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ZAK1 Leucine zipper and sterile-a motif kinase 1
ZAP-70 £-chain-associated protein kinase 70 kDa
ZBED6 Zinc finger BED-type containing 6
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Cells are often exposed to damaging internal and external stimuli and need to respond
accordingly. One of the signaling pathways that is frequently activated by stress involves
activation of the kinase p38c., which in turn can phosphorylate many substrates in-
cluding phosphatases that inactivate the pathway. The binding between p38a and in-
teracting molecules involves both docking-site mediated interactions and the transient
enzyme-substrate interaction through the active site center. While the majority of the
p38a. protein partners undergo transient contacts, others are able to bind through more
stable interactions, potentially allowing p38a. to act as scaffolding molecule. So far, most
of the functions attributed to p38c are mediated by its kinase activity, and therefore
more studies are required to uncover p38a scaffolding functions. We have performed
in silico screenings to identify p38a. partners but we have not been able to find new pro-
teins that interact with p38a. in a stable manner. One of the best characterized effectors
of p38a. is the protein kinase MAPKAPK2 (MK2), which interacts via its C-terminal
regulatory domain with the docking groove of p38a. Experiments using purified pro-
teins have shown that non-phosphorylated p38a and MK2 can form a tight and rather
stable complex in which structural constraints impede the interaction of both kinases
with effectors and regulators. It is therefore critical to understand how the interaction
between p38a and MK2 is regulated to ensure that they can separate from each other
and phosphorylate the required substrates to mediate particular functions. We have
found that in cells under homeostatic conditions, endogenous p38a and MK2 form a
stable complex that is disrupted upon phosphorylation of both proteins. Depending on
the length and intensity of the stimuli, p38a and MK2 undergo different fates. Transient
stimulation leads to complex separation and MK2 degradation followed by an increase
in MK2 gene expression, and the eventual re-assembly of the p38a:MK2 complex. In
contrast, when cells are exposed to strong stimuli that lead to sustained p38c activation,
as it is often the case with stress, both kinases remain phosphorylated, cannot bind to
each other and eventually become destabilized, being unable to recover the stand-by
state. Taken together, our study highlights the importance of docking interactions in the
regulation of the p38a:MK2 complex dynamics, which may have implications for differ-
ent processes regulated by p38a and MK2 signaling. In addition, we have also generated
mice that express a kinase-dead form of p38a and provide some evidence of potential
p38a kinase-independent functions in vivo. Overall, our results have shed light on the
molecular regulation of this signaling pathway.
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Les cel-lules estan exposades constantment a estimuls perjudicials provinents tant de
interior com de lexterior cel-lular. Aquests estimuls desencadenen en vies de senya-
litzacié que els permeten respondre en conseqiiéncia. Una de les vies de senyalitzacio
que sactiva per estres, és la via de la quinasa p38a.. Un cop activada, p38a fosforil-la
diversos substrats incloent fosfatases que finalment inactivaran la via. p38a. pot interac-
cionar amb substrats i proteines reguladores a través dels seus dominis d'acoblament i
els residus de fosforilacié i activacié. Majoritariament, les proteines interaccionen amb
p38a de manera transitoria a través de la reacci6 de fosforilacio, pero en alguns casos,
p38a pot interaccionar de forma estable actuant com a proteina d’assemblatge. Tot i
que la funci6é quinasa de p38a esta molt ben caracteritzada, la funcié dassemblatge
esta poc definida i per tant es requereixen més estudis per determinar aquest rol. Per
caracteritzar aquesta funcio, hem generat una cerca in silico que permet predir proteines
que interaccionen amb p38a. Malauradament, cap de les proteines seleccionades shan
pogut unir de forma estable amb p38a. i per tant, alternativament, ens hem focalitzat
amb la quinasa MAPKAPK2 (MK2), ja que és un dels efectors principals de p38a.. Con-
cretament, MK2 utilitza la regié C-terminal per unir-se al lloc dacoblament de p38a.
Estudis basats en cristal-lografia han caracteritzat la unié6 dambdues quinases i sug-
gereixen que lestructura que formen com a complex proteic impedeix la seva interaccioé
amb altres proteines. Per tal d'assegurar que les dues proteines puguin fosforil-lar als
demés substrats i realitzar les corresponents funcions cel-lulars, és important entendre
com es regula el complex p38a:MK2. En aquest estudi, hem vist que en condicions
d’homeostasis, p38a i MK2 formen un complex estable que sacaba dissociant quan
ambdues proteines estan fosforil-lades. Conseqiientment, la durada i intensitat de les-
timul determinara lefecte de la fosforilacié tant per p38a com per MK2 donant lloc a
diferents respostes. S"ha vist que una estimulacié curta i transitoria, indueix la fosfori-
lacié d'ambdues proteines i alhora la degradacié de MK2 seguida per un increment en
la seva expressi6 genica i la nova formacié del complex. D’altra banda, una estimulaci6
llarga i sostinguda dona lloc a una constant activacié de p38a fent que les dues proteines
romanguin fosforil-lades i no es puguin unir. La falta d'unié fara que les dues quinases
es desestabilitzin i no puguin restablir el seu estat basal. Concretament, aquest estudi
remarca la importancia de les unions d’assemblatge de p38a en la regulacié dinamica
del complex p38a:MK2, la qual podria tenir implicaci6 en els processos regulats tant
per p38a com per MK2. A més a més, hem generat un nou model de ratoli que expressa
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una versio mutada de p38a afectant a la seva activitat catalitica per aixi, poder estudiar
amb detall la contribucié de les funcions independents de quinasa in vivo. En resum,
els resultats obtinguts aporten un nou punt de vista en lorganitzacié d’aquesta via de
senyalitzacid.
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Cellular signaling

The molecular basis of cell signaling emerged in the 60s with the discovery of nerve
growth factor (NGF) and epidermal growth factor (EGF) by Rita Levi-Montalcini and
Stanley Cohen, respectively. They demonstrated the involvement of these two mole-
cules in the regulation of cell growth and differentiation. The discovery of NGF and
EGF opened a new field of widespread importance to basic science. Nowadays, the un-
derstanding of cell signaling is one of the most dedicated areas of research.

The ability of cells to interact with and adapt to their environment is a key basic pro-
cess of cell biology. In order to respond to changes in their surroundings, cells are able
to receive and process signals from the extracellular milieu. The binding of signaling
molecules to their receptors triggers signal transduction cascades involved in multiple
cell responses such as metabolism, motility, proliferation, survival and differentiation
(Graves & Krebs, 1999). The signals can be presented in a variety of contexts, for exam-
ple soluble factors (chemicals, sugars, proteins, etc.), a ligand bound to another cell, or
the extracellular matrix itself. To achieve a proper response, cells maintain a diversity
of receptors on their surface that respond specifically to particular stimuli. The activity
of a given receptor can be modulated by other signaling pathways in a several ways,
generating the flexibility required for such a complex system to function correctly. In a
simplified manner, a typical profile for a signaling pathway shows a curve determined
by the rise and the decay of the triggered response (Lemmon et al., 2016). Transient or
sustained stimulation of the same signaling pathway can dramatically alter the cellular
outcome of receptor activation (Marshall et al., 1995).

Post translational modifications in cell signaling

The information flow that a signaling pathway transmits from the plasma membrane
to the nucleus, generally occurs through the enzymatic generation of post-translational
modifications (PTMs). PTMs are reversible biochemical changes found on all types of
proteins, from nuclear transcription factors to structural proteins, metabolic enzymes,
and plasma membrane receptors (Liu et al., 2012). The addition of PTMs to proteins
leads to changes in their physicochemical properties allowing the regulation of catalytic
processes and protein assembly. More than 200 types of PTMs have been identified to
target nucleic acids, metabolites, carbohydrates and phospholipids (Banks et al., 2000).
Protein phosphorylation is considered the most frequent PTM in signal transduction,
but other modifications such as ubiquitination and acetylation are also widespread
(Wang et al., 2013) (Figure 1).
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Figure 1. Summary of experimentally identified PTMs. The most frequent PTM is pro-
tein phosphorylation. The graph was adapted from (Khoury, Baliban, & Floudas,
2011).

Besides their role in transmitting stimuli, PTMs participate in the negative regulation of
the signaling network. When signals flow downstream, immediate feedback regulations
can occur by interactions and PTMs of target and upstream proteins. In the case of
protein phosphorylation, a common mechanism of negative regulation is dephosphor-
ylation by phosphatases (Lemmon et al., 2016), whereas in other cases, signal attenu-
ation relies on the degradation of the activated proteins and receptors (Kang, Tian, &
Benovic, 2014) (Irannejad & von Zastrow, 2014). Multiple degradation pathways oper-
ate within cells recognizing tagged-proteins with different PTMs such as ubiquitylation
and acetylation (Hochstrasser, 1996) (Qian et al., 2013).

Protein degradation pathways

Protein degradation is a mechanism that maintains cell homeostasis by removing dam-
aged and unnecessary molecules. The two major processes that regulate protein deg-
radation are autophagy and the ubiquitin-proteasome system (UPS). Autophagy regu-
lates several cell responses by removing potentially dangerous cell components such as
dysfunctional organelles and protein aggregates. Accordingly, autophagy serves as an
adaptive mechanism to cope with cellular stresses such as hypoxia and nutrient depri-
vation (Lamb, Yoshimori, & Tooze, 2013) (Levine & Kroemer, 2008). Similarly, the UPS
is involved in various critical functions, including cell survival and proliferation (Daniel
Finley, 2009). Both systems contribute to protein quality control in an interconnected

manner and communicate with each other via several mechanisms.
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In general, autophagy occurs when the cell consumes part of itself (cytosol fractions,
organelles and macromolecules) by fusing autophagosomes with lysosomes. Lysosomes
are single-membrane vesicles containing various hydrolases that reach their enzymat-
ic activity at the acidic pH of the lysosomal lumen. Depending on the type of cargo
and delivery to the lysosomes, autophagy can be classified into chaperone-mediated
autophagy (CMA), microautophagy or macroautophagy. In CMA, cytoplasmic proteins
are recognized by chaperones through specific motifs (KFERQ) and transferred to the
lysosome for proper degradation (Kon & Cuervo, 2010). In microautophagy, the cargo
is directly engulfed by the lysosome itself, whereas, macroautophagy relies on auto-
phagic adaptors to target misfolded protein aggregates to double-membrane vesicles
called autophagosomes (Mizushima, et al., 2008). Macroautophagy is regulated by three
major pathways. First, under starvation, autophagy can be induced by the recruitment
of several autophagy-related proteins (Atg). In this case, Atgl, Atgl7 and Atgl3 form a
complex that increases the activity of Atgl and induces autophagy (Neufeld, 2010). A
secondary pathway is mediated by Beclinl which interacts with several cofactors (Am-
bral, Bif-1, UVRAG) to activate autophagy induced by the lipid kinase Vps34 (Levine
et al., 2008). Finally, the third pathway involves Atg3- and Atg7-mediated conjugation
of microtubule-associated protein 1 light chain (LC3I) to the membrane lipid phos-
phatidylethanolamine to form LC3II (Ichimura et al., 2000). Present in the autophago-
some membranes (inner and outer), LC3II serves as a recognition site for LC3-binding
chaperones which deliver their cargo inside the autophagosome (Masaaki & Yoshino-
bu, 2010). Once the autophagosome is formed with the sequestered cargo inside, it is
transported to the lysosome, where its outer membrane fuses with the lysosome and
both the inner membrane and the cargo are degraded. The macromolecules derived
from autophagy are released and recycled in the cytosol (Figure 2A) (Yang et al., 2013)
(Glick, et al., 2010).

An increasing number of studies have shown that autophagy is involved in a number
of human diseases, including cancer and neurodegenerative diseases. In this regard,
several compounds have been generated to inhibit autophagy and have shown anti-can-
cer effects (Levine & Kroemer, 2008) (Lim et al., 2006). A commonly used autophagy
inhibitor is Bafilomycin A1, an antibiotic derived from Streptomyces griseus that targets
the proton pump H*-ATPase complex inhibiting the passage of protons into the lyso-
somal lumen and, thereby, reducing the vesicle acidification that is essential for the deg-
radation process (Yoshimori et al., 1991). Moreover, Bafilomycin A1 blocks the fusion
between autophagosomes and lysosomes, thus causing an accumulation of autophago-
some-associated molecules such as LC3II (Gonzalez-Rodriguez et al., 2014).

The UPS is a different process mostly initiated by the conjugation of ubiquitin (Ub) to
the substrate protein (Daniel Finley, 2009). Substrates can be modified with a single
ubiquitin (monoubiquitination) or with a polyubiquitin chain (polyubiquitination) in
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which one ubiquitin is conjugated to the next (Komander & Rape, 2012). Monoubiq-
uitination has been thought to play a non-proteolytic function that regulates several
processes by facilitating the interaction and activation of substrates. However, emerging
evidence shows that monoubiquitins of substrates are also processed by the proteasome
(Ronai, 2016).

The attached ubiquitin can be conjugated by another ubiquitin through any of its seven
lysin residues or, alternatively, to the first methionine on the previously added ubiquitin
molecule. This process can be repeated several times leading to polyubiquitination. In
addition, ubiquitin can be also conjugated with ubiquitin-like modifiers such as SUMO,
NEDDS and ISG15 or it can be the substrate of other post-translational modifications
such as phosphorylation (Kwon & Ciechanover, 2017).

The attachment of a ubiquitin molecule involves the activity of three enzymes. First, the
ubiquitin-activating enzyme (E1) activates the carboxyl-terminal glycine of a ubiquitin
in an ATP-dependent manner. Once activated, the ubiquitin is transferred to the ubig-
uitin-conjugating enzyme (E2). In the third step, a ubiquitin ligase (E3) links ubiquitin
from E2 to a lysine residue of the target protein (Figure 2B). In some cases, E3 transfers
E2-Ub into other amino acids such as serine, threonine, tyrosine or cysteine or at the
N-terminal amine group of the target protein (McDowell & Philpott, 2013). Moreover,
E3 ligases are able to specifically select their substrates by the recognition of short pep-
tide motifs termed “degrons” (Zheng & Shabek, 2017). The need to specifically target a
huge variety of substrates accounts for the diversity of human E3 ligases, with more than
600 reported to date (Morreale & Walden, 2016).

E3 ligases can be classified into three groups on the basis of the conserved domain and
the mechanism by which ubiquitin is transferred from E2 to the substrate (Berndsen
& Wolberger, 2014). E3 RING ligases are the most abundant type of ubiquitin ligases.
They are characterized by the presence of a zinc-binding domain called RING (Really
Interesting New Gene) or by a U-box domain, which adopts the same RING fold but
does not contain zinc. The RING and U-box domains are responsible for both bind-
ing the ubiquitin-charged E2 and stimulating ubiquitin transfer by linking the E2-Ub
and the substrate (Budhidarmo, et al., 2012) (Deshaies & Joazeiro, 2009). In contrast,
the HECT (homology to E6AP C terminus) and the RBR (RING-between-RING) E3
ligases ubiquitinate substrates in a two-step reaction in which ubiquitin is transferred
from the E2 to an active site cysteine in E3 and then from E3 to the substrate (Wenzel
& Klevit, 2012).

The ubiquitinated-protein is then recognized and degraded by the proteasome. The pro-
teasome is a multisubunit complex that exists in cells in two main forms, 20S and 26S
species. The 20S proteasome is the catalytic core particle whereas the 26S is composed
by the incorporation of a 19S regulatory subunit to both ends of the 20S proteasome.
In particular, the 208 particle is formed by two a-rings and two B-rings with different
peptidase activities. Together, they form two heteromeric rings with four seven subunits
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(o, B, B, ). These subunits are sequestered inside the core to avoid non-specif-
ic protein degradation (Figure 2C). The 19S regulatory subunit consists of a base and a
lid complex. The base has an AAA-ATPase ring formed by Rpn (proteasome regulatory
particle base subunit) 1-6 that binds to Rpn1l, Rpn2, Rpn10 and Rpn13 (Figure 2C).
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Figure 2. Protein degradation mechanisms. (A) Macroautophagy starts with the formation of the pha-
gophore, a double membrane originated from the endoplasmic reticulum, mitochondria or plasma
membrane. The cytoplasmic fraction is then engulfed into the phagophore, and the membrane elon-
gates unfil giving rise fo the autophagosome. This process requires the conjugation of LC3 proteins to
phosphatidylethanolamine. As final step, the autophagosome fuses with the lysosome to form the au-
tolysosome, where the cargo is degraded by the presence of hydrolases. Baflomycin Al inhibits auto-
phagy by blocking the acidification of lysosomes and the formation of autolysosomes. Image adapt-
ed from (Vilchez, Saez, & Dillin, 2014). (B) Ubiquitin is activated by the E1 enzyme and subsequently
fransferred to the E2 Ub-conjugating enzyme. This enzyme then binds to a specific E3 ligase. Finally,
the ubiquitin is transferred to the specific substrate. Repetition of this process generates a polyubiquitin
chain that functions as a signal fo target the substrate for proteasomal degradation. Deubiquitinating
enzymes release the ubiquitin molecules from the substrate to be reused in subsequent reactions. The
substrate is degraded to short peptides. Image taken from (Welchman, Gordon, & Mayer, 2005). (C)
The 26S proteasome is formed by the 20S and the 19S subunits. The 20S is formed by two heteromeric
rings (a and b, with seven subunits each). The 19S is formed by AAA-ATPases (Rpt 1-6) and the indicat-
ed subunits. Image taken from (Bedford, Paine, Sheppard, Mayer, & Roelofs, 2010).

Rpnl and Rpn2 are scaffold proteins that bind to proteasome subunits and to other
proteasome-associated proteins (Effantin, et al., 2009), whereas Rpn10 and Rpn13 act
as ubiquitin receptors (D. Finley, 2009). On the other hand, the regulatory complex
contains other proteins such as Rpn11 and Usp14 as deubiquitinating enzymes (Leggett
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et al.,, 2002). Importantly, deregulation of the proteasome is associated with a number
of diseases, including cancer (Manasanch & Orlowski, 2017). In this regard, several
inhibitors have been developed to target the 20S catalytic core (Bortezomib, MG132)
(Chen et al., 2011) (Han et al., 2009), as well as the regulatory subunit 19S (b-AP15,
O-phenanthroline) (Deng et al., 2017) (Song et al., 2017).

For many years, the 26S-UPS was considered the primary route for proteasomal degra-
dation, and many proteins such as cell cycle regulators (cyclins) and the tumor suppres-
sor p53, have been identified as 26S-proteasome targets (Glotzer et al., 1991) (Vousden
& Lane, 2007). On the other hand, proteins can be also targeted for degradation in a
ubiquitin-independent manner. Intrinsically unstructured proteins that contain disor-
dered regions can normally be degraded by the catalytic subunit 20S itself (Erales &
Coffino, 2014) (Asher et al., 2006). Moreover, other types of proteasomes have been
described in specific processes such as spermatogenesis. In this case, the proteasome
contains the activator PA200 and catalyzes the degradation of acetylated proteins in-
stead of ubiquitinated targets (Qian et al., 2013), indicating that other PTMs are also
involved in protein degradation.

Scaffold proteins in cell signaling

Besides protein degradation, signaling cascades require additional regulatory mecha-
nisms such as proper protein localization within the cell and correct control of activation
kinetics. Scaffold proteins specifically modulate the subcellular localization of proteins
and facilitate complex formation, thereby playing an important role in the regulation of
signal transduction pathways (Langeberg & Scott, 2015). The term “scaffold” has been
widely used by the research community, however, there is no strict definition of the
concept to date. Here we define scaffold protein as a molecule that allows interaction
between several components regulating multiple functions within a signaling pathway.
Scaffold proteins can regulate signal transduction pathways in four major ways. First,
they can act as platforms, allowing the formation of protein assemblies. By directing the
signal in a cascade module formed by specific protein components, these protein com-
plexes enhance signaling efficiency and specificity and prevent indirect interactions.
Moreover, the binding between the scaffold protein and the signaling molecules can
result in allosteric changes, thereby activating or inhibiting signaling (Burack & Shaw,
2000). Another important function of scaffold proteins is the modulation of subcellular
localization. In this regard, these proteins can distribute components of the signaling
cascade in a specific place inside the cell, such as the cell membrane or organelles (Good
et al,, 2011). In addition, scaffold proteins can regulate the strength of the signaling
pathway by coordinating positive and negative feedback loops (Garbett et al,. 2014)
(Pan et al.,2012). Finally, scaffold proteins might sometimes protect active signaling
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molecules from inactivation and/or degradation. (Figure 3). The multiple functions of
scaffold proteins can provide additional complexity to signaling cascades and give rise
to distinct signaling thresholds.
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Figure 3. Functions of scaffold proteins. Scaffold proteins can have
at least four functions: assembly of components of a signaling
pathway, localization of molecules of a signaling pathway to a
specific infracellular compartment, regulation of negative or pos-
itive feedback signals, and protection of active signaling interme-
diate proteins from deactivation by phosphatases. Scheme modi-
fied from (Shaw & Filbert, 2009).

The mitogen-activated protein kinase signaling
pathway

Signal transduction cascades start by sensing a stimulus that is amplified through PTMs.
The signal is transmitted in a coordinated manner through scaffold proteins and signal-
ing complexes until it is terminated by inactivating enzymes or protein degradation.
The mitogen-activated protein kinase (MAPK) signaling pathways are an example of
signaling pathways that integrate all these regulatory mechanisms. MAPK pathways
use scaffold proteins and enzymes to achieve a proper signal response. These pathways
can be activated by a broad variety of stimuli, and they regulate many cellular respons-
es, such as cell differentiation, proliferation and survival. These physiological process-
es mediated by MAPKs have been conserved during evolution from yeast to humans
(Widmann et al., 1999).

The fourteen MAPKs described in mammals, have been classified into two groups.
Canonical MAPKs comprise the extracellular signal-regulated kinases (ERK) 1/2, the
c-Jun amino-terminal kinases (JNK) 1/2/3, the p38 family members (a., 3, Y and d), and
the extracellular signal-regulated kinase 5 (ERKS5). In contrast, atypical MAPKs are less
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well-characterized and comprise extracellular signal-regulated kinase 3/4 (ERK3/4),
7/8 (ERK7/8) and Nemo-like kinases (NLK) (Coulombe & Meloche, 2007).

Canonical MAPKSs share specific regulatory features and are expressed in all eukary-
otic cells. The phosphorylation cascade of activation is organized in a MAPK mod-
ule comprising a MAPK kinase kinase (MAPKKK), a MAPK kinase (MAPKK), and a
MAPK. Upon stimuli, MAPKKKSs are phosphorylated in serine (Ser) or threonine (Thr)
residues and are activated through their interaction with other proteins. The activated
MAPKKKs trigger the phosphorylation cascade, thus leading to the sequential acti-
vation of MAPKKs and MAPKs. Specifically, MAPKs are dually phosphorylated on a
conserved motif (Thr-X-Tyr) located in the activation loop of the kinase domain (Cou-
lombe & Meloche, 2007). Depending on the stimuli, different MAPKs are activated.
Generally, ERK1/2 are activated in response to growth factors whereas JNK and p38
are more responsive to stress stimuli, such as cytokine stimulation, osmotic shock, and
ionizing radiation (Pearson et al., 2001). MAPKs regulate a wide range of functions
by phosphorylating downstream partners, including transcription factors, regulatory
and structural proteins, as well as some phosphatases. Moreover, MAPKs can also cat-
alyze the activation of several protein kinases termed MAPK-activated protein kinases
(MAPKAPKS), such as the 90-kDa ribosomal S6 kinases (RSKs) (Carriere et al., 2008),
the mitogen- and stress-activated kinases (MSKs) (Buxade et al., 2008), the MAPK-in-
teracting kinases (MNKs), the MAPK-activated protein kinases 2 and 3 (MK2, 3), and
MKS5 (Shiryaev & Moens, 2010) (Ronkina et al., 2008) (Figure 4).

MAPKSs phosphorylate their downstream substrates on a Serine or Threonine residue
which are usually followed by a proline (SP/TP). This weak consensus provided by their
catalytic site is insufficient for selective target recognition, and other determinants are
needed to direct individual kinases towards their correct substrates. The specific binding
is often conferred by dedicated interaction motifs located in both MAPKs and MAPK
partners (substrates, activators and phosphatases) (Roux & Blenis, 2004).

Two types of docking motifs have been identified in MAPK substrates and cognate pro-
teins, namely: the FXF motif and the docking motif (D-motif) (Sharrocks et al., 2000).
The FXF motif is conserved in MAPK partners such as transcription factors (e.g. Elk1)
(Jacobs et al., 1999), upstream activators (e.g. MKK7) and phosphatases (e.g. MKP1)
(Liu etal.,, 2016), and it comprises two phenylalanines separated by one amino acid. The
FXF motif is located 6-20 amino acids downstream of the phosphoacceptor site (Figure
5A). In contrast, the D-motif is conserved among MAPK-interacting molecules, and
it consists of two or more basic residues followed by a short linker plus a cluster of hy-
drophobic residues. In activators (MAPKKs) and phosphatases (MKPs), the D-motif is
located within the N-terminus (classical D-motif), whereas in substrates (MAPKAPKs)
it is found in the C-terminus (reverse D-motif) (Tanoue & Nishida, 2003).
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Figure 4. Features of MAPK signaling. Canonical MAPK signaling cascades lead to the
activation of downstream targets. Mitogens and cellular stresses promote the activa-
tion of different MAPK pathways, which in turn phosphorylate and activate MAPKAPKSs
and other substrates, including both cytoplasmic targets and transcription factors.
Graph adapted from (Cargnello & Roux, 2011).

In any case, the D-motif is located in a non-catalytic region of the MAPK interactors
(Figure 5A). Classical MAPKs (ERK, JNK and p38) recognize the D-motif in down-
stream partners through docking sites that contain hydrophobic residues outside the
catalytic domain. The most important docking site present in all MAPKSs is the CD
(Common Docking) region. The CD domain is located in the C-terminus part of the
MAPK protein and it consists of a negatively charged region composed of two or three
acidic amino acids. This domain is important for high affinity docking interactions and
is required for ensuring efficient enzymatic reactions (Tanoue et al., 2000). Since the
CD site is found in every MAPK, additional residues have been identified to regulate
docking specificity. In fact, the ED domain contributes to substrate selectivity in ERK
and p38 proteins. Together with the CD site, both regions form a negatively charged
hydrophobic docking groove (Tanoue et al., 2001) (Figure 5B).

Given that the p38 and ERK docking grooves (containing the CD and ED) are similar in
structure, it has been proposed that other docking determinants regulate the specificity
of their enzymatic reactions. Recent studies suggest that the structural conformation of
the intervening regions between the D-motifs and MAPK-docking sites mostly deter-
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mines the MAPK docking specificity (Garai et al., 2012) (Zeke et al., 2015).
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Figure 5. Features of the MAPK docking motifs. (A) Graphical representation of the D-motif (in
which ¢, w and X mark hydrophobic, positively charged, and any other amino acid, respectively)
and the FXF motif among activators (MAPKKs), substrates (MAPKAPKs) and phosphatases (MKPs).
Figure modified from (Tanoue & Nishida, 2003). (B) MAPK (ERK and p38) interactions through the
indicated motifs with scaffold proteins, activating enzymes, phosphatases and substrates. Image
modified from (Weston, Lambright, & Davis, 2002).

Conformation of MAPKs in activation and catalysis

Protein kinases are dynamic structures and their functionality strongly depends on their
conformational state. The active site of kinases is highly conserved and is located be-
tween two lobes, the N- and C-lobe, connected by the hinge region (McClendon et al,,
2014) (Figure 6). This region determines the orientation of the N- and C- lobes during
the catalytic process. In addition to binding to and releasing their substrates, kinases
bind ATP at the P-loop and hydrolyze it. For this purpose, the structure of MAPKs is
required to adopt various conformation transitions. The N-lobe undergoes significant
structural rearrangements while the C-lobe is more rigid and shows less conformational
flexibility, except for one conserved structural region called the activation loop (A-loop)
(Figure 6). The A-loop starts with a highly conserved DFG motif (Asp-Phe-Gly) and
extends to include the Thr-X-Tyr phosphorylation site (Figure 6) (Kung & Jura, 2016).
During catalysis, the A-loop undergoes significant conformational changes and stabi-
lizes the active state of the kinase (Huse & Kuriyan, 2002). In this state, referred to as
“DFG in”, the Asp DFG points to the active site while the Phe DGF points in the oppo-
site direction. Furthermore, the Asp and Phe residues can exchange positions (“DFG
out”), thereby preventing ATP binding and keeping the kinase in an inactive confor-
mation. Importantly, these conformational changes in the A-loop are accompanied by
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the aC helix, which is located in the N-lobe and contributes to maintaining the inactive
conformation of the kinase. Although these structural transitions occur during the cat-
alytic cycle, several studies also support the notion that these transitions are important
for non-catalytic functions of kinases (Kung & Jura, 2016).
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Figure 6. Residues implicated in MAPK catalysis. Representation of the active confor-
mation of p38a. MAPK showing the ATP loading (left image) and the phosphorylated
protein (right image). Both structures illustrate the changes in the A-loop upon phos-
phorylation. The inset displays a close-up view of the active site, highlighting the DFG
motif (the Phe residue is labeled in green). Images obtained using PyMol v2 software.

Non-catalytic functions of MAPKs

A key function of MAPKs is to phosphorylate other proteins. However, MAPKs can
also mediate cell function independently of their kinase activity. Kinases that use their
kinase domain in a catalytic independent manner are called as pseudokinases (Jacobsen
& Murphy, 2017). Using either MAPK-docking domains or functioning as pseudoki-
nases, MAPKs can regulate some cellular processes in a non-catalytic manner, namely
by allosteric regulation of other proteins, by acting as scaffolds, and even by direct in-
teraction with DNA.

Allosteric regulation of other kinases or enzymes

Several MAPK cascade components can regulate the catalytic activity of other kinases
through dimerization. For example, RAF kinases (A-RAE, B-RAF and C-RAF) func-
tion as MAPKKKSs and can be activated through the formation of “side to side” dimers,
in which one RAF molecule allosterically activates the other in a kinase-independent
manner. This allosteric mechanism was observed primarily in the B-RAF kinase dead
mutants found in human cancer (G466E, G466V and G596R). Despite their impaired
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kinase function, these mutants were able to stimulate cell proliferation through C-RAF
heterodimerization (Wan et al., 2004) (Figure 7A). In addition, kinases can allosterical-
ly regulate the activity of unrelated enzymes. ERK2, for instance, binds directly to the
dual-specificity phosphatase MKP3, triggering a conformational change in its catalyt-
ic domain that enhances MKP3 phosphatase activity. Moreover, ERK2 has been pro-
posed to use a similar mechanism to allosterically activate topoisomerase II and poly
(ADP-ribose) polymerase I (PARP1) in a kinase-independent manner (Shapiro et al.,
1999) (Cohen-Armon, 2007) (Figure 7A). Along this line, a recent biochemical study
based on NMR spectroscopy proposed an allosteric enhancement of p38a kinase activ-
ity upon the binding of different substrate-derived peptides. The authors of that study
found that docking interactions induce an increase in substrate affinity and ATP load-
ing (Tokunaga et al., 2014). Another mechanism of allosteric regulation is found in JNK
proteins, which, upon binding to certain peptides, can be autoinhibited, thus preventing
spurious activity towards substrates (Laughlin et al., 2012).

Scaffold regulation of MAPK signaling complexes

As mentioned earlier, scaffold proteins regulate multiple functions by binding to several
components within a signaling pathway. An example of scaffold protein is the JNK-in-
teracting protein-1 (JIP1), which allows the recruitment of MAPKKKs, such as DLK
and MLK, and MAPKKs such as MKK7, to induce the phosphorylation of JNK and
enhance pathway activity (Zeke et al., 2016). A second example is JIP4, which does
not activate JNK but serves as an activator of the p38 MAPK pathway by recruiting the
p38 MAPK upstream activators. On the other hand, the scaffold protein Discs large
homologue 1 (DLG1) coordinates alternative p38a activation, mediated by Lck and
Zap70 tyrosine kinases, thus facilitating phosphorylation of the transcription factor
NFAT (Round et al., 2007). Another example of scaffold protein is the adaptor Kinase
Suppressor of Ras (KSR), which regulates the Ras/MAPK pathway by coordinating the
assembly of the RAF/MEK/ERK module (Raabe & Rapp, 2002). In this case, KSR acts
as a pseudokinase since this function depends on its kinase domain but is independent
of its catalytic activity. Upon growth factor stimulation, KRS interacts with RAF to allow
MEK phosphorylation (Figure 7B). Moreover, KSR also interacts with ERK, which then
phosphorylates RAF and KSR to negatively regulate the MAPK pathway (McKay et al.,
2011).

Regulation of transcription

The regulation of transcription by a non-catalytic MAPK function is still under inves-
tigation. Data profiling interactions between human proteins and DNA revealed that
ERK and MAP4K2 regulate transcription by binding directly to DNA. Specifically, ERK
uses a cluster of positively charged amino acids in the kinase domain to bind to the
promoters of several genes that repress their transcription (Figure 7C). Kinase dead
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mutations and ERK inhibitors had no effect on the ability of ERK2 to inhibit transcrip-
tion, thereby indicating that this function is regulated in a kinase independent manner
(Hu et al., 2009). On the other hand, it has been described that a kinase-inactive form of
ERKS5 retains transcriptional activity when Hsp90 dissociates from cdc37-ERK5 com-
plex, indicating that, in some cases, ERK5 does not require kinase activity to induce
gene transcription (Erazo et al., 2013).
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Figure 7. Non-catalytic functions of MAPKs. (A) Allosteric regulation of RAF family kinases
and ERK2. (B) KSR activates B-RAF through dimerization and brings it fo MEK. (C) ERK2
binds directly to promoters to repress transcription. Figure adapted from (Kung & Jura,
2016).

In summary, the non-catalytic functions of MAPKs have been focused primarily on the
ERK signaling pathway because of its scaffolding function (Meister et al., 2013) (Witzel
et al,, 2012) (Brown & Sacks, 2009). Although ERK1/2 and p38a MAPKs are similar
in structure with a common docking groove, the scaffolding role of p38a has not been
addressed to date.

p38 MAPK signaling pathway

The mammalian p38 MAPK family comprises four members: p38a, p38f3, p38y and
p380. The most abundant family member is p38a which is highly expressed in many
tissues, whereas p38[ is usually found at low levels, except in brain. In contrast, p38y is
expressed at high levels only in skeletal muscle, and p383 is found mainly in pancreas,
kidney and small intestine (Cuenda & Rousseau, 2007). p38 MAPKs are encoded by
four genes and share approximately 60% of identity in their overall amino acid sequence
and more than 90% within their kinase domain (Coulthard et al., 2009). Despite the
high homology, various phenotypes have been reported in mice lacking specific p38
MAPKs. Whereas p38p3, p38y and p386 knock out (KO)mice are viable and fertile with
no apparent health problems (Beardmore et al., 2005) (Sabio et al., 2005), p38a. KO
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mice are embryonic lethal due to placental defects (Adams et al., 2000) (Mudgett et
al., 2000). Moreover, conditional deletion of p38c. in the embryo also leads to lethality
shortly after birth as result of developmental problems in the lungs (Hui et al., 2007).
On the other hand, p38 MAPK members have notable differences regarding upstream
activators and downstream effectors, as well as in their sensitivity to chemical inhibi-
tors. However, in some cases, they have functional redundancy upon their genetic abla-
tion (Sabio et al., 2005). For example, several embryonic phenotypes including defects
in heart development, spina bifida, and exencephaly were observed in p38a and p38f3
double knockout embryos. However, these defects were absent in single gene knock-
outs, thereby indicating that the two isoforms compensate for each other with respect
to these defects (del Barco Barrantes et al. 2011).

Upon stimuli, p38 MAPKSs are activated by dual phosphorylation in their A-loop se-
quence (Thr-Gly-Tyr) by either MKK6 or MKK3, whose efficiency on the various p38
MAPKs varies (Alonso et al., 2000). Thus, MKK6 phosphorylate the four p38s, whereas
MKK3 activates p38a p38y and p38d but not p38p (Cuadrado & Nebreda, 2010). In
addition to MKK3 and MKK®6, p38a. can be also activated by MKK4 (a JNK activator).
The relative contribution of MAPKKSs to p38 MAPK activation depends mainly on the
cell type and the stimulus received (Brancho et al., 2003) (Remy et al., 2010). Upstream
in the pathway, 10 MAPKKKSs have been identified in mammals to stimulate MKK3/6/4
which in turn leads to p38 MAPK activation (Cuadrado & Nebreda, 2010). These in-
clude the following: ASK1 (apoptosis signal-regulating kinase 1); DLK1 (dual-leu-
cine-zipper-bearing kinase 1); TAK1 (transforming growth factor B-activated kinase);
TAO (thousand-and-one amino acid) 1 and 2; TLP2 (tumor progression loci 2); MLK3
(mixed-lineage kinase 3); MEKK (MAPK/ERK kinase kinase) 3 and 4; and ZAK1 (leu-
cine zipper and sterile-o. motif kinase 1) (Figure 8). Similarly, the MAPKKKs involved
in p38 MAPK activation also rely on the stimulus and the cell type. For example, ASK1
activates p38 MAPKSs in response to tumor necrosis factor (TNFa) or oxidative stress
(Tobiume et al., 2001) whereas MEKK3 responds to hyperosmotic shock. On the other
hand, as shown in Figure 4, several MAPKKKs that trigger p38 MAPK activation can
also activate JNK. These observations indicate, that the diversity and regulatory mech-
anisms of MAPKKK confer capacity to respond to many stimuli as well as to integrate
signaling pathways (Cuevas et al., 2007).

Importantly, the regulation of signal intensity is required for proper transient activation
and thus specific outcomes. Protein phosphatases are involved mainly in this inacti-
vation process, targeting the Thr and/or Tyr residues from the p38 MAPK A-loop. In
addition to generic phosphatases such as PP2A and PTP which can target the Thr and
Tyr residues respectively, there is a group of MAPK phosphatases, called mitogen-ac-
tivated protein kinases phosphatases (MKPs), which are classified on the basis of their
preference for dephosphorylating Tyr, or both Tyr and Thr. MKPs are members of the
dual specificity phosphatase (DUSP) family.
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Figure 8. The p38 MAPK pathway. Stimuli such as growth factors, inflammatory cytokines and en-
vironmental stresses can activate p38 MAPKs, which in turn target protein kinases, cytosolic sub-
strates, transcription factors or chromatin remodelers. Adapted from (Cuadrado & Nebreda, 2010).

There are 10 MKPs catalytically active in mammalian cells, and these all share a com-
mon structure consisting of an N-terminal regulatory domain and a C-terminal cata-
lytic domain. The N-terminal contains the D-motif which mediates the ability of the
phosphatase to recognize the MAPK substrate (Caunt & Keyse, 2013). The core of the
D-motif in the MKPs is characterized by a cluster of two or three positively charged ar-
ginine (Arg) residues flanked by hydrophobic amino acids. Variations in the number of
positively charged and hydrophobic residues are thought to contribute to the specificity
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of MAPK binding (Tanoue et al., 2002). However, one single phosphatase can recog-
nize different MAPKSs, therefore, other parameters are required to specifically select the
proper MAPK cognate. In some cases, different residues can distinguish the substrate
selectivity between JNK, ERK and p38 MAPKs. Mutations in the conserved cluster of
positively charged amino acids of MKP1 abolishes the binding to JNK1 but not to p38a
or ERK2 (Slack et al., 2001). Regarding the binding selectivity between p38 and ERK,
additional molecular determinants are required. In fact, it has been suggested that the
interaction between p38 or ERK and PTP-SL, STEP or PTPN7 is influenced by intracel-
lular redox conditions (Muioz et al., 2003).

On the other hand, the control of p38 activity by phosphatases is often regulated by
the p38 MAPKSs themselves. For example, p38a can regulate MKP1 expression at a
post-transcriptional level through the phosphorylation of MK2 upon exposure of cells
to lipopolysaccharide (LPS) (Hu et al., 2007).

In addition to regulating negative feedback loops involving phosphatases, p38 MAPKs
modulate many cellular processes by phosphorylating several proteins. These include
nuclear proteins like transcription factors and regulators of chromatin remodeling and
also a wide range of cytosolic proteins that regulate multiple processes, such as mRNA
stability, protein degradation, apoptosis, cytoskeleton dynamics and cell migration.

In particular, p38a and p38f are able to phosphorylate a wide range of substrates,
whereas p38y and p385 seem to target a lower number (Shi & Gaestel, 2002). In some
cases, although substrates can be phosphorylated by more than one p38 MAPK (Corréa
& Eales, 2012), they usually show specificity among p38 MAPK members. As previously
mentioned, the ability to phosphorylate proteins is influenced by binding sites through
D-motifs and MAPK docking sites (Figure 5). The differences in the CD motifs of p38
MAP kinases (Table 1) might contribute to their ability to recognize substrates. It is also
important to take into account that some substrates do not seem to have docking motifs
and might use other mechanisms to facilitate their efficient phosphorylation (Cuadrado
& Nebreda, 2010).

Table 1 | CD properties of p38 members
Table adapted from (Yu Shi & Matthias Gaestel, 2002).

P38 DPDD
p38p DPED
p38y DPED
p38s DPEE
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Molecular determinants and functions of p38a
MAPK

p38a is the prototypic member of the p38 MAPK family, and most of the published
literature on p38 MAPKs refers to p38a (Wagner & Nebreda, 2009). It is encoded by
the MAPK14 gene, and three p38a. transcript variants have been identified (Exip, Mxi2
and CSBP1). Exip and Mxi2 lack different parts of the p38a protein. Mxi2 is identical to
p38a in amino acids 1-280 but has a different C-terminus comprising 17 amino acids.
In contrast, Exip has a unique 53-amino-acid C-terminus and is not phosphorylated
by the usual p38 MAPK-activating treatments (Sudo et al., 2002). The CSBP1 isoform
differs from p38a in an internal 25-amino-acid region, and its functional importance is
still unclear (Lee et al., 1994).

Upon stimuli, p38a. is phosphorylated on the TGY motif by upstream kinases (MKK3,
MKK6 and MKK4) and then it activates different substrates depending on the stimuli
and cell type. However, p38a can also be activated by alternative mechanisms. In this
regard, p38a. is phosphorylated on Tyr 323 by ZAP70 (-chain-associated protein ki-
nase 70 kDa) and Lck (Lymphocyte-specific tyrosine kinase) upon TCR (T-cell recep-
tor) stimulation. The phosphorylation on Tyr 323 stimulates p38a autophosphorylation
on the A-loop (TGY motif), thereby increasing its kinase activity (Salvador et al., 2005).
In addition, p38a can bind to TAB1 (TAK1-binding proteinl), which promotes p38a
autophosphorylation on the A-loop. The later mechanism seems to be restricted mainly
to some p38a functions in cardiomyocytes and myeloid cells (Ge et al., 2002) (Kim et
al., 2005) (Li et al., 2005).

Activated p38a can phosphorylate many substrates on Ser or Thr residues, including
transcription factors, protein kinases and cytosolic and nuclear proteins (Trempolec et
al,, 2013).

p38a-mediated functions

The activities attributed to p38a include inflammatory response, cell differentiation,
cell-cycle arrest, apoptosis, senescence, cytokine production, and regulation of protein
synthesis (Cuadrado & Nebreda, 2010). For example, p38a. regulates the differentiation
of various cell types by phosphorylating transcription factors, such as C/EBPf, which
promotes adipocyte and lung cell differentiation (Engelman et al., 1998) (Ventura et al.,
2007). p38a. also controls skeletal muscle differentiation by regulating the sequential
activation of myogenic regulatory factors (MRFs) and their transcriptional coactivators,
including chromatin remodeling enzymes (Perdiguero et al., 2006). On the other hand,
p38a. negatively regulate cell cycle progression by targeting several substrates. p38a
can induce G1/S arrest by transcriptional up-regulation of p16™**, down-regulation of
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cyclin D1 or activation of the p53/p21*! pathway (Lavoie et al., 1996) (Casanovas et al.,
2000) (Kim et al., 2002) (Goloudina et al., 2003). Moreover, p38a contributes to G2/M
cell cycle arrest (Mikhailov et al., 2004), which may be mediated by the phosphorylation
of Cdc25B and Cdc25C, either directly by p38a or via activation of MK2 (Manke et al.,
2005) (Karlsson-Rosenthal & Millar, 2006).

Another important function of p38a. is the regulation of protein synthesis via MNK1,
which phosphorylates eIF4E at Ser209 (Wendel et al., 2007). Moreover, p38a stimulates
the expression of various inflammatory mediators, including TNFa, IL-1f, IL-6 and
CXCI2 (Anderson, et al., 2008) (Qiu et al., 2015).

Consistent with all these functions, deregulation of the p38a signaling pathway is
linked to several pathologies, such as inflammatory, cardiovascular and neurodegener-
ative diseases, as well as cancer (Kumar et al., 2003).

The set of substrates phosphorylated in each case most likely varies depending on each
particular response and cell type. It has been shown that docking interactions via the
non-catalytic region of MAPKSs are important to establish specific protein-protein in-
teractions for proper substrate recognition. In general, protein-protein interactions in-
volves various mechanisms, depending on structural composition, protein affinity and
whether the association is permanent or transient (see Box 1). As a kinase, p38a. in-
teracts mainly with downstream partners in a transient manner through residues that
mediate the phosphotransfer reaction (Perkins et al., 2010). However, in some cases,
the docking regions and structural domains of p38a are used to specifically bind to
partners in a more stable fashion (Garai et al., 2012) (Tanoue et al., 2002).

Diversity of protein-protein interactions (PPI)

PPIs plays different roles in biology and dif-
fer based on the composition, affinity and
whether the association is permanent or tran-
sient. On the other hand, the local cell envi-
ronment is critical to control the oligomeric
state of interacting proteins. Moreover, other
determinants such as protein concentration
and binding energy will control protein inter-
actions and thus protein complex formation.

Information addapted from:
(Nooren & Thornton, 2003)

COMPOSITION

Homo-and hetero-oligomeric complexes. PPls oc-
cur between identical (oligomers) or non-identi-
cal chains (heterooligomers).

AFFINITY

Obligate and non-obligate. Obligate interactions
occur when proteins are not found as stable struc-
tures on their own. Generally, their functionality
depends on the complex formation. In conftrast,
in non-obligate PPIs, proteins exist independently.

ASSOCIATION

Transient and permanent. Based on the lifetime of
PPIs. Permanent interactions are very stable and
proteins only exist when the complex is formed.
Whereas tfransient interactions associate and dis-
sociate. They are classfied in two groups: Weak
(when the interaction is broken and formed con-
finously) and stable (when proteins require a mo-
lecular trigger to shift the oligomeric equilibrium).
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p38a structural domains

p38a has a typical kinase structure that comprises two lobes (N- and C- lobes) linked
by a flexible hinge (Figure 6). The ATP binding site is located between the two lobes
and is composed by several residues such as K53, E71, R67, R70 and D168 (Figure 9A).
Upon dual phosphorylation on the TGY motif, p38a is subjected to a large rearrange-
ment that displaces the A-loop away from the ATP-binding site (Kuzmanic et al., 2017)
(Zhang et al., 2011) (Figure 9B). Moreover, p38a and other MAPKs contain the MKI
(MAPK insert), which forms a lipid-binding site (Diskin et al., 2008), and the L16 loop,
which extends from the C- to the N-lobe. Conformational changes in the L16 loop have
been associated with p38a activation and autophosphorylation (Diskin et al., 2007).
The C-lobe segment of the L16 loop contains the acidic CD domain, which, together
with the ED site, forms the hydrophobic groove (Figure 9A). As mentioned above, the
CD has been identified in all MAPK members, whereas the ED site was found specifi-
cally in ERK1/2 and p38a. proteins (Tanoue et al., 2000) (Tanoue et al., 2001). Although
the CD and ED regions are involved primarily in MAPK docking specificity, other res-
idues are required to distinguish between ERK1/2 and p38a interacting proteins. In
fact, GIn120 and Ile116 have been proposed to specifically mediate p38a docking inter-
actions. Located in the p38a. docking groove, these two residues target the D-motif of
p38a substrates and activators (MEF2A and MKK3 respectively) (Chang et al., 2002).
On the other hand, Met194, Leul95, His228, Ile229 and Tyr258 residues are involved
in the recognition of the FXF motif of substrates such as ATF2, MBP and Elkl. These
residues are close to the A-loop that forms the p38a. DEF pocket (Tzarum et al., 2013).
In addition to the regulation of docking specificity, some p38a. residues participate in
other biochemical features. For example, Asp145 and Leul56 are involved in the regu-
lation of the subcellular localization of MKS5 through interaction with the MK5-nuclear
localization signal (NLS) (Li et al., 2008). Moreover, mutations in Asp176 and Phe327
lead to p38a autophosphorylation, thereby enhancing the activity of this kinase (Diskin
etal., 2004). There is also evidence that Tyr123 phosphorylation by GRK2 impairs p38a
binding to and activation by MKK6 and reduce the ability of p38a to bind to and phos-
phorylate a range of substrates in vitro (Peregrin et al., 2006).

Some of these p38a. residues were identified in crystal structures between p38a and
different D-motifs containing peptides from p38a substrates and activators, and their
biochemical contribution was determined by mutational studies. Since all these muta-
tional studies were performed in vitro, further studies are needed to fully understand
the relevance of such interactions for p38a. signaling in vivo and how each of these reg-
ulatory mechanisms contribute to specific cell responses and tissue homeostasis.
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Figure 9. Structural models of p38a. (A) Inactive p38a (PDB ID: 3S3l), and (B) dually phosphorylated p38a (PDB
ID: 3PY3). Main structural elements are colored as follows: A-loop in purple (inactive) and green (active), aC
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from (Kuzmanic et al., 2017).
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The p38a:MK2 complex

Although D-motif-containing peptides have been successfully crystalized with p38a
(Chang et al., 2002) (Zhang et al., 2011) (McClure et al., 2005), only a few proteins,
including MK2, TAB1 and some phosphatases, have been co-crystalized together with
p38a (White et al., 2007) (ter Haar et al., 2007) (De Nicola et al., 2013) (Francis et al.,
2011). Since p38a and MK2 are key regulators of several cell functions, their physical
association is likely to be of physiological relevance.

Crystal structure of the p38a:MK2 complex

p38a and MK2 show the typical kinase structure as monomers (Figure 6). In partic-
ular, MK2 is a multidomain protein consisting of an N-terminal proline-rich domain,
a catalytic kinase domain and a C-terminal regulatory domain (amino acids 338-400)
which contains an autoinhibitory domain (339-353) and a nuclear export and localiza-
tion signal (NES and NLS). The NLS region contains the D-motif between the amino
acids 370-389 (IKIKKI) and 358-389 (KRRKK).

The interface between p38a and MK2 proteins consists of five discontinuous contact
regions, the MK2 activation segment (Tyr228-Tyr240), the MK2 helix oH (Asp345-
Val365), the p38a. loop B0a-fB0b interaction to MK2 P loop B1°-B2; the MK2 Tyr264-
Tyr284 region and the MK2 C-terminal region Asp366-390 (Figure 10A). The MK2
Tyr264- Tyr284 region comprises the regulatory phosphorylation domain of MK2 that
interacts with the p38a. TGY phosphorylation motif. On the other hand, the C-termi-
nal end of the regulatory domain of MK2 binds to the p38a docking groove and has
key interactions with the ED and CD regions (Figure 10B). These interactions show
spatial conservation of the hydrophobic sequences from already characterized peptides
accommodated in the hydrophobic groove. Like MEF2A and MKK3 peptides, MK2
also forms H bonds with p38a GIn120, His126 and Glul60. However, the binding to
the p38a hydrophobic groove is in the opposite direction, thereby indicating that MK2
docking is another type of docking class, which is generally termed as reverse D-motif
(White et al., 2007). Interestingly, the reverse D-motifs found in some proteins allow
a clear discrimination between ERK and p38a in binding affinity. While the reverse
D-motif of RSK1 displays high affinity to ERK2, its binding affinity to p38a. is 20-fold
lower. In contrast, the reverse D-motif of MK2 shows strong affinity to p38a but only a
weak interaction with ERK2 (Garai et al., 2012).

p38a and MK2 bind in a parallel “face to face” orientation, which means that the

ATP-binding sites and the binding grooves of the substrates are at the interface of the
heterodimer but located at different sites. This orientation allows upstream activators to
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phosphorylate the activation loop of p38a however, this conformation buries the sub-
strate binding grooves and thus prevents the two kinases from phosphorylating their
respective substrates (ter Haar et al., 2007) (Gaestel, 2015). This structure suggests that
substrate phosphorylation is dependent on the heterodimer conformation.

Other studies based on steady-state kinetics and surface plasmon resonance provide
molecular insights into the catalysis of the p38c:MK2 complex. It has been reported
that phosphorylated p38a. binds to phosphorylated GST-MK2 (1-400) with less affinity
than the non-phosphorylated p38c:MK2 complex (Kd = 60 nM and 2.5 nM, respec-
tively). However, the mechanisms by which phosphorylation attenuates the affinity are
currently unknown (Lukas et al., 2004). Furthermore, the data suggest that any per-
turbation of the p38a and MK2 docking-interactions prevents the phosphorylation of
MK?2 (Lukas et al., 2004). This hypothesis has been applied for the identification of new
p38a. substrate-selective inhibitors.

Many p38a inhibitors with diverse chemical structures and modes of interaction have
been designed on the basis of their ability to compete with ATP. However, most have
failed in clinical trials due to poor efficiency or side effects (Sweeney & Firestein, 2006)
(Zhang et al., 2007). Therefore, additional strategies have focused specifically on target-
ing the p38a docking groove and preventing the phosphorylation of D-motif-depen-
dent partners such as MK2 (Davidson et al., 2004) (Willemen et al., 2014) (Shah et al,,
2017).

The tight p38a. and MK2 assembly observed in vitro has been used as a model to ex-
plain the mode of activation and subcellular localization (ter Haar et al., 2007) (Gaes-
tel, 2015). However, there are controversies between published studies (Ben-Levy et al.,
1998) (Gong et al., 2010). Some authors claim that these two proteins form a complex in
the nucleus and that, upon stimuli, the proteins translocate into the cytosol. MK2 phos-
phorylation by active p38a leads to a conformational change that masks the NLS and
unmasks the NES, thereby allowing the shuttling (Ben-Levy et al., 1998) (Gaestel, 2015)
(Liet al., 2008). In contrast, other studies suggest that, upon stimuli, active p38a moves
into the nucleus where it binds to and phosphorylates MK2 leading to its translocation
from nucleus to cytoplasm (Gong et al., 2010). Although several hypotheses have been
proposed, the exact mechanism remains unclear.
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Figure 10. Structure of the p38u:MK2 complex. (A) In the left panel MK2 (green) and p38a (blue) secondary
structures are shown as bundles for a-helices and arrows for B-strands. A prime () suffix is used to denote MK2
residues and structural elements. In the right panel, the five intermolecular interface regions are shown as
described in the main text. MK2 NLS is shown in red, MK2 NES is shown in magenta and the p38a and MK2
phosphorylation sites in yellow. Numbers (1-5) indicate the five discontinuous contact regions of the p38a.:MK2
interface (B) p38a and MK2 docking interactions. The first part of MK2 NLS (371-KIKK-375) is shown in yellow and
the second part of the MK2 NLS (385-KRRKK-389) is shown in green. p38a is represented as a cyan surface, the
ED site is shown in red, the CD domain is shown in orange and the hydrophobic residues are represented as ¢
(right). Protein interactions between the p38a docking groove and the MK2 first part of the NLS (middle) and
the MK2 second part of the NLS (left). Images reproduced from (White et al., 2007).

Functions of the p38a:MK2 complex

The interaction between p38a and MK2 has been shown to be important in vivo. In
fact, the amount of p38a is reduced in cells and mouse tissues lacking MK2. Analysis
of various truncated forms shows that the MK2 C-terminus is indeed involved in p38a
stabilization (Kotlyarov et al., 2002). Accordingly, MK2 protein levels are also reduced
in p38a deficient cells. In this case, the levels of MK2 were restored upon the reintro-
duction of p38a but not its Exip isoform (Sudo et al., 2005). As mentioned previously,
Exip is a 307-amino-acid protein that has a unique 53-amino-acid C-terminus and lacks
the CD domain of p38a Therefore, the lack of p38a structural regions might prevent
the stability of the MK2 protein. Moreover, the p38a and MK2 homologs in fission yeast
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(Styl and Srk1l, respectively) are also involved in mutual protein stabilization, indicat-
ing that this property is evolutionarily conserved (Lopez-Aviles et al., 2008). Although
these observations demonstrate the requirement of either protein for its partner stabil-
ity, the underlying regulatory mechanism is still unclear.

SDS-PAGE and chromatography analysis revealed two distinct MK2 isoforms, which
might result from differential splicing. Although it has been suggested that the two iso-
forms interact with p38a, the binding details of the spliced isoform are still unknown
(Gaestel, 2006). On the other hand, a rare human MK2 cDNA has been described, which
encodes a different C-terminus that lacks both the NES and the NLS and, therefore, the
D-motif (Zu et al., 1994). Since this coding mRNA is not adequately represented in ex-
pressed sequence tag libraries, this cDNA could be the result of a rare alternative-splic-
ing event of the MK2 pre-mRNA (Gaestel, 2006).

Besides being interacting partners, p38a and MK2 are also functionally related. Several
cell responses such as cell cycle, cell motility, metabolism and post-transcriptional regu-
lation during inflammation, are mediated by the p38a-MK2 axis. As mentioned above,
p38a-activated MK2 phosphorylates CDC25B and CDC25C in UV-treated osteosar-
coma cells regulating the G2/M checkpoint (Bulavin et al., 2001) (Manke et al., 2005).
Similar results were observed in fission yeast where the MK2 homolog Srk1 phosphory-
lates Cdc25 at the same sites as Chkl and Chk2 (Lopez-Avilés et al., 2005). In addition,
the activation of p38a and MK2 usually results in the phosphorylation of Hsp27. These
phosphorylations have been associated with the modification of oligomerization and
chaperone properties of these substrates (Rogalla et al., 1999), as well as with regula-
tion of the actin cytoskeleton (Guay et al., 1997). Remodeling of the cytoskeleton is a
prerequisite for changes in cell shape and cell migration. In particular, the phosphor-
ylation of Hsp27 has been implicated in cell motility through F-actin polymerization
(Hedges et al., 1999). A recent report has also implicated the p38a-MK2 axis in the
regulation of oxidative metabolism and mitochondrial function (Trempolec, 2017). An-
other important role for p38a and MK2 is the post-transcriptional regulation of gene
expression during inflammation. Together, they regulate the mRNA stability of certain
cytokines, such as TNFa and IL6, through a process that involves the AU-rich elements
in the 3’-non-coding regions of the mRNAs and the phosphorylation of Tristetrapro-
line (TTP) (Kotlyarov et al., 1999) (Neininger et al., 2002). Phosphorylation by MK2
increases the stability of TTP and its binding to 14-3-3 adaptor proteins, which prevents
the mRNA destabilizing activity of TTP, thereby resulting in increased levels of its target
mRNAs (Stoecklin et al., 2004) (Sandler & Stoecklin, 2008) (Hitti et al., 2006). For the
proper control of inflammatory gene expression, TTP should be dephosphorylated by
the PP2A phosphatase (Clark & Dean, 2016). Besides TTP, other MK2 targets, such as
hnRNPAO and PABP1, might contribute to TNFa expression (Rousseau et al., 2002).
Furthermore, active MK2 also controls several mechanisms that regulate the stability
of other mRNAs such as uPA, COX2 and IL1 (Ridley et al., 1998) (Tran et al., 2003).
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It has recently been found that overexpressed p38a and MK2 proteins interact with
RIPK1 and control its cytotoxic activity during inflammation (Menon et al., 2017). This
observation indicates that other proteins might bind to p38a and MK2 when they are
interacting.

So far, the binding between mammalian p38a. and MK2 is well-established in vitro;
however, how these two proteins are organized in vivo both in homeostasis and in re-
sponse to different stimuli remains to be elucidated. Several parameters, including the
local cell environment, are critical for the regulation of the oligomeric state of inter-
acting proteins (Box 1). Therefore, further studies are needed to unravel how binding
between endogenous p38a and MK2 is regulated in cells.

Given that the p38a:MK2 crystal structure shows both protein docking grooves buried
within the complex, it has been proposed that the fully active p38c.:MK2 complex acts
cooperatively to phosphorylate downstream partners and structures (Gaestel, 2015).
However, it is still unclear how p38a and MK2 are organized for proper substrate phos-
phorylation.

As the D-motif is critical for tight and stable binding of MK2 to p38a., other D-mo-
tif-containing proteins might similarly form a protein assembly with p38c. Biochem-
ical studies have reported that p38a interacts not only with MK2 but also with other
proteins containing canonical D-motifs, such as the PTPN7 and MKP1 phosphatases
(Saxena et al., 1999) (Hutter et al., 2000), the MKK®6 activator (Stein et al., 1996) and the
ATF2 substrate (Raingeaud et al., 1995). These observations suggest that the presence of
the D-motif sequence might allow the identification of proteins that can interact with
the p38a docking groove. These new p38a interactors should contribute to defining
new p38a protein complexes with specific scaffolding and kinase functions.
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The main goal of this study was to investigate kinase-independent scaffolding functions
of p38a to better understand the mechanistic principles that govern this signaling path-
way.

Specific objectives

- Identification of new p38al interacting partners.

- Investigation of new physiological roles of p38a.-structural domains
mediated by the high affinity binding to MK2.

- Characterization of the p38a:MK2 complex.

- Generation and characterization of mice expressing kinase-dead p38a. to
define the contribution of p38a. catalytic activity to specific processes.
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General buffers and solutions

Molecular basis of p38a. MAPK signaling

Buffers and solutions used in this thesis are specified below, or in the corresponding

sections.

PBS 10X

1.37 M NaCl

27 mM KCI

100 mM Na HPO,
17.5 mM KH_PO,
pH 7.4

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

Protein Loading buffer 5X
250 mM Tris pH 6.8

50% glycerol

250 mM DTT

10% SDS

0.1% bromophenol blue

Ponceau Red

0.1% Ponceau Red powder
5% acetic acid

HBS buffer (2X)

50 mM HEPES

280 mM NaCl

1.5 mM Na HPO,

pH 7.12

IP buffer

50 mM Tris-HCI (pH 7.5)
150 mM NaCl

5 mM EGTA

5mM EDTA

1% NP-40

20 mM NaF

1 mM Na orthovanadate
1 mM PMSF

2.5 mM benzamidine

10 pg/ml pepstatin A

1 uM mycrocystin

10 pg/ml leupeptin

10 pg/ml aprotinin

Coomassie staining solution
0.5% Coomassie Blue R250
10% acetic acid

45% methanol

Coomassie distaining solution
25% methanol
7% acetic acid

TBS 1X

0.1 M Trizma base
1.5 NaCl
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Commercial reagents and kits O-phenantroline Merk millipore $1078
PBS 10X Sigma D1408
PF-3644022 Si Pz0188
Mouse work 'gma
Penicillin/Streptomycin LabClinics P11-010
PH-797804 Selleckchem S2726
4-OHT Sigma H6278 Polybrene Sigma H9268
Com oil Sigma C8267 Puromycin Sigma P2620
Methylcellulose Sigma M7140 TC10 Automated cell counter BioRad S06BR2077
Tetracyclin Sigma 87128-25G
TGFB Prepotech 100-21
Cell culture Trypsin Sigma 13924
UV-Crosslinker Amersham bioscience 20140847
Zeozin Invitrogen R250-01
4-OHT Sigma H7904
Actinomycin D Sigma A1410 .
nemye! 9 Cellular and molecular biology
Anisomycin Sigma L4005
Bafilomycin A1l Sigma B1793
b-AP15 Selleckchem 54920
Acetic acid Panreac 131008.1611
BIRB796 Axon MedChem 1358
— - Acrylamide 40% 29:1 BioRad 161-0146
Blasticidin Invitrogen A11139-03
- Agarose beads Santa Cruz Sc-2002
Bortezomib Selleckchem PS-341
— Ampicillin Vitro CAY-14417.25g
Bromodeoxyuridine (BrdU) Roche 10280879001
- - - Aprofinin Sigma Ab6279
Calcium Chloride Sigma 449709
APS Sigma A3678
CMPDI Santa Cruz sc-203138
ATP GE Healthcare 27-1006-01
Collagenase A Roche 10103586001
— - ATP (y-*2P) 500 uCi Perkin Elmer BLUOO2AS500UC
Cycloheximide Sigma C6255
- Conftrol agarose beads Chromotek Bab-20
Dispasell Roche 04942078001
- Benzamidine Sigma B6506
DMEM Sigma 5796
- Bromophenol blue Sigma B8026
DMSO Sigma D8418
- BSA Sigma A7906
DNAse Sigma D4513
- Complete protease inhibitors Roche 11873580001
FBS ThermoFisher E6541L
- — dNTPs ThermoFisher RO192
Glutamine LabClinics M11-004
- DTT GE Healthcare 17-1318-02
H,O, Sigma H1009 —
- - Dyalisis membrane (12-14KD) SpectrumLabs 132676
Hyaluronidase Sigma H3506
- - ECL prime WB detection GE Healthcare RPN2232
Hygromycin B Invitrogen 10687-010
. . - 3 EDTA Sigma E46758
Lipofectamine RNAI MIX ThermoFisher 13778150
- EGTA Sigma E4378
LPS Sigma L4005
- Ethanol Panreac 141086.1214
MG132 Sigma A9789
: - Glycerol Sigma 49782
Mr.Frosty container ThermoFisher 5100-0001
- - - Glycine Sigma G7126
Neon transfection pipette ThermoFisher MPP100
N ; tocti ot Glutation sepharose 4B GE Healthcare 17-0756-01
eon fransfection pipette .
station ThermoFisher MPS100 HEPES GIBCO 15630-049
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Mouse work

Histology work
10% buffered formalin Sigma HT501128
Diaminobenzidine Dako K346811
DPX mounting media Leica 3808600E
Peroxidase blocking buffer Dako 52023
Sodium citrate MERK 1064485000
Superfrost glass slides VWR J1800AMNZ
Commercial kits
Duolink in situ detfection (PLA) Sigma DUO92007
FITC Mouse Anti-BrdU set BD Biosciences 556028
Gateway LR ;:rl](iz(nose enzyme Invitrogen 11791020
GenElute Plasmid miniprep kit Sigma PLN350-1KT
MEF Starter Nucleofector Kit Lonza V4XP-4012
Mycoalert Lonza LT07-318
Neon Transfection system kit ThermoFisher MPK10025
Click-IT Plus OEP profeln syn- ThermoFisher C10456
thesis kit
PurelLink on column DNAse Invitfrogen 121-85-010
QlAfilter plasmid maxi kit Quiagen 12263
QuickChange 5|T<e_—d{recfed Aligen technologies 200518
mutagenesis kit
RC DC Protein Assay Kit | Dako $2023
BioRad 5000111 $2023
Methods

Mice were housed according to national and European Union regulations, and proto-
cols were approved by the animal care and use committee of the Barcelona Science Park
(PCB-CEEA). Animal handling was performed by Dr. Ana Igea Fernandez.

IPTG Sigma 16758
L-glutathione reduced Sigma G4251-10G
Leupeptin Sigma L2884
Luria Broth Base 2500g Invitrogen 12795-084
Lysozime ThermoFisher 89833
Magnesium cloride Merck millipore 1.05833.1000
Methanol Panreac 131091.1214
MK2-Trap_A Chromotek mt-20
Mycrocystin Enzo LifeScience ALX350012
Nitrocellulose membrane GE Healthcare 10600002
0.2 um
NP40 AppliChem A16960250
Paraformaldehyde 16% Electron Microscopy Sciences 15710
Pepstatin A Sigma P4265
Percellys 24 homogenizer Bertin technologies 03119200RD0O00
PMSF Sigma P7626
Ponceau Red Sigma P3504
Prom”%gﬁ"j‘vi‘:ﬁgi‘;f moun- Life Technologies P36935
Propidium lodide Sigma P4864
Proteinase K Roche 03115852001
Random primers Invitfrogen 48190-011
Rnase A Roche 10109142001
RNAsin 2500U Promega N211
Sarcosyl Sigma L9150-50G
SDS Sigma 71725
Sodium chloride Sigma 433209
Sodium fluoride Sigma $7920
Sodium orthovanadate Sigma S6508
Sucrose Sigma 50389
Superfrost glass slides VWR J1800AMNZ
Superscrip’r_IV reverse Invitrogen 18090010
franscriptase
SYBR Select master mix ThermoFisher 4472942
TEMED Sigma T9281
Triton X-100 Sigma 19284
TRIZMA base Sigma T6066
TRIZMA HCI Sigma 13253
Tween 20 Sigma P7949
Triton X-100 Sigma 179284
Trizol ThermoFisher 15596026
B-mercaptoethanol Sigma M7154
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Generation of p38a. kinase dead mice
The targeting strategy to generate p38c kinase dead (KD) mice was designed by Drs.
Stephen Furrow, Ivan del Barco and Angel R. Nebreda. The mice were generated by the
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Mouse mutant core facility of IRB Barcelona.

Briefly, a p38a. WT mini-gene cassette, including exons 2-12 and the 3’UTR, was in-
corporated between the exons 1 and 2 of the Mapk14 locus encoding p38c.. This mini
gene contained around 500 bp of intron sequence immediately upstream of the coding
sequences in an effort to maintain the appropriate splicing signals. In addition, a mu-
tation was introduced in exon 2 changing the lysine 53 to methionine (K53M*). For
selection of targeted embryonic stem cells, a Frt flanked neo resistance gene driven by
the B-actin promoter was included in the construct. The whole cassette was flanked by
LoxP sites to allow conditional removal and thus, expression of the mutant form of the
gene (Figure 11).

Animals with the modified allele are referred as p38a knock-in mice (KI). These mice
normally express p38a. WT from the mini-gene, but Cre-mediated excision of the cas-
sette allows expression of the p38a K53M mutant p38a KD.

__ cDNAex2-12 | 3UTR H sTop )—>| b-actin-neo/pA
} Lox P site > Frt site

Figure 11. Graphical representation of the targeting strategy to generate the p38a Kl allele.

Generation of PyMT mice with inducible Cre

PyMT p380X/X UBC-Cre-ERT2 or PyMT p38c/*/** UBC-Cre-ERT?2 female mice were
generated by crossing p38a<"X! or p38a/*/** (Ventura et al., 2007) with MMTV-PyMT,
provided by William Muller (McGill University, Canada) and UbiquitinC (UBC)-Cre-
ERT2 mice (Ruzankina et al., 2007), being all mostly in FVB background.

Animal treatments and tumor measurements

PyMT breast tumors were monitored twice a week with a caliper using the formula V=
(m x length) x wide? and experiments were started when tumors reached 150-200mm?,
usually around 2-3 months old.

For p38a. deletion or expression of the kinase dead form, mice were intraperitoneally
injected each day for five alternative days with 1 mg/ml of 4-OHT dissolved in 10%
ethanol and 90% corn oil (Figure 12). The inhibition of p38a was confirmed by west-
ern-blotting using lysates of tumors treated with 300 mM of NaCl for 15 min.
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1mg
4-OHT/day
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—| Tv2150-200 mm’ l ______ Day 15
123456789

Tumor growth curve

Figure 12. Graphical representation of mice treatment with 4-OHT

Mouse genotyping

DNA was extracted from tails for mouse genotyping. Samples were sent to Transnetyx
for processing. Alternatively, mice were genotyped in house using the following primers
(Table 2).

Table 2 | Primers used for mouse genotyping

CRE acgagtgatgaggttcgcaag cccaccgtcagtacgtgagat 520 bp
WT: 121 bp,
tgctactgtct fctet ttctt i
p38a lox atgctactgtctgegectcte cagcttcttaactgecacacga Flox:188 bp
p38a Kl tgtcactctticccacacttgaggac | gectgaaagcageccaaataatagga WI. Qi%?%sgl:bzss op.
PyMT ggaagcaagtacttcacaaggg ggaaagtcactaggagcaggg 540bp

Cell culture

For standard culture, cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), 1% L-Glu-
tamine and 1% penicillin-streptomycin at 37°C and 5% CO,,.

Cell lines

Fibroblasts and epithelial cells derived from PyMT-induced tumors, colon fibroblasts,
bone marrow derived macrophages (BMDM) and p38a*"* MEFs were generated in
our laboratory coming as explained below. U20S (osteosarcoma) and HEK293-T (em-
bryonic kidney, transformed) cells were purchased from ATCC. Murine MSCs were
obtained in our laboratory as described (Soleimani & Nadri, 2009). MK2 deficient
MEFs were a kind gift from Dr. Matthias Gaestel (MH-Hannover, Germany), and were
obtained from MK2 KO mice and immortalized by co-transfecting with pSV40Tag en-
coding the SV40 large T antigen (Kotlyarov et al., 1999). Most of the experiments were
performed by using breast cancer fibroblasts unless otherwise indicated in the corre-
sponding sections.
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Cell generation

Generation of breast cancer fibroblasts or epithelial cells from PyMT tumors. Tumors
from PyMT p38a/'*/* or p38a*/X UBC-Cre-ERT2 female mice were chopped using
razors and digested at 37°C rocking for 1 h in DMEM medium containing Collagenase
A (1 mg/ml) and Hyaluronidase (1.5 units/ml). After digestion, cell suspension was
filtered through a 70 um cell strainer and centrifuged 5 min at 1500 rpm. The cell pellet
was resuspended in 10 ml DMEM and centrifuged at 1500 rpm for 30 s. The superna-
tant was discarded, and the cell pellet was resuspended and spun again four more times.
The final cell pellet was plated. Cells were passaged until spontaneously immortalized,
usually after 16 passages. For breast cancer fibroblasts isolation, PDGFa*, EpCAM™ and
CD45" cells were sorted using FACS Aria flow cytometer whereas EpCAM?* breast can-
cer epithelial cells were verified using Gallios Flow cytometer (more methods details in
section Flow cytometry analysis).

Colon fibroblasts were isolated from p38a'°x UBC-Cre-ERT2 mice. Colons were dis-
sected, opened longitudinally and washed with cold PBS, incubated with 8 mM EDTA
at 37°C for 15 min. Supernatants were centrifuged at 1200 rpm for 5 min at 4°C, and
pelleted cells were digested with Dispase II (0.5 mg/ml) at 37°C for 25 min to isolate ep-
ithelial cells. To obtain lamina propria (mesenchymal cells and leucocytes) colon pieces
were collected, cut (2-3 mm) and digested with collagenase A (1.75 mg/ml) at 37°C for
45 min. Cells were sorted in a FACS Aria flow cytometer (BD Biosciences) using CD45",
CD31-, CD140a* and CD140B* (more details in section Flow cytometry analysis).
Generation of bone marrow derived macrophages (BMDM). Bone marrow precursor
cells were isolated from femurs and tibias of p38ac WT mice and cultured in complete
DMEM as previously described (Bailon et al., 2010). To generate macrophages form
bone marrow derived precursor cells, we used the conditioned media (L-cell) of the
mouse fibroblast cell line L929 (ATCC CCL 1, NCTC clone 929), which produces large
quantities of M-CSF during proliferation. This is the only growth factor produced by
these fibroblasts affecting macrophages. 1929 cells were grown in 150 mm flasks up to
confluence and after 7 days the supernatant was removed, centrifuged to remove the
cells in suspension, and kept in aliquots at -80 °C until the moment of use. Once thawed,
the aliquots were stored at 4°C to prevent degradation of M-CSE. For proper cell differ-
entiation, bone marrow precursor cells were treated with L-cell for 6 days. Before LPS
treatments, cells were deprived from L-cell for 18 h in DMEM (10% FBS, 1% P/S) to
synchronize the culture and render the cells quiescent.

Generation of cells expressing constitutively active MKK6. U20S were transfected with
pcDNA6-MKK6DD and selected with 4 pug/ml Blasticidin S HCl and 35 pg/ml Zeozin.
To induce MKK6DD expression, cells were treated with 1 pg/ml Tetracycline or the
corresponding amount of ethanol as described (Trempolec et al., 2017).

Generation of p38a*”X! MEFs. MEFs were generated from p38a*/*'14.5 embryos as de-
scribed (Ambrosino et al., 2003) and were immortalized by transfecting 5 g of p129-
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SV40 large T plasmid (provided by Dr. Travis Stracker (IRB Barcelona)) using MEF
Starter Nucleofector Kit.

Cell maintenance

For sub-culturing, cells were washed once in PBS and incubated in 1 ml trypsin at 37°C
until detached. Then, complete media was added, and cells were diluted as desired de-
pending on the confluence and re-plated in a new culture dish. In the case of differen-
tiated BMDM, cells were harvested by using cell scrappers and plated with the same
media until they attached. 18 h before treatment media was changed to render the cells
quiescent.

Cell collection

For harvesting, cell cultures were washed with PBS and trypsinized. Cells were resus-
pended in 5 ml of 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 washed in 3 ml of PBS. Cell suspension was centrifuged again in the
same conditions and supernatant was discarded. Cell pellet was resuspended according
to the following procedures.

Cell counting

Cells were harvested and placed in a 15 ml tube with 5 ml of DMEM. Cells were resus-
pended carefully up and down until a homogeneous suspension was obtained. 10 pl of
cell solution were added to counting slides and the cell number was determined using a
TC10 Automated cell counter.

Cell freezing and thawing

For freezing, cells from a 70-85% confluent p10 cm culture dish were collected as above
and resuspended in freezing media consisting of 90% FBS and 10% DMSO and trans-
ferred to 1-2 1.5 ml cryo-tubes. Cryo-tubes were stored 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 transferred to a p10 cm plate with 10 ml of media. Next day, the
media was replaced by 10 ml of fresh DMEM to remove remaining DMSO in culture.

Mycoplasma detection

Cells were routinely tested for mycoplasma using Mycoplasma Detection Kit. 100 pl
from the cell media were taken and centrifuged for 5 min at 200 g. The supernatant was
transferred to a test tube. 100 pl of MycoAlert reagent (A) were added and lumines-
cence was measured after 5 min incubation. Then, 100 pl of MycoAlert substrate (B)
were added and luminescence was measured after 10 min incubation. The ratio of B/A
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was used to determine the mycoplasma status according to manufacturer's parameters.

Cell treatments
Modification of endogenous p38a. expression. For depletion of p38a or expression of
p38a kinase dead mutant, cells were treated with 60 pg Tat-Cre protein (Peitz et al,,
2002) or with 100 nM 4-OHT for 4 or 2 days, respectively. 4-OHT is the active metab-
olite of tamoxifen used to activate Cre-ERT2, in which the Cre recombinase is fused to
the ligand-binding domain of the estrogen receptor. The resulting protein, Cre-ER, is
confined to the cytoplasm but in the presence of tamoxifen, Cre-ER translocates to the
nucleus, where it catalyzes the recombination of the target DNA sequences flanked by
loxP (lox) sites. The Tat-Cre protein was used when cells do not express Cre-ER, as it
can enter the cell and induce the recombination of lox-flanked DNA sequences.

p38 MAPK pathway stimulation: Several agents were used to activate the p38a pathway.

In all cases, cells were plated at 60-70% confluence and attached in a p10 cm plate. Incu-

bation times for the different treatments are indicated in each experiment.

e UV radiation: cell media was removed and placed into 15 ml tubes, and plates
were introduced into a UV crosslinker apparatus. UV radiation intensities were
determined according to the experiment. After stimulation, the media was added
back to the cells.

*  NaCl: 200 mM NaCl was used to induce osmotic stress.

*  H,0,:100 uM H,O, was used to generate oxidative stress.

*  Anisomycin: This is an antibiotic produced by Streptomyces griseolus that inhibits
protein synthesis, and it was used at 20 pM.

*  Lipopolysaccharide (LPS): LPS is a component of the Gram negative bacteria out-
er membrane and it was used at 10 ng/ml to activate p38a signaling in BMDM.
Before LPS treatment, cells were deprived form L-cell media for 18 h at day 6 of
differentiation as mentioned above.

*  Transforming growth factor f (TGFf): TGFp is a multifunctional cytokine that
activates Smad proteins and MAPK pathways, and it was used at 5 ng/ml.

MAPK inhibitors. Two different p38a inhibitors were used. BIRB796 is a p38a. allosteric

inhibitor (Pargellis et al., 2002) that was used at 10 uM and was added 2 h prior to p38a.

stimulation. PH-797804 is an ATP competitive inhibitor (Xing et al., 2009) that was
used at 2 pM and was added 2 h before stimulation. MK2 was inhibited using the ATP

competitive inhibitor PF-3644022 (Mourey et al., 2010) at 10 uM, which was added 2 h

before p38a pathway stimulation. The p38a docking groove was blocked by using the

CMPD1 inhibitor at 10 uM for different times, as indicated in the corresponding exper-

iments. All stock aliquots were prepared in DMSO and stored at -20°C.

Protein degradation inhibitors. Autophagy and proteasome degradation pathways were

inhibited by using different compounds. The 20S proteasome subunits were inhibited

with 20 uM MG132 or 100 nM Bortezomib, whereas the 19S regulatory subunits were
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blocked with 3 pM b-AP15 or 200 uM O-phenanthroline. Autophagy was inhibited
using 400 nM Bafilomycin Al. All inhibitors were added 2 h before p38a stimulation
and incubated for the indicated times. All compounds were dissolved in DMSO and
stored at -20°C.

Cell transfection

Calcium chloride method. 293T cells at 70% confluency were used for cell transfection.

DNA (5-10 ug) was dissolved in 450 pl of sterile water, and 50 pl of 2.5 M CaCl, were

added drop by drop and incubated for 5 min at RT. Afterwards, 500 pl of 2X HBS were

added drop-wise with bubbling and incubated for 20-30 min at RT. The final mix (1 ml)

was added to 293T cells and incubated overnight (O/N). Next day, the media was re-

placed by fresh DMEM to avoid CaCl, toxicity. Unless otherwise indicated, experiments
were performed 24 h after changing the media. The following constructs were used for
transfection.

e p38a mutants: pcS2-MT plasmids containing 6x Myc-tagged p38a. WT or mutat-
ed forms were provided by Dr. Jalaj Gupta. The mutations were generated using
the QuickChange site-directed mutagenesis kit. The primers used are indicated in
Table 3.

o Tagged proteins: pDEST Flag constructs containing CDO1, COPS5, FKBP8 and
NCF1 proteins were obtained by cloning from pDONOR plasmids using the Gate-
way system. Briefly, 1,5 ul of vector (150 ng/ul) and 2,5 pl (150 ng/pl) of insert
were mixed with 1 ul of LR clonase in a volume of 4 ul. The mixture was incubated
at 25°C for at least 1 h. After incubation, 1 pl of Proteinase K was added and incu-
bated for 20 min at 37°C. Then, 2-3 ul of the mixture were transformed into 20 ul
of DH5a. E.coli. The Flag-MK2 construct, as well as Myc and GFP constructs used
in different assays were obtained as indicated below (Table 4). DNA was purified
using a plasmid miniprep kit following the manufacturer’s procedure.

Table 3 | Primers used for the generation of p38a mutants

T123A gtgccagaagcetggeccgacgaccacgttcag ctgaacgtggtcgtcggccagcettctggecac
T123D gtgccagaagcetggacgacgaccacgttcag ctgaacgtggtcgtcgtccagcettctggecac
Q120A caacatcgtgaagtgcgcgaagctgaccgacg cgtcggtcagcettcgegeacttcacgatgttg

gggctggctcggcacactgcagatgagatgacag-

D176A gtagcctgtcatctcatctgecagtgtgeccgagecagecce

gctac
F327S gacccttatgaccagtccagtgaaagcagggacc ggtccctgcetttcactggactggtcataagggte
D145G ctgaagtatatacattcggctggcataaticacagg- ctttaggtcccetgtgaattatgccageccgaatg-
gacctaaag tatatacttcag

E160T gcccagcaacctagetgtgaacacagactgtgaget- | gaatcttgagctcacagtetgtgttcacagetaggttget-
caagattc gggc
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D161T cooccfogcfgtgooc%gsgoccfgfgogctcoogot- cagaatcttgagctcacaggtttcgttcacagetaggttg
ITT16A gcggacctgaacaacgeccgtgaagtgccagaag cttctggcacttcacggegttgttcaggtccge
D313-15- | gctcagtaccacaaccctaataatgagectgttget- gggfcagcaacaggctcattattagggttgtggtact-
16N gaccc gagce

Table 4 | Plasmids used for transient transfection

pCMVé-Myc-DKK-Bccip Origene MR204529
pPCMVé-Myc-DKK- Mppéb Origene MR224477
pCMV6-Myc-DKK- Pcmtdl Origene MR205454
pPCMV6-Myc-DKK- Strip1 Origene MR210201
pcDNAS FRT/TO FLAG MK2 MRC Dundee DU45476

Provided by Dr.Matthias Gaestel
(Ronkina et al., 2011)

GFP p38a - Nebreda's lab

PCDNA3 MYC MK2 -

Lipofectamine method. siRNAs (50 nM) were transfected into U20S cells or breast
cancer fibroblasts using Lipofectamine RNAi MIX transfection reagent following the
manufacturer’s protocol. After transfection, cells were incubated 24 h in antibiotic free
media, split and analyzed 48 h later. The siRNAs used are indicated in Table 5.

Table 5 | siRNAs used for transient transfection

siLuciferase (siCnfrl) cguacgcggaauacuucgadtdt Microsynth
SISMURF1 ccagcacuaugaucuauautt Ambion Life Technologies
siSTUB1 gagcuaugaugaggccauctt Ambion Life Technologies
SIMDM?2 gccauugcuuuugaaguuatt Ambion Life Technologies
siStrip1 uuuaucagagccuugugcucccguc Invitrogen
Retroviral infection

Retroviruses were produced in 293T cells by transfecting the desired retroviral plasmid
along with pCL-ECO (packaging vector). 48 h after transfection, viruses were diluted
1:2 with DMEM containing 8 ng/ml polybrene. Breast cancer fibroblasts or MK2 KO
MEFs at around 60% confluency were infected with the supernatant from 293T cells
(48h post-transfection) and then again with the second supernatant (72 h post-transfec-
tion). Infected cells were selected in puromycin (1 pg/ml) for one week to generate sta-
ble cell lines. Retroviral vectors to express p38a mutants were generated by sub-cloning
from the plasmids described above (Table 3) into the pBabe-puro vector.
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MK2 WT, MK2 N-term, HA-MK2 WT and the MK2 D-(R) were cloned from pMMP3-
IRES-EGFP-D-MK2 WT plasmid (Ronkina et al., 2007) into a pbabe-hygro vector by
the DC-Biosciences company.

Lentiviral infection

For a 10 cm plate, 5 ng of shRNA plasmid were transfected (1:1) along with packaging
vectors VSV-G, RRE and RSV.

pLKO.1 shRNA for HSP27 and MK2 were obtained from the Functional Genomics fa-
cility of IRB Barcelona. Sequences are shown in Table 6.

Table é | Sequences of the shRNAs used.

shHsp27_1 accctctatcacggctactat
shHsp27_2 cacggaagtcaatgaagtcta
shMK2_1 ccgggcatgaagactcgtatt
shMK2_2 tccgtgttatacaccatacta

Cell electroporation

BMDM:s and MK2 deficient MEFs were electroporated by using a Neon transfection
system Kkit, pipette and pipette station.

After differentiation, BMDMs (20x10°) were resuspended in 100 pl of buffer R (provid-
ed in the kit). The cell suspension was mixed with 800 nM of siRNA (Table 5) and cells
were electroporated with 2 pulses of 1400V for 20 ms. Cells were transferred into 6,6ml
of media to reach a final siRNA concentration of 12 nM. Then, 1 ml of cells (3x10°) were
plated in a 60 cm plate.

MK?2 KO MEFs (8x10°) were resuspended in 100 pl of buffer R. Cells were mixed with
6 ug of pcDNA3 MK2 WT (Ronkina et al., 2011) (provided by Dr. Matthias Gaestel
(MH-Hannover, Germany). Then, cells were electroporated with 1 pulse of 1350V
during 30 ms and plated in a 10 cm plate.

Cellular and molecular biology

Protein detection by western blotting

Protein extraction: For protein extraction, samples were lysed in IP buffer. Tissue sam-
ples were homogenized using the Percellys instrument whereas cells were washed twice
with PBS and scrapped. Samples were incubated for 15 min on ice and then centrifuged
at 16000 xg at 4°C for 15 min. Then, supernatants were placed in new Eppendorf tubes.
Cell lysates were processed by western blotting or frozen at -80°C.

Protein quantification: Total protein was quantified using RC DC protein assay kit ac-
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cording to manufacturer’s instructions. Protein concentration was measured at 750 nm
using a spectrophotometer (BioTek, #FLx800), and a BSA standard curved as a refer-
ence.

Western blot: 50 ug of protein were resuspended in loading buffer 1X and boiled for 5
min at 95°C. Then, samples were loaded onto different types of SDS-polyacrylamide
gels depending on protein size. Gel composition is shown in Table 7.

Table 7 | Composition of SDS-polyacrylamide gels

% Acrylamide 14% 12% 10% 8% 5%
MQ (ml) 6,1 6,9 7.7 8.5 5.8
Acrylamide 40% 29:1 (ml) 5,6 4,8 4 3,2 1
1,5M Tris pH 8,8 (R) or 6.8 (S) (ml) 4 4 4 4 1
SDS 10% (ul) 160 160 160 160 80
APS (ul) 160 160 160 160 80
TEMED (ul) 16 16 16 16 8

Proteins were separated by SDS-PAGE at 100 V for 2 h. After electrophoresis, pro-
teins were transferred from polyacrylamide gels to a nitrocellulose membrane using
a wet-transfer system (BioRad). Ponceau red was used to determine transfer quality
and efficiency. After washing out the Ponceau red with PBS, membrane was blocked
for 1 h in 5% non-fat dry milk in PBS at RT. Then, primary antibody was added to the
membrane and incubated O/N at 4°C. The next day, the membrane was washed three
times with TBS-0,05 % Tween and incubated with the secondary antibody diluted in
1% non-fat milk in TBS- 0,05% Tween for 1 h at RT. Finally, membranes were washed
as previously mentioned and proteins were detected using Odyssey Infrared Imaging
System. Antibodies are indicated in Table 8.

Protein detection by Immunofluorescence

293T cells grown in coverslips were washed with PBS and fixed for 20 min in ice-cold
methanol (-20°C). After fixation, cells were placed in a petri dish covered with alumi-
num foil with a strip of wetted Whattman paper around the inside wall of the plate to
avoid coverslips from drying out. Then, coverslips were washed again with PBS and
blocked for 1 h with PBS-BT solution (3% BSA, 0.1% Triton X-100, 0.02% Azide in
PBS) at RT. Primary antibodies were incubated O/N at 4°C. The next day, coverslips
were washed with PBS-BT buffer and secondary antibodies were incubated for 1h at RT.
Coverslips were placed into superfrost glass slides with ProLong Gold antifade DAPI
mountant. Primary and secondary antibodies were diluted with PBS-BT and are indi-

82

cated in Table 9.

Molecular basis of p38a. MAPK signaling

Table 8 | Primary and secondary antibodies used by western blotting

Antibody Dilution Buffer Company Reference
c-Myc 1:1000 | 1% BSA (PBS) Abcam Ab9132
Dnajbé 1:500 1% BSA (PBS) Santa Cruz sc365574
Flag 1:1000 | 1% BSA (PBS) Sigma F3165.2MG
GAPDH 1:5000 | 1% BSA (PBS) Sigma G8795
GFP 1:1000 | 1% BSA (PBS) Santa Cruz sC9996
GST 1:1000 | 1% BSA (PBS) Santa Cruz sc138
Goat IgG (AlexaFluor 680) | 1:5000 | 1% milk (TBS-T) Invitrogen A21084
HA 1:1000 | 1% BSA (PBS) Abcam 3F10
HSP27 1:1000 | 5%BSA (TBS-T) Santa Cruz sc-1049
HSP27 phospho-$82 1:1000 | 5%BSA (TBS-T) Cell Signaling 2401
Lamin A/C 1:1000 | 1% BSA (PBS) Santa Cruz 5c20681
LC3 1:1000 | 1% BSA (PBS) | BioNova cientifica PM036
MK2 1:500 | 5%BSA (TBS-T) Cell Signaling 3042
MK2 phospho-T334 1:500 | 5%BSA (TBS-T) Cell Signaling 3007
MKK6 1:500 | 1%BSA (PBS) | Homemade (Ambrggg‘s‘; etal.,
Mppé 1:500 1% BSA (PBS) Santa Cruz 5c393429
Mouse IgG (AlexaFluor 680) | 1:5000 | 1% milk (TBS-T) Invifrogen A21057
Mouse IgG (AlexaFluor 800) | 1:5000 | 1% milk (TBS-T) Rockland 611-131-122
PCMTI1 1:500 1% BSA (PBS) Santa Cruz sc100977
PP2A C subunit 1:1000 | 5%BSA (TBS-T) Cell Signaling 2038T
p38a 1:1000 | 1% BSA (PBS) Santa Cruz sc-535
p38a 1:1000 | 1% BSA (PBS) Santa Cruz sc81621
P38 phospho-T180/Y182 | 1:1000 | 5%BSA (TBS-T) Cell Signaling 9211
P53 1:1000 | 5%BSA (TBS-T) Cell Signaling 25243
Rabbit IgG (AlexaFluor 680) | 1:5000 | 1% milk (TBS-T) Invitrogen A21076
Smad3 phospho-5424/425 1:500 | 5%BSA (TBS-T) Cell Signaling 95208
Spectrin 18 1:500 1% BSA (PBS) Santa Cruz sc515592
Strip1 1:1000 | 1% BSA (PBS) Abcam Ab199851
Tubulin 1:10000 | 1% BSA (PBS) Sigma T9026
Ubiquitin 1:1000 | 1% BSA (PBS) Enzo Biosciences BML-PW88100100
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Protein detection by Immunohistochemistry (IHC)

Tissues were fixed with formalin for 24 h at RT, washed once with 70° ethanol and
embebed in paraffin. IHC staining was performed by Elisabeth Llonch and the Histo-
pathology facility unit of IRB Barcelona. Briefly, tissue sections on slides were de-waxed
in xilol for 10-15 min and then re-hydrated in descending series of ethanol solutions
(100%, 95%, 75%, 50% and water). Then, antigen unmasking was performed with citrate
buffer (10 mM sodium citrate, pH 6) for 20 min at 97°C. Afterwards, endogenous per-
oxidase activity was blocked for 10 min at RT using peroxidase blocking buffer. Then,
slides were washed and incubated for 1 h with the primary antibodies (Table 10). Slides
were washed with water and incubated with HRP-conjugated secondary antibodies (Ta-
ble 10). Signals were visualized with diaminobenzidine and tissue slides were mounted
with DPX mounting medium after washing with PBS.

Table 9 | Primary and secondary antibodies used for Immunofluorescence

Antibody Dilution Company Reference
c-Myc 1:200 Abcam Ab9132
Flag 1:200 Sigma F3165.2MG
GFP 1:200 Santa Cruz sC-9996
Rabbit IgG (Alexa Fluor 488) 1:400 Invitrogen A-21441
Mouse IgG (Alexa Fluor 555) 1:400 Invitrogen A-21422
GST 1:1000 Santa Cruz sc138
Tubulin 1:10000 Sigma 19026
Ubiquitin 1:1000 Enzo Biosciences BML-PW88100100

Table 10 | Primary and secondary antibodies used for Immunohistochemistry

Antibody Dilution Company Reference
Ki¢7 1:1000 Abcam 15580
P-H3 1:3000 MERK Millipore 06-570
BrightVision poly HRP anti Rb 150 ul Immunologic DPVR110HRP
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ithelial cells. Cells were collected, washed in PBS and resuspended in 100 pl of fresh
DMEM containing 2 pl of EpCAM antibody (Table 11). After 1 h of incubation, cells
were washed with PBS and resuspended in 500 pl of fresh DMEM. 10.000 cells were
acquired on Gallios Flow cytometer and FlowJo software was used for analysis.

Breast cancer and colon fibroblasts isolation. 5 x 10° cells were resuspended in 500 pl of
3% FBS in PBS and stained with PDGFa, EpCAM and CD45 antibodies (Table 11) for
30 min on ice. Isotype controls (Table 11) and single antibody stainings were included
as controls. Afterwards, cells were washed with 3% FBS in PBS and finally resuspended
in 2 ml of the same buffer. For fibroblasts isolation, PDGFa*, EpCAM™ and CD45" cells
were sorted using FACS Aria flow cytometer.

Detection of global protein synthesis in living cells. Growing cells were treated with
O-propargyl-puromycin (OP-Puro) for 30 min. Then cells were harvested, fixed (3.7%
Paraformaldehyde in PBS) and permeabilized (0.5% Triton in PBS). To stain OP-Puro
positive cells, Click-iT Alexa-488 cocktail reagent was prepared following the manufac-
turer’s protocol and added to the cell pellet and incubated during 30 min at RT protect-
ed from light. Finally, cells were washed twice with PBS and OP-Puro positive cells were
analyzed using the BD Aria Fusion FACS.

BrdU cell labeling. Growing cells were treated with 10 uM BrdU for 2 h, harvested and
fixed with cold 70% ethanol for at least 24 h at -20°C. After fixation, cells were centri-
fuged at 1000 rpm for 5 min and washed once with PBS. Afterwards, the cell pellet was
resuspended in an ice-cold denaturizing solution (0.1 M HCI, 0.5% Tween 20 in H,0)
and incubated for 10 min on ice. After centrifugation, cells were resuspended in H,O
and incubated at 95°C for 5 min. Cells were centrifuged again, washed once in blocking
buffer (1% BSA, 0.5% Tween 20 in PBS) and resuspended in 100 pl of blocking buffer
containing 10 pl of anti-BrdU-FITC (included in the FITC Mouse Anti-BrdU set). After
1 h of incubation at RT in the darkness, cells were washed once in blocking solution and
resuspended in PI staining solution (10 pg/ml PI, 200 pg/ml RNAase A, 0.05% Tween
20 in PBS). Cells were acquired on a Gallios flow cytometer and FlowJo software was
used for analysis.

Table 11 | Antibodies used in flow citometry

Flow cytometry analysis (FACS)

Flow cytometry analysis was performed in the Cytometry facility from University of
Barcelona.

Epithelial cell status verification. Cells lines derived from PyMT-induced mouse mam-
mary tumors were tested for the EpCAM marker that is commonly expressed in ep-
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Antibody Dilution Company Reference
CD31 PeCy7 1:200 Biolegend 102417
CD45 APC/PerCpCy5.5 1:200 BD pharmigen 550539
EpCAM FITC 1:100 Santa Cruz sc-53532
PDGFa PE 1:100 eBioscience 12-1401-81
PDGFB PE 1:25 eBioscience 17-1402-82
Isotype- FITC 1:200 BD pharmingen 556923
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Isotype- PE 1:100 Santa Cruz sC2866
Isotype- APC 1:200 eBioscience 17-4031-81

Isotype- PeCy7 1:200 Biolegend 400521
Isotype- PerCpCys5.5 1:200 Biolegend GO114F7

Gene expression analysis by qRT-PCR

RNA extraction: Cells were washed twice with PBS, resuspended in 500 pl Trizol and
placed in a 1.5 ml Eppendorf tube. 100 pul Chloroform were added, and tubes were cen-
trifuged 15000 xg at RT for 10 min. Two liquid phases were generated and 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.

cDNA synthesis: RNA samples were quantified using Nano Drop. 1 pg RNA was used for
cDNA synthesis with SuperScript IV reverse transcriptase, RNAsin and random prim-
ers following Invitrogen’s instructions.

qRT-PCR: 5 ng of cDNA, 5 ul SYBR green reagent and 0.2 pl of gene specific Fw and Rv
primers were mixed in a 10 pl final volume. The plate was sealed, centrifuged for 1 min
at 200 xg and run as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of denaturation
at 95°C for 15 s, annealing and elongation at 60°C for 1min, and three final steps of 95°C
for 155, 60°C for 1min and 95°C for 15 s. mRNA levels were analyzed in triplicates and
normalized to the GAPDH expression level. Primers are shown in Table 12.

Table 12 | Primers used in qRT-PCR

CXCL2 gctgtcaatgccctgaagaccctge gtacgatccaggcttcccgggtg
GAPDH cttcaccaccatggaggaggc ggcatggactgtggtcatgag
IL6 gaggataccactcccaacagacc aagtgcatcatcgttgttcataca
MK2 gtcagaagtatcagaagaagtg ggttcatgaatictgtgatgg
TNFa ccagaccctcacactcagatc cacttggtggtttgctacgac
SMURF1 gagagcttcgatgaagaaag gaatgtcgatccggttaaag
STUB1 fggaacagcattgaggag atgtacttgtcgtgcttg
MDM?2 tfgaggagcaggcaaatg gtctaaccagggtctcttg

Protein expression and purification

Expression constructs for GST fusion proteins were cloned into pDEST15 plasmid by
Dr. Natalia Trempolec using Gateway cloning technology or were kindly supplied by
other laboratories. GST-p38a mutants were generated using QuickChange site-directed
mutagenesis with the indicated primers (Table 13).
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Table 13 | Primers used for GST-p38a. mutant generation

E178A cggcacacagatgatgcaatgacaggetacg cgtagcctgtcattgecatcatetgtgtgecg

P322R gaaccagtggccgatcgttatgatcagtectttg caaaggactgatcataacgatcggeccactggttc

R49Q gacacaaaaacggggttacaagtggcagtgaagaagcetc gagcttcttcactgeccacttgtaaccccegtttttgtic

R136Q ccttatctaccaaattctcaaggtctaaagtatatac gtatatactttagaccttiggagaatttggtagataagg

GST-tagged proteins were obtained as describe below:

Bacteria transformation. 100-200 ng of GST-expression plasmids (Table 14) were add-
ed to 50 pl of chemo-competent BL21 E.coli and incubated on ice for 20 min. Samples
were placed in a thermoblock at 42°C for 45 sec and then put back on ice for 2 more
min. Then, 700 pl of LB media were added and the bacteria were incubated with light
shacking for 1 h. Afterwards, bacteria suspension was plated onto pre-warmed plates
containing ampicillin (Amp) and incubated O/N.

GST-protein expression. After transformation, one bacterial colony was grown O/N in
25 ml of LB containing Amp (50 pg/ml). Next day, the whole culture was mixed with
475 ml of LB+ Amp and grown until it reached an 0.4-0.5 OD595 nm. Then, 1 mM IPTG
was added and the culture was incubated for 3 more h at 37°C.

GST-protein purification. The bacterial culture was centrifuged at 4000 rpm for 20 min
at 4°C. After centrifugation, the pellet was either frozen at -20°C or processed for pro-
tein purification. The pellet was incubated in 5 ml of lysozyme solution (100 pg/ml lyso-
zyme in PBS) for 15 min on ice. Then, 5 mM DTT, 1 mM PMSF and 0.5% Sarcosyl were
added for bacterial lysis. Next, lysates were sonicated at 30% amplitude for 15 seconds
(on/off for 3-4 cycles) and incubated with 1% Triton X-100 to solubilize proteins. Cell
lysates were centrifuged at 11000 xg for 12 min at 4°C, and the supernatants were incu-
bated with 100 pl of Glutathione Sepharose beads (previously washed twice in PBS) for
2 h rotating at 4°C. Then, beads were washed with cold-PBS and resuspended in 300l
of elution buffer (20 mM glutathione in 50 mM TrisHCI pH 8.5). After 5-10 min incu-
bation on RT, GST-proteins were released from the beads by centrifugation for 2 min at
200 xg. At each step, 20 pl samples were collected for SDS-PAGE analysis to check the
purification procedure.

Dialysis. Eluted proteins were dialyzed O/N against 2-5 1 of 20 mM TrisHCI pH 8, 50
mM NaCl, 0.1 mM EDTA, 0.5 mM DTT and 5% glycerol.

Kinase assay

p38a was activated by incubating 4 ng of bacterially expressed GST-p38a with 1 pg of
MBP-MKK6DD (constitutively active MKK6) in kinase buffer (50 mM TrisHCI pH 7.5,
10 mM MgClz, 2mM DTT, 100 uM Na vanadate, 1 mM PMSE, 10 pg/ml aprotinin and
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10 pg/ml leupeptin) supplemented with 10 mM ATP for 1 h at 30°C. Kinase assays were
performed with 1 pug of GST-protein substrate and 0.5 pg of active p38a in kinase bufter
supplemented with 100 uM of cold ATP and 2 pCi y-**P-ATP for 30 min at 30°C. Reac-
tion was stopped by adding 5 pul of 5X loading sample buffer. Proteins were separated by
SDS-PAGE, stained with Coomassie for 1h and distained for 2 h. Gels were placed on
Whatman paper, covered with foil and placed on a gel dryer. Then, gels were analyzed
by autoradiography.

Table 14 | GST-expression constructs

CAMKK?2 pDEST15 Home-made
CDOI1 pDEST15 Home-made
FKBP8 pDEST15 Home-made

GFP pGEX Home-made

Provided by Dr.

GRKS5 pGEX Jeffrey Benovic (Carman et al., 1999)
hNRNPAT pDEST15 Home-made
HTRA2 pDEST15 Home-made
p38a E178A pGEX Home-made
p38a. P322R pGEX Home-made
p38a R49Q pGEX Home-made
p38a R136Q pGEX Home-made
p38a WT pGEX Home-made

p38a. mutant immunoprecipitation and kinase assay

6X Myc-tagged p38a mutants (Table 3) were overexpressed in 293T cells together with
constitutively active MKK6DD to induce p38a activation. Agarose beads were coupled
with home-made c-Myc hybridoma and incubated with 500 pg of cell lysates rotating
O/N at 4°C.

The next day, beads were recovered by centrifugation (200 xg for 2 min), washed and
used for kinase assays. The immunoprecipitated p38o mutants were incubated with 1pg
of purified GST-MK2 and 100 pM ATP in a total volume of 30 pl of kinase bufter (50
mM Tris pH 7.5, 10 mM MgClz, 1 mM DTT, 2 pM Microcystin) for 30 min at 30°C. Re-
action was stopped by adding 1X sample loading buffer and boiling for 5 min. Proteins
were resolved by SDS-PAGE, transferred onto a nitrocellulose membrane and detected
with antibodies that recognize the phosphorylated MK2.

MK?2 immunoprecipitation
Single-domain antibodies against MK2 called Nano-Traps (MK2-Trap_A) were used
for endogenous MK2 immunoprecipitation. In contrast to conventional antibodies, Na-
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no-traps takes advantage of Camelids species that possess a second type of antibodies
named heavy chain antibodies (hcAbs). HcAbs bind their antigen with a single mono-
meric variable domain (nanobody) with excellent binding properties (Harmsen & De
Haard, 2007) whereas the binding region of common IgG consists of two domains (VH
and VL) which tend to dimerize or aggregate because of their lipophilicity. As a result,
Nano-traps allow fast, reliable and efficient immunoprecipitations. Binding agarose
beads were used as negative controls. Cells were processed using the manufacturer’s
protocol. Briefly, 25ul of MK2-Trap_A or binding agarose beads were incubated O/N
with 500ug of cell lysates rotating at 4°C. The next day, beads were recovered by centrif-
ugation (200 xg for 2 min), washed three times with wash buffer (10 mM Tris HCI pH
7.5; 150 mM NaCl; 0.5 mM EDTA), resuspended in 1X loading buffer and boiled for 5
min at 95°C. Immunoprecipitated proteins were analyzed by western blotting.

GST-pull down

Binding of GST-fused recombinant proteins to the beads. 40 pl of glutathione beads were
washed three times in PBS and incubated with 5 pg of GST recombinant protein (Table
14) in 500 pl of PBS with 1X Complete protease inhibitors (Roche). The mixture was
incubated for 2 h rotating at 4°C. Then, bead-bound GST-proteins were recovered and
washed three times with PBS.

Pull down: 500 pg of lysates from 293T cells expressing the protein of interest were in-
cubated with previously prepared beads for at least 3 h at 4°C rotating. Then, beads were
washed three times with PBS and once with IP buffer. Afterwards, beads were resus-
pended in 1X loading buffer, boiled for 5 min at 95°C and analyzed by western blotting.

Proximity ligation assay (PLA)

U20S cells transfected with the required plasmids (details in cell transfection section),
were grown on coverslips, washed with PBS and fixed for 20 min with ice-cold meth-
anol (-20°C). After fixation, cells were incubated with anti-Myc and anti-Flag prima-
ry antibodies (Table 8) as for a normal immunofluorescence. The next day, PLA was
performed following manufacturer’s instructions. Briefly, anti-mouse and anti-rabbit
probes were diluted 1:5 in blocking bufter (provided in the kit) and incubated 20 min at
RT. Then, coverslips were incubated with the probe for 1 h at 37°C in a humid chamber.
After incubation, coverslips were washed with buffer A (0.01 M Tris HCI, 0.15 M NaCl
and 0.05% Tween 20) and incubated with the ligation reaction (ice-cold ligase diluted
1:40 in 1X ligation buffer provided in the kit) for 30 min at 37°C in humidity chamber.
Coverslips were washed again with buffer A and incubated in the amplification reaction
(polymerase diluted 1:80 with 1X amplification buffer supplied in the kit) for 100 min at
37°C in humidity chamber. The, samples were washed three times with buffer B (0.2 M
Tris HCI, and 0.1 M NaCl) and dried. Coverslips were placed in superfrost glass slides
with ProLong Gold antifade DAPI mountant and analyzed for DAPI and alexa555.
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Sucrose gradients

Breast cancer fibroblasts were trypsinized, harvested and resuspended in 25 mM HEPES,
0.1 mM EDTA, 12.5 mM MgCl,, 10% Glycerol, 0.1 M KCI, 0.1% NP-40, 1 mM DTT and
1x Complete protease inhibitors (Roche). Cell lysates were incubated for 15 min on ice
and centrifuged 15 min at 16000 xg. 1 mg of lysates was loaded on top of a 4ml linear
sucrose gradient (20-28%) prepared in the same buffer. Gradients were centrifuged at
156,500 xg in a Beckman Coulter MLS-50 rotor for 16 h at 4 °C. Fractions of 930 ul were
collected from the top and then analyzed by western blotting.

MK2 protein half-life analysis

Breast cancer fibroblasts were treated or not with p38a. inhibitors and exposed to 50uM
cycloheximide. Cells were collected at timed intervals for up to 6 h and subjected to
western blotting using anti-MK2 antibody. Tubulin was used as a loading control. The
intensity of the bands was determined using the Image] software and the half-life was
determined from fitting the data to an exponential one phase decay equation using the
GraphPad Prism computer program (GraphPad Software, Inc., La Jolla, CA, USA).

MK2 mRNA stability

BMDM were treated with p38a. or MK2 inhibitors for 2 h, stimulated with LPS for 4 h
more, and then treated with 5pg/ml actinomycin D for the indicated times. Total RNA
was isolated and MK2 mRNA was analyzed by RT-PCR.

Subcellular fractionation assay

At least 1x10° cells were harvested and resuspended in 200 pl 10 mM Hepes pH 7.5, 10
mM KCI, 5 mM MgCl, and protease inhibitors (Buffer A) and incubated for 15 min on
ice. NP40 was added to a 0.3% final concentration followed by an incubation of 10 min
more on ice. Lysates were centrifuged for 5 min at 3500 rpm to obtain cytoplasmic and
nuclear fractions (supernatant and pellet, respectively). The nuclear pellet was washed
once in Buffer A and incubated with 100 pl of 20 mM Hepes pH 7.5, 200 mM NaCl,
1% NP-40, with protease inhibitors and 2-3 U/ul DNAse (Buffer B) for 30 min at 37°C.
Then, lysates were centrifuged at 14000 rpm for 5 min and the supernatant contained
the soluble nuclear proteins. Proteins of both fractions were analyzed by western blot-
ting. GAPDH and Lamin A/C proteins were used as loading controls for cytoplasm and
nuclear fractions, respectively.

Mass spectrometry

MK?2 was immunoprecipitated from WT and p38a KO breast cancer fibroblasts (4 mg
and 6 mg respectively) in triplicates using MK2-Trap_A beads (160 pl/sample). As a
control, the same lysates were immunoprecipitated in duplicates using binding agarose
beads (160 pl/sample). After O/N incubation, beads were eluted with 400 pl of Glycine
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pH 2.5 for 1 min at RT and centrifuged at 1000 rpm for 2 min. The supernatants were
collected into new Eppendorf tubes and neutralized with 40 pl of 1 M Tris base pH 10.4.
Samples were processed by the IRB Mass Spectrometry Facility. Briefly, around 90 pg of
sample were reduced with DTT, carbamidomethylated and digested with trypsin (2%)
following FASP protocol (Wisniewski et al., 2009). Then, the digested peptides were
diluted in 1% formic acid (FA). Samples were loaded onto a 30 um x 10 cm nanoVi-
per, C18 (Thermo Scientific) at a flow rate of 15 pl/min using a Dionex Ultimate 3000
chromatographic system (Thermo Scientific). Peptides were separated using a C18 ana-
lytical column (Acclaim PepMap® RSLC 75 pm x 15 ¢cm, nanoViper, C18, 2 um, 1004,
Thermo Scientific) with a 160 min run, comprising three consecutive steps with linear
gradients from 3 to 35% B in 120 min, from 35 to 50% B in 5 min, and from 50% to
85% B in 2 min, followed by isocratic elution at 85 % B in 5 min and stabilization to
initial conditions (A= 0.1% FA in water, B= 0.1% FA in CH3CN). The column outlet was
directly connected to an Advion TriVersa NanoMate (Advion) fitted on an Orbitrap Fu-
sion Lumos™ Tribrid (Thermo Scientific). The mass spectrometer was operated in a da-
ta-dependent acquisition (DDA) mode. Survey MS scans were acquired in the orbitrap
with the resolution (defined at 200 m/z) set to 120,000. The lock mass was user-defined
at 445.12 m/z in each Orbitrap scan. The top speed (most intense) ions per scan were
fragmented and detected in the linear ion trap. The ion count target value was 400,000
for the survey scan and 10,000 for the MS/MS scan. Target ions already selected for MS/
MS were dynamically excluded for 15 s. Spray voltage in the NanoMate source was set
to 1.60 kV. RF Lens were tuned to 30%. Minimal signal required to trigger MS to MS/
MS switch was set to 5000 and activation Q was 0.250. The spectrometer was working
in positive polarity mode and singly charge state precursors were rejected for fragmen-
tation.

A database search was performed with Proteome Discoverer software v2.1 using Sequest
HT search engine, SwissProt Mouse isoforms release 2016_09. Contaminants database
and user protein MK2 were manually introduced. Search was run against targeted and
decoy database to determine the false discovery rate (FDR). Search parameters included
Trypsin enzyme, allowing for two missed cleavage sites, carbamidomethyl in cysteine
as static modification; methionine oxidation and acetylation in N-terminal as dynamic
modifications. Peptide mass tolerance was 10 ppm and the MS/MS tolerance were 0.6
Da. Peptides with a g-value lower than 0.1 and a FDR < 1% were considered as positive
identifications with a high confidence level. Finally, the Percolator FDR node was used
to estimate the number of falsely identified proteins among all the identified proteins.

Bioinformatic predictions of putative p38c. interactors

Bioinformatic predictions for putative p38a interactors were performed by Dr. Lau-
ra Isus and Dr. Richa Mudgal (Structural Bioinformatics and Network Biology Group
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at IRB Barcelona). The first strategy used to select novel p38a interactor candidates
was done following previous publications (Sardon et al., 2010). Briefly, they consid-
ered the presence of at least one SP/TP site, consensus motifs for docking motifs, Ser/
Thr phosphorylation data from (Weintz et al., 2010), conservation of phosphorylation
sites in vertebrates and sub-cellular localization according to the Gene Ontology (The
Gene Ontology, 2010). The second strategy considered the p38a docking site alignment
by using Clustal Omega. Then, the human proteome was scanned for p38a. motif oc-
currences using Find Individual Motif Occurrences (FIMO) Software tool or HMMER
search.

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was performed by using a two-
tailed Student’s t-test for the comparison of two groups or ANOVA using Bonferroni
post-hoc correction for multiple groups using GraphPad Prism Software 6.01 (Graph-
Pad Software, Inc., La Jolla CA). p-values are expressed as *P < 0.05, **P < 0.01 and ***P
<0.001.
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Identification of p38a protein interactors

To identify new p38a. protein interactors, we performed a bioinformatics analysis in
collaboration with Drs. Laura Isus and Patrick Aloy (IRB). To this end, we used three
different approaches and considered information available in databases, the presence of
D-motifs, and the modelling of docking peptides.

First approach: Based on databases and putative docking
motifs (D-motifs)

First, the in-silico analysis mined the information on p38a partners available in data-
bases (Stark et al., 2011) (Ceol et al., 2010) (Aranda et al., 2010) (Prasad et al., 2009)
(Bandyopadhyay et al., 2010). In addition, the analysis included a filtering strategy based
on the presence of at least one putative docking sequence in the set of proteins found.
Since the D-motif of some p38a substrates has been experimentally identified (Biondi
& Nebreda, 2003) (Sharrocks et al., 2000) (Cargnello & Roux, 2011), we searched for
D-motif occurrences in a list of 48 sequences with known p38a substrates and defined
a set of four putative docking motifs (Table 15).

Table 15 | Summary of the D-motif pattern-matching
search in the set of known substrate sequences.

1 K..[RK]....L.L

2 [KR].(4,5) [ILV].[ILV]
3 L.RR

4 [ILV](1,2).[RK] (4.5)

In total, 190 proteins from various studies were identified as putative p38a. interactors
(Supplementary Table 1A and 1B). Proteins in the list, described in the literature by
means of pull-down assays, immunoprecipitation, yeast two-hybrid (Y2H) screenings
or other protein binding assays, were classified as physical interactors. On the other
hand, proteins identified by kinase assays or other enzymatic studies were classified as
functional interactors. Around 150 proteins were found to be physical interactors and
40 functional interactors (Figure 13).

Among the putative interactors, our screening identified known p38a binding proteins
such as MK2 and PTPN7, thereby giving confidence to our filtering strategy. To validate
our analysis, we selected up to 10 proteins (according to plasmid availability) and tested
their interaction with p38a using pull-down assays (Table 16). The selected proteins
were cloned in a GST-expression vector, purified, and incubated with 293T cell lysates.

97



Molecular basis of p38a. MAPK signaling

Casp3

\ \ szd Creb1
C)rb slega) ugpii Zohin
> W\ \ T\ \
MAPK12 \ \ N\ | Egir Mef2d
@ {Busp16 \ \ \M/ g1 |
Q nf"Pa\ \ \ & “K’a’rlf?mm?“m Smads Rbi

636 B
\ M/mars
w\

il ce,npcw\,— 4

Elk4
/Jdpz .
By
&
————dun

A ——Elk1
———Ddit3

Usp7—_
—— VB oaracta
Bol2
“Noxa1 Srpki

B
“Mafa E
<
9
3
Tabt N\ eeq
< / Rbssklm‘cas"a N\ QQ
Mknk1 ~F L Esr1 i
M@2 Pig) fb J:uczsn @
Niatc4, / ‘\ L
/Rpsbkas Jhes
Cebpb Tme.meab
p38 physical interactors
p38 interactors —— functional interactors

Figure 13. Summary of the D-motif pattern-matching search in the set of known substrate sequences.

Table 16 | GST-expression constructs

CAMKK2 Physical 2 (Huttlin et al., 2015)
CDOIl Physical 2 (Takaesu et al., 2006)
COPS5 Physical 2 (Wang et al., 2008)
FKBP8 Physical 2 (Stelzl et al., 2005)

HNRNPA1 Functional 2 (Noguchi et al., 2009)
HTRA2 Functional 2 (Plun-Favreau et al., 2007)
NCF1 Functional 2,3 (Qian et al., 2009)
PPM1TA Physical/Functional 2 (Takekawa et al., 1998)
PTPN7 Physical 2,3 (Saxena et al., 1999)

MK2 Physical/Functional 2,34 (Kotlyarov et al., 2002)
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GST-proteins were pulled down and their binding to endogenous p38a was analyzed
using western blotting. GST-GFP protein was used as negative control, whereas GST-
MK2 and GST-PTPN7 were used as positive controls. Apart from the positive controls,
none of the preselected candidates interacted with p38a. in the pull-down assay (Figure
14A).

Since some protein-protein interactions are mediated by post-translational modifica-
tions (PTMs) (Duan & Walther, 2015), we co-expressed p38a together with four pro-
teins of interest in mammalian cells to facilitate a proper context for the PTM to happen.
In this case, we tested their interaction using co-immunoprecipitation (Figure 14B).
Likewise, we observed no interaction between p38a and the other proteins, except for
MK2, thereby indicating that none of the selected candidates bound to p38a in a stable
manner, neither in vitro nor in vivo.
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Figure 13. Validation of preselected candidates. (A) Pull down of GST-proteins (PD) incubated with 293T cell
lysates. Binding of endogenous p38a was analyzed by western blotting (WB). Predicted molecular weights:
GST-GFP: 53 kDa, GST-MK2: 68 kDa, GST-CAMKK2: 94k Da, GST-COPS5 64k Da, GST-FKBP8 (fruncated): 50 kDa,
GST-NCF1: 71kDa, GST-CDO1: 49 kDa, GST-PPM1A: 68 kDa, GST-PTPN7: 66 kDa, GST-hnRNPA1: 64 kDa and GST-
HTRA2 (134-458 aa): 62k Da. (B) Immunoprecipitation of Flag-proteins (IP) expressed in 293T cells either alone
or together with Myc-p38a Interaction with p38a was analyzed by western blot (WB). Predicted molecular
weights: Flag-MK2: 46 kDa, Flag-CDO1: 24 kDa, Flag-COPSS: 38 kDa, Flag-FKBP8: 39 kDa and NCF1: 49 kDa,
6xMyc-p38a 49 kDa.

The methods used for the identification of p38a binding partners were based on the de-
tection of stable interactions. Both pull-down and co-immunoprecipitation assays de-
tect proteins that interact in a stable manner and that are typically subunits of complex-
es that carry out structural or functional roles. However, in most cases, p38a. is thought
to phosphorylate proteins by means of short, reversible and transient interactions.

To evaluate whether the preselected candidates were able to interact transiently with
p38a, we used the Proximity Ligation Assay (PLA). This technique shows a highly spe-
cific and selective immunofluorescent signal when two proteins of interest co-localize
and interact, even if transiently. To address this, Flag-tagged protein candidates, togeth-
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er with Myc-p38a. were co-transfected into U20S cells and analyzed by both immuno-
fluorescence and PLA (Figure 15A). Interestingly, three out of four proteins analyzed
gave a similar PLA signal to that of the positive control MK2, thus confirming their
transient interaction with p38a (Figure 15A, 15B).
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80 Figure 15. Validation of p38a transient interactors. (A)
Representative images of U20S cells co-fransfected
60 with Flag-tagged selected candidates and Myc-
p38a. Co-transfected cells were analyzed by im-
munofluorescence (Left) and PLA (Right). Scale bar
30 pm (B) Quantification of PLA. The percentage of
20 PLA-positive cells was normalized to the total number
0 of co-fransfected cells in each case.
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In summary, we identified CDO1, FKBP8 and NCF1 proteins as putative transient in-
teractors for p38a.. CDO1 and NCF1 are described in the literature as p38a partners
involved in specific cell processes (Takaesu et al., 2006) (Qian et al., 2009) whereas
FKBP8 has been reported to be a yet non-validated interactor of p38a detected in a
Y2H screening (Stelzl et al., 2005). Since transient interactions were successfully iden-
tified, we addressed whether the selected candidates were indeed substrates for p38a..
To this end, recombinant GST-protein candidates were incubated in vitro with activat-
ed p38a and their phosphorylation was determined by kinase assays. Only substrates
already characterized (MK2, ATF2, PTPN7 and NCF1) were phosphorylated by p38a.
whereas the rest of the proteins were not (Figure 16A). The phosphorylation detected in
the case of CAMKK?2 was also observed in the absence of p38a thereby suggesting that
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it was due to CAMKK?2 autophosphorylation (Figure 16B).
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Although CDO1, FKBP8 and NCF1 were found to be putative transient interactors in
the PLA experiments, only the known substrate NCF1 was phosphorylated by p38a. in
kinase assays.

Second approach: Recharacterization of D-motifs

Despite a large number of putative interactors reported for p38a, only the known part-
ners characterized as docking interactors (MK2 or PTPN7) or substrates (MK2, PTPN7,
ATF2 and NCF1) were identified. We therefore decided to change our strategy.

Since a main goal was the identification of new scaffolding partners for p38a, we rede-
fined the possible docking sequences in order to reduce ambiguity using a more accu-
rate methodology. A total of 15 docking sequences were manually retrieved from pub-
lished data (Tanoue et al., 2000), filtering only for those associated with p38a. Docking
sequences were classified on the basis of the type of docking proteins, such as activators
(MKKPs), phosphatases (MKPs and PTPs) and substrates (MAPKAPKSs) (Table 17)
and were then aligned to the classified groups using Clustal Omega or M-Coftee align-
ment tools (Supplementary Figure 1). We searched the human proteome for p38a mo-
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tif occurrences using the previously aligned sequences from each group as input. FIMO
and hmmsearch softwares were used to scan the human proteome for the occurrences
of a given motif described by position-specific scoring matrix (PSSM). FIMO software
computed a log-likelihood ratio score for each position in the desired sequence data-
base. Established dynamic programming methods converted this score to a p-value and
then applied false discovery rate to estimate a q-value for each position in the given
sequence. The scan revealed five proteins as new putative interactors for p38a two of
which (GRK5 and ZBED6) were selected for in vitro validation (Supplementary Table
2). The interaction between the new protein candidates and p38a. was analyzed by pull-
down assays. Only the positive control MK2 interacted strongly with p38a whereas the
two selected proteins failed to bind to p38a. (Figure 17).

Table 17 | List of MAP kinase docking sites. Proteins were classified on the basis of the type
of docking protein (MAPKK, MAPKAPK, PTP and MKP). Each protein contains a characterized
D-motif for p38A. Table adapted from (Tanoue et al., 2000).

MKK3 KGKSKRKKDLRI p38
MAPKK MKKé SKGKKRNPGLKIP P38
MKK4 QGKRKALKLNF JNK, p38
MNKT KSRLARRRALAQAGRSRD ERK,p38
MSK1 KAPLAKRRKMKKTSTSTE ERK,p38
MAPKAPK MK2 NPLLLKRRKKARALEAAA p38
MK3 NRLLNKRRKKQAGSSSAS p38
PRAK NNPILRKRKLLGTKPKDS p38
EC-PTP GLQERRGSNVSLTLDM ERK, p38
o PTPN7 RLQERRGSNVALMLDV ERK, p38
MKP1 RFSTIVRRRAKGAKGAG ERK,p38,IJNK
MKP2 RCNTIVRRRAKGSVSLE ERK,p38,IJNK
MKP PACI PWNALLRRRARARGPP ERK,p38,IJNK
hVH5 SKLVKRRLQQGKVTI p38,JNK
MKP5 CADKISRRRLQQGCKITV p38,JNK

Despite the new classification of the docking sequences into different categories and the
high confidence predictions, we were not able to identify new docking interactors for
p38a as stable as MK2. Taken together, these results suggest that in silico analysis using
the docking sequence alone is not sufficient for the identification of stable partners for
p38a with potential scaffolding functions.
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Third approach: Modeling the MK2 docking peptide

One of the best characterized interactors for p38a is its substrate MK2. Several studies
have defined the crystal structure of the purified p38a and MK2 complex (ter Haar et
al., 2007) (White et al., 2007). Interestingly, MK2 docking to p38a represents a special
docking class since MK2 binds in the opposite direction to other characterized dock-
ing peptides derived from MEF2A or MKK3 (White et al., 2007) (Gaestel, 2006). In
addition to the known docking residues, MK2 uses its basic C-terminal region to form
extensive interactions with the p38a hydrophobic docking groove. The approaches that
we used above for the identification of p38a interacting partners were based on simple
pattern matching of D-motifs, which gave false positives hits. Therefore, we decided
to consider not only the linear docking sequences but also the effect of the amino acid
composition and structural compatibility with the p38a docking groove. We used the
described docking peptide of MK2 as a reference for the prediction of new structural
interactions. Since the docking motif of MK2 binds to p38a from the C’ to the N ter-
minal direction, the Human Proteome Database was scanned for reverse motif hits with
the following sequence:

-[LIVMP] - X - [LIV] -X - X - [LIVMFP] - X(6) - [LIVMP] - X-X- [RK][RK] -X-X-X
Up to 863 motifs from 833 proteins were identified. These hits were filtered on the basis
of structural accessibility, predicted cellular localization, and presence of potential SP/
TP sites. Finally, complexes of docking peptides with p38a were modeled using FoldX
software to measure the interaction energy of protein complexes. We considered three
available protein complexes with reverse motifs (20KR, 20NL and 20ZA), all of them
were MK2 docking motifs and corresponded to the same docking peptide. However,
they showed deviations in the p38a structure and, therefore, they were all used for
modeling (Table 18).

Up to 78 proteins were found to be potential p38a interactors with docking peptides
similar to MK2. As expected, MK2 and MK3 docking motifs were ranked in the first
positions of the list, whereas all other motifs showed lower score (Supplementary Table
3).
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As a preliminary observation, we analyzed the protein interactions of all putative can-
didates using STRING database, which provides a critical assessment and integration
of protein—protein interactions (Szklarczyk et al., 2015). In addition to MK2 and MK3,
we observed four proteins (PTPRQ, PIK3CD, PRDM16 and SMG1) with a potential
functional link with p38a (Figure 18). Since our third approach had considered the na-
ture of the p38a structure for docking interactions, we hypothesized that the identified
proteins (Figure 18) are good candidates for future validations.

Table 18 | Human MK2 docking peptides (370-389 aa). 20KR, 20NL and 20ZA are three differ-
ent structures available in the Protein Data Bank (PDB) of the MK2 docking peptide and p38a.
Red: Non-polar and hydrophobic amino acids. Blue: Positively charged (basic and non-acidic
amino acids), polar and hydrophilic amino acids.

1 p38a MK2 (370-389) IklkkledasnpLIIKRrkk 20KR
2 p38a MK2 (370-389) IklkkledasnpLIIKRrkk 20NL
3 p38a MK2 (370-389) IkikkledasnpLIIKRrkk 20ZA
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Figure 18. p38a (MAPK14) interacting network with new predicted candidates. PTPRQ, PIK3CD, PRDM16 and
SMG1 (light grey) have a potential functional link with MAPK14 (black). Line thickness indicates the strength of
data support. Edge confidence:

Low (0.15)

Medium (0.40) -

High (0.70) —

Very high (0.90) s

In summary, our results demonstrate that the presence of canonical D-motifs that me-
diate the interaction of p38a with well-known partners is relatively common in pro-
teins. However, we tested several candidates with potential D-motifs but found that
only known interactors (such as MK2 or PTPN7) were able to interact with p38a in a
stable and strong manner. Given these observations, other parameters must be exam-
ined in order to validate future predictions. We propose that consideration of the amino
acid composition and structural accessibility of docking sequences should improve the
recognition of stable p38c. interactors.

Characterization of the p38a:MK2 complex

Since one of the major goals was the identification of p38a kinase independent func-
tions, we studied the scaffolding function of p38a in the context of MK2, which we
found to be the most consistent stable interactor for p38a.

Levels of endogenous MK2 depend on p38a:MK2 complex
formation in vivo

In addition to the characterization of the p38a:MK2 crystal structure, it has been re-
ported that MK2 protein levels are reduced in p38a-deficient cells, and vice versa, in
MK2-null cells the levels of p38a are also diminished, thereby suggesting that p38a and
MK2 mutually regulate their protein expression levels (Kotlyarov et al., 2002) (Sudo et
al., 2005). We extended these observations, showing that MK2 protein levels were re-
duced in various tissues from p38a knock-out (KO) compared to wild-type (WT) mice
(Figure 19).
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Figure 19. Reduced MK2 protein levels in p38a. KO mouse tissues. Lysates from WT and p38a KO mouse tissues
were analyzed by immunoblotting with the indicated antibodies.
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Next, we measured the levels of MK2 in mesenchymal cell lines from several mouse
tissues, including tumors. Mesenchymal stem cells were already available in our lab-
oratory (Batlle et al. submitted), and breast cancer and colon fibroblasts were isolated
using flow cytometry. Cells from PyMT-induced mammary tumors were first classi-
fied as CD45 and EpCAM- to exclude hematopoietic and epithelial cells and were then
sorted using specific fibroblastic markers such as PDGFRa (Figure 20A). To extract
colon fibroblasts, colon samples were treated with proteases to separate epithelial from
mesenchymal cells and then characterized by CD45, CD31°, PDGFRoa* and PDGFRB*
markers (Figure 20B).
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Figure 20. Characterization of fibroblast cell lines. (A-B) Cells were immortalized, stained with the indicated an-
fibodies and analyzed in FACS Aria 2.0. Left panel: whole cell population. Right panel: cells from the selected
gate (1st quadrant). (A) Breast cancer fibroblasts were isolated from tumors of PyMT, p38a/**%, UBC-Cre-ERT2
mice. (B) Colon fibroblasts were obtained from colon pieces of p38a'*/**, UBC-Cre-ERT2 mice.

In addition, we used MK2 KO mouse embryonic fibroblasts (MEFs) provided by Dr.
Mattias Gaestel. MK2 KO MEFs showed reduced levels of p38a protein, which were
restored upon the re-expression of MK2 (Figure 21A). In agreement, all types of im-
mortalized p38a KO cells showed reduced MK2 protein levels, and the re-expression
of p38a protein resulted in the accumulation of MK2 (Figure 21B). Interestingly, MK2
mRNA levels were similar between WT and p38a KO cells (Figure 21C), thereby sug-
gesting that the expression of the two kinases is regulated at the protein level. Since
p38at is involved in the modulation of protein synthesis via the phosphorylation of the
eukaryotic initiation factor 4E (eIF4E) (Shveygert et al., 2010), we analyzed global pro-
tein synthesis by measuring the O-propargyl-puromycin (OP-puro) incorporated into
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nascent proteins from WT and p38a KO cells. A comparable protein synthesis rate was
observed in both contexts (Figure 21D). This observation suggests that the reduced
MK2 protein levels were not due to a general defect in protein synthesis.
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Figure 21. p38a. and MK2 regulate their protein expression levels. (A) Lysates from MK2 KO MEFs re-expressing
MK2 or GFP, as indicated. p38a and MK2 proteins were analyzed by western blotting. (B) Lysates from the
indicated WT and p38a KO cells and also p38a KO cells re-expressing p38a or GFP were analyzed by immuno-
blotting with p38a. and MK2 antibodies. The asterisk indicates a non-specific band. (C) MK2 mRNA levels were
analyzed by gRT-PCR in the indicated WT and p38a KO cells and are referred to the expression level in the WT
cells, which was given a value of 1. Data are mean + SEM, n=2. (D) Analysis of protein synthesis in WT and p38a.
KO breast cancer fibroblasts. FACS analysis of OP-Puro signal (30 min pulse). Non-stained cells (-OP-Puro) and
cells treated with protein synthesis inhibitor cycloheximide (50 um, CHX) were used as negative control. Gates
show % of OP-Puro positive cells.

Since previous studies on the interaction between p38a and MK2 were done with over-
expressed or recombinant proteins, we examined whether endogenous p38a and MK2
proteins form a complex in vivo. To this end, first we fractionated lysates from WT and
p38a KO cells on sucrose gradients and found that most endogenous MK2 co-frac-
tionated with endogenous p38a. in WT cells, whereas in the absence of p38a, MK2 was
found mostly in a fraction with a lower molecular weight (Figure 22A). This observa-
tion supports the notion that MK2 normally forms a complex that probably involves
p38a.. The presence of a p38c:MK2 complex in cells was confirmed by immunoprecipi-
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tation of endogenous MK2 using high-affinity nanobodies. Both in cell lines and mouse
tissues, p38a co-immunoprecipitated with MK2, thereby indicating that the endoge-
nous proteins indeed form a complex (Figure 22B and 22C).
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Figure 22. Endogenous p38a and MK2 form a complex. (A) Lysates from WT and p38a KO breast cancer fi-
broblasts were separated on 20-28% sucrose gradients. Triangles show the percentage of sucrose. Collected
fractions were analyzed by immunoblotting using p38a and MK2 antibodies. The asterisk indicates a non-spe-
cific band. The 26S proteasome component PSMD11(Rpné) was used as a control for high molecular weight
complexes. The histogram shows the quantifications of the MK2 levels in fractions 1 and 2, which are normalized
to the total amount of MK2 in WT cells. Data are mean + SEM, n=3. (B-C) Lysates from breast cancer fibroblasts
(B) and mouse fissues (C) were immunoprecipitated with MK2-Trap_A (MK2-A) or agarose beads (Beads), and
then were analyzed by immunoblotting with p38a and MK2 antibodies.

To further characterize the interaction between p38a and MK2, we used various p38a
mutants that either have impaired kinase activity or are unable to interact with other
proteins (Chang et al., 2002)(Diskin et al., 2004)(Li et al., 2008)(Mittelstadt et al.,2009)
(Peregrin et al., 2006)(Tanoue et al., 2000)(Tanoue et al., 2001) (Table 19 and Figure
23A). We addressed whether particular p38a. domains were required for the forma-

Table 19 | p38a mutants.

CD D313/315/316N (Tanoue et al., 2000)
ED E160/E161T (Tanoue et al., 2001)
A, QA [T16A, Q120A (Chang et al., 2002)
DF D176A/F327S (Diskin et al., 2004)
TA, 1D T123A, T123D (Peregrin et al., 2006)
DG D145G (Li et al., 2008)
KM, TY K53M, T180A/Y182F (Mittelstadt et al., 2009)
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tion of the p38a.:MK2 complex by studying the ability of the p38a. mutants to bind to
MK?2 in pull-down assays and to phosphorylate MK2 in vitro. As expected, the p38a.
docking mutants were unable to bind to MK2 in pull-down assays (Figure 23B), and
kinase-dead p38a proteins (KM and TY) failed to phosphorylate MK2 (Figure 23C).
Surprisingly, only the p38a-CD mutant was impaired in MK2 binding and phosphory-
lation (Figures 23B and 23C), suggesting that binding through the CD region is neces-
sary for a functional p38a.:MK2 complex.
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Figure 23. p38a-CD mutant is impaired in MK2 binding and phosphorylation. (A) Schematic representation
of the p38a structure, indicating the mutations that affect kinase activity (green) or docking residues (blue).
The figure was created using PyMOL v2. (B) Myc-tagged p38a mutants were overexpressed in 293T cells, and
total lysates were incubated with recombinant GST-MK2 protein (5 ng). which was pulled down with glutathi-
one beads and analyzed by immunoblotting. (C) 293T cells were fransfected with the indicated Myc-tagged
p38a mutants, together with constitutively active MKKé (MKK6DD). Total lysates were immunoprecipitated with
Myc-coupled agarose beads, and p38a activity was analyzed in kinase assays using GST-MK2 as a substrate.
Immunoblotting with anfibodies for p38a. and phospho-MK2 was used to measure p38a levels and kinase activ-
ity, respectively. Total lysates were also directly analyzed by immunoblotting.

To study the contribution of p38a:MK2 binding to the reduced MK2 protein levels ob-
served, we re-expressed p38a. WT or various mutants in p38a KO cells. Interestingly,
MK?2 protein levels were recovered by p38a WT or the kinase-dead mutants (KM or
TY) but not by the CD mutant (Figure 24). These observations suggest that the interac-
tion through the CD domain of p38a is essential for the recovery of MK2 protein levels
and therefore for the formation of a stable p38a.:MK2 complex.
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Figure 24. MK2 protein levels depend on p38a-CD domain. WT and p38a KO breast cancer fibroblasts were
infected with refroviruses that express the indicated p38a WT or mutated forms, or with a control vector (GFP),
and lysates were analyzed by immunoblotting.

Despite the presence of functional kinase residues, the CD mutant was the only dock-
ing mutant found with impaired MK2 phosphorylation. To evaluate whether the CD
domain is both necessary and sufficient for the formation of a functional p38c:MK2
complex, we searched the p38a protein sequence for additional residues with potential
roles in MK2 binding and subsequent activation. Using molecular modeling analysis
in collaboration with Drs. Antonija Kuzmanic and Modesto Orozco (IRB), we iden-
tified up to four p38a amino acids potentially implicated in both MK2 binding and
phosphorylation (Table 20). Mutations of the R49 and R136 residues were predicted to
interfere with MK2 docking ability, whereas changes in the E178 and P322 sites were
predicted to alter p38a activity (Figure 25A). Using in vitro pull-down and kinase as-
says, we analyzed the capacity of these new p38c. mutants to bind or to phosphorylate
MK2, respectively. Interestingly, we observed that the R136Q mutant showed impaired
binding to and phosphorylation of MK2 to the same extent as the CD mutant, whereas
these functions were not affected in the rest of the mutants (Figure 25B and 25C). These
observations suggested that, besides the CD domain, other residues, like R136, are in-
volved in the regulation of p38c::MK2 complex formation and function.

Table 20 | Predictions for new p38a residues potentially involved in MK2 interaction and phos-
phorylation. The molecular modeling was performed using PyMOL_v2 software.

R49Q Interacts with the ED site, as well as the D112 at the end of the hinge. It could
interfere with the binding to substrates and ATP.

R136Q Interacts with the L16 loop and with the D313, D315, D316 residues. It is predicted
to interfere with the binding of the docking motif.

E178A Inferacts with R173, R67 and R70, which are important for the phospho-T180 coor-

dination. This mutation is predicted to affect kinase activity.
P322R Loss of this proline causes the A-loop to become less flexible. Addition of an argi-
nine can stabilize the A-loop. It is predicted to affect kinase activity.
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Figure 25. p38a R136Q mutant impairs MK2-binding and phosphorylation. (A) Schematic representation of the
p38a structure, indicating mutations that affect kinase activity (green) or docking residues (blue). The figure
was created using PyMOL v2. (B) Flag-MK2 was overexpressed in 293T cells, and total lysates were incubated
with recombinant GST-p38a mutants (5 ug). which were pulled down and MK2 binding was analyzed by immu-
noblotting using anti-Flag antibody. (C) Recombinant GST-p38a mutants were incubated with GST-MK2 protein
and ATP. GST-p38a. mutants alone were also analyzed to rule out autophosphorylation. Coomassie staining
(bottom image) served as loading control. Phosphorylation by p38a was analyzed using y-*2P-ATP (top image).

In summary, our results indicate that endogenous p38a and MK2 proteins form a com-
plex mediated by docking interactions that involve not only the p38o. CD domain but
also other docking residues such as the R136 amino acid. Moreover, the absence of
either p38a. or MK2 in cells or the lack of p38c:MK2 interaction by mutation of the
CD site leads to reduced protein levels of the interacting partner. Since neither mRNA
expression levels nor global protein synthesis were affected, we suggest that the two
proteins depend on each other for their mutual stabilization.

Phosphorylation of p38a and MK2 triggers complex dissociation

Surface plasmon resonance studies have shown that phosphorylation reduces the bind-
ing affinity between purified p38a and MK2 proteins (Lukas et al., 2004). Moreover, in
fission yeast, phosphorylation also reduces the binding affinity between Styl (p38a.)
and Srkl (MK2), with concomitant Skrl degradation (Lopez-Aviles et al., 2008). To
address how phosphorylation affects the endogenous p38c::MK2 complex in mamma-
lian cells, we first examined MK2 protein levels in response to stimuli that activate the
p38a pathway. Interestingly, all the stimuli tested induced the downregulation of MK2,
concomitantly with its phosphorylation (Figure 26A- 26C).
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Figure 26. MK2 downregulation upon p38a pathway activation. (A) Breast cancer fibroblasts were stimulated
with UV irradiation (30J/m?), Anisomycin (30uM), H,O, (100 uM) or NaCl (200 mM) for 4 h to induce p38a activa-
tion. Lysates were analyzed by immunoblotting. (B-C) Breast cancer fibroblasts were stimulated either with UV
light (30J/m?) (B) or Anisomycin (20 uM) (C) for the indicated times, and lysates were analyzed by immunoblot-
ting. The asterisk indicates a non-specific band.

In addition, p38a. KO cells were reconstituted with either p38a. WT or the kinase-dead
mutants (KM and TY) and then stimulated with UV light. Activation of the p38a. path-
way resulted in decreased MK2 protein levels in cells expressing WT p38a but not in
those expressing kinase-dead mutants (Figure 27). This result supports the notion that
phosphorylation of both p38a and MK2 is required for MK2 downregulation, probably
due to impaired binding.
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Figure 27. MK2 downregulation depends on p38a and MK2 phosphorylation. WT and p38a KO breast cancer
fibroblasts were infected with retroviruses that express p38a. WT or the kinase-dead mutants KD and TY, or with
a confrol vector (GFP), and then were left untreated or stimulated with UV irradiation (30 J/m?) for 1 h. Lysates
were analyzed by immunoblotting. The histogram shows the quantification of the MK2 protein levels that were
normalized to non-treated WT cells. Data are mean + SEM, n=3.
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To further study the effect of pathway activation on the interaction between p38c and
MK2, cells were stimulated with UV irradiation for different times, and lysates were
then analyzed in sucrose gradients. In non-stimulated cells, we observed that p38a and
MK?2 co-localized in the same fraction. However, upon UV irradiation, concomitantly
with the downregulation of MK2 levels, part of the p38a protein shifted to a lower mo-
lecular weight fraction (Figure 28A). Furthermore, endogenous MK2 immunoprecip-
itation confirmed that p38o:MK2 binding was reduced upon UV stimulation (Figure
28B), thereby suggesting that activation of the p38a pathway leads to the separation of
the p38o:MK2 complex.
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Figure 28. p38ua:MK2 complex separation upon p38a pathway acti-
Input IP: MK2 vation. (A) Breast cancer fibroblasts were stimulated with UV irradi-
0 30120 0 30120 (min) UV ation (30 J/m?) for the indicated times and lysates were separated
on 20-28% sucrose gradients. Collected fractions were analyzed by
- s == MK2 immunoblotting using p38a and MK2 antibodies. The 26S proteasome
45- | i D - component PSMD11 was used as a confrol for high molecular weight
complexes. The asterisk indicates a non-specific band. The histo-
grams show the p38a. and MK2 levels in fractions 1 and 2, which are
e e s i p38a normalized fo the tofal p38a and MK2 amounts in unfreated cells.
- Data are mean * SEM, n=2. (B) Breast cancer fibroblasts were stimu-
KDa 1 0.39 0.07 lated with UV irradiation (30 J/m?) and the lysates were immunopre-
p38a/MK2 cipitated with MK2-Trap_A (MK2) or agarose beads (Beads) and were
analyzed by immunoblotting. Band intensities were analyzed using
the ImageJ software and the p38a/MK2 ratio was calculated.

45-

MK2 alone has reduced protein stability

Since p38a pathway activation resulted in lower MK2 protein levels, we evaluated the
stability of the MK2 protein in the context of phosphorylated p38a by blocking protein
synthesis with cycloheximide (CHX). Considering that short exposure to CHX induc-
es p38a activation (Oksvold et al., 2012) and consequently MK2 phosphorylation, we
used a chemical inhibitor of p38 MAPK (BIRB) to prevent MK2 phosphorylation and
facilitate the interaction between the two proteins. We found that the MK2 half-life was
shorter in cells treated with CHX alone than in those treated with CHX plus the p38
inhibitor (Figure 29A). Similarly, MK2 also showed a shorter half-life in p38c.-deficient
cells compared to WT cells. In this case, cells were treated equally with CHX and p38
MAPK inhibitor to avoid MK2 phosphorylation by other p38 MAPK family members
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radation by inhibition of the proteasome in UV-stimulated U20S cells (Figure 30C).
This observation suggests that MK2 degradation by the proteasome upon p38a activa-
tion is conserved in various cell systems.

In addition, immunoprecipitation assays using UV-stimulated cells treated with pro-
teasome inhibitor revealed that the MK2 protein that accumulates upon proteasome
blockade failed to interact with p38a. (Figure 30D). This result confirms that phosphor-

(Figure 29B). These results suggest that the reduced MK2 protein levels found in p38a
KO cells and in WT cells upon p38a. pathway activation are due to an increased deg-
radation of the MK2 protein. Taken together, our data highlight the importance of the
p38a:MK2 complex formation in the regulation of MK2 protein stability.
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Figure 29. MK2 is less stable upon separation from p38a. (A) WT breast cancer fibroblasts were treated with
BIRB796 (BIRB, 10 uM) or vehicle (DMSO) together with cycloheximide (CHX, 50 pg/ml) for the indicated times,
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In eukaryotic cells, protein degradation is usually regulated by two processes, namely BTZ BFA

autophagy and the UPS. Autophagy is a non-selective degradation process that delivers
cytoplasmic components to the lysosome. In contrast, the UPS specifically targets ubiq-

Figure 30. MK2 protein levels are regulated by the proteasome. (A) WT and p38a. KO breast cancer fibroblasts
were treated with MG132 (MG, 20 uM) or Bafilomycin A1 (BAF, 400 nM) for 16 h, and lysates were analyzed
by immunoblotting. p53 and LC3Il proteins were used as markers for proteasome and autophagy inhibition,
respectively. The histogram shows the quantification of MK2 protein levels, which were normalized to the un-
treated WT cells. Statistical significance was calculated between WT and KO groups. Data are mean * SEM,
n=3. (B) Breast cancer fibroblasts were treated with Bortezomib (BTZ, 100 nM) or Bafilomycin A1 (BFA, 400 nM)
and stimulated with UV irradiation (30 J/m?) for the indicated times. Lysates were analyzed by immunoblotting.
Ubiquitinated (Ub) and LC3Il proteins were used as markers for proteasome or autophagy inhibition, respec-
tively. The histogram shows the quantification of MK2 levels relative to non-treated cells (time 0). Statistical sig-
nificance was calculated between non-stimulated and UV-stimulated groups. Data are mean = SEM, n=3. (C)
U20S cells were pre-treated with MG132 (MG, 20 uM) and then stimulated with UV light (30 J/m?) irradiation for
2 and 4 h. Lysates were analyzed by immunoblotting. (D) Breast cancer fibroblasts were pre-treated with Borte-
zomib (BTZ, 100 nM) for 2 h prior to stimulation with UV light (30 J/m?) for 4 h. Lysates were immunoprecipitated
with MK2-Trap_A (MK2) or agarose beads (Beads), and then were analyzed by immunoblotting. Band intensities
were analyzed by ImageJ software and the p38a/MK2 ratio was calculated.

uitinated proteins for proteasome degradation (Dikic, 2017).

To address how MK2 is degraded upon p38ca:MK2 complex separation, we used auto-
phagy and proteasome inhibitors. Interestingly, both in p38a KO cells and in UV-stim-
ulated WT cells, MK2 protein degradation was impaired by inhibition of the protea-
some system but not of autophagy (Figures 30A and 30B). To confirm that autophagy
and proteasome inhibitors were working as expected, we analyzed the accumulation of
LC3II and p53 proteins, respectively. Similarly, we observed impaired MK2 protein deg-
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The proteasome is a multisubunit complex that is found in cells in two main forms,
the 20S and 26S. Although most proteins rely on ubiquitination for proteasomal deg-
radation, it has been proposed that some proteins can be degraded by the 20S protea-
some in a ubiquitin-independent manner. To further dissect the proteasome-mediated
degradation of MK2, we used inhibitors of the 20S (MG and BTZ) or 19S proteasome
subunits (AP and OPA) (Paramore & Frantz, 2003)(Song et al., 2017)(Wang et al., 2014)
in UV-treated cells. Interestingly, we observed an accumulation of MK2 protein levels
with all the inhibitors (Figure 31A), indicating that MK2 is degraded by the 26S prote-
asome complex. We confirmed the specificity of the compounds used by analyzing the
enhanced levels of ubiquitinated proteins and p53 (Figure 31A and 31B). Overall, our
results suggest that the MK2 protein is degraded by the 26S proteasome when it is not
bound to p38a.
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Figure 31. MK2 is degraded by the 26S proteasome. (A) Breast cancer fibroblasts were pre-incubated with the
proteasome inhibitors MG132 (MG, 20 uM), Bortezomib (BTZ, 100 nM), b-AP15 (AP, 3 uM) and O-phenanthroline
(OPA, 200 uM) for 2 h and then were irradiated with UV light (30 J/m?) for 4 h. Lysates were analyzed by im-
munoblotting. Ubiquitinated (Ub) proteins were used as a control for proteasome inhibition. (B) Breast cancer
fibroblasts were pre-incubated with the proteasome inhibitors MG132 (MG, 20 uM), Bortezomib (BTZ, 100 nM),
b-AP15 (AP, 3 uM) and O-phenanthroline (OPA, 200 uM) for é h. Lysates were analyzed by immunoblotting with
P53 antibodies to confirm proteasome inhibition.

MK2 degradation requires neither its N-terminus nor the D-motif
lysines

For proper proteasomal degradation, multiple ubiquitin molecules attach to lysine resi-
dues of proteins by ubiquitin-activating, -conjugating and -ligating enzymes (E1, E2, E3
respectively). However, in some cases, E3 transfers ubiquitin molecules into other ami-
no acids or at the N-terminal amine group of the target protein (McDowell & Philpott,
2013) (Kim et al., 2014). Since our data indicate that MK2 is degraded by the protea-
some, we first analyzed lysines potentially involved in the MK2 ubiquitination reaction
using an automated method for recognition of the ubiquitination sites in proteins. Only
1 out of 29 lysines was found to be a potential target site for MK2 ubiquitination (Qiu et
al., 2015). The predicted lysine K360 is located in the MK2 C-terminus and belongs to
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the MK2 D-motif. Interestingly, MK2 is degraded upon p38c.:MK2 complex separation
and therefore upon D-motif dissociation. Consequently, the unbound D-motif could
be accessible to ubiquitination. To validate this prediction, we studied the stability of a
MK2 mutant (D-(R)) with all the lysines in the D-motif changed to arginine (K360R in-
cluded) (Figure 32A). MK2 KO MEFs were reconstituted with MK2 WT or the D-motif
mutant (D-(R)) and then were stimulated with UV irradiation in the presence or ab-
sence of the proteasome inhibitor. We found that the D-(R) mutant was degraded as the
MK2 WT in UV-treated cells, suggesting that lysines present in the D-motif were not
involved in the ubiquitination of MK2 upon UV stimulation (Figure 32B). To evaluate
the role of the N-terminus in MK2 degradation, a N-terminally truncated version of
MK2 (MK2 N-term) was generated (Figure 32C). MK2 KO MEFs were reconstituted
with MK2 WT or the mutant (MK2 N-term), and then irradiated with UV light in the
presence or absence of the proteasome inhibitor. The MK2 N-term mutant was degrad-
ed after UV stimulation as the WT MK2 (Figure 32D), suggesting that the N-terminal
P-region is not involved in the MK2 degradation process.
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Figure 32. MK2 D-motif containing lysines are not involved in MK2 degradation. (A) Schematic representation
of HA-MK2 WT and D-(R) mutant. Mouse MK2 D-motif is indicated. Blue indicates the proline-rich region (P-re-
gion) and red the lysine residues mutated to arginine. (B) MK2 KO MEFs infected with GFP, WT or D-(R) mutant
were treated with Bortezamib (BTZ, 100 nM) for 2 h and iradiated with UV light (30 J/m?) for 4 h. Lysates were
analyzed by immunoblotting. (C) Schematic representation of MK2 WT and the N-terminally tfruncated form
(MK2 N-term). (D) MK2 KO MEFs reconstituted with MK2 WT or MK2 N-term were pretreated with BTZ (100 nM) for
2 h and irradiated with UV light (30 J/m?) for 4 h. Cell extracts were analyzed by immunoblotting. The asterisk
indicates a non-specific band.
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MK2 is degraded by the proteasome in a Hsp27- independent
manner

Upon stress stimuli, the phosphorylated Hsp27 protein enhances the degradation of
several proteins through the proteasome pathway (Parcellier et al., 2003) (Parcellier et
al., 2006). Since Hsp27 is one of the best characterized substrates for MK2 (Rouse et
al., 1994), we analyzed the possible role of Hsp27 in MK2 degradation. Cells were in-
fected with non-targeting shRNA (shNT) or shRNAs against Hsp27 (shHsp27_1 and
shHsp27_2) and then were stimulated with UV irradiation to activate the p38a path-
way and trigger MK2 degradation. Although the shRNAs varied in their efficiency to
downregulate MK2, no differences were observed in terms of MK2 degradation upon
UV stimuli (Figure 33). This result suggests that Hsp27 is not important for MK2 deg-

radation.
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MDM2 ubiquitin ligase plays a role in MK2 degradation

An integrated bioinformatics platform that predicts the proteome-wide E3-substrate
interaction network was recently reported (Li et al., 2017). We used this tool to predict
MK?2 interactions with putative E3 enzymes that might be involved in MK2 degrada-
tion. Interestingly, the analysis identified MK2 as a high confidence substrate for the
SMURF1, STUB1 and MDM2 E3-ubiquitin ligases (Figure 34A and Supplementa-
ry Table 4). Since the bioinformatics analysis was based on the human proteome, we
use human U20S cells to validate the potential role of SMURF1, STUB1 and MDM?2
in MK2 degradation. First, the E3 candidates were downregulated using specific siR-
NAs against the E3 ligase (siMDM2, siSMURF1 and siSTUB1). We measured the effi-
ciency of the siRNAs by comparing the E3 mRNA levels from control (siControl) and
E3-downregulated cells (Figure 34B). Then, cells were irradiated with UV followed by
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immunoblotting analysis. Interestingly, MK2 protein levels accumulated in UV-treated
cells deficient for MDM2 but not for the other E3 ligases (Figure 34C), thereby suggest-
ing that MDM2 might regulate MK2 proteasomal degradation.
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Figure 34. Predicted E3-MK2 network. (A) Network view of the E3 ligases predicted to target MK2. The panel is
adapted from the webserver (http://ubibrowser.ncpsb.org) described in (Y. Li et al., 2017). E3-MK2 interactions
with a high confidence score are shown darker. (B) U20S cells were tfransfected with siRNA control or against
MDM2, SMURF1 and STUBT. mRNA xpression levels were determined by qRT-PCR and were referred to the ex-
pression levels of siControl cells. (C) U20S cells were transfected as in (B), stimulated with UV (30 J/m?) and
analyzed 4 h later. Lysates were analyzed by immunoblotting. The histogram shows the quantification of MK2
protein levels relative to siControl cells treated with UV light. Data are mean + SEM, n=3.

MK2 protein levels are restored after transient activation of the p38a
pathway through de novo gene expression

Since the presence of MK2 is important to maintain p38a protein stability (Kotlyarov et
al., 2002)(Ronkina et al., 2007), we questioned whether MK2 protein levels are eventu-
ally restored after p38ca. pathway activation.

To this end, we used LPS and TGFp stimuli, which induce transient activation of p38a.
to evaluate the recovery of MK2 protein levels in two cell systems. First, bone mar-
row-derived macrophages (BMDMs) were differentiated to mature macrophages, as
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previously described (Bailon et al., 2010), and then treated with LPS for up to 6 h. At
early time points, we observed phosphorylation of both p38a and MK2 with concom-
itantly MK2 downregulation. Interestingly, both MK2 protein and mRNA levels were
increased after 4-6 h of LPS treatment (Figures 35A and 35B). To confirm a proper
response in LPS-treated BMDMs, the expression of the LPS-induced cytokines TNFa
CXCL2 and IL6 was also analyzed (Figure 35C).
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Figure 35. MK2 protein and mRNA accumulate upon LPS stimulation. (A) BMDMs were starved for 17 h and then
stimulated with LPS (10 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting. The histo-
grams show the quantification of MK2 protein levels relative to non-treated cells (time 0). Stafistical significance
was calculated between non-freated and LPS-treated cells. Data are mean + SEM, n=3. (B) RNA was extracted
from BMDMs that were freated as in (A). MK2 mRNA levels were determined by gRT-PCR and were referred to
the expression level in the non-treated cells (time 0), which was given the value of 1. Staftistical significance was
calculated between non-tfreated and LPS-freated cells. Data are mean = SEM, n=5. (C) BMDM were treated as
in (A) and RNA samples were collected at the indicated times. TNFa, CXCL2 and IL6 mRNA levels were deter-
mined by gRT-PCR and were referred to the expression level in the non-treated cells (time 0), which was given
a value of 1. Statistical significance was calculated between non-treated and LPS-treated cells (240 minutes).
Data are mean + SEM, n=3.

Similar increases in MK2 protein and mRNA levels were observed in breast cancer fi-
broblasts treated with TGF-3 (Figures 36A and 36B), thus indicating a conserved re-
sponse in different types of transiently stimulated cells. Overall, the results in the two
cell types suggest that, after transient stimulation of the p38a pathway, MK2 protein
levels are restored, which correlates with enhanced levels of MK2 mRNA.

Since p38a and MK2 phosphorylation seems to be the main cause of MK2 degradation,
we evaluated the effect of p38a. and MK2 inhibition on the restoration of MK2 protein
levels. As expected, p38a inhibition impaired MK2 phosphorylation, whereas the MK2
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Figure 36. MK2 protein and mRNA levels are restored upon TGFf stimulation. (A) Breast cancer fibroblasts
were freated with TGFB (5 ng/ul) for the indicated times, and lysates were analyzed by immunoblotting. Phos-
pho-Smad3 antibodies were used to confirm TGFp stimulation. The histogram shows the quantification of MK2
protein levels relative to non-freated cells (time 0). Data are mean £ SEM, n=2. (B) Lysates from cells treated with
TGFB (5 ng/ul) were used to measure MK2 mRNA levels by gRT-PCR. Values are referred to the expression level
in the non-freated cells, which was given a value of 1. n=1 with three technical replicates.

inhibitor did not hinder this process (Figure 37A). The efficacy of the MK2 inhibitor
was confirmed by measuring the TNFo mRNA expression levels induced by LPS, which
are known to depend on both p38a and MK2 activity (Kotlyarov et al., 1999) (Figure
37B). Interestingly, 30 min after LPS stimulation, the reduced MK2 protein levels were
maintained in BMDMs treated with the MK2 inhibitor, whereas BMDMs treated with
the p38 inhibitor showed higher MK2 protein levels (Figure 37A). Moreover, the MK2
inhibitor did not affect the increase in MK2 mRNA levels observed at later times after
LPS stimulation, whereas the p38 inhibitor significantly impaired this increase (Figure
37C). These results suggest that MK2 mRNA accumulation is regulated in a p38a de-
pendent manner but independently of MK2 activity. To characterize the mechanism
of MK2 mRNA accumulation in p38a and MK2-inhibited BMDMs treated with LPS,
we analyzed the MK2 mRNA stability by blocking gene transcription with Actinomy-
cin D (Figure 37D). Interestingly, p38a. or MK2 inhibition did not significantly affect
the MK2 mRNA half-life, thereby suggesting that the increased MK2 mRNA levels ob-
served upon LPS treatment were probably due to enhanced MK2 gene transcription.

Taken together, these results indicate that MK2 protein levels are restored upon tran-
sient activation of p38a due to an increase in de novo MK2 gene transcription triggered

by p38a activity.

Sustained activation of the p38a pathway determines the fate of
p38a. and MK2 proteins

In addition to the stimuli that induce the transient activation of p38a, several extracel-
lular agents, such as osmotic or oxidative stress, can trigger more sustained activation.
This is usually associated with severe stress, upon which cells need to acquire a status
that prepares them for damage repair or often for cell death.
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Figure 37. MK2 protein levels are restored through de novo gene expression and in a p38a-dependent manner.
(A) BMDMs were starved for 17 h and then pre-treated with the p38 inhibitor PH-797804 (PH, 2 uM), the MK2
inhibitor PF-3644022 (PF, 10 uM) or vehicle (DMSO) for 2 h prior to stimulation with LPS for 15 min. Lysates were
analyzed by immunoblotting. (B-C) BMDMs were treated with p38a and MK2 inhibitors as in (A) and were then
stimulated with LPS for the indicated times. TNFa. and MK2 mRNA levels were determined by gRT-PCR and were
referred to the expression level in the non-treated cells (time 0), which was given the value of 1. Statistical sig-
nificance was calculated between WT and WT+PH or WT+PF cells. Data are mean £ SEM, n= 3. (D) BMDMs were
freated with p38a. and MK2 inhibitors as in (A) and then stimulated with LPS for 4 h. Then, actinomycin D (5 ng/
ml) was added and RNA samples were collected at indicated times. MK2 mRNA levels were determined by
gRT-PCR and were referred to the expression level in the non-treated cells (time 0), which was given a value of
1. No significant differences were found between samples. Statistical analysis was calculated between WT and
WT+PH or WT+PF cells. Data are mean + SEM, n= 4.

It has recently been reported that sustained p38o and MK2 activation eventually leads
to reduced cell viability, an observation that emphasizes the importance of negative
feedback loops for proper cell homeostasis (Trempolec et al., 2017). To evaluate how
sustained p38a activation affects the fate of MK2 protein, we expressed a constitutively
active form of the p38a activator MKK6 (MKK6DD). As expected, MKK6DD induc-
tion led to p38a and MK2 activation, as well as MK2 downregulation. Strikingly, MK2
protein levels were not restored and, consequently, we found a progressive reduction in
p38a protein levels (Figure 38). This observation indicates that long-term phosphory-
lation would prevent complex formation and thereby affect the stability of both proteins.

To demonstrate that the reduced protein levels were a consequence of complex separa-
tion, we took advantage of a p38a substrate selective inhibitor, CMPD1, that binds to
p38a affecting the docking groove residues and therefore MK2 activation (Davidson
et al., 2004). Since CMPD1 is predicted to perturb p38a docking sites, we analyzed the
capacity of this compound to disrupt the p38a:MK2 complex in cells.
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Interestingly, immunoprecipitation assays showed impaired binding of MK2 to p38a. in
CMPD1-treated cells compared with non-treated cells (Figure 39A). Consistently, MK2
and p38a protein levels were downregulated upon long-term treatment with CMPD1
but restored after removing the compound (Figure 39B). Importantly, CMPD1 admin-
istration did not activate the p38a pathway (Figure 39C), thereby suggesting that the
reduced protein levels observed were due mainly to the interference with MK2-p38a.
binding per se, without affecting their phosphorylation.
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Figure 38. Sustained activation of p38a leads to p38a. and MK2 downregulation. U20S cells bearing a Tetra-
cycline-inducible MKKéDD construct were incubated with Tetracycline (1 ug/ml) and were collected at the
indicated fimes after MKKéDD induction. Lysates were analyzed by immunoblotting. The histograms show the
quantification of p38a and MK2 protein levels relative to non-freated cells (time 0). Data are mean + SEM, n=2.
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Figure 39. Separation of the p38a:MK2 complex by CMPD1 leads to the downregulation of both proteins. (A)
Breast cancer fibroblasts were treated with CMPD1 (10 uM) or DMSO for 3 days. Lysates were immunoprecip-
itated with MK2-Trap_A (MK2) or agarose beads (Beads), and then were analyzed by immunoblotting. (B-C)
Breast cancer fibroblasts were treated with CMPDI1 for the indicated times. 96rc (96 rescue) refers to cells that
after 72 h of incubation with CMPD1 were incubated in normal media for 24 h. Samples were analyzed by
immunoblotting using the indicated antibodies.

The histograms show the quantification of p38a. and MK2 protein levels relative to non-treated cells (time 0).
Data are mean + SEM, n=2.
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Overall, our results strongly suggest that the re-expression of MK2 protein following
p38a and MK2 transient activation constitutes a regulatory feedback loop, which allows
to reassemble the protein complex, maintaining the stability of both proteins and al-
lowing the recovery of the stand-by cellular status. Otherwise, if the activation persists,
phosphorylation of p38a and MK2 avoids complex formation, leading to the downreg-
ulation of both proteins and compromising the homeostasis of the cell.

MK2 subcellular localization depends on the p38a:MK2 complex
formation

Next, we addressed whether our proposed mechanism of p38a and MK2 protein regu-
lation through complex dynamics could account for some functions attributed to p38a
and MK2 signaling that are still not well understood. In particular, the modulation of
p38a and MK2 subcellular localization is controversial. Some authors claim that p38a
and MK2 are located inside the nucleus of resting cells, whereas others propose that
both proteins reside in the nucleus and cytoplasm (Ben-Levy et al., 1998)(Gaestel, 2006)
(Gong et al., 2010). Although MK2 contains a nuclear export signal (NES) and a nuclear
localization signal (NLS) in its C-terminal domain, it is unknown whether these regions
are functional.

To evaluate the distribution of p38a and MK2 proteins inside the cell and the im-
portance of the MK2-NES or MK2-NLS in this localization, cells were infected with
non-targeting ShRNA (shNT) or shRNAs against MK2 (shMK2_1 and shMK2_2) and
subjected to subcellular fractionation assays. We found that p38a and MK2 colocalized
mostly in the cytoplasm. Interestingly, the localization of p38a did not change upon
MK?2 downregulation (Figure 40A), thereby suggesting that neither the MK2-NES nor
the MK2-NLS were implicated in the p38a subcellular distribution. Immunofluores-
cence analysis in 293T cells confirmed that both kinases co-localized mainly in the cy-
toplasm. Interestingly, whereas p38a. expressed alone was also found in the cytoplasm,
MK2 expressed alone appeared mainly in the nucleus (Figure 40B). This result suggests
that in the absence of p38a the MK2-NLS is exposed, thus leading to MK2 nuclear
localization.

In search of partners interacting with the p38a.:MK2 complex

Analysis of the proteomes of many organisms highlights the importance of multipro-
tein complexes for the implementation of cellular functions (Hartwell et al., 1999). Our
results indicate that, under resting conditions, p38a and MK2 proteins form a com-
plex that maintains their stability and proper subcellular distribution. Given that a
wide range of proteins are organized in macromolecular assemblies, we investigated
the association of additional proteins with the p38c:MK2 complex in order to further

124

Molecular basis of p38a. MAPK signaling

A B

Cytoplasm Nucleus GFP-p38a
NN

- g g - X g

zZ ==z =2 =2

£ ©c ©c c c o

w o o u u u
sEEE MK2 Myc-MK2
45- !

eseses __ . . P38a

| v w |_amin A/C
66- e ! — - —

36-*—-5 GAPDH GFP;p38G
KDa Myc-MK2

= Cytoplasm
= Nucleus

= Cytoplasm = Cytoplasm

= Nucleus Nucleus

GFP-p38a Myc-MK2 GFP-p38a + Myc-MK2

Figure 40. MK2 association with p38a. determines the MK2 subcellular localization. (A) Breast cancer fibroblasts
were infected with shRNAs either non-targeting (shNT) or against MK2 (shMK2_1, shMK2_2). Lysates were frac-
fionated in cytoplasm and nucleus and were analyzed by immunoblotting. (B) Representative images of 293T
cells tfransfected with GFP-p38a. and Myc-MK2 alone or in combination. Pie charts show the percentage of
stained cells found in the cytoplasm or nucleus compartments.

characterize the cellular functions of this assembly.

To identify proteins associated with the p38c::MK2 complex, endogenous MK2 from
WT or p38a KO cells was immunoprecipitated and analyzed by mass spectrometry.
Samples were reduced, digested and trypsinized following the FASP protocol (Wisniews-
ki et al., 2009) and were analyzed by label free quantification. Up to 41 proteins were
found to be associated with MK2 (Supplementary Table 5). As expected, p38a was
detected as a MK2 interactor, showing a high number of peptide spectrum matches
(PSMs) in WT samples but undetectable PSMs in p38a. KO samples. Curiously, most of
the proteins identified showed a similar number of PSMs in WT and p38a. KO samples
(Supplementary Table 5), suggesting that most potential partners can bind to MK2
independently of p38a. To validate the interaction with MK2, some candidates were an-
alyzed at endogenous or overexpressed levels according to the availability of antibodies
(Table 21). p38a. protein was used as a positive control in all cases.

First, MK2 immunoprecipitations from WT and p38a KO breast cancer fibroblasts
were analyzed by immunoblotting using specific antibodies. Interestingly, Stripl was
found to interact with MK2 to the same extent as p38a (Figure 41A). However, the
interaction between MK2 and Stripl was found in both WT and p38a KO samples,
indicating that these two proteins bind in a p38a-independent manner. Similar results
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were observed in overexpressed 293T cells. Strikingly, besides p38a and Stripl, two
more proteins (Bccip and Pcmtdl) were validated as MK2 interactors (Figure 41B).
However, due to the lack of antibodies, the interaction between endogenous proteins
could not be confirmed.

Overall, our results suggested that Stripl, Bccip and Pcmdtl are new interacting part-
ners for MK2, with Stripl being a promising candidate as it binds to MK2 at endoge-
nous levels. Since p38a is not required for the interaction of these partners, Strip1 could
be associated to MK2 alone or to the p38o:MK2 complex via MK2 binding.

Table 21 | Putative MK2 binding partners. Endogenous (E) or overexpressed (O) proteins were
used for the validation of MK2 interactors identified by mass spectrometry.

Dnajbé DnaJ homolog subfamily B member é E
Pcmtl Protein-L-isoaspartate (D-aspartate) O-methyltransferase E
Mapk14 p38a (mitogen-activated protein kinase 14) E/ O
Pemidi ProTein—L—isoosporToTTZi(r?i—nrgegpgtlgicr]]n]sferose domain-con- o
Sptbnl Spectrin beta chain, non-erythrocytic 1 E
Strip1 Striatin-interacting protfein 1 E/ O
Bccip BRCA2 and CDKNT1A-interacting protein O
Mppé MAGUK p55 subfamily member 6 E/ O
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Figure 41. Validation of putative MK2-interacting partners. (A) WT and p38a KO breast cancer fibroblasts were
immunoprecipitated with MK2-Trap_A (MK2) or agarose beads (Beads) and analyzed by immunoblotting with
the indicated antibodies. (B) 293T cells were overexpressed with Myc-tagged protein candidates and immuno-
precipitated using MK2-Trap_A (MK2) or agarose beads (Beads). Samples were then analyzed by immunoblot.

Strip1, a MK2-binding partner with unknown functional implication

Stripl is a core component of the mammalian striatin-interacting phosphatase and
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kinase (STRIPAK) complexes that act through regulation of protein phosphatase 2A
(PP2A). In addition to Stripl, members of the germinal center kinase (GCK) and Stri-
atins (STRN) are partners of this macromolecular assembly (Hwang & Pallas, 2014).
There is evidence supporting the notion that STRIPAK complexes participate in the
regulation of MAPK signaling through direct activation of MAPKKKSs (Dan, Watanabe,
& Kusumi, 2001). However, little is known about the relationship between Stripl and
MK?2 proteins.

According to our data, MK2 is tightly regulated by p38a:MK2 complex dynamics. Upon
stimuli, the p38a:MK2 complex separates, leading to MK2 degradation by the protea-
some. In parallel, p38a triggers the upregulation of MK2 mRNA so that the cell can
recover MK2 protein levels. Since Stripl was found to interact with MK2, we evaluated
the role of Stripl in MK2 regulation by analyzing the MK2 levels in Stripl1-downregu-
lated cells. First, breast cancer fibroblasts were transfected with control siRNA (siCntrl)
or siRNA against Strip1 (siStrip1) and were stimulated with UV irradiation for 4 hours.
As expected, UV stimuli activated the p38a pathway and induced MK2 downregula-
tion in control cells. However, Stripl-downregulated cells showed similar MK2 deg-
radation (Figure 42A). Likewise, BMDMs were electroporated with the siRNAs and
then were treated with LPS, but MK2 was similarly downregulated in both control and
Stripl-downregulated cells. Moreover, the levels of MK2 protein and mRNA were also
restored in both siCntrl and siStrip1 cells (Figure 42B). These results suggest that Strip1
does not play a critical role in the regulation of the p38c.:MK2 complex dynamics.
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Figure 42. Strip1 is not involved in the regulation of the p38a:MK2 complex dynamics. (A) Breast cancer fibro-
blasts were transfected with siRNAs against Luciferase (siCntrl) or Strip1 (siStrip1). Cells were then stimulated with
UV light (30 J/m?) for 4 h and lysates were analyzed by immunoblotting. (B) BMDMs were electroporated with
siCntrl or siStrip1. Cells were then starved for 17 h and stimulated with LPS (10 ng/ml) for the indicated times.
Lysates were analyzed by immunoblotting. RNA samples were collected at the indicated fimes. MK2 mRNA
levels were determined by gRT-PCR and were referred to the expression level in the non-treated cells (time 0),
which was given a value of 1. No significant differences were found between samples. Statistical analysis was
calculated between siCnirl and siStrip1 cells. Data are mean + SEM, n= 3.
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One of the best characterized functions of MK2 is the regulation of proinflammatory
cytokine expression upon LPS stimulation. MK2 regulates the stability and translation
of mRNAs through phosphorylation of TTP. TTP recognizes adenosine and uridine
(AU)-rich elements (ARE), which are located in the 3’ untranslated region of mRNAs,
eventually leading to transcript decay (Brooks & Blackshear, 2013). Phosphorylation by
MK?2 increases TTP interaction with 14-3-3 proteins, thus interfering with TTP binding
to target mRNAs (Gaestel, 2006) and enhancing gene expression. Of note, TTP dephos-
phorylation through the PP2A phosphatase plays a key role in this process (Sun et al.,
2007). Since Strip1 is a member of STRIPAK complex, which contains PP2A and was
found to be a putative binding partner of MK2, we examined the role of Strip1 in MK2/
TTP-mediated cytokine expression. Given that TNFa., IL6 and CXCL2 are regulated
by the MK2/TTP axis (Gaestel, 2006) (Brooks & Blackshear, 2013), we analyzed the
expression of these mRNAs upon Stripl downregulation. Despite the promising cor-
relations, our results showed no differences between control and Strip1-downregulated
cells (Figure 43), thereby suggesting that Strip1 is not implicated in the MK2/TTP regu-
lation of cytokine expression. Further work will be needed to characterize the potential
role of Stripl in other MK2-mediated functions.
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Figure 43. Strip1 is not involved in MK2-regulated cytokine expression. BMDMs were electroporated with siRNAs
against Luciferase (siCntrl) or Strip1 (siStrip1), starved for 17 h and stimulated with LPS (10 ng/ml) for the indicat-
ed times. Lysates were analyzed by gRT-PCR (Right). Data are mean = SEM, n= 3. Strip1 downregulation was
analyzed by immunoblotting (Left).

Analysis of p38a.- kinase independent functions in
Y\%e

As a kinase, p38a has been characterized mainly by its capacity to regulate a range of
cell responses by phosphorylating many substrates. In addition to our results showing
the regulation of the p38a:MK2 complex by a p38a.-scaftfolding function, some reports
have previously proposed that p38a regulates particular functions in a kinase-inde-
pendent manner (Fan et al., 2005) (Chou et al.,2001). These reports support that p38a
docking interactions regulate cellular functions. To further study the contribution of
p38a scaffolding functions in vivo, we generated mice expressing kinase-dead p38a
(p38a. KD) by mutating Lysine 53 (K53M), which is essential for ATP binding of p38a
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(See methods Generation of p38a. kinase dead mice).
Characterization of p38a KD mice

One of the first phenotypes observed in mice lacking p38a. was embryonic lethality
due to placenta defects (Adams et al., 2000). We found that p38a*’*P embryos were
embryonic lethal, thereby indicating that p38a activity was required for placental mor-
phogenesis (Figure 44A). To confirm that p38a activity was disrupted biochemically,
MEFs from p38a*"* embryos were immortalized and treated with Tat-Cre protein to
induce p38a. KD expression. Cells were then stimulated with UV irradiation to induce
p38a kinase activation and were analyzed by immunoblotting. The levels of phosphor-
ylated Hsp27, a substrate of MK2, were lower in Tat-Cre treated MEFs compared to
non-treated cells (Figure 44B), consistent with the idea that p38a kinase activity was

impaired in those cells.
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Figure 44. Validation of p38a. KD-expressing mice. (A) Wild-type and p38a /' Sox2-Cre E11.5 embryos are
shown. Scale bar 2 mm. (B) Immortalized p38a /" MEFs were treated with Tat-Cre (60 pg) and stimulated with
UV light (30 J/m?) for 1 h. Lysates were analyzed by immunoblot with the indicated antibodies.

p38a regulates breast tumor progression in a kinase-dependent and
-independent manner

Since p38a KD mice were embryonic lethal, we turned our attention to the role of
potential p38a scaffolding functions in a tumor context, using an inducible CRE re-
combinase. Our group recently demonstrated the importance of p38a for PyMT-in-
duced mammary tumor progression. While PyMT W'T mice showed continuous tumor
growth, p38a KO littermates showed reduced tumor sizes as a result of less proliferation
and impaired DNA replication (Canovas et al., 2018). Interestingly, another study has
proposed that p38a regulates the mitotic progression of some cancer cell lines in a ki-
nase-independent manner (Fan et al., 2005).

To address the kinase-independent roles of p38a in breast tumorigenesis, we generat-

129



Molecular basis of p38a. MAPK signaling

ed mice with PyMT, UBC-Cre-ERT2 (UbCre) and p380</*! alleles. Moreover, we used
mice with PyMT, UBC-Cre-ERT2 (UbCre) and p38a'°* as controls (Canovas et al.,
2018). Once the mammary tumors were formed, p38o*/*;UbCre and p38c/*/*;;UbCre
mice were treated with 4-OHT to induce Cre activation and either expression of p38a.
KD (p38aXX) or p38a. deletion (p38a/>/%). As expected, a progressive regression in the
size of mammary tumors upon induction of the p38a KO was observed (Figure 45A)
(Canovas et al,, 2018). Interestingly, when p38a KD expression was induced, tumor size
shrank less than in p38a KO mice (Figure 45A). To confirm that p38a signaling was
abrogated in p38a KD tumors, we analyzed p38a. activity by detecting the phosphory-
lated levels of downstream substrates. As expected, the p38a. pathway was activated in
WT tumors but not in p38a. KD tumors (Figure 45B). In agreement with the reduced
tumor size, we observed decreased cell proliferation, as determined by Ki67 and phos-
pho-H3 staining, in p38a. KD tumors compared to WT tumors (Figure 45C). However,
this decrease was not as pronounced as reported in p38a. KO tumors (Canovas et al.,
2018). These results suggest that PyMT-induced tumor progression is mediated by a
p38a.-scaffolding function, although it also clearly requires p38a. activity.
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Figure 45. p38a. KD mice showed impaired tumor progression but to a lower extent than p38a KO mice. (A)
Mammary tumor growth in MMTV-PyMT mice. Measurements were normalized to the initial tumor size. Statis-
fical significance was performed between either p38af/" UbCre or p38a/*/** UbCre and p38aX’*. (B) Tumors
from p38a /' and p38a /X UbCre mice were isolated and treated or not with NaCl (300 mM) for 15 min fo acti-
vate the p38a pathway, as indicated. Lysates were analyzed by immunoblotting. (C) Representative Kié7 and
phospho-H3 stainings in fumors at day 15. Scale bars, 50 um. Histograms show the quantification of Kié7+ and
phospho-H3* areas (WT, n=3; KD, n=3); at least ten fields per tumor were analyzed. Statistical significance was
calculated between WT and p38a KD or p38a KO samples.

To further characterize the contribution of p38a. catalytic activity in tumor progression,
we isolated epithelial cancer cells from the mammary tumors. We initially obtained pri-
mary cultures from p38a*"* and p38a*/* UbCre tumors and confirmed their epithelial
origin (Figure 46A). Moreover, we corroborated that 4-OHT efficiently induced Cre ac-
tivation and impaired p38a. kinase in cells (Figure 46B). We then used tumor-derived
cancer cell lines (p38aXX, p38a XX UbCre and p380./*/*;UbCre) to analyze cell prolif-
eration by 5-Bromo-2’-deoxyuridine (BrdU) incorporation. We observed that 4-OHT
treatment did not affect the proliferation rate of p38a /%! control cells. Interestingly,
p38a"XLUbCre cells treated with 4-OHT showed reduced proliferation but to a lower
extent than p38a!*/*;UbCre cells (Figure 46C). This result phenocopied the in vivo
effect, thus supporting the notion that p38a contributes to cell proliferation in both a
kinase-dependent and -independent manner.
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Figure 46. p38a KD cancer cells showed reduced proliferation but to a lower extent than p38a KO cells. (A)
Cells from p38aX/K' PyMT and p38aX/ UbCre PyMT mice were isolated, immortalized and evaluated for epithelial
status using the indicated antibodies and a Galios Flow cytometer. (B) Cells were treated with 4-OHT and stimu-
lated with UV light (30 J/m?). Lysates were analyzed by immunoblotting. (C) BrdU uptake. Histograms represent
the quantification of two independent experiments. Data are mean = SEM, n= 2.
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Given that p38a regulates the p38a:MK2 complex by docking interactions, we vali-
dated the presence of MK2 protein in p38a KD mouse tissues. In agreement with pre-
vious data, the levels of MK2 were maintained in p38ac WT and KD animals but were
downregulated in the absence of p38a. (Figure 47). These observations suggest that
the p380::MK2 complex would be stable in p38a. KD mice. The fact that MK2 protein
is present in p38a. KD mice but not in p38a. KO mice could have implications for the
observed phenotypes.

Although the molecular determinants that control mammary tumor progression in a
p38a.- kinase independent manner remain to be elucidated, we have established in vivo
and in vitro models to further explore this phenotype.
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Figure 47. Tissues from p38a KD mice showed maintained MK2 protein levels. Tissue lysates from WT, p38a KD
and p38a KO mice were analyzed by immunoblotting with the indicated antibodies.
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Protein kinases mediate cellular functions via phosphorylation of multiple substrates.
Besides the catalytically active kinase domains, protein kinases often have the ability to
recognize a specific set of unique protein partners, including substrates and regulators.
Therefore, the scaffolding roles of protein kinases contribute to orchestrate efficient and
specific phosphotransfer reactions. However, studies over recent decades have indicated
that scaffolding functions not only support phosphorylation but also regulate key cell
functions per se (Good et al., 2011). The non-catalytic functions of kinases are involved
in the allosteric regulation of enzymes, in the assembly of signaling components, and
in the regulation of transcription by binding to transcription factors or directly to DNA
(Kung & Jura, 2016). Despite increasing interest in the phosphorylation-independent
roles of kinases, there is still a large number of protein kinases with uncharacterized
phosphorylation-independent functions.

Here we have studied kinase-independent functions of p38a by looking for new inter-
acting partners, characterizing its association with MK2, and generating a p38a.-kinase
dead mouse model.

Docking determinants for the recognition of p38a
interactors

A key mechanism through which non-catalytic functions are achieved is through pro-
tein-protein interactions (Langeberg & Scott, 2015). For example, ERK2 regulates the
activity of the dual-specificity phosphatase MKP3 through direct binding. Upon inter-
action, ERK2 triggers a conformational change in the MKP3 catalytic domain leading to
ERK2 dephosphorylation. Interestingly, an ERK2 kinase dead mutant activates MKP3
to the same extent as the ERK2 WT protein (Camps et al., 1998). Another example is the
prevention of N-Myc degradation by its binding to Aurora A kinase. N-Myc is degrad-
ed through its interaction with the SCF ubiquitin ligase, but the binding to Aurora A
prevents its degradation even in the presence of Aurora A inhibitors (Otto et al., 2009).
These two examples highlight the importance of protein-protein interactions for the
functions of protein kinases.

p38at is thought to use mainly transient enzyme-substrate interactions to phosphorylate
downstream partners. However, in some cases, this kinase also interacts with substrates
and regulators through auxiliary docking surfaces. The most important docking site of
p38a consists of a hydrophobic docking groove and a negatively charged CD region
(Tanoue & Nishida, 2003). Target proteins use positively charged short linear motifs
(D-motifs) to recognize and interact with the p38a docking regions. Since one of the
goals of our study was the identification of new scaffolding partners for p38a, we start-
ed by selecting proteins whose structures contain linear D-motifs and then analyzed
their interaction with p38c.. Curiously, only known interactors (MK2 and PTPN7) were
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found to bind to p38a in a stable manner (Figure 14). Using PLA experiments, we
have also identified CDO1, FKBP8 and NCF1 as putative transient interactors, but only
the known substrate NCF1 was found to be directly phosphorylated by p38a in kinase
assays (Figure 16). Since PLA is based mainly on the identification of co-localizing
proteins, we propose that CDO1 and FKBP8 proteins interact with p38a. in an indirect
manner. In fact, it has been described that CDO1 interacts directly with the scaffold pro-
tein JLP (JNK-associated leucine zipper protein), and with p38a and p38p3 proteins via
JLP(Takaesu et al., 2006). This indirect interaction between CDO1 and p38a through
JLP might explain why CDOL1 is not phosphorylated in the kinase assay. In a second
screening, we considered 15 motifs that belong to distinct MAPK partners (Table 17).
We re-defined D-motifs on the basis of the type of docking motifs present in the MAPK
groups; however, we were still unable to identify new strong interactors for p38a.

To date, attempts to predict MAPK-binding proteins have used the generic consensus
of D-motifs as established more than a decade ago (Sharrocks et al., 2000) (Tanoue &
Nishida, 2003). However, despite using extensive alignments and predictions, the suc-
cess rate was low due to high sequence degeneration in the linear motif. In fact, peptides
containing classical D-motifs from specific MAPK-protein partners have been reported
to bind non-specifically to p38, JNK and ERK, thereby indicating the limitations of con-
sidering simple D-motif mediated interactions (Garai et al., 2012). Accordingly, the fol-
lowing requirements for MAPK binding have been proposed. On the one hand, to en-
sure proper binding, several MAPK partners that contain classical D-motifs often need
other structures, such as the residues that flank the phospho-acceptor site (DEF pockets
or FxF motifs) (Tzarum et al., 2013). On the other hand, MAPKAPK substrates rec-
ognize their upstream kinases (p38, ERK or both) using reverse D-motifs (RevD-mo-
tifs) which comprise different H-bond staples that affect MAPKAPK conformation and
binding (Garai et al., 2012). Overall, these studies suggest that besides the simple pat-
tern matching of D-motifs, other features, such as the structural compatibility to the
p38a docking groove, should be used to define new p38a interactors in a more reliable
manner. In fact, a recent study used a similar approach to identify novel MAPK dock-
ing partners. D-motifs were classified using a coherent structural model and analyzed
by FoldX structural-based scoring, and the new hits identified were validated using a
kinase assay and low affinity protein-protein interaction methods (Zeke et al., 2015).
Since we were interested in identifying new p38a scaffolding functions and MK2 is
a well-known partner of p38a, we used the MK2 RevD-motif structure to score the
human proteome. Interestingly, PTPRQ, PIK3CD, PRDM16 and SMG1 proteins were
identified as high confident interactors for p38a (Figure 18). Given that putative ho-
mologs were found to interact with p38c. in other species (Kim et al., 2012) (Aronova et
al., 2007) (Costanzo et al., 2016) (Kusari et al., 2004) we propose that these proteins are
potential interactors for p38a and as such interesting candidates for further validation.
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Overall, we hypothesize that the strategy based on the MK2 RevD-motif structure will
increase stringency in the consensus sequence, as we considered both the length and the

amino acid composition of the D-motif intervening regions.

Importance of docking interactions in the p38a.:
MK2 complex

Given that we wanted to study the scaffolding function of p38a through RevD-motif
binding, we chose the MK2 substrate as a model.

As aforementioned, MK2 recognizes the p38a docking groove through its RevD-motif
located in the C-terminal part of the protein (White et al., 2007). In addition to the
consensus MK2 RevD-motif, other MK2 residues have been found to be evolutionarily
conserved in most vertebrate homologs (Garai et al., 2012), thereby suggesting that oth-
er residues can fine-tune the conformation of the intervening regions between anchor
points, hence increasing binding specificity. Accordingly, our results identified R136 as
an additional residue of p38a implicated in the binding to MK2 in vitro (Figure 25).
This finding suggests that residues other than the established p38a docking motif also
participate in the formation of tight interactions between the two kinases.

The complexity of the docking surface leads us to speculate that the interaction be-
tween p38a and MK2 has evolved to ensure proper functioning. Firstly, as the C-ter-
minal region of MK2 is partially unstructured (Underwood et al., 2003), the binding
to p38a might cause a disordered-to-ordered transition in MK2 which may be assisted
by features located on both the p38a docking groove and the MK2 RevD-motif. Sec-
ondly, structural studies have shown that the MK2 RevD-motif bound to phosphorylat-
ed p38a, acts as a positive allosteric modulator of the kinase reaction enhancing ATP
loading, substrate binding and phosphorylation (Tokunaga et al., 2014). In this regard,
the formation of the p38o:MK2 complex would maximize the efficiency of the reaction,
allowing a rapid and full activation in response to stimuli.

p38a pathway activity is controlled by the dynam-
ics of the p38a:MK2 complex

The concept that p38a and MK2 act as an enzyme-substrate complex is well known.
The reduced levels of either p38a. or MK2 in cells that are deficient in the other inter-
acting partner suggest that the two proteins need each other for their own stabilization
(Ben-Levy et al., 1998)(Kotlyarov et al., 2002)(Sudo et al., 2005)(White et al., 2007) (Lo-
pez-Aviles et al., 2008). However, most of these studies used purified or overexpressed
proteins and the behavior of endogenous proteins was not addressed. Our results indi-
cate that endogenous p38a. and MK2 are downregulated in the absence of their complex
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partner, or when interfering with docking-mediated interactions.

Structural studies proposed that the high affinity between p38a and MK2 combined
with the disposition of the monomers in the complex would make the interface of
the heterodimer inaccessible to substrates (Lukas et al., 2004)(ter Haar et al., 2007).
However, stress signals are known to induce the activation of the two kinases, and the
phosphorylation of their respective substrates. This issue has been addressed by contro-
versial studies. On one hand, some reports propose that the enzyme-substrate assem-
bly remains stable even after p38a. and MK2 phosphorylation and phosphorylation of
substrates depends on the protein assembly (Ben-Levy et al., 1998)(A. Kotlyarov et al.,
2002). On the other hand, studies done in fission yeast or with purified recombinant
mammalian proteins indicate that phosphorylation decreases the affinity of the two ki-
nases (Lukas et al., 2004) (Lopez-Aviles et al., 2008). Herein, we confirm that phosphor-
ylation of endogenous p38a and MK2 leads to complex separation in mammalian cells,
thus making the two protein kinases available for other targets.

At the molecular level, p38a activation requires both dual phosphorylation of the TGY-
motif in the activation loop and ATP binding. The activation loop phosphorylation has
been perceived as the trigger for the conformational change necessary for ATP binding
(Kuzmanic et al., 2017). The structural changes associated with p38a. activation togeth-
er with the phosphorylation of MK2 probably contribute to the release of MK2 from
p38a..

There is good evidence implicating the p38a pathway in the regulation of many cellular
processes, including inflammation, proliferation and cell death. Accordingly, aberrant
activation of this signaling pathway has been linked to many diseases (Cuenda & Rous-
seau, 2007)(Yasuda et al., 2011). Therefore, the extent of pathway activation must be
strictly controlled in order to ensure cell homeostasis. Protein phosphatases are respon-
sible for returning active kinases to their basal state. Thus, the intensity and duration of
the activation of a signaling pathway would be regulated by the abundance and activity
of relevant phosphatases (Bhalla et al., 2002). Genes encoding about 530 kinases and
180 phosphatases have been identified in the human genome, thus indicating that most
phosphatases target several kinases, sometimes a large number of them. Moreover, ad-
ditional mechanisms such as protein degradation can also control the extent of signal-
ing pathway activation (Hershko et al., 2000). The inactivation of p38a by several types
of phosphatases has been broadly studied (Caunt & Keyse, 2013)(Cuadrado & Nebreda,
2010), but very little is known about MK2 dephosphorylation. Our results indicate that
MK?2 undergoes protein degradation relatively soon after activation (Figure 26 and Fig-
ure 30), thereby suggesting that activity of MK2 is regulated mainly by proteolysis and
probably phosphatases do not play a major role.

The degradation of proteins is usually achieved by autophagy or by the UPS. The UPS
relies on protein ubiquitination mediated by E3 ubiquitin ligases, which provide sub-
strate specificity. More than 600 different E3 ligase have been described in humans
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(Morreale & Walden, 2016), however, many are poorly characterized, particularly with
respect to the individual substrates that they can target. Our results implicate the E3
ligase MDM2 in the MK2 degradation process (Figure 34). MDM?2 is mainly known to
ubiquitinate p53 controlling its expression levels (Haupt et al., 1997). The stabilization
of p53 by certain types of stresses such us UV involve MDM2 phosphorylation, which
then auto-ubiquitinates and is degraded by the proteasome (Stommel & Wahl, 2004).
The ability of MDM2 to ubiquitinate itself in these conditions indicates that it retains the
E3 ligase activity per se. Moreover, stabilized p53 induces transcription of the MDM?2
gene (Kruse & Gu, 2009), suggesting that the MDM2 levels are restored in UV-stimu-
lated cells, and MDM2 could target other proteins. In fact, MDM2 has been reported to
regulate the degradation of other proteins besides p53, such as HUWEL, NUMB or IRF-
2 (Kurokawa et al., 2013)(Pettersson et al., 2009)(Sczaniecka et al., 2012). Interestingly,
MK2 can phosphorylate MDM2 modulating the extent and the duration of the p53
response (Weber et al., 2005). However, our results show that MK2 inhibition does not
affect MK2 degradation, suggesting that MDM?2 phosphorylation by MK2 is unlikely to
be involved in the process. Further investigations are needed to elucidate how MDM?2
regulates MK2 degradation.

The activity of the p38a signaling pathway is tightly controlled by multiple mech-
anisms, including several feedback loops. For example, p38a. can negatively regulate
upstream activators such as MKK®6 at the expression level (Ambrosino et al., 2003) or
TAKI1 through the phosphorylation levels of its regulator TAB1 (Cheung et al., 2003),
and can also induce the expression of phosphatases such as MKP1 (Hu et al., 2007). Our
data suggest a new mechanism of regulation based on the dynamics of the p38a:MK2
complex.

Thus, in homeostatic conditions, MK2 is bound to p38a, which ensures proper acti-
vation of p38a. and facilitating the concomitant activation of MK2, as both kinases are
known to co-regulate several cellular processes such as cell cycle regulation and mRNA
stability (Gaestel, 2015). In response to weak stimuli that induce transient pathway ac-
tivation, p38a and MK2 are phosphorylated, reducing their binding affinity and lead-
ing to complex separation. Once dissociated, the two active kinases can phosphorylate
their relevant substrates, which will in turn mediate the pathway functions. However,
the phosphorylated MK2 protein unbound to p38a has low stability and is targeted by
the MDM?2 ubiquitin ligase for its degradation by the 26S proteasome, thereby ensuring
a limited activation. The inactivation of p38c, occurs mainly by de-phosphorylation.
Before its inactivation, p38a triggers the upregulation of MK2 mRNA, probably at the
transcriptional level, and the cell recovers the levels of MK2 protein, which bind to the
unphosphorylated p38a forming a heterodimer again (Figure 48A). However, under
persistent stimuli, p38a. and MK2 remain phosphorylated and unbound longer, thereby
reducing their protein stability and thus impairing complex formation and the resto-
ration of the basal state (Figure 48B).
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We speculate that this mechanism could be interpreted by the cell as a sign of irrevers-
ible damage, thus facilitating the occurrence of cell death.
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Figure 48. Proposed model for p38a:MK2 complex dynamics. In homeostasis, p38a and MK2 proteins form a
complex mediated by docking interactions. (A) After stimulation by agents such as LPS that transiently activate
p38a, the two proteins become phosphorylated and separate from each other, leading to MK2 ubiquitination
and degradation by the 26S proteasome. MDM2 controls MK2 degradation. At later times, there is de novo
MK2 re-expression in a p38a dependent manner. In parallel, p38a is dephosphorylated by phosphatases and
both proteins would form a complex again. (B) Stimuli that induce persistent p38a activation result in sustained
phosphorylation of both p38a. and MK2, which remain unbound and are eventually degraded. Therefore, the
complex is unable to form to recover the steady state.

Taking into account this model, new strategies can be used to design p38a.-specific in-
hibitors. In fact, instead of competing with ATP binding, several molecules have been
reported to target the p38a docking groove, thus interfering with docking-dependent
substrates such as MK2 (Davidson et al., 2004) (Willemen et al., 2014) (Shah et al,,
2017). For example, CMPD1 uses this mode of action, preventing the formation of the
p38a:MK2 complex and inhibiting MK2 phosphorylation. However, long term treat-
ment with CMPD1 maintains p38a. and MK2 unbound, resulting in the downregula-
tion of both proteins (Figure 39). This observation would indicate that, by triggering
p38a downregulation, CMPD1 loses its proposed specificity of selectively inhibiting
MK2. In agreement, it has been described that CMPD1-induced cytotoxic activity in
glioblastoma cells is independent of MK2 (Gurgis et al., 2015). This observation would
suggest that p38a downregulation is a side effect of this compound.

Recently, a new p38a. inhibitor (CDD-450) was reported to selectively bind to and in-
hibit the p38c:MK2 complex. CDD-450 targets the unique binding surfaces formed
between p38a and MK2, stabilizing the complex and preventing MK2 activation (Wang
et al., 2018). This approach emphasizes the importance of the dynamics of the complex
conformation for proper activation of the signaling pathway. Interestingly, CDD-450
does not impair the activation of other p38a substrates such as ATF2, suggesting that
other proteins can be phosphorylated either by monomeric p38a or by the p38a. in the
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complex using transient interactions through the phosphoacceptor site.

In addition to MK2, other proteins, such as MEF2A and MKK3, are known to interact
with p38a through docking interactions (Chang et al., 2002)(Tanoue et al., 2001). More-
over, in certain situations, p38a can be activated by an alternative pathway that leads
to autophosphorylation induced by TAB1 binding (Ashwell, 2006). Given that docking
interactions are a common mechanism for the binding of different MAPK partners, the
existence of other p38a. protein complexes should be considered. Since our results show
a faster degradation of MK2 than of p38a upon complex separation, we hypothesize
that p38a interacts with other proteins that help to stabilize it and avoid its degradation.
Alternatively, maybe de-phosphorylation helps to stabilize the p38a protein.

In summary, we propose that complex formation between MK2 and p38a plays an
important role in the regulation of this signaling pathway, which not only helps to
synchronize the timely activation of the two kinases but also provides a mechanism
through which cells can interpret the strength of the stimuli and modulate the extent of
pathway activity output.

Functional relevance of p38ua:MK2 complex dy-
namics

Our model allows a better understanding of different functions attributed to p38a and
MK?2 signaling. For example, the modulation of their subcellular localization is contro-
versial (Ben-Levy et al., 1998)(Gaestel, 2006)(Gong et al., 2010). It was proposed that
activation of MK2 leads to the exposure of its nuclear export signal (NES) and that the
p38a:MK2 complex translocates from the nucleus to the cytosol (Ben-Levy et al., 1998)
(Gaestel, 2006). However, other studies claim that p38c. shuttles from the cytoplasm
to the nucleus in response to several stimuli, in a p38a phosphorylation-dependent
but MK2-independent manner, while nuclear export depends on p38a dephosphory-
lation using phosphorylated MK2 as a carrier (Gong et al., 2010). Our model indicates
that both proteins need to be unphosphorylated to form a complex, thereby suggesting
that they should be initially located in the same subcellular compartment. In fact, we
observed that under basal conditions both proteins are in the cytoplasm (Figure 40).
Interestingly, a different localization pattern is observed when the two kinases are ex-
pressed alone (Figure 40). p38a is still found in the cytoplasm, whereas MK2 shuttles
into the nucleus. We hypothesize that the formation of the p38c:MK2 complex bur-
ies the C-terminal region of MK2 containing the MK2-NLS and MK2-NES sequences,
and therefore controlling the MK2 subcellular localization. Although the localization of
p38a and MK2 in response to stimuli still needs to be evaluated, we propose that, upon
activation these two kinases dissociate from each other resulting in MK2 degradation.
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This dissociation would facilitate the shuttling of p38a. to the nucleus by other proteins
such as exportins or microtubule- and dynein-associated molecules (Gong et al., 2010).
After stimulation, the two kinases would return to their basal state, allowing the forma-
tion of a stable complex again (Figure 49).
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Figure 49. Proposed model for the p38a:MK2 shuttling. At resting conditions both kinases are bound together in
the cytoplasm. Upon stimuli they separate to each other and can in turn translocate to de nucleus. MK2 phos-
phorylation leads to MK2 degradation. After stimulation both proteins will form a complex again.

In addition to its participation in regulating their subcellular localization, the p38a:MK2
complex may be involved in other processes. It is now becoming clear that protein-pro-
tein-protein interactions induce conformational changes that allow catalytic activity of
enzymes or expose new structural surfaces that are important for cell signaling (Lange-
berg & Scott, 2015). In fact, it has been proposed that p38a and MK2 associate with
RIPK1 in cytoplasmic complexes that mediate RIPK1 kinase-dependent cytotoxicity
(Menon et al., 2017). This proposal suggests that the p38a.:MK2 assembly could regulate
other protein partners via scaffolding. Our data based on mass spectrometry analysis
(Supplementary Table 5) identified Stripl as a bona-fide MK2 interactor at endog-
enous levels (Figure 41). However, Stripl apparently interacts with MK2 in a p38a
independent manner, suggesting that the formation of the p38c:MK2 complex is not
necessary for the interaction of Stripl with MK2. Although the relevance of Strip1 for
MK2-mediated functions remains to be determined, we hypothesize that Stripl mod-
ulates some MK2 functions. Stripl was recently shown to regulate cell migration in
both mouse embryo development and in cancer cells (Bazzi et al., 2017) (Madsen et
al,, 2014). Since the p38a pathway also contributes to the regulation of cell migration
through several mechanisms, including MK2-dependent phosphorylation of Hsp27, it
would be pertinent to addres whether the interaction between Stripl and MK2 regu-
lates cell migration.
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Generation of p38a kinase dead mice

Besides the regulation of the p38c.:MK2 complex, other p38a.-kinase independent func-
tions have been identified. Specifically, one study suggests that p38a regulates mitotic
progression in a kinase-independent manner (Fan et al., 2005). To further investigate
new p38a functions independent of its kinase activity, we generated a p38a. KD mouse
model. Interestingly, our group has recently reported that the absence of p38a impairs
cancer cell proliferation and enhanced cell death halting mammary tumor progression
(Cénovas et al., 2018). The use of chemical inhibitors indicated the contribution of the
p38a kinase activity in this phenotype, however, our data shows that tumor progression
is also partially impaired by the expression of kinase dead p38a, thus suggesting that
mammary cancer cell proliferation is regulated by p38a both in kinase-dependent and
independent manners. In agreement with our observations, MK2 protein levels are not
downregulated in p38a. KD animals (Figure 47), suggesting that p38a forms a stable
complex with MK2 in p38a. KD mouse tissues in vivo. The presence of p38a and MK2
in p38a KD mice (but not in p38a. KO mice) may explain the differences observed in
cancer cell proliferation between p38c KD and p38a KO tumors. Interestingly, mass
spectrometry analysis and preliminary results in overexpressed 293T cells identified
Bccip protein as a MK2 interactor (Supplementary Table 5 and Figure 41). Becip was
found to be a BRCA2 and p21-interacting protein, and it has been identified as an im-
portant cofactor for BRCA?2 in breast tumor progression (Liu et al., 2001). Specifically,
depletion of Bccip in cancer cell lines leads to disoriented mitotic spindles, chromo-
some congression defects and delayed mitotic progression (Huhn et al., 2017). Accord-
ingly, similar phenotypes were observed in tumors lacking the p38a protein (Canovas
et al,, 2018). Since MK2 is stable in p38a. KD mice but not in p38aKO animals, it is
possible that p38a-mediated MK2 stabilization regulates Bccip-dependent cell func-
tions to some extent. This hypothesis would contribute to the identification of a new
p38a-kinase independent function through MK2 stability and consequently through
the regulation of Bccip protein.

Overall, our results support the notion that p38a scaffolding domains are involved in
breast tumor progression. Although more research is required to identify the underly-
ing mechanisms, we have established new mouse and cell models that are expected to
facilitate the characterization of these functions.
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The D-motif sequence alone is not sufficient to identify stable interactors of p38a.

p38a and MK2 form a stable complex in vivo, which is mediated by docking inter-
actions through the p38a.-CD domain and other residues such as Argl36.

Phosphorylation of p38a. and MK2 triggers complex separation.

Dissociation of the p38a:MK2 complex upon p38a activation leads to MK2 deg-
radation by the proteasome.

The extent and duration of p38a. activation determines the fate of p38a and MK2
proteins.

The regulation of mammary tumor growth by p38c. may involve a kinase-indepen-
dent function.
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Kat2b 21444723 AC, ESPD Sumo2 19471022 AC
Mapk11 23602568, 21900206 Y2H, TAP Tceall 23602568 TAP
I12rg 15102471 Y2H Dyrk1b 12384504 P
Lepl 15102471 Y2H Plcb2 12054652 P
Mapk12 15102471 Y2H Dusp4 11387337, 16038800 IP, PD
Mib1 15102471 Y2H Mapk? 15102471 Y2H
Nme2 15102471 Y2H Prkce 11139474 P
Recn2 15102471 Y2H Akt1 23397142, 11042204 AC, ES, PD
Casp3 14970175 KA, IP Hira2 10644717, 17906618 AC, ES, Y2H
Casp8 14970175 KA, IP Ppmia 23560844, 9707433 IP, PA
Slc12a2 14563843 IP Gmfb 8798479 AC
Stk39 14563843 IP Csnk2al 10747897 AC, PD
Cdc25a 12963847 pull down Inhit1 18624398, 17380123 IP, KA, PD, Y2H
Fubp1 12819782 AC, Y2H
Kars 12819782 Y2H
Smad7 17172861, 12589052 AC, IP
Spag? 12391307 AC

Supplementary Table 1 | B. p38a putative functional interactors from information available in
databases. PMID number refers to the manuscript ID. Detection methods: ES: Enzymatic study,
KA: Kinase assay, IP: Immunoprecipitation and EID: Experimental intferaction detection.
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Bcl2 11495898 ED Myod] 15719023 ED
Bmil 21675959 Es Pla2g4a 9468497 ED
Cas 20530479 Es Ppargcla 11741533 ED

Dusp? 9788880 PA Rosn 16138080 ED
Eeal 16138080 ED scnsa 16014723 ED
Eef2k 12171600 ED Shet 16251354 Es

Eif4ebp! 11777913, 20090955 ED, ES Smad3 14512875 ED

Ek3 11042694 ED Srokl 23602568 KA
Casp3 14970175 KA., IP statl 11226159 ED
Esr] 12138194 ED 2ap70 15735648, 15735649 ED
itnarl 21695243 KA Elk4 9235954, 9130707 ED
Jdp2 11602244, 12225289 EID Bk 9155%‘1%0%‘;829]' EID
Junb 8917518, 9889198 ED Limk1 16456544 KA
Mafa 11416124 ED Ncoa3 16454540, 16135815 EID, KA
Mapks 15778365 ED Ncf1 15629715 ED
\bp 17506618, 10708586, o e 7856528, 10330143 €D £
Noxal 20110267 KA Pidk2b 16949365 £
Bazlb 19776015 Es Tiep2 15857981 Es
Rb1 20871633, 17380128 KA Eiv] 11551945 Es
Mitf 11792706 ED Jun 24945502, 9155018 Es
Ddit3 8650547 Es
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Supplementary Figure 1 | MAPK sequence alignment using Clustal Omega or M-Coffee. In Clustal
Omega red indicates hydrophobic amino acids, blue indicates acidic aminoacid, magenta indi-
cates basic amino acids and green shows polar amino acids with hydroxyl, sulfhydryl and amine
groups. In M-Coffe alignment each residue has a color that indicates the agreement of the in-
dividual MSAs with respect to the alignment of that specific residue. Dark red indicates residues
aligned in a similar fashion among all the individual MSAs; yellow, orange and red residues can
be considered to be reliably aligned.

Clustal Omega M-Cofee
MKK6 SKGKKRNPGLKIP- SKGKK-R-NPGLKIP
AR MKK3 KGKSKRKKDLRI-- -KGKSKR-KKDLRI-
MKK4 ---QGKRKALKLNF -QGKR-KALK-LN-F
PAC1 PWNALLRRRARARGPP-- PWNALLRRRARA-RGPP
hVH5 --SKLVKRRLQQGKVTI- --SKLVKRRLQQGKVTI
LA MPK5 CADKISRRRLOQGKITV- CADKISRRRLQQGKITV
MKP1 RFSTIVRRRAK-GAKGAG RFSTIVRRRAKGAKGAG
MKP2 RCNTIVRRRAK-GSVSLE RCNTIVRRRAKGSVSLE
EC-PTP GLQERRGSNVSLTLDM GLQERRGSNVSLTLDM
PTP HePTP RLOERRGSNVALMLDV RLQERRGSNVALMLDV
MNK1 KSRLARRRALAQAGRSRD KSRLARRRALAQAGRS-RD
MSK1 KAPLAKRRKMKKTSTSTE KAPLAKRRKMKKT-STSTE
MAPKAPK PRAK NNPILRKRKLLGTKPKDS NNPILRKRKLLGT-KPKDS
MAPKAPK2 -NPLLLKRRKKARALEAAA NPLLLKRRKKARA-LEAAA
MAPKAPK3 -NRLLNKRRKKQAGSSSAS NRLLNKRRKKQAG-SSSAS
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Supplementary Table 2 | p38a interacting partners based on FIMO ranked output. Significant
motif occurrences have a p-value < 0.05. Start and Stop parameters show the amino acid region
of the matched sequence inside the protfein. Bold indicates new putative docking interactors for
p38a. The selected proteins for validation are indicated in bold red.

MK3 358 376 51,2551 1,73E-018 1,89E-011 NNRLLNKRRKKQAGSSSAS
MSK1 737 755 44,2449 5,70E-015 3,12E-008 KAPLAKRRKMKKTSTSTET
MKS 356 374 42,6633 1,73E-014 6,32E-008 NNPILRKRKLLGTKPKDSV
MK2 379 397 41,2041 4,31E-014 1,18E-007 SNPLLLKRRKKARALEAAA
MAPKAPK
MNK1 441 459 26,7959 6,65E-011 0,000146 KSRLARRRALAQAGRGEDR
AHDCI1 389 407 15,0918 7,86E-009 0,0143 RPKILCRRRKAGRGRKADA
SHRM1 720 738 11,8367 2,60E-008 0,0406 GSRLARVRRALARAASDSD
IQCA1 796 814 11,3265 3,08E-008 0,0421 KTPLGKKRALAITGGSTEK
MKKé6 4 17 36,6964 5,09E-013 5,61E-006 SKGKKRNPGLKIPK
MKK3 16 29 33,3661 8,26E-012 4,55E-005 KGKSKRKKDLRISC
MAPKK GRK5 23 37 22,6364 4,38E-009 0,0161 RKGKSKKWKEILKFP
MKK4 35 48 30,3929 6,96E-011 0,000256 SSMQGKRKALKLNF
1IBEDé 59 72 23,7679 3,63E-009 0,01 PAKKKRKKGLRIKG
DUS8 50 67 47,8265 2,27E-016 2,49E-009 CCSKLVKRRLQQGKVTIA
MKP DUS10 196 213 46,2857 8,99E-016 4,92E-009 CADKISRRRLQQGKITVL
DUS16 49 66 16,4694 7,30E-009 0,0266 NCSKLMKRRLQQDKVLIT
PTN7 37 52 59,8137 1,07E-019 1,01E-012 RLQERRGSNVALMLDV
PTP PTNS 238 253 59,5 2,76E-019 1,01E-012 GLQERRGSNVSLTLDM
PTPRR 332 347 59,5 2,76E-019 1,01E-012 GLQERRGSNVSLTLDM
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Supplementary Table 3 | Modeling of motifs on p38a and scoring the structural compatibility. The
obtained sequences were ranked from best binding energies for p38a model (20KR, 20NL and

201A).
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MAPK3 DQVKIKDLKTSNNRLLNKRRKK-347-368 -21,8743 -22,0076 -20,6469
MAPK2 EQIKIKKIEDASNPLLLKRRKK-368-389 -21,1262 -19.1279 -19.5412
ISWM4 LELGLQVMRMTLNVMTWRRREM-671-692 | -20,3523 -19.9477 -20,4595
LRC47 DCPKLKEINFRGNKLRDKRLEK-223-244 -19,2423 17,5567 -17,5643
FA83C GAPELGSLRPGDRALEDRRLSL-566-587 -19,1068 -13,0425 -12,7359
UBAP2 ISVSVHQPQPKHIKLAKRRIPP-491-512 -19,0696 -19,0491 -16,5511
ACACA HGMLINTPYVTKDLLQSKRFQA-1569-1590 | -18,9313 -13,0184 -15,856

MET16 VSLFLTAIENSWIHLRRKKRER-367-388 -18,8183 -16,7172 -17,3167
UB2J1 SAVLIVILTLALAALIFRRIYL-287-308 -18,796 -16,7891 -16,4803
MYBA TSPNIAKFSTPPAILRKKRKMR-433-454 -18,6972 -17,2124 -17,0167
KMT5C SPLWLQWLPQPQPRVRPRKRRR-316-337 | -18,3828 -16,9055 -18,5248
IF4G3 RGVPLLNVGSRRSQPGQRREPR-692-713 | -18,3081 -16,1128 -18,6296
CwC22 KFPQIGELILKRLILNFRKGYR-225-246 -18,1793 -12,5357 -13,0969
SYCP2 RFMEIESPHINENYIQSKREES-1228-1249 -18,1649 -16,5443 -14,0447
LRC41 QNLTLQEITFSFCRLFEKRPAQ-668-689 -17.9769 -15,3809 -20,2967
RPTOR PGVTLDLIEKIPGRLNDRRTPL-288-309 -17.8719 -15,4144 -16,8526
PAPOG GQPHLNGMSNITKTVTPKRSHS-627-648 -17.8372 -15,0284 -13,9248
ISWMS LELGLQVMRMTLSTLNWRRREM-866-887 | -17,7992 -17,5714 -19,6432
PTPRQ FDLQLAEVESTQVRITWKKPRQ-443-464 -17,7586 -11,8088 -13,8319
COR2B KLVTLKGLIEPISMIVPRRSDS-342-363 -17,3127 -16,0407 -13,5089
SNX29 ESMTISELRQATVAMMNRKDEL-463-484 | -17,3064 -16,148 -14,2632
IFY26 PRLKVSKPSLSWKELRGRREVP-1325-1346 | -17,1423 -17,208 -15,3251
WDR36 LGLALDDFSISVLDIETRKIVR-595-616 -16,9456 -11,1907 -10,276

IBT78B PQVPLPPPPPPPPRPVARRSRK-182-203 -16,887 -14,6154 -12,8214
DBF4A WGVKILHIDDIRYYIEQKKKEL-165-186 -16,869 -14,7052 -14,8972
NCMAP VVIIFTVVLILLKMYNRKMRT-39-60 -16,8532 -15,8484 -16,0141
MAGEI KLVQLFLLMDSTKLPIPKKGIL-751-772 -16,5292 -14,0533 -11,9482
ATD3B RHILLYGPPGTGKTLFAKKLAL-346-367 -16,4115 -13,5778 -14,0643
ATD3C RHILLYGPPGTGKTLFAKKLAL-171-192 -16,4115 -13,5778 -14,0643
F71E1 FLPLLLRPLPSDGDIAMRRDRG-48-69 -16,3927 -13,9484 -14,3661
RP25L APPGLGSMPSSSCGPRSRRRAR-138-159 | -16,3559 -17,3906 -17,6363
ANKZ1 VELTVGTLDLCESEVLPKRRRR-418-439 -16,227 -17,5566 -17,3906
TuT4 CLIHIENIQGAHKHIKEKRHKK-309-330 -16,1144 -18,7912 -19.1171
IF2B2 EIVNLFIPTQAVGAIIGKKGAH-428-449 -16,001 -14,0963 -12,5836
MDCI1 APPPLLSPLLPSIKPTVRKTRQ-1062-1083 -15,9298 -15,3958 -9.96271
THAP9 DEVFLSKVSIFDISIARRKDLA-649-670 -15,8977 -12,1658 -12,1969
SET1B LPPLLPAPLASCPPPMKRKPGR-1500-1521 | -15,7949 -12,6178 -9.00266
TCF20 RGLKLEAIVQKITSPNIRRSAS-1348-1369 -15,6852 -12,8987 -15,9461
YOO001 VYLNLSLPLKSVHRLSLKKSFG-129-150 -15,6039 -14,1985 -13,0743

PRD16 GLLALEPMPTFGKGLDLRRAAE-1182-1203 -15,4267 -1,00977 -13,9123
IL16 FEILVRKPMSSKPKPPPRKYFK-585-606 -14,8399 -14,239 -10,4905
SMG1 FSLLVEKLNKMEIPIAWRKIDI-2975-2996 -14,6861 -11,8989 -11,8949
CBPC2 VNPRLREPQELFSILSTKRPLQ-156-177 -14,36 -16,8179 -17,7821
PCLO PPPPLPPPTSPKPTILPKKKLT-2354-2375 -14,3335 -12,9515 -6,26607
RAIN RGLKLEAIVQKITSPSLKKFAC-1325-1346 -14,3271 -9,65419 -12,2793
ZFANS KAPELPKPKKNRCFMCRKKVGL-142-163 -14,294 -15,0449 -10,8336
BRSK2 KSMEVLSVTDGGSPVPARRAIE-381-402 -14,1965 -12,0796 -12,7758
NOP2 QPPTVSPIRSSRPPPAKRKKSQ-781-802 -13,9515 -13,0432 -8,56485
F186A KKPKVMVPPSSPQELEEKRYFV-2086-2107 -13,9243 -12,782 -11,4976
PEPL EEISVKGPNGESSVIHDRKSGK-1696-1717 -13,8336 -8,88581 -11,1645
DTL SSPPITPPASETKIMSPRKALI-511-532 -13,5555 -11,6032 -11,4844
EF2 LEICLKDLEEDHACIPIKKSDP-554-575 -13,4625 -7.75117 -10,3061
TXIP1 TQMELNNMKANFGDVVPRRDFE-241-262 -13.1111 -11,6311 -13,8492
SETB1 DFLFLEMFCLDPYVLVDRKFQP-651-672 -13,0248 -12,4009 -13,036
PRR11 PPPPLPPPPPPLAPVLLRKPSL-189-210 -12,6669 -10,546 -8,03984
CiC AFLSIMSPEIQLPLPPGKRRTQ-151-172 -12,6619 -11,7429 -13,9907
RIM3A ELIKLNWLLAKALWVLARRCYT-372-393 -12,5065 -12,7215 -13,022
RIM3B ELIKLNWLLAKALWVLARRCYT-372-393 -12,5065 -12,7215 -13,022
RIM3C ELIKLNWLLAKALWVLARRCYT-372-393 -12,5065 -12,7215 -13,022
NLRP1 QLLLLQRPHPRSQDPLVKRSWP-280-301 -12,3278 -12,65 -10,9965
FA65A PRPLVQQPEPLPIQVAFRRPET-404-425 -11,9587 -12,9519 -11,8956
SPAT2 LRPDVWLLRNDAHSLYHKRSPP-353-374 -11,6855 -16,5035 -7,0511

PARN RVMDIPYLNLEGPDLQPKRDHV-426-447 -11,4731 -10,469 -8,44175
NALPS SNLQIGLWKWQYPVQIRKLLE-1151-1172 -10,9042 -8,23604 -10,1249
PK3CD PAPQVQKPRAKPPPIPAKKPSS-292-313 -10,8903 -11,0669 -6,21188
KLF3 SSMQVPVIESYEKPISQKKIKI-178-199 -10,7404 -6,5333 -5,98824
ANK3 ITVPVYSVVNVLPEPALKKLPD-1820-1841 -10,3772 -9.84348 -7,14908
RBM25 PTVLVPTVSMVGKHLGARKDHP-51-72 -9.97386 -11,7032 -9,01823
cnz2 GTPALPAPAPRSHGPTVRKFAK-828-849 -9,8586 -11,256 -12,6912
RHG29 EELGLPDVNPMCQRPRLKRMQQ-1228-1249 | -9,77258 -14,5996 -13,6912
NRBP VPPSVKTPTPEPAEVETRKVVL-425-446 -9,59147 -5,60348 -3,61307
CLu QCLKVLTMSGWNPPPGNRKMHG-213-234 -9,35173 5,12331 -7,69608
ARHGH AWPSVTEMRKLFGGPGSRRPSA-122-143 -8,65843 -12,9422 -9,67026
ARHGA LQMALTELETLAEKLNERKRDA-591-612 -8,4884 -6,37087 -9,16367
IF4G1 ASLLLEILGLLCKSMGPKKVGT-1373-1394 -8,30425 -9,70509 -8,56517
GYS2 DRLNIKSPFSLSHVPHGKKKLH-677-698 -7,66625 -12,8816 -8,63448
SPIR2 ARLWVQLMRELRRGVKLKKVQE-243-264 -7,60181 -12,809 -12,4931
RBGP1 TKVRVCSPNERLFWPFSKRSTT-428-449 -4,83029 -12,9642 -10,8336
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Supplementary Table 4 |Predicted E3-ligases for MK2. Information adapted from UbiBrowser da-
tabase (Only the first 40 proteins are shown). Labels are as follows: E3 (putative E3 ligase). EDP
(Enriched domain pair), predicts the interaction domains between E3 and substrate. E3 motfif in-
dicates the E3 recognition of short linear sequence motifs inside the substrate. NL (Network loops)

Supplementary Table 5 |Raw data for MK2-IP mass spectrometry analysis. It contfains the three
analyzed replicates for MK2-IP samples and two replicates for agarose beads (negative control).
PSMs (pepftides spectrum matches) indicate the number of peptides found.

refers to the physical interaction network between the E3 and the substrate. EGP (Enriched GO
pair) indicates functional association between the E3 and the substrate. CL (Confidence level).

Mfaplb 2[110 01010 0/0 010
Dnajbé 212]2 214]0 0|0 0|0
Dhcr7 010]1 of1]1 0/0 0/0

1 SMURFI HIGH 0.802
Hmgn1 11213 0]2]0 0|0 0|0

2 STUBI HIGH 0.775
Pcmtl 4]5|8 11212 11 110

3 MDM2 HIGH 0.770
Cryab 0]0]0 3(2]1 0|0 0l0

4 SMURF2 MIDDLE 0.761
Ltadh 0]0]1 0|1]0 0|0 0l0

5 ITCH MIDDLE 0.747
Pdcd?2 3]2|3 71913 112 214

6 RANBP2 MIDDLE 0.736
Mapk14 010]1 1512017 0l0 0l0

7 NEDD4 MIDDLE 0.736
Mapkapk?2 566982 888669 0l0 010

8 RAPSN MIDDLE 0717
Pcmtd] 61618 1211214 0l0 0/0

9 TC3 MIDDLE 0.716
Vamp3;Vamp?2 111 111 0|0 0|0

10 BTRC MIDDLE 0.708
Foxo31 21713 41112 0/0 0/0

1 CBLC MIDDLE 0.705
Tmem109 0]0]0 110]0 0|0 0|0

12 SOCs7 MIDDLE 0.705
PppIri3l 11010 1102 0|0 010

13 DTX1 MIDDLE 0.702
Sptbn1 3|2|4 20111 11 0|0

14 UBE4B MIDDLE 0.701
Mylk 0]0]0 2[1]0 0|0 0|0

15 FBXW11 MIDDLE 0.700
Ubr2 0]0]0 20111 0|0 0l0

16 SKP2 MIDDLE 0.696
Ubrs 2/0]1 110]0 0|0 0l0

17 UBE3C MIDDLE 0.693
Pgrmc2 0[11]1 113]2 0|0 0l0

18 SYTL4 MIDDLE 0.688
Pcmtd2 1112 214]2 0l0 o1

19 NEDDA4L MIDDLE 0.688
Rcn2 1112 31010 2|0 0|0

21 PHIP MIDDLE 0.683
Kank2 11010 T o1 110

22 WWP1 MIDDLE 0.681
Strip1 16120119 25|24 21 0l0 0/0

23 UBR5 MIDDLE 0.680
Trima47 01010 01310 o1 010

24 BIRC3 MIDDLE 0.676
Snap47 11011 01010 0/0 0|0

25 HUWE! MIDDLE 0.676
Kctds 2121 11210 0/0 010

26 BIRC2 MIDDLE 0.676
Ddix41 01310 11211 0|0 0|0

27 APAFI MIDDLE 0.676
Farl 11110 0[1]0 0|0 0|0

28 CBL MIDDLE 0.674
Sirt1 21112 0]0]1 0|0 0l0

29 FANCG MIDDLE 0.670
Dnaja3 4]4|5 313]2 0|0 21

30 HECWI1 MIDDLE 0.670
Ranbp3 110]0 11110 01 0l0

31 ZEB2 MIDDLE 0.670
Bceip 1011319 12]13]5 112 314

32 SYVN1 MIDDLE 0.669
Ppp1ri2a;Pppiri2b 01210 01010 o1 0l0

33 UBE3A LOW 0.662 PP PP 2l 19l | !

Osbpl3 T 11110 0l0 0/0

34 PELI2 LOW 0.657
Strn3 21213 21210 0l0 0/0

35 WWP2 LOW 0.657
Clpx 2111 01010 0/0 010

36 HERC1 LOW 0.657
Mppé 1212116 314]4 0|0 0|0

37 PELI3 LOW 0.655
Ecsit 2111 2(210 0/0 0|0

38 CRYAB LOW 0.653
Ripk3 0]0]1 0]2]0 0|0 0|0

39 BARDI LOW 0.653
Pis 61718 55|14 0|0 0|0

40 MIB1 LOW 0.652
Rnf7 113]2 2112 11 112
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