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ABSTRACT

p38a (encoded by MAPK14) is a major regulator of cellular responses
to almost all types of environmental and intracellular stresses. Upon
activation, p38a phosphorylates various substrates both in the
cytoplasm and nucleus, allowing this pathway to regulate a wide
variety of cellular processes, including cell proliferation,
differentiation, or survival. Given the plethora of functions that can
be controlled by p38a, we performed proteomic and
phosphoproteomic analysis to study the signaling networks regulated
by p38a during cancer cell homeostasis. Our study identifies 35
proteins and 114 phosphosites that are modulated by p38a, and
highlights the importance of other kinase pathways, such as MK2 and
mTOR, for p38a-regulated functions. Moreover, the functional
analysis of the (phospho-)proteome revealed the implication of p38a
in the regulation of cell adhesion, DNA replication and RNA
processing. We further show that p38a negatively regulates cell-cell
adhesion, which is likely mediated by the transcriptional modulation
of ArgBP2. Collectively, our results illustrate the complexity of the
p38a regulated signaling networks, provide valuable information on
p38a-dependent phosphorylation events in cancer cells, and
document a mechanism by which p38a regulates cell-cell adhesion

during cancer cell homeostasis.
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RESUMEN

p38a (codificada por el gen MAPK14) es una proteina reguladora
crucial en las respuestas celulares a casi todos los tipos de estrés tanto
provenientes del ambiente extracelular como del interior de la célula.
Una vez activada, p38a fosforila varios sustratos en el citoplasma y
en el nacleo, lo que permite que esta via regule una amplia variedad
de procesos celulares, que incluyen la proliferacion, la diferenciacion
o la supervivencia celular. Dado la gran cantidad de funciones que
pueden ser controladas por p38a, en este trabajo realizamos anélisis
protedmicos y fosfoprotedmicos para estudiar las redes de
sefializacion reguladas por p38o en las células tumorales en
homeostasis. Nuestro estudio ha identificado 35 proteinas y 114 sitios
de fosforilacion que son modulados por p38a, asi como la
importancia de otras vias de sefializacién por quinasas, como MK2 y
mTOR, en las funciones reguladas por p38a. Ademas, el anélisis
funcional del (fosfo)proteoma ha revelado que p38a participa en la
regulacion de la adhesion celular, la replicacion del ADN vy el
procesamiento del ARN. También mostramos que p38a regula
negativamente la adhesién célula-célula, lo que probablemente esta
mediado por la modulacion transcripcional de ArgBP2. En conjunto,
nuestros resultados ilustran la complejidad de las redes de
sefializacion reguladas por p38a, proporcionan informacién valiosa
sobre las fosforilaciones dependientes de p38a en células tumorales
y documentan un mecanismo por el que p38a regula la adhesion

célula-célula durante la homeostasis de las células tumorales.
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PREFACE

The signaling pathway based on p38a plays prominent roles in the
process of integration of information, which allows cells to interpret
environmental stimuli and elaborate the appropriate responses. Upon
activation, p38a can phosphorylate many substrates both in the
cytoplasm and nucleus, which allows this pathway to regulate a wide
variety of cellular processes, including cell proliferation and survival.
The set of p38a substrates that are phosphorylated in response to each
stimulus is likely to contribute to the particular cellular response.
Several protein kinases are activated by direct p38a phosphorylation
and further amplify the number and type of proteins that can be

phosphorylated upon activation of the signaling pathway.

In this Thesis, proteome and phosphoproteome analyses were
performed in cancer cells in which p38a signalling was inhibited
using two different reagents to identify with high confidence
signaling networks regulated by p38a in cell homeostasis. In total, 25
proteins were found to be positively regulated and 10 proteins
negatively regulated by p38a. At the phosphoprotein level, 26
phosphosites (on 21 proteins) were positively regulated and 88
phosphosites (on 62 proteins) negatively regulated by p38a.
Functional analysis suggested that these (phospho-)proteins were
mainly involved in the regulation of cell adhesion, RNA processing,

DNA replication and the cell cycle.

Sequence signature analysis of the phosphosites downregulated upon

p38a inactivation revealed that about 52% corresponded to RxXxS
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motifs and 30% to SP/TP motifs, which can be targeted by p38a and
its downstream substrate MK2, respectively. Curiously, 77% of the
upregulated phosphosites were also SP/TP motifs, which could be
targeted by MAPKSs or CDKs. In addition, we found that MK2 and
mTOR activities were significantly decreased when p38a signaling
was inhibited, and the activity of several other proteins kinases was

also predicted to be altered upon p38a inhibition.

Moreover, the role of p38a in cell adhesion was evaluated using
different assays. We concluded that p38a can negatively regulate
cell-cell adhesion and identified the adapter protein ArgBP2
(encoded by SORBS?2) as a target that is negatively regulated by p38a
at the transcription level. ArgBP2 assembles signaling complexes in
stress fibers and is a component of the actomyosin ring at the apical
junctional complex in epithelial cells. We provide evidence that

ArgBP2 is involved in the regulation of cell-cell adhesion by p38a.

Taken together, our results illustrate the complexity of the p38a-
regulated signaling networks in cancer cell homeostasis and provide
new insights into the mechanisms modulated by p38a in cell-cell

adhesion.
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INTRODUCTION

1. Post-translational modifications in cell signaling

Cells need to constantly sense changes in the cellular environment to
respond accordingly, so they have developed sophisticated
mechanisms to receive, process and transmit the signals that
orchestrate the appropriate responses. For example, ligand binding to
the extracellular domain of a receptor initiates a signal transduction
network that affects multiple processes, from metabolism to motility,

proliferation, survival and differentiation(Graves and Krebs, 1999).

Post-translational modifications (PTMs) play fundamental roles in
the cellular response to environmental alterations, by allowing cells
to diversify their protein functions and dynamically coordinate
signaling networks. PTMs are covalent modifications that alter the
protein properties by proteolytic cleavage or by addition of groups
such as acetyl, phosphoryl, glycosyl and methyl, to one or more
amino acids (Ramazi et al., 2020). To date, more than 400 different
PTM types are listed in the Uniprot database (Khoury GA et al.,
2011). These modifications can affect almost all kinds of protein
behaviors and characteristics, including enzyme activity, protein life
span, protein-protein interactions, cell-cell and cell-matrix
interactions, molecular trafficking, receptor activation, protein

solubility, folding and localization(Ramazi and Zahiri, 2021).
1.1 Phosphorylation

Protein phosphorylation is perhaps the most prevalent and acute type
of reversible PTM in eukaryotes. Indeed, it is an efficient way to
control cell response to internal and external cues. It is rapid, taking

as little as a few seconds, does not require new proteins to be
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synthesized or degraded, and can be easily reverted. Protein
phosphorylation plays a crucial role in controlling various cellular
processes, impinging on enzyme catalytic activity, protein-protein
and protein-DNA/RNA interactions, protein localization and stability
(Cohen, 2002; Hunter, 2012). The history of protein phosphorylation
began with the discovery of phosphate in the protein vitellin in 1906
(Levene P A and Beatty W A, 1906). However, the first enzymatic
phosphorylation of a protein was reported 20 years later in rat liver
mitochondrial (Burnett G and Kennedy E P, 1954). In 1968, Fischer
and Krebs discovered the first protein kinase, Protein Kinase A
(PKA), and they won the 1992 Nobel Prize for their discovery of this
important and reversible process as a major biological regulatory
mechanism (Fischer E H and Krebs E G, 1955).

The phosphorylation status of a protein is regulated by protein
kinases and phosphatases. In particular, protein kinases transfer a
phosphate group (POs) from adenosine triphosphate (ATP) to the
polar group of some amino acids. Consequently, the substrate protein
may undergo a conformational change affecting its enzymatic
activity or its ability to interact with other molecules (Ardito et al.,
2017). Conversely, phosphatases remove the phosphate group in a
process called dephosphorylation (Figure 1). Kinases and
phosphatases work in balance and independently to regulate protein
function. Eukaryotic protein phosphorylation mainly occurs on Ser,
Thror Tyr residues. In particular, about 84.6% of the phosphorylation
appears on Ser, 11.8% on Thr and only 1.8% on Tyr (Olsen J V et al.,
2006). However, phosphorylation has also been reported on His, Pro,
Asp, Glu, Lys, Arg and Cys residues (Huang et al., 2019).

4
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Figure 1. Scheme of phosphorylation and dephosphorylation.
Phosphorylation is mediated by kinases and phosphatases. As a key
reversible post-translational modification, phosphorylation causes
protein conformational changes, which may activate or inactivate the
protein function. Adapted from (Ardito et al., 2017).

To date, over 200,000 known human phosphosites are listed in the
Cell Signaling Technology PhosphoSitePlus (www.phosphosite.org)
and the Kinexus PhosphoNET (www.phos-phonet.ca) websites
(Ardito et al., 2017). It is estimated that 30% of all cellular proteins
are phosphorylated in at least one residue. Assuming that there are
~10,000 different proteins in a typical eukaryotic cell, with an
average length of ~400 amino acids (~17% of which are Ser (8.5%),
Thr (5.7%) or Tyr (3.0%), there are ~700,000 potential
phosphorylation sites for any given protein kinase (Ubersax and
Ferrell, 2007).

1.2. Protein kinases

In eukaryotes, the protein kinase gene family comprises about 2% of
the genome. To date, 522 human protein kinases have been identified,
which can transiently phosphorylate specific amino acids on ~30%

of all human proteins (Manning G et al., 2002). Of these protein

5
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kinases, 372 are known or predicted to phosphorylate Ser and Thr,
90 phosphorylate Tyr, and the remaining 56 are transmembrane

receptor tyrosine Kinases.

The human kinome is broadly classified into two superfamilies,
“conventional” (ePKs) and “atypical” protein kinases (aPKs) (Figure
2). ePKs are the largest group and have been subclassified into 8
groups (AGC, CAMK, CK1, CMGC, RGC, STE, TK, and TKL
families) based on the sequence similarity between the catalytic
domains, the presence of auxiliary domains, and considering any

known regulatory models (Manning G et al., 2002).

In contrast, aPKs are a small set of protein kinases that do not share
apparent sequence similarity with ePKs, and comprise the following
four groups: Alpha, PIKK, PDHK and RIO. Protein phosphorylation
act as molecular switches in essentially every aspect of cellular
activity, and mutations or dysregulation of protein kinases are often
associated with many human diseases (Greenman et al., 2007; Lahiry
et al., 2010). Therefore, protein kinases are considered valuable
targets for precision medicine (Klaeger et al., 2017; Zhang J et al.,
2009).
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Figure 2. Protein kinase families. TK, tyrosine kinase. TKL, tyrosine
kinase—like. STE, sterile. CK1, casein kinase 1. AGC is a family that
includes PKA (protein kinase A), PKB (protein kinase B; also known as
AKT), and PKC (protein kinase C). CAMK, Ca2+/calmodulin-
dependent protein kinase. CMGC is a family that includes CDKs

(cyclin-dependent  kinases),

MAPKSs

(mitogen-activated protein

kinases), GSK (glycogen synthase kinases), and CDK-like kinases.
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1.3. Protein kinase structure

The majority of human protein kinases share a common fold
consisting of a small N-terminal lobe, formed by a five-stranded -
sheet with an a-helix called the C-helix, and a bigger C-terminal lobe
comprising six a-helices (Figure 3). The two lobes are connected by
a flexible hinge region forming the ATP-binding site. The active site
is located in the cleft between the two lobes, comprising several
crucial structural elements for enzymatic activity. The activation loop
is typically 20 to 30 residues in length, beginning with a conserved
DFG motif (usually Asp-Phe-Gly) and extending up to an APE motif
(usually Ala-Pro-Glu). In active kinase structures, this loop forms a
cleft that binds the substrate, and the bound substrate peptide forms
specific interactions with the conserved HRD motif (usually His-

Arg-Asp) located in the catalytic loop of the protein.

Other structural changes that occur in the active conformation are:
(1) the Asp of the DFG motif is oriented in a way that allows it to
bind to a magnesium ion that interacts directly with an oxygen atom
of the 3 phosphate of ATP; (2) the C-helix is in an inward disposition,
which positions a conserved Glu in the helix to form a salt bridge
with a Lys residue in the B3 strand, and the Lys side chain forms
hydrogen bonds with oxygen atoms of the a and B phosphates of
ATP. In addition, the N-lobe has a GxGxxG motif in a loop that
stabilizes the phosphates of the bound ATP molecule during
catalysis. The catalytically active state of a protein kinase requires a
unique assembly of these elements that create an environment

conducive to the phosphotransferase reaction (Modi and Dunbrack,
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2019). The flexibility of these structural elements contributes to the

regulation of the kinase activity.

DFGmotif
Activation
loop

Y ‘
( . Dmotif
A

Catalytic

Figure 3. Crystal structure of a typical protein kinase. Human
protein kinases are composed of an N-terminal lobe (N-lobe), containing
five B-sheet strands and a C-helix, and a C-terminal lobe (C-lobe)
containing six a-helices. ATP binding site and conserved elements
around it are labelled. Adapted from (Modi and Dunbrack, 2019).

1.4. Protein kinase specificity

Protein kinases differ from one another based on their modes of
regulation and their substrate repertoires to maintain the specificity
observed in signaling pathways. A typical kinase must distinguish its
targets in a background of ~700,000 potentially phosphorylatable
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sites. Multiple factors modulate the specificity of the kinase, such as
the structure of the kinase catalytic site, subcellular localization and
the formation of complexes with regulatory scaffolds and adaptor
proteins (Figure 4). The most notable difference between kinases
regarding their specificity is the identity of the phosphoacceptor Ser,
Thr and Tyr, which are determined by conserved features of the
kinase active site. For instance, Tyr kinases have a deeper catalytic
cleft than Ser/Thr kinases: a Tyr residue can span the distance
between the peptide backbone and y-phosphate of ATP, while the
smaller side groups of Ser and Thr residues cannot (Hubbard S R,
1997; Ubersax and Ferrell, 2007). Moreover, as a general rule,

Ser/Thr protein kinases tend to prefer Ser over Thr.

Kinase-substrate Substrat Interaction
Interactions ubstrate 3 Sites on substrate

Catalytic site interactions Phosphorylation site motif

Docking interactions Docking site

Adaptor

Domain interactions Domain binding motif

Adaptor interactions 5. Adaptor binding site

Figure 4. Overview of the main types of protein kinase-substrate
interactions. Kinases selectively target specific substrates through a
combination of multiple interactions, including the structure of the
catalytic site, local and distal interactions between the kinase and
substrate, and the formation of complexes with scaffolding and adaptor
proteins. Adapted from (Miller and Turk, 2018).
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Consensus sequences

The interface between the protein kinase active site and the residues
flanking the target phosphoacceptor often contributes substantially to
kinase—substrate recognition, usually described as a short linear
sequence motif (Pearson and Kemp, 1991; Pinna and Ruzzene,
1996). Therefore, identification of the linear sequence motif has
been, in many cases, an essential hint for finding the physiological
kinase. For example, Protein kinase A (PKA) substrate motif is Arg-
Arg-X-Ser/Thr-®@ (where X is any amino acid and ® represents a
hydrophobic residue), indicating that Arg at -3 and -2 position and a
hydrophobic residue at +1 to the target Ser/Thr is preferred by the
PKA active site (Songyang et al., 1994; Taylor et al., 2005; Zheng et
al., 1993). Examples of other kinase consensus sequence motifs are
provided in Table 1 (Miller and Turk, 2018). However, some protein
kinases share the same linear sequence motif, for instance, Ser/Thr-
Pro sites for mitogen-activated protein kinases (MAPKS) and cyclin-
dependent kinases (CDKSs), and other protein kinases do not seem to

have a clear consensus sequence motif in their substrates.

Although docking motifs are found in various kinases, they usually
occur in different parts of the kinases. Unlike Ser/Thr kinases, of
which the docking domains are often part of the kinase domain, Tyr
kinases docking motifs tend to separate from the kinase domain. Non-
receptor Tyr kinases have well-defined domains, like SRC-
homology-2 (SH2), SH3, integrin binding, pleckstrin homology, or
Janus tyrosine kinase (JAK) homology domains (Hubbard and Till,
2000; Ubersax and Ferrell, 2007). In recent years, docking motifs that

increase kinase-substrate interactions have been identified in many
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Kinases, suggesting that this may be a widespread mechanism of

specificity.

The docking domains in MAPKSs are among the best studied (See
3.1). MAPKs share a common phosphorylation sequence motif
(Ser/Thr-Pro), but the different subfamilies (ERK1/2, p38s and
JNKSs) usually target different sets of substrates. Two distinct regions
of the MAPK catalytic domains are known to increase substrate
specificity: the D domain (also known as the D box or DEJL domain
or Kinase interaction motif (KIM-motif) (Kallunki et al., 1994) and
the DEF domain (also known as the FXF motif) (Jacobs et al., 1998).

D domains are typically 50-100 residues away from the MAPK
phosphosite, consisting of a cluster of basic residues positioned
amino-terminal to a Leu/Iso-X-Leu/Iso(®-X-®) motif followed by a
triplet of hydrophobic amino acids that precedes a series of Pro
residues (Barsyte-Lovejoy et al., 2002; Caldwell et al., 2006; Ho et
al., 2003). D domains are ubiquitous in MAPK substrates. For
example, activated transcription factor-2 (ATF2) carries a JNK
docking site, the transcription factor ELK1 has an ERK docking site,
and myocyte enhancer factor (MEF)-2A and MEF2C carry docking
sites for p38 MAPK (Gupta S et al., 1995; Tanoue et al., 2000; Yang
et al., 1998, 1999). Although some of the D-domains can be
recognized by more than one subfamily of MAPKSs, the importance
of the D-domains was validated by mutation of specific acidic
residues in the MAPK that were predicted to interact with the Lys or
Arg residues of the substrate docking sequences (Tanoue and
Nishida, 2003; Yang et al., 1998).

12



INTRODUCTION

Table 1. Consensus sequences of protein kinase phosphorylation
sites. Kinase preferences are indicated in the first column. The
residue 0 is the phosphoacceptor: Ser, Thr or Tyr. Amino acids are
indicated by the single letter codes. x=any amino acid,
®=hydrophobic, pS=phosphorylated Ser, pY= phosphorylated Tyr.
Adapted from Miller and Turk, 2018.
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DEF domains are generally Q-X-Q sequence, where € represents an
aromatic residue and is mainly located between 6 and 20 amino acids
C-terminal to the phosphoacceptor (Lee et al., 2004; Sheridan et al.,
2008). It was first found in the Caenorhabditis elegans ETS
transcription factor LIN-1 and the scaffold protein KSR-1, which
contain the Phe-X-Phe-Pro sequence, where X is any amino acid, and
one of the Phe residues can also be a Tyr residue (Jacobs et al., 1998;
Murphy et al., 2002; Roux and Blenis, 2004). DEF domains engage
a small hydrophobic pocket proximal to the catalytic cleft of ERK1/2
and p38 MAPKSs (Lee et al., 2004; Sheridan et al., 2008). Distinct
DEF-site sequence preferences among p38 family members have
been rationalized based primarily on the size of this pocket. DEF
domains have been identified in several MAPK substrates, most of
which are transcription factors including Elk1, c-Fos, c-Myc, and
JunD (Jacobs et al., 1999; Murphy et al., 2002, 2004; Vinciguerra et
al., 2004). Other proteins with various functions were also reported
to contain DEF domains, like the ERK scaffolding protein KSR1
(Jacobs et al., 1999), the proapoptotic Bcl-2 family protein BIimEL
(Ley et al., 2005), the GTPase-activating protein CdGAP
(Tcherkezian et al., 2005), and the focal adhesion protein vinexin
(Mitsushima et al., 2004). Interestingly, the DEF domains have been
found in ERK2 and p38a/p38y, but not in JNKSs and p38f3 (Sheridan
et al., 2008).

DEF and D domains can sometimes be found on the same protein,
such as EIlk-1 and KSR1, where these domains may act
synergistically to strengthen MAPK interaction (Roux and Blenis,
2004).
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Scaffolds

Besides the direct interactions between protein kinases and their
substrates, adaptors or scaffolds can sometimes act as organizing
platforms to recruit the kinase and the substrate to the same complex
within specific subcellular locations (Bhattacharyya et al., 2006).
Scaffolds are similar to targeting subunits, except that targeting
subunits tend to associate stably with the kinase, whereas the
interaction between a kinase and a scaffold might be more dynamic
(van Drogen et al., 2001). Scaffolds allow protein kinases to attain
distinct substrate specificity depending on the scaffolding complex
composition, bringing kinases and substrates together in space and

precisely tuning the quantitative characteristics of the pathway.

There are several examples of PKA and MAPK signals that are
dependent on scaffolding proteins to maintain kinase specificity. For
example, the A-kinase—anchoring proteins (AKAPSs) have distinct
subcellular targeting sequences or mechanisms and can anchor
inactive PKA to different locations in the cell promoting substrate
kinase interactions upon increased cAMP concentrations, which
results in PKA activation (Wong and Scott, 2004). In addition to
controlling the localization of inactive PKA, AKAPs can also recruit
other signaling proteins, such as the phosphatase PP2B (Coghlan VM
et al., 1995), the kinase PKC (Klauck T M et al., 1996) and the
phosphodiesterase =~ PDE4, which collapses local cAMP
concentrations to inactivate PKA and maintain a gradient of PKA
activation (Dodge et al., 2001). Another example is the scaffold
protein JNK interacting protein-1 (JIP1), which recruits JNK and its
upstream MAP2K and MAP3K (Whitmarsh et al., 1998), and can
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also recruit the phosphatase MKP7 to induce JNK dephosphorylation
(Willoughby et al., 2003).

In summary, protein kinases use multiple mechanisms to maintain
their specificity and phosphorylate the proper substrates in their
associated signaling networks. However, kinase substrate predictions
based on linear kinase recognition motifs is tricky, especially
considering that multiple substrate-binding modes are possible, and
that indirect kinase-substrate interactions may also be important in
some contexts. It is also unclear which mechanisms are essential for
each kinase as well as the factors that determine the degree of

interaction required for substrate phosphorylation.
1.5. Protein phosphatases

The phosphorylation state of a protein is not only regulated by
changes in protein kinase activity, but also depends on the activity of
protein phosphatases, which may be as important as protein kinases
(Cuadrado and Nebreda, 2010). There are approximately 264 known
human protein phosphatases, accounting for 1.17% of the human
proteome (Chen et al., 2017). These phosphatases are structurally and
functionally diverse and classified into four families according to
their sequences, catalytic mechanism, inhibitor sensitivity, and
substrate preference: the phosphoprotein phosphatase (PPP) family,
the protein phosphatase Mg2*- or Mn2*-dependent (PPM) family
represented by PP2C, the protein Tyr phosphatase (PTP)
superfamily, and the aspartate-based protein phosphatase family
represented by FCP/SCP (TFIlIF-associating component of RNA
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polymerase Il CTD phosphatase/small CTD phosphatase) (Table 2)
(Andersen et al., 2001; Shi, 2009; Tonks, 2006).

Table 2. Classification of protein phosphatases. The number of
genes that encode the phosphatases in each family or class is in
parentheses. Adapted from Meeusen & Janssens, 2018.

Class Subclasses Examples
PP1
. PP2A
E &> |Phosphoprotein phosphatases PP2B
8 S |(PPP) (13) PP4
Y PP5
T3 PP6
£ 5 PP7
wn
% g’ Metal dependent protein E)F;rzuc\:/ate dehydrogenase
E g |phosphatases (PPM) (18) phosphatases
Aspartate-based protein FCP1
phosphatases (7) SCP
Classical protein tyrosin | Transmembrane PTPs (20)
phosphatases(PTP) Non-receptor PTP (17)
@ MKPs (11)
i PTENS (5)
4 Class | |Dual Specificity Atypical DSPs (20)
é phosphatases (DSP) or Myotubularins (15)
o VH1-like PTPs PRLs (3)
Fa Slingshots(3)
E CDC14s (4)
c CDC25A
g Class Il [CDC25 CDC25B
a CDC25C
Class 111 Low molecul_ar weight ACP1
protein tyrosine SSU72

Protein phosphatases catalyze the removal of phosphate groups from
their substrates by hydrolysis of phosphoric acid monoesters into a
phosphate ion, therefore reversing the action of protein kinases.

Unlike protein kinases, which have a structurally conserved catalytic

17



INTRODUCTION

domain (Manning G et al., 2002), phosphatase activity is associated
with many different protein folds and catalytic mechanisms due to
their evolution in separate families, which are structurally and
mechanistically distinct (Tonks, 2006). In each superfamily, the
linkage of regulatory and targeting domains and/or subunits to
protein catalytic domains achieve considerable structural diversity.
Regulatory subunits and domains are used to localize protein
phosphatases to specific subcellular locations and to regulate their
specificity and functions through allosteric modification (Barford et
al., 1998).

1.6. Substrate recognition and specificity of protein

phosphatases

Although significant progress has been made in understanding how
protein kinases recognize their substrates through protein-protein
interactions, scaffolding proteins, and linear sequence motifs
surrounding the phosphoacceptor sites, protein phosphatases are
considered more promiscuous. Sacco et al. (Sacco et al., 2012)
summarized three main strategies that phosphatases use to target their
substrates, which are Module-based, SLiM-mediated, and
Regulatory subunit-assisted, as described below and in Figure 5. The
three mechanisms contribute to phosphatase substrate recognition,
though their relative importance in different phosphatase families

remains to be determined.

Module-based specificity employs targeting domains that are
covalently linked to the catalytic domains. For instance, PTPN11

requires its SH2 domain to be recruited to specific targets such as a
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surface-receptor signaling complex either through direct recruitment
or through scaffolding adaptor proteins. PTPN11 binds its substrates
via SH2-mediated recognition of phosphorylated tyrosines on the C-
terminus of the substrates (Feng, 1999; Neel et al., 2003; Ostman et
al., 2006). Another example is the 4.1 Ezrin Radixin Moesin (FERM)
domain, a lipid-binding domain that connects actin filaments with
membranes. PTPN21 uses a FERM domain to recruit SRC kinase and
after once the FERM-mediated complex is formed, SRC is activated
via dephosphorylation of its C terminal inhibitory phosphotyrosine.
PTPN21 mutants lacking either catalytic activity or the FERM

domain are unable to activate SRC (Carlucci et al., 2008).

Some phosphatases use SLiM-mediated specificity to recognize their
substrates. SLiMs are often located in intrinsically disordered regions
and their sequence composition determines protein-protein
interaction and binding affinity. For instance, the Pro-rich motif in
PTPN12 can interact with the SH3 domain of p130Cas to facilitate
its dephosphorylation (Angers-Loustau et al., 1999; Garton et al.,
1997). Similarly, some dual specificity phosphatases (DSPs or
MKPs) can target MAPKSs by direct interaction of the SLiMs in their
non-catalytic amino-terminal domain with a region in the MAPK. For
example, the interaction between the MKP-3 phosphatase and
ERK1/2, which stimulates the catalytic activity of the MKP-3,
involves a 14-residue motif called KIM that is also present in the Tyr
¢ both of which regulate ERK1/2 phosphorylation but not JNKs or
p38s (Pulido R et al., 1998). Sacco et al. demonstrated that the
transmembrane receptor protein tyrosine phosphatase density-
enhancing phosphatase-1 (DEP-1/PTPRJ) also targets ERK1/2
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through the juxta-membrane KIM motif (Ding et al., 2010; Sacco et
al., 2009).

Module-based SLiM-mediated
Pro-rich motif
Phosphatase H Phosphatase -y
PTPN21 l PTPN12 -
?(Src)
KIM motif
Phosphatase SH2 Phosphatase v
PTPN11 l PTPRJ “
p-Tyr

Regulatory subunit-assited

[ Phosphatase < RVxF—.
PPP1CA lPF’F”RS PP2R1A
=
Phosphatase @
PP2R2A
[ Phosphatase < — EFh PPP2CA
l CaM p-Ser, p-Thr, Me-Lys

PPP3CA l

CaZt
PxIxIT (NFATs)

Figure 5. Overview of the main types of phosphatase-substrate
recognition. Module-based: the catalytic domain is covalently linked to
an accessory domain that targets the substrate; SLiM-mediated: the
phosphatase contains one (or more) short linear motif (SLiM), which is
recognized by a binding domain in the substrate; Regulatory subunit-
assisted: the phosphatases bind non-covalently to regulatory subunits or
scaffold proteins and act in concert to target substrate
dephosphorylation. Adapted from (Sacco, et al., 2012).

Phosphatases catalytic subunit can also associate with multiple
regulatory subunits and other proteins, which provide the ability to
form different holoenzymes, each with potentially distinct substrate
specificity (Shi, 2009). In this case, the catalytic and targeting
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domains are located in different proteins and work together to target
substrate dephosphorylation. This is exemplified by PP2A, which has
a unique tripartite organization. The scaffold and the catalytic
subunits are each encoded by two genes, and the regulatory subunits
of PP2A comprise four families. Combining these three subunits
allows a large number of heterotrimeric PP2A holoenzymes, each of
which could have different substrates and functions. For example,
The 6 isoform of regulatory B’ subunit allows the dephosphorylation
of the phosphatase Cdc25 triggering cell-cycle progression (Margolis
et al., 2006). Other interacting proteins may help PP2A to target
specific cellular locations. This is the case of shugoshin that recruits
PP2A where it dephosphorylated cohesin, thereby preventing
premature sister chromatid separation (Xu et al., 2009). Another
example is PPP3CA/calcineurin whose activation requires that both
its regulatory protein B subunit and calmodulin bind to calcium ions
and displace the self-inhibitory fragment of the phosphatase domain

from the catalytic cleft (Perrino et al., 1995).

2. p38a as a master regulator of cell signaling

2.1. The mitogen-activated protein kinase family

MAPKSs are evolutionary conserved Ser/Thr protein kinases
belonging to the CMGC kinase group that also includes glycogen
synthases kinase (GSK), CDKs and CDK-like kinases. CDKs are the
closest relatives to MAPKSs (Manning G et al., 2002). MAPKs play a
key role in transduction extracellular signals to various cellular
responses, including gene expression, cell cycle control, metabolism,

motility, survival, apoptosis and differentiation.
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In mammals, 14 distinct MAPKSs are classified as conventional or
atypical based on their sequence and activation mechanism (Figure
6). Conventional MAPK families comprise four subfamilies: the
extracellular signal-regulated kinases 1/2 (ERK1/2) (Cobb MH et al.,
1991), c-Jun N-terminal kinases 1/2/3 (JNK1/2/3) (Dérijard et al.,
1994; Kyriakis et al., 1994), p38a, B, v, and o (Freshney et al., 1994;
Han et al., 1995; Lee et al., 1994; Rouse et al., 1994) and ERKS5 (Lee
et al., 1995; Zhou et al., 1995). Atypical MAPKSs include ERK3/4,
ERK?7, and Nemo-like kinase (NLK).

Conventional MAPK pathways consist of three components: a
MAPK, a MAPK kinase (MAP2K), and a MAP2K kinase (MAP3K).
The MAP3Ks are often activated through phosphorylation and/or as
a result of their interaction with a small GTP-binding protein of the
Ras/Rho family. MAP3K activation leads to the phosphorylation and
activation of a MAP2K, which then stimulates MAPK activity
through dual phosphorylation on Thr and Tyr residues within a
conserved Thr-X-Tyr motif located in the activation loop of the
kinase domain, whose phosphorylation is essential for enzymatic
activity. Each pathway regulates several distinct and sometimes

overlapping cellular functions.

In general, the ERK1/2 cascade is strongly activated in response to
mitogenic signals elicited by growth factors and phorbol esters, and
play a central role in cell growth and survival (Krishna M and Narang
H, 2008), whereas JNK and p38 cascades are activated mainly by
intracellular and environmental stresses, including proinflammatory
cytokines, oxidative stress and DNA damage (Kyriakis and Avruch,
2012; Owens and Keyse, 2007; Pearson et al., 2001). The ERK5
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cascade seems to respond equally to specific stresses and mitogenic
signals. Once activated, MAPKs phosphorylate target substrates on
Ser or Thr residues, usually followed by a Pro (Ser/Thr-Pro).

Conventional MAPKs Atypical MAPKs

Stimuli
Mitogens
Serum,

v & 9
-

KSR2, TPL2, ASK1,2 TLPQICOT

Growth factors ¢ * ¢ '
Cytokines + » +
Stress + 4+ 4+ 2 +

GPCRs, Ca* » *
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1
1 1 1
ARAF, BRAF, |  [MEKK1-4, TAOK1 2, A v M

MAPKKK | RAF1 KSR1, TAK1.DLK1, MLK2.3,

fP L2/COT

i
1
1
MAPKK @ i ’
E glrjwtsspho
v ¥

(MAP2K1,2) (MAP2K4,7) (MAP2K3,4,6) (MAP2K5)

rylation
TEY TRY TGY TEY, HLS SE! TEY NLS TQ 4’3
MAPK -ﬂ- i- ﬁ-
ERK12  JNK1,23  p38aipyd  ERKS  ERK34 ERK7 NLK

(MAPK3,1) (MAPK8,9,10) (MAPK14,  (MAPKT) (MAPK4,6) (MAPK15)
11,12,13)

Figure 6. The MAPK signaling cascades. MAPKs are classified as
conventional or atypical according to their sequence and activation
mode. Conventional MAPKs have a TXY motif in their activation loop
and a single kinase domain (KD) with short N- and C-terminal regions.
Atypical MAPKSs have a phospho-activating motif that diverges from
the TXY consensus sequence, except for ERK7 and they have long N-
or C-terminal sequences containing additional domains that may serve
regulatory purposes. Conventional MAPKSs are part of three-tiered
kinase cascades that include upstream MAP2Ks and MAP3Ks, which
receive signals from membrane-bound receptors. Each pathway differs
from the others in its sensitivity to external stimuli. Adapted from
Lavoie et al., 2020.

Atypical MAPKSs have long N- terminal or C- terminal sequences that

may serve regulatory purposes and, except for ERK?7, their phospho-
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activating motif diverges from the Thr-X-Tyr consensus sequence
(Lavoie et al., 2020). MAPK phosphorylation events can be
inactivated by MAPK phosphatases (MKPs or DUSPs) that
dephosphorylate both phospho-Thr and phospho-Tyr residues on
MAPKSs (Liu et al., 2007; Pimienta and Pascual, 2007; Zhang and
Dong, 2007).

2.2. The p38 MAPK family

There are four genes encoding mammalian p38 MAPKs: MAPK14
for p38a, MAPK11 for p38p3, MAPK12 for p38y, and MAPK13 for
p384. The best characterized family member is p38a that is expressed
in most cell types and is the homolog of Hogl in Saccharomyces
cerevisiae. p38a was discovered independently in four studies: as a
tyrosine phosphoprotein of 38 kDa that was detected in cells
following lipopolysaccharide (LPS) stimulation; as a protein kinase
named RK that phosphorylates MAPKAPK2 (MAP kinase-activated
protein kinase 2) and was activated in response to sodium arsenite,
heat shock, or osmaotic stress; as a protein kinase named p40 that was
activated in response to interleukin-1(IL-1); and as CSBP2, the target
of pyridinyl imidazole compounds such as SB203580 with anti-
inflammatory properties (Canovas B and Nebreda AR, 2021). p38
MAPKSs share more than 60% amino acid sequence identity, with
p38p sharing more amino acid sequence identity with p38a (~75%),
while p38y and p385 share ~60% identity with p38a. p38y and p389,
are 75% identical, share high sequence homology with CDKs and are
sensitive to some CDK inhibitors (Tomé&s-Loba et al., 2019).

Moreover, several alternatively spliced variants of p38a have been
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described, such as CSBP1(Lee et al., 1994), Exip (Sudo et al., 2002),
and Mxi2 (Sanz et al., 2000), but their roles in and contribution to

cell pathophysiology are unclear.

Despite the high sequence homology, p38a, p38B, p38y, and p38d
differ in their tissue expression pattern, upstream activators and target
preferences, as well as their sensitivity to chemical inhibitors
(Coulthard et al., 2009). p38a and p38p are expressed ubiquitously
in all the tissues, with p38a usually at higher levels than p38p except
in some brain regions. In contrast, p38y is highly expressed in skeletal
muscle, and p385 is mainly found in the salivary, pituitary, and
adrenal glands (Ono and Han, 2000). Notably, p38a knockout mice
die at the embryonic stage due to placental morphological defects
(Adams et al., 2000; Mudgett et al., 2000), while p38p, p385, or p38y
knockout mice are viable and do not have development defect
(Beardmore et al., 2005; Sabio et al., 2005).

2.3. Mechanism of p38 MAPK activation

The p38 MAPK pathway is activated by most stress stimuli,
including LPS, UV light, heat shock, osmotic shock, inflammatory
cytokines, glucose starvation, and oncogene activation. It is also
activated by growth factor receptors in some circumstances as well
as by the T-cell receptor (Han et al., 2020). Of note, the activation of
p38 MAPKS is context-dependent since cell type or disease-specific

genetic alterations may affect the wiring of signal networks.
The canonical activation pathway

The canonical activation of p38 MAPKSs involves a three-tiered

kinase cascade. In response to appropriate stimuli, p38 MAPK is
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activated through dual phosphorylation of Thr180 and Tyr 182 on the
Thr-Glu-Tyr motif located in the activation loop by a MAP2K, which
in turn is phosphorylated by MAP3K. This phosphorylation induces
a conformational change in the protein, enabling ATP and substrate
binding (Cuenda and Rousseau, 2007). Three MAP2Ks can
phosphorylate p38 MAPKs: MKK6, MKK3 and MKK4. MKKG® is
capable of activating all four p38 MAPKS, whereas MKK3 activates
p38a, p38y and p38d, but not p38B (Alonso et al., 2000; Cuadrado
and Nebreda, 2010). MKK4 has also been reported to phosphorylate
p38a and p384 in specific cell types (Dérijard et al., 1995). Of note,
MKK6 and MKK3 share 80% sequence identity(Stein et al., 1996)
and are highly selective for p38 MAPKSs (Cuenda and Rousseau,
2007; Enslen et al., 1998), while MKK4 is a typical activator for
JNKs. The selective activation of p38 MAPKs by each MAP2K
depends on both the stimulus and the cell type.

In mammals, up t010 MAP3Ks have been identified to trigger p38
MAPK activation: ASK1 (apoptosis signal-regulating kinase 1),
DLK1 (dual-leucine-zipper-bearing kinase 1), TAK1 (transforming
growth factor B-activated kinase 1), TAO1 and 2 (thousand-and-one
amino acid 1 and 2), TPL2 (tumor progression loci 2), MLK3 (mixed-
lineage kinase 3), MEKK3 and 4 (MAPK/ERK kinase 3 and 4), and
ZAK1 (leucine-zipper and sterile-amotif kinase 1) (Cuadrado and
Nebreda, 2010). Some of them can also trigger activation of other
MAPKSs, mostly JNKs. Upstream of the cascade, the regulation of
MAP3Ks is complicated, including phosphorylation by STE20
family kinases, binding of small GTP-binding proteins of the Rho

family such as Rac or Cdc42, or ubiquitination-based mechanisms.
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The diversity and regulatory mechanism of p38 MAPK upstream
components allow the pathway to integrate a broad range of stimuli
and provide versatility to the response (Canovas B and Nebreda AR,
2021).

Non-canonical activation mechanisms

Although MAP2K-catalyzed phosphorylation is considered the
primary mechanism for p38 MAPK activation, two alternative non-
canonical mechanisms can also activate p38a through
autophosphorylation. One is the direct binding of TAK1-binding
protein 1 (TABL1), which induces autophosphorylation of p38a on the
activation loop, but not of other p38 MAPKs (Ge et al., 2002). TAB1-
dependent p38a activation has been implicated in ischemic
myocardial injury, T cell senescence, skin inflammation,
triiodothyronine-mediated browning of white adipose tissue and
endothelial inflammation triggered by G protein-coupled receptor
(GPCR) agonists (Canovas B and Nebreda AR, 2021). More recently,
other proteins have been reported to bind to and induce p38a
autophosphorylation (de Nicola et al., 2013). The other non-
canonical activation mechanism is mediated by the Src-family Tyr
kinase ZAP70 (zeta-chain-associated protein kinase 70), which is
exclusive to T-cells and involves T-cell receptor (TCR) activation.
ZAP70 phosphorylates p38a or p38B on Tyr323, triggering their
autophosphorylation on Thr180. This mono-Thr180 phosphorylated
p38 has been reported to have partial kinase activity and to target
specific substrates (Mittelstadt et al., 2009).
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2.4. Inactivation of the p38 MAPK pathway

p38 MAPKSs are often transiently activated under physiological
conditions, and their hyperactivation is usually deleterious for the
cells. Therefore, inactivation/termination of the pathway is crucial for
cell homeostasis. Inactivation of p38 MAPKSs and signal termination
is mainly achieved through dephosphorylation of both Thr and Tyr

residues in the kinase activation loop by phosphatases.

The most studied phosphatases responsible for p38 MAPK
dephosphorylation are dual-specificity phosphatases (DUSPs) also
known as MAP kinase phosphatases (MKPs), which belong to the
protein-Tyr phosphatase superfamily and can dephosphorylate both
phospho-Thr and phospho-Tyr residues. MKP1, MKP4, MKP5 and
MKP7, can efficiently dephosphorylate p38a and p38p in addition to
JNKs (Cuadrado and Nebreda, 2010), whereas p38y and p386 are
resistant to all known MKP family members. In addition to MKPs,
p38 MAPKSs can be also targeted by the Ser/Thr protein phosphatases
Wipl/Ppmld (Yu et al., 2006) and PP2Ca (Takekawa et al., 1998),
and by the protein tyrosine phosphatases HePTP (Hematopoietic
protein tyrosine phosphatase) (Zhang et al., 2008), and SIP1
(calcyclin-binding protein/Siah-1 interacting protein) (Topolska-
Wos et al.,, 2017). Targeting by these phosphatases results in
monophosphorylated forms of the p38 MAPKSs. However, the
specificity among phosphatases and their roles in controlling the p38

MAPK pathway are still not well understood.
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2.5. Downstream substrates of p38a.

Upon phosphorylation-mediated activation, p38a can phosphorylate
many substrates on Ser or Thr residues, which are usually followed
by a Pro residue. To date, more than 115 substrates have been
identified, which are located throughout the cells and regulate a wide
variety of cellular processes, including transcription and chromatin
remodeling, mRNA stability and translation, protein degradation and
localization, cell cycle progression, endocytosis, metabolism and
cytoskeleton dynamics (Figure 7) (Han et al., 2020; Trempolec et al.,
2013).

Protein kinases

An important group of p38a substrates are protein kinases, which in
turn phosphorylate additional proteins, expanding the versatility of
the pathway to regulate diverse processes. The first identified p38a
substrate was MAPKAPK?2 also known as MK2, together with its
related family members MK3 and MKS5, which can phosphorylate
many substrates. For instance, phosphorylation of Heat-shock protein
27 (Hsp27) by MK2 controls cell mobility and actin cytoskeleton
remodeling (Menon et al. 2009). Other MK substrates are LSP1
(lymphocyte-specific protein 1), ATF1 (activating transcription
factor 1), and the RNA-binding proteins AUF1 (AU-rich element
RNA-binding protein 1), TTP (tristetraprolin) and HuR (human
antigen R) that modulate transcript stability of many genes like
TNFa, Cyclin D1, Plk3, c-Fos and c-Myc (Soni et al., 2019).

p38a can also phosphorylate MSK1 and 2 (mitogen- and stress-
activated protein kinase 1 and 2) (Deak et al., 1998), which in turn
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control transcription by mediating CREB, NFkB or STAT activation
and chromatin remodeling via histone phosphorylation (Arthur,
2008; Soloaga et al., 2003). Other kinases phosphorylated by p38a
are MNK1 and 2 (MAPK Interacting Ser/Thr Kinase 1 and 2), which
regulate protein synthesis by phosphorylating the eukaryotic
initiation factor 4E (eIF4E), and glycogen synthase kinase 3 [
(GSK3p), which can be inactivated by Ser389 phosphorylation
leading to B-catenin accumulation (Bikkavilli R K et al., 2008).

Interestingly, some proteins that are phosphorylated by p38a
downstream kinases can also be phosphorylated by p38a itself, such
as the MK2 substrates Cdc25B, Hsp27 and HuR, or the MSK1/2
substrate histone H3. This double targeting of downstream substrates
might function as a fail-safe mechanism to limit inappropriate
effector activation.

DNA/RNA-binding proteins

A larger number of p38a substrates are DNA- or RNA-binding
proteins involved in the regulation of gene expression. There is good
evidence that p38a can directly phosphorylate several transcription
factors, usually leading to enhanced transcription activity. These
transcription factors usually are stimulus- and cell-type-dependent
and play important roles in many processes. For example, TEAD4
(transcriptional enhancer factor domain family member 4), RB
(retinoblastoma protein), p53, and BRN2 (POU domain transcription
factor) can be phosphorylated by p38a in response to stresses, such
as DNA damage and autophagy. STAT1 and 4 (Signal transducer and
activator of transcription 1 and 4), p65-NFkB and CREB are related
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to the immune response; ATF1/2/6, the CEBP (CCAAT/enhancer-
binding protein) family members CEBPa/p/e, DLX5 (distal-less
homeo box 5), the MEF2 (myocyte-specific enhancer factor 2) family
members MEF2A/C/D, p63, Runx1/2, and Osterix are involved in in
cell differentiation.
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Figure 7. The p38 MAPK pathway. Mitogens and cellular stresses
activate p38 MAPKSs, which in turn phosphorylate many downstream
targets, including protein kinases, cytosolic substrates, transcription
factors and chromatin remodellers. Adapted from (Cuadrado &
Nebreda, 2010).
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However, p38a also represses transcription in some cases. For
instance, phosphorylation of MRF4 (muscle-specific regulatory
factor 4) on Ser31 and Ser42 by p38a represses its transcription
activity resulting in downregulation of specific muscle genes at the
terminal stages of muscle differentiation (Suelves et al., 2004).
Likewise, p38a phosphorylates NFATc4 (nuclear factor of activated
T cells 4) on Ser168 and Ser170, repressing PPARy2 (peroxisome
proliferator-activated receptor y2) gene expression and adipocyte
differentiation(Yang et al., 2002). In addition, p38a can also repress
gene transcription by phosphorylating transcriptional repressors like
HBP1 (HMG-Box Transcription Factor 1), which blocks the
expression of various genes regulating cell cycle progression (Xiu et
al., 2003).

Other DNA/RNA-binding proteins that are phosphorylated by p38a
are chromatin remodeling regulators. Thus, phosphorylation of the
SWI/SNF (SWIltch/Sucrose Non-Fermentable) subunit BAF60c
(BRG1-associated factor 60) on Thr229 by p38a is required for
muscle differentiation by facilitating binding of the transcription
factor MyoD to target genes and marking the chromatin for signal-
dependent recruitment of the SWI/SNF core, which activates
transcription of the MyoD-target muscle genes (Forcales et al., 2012).
Other substrates include the transcriptional repressors EZH2 and
RNF2, the chromatin remodeling SRCAP complex component
pl8Hamlet/Zn-Hitl, histone H2A family member H2AX. In
addition, the RNA-binding proteins F2 and F3 (coagulation factor Il
and 111) and RBM17 (RNA binding motif protein 17) regulate mMRNA
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processing, and HUR and KSRP regulate mRNA stability (Al-Ayoubi
et al., 2012; Briata et al., 2005; Tiedje et al., 2012).

Other substrates

p38a can also phosphorylate several cytoplasmic proteins that are
involved in different cellular processes, including cell cycle
regulators (Cdc25A/B, Cyclin D1/3, p57kip2), cell death regulators
(Bax, BImEL, Caspase-3/9) and MAPK pathway regulators (JIP4,
Tip60, TAB1/3, FRS2). Other p38a substrates include membrane
proteins (EGFR, FGFR1, Navl.6, NHEl, PLA2, TACE),
cytoskeleton proteins (Keratin 8, Lamin B1, Paxillin, Stathmin, Tau
and Tensin) and endocytosis regulators (EEAL, GDI-2, Rabenosyn-
5), which are involved in cytoskeleton organization, intracellular
membrane trafficking and protein degradation (Han et al., 2020;

Trempolec et al., 2013).

Altogether, the variety of known targets phosphorylated by p38a
provide cells with the required information to orchestrate an adequate
response to specific signals. However, the way in which p38a
selectively regulates the targets in different disease settings and

determines the signal strength and duration still needs further study.
3. Role of p38a in cell adhesion

Cell adhesion is the process by which cells contact each other or their
extracellular matrix (ECM) components through specialized protein
complexes. Homeostasis in healthy tissues strongly depends on cell-
cell and cell-ECM contacts. Nevertheless, tumor cells often show a
decrease in cell-cell and/or cell-matrix adhesion. In consequence,

changes in cell adhesion may lead to tumorigenesis and metastasis.
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In developing solid tumors, stable adhesion between epithelial cells
is usually lost, allowing malignant cells to acquire the migratory
properties required for invasion and metastasis. However, the
invasion ability of metastatic tumor cells depends on effective cell
adhesion during circulation, colonization of distant organs, and
interaction with the ECM at the metastasis site.

Cell-cell adhesion can be regulated through adherens junctions, tight
junctions and desmosomes, while cell-ECM adhesion is mainly
regulated through focal adhesions (Figure 8). Proteins involved in
these interactions are called cell adhesion molecules (CAMs) and are
mainly classified into four groups: cadherins, integrins, selectins, and
immunoglobulins. Among them, cadherins and immunoglobulins are
homophilic CAMs, and they bind to the same type of CAM directly
on another cell, while integrins and selectins are heterophilic CAMs
that bind to different types of CAMs. These CAMs often contain an
intracellular domain, a transmembrane domain, and an extracellular
domain (Makrilia et al., 2009; Moh and Shen, 2009). The
intracellular domain directly interacts with the cytoskeleton or
through a scaffold protein and is responsible for signal transduction,
while the extracellular domain interacts with other CAMs or ECM
components. Therefore, although the primary role of CAMs is to
maintain cell-cell contact and attachment to the ECM, they can also
act as signaling effectors integrating extracellular signals with cell-
intrinsic  signaling to control many intracellular responses,
cytoskeletal organization and gene expression (Janiszewska et al.,
2020; Mui et al., 2016).
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Figure 8. Scheme of different types of cell adhesion, including cell-
cell adhesion and cell-matrix adhesion. Tight junctions build a seal
between adjacent cells and are connected to actin filaments. Adherens
junctions are plaques of classical cadherins linked to the actin
cytoskeleton. Desmosomes are formed by desmosomal cadherins,
linked to intermediate filaments. Gap junctions connect the cytoplasm
of two adjacent cells and are linked to microfilaments. Focal adhesions
(linked to actin) and hemidesmosomes (linked to intermediate
filaments) are cell-matrix junctions that are formed by integrins.
Adapted from (Schnell et al., 2001).

Cell adhesion is essential for cell migration, and several studies have
implicated p38a in the regulation of cell migration. For example,
p38a can promote the metastasis of breast cancer, ovarian cancer and

melanoma by targeting various proteins involved in the regulation of
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epithelial-mesenchymal transition, cell migration and extravasation
(Canovas B and Nebreda AR, 2021). However, the specific role of

p38a in cell adhesion is still poorly understood.
3.1. p38a in adhesion to the ECM

Several studies suggested that p38a may control cell adhesion to the
ECM through the regulation of CAM expression, especially
intercellular cell adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), E-selectin and paxillin. For
example, in response to IL-1P, p38a represses the expression of E-
selectin at the transcriptional and the post-transcriptional level via
miR-146a and miR-31, respectively, impairing adhesion of colon
cancer cells to the endothelium (Zhong et al., 2018). In human
pulmonary microvascular endothelial cells (HPMVECSs) stimulated
with LPS/IFN-y, JNK activation mediates ICAM-1 expression,
thereby promoting leukocyte adherence and transmigration, while
p38a inhibition significantly reduces ICAM-1 expression by
blocking JNK activation (Suzuki et al., 2018). However, reduced
ICAM-1 expression by p38a inhibition is not necessary for impaired
adhesion. For instance, p38a inhibition by SCIO-469 can suppress
multiple myeloma cell proliferation and adhesion in the bone marrow
microenvironment in an ICAM-1- and VCAM-1-independent
mechanism (Nguyen et al., 2006). Other studies also found that p38a
regulates the adhesion of chronic myeloid leukemia cells to
fibronectin through paxillin. In this case, p38a interacts with the Rap
Guanine Nucleotide Exchange Factor 1 (C3G), adaptor protein CrkL,

FAK and paxillin and regulates the expression of paxillin, CrkL and
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a5 integrin, as well as the phosphorylation of paxillin, to modulate
the formation of different protein complexes at focal adhesions (Maia
etal., 2013).

TGFp (transforming growth factor B) can regulate cell adhesion in a
variety of cells, and it was suggested that p38a could mediate TGFf-
induced adhesion in metastatic prostate cancer cells through
phosphorylation of the Smad transcription factors (Hayes et al.,
2003).

Interestingly, p38a has been also reported to regulate cell adhesion
negatively. Guo and Yang (Guo and Yang, 2006) found that
embryonic stem (ES) cells isolated from p38a knockout mouse
embryos show significantly increased cell adhesion to ECM proteins,
gelatin, collagen, fibrinogen, and fibronectin, which correlated with
elevated phosphorylation of FAK and paxillin. These findings
suggest that p38a may integrate distinct mechanisms to regulate cell

adhesion in somatic and stem cells.
3.2. p38a. in cell-cell adhesion

It was reported that p38a could impair cell-cell adhesion mainly by
modulating tight junction-related proteins such as occludin and ZO-
1. In response to stimuli that disrupt cell-cell adhesion, p38a is
activated, and ZO-1 is downregulated, which can be rescued by p38a
inhibition. For instance, Clopidogrel-induced gastric epithelial cell
tight junction destruction is accompanied by p38a activation and can
be rescued by p38 dephosphorylation mediated by MKP-5
overexpression (Wu et al., 2020). Hyperoxia exposure enhances p38a.

activation by ROS and disrupts the tight junctions in the alveolar
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epithelial cells MLE-12 by suppressing the expression of claudin-18.
By contrast, p38a downregulation restored the expression of claudin-
18 and the barrier function with higher transepithelial electrical
resistance and lower transwell monolayer permeability (Shen et al.,
2021). p38a activation also contributes to calcium oxalate
monohydrate crystal-induced tight junction disruption by
downregulating ZO-1 and occludin expression in distal renal tubular
epithelial cells (Feldman et al., 2007).

It has also been reported that CdCl. induces disruption of the blood-
testis barrier (BTB) through reducing occludin and ZO-1 expression
from the BTB site in the seminiferous epithelium upon treatment with
TGFp3. This effect occurs concomitant with p38a activation, and
p38a inhibition recovers occludin and ZO-1 expression (Lui et al.,
2003). Intriguingly, CdClz-induced occludin and ZO-1 loss from the
BTB is also associated with loss of the cadherin/catenin and the
nectin/afadin protein complexes at the site of cell-cell actin-based
adherens junctions suggesting that the TGFB3/p38a axis participates
in both tight junction and adheren junction dynamics in the testis, by
mediating the effects of TGFB3 on the tight junction and adheren

junction-integral membrane proteins and adaptors.

p38a contributes to IL1B or sorbitol-induced inhibition of gap
junction communication in Astrocytes through phosphorylation of
connexin 43 (Zvalova et al., 2004). Also, p38a is activated during
hepatocyte regeneration after liver injury in rats, accompanied by
down-regulation of connexin 32 and up-regulation of claudin-1. In
this model, administration of the p38 inhibitor SB203580 inhibited

the downregulation of connexin 32 and enhanced the up-regulation
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of claudin-1, maintaining the gap and tight junction structures, which
are important for preventing hepatic damage (Yamamoto et al.,
2005).

Paradoxically, there is also evidence that p38a positively controls cell
adhesion in some cases. Thus, p38a inhibition was reported to
compromise tight junction integrity during blastocyst formation by
increasing tight junction permeability and shifting ZO-1 localization
to tight foci at cell-cell contacts with punctate staining and losing F-
actin colocalization, which is typically distributed along the apical-
basal membrane in a smooth, continuous pattern and co-localized
with the cytoskeleton (Bell and Watson, 2013). Likewise, p38
inhibition led to the disorganization and downregulation of
cytokeratin filaments and ZO-1, whereas vimentin expression was
increased during epithelial-to-mesenchymal transition (EMT), which
is characterized by the disruption of intercellular junctions and
acquisition of migratory and invasive phenotypes (Strippoli et al.,
2010).

These observations indicate p38a is important in cell adhesion by
regulating CAMs expression. However, little is known about the
mechanisms involved in this modulation. Therefore, further studies

are needed to understand the role of p38a in cell adhesion.
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OBJECTIVES

The main goal of this study was to increase our understanding of the
mechanisms and signaling networks regulated by p38a during cancer
cell homeostasis, which may help identify specific targets for

particular functions.

Specific objectives

Identify new p38a targets in cancer cells.

Explore new roles of p38a in maintaining cancer cell homeostasis.

Define signaling networks regulated by p38a.
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RESULTS

1. Experimental strategy to study the p38a MAPK

modulated proteome and phosphoproteome

To increase our understanding of how the p38 MAPK pathway
regulates breast cancer cell homeostasis, we conducted quantitative
proteomic and phosphoproteomic analysis to identify protein
expression and site-specific phosphorylation changes controlled by
p38 MAPK.

To this end, we used the mammary epithelial cancer cell line BBL358
(Céanovas et al., 2018). These cells were derived from the mammary
tumor of a mouse expressing the transgene encoding the polyoma
middle T (PyMT) antigen (Guy et al., 1992) together with ubiquitin-
CreERT2 (UbCre) and floxed alleles of the gene encoding p38a
(Mapk14), which allows the deletion of p38a upon 4-
hydroxitamoxifen (4-OHT) administration (referred to as p38a KO
from now on). In order to better understand the p38a-regulated
mechanisms, we decided to compare the effect of p38a KO with the
inhibition of p38a using PH797804 (PH), a highly specific ATP-
competitive inhibitor (Selness et al., 2011).

To validate the system, we analyzed p38a expression and the
phosphorylation of downstream pathway components by Western
blotting. p38a was efficiently lost following 4-OHT treatment, and
the downstream pathway was shut off as shown by the decreased p-
MK2 and p-Hsp27 levels (Figure 9). Likewise, PH treatment
inhibited p38a signaling as shown by the reduction of p-MK2 and p-
Hsp27.
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Figure 9. Incubation with 4-OHT and PH efficiently downregulates
p38a signaling in BBL358 cells. For p38a KO induction, cells were
treated with 4-OTH for 48 h and left to recover for another 48 h before
collection. For p38a inhibition, cells were incubated with PH for 24 h
and then collected for Western blotting.

To quantify changes in the p38a-regulated proteome and
phosphoproteome, we used stable isotope labeling by amino acids in
cell culture (SILAC) (Ong et al., 2002). Briefly, three groups of
BBL358 cancer cells were metabolically labeled with stable isotope-
containing heavy-, medium- and light- amino acids in culture. After
culturing several passages to ensure the complete incorporation of
labeled isotopes, the non-labeled (Light-) population was treated with
4-OHT to induce p38a deletion. The medium-labeled population was
treated with PH to inhibit p38a kinase activity, and the heavy-labeled
population was left untreated as WT. Cell lysates were prepared from

the three groups of cells, combined in equal ratios (1:1:1) and
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digested with trypsin. An aliquot of the lysate was used to analyze
the proteome, and the remainder was run through titanium oxide
columns to enrich phospho-peptides in order to analyze the
phosphoproteome. Samples were analyzed by nano-liquid
chromatography-electrospray ionization tandem mass spectrometry
(nanoLC-ESI-MS/MS) in four biological replicates, of which three

were re-analyzed as technical replicates (Figure 10).
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Figure 10. Strategy used to study the p38a modulated proteome and
phosphoproteome by SILAC. Cells were metabolically labeled with
stable isotope-containing heavy-, medium- and light-amino acids in the
culture media. Light-labeled cells were treated with 4-OHT to induce
p38a deletion. Medium-labeled cells were treated with the p38a
inhibitor PH797804, and heavy-labeled cells were used as untreated
controls. Whole-cell lysates were digested with trypsin, and an aliquot
was directly analyzed to identify the proteomic changes. The rest of the
lysate was run through titanium oxide columns to enrich for
phosphorylated peptides.

To facilitate subsequent analysis, log2 fold changes and p-values of
KO versus WT (KO/WT) and PH versus WT (PH/WT) were

calculated. The data were filtered to retain only proteins that out of
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the seven replicates analyzed show valid quantification values in at
least four replicates for the proteomic dataset and at least three

replicates for the phosphoproteomic dataset.

2. Global proteomic changes modulated by p38a

2.1. Quantification of p38a modulated global proteomics

changes

In total, 3,920 proteins were identified in the proteome analysis, of
which 2,560 were successfully quantified (Figure 11A), and at least
two unique peptides were identified for 2,455 proteins (Figure 11B).
To examine the effect of p38a KO and PH inhibition on global
protein expression, we generated density plots depicting the
distribution of log2-transformed fold changes (log2FC) (Figure
11C) and p-values (Figure 11D) of all quantified proteins for
KO/WT and PH/WT comparisons.

We observed that in general, KO/WT has more log2FC close to 0 and
fewer p-values close to 0 compared with PH/WT, indicating that
p38a inhibition induced more changes than p38a KO. Surprisingly,
the coefficient of variation (CV), which shows the dispersion among
samples, for the intensity values was similar in all samples, and most

values were lower than 2% (Figure 11E).
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Figure 11. Overview of the p38a regulated global proteome. (A)
Maxquant software identified proteins and the quantified proteins. The
analysis was performed by removing the batch effect and performing a
linear model. (B) Bar chart showing the distribution of the identified
proteins based on the number of unique peptides. (C) Density plot
showing the distribution of the log2FC change of proteins in p38a
KO/WT and PH/WT. (D) Density plot showing the distribution of the
p-values of proteins in p38o KO/WT and PH/WT. (E) Density plot
showing the coefficient of variation (CV) distribution of normalized
intensity per protein in the three samples.

Next, we calculated the correlation of the log2FC values between
KO/WT and PH/WT analysis. With all quantified proteins, the
correlation value was 0.419 (Figure 12A). We then limited this
analysis to quantified proteins with p-values less than 0.05, which
improved the correlation to 0.707 (Figure 12B), indicating that many

protein changes were consistent upon p38a deletion and inhibition.
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Figure 12. Correlation of proteomic changes between p38a KO/WT
and PH/WT. (A) Correlation plot between p38a KO/WT and PH/WT
log2FC of all quantified proteins. The color-coding indicates the
density. Correlation is indicated by Pearson coefficient correlation (R).
(B) Correlation plot between p38a KO/WT and PH/WT log2FC of
quantified proteins with a p-value of less than 0.05. Orange-colored
proteins had fold change higher than 1.5 or lower than -1.5
(log2(1.5)=0.58. Pearson coefficient correlation is indicated.

2.2. Identification of p38a dependent proteomic changes

To gain an insight into the biological meaning of the p38a regulated
proteomic changes, we filtered both KO/WT and PH/WT datasets
with a p-value less than 0.05 and a fold change higher than 1.5 or
lower than -1.5 (Figure 13A & B). From all 2,560 quantified
proteins, we identified that 43 proteins were positively and 37
negatively regulated in p38a KO cells compared with WT (Figure
13A). Upon PH inhibition, 130 proteins were positively and 99
proteins negatively regulated by p38a (Figure 12B). Among them, 25
proteins (16.9%) were down-regulated (Figure 13C &
Supplementary Table 1), and 10 proteins (7.9%) upregulated in
both p38a KO cells and PH treated cells compared with WT cells

52



RESULTS

(Figure 13D & Supplementary Table 2). Noteworthy, we found

that the p38a protein level was downregulated in p38a KO cells,

while no clear change was found in PH-treated cells, which was

consistent with our observations by western blotting (Figure 1).
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Figure 13. Changes in the proteome of p38a KO cells and p38a
inhibidor-treated cells. (A) Volcano plots of log2FC of protein ratios
in KO/WT. (B) Volcano plots of log2FC of protein ratios in PH/WT.
Green indicates downregulated proteins with FC<-1.5, and red up-
regulated proteins with FC>1.5 (C) Venn diagram showing the numbers
of down-regulated proteins (p-value<0.05 and FC<-1.5 in KO/WT and
PH/WT. (D) Venn diagram showing the numbers of up-regulated
proteins (p-value<0.05 and FC>1.5) in KO/WT and PH/WT.
Intersections in (C) and (D) indicate proteins significantly down- or up-
regulated in both KO/WT and PH/WT (p-value<0.05 and FC >1.5 or <-
1.5). Top 10 changed proteins are labeled.
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2.3. Biological functions regulated by the p38a dependent

proteome

To understand the biological functions potentially regulated by the
p38a dependent proteome, we performed Gene Set Enrichment
Analysis (GSEA v4.1.0). We found 36 enriched biological processes
that were positively modulated by p38a and passed the filter criteria
(FDR<0.05) for both KO/WT and PH/WT analysis. The enrichment
results suggested that p38a positively regulated proteins related to
DNA replication, DNA repair and translation, including ribosome

and RNA processing (Figure 14A).

On the other hand, for p38a negatively modulated proteome, no
enriched GO functions passed the FDR<0.05 filtering criteria in
KO/WT analysis, and we decided to set the cutoff with FDR<0.25,
which is appropriate according to GSEA guidelines. The results
suggested the most enriched functions of p38a negatively modulated
proteome were involved in extracellular structure, plasma membrane
and cortical cytoskeleton organization, which may potentially affect
cell adhesion ability. Another enriched function was related to ion
transport, including cation, anion, and organic acid transport (Figure
14B).
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p38a positively regulated proteins
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p38a negatively regulated proteins
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Figure 14. Biological processes represented in the p38a dependent
proteome according to GSEA. (A) Biological processes represented in
the proteins positively regulated by p38a (FDR<0.05). (B) Biological
processes represented in the proteins negatively regulated by p38a
(FDR<0.25). NES stands for normalized enrichment score. A negative
value indicates that the member of this gene set tends to show up at the
bottom of the ranked proteome (highest to lowest) regulated by p38a
and that a positive value indicates the opposite. Gene count indicates the
number of genes involved in the corresponding biological process
according to the input datasets. FDR was determined using the
Benjamini—Hochberg procedure.
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3. Global phosphoproteomic changes modulated by
p38a

3.1. Analysis of p38a regulated global phosphoproteomic

changes

We identified 6,726 unique phosphosites on 1,726 proteins in total.
After performing a linear model and removing the batch effect, a total
of 2,935 phosphosites belonging to 1,202 phosphoproteins were
quantified. As multisite phosphorylation in the same protein may
influence the extent and duration of response, we analyzed the
distribution of phosphosites per phosphoprotein. We found that more
than half of the phosphoproteins (617) carried a single phosphosite,
whereas 20%, 10% and 7% of the phosphoproteins contain two, three

and four phosphorylated residues, respectively (Figure 15A).

We next examined the relative frequency of phosphoserine (pSer),
phosphothreonine (pThr) and phosphotyrosine (pTyr) among the
2,935 quantified phosphosites. In agreement with previous studies
(Huttlin et al., 2010), we mainly observed Ser phosphorylation
(88%), followed by Thr (11%) and Tyr (1%) (Figure 15B).

To check the localization probability of the phosphosites, we adapted
a published classification (Olsen J V et al., 2006). Localization
probability is a PTM score that indicates the accuracy of the
phosphosite identification within a peptide. For instance, if a
phosphosite has a localization probability of 0.75, the added
probability of all the other potential phosphosites is 0.25 in this
peptide. In our dataset, 91.7% (2,690) phosphosites were identified

57



RESULTS

with a localization probability higher than 0.75, suggesting that the
majority of the quantified phosphosites could be localized to specific

positions on the phosphopeptide with high confidence (Figure 15C).

To examine the effect of p38a KO and inhibition on global
phosphorylation changes, we generated density plots for KO/WT and
PH/WT to show log2FC and p-value distribution for all the quantified
phosphosites. The fold change density plot suggested KO/WT
log2FC values were closer to 0, while PH/WT log2FC values were
slightly shifted to the left in distribution (Figure 15D), suggesting
that PH treatment may have a more substantial inhibitory effect on

phosphorylation levels than the p38a deletion.

Meanwhile, the p-value density plot distribution of KO/WT and
PH/WT showed a similar distribution pattern as we observed in p38a
modulated global proteome, PH/WT had more statistically
significant p-values (close to 0) than KO/WT (Figure 15E).

Next, we calculated intensity CV for all the quantified phosphosites
among sample replicates; the result suggested most of the quantified
phosphosites had a very low dispersion (< 1.7%) for all KO, PH and
WT conditions (Figure 15F). In summary, this analysis indicates that
our dataset is of good quality and that PH treatment causes more
substantial phosphorylation changes than the p38a KO, both in the
number of phosphosites and in the extent of phosphorylation.
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Figure 15. Overview of the p38a regulated global phospho-proteome.
(A) Phosphosites identified using the Maxquant software, indicating their
quantification, the number of phosphoproteins, and the distribution of
phosphosites per protein. (B) Percentages of phosphorylated Serine,
Threonine and Tyrosine for all the quantified phosphosites. (C)
Distribution of the localization probability of determined phosphosites in
peptide sequences and the percentage of phosphosites with highest
confidence (localization probability > 0.75). (D) Density plot showing
the distribution of the log2-transformed fold change of phosphosites in
KO/WT and PH/WT. (E) Density plot showing the distribution of the p-
values of phosphosites in p38aKO/WT and PH/WT. (F) Density plot
showing the coefficient of variation (CV) distribution of normalized
intensity for each phosphosite in all samples.
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3.2. Conservation and functional importance of the

quantified phosphosites

To determine the functional importance of each phosphosite in the
p38a regulated phosphoproteome, we took advantage of a recent
study (Ochoa et al., 2019), which conducted a meta-analysis of 112
phosphoproteomic datasets from 104 different human cell types or
tissues and extracted 59 features annotating phosphosite functions,
further integrating these features to a single score that prioritizes
phosphosites relevant for cell fitness. First, as functionally important
modification sites are more likely to be evolutionarily conserved and
our dataset was derived from a mouse model, we aligned the mouse

sites to their human orthologs.

To do so, we downloaded the Phosphorylation site dataset from the
PhosphositePlus database, which includes 239,562 human
phosphosites and 104,920 mouse phosphosites. Nevertheless, we
only identified 59,587 orthologous phosphosites (15%) between the
two species from the database. Then, we aligned our phosphosites
dataset to their conserved sites in human. Surprisingly, 2,613 (89%)
phosphosites on 1,131 (94%) proteins matched human orthologs,
while the remaining 11% p-sites were either replaced by non-
phosphorylatable amino acids or missing in the human sequences
(Figure 16A). The evolutionary conservation suggests that most of
the phosphosites in our dataset are likely to be functionally important.

Next, we mapped the functional scores for all the conserved
phosphosites in our dataset and the functional score distribution of

phosphosites, which have reported or unreported functions, and
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showed it in a density plot (Figure 16B). The analysis showed that
most phosphosites (2,273, 89%) in our dataset were mapped to a
function score, suggesting these phosphosites could be functionally

important, although many of them do not have reported functions yet.
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Figure 16. Conservation and functional importance of the p38a
regulated phospho-proteome. (A) Bar chart showing the results of
mapping human orthologous for the p38a regulated mouse phospho-
sites using the PhosphositePlus dataset. (B) Density plot showing
functional scores (Ochoa D, et al., 2019) for all mapped phosphosites
indicating their distribution between reported and unreported functions.

3.3. p38a dependent phosphorylation events
Identification of p38a dependent phosphorylation events

In order to know the correlation between the phosphoproteomic
changes in p38a KO and p38a inhibited conditions, we firstly plotted
log2FC (KO/WT) and log2FC (PH/WT) for all the 2,935 quantified
phosphosites. We found an overall Pearson correlation of R-value
0.576 (Figure 17A). When we limited this analysis to phosphosites
quantified with a p-value less than 0.05, the correlation further
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improved to an R-value of 0.758, suggesting a strong correlation
between phosphosite changes induced by p38a KO and PH inhibition
(Figure 17B).
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Figure 17. Correlation of the phospho-proteome changes between
p38a KO/WT and PH/WT. (A) Correlation between the log2
transformed foldchanges (FC) of all quantified phosphosites in KO/WT
and PH/WT. Color-coding indicates the density. Pearson coefficient
correlation (R) is indicated. (B) Correlation plot of log2 transformed
foldchanges of the quantified phosphosites with a p value<0.05. Orange-
colored proteins had foldchange higher than 1.5 or lower than <-1.5.
Pearson coefficient correlation is indicated.

To further classify the phosphosites as either positively or negatively
regulated by p38a, we used the same cutoff for p38a regulated
proteome analysis with a p-value less than 0.05 and the fold change
for KO/WT and PH/WT higher than 1.5 or lower than -1.5. After
filtering, we obtained 53 phosphosites on 45 proteins that were
downregulated (Figure 18A & C) and 198 phosphosites on 144
proteins that were upregulated (Figure 18A & D) in KO compared
with WT samples. For for PH treated samples, 257 phosphosites on
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146 proteins were downregulated (Figure 18B & C) and 155
phosphosites on 108 proteins were upregulated (Figure 18B & D)
compared with WT samples. Interestingly, similar to the protein
expression data, there were about 5-fold more downregulated
phosphosites in PH/WT than in KO/WT (Figure 18C).
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Figure 18. Differentially modulated phospho-proteins in p38a KO
and p38a inhibitor treated cells. (A) Volcano plot of the log2FC of
phosphosites in KO/WT. (B) Volcano plots of the log2FC of
phosphosites in PH/WT. Green indicates the downregulated
phosphosites with FC<-1.5, and the red the up-regulated proteins with
FC>1.5. (C) Venn diagram showing the numbers of phosphosites (left)
and the corresponding phosphoproteins (right) positively regulated by
p38a (p-value<0.05 and FC>1.5). (D) Venn diagram showing the
numbers of phosphosites (left) and the corresponding phosphoproteins
(right) negatively regulated by p38a (p-value<0.05 and FC<-1.5).
Intersections in (C) and (D) indicate phosphosites significantly (p-
value<0.05 and FC>1.5 or FC<-1.5) down- or up- regulated in both
KO/WT and PH/WT. Top 15 changed phosphosites are labeled.

To identify phosphorylation events that were most likely regulated
by p38a under homeostatic conditions, we compared phosphosites
that significantly changed upon both p38a deletion and inhibition.
We identified 26 phosphosites (9.2%) on 21 proteins that were
significantly downregulated (Figure 18C & Supplementary Table
3) and 88 phosphosites on 62 proteins that were upregulated in both
p38a KO and PH treated cells versus WT cells (Figure 18D &
Supplementary Table 4). These two groups are referred to as

common down and common up.

p38a dependent phosphorylations: amino acid distribution and

motifs

We analyzed the phospho-amino acid distribution for all the
significantly down- or upregulated phosphosites. For KO/WT
conditions, we observed no significant changes in Tyr, while Thr
phosphorylation was slightly more down-regulated than up-
regulated. For PH/WT condition, a small percentage of Tyr was

observed, and opposite from KO/WT, Thr phosphorylation was
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found less down-regulated than up-regulated (Figure 19). Regarding
phosphosites that significantly changed in both KO/WT and PH/WT
conditions, Ser represented around 90% and Thr 10% for either

down- or up-regulated phosphosites.

Amino acid distribution

KO/WT
PHWT
KO/WT
PHWT

Down

Up

0% 20% 40% 60% 80% 100%
mSer mThr = Tyr

Figure 19. p38a regulated phosphorylation of specific amino acids.
Bar chart showing the percentage of phosphorylated Ser, Thr and Tyr in
the phosphosites that are significantly down- or up-regulated in KO/WT
and PH/WT.

Kinase-substrate interactions are based on several mechanisms, one
of which involves the recognition of phosphorylation residues as well
the surrounding linear sequence motif. Detailed knowledge of these
characteristics increases the confidence of linking identified
phosphorylation sites to kinases, predicting phosphosites, and
designing optimal peptide substrates. To further characterize the
p38a regulated phosphoproteome, we analyzed sequence patterns in

the regulated phosphopeptides using iceLogo (Colaert et al., 2009).
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Figure 20. Motif signatures of p38a regulated phosphorylation sites
in both KO/WT and PH/WT. (A and B) Sequence motif analysis using
iceLogo of the phosphosites positively regulated by p38a (A) or
negatively regulated by p38a (B). The frequency of seven amino acids
flanking the phosphorylated residue is shown. The frequencies of amino
acids surrounding the phosphorylated residue in phosphosites positively
regulated by p38a, both in KO and in PH, were compared with the
frequencies in all the quantified phosphosites. Green, blue, red and black
colors represent polar, basic, acidic and hydrophobic amino acids,
respectively. (C and D) Pie charts showing the percentage of S/T, SP/TP
and RxxS motifs in phosphosites positively regulated by p38a (C) or
negatively regulated p38a (D) in both KO/WT and PH/WT.
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For p38a negatively regulated phosphopeptides (common up), we
found a significant overrepresentation of motifs with Pro at +1
position, and to a lesser extent, Leu at -2, Thr at +2, Ala at +3 and
Glu at +4, while Arg at -3 was clearly underrepresented (Figure
20B). In addition, 77.5% of the phosphosites were pSer/pThr-Pro
sites, and only 6.7% were Arg-XX-pSer sites (Figure 20D). In
addition to MAPKSs, proline-directed sites are also known to be
phosphorylated by other kinases, including CDKs and mTOR.
However, the preference of Thr at +2 suggests the implication of
other p38 MAPK family members, INKs, ERK1/2, or CDK7 as the
most likely kinases responsible for these phosphorylations. The Arg-

x-x-Ser sites could be targeted by PKC or Akt family kinases.

To examine possible differences between p38a deletion and
inhibition conditions, we generated sequence logos of all
phosphopeptides that were significantly and independently down- or
up-regulated in KO/WT (Figure 21A & C) and PH/WT (Figure 21B
& D). The analysis revealed that the sequence logo of KO/WT
regulated phosphopeptides was more similar to the common groups
than to PH/WT. We also found a preference of Asn at +1 and Gly at
+3 for downregulated peptides in KO/WT, which suggest a motif
recognized by Kkinases involved in DNA damage, like
ATM/ATR/DNA-PKcs (Kim et al., 1999; O’Neill et al., 2000), and
is consistent with the observation that decreased p38a signaling

results in impaired ATR activation (Canovas et al., 2018).
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Figure 21. Motif signatures of p38a regulated phosphorylation sites
in KO/WT or PH/WT. Sequence motif analysis of the phosphosites
positively regulated by p38a in KO/WT (A), positively regulated by
p38a in PH/WT (B), negatively regulated by p38a in KO/WT (C), and
negatively regulated by p38a in PH/WT (D). The signature plots were
analyzed using iceLogo and show the frequencies of seven amino acids
flanking the phosphorylated residue. The frequencies of amino acids
surrounding the phosphorylated residues negatively or positively
regulated by p38a in KO/WT and PH/WT were compared with the
frequencies in all the phosphosites quantified. Green, blue, red, and
black colors represent polar, basic, acidic and hydrophobic amino acids,
respectively.
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3.4. Known substrates for p38a and MKs

To check the consistency of p38a substrates in different biological
systems, we compared our phosphoproteomic dataset with p38
MAPK substrates either in the literature (Han et al., 2020; Trempolec
et al., 2013) or in the PhospositePlus database. We found a total of
371 phosphosites on 199 proteins that have been reported to be
phosphorylated by p38 MAPK family members. Among them, p38a
has been reported to target 317 phosphosites (174 proteins). At the
protein level, we found 40 p38a substrates in all our dataset, 29 of
which have been verified in the literature (Figure 22A). At the
phosphosite level, 27 phosphosites (on 18 proteins) were targeted by
p38a, including Drosha (S354) and Ranbp2 (S2505) (Knight JD et
al., 2012; Yang et al., 2015).

Since MK2 is an important mediator for many p38a signaling
responses, endogenous MK2 and p38a form a complex in
mammalian cells in homeostasis, and the level of MK2 protein is
reduced in p38a-deficient cells (Gutierrez-Prat et al., 2021; Sudo et
al., 2002; Weber et al., 2005), we analyzed MK2 substrates in our
dataset. We found 15 MK?2 substrates and 9 phosphosites (on 7
proteins), including Hspbpl (S15, S86) and the RNA-binding
proteins Nelfe (S51) and Rbm7 (S136) (Figure 22B).
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Figure 22. Known p38 and MK substrates. (A) Known substrates for
p38 MAPKSs described in the literature or in the PhosphositePlus
database that were identified in the p38a regulated phosphoproteome.
(B) Known substrates for MKs identified in the p38a regulated
phosphoproteome and reported in the PhosphositePlus database. The
ochre line indicates a kinase-substate relationship validated in the
literature, and the dashed line when it was reported only in the database.
Specific phosphosites for p38 or MK2/3/5 substrates are indicated. In
rings with different colors, each color refers to a different phosphosite.

3.5. Potential p38a interactors

In addition to recognizing the linear sequence motif Ser/Thr-Pro,
p38a may also interact with its activators or substrates via its
common docking motif domain and the D domain of the substrate or
activator (Biondi and Nebreda, 2003; Tanoue et al.,, 2000). To
identify the most reliable p38a substrate candidates, we mapped
potential p38a interactors in our phosphoproteomic dataset by taking

advantage of unpublished data in our group, which predicted 150
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physical interactors and 40 functional interactors for p38a based on
the presence of a Ser/Thr-Pro site, consensus docking motif, and
putative docking sequence curated in the set of experimentally
identified p38 substrates. Physical interactors were reported in the
literature based on protein binding assays such as pull-downs,
immunoprecipitations and yeast two-hybrid (Y2H) screenings.
Functional interactors were identified by kinase assays or other

enzymatic studies.
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Figure 23. Potential p38a (Mapkl4) interactors in our
phosphoproteomic dataset. Physical refers to the interactor being
identified by protein binding assays in the literature. Functional
indicates that interactors were identified by kinase assays or other
enzymatic studies. Fold change of interactors with phospho-sites p<
0.05 in KO/WT or PH/WT are indicated by the rings. In rings with
different colors, each color refers to a different phosphorylation site.
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A total of 28 phosphoproteins were identified as potential p38a
interactors in our phosphoproteomic data, including 19 physical and
9 functional interactors (Figure 23). Some of them have been
reported as p38a substrates, including functional interactors Elk3,
Pla2g4a, Rb1 and Rbsn, and physical interactors Atf2, Ep300, Krt8,
Spl, Tp53, and Spag9. Although some phosphosites of these
interactors were upregulated upon p38a inactivation, the changes in
phosphorylation status for each site is highly context-dependent, and
in some cases the reported phosphosites are different from our data,
or the phosphosite information was not available in the literature.
Other proteins, such as Flna, Hnrnpal, Eif4ebpl, and JunB, were
related to p38a but no kinase-substrate relationship has been reported
yet, while Bazlb, Srpkland Tcf20 have never been linked to p38a.

These interactors could be candidates for new p38a substrates.
3.6. Upstream kinases

To identify kinases that are potentially regulated by p38a, we mapped
the putative kinases for the p38a regulated phosphosites using the
Kinase-Substrate Dataset from PhosphositePlus (Hornbeck et al.,
2015). Out of the 26 p38a regulated phosphosites in the common
down group, we found that 8 of them were mapped to 11 upstream
kinases, including one p38a substrate, MkI1(S492) (Zhang M et al.,
2020), and three MK2 substrates, Hspbl1(S15), Nelfe(S15) and
Rbm7(S136). Other kinases that can target those phosphosites are
CDK2, ERK1/2, mTOR, PKC and PLK1 as shown in Figure 24A.
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Figure 24. Kinases for the p38a regulated phosphorylation sites.
Potential upstream kinases for the phosphosites positively regulated
by p38a (A) or negatively regulated by p38a (B) in both KO/WT and
PH/WT. The analysis was done using the Kinase-Substrate dataset in
PhosphositePlus.

In the common up group, out of 85 phosphosites negatively
modulated by p38a, 10 were mapped to 26 potential upstream kinases
(Figure 24B), including ERK1/2, INKs, CDKs and others like PKC,
PKA and p70S6K. We found that several phosphosites can be
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targeted by more than one upstream kinase, such as Jun, Rps13 and
Mdm2. Many of the kinases predicted to target the phosphosites
regulated by p38a are members of the CAMG and AGC families. In
summary, the results suggest that there might be substantial cross-

talk between p38a signaling and other kinase pathways.

3.7. Kinase signature associated with p38a inactivation

pinpoints MTOR down-regulation

We next investigated kinase signature for phosphosites that change
in p38a KO/WT or PH/WT conditions by the Kinase-Substrate
Enrichment Analysis (KSEA) algorithm, which scores each kinase
based on the relative hyper-phosphorylation or dephosphorylation of
the majority of its substrates, indicated by kinase Z-score. The
negative or positive value of the score implies a decrease or increase
in the kinase’s overall activity relative to the control (Casado et al.,

2013; Horn et al., 2014; Hornbeck et al., 2015; Wiredja et al., 2017).

To perform this analysis, we used all quantified phosphosites,
conserved in humans, with the corresponding FC and p-value for
KO/WT or PH/WT as input. The results showed that the kinase
activities of MK2 and mTOR, a central regulator of mammalian
metabolism, were significantly downregulated in both KO/WT and
PH/WT conditions (Figure 25). This result is consistent with MK2
being a key p38a downstream effector. On the other hand, the
identification of mTOR was more unexpected, although it is known
that mTOR can be controlled by p38a in response to specific stresses

and growth factors in regulatory T cells and in heart ischemia

74



RESULTS

(Canovas B and Nebreda AR, 2021; Cully et al., 2010; Hernandez et

al., 2011; Li et al., 2019).
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Figure 25. Kinase-substrate enrichment analysis (KSEA) for the
p38a regulated phospho-proteome. (A and B) KSEA results of the
p38a regulated phospho-proteome in KO/WT (A) and in PH/WT (B).
Kinases with >5 potential substrates among the p38a regulated
phosphoproteins were plotted. Blue and red bars have p value<0.05 and
black bars p value>0.05. Negative values indicate that kinase activity is
decreased (Blue) and positive value that kinase activity is increased

(Red).

Besides MK2 and mTOR, we also found that PLK1 and CDKY

activities were downregulated in p38a KO and PH inhibited samples,
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although to a lesser extent. PLK1 and CDK?7 are both Ser/Thr-protein
kinases that regulate the cell cycle.

3.8. Biological functions regulated by the p38a modulated

phosphoproteome

As there is very little information for phosphosite annotation,
elucidating the biological functions that might be controlled by the
p38a-modulated phosphoproteome is challenging. Therefore, we
decided to analyze gene ontology for the identified phosphoproteins
in the DAVID database (Huang DW, Sherman BT et al. 2009;).
Although phosphorylation does not necessarily mean the activation
of the pathway or a particular function, in order to avoid ontology
enrichment dominated by negatively regulated phosphorylations, we
carried out a separate ontology analysis for phosphoproteins with
positive or negative phosphorylation changes. Then we overlapped
the enriched GO terms that passed cutoffs in both KO/WT and
PH/WT conditions (FDR<0.05 & gene count >5).

We found that both p38a positively and negatively regulated
phosphoproteins were enriched for cell adhesion and Poly(A) RNA
binding (Figure 26). Interestingly, many of the p38a positively
regulated phosphoproteins were associated with nuclear components,
which correlate with the functions controlled by p38a positively
regulated proteome, including DNA replication, DNA repair and cell
cycle. In contrast, the negatively regulated phosphoproteins mainly
highlight cytoplasmic components and participate in cytoskeletal
regulation, which correlates with the functions predicted for the

proteome negatively regulated by p38a.
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Figure 26. GO analysis of the phosphoproteins that include the p38a
regulated phosphosites. Enriched biological funcions and processes in the
phosphoproteins that include phosphosites positively regulated by p38a (A)
or negatively regulated by p38a (B). GO analysis was done using the
DAVID database. ES stands for enrichment score, and Gene indicates the
number of genes involved in the corresponding biological process in the
input datasets. FDR was estimated by the Benjamini—Hochberg procedure.
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4. Functional network for the p38a dependent

proteome and phospho-proteome

One role of phosphorylation is to modulate physical interactions
between proteins, thereby integrating different signaling pathways.
Therefore, mapping phosphoproteomic data onto networks of known
interacting proteins can reveal tandem phosphorylations that regulate
the biological activities of the shared proteins.

To this end, we constructed high confidence protein-protein
interaction (PPI) networks (PPI score >0.7) of proteins and
phosphoproteins that changed significantly (FC 1.5, p<0.05) using
STRING and visualized in Cytoscape. Moreover, proteins were
grouped together according to their functions (Figure 27). Although
we did not observe many high confident interactions (40 nodes out
of 113 had 43 edges), the functions of proteins in this network mostly
pointed to the regulation of RNA processing, including some
ribosomal proteins and RNA binding proteins, like Rps3, Rps8, Rpl29
and Rbm22, and proteolytic pathways, which involved both
endosome-lysosome system and the ubiquitin-proteasome system.
Other biological functions likely affected include cell cycle, DNA
replication and DNA repair, as well as cytoskeleton organization and
cell adhesion, which is the function including more of the upregulated

proteins and phospho-proteins.

Overall, the combined results of the proteomic and phospho-
proteomic analyses identify the regulation of mRNA translation, cell
cycle progression and cytoskeleton organization as important

functions of p38a signaling to balance cancer cell homeostasis.
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Figure 27. Functional signalling interaction networks modulated by
p38a. p38a regulated protein and phosphoprotein networks were
constructed using STRING and visualized in Cytoscape. Only
interactions with high confidence score (>0.7) are represented in the
networks. Red and green inside indicates that protein expression was
increased and decreased, respectively, upon p38a deletion. The inner
ring indicates the log2FC (KO/WT) and the outer ring log2FC (PH/WT).
In rings with different colors, each color refers to a different
phosphosite.
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5. Validation of proteomic and phosphoproteomic

changes

The combined results of the proteomic and phospho-proteomic
analyses pointed to the regulation of DNA replication, mRNA
translation and cell adhesion as potentially important functions
regulated by p38a. It is known that in the BBL358 cell line, p38a
deletion causes impaired DNA replication and the accumulation of
DNA damage through controlling ATR-CHK1 signaling (Canovas et
al., 2018).

Moreover, the p38a substrate MK2 is a key regulator of RNA-
binding proteins and mRNA stability (Soni et al., 2019). A recent
study has also reported that p38a signaling regulates ribosome-
related gene expression, rRNA precursor processing, polysome
formation and protein translation during primitive endoderm

differentiation in the mouse blastocyst (Bora et al., 2021).

However, the role of p38a in cell adhesion is still poorly understood,

and we decided to focus on this function.
5.1. Role of p38a in cell adhesion

Cell adhesion is a prominent and complex biological process, which
is essential for cell communication and the development and
maintenance of tissues. The adhesion network contains not only
proteins involved in adhesion but also other protein groups, such as
adaptors, cytoskeleton proteins, Ser/Thr kinases and phosphatases,

Tyr kinases and phosphatases, small GTPases, GTPase-activation
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proteins, guanine nucleotide exchange factors and transmembrane
receptors (Zaidel-Bar et al., 2007).

Our phosphoproteomic analysis identified cell adhesion as one of the
most enriched biological function. In addition, many (phospho-
)proteins were involved in the adhesion network protein groups.
Therefore, we hypothesized that p38a potentially regulates cell

adhesion.
p38a regulates extracellular matrix adhesion

The interaction of a cell with the extracellular matrix (ECM), is
mediated by multi-protein adhesion structures such as focal
adhesions, fibrillar adhesions and podosomes. The ECM is a network
of extracellular molecules that are secreted locally to ensure cell and
tissue cohesion. The major classes of ECM molecules are
proteoglycans, collagens and multi-adhesive matrix proteins, such as

laminin and fibronectin.

To mimic the cell-ECM adhesion, we used collagen and fibronectin
to coat the plates. We found that p38a KO cells showed decreased
adhesion ability on ECM-coated plates compared to WT cells
(Figure 28A & B), and similar results were observed when cells were
treated with the p38a inhibitors PH and LY2228820 (LY) (Figure
28A & C).
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Figure 28. p38a regulates cancer adhesion to extracellular matrix
components. (A) Same numbers of p38a WT cells, either untreated
(WT) or treated with DMSO or the p38a inhibitors PH797804 (PH) or
LY2228820 (LY), and p38a KO cells were seeded on plates pre-coated
with collagen or fibronectin and after 1 h the unattached cells were
removed. The remaining cells were fixed and stained for quantification.
(B and C) Quantification of the attachment results in p38a WT and KO
cells (B) and in cells treated with p38a inhibitors (C).

In addition, to mimic the microenvironment that cancer cells
encounter in tumors, we generated ECM derived from fibroblasts. In
brief, fibroblasts were plated and maintained in culture in a confluent
state. After 10 days, an intact fibroblast-derived 3D matrix was
obtained by removing the fibroblasts, and the attachment of WT and

p38a KO cells on the matrices was quantified. Similar to the results
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using plates coated with ECM components, we found that p38a KO
cells tend to show poorer adhesion on the fibroblast-derived matrix
than the WT cells (Figure 29).
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Figure 29. p38a influences cancer cell adhesion to a fibroblast-
derived extracellular matrix. WT and p38a KO cells were seeded onto
a fibroblast-derived ECM. After incubation for the indicated times, the
unattached cells were removed, and the remaining cells were fixed and
quantified.

Conversely, the cell adhesion capability of a cell probably depends
on the balance between cell attachment and detachment, which
represents the termination of adhesion interactions by physical,
chemical or other means. To investigate if p38a controls cell
detachment, we treated WT and p38a KO cell monolayers with
trypsin for a short time and then quantified the undetached cells. We
found that fewer p38a KO cells than WT cells remained on the plates
(Figure 30), suggesting a weaker adhesion capability of p38a KO
cells. In conclusion, we consistently found that inactivation of p38a

impairs cancer cell adhesion to the ECM.
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Figure 30. p38a influences cell detachment. The detachment ability of
WT and p38a KO cells was examined by treating cell monolayers with
trypsin for 8 min followed by quantification of the cells remaining in the
plates and comparison with untreated plates (NT).

p38a regulates cell-cell adhesion

Besides cell-ECM adhesion, cell-cell adhesion is also essential for
integrating cell-cell contacts with the changes in morphology.
Epithelial cells adhere tightly to their neighbors, and several
specialized adhesive structures, such as adherens junctions and tight
junctions, ensure the appropriate integrity of epithelial sheets.
However, epithelial cells are typically encased within a closely
packed tissue mass in which cells establish intimate connections with
many near-neighbors and with ECM components. 3D spheroids are
regarded as a more faithful in vitro model to mimic the arrangements
of the cells in vivo by tuning the relative strength of the cell-cell
adhesion over cell-ECM adhesion.

To study the cell-cell adhesion, we used 3D spheroids in which cells

directly interact with each other and with the ECM by hanging drop
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method (Foty, 2011). We found that WT cells consistently formed
bigger spheroids than p38a KO cells, and a similar phenotype was
observed when we used the p38a inhibitor PH or an MK2 inhibitor
(Figure 31).
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Figure 31. p38a controls cell-cell adhesion. (A) p38a WT cells either
untreated (WT) or treated overnight with the p38a inhibitor PH or the
MK-2 Inhibitor Il (MK2i), and p38a KO cells were cultured by the
hanging drop method for 48 h. (B and C) Quantification of spheroid
sizes (inner part indicated with a red circle) after 24 h (B) and 48 h (C).

To know if the smaller spheroids formed upon p38a inactivation were
due to the impaired adhesion, we tested the expression level of the
tight junction protein ZO-1, using immunofluorescence staining in
spheroids formed by WT, p38a KO, and PH-inhibited cells.
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Consistent with their spheroid size, we observed that the ZO-1
intensity in spheroids formed by p38a KO cells and PH inhibited
cells was clearly lower than in spheroids formed by WT cells (Figure
32). Interestingly, p38a has been described to control ZO-1
expression during both embryonic development and EMT (Bell and
Watson, 2013; Strippoli et al., 2010), which further supports our

results. In summary, we concluded that p38a is essential for cell-cell

adhesion regulation in the 3D spheroids model.
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Figure 32. p38a regulates ZO1 expression in 3D spheroids. (A).
Representative confocal images showing ZO1 expression levels as
determined by immunofluorescence in spheroids formed by WT, p38a
KO and PH treated cells. (B) Quantification of ZO-1 mean intensity of
each z-stack image. Median and interquartile range are shown.
Spheroids were cultured for 48 h.
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5.2. Verification of p38a regulated proteome candidates

Based on the proteomic data, we verify the expression levels of
several candidates by qPCR. For p38a positively regulated proteins,
we selected Ddx52, Hspbpl, Krt14, Zfp3611 and Zfp3612, but Krt14
was the only candidate found slightly downregulated upon p38a
inactivation (Figure 33A). For p38a negatively regulated proteins,
we selected Cyb5a, Sorbs2 and Vim, and the three had higher
expression in p38a KO cells than WT cells. Nevertheless, treatment

with the PH inhibitor only had some effect for Sorbs2 (Figure 33B).
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Figure 33. Validation of p38a regulated proteome candidates. (A)
MRNA levels of the top down-regulated proteins (A) or up-regulated
proteins (B) according to the p38a regulated proteomic data were tested
by qRT-PCR.

87



RESULTS

In order to understand if the difference in Sorbs2 mRNA level
between p38a KO and PH treated cells was due to the period of
treatment, we did a time-course incubation with PH and LY up to 48
h. We found that the Sorbs2 mRNA induction began to increase after
8 h of p38a inhibition, and remained increased up to 48 h, indicating
that the inhibitor had a relatively mild effect on Sorbs2 expression
compared with p38a KO (Figure 34). We further assessed whether
the observed upregulation of Sorbs2 mRNA levels in the absence of
p38a, were also detected at the protein level. We found that the levels
of ArgBP2 protein (encoded by Sorbs2) were notably increased in
p38a KO cells, and to a lower extent in PH-treated cells, compared
with WT cells, which was consistent with the mRNA level results
(Figure 34).
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Figure 34. p38a negatively regulates Sorbs2 expression in BBL358
cancer cells. (A) Sorbs2 mRNA levels were determined by gRT-PCR
in cells treated with the p38a inhibitors PH or LY for the indicated times.
(B) The Sorbs2-encoded ArgBP2 protein levels were detected by
Western blotting in WT and p38a KO cells and in cells treated with PH
for the indicated times. (C) Quantification of ArgBP2 protein levels in
p38a KO and PH inhibited cells normalized to WT cells.

p38a negatively regulates Sorbs2 (ArgBP2) expression at the

transcriptional level

Our results indicated that Sorbs2 expression was upregulated at both
mRNA and protein levels upon p38a inactivation in BBL358 cells.
To characterize how p38a negatively controls Sorbs2 expression, we
used the transcription inhibitor Actinomycin D to test whether p38a
affects Sorbs2 mRNA stability. We found that p38a did not seem to
affect the stability of Sorbs2 mRNA (Figure 35A).

To determine the impact of p38a on Sorbs2 transcriptional
regulation, we designed primers for the Sorbs2 pre-mRNA spanning
intron-exon junction using the USCS database (Zeisel et al., 2013).
This experiment showed a significant elevation of Sorbs2 pre-mRNA
levels in the absence of p38a, supporting that p38a negatively
regulates Sorbs2 transcription (Figure 35B).
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Figure 35. p38a regulates Sorbs2 transcription. (A) WT and p38a KO
cells were treated with actinomycin D and RNA samples were collected
at the indicated times. Sorbs2 mRNA levels were determined by qRT-
PCR and were referred to the expression level in the untreated cells (time
0). No significant differences were found between samples. (B) Sorbs2
pre-mRNA levels in WT and p38a KO cells determined by gqRT-PCR
using primers that span exon-intron junctions.

5.3. Role of ArgBP2 in p38a regulated cell-adhesion

The protein ArgBP2 encoded by Sorbs2 is a member of the SoHo
family of adapter proteins that contain a SoHo (Sorbin Homology)
domain in their N-terminus and three SH3 (Src homology 3) domains
in their C-terminus. ArgBP2 has been shown to interact with several
proteins involved in the regulation of actin (Roignot and Soubeyran,
2009), and there is also evidence supporting a potential role of
ArgBP2 in the regulation of cell adhesion (Taieb et al., 2008).
Therefore, we postulated that ArgBP2 might be involved in p38a-

mediated cell adhesion.

To evaluate this hypothesis, we firstly generated ArgBP2 knockout
BBL358 cells using the CRISPR-Cas9 system. These cells were
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treated with 4-OHT to induce p38a and ArgBP2 double knockout
(DKO) cells. Then, cell adhesion was determined by the hanging
drop assay, and we found that while the WT cells formed intact and
compact spheroids, many of the p38a KO cells formed spheroids that
were damaged. Importantly, this phenotype observed in p38a KO

cells was largely rescued in the p38a and ArgBP2 DKO cells (Figure
36).
A
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I Broken: more than 1 spheroid with diameter > 250um

I Intact: only have one spheroid with diameter > 400um
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Figure 36. ArgBP2 is involved in the regulation of cell-cell adhesion
by p38a. (A) Spheroid morphologies of WT and p38a KO cells, as well
as p38a and ArgBP2 double KO cells (DKO). ArgBP2 KO was induced
using the CRISPR/Cas9 system, and DKO cells were obtained by
treating ArgBP2 KO cells with 4-OHT. (B) Expression of p38a and
ArgBP2 in the indicated cell lines was tested by Western blotting. (C)
Quantification of intact and broken spheroid numbers in each cell line.

Taken together, we conclude that ArgBP2 is involved in p38a-
mediated cell-cell adhesion and that the elevated levels of ArgBP2
expression observed in p38a KO cancer cells were probably

responsible for their impaired cell adhesion.

5.4. Correlation of Sorbs2 expression with p38a activity

in cancer cell lines

Overwhelming evidence suggests that p38a can control many
cellular processes in a highly context-dependent manner. Therefore,
we decided to investigate whether our observation that p38a
negatively regulates Sorbs2 expression was also conserved in other
cancer cell lines. To this end, we examined Sorbs2 mRNA levels in
several human cancer cell lines upon p38a inhibition using PH for 48
h. However, we were surprised that out of 10 tested cell lines, only
the osteosarcoma cell line SAOS2 showed substantially upregulated

Sorbs2 mRNA levels upon p38a inhibition (Figure 37).
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Figure 37. Sorbs2 expression in human cancer cell lines. Sorbs2
MRNA levels were determined by qRT-PCR in cells treated with the
p38a inhibitor PH797804 for 48 h.

In recent years, extensive efforts have been made to identify genes
that are essential for cancer cell fitness. For example, genetic
dependencies that are specific to some cancer cells but are not present
in normal cells. Alternatively, genetic dependencies, may exist and
have some function in non-malignant cells, in which it can induce
malignant transformation and is necessary for the continued tumor
growth (Lin and Sheltzer, 2020). We speculated that the basal level
of Sorbs2 expression in cells may also play a role, and decided to
check how the p38a gene dependency and Sorbs2 expression levels

compared in the selected cell lines.

We extracted the p38a gene effect dataset and Sorbs2 expression

dataset from the DepMap database (Dempster et al., 2019) and did a
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bubble plot showing the relationship between p38a gene effect and

Sorbs2 mRNA expression. However, the results suggested that

neither high nor low expression of Sorbs2 at the basal level correlated

with the observed response to p38a inhibition (Figure 38).

Interestingly, we found that the most p38a-dependent cell line among

the selected cell lines was SAQOS2.

In summary, our results suggest that p38a dependent cancer cells

could be more prone to involve p38a in the regulation of Sorbs2

expression and maybe cell-cell adhesion.
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Figure 38. Correlation of Sorbs2 mRNA expression with p38a
dependency in human cancer cell lines. Sorbs2 mRNA expression
data and p38a gene effect data were downloaded from DepMap. Gene
effect indicates the dependency level of a cell line on that particular
gene. A negative gene effect score indicates depletion of the gene in the
cell population, suggesting that it is an essential gene for cell
proliferation/viability (Dempster, et al., 2019).
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Protein phosphorylation is a regulatory mechanism that is central to
a wide variety of physiological responses, and its misregulation has
been linked to many human diseases (Lahiry et al., 2010; Torkamani
et al., 2008). As key regulators of phosphorylation, protein kinases
have gained increasing focus as potential therapeutic targets for
pathologies like cancer and inflammatory diseases. In the past
decade, developments in mass spectrometry (MS)-based proteomics
have enabled large-scale unbiased profiling of changes in the

phosphoproteome of a cell.

To date, 176 proteins, containing 317 phosphosites, have been
identified the targets of p38a in PhosphositePlus. The ability of p38a
to phosphorylate a plethora of substrates allows this pathway to
interpret a wide range of external signals and respond appropriately
by generating different biological effects. Despite the physiological
importance of the p38a pathway and its pharmacological potential, a
comprehensive picture of the substrate repertoire and biochemical
mechanisms regulated by p38a signaling is still lacking. In this study,
we performed a global quantitative (phospho-)proteomic analysis to
explore novel substrates and functions that are regulated by p38a in
cancer cell homeostasis. Our work identified several proteins whose
phosphorylation or expression can be controlled by p38a, as well as
the interplay between p38a and other kinase pathways. We also
describe that transcriptional regulation of ArgBP2 expression by

p38a regulates cell-cell adhesion.
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1. p38a-regulated phosphoproteome

To our knowledge, there are not many studies on the p38 MAPK-
regulated (phospho-)proteome. A recent study used the inhibitor
SB203580 to investigate phosphoproteomic changes that are
modulated by p38 MAPK signaling during the response to UV-
induced DNA damage in U20S cells (Borisova et al., 2018). The
effects of the inhibitor SB202190 on the signaling networks detected
in Hela cells treated with EGF have been also studied (Pan et al.,
2009). Phosphoproteomic changes regulated by Hogl, the yeast
homolog of the mammalian p38a, were investigated in response
osmostress (Romanov et al., 2017). Recent research used the
inhibitor SB220025 and label-free MS analysis to study the function
of p38a in early mouse blastocyst development (Bora et al., 2021).

Most of the above studies rely on the use of pyridyl imidazole
chemical inhibitors such as SB203580 and SB202190, which have
been reported to have numerous off-target effects (Bain et al., 2007;
Lali etal., 2000; Shanware et al., 2009). In addition, these compounds
can inhibit both p38a and p38p with similar 1C50 values, making it
challenging to distinguish p38a specific effects. (Cuenda and
Rousseau, 2007).

In our (phospho-)proteomic study, we employed both p38a genetic
deletion, which has never been wused in previous p38a
phosphoproteomic studies, and the p38a inhibitor PH797804, which
is thought to be more selective for the p38a family member. By
overlapping both conditions, we expected to obtain more reliable

results. In addition, we performed the analysis without any stimuli in
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order to identify the p38a regulated (phospho-)proteome in cancer
cell homeostasis, which has not been the focus of previous studies.
In particular, our study identified with high confidence 25 proteins
that are positively regulated by p38a and 10 proteins that are
negatively regulated by p38a, most of which have not been
previously linked to p38a. We also identified 26 phosphosites (on 21
proteins) positively regulated by p38a and 88 phosphosites (on 62
proteins) negatively regulated by p38a. Several of these proteins,
such as Hspbp1l, Nelfe and Rbm7, have been previoulsly reported as
bona fide p38a and MK2 substrates validating our studies.

2. p38-MK2 signaling axis

We analyzed the sequence signatures in the p38a positively regulated
phosphosites, which are potential p38a targets. We found that a
sequence signature (Phe/Leu-Met-Phe-Thr-Arg-XX-Ser-
Hydrophobic) that is close to the optimal phosphorylation motif of
MK2  (Phe/Leu/lle-XXX-Arg-GIn/Ser/Thr-Leu-Ser-Hydrophobic)
was overrepresented in comparison with the optimal p38a
phosphorylation motif (Gly-Pro-GIn-Ser/Thr-Pro-1le) reported in the
literature (Manke et al., 2005). Moreover, the KSEA analysis also
supported that the activity of MK2 was significantly decreased in the
absence of p38a.

As a key substrate and interactor of p38a, MK2 plays a substantial
role in the p38a signaling pathway. For example, the p38-MK2
signaling axis controls the synthesis and release of inflammatory
molecules in response to stress and inflammatory signals (Menon and

Gaestel, 2018), and it can also modulate RNA metabolism by
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phosphorylating the RNA-binding proteins, such as TPP, NELFE,
RBM7 (Borisova et al., 2018; Tiedje et al., 2012, 2015). Moreover,
p38a and MK2 can form a complex under homeostatic conditions
and that the level of MK2 protein is reduced in p38a-deficient cells
(Gutierrez-Prat et al., 2021). Our results support that under
homeostatic conditions, MK2 plays an important role in the

phosphorylation changes regulated by p38a signaling.

The extent to which MK2 is responsible for different signals or
targets in the p38a-MK2 signaling axis is unclear. Nevertheless, we
have noticed that out of the 26 phosphosites that are positively
regulated by p38a, 13 and 8 have MK2 or p38a phosphorylation
motifs, respectively. Further work should analyze how these
phosphorylations contribute to the different functions regulated by
p38a signaling in cancer cells.

3. p38a in DNA replication and cell cycle regulation

The functional enrichment analysis of the p38a positively regulated
proteome detected a number of targets involved in DNA replication.
Furthermore, several phosphoproteins regulated by p38a are
involved in cell cycle regulation. Of note, previous work in our lab
showed that p38a deletion in the BBL358 cell line used in this study
causes DNA damage and impaired DNA replication, and evidence
was obtained that p38a controls ATR-CHEKZ signaling (Canovas et
al., 2018). CHEK1 and p38a have been reported to synergistically
prevent uncontrolled CDK1 activation, premature mitotic entry and
associated DNA damage, thereby ensuring genome stability during

the normal cell cycle (Céanovas et al., 2018; Lemmens et al., 2018).
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In line with this, our KSEA analysis suggested that upon p38a
deletion or inhibition, CHEK1 activity was downregulated, while
CDK1 activity was upregulated, which might be the consequence of
both p38a. and CHEK1 reduced activity.

Our analysis also predicted that PLK1 activity was somewhat
downregulated in the absence of p38a. PLK1 performs several vital
functions throughout the M phase of the cell cycle, including
regulating centrosome maturation and spindle assembly, removing
cohesins from chromosome arms, inactivation of anaphase-
promoting complex/cyclosome inhibitors and the regulation of
mitotic exit and cytokinesis (Petronczki et al., 2008). It has been
reported that the co-localization of phosphorylated p38a and MK2
with PLK1 to the spindle poles during prophase and metaphase is
required for mitotic progression in the absence of stress. Furthermore,
MK2 can phosphorylate Ser326 of PLK1, which is critical for the
recruitment of y-tubulin to the centrosome and subsequent

establishment of a functional bipolar spindle (Tang et al., 2008).

In addition to PLK1, CDKZ7 kinase activity was also predicted to be
decreased in our KESA analysis. CDK?7 is the catalytic subunit of the
CDK-activating kinase (CAK) complex, which is involved in cell
cycle control and RNA polymerase IlI-mediated RNA transcription
through the regulation of p53 activity (Kalan et al., 2017). CDK7
phosphorylates p53 upon DNA damage and is inactivated by a p53
feedback loop leading to cell cycle arrest or activation of
transcription to help cell recovery or apoptosis (Schneider et al.,
1998). CDKY7 is also required for both formation and activation of

CDK1/cyclin B complex during G2/M transition and for activation
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of CDK2/cyclin complexes during G1/S transition (Larochelle et al.,
2007). Moreover, CDK7 ablation or pharmacological inhibition
impairs the transcriptional activity of MY C through downregulating
p38a and sensitizes non-small cell lung cancer cells to p38a
inhibition (Wang et al., 2020).

These results are consistent with the published observations showing
that p38a deletion in BBL358 cell line results in a variety of mitotic
aberrations, abnormal cytokinesis, increased aneuploidy and a CIN
phenotype (Cénovas et al., 2018). However, it would be interesting
to further validate whether PLK1 and/or CDK?7 activities are
decreased upon p38a deficiency and how exactly they could interplay

with p38a in the regulation of these processes.

In the same line, we found that p38a positively regulated the
expression of Mcm2 and Mcm4, two proteins involved in DNA
replication, and unpublished results from our lab indicate that Mcm2
and Mcm4 mRNA and protein levels are indeed downregulated in

p38a KO cells, further supporting the results that we have obtained.

Collectively, our observations suggest an important role for p38a in
DNA replication and cell cycle control, perhaps not through the
regulation of one or two proteins but by controlling a broad protein
network that cooperatively regulates these processes. In addition, our
results suggest that inhibition of other kinases such as CHEK1, PLK1
or CDK7 could synergize with p38a inhibition, providing

combinations of potential clinical relevance.
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4. p38a in protein synthesis regulation and the
crosstalk with mTOR

The ribosome is essential for protein synthesis and cell survival, and
its function must be tightly controlled with respect to activity,
selectivity and fidelity. Many drugs, such as translation inhibitors
(e.g., anisomycin and cycloheximide), ribotoxins (e.g., ricin, Shiga
toxin and a-sarcin), chemotherapeutics (e.g., doxorubicin) and UV-
radiation, are known to cause structural damage to rRNA and impair
ribosome function, leading to strong activation of p38a and JNK
through the upstream MAP3K ZAKa, also known as MAP3K20 or
MLTK ((Laskin et al., 2002).

Our analysis indicated that rRNA processing and ribosome
biogenesis, two processes related to the translation machinery, are
associated with p38a positively regulated proteomic changes. In
addition, several proteins involved in the translation machinery form
high confident protein-protein interaction (PPl > 0.7) networks in the
combined phosphoproteomic and proteomic analysis. This network
includes ribosomal proteins Rps3, Rps8 and Rpl29, RNA helicase
Ddx52, nuclear protein Nopl4 and Nop56, which participate in
ribosomal subunit assembly, spliceosome proteins Rbm22, Smul,
Srrm2, Gemin7 and Wbp4, and some regulators of mMRNA turnover.
It has been reported that the p38 MAPK pathway plays a major role
in ribosomal stress surveillance (Vind et al., 2020). The knockdown
of Rps3 or Rps6 induces aberrant ribosome biogenesis, which
triggers ASK1-mediated p38a activation, p53 induction and

phosphorylation and G1 arrest, while depletion or pharmacological

103



DISCUSSION

inhibition of p38a abrogates G1 arrest caused by ribosomal stress
(Kim et al., 2011). Interestingly, our dataset contains several
phosphoproteins related to ribosome functions, and most of these

phosphosites do not have a reported function yet.

The interactions between the translation machinery, especially
ribosomal proteins, and p38a are not well understood. Recently, p38
MAPK inhibition has been implicated in the regulation of ribosome-
related gene expression, rRNA precursor processing, polysome
formation and protein translation during mouse blastocyst primitive
endoderm differentiation, which can be partially reversed by
concomitant mTOR activation (Bora et al., 2021). Curiously, our
KSEA analysis predicted that mTOR activity is downregulated upon
p38a deficiency. mTOR is a global regulator of translation and
maintains cellular energy homeostasis in response to extracellular
stimuli, such as growth factors and nutrient availability. In particular,
the mTORC1 complex has been reported to specifically control
transcription and translation of ribosomal genes/proteins, synthesis
and processing of rRNA, and biogenesis and availability of
ribosomes to ultimately dictate general translation of MRNA
transcripts (Fonseca BD et al., 2014), while the mTORC2 complex
has so far been associated with the actin cytoskeleton control and
maintenance, co-translational protein degradation and lipolysis
(Jacinto et al., 2004).

There is evidence that mTOR signaling can be controlled by p38a. in
response to specific stresses and growth factors in regulatory T cell
function and heart ischemia (Canovas B and Nebreda AR, 2021;
Cully et al., 2010), but the integration between p38a and mTOR
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signaling in the regulation of ribosome function is understudied. Our
data suggests that it may be worth characterizing the crosstalk

between both pathway in the regulation of translation.

5. p38a regulates cell adhesion

Homeostasis in healthy tissues strongly relies on cell adhesion, which
is required not only for physically anchoring of the cells but also for
the integration of a diverse range of signaling between the cells and
the extracellular microenvironment. The network of proteins
involved in cell adhesion has been assigned into 20 different groups
according to their biological activity. Adaptor proteins, adhesion
receptors and actin regulators form the physical structure of the
adhesome that connect the membrane with the actin cytoskeleton. In
addition, there are protein kinases, Rho GTPases, lipids, and
proteases that regulate the assembly and turnover of the adhesion as
well as signaling from the adhesion into the cell (Zaidel-Bar et al.,
2007).

The GO analysis of our data highlighted cell adhesion as the most
enriched function among the p38a regulated phosphoproteome
changes, especially considering the negatively regulated
phosphoproteins. Moreover, adhesion-related functions, such as
extracellular structures and plasma membrane organization, were
also enriched in the p38a negatively regulated proteome, further

supporting the potential role of p38a in cell adhesion regulation.

Experiments to investigate the role of p38a in ECM adhesion showed
that the attachment ability of BBL358 cells on both purified ECM
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components and fibroblast-derived cell-free matrixes was
consistently decreased upon p38a. deletion or inhibition. In addition,
we investigated whether cell-cell adhesion is affected by p38a by
using the 3D spheroid model, which may mimic cell-cell interactions
that occur during three-dimensional arrangements of the cells in vivo.
We found that the spheroids formed by p38a-deficient cells were
markedly smaller in size and showed reduced expression of the tight
junction protein ZO-1, compared with those formed by WT cells,

suggesting that p38a is required for cell-cell adhesion.

The work reported in the literature suggest that the effect of p38a on
cell adhesion might depend on the stress strength and the
experimental conditions. Thus, inhibition of p38a may prevent the
stress-induced junction disruption in 2D models. A study showed that
a short treatment (8 h) of HaCaT cells with either p38 inhibitors or
anisomycin (which activates p38a) induces a ZO-1 staining pattern
that is characteristic of mature junctions but upon longer treatment
(24 h), p38a inhibition has no effect on ZO-1 accumulation,
suggesting that p38a. is crucial in the early events (Minakami et al.,
2015). Prolonged SB203580 treatment (72h) was also shown to have
no effect on ZO-1 intracellular labeling in normal human
keratinocytes (Siljaméki et al., 2014). Interestingly, different roles
have been reported for p38a in 2D and 3D cultures. In 2D,
anisomycin treatment for 12 h inhibited the formation of mature
junctions, which was restored upon JNK inhibition but not by
inhibiting p38a. However, in 3D, anisomycin treatment for two
weeks activated only p38a and removed CLDN7 from ZO-1-positive

spots on the surface of 3D cultures, disrupting tight junctions. Thus,

106



DISCUSSION

short-term anisomycin treatment inhibited maturation of cell-cell
junctions by JNK activation, but p38 activation by long-term
anisomycin treatment affected the morphology of stratified structures
and paracellular permeability in 3D (Nikaido et al., 2019). However,
how p38a might regulate cell adhesion in 3D cultures was not
investigated.

On the other hand, our results are consistent with previous reports
proposing a role for p38a in cell adhesion during embryonic
development and epithelial-mesenchymal transition (EMT). It has
been reported that p38a inhibition compromises tight junction
integrity during blastocyst formation through increasing tight
junction permeability and shifting of ZO-1 localization (Bell and
Watson, 2013). In the same line, p38a blockade disrupts intercellular
junctions through disorganization and downregulation of cytokeratin
filaments and ZO-1 during EMT, accompanied by elevated vimentin
expression, allowing cells to adapt to migratory and invasive

phenotypes (Strippoli et al., 2010).

It is important to keep in mind that our set of experiments was
performed using a 3D model similar to these two experiment settings
and in homeostatic conditions. It is therefore not completely
unexpected that the cell signaling events, and in particular how p38a.
contributes to a particular function like cell adhesion, differ when

compared to the response to stress stimuli.
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6. ArgBP2 in p38a regulated cell adhesion

Although many publications suggest a role of p38a. in cell adhesion
control through modulating different CAMs, such as ICAM-1,
VCAM-1, E-selectin, paxillin, tight junction proteins and claudins,
the contribution of all these changes to the process and how exactly
they are regulated by p38a is not well understood. Interestingly, our
results indicate that around 40 proteins and phospho-proteins that are
significantly regulated p38a were involved in cytoskeleton or cell
adhesion regulation. Moreover, a number of these phospho-proteins
were negatively regulated by p38a, including Pakl, Gitl, Nestin,
Tjapl, Vim, Twfl, Svil, ArgBP2 and Zyxin.

Notably, the adaptor protein ArgBP2, which is encoded by Sorbs2,
was one of the top hits negatively regulated by p38a. ArgBP2 has
been described to associate with the Abl/Arg non-receptor tyrosine
kinase pathway to negatively regulate cell adhesion and sarcomere
architecture (Taieb et al., 2008). Therefore, we hypothesized that
ArgBP2 might be involved in p38a regulated cell adhesion.
Importantly, rescue experiments knocking down ArgBP2 expression
supported that enhanced ArgBP2 levels might account, at least in
part, for the impaired cell-cell adhesion observed upon p38a
inhibition. However, how p38a regulates ArgBP2 and the role of
ArgBP2 in cell-cell adhesion still needs to be clarified. For example,
since ArgBP2 is a component of the apical junction complex of
epithelial cells (Fredriksson-Lidman et al., 2017), it would be
interesting to know whether p38a regulates the localization of
ArgBP2. As a scaffold protein, ArgBP2 interacts with many
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cytoskeletal components to control the balance between adhesion and
motility. Whether ArgBP2 is related to the decreased expression of
Z0O-1 induced by p38a deficiency and whether the overexpression of
ArgBP2 leads to the actin cytoskeleton disruption are questions

worth exploring in the future.

We confirmed that p38a negatively regulates Sorbs2 expression at
the transcriptional level, but the mechanisms implicated are not yet
fully understood. Sorbs2 transcription has been described to be
regulated by MEF2A and MEF2D (Wales et al., 2014; Yan et al.,
2019), which are both p38a substrates and may function as
transcription repressors when phosphorylated (Kang et al., 2006;
Zhao et al., 1999). However, the phosphorylation of MEF2A an
MEF2D that has been linked to their function as transcription
repressors, is different from the sites that are known to be
phosphorylated by p38a. On the other hand, our (phospho-
)proteomic analysis suggested other potential regulators of Sorbs2
that could be worth exploring further, such as Larpl, Limal and
Mdm2.

7. Difference between genetic KO and pharmacological
inhibition

The analysis of our (phospho-)proteomic datasets, indicated a
positive correlation between p38KO/WT and PH/WT comparisons,
with Pearson coefficient correlation 0.707 for proteome and 0.758 for

phosphoproteome. Intriguingly, when a more stringent filtering

criteria was applied (p<0.05 and fold change > 1.5 or fold change <
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-1.5), we found an unexpected difference in the number of significant
hits retrieved between p38a deletion (KO/WT) and chemical
inhibition (PH/WT). For example, we detected around three-fold
more changes for total proteins either positively or negatively
regulated p38a in PH/WT proteomic dataset compared to KO/WT.
This difference was even higher for the phosphoproteomic dataset,
with around five-fold more changes for p38a positively regulated
phosphorylation events in PH/WT than in KO/WT.

Genetic compensation (genetic buffering) might explain why we
observed fewer changes in p38a deletion than in pharmacological
inhibition with PH. Genetic robustness may arise from redundant
genes, whereby the loss of one gene may be compensated by another
with overlapping functions and expression patterns (El-Brolosy and
Stainier, 2017). Another form of robustness arises from tightly
regulated cellular networks, including metabolic, signaling, and
transcriptional networks (El-Brolosy et al., 2019). Perturbation of a
particular gene’s function in a network may alter the expression of
other genes within the same network, thereby maintaining cellular
homeostasis. Additionally, in response to a gene knockout,
organisms such as yeast can accumulate mutations in one or more
genes modulating the affected pathway, leading to partial or full
rescue of the outcome (Teng et al., 2013).

In our experimental system, the most likely candidates responsible
for functional compensation are other p38 family members,
especially p38B, whose functions are mostly redundant in the

presence of p38a that is usually expressed at much higher levels. This
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functional redundancy has been reported in various cell types. For
instance, p38a and p38p have overlapping functions during mouse
development (Barrantes et al., 2011). Another study demonstrated
that in response to TCR stimulation, p38a-deficient T cells showed
no obvious cell-autonomous defects when increased the expression
of p38p. (Jirmanova et al., 2011). Other MAPKSs, like ERK1/2, could
also be responsible for the compensation effect. For example,
cardiomyocytes and fibroblasts lacking p38a are more resistant to
apoptosis induced by different stimuli, and elevated ERK1/2 activity
in these cells contributes to the reduced levels of apoptosis by the

upregulation of the survival pathway (Porras et al., 2004).

The functions of p38 MAPKSs are typically associated with the
phosphorylation of substrates on Ser/Thr-Pro motifs, but p38
MAPKSs have also reported to have some kinase-independent roles.
These are thought to be mediated to the binding to other proteins in
the absence of phosphorylation, possibly by structural modification
of the targets, changes in their subcellular location or competition
with their binding to other proteins (Cuadrado and Nebreda, 2010).
For instance, protein O-GIcNAcylation catalyzed by the O-GIcNAc
transferase (OGT) enzyme has been proposed to be regulated by p38a
in a kinase-independent manner in the context of ischemia-induced
stress in the brain. In this case, p38a does not seem to phosphorylate
OGT, interacts with the OGT C terminus, regulating its activity by
recruiting it to specific targets, such as neurofilament H, and
stimulating its O-GIcNAcylation (Cheung and Hart, 2008). Since the
changes observed only in the p38a KO condition, when both the

MRNA and the protein are removed, are fewer compared to PH,
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which only impairs protein activity, it seems like not many kinase-
independent events of p38a are likely to occur in our experimental

setting.

Another possibility is that PH could be also inhibiting p38p, PH can
also inhibit p38p with a higher 1C50 (Xing et al., 2009). In addition,
since PH binds to the ATP-binding sites (Coulthard et al., 2009), we
do not know whether this PH-bounded p38a form will have
unexpected conformational changes and functions. Moreover, 4-
OHT inducible Cre recombinase system may cause some side effects
(Donocoff et al., 2020). Finally, we should also acknowledge that the
isotopic dilution and scrambling between high-, medium- and light-
isotopes cannot be completely eliminated, although use of this
method can markedly improve the label specificity (Tong et al.,
2008).

In summary, our results identify some common (phospho-)proteomic
changes upon both p38a deletion and inhibition, but we do also find
substantive differences, which at the moment are difficult to account
for. Some of them might reflect the ability of PH to inhibit also p38p,
or the synergistic modulation of other (unidentified) signaling
pathways. However, non-catalytic functions of p38a should be also
considered. Alternative approaches such as the use of PROTACs to
induce p38a protein degradation (Donoghue et al., 2020), or the use
of additional chemical inhibitors of p38a (Campbell et al., 2014) or
downstream targets like MK2 (Shah et al., 2017) should be

considered.
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8. Future perspectives

Rapid advances in phosphoproteomics have revealed over 100,000
different phosphosites in human cells; while less than 5% of
phosphosites have identified kinases, not to mention that the
phosphosites function assignments are almost negligible (Needham
et al., 2019). Despite the challenges in the interpretation of
phosphoproteome data, recently developed methods to assign
functional scores (Ochoa et al., 2019) allowed us to determine the
potential importance of phosphosites in cell fitness. These scores
could be helpful for further considering whether particular candidates

are worth validation and analyzing.

Although our study was performed under tumor cell homeostatic
condition, which differs from the response to stress stimuli, it is
possible that some of the p38a targets or crosstalks identified could

be relevant to the response to some stresses.

This work highlights the complexity of the p38a regulated signaling
networks, provide valuable information on p38a-dependent
phosphorylation events in cancer cells, and provide new insights into

the mechanisms modulated by p38a in cell-cell adhesion.
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CONCLUSIONS

1. We have identified several proteins whose expression or

phosphorylation can be regulated by p38a in cancer cells.
2. p38a regulates cell-cell adhesion in cancer cells.

3. ArgBP2 is a likely candidate to mediate the role of p38a in cancer

cell adhesion, and is transcriptionally controlled by p38a

4. p38a maintains cancer cell homeostasis mainly through regulation

of DNA replication, protein synthesis and cell adhesion.
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SUPPLEMENTARY

Supplementary Table 1. List of p38a positively regulated

proteins. Proteins were filtered by p-value<0.05 and log2FC<-0.58

(FC<-1.5).
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SUPPLEMENTARY

Supplementary Table 2. List of p38a negatively regulated
proteins. Proteins were filtered by p-value<0.05 and log2FC>0.58
(FC>1.5).

Log2FC Log2FC p-value p-value

Gene name Protein name (KO/WT) (PH/WT) (KO/WT) (PH/WT)

Ckb Creatine kinase B-type 0.79 1.10 3.0E-03 2.0E-04
Ctsa Lysosomal protective 0.64 114  28E-04 65E-07
protein

Dihydrolipoamide S-
Succinyltransferase

Faml67a Protein FAM167A 1.01 0.71 7.4E-04 8.8E-03
High mobility group

Dlst 0.76 1.07 7.8E-03 6.4E-04

Hmga2 protein HMGI-C 0.61 0.71 3.2E-08 4.6E-09

Psap Prosaposin 0.60 1.10 1.9E-05 1.6E-08

Ptgrl Prostaglandin reductase 1 0.62 0.65 1.5E-06 8.0E-07

Sdpr Serum deprivation- 099 132 11E-07 3.4E-09
response protein

Sorbsz  Sorbinand SH3domain- g0y 04 93E09  2.4E-10
containing protein 2

Vim Vimentin 1.11 0.86 1.0E-09 2.6E-08
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Supplementary Table 3. List of p38a positively regulated

phosphosites. phosphosites were filtered by p-value<0.05 and

log2FC<-0.58 (FC<-1.5).
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SUPPLEMENTARY

Supplementary Table 4. List of p38a negatively regulated

phosphosites. phosphosites were filtered by p-value<0.05 and

log2FC>0.58 (FC>1.5).
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MATERIALS AND METHODS

1. Materials

General buffers and solutions

PBS 10X

1.37 M NaCl

27 mM KClI

100 mM Na2HPO4
17.5 mM KH2PO4
pH 7.4

Protein Loading buffer 5X
250 mM Tris pH 6.8

50% glycerol

250 mM DTT

10% SDS

0.1% bromophenol blue

RIPA buffer

50 mM Tris-HCI (pH 7.5)
150 mM NacCl
5mMEGTA

5mM EDTA

1% NP-40

20 mM NaF

1 mM NazVO,

1 mM PMSF

2.5 mM Benzamidine
10 pg/ml Pepstatin A
1 uM Mycrocystin
10 pg/ml Leupeptin
10 ug/ml Aprotinin

TBST 1X

20 mM Trizma base
150 mM NaCl
0.1% Tween 20

Running Buffer 10X
0.25 M Tris base

2 M glycine

1% SDS

pH 8.3

Transfer Buffer 10X
0.2 M Tris base
1.5 M glycine

Transfer Buffer 1X
10% Transfer Buffer 10X
20% 2-propanol

70% H20

Ponceau Red

0.1% Ponceau Red powder
5% acetic acid

HBS buffer (2X)

50 mM HEPES

280 mM NaCl

1.5 mM Na2HPO4

pH 7.12

HBS buffer (2X)
50mM HEPES
280 mM NaCl
1.5mM Na2HPO4
pH 7.12
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MATERIALS AND METHODS

Commercial reagents

Reagent Company Reference
4-OH-Tamoxifen Sigma H6278
Acetic acid Panreac 131008.1611
Acrylamide 40% 29:1 BioRad 161-0146
Ammonium bicarbonate  Sigma 9830
Aprotinin Sigma A6279
APS Sigma A3678
Benzamidine Sigma B6506
Bromophenol blue Sigma B8026
BSA Sigma A7906
Cresyl Violet Sigma 10510-54-0
DAPI LifeTechnologies  P36935
dNTPs ThermoFisher R0192
DMEM Sigma 5796
DMSO Sigma D5796
DTT GE Healthcare 17-1318-02
EDTA Sigma E4378
EGTA Sigma E46758
Ethanol absolute Panreac 131086.1214
Fluorescence mounting Dako s3023
Fibronectin Sigma F2006
Glutamine LabClinics M11-004
Glycerol Sigma 49782
HBSS Gibco 14175-137
HEPES Gibco 15630-049
Leupeptin Sigma L2884
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MATERIALS AND METHODS

Methanol Panreac 131091.1214
MK-2 Inhibitor 111 Calbiochem CAS118664822
Nitrocellulose membrane  GE Healthcare 10600002
Non-treated multidishes ~ Nunc 150239
NP-40 AppliChem A16960250
Paraformaldehyde 16% Electron 15710
Penicillin/Streptomicin LabClinics P11-010
Pepstatin A Sigma P4265
PF-3644022 Sigma PZ0188
PH-797804 Selleckchem S2726
PMSF Sigma P7626
Polybrene Sigma H9268
Poly-D-lysine Sigma P7280
Polyethylenimine Polysciences 23966-1
Ponceau S Sigma P3504
Protease inhibitor Calbiochem 539134
Proteinase K Roche 3115852001
Puromycin Sigma P9620
Random Primers Invitrogen 48190-011
Rnase A Roche 10109142001
RNAsin 2500U Promega N211

SDS Sigma 71725
Sequencing grade Promega V5113
Sodium chloride Sigma 433209
Sodium deoxycholate Sigma 6504
Sodium Floride Sigma S7920
Sodium orthovanadate Sigma S6508
Sodium phosphate Sigma 255793
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MATERIALS AND METHODS

Superfrost glass slides VWR J1800AMNZ
Superfrost Plus Adhesion  ThermoFisher J7800AMNT
TC10 Automated cell BioRad S06BR2077
TEMED Sigma T9281
Triton X-100 Sigma T9284
TRIZMA-base Sigma T6066
Trizol ThermoFisher 15596026
Trypan Blue Solution Gibco Gibco
Trypsin-EDTA Sigma T3924
Tween-20 Sigma P7949
Commercial Kits
Reagent Company Reference
FastDigest Esp3l ThermoFisher FD0454
GenElute™ Miniprep Kit Sigma, PNL350
MycoAlert Lonza LTO7-318
PureLink on column DNAse  Invitrogen 121-85-010
QIlAfilter plasmid maxi kit Quiagen 12263
Quick Ligation™ Kit NEB M2200
QIAquick gel extraction Kit ~ Quiagen 28706X4
Random primers Invitrogen 48190-011
RC DC protein assay kit 11 BioRad 5000122
RNA PureLink Minikit Ambion 12183018A
Superscript IV reverse Invitrogen 18090010
SYBR Select master mix ThermoFisher 4472942
T4 Ligation buffer NEB B0202S
T4 PNK NEB M0201
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2. Methods

2.1. Cellular biology

Cell maintenance

BBL358, BBL350, BT-474, HELA, HEK293T, MCF-7, MDA-MB-
231, T47D, SAOS2, SW620, U20S, U-87MG cells were cultured in
DMEM (high glucose) medium supplemented with 10% FBS, 1%
penicillin/streptomycin and 1% L-glutamine. BT-549 cells were
cultured in  RPMI supplemented with 10% FBS, 1%
penicillin/streptomycin and 1% L-glutamine. Cells were maintained
at 37°C and 5% CO2.

For sub-culturing and passage, cells were washed with PBS and
incubated with trypsin at 37°C until detached. Then, cells were
suspended using complete media and diluted as desired depending on

the confluence and re-plated in a new culture dish.
Cell collection

For harvesting, cell cultures were washed with PBS and trypsinized.
Cells were suspended in complete fresh media and the suspension
was transferred to a 15 ml conical tube and centrifuged at 1000 rpm
for 5 min. Afterwards, media was aspirated, and the pellet was

resuspended according to the following procedures.
Cell cryopreservation and thawing

For cryopreservation, cells were collected as described above and
resuspended in freezing media consisting of 90% FBS and 10%

DMSO and transferred to 1.5 ml cryo-tubes. Cryo-tubes were stored
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in a Mr. Frosty container at -80°C for up to one week and then

transferred to liquid nitrogen for long term storage.

For thawing, frozen cells were quickly placed in a 37°C water bath
until completely thawed. Then, cells were diluted in pre-warmed
media and transferred to a new plate. Next day, the media was
replaced by fresh media to remove remaining DMSO in culture.

Mycoplasma detection

Cells were routinely tested for mycoplasma using Mycoplasma
Detection Kit. 100 pl of cell media were taken, centrifuged, and
transferred to a test tube. 100 pl of MycoAlert reagent (A) were added
and lumines—-cence was measured after 5 min incubation. Then, 100
pul MycoAlert Substrate (B) was added, and luminescence was
measured after 10 min. The ratio of B/A was used to determine the

mycoplasma status according to the manufacturer’s protocol.
Cell treatments

p38a inhibitors and MK2 inhibitor were prepared in 100% DMSO
and stored in aliquots at -20°C. Inhibitors were used at the indicated
concentrations and for the indicated times depending on each

experiment.
Transfection of HEK293-T using calcium chloride

HEK?293-T cells were plated in order to reach 60-70% confluence at
the moment of transfection. DNA was dissolved in 450 ul of water to
which 50 pl of CaCl2 was added. 500 pl of 2xHBS was added
dropwise while bubbling the DNA mix and then incubated for 20 min
at RT. The mix was added to the cells cultured in DMEM 10% FBS
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and antibiotics and incubated O/N. The following day, medium was

replaced.
Lentiviral infection

Viruses were produced in HEK293-T cells through calcium chloride
transfection of packaging vector plasmids together with the desired
or lentiviral vectors. 4.5 ug of 889 plasmid (containing Gag, Pol, Rev,
and Tat genes) and 0.5 pg of VSV-G plasmid (containing Env gene)
were transfected together with vectors. The following day cell
medium was refreshed. After 48 h, the supernatant containing the
viruses was passed through a 0.45 pm PVDF filter and used for cell

infection at a 1:1 ratio with fresh medium plus 8 mg/ml polybrene.
Generation of BBL358-Cas9 cells

BBL358 cells were transduced with lentivirus containing Cas9-Blast
construct (Addgene, #52962). Lentivirus was generated in 293T cells
using calcium chloride transfection and two rounds of infection (48h
and 72h of virus generation) were performed in the presence of
8ug/ml Polybrene. Blasticidin selection (5ug/ml) was started 72h
after the first infection. pXPR-011 reporter construct (Addgene,
#59702) was used as described previously (Doench et al., 2014) to

ensure that Cas9 is active in more than 70% of the cells.
Generation of BBL358-Cas9-sgSorbs2 cells

293T cells were transfected with the sgSorbs2 plasmid using calcium
chloride method. Lentiviral infection of the target BBL358-Cas9
cells was performed in two rounds (48h and 72h of virus production),

in the presence of 8 pg/mL polybrene. Transduced BBL358-Cas9-
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Sorbs2 cells were harvested 72h post-infection and either single GFP
positive cells (Clonel and 2) or 250 GFP positive cells (Pool) were
sorted per well into a 96 well plate (BD FACSAria Fusion Cell
Sorter). Clones and bulk cell population were expanded and decrease

of ArgBP2 was confirmed by western blotting.
Cell-ECM attachment assay

24-well plates either empty or coated with 500 pl fibronectin
(DMEM, 15 mM HEPES, 0.1 mg/ml BSA, 10 pg/ml fibronectin), or
collagen I (DMEM, 15 mM HEPES, 0.1 mg/ml BSA, 10 pg/ml
Collagen I) overnight at 4°C. Plates were dried before use.

Cells were counted and diluted to 30,000 cells/ml and 1 ml cell
suspensions were plated into each well of pre-coated plates. After
0.5h and 1h incubation, nonadherent cells were removed by washing
three times with PBS. Adherent cells were fixed for 20 min with 4%
paraformaldehyde in PBS and stained with crystal violet for 20min.
After a wash step, plates were dried and images were took using
TE200 NIKON (Olympus DP72).

Cell-Fibroblast derived ECM attachment assay

ECM production and harvesting protocols were adapted from
Franco-Barraza et al., (2016). Briefly, fibroblasts derived from
PyMT-induced tumors were seeded at confluence, and cultured for
ten days while refresh the media every two days. After ten days of
culture, cells were washed once with PBS, and then incubated at
room temperature for 2 minutes in PBS with 50 mM ammonium
hydroxide (NH4OH) with 0.05% Triton X100. Cells were constantly

observed with a light microscope at 10X to confirm proper removal
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of all fibroblast debris. After decellularization, the matrices were
washed 3 times with PBS and either stored at 4°C for up to one week,

or used immediately.

For attachment assay, p38WT cells and p38KO cells were labeled
with Cell Tracker Green and Cell Tracker Green Red, respectively,
on the previous day according to manufacturer’s protocol. After
counting, cells were diluted to 5x104 and mixed together. The
mixture were added to each well for 2 h. Thereafter, wells were
washed with PBS for three times, and adhered cells were fixed in 4%
paraformaldehyde in PBS. Different fields (10X magnification) of
each well were photographed using LEICA DMi8 (Orca Flash LT).

Green and red cells were counted using Fiji.
Cell detachment assay

Cell detachment assays were adapted from Loffek et al., 2014.Cells
were plated at confluence in 6-well plates. After 24 hours, cells were
washed with PBS and incubated with trypsin/EDTA (0.05/0.02%) for
8min. Then the wells were completely filled with full medium. Non-
adherent cells were removed by washing with PBS. Adherent cells
were fixed with 4% paraformaldehyde and stained with crystal violet.
After a wash step, plates were dried and scanned. The cells areas were
measured using Fiji. The adhesion of the cells was expressed as a

percentage relative to untreated controls (0 minutes trypsin/EDTA).
3D spheroids formation assay

Spheroid formation assay was adapted from Ramsey Foty (2011).
Cells were counted and diluted to 1076 cells/ml. Lids of 10 cm

culture plates were seeded with 20 pl cell suspension (20,000 cells).
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To prevent dehydration of the drops, 10 ml PBS were added to the
bottom of the plate. Cells were incubated at 37 °C and 5% CO2 for
24h and 48h to allow aggregation. At the indicated time, spheroids
were visualized using LEICA DMi8 (Orca Flash LT). Spheroids area

were measured using Fiji.

2.2. Molecular biology

Protein extraction

Cell plates were placed on ice and cells were washed twice with ice
cold 1X PBS. Then, cells were lysed in RIPA buffer and collected
using a scrapper. Lysates were transferred to pre-cooled
microcentrifuge tubes and maintain constant agitation for 30 min on
ice. Then centrifuged at 15000 rpm at 4°C for 15 min. Supernatants

were collected and processed by western blot or frozen at -80°C.
Protein quantification

Protein concentration was estimated using the RC DC protein assay
kit according to the manufacturer’s instructions. Protein
concentration was measured at 750 nm using a spectrophotometer
(BioTek, #FLx800), and concentrations were calculated using a
BSA standard curve as a reference.

Western Blottling

Total protein (20-40ug) was prepared using 5X loading buffer, with
a final concentration of 1X, and boiled for 5 min at 95°C. Then,
samples were loaded into the wells of SDS-PAGE gels along with a

molecular weight marker. Gel composition is shown in Table3.
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Table 3. Composition of SDS-polyacrylamide gels

8% SDS- 10% SDS- 12% SDS- Stacking
PAGE PAGE PADE Gel
Distilled Water (ul) 4352 3952 3552 2476

40% (w/v)
Acrylamide 29:1 (ul)
1,5M Tris/HCI, pH8.8
& 0.4% SDS (ul)
0.5 M Tris pH6.8 &

Reagents

1600 2000 2400 500

2000 2000 2000 -

- - 1000
0.4% SDS (ul)
APS 10% (ul) 40 40 40 20
TEMED (1) 8 8 8 4

Proteins were resolved on 8-12% gradient SDS-PAGE gels
depending on the protein molecular weight for under constant voltage
using a wet-blotting transfer system. After electrophoresis, proteins
were transferred from the polyacrylamide gel to a 0.22 um
nitrocellulose membrane using a wet transfer system for 3h at 200
mA. Ponceau Red was used to check transfer quality and efficiency.
After washing out Ponceau Red with TBST, the membrane was
blocked with 5% non-fat milk in TBST at RT for 1h. The membrane
was washed with TBST three times. Primary antibody (1:1000) was
diluted in 5% BSA in TBST. Membrane was incubated with primary
antibody at 4°C, rocking overnight. Then, membrane was washed
three times in TBST and incubated with the secondary antibody (1:
5000) diluted in 5% non-fat milk in TBST for 1h at RT in the dark.
Finally, membranes were extensively washed with TBST, and
protein was detected using Odyssey Infrared Imaging System.
Antibodies are indicated in the Table 4.
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Table 4 Primary and secondary antibodies

Antibody Company Reference  Dilution
HSP27 Santa Cruz sc-1049 1:1000
HSP27 phospho-S82 Cell Signaling 2401 1:1000
MK2 phospho-T334 Cell Signaling 3007 1:500
p38a Cell Signaling 9218 1:1000
p38a Santa Cruz sc81621 1:1000
p38 phospho-T180/Y182  Cell Signaling 9211 1:1000
p38 phospho-T180/Y182  BD Biosciences 612288 1:1000
ArgBP2 Santa Cruz sc-514671  1:1000
Z0-1 life technologies 40-2200 1:100
a-Tubulin Sigma T9026 1:10000

Alexa-Fluor anti-mouse 680 ThermoFisher  A21057 1:5000
Alexa-Fluor anti- rabbit 680 ThermoFisher  A21076 1:5000
Alexa-Fluor anti- rabbit 488 ThermoFisher  A11017 1:500

RNA isolation

Cells were washed twice with PBS, resuspended in 500 pl Trizol and
placed in a 1.5 ml Eppendorf tube. 100 ml Chloroform were added,
and tubes were centrifuged 15000g at RT for 10 min. Two liquid
phases were generated and 200 pl of the fraction with less density
was transferred into new tubes. 200 pl of 70% ethanol were added
and mixed with samples. The RNA extraction was followed by using
PureLink RNA mini kit. DNAse treatment was performed using on-

column DNase treatment following manufacturer’s instructions.
Reverse transcription

RNA samples were quantified using Nano Drop. 1 ug RNA was used
for cDNA synthesis with SuperScript IV reverse transcriptase,
RNAsin and random primers following Invitrogen’s instructions. The

synthesized cDNA was diluted with nuclease-free water to 2.5 ng/ul.
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Quantitative real-time PCR

10 ng of cDNA, 5 ml SYBR green reagent and 0.25 ul of gene-
specific forward and reverse primers were mixed with ddH20 up to a
10 pl final volume. The mix was processed using QuantStudio™ 6
Flex Real-Time PCR System with the following program: an initial
step of 50°C for 2 min and 95°C for 10 min; 40 cycles of 95°C for 30
sec, 60°C for 40 sec and 72°C for 60 sec; and a final step of 95°C for
15 sec, 60°C for 2 min and 95°C for 15 sec. mRNA levels were
analyzed in triplicates and normalized to the house keeping gene

expression level. Primers are shown in Table 5.

For Sorbs2 pre-mRNA quantification, no template control (omitting
any DNA or RNA template from a reaction) and no reverse
transcriptase control (carrying out the reverse transcription step in the

absence of reverse transcriptase) were used.
sgSorbs2 plasmid cloning

DNA corresponding to sgRNASs targeting Sorbs2 was cloned into
Lenti_ sgRNA_EFS_GFP (LRG, Addgene #65656) following the
protocol from the Zhang Lab (MIT, USA). First sgRNA oligos were
phosphorylated and annealed in a 10ul reaction containing 1ul of
forward and reverse sgRNA oligos (100 uM stock, Table 3), 1ul of
10x T4 Ligation buffer and 1ul of T4 PNK using the following
thermocycler program:

37°C 30 min
95°C 5 min

ramp down to 25°C at 5°C/min
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For plasmid digestion, Spg of LRG sgRNA expression plasmid was
digested with FastDigest Esp31 and gel purified using QlIAquick Gel
Extraction Kit. The ligation mixture containing 50ng of digested
LRG, 1ul of diluted (1:200) oligo duplex, 5ul of 2x Quick Ligase
buffer and 1ul of Quick ligase in a final volume of 10ul was
incubated for 10 min at room temperature and then used for
transforming the DH5a competent cells. Ampicillin resistant clones

were selected, expanded and DNA extracted with a Miniprep.

Table 5 Primers and small guide RNAs

Gene Sequence from 5" To 3’
Arhgap10_ Fwd ATGATTCCATTTGAGCACAG
Arhgapl0_Rev CTTCCTCTCTTCTTCTGAAAAC
Cyb5a_Fwd GCCAAGCCTTCGGATACTCT
Cyb5a_Rev GTTCTTCGGCTTCGGAGAGA
Ddx52_Fwd CATTGGAGCAAGGAATTCTG
Ddx52_Rev CAGAAGTTTTCCAGTCTCAG
Hspbpl Fwd CAAGGTCAAGTCAGCATTC
Hspbpl Rev GGGAAATCTGTCACAAGG
Krtl4 Fwd GAATGGTTCTTCAGCAAGAC
Krtl4 Rev TATTCTCCAGGGATGCTTTC
Nfl_Fwd CTGTCATTTTCCTACTGGTTC
Nfl_Rev CAGGCAGATCTTAAAGTGTTG
Sorbs2_Fwd ACACCCTAAGCTCCAATAAG
Sorbs2_Rev TTCTTGAAGTTCCCACAAAC
Sorbs2_2 Fwd ATGTGGAACTCTCCCTGCG
Sorbs2_2 Rev CTTGTCTGTTGGTTCCTGGG

Pre_Sorbs2_1 Fwd TTTTCCCAATGCTCATTCCA
Pre_Sorbs2_1 Rev CTTGTCTGTTGGTTCCTGGG
Pre_Sorbs2 2 Fwd AGCAGCATTCTGTCCTATGTGTC
Pre_Sorbs2_2 Rev CATTTTCACCTTGAAGGGTTTG
Vim_Fwd GAACCTGAGAGAAACTAACC
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Vim_Rev GATGCTGAGAAGTCTCATTG
Zfp3611_Fwd ATGCAAGGGTAACAAGATGCTC
Zfp3611_Rev TGATGGAACTTGGAGCTGGG
Zfp3612_Fwd CAGGACCCAGAAAAATGTC
Zfp3612_Rev GATTTCTCCGTCTTGCAC
SORBS2_Fwd CGATTCCACAGACACATATC
SORBS2_Rev CTGTCGTTCTAATTGCTGTG
Gapdh_Fwd CTTCACCACCATGGAGGAGGC
Gapdh_Rev GGCATGGACTGTGGTCATGAG
GAPDH_Fwd CTTTTGCGTCGCCAG
GAPDH_Rev TTGATGGCAACAATATCCAC

SgRNA Sorbs2 Fwd CACCGAGACAAAAGATCACCGACCC
SgRNA Sorbs2 Rev  AAACGGGTCGGTGATCTTTTGTCTC
SgRNA _Sorbs2 Fwd CACCGGACACCAGGAAATTTCGAT
SgRNA_Sorbs2_Rev AAACATCGAAATTTCCTGGTGTCC

Immunostaining and confocal imaging for spheroids

Samples were fixed with 4% paraformaldehyde for 45 min and
guenched with 20 mM glycine for 20 min. Permeabilization was
achieved with 0.5% Triton X-100 for 30 min at room temperature.
Then a second blocking step with 1% BSA for 1 h at room
temperature was performed. Samples were incubated with primary
antibodies (1:100) overnight at 4°C in a dark chamber followed by
incubation with the correspondent secondary antibody (1:500) for 1
h at room temperature in the dark (Table 4). Samples were incubated
with DAPI for 15 min. Washes were performed between each step
with PBS. Mounting media was applied on the slides and samples
were visualized using Zeiss LSM 780 confocal microscope. The

confocal images mean intensity was quantified using Fiji.
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SILAC sample preparation and analysis

Samples were prepared by Begofia Canovas. Cells were cultured in
SILAC medium DMEM F-12 (Invitrogen, USA) supplemented with
heavy, light or medium lysine and arginine. Following incorporation
of labeled amino acids, cells were treated ETOH, 4-OHT (100 nM)
and PH797804 (2uM), respectively. After 48h, Cells were washed
and split normally. Heavy and light labeled cells were collected after
culturing for 48h. Medium labeled cells were treated again 2uM
PH797804 for 48h before collecting. Samples were lysed, digested
and enriched for phosphopeptides at IRB Barcelona’s Mass
Spectrometry (MS) & Proteomics Facility.

Analysis was performed by IRB Barcelona’s MS & Proteomics
Facility. Peptides were analyzed using an Orbitrap Fusion Lumos™
Tribrid mass spectrometer (Thermo Scientific) equipped with a
Thermo Scientific Dionex Ultimate 3000 ultrahigh pressure
chromatographic system (Thermo Scientific) and an Advion
TriVersa NanoMate (Advion Inc. Biosciences) as the nanospray

interface.

MS/MS spectra were searched against the SwissProt (Mus musculus,
release 2018 11) and contaminants database using MaxQuant
v1.6.2.6 with andromeda search engine (Cox and Mann, 2008).
Searches were run against targeted and decoy databases. Search
parameters included trypsin enzyme specificity, allowing for two
missed cleavage sites, carbamidomethyl in cysteine as static
modification and oxidation in methionine, acetyl in protein N-

terminal and phosphorylation in serine, threonine and tyrosine as
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dynamic modifications. Peptide mass tolerance was 20 ppm and the
MS/MS tolerance was 0.6 Da. The minimal peptide length was 7
amino acids, the minimum score for modified peptides was 40 and
the minimum delta score was 8. Peptide, protein and site
identifications were filtered at a false discovery rate (FDR) of 1 %
based on the number of hits against the reversed sequence database.

Protein intensities were used for the statistical analysis. Within each
SILAC experiment, protein quantitation was normalized by summing
the abundance values for each channel over all proteins identified
within an experiment. All abundance values were corrected in all
channels by a constant factor (x 1E9) per channel, so that at the end

the total abundance is the same for all channels.

2.3. Computational analysis of (phospho-)proteomic data
SILAC data processing

SILAC data were processed by IRB Barcelona’s MS & Proteomics
Facility. All abundance values was first transformed to log scale to
apply a linear model. We filtered the data to retain only proteins with
valid quantification values in at least 4 of the samples for the total
protein dataset and in at least 3 of the samples for the p-sites dataset.
Missing values were imputed with normally distributed random
numbers (centered at -1.8 standard deviations units and spread 0.3
standard deviations units with respect non missing values). To adjust
for batch effect a linear model was used with SILAC batch as fixed
effect. Model fitting was accomplished with the ImFit function of the
limma package (Ritchie et al., 2015) of R statistical software (R Core
Team. (2014). R: A Language and Environment for Statistical
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Computing. Available online at: http://www.Rproject.org).
Comparison between groups was done (LH, MH, ML) to find out
which species significantly changed. For each comparison, estimated
fold changes and p values were calculated. Finally, p-values were
adjusted using the Benjamini & Hochberg correction. Proteins with
an adjusted p-value lower than 0.05 and fold change higher than 1.5
were considered statistically significant between groups. Clustering
analysis was performed using the Perseus software vs 1.6.3 (Tyanova
et al., 2016). Batch effect was remove form SILAC intensities. The
resulting adjusted intensities were filtered with those proteins
significant in at least one comparison, according to the fold change

and p value, and z-score normalized.

Protein function analysis by Gene set enrichment analysis
(GSEA)

GSEA software (v4.1.0) was used for pathway enrichment analysis
(Subramanian et al., 2005). GSEA evaluates and determines whether
a priori defined sets of genes show statistically significant,
cumulative gene expression changes that correlate with a specific
phenotype. Samples were ranked according to the log2FC were
subjected to GSEA. Molecular Signatures Database (MSigDB) of
Ontology gene sets (c5) was used for enrichment analysis. An FDR
value of 0.05 or 0.25 was used as a cutoff. Enrichment score (ES)
was calculated by first ranking the proteins from the most to least
significant concerning the two phenotypes; the entire ranked list was
then used to assess how the proteins of each gene set were distributed
across the ranked list. Normalized enrichment score (NES) is based

on the ES for all dataset permutations. A positive NES indicates gene
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set enrichment at the top of the ranked list; a negative NES indicates
gene set enrichment at the bottom of the ranked list. Overlapped GO
terms in KO/WT and PH/WT were shown as bubble plots using the
Python package.

Phosphoprotein function analysis by DAVID database

DAVID database (v6.8) was applied to analyze Oncology enrichment
for phosphoproteins. Phosphoproteins of phosphosites with a p-value
less than 0.05 and the fold change greater than 1.5 were selected to
perform GO analysis. An FDR value of 0.05 was used as a cutoff.
Overlapped GO terms in KO/WT and PH/WT were shown as bubble
plots using the Python package.

Function score and Kinase-substrates mapping

For function score analysis and kinase mapping, the mouse
phosphosites were firstly aligned to their conserved human
phosphosites. Then the analysis were implemented with the human
phosphosites. SITE_GRP_ID from PhosphositePlus (update:
2021/04/19) was used to align the human phosphosite. The functional
score obtained from Ochoa et al (2020) were assigned to the human
phosphosites. Kinase Substrates Dataset from PhosphositePlus
were used to map the upstream kinases for our phosphosites or p38
and MK2 substrates. The overlaping and kinases/substrates mapping
were analyzed and visualized using Python package. p38 and MK2
substrates were visualized in Cytoscape (v3.8.2) and phosphosites
fold changes were shown using Omics Visualizer plugin (Legeay et
al., 2020).
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Kinase-Substrate Enrichment Analysis (KSEA)

The KSEA app (v1) was used to analyze the kinase activity. KSEA
estimates changes in a kinase’s activity by measuring and averaging
the amounts of its identified substrates instead of a single substrate,
which enhances the signal-to-noise ratio from inherently noisy
phosphoproteomics data (Casado et al., 2013; Wiredja et al., 2017).
If multiple kinases shared the same phosphorylation motif, it was
used to estimate all known kinases' activities. Using all curated
substrate sequences of a particular kinase minimizes the overlapping
effects from other kinases and thus improves the precise
measurement of kinase activities. The information of kinase-
substrate relationships was obtained from PhosphoSite (Hornbeck et
al., 2015), Phospho.ELM (Dinkel et al., 2011), and PhosphoPOINT
(Yang et al., 2008). The information of substrate motifs was obtained
either from the literature (Schwartz and Gygi, 2005) or from an
analysis of the KSEA dataset with Motif-X (Casado et al., 2013). All
conserved human phosphosites with log2 fold changes in our data
were used to perform this analysis.

Protein-protein interaction (PPI) network:

PPI networks were built in Cytoscape. PPl enrichment statistical
analysis was done using the STRING database plugin with
experimental and database sources set to the high confidence
threshold (0.7). The interaction predictions were based on physical,
genetic, and text mining evidence types. Phosphosites fold change
was visualized using the Omics Visualizer plugin (Legeay et al.,

2020). Function clusters were manually curated based on literature.
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Code availability

No custom code was used. All software and code are available

through the cited references.
Statistical analysis

Data are expressed as mean = SEM if not mentioned within
respective figures. Statistical analysis was performed by using a two-
tailed Student’s t-test for the comparison of two groups or ANOVA
using Bonferroni posthoc correction for multiple groups using
GraphPad Prism Software 8.02 (GraphPad Software, Inc., La Jolla
CA).
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