was used for U20S
cells (Figure 8B), for each phase considers the last point before further addition (point 3 for
basal glycolysis; 6 for the response to glucose addition; 9 for the maximal glycolysis; 11 for
non-glycolytic acidi cation), thus reports data as mpH/min.

2.12. Cell Viability Assay

Cell viability was detected by means of MTT reagent: cells (10° cells/100 L) were
incubated for 24 h or 48 h in a 96-well plate in D-MEM supplemented with 1% ( v/ v) FBS,
in the presence of the indicated compounds, or of DMSO vehicle, (1%, v/v) for control cells.
1 h before the end of the incubation, 10 L of MTT solution (5 mg/mL in PBS) were added
to each well. Incubations were stopped by addition of 20 L of lysis solution at pH 4.7,
as described elsewhere P3]. Plates were read for OD at 590 nm, in a Titertek Multiskan
Plus plate reader (Flow Laboratories, Puteaux, France). ICsg (concentrations inducing 50%
of cell death) values were calculated with Prism 7 software (GraphPad Software, San Diego,
CA, USA).

For the combined treatments, the CalcuSyn (version 2.11; Biosoft, Cambridge, GB) me-
dian effect model was used to calculate the combination index values (Cl), where synergy,
additivity, and antagonism are de ned by Cl < 1, Cl = 1 or Cl > 1, respectively, according
to the Chou-Talalay method [ 30].

2.13. Statistical Analysis

The number of experiments is indicated in each gure legend. Quanti cation refers to
experiments with the different KO clones of each subunit in a certain cell lines, unless dif-
ferently speci ed. Statistical signi cance was evaluated by One-way Anova analysis using
GraphPad Prism 7 program, setting (*) p < 0.05, (*)p<0.01, (***)p <0.001,(****) p < 0.0001

3. Results
3.1. CK2 Pro le in w.t. Cell Lines and KO Clones

For our study, we used SK-N-BE (neuroblastoma) and U20S (osteosarcoma) tumor
cells. For both lines, different KO clones of each subunit were obtained throughout this in-
vestigation (see Section2), and they were variably used for performing experiments. Unless
differently speci ed, the results shown for a certain KO clone were reproducible with the
other clone of the same subunit (while, for quanti cations, all data from experiments with
different clones were considered). In some analysis, the two KO clones of the same subunit
displayed different behaviors (suggesting possible effects due to compensating events,



Cells2021, 10, 181

6 of 16

and/or not directly ascribable to the CK2 subunit deletion); in those cases, the results
obtained with both clones are shown.

SK-N-BE and U20S cells express signi cant amount of both and '. The relative
percentage of the catalytic isoforms is around 70% and 30% 'in SKNBE, and 45% and
55% 'in U20S, as assessed by using an antibody which recognizes with the same ef cacy
the two subunits (Figure 1A). Therefore, these two lines provide a model for two different
conditions as far as the most abundant isoform is concerned. Applying the CRISPR-Cas9
technology, we produced cells of both lines that do not express either (KO )or '(KO )
(Figure 1B). The expression of the regulatory  subunit of CK2 was roughly unchanged in
KO 'clones, while itwas reduced in KO  clones, as already observed in other cell lines [31].
The CK2 cellular activity, measured through the level of the endogenous substrate pSer129
Akt [ 17], was reduced in the KO clones compared to w.t. cells, and the effect was more
evidentin KO for SKNBE, and in KO 'in U20S, consistent with the proportion of the
catalytic isoform suppressed (Figure 1B).
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Figure 1. CK2 expression and activity in SK-N-BE and U20S cells. (A) Titration of the antibody
reactivity towards CK2 catalytic subunits. The indicated amounts of recombinant CK2 catalytic
subunits (myc- 'or ) were loaded on SDS-PAGE, and either blotted for the WB (western blot)
analysis or stained by Colloidal Coomassie Blue; (B) CK2 expression and activity in w.t. and KO
clones of the cells used for this study. 10 g proteins from cell lysates were analyzed by WB with the
indicated antibodies. The last two right lanes belong to an independent experiment. As a reporter
of CK2 endogenous activity, pS129 Akt signal has been quanti ed, normalized to total Akt signal,
and reported in the bar graph as % of w.t. cells. At least three independent experiments were
performed; representative western blots are shown, while quanti cation in the bar graphs reports the
mean values SEM of all experiments and of the two clones of the same KO. Statistical signi cance
refers to w.t. cells. (*) p<0.05, (**)p<0.01, (**)p<0.001



Cells2021, 10, 181 7 of 16

3.2. Deletion of an Individual CK2 Catalytic Subunit Reduces 3D Growth, Clonogenic Potential,
and Motility

First we wanted to assess if the knockout of CK2 or ' affects the proliferation rate
of SK-N-BE and U20S tumor cells grown in monolayer.

In SK-N-BE neuroblastoma cells, both  and ' KO displayed a slower proliferation
compared to w.t. cells (Figure 2). Results were less clear for the U20S osteosarcoma model:
the U20S KO ' cells were more proliferative than the w.t. cells, while KO  were quite
similar to w.t. (Figure 2).
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Figure 2. Proliferation curves of w.t. and KO clones of SK-N-BE and U20S cells. The cell number was evaluated every 24 h,
by means of Trypan blue exclusion assay (see methods for details). Experiments were performed in triplicates; at least
three independent experiments were performed. The curve for each KO reports the means values = SEM obtained with the
different clones of the same KO. Signi cance calculated at 96 h refers to w.t. cells. (***) p<0.001

To better understand the proliferative phenotypes, we decided to perform spheroid
formation assays, since the growth in soft agar more closely recapitulates the actual growth
of a tumor mass. We found that the 3D growth of SK-N-BE KO for either or 'was
reduced compared to w.t. (Figure 3A), while it was quite similar for w.t. and KO clones of
U20S cells (Figure 3B).
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Figure 3. Spheroid formation potential of w.t. and KO clones of ( A) SK-N-BE cells, and B) U20S cells were seeded
in a 96-well plate precoated with 50 L of 1% agar (see Section2). Inverted microscope images taken at the indicated
times (d = days) are shown. At least two separate experiments were performed, in quadruplicates. Representative images
(SK-N-BE KO clone 1, KO 'clone 1; U20S KO clone 2, KO 'clone 1) are shown.

To further investigate the importance of the CK2 subunits on the growth potential of
tumor cells, we performed clonogenic assays; this approach provides more information,
assuming that the number of colonies measures the cell survival, while the colony diameter
mainly depends on the proliferation rate [ 32]. The clonogenic potential of both  and
KO of SK-N-BE was lower than that of w.t. cells (Figure 4A). Similarly, the KO U20S cells
displayed a much lower number of colonies and smaller colonies compared to w.t. cells
(Figure 4B). The clonogenic potential of two different KO ' U20S clones was instead quite
different, although for both of them the colony size and number were reduced compared
to w.t. cells (Figure 4B). Additionally, considering the higher proliferating rate of U20S
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KO 'cells (Figure 2), for the time being we cannot conclude that in these cells ' strongly
contribute to the proliferation and survival, which are instead profoundly hampered by
the deletion of
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Figure 4. Clonogenic potential of w.t. and KO clones. ( A) 250 SK-N-BE cells/well (w.t. or KO clone
1, or KO 'clone 1), or (B) 100 U20S cells/well (w.t. or clones as indicated) were plated, then grown
for 15 days. Colonies were stained with Crystal violet, and images were taken by a scanner device at
day 15. At least two separate experiments in triplicate were performed; three representative images
are shown for each clone. The bar graphs on the bottom show the quanti cation of the area covered
by colonies (upper graph) and the colony intensity percentage (lower graph), which is related to
the number of cells in a colony (mean values  SEM). Signi cance refers to w.t. cells. (*) p < 0.05,
(**) p<0.01, (**)p < 0.001, (****)p < 0.0001.

In conclusion, our experiments highlight a lower proliferation and survival potential of
all the SK-N-BE KO clones and of the U20S KO clones, compared to their w.t. counterpart.

We then evaluated the migration of cells deprived of one of the CK2 catalytic subunits
by performing wound healing experiments. We noticed a slower migration of SK-N-BE
w.t. compared to U20S w.t. cells, thus the duration of the experiments was necessarily
different for the two cell lines. In SK-N-BE cells, a signi cant closure of the gap area was
observed after 48 h for w.t. cells, while in KO ', and especially KO cells, the closure was
slower (Figure 5A). In U20S cells, the almost complete closure was reached after 8 h for w.t.
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cells, while at that time the wound was still open in KO clones, especially in ' KO cells
(Figure 5B). These results suggest that both and ' contribute to the migration, with a
more marked effect of deletion in SK-N-BE and 'in U20S cells, consistent with the
relative expression of each catalytic subunit in the two cell lines.
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Figure 5. Migration of w.t. and KO clones of ( A) SK-N-BE (KO clone 1, KO 'clone 1) and (B) U20S (KO clone 1, KO '
clone 2) cells. Cell migration was assessed by wound-healing assay. Images were taken at the indicated times after the
removal of the insert (t = 0). The experiments were performed three times. Representative images are shown. The bar
graphs on the bottom show the quanti cation of the migrated areas of at least 2 different experiments, each one performed

in triplicates (see Section 2 for details). Signi cance refers to the corresponding time in w.t. cells. (*) p<0.05 (***) p<0.00],
(****) p < 0.0001.

3.3. Effect of CK2 Targeting on Hypoxic Response and Glycolysis Enzymes

It has been reported that the inhibition of CK2 reduces stability and/or activity of
HIF-1 , one of the hypoxia sensor subunits of HIF-1 [ 33-35]. HIF-1 is a transcription
factor of special relevance in the metabolic rewiring of cancer cells, as it mediates cellular
adaptation to hypoxic stress by upregulating several downstream targets, among which
hexokinase-2 (HK2) and lactate dehydrogenase-A (LDH-A) [ 36], that increase glucose
utilization and boost aerobic glycolysis [ 37]. Therefore, we decided to evaluate HIF-1
levels in our model cells.

As found in other cells [ 33-35], HIF-1 was reduced in response to treatment with
the CK2 inhibitor CX-4945, provided that the treatment lasted enough (48h, Figure 6A).
In SK-N-BE and U20S cells, HIF-1 level was hardly detectable under normoxic conditions,
but it was signi cantly increased by cell treatment with Dimethyloxallyl Glycine (DMOG)
which induces chemical hypoxia [ 38] (Figure 6B,C). We observed that in both cell lines,
in normoxia and especially upon hypoxia induction, the HIF-1  level was signi cantly
lower in KO , but not in KO ' cells, compared to w.t. cells (Figure 6B,C). Moreover,
the amount of HK2 and LDH-A induced by treatment of U20S cells with DMOG was also
lower in KO cells, while was not signi cantly affected in KO . Similarly, in SK-N-BE
the induction of HK2 by DMOG was reduced in KO  (compared to w.t. cells) much more
than in KO ' cells; in our hands, LDH-A was not induced in w.t. SK-N-BE cells by DMOG
treatment, thus preventing any comparison with the KO clones (not shown).
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levels in w.t. and KO clones of SK-N-BE and U20S cells. (A) w.t. SK-N-BE cells were treated with

CX-4945 at the indicated time and concentration conditions. 30 g proteins from lysates were analyzed by WB for the

HIF-1

levels. Actin was used as loading control. ( B) SK-N-BE cells (w.t or KO clone 1, or KO 'clone 1) or (C) U20S

cells (w.tor KO clone 1 or KO 'clone 2) were treated, where indicate (+), with 2mM dimethyloxallyl glycine (DMOG) for
20 h.30 g proteins from cell lysates were analyzed by WB for the indicated proteins. Actin was used as loading control.
At least three independent experiments (also with different clones) were performed. Representative WB are shown. The bar

graphs report quanti cation of HIF-1

, HK2 and LDH, as normalized mean values

SEM of all experiments, in arbitrary

units, obtained by analyses with Kodak 1D Image software. Signi cance refers to the corresponding condition in w.t. cells.

(**) p<0.01, (**)p<0.001, (****)p < 0.0001.
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The results described so far suggest that in tumor cells the glucose metabolism might
be regulated by a single CK2 catalytic subunit. We therefore extended our study by
characterizing the glycolytic phenotype of our KO clones.

3.4. Extracellular Lactate Production

The results shown in Figure 6 prompted us to evaluate the extracellular lactate pro-
duction, as an indication of the glycolytic ux. We found that the lactate production was
signi cantly lower in KO clones compared to the respective w.t. cells, for both SK-N-
BE and U20S lines (Figure 7A). The deletion of 'was instead less effective in affecting
lactate secretion. As previously reported in bladder cancer cells [ 14], we have also found
that pharmacological CK2 inhibition by CX-4945 cell treatment was able to reduce lactate
production in a dose-dependent manner; consistently with a major role of CK2  isoform,
the KO cells were less sensitive to CX-4945 treatment (Figure7B).
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Figure 7. Lactate production in response to CK2 knock out or pharmacological inhibition. ( A) The extracellular lactate
secreted in the culture medium in 8 h by the indicated cells was analyzed by means of a luminescence assay. Values for each

KO are the means

SEM obtained with the different clones of the same KO. At least three independent experiments were

performed, in duplicate. Signi cance refers to w.t. cells ( B) Cells were analyzed for the extracellular lactate secreted in the
culture medium in 6 h, in the absence or in the presence of the indicated concentrations of CX-4945. Three independent
experiments were performed, in duplicate. Results (means  SEM) are reported as % compared to the respective w.t. cells,
in the absence of CX-4945. Signi cance refers to untreated control. (*)p < 0.05, (**)p <0.01, (***)p < 0.001, (****)p < 0.0001.

These results suggest that CK2 signaling intervenes in the metabolic shift of tumor
cell to glycolysis, with a more marked function of the isoform.

3.5. Analysis of the Extracellular Acidi cation Rate

To better de ne the metabolic phenotype of our tumor cells, we exploited the Sea-
horse metabolic analyzer and performed glycolysis stress test experiments which allow to
follow in real time the extra-cellular acidi cation rate (ECAR) caused by glycolytic activ-
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ity. We found that both the glycolytic response (measured as the ECAR increase caused
by glucose administration), and the maximal glycolytic capacity (assessed by inhibiting
oxidative phosphorylation in the presence of glucose) were lower in SK-N-BE KO clones
of either or ', with the strongest effect observed in KO cells (Figure 8A). Similarly,
in U20S cells a general less glycolytic phenotype of KO clones compared to w.t. cells
was observed (Figure 8B); in this case, however, there were important differences between
clones. The glycolytic capacity and reserve were signi cantly reduced in both the two KO
clones (with also basal glycolysis and glycolytic response reduced in one of them). Instead,
one of the KO ' clones was quite similar to the w.t. cells, while the other signi cantly
differed from them, therefore, we cannot unambiguously evaluate the real importance of
this subunit in this kind of analysis. In general, we can conclude that for both SK-N-BE and
U20S cells, CK2 seems to contribute more than CK2 ' to the glycolytic pro le. As shown
in Figure 8C, the Seahorse experiments performed with cells treated with the CK2 inhibitor
CX-4945 demonstrated that also CK2 chemical targeting reduces the acidi cation rate due
to glucose metabolism.
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Figure 8. Seahorse glycolytic stress test of w.t. and KO clones of SK-N-BE and U20S cells. The glycolysis stress tests were
performed using a Seahorse extracellular ux analyzer. ECAR (extracellular acidi cation rate) was monitored following the
indicated additions and normalized to protein concentrations. Each experiment was performed at least in quadruplicate.
Values are expressed as the mean SEM. At least two independent experiments were performed; representative pro les are

shown. (A) SK-N-BE cells glycolytic stress test pro le (left) (KO

clone 1, KO 'clone 2) and quanti cation of the experiment

(right), performed with the XF software. ECAR values are expressed in AUC (Area Under Curves) units, quantifying the
area of the curves corresponding to the different phases of the experiment (see Section2). Signi cance refers to w.t. cells;
(B) U20S cells glycolytic stress test pro le (left) (w.t. cells or the indicated clones) and quanti cation of the experiment
(right), performed with the Wave software. ECAR values are expressed in mpH/min, as detected at the last measure point
of each phase of the experiment (see Sectior?). Signi cance refers to w.t. cells; (C) SK-N-BE cells glycolytic stress test
pro le, upon treatment with vehicle (control) or the indicated concentration of CX-4945 for 5 h before running the Seahorse
experiment (left). Quanti cation of the experiment is shown on the right, performed with the XF software. ECAR values are

expressed in AUC (Area Under Curves) units, quantifying the area of the curves under three points of each phases of the
experiment (see Section2). Signi cance refers to vehicle-treated control cells. (*) p<0.05 (**) p<0.01 and (***) p<0.001,
(****) p < 0.0001.
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4. Discussion

In this work, we analyze the effect of CK2 targeting on the metabolic phenotype
of cancer cells, by means of model cell lines and selective deletion of a single CK2
catalytic subunit.

Although the role of CK2 in the metabolic rewiring of cancer cells has been partly
anticipated [ 14-16], our study is the rst direct comparison of the speci ¢ contribution of
each subunit. We found strong evidences supporting the CK2 involvement in the glycolytic
phenotype of tumor cells, and suggesting a general more pronounced effect of  than
on this typical metabolic rewiring. This was evident, for example, on HIF-1 ~ amount and
activation, and consequent HK2 and LDH levels (Figure 6), on lactate production ( Figure 7),
on Seahorse glycolytic pro le (Figure 8) (although with some variance among different
clones, whose explanation will require further investigation). On these features, for both
cell lines we observed a stronger divergence of KO than KO 'from w.t. cells. In the
case of KO 'U20S cells, the lactate production was even equal to that measured in w.t.
cells (Figure 7A). This is in partial discrepancy with the Seahorse experiments of Figure 8A
(where one KO 'clone is less glycolytic than w.t. cells). However, it has to be reasoned that
the lactate assay provides a picture of a static situation at a certain time, while the Seahorse
experiment is a real-time analysis, ideally measuring the acidi cation rate due not only to
lactate production. In any case, both approaches support a major role for CK2

Our observations on the isoform-speci ¢ effects do not seem to depend on the amount
of residual CK2 catalytic activity, which is different in the two cell lines (see Figure 1), and,
instead, correlates with the migration potential (Figure 5). In contrast, speci c functions
of respectto 'appear to play a role in the regulation of metabolic rewiring. CK2
isoform-speci ¢ substrates/partners/functions have been already reported [11,31,39-41];
further studies will be necessary to assess their effective implication in cancer cell metabolism
and to identify novel targets and mechanisms that might be implicated. However, it is also
important to notice that, as previously observed in other cell lines [ 31], the KO clones
display a reduction of the  CK2 regulatory subunit, which is not (or only marginally)
appreciable in KO ‘' cells (Figure 1). Therefore, it is likely that KO cells have a lower
cellular amount of the tetrameric CK2 holoenzyme. This observation further complicates
the interpretation of our data, since it has been shown that knocking out  is detrimental to
the phosphorylation of a number of CK2 targets but not of others [ 42]. In fact, monomeric
and tetrameric CK2 display different activity towards a panel of selected substrates [ 7].
We cannot exclude, therefore, that the more evident effects observed in KO cells are due
to the lower amount of tetrameric CK2. In discriminating between the importance of CK2
and tetrameric CK2, an advantage would potentially derive from the establishment of KO
cells; however, for the time being, any attempt to produce tumor cell devoid of has failed
(unpublished results). Implicitly, this suggests that the tetrameric form of CK2 is essential
for cancer cell survival.

Several inhibitors are available for CK2 (with two of them, CX-4945 [ 43] and CIGB-
300 [44] already at a clinical level). Tumor cells have been widely documented to re-
spond to CK2 inhibitors, alone or in combination with conventional drugs (as reviewed
in [45]). Concerning the cell lines used in this work, Figure S1A shows that SK-N-BE
cells are sensitive to the CK2 inhibitors CX-4945, TDB (Tetra-bromo-deoxyribofuranosyl-
benzimidazole) [ 46] and K137 (N%(4,5,6,7-tetrabromo-1Hbenzimidazol-2-yl)propane-1,3-
diamine, also known as 2b) [47,48], with IC50 in the M range (see Figure S1A). As for
U20S cells, we have already published that CX-4945 reduces their viability, with an IC 5q
around 4 M [23]. Interestingly, we have also preliminary evidence suggesting that the
combined treatment with a CK2 inhibitor (CX-4945) and a metabolic inhibitor (2-DG) pro-
duces synergistic effects on U20S cell viability (Figure S1B), allowing to reduce the effective
doses of each drug. The calculated combination index of 0.37 supports a synergistic effect.
These results give a particular signi cance to the work presented here, in the perspective
of future therapeutic strategies based on CK2 targeting.
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Most CK2 inhibitors are equally effective towards the different CK2 forms, but at-
tempts have been done to develop strategies/compounds able to discriminate between
them, either tetrameric vs monomeric [ 49], or vs '[50]. The knowledge of the mecha-
nism(s) underlying the contribution of each CK2 form to cancer metabolic phenotype is
crucial for the choice of the correct inhibition strategy for therapeutic applications.

Apart fromthe / 'issue, our results unequivocally support the CK2 implication in
the metabolic glycolytic phenotype of different tumor cells, and suggest that CK2 inhibition
may hamper the energy supply strategies of cancer cells, thus offering further opportunities
of therapeutic plans.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
9/10/1/181/s1 , Figure S1: Effect of CK2 inhibitors on cell viability.
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