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Abstract

The RAS/RAF/MEK/ERK signaling pathway plays an important role
throughout mammalian development, from embryogenesis to tissue-specific cellular

homeostasis and its aberrant activation is a major driver of human cancer.

RAF activation is a complex process that involves multiple regulatory steps in
addition to RAS binding. Key among them is the dephosphorylation of a conserved
inhibitory site by a phosphatase complex comprised of SHOC2, MRAS and PP1
(SHOC2 complex).

In order to study the role of Shoc2 in vivo, we have generated two mouse
models of conditional Shoc2 inactivation. Shoc2 knock-out (KO) and knock-in (KI)
mice are embryonic lethal indicating Shoc2 function is required during mouse
development. To examine Shoc2 function in adult tissue homeostasis, Shoc2 KO and
Kl mice were crossed with animals carrying an inducible ubiquitously expressed
CreER™ recombinase. Treatment with tamoxifen leads to efficient recombination in
all tissues examined, except brain. Significantly, Shoc2 inactivation is tolerated well
in the short term although, pleiotropic phenotypes do emerge after sustained Shoc2
inhibition. Histopathological analysis revealed that Shoc2 KO and Kl mice display skin
dermatitis characterized by marked inflammation, epidermal hyperproliferation and

keratinocyte differentiation defects, as well as hair cycle impairment.

Post-mortem studies also show those mice have splenomegaly and
lymphadenopathy which could be secondary to the progressively more severe skin
inflammation. Male KO mice also have enlarged bladders full of urine suggesting a

sexually dimorphic role for Shoc?2 in urinary function.

Collectively, our results help validate SHOC2 as a therapeutic target for RAS-
driven cancers and suggest that future SHOC?2 targeted therapies may be tolerated
relatively well-compared to other core components of ERK-pathway. However, our
studies also indicate that sustained inhibition may lead to toxicities and underscore
the importance of optimizing treatment windows as well as close monitoring of some

particularly sensitive tissues.



Impact Statement

Impact statement

The data presented in this thesis provides a better understanding of the
previously unexplored physiological roles of Shoc2 in tissue homeostasis by
characterising phenotypic changes related to systemic genetic Shoc2 inactivation.

We have generated KO and Kl Shoc2P1*N mouse models to examine the role
of Shoc2 at the organismal level under physiological conditions. Our results revealed
that constitutive deficiency of Shoc2 in mice results in embryonic lethality at E8.5
demonstrates the importance of Shoc2 in embryonic development. We also show for
the first time that inactivation of Shoc2 by the D175N mutation, which selectively
disrupts SHOC2 holophosphatase complex formation, also results in embryonic
lethality at the same stage of embryogenesis, suggesting lethality upon Shoc2

inhibition is dependent on its RAF phosphatase function.

In contrast to core components of the MAPK/ERK cascade (RAF, MEK, ERK),
systemic Shoc2 inactivation in adult mice using either KO or KI Shoc2P™®N mouse
models appears better tolerated in the short term, suggesting that redundant Shoc2-
independent mechanisms of ERK pathway activation have important contributions to
tissue homeostasis. However, our studies unveil an essential role of Shoc2 in skin
homeostasis as Shoc2 KO and Kl mice develop a skin dermatitis with features of
atopic dermatitis and psoriasis with Shoc2 Kl mice having a milder phenotype than
KO mice. Systemic inflammation, likely secondary to skin inflammation, has also been
detected in Shoc2 KO and Kl mice with splenomegaly and lymphadenopathy.
Furthermore, we have discovered a sexually dimorphic role of Shoc2 in urinary
function, with male but not female KO mice developing enlarged urinary bladders.
Hence, these study reveals a previously unknown role for Shoc2 in immune cell, skin

and bladder homeostasis by using in vivo mouse models.

Our data shows that Shoc2 KI mice show a lower penetrance and delayed
emergence of phenotypes compared to Shoc2 KO mice which correlates with greater
median survival compared to the KO model. This may have important implications for
future therapies as the Shoc2 Kl model better recapitulates pharmacological inhibition
of the SHOC?2 phosphatase complex in the clinic. Overall, this study suggests SHOC2
targeted therapies may be relatively well-tolerated in the short term. However, our
studies also reveal new roles for Shoc2 in physiological processes and suggest

pleiotropic phenotypes likely to emerge after sustained inhibition.
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Chapter 1 Introduction

RAS family GTPases

The RAS superfamily of small GTPases comprises over 150 different proteins
divided into five distinct subfamilies: RAS, RHO, RAB, RAN, and ARF. These proteins
play critical roles in regulation of cell proliferation, cell polarity, migration, signal
transduction, nuclear transport and vesicular trafficking (Figure 1-1A) (Vigil et al.
2010; Wuichet and Sogaard-Andersen 2014).

The RAS subfamily was the first described and prototypical members includes
the Harvey rat sarcoma viral oncogene homolog (HRAS), neuroblastoma RAS viral
(v-ras) oncogene homolog (NRAS) and Kirsten rat sarcoma viral oncogene homolog
(KRAS) genes together with the closely related MRAS, RRAS and TC21 (Karnoub
and Weinberg 2008; Castellano and Santos 2011).

In the mammalian genome, three RAS genes encode four highly homologous,
ubiquitously expressed ~21 kDa RAS isoforms: HRAS, NRAS, two KRAS isoforms
that arise from alternative RNA splicing KRAS4A and KRAS4B. These proteins are
>90% identical in the first 168—-169 amino acids (known as the G domain) which
contains the GTP—-GDP binding site and interaction sites for effector proteins, but
highly divergent in the C-terminal 20 amino acids, which are known as the
hypervariable region (HVR) (Figure 1-1B) (Pylayeva-Gupta et al. 2011; Cox et al.
2014). The HVR commonly terminates with a CAAX (C, cysteine; A, aliphatic amino
acid; X, terminal amino acid) tetrapeptide motif that undergoes posttranslational
modifications (Papke and Der 2017). These modifications include the covalent
addition of farnesyl group (isoprenoid) to the cysteine residue of the CAAX motif
mediated by protein farnesyltransferase (Zhang and Casey 1996). The addition of the
prenyl groups enhances hydrophobicity and promote RAS association with the

plasma membrane (Konstantinopoulos et al. 2007).

After prenylation, the last three amino acid residues (AAX) are cleaved by
RCE1 (RAS converting CAAX endopeptidase 1) (Boyartchuk et al. 1997), and then
farnesylated cysteine residue undergoes carboxymethylation mediated by ICMT
(isoprenylcysteine carboxyl methyltransferase) (Gutierrez et al. 1989; Dai et al. 1998;
Simanshu et al. 2017). Additionally, H, N and KRAS4A are also modified with
palmitoyl groups at C-terminal cysteine residues, which is required for further
contribution of membrane-anchoring (Hancock et al. 1990). However, KRAS4B does

not undergo palmitoylation (due to lack of C-terminal cysteine residues to accept
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palmitoylation modification) but instead interacts directly to the plasma membrane by

associating its positively charged polylysine region (polybasic region) in the HVR with

the negatively charged head groups of membrane lipids through electrostatic
interaction (Ehrhardt et al. 2002; Zhao et al. 2015).

A

Signalling Cytoskeletal Membrane  Nucleo- Intracellular

Cell survival  organization trafficking cytoplasmic  vesicle

Cell growth  Cell morphology (vesicular transport formation

Cell migration Cell polarity transport) Endocytosis
B

G domain HVR
| 1 |
60 120 180
| L | | | | | |

RAS hypervariable region (HVR)

aa aa

HRAS 165 QHK LRKLNPP - - - - - - - DESGPGCMS-CKCV LS 189

NRAS 165 QYRMKKLNSS ------- DDGTQGCMG-LPCVVM 189

KRAS4A 165 QYRLKKISK - - ------ EEK T PGCVK IKKCI M 189

KRAS4B 165 KHK-EKMSK - - ------ DGK KKKKKSKTKCV IM 188
CAAX (C is farnesylated) Palmitoylation site Polybasic region

Divergent Membrane Targeting Domain

Figure 1-1. The RAS superfamily and post-translationally modified RAS proteins

A. Major subfamilies and functions of the RAS superfamily. Adapted from (Vigil et al.

B.

2010).

The four RAS proteins: HRAS, NRAS, KRAS4A and KRAS4B share >90% overall
sequence identity in their G-domains (blue vertical lines indicate amino acid non-
identity). However, the ~24 amino acid C-terminal HVYR domain contains divergent
membrane targeting signals. Highlighted in green is the first post translational
modification motif, the cysteine residue forming the membrane targeting CAAX motif,
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which is farnesylated. For HRAS, NRAS and KRAS4A, the second signal consists of
cysteine residues that are palmitoylated (highlighted in red). For KRAS4B, the second
signal consists of a polybasic region made up of a stretch of lysines (highlighted in
blue). Adapted from (Cox et al. 2014).

The RAS proteins oscillate between an active GTP-bound and inactive GDP-
bound state to function as molecular switches at the inner leaflet of the plasma
membrane (Zhou and Hancock 2015). This switch is tightly regulated by GTPase-
activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) (Figure
1-2A) (Downward et al. 1990b). Signal transduction by Receptor Tyrosine Kinases
(RTKs), G-Protein Coupled Receptors (GPCRs) and cytokine receptors can activate
RAS. This activation can occur primarily at the plasma membrane, but also other
membrane sites, such as Golgi membranes and endosomal membranes (Burke et al.
2001; Chiu et al. 2002). Ligand engagement to an RTK, for example EGF binding to
EGFR, leads to receptor autophosphorylation on multiple tyrosine residues. One of
the SH2 domain proteins, GRB2, binds to these tyrosine-phosphorylated residues
and then binds to GEF SOS (Son of Sevenless), translocating it to the plasma
membrane. This translocation is believed to bring SOS into close proximity with RAS,
leading to the activation of RAS (Margolis and Skolnik 1994).

Termination of RAS signalling occurs through hydrolysis of GTP to GDP by
GAPs (eg. Neurofibromin 1 - NF1) which accelerate the weak intrinsic GTPase activity
of RAS by nearly 100-fold, returning RAS to the inactive, GDP-bound state (Bos et
al. 2007). GAPs function by inserting an ‘arginine finger’ into the active site of the
GTPase whereby it neutralises the negative charge of the y-phosphate and stabilises

the transition state (Ahmadian et al. 1997).

In response to extracellular signals from growth factors, hormones and
cytokines, active RAS binds effectively with a series of cytoplasmic target or effectors
thereby regulating cell growth, differentiation, proliferation, migration etc. Among the
various RAS effectors, RAF is one of the best characterized-effectors identified
downstream of RAS (Figure 1-2B) (Vojtek et al. 1993).
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Figure 1-2. Regulation of the RAS GDP-GTP cycle and its effector pathways

A. RAS proteins cycling between active and inactive states is mediated by GAPs and
GEFs. Active GTP-bound RAS binds and activates downstream effectors. Adapted
from (Cox et al. 2014).

B. RAS-GTP activates numerous effector pathways of which the RAF/MEK/ERK and
PI3K/AKT pathways are the best characterized. Adapted from (Karnoub and
Weinberg 2008).

The RAS/RAF/MEK/ERK signalling pathway

RAS and its downstream kinase cascade RAF/MEK/ERK or, MAPK/ERK
pathway, transduces extracellular signals to control a wide range of cellular
responses (Ferraiuolo et al. 2017). Ligand-binding to a cell surface receptor tyrosine
kinase, results in the generation of phosphotyrosine binding sites for adaptor proteins,
causing activation of the membrane bound GTPase RAS (Cseh et al. 2014).
Following RAS activation, RAF (Rapidly Accelerated Fibrosarcoma) is recruited to the
cell membrane and activated RAF phosphorylates and activates their restricted
substrate, MEK1/2 (Mitogen-activated protein kinase kinase). MEK kinases in turn
mediate the phosphorylation of threonine and tyrosine residues of ERK1/2
(Extracellular Signal-Regulated Kinase), their only substrates. This phosphorylation

activates ERK1/2, which are protein-serine/threonine kinases. In contrast to RAF and
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MEKZ1/2, which have narrow substrate specificity, ERK1/2 have dozens of substrates
that are important for the regulation of cellular processes such as proliferation,
differentiation, migration, and others (Karnoub and Weinberg 2008; Roskoski 2010).

RAF kinases

RAF comprises a family of three kinases, ARAF, BRAF and CRAF (CRAF also
known as RAF-1), which are the primary kinases and key regulators of MAPK/ERK
signalling pathway. All these three RAF kinases share three conserved regions (CR1,
CR2, and CR3) and several regulatory phosphorylation sites. CR1 includes two RAS-
binding sites, RAS-binding domain (RBD) and cysteine-rich domain (CRD), required
for RAF membrane recruitment. CR2 contains a preserved Ser/Thr rich residues
including important phosphorylating sites and CR3 includes the RAF kinase domain
and a conserved serine residue that serves as a binding site for 14-3-3 (Figure 1-3)
(Hindley and Kolch 2002; Leicht et al. 2007; Terrell and Morrison 2019).

Regulatory Domain Kinase Domain
R R bt —————————— >
CR1 CR2 CR3
1 765
DU S Emm 1 B
S365 S729
1 648
crar | Ol N NN
S259 S621
1 606
ol N N .
S214 S582
inhibitory (14-3-3) ‘ activating (14-3-3)

I Ser/Thr rich region D ATP binding domain

|
8

I N region D Activation segment

Figure 1-3. Structure of the RAF proteins

The RAF isoforms, ARAF, BRAF and CRAF, contain three conserved regions: CR1 (blue),
CR2 (purple) and CR3 (red). CR1 contains a RAS-binding domain (RBD) and the cysteine-
rich domain (CRD), while CR2 includes a Ser/Thr phosphorylation site. The 14-3-3 binding at
this domain inhibits RAF (blue). CR3 (kinase domain) contains the activation segment, an ATP
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binding domain and the N-region. At the C terminus, there is a secondary 14-3-3 binding site
which activates dimerization (green). Adapted from (Terai and Matsuda 2006).

The RAF activation cycle is strikingly complex and involves a series of
sequential processes that are still poorly understood despite of in-depth studies.
Although there are some conflicting models, most of them agree that RAF activation
includes RAS binding through RBD and CRD domains, plasma membrane
recruitment, specific phosphorylation and dephosphorylation events, dimerization and

other protein-protein interactions (McKay and Morrison 2007).

In agreement with the current model for RAF activation proposing that in
normal cells and in the absence of upstream activity, RAF is maintained in the cytosol
in an auto-inhibited inactive state by an interaction between the N-terminal region and
the catalytic domain, which is in part mediated by a 14-3-3 dimer bound to two
phosphorylated residues (S259 and S621 in CRAF, S365 and S729 in BRAF)
(Morrison, 1997; Lavoie and Therrien 2015). This model has been confirmed with a
recent paper, Park et al. (2019) reporting the auto-inhibited and active-state structures
of full-length BRAF in complexes with MEK1 and a 14-3-3 dimer. Their Cryo-EM
studies have shown that a dimeric 14-3-3 binds two phosphorylated serine residues
on CRAF at Ser621 and on BRAF at Ser 729, and thereby stabilizes the side-to-side

heterodimer or homodimer (Park et al. 2019).

Upon activation, RAS binding to the RBD of RAF recruits RAF to the plasma
membrane which is generally appreciated to be an early step in RAF activation. Here,
additional phosphorylation events and interactions facilitate activation of RAF
catalytic function (Lavoie and Therrien 2015).

One of the earlier steps in RAF activation is the dephosphorylation of a
conserved inhibitory site in the N-terminal regulatory domain (ARAF S214, BRAF
S365, CRAF S259, hereby referred as ‘S259’). The activating mutations which are
frequently found in RASopathies, cluster around this S259 14-3-3 binding site and
highlight the importance of this regulatory step in RAF-ERK pathway activation
(Molzan et al. 2010). Upon dephosphorylation of S259, 14-3-3 proteins are then
displaced from this site, which destabilises the closed-conformation of RAF and
allows the CRD (Cysteine-rich domain) to anchor RAF to the plasma membrane
(Rommel et al. 1996; Jaumot and Hancock 2001; Dhillon et al. 2002). Re-orientation
of 14-3-3 proteins to bind two phosphorylated ‘S621’ site at the carboxy-terminal tail,
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mediates the RAF dimerization (Lavoie and Therrien 2015). The RAF kinases can
form physiologically relevant homo- and hetero-dimers and their kinase activities are
regulated by both negative and positive phosphorylation events (McKay and Morrison
2007; Taylor and Kornev 2011).

RAF proteins undergo multiple phosphorylation events by kinases during their
activation cycle. Indeed, the aforementioned serine residues in the conserved 14-3-3
binding motifs at the N-terminus can be phosphorylated mainly by Protein Kinase A
(PKA) (Dumaz and Marais 2003; Li et al. 2013) and AKT (Zimmermann and Moelling
1999; Guan et al. 2000) and at the C-terminus can be phosphorylated by AMP-
activated protein kinase (AMPK) (Sprenkle et al. 1997) and PKA (Mischak et al.
1996). RAF proteins anchored to the membrane are in proximity to kinases that
phosphorylate residues in the activation segment and the N-region (negative charge
regulatory region) that promote their activation (Morrison and Cutler 1997; Lavoie and
Therrien 2015). The activation segment of RAFs contains two conserved
phosphorylation sites which are Thr452 and Thr455 for ARAF (Baljuls et al. 2008),
Thr599 and Ser602 for BRAF (Zhang and Guan 2000; Chong et al. 2001) and Thr491
and Ser494 for CRAF (Kolch et al. 1993; Chong et al. 2001). With regards to N-region
contains subtle sequence variations for phosphorylation among the three RAF
isoforms, allowing them to have divergent regulation (Mason et al. 1999). In both
ARAF and CRAF, the N-region contains ‘SSYY’ motif and requires phosphorylation
of both serine and tyrosine residues by SRC or PAK for full kinase activation (Cleghon
and Morrison 1994; Marais et al. 1995; Marais et al. 1997; Mason et al. 1999). In
contrast, the N-region of BRAF includes the ‘SSDD’ motif, in which acidic aspartate
residues (DD*®°) provide a negative charge that promotes constitutive serine 445
phosphorylation by the CK2 kinase (Marais et al. 1997; Mason et al. 1999; Ritt et al.
2007). The combination of constitutive phosphorylation of S445 and acidic aspartate
residues is thought to be responsible for BRAF elevated basal kinase activity
compared to ARAF and CRAF (Mason et al. 1999).

Consequently, when RAF kinases are active, they can bind and subsequently

phosphorylate its unique catalytic substrate MEK.
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MEK kinases

The mitogen-activated protein kinase kinase (MAP2K), or MEK enzymes
found in two different forms: MEK1 and MEK2. These kinases catalyse the
phosphorylation of tyrosine and threonine residues of a specific tripeptide sequence
(Thr-Glu-Tyr) of the extracellular signal-regulated protein kinase 1 (ERK1) and ERK2,

as they called dual-specificity protein kinases (Savoia et al. 2019).

Similar to all other protein kinases, MEK1/2 have similar configuration
consisting of N-terminal domain, catalytic (kinase domain) with an activation segment
and C-terminal domains (Fischmann et al. 2009). MEK activation by RAF requires the
phosphorylation of two serine residues (S218/S222 in MEK1 and S222/S226 in
MEK?2) in its activation segment (Alessi et al. 1994; Zheng and Guan 1994). However,
the exact mechanism of MEK activation by RAF remains unclear. Some studies
propose that in quiescent cells, MEK forms a heterodimer with BRAF in the cytosol
and upon pathway activation this inactive complex recruits to the plasma membrane
by active RAS, forming an active tetramer with another RAF-MEK complex (Haling et
al. 2014). Here, RAF can phosphorylate MEK in this heterotetramer (two RAF, two
MEK molecules) complex. Other studies suggest that MEK may be presented to
active RAF by a scaffold protein kinase suppressor of RAS (KSR) (Brennan et al.
2011). According to this model, under quiescent conditions MEK forms a complex
with KSR in the cytosol. KSR masks MEK activation sites ‘S218 and S222’ from RAF
and thus prevents its access for phosphorylation (Brennan et al. 2011; McKay et al.
2011). In response to RAS activation, KSR-MEK complex is translocated from the
cytosol to the plasma membrane. At the membrane, RAF dimerise with KSR-MEK
complex, inducing conformational changes that expose the MEK activation segment,
which in turn is phosphorylated by a different RAF dimer bound to RAS (Brennan et
al. 2011; Dhawan et al. 2016).

Ultimately, active MEK kinases can phosphorylate and activate their only
known physiological substrates, ERK kinases, which have dozens of cytosolic and

nuclear substrates.
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Extracellular signal-regulated kinases

Extracellular signal-regulated kinases 1 and 2 (ERK1/2), multifunctional
serine/threonine kinases, ubiquitously expressed across all tissues, with particularly
high levels in the brain, skeletal muscle, thymus, and heart (Boulton et al. 1990). The
ERK1/2 are dually phosphorylated by MEK1/2 on a Thr-Glu-Tyr (TEY) sequence in
the activation segment corresponding to Thr202 /Tyr204 in ERK1 and Thr183 /Tyr185
in ERK2 (Ahn et al. 1991; Payne et al. 1991). This phosphorylation causes dramatic
conformational changes and stimulates a 1000-fold activation of intrinsic kinase
activity (Zhang et al. 1994).

Upon activation, ERK1 and ERK2 can phosphorylate a plethora of cytosolic
and nuclear substrates and phosphorylation of these substrates regulates the
numerous biological functions (Eblen 2018). ERK1/2, phosphorylate downstream
components on a consensus Pro-X-Ser/Thr-Pro motif where X is a neutral or basic
amino acid (Alvarez et al. 1991).

In the nucleus, ERK1/2 modulate the activity of transcription factors, such as
c-Fos, c-Myc, and c-Jun. In the cytoplasm, ERKs phosphorylate more than 50
substrates including cytoskeletal proteins, adherens junction components and
ribosomal protein S6 kinases (RSKs) (Yoon and Seger 2006). RSKs are a family of
ubiquitously expressed, serine-threonine kinases that also have nuclear and cystolic
substrates and help enhancing the ERK signalling (Roux et al. 2003; Kidger and Cook
2018). Additionally, other important ERK targets are involved in cell cycle regulation,
in apoptosis, and in several signalling pathways (Unal et al. 2017; Savoia et al. 2019).

In order to produce the correct biological response, ERK pathway activity is
tightly regulated both spatially and temporally. The activation of ERK pathway is
attenuated by negative feedback loops from ERK itself to upstream pathway
components, such as RTKs, SOS, KSR, RAF and MEK (Corbalan-Garcia et al. 1996;
Li et al. 2008; Lake et al. 2016). Phosphorylation of both CRAF and BRAF by ERK
has been shown to disrupt RAS binding, plasma membrane localization and RAF
dimerization and thus attenuating MEK phosphorylation and subsequent ERK activity
(Rushworth et al. 2006; Ritt et al. 2010). In addition to immediate inhibitory
phosphorylation, Dual-specificity phosphatases (DUSP) and Sprouty (SPRY) proteins
are involved in transcriptional inhibition of the ERK signalling and perform a more

delayed pathway inhibition (Huang and Tan 2012; Degirmenci et al. 2020). DUSPs
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can inactivate ERKs by the direct cleaving of either one or both sites phospho-ERK
‘pT-E-pY’ motifs (Caunt et al. 2015) whereas SPRY proteins can inhibit the activity of
ERK pathway at multiple levels upstream of ERK such as RTKs and SOS, through
unclear mechanisms (Mason et al. 2006; Guy et al. 2009).

SHOC2 phosphatase complex

A phosphatase holoenzyme comprised of SHOC2 and the catalytic subunit of
protein phosphatase 1 (PP1) functions as an effector of MRAS. This ternary
holoenzyme complex (SHOC2 complex) has been identified as a key regulator of
RAS/ERK pathway (Rodriguez-Viciana et al. 2006; Young et al. 2013; Young et al.
2018; Young and Rodriguez-Viciana 2018; Boned Del Rio et al. 2019; Jones et al.
2019).

The formation of SHOC2 complex is stimulated by activation of MRAS, and it
leads to PP1-mediated specific dephosphorylation of the key inhibitory site in all RAF
isoforms (S259 in CRAF, S365 in BRAF and S214 in ARAF) translocated to the
plasma membrane by active RAS. This dephosphorylation event permits the homo-
or heterodimerization and transactivation of RAF family members and subsequent

downstream signalling to MEK and ERK (Figure 1-4).
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Figure 1-4. The SHOC2 phosphatase complex
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RAF is kept in an auto-inhibited state in the cytosol. Upon activation, RAS recruits RAF to the
plasma membrane, and MRAS promotes SHOC2-MRAS-PP1 complex formation.
Subsequently, dephosphorylation of the conserved inhibitory site ‘S259’ by PP1 leads to the
release of the 14-3-3 protein from this site. Then, phosphorylation steps occur, and the fully
activated kinase can target MEK.

MRAS

MRAS (also known as RRAS3) is a member of the sub-family of RAS proteins
and is the closest relative to the prototypical RAS oncoproteins. It shares many
regulatory and effector interactions with other classical RAS proteins but it also has
specific functions of its own in cellular processes such as differentiation, cytoskeletal
remodelling and cell migration (Ohba et al. 2000; Young and Rodriguez-Viciana
2018).

Similar to the canonical RAS proteins, MRAS is activated by growth factors,
cycling between an inactive GDP and active GTP form, with the same GAP/GEF
specificity and it can bind directly to RAF isoforms via the RBD recruiting RAF to the
plasma membrane (Ehrhardt et al. 2002; Rodriguez-Viciana et al. 2004). Besides,
MRAS shares a similar HVR to KRAS4B but differs from HRAS and NRAS that are
palmitoylated in their carboxy-terminal cysteines. MRAS cannot be palmitoylated as
it lacks the essential cysteine residues and instead, like KRAS4B, it has a polybasic
region. Both of them are similarly located in disordered membrane microdomains
rather than organised lipid rafts which suggests they may signal in similar pathways
and/or be similarly regulated (Ehrhardt et al. 2002).

PP1

Protein phosphatase 1 (PP1) is a ubiquitously expressed serine/threonine
(S/T) phosphatase that has nearly 200 validated interacting proteins in vertebrates.
Together with protein phosphatase 2A (PP2A), PP1 accounts for more than 90% of
protein phosphatase activity in eukaryotes, and among them, the majority of S/T-
linked phosphate ester bonds are hydrolysed by PP1 due to its wide substrate
diversity (Heroes et al. 2013; Kolupaeva and Janssens 2013). In contrast to protein
kinases, which can select substrates based on conserved amino acid sequences near
a target phosphorylation site, PP1 exhibits limited recognition and dephosphorylation

of phosphosites on its substrates (Bollen et al. 2010; Peti et al. 2013). For this
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recognition, PP1 has to interact with regulatory proteins through multiple low-affinity
interactions and form a holoenzyme in which the regulatory subunit defines substrate
specificity, modulates the phosphatase activity and regulates the localization of PP1
(Virshup and Shenolikar 2009; Bollen et al. 2010).

SHOC2

SHOC2 (Soc-2 suppressor of clear homolog), also known as SUR-8 and
SOC-2, is an evolutionarily conserved, 65 kDa ubiquitously expressed protein
comprised almost entirely of leucine-rich repeats (LRRs). The LRR motifs consist of
approximately 20-30 amino acids with a conserved 11-residue repeat sequence with
the following consensus LXXLXLXXNxL where x can be any amino acids. The
conserved leucine can be occupied by other hydrophobic amino acids such as
isoleucine, valine and phenylalanine and asparagine can be replaced by a cysteine
or threonine residues. LRR structures contain at least two or more repeats and form
curved solenoid structures that are particularly suitable to mediate protein-protein
interactions (Kobe and Deisenhofer 1994; Bella et al. 2008).

In Caenorhabditis elegans, where it was originally discovered in the late
1990s, SHOC?2 acts as a positive modulator of the RAS/MAPK signalling cascade.
Unlike RAF (lin-45), MEK (mek-2) or ERK (mpk-1/sur-1) genes (Wu et al. 1995;
Lackner and Kim 1998; Hsu et al. 2002), SHOC2 (sur-8) in C.elegans was not
essential for organ development and survival but its deletion strongly suppressed the
phenotype of mutant RAS or high RTK (Fibroblast growth factor receptor - FGFR)
signalling (Selfors et al. 1998; Sieburth et al. 1998; Motta et al. 2016). It was initially
described to function as a scaffold protein, assembling RAS and RAF together into a
functional complex (Li et al. 2000; Dai et al. 2006; Matsunaga-Udagawa et al. 2010;
Yoshiki et al. 2010; Jang et al. 2014; Jang and Galperin 2016). However, our group
has shown that SHOC2 has no direct interaction with classical RAS proteins (H, N
and K) or RAF and instead it recognises both MRAS and PP1 as binding partners
(Rodriguez-Viciana et al. 2006; Jeoung et al. 2013; Young et al. 2013; Young and
Rodriguez-Viciana 2018).

The genetic screens in C. elegans pinpointed regions of SHOC?2 as a critical
area for MRAS and PP1 interaction. These original screens identified SHOC2P1"N

point mutation as a loss-of-function mutant of SHOC?2 and further validation analysis
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highlighted that this mutation could uniquely disrupt SHOCZ2’s interaction with either
MRAS or PP1 whilst preserving interaction with other effectors, notably with the
scaffold protein SCRIB (Rodriguez-Viciana et al. 2006). Therefore, this provides a
unique SHOC2P'"*N mutant tool to unravel the roles of SHOC2 in vitro and in vivo as
part of the MRAS-SHOC2-PP1 holoenzyme complex or other complexes.

The crystal structure of the SHOC2 complex still remains unknown. However,
SHOC?2 itself is predicted to have a horse-shoe shaped structure similar to that of the
PP2A subunit of the PP2 phosphatase (Young et al. 2018). Like the MRAS-SHOC2-
PP1 phosphatase complex, PP2A is also a heterotrimeric holoenzyme that comprises
the regulatory subunits ‘A’ and ‘B’ and a catalytic subunit ‘C’. The ‘A’ subunit provides
a similar horse-shoe shaped scaffold on which subunits ‘B’ and ‘C’ dock (Groves et
al. 1999; Cho and Xu 2007). When forming the complex, the flexible structure and the
ability to undergo various conformational changes of ‘A’ subunit allows it to bind
diverse molecules (Seshacharyulu et al. 2013). It is anticipated that the flexible
structure of SHOC2 may allow such an interaction and complex formation on binding
active MRAS-GTP to permit PP1 binding to both components of the complex (Young
et al. 2018).

The SHOC2 phosphatase holoenzyme complex is implicated in cancer and
other diseases such as the RASopathies and thus exploring the undiscovered roles

of this complex is important to find better ways to prevent and/or treat such diseases.

ERK pathway in cancer

The RAS/ERK pathway is frequently altered in human cancers, because of
particularly prevalent RAS and RAF mutations (Fey et al. 2016). Oncogenic mutations
in all RAS isoforms are found in about 30% of all human cancers with the highest
incidence in pancreatic (~98%), colorectal (~52%), and Ilung (~32%)
adenocarcinomas (Shin et al. 2020). KRAS is the most frequently mutated isoform
present in 85% of all in human cancers compared to 11% for NRAS and 4% for HRAS
according to the COSMIC dataset (Figure 1-5A) (Hobbs et al. 2016). RAS driver
mutations are concentrated within three hotspots involving residues G12, G13, and
Q61. In KRAS, G12 mutations accounts for 83% of all detected mutations, followed
by G13 mutations (14%), and rare Q61 mutations (2%). In contrast, NRAS involves
predominantly Q61 mutations, followed by G12 and G13. Lastly, HRAS exhibits an
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intermediate pattern, with comparable mutation frequencies of G12, G13 and
Q61 (Figure 1-5B) (Hobbs et al. 2016). These mutations fix the RAS, in a constitutive
active state due to a defect in cycling off to the inactive form. RAS proteins then
become insensitive to GAPs thereby resulting in aberrant activation of RAS-effector
signalling pathways that promote tumorigenesis (Lu et al. 2016; Shin et al. 2020).

A B

All cancers KRAS NRAS HRAS

2% 1% 3%

Figure 1-5. RAS mutations in cancer

A. Pie chart shows frequencies of H/N/KRAS mutations across all human cancers. RAS
mutations occur in ~30% of all human cancers and KRAS is the predominant mutated
isoform, accounting for 85% of the RAS mutations.

B. The oncogenic single base missense mutations in RAS isoforms are found
predominantly at three residues: G12, G13 and Q61. Adapted from (Hobbs et al.
2016).

Upstream of RAS, aberrant expression and oncogenic mutations in RTKs
such as EGFR and HER2/ErbB2, are also associated to a variety of human cancers
(Lynch et al. 2004; Stephens et al. 2004; Hynes and Lane 2005; Nazarian et al. 2010).
Classical EGFR activating mutations which are the single point mutation leucine-858
to arginine (L858R) in exon 21 and deletions in exon19 (dels746—750) represent the
vast majority of EGFR mutations (Vyse and Huang 2019; Harrison et al. 2020). These
mutations occur in the ATP-binding domain of the tyrosine kinase, leading to an
increase of EGFR activity and enhance downstream RAS pathway activation by
recruiting adaptor proteins like GRB2 and GEFs like SOS (Scaltriti and Baselga 2006;
Yamaoka et al. 2018).

Downstream of RAS, mutations in RAF kinases can also cause aberrant
activation of the ERK pathway, particularly BRAF is the most frequently mutated in
7% to 10% of all cancers (Bromberg-White et al. 2012). The higher frequency of
BRAF mutations compared to ARAF and CRAF mutations associated to BRAF’s
higher basal kinase activity and its relatively more straightforward mechanism of

activation as one single point mutation is sufficient to render BRAF constitutively
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active. In contrast, other RAF isoforms may require multiple mutations or additional
events to reach full activation (Desideri et al. 2015).

Cancer-related BRAF alterations can be categorized into three general
functional classes based on how they trigger the pathway. Class | BRAF mutations
which include BRAF V600 mutations (represent over 90% of BRAF alterations)
activate RAF by mimicking phosphorylation of the activation loop (Degirmenci et al.
2020). BRAF V600E is the most common amino acid substitution, accounting for
>90% of BRAF V600 mutations and it is common in melanoma (~50%), thyroid
cancers (~40%), and colorectal adenocarcinomas (~10%) (Tan et al. 2008; Imperial
et al. 2017). This mutation causes constitutive activation of the kinase, independent
of upstream regulation or dimerization with other RAF molecules, as well as
insensitivity to negative feedback mechanisms (Ascierto et al. 2012). Class Il and llI
BRAF mutations are non-V600 BRAF mutations and found in only 5-16% of
melanomas, but they are very common in non-small cell lung cancers (50-80%) and
colorectal cancer (22-30%) (Jones et al. 2017; Noeparast et al. 2017; Dankner et al.
2018). Class Il BRAF mutations are predominantly located in the activation segment
(i.e. K601, L597) (Ikenoue et al. 2003; Andreadi et al. 2012) or P-loop (i.e. G464,
G469) (Houben et al. 2004; Ikenoue et al. 2004) and they turn on RAF activity by
destabilizing the auto-inhibitory status (Degirmenci et al. 2020). In contrast to Class
I (high kinase activity) and Class Il (high or intermediate kinase activity), Class Il
BRAF mutations have no or impaired kinase activity and thus, they cannot directly
phosphorylate MEK (Wan et al. 2004). Instead, class Ill BRAF mutants, such as
D594G and G466V, increase ERK signalling indirectly by amplifying signalling
through transactivating CRAF with their enhanced dimerization affinity (lkenoue et al.
2003; Noeparast et al. 2017).

Unlike BRAF, ARAF and CRAF mutations are exceptionally infrequent in
human cancers. An activating ARAF S214A mutation has been identified in lung
adenocarcinoma (Imielinski et al. 2014) and some mutations in CRAF, most
frequently in S257 and S259 sites, have been reported in several tumor types, such
as lung adenocarcinoma and colorectal cancer (Holderfield et al. 2014; Imielinski et
al. 2014, Desideri et al. 2015). In addition, CRAF overexpression is present in bladder

cancer, hepatocellular carcinoma and lung adenocarcinoma (Maurer et al. 2011).

MEK and ERK mutations are also very rare in cancer genomes. It has been

reported that MEK mutations in cancer either turns on the kinase activity of MEK or
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enhance MEK homodimerization (Yuan et al. 2018). These mutations have been
found in melanoma, lung, ovarian and colorectal cancer (Nikolaev et al. 2011;
Bromberg-White et al. 2012; Cancer Genome Atlas 2015; Maust et al. 2018; Savoia
et al. 2019). With regard to ERK, a mutational hotspot has been identified on Dusp-
mediated dephosphorylation site (Brenan et al. 2016). The ERK2 E322K mutant has
been found at significant frequency in cervical and head and neck cancers (Arvind et
al. 2005; Lawrence et al. 2014; Ojesina et al. 2014).

In clear contrast to H/K/N-RAS genes, mutations in MRAS is also extremely
rare (COSMIC). Regarding the critical role of the RAF-ERK pathway in mediating RAS
oncogenic properties, the lower affinity of MRAS for RAF and its notably weaker
activation of the ERK pathway may account for this situation (Young et al. 2013;
Young and Rodriguez-Viciana 2018). Yet still, MRAS is found amplified in 17% of lung
squamous cell carcinomas; furthermore, it is also overexpressed in ovarian, cervical

and head and neck squamous cell carcinoma (cBioportal).

With regards to the SHOC2, a recent study revealed that SHOC2 may have a
crucial role in breast cancer as inactivation of SHOC2 significantly inhibited breast
cancer cell proliferation and induced cell apoptosis (Geng et al. 2020). Additionally,
SHOC2 was recently identified as one of five genes necessary for the viability of RAS
mutant, but not RAS wild-type Acute Myeloid Leukaemia (AML) cell lines (Wang et
al. 2017). Moreover, McDonald et al. (2017) reported a dependency of RAS oncogene
signalling to SHOC2 when performing large-scale RNAi (McDonald et al. 2017).
Similarly, SHOC2 and CRAF were identified in a synthetic lethal screen for genes
whose knockdown sensitised resistant melanoma and colorectal BRAF V600E cell
lines to the RAF inhibitor PLX4720 (Whittaker et al. 2015).

Our lab was the first to show that SHOC?2 is essential for ERK pathway
activation of RAS mutant cells (Rodriguez-Viciana et al. 2006) and SHOC2 appears
to be selectively required for the tumorigenic properties of cells with oncogenic RAS.
SHOC2 depletion has no effect on proliferation in 2D of non-transformed or tumour
cells suggesting SHOC2 function is not required for ‘normal’ or anchorage-dependent
proliferation. However, SHOC?2 depletion in tumour cells with mutant RAS can inhibit
loss of contact inhibition, anchorage-independent proliferation and tumour formation
in xenograft assays (Young et al. 2013; Boned Del Rio et al. 2019; Jones et al. 2019).

Lastly, our recent experimental work confirmed that Shoc?2 is crucial for initial tumour
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development in autochthonous KRAS-driven lung cancer mouse models (Jones et al.
2019).

Targeting hyperactive RAS/ERK pathway in cancer

Over the decades, oncogenic Ras proteins have been considered as
‘undruggable’ because of the lack of proper binding pocket for small molecule inhibitor
binding and their high picomolar affinity with GTP, which is in stark contrast to ATP-
competitive inhibitor success for kinase inhibitors, whose affinity for ATP is in a low
nanomolar range (Cox et al. 2014). However, Ostrem et al. (2013) showed that KRAS
G12C could be targeted by using a covalent small molecule which sequester KRAS
G12C in its inactive state, by irreversible covalent occupancy of Cys12 (Ostrem et al.
2013). KRAS G12C inhibitors bind a novel pocket instead of the nucleotide-binding
pocket, and they avoid the need to compete against the picomolar affinity of RAS for
GTP. Moreover, other studies have shown that these inhibitors can stop signalling
downstream of RAS through ERK and PI3K pathways as well as the growth of KRAS
G12C cells but not any KRAS WT or KRAS G12S mutant cells (Lito et al. 2016).
Although results from phase | trials are promising, KRAS G12C is only represented
in a small subset of RAS mutant cancers with 11-16% of NSCLC and <4% of PDACs,
so the challenge remains to drug the other RAS mutants (Hobbs et al. 2016;
Degirmenci et al. 2020).

As the first kinase in RAS/RAF/MEK/ERK signalling cascade, RAF has been
thought as a key target for drug development against cancers. Whereas significant
clinical progress has been made for the treatment of BRAF V600E mutant tumours
(particularly melanoma) with first-generation RAF inhibitors such as Vemurafenib and
Dabrafenib, efforts to target RAS-driven or BRAF mutant RAS-dependent cancers
have had less success (Tsai et al. 2008; Samatar and Poulikakos 2014). These
inhibitors achieved high efficacy in the treatment of advance/metastatic BRAFV600E
mutant melanoma although this efficacy was revoked by drug resistance (Lito et al.
2016; Sanchez et al. 2018). Mechanistically, upon inhibitor treatment cancer cells
reactivate ERK pathway either upregulating the cellular level of active Ras, which
leads to paradoxical ERK activation that triggers development of secondary
malignancies, or alternative splicing of BRAF V600E to generate variants that
enhance BRAF VG600E homodimerization and decreases inhibitor affinity

(Manousaridis et al. 2013a; Degirmenci et al. 2020). In order to overcome the drug
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resistance of the first-generation RAF inhibitors, second-generation of RAF inhibitors
or PanRAF inhibitors were developed. PanRAF inhibitors suppress C-terminal/N-
terminal intramolecular interaction of RAF kinases and induce RAS-RAF and BRAF-
CRAF dimerization (Jin et al. 2017).

MEK and ERK inhibitors have also been developed to block hyperactive
RAS/ERK pathway in human cancers. FDA-approved two MEK inhibitors Trametinib
and Cobimetinib have been using for the treatment of BRAF V600E melanoma as
single agents (Flaherty et al. 2012) or in combination with RAF inhibitors (Robert et
al. 2015). On the other hand, the development of ERK inhibitors has lagged far behind
compared to RAF and MEK inhibitors, and the majority of them are still undergoing
clinical trials. In contrast to RAF inhibitors, MEK and ERK inhibitors have no
paradoxical effect, but they have limited therapeutic capacity due to considerable
levels of toxicity in normal tissues (Caunt et al. 2015; Cheng and Tian 2017).

ERK pathway in development and tissue homeostasis (in vivo

mouse models)

The MAPK/ERK pathway plays an important role throughout mammalian
development, from embryogenesis to tissue-specific cellular homeostasis (Drosten
and Barbacid 2020). Genetic and pharmacological perturbation of nodes of the
RAS/RAF/MEK/ERK signalling axis is complicated by redundancy, feedback and
cross-talk with other pathways (Scholl et al. 2007). Nevertheless, mouse models have
highly improved our current understanding of the MAPK/ERK pathway in
physiological and pathological contexts (Figure 1-6).
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Embryonic Adult RAS/ERK
Development Homeostasis Pathway

Kras KO

Araf KO
Braf KO Braf cKO
Craf KO Craf cKO

Braf/Craf cKO

Mekl KO Mekl cKO

Mek2 KO Mek2 KO

Mek1/2 cKO

Erkl KO Erkl KO

Erk2 KO Erk2 ckKO

Erk1/2 cKO

B viable
- Toxic

Figure 1-6. The RAS/ERK pathway in development and homeostasis using mouse
models

Summary of the in vivo studies for the effects of germline gene knockouts in embryonic
development and systemic elimination of the effectors in adult mice homeostasis. Red boxes
show embryonic death while green boxes show survival beyond birth for embryonic
development. For adult homeostasis, red boxes indicate high toxicity and rapid death,
whereas green boxes show either none or acceptable toxicity. KO represents knockout, and
cKO represents conditional knockout. Adapted from (Drosten and Barbacid 2020).

Genetic ablation of the RAS-MAPK/ERK components in mice shows that they
have redundant and non-redundant functions in development. At the level of RAS no
overt phenotype is reported in HRas, NRas, or both HRas/NRas-deficient mice,
suggesting functional redundancy (Umanoff et al. 1995; Ise et al. 2000; Esteban et
al. 2001). However, ablation of KRas results in death between embryonic day 12.5
and term of gestation, with fetal liver defects and anaemia (Johnson et al. 1997). At
embryonic day 11.5, they demonstrate increased cell death of motoneurons in the
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medulla and the cervical spinal cord, and at day E15.5 of gestation, ventricular walls
are extremely thin. Uniquely among RAS isoforms this suggests that KRAS cannot
be compensated for by other RAS isoforms (Koera et al. 1997).

Mras knockout mice were originally reported as phenotypically normal with a
lack of detectable morphological defects (Nunez Rodriguez et al. 2006). However,
subsequent studies showed that loss of Mras causes distention of the bladder and
urinary retention in male mice only, which occurs in the absence of an obvious
anatomical defect (Ehrhardt et al. 2015). Male mice are also phenotypically more

aggressive and exhibit increased sexual behaviour (Boehme et al. 2015).

In the RAF tier, mice deficient in each RAF isoforms displays grossly different
phenotypes. Although ARaf knockout mice are viable through embryogenesis, mice
pups display severe neurological and gastrointestinal defects that lead to lethality
between 7 and 21 days post-partum (Pritchard et al. 1996). By contrast, mice deficient
for BRaf die in midgestation at E10.5-12.5 due to vascular rupture caused by
abnormal patterns of endothelial cell apoptosis (Wojnowski et al. 1997) whereas CRaf
knockout mice are embryonic lethal due to placental abnormalities, or die perinatally
of lung and skin defects depending on the genetic background (Wojnowski et al.
1998). In addition, CRaf deficient embryos show increased apoptosis in embryonic
tissues, especially fetal liver (Mikula et al. 2001). Intriguingly, lethality in CRaf
knockout mice can be rescued by knock-in of a kinase-dead CRaf incapable of
phosphorylating MEK (Huser et al. 2001). This would indicate that CRaf mediated
MEK phosphorylation is not essential for normal mouse development. Although all of
these studies have shown that germ line ablation of CRaf and BRaf kinase is
embryonic lethal however, systemic deletion of individual RAF isoforms in adult mice
is well tolerated (Blasco et al. 2011) but simultaneous deletion of all 3-RAF isoforms
is lethal (Sanclemente et al. 2018).

Despite MEK1 and MEK2 (MAPKK), sharing 80% amino acid identity GEMM’s
have revealed that Mek2 knockout mice are phenotypically normal, whereas Mek1l
null mice die at embryonic day 10.5 due to developmental defects and insufficient
vascularization of the placenta (Giroux et al. 1999; Belanger et al. 2003; Bissonauth
et al. 2006). However, Scholl et al. (2007) showed that no abnormal phenotype is
observed by ablation of either protein alone in the epidermis due to redundancy,
whereas combined Mek1/2 deletion in the epidermis led to hypoproliferation,

apoptosis, skin barrier defects, and death. Systemic deletion of either Mek1 or Mek2
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alone in adult mice is well tolerated but deletion of both Mek1/2 is incompatible with
adult life since Mek1/2 knock-out mice display a rapid deterioration of their health and
die within ~ 2 weeks (Blasco et al. 2011).

Regarding ERK1 and ERK2 kinases, Erkl KO mice are viable, fertile, normal
size and display no histological abnormalities, but they show abnormal proliferation
and maturation of thymocytes (Pages et al. 1999; Nekrasova et al. 2005) and
enhanced long-term memory potentiation (Mazzucchelli et al. 2002). On the other
hand, Erk2 null mice are embryonic lethal around E6.5 due to placental defects,
despite expression of Erkl in early embryos (Hatano et al. 2003; Yao et al. 2003).
Additionally, it has been shown that transgenic overexpression of Erkl rescues the
placental and embryonic phenotypes of Erk2-deficient mice and Erk1 and Erk2 exert
redundant functions during development (Fremin et al. 2015). Similar with Mek
ablation, a single Erk allele is sufficient to maintain adult homeostasis however,
systemic inactivation of both Erk1/2 kinases is lethal (Blasco et al. 2011).

In the case of Shoc2, its constitutive deletion leads to embryonic lethality at
E8.5 whereas endothelial-specific Shoc2 deletion causes a range of cardiac defects
at E13.5 and subsequent death of the embryo at E15.5 (Vi et al. 2010). Those
embryos are examined to address at which embryonic stage Shoc2 KO mice died,
and they found that by E11.5, Shoc2 KO embryos are viable and overtly normal. Yet,
at E12.5, they started to display some sporadic haemorrhaging in the surface, and at
E13.5 some of the embryos died (2 out of 28), or the viable ones exhibited smaller
body size. At E14.5 they had subcutaneous oedema in their dorsal body and fetal
lung congestion, and finally, at E15.5 no viable Shoc2 KO embryos are obtained.
Histological analysis on the E13.5 revealed that Shoc2 KO embryos exhibit a variety
of cardiac defects and Shoc2 has shown to be required for normal development of
heart valves (valvulogenesis). Importantly, they suggest Shoc2 may act in an ERK-
independent pathway for its essential function in valvulogenesis since ERK activation

has not appeared to be affected in mutant endothelial cells (Yi et al. 2010).

RASopathies

The RASopathies are a class of human genetic syndromes driven by germline
mutations that cause hyperactivation of the RAS/MAPK pathway, affecting more than

1in 1000 individuals (Dard et al. 2018). These syndromes include Noonan syndrome
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(NS), Noonan syndrome with multiple lentigines (NSML or formerly called LEOPARD
syndrome), neurofiboromatosis  type 1  (NF1), Costello  syndrome,
cardiofaciocutaneous (CFC) syndrome, neurofibromatosis type 1-like syndrome
(NFLS or Legius syndrome) and capillary malformation-arteriovenous malformation
syndrome (CM-AVM) (Cao et al. 2017; Simanshu et al. 2017).

Noonan syndrome is among the most common RASopathies, with an
estimated incidence of 1 in 1000-2500 live births (Carcavilla et al. 2020). This genetic
disorder caused by autosomal dominant inheritance and is characterized by a
distinctive facial appearance, growth retardation, congenital heart disease mild to
moderate learning disabilities, skeletal abnormalities and endocrine/metabolic

imbalance (Tajan et al. 2018).

Gain-of-function mutations in NS patients are found to cluster at the S259 site
in CRAF, including one mutation in the S259 position itself (S259F) (Pandit et al.
2007; Razzaque et al. 2007; Kobayashi et al. 2010) and are also found in all three
members of the MRAS, SHOC2, PP1 complex (Komatsuzaki et al. 2010; Gripp et al.
2016; Higgins et al. 2017). Gain-of-function S2G mutation in SHOC2, are responsible
for a subtype of NS, NS-like disorder with loose anagen hair (NS/LAH or formerly
called Mazzanti syndrome), characterised by slow growth rate and short stature,
loose anagen hair, congenital heart defects, skeletal anomalies and cognitive deficits
(Cordeddu et al. 2009; Komatsuzaki et al. 2010). This mutation in SHOC2 creates a
myristoylation site at the amino terminus leading to constitute membrane localization
and hyperactivation of MAPK signalling (Cordeddu et al. 2009; Simanshu et al. 2017).

In addition to S2G mutation, M173l (Hannig et al. 2014) and
Q269 _H270delinsHY (Motta et al. 2019) SHOC2 mutations have also been found in
disorders that share certain features with NS and were revealed to have enhanced
binding to MRAS and PP1 and increased signalling through the MAPK cascade
(Young and Rodriguez-Viciana 2018; Motta et al. 2019). Taken together, these data
underscore the important role of SHOC2 and RAF S259 dephosphorylation on ERK

pathway activation.

The skin structure

The mammalian skin is the largest organ of the body and serves a main

protective barrier between the body and the external environment against mechanical
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pressure, physical damage, pathogen infection, water loss, and it has immunological
functions that help the maintenance of body homeostasis (Cafiedo-Dorantes and
Cafnedo-Ayala 2019). The multi-functionality of skin is supported by its organised
structure. Its structure is composed of three layers, the epidermis (the outer layer),
dermis (the middle layer) and subcutis or hypodermis (the innermost layer) (Figure 1-
7A) (Sahle et al. 2015). The epidermis is a multi-layered epithelium extending from
the basement membrane, which is rich in extracellular matrix, separating it from the
dermis to the air. It is mainly populated by keratinocytes, along with melanocytes, and
immune cells including aff and y6 T cells and Langerhans cells which is a type of
dendritic cell specialized in antigen presentation (Cruz et al. 2018). As the major
structural element of the outer layer of the skin, keratinocytes function to synthesize
keratin, a long, threadlike protein with a protective role (Kolarsick 2011). Depending
on the maturation levels, keratinocytes create four major layers of epidermis: the
stratum basale, the stratum spinosum, the stratum granulosum and the stratum

corneum (Figure 1-7B) (Fuchs and Raghavan 2002).
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Figure 1-7. Schematic representation of the multiple layers in the skin and the
epidermis

A. The skin is composed of three layers, the epidermis, dermis and hypodermis
(Subcutis).

B. The stratified epidermis is separated from the underlying dermis by the basement
membrane and it consists of basal, spinous, granular, and the cornified layers.
Keratinocytes proliferate within the basal cell layer and they differentiate upwards
through the other epidermal layers. Ultimately, the terminally differentiated
keratinocytes shed their nuclei and form the cornified layer. The small black dots in
the cells of the granular layer represent keratohyalin granules.
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The stratum basale (basal layer), the closest to the dermis, contains a single
layer of column-shaped keratinocytes that attach to the basement membrane. The
basal layer is the major site of proliferation within the tissue as keratinocytes in this
layer are mitotically active. Undifferentiated basal keratinocytes mainly express
keratin 5 and 14 (K5 and K14). As soon as basal keratinocytes relocate to the upper
layers of the epidermis, they stop proliferating and start the differentiation process
(Proksch et al. 2008). The stratum spinosum (spinosum layer), consists of several
layers of keratinocytes that differ in shape and structure depending on their location.
For example, spinous cells close to the basal layer, are polyhedral in shape with a
rounded nucleus, whereas cells of the upper spinous layers become flattered as they
are moved upward through the epidermis. In this epidermal layer, K5/K14 are
substituted by the early differentiation markers K1 and K10 (Chu 2008). The stratum
granulosum (granular layer) is the most superficial layer of the epidermis, which is
comprised of flattened cells holding abundant keratohyalin granules in their
cytoplasm. The major components of these keratohyalin granules are profilaggrin (the
precursor of the interfilamentous protein filaggrin), keratin filaments, and loricrin.
Filaggrin aggregates the keratin filaments into tight bundles and together with loricrin,
involucrin and small proline rich proteins (late differentiation markers) are all cross-
linked to the plasma membrane to form cornified cell envelope. Then, a complex
series of lipids covalently attached to cornified envelope to produce a complete barrier
namely cornified layer (Candi et al. 2005). In the stratum corneum (cornified layer),
granular keratinocytes undergo the final stage of differentiation which involves a
programmed cell death known as cornification. During this process, granular
keratinocytes lose their nucleus and almost all cellular contents except for keratin
filaments within the filaggrin matrix, and they form stacked layers of dead, flattened
cells referred to as corneocytes. The stratum corneum provides mechanical

protection to the skin and a barrier to the water loss (Chu 2008).

In contrast to K5-K14 and K1-K10 keratin pairs which are typically related with
different cell differentiation stages of keratinocytes, other keratins such as K6 and
K16 are usually not expressed in healthy epidermis, however, their expression
increases in pathological conditions such as hyperproliferation, inflammation and
abnormal differentiation (Pasparakis et al. 2014; Zhang 2018). These keratins are
constitutively expressed at low levels by proliferating keratinocytes in the outer root
sheaths (ORS) of their hair follicles (Wojcik et al. 2001).
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The epidermis continually renews itself throughout life to preserve the integrity
of the epidermal barrier. If this self-renewal process is not tightly regulated, it can lead
to disorders such as cancer, atopic dermatitis or psoriasis. Besides, too little
proliferation may cause epidermal atrophy that is associated with skin fragility.
Therefore, epidermal homeostasis depends on an exact balance between
proliferation occurring in the basement membrane-proximal basal layer, and the
programmed cell death, which takes place at the granular-to-cornified layer transition
(Khavari and Rinn 2007).

The dermis is located below the epidermis and is a connective tissue that is
composed of collagen and elastin, which allows for strength and flexibility of skin,
respectively. The dermis also includes numerous distinct cells such as fibroblasts,
endothelial cells, and immune cells such as mast cells, dendritic cells, T lymphocytes
and macrophages. It also houses blood vessels and appendages such as hair
follicles, and sebaceous glands. Hair follicles and sebaceous glands are linked to the
epidermis but connect deep into the dermal layer (Matejuk 2018).

The hypodermis (subcutis), is the third and deepest layer which connects the
skin to the underlying fibrous tissue of the muscles and bones. It consists of mainly
adipose tissue which is vital in the production of Vitamin D and lipid storage. This
layer also serves to absorb shock to underlying structures, shape the external
features of the organism, and regulate temperature (Agarwal and Krishnamurthy
2020).

Hair Cycle

Hair, which is one of the distinguishing features of mammals, has many
essential biologic functions, including thermoregulation, physical protection, sensory
activity and distribution of sweat-gland products like pheromones (Schneider et al.
2009). Hair shafts are produced by thousands of hair follicles in mammalian skin, and
these follicles are regenerating continuously throughout life (Abbasi and Biernaskie
2019). Hair follicles have highly organized tissue architecture with epidermal and
dermal compartments. They are composed of an outer root sheath (ORS) that
expresses epithelial keratins K6, K10 and K14, an inner root sheath (IRS) and the
hair shaft (HS) which consists of hair-forming compartments medulla and cortex

(Figure 1-8A). In addition to these major compartments, the upper segment of the hair

42



Chapter 1 Introduction

follicle includes the continuation of the outer root sheath toward the stratified
epidermis and is also known as the infundibulum which expresses K6, K10 and K14
(Figure 1-8B) (Wagner et al. 2015).
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(K6,K10,K14)

Figure 1-8. Schematic representation for compartments of hair follicle structure

A. Diagram demonstrates the hair follicle compartments, which is separated in upper and
lower segment. Adapted from (Wagner et al. 2015).

B. Diagram demonstrates the cross-sections of the hair follicle to show upper and lower
segment structures. The main components of the upper segment are hair shaft and
outer root sheath (ORS) that contains K6, K10 and K14 expressed keratinocytes.
Lower segment is mainly composed of ORS with K6 and K14, inner root sheath (IRS),
and hair cortex. Adapted from (Wagner et al. 2015).

The hair follicle represents a unique, highly regenerative system which
physiologically undergoes cycles of growth (anagen), apoptosis-mediated regression
(catagen), and rest (telogen) numerous times in life. In mice, the first complete
postnatal hair cycle (first anagen, first catagen, first telogen) is completed in the first
3-4 weeks after birth. The anagen phase of the first hair cycle starts after birth and
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continues to postnatal day 17 (P17). After this active growth phase, the first catagen
phase continues from P18-P20, and the first telogen phase follows from P21-P29
(Sugaya et al. 2015). In each cycle, a new hair shaft is generated, and the old hair is
ultimately shed, mostly in an actively induced process called the exogen phase
(Schneider et al. 2009).

During the anagen stage, hair follicles generate an entire hair shaft from tip to
root. Stage-specific characteristics of anagen include thickening of the epidermal,
dermal and adipose layers of the skin, increased size of hair follicles and extension
of follicles deep into the hypodermis (Sato et al. 1999). During catagen, dynamic
transition between anagen and telogen, each hair follicle regresses entirely in a
process that includes apoptosis of epithelial cells in the bulb and outer root sheath
(ORS) (Alonso and Fuchs 2006). At the telogen phase, hair follicles are in minimal
size, lack of proliferative activity and quiescent. Histologically, hair follicles are
typically confined to the upper layer of the dermis during this stage. Hairs in the
telogen phase, are ultimately pushed out by the growing anagen hair shaft (Ballaro et
al. 2005).

Various signalling molecules of several pathways including, Wnt pathway,
fibroblast growth factor (FGF) and epidermal growth factor (EGF) are involved in
different phases of hair growth (Stenn and Paus 2001). Among the diversity of growth
factors expressed in association with the development of hair follicles, EGF and its
receptor (EGFR) has an important role on skin and hair development as it will be

further described in the following section.

EGFR/RAS/ERK pathway in the skin

The EGFR/RAS/ERK pathway has a well-described role in the skin and hair
follicle development. Its function in the skin and its appendages, including hair
follicles, is necessary for proper development and tissue homeostasis, and its
deregulation rapidly results in defects in cellular proliferation and differentiation
(Doma et al. 2013).

EGFR is mainly expressed in undifferentiated, proliferating keratinocytes in
the basal and to a lesser extent, in the suprabasal layers of the epidermis and the
outer layers of the hair follicles (Nanney et al. 1990; Kern et al. 2011). Activation of

EGFR by its ligands such as EGF and TGFa has been shown to promote keratinocyte
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proliferation, migration and survival (Fuchs 2009). The importance of EGFR signalling
in epidermal development is highlighted in several in vivo studies. Systemic EGFR
deletion in mice leads to embryonic lethality (Threadgill et al. 1995), yet certain
strains of mutant mice, which can survive several weeks, demonstrate severe skin
abnormalities including atrophic epidermis, low epidermal keratinocyte proliferation
rates, failure to develop a hairy coat or progressive alopecia and aberrant hair follicle
differentiation and inflammation (Miettinen et al. 1995; Sibilia and Wagner 1995;
Threadgill et al. 1995). Similarly, severe alopecia was seen in transgenic mice where
a dominant-negative EGFR mutant was expressed in the epidermis and hair follicles.
Although paradoxically, in this case the interfollicular epidermis was found
hyperplastic (Murillas et al. 1995). In addition, it was shown that EGFR signalling
mediates the transition of anagen to catagen stage of hair growth cycle (Hansen et
al. 1997) and in the context of Egfr deficiency, generally, hair follicles are unable to
exit the anagen phase and to enter catagen, leading to progressive hair loss and
inflammation (Doma et al. 2013). On the other hand, several animal models show that
up-regulation of EGFR signalling, delays or blocks development of the hair follicles,
at the final stage, reduces the hair diameter and increases proliferation in the basal
layer (Moore et al. 1983; Mak and Chan 2003; Richardson et al. 2009).

Downstream of EGFR, expression of constitutively active RAS mutants in the
basal layer of mouse epidermis has been shown to induce proliferation and inhibit
differentiation (Khavari and Rinn 2007). In line with this, Drosten et al. (2013) showed
that deletion of all three RAS isoforms (H/N/KRAS) from keratinocytes in vitro as well
as specifically from the epidermis in mice, led to a dramatic decrease in proliferation,
resulting in a substantially thinner epidermis and delayed appearance of
differentiation markers (Drosten et al. 2013). Besides, as mentioned in the
RASopathies section, germline activating mutations in the RAS/MAPK pathway, are
frequently related with cutaneous, defects such as thickened palms and soles,
progressive hair loss or poor hair growth and redundant skin and papilloma formation
(Tidyman and Rauen 2009; Siegel et al. 2012).

With regard to RAF/MEK/ERK cascade in epidermal homeostasis, animal
models show that that epidermis-restricted inducible activation of RAF or MEK results
in massive cutaneous hyperplasia and reduced differentiation (Khavari and Rinn
2007). On the other hand, knockout of BRAF (Galabova-Kovacs et al. 2006) CRAF
(Ehrenreiter et al. 2005), MEK1 or MEK2 (Scholl et al. 2007) ERK1 or ERK2 (Dumesic

et al. 2009) has no effect on epidermal development and/or homeostasis. This may

45



Chapter 1 Introduction

result from functional redundancy within the pathway since simultaneous
MEK1/MEK2, and ERK1/ERK2 ablation causes severe barrier function and inhibition
of keratinocyte division, respectively (Scholl et al. 2007; Dumesic et al. 2009).

In the context of oncogenic RAS expression, CRAF and BRAF are essential
for the development and progression of RAS-induced tumours. However, they
perform different roles, with CRAF inhibiting keratinocyte differentiation (Ehrenreiter
et al. 2009) and BRAF increasing proliferation through MEK/ERK activation (Kern et
al. 2011).

Considering the key function of the EGFR/RAS/RAF/MEK/ERK pathway in the
skin and its appendages, it is not surprising that cutaneous complications are the
most frequent adverse side effects observed upon genetic and pharmacological
EGFR/RAS/ERK pathway inhibition in both mouse models (Lichtenberger et al. 2013;
Mascia et al. 2013; Raguz et al. 2016) and human patients (Flaherty et al. 2010;
LoRusso et al. 2010; Gutzmer et al. 2011; Poulikakos and Solit 2011; Kim et al. 2013).
Cancer patients receiving EGFR inhibitors usually develop acne-like rashes, xerosis
(dry skin), folliculitis (inflamed hair follicles) and pruritus, with itching being a major
symptom (Fischer et al. 2013; Guggina et al. 2017b). It has been reported that EGFR
inhibitors induce the early inflammatory infiltrate of the skin rash which is dominated
by numerous inflammatory cells such as dendritic cells, macrophages, granulocytes,
mast cells, and T cells. Then, these inflammatory cells induce the expression of
chemokines in epidermal keratinocytes and impair the formation of antimicrobial
peptides and skin barrier proteins, leading to an increased permeability of skin and a
defect in antimicrobial defence (Lichtenberger et al. 2013; Mascia et al. 2013). Similar
to EGFR inhibitors, pruritus, skin rashes and xerosis are also seen in patients treated
with MEK inhibitors such as selumetinib (Balagula et al. 2011) and trametinib (Infante
et al. 2012) and RAF inhibitors such as vemurafenib and dabrafenib (Gengler and
Gondl 2016). Inhibition of the ERK pathway in keratinocytes, either at the level of
EGFR or at the level of MEK, can result in keratinocyte cell death, decreased cell
migration, and inflammation, which leads to dermatologic toxicity (Cubero et al. 2018).
The cutaneous side effect as well as malignant keratinocyte skin tumours such as
keratoacanthomas and squamous cell carcinoma (Anforth et al. 2013; Ascierto et al.
2013), rely on paradoxical activation of ERK pathway via RAF inhibitors, thereby

highlighting the significance of ERK pathway regulation for epidermal homeostasis.
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Inflammation

Inflammation is a complex and vital component of the response to harmful
physical, chemical or biological stimuli such as pathogens, damaged cells, or irritants.
The inflammatory response can be acute or chronic. In acute inflammation, which is
considered to be a short-term response, immune cells, primarily neutrophils, migrate
to the site of injury where they defeat the cause of inflammation and repair the tissue.
However, chronic inflammation is a sustained and dysregulated immune response
which occurs either as a result of prolonged exposure to stimulation or an
inappropriate reaction against self-molecules. This type of response results in tissue
damage and fibrosis and frequently contributes to numerous chronic human
diseases, including arthritis, asthma, atherosclerosis, autoimmune diseases,
diabetes, and cancer (Germolec et al. 2018). During both acute and chronic
inflammatory responses, a wide range of soluble factors including cytokines,
chemokines and adhesion molecules are involved in leukocyte recruitment to the
damaged area. Many of these soluble mediators regulate the activation of the resident
cells such as fibroblasts, endothelial cells, macrophages, and mast cells as well as
the newly recruited inflammatory cells like monocytes, lymphocytes, neutrophils, and
eosinophils (Wright 1997).

The innate immune system is the first line of host defence against pathogens.
The main purpose of the innate immune response is to immediately prevent the
spread and movement of foreign pathogens throughout the body. However, some
pathogens escape this first line of defence and the second line of defence, adaptive
immune system, is then required to get involved. Adaptive immune responses are
mainly dependant on the antigen-specific receptors expressed on the surfaces of B
and T lymphocytes. The epithelial cell layers of skin, respiratory, gastrointestinal and
urogenital tracts present a first physical barrier to pathogens. Mucus secretion and
epithelial ciliary movement which permits to be continuously refreshed after it has
been contaminated with inhaled or ingested particles are also part of this physical
barrier (Chaplin 2010). Aforementioned tissue-resident and circulating innate immune
cells remove foreign particles and host debris by phagocytosis, and they secrete

signals like cytokines and chemokines for surrounding immune cells.

The granulocytes which include neutrophils, basophils and eosinophils are

polymorphonuclear phagocytes. Neutrophils, the primary cellular mediators of the
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innate immune system, are recruited from the blood to the inflammatory site by
chemotaxis where they recognize and phagocytose invading pathogens via different
cytotoxic mechanisms. Notably, the hallmarks of neutrophils, cytoplasmic granules,
contain a variety of enzymes, peptides, and proteins and can also rapidly release
reactive oxygen species which serve to destroy and digest organisms and foreign
material following phagocytosis (Rosales et al. 2016). Basophils and eosinophils are
crucial for the control of parasitic infections and allergic disorders as their granules
contain mainly heparin and histamine. Likewise, mast cells also play essential roles
in the induction of allergic immune responses due to their heparin, histamine and
tryptase rich granules. Natural killer (NK) cells, also known as large granular
lymphocytes, act as effectors of the innate immune system. NK cells recognize and
destroy abnormal cells, such as cancer cells and infected cells, by exerting their
cytolytic effects with perforin and granzymes. The mononuclear phagocytes group
contains macrophages and dendritic cells. Macrophages, which present in all tissues,
are also effector cells of the innate immune system that phagocytose dead cells,
debris, tumour cells, and foreign materials. Furthermore, they secrete a wide range
of cytokines and chemokines to attract other immune cells to the site of inflammation
(Galli et al. 2011).

Dendritic cells act as a bridge between the innate and adaptive immune
system as they present antigens to T and B lymphocytes via their major
histocompatibility complex (MHC)-molecules. T cells are defined by their cell-surface
expression of T cell receptor (TCR), which is crucial for their activation. T cells are
divided into different groups based on lineage expressing markers and functional
activities. They can express either CD8 glycoprotein on their surface and are called
CD8* T cells (cytotoxic) which are activated by antigenic peptides presented by MHC
class | molecules or CD4 glycoprotein and are then called CD4* helper T cells (TH)
which are activated by MHC class Il molecules. CD8* cytotoxic T cells act directly to
damage target tissues, whereas CD4* helper T cells drive a specific immune attack
by producing cytokines that can either be directly toxic or can help other immune cells
to differentiate and perform their function. CD4* cells differentiate into different
subsets: Thl cells (pro-inflammatory), Th2 cells (anti-inflammatory), Th17 cells and
regulatory T cells (Tregs) which are characterized by different cytokine profiles. In
order to ensure tissue homeostasis, the majority of antigen-specific T cells die by

apoptosis upon eliminating the foreign antigens. However, a small fraction of long-
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lived memory cells remains that is poised to respond rapidly if the same antigen
presents again (Golubovskaya and Wu 2016).

B cells are at the centre of the adaptive humoral immune system. When
activated, B cells differentiate into plasma cells, which secrete large amounts of
antigen-specific antibodies, or memory B cells, which can be re-activated upon
second encounter with the same antigen. Both memory B cells and plasma cells are
long-lived and play a significant role in the protection against re-exposure to

pathogens (Lou et al. 2015).

Skin inflammation

The skin (epidermis and dermis) is home to a number of cell populations that
can be resident, recruited, and recirculated. The resident cells of the skin include
keratinocytes, fibroblasts, dermal and epidermal dendritic cells (Langerhans cells), T
cells, macrophages, mast cells, eosinophils and endothelial cells of blood vessels.
Recruited immune cells from the circulation into the skin, involves monocytes,
granulocytes, B and T cells, and mast cells whereas the cells recirculating into the
skin, those coming and going, include natural killer (NK) cells, T and B cells, and
dendritic cells. These cells play a significant role to assure protection against
pathogens but also contribute to the pathology of several inflammatory skin diseases
(Pondeljak and Lugovic-Mihic 2020).

Keratinocytes have an essential role in maintaining the skin's physical barrier
structure as well as in contributing to innate and adaptive immune responses. They
are the major source of antimicrobial peptides (AMPs), small cationic innate immune
mediators, acting as the first line of defence (Harder et al. 1997; Matejuk 2018).
During skin infections, the expression of AMPs can be upregulated by some pro-
inflammatory cytokines such as interleukin IL-17 and IL-22 (Liang et al. 2006). Those
cytokines are generated by Th17 as well as yd T cells (Haas et al. 2012), and they
increase AMP production by keratinocytes (Weaver et al. 2007). Therefore, they
provide a significant link between keratinocytes and adaptive immune cells by
regulating skin and mucosal immunity (Kolls et al. 2008; Nestle et al. 2009). In
addition to AMPs, keratinocytes constitutively produce (at low levels) or are induced
by numerous stimuli, such as UV radiation, microorganisms, allergens and trauma, to

release various cytokines, including IL-1, IL-6, IL-10, IL-18 and granulocyte
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macrophage-colony stimulating factor (GM-CSF) (Albanesi et al. 2005).
Keratinocytes are also a significant source of chemokines such as CXCL9, CXCL10,
CXCL11, and CCL20 thereby they communicate and cooperate with other cell types
to modulate immune response. For instance, they can regulate the attracting of
Langerhans cell precursors to the epidermis via the expression of CCL20 (Dieu-
Nosjean et al. 2000).

Langerhans cells act as first-line fighters due to their localization, which is the
outer part of the skin, epidermis, compared to dermal dendritic cells. In addition to
their different anatomical locations, these different dendritic cell subsets have specific
functional properties in the skin, but their main role is to provide immunosurveillance
against pathogens by arranging efficient cytokine and chemokine network (Guttman-
Yassky et al. 2007) and continually travel to the skin draining lymph nodes to initiate
adaptive immune responses (Kissenpfennig et al. 2005; Nishibu et al. 2006). In vivo
studies have shown that Langerhans cells are essential for capturing and processing
protein antigens as well as inducing Th2 and Th17 cells in response to microbial
antigens whereas dermal dendritic cells are responsible for the generation of Thl
cells (Igyarto et al. 2011). Macrophage and monocyte populations in the skin also
support dendritic cells in surveillance functions. Resident skin macrophages carry out
the early detection of antigen entering the body through the skin and can initiate an
inflammatory response (Von Stebut 2007) besides circulating monocytes traffic
through the skin and transport antigens to draining lymph nodes (Jakubzick et al.
2013). Furthermore, depending on their functions, monocytes and macrophages
categorized as pro-inflammatory “M1” or anti-inflammatory/pro-repair “M2”
monocytes/macrophages (Nguyen and Soulika 2019). M1 macrophages contribute to
both acute and chronic inflammation in the skin by secreting inflammatory cytokines
such as TNFaq, IL-1B3, and IL-6 (Mills 2015). However, M2 macrophages produce anti-
inflammatory cytokines such as IL-10 and transforming growth factor-g (TGFf), as
well as vascular endothelial growth factor (VEGF) and accelerate tissue repair
(Pasparakis et al. 2014).

In addition to dendritic cells and macrophages, mast cells and eosinophils are
the other important skin-resident myeloid cells. Neutrophils are barely found in healthy
skin; thereby, they are not called “skin-resident cells’ but their numbers are
dramatically increased in inflammatory conditions and after a wound in the skin
(Nguyen and Soulika 2019). Mast cells are commonly located in the upper dermal

layer, where they can quickly respond to pathogens and injury. As mentioned before,

50



Chapter 1 Introduction

mast cells are known as typical allergy cells since they contain granules, including
histamine, serotonin, and tryptase (Matejuk 2018). In allergic reactions, histamine, a
short-lived vasoactive amine, causes an immediate increase in local blood flow and
vascular permeability and tryptase effects on fibronectin by degrading extracellular
matrix proteins allows immune cells such as neutrophils, monocytes and lymphocytes
to migrate epidermis (Kaminska et al. 1999). Furthermore, mast cells produce
numerous growth factors and cytokines such as TNFa, which is important for late-
phase allergic reactions and neutrophil accumulation (Wershil et al. 1991) and IL-4 or
IFN- v which are essential for chronic skin inflammation such as psoriatic lesion and
atopic dermatitis (Horsmanheimo et al. 1994; Ackermann et al. 1999). Eosinophils
are other skin-resident cells which are traditionally known to induce host defence
against parasitic infections (Jacobsen et al. 2012). In their large granules, they have
highly toxic arginine-rich proteins which are able to mediate damage to tissues
(Bochner and Gleich 2010). In response to a number of stimuli, eosinophils become
activated and secrete these granule contents into the tissue (degranulation) that helps
kill microbes or parasites as well as contributes to several inflammatory reactions,
which may cause tissue damage. In addition to these cytotoxic granular proteins, like
mast cells, eosinophils also release other inflammatory mediators such as
chemokines and cytokines including IL-3, IL-5 and GM-CSF which are essential for
trafficking, survival, activation, and degranulation of eosinophils (Akuthota and Weller
2012; Long et al. 2016).

As regards to lymphoid immune cells, the human skin surprisingly contains
nearly 20 billion T cells which is approximately twice the number present in the entire
blood volume (Clark et al. 2006). Both human and mouse skin include conventional
aofy T cells, and unconventional vy T cells along with natural killer T cells. Conventional
off T cells, which recognize peptide antigens complexed with the MHC
macromolecules, are dominant in the human skin, whereas unconventional yd T cells,
which recognize free soluble antigens and non-peptide antigens complexed with non-
classical MHC-like molecules, are dominant in the mouse skin (Elbe et al. 1996;
Mestas and Hughes 2004).

af T lymphocytes are found in the epidermis and dermis of both mice and
human skin, and they are resident memory T cells which express cutaneous
lymphocyte-associated antigen (CLA) (Bos and Kapsenberg 1993; Suwanpradid et
al. 2017). CD8" resident memory T cells are shown to achieve highly effective

protection against herpes simplex virus (HSV) infection through IFN-y secretion
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(Ariotti et al. 2014). CD4" resident memory T cells also compose a significant part of
the skin-resident lymphocyte population, and it has been shown that those cells play
a crucial role in the control of parasitic infection by IFNy-mediated recruitment of
circulating T cells to the skin (Glennie et al. 2015). Furthermore, immune responses
in skin are efficiently controlled by CD4" regulatory cells T cells (Tregs) which are 5-
10% of all human skin resident T cells (Vukmanovic-Stejic et al. 2008). Tregs mainly
control the immune responses to self-antigens by suppressing the activation and
production of cytokines as well as proliferation of other T cells (Sakaguchi 2005). They
also induce anti-inflammatory functional profile in macrophages (Tiemessen et al.
2007) and together with LCs play a crucial role in dampening immune responses
against pathogens (Gomez de Aguero et al. 2012). Other CD4* helper T cells
including Thl, Th2 and Th17, provide an effective defence by producing numerous
cytokines that in turn promote the release of IFNy and antimicrobial peptides to
protect skin against intracellular and extracellular pathogens (Nomura et al. 2014;
Brockmann et al. 2017; Eyerich et al. 2017).

vd T cells that contain TCR with y and & chains, account for only a small
percentage of all T cells in the epidermis (1-10%) and dermis (2—9%) of human skin
(Vroom et al. 1991; Nestle et al. 2009). In contrast, more than 90% of the epidermal
T cells (Bergstresser et al. 1985) and 50% of dermal T cells in mice are yd T cells
(Sumaria et al. 2011). Mouse epidermal y6 T cells are also known as dendritic
epidermal T cells (DETCs), due to their morphology and location wherein immediate
contact with neighbouring keratinocytes (Sulcova et al. 2015). They remain largely
immobile and their dendritic morphology is also related to tight interaction with their
ligand E-cadherin expressed on keratinocytes (Uchida et al. 2011). The DETCs v6
TCR is not MHC-restricted and the entire repertoire of antigens recognized by DETCs
remains unknown. However, the ligands for yd TCR appears to be constitutively
expressed by keratinocytes (Chodaczek et al. 2012), or they can be antigens from
damaged, stressed, or transformed keratinocytes, an interaction that seems essential
for keratinocyte maintenance (Jameson et al. 2004). Therefore, the recognition and
elimination of these keratinocytes reduces the risk of malignant transformation
(Shimura et al. 2010). In addition, DETCs act as primary responders to wound repair
due to their ability to produce keratinocyte growth factors such as KGF1, KGF2, and
epidermal mitogens such as insulin-like growth factor (IGF) (Toulon et al. 2009).
DETCs are also able to produce several AMPs allowing antimicrobial defence

(Agerberth et al. 2000) as well as they, recognize and subsequently eliminate virus-
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infected cells (Sciammas et al. 1994). Besides, DETCs negatively regulate
inflammation induced by af T cells, thus contributing to local immune surveillance

and immunoregulation (Girardi 2006).

Dermal y5 T cell subset is both phenotypically and functionally different from
DETCs as they are round in morphology, and an important proportion are motile
(Sumaria et al. 2011). Dermal y5 T cells can produce IL-17 when stimulated with IL-
1B and IL-23, inducing several inflammatory cytokines (Sutton et al. 2009; Cai et al.
2011b). These cytokines cause the recruitment of more lymphocytes, neutrophils,
and macrophages, forming a positive feedback loop that maintains cutaneous
inflammation and induces epidermal hyperplasia. (Onishi and Gaffen 2010b; Cruz et
al. 2018). Therefore, dermal yd T cells are involved in innate pathogen defence
through IL-17 (Tay et al. 2014). Recent in vivo studies have also revealed the
importance of dermal yd T cells in IL-23-induced psoriasiform lesions, in which they
were the primary source of IL-17. It has been shown that neither aff T cells nor
DETCs, but dermal y& T cells were essential for psoriasiform lesion development (Cai
et al. 2011b; Gray et al. 2011; Pantelyushin et al. 2012).

Natural Killer T cells (NKT) cells are considered to be particularly crucial in
bridging innate and adaptive immunity. They are a subset of innate-like T cells that
express an aoff T cell receptor recognizing glycolipids bound to the MHC-I like
molecule, CD1d (Bendelac et al. 2007). Still, functionally they most closely resemble
innate immune system cells, as they quickly evoke their effector functions following
activation, and fail to develop immunological memory (Van Kaer et al. 2011). In the
skin, NKT cells play a key role in antimicrobial immune responses by recognizing
bacterial glycolipids (Kronenberg 2005) as well as they recognize self-derived
glycolipids and activate keratinocytes thereby induce tissue pathology such as

psoriatic lesions and allergic contact dermatitis (Bonish et al. 2000; Gober et al. 2008).

B cells are present in small numbers in normal skin under homeostatic
conditions, but they are found in elevated levels in inflammatory skin conditions. B
cells have been shown to exhibit both proinflammatory as well as suppressive roles
in the pathophysiology of inflammatory skin disorders. They contribute to cutaneous
inflammation via interactions with both innate immune cells and T lymphocytes
(Egbuniwe et al. 2015). On the other hand, a population of regulatory B cells have

been suggested to play suppressive function through the production of large amounts
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of the regulatory cytokine IL-10 which inhibits proinflammatory cytokines in the
cutaneous inflammatory conditions (Mauri and Bosma 2012).
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Aims of the project

Despite the essential role of the ERK-MAPK pathway in RAS-driven cancers,
current inhibitors targeting the RAF/MEK/ERK components have failed in the clinic
primarily because on-target toxicity precludes a therapeutic index. Thus, finding new

nodes to inhibit the ERK signalling pathway with better therapeutic margins is critical.

Our group has previously shown that SHOC2 is critical for ERK pathway
activation by receptor tyrosine kinases and mutant RAS (Rodriguez-Viciana et al.
2006). On the other hand, SHOC2 appears to be selectively required for the
tumorigenic properties of cells with oncogenic RAS (Young et al. 2013). Moreover, a
recent study from our group has shown that Shoc2 inhibition delays tumour
development and significantly prolongs survival in KRAS LUAD mouse models
(Jones et al. 2019). Other studies also have reported a crucial role of Shoc2 in RAS-
driven tumourigenesis (McDonald et al. 2017; Wang et al. 2017). In C. elegans, unlike
RAF/MEK/ERK core components of the ERK pathway, Shoc2, is not essential for
organ development, but loss of Shoc2 function strongly suppresses the mutant RAS
phenotype (Selfors et al. 1998; Sieburth et al. 1998). Collectively, these observation
suggests that SHOC2 has properties of an attractive therapeutic target for inhibition
of the ERK-MAPK pathways in RAS driven tumours and that targeting the SHOC2
regulatory node may have lower toxicity, and thus provide better therapeutic margins
than RAF/MEK/ERK core components

However, the effects of SHOC?2 inhibition at the organismal level are still
unknown and understanding the physiological role of SHOC2 in tissue homeostasis

is crucial to validate SHOC2 as a good therapeutic target.

The aim of this research project is to use mouse models of conditional Shoc2
inactivation to systemically inhibit Shoc2 function in adult mice in order to study its
role in normal tissue homeostasis, anticipate possible toxicities associated with
systemic SHOC2? inhibition in the clinic and ultimately help validate SHOC2 as a
therapeutic target for the many malignancies with upregulated RAS-ERK pathway

activation.
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Materials and Reagents

Chemical compounds and reagents

All chemical reagents were of analytical grade and were purchased from

Sigma-Aldrich, unless indicated otherwise.

Buffers

Buffers for Western blot

MOPS running buffer:

50 mM MOPS

50 mM Tris Base

0.2% SDS

1 mMEDTA

Transfer buffer:

25 mM Bicine

25 mM Bis-Tris

1 mM EDTA

10% Methanol (v/v) (freshly added)

Tween supplemented PBS (PBS-T):

1x PBS
0.1 % Tween-20 (v/v)

Blocking buffer:

5 % skimmed milk powder (w/v)

1x PBS-T
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Wash buffer:
1x PBS-T

Ponceau Solution:

0.1% Ponceau S (w/v)
5% Acetic Acid (v/v)

Buffers for immunohistochemistry (IHC) and immunofluorescence (IF)

stainings

1x PBS-T: 0.1 % Tween-20 (v/v) in PBS

Citrate buffer:

10 mM Sodium Citrate

pH 6

Hydrogen peroxide (H-0,) methanol blocking buffer:

3% H202

100% methanol

Normal serum blocking buffer:

2.5% Horse Serum (Vector ImmPRESS Kit)

Hematoxylin Counterstain Solution (Sigma, GHS132)

DPX mounting media (Sigma, 317616)

Buffers for flow cytometry experiments

RBC lysis buffer (Sigma, R7757)

FACS buffer:

1x PBS
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2 mM EDTA
2 % Fetal Serum Albumin (FBS) (v/v)

Fixation Buffer:

1x PBS

16 % Paraformaldehyde (PFA)

Commercially available biological agents

The specific agonists used in this project were purchased from the following
companies unless stated otherwise: Phorbol 12-myristate 13-acetate (PMA) (Sigma,
P8139), Murine Macrophage Colony-Stimulating Factor (M-CSF) (Peprotech, AF-
315-02), Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) (Peprotech,
315-03), Lipopolysaccharide (LPS) (Sigma, L4391), Tamoxifen free base (Sigma), 4-
OHT (Sigma).

Commercially prepared reagents

DAB (diaminobenzidine) chromogen component Biolegend, SIG-31048
Protein Assay Dye Reagent Concentrate Bio-Rad, 5000006
ECL Plus Pierce, 32209
Luminata Forte Merck, WBLUCO0500

Cell culture reagents

DMEM (Dulbecco's Modified Eagle Medium) Invitrogen
EMEM (Eagle’s Minimal Essential Medium) Lonza

RPMI 1640 Invitrogen
FBS Invitrogen
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PenStrep (100x) Sigma

PBS Thermo Fisher
Keratinocyte-SFM (Serum Free Media) Invitrogen
HEPES Buffer Solution Invitrogen

Hank’s Balanced Salt Solution Invitrogen
Fibronectin Sigma

Collagen | Life Technologies
DPBS (Dulbecco's Phosphate-Buffered Saline) Invitrogen
Trypsin/EDTA Thermo Fisher
DMSO Sigma

List of antibodies

SHOC2 and MRAS antibodies were generated as described (Rodriguez-
Viciana et al. 2006). BRAF P-S365 was generated by immunisation of rabbits with a
phoshpo-peptide corresponding to the appropriate region of BRAF
(Epitomics/Abcam). FOXP3 (clone 221D) antibody was a gift from Dr. G. Roncador,
CNIO, Madrid, Spain.
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Table 2-1. Primary antibodies for Western Blot experiments.

AKT (pan)

AKT P-S473

B-Actin

BRAF

ERK 1/2

ERK 1/2 P-T202/Y204
FLAG

GAPDH

MEK1

MEK2

MEK 1/2 P-S217/221
MYC-TAG

PP1CA

RSK2

RSK1 P-T359

SCRIB
14-3-3 (pan)

Table 2-2. Primary antibodies for immunohistochemistry and immunofluorescence.

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz

Santa Cruz

Cell Signaling Technology
Cell Signaling Technology
Sigma

Genetex

Santa Cruz

Santa Cruz

Cell Signaling Technology
Cell Signaling Technology
Bethyl

Santa Cruz

Cell Signaling Technology
Santa Cruz
Santa Cruz

B220 BD Bioscience 550286
CD3 Invitrogen RM-9107-R7
CD4 Invitrogen 14-9766
CD8 Invitrogen 14-0808
CD45 Biolegend 103101
CD68 Dako M0814
F4/80 Bio-Rad MCA497RT
GR-1 Biolegend 108401

K6 Biolegend 905702
K10 Biolegend 905403
K10 Biolegend MMS-159S
K14 Biolegend 905303
Ki67 Abcam 16667
Loricrin Biolegend 905103

2920

4060
sc-47778
sc-5284
9102

9101

F1365
GTX100118
sc-6250
sc-13159
9121 & 9154
9B11
A300-904A-T

sc-9986

8753
sc-55543
sc-629

Rat
Rabbit

Mouse
Mouse

Rat
Mouse

Rat

Rat

Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit

Mouse
Rabbit
Mouse
Mouse
Rabbit
Rabbit
Mouse
Rabbit
Mouse
Mouse
Rabbit
Mouse
Rabbit

Mouse

Rabbit

Mouse
Rabbit
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Table 2-3. Conjugated secondary antibodies.

DyLight 488 Goat-anti-Rabbit-IgG

Alexa Fluor 555 Donkey anti-Mouse IgG

Donkey anti-Rabbit- IgG-HRP
Sheep anti-Mouse- IgG-HRP

Bethyl A120-101D2
Invitrogen A31570

GE Healthcare NA934

GE Healthcare NA931

Table 2-4. Conjugated primary antibody for flow cytometry analysis.

B220

CD117 (c-kit)
CD11b
CDl11b
CD1ic
CD127 (IL-17Ra)
CD135
CD150
CD16/32
CD19

CD24

CD3

CD3

CD34

CD4

CDh41

CD45

CD45

CDh48

CD68

CD8

F4/80
FceRla
FoxP3
gdTCR
Lineage Cocktail
Ly-6A/E (Sca-1)
Ly6C

Ly6G

MHC-II
MHC-II
NK1.1

Biolegend
BD Bioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD Bioscience
BD Bioscience
Biolegend

103205
566415
101239
101211
117335
135013
135305
115935
101337
115527
612953
741788
100219

Thermo Fisher Scientific 50-0341-82

BD Bioscience
Biolegend
BD Bioscience
BD Bioscience
Biolegend
BD Bioscience
BD Bioscience
Biolegend
Biolegend
Biolegend
BD Bioscience
Biolegend
Biolegend
Biolegend
BD Bioscience
Biolegend
BD Bioscience

BD Bioscience

612952
133915
748370
612975
103414
566388
612898
123129
134315
126403
745818
133311
108139
128035
612921
107643
746197

564144

FITC
BB700
BUV661
APC
BV786
PE-Cy7
PE
PE-Dazzle
BV711
AF700
BUV496
BUV737
PE-CY7
AF 647
BUV496
PE-Cy7
BUV805
BUV661
AF 488
Bv421
BUV805
AF700
APC

PE
BB700
BVv421
BV786
BV605
BUV563
BV711
BB700
BUV395
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Methods

Cell culture methods

L-929 fibrosarcoma cell line and generation of conditioned medium

Standard cell culture techniques were applied during the experiments. L-929
cells were kindly provided by Dr. York Posor. L-929 cells were cultured in DMEM, all
supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO2-humidified
atmosphere for 12 days. For generating L929-conditioned medium, the supernatant
was harvested after 12 days of incubation by pouring the contents of T175cm? flasks
into reservoir of a 0.22 um filter unit. Afterwards, supernatant was aliquoted into 50
ml tubes and stored at -80°C. L929-conditioned medium was used as a source of
macrophage colony-stimulating factor (M-CSF) to get bone marrow-derived
macrophages (BMMs).

Freezing and thawing of cell lines

The confluent cells (80-90%) were trypsinized and the cell pellet was obtained
by centrifugation at 300 x g for 4 minutes at room temperature. After removing the
supernatant, cell pellets were resuspended in FBS containing 10% DMSO (freezing
medium). The cell suspension was then transferred into 2.0 ml cryogenic vials and
initially frozen at -80 °C for at least 24 hours. Afterwards, cells were transferred to

liquid nitrogen tank for long-term storage.

To thaw frozen cells, cryogenic vials were placed in a sterile 37°C water bath
for about 45-60 seconds and then cells were immediately resuspended in pre-warmed
medium. In order to eliminate possible toxic effects of DMSO, cells were centrifuged
at 300 x g for 4 minutes at room temperature and re-suspended in fresh and warm

medium.
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Cell counting and assessment of viability

For seeding purposes and cell number determination, harvested cells were
resuspended in complete growth medium, and 1 ml cell suspension was counted
using Vi-Cell® automated cell counter (Cell Viability Analyser, Beckman Coulter),
following the manufacturer's instructions. Cell concentration and viability were

determined by the trypan blue dye exclusion method.

Isolation, preparation, immortalization and culture of primary murine

keratinocytes

The preparation and culturing of primary murine keratinocytes (PMKs) from
the tails of adult mice was performed according to previously published protocols (Li
et al. 2017). Shortly, 6-15 weeks of age mice were sacrificed, and the tails were cut
off at their proximal ends of the body. The tails of adult mice were sterilized in 70%
ethanol for 3 minutes. Afterwards, the tail skin was peeled off the bone and cut into
2-3 cm long pieces. The skin pieces, then carefully flattened and placed onto 0.25%
Trypsin in HBSS without calcium and magnesium solution with the dermis facing
down and incubated at 4 °C refrigerator overnight. The next day, the dermis was
dragged away from the epidermis and the epidermis was minced in Keratinocyte-SFM
(Serum Free Media) using a crosswise action of 2 scalpels. The suspension was
centrifuged at 150 x g 4 °C for 5 minutes and was passed through 70-um nylon cell
strainer. To ensure that the maximum number of cells were harvested, the initial tube
was rinsed with fresh Keratinocyte-SFM and rinsed it through the same filter into the
same tube. PMKs were then seeded on 12-well or 6-well pre-coated collagen-
fibronectin plates. The growth medium was changed the following day to eliminate
dead cells. Then, in order to maintain PMKs in culture long enough to be able to
perform experiments, they were immortalized by retroviral expression of Simian Virus
40 (SV40) large T-antigen. After 5-8h incubation at 37 °C, viral supernatant was
replaced for fresh growth medium. Transduced cells were selected the following day
with 2.5 pg/ml puromycin (Sigma-Aldrich). The growth medium was changed every

other day for 5 to 7 days before use in experiments or freezing.

64



Chapter 2 Materials and Methods

Isolation, preparation and culture of murine bone marrow derived macrophages

Bone marrow-derived macrophages (BMMs) were obtained from the femur
and tibia bones of adult mice according to established protocols (Liu and Quan 2015).
Briefly, 6-8 weeks old mice were euthanized and abdomen area and skin of hindlimbs
were sterilized with 70% ethanol. The abdominal cavity was opened, and the surface
muscles were removed. Afterwards, the hind leg was cut off above the pelvic-hip joint
to release the whole leg (femur and tibia) while keeping the femur intact. The tibia
was then cut at the knee and the ankle joints and both tibias and femurs were
collected in sterile PBS. The muscles and residue tissues surrounding the femur and
tibia were removed with sterile forceps and scissors. Both ends of tibias and femurs
were cut off and bone marrow flushed with a 26-gauge needle and syringe containing
complete RPMI (RPMI 1640 with 1x Pen/Strep, 1x sodium pyruvate, 1x L-glutamine,
10% FBS). The suspension was centrifuged at 450 x g 4 °C for 5 minutes and re-
suspended in complete RPMI then filtered through 40-um cell strainer. Afterwards,
cells were seeded into non-tissue culture treated 15 cm plates with complete RPMI
supplemented with 10% L929-conditioned medium. Cells were treated with 1 uM 4-
OHT (Sigma) overnight to induce Cre-recombination for Shoc2 deletion. The following
day, the medium was exchanged completely and replaced with complete RPMI
supplemented with 20% L929-conditioned medium. All non-adherent cells were
retained and placed back into the plates. The medium supplemented with 10% L929-
conditioned medium was changed every other day for 7-days. After 7-days in
presence of L929-conditioned medium, supernatant was removed, and plates were
washed with sterile PBS. Next, cells were detached using pre-warmed PBS
containing 2 mM EDTA solution at 37°C for 5-10 minutes. Detached cells then were
centrifuged at 300 x g for 5 minutes at room temperature. Finally, cells were re-
suspended in complete RPMI without L929-conditioned medium and seeded 24-well

or 12-well plates for the experiments.

Cell proliferation assays

Immortalized murine keratinocytes were seeded in 24-well plates and imaged
on the IncuCyte (Essen BioScience). Pictures were automatically taken every 2 hours

(Four different images per well). Confluence was quantified over time as an average
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of the 4-pictures and used to generate growth curves (%Confluence). Growth medium
was replaced every other day.

Biochemical methods

Cell lysis and determination of protein content by Bradford Assay

To prepare cell lysates, plates were placed on to ice and washed with ice cold
PBS. Afterwards, cells were lysed with an appropriate amount of (70-200 ul) ice cold
PBS-E lysis buffer (PBS/1% Triton-X- 100/1 mM EDTA/Protease Inhibitors
(Roche)/Phosphatase Inhibitors/1 mM DTT (dithiothreitol). The plates placed on a
rocker at 4°C for 10 minutes. Crude homogenates were then centrifuged for 10
minutes at 4°C, 13,000 rpm to pellet insoluble material. Then the supernatant (soluble
protein fractions) transferred into a fresh pre-chilled 1.5 ml Eppendorf tubes. Protein
concentrations were measured by Bradford Protein Assay Reagent (5%, Bio-Rad,
5000006). Briefly, Bradford reagent was diluted 1 part to 4 parts ddH»O and 1 ml was
added to 1.5 ml tubes. A BSA (Bovine Serum Albumin, Sigma-Aldrich) standard (O-
12 pug/ml) was prepared by adding appropriate volumes of 1 mg/ml BSA stock to the
Bradford reagent. Appropriate volumes of cleared total cell lysate or purified protein
were added to tubes containing Bradford reagent in order that the colour change in
the reagent was within the range of the standard. 200 ul of each sample was loaded
in duplicate into a clear flat bottom 96 well polystyrene plate including a blank
(Bradford reagent only). A plate reader was used to measure absorbance at 495 nm
and from this a standard curve was prepared that could be used to calculate the
concentration of the samples being tested. The obtained measurements were
correlated to the one with the lowest concentration for equal loading (relative
quantification). Finally, 20 ul of lysate supernatant was transferred to another tube
containing 60 pl of 4X NUPAGE LDS Sample Buffer (Invitrogen). The mixtures were
vortexed well and quickly spanned before being heated at 70°C for 10 minutes to
denature proteins. Lysates were stored at -20°C.

Western blot

Western blot was performed by heating samples to 70°C for 10 minutes and

loaded onto 4-12% NuPAGE Bis-Tris gels (Invitrogen) along with Pre-stained Protein
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Standards (Bio-Rad). Gels were run at 180 V for 1h using MOPS running buffer (50
mM MOPS, 50 mM Tris base, 0.2% SDS, 1 mM EDTA). The transfer was set up using
Nitrocellulose (for fluorescent imaging using the Li-COR system) and run at 15 V for
13h at 4°C in Transfer Buffer (25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, 10%
Methanol). Nitrocellulose membranes were stained with Ponceau Solution (0.1%
Ponceau S, 5% Acetic Acid) and rinsed with PBS-T (PBS, 0.1% Tween 20).
Membranes were scanned using a standard document scanner and incubated with
blocking buffer (PBS-T/5% non-fat milk powder) with gentle agitation for 1h at RT.
Membranes were incubated in primary antibody (Table 2.1) diluted in 3% BSA/PBS-
T/Azide overnight at 4°C. Membranes were washed 3 x 5 minutes with PBS-T
followed by 1h incubation with a species-specific secondary antibody diluted in
blocking buffer. Membranes were washed 3 x 5 minutes with PBS-T and signal was

visualised by either chemiluminescence or by using the Li-COR scanner.

Mostly, secondary antibodies conjugated to IRDyes (680 and 700) were used
and an Odyssey CLx scanner was used to image the membranes. The two main
advantages of this system are that two species of primary antibody can be imaged at
the same time (e.g. a phospho-specific and an antibody recognising total protein) and
the sensitivity of the system means that the signals can be accurately quantified.
Image analysis was performed using ImageStudio Lite software (Li-COR).

For chemiluminescent signal where secondary antibodies conjugated to HRP
were used, membranes were incubated with LumiGLO substrate for one minute and
placed inside a film cassette within a protective plastic sheet. X-Ray film was exposed
to the membranes for various lengths of time and developed using a film developer.
Films were scanned to generate a digital image and where used, densitometry
analysis was performed using ImageJ software. Briefly, relevant protein bands were
scanned on X-ray films and bands of interests were selected, the software calculated

the intensity of the plotting area of each band.

Immunoprecipitation (IP)/Pulldown

Flag-Tag and Myc-Tag immunoprecipitation experiments were performed as
previously described (Young et al. 2018). The selected tissues processed and lysed
as described in section ‘Necropsy, tissue preparation and fixation of tissues for

histology’. The lysates were transferred to eppendorf tubes on ice containing 10 pl
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packed Flag-M2 (Sigma) and Myc-9B11 (Cell Signalling) beads. Lysates were
incubated with beads for 1-3h rotating at 4°C. Tubes were briefly spun to bring down
the beads and placed on ice, followed by aspiration of the lysate. Beads were washed
to remove proteins that had bound non-specifically; 1 ml cold PBS-E lysis buffer
(without inhibitors or DTT) was added to each tube, which was vortexed to re-suspend
the beads and spun briefly. The wash was aspirated, and the step was carried out a
further two times. After the final wash, the residual buffer was removed with a 25 G
needle attached to the aspirator. 20 pl of 2X LDS was added to the beads at RT and
tubes were vortexed to resuspend the beads. Lysates and beads in sample buffer

were stored at -20°C. Samples were then analysed by Western blot.

Animal studies

Mouse breeding and colony maintenance

All the mice used in this project were maintained at the Charles River UK.
Experimental animals were transferred to the animal research facility of UCL and
were maintained in individually ventilated cages (IVCs) with suitable bedding
according to institutional guidelines. All in vivo experiments were conducted under an
appropriate UK project license in accordance with the regulations of UK home office

for animal welfare according to ASPA (animal (scientific procedure) Act 1986).

Generation of Shoc2 KO and Shoc2P17>N K| mouse models

Shoc2 mice were generated by Taconic Artemis. Shoc2 KO model was
generated by the insertion of LoxP sites into exon 4 of endogenous Shoc2. For the
generation of the Shoc2P*"*N knock-in (KI) mouse model, we employed a ‘minigene’
strategy where the wild-type Shoc?2 allele is expressed in a cDNA configuration with
a Flag-tag at the N- terminus under the control of the endogenous promoter. The wild
type Shoc2 cDNA sequence is deleted after Cre-mediated recombination and
replaced by the mutant Shoc2P"*N allele containing a Myc-tag. Both models are on a
pure C57BL/6 background.
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Cre induction by tamoxifen for Shoc2 KO and KI mice

The animals were acclimatized for 7 days before the start of experiments and
had free access to a standard diet and water during this period and during the
following treatment period. The mice were weighed at the start of experiments, and

three times a week during treatment.

Tamoxifen free base (Sigma) was dissolved in corn oil (Sigma) to a final
concentration of 20 mg/ml. The mixture was rotated in the dark at room temperature
until the tamoxifen was completely dissolved. Single-use aliquots (500ul) were
prepared and stored for five days at -20 °C.

Adult Shoc2™ KO/KI Rosa26-CreER™ and Shoc2** KO/KI Rosa26-CreER™
mice (6-12 weeks old) were exposed to tamoxifen by oral gavage or intraperitoneal
injection in order to induce Cre recombinase activity. The oral gavage technique was
used to deliver the tamoxifen for initial experiments. Mice were subject to 80 mg/kg
tamoxifen for 10-days in 2, 5 day treatment windows with a week break in between.
For following experiments, the mice to be injected were weighed in a sterile cabinet
and tamoxifen delivered by the intraperitoneal (IP) injection using 25xG needles
(Terumo® Neolus) in volumes up to 100ul/25 g of animal, on five consecutive days.
The dosage of tamoxifen administered in adult mice was determined based on the
universal protocol published from Jackson Lab. It states that 2 mg of tamoxifen for 5

consecutive days is sufficient to drive Cre activation in adult mice.

Genotyping

All mice were ear sampled at 2-3 weeks of age for genotyping. Ear biopsies
were lysed in alkaline lysis buffer (25 mM NaOH/ 0.2 mM disodium EDTA, pH 8) at
95 °C for 45-60 minutes and consequently neutralised with neutralization buffer (40
mM Tris HCI, pH 4.5). Samples were preserved at -20 °C until use. PCR mix was

prepared with Dream Taqg and appropriate sets of primers:
SHOC2 conditional KO forward AAACCAGAATGATAGCCAAGCT

SHOC2 conditional KO reverse TTGATAATCCTGCATTAATGGG
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SHOC2 conditional KI D175N forward CCATGGACTACAAGGACGACG

SHOC2 conditional KI D175N reverse TGATTGTGAGCTACATCCAGGG

SHOC2 WT forward AGTGAAGCTTGAGTCACCATGAG
SHOC2 WT reverse GCCGTTTGATGGTATTGTCG
CreER™ forward GAATGTGCCTGGCTAGAGATC
CreER™ reverse GCAGATTCATCATGCGGA

PCR products were run in a 2% agarose gel at 220V for 20 minutes. Gels

were visualized with GBox Syngene.

Timed matings

A single male mouse was mated with one or two females, which were plug
checked daily. The embryonic days were counted starting as E0.5 on the day the
vaginal plug was detected. The embryos were taken from the mothers at E8.5 and

lysed and genotyped as described above.

Necropsy, tissue preparation and fixation of tissues for histology

Experimental mice were weighed and euthanized by carbon dioxide inhalation
followed by cervical dislocation. Selected organs, including pancreas, liver, heart,
colon, kidney, spleen, skeletal muscle, lung, white adipose tissue and thymus were
removed quickly with sterile instruments and frozen on dry ice. The tissue samples
were excised and fragmented using a scalpel (10—100 mg tissue portions were
taken). After the addition of ice-cold PBS-E lysis buffer (PBS/1% Triton-X- 100/1 mM
EDTA/Protease Inhibitors (Roche)/Phosphatase Inhibitors/1 mM DTT (dithiothreitol)
the samples mixed by rotation at 4°C for ten minutes. Crude homogenates were then
centrifuged for 30 minutes at 4°C, 13,000 rpm to pellet insoluble material. Soluble
supernatant transferred into a fresh 2 ml Eppendorf tube. 20 pl of lysate supernatant
was transferred to another tube containing 60 pl of 4X NuUPAGE LDS Sample Buffer

(Invitrogen). The rest of the supernatant was stored at -80°C.
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For histology, in addition to organs listed above, skin, bladder and prostate
tissues were also resected. Tissues were processed for microscopic evaluation were
fixed in 10% neutral-buffered formalin (Sigma) o/n. Formalin was replaced with 70%
ethanol to avoid over-fixation before embedding.

Sampling mouse serum

Animals were anesthetized with isoflurane administration and the skin was
depilated by shaving to take images. The whole blood collected via cardiac puncture
using a 26G needle. For serum samples, the blood was allowed to clot for 30—-60
minutes at 37°C and centrifuged at 50009 for 10 minutes at 4°C. Serum samples were
stored at -80°C until analysis. Clinical chemistry tests for serum samples were

performed by MRC Harwell as a paid service.

Blood smear preparation

In order to collect the blood sample, each mouse was placed in a restraint
chamber. The blood sample was obtained from each mouse by tail vein collection, in
which the tail was wiped with ethanol swab and was punctured with a sterile needle
about two-thirds down the tail, from the tail root. A small drop of blood was placed on
a clean glass microscope slide, and a thin smear was immediately made and allowed
to air dry. After enough blood was collected, the tail was compressed with the wet
paper towel until bleeding stopped. All smears were stained with Wright-Giemsa stain
by Ms. Adriana Resende Alves (UCL, Core Facility Pathology Service) as a paid

service.

Ex vivo studies

Histology

All major organ systems and any grossly abnormal tissues were fixed in 10%
neutral phosphate-buffered formalin. Formalin-fixed tissues were trimmed. All tissues

were paraffin embedded and sectioned at 4-5 um thickness. Samples were mounted
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on slides and stained with hematoxylin and eosin (H&E). Tissue embedding and
sectioning were performed by Ms. Adriana Resende Alves (UCL, Core Facility
Pathology Service) as a paid service. Slides were scanned using a Hamamatsu
Nanozoomer S210 whole slide scanner, and resulting digital images were visualized
at 1680 x 1050 pixel resolution with NDP.view software. Alternatively, tissue sections
were examined with an Evos FL Auto G25 microscope.

Immunohistochemistry

The formalin-fixed paraffin-embedded skin and spleen sections were stained
following routine immunostaining protocols. In brief, sections were deparaffinized with
xylene (Sigma), and rehydrated through incubation in aqueous solutions of
decreasing ethanol concentration (5 minutes in 100% ethanol, 5 minutes in 80%
ethanol, 5 minutes in 70% ethanol). Antigen retrieval was performed by heating
sodium citrate buffer (pH 6.0) for 10-15 minutes in an antigen retriever (2100 Antigen
Retriever, BioVendor), followed by cooling of the slides for 20 minutes at room
temperature. Endogenous peroxidases were quenched by incubating the slides in 3%
hydrogen peroxide (Sigma) for 10 minutes. The sections were then washed with PBS-
T for 10 minutes. Slides were blocked in 2.5% horse serum (Vector ImmPRESS Kit)
for 20 minutes at room temperature. Next, primary antibodies were applied for 60
minutes at room temperature (Table 2-2). After rinsing the slides in PBS-T, they were
incubated in secondary antibody goat anti-rabbit IgG or rabbit anti-rat 1gG (Vector
IMMPRESS Kit) for 30 minutes at room temperature. After washing with PBS-T for
15 minutes colour development was managed by performing diaminobenzidine
tetrahydrochloride (DAB) component with stabilizer solution (Biolegend) for one to
five minutes, depending on the primary antibody. After rinsed in deionized water, the
sections were counterstained with haematoxylin solution (Sigma), dehydrated
through ethanol and xylene, and cover-slipped using DPX mounting medium (Sigma).
Alternatively, traditional immunohistochemistry was performed on automated BOND-
[l (Leica Microsystems) according to a protocol previously described (Marafioti et al.
2004).
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Immunofluorescence (IF)

The deparaffinization/rehydration, antigen retrieval and the blocking steps
were performed to formalin-fixed paraffin-embedded skin sections as described in the
section above. Then, slides were incubated with primary antibodies (Table 2-2)
diluted in 5% BSA in PBS at 4 °C overnight. After extensive washing with PBS-T,
slides were incubated with corresponding fluorescently labelled secondary antibodies
(Table 2-3) diluted in 5% BSA in PBS at room temperature in the dark for 1 hour. After
incubation, slides were then washed with PBS-T for 15 minutes after the washes,
nuclei were counterstained with Hoechst (Sigma) at a concentration of 1 uyg/mlin PBS
for 10 minutes and subsequently washed twice for 1 minute each with PBS. Then,
slides were mounted with a drop of mounting media (Dako) and pictures were

obtained using a Zeiss Axiolmager Al.

Dermatitis scoring criteria

The dermatitis severity was recorded according to established protocol with
slight modifications (Taraborrelli et al. 2018). Briefly, the severity of dermatitis for
Shoc2 KO/KI mice and WT controls was determined macroscopically based on two
main clinical criteria in a blinded manner. Each region of the body, including back,
head (face), throat and flank, affected by lesions, was given a score of 1 and the sum
of these provided information of how expanded the lesions were. The other criteria
was the characteristics of the lesion that was evaluated and graded from 1 to 3, as
follows: punctuated small crusts, coalescent crusts, and ulceration, respectively. The
sum of both criteria represented the total severity score of the lesions (Table 2.5).
When any of those two main criteria reached score 2, the monitoring was increased
to twice a day, and if the conditions deteriorated and proceeded to score 3, mice were

euthanized immediately.
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Table 2-5. Dermatitis severity scoring system to show affected regions (A) and

character of lesion (B).

A B
Score Regions affected Score Character of Lesion
0 s 0 No lesions
1 Punctuated small crust
1 Back
2 Coalescent multiple crusts
1 Head (Face)
3 Ulceration
1 Throat
1 Flank
4 SUM

Epidermal thickness quantification

The epidermal thickness was quantified in three different positions and for at
least 10 different measurements per mouse. Quantification was performed using

ImageJ Software.

Scratching behaviour measurement

Scratching behaviour was quantified for 2 minutes during which time the
number of scratches were counted. A total of 5 Shoc2 KO, 5 Shoc2 KI and 5 WT
control male mice were used. One scratch was defined as the animal raising a hind
limb from the cage floor, scratching with the limb and then returning the limb to the

cage floor. This was repeated 3 times for each mouse analysed.

Lymph node size determination

The lymph node size was examined from the areas of digital images with 1680
x 1050 pixel resolution and a magnification of x 1.25 which obtained from NDP. view

software. Quantification was performed using ImageJ Software.
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Determination of water intake and urine volume

The average water intake per mouse was determined by weighing water
bottles of group-housed mice (aged matched 5 mice per cage) before and after five
days of housing. The mouse whole bladder was isolated to measure full bladder
volumes. A sterile 5 ml syringe is passed directly into the bladder to collect the urine

sample.

Flow Cytometry

Tissues used for characterisation of cell populations by flow cytometry
included two femurs and tibias for bone marrow populations, spleen, skin and both
sides of inguinal, brachial and axillary lymph nodes from individual experimental mice.
The tissues were removed from mice and collected in DMEM/0% FBS. Mice spleens
and lymph nodes were mechanically dissociated with the top of a syringe piston.
Single-cell suspension was prepared by pressing the tissues through a 70um cell
strainer with a 2 ml syringe plunger. Cells from spleen and lymph nodes were washed
with 10 ml DMEM/0% FBS. Red blood cell (RBC) lysis was performed on spleen
suspension, as follows: cell suspension was centrifuged at 400g for 5 minutes at 4°C
and the supernatant discarded. Splenic pellets were resuspended in 3 ml of the RBC
lysis buffer (Sigma) and then washed with 10 ml DMEM/0% at 400g for 1-3 minutes

at 4°C. RBC lysis was not required for lymph node cell suspensions.

For purification of bone marrow populations, tibias and femurs were harvested
from euthanized mice and crushed using mortar and pestle in a small volume of FACS
buffer (2% FBS +2mM EDTA in PBS). The resulting mixture was filtered with 40pm
cell strainer (BD Falcon) and the suspension was cleared of RBCs using 4 ml of the
RBC lysis buffer (Sigma). Next, cells were resuspended in ice cold FACS buffer.

The throat skin (between 50 and 100 ug) of mice was pulled off and chopped
in 890 ul of RPMI /0% FBS in a 2 ml Eppendorf tube. Then, 100 ul Liberase (5 mg/ml)
and 10 ul DNAse (7.5 mg/ml) were added to each tube and vortex-mixed vigorously.
Skin samples were subsequently incubated for 30 minutes at 37°C in a water bath
and vortex-mixed every 10 minutes. Next, digestion was stopped by adding 1 ml of
RPMI /10% FBS/1X Glutamine with 5 mM EDTA to each tube. After that, skin samples

were disaggregated with the top of a syringe piston through a 70 um cell strainer into
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a 60 mm dish with a complete RPMI and 5 mM EDTA solution. Samples were then
centrifuged at 400g for 5 minutes at 4°C and the supernatant discarded. Pellet was
resuspended in 1 ml of complete RPMI with 10 ul DNAse (7.5 mg/ml) and incubated
5 minutes on ice. Next, cell suspension was centrifuged at 400g for 5 minutes at 4°C.
The supernatant discarded and the pellet was resuspend in 200 ul of FACS buffer.

Samples of cell suspensions were then transferred to the wells of a 96-well
round-bottomed plate and blocked with anti-CD16/32 at 4°C for 15 minutes. Samples
were then stained for various markers in the dark for 30 min on ice (Table 2.6). Cells
were then washed, fixed and permeabilized on ice before flow cytometry
gquantification beads were added to the samples before the analysis. The analysis
was performed using the FlowJo program. Flow cytometry immunophenotyping
experiments were performed by Cristobal Costoya from Sergio Quezada lab.

Statistical analysis

Graphics and statistical analyses were performed using the GraphPad Prism
8 (GraphPad Software) and the Microsoft Excel. Statistical analyses were performed
by unpaired Student’s t test. All results are presented as mean + Standard Error of
Mean (SEM), unless stated otherwise. Statistical significance in survival curves was
determined using a log-rank test. For all tests, p value> 0.05 was not considered
significant (NS), whereas differences were considered statistically significant when p-
values were below 0.05 (*), 0.01 (**), 0.001 (***) or 0.0001 (****) respectively. In all
cases comparisons were made between the indicated knock-out/knock-in mice and

the respective wild type littermate controls.
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Generation of Shoc2 Knock-Out and

Knock-In Mouse Models
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Introductory statement

Shoc2 ablation has been shown previously to be embryonic lethal at E8.5 and
conditional knockout of Shoc2 in murine endothelial tissues leads to embryonic
lethality at E13.5 due to a range of cardiac defects (Yi et al. 2010). Shoc2 was shown
to be required for normal development of heart valves (valvulogenesis) and for
endothelial-mesenchymal transformation, which is a critical step in endocardial
cushion formation (Yi et al. 2010). However, the effects of Shoc2 ablation in adult
mice has not been addressed. In order to address Shoc2’s physiological role at the
organismal level, we have generated genetically engineered modified mouse models
(GEMMS) of Shoc2 inactivation.

Generation of Shoc2 Knock-Out and Knock-In Mouse Models

In order to investigate Shoc2 function at the organismal level and characterize
its role in normal tissue homeostasis, the lab has generated two GEMMs where
Shoc2 expression can be conditionally inactivated a conditional knock-out (cKO) and
a conditional knock-in (cKI) model. The first model contains a Shoc2 gene, where
exon 4 is flanked by LoxP sites: upon Cre-mediated recombination exon 4 is deleted
and this prevents expression of Shoc2, rendering the model a KO (Figure 3-1A). The
second mouse model contains a conditional D175N KI mutation in Shoc2. A
‘minigene’ strategy was used to generate a conditional Kl (cKl) mouse where the wild-
type Shoc2 allele is expressed in a cDNA configuration with a Flag-tag at the N-
terminus under the control of the endogenous promoter. The wild type Shoc2 cDNA
sequence is deleted after Cre-mediated recombination and replaced by the mutant
Shoc2P*™™N allele containing a Myc-tag (Figure 3-1B). This ‘double tag’ strategy
enables us to monitor recombination (and subsequent expression of Shoc2P1"N) by
measuring loss-of-signal with a Flag antibody and gain-of-signal with a Myc-tag
antibody. Crucially, this D175N substitution disrupts the formation of the SHOC2-
MRAS-PP1 complex but preserves other scaffold functions of SHOC2, such as the
interaction with SCRIB (Rodriguez-Viciana et al. 2006; Young et al. 2013; Young et
al. 2018). Consequently, this second Kl model enables us not only attribute effects to
SHOC2 but specifically to its function as part of a phosphatase complex with MRAS

and PP1, more closely mimicking pharmacological inhibition of this complex in the
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clinic and providing a stronger rationale for drug development targeted against this
complex.

A
SHOC2 cKO Cre-mediated deletion of exon 4 for loss of SHOC2 protein

Cre
cKO SHOC2 KO SHOC2

START STOP
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SHOC2 cKI Cre-mediated deletion of floxed Flag-Shoc2 minigene expressed from
endogenous promoter leads to expression of Myc-tagged SHOC2 D175N

cKI SHOC2 Cre KI SHOC2

D175N ciarr | D175N stop
START Minigene STOP START SsTOP

@ rlog IV B [ Vvye ONLEl 21 2T — 3491

DUntransIated region Frameshift } LoxP

Figure 3-1. Schematic of targeting strategy used to generate Shoc2 cKO and cKI mouse
models

A. Shoc2 cKO mouse model
B. Shoc2P17N cK|l mouse model

Effect of germline deletion of Shoc2 in mice

To assess the effect of constitutive Shoc2 inactivation and its role during
development using both KO and KI strategies, Shoc2 cKO/cKI mice were crossed
with a transgenic line that uses the CMV promoter to drive ubiquitous expression of
the Cre recombinase (CMV-Cre transgenic mice) (Schwenk et al. 1995). After this
cross, constitutive Shoc2 KO/CreWV™ T or Shoc2 KI/CreW™T heterozygous mice were

intercrossed (Figure 3-2A).

Genotyping of new-born litters demonstrated an increased frequency of WT
and Shoc2 KO or KI heterozygous mice over the expected frequencies with
heterozygous mice being overtly normal. In contrast, viable homozygous Shoc2 KO
or KI mice were not identified (Figure 3-2B). Therefore, these observations indicate
that Shoc2 KO and KI homozygous mice are dying during embryonic development.
Yi et al., (2010) showed that Shoc2 null mice are embryonic lethal at embryonic day
8.5. To confirm this observation on the KO model and assess whether inactivation by
Kl had a similar effect, the time matings were set up and embryos dissected at E8.5

from pregnant females. This analysis revealed only one homozygous embryo
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remained viable at E8.5 for each genotype. Therefore, consistent with previously
published data, we observed that constitutive deletion of Shoc2 in mice results in
early embryonic lethality at E8.5 and furthermore, we show for the first time that
similarly, Shoc2 KI mice for the D175N mutation also undergo embryonic lethality at
the same stage of embryogenesis (Figure 3-2C).
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Animals obtained
Genotype Expected Observed Genotype Expected Observed
Shoc2 KOO 14 (25%) 0 Shoc2 KK 20 (25%) 0
Shoc2 KOWT 28 (50%) 38 (67.9%) Shoc2 KWT 40 (50%) 43 (53.7%)
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Figure 3-2. Constitutive Shoc?2 inactivation using both KO and Kl approaches is
embryonic lethal

A. Outline of the breeding strategy used to generate experimental cohorts of mice and
expected genetic ratios of offspring.

B. Quantification of genotypes of animals obtained after intercrossing Shoc2 KO-KI/
Cre"W™T heterozygous mice. Experimental homozygous animals were not born at the
expected Mendelian ratio consistent with embryonic lethality. Percentage of expected
and observed embryos are shown in brackets. KO (n= 56) and Kl (n=80).
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C. Graph showing expected versus observed E8.5 embryos from breedings of
heterozygous Shoc2 KO and Kl lines based on normal Mendelian inheritance. KO (n=
29) and Kl (n=28).

Generation of Shoc2"f Rosa26-CreER™ mouse model of systemic Shoc2

inactivation in adult mice

In order to bypass the embryonic impact observed in constitutive Shoc2
knock-out and knock-in mice and more accurately mimic potential SHOC?2 therapeutic
inhibition in the clinic, we generated tamoxifen-inducible Cre mice that are
homozygous for floxed Shoc2. In this way, Shoc2 can be silenced at a chosen time
point after major developmental processes have taken place. To this end, we crossed
Shoc2™ cKO and cKI mice with Rosa26-CreER™ mice to generate Shoc2" KO/KI
Rosa26-CreER™ mice, which carry an inducible ubiquitously expressed CreERT™?
recombinase (Figure 3-3A). CreER™ is currently the most successful CreER version,
which utilizes a mutated estrogen receptor (ER) fused to Cre as a transgene (CreER).
It only becomes activated and then translocates into the nucleus upon binding of the
active tamoxifen metabolite 4-hydroxytamoxifen (4-OHT) (Zhong et al. 2015). The
efficiency of deletion of this strain is reported to vary between different organs but
usually exceeds 70%, except for the brain. In the brain, deletion efficiency is lower
since tamoxifen crosses the blood/brain barrier rather inefficiently (Blasco et al. 2011).
Tamoxifen-mediated Cre recombination of the floxed Shoc2 gene (Figure 3-3B) led

to Shoc2 inactivation in different organs that will be shown in the following sections.
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Figure 3-3. Rosa26-CreER™ mouse model of systemic Shoc2 inactivation in adult mice

A. Outline of the breeding strategy used to generate experimental cohorts of mice and
expected genetic ratios of offspring.

B. Schematic representation of the tamoxifen-regulated gene expression in the CreERT?
system. In the absence of tamoxifen, CreER is sequestered in the cytoplasm by
HSP90. In the presence of tamoxifen, HSP90 dissociates from CreER and it is
translocated to the nucleus where it recognizes loxP sequences (orange triangles)
and cleaves the Exon 4 of Shoc2.

Validation of Shoc?2 deletion with Rosa26-CreER™ model

In order to examine the recombination efficiency at the protein level, 6 weeks
old Shoc2"" cKO Rosa26-CreER™ (cKO) and control Shoc2** Rosa26-CreER™ (WT)
mice were treated with tamoxifen by oral gavage for 5-consecutive days. After one-
week gap, a second tamoxifen treatment was administered for another 5-consecutive
days (Figure 3-4A). To compare one-week versus two-weeks tamoxifen treatment, 8
weeks (for one-week tamoxifen-treated mice) and 6 weeks (for two weeks tamoxifen-
treated mice) after the last tamoxifen administration, mice were sacrificed and
different organs such as brain, pancreas, liver, heart, colon, kidney, spleen, skeletal

muscle, lung, thymus and lymph nodes were harvested (Figure 3-4B). As determined
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by western blot quantification, two weeks-tamoxifen treated mice were found to have
higher recombination efficiency compared to one-week- treated ones across different
organs. Notably, in liver, recombination stimulated by two weeks of tamoxifen was
approximately 10-fold higher than that of one-week treatment (Figure 3-4C). We
observed a similar increase in lung, about 7-fold higher in mice treated with tamoxifen
twice. Although Shoc?2 expression was lower in kidney, 2 weeks tamoxifen treatment
still increased recombination efficiency (about 2.5-fold). In other tissues such as
pancreas, colon, spleen and skeletal muscle, loss of Shoc2 expression was about
90% in both conditions (Figure 3-4C). Regardless of one or two-week of treatment
with tamoxifen, there was no recombination in the brain likely due to the blood/brain
barrier. As a result, two-weeks tamoxifen administration was found more effective
compared to one-week treatment (Figure 3-4D). Besides, in order to validate the
recombination efficiency at the DNA level, 6 weeks old adult Shoc2** (WT/WT),
Shoc2™ cKO (cKO/cKO), and Shoc2™ cKO (cKO/WT) mice with Rosa26-CreER™
were subjected to PCR genotyping for detection of Shoc2 WT and KO alleles after
Cre recombinase activity. Ear notches were lysed before and 6 weeks after the
second tamoxifen treatment. The different allele combinations were shown in Figure
3-4E.
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Figure 3-4. Efficient systemic Shoc2 deletion in adult mice upon tamoxifen treatment
with Rosa26-CreER™ KO model

A.

B.

Schematic layout of tamoxifen treatment by oral gavage to induce systemic Shoc2
inactivation in adult mice.

Comparison of one-week vs two-weeks tamoxifen treatment by oral gavage. Lysates
from indicated tissues were analysed by Western Blot (n=1 for each genotype and
n=2 independent experiments).

Quantification of Shoc? levels relative to GAPDH loading control of (B) using Odyssey
CLx Imaging system (LI-COR). Protein levels of WT mice were set to 100%.
Western blot of two-weeks tamoxifen treatment across different organs Blot (n=1 for
each genotype and n=2 independent experiments).

PCR genotyping of DNA isolated from the ear notch of mice with the indicated
genotypes. cKO: conditional Shoc2 knock-out allele, WT: wild-type allele, KO:
constitutive Shoc2 knock-out allele (n=2 for each genotype).
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Comparison of oral gavage and intraperitoneal injection

In rodents, there are several methods of tamoxifen administration, including
oral gavage, intraperitoneal injection (IP), or as a supplement in drinking water or
chow. The administration of tamoxifen in chow might be convenient because it
reduces stress and avoids adverse effects in mice; however, mice may suffer a
temporary loss of weight immediately after starting the new diet (Whitfield et al. 2015).
Several studies have shown that dietary tamoxifen can be unsuitable for studies

requiring acute activation of modified ligand-binding domain of the estrogen receptor

(ERTAM) proteins (Wilson et al. 2014) and besides, mice can unexpectedly die after
switching to a tamoxifen-containing diet (Chiang et al. 2010). On the other hand, oral
gavage is a highly accurate and reliable technique, but this method can be technically
challenging due to the fact that the restraining and intensive handling of mice can
result in increased stress levels (Diogo et al. 2015). In our experimental system, we
have administered tamoxifen in two weeks with a week break in between by oral
gavage (3 weeks in total). Therefore, in order to reduce treatment duration and
overcome the technical challenge of oral gavage, we decided to compare the effect
of tamoxifen on recombination efficiency when administered to mice by IP injection

versus oral gavage.

To test whether IP injection of tamoxifen is as effective as oral gavage, mice
were injected either with 20 mg/ml tamoxifen for one day, for five consecutive days,
or fed with tamoxifen by oral gavage for two weeks (one week on, one week off, one
week on). Three weeks after the last IP injection and one week after the second oral
gavage treatment, brain, spleen, colon, liver and lungs were collected from the
experimental mice. Western blot quantification showed that mice treated for one day
with IP had very low recombination efficiency in all organs. Mice treated for five
consecutive days by IP and the ones treated for two weeks with oral gavage had very
similar rates of recombination. In the lung, the two weeks of oral gavage treatment
showed results which were two-fold higher than in the mice treated for five
consecutive days by IP, whereas in the colon, lung and spleen both methods were
equally effective. Interestingly, about 55% recombination was seen in the brains of
the mice treated by IP injection for five consecutive days (Figure 3-5A and B).

Because of the efficient recombination results and shorter treatment period (5 days
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with IP injection instead of 10 days of treatment by oral gavage), the IP injection
method was used for further experiments (Figure 3-5C).
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Figure 3-5. 5 days IP injection has similar recombination efficiency to 2 weeks oral
gavage

A. Lysates of the brain, colon, liver, spleen and lung. One day IP (IP 1XD) group had
very low recombination efficiency. 5 days IP injection (IP 5XD) and 2 weeks oral
gavage groups (OG 2X) had similar rates of recombination (n=1 for each genotype
and n=2 independent experiments).

B. Quantification of Shoc2 levels relative to GAPDH loading control of (A) using Odyssey
CLx Imaging system (LI-COR). Protein levels of WT mice were set to 100%.

C. Schematic layout of tamoxifen treatment by IP injection to induce systemic Shoc2
inactivation in adult mice.

Investigation of recombination efficiency at different time-points

To determine the time course of Shoc2 protein loss after tamoxifen treatment
and assess whether this loss is sustained over time Shoc2" KO Rosa26-CreER™
(KO) and Shoc2*"* Rosa26-CreER™ (WT) mice were sacrificed at different time points
post-injection and loss of Shoc2 protein was tested on several tissues by western
blot. Firstly, 6-12 weeks old Shoc2 KO and WT mice were sacrificed at 1 week after
the last tamoxifen treatment. Colon, liver, spleen and pancreas tissues were
harvested to analyse for Shoc2 expression by western blotting of whole tissue

extracts (Figure 3-6A). As a result, more than 90% recombination was detected in all
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tissues from different mice (Figure 3-6B). Interestingly, ERK phosphorylation was
observed only in liver and pancreas tissues but Shoc2 ablation had no effect (Figure
3-6A). Secondly, the loss of Shoc2 expression was assessed in different organs over
15 weeks post-tamoxifen treatment. The same tissues as above were harvested from
Shoc2 KO and WT mice and efficient Shoc2 deletion was observed in all the different
tissues (Figure 3-6C and D).
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Figure 3-6. Loss of Shoc2 proteins is maintained over time after 1-week IP treatment

A. Western blot of whole tissue extracts at 1 week post-tamoxifen treatment. Colon, liver,
spleen and pancreas lysates were analysed by Western blotting at 1 week post-
tamoxifen treatment. WT (n=1) and KO (n=3).

B. Quantification of (A) using Odyssey CLx Imaging system (LI-COR). Protein levels of
control mice were set to 100%. Each column of organs represents the mean of 3
different KO mice. Error bars correspond to standard deviation.

C. Western blot of whole tissue extracts 15 weeks post-tamoxifen treatment as in A.
Colon, pancreas, spleen, liver and lung tissues were analysed as in A from mice at
15 weeks post-tamoxifen treatment. WT (n=3) and KO (n=5). Strong reduction is still
observed in Shoc2 KO mice after the last tamoxifen treatment.

D. Quantification of (C) using Odyssey CLx Imaging system (LI-COR) as in B.

Validation of Shoc?2 inactivation in Shoc2P17>N K| model

As mentioned earlier, in the Shoc2 knock-in mouse model, the wild-type Flag-
tag Shoc2 sequence is deleted after Cre-mediated recombination and replaced by
the mutant Shoc2P**N allele containing a Myc-tag. Therefore, a concomitant increase
in the Myc signal and a decrease in the Flag signal by western blot is the readout for

efficient recombination in the Shoc2P*"*N KI model (Figure 3-7A and B).
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Figure 3-7. lllustration for the Shoc2P*"*N KI mouse model

A. Schematic illustrations demonstrating recombination in the Shoc2P>N K| mouse
model.

B. Shoc2P175N mutation, although defective for PP1 and MRAS binding, can still interact
with SCRIB. Flag immunoprecipitations (IPs) were performed and immunoblotted
using Odyssey CLx Imaging system (LI-COR).

In order to examine the recombination efficiency at the protein level, 6-12
weeks old Shoc2™ cKI Rosa26-CreER™ (cKl) mice treated with tamoxifen by
intraperitoneal injection for 5-consecutive days. Shoc2™ cKl Rosa26-CreER™ mice
that had not been treated with tamoxifen (NT) were used as control animals. All
experimental mice were sacrificed 4 weeks later to extract the following tissues: brain,
colon, liver, pancreas and spleen to analyse for Shoc2 expression by western blotting
(Figure 3-8A). However, western blot analysis revealed that although Myc-Shoc2
D175N can be detected, expression levels of Flag-Shoc2 was still high in all tissues
showing that recombination efficiency by intraperitoneal injection for 5-consecutive
days is not as efficient in the Kl (Figure 3-8B) as in the KO model shown (Figure 3-
5B).

To increase recombination efficiency, we then treated Shoc2 Kl mice with
tamoxifen by intraperitoneal injection for 2 weeks with a week break in between (one
week ON-OFF-ON). Mice were sacrificed 15 weeks post-tamoxifen and it was
observed that 2 weeks treatment led to efficient loss of Flag and concomitantly gain
of Myc in all the tissues tested (Figure 3-8C and D). In order to confirm that efficient

recombination is still seen at later time points, we sacrificed a cohort of Shoc2 Kl and
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control mice over 35 weeks post-tamoxifen treatment. A significant decrease in Flag
as well as a notable increase in Myc expression, demonstrating that the
recombination was highly efficient in the Shoc2P'">N KI mouse model even after 35
weeks post-tamoxifen treatment (Figure 3-8E and F). We also validated Shoc2 Ki
Rosa26-CreER™ mouse model at the DNA level. To this end, 6-12 weeks old Shoc2*™
(WT/WT), Shoc2™ cKl (cKl/cKl), and Shoc2™ cKI (cKI/WT) mice with Rosa26-
CreER™ were subjected to PCR genotyping for detection of Shoc2 WT and Kl alleles
after tamoxifen treatment. Ear notches were lysed before and 6 weeks after the
second tamoxifen treatment. The different allele combinations are shown in Figure 3-
8G.
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Figure 3-8. Recombination efficiency in Rosa26-CreER™ Shoc2P"5N KI mouse model
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Western blot of whole tissue extracts from Shoc2 cKl Rosa26-CreER™ mice treated
with tamoxifen by intraperitoneal injection for 5-consecutive days (n=3). Non-
tamoxifen treated Shoc2% cKI Rosa26-CreER™ mice (NT) used as control (n=1). 4
weeks post-tamoxifen treatment, brain, colon, liver pancreas and spleen tissues were
analysed. Recombination efficiency is monitored by measuring loss of signal with a
Flag antibody and gain of signal with a Myc-tag antibody.

Quantification of (A) using Odyssey CLx Imaging system (LI-COR). Flag protein
expression levels of non-treated Shoc2 cKI Rosa26-CreERT™ mice (NT) were set to
100%.

Western blot of whole tissue extracts from Kl mice treated with tamoxifen by
intraperitoneal injection for 2 weeks and a week break in between (n=4 for colon and
liver and n=3 for pancreas and spleen). Non-tamoxifen treated Shoc2"! K| Rosa26-
CreER™ mice (NT) used as control (n=4 for colon and liver and n=3 for pancreas and
spleen). 15 weeks post-tamoxifen treatment colon, pancreas, spleen and liver tissues
were analysed as in (A).

Quantification of (C) using Odyssey CLx Imaging system (LI-COR) as in (B).
Western blot of whole tissue extracts 35 weeks post-tamoxifen treatment. Colon,
pancreas, spleen and liver tissues were analysed (n=4 for each genotype) as in (A).
Quantification of (E) using Odyssey CLx Imaging system (LI-COR) as in (B).

PCR genotyping of DNA isolated from the ear notch of mice with the indicated
genotypes. cKIl: conditional Shoc2 knock-in allele, WT: wild-type allele, KI:
constitutive Shoc2 knock-in allele (n=2 for each genotype).
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Conclusions

Taken together, these observations show that constitutive deficiency of Shoc2
in mice results in embryonic lethality demonstrates the importance of Shoc2 in
embryonic development. Furthermore, we show for the first time that inactivation of
Shoc2 by the D175N mutation also results in embryonic lethality at the same stage of
embryogenesis of E8.5. This D175N substitution in Shoc2 disrupts the formation of
the SHOC2-MRAS-PP1 complex but preserves other scaffold functions of Shoc2
such as the ability to interact with the polarity proteins SCRIB (Young et al. 2013).
Thus, embryonic lethality upon Shoc2 inhibition at E8.5 is dependent on its RAF
phosphatase function.

In order to overcome embryonic lethality and precisely manipulate the timing
of recombination to study Shoc2 function during adulthood, we generated tamoxifen-
inducible Rosa26-CreER™ Shoc2 KO and Shoc2P™N KI mouse models. In this
chapter, we have tested different methods and time points used to deliver tamoxifen
and five days of consecutive injections of tamoxifen was found the most effective way
to induce recombination in different tissues of Shoc2 KO mice whereas for ten days
in two, five day treatment windows with a week break in between for Shoc2 Kl mice.
As a result, we have observed good recombination across the breath of tissues

tested.
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Characterisation of Systemic Shoc2

Inactivation in Adult Mice
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Introductory statement

In Chapter 3 we have shown that in vivo Shoc2 ablation leads to embryonic
lethality by E8.5 when using either KO or KI Shoc2P"*N mouse models. Furthermore,
it was also shown that systemic Shoc2 inactivation in adult mice mediated by CreER™
recombinase upon tamoxifen administration is highly efficient. After validation of the
recombination efficiency of both Shoc2" Rosa26-CreER™ KO and KI mouse models,
we have monitored those experimental mice for the development of macroscopic
phenotypes with the aim to address Shoc2’s function in normal tissue homeostasis in

adult mice.

Survival analysis of Shoc2 KO and KI mice

To determine the role of Shoc2 in homeostasis, Shoc2"" Rosa26-CreER™ KO
and KI mice were monitored for macroscopic phenotypic changes upon aging for up
to 35 weeks after tamoxifen treatment. Shoc2"* Rosa26-CreER™ littermate mice
(WT) and Shoc2"" cKI Rosa26-CreER™ mice that had not been treated with tamoxifen
(NT) were used as control.

Homozygous Shoc2 KO mice began to show signs of malaise ~4-5 weeks
post-tamoxifen treatment, with ruffled coats and patchy alopecia especially around
the eyes (periocular alopecia) and on the throat areas which exacerbated over time
(Figure 4-1A). They also developed skin lesions (Figure 4-1A) that progressed in
severity over time and that will be discussed in detail in the following chapter. Some
male KO animals, but interesting not females, also developed enlarged abdominal
area (Figure 4-1C).
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WT KO (left side) KO (right side)

Figure 4-1. Shoc2 KO and KI mice develop ruffled coats and skin lesions

A. Representative images of littermate mice with (KO) or without (WT) Shoc2 inactivation
at 13 weeks post-tamoxifen treatment to illustrate signs of poor body condition. WT
mice have thick, shiny and black fur in the flanks, dorsal and ventral areas. In contrast,
Shoc2 KO mice have sparse and scruffy coats and trunk hair turned greyish. Yellow
arrows indicate skin lesions and red arrow heads show periocular alopecia.

B. Representative images of Shoc2 Kl and WT mice at 20 weeks post-tamoxifen
treatment as in (A).

C. Representative images of Shoc2 KO male mice at 17 weeks post-tamoxifen treatment
to show enlarged abdominal area.

As these phenotypes worsened with time, Shoc2 KO mice had to be
euthanized because of severe skin dermatitis, weight loss exceeding 15% of total
body weight or due to a swollen abdominal area (males only) (Figure 4-2A), with the
earliest at 9 weeks and the latest at 21 weeks post-tamoxifen treatment. Shoc2 KO
heterozygous did not show any phenotype and were indistinguishable from wild type

animals in terms of overt phenotypes or survival.
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Figure 4-2. Cause of death in male and female Shoc2 KO and KI mice

A. Proportional Venn diagram for cause of death in Shoc2 KO males (n=9) and females
(n=15). Venn Diagram drawn using Meta-Chart Venn Diagram Maker
(https://www.meta-chart.com/venn#/display).

B. Proportional Venn diagram for cause of death in Shoc2 Kl males (n=6) and females
(n=4) as in (A). High number of censored subjects were not included the diagram for
Shoc2 Kl male (n=4) and female (n=6) mice as no obvious maladies were seen in
their life span.

Kaplan-Meier survival curves showed the median lifespan of Shoc2 KO
homozygous mice to be 15 weeks post-tamoxifen treatment (Figure 4-3A). When
results were analysed based on gender, female KO mice had a small but significant
decrease in median survival compared to KO males (13 and 17 weeks, respectively)
(Figure 4-3B).
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Figure 4-3. Kaplan-
Meier survival curves
of Shoc2 KO and Ki
mice

A. The survival rate of
the Shoc2 KO HOM
(n=24) and Shoc2
KI HOM (n=20)
mice was
significantly  lower
than that of the WT
(n=24) controls or
HET (n=8 or n=5)
mice.

B. Breakdown by
gender for Shoc2
KO HOM mice:
males (n=9) and
females (n=15).

C. Breakdown by
gender for Shoc2 KI
HOM mice: males
(n=10) and females
(n=10).Significance
is determined using
the Kaplan-Meier
log rank test
****n<0.0001,
*p<0.05. NS: Not
Significant.

Shoc2 Kl homozygous mice show extended survival compared to their KO

counterparts although they did have significantly decreased survival compared to WT

or heterozygous KI littermate mice (median survival of 34 weeks, Figure 4-3A). No

differences in survival by gender within Shoc2 KI mice were apparent (Figure 4-3C).

Some mice developed skin lesions that appeared at later time points and progressed

in severity more slowly compared KO mice (Figure 4-1B) and had to be euthanized

because of this and/or weight loss exceeding 15% (Figure 4-2B). However, a

significant number mice (n=10) were still alive without overt phenotypes, except for

periocular alopecia, after 35 weeks post-tamoxifen treatment (Figure 4-2B). Thus,

inactivation of Shoc2 in the KI model by expression of a point mutant that selectively
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disrupts the ability of Shoc2 to form a phosphatase complex with MRAS and PP1,
leads to a milder and less penetrant phenotype that complete loss of Shoc2 protein
using the KO model.

Blood chemistry analysis of Shoc2 mice

Serum biochemical assessment helps to predict pathological processes in
vital internal organs of the body such as the liver, muscle, heart, pancreas and kidney
(Stockham and Scott, 2013). In order to shed light on any alterations caused by
systemic Shoc?2 deletion on metabolism and organ functions, blood of WT or KO mice
was collected by cardiac puncture at morbidity (mean survival of 15 weeks) and
biochemical parameters in serum analysed. The blood test on the biochemistry profile
included a series of biomarkers for liver function such as aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) and bilirubin;
triglycerides, free fatty acids, glycerol, low-density lipoprotein (LDL), high-density
lipoprotein (HDL) and total cholesterol for lipid levels, urea, creatinine and creatine
kinase (CK) for kidney functions, sodium, potassium, calcium, chloride, inorganic
phosphorus, magnesium and iron for electrolytes as well as glucose, fructose, total
protein and albumin as additional metabolic markers.

Most of the serum chemistry parameters were unaffected suggesting Shoc2
inactivation does not cause major and/or clear alterations in liver or kidney function
(Table 4.1). However, albumin, total cholesterol, HDL, glucose, fructose and ALP
levels were significantly decreased in Shoc2 KO mice compared to wild type controls
(Figure 4-4). While the significance of these changes is unclear, they are consistent
with the weight loss that was observed in the Shoc2 KO mice at the time of analysis
and thus may be the reflection of weight loss caused by other abnormalities (see later)

i.e. consequence rather than cause.
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Measured parameter WT (n=11) Shoc2 KO (n=11) p-value
Sodium (mmol/I) 158,27+13,99 156,91+1,45 NS
Potassium (mmol/l) 4,52+0,26 4,76x0,48 NS
Chloride (mmol/I) 119,09+10,52 117,45+0,99 NS
Urea (mmol/l) 10,27+1,71 10,17+0,80 NS
Creatinine (umol/l) 11,15+0,87 11,37+0,92 NS
Calcium (mmol/l) 2,46+0,25 2,40+0,06 NS
Inorganic Phosphorus (mmol/l) 2,13+0,22 2,73+0,24 NS
ALP (U/l) 85,91+10,10 50,09+5,47 0,0054
ALT (U/) 39,00+4,51 43,64+12,79 NS
AST (U/l) 147,27+33,95 145,00+33,67 NS
Total Protein (g/l) 49,77+0,90 51,12+1,42 NS
Albumin (g/l) 25,89+0,52 17,06+0,66 <0,0001
Total Cholesterol (mmol/l) 2,5740,18 1,59+0,11 0,0002
HDL (mmol/I) 1,79+0,14 0,93+0,05 <0,0001
LDL (mmol/l) 0,74+0,07 0,7040,08 NS

| Glucose (mmol/l) 19,19+1,55 12,68+1,62 0,0088
Triglycerides (mmol/l) 1,22+0,14 1,0+0,14 NS
Glycerol (umol/l) 285,10+25,73 228,78+25,22 NS
Free Fatty Acids (mmol/l) 0,59+0,05 0,48+0,05 NS
Total Billirubin (umol/l) 2,05+0,27 1,64+0,36 NS
LDH (U/1) 630,64+154,17 823,00+184,78 NS
Iron (umol/Il) 21,45+1,26 22,03+£3,91 NS
Amylase (U/l) 644,00+36,63 486,09+81,73 NS
CK (U/) 960,45+541,46 196,00+55,15 NS

| Fructose (umol/l) 209,55+6,58 131,78+106,50 <0,0001
Magnesium (mmol/l) 1,03+0,04 1,04+0,07 NS

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; LDH, lactate dehydrogenase; CK,
creatine kinase. Blood from WT (n=11) and KO (n=11) mice is collected at morbidity (mean
survival of 15 weeks). Data are presented as mean values + SEM. Significance is determined
using an unpaired student’s t-test. NS=p>0.05.
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Figure 4-4. Decreased serum chemistry values in Shoc2 KO mice

Significant decrease was observed in ALP, albumin, total cholesterol, HDL, glucose and
fructose levels. Blood from WT (n=11) and KO (n=11) mice is collected at morbidity (mean
survival of 15 weeks). Data are presented as mean values = SEM. Significance is determined
using an unpaired student’s t-test **p<0.01, ***p<0.001 or ****p< 0.0001 (n=11 for each
genotype).

Histopathology of Shoc2 KO and KI mice

As mentioned in Chapter 3, Shoc2 KO and KI mice developed skin lesions
starting at ~4 weeks post-tamoxifen treatment that progressively increased in severity
and were the main cause of euthanasia. This include alopecia around the eyes and
throat areas, and skin lesions on the back, head (face), throat, and flanks of the mice
(Figure 4-5A). Lesions varied in severity and included punctuated small crusts,
coalescent crusts, and ulceration (Figure 4-5B). To characterize and quantify the
severity of the dermatitis upon Shoc?2 inactivation, a clinical skin dermatitis severity

scoring system that is described in detail in the Methods section (Table 2-5) was
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used (Figure 4-5C). This scoring system shows that skin lesions in Kl mice are
considerably less severe than in KO mice. Notably, the overall disease score was
significantly higher in male compared to female mice in KO but not in KI model (Figure
4-5D). Shoc2 KO mice also developed pruritus and displayed consistent and severe
scratching of their throat areas (Figure 4-5E). Considering that all the skin regions
affected are accessible anatomical regions and thus prone to scratching, this
observation suggests that pruritus and scratching is an important factor in the initiation
and/or progression of skin lesions in Shoc2 KO mice. A detailed histological

characterization of the skin will be covered in Chapter 5.

Reaqions affected

No Lesion
A Back (shaved) Head (face) Throat Flank
Score Regions affected

0 None

1 Back

1 Head (Face)

1 Throat

1 Flank

4 SUM
B

Character of lesion
Punctuated Coalescent Ulceration

small crusts multiple crusts
Score Character of Lesion F

0 No lesions

1 Punctuated small crust
2 Coalescent multiple crusts
3

Ulceration

Dermatitis severity

61 == Character of Lesion
mm Regions Affected Q *
0" w o 2 8 e
— o) =
o 4+ £
S 4 b @
7] > o 67
237 - 5 5
) 3 © 4+
5 7 . 8 :
1 — T 24
°
0- Female Male Female Male 0-
WT KO Kl WT KO Kl

KO Kl

Figure 4-5. Shoc2 inactivation in adult mice leads to skin dermatitis with pruritus
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Dermatitis severity scoring system for affected regions (left) and representative
images of mice to illustrate locations of skin lesions (right). Inset shows higher
magnification of indicated area and arrows indicate skin lesions.

Dermatitis severity scoring system for character of lesion (left) and representative
images (right). Insets show higher magnification of indicated areas and arrows show
skin lesions.

Severity score of dermatitis was assessed at morbidity in mice of the indicated
genotypes (~15 weeks Post-Tam. for Shoc2 KO, n=24; ~34 weeks Post-Tam for
Shoc2 Kl, n=20). Data are presented as mean values+ SEM. Significance is
determined using an unpaired student’s t-test ***p<0.001 or ****p< 0.0001.

Severity score by gender at morbidity as in (C). Shoc2 KO: Females (n=15) and
Males (n=9); Shoc2 Kl: Females (n=10) and Males (n=10). Data are presented as
mean values + SEM. Significance is determined using an unpaired student’s t-test.
**p<0.01, ***p<0.0001 or NS: Not Significant.

Spontaneous scratching was counted in mice at 6 weeks post-tamoxifen treatment for
2min (n=5 for each genotype). Data are presented as mean valuest SEM.
Significance is determined using an unpaired student’s t-test *p<0.05 or ***p<0.001.

To identify possible additional pathological conditions, organs of Shoc2 KO

and KI mice were examined histologically at morbidity. No obvious macroscopic and

microscopic abnormalities were observed in skeletal muscle, colon, lung, liver, heart,

pancreas and thymus from Shoc2 KO (Figure 4-6A) and Kl (Figure 4-6B) male or

female mice, that were undistinguishable from organs of WT animals.

WT
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SKELETAL

MUSCLE LIVER PANCREAS THYMUS

SKELETAL
MUSCLE COLON - LUNQ LIVER HERT » PANCREAS THYMUS

Figure 4-6. Major organs from Shoc2 KO and Kl mice with no difference by histological
analysis relative to wild type controls
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A. Representative H&E stained sections were generated from the indicated organs of
Shoc2 KO and WT mice (n=4 for each genotype). Scale bar=200 pum.

B. Representative H&E stained sections of Shoc2 Kl and WT mice as in (A) (n=4 for
each genotype). Scale bar=100 pm.

On the other hand, post-mortem studies revealed that Shoc2 KO and Kl mice
have enlarged secondary lymphoid organs, namely spleen (Figure 4-7A and B) and
lymph nodes. Splenomegaly was most dramatic in KO mice but also significant in Kl
mice. No significant difference was observed between the spleen weights of WT and
Shoc2 KO/KI heterozygous mice. In contrast to skin severity, no difference in
splenomegaly by gender was detected, as both sexes in KO and KI homozygous mice
had similarly enlarged spleens (Figure 4-7C). Despite the striking increase in spleen
size, H&E staining revealed no obvious histological abnormalities (Figure 4-7D).
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Figure 4-7. Shoc2 KO and KI mice develop splenomegaly

A. Representative images of spleens from WT, Shoc2 KO/KI homozygous (HOM) and
heterozygous (HET) mice to illustrate splenomegaly.

B. Quantification of Shoc2 KO/KI HOM and Shoc2 HET spleen weights compared to that
of WT mice. WT (n=31), Shoc2 KO HET (n=8), Shoc2 KO HOM (n=27), Shoc2 KiI
HET (n=5) and Shoc2 KI HOM (n=22). Data are presented as mean values + SEM.
Significance is determined using an unpaired student’s t-test ****p<0.0001 or NS: Not
Significant.
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C. Quantification of spleen weight by gender as in (B). Females: WT (n=16), Shoc2 KO
(n=13) and Shoc2 KI (n=10). Males: WT (n=15), Shoc2 KO (n=14), and Shoc2 Ki
(n=12). Data are presented as mean values + SEM. Significance is determined using
an unpaired student’s t-test NS: Not Significant.

D. Representative H&E staining of Shoc2 KO, KI and WT mice spleen sections (n=4 for
each genotype). Scale bar=250 pm.

In addition to spleen, Shoc2 KO and Kl mice also had enlarged lymph nodes
upon necropsy at morbidity compared with their control counterparts (Figure 4-8A and
B). Inguinal lymph nodes weight increased to almost three fold in Shoc2 KO mice and
two fold in KI mice compared to WT mice (Figure 4-8C). A similar pattern was
observed for submandibular lymph nodes of Shoc2 KO mice (Figure 4-8D).
Quantification of the submandibular lymph nodes also revealed a statistically
significant increase in the total area by measuring overall lymph node area using
ImageJ (Figure 4-8E). Despite, severely inflamed submandibular lymph nodes in
some Shoc2 KO mice, H&E staining of salivary glands revealed no obvious
histological abnormalities in sublingual, submandibular or parotid glands (Figure 4-
8F).
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Figure 4-8. Shoc2 KO and KI mice exhibit lymphadenopathy

Diagram to illustrate dissected lymph nodes.

Representative images of inguinal and axillary lymph nodes from mice with the
indicated genotypes at morbidity.

Quantification of enlarged inguinal lymph nodes from Shoc2 KO (n=4) and Kl (n=4)
mice (WT: n=6 mice). Data are presented as means + SEM. Significance is
determined using an unpaired student’s t-test **p<0.01 or ****p<0.0001.
Representative images of submandibular lymph nodes and salivary glands from WT
and Shoc2 KO mice. Arrows indicates lymph nodes and inset shows higher
magnification image of lymph node from WT mouse. Salivary glands: 1 indicates
submandibular glands, 2 indicates sublingual glands and 3 indicates parotid gland.
Quantification of submandibular lymph nodes from Shoc2 KO (n=5), KI (h=4) and WT
(n=4) mice. Data are presented as mean values + SEM. Significance is determined
using an unpaired student’s t-test *p<0.05 or NS: Not Significant. 2-6 submandibular
lymph nodes were analysed per mouse.
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F. Representative H&E sections of submandibular lymph nodes and salivary glands from
WT, KO and KI mice (n=4 mice per genotype). Green arrows indicate lymph nodes,
red, orange and blue squares represent higher magnification of indicated areas in
salivary glands. Yellow arrows indicate excretory ducts, arrowhead indicates
secretory granular ducts, MA represents mucous acini and SA represents
serous acini. Scale bar=2.5 mm. Insets show the higher magnification of indicated
areas. Scale bar=50 ym.

Immunophenotyping of spleen and lymph nodes

In order to characterize the immune cell sub-populations in the enlarged
spleen of Shoc2 KO mice, single cell preparations of spleens were generated from
mice at morbidity and analysed by flow cytometry with a panel of antibodies that
allowed to distinguish lymphoid and myeloid compartments (Figure 4-9A and B). A
significant accumulation of granulocytes (CD11b*/Ly6G*) and inflammatory
macrophages (CD11b*/Ly6C*/CD68") were observed in the spleen of Shoc2 KO mice
at morbidity. In contrast, a significant decrease in the effector (CD3*/CD4*/FOXP3)
and cytotoxic (CD3*/CD8*) T cells and B cells (CD19*/MHC-II*) was observed in
Shoc2 KO spleens (Figure 4-9C).
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Figure 4-9. Shoc2 deletion leads to expansion of the myeloid compartment including
inflammatory macrophages and granulocytes in the spleen

A. The representative gating strategy for Shoc2 KO and WT spleens.

B. Quantification of immune cell types as a percentage of CD45" cells of Shoc2 KO and
WT spleens (n=9 for each genotype). Data are presented as mean values + SEM.
Significance is determined using an unpaired student’s t-test. *p< 0.05, ***p< 0.001 or
****n< 0.0001. CD4eff: CD4* Effector cells (CD3*/CD4*/FOXP3°), Treg: Regulatory T
cells (CD3*/CD4*/FOXP3*), NKT: Natural Killer T cells (CD3*/CD4-/CD8/NK1.1%),
Gran: Granulocytes (CD11b*/Ly6G*), DC: Dendritic cells (CD68/CD11c*), Mono.:
Monocytes (CD11b*/Ly6G/ CD11c/Ly6C""), Infl. Mono.: Inflammatory monocytes
(CD11b*/Ly6G/CD11c/Ly6C"), Macs:Macrophages (CD11b*/Ly6G-/ CD68*/Ly6C'o")
Infl. Macs.: Inflammatory macrophages (CD11b*/Ly6G-/ CD68*/Ly6C*).

C. Quantification of significant immune cell types as a percentage of CD45* cells of
Shoc2 KO and WT spleens (n=9 for each genotype). Data are presented as means +
SEM. Significance is determined using an unpaired student’s t-test. *p< 0.05, ***p<
0.001 or ****p< 0.0001. This figure was generated with the help of Jake Henry from
Sergio Quezada lab.
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For further validation, we performed immunohistochemistry staining of Shoc2
KO and WT spleens and observed that KO spleens had an increased granulocyte
(GR-1%) and macrophage (F4/80%) infiltration but slightly fewer T (CD3") and B cells
(B220%) consistent with observation obtained by flow cytometry (Figure 4-10).

w Figure 4-10. IHC

3 analysis  confirms

T . .
the increase in
granulocytes  and
macrophages in the
spleen section of
Shoc2 KO mice

)
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O (&) . . .

— immunohistochemical

staining of Shoc2 KO
and WT mice spleen
sections  with  the
indicated antibodies.
Positive
immunoreactivity  is
indicated by the brown
color, with a blue
hematoxylin
counterstain (n=3 for
each genotype, at
morbidity). Scale
bar=250 pum. This
figure was generated
with the help of Ayse
Akarca from Teresa
Marafioti lab.
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The expansion of myeloid compartment in the spleen may alter circulating
white blood cells (WBC) in the blood. To determine the effect of Shoc2 in blood,
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Wright-Giemsa staining was applied onto air dried blood of Shoc2 KO and KI mice
compared to age- and sex-matched WT controls (8 weeks Post-Tam.). Increased
number of WBCs was observed in the blood smears of Shoc2 KO and Kl mice (Figure
4-11).

Figure 4-11. Whole blood analysis confirms alterations in the immune appearance of
Shoc2 KO mice.

A. Representative Wright-Giemsa stained peripheral blood smear of Shoc2 KO, Kl and
WT mice (8 weeks Post-Tam, n=6 for each genotype). Scale bar 10x=250 ym, 20x=
100 pm, 40x= 50 pm.

The previous experiment was performed on spleen samples collected from
KO mice at morbidity (15 weeks post-tamoxifen treatment). Next, we performed an
experiment to compare immune populations in spleens, lymph nodes and bone
marrow from KO and Kl mice at an earlier and fixed endpoint of 8 weeks post-
tamoxifen. A slightly different gating strategy was used (Figure 4-12).

108



Chapter 4 Results

E: ' NK cells § v
2 'y
CD41
4 qJ
>
= oliq al .
o :
« ol b b
al” I al. a
= O Ol
FceR1la
| — )
Neutrophils ” 1 '
ol '3 =1 = 1
Q - # (j:) 1 Inf. Mono. = 1 Macs.  |nf. Macs.
= Ly6C+  Mono. b= 8 HS
o — 10 SF L
Ly6C CDl11c MHC-1I

Figure 4-12. Gating strategy for flow cytometry analysis of spleen and lymph nodes of
Shoc2 KO and Kl mice

Immune cell subtypes characterization strategy by flow cytometry. Mega: Megakaryocytes,
NK: Natural Killer cells, DC: Dendritic cells, Infl. Mono.: Inflammatory monocytes, Infl. Macs.:
Inflammatory macrophages. This figure was generated with the help of Cristobal Costoya from
Sergio Quezada lab.

In line with the previous results, flow cytometric analysis revealed an increase
(CD11b*/Ly6G"/Ly6C'"), inflammatory
(CD11b*/Ly6C"/MHC-1I*) and inflammatory macrophages (CD11b*/F4/80*/MHC-II*)
whereas there were reduced T (CD3*) and B (B220*) cell proportions in Shoc2 KO

in neutrophils monocytes

spleens. No differences were reported in the other cellular populations analysed, such
as monocytes (CD11b*/Ly6C"), macrophages (CD11b*/Ly6C'°/F4/80%), dendritic cells
(CD11c*/MHC-II*) and natural killer cells (CD3/NK1.1%) (Figure 4-13A). An increase
in neutrophils, inflammatory macrophages and inflammatory monocytes was also
detected in the lymph nodes of the same mice (Figure 4-13B). Interestingly, although
the numbers did not achieve significance, a clear tendency for increased numbers of
neutrophils, inflammatory macrophages and inflammatory monocytes could be
observed in KI mice, consistent with a milder and/or slower response in the KI model
(Figure 4-13A).
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Figure 4-13. Shoc2 inactivation leads to expansion of the myeloid compartment in the
spleen and lymph nodes of Shoc2 KO mice

A. Quantification of immune cell types as a percentage of CD45* cells in spleen of Shoc2
KO, KI and WT mice (n=4 for each genotype). Data are presented as mean
values + SEM. Significance is determined using an unpaired student’s t-test. *p< 0.05
or **p< 0.01. NK cells: Natural killer cells, DC: Dendritic cells, Infl. Mono.: Inflammatory

monocytes, Infl. Macs.: Inflammatory macrophages.

B. As above (A) but using pooled inguinal, axillary and brachial lymph nodes from the
same mice as in A. This figure was generated with the help of Cristobal Costoya from
Sergio Quezada lab.
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Role of Shoc2 in haematopoiesis

Considering the known role of the RAS-MAPK pathway in proliferation and
differentiation, the systemic increase (seen in spleen, blood and lymph nodes) of cell
types of the myeloid lineage (particularly neutrophils) that is observed upon Shoc2
ablation, could be related to a role of Shoc2 in regulating the balance between
proliferation and differentiation and/or lineage commitment during haematopoiesis.
To address this possibility an immunophenotyping panel was used to identify the stem

and progenitor cell compartments in the bone marrow of Shoc2 KO, Kl and WT mice.

Hematopoietic stem cells (HSCs) and their downstream progeny, multipotent
progenitors (MPPs), (Figure 4-14A) are known to cycle rapidly to expand the system
and generate common myeloid progenitors (CMPs) and common lymphoid
progenitors (CLPs) that then further produce downstream cell types of the myeloid
and lymphoid lineages respectively (Spangrude et al. 1988; Morrison et al. 1997)
(Figure 4-14B).
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(LT-HSC) KLS CREr D48 GRpo0+ CD135 self-renewal Multipotent
MPP1 Short-term
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MPP3 KLS CD34+ CD48+ CD150- CD135- Myleoid bias
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Figure 4-14. Cell surface markers for identification of hematopoietic stem cells (HSCs)
and multipotent progenitors (MPPs) and hierarchy of haematopoiesis

A. FACS strategies for detection of HSCs and MPPs and functional differences among
different subtypes of MPPs. MPP subsets are able to generate cells of both the
myeloid and the lymphoid lineages, and also, they can be divided into MPP1-MPP4
which characterized by increasing proliferation rate but decreasing self-renewal
potential along with more pronounced lineage bias (Zhang and Hsu 2017). Adapted
from (Zhang and Hsu 2017).

B. Schematic for hierarchy of hematopoiesis. HSC: hematopoietic stem cell, CLP:
common lymphoid progenitor, CMP: common myeloid progenitor, GMP:
granulocyte/macrophage progenitor, MEP: megakaryocyte/erythrocyte progenitor,
EP: erythrocyte progenitor, MkP: megakaryocyte progenitor, GP: granulocyte
progenitor, MacP: macrophage progenitor, DC: Dendritic cells. Adapted from
(Chotinantakul and Leeanansaksiri 2012).

The KLS fraction (Lineage/Scal*/c-Kit*) was gated into long-term (LT-HSCs),
short-term hematopoietic stem cells (ST-HSCs or MPP1), and MPPs (MPP2, MPP3
and MPP4) according to surface expression of CD34, CD48, CD135 and CD150
(Figure 4-15A). Interestingly, Shoc2 KO mice showed increased numbers of all stem
and progenitor populations except for MPP4, which have lymphoid bias (Oguro et al.
2013; Cabezas-Wallscheid et al. 2014; Pietras et al. 2015) (Figure 4-15B). A
significant increase in LT-HSCs and ST-HSCs and decrease in MPP4 was also
observed in the bone marrow of Shoc2 Kl mice compared to WT controls (Figure 4-
15B).

Next, the Lineage/Scal/c-Kit* fraction was gated to distinguish common
myeloid progenitors (CMPs; CD16-32/CD34"), granulocyte/monocyte progenitors
(GMPs; CD16-32*/CD34") and megakaryocyte/erythroid progenitors (MEPs; CD16-
327/CD34). Lineage/Scal®/c-Kit° fraction was then gated for common lymphoid
precursors (CLPs; CD127*). Notably, numbers of CMP and GMP, but not CLP or MEP
were significantly higher in Shoc2 KO mice compared to WT controls (Figure 4-15C).
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Figure 4-15. Shoc2 deletion causes an expansion of myeloid progenitors in the bone
marrow
A. Representative gating strategy for Shoc2 KO, Kl and WT bone marrows.
B. Quantification of the total number of HSCs and MPPs of Shoc2 KO, Kl and WT bone

marrows (n=5 for each genotype). Data are presented as mean values + SEM.
Significance is determined using an unpaired student’s t-test. *p< 0.05, **p< 0.01 or
***pn<0.001. LT-HSC: long-term hematopoietic stem cell, ST-HSC: short-term
hematopoietic stem cell, MPP2-4: Multipotent progenitors 2-4, CMP: common myeloid
progenitor, GMP: granulocyte/macrophage progenitor, CLP: common lymphoid
progenitor, MEP: megakaryocyte/erythrocyte progenitor (n=2 independent
experiments). This figure was generated with the help of Cristobal Costoya from
Sergio Quezada lab.
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Collectively, these results indicate that systemic Shoc2 deletion led to an

expansion of myeloid compartment.

Bone marrow-derived macrophages as an in vitro model to study the role

of Shoc2 in cell signalling

In order to study the role of Shoc2 in a more tractable model in vitro, primary
bone marrow-derived macrophages (BMMs) was chosen as a cell model where the
effect of Shoc2 inactivation in differentiation and cell signalling could be studied. In
the presence of the lineage-specific growth factor, macrophage colony-stimulating
factor (M-CSF), monocyte/macrophage progenitors present in the bone marrow will
proliferate and differentiate into a homogenous population of mature BMMs
(Mossadegh-Keller et al. 2013).

Bone marrow cells from Shoc2" Rosa26-CreER"™ were isolated and cultured
with or without an initial one day treatment of 4-hydroxy-tamoxifen (4-OHT) to induce
Shoc2 recombination in vitro. Seven days later, cells were seeded for experiments
and stimulated with different agonists such as M-CSF, granulocyte/macrophage
colony-stimulating factor (GM-CSF), lipopolysaccharide (LPS) and phorbol myristate
acetate (PMA) for indicated time points of between 2 and 60 minutes to determine

the response of the ERK-pathway to agonist stimulation overtime.

Upon M-CSF, which is known to stimulate type Ill tyrosine kinase
transmembrane receptor: macrophage colony stimulating factor receptor (M-CSFR)
(Hamilton 2008), ERK activation was impaired in the absence of Shoc2. The MEK,
ERK and RSK phosphorylation was impaired at 5 and 10 minutes of M-CSF treatment
in 4-OHT treated Shoc2 KO cells compared to control cells (non-treated with 4-OHT)
(Figure 4-16A and B). In contrast, no effect was seen on AKT S473 phosphorylation
in the absence of Shoc2 (Figure 4-16A and B).

GM-CSF signalling is mediated via a variety of kinase cascades including
MAPK/ERK, JAK/STAT, PKC, and PI3K (de Groot et al. 1998; Wheadon et al. 1999).
Upon GM-CSF treatment, MEK, ERK and RSK phosphorylation are impaired at the 5
and 10 minutes, in the absence of Shoc2 while minimum differences were seen
between them by 20 minutes. Similar to M-CSF treatment, AKT phosphorylation by
GM-CSF was not affected in Shoc2 KO cells (Figure 4-16C and D).
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Figure 4-16. Shoc2 deletion impairs ERK but not AKT pathway activation by M-CSF and

GM-CSF

A. Shoc2 is required for ERK pathway activation on M-CSF treatment in bone marrow
derived macrophages. 4-OHT treated Shoc2 KO (+4-OHT) and untreated control (-4-
OHT) BMMs were stimulated with 10 ng/ml of M-CSF for indicated time points and
lysates probed with the indicated antibodies.

B. Quantification of P-MEK, P-ERK, P-RSK and P-AKT in (A), relative to control condition
(O’mins of -4-OHT) using Odyssey CLx Imaging system (LI-COR).

C. As (A) with 10 ng/ml of GM-CSF stimulation.

D. As (B) with 10 ng/ml of GM-CSF stimulation.

We next determined the effect of Shoc2 ablation on signalling responses to

LPS. LPS is the major component of the outer membrane of gram-negative bacteria

115



Chapter 4 Results

and it has been previously described to induce ERK pathway activation in BMMs
(Valledor et al. 2000). Our data shows that in contrast to M-CSF and GM-SCF which
induced a peak of ERK activity at 5 minutes and 10 minutes of stimulation
respectively, LPS induced ERK activation was slower which started to be detected at
10 minutes and peaked at 20 minutes of LPS treatment. Importantly, ERK and AKT
activation by LPS was completely unaffected in 4-OHT treated Shoc2 KO cells (Figure
4-17A and B).

Lastly, we stimulated BMMs with the activating agent PMA. PMA is a potent
protein kinase C (PKC) activator, which drives RAS- and RAF- dependent activation
of the ERK pathway (Downward et al. 1990a; Lee et al. 2002). Our time-course
analysis shows that PMA induces ERK pathway activation within 5 minutes of the
treatment and the response of the ERK pathway to PMA-stimulation is strongly
reduced on Shoc2 inhibition. No effect of PMA on AKT phosphorylation was observed
(Figure 4-17C and D).

In summary, Shoc2 is required for ERK-MAPK, but not AKT, pathway
activation in an agonist-dependent manner. Our results show that activation by M-
CSF and GM-CSF is only partially impaired in the absence of Shoc2, whereas LPS
response is completely unaffected, is consisted with previous observations from the
lab showing the existence of SHOC2-dependent and independent mechanism of ERK
pathway activation (Boned Del Rio et al. 2019) that differentially contribute in a

context and agonist-dependent manner.
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Figure 4-17. Shoc?2 deletion impairs ERK pathway activation by PMA but not LPS

A. Shoc2 is not required for ERK pathway activation on LPS treatment in bone marrow
derived macrophages. 4-OHT treated Shoc2 KO (+4-OHT) and untreated control (-4-
OHT) BMMs were stimulated with 100 ng/ml of LPS for indicated time points and
lysates probed with the indicated antibodies.

B. Quantification of P-MEK, P-ERK, P-RSK and P-AKT in (A), relative to unstimulated -
4-OHT control condition (0’mins of -4-OHT) using Odyssey CLx Imaging system (LI-

COR).

C. BMMs were stimulated with 100 ng/ml of PMA and lysates probed with the indicated

antibodies.

D. Quantification of (C) as in B.
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Effect of Shoc2 elimination in urinary bladder function

During mice dissections we noted that Shoc2 KO mice that presented
enlarged abdominal areas (Figure 4-1C) invariably had grossly enlarged and
distended bladders full of urine. This was specific to Shoc2 KO males as bladders
from Shoc2 KO females were normal and similar in volume to WT female bladders
(Figure 4-18A). Of note also, this phenotype was observed with partial penetrance
with 7 out of 17 (~41.2%) of KO male mice showing no phenotype. No enlarged

bladders were observed from Shoc2 Kl male or female mice (data not shown).

Bladder capacity ranges from 0.12-0.15 ml in mice (Reis et al. 2011). Post-
mortem urinary bladder volumes were significantly higher in Shoc2 KO males 6-19
weeks post-tamoxifen treatment compared to WT males (Figure 4-18B). The protein
concentration was significantly higher in urine from Shoc2 KO males at morbidity
(Figure 4-18C). The higher protein concentration may have been due to decreased
water consumption. However, when water consumption was measured 10 weeks
post-tamoxifen treatment for 5 days, no differences in water intake between Shoc2
KO and WT males was observed (Figure 4-18D).

To identify any possibly morphological bladder abnormalities that may
account for the observed distended bladder phenotype, H&E-stained sections of
bladders from WT and Shoc2 KO mice were studied by pathologists. No significant
histological differences were observed with bladders from Shoc2 KO males showing
normal, compact organization of smooth muscle and epithelium (urothelium) layers
(Figure 4-18E).
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Figure 4-18. Male, but not female Shoc2 KO mice developed enlarged bladder

A. Representative images of Shoc2 KO male with enlarged bladder full of urine.

B. Quantification of urine volume in Shoc2 KO, KI and WT male mice at morbidity (KO
and WT: n=17; KI: n=13). Data are presented as mean values + SEM. Significance is
determined using an unpaired student’s t-test. ****p< 0.0001 or NS: Not Significant.

C. The protein concentration of urine samples is elevated in Shoc2 KO male mice at
morbidity (n=5 for each genotype). Data are presented as mean values + SEM.
Significance is determined using an unpaired student’s t-test. **p< 0.01 or NS: Not
Significant.

D. Quantification of water intake of Shoc2 KO, Kl and WT male mice at 10 weeks post-
tamoxifen treatment (n=5 for each genotype). Data are presented as mean
values + SEM. Significance is determined using an unpaired student’s t-test. NS: Not
Significant.

E. Representative H&E stained histological sections of Shoc2 KO male and female
bladders at morbidity. Scale bar=100um.

Next, we speculated that urine retention in male Shoc2 KO mice could be the
consequence of an anatomical obstruction related to a male-specific organ such as
an enlarged prostate. In order to examine prostate glands, the prostate was dissected
together with the urethra, bladder and seminal vesicles (Figure 4-19A). However,
neither macroscopic nor histological examination revealed any obvious abnormality

in the prostate glands of affected Shoc2 KO male mice (Figure 4-19B). In addition,
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when compared to WT controls, no histological abnormalities were noted in the
kidneys of KO mice (Figure 4-19C). In summary, Shoc2 KO, but not KI mice, develop
enlarged and distended bladders that are full or urine without any apparent

anatomical obstruction
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Figure 4-19. Histological analysis revealed no structural abnormalities in the prostate
and kidney tissues of Shoc2 KO mice

A. Diagram of the mouse urogenital region and prostate anatomy. Bladder (BL), seminal
vesicles (SV), anterior prostate (AP), ventral prostate (VP), lateral prostate (LP),
dorsal prostate (DP) and urethra (UR).

B. Representative H&E images of anterior, dorsal, lateral and ventral lobes of prostate
from adult WT and Shoc2 KO mice (n=4 for each genotype). Scale bar=100um.

C. Representative H&E images of kidney from male and female WT and Shoc2 KO mice
(n=6 for each genotype). Scale bar=100um.
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Conclusions

Systemic inactivation of Shoc2 by CreER™-mediated recombination in adult
mice decreases viability for both Shoc2 KO and Kl mice (median survival of ~15 and
~34 weeks, respectively). Post-mortem studies revealed no gross abnormalities or
detectable histological alterations in major organs including lung, heart, liver, kidney,
colon, pancreas, skeletal muscle and thymus. However, several phenotypes develop
after sustained Shoc2 deletion. The main phenotype for both Shoc2 KO and Kl mice
is skin dermatitis accompanied by pruritus. This skin dermatitis is progressively
increased in severity and is the primary cause of euthanasia. The comprehensive
histological characterization of the skin will be discussed in detail in the following
chapter. Shoc2 KO and Kl mice also develop splenomegaly and lymphadenopathy.
Characterization of the immune cell sub-populations in spleen and lymph nodes of
Shoc2 KO mice showed expansion of the myeloid compartment with a significant
accumulation of neutrophils. We also identified a sexually dimorphic role of Shoc2 in
urinary bladder function with the male, but not female KO mice developing enlarged

urinary bladders without obvious anatomical obstruction.
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Introductory statement

The EGFR-RAS-ERK pathway has a well-described role in skin homeostasis
(Doma et al. 2013). Its function in the skin and its appendages is necessary for proper
development and tissue homeostasis, and its deregulation rapidly results in defects
in cellular proliferation and differentiation. The consequences can be the development
of lesions, structural and functional defects of its appendages such as hair follicles
(Schneider et al. 2009). Considering the role of SHOC2 within the EGFR-RAS-ERK
pathway and the observation that Shoc2 inactivation results in dermatitis, we thus,

aimed to explore the role of Shoc2 in skin homeostasis.
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Validation of Shoc?2 inactivation in adult mouse skin

In order to confirm Shoc2 inactivation in adult mouse skin, 6-12 weeks old
Shoc2" KO/KI Rosa26-CreER™ mice were subjected to 5-days 80 mg/kg tamoxifen
treatment by intraperitoneal injection and skin samples harvested 4 weeks later to
determine Shoc2, Flag and Myc protein levels. Shoc2™ cKl Rosa26-CreER™ mice
that had not been treated with tamoxifen (NT) were used as control animals (Figure
5.1A). High level of deletion was observed in KO mice (Figure 5.1B) and efficient loss

of Flag and concomitantly gain of Myc was detected in KI mice skin.
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Figure 5-1. Shoc?2 inactivation in adult mouse skin

A. Western blots of skin lysates from Shoc2 KO and KI mice (n=3 for each genotype).

B. Quantification of Shoc?2 levels relative to ERK 1/2 loading control of (A) using Odyssey
CLx Imaging system (LI-COR). The average protein levels of non-treated Shoc2™ cKI
Rosa26-CreERT™ control mice (NT) were set to 100%.

Histological analysis of Shoc2 ablation in adult mice skin

To characterize the histopathology of skin alterations observed upon Shoc2
ablation, regions of skin with lesions (in upper back area) as well as without lesions
(non-lesional skin in lower back area) (Figure 5-2A) were analysed by H&E staining.
Lesional skin (Figure 5-2B) contained multiple alterations including increased number
of hair follicles in the hypodermis (Figure 5-2C), epidermal thickening (acanthosis)
(Figure 5-2D), thickening of the stratum corneum (hyperkeratosis) (Figure 5-2E), and

immune cell infiltration in dermis (Figure 5-2F).
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Figure 5-2. Ablation of Shoc2 causes skin alterations
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Representative image showing skin regions used for analysis containing affected and
non-affected areas in Shoc2 KO mice.

Representative H&E images (10x) from upper back (affected) area of WT and Shoc2
KO mice (2 males and 2 females each) (n=7 mice per genotype). Scale bar=250 ym.
40x magnification of indicated blue square in (B) to highlight increased hair follicles in
the hypodermis of Shoc2 KO skin (n=7 mice per genotype). Scale bar=50 ym.

80x magnification of indicated black square in (B) to highlight thicker epidermis
(acanthosis) of Shoc2 KO skin (n=7 mice per genotype). Scale bar=25 um.

80x magnification of indicated green square in (B) to highlight hyperkeratosis (arrow)
in Shoc2 KO skin (n=7 mice per genotype). Scale bar=25 um.

40x magnification of indicated red square in (B) to highlight immune infiltration in the
dermis of Shoc2 KO skin (n=7 mice per genotype). Scale bar=50 ym.
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G. Epidermal thickness quantification of affected skin sections from Shoc2 KO and WT
mice at morbidity (n=7 for each genotype). The epidermal thickness was quantified in
three different positions and for at least 10 different measurements per mouse. Data
are presented as mean * SEM. Significance is determined using an unpaired t test
****p<0.0001.

Similar although less severe alterations were found in non-lesional areas of
Shoc2 KO skin (Figure 5-3A). For instance, hair follicles in the hypodermis were
observed in some but not all animals and immune cell infiltration was observed at
lower levels compared to lesional areas of Shoc2 KO mice (Figure 5-3B). This also
correlated with low epidermal thickening in non-lesional skin of Shoc2 KO mice
(Figure 5-3C).
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Figure 5-3. Shoc?2 ablation leads to less dramatic skin alterations in non-affected areas

A. Representative H&E images (10x) from lower back (non-affected) area of WT and
Shoc2 KO mice (n=7 mice per genotype). Scale bar=250 um.

B. Representative 40x magnification of indicated blue square in (A) to highlight increased
hair follicles in the hypodermis, black square in (A) to highlight thicker epidermis (black
bar) and red square in (A) to highlight immune infiltration in the dermis of Shoc2 KO
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skin (n=7 mice per genotype). Scale bar=50 um. Insets show the higher magnification
of indicated areas. Scale bar=25 uym.

C. Epidermal thickness quantification of non-affected skin sections from Shoc2 KO and
WT mice (n=7 for each genotype). The epidermal thickness was quantified in three
different positions and for at least 10 different measurements per mouse. Data are
presented as mean * SEM. Significance is determined using an unpaired t test
****p< 0.0001.

Characterization of epidermis from Shoc2 KO mice skin by

immunohistochemistry

To further characterize the epidermal phenotype, skin sections were stained
with a panel of well-established keratinocyte markers of the different layers of the
epidermis (Figure 5-4A) and the main components of the hair follicles (Figure 5-4B).
As shown in Figure 5-4C, Shoc2 KO mice displayed significant alterations in the
expression of these markers. Keratin 14 (K14), which is normally expressed in the
basal layer of the epidermis and hair follicles of mice, was detected throughout all
epidermal layers in Shoc2 KO skin, consistent with epidermal hyperplasia and
defective differentiation. Keratin 10 (K10) expression is normally restricted to the
spinous layer (as a part of suprabasal layer) but was also found expanded in Shoc2
KO mice epidermis. Staining of Keratin 6, which is usually expressed in
hyperproliferative keratinocytes was also significantly higher in Shoc2 KO epidermis
compared to WT mice. Lastly, the expression of Loricrin, a marker of terminally
differentiated cells in the stratum corneum was also significantly increased in the
epidermis of Shoc2 KO mice (Figure 5-4C).
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Figure 5-4. Immunohistochemical staining reveals expansion of basal, suprabasal and
cornified layers in epidermis and root sheaths in hair follicles of Shoc2 KO mice

A. Schematic illustration of mouse skin epidermis.

B. Schematic illustration of the hair follicle compartments, which is separated in upper
and lower segment.

C. Immunohistochemical staining of Shoc2 KO and WT mice dorsal skin sections with

the indicated antibodies. Black square represents higher magnification of indicated
area to show expansion of epidermal layers and red square shows higher
magnification of increased number of hair follicles in KO hypodermis (n=4 for each
genotype). Scale bars 20x=100 pm and 40x=50 pym.

This keratinocyte marker expression pattern was similarly observed when

immunofluorescence was used as a detection method, with Shoc2 KO skin from both
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male and female mice displaying a clear expansion of basal, suprabasal and cornified
layers of epidermis (Figure 5-5). These results thus indicate that acute Shoc2 ablation
in adult mice leads to increased proliferation and defective differentiation of
keratinocytes in the skin epidermal layer.

FEMALE MALE

WT KO WT KO

K14

Merge
K14/K10/DAPI K10
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Loricrin/DAP  K6/DAPI

Figure 5-5. Immunofluorescence staining reveals expansion of basal, suprabasal and
cornified layers in epidermis of Shoc2 KO mice

Immunofluorescence staining of Shoc2 KO and WT female and male mice dorsal skin sections
with the indicated antibodies. Nuclei were stained with DAPI (blue) (n=4 for each genotype).
Scale bars=50 ym.

A striking feature of the skin of Shoc2 KO mice was a dramatic increase in the
number and size of hair follicles in the subdermal adipose layer (hypodermis) (Figure
5-2B and 4C). As mentioned in the introduction chapter, hair follicles undergo cycles
of growth (anagen), apoptosis-mediated regression (catagen), and rest (telogen)
numerous times in life (Figure 5-6). In skin samples of age- and gender-matched WT
mice hair follicles of were typically in the telogen phase and confined to the dermis.
In contrast, hair follicles in Shoc2 KO mice appeared locked in the anagen phase
(Figure 5-2B and 4C). In order to investigate whether an aberrant anagen-phase hair

follicles has an effect on hair growth, age-matched Shoc2 KO and WT male mice
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were depilated and monitored for 28 days. No significant differences were found in
hair regeneration Shoc2 KO and WT mice (Figure 5-7) showing that the increase in
hair follicles in anagen-phase in Shoc2 KO does not necessarily correlate with

increased hair growth.

Epidermis ——F—=——=35"—— —
Dermis , Y/

Hypodermis

Muscle — ¢ =

| || 1] |
| )] 1
Anagen Catagen Telogen

Figure 5-6. The hair growth cycle
Schematic representation of the hair cycle within the different layers of the skin. Arrows

between muscle and the border dermis/hypodermis indicate the hair cycle-associated
changes in the thickness of the hypodermis. Adapted from (Muller-Rover et al. 2001).
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WT KO
WT1 WT2 WT3 KO1 KO2 KO3

Figure 5-7. Shoc2
ablation has no
0 day significant effect on hair
growth in adult mice
The back skin of 6 weeks
old male mice was
shaved 1 week after the
last tamoxifen treatment
and photographed at 0, 7,
14, 21, and 28 days (n=3
for each genotype and
n=3 independent
experiments).

7 days

14 days

21 days

28 days
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Skin Immunophenotyping by immunohistochemistry

As shown above, H&E staining of Shoc2 KO mice suggested that the
observed skin alterations were accompanied by a significant increase in immune cell
infiltration. This was confirmed by immunohistochemical (IHC) staining with a CD45
immune cell marker (Figure 5-8). To further characterize the nature of this immune
response, additional immune markers including F4/80 (macrophages), GR1
(granulocytes), B220 (B cells) and CD3 (T cells) were used on IHC in a collaboration
with Professor Teresa Marafioti and Ayse Akarca from her team. As shown in Figure
5-8, the skin of Shoc2 KO mice collected at morbidity had a clear increase in staining
of CD3-positive T cells within the dermis and to a lesser degree in the epidermis.
F4/80- and GR1-positive myeloid cells were also increased in the dermis of Shoc2
KO skin (Figure 5-8). However, no difference was detected in B cells between the
skin of Shoc2 KO mice and the age- and gender-matched WT control mice (Figure 5-
8).
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Figure 5-8. Immunohistochemical staining reveals Shoc2 deletion leads to skin
inflammation in adult mice

Representative immunohistochemical staining of Shoc2 KO and WT skin sections with the
indicated antibodies. Positive immunoreactivity is indicated by the brown colour, with a blue
hematoxylin counterstain (n=3 for each genotype). Scale bar=50 um. This figure was
generated with the help of Ayse Akarca from Teresa Marafioti lab.

Skin Immunophenotyping by flow cytometry

To further characterise the immune cell sub-populations that infiltrate the skin
of Shoc2 KO mice, flow cytometry experiments were performed using a panel of
markers for the myeloid and lymphoid compartments. To this end, 10-12 weeks old
male Shoc2 KO and littermate control WT mice were sacrificed at 4 weeks and 10
weeks post-tamoxifen treatment and throat skin samples as well as spleens were

processed to obtain single cell suspensions. To minimize self-inflicted wounds
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caused by scratching, nails were trimmed weekly for the first 4 weeks. Shoc2 KO
mice displayed bald throats and macroscopic skin lesions 10 weeks post tamoxifen
treatment, but not after 4 weeks (Figure 5-9A).

In line with the IHC results, flow cytometry analysis (Figure 5-9B) revealed a
significant increase in CD45* cells in the skin of Shoc2 KO mice compared to WT

control littermates 10 weeks but not 4 weeks post-tamoxifen treatment (Figure 5-9C).
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Figure 5-9. Flow cytometry analysis of skin from WT and Shoc2 KO mice at 4 weeks
and 10 weeks post-tamoxifen treatment

A. Representative images of the throat area of mice used for analysis.

B. Gating strategy used for flow cytometry. This figure was generated with the help of
Cristobal Costoya from Sergio Quezada lab.

C. Quantification of CD45* cells normalized to weight of skin tissue (n=4 for each
genotype). Results are expressed as mean values + SEM. Significance is determined
using an unpaired student’s t-test. *p< 0.05 or NS: Not Significant.
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No significant differences were observed in af T cells (CD3*/yd TCRY)
neutrophils (CD11b*/Ly6G"/Ly6C"), DC (CD11c*/MHC II*) NK (CD3/NK1.1*) and B
cells (B220") between WT and Shoc2 KO skin at either 4 or 10 weeks post-tamoxifen
treatment (Figure 5-10A). On the other hand, a significant increase in macrophages
(CD11b*/Ly6C'°/F4/80*) and in monocytes (CD11b*/Ly6C") was observed at 10
weeks post-tamoxifen treatment. Strikingly, a significant accumulation of yd T cells
(CD3*/yd TCR*) was detected in the skin of Shoc2 KO mice at 4 and 10 weeks post-
tamoxifen treatment (Figure 5-10A). Therefore, despite the fact that increased
recruitment of immune CD45* cells to the skin was only apparent at 10 weeks, an
increase in yd T cells as a percentage of CD45* cells was the first change detected in

Shoc2 KO skin as early as 4 weeks.

When the same analysis was performed on the spleen of the same mice, not
only monocyte/macrophages (both at 4 and 10 weeks) but also neutrophils (10
weeks) increased in the spleen. In addition, a small but significant increase in y6 T
cells was also detected at 4 weeks in the spleens of Shoc2 KO mice (Figure 5-10B).
Thus, the earliest changes detected in immune cell populations upon Shoc2 ablation
were an increase in yd T cells in both skin and spleen (but much more prominent in
the skin) together with an increase in monocytes/macrophages which was
accompanied at 10 weeks by an increase in neutrophils specifically in the spleen
(Figure 5-10B).
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Figure 5-10. Flow cytometry analysis reveals Shoc2 deletion leads to skin inflammation
starting as early as 4 weeks post-tamoxifen treatment

A. Quantification of immune cell types as a percentage of CD45* cells of 4 and 10 weeks
post-tamoxifen treated Shoc2 KO and WT skin (n=4 for each genotype). Results are
expressed as mean values + SEM. Significance is determined using an unpaired
student’s t-test. *p< 0.05, **p< 0.01, ***p< 0.001 or ****p< 0.0001. NK cells: Natural
killer cells, DC: Dendritic cells, Macs.: Macrophages.

B. Quantification of immune cell types of 4 and 10 weeks post-tamoxifen treated Shoc2
KO and WT spleen (n=5 for each genotype). Results are expressed as mean values
+ SEM. Significance is determined using an unpaired student’s t-test. *p< 0.05, **p<
0.01. This figure was generated with the help of Cristobal Costoya from Sergio
Quezada lab.
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Effect of ex vivo Shoc2 ablation in murine keratinocytes

RAS/RAF/MEK/ERK signalling is known to be required for proliferation of
murine keratinocytes in vitro (Drosten et al. 2013). As previously described, one of
the critical skin alterations of Shoc2 KO mice is epidermal hyperplasia. Here, we
sought to examine the effect of Shoc2 deletion in epidermal keratinocytes in cultured

primary murine keratinocytes in vitro.

In order to explore the functions of Shoc2 in keratinocytes, we prepared
primary keratinocyte cultures from the tails of adult Shoc2" Rosa26-CreER™ (cKO)
mice according to previously published protocols (Li et al. 2017). Despite several
attempts, we failed to maintain the primary keratinocytes in culture long enough to be
able to perform experiments. It was also observed that keratinocytes were sensitive
to 4-OHT treatment with even WT cells being affected, although Shoc2™ KO cells in
particular never recovered. In order to overcome these issues, keratinocytes were
immortalized by retroviral expression of Simian Virus 40 (SV40) large T-antigen
(Figure 5-11A).

In order to optimize the minimal exposure time of 4-OHT treatment to induce
Shoc2 deletion and get an indication of the time course of associated loss of Shoc2
protein, immortalized keratinocytes were treated with 4-OHT for 1 day or 2 days and
lysed 4 or 5 days later (Figure 5-11B). Shoc2 deletion was confirmed by western blot
with more than 90% recombination observed in all conditions (Figure 5-11C and D).
Because of the efficient recombination and shorter treatment period, 1 day 4-OHT
treatment and 4 days incubation after the removal of 4-OHT was used as a starting

point for further experiments.
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Figure 5-11. Shoc2 inactivation in vitro in immortalized epidermal keratinocytes from
the tail of adult mice

A.

o0 W

Schematic protocol of the generation of immortalized epidermal keratinocytes from
the tail of 6-12 weeks old Shoc2 cKO mice.

Schematic layout of tamoxifen treatment to induce Shoc2 deletion in immortalized
epidermal keratinocytes.

Western blot of lysates of keratinocytes in B.

Quantification of Shoc2 levels relative to 14-3-3- loading control of (C) using Odyssey
CLx Imaging system (LI-COR). Protein levels of each non-treated cells were set to
100%. NT: Non Treated, 1D: 1 day of 4-OHT treatment and 2D: 2 days of 4-OHT
treatment.

Next, we examined the role of acute Shoc?2 inactivation on the proliferation of

immortalized keratinocytes by performing Incucyte growth curves. Immortalized

keratinocytes were seeded sparsely and images captured at regular intervals to plot

confluence over time. Shoc2 ablation by 4-OHT treatment led to slower proliferation

of Shoc2 KO keratinocytes compared to untreated cells (Figure 5-12A). While non-

treated keratinocytes reached ~85% confluence after 3 days in culture, Shoc2 KO

cells were only ~45% confluent (Figure 5-12B). Thus, Shoc2 is required for efficient

proliferation of murine keratinocytes.
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Figure 5-12. Shoc?2 inactivation decreases cell proliferation of immortalized epidermal
keratinocytes

A. Phase contrast images of immortalized non-treated (NT) parental and 4-OHT treated
(1 day) Shoc2 KO epidermal keratinocytes after 24 and 96 hours of seeding. Scale
bar is 300um.

B. Incucyte growth curves were generated using the IncuCyte Live Cell imaging system.

A time course of EGF stimulation was performed in immortalized keratinocytes
(Figure 5-13A). EGF induces ERK pathway activation with a peak at 5 minutes of the
treatment and the response of the ERK pathway to EGF-stimulation is reduced on
Shoc2 inhibition (Figure 5-13B).
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Figure 5-13. Shoc2 deletion reduces ERK pathway activation by EGF in immortalized
murine keratinocytes

A. Shoc2 is required for ERK pathway activation on EGF treatment in immortalized
murine keratinocytes. 4-OHT treated Shoc2 KO (+4-OHT) and untreated control (-4-
OHT) keratinocytes were stimulated with 25 ng/ml of EGF for indicated time points
and lysates probed with the indicated antibodies.

B. Quantification of P-MEK and P-ERK in (A), relative to control condition (O’'mins of -4-
OHT) using Odyssey CLx Imaging system (LI-COR).
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Conclusions

The results presented in this study show that systemic inactivation of Shoc2
in adult mice results in skin dermatitis as well as a range of histopathological
alterations that include epidermal hyperproliferation with hyperkeratosis, an increased
number of hair follicles that fail to enter catagen and remain in aberrant anagen and
a robust inflammatory cell infiltration. Immunophenotyping analysis of skin indicates
that the inflammation is mostly attributed to increased numbers of yd T cells, a project

that is currently under study in the laboratory.

In this chapter, we have also described the generation of a cellular model of
acute Shoc2 inactivation in immortalized keratinocytes. Preliminary studies show that
Shoc2 is required for efficient ERK pathway activation downstream of EGF as well as
for efficient keratinocyte proliferation in vitro. Due to time constraints, only a limited
analysis of this cell model was performed. However, these cells are currently being
used by others lab members and will no doubt provide a useful model to further study
the effects of Shoc2 inactivation at the biochemical and cellular level using genomics

and proteomics approaches.

Strikingly, although in vitro proliferation assays show that keratinocytes
display defective proliferation in the absence of Shoc2, Shoc2 ablation in vivo leads
to epidermal hyperplasia, with increased proliferation and defective differentiation of
keratinocytes in the skin. These results strongly suggest that the epidermal
hyperproliferation observed in vivo is not a keratinocyte autonomous effect but rather
is likely a consequence of inflammation driven by immune cells, with y5 T cells likely
playing a role. Future studies should address this possibility and extend this

observations to the KI mouse model.
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Rosa26-CreER™ mice
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Introductory statement

As described in previous chapters, Shoc2 inactivation leads to several
phenotypic changes in adult mice that include skin alterations, splenomegaly and
enlarged bladders (in male mice only) and reduces median lifespan of Shoc2 KO mice
to ~15 weeks. In this chapter, we aimed to track their rate of appearance of these
phenotypes and measure their development over time, with a particular emphasis on
skin alterations. To this end, Shoc2 KO, Kl and WT mice were culled at different times
of post-tamoxifen treatment and phenotypic differences investigated by

histopathology and immunohistochemical analyses.

Periocular alopecia is the first phenotype developed

To monitor the rate of development of macroscopic fur and skin abnormalities,
photographs of Shoc2 KO, KI and WT mice were taken weekly after tamoxifen
treatment. The first phenotype to become apparent macroscopically in KO and Kl
mice was the loss of hair in a ring around the eyes (periocular alopecia). In KO mice,
periocular alopecia could be observed starting at week 2, whereas in Kl mice it was
apparent at 3-4 weeks post-tamoxifen. This phenotype progressively got worse, and

was accompanied by skin dermatitis around the eyes at later times (Figure 6-1).
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WT2 WT3

Figure 6-1. First characteristic phenotype of Shoc?2 inactivation is periocular alopecia

Representative images of WT, KO and Kl mice from 1 week to 9 weeks post-tamoxifen
treatment to show characteristic progressive periocular alopecia (n=5 for each genotype and
n=3 independent experiments). Yellow arrows indicate starting of periocular alopecia and red
arrows show skin dermatitis around the eyes.
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Periocular alopecia was followed by progressive alopecia in the throat area
which began ~3-4 weeks post-tamoxifen for Shoc2 KO mice and ~8-9 weeks post-
tamoxifen for Shoc2 KI mice, and that precede the development of skin lesions.

Mild skin lesions on the throat could be observed at ~4 weeks post-tamoxifen
treatment in some but not all Shoc2 KO mice (i.e. 2/5 of KO mice) but after 6-7 weeks
post-tamoxifen most mice had mild or moderate skin lesions (Figure 6-2). Alopecia
and lesions on the throat area of Shoc2 Kl mice emerged later and with lower

penetrance (1/5 of KI mice had mild lesions at 9 weeks).
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Figure 6-2. Following characteristic phenotype of Shoc?2 inactivation is loss of fur and
onset of dermatitis in the throat

Representative images of WT, KO and Kl mice from 1 week to 9 weeks post-tamoxifen

treatment to show loss of fur from throat and onset of skin dermatitis (n=5 for each genotype
and n=3 independent experiments).

At later time points, starting from ~9-10 weeks post-tamoxifen treatment,

Shoc2 KO mice developed mild skin lesions on their backs. Over time, lesions
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progressed and became more severe, developing into crusty and/or ulcerated skin
lesions (Figure 6-3A). As seen with the throat area, skin lesion on the back of Shoc2
KI mice developed later and were less severe, although no lesions were observed at
~10 weeks post-tamoxifen, dermatitis was observed in some mice at ~20 (Figure 6-
3B).
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Figure 6-3. Dermatitis develops in the back skin of Shoc2 KO and KI mice at later time
points

A. Representative images of age and gender matched WT and KO mice at 1, 5 and 13
weeks post-tamoxifen treatment to show dermatitis in the back skin. Inset shows
higher magnification image of lesions (n=3 or 4 independent experiments).

B. Representative images of WT and Kl age and gender matched litermate mice at 10
and 20 weeks post-tamoxifen treatment to show skin dermatitis in the throat and back
skin. Inset shows higher magnification image of lesions (n=3 or 4 independent
experiments).

Histological analysis of skin alterations caused by Shoc2 ablation

As discussed previously, Shoc2 inactivation leads to skin alterations that
include increased number of hair follicles in the hypodermis, epidermal thickening
(acanthosis), and immune cell infiltration in the dermis. In order to assess their rate
of appearance, we culled Shoc2 KO, KI and WT mice starting from 1 week to 10

weeks post-tamoxifen treatment. Histological analyses revealed that the first

146



Chapter 6 Results

alteration observed in Shoc2 KO skin phenotypes was increased hypodermal hair
follicles in the throat skin (Figure 6-4). As early as 1 week post-tamoxifen treatment,
hair follicles from Shoc2 KO mice accumulate with variable severity in the adipose
tissue and appear locked in the anagen phase. In contrast, follicles from aged-
matched control WT mice were in the telogen phase. Of note, an aberrant number of
hair follicles in the adipose tissue was observed in the absence of any apparent skin
lesions on the throat at these times.

THROAT

WT KO1 KO2 KO3

1 Week
Posvt-Tam .

2 Weeks
Post-Tam.
e

3 Weeks
Pos_t-Tam.

4 Weeks
Post-Tam.

6 Weeks
Post-Tam.

F N

8 Weeks
Post-_Tam.

%5

10 Weeks
Post-Tam

Figure 6-4. Increased hypodermal hair follicles on throat skin is the first microscopic
alteration detected upon Shoc?2 ablation

Representative H&E images from skin throat of WT and Shoc2 KO mice 1 to 9 weeks post-
tamoxifen treatment (n=3 for each genotype). Scale bar=250 um.
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When samples of back skin were analysed, increased hair follicles in the
hypodermis were not detected after 1 week (in contrast with skin samples from the
throat area from the same mice) but were prominent after 5 weeks (Figure 6.5A), at
a time where no skin lesions on the back could be observed. Thus, our observations
indicate that abnormalities in hair follicles growth precede dermatitis and skin lesions
and that they appear earlier on the throat area. A similar scenario was observed in
skin from Kl mice, although again with a delayed time course relative to KO mice, with
increased hair follicle numbers in the hypodermis seen after 4 weeks in skin from the
throat but not the back where alterations were nevertheless observed at ~10 week in

some mice (Figure 6-5B).
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Figure 6-5. Increased hypodermal hair follicles are observed at later times in the back
skin relative to the throat area for Shoc2 KO and KI mice,

A. Representative H&E images from back of WT and KO mice at 1, 5 and 10 weeks post-
tamoxifen treatment to highlight increased hair follicles in the hypodermis of Shoc2
KO skin (n=3 for each genotype). Scale bar= 250 um.

B. Asabove (A) but in the throat and back skin of Shoc2 KI mice (n=3 for each genotype).
Scale bar= 250 pym.

Histologic examination of adult Shoc2 KO and Kl skin revealed also marked
epidermal thickening accompanied by hyperkeratosis. The time-course study
revealed that the thicker epidermis in Shoc2 KO mice throat skin began to appear at
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2 weeks post-tamoxifen treatment and increased gradually over time (Figure 6-6A
and B). On the other hand, epidermal hyperplasia was milder and developed more
slowly in KI mice (Figure 6-6A and B).
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Figure 6-6. Epidermal thickening in Shoc2 KO and KI throat skin

A. Representative H&E images from throat skin of WT (10 weeks Post-Tam) and Shoc2
KO and Kl mice (2, 4, 8 and 10 weeks Post-Tam.) to show epidermal thickness. Black
bars indicate epidermal thickness (n=3 for each genotype). Scale bar=100 ym and
inset= 50 ym.

150



Chapter 6 Results

B. Epidermal thickness quantification of throat skin sections from Shoc2 KO, Kl and WT
mice (n=3 for each genotype). Results are expressed as mean values + SEM.
Significance is determined using an unpaired student’s t-test. *p< 0.05, ***p< 0.001
****n< 0.0001 or NS: Not Significant.

In terms of back skin, epidermal thickening was clearly detectable 8 weeks
post-tamoxifen treatment for Shoc2 KO mice and with less severity and lower
penetrance in Kl mice (Figure 6-7A and B).
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Figure 6-7. Epidermal thickening in Shoc2 KO and Kl back skin
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A. Representative H&E images from back skin of WT (10 weeks Post-Tam.) and Shoc2
KO and Kl mice (2, 5, 8 and 10 weeks Post-Tam.) to show epidermal thickness. Black
bars indicate epidermal thickness (n=3 for each genotype). Scale bar=100 ym and
inset= 50 um.

B. Epidermal thickness guantification of back skin sections from Shoc2 KO, Kl and WT
mice (n=3 for each genotype). Results are expressed as mean values + SEM.
Significance is determined using an unpaired student’s t-test. *p< 0.05, ****p< 0.0001
or NS: Not Significant.

One of the critical histological observations of Shoc2 KO skin was immune
cell infiltration in the dermis. To analyse the rate of infiltration of different immune cell
populations, a similar staining panel as used in Figure 5-8 was used for IHC on throat
skin samples of mice 2,4,6 and 10 weeks post-tamoxifen treatment. In addition to
CD45 (common leukocyte), F4/80 (macrophages), GR1 (granulocytes), and CD3 (T
cells) markers, toluidine blue staining was used for mast cells and Keratin 6 (K6) as
a marker of keratinocyte activation (Figure 6-8). Two weeks post-tamoxifen a modest
but significant increase in CD45 and CD3-positive cells could be observed within the
dermis, and to a lesser degree in the epidermis, that increased over time and was
very prominent by 4-6 weeks. This was parallel by K6* staining (keratinocyte
activation) which could also be faintly detected at 2 weeks and increased prominently
over time (Figure 6-8). In clear contrast, no significant increase in GR1* neutrophils,
F4/80" macrophages or toluidine blue® mast cells could be detected at 2 weeks.
However, increased numbers of all three cell types (neutrophils, macrophages and
mast cells) could be detected from 4-6 weeks onwards. Thus, it appears that the first
cells to be recruited to the skin upon Shoc2 ablation are T cells, which are then

followed by the other cell types.
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WT-10 weeks KO-2 weeks KO-4 weeks KO-6 weeks KO-10 weeks
Post-Tam. Post-Tam. Post-Tam. Post-Tam. Post-Tam.

H&E

Is)

CD3
cells

GR-1

F4/80

______

Toluidine Blue

Figure 6-8. T cells are the first immune cells recruited to the skin upon Shoc2 ablation

Representative immunohistochemical staining of WT (10 weeks Post-Tam) and Shoc2 KO (2,
4, 6 and 10 weeks Post-Tam.) throat skin sections. Positive immunoreactivity is indicated by
the brown color, with a blue hematoxylin counterstain. Toluidine blue staining used for mast
cells (purple). Red arrows show mast cells (n=3 for each genotype). Scale bar=50 ym and
inset=25 ym. This figure was generated with the help of Ayse Akarca from Teresa Marafioti
lab.

We further characterised T-cell subpopulations by triple immunohistochemical
staining with CD4, CD8 and FOXP3 markers for Shoc2 KO and WT throat skin at
mice 2,4,6 and 10 weeks post-tamoxifen treatment and dorsal skin at morbidity (15
weeks post-tamoxifen treatment). Regulatory T cells (Tregs) were defined as
CD4*/FOXP3* cells, with CD4 (brown/orange signal) and FOXP3 (blue signal), and
cytotoxic T cells were defined as CD8* cells with red/pink signal. Intriguingly, CD3*
staining was consistently higher than CD4*, CD8* and CD4*/FOXP3* cellsin the same
selected area (Figure 6-9). This would be consistent with TCR*y3 T cells being the

CD3* cells involved as suggested by our immunophenotyping of skin by FACs (Figure
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5-10A). Unfortunately however, we were unable to get staining of vy T cells by IHC to

work.

CD3
(T cells)

CD8/CD4/FOXP3
(Cytotoxic, Regulatory T cells)

Figure 6-9. Immunohistochemical analysis reveals a high discrepancy between CD3*
and CD4*, CD8" and CD4*/FOXP3* staining in the WT and Shoc2 KO dorsal skin

Triple immunostaining for FOXP3 (blue), CD8 (red) and CD4 (brown) in the dorsal skin of WT
and Shoc2 KO mice (n=3 for each genotype) at morbidity. Insets show higher magnification
of indicated areas. Scale bar 50 ym and 25 ym (inset). Staining was performed by Ayse
Akarca from Teresa Marafioti lab.

Using immunohistochemical sections from 2,4,6 and 10 weeks post-tamoxifen
treatment and at morbidity, we counted the numbers of CD8" and CD4*/FOXP3*
double positive T lymphocytes and revealed a small but significant increase in
cytotoxic T cells that became very prominent at morbidity. A more striking progressive
increase in regulatory T cells in Shoc2 KO mice skin was also seen starting at 2 weeks
post-tamoxifen treatment (Figure 6-10A and B). It is worth noting that the increase in
CDa3 cells seen by IHC contrasts with the previous FACs observation (Figure 5-10A)
that showed a selective increase in yd but not af T cells. The reason for this

discrepancy is not clear but may be related to different experimental conditions (e.g.
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antibodies used and method of cell isolation) and should be investigated in future

experiments.
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Figure 6-10. Immunohistochemical staining reveals Shoc?2 deletion leads to increase in
Tregs and cytotoxic T cells

A. Triple immunostaining for FOXP3 (blue), CD8 (red) and CD4 (brown) in the throat skin
of WT at 10 weeks and Shoc2 KO mice at 2,4,6 and 10 weeks post-tamoxifen
treatment as well as dorsal skin of WT and Shoc2 KO mice at morbidity (n=3 for each
genotype). Insets show higher magnification of indicated areas. Scale bar=50 ym and
25 pym (inset). Staining was performed by Ayse Akarca from Teresa Marafioti lab.

B. Quantification of the infiltrating CD8* (cytotoxic) and CD4*/FOXP3* (Tregs) T cells.
Data are presented as mean values + SEM of positive cells/fmm?2. Significance is
determined using an unpaired student’s t-test NS: Not Significant.
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Time-course study for skin dermatitis, splenomegaly and enlarged
bladder phenotypes

As our Shoc2 KO mice developed pleiotropic phenotypic changes that in
addition to skin abnormalities also consist of splenomegaly and lymphadenopathy as
well as enlarged bladders of males, we aimed to examine the rate of onset of these
phenotypic changes. To this end, we sacrificed Shoc2 KO, Kl and WT control mice
on different time points. At these time points, from 1 week to 10 weeks post-tamoxifen
treatment, we quantified the severity of skin dermatitis, and upon necropsy, we
measured the spleen weight and urine volume of bladders of male mice to see
whether one phenotype precedes the others. The skin dermatitis severity scoring
system revealed that Shoc2 KO mice developed significant macroscopic skin lesions
starting at 4 weeks post-tamoxifen treatment that progressed in severity over time
(Figure 6-11A). However, Shoc2 Kl mice showed no skin phenotypes until 8 weeks
post-tamoxifen treatment but began to develop minor skin lesions after this point and
slightly increased in severity at 9 and 10 weeks post-tamoxifen treatment, but
importantly this increase was not statistically significant. The only significant increase
in skin dermatitis score for Shoc2 Kl mice was reported at morbidity (mean
survival=34 weeks post-tamoxifen treatment) (Figure 6-11A).

In contrast to skin severity, no significant difference in splenomegaly was
detected until 5 weeks post-tamoxifen treatment for Shoc2 KO mice. With regard to
Shoc2 Kl mice, there was no significant increase in spleen weights at the latest time
point of this experiment (10 weeks post-tamoxifen treatment) and only in independent
cohorts at morbidity (mean survival=34 weeks post-tamoxifen treatment) was a
significant increase detected (Figure 6-11B). Collectively, these findings indicate that
skin dermatitis precedes splenomegaly suggesting splenomegaly and
lymphadenopathy could be secondary to the progressively more severe skin

inflammation that develops in Shoc2 KO mice (see final discussion).

Another phenotype of Shoc2 inactivation identified in this study is a male-
specific urinary bladder enlargement that is observed with incomplete penetrance.
Although not achieving statistical significance, a tendency for progressively more
enlarged bladders was observed at 5 and 10 weeks but was highly significant at

morbidity (mean survival=15 weeks post-tamoxifen treatment) (Figure 6-11C). Thus,
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bladder enlargement, like splenomegaly appear to develop with a delayed rate

relative to dermatitis, i.e. after longer periods of sustained Shoc2 inactivation.
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Dermatitis severity
Bladder Volume (Males)
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Figure 6-11. Time-course study for Shoc2 inactivation associated phenotypes reveals
that skin dermatitis precedes splenomegaly and bladder enlargement

A. Severity score of dermatitis was assessed from 1 week to 10 weeks post-tamoxifen

treatment as well as at morbidity (~15 weeks Post-Tam. for Shoc2 KO and ~34 weeks
for Shoc2 Kl) in mice of the indicated genotypes. Data are presented as mean
values = SEM. Significance is determined using an unpaired student’s t-test *p< 0.05,
****p<0.0001 or NS: Not Significant. 1-9 weeks Post-Tam.. (n=3-6 for each
genotype), 10 weeks Post-Tam.: WT and KO (n=10) KI (n=6), Morbidity: WT and KO
(n=24) Kl, (n=22).

Quantification of Shoc2 KO and Kl spleen weights compared to that of WT mice from
1 week to 10 weeks post-tamoxifen treatment. Data are represented as means + SEM.
Significance is determined using an unpaired student’s t-test *p< 0.05, **p<0.01,
***n<0.001. 1-9 weeks Post-Tam.: (n=3-6 for each genotype), 10 weeks Post-Tam.:
WT and KO (n=10) KI (n=6), Morbidity: WT and KO (n=24) Kl, (n=22).

Quantification of urine volume in Shoc2 KO, Kl and WT male mice. Data are presented
as mean + SEM. Significance is determined using an unpaired student’s t-test
****p<(0.0001 or NS: Not Significant. 5 and 10 weeks Post-Tam: (n=5-6 for each
genotype), Morbidity: WT and KO (n=17) KI, (n=13).
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Conclusions

The work presented in this chapter shows that periocular alopecia is the first
characteristic sign observed macroscopically after Shoc2 inactivation (~2 weeks
Post-Tam. in Shoc2 KO and ~3-4 weeks in KI mice respectively) followed by thinning
and loss of fur from the throat area (~3-4 weeks for Shoc2 KO and ~8-9 weeks for
Shoc2 KiI). Skin lesions appeared first in the face and/or throat regions and later in
the back skin for both Shoc2 KO and Kl mice. On the other hand, increased
hypodermal hair follicles can be detected as early as 1 week post-tamoxifen treatment
and is the earliest phenotype identified upon Shoc2 inactivation. Inflammation and
epidermal hyperproliferation can be observed starting at 2 weeks in the throat area,
with T cells (likely yd T cells) being the first immune cells recruited, followed by
granulocytes, macrophages and mast cells. Splenomegaly becomes significant after
the onset of dermatitis, suggesting a systemic inflammatory phenotype could be the
result of to the severe skin inflammation observed after sustained Shoc?2 inactivation.
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Discussion and future perspectives

The results presented in this research project, contribute to characterising the
function of Shoc2 at the organismal level and understanding its role in tissue
homeostasis by analysing phenotypic changes associated with systemic genetic

Shoc?2 inactivation in mice.

Role of Shoc2 in development

The physiological importance of Shoc2 in development has been underlined
by a previous report (Yi et al. 2010) showing that constitutive Shoc2 deletion leads to
embryonic lethality at E8.5 whereas endothelial-specific Shoc2 deletion cause a
range of cardiac defects at E13.5 and subsequent death of the embryo at E15.5. This
study reveals that Shoc2 deficiency in endothelial cells leads to defects in the
development of heart valves (valvulogenesis) and endothelial-mesenchymal
transformation, which is a critical step in endocardial cushion formation. Intriguingly
because ERK activation did not appear to be affected in Shoc2-deficient endothelial
cells, Yi et al. (2010) suggest Shoc2 may act in an ERK-independent pathway for its
essential function in valvulogenesis (Yi et al. 2010). Interestingly, BRaf KO mice have
a similar time point of embryonic lethality that is associated with disrupted
vasculature, as well as showing sporadic haemorrhaging and subcutaneous oedema,
due to incomplete formation of an endothelial layer lining the vessels. Because Shoc2
function is required for BRAF activation (by dephosphorylation of the S365 inhibitory
site) it is tempting to speculate that embryonic death due to defective vasculature
upon Shoc2 deletion might occur due to subsequent inactivation of BRAF (Wojnowski
et al. 1997; Yi et al. 2010).

In our study, we have further confirmed that Shoc2 deficiency results in
embryonic lethality. After examining a progeny of more than 50 mice from Shoc2
heterozygous mouse intercrosses, not a single mouse with homozygous Shoc2
deletion was born. Furthermore, we show for the first time that inactivation of Shoc2
by the D175N mutation also results in embryonic lethality at the same stage of
embryogenesis of E8.5 (Figure 3-2B and C). This D175N substitution in Shoc2
disrupts the formation of the SHOC2-MRAS-PP1 complex but preserves other

scaffold functions of Shoc2 such as the ability to interact with the polarity proteins
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SCRIB (Young et al. 2013). This suggests that, embryonic lethality upon Shoc2
inhibition at E8.5 is dependent on its RAF phosphatase function, which is essential
for ERK pathway activation and would be consistent with ERK pathway dependant
function of Shoc2 being important during embryogenesis. Further studies are required
to establish the exact cause of death of the embryos and the importance of Shoc2 for
embryonic development and the signalling mechanisms which is involved.

Role of Shoc?2 in tissue homeostasis in adult mice

There is no previous report of systemic Shoc2 inactivation in adult mice;
however as mentioned in the introduction, a wide array of findings exists in the
literature about depletion of the other key components of the RAS-ERK pathway.
Upon complete elimination of RAF, MEK or ERK function by systemic genetic
inhibition of the A, B and CRaf, Mekl1 and 2 or Erk1l and 2 paralogues, mice die within
2-3 weeks from multiple organ failure (Blasco et al. 2011; Sanclemente et al. 2018).
In clear contrast, the results presented in this thesis show that after efficient
elimination of Shoc2 in all tissues (except brain), mice survive considerably longer,
with a median lifespan of ~15 weeks and 34 weeks for Shoc2 KO and Kl mice,
respectively (Figure 4-3A). Thus, our results suggest that systemic Shoc?2 inactivation
is tolerated considerably better than the RAF, MEK or ERK nodes of the ERK-MAPK
pathway. This is despite the fact that uniquely among the many components of the
ERK-MAPK pathway, including RTKs, SOS, RAS, RAF, MEK and ERK nodes,
SHOC2 does not have any paralogues. In addition, the milder toxicity of Shoc2
inactivation in mice is consistent with genetics studies in C.elegans. In contrast to
RAF (Lin-45), MEK and ERK (Sur-1), SHOC2 (Sur-8) was not an essential gene for
organ development or viability although it was necessary for RAS oncogenic
phenotypes (Selfors et al. 1998; Sieburth et al. 1998).

A recent study from the lab helps explain why Shoc2 inactivation has no effect
of on ERK phosphorylation on tissue lysates (Figure 3-6A-C and Figure 3-8E) and is
tolerated better than RAF, MEK or ERK nodes of the pathway, which are essential
core components absolutely required for pathway activation and for viability (Boned
Del Rio et al. 2019). There appears to be redundancy at the level of the Shoc2 node,
where Shoc2 can play a key contribution to RAF and ERK pathway activation in some
contexts (e.g. downstream of EGFR activation), but not in other contexts where RAF

and ERK activity can be activated independently of SHOC2 (Boned Del Rio et al.
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2019).This redundancy and selective context-dependent contribution of Shoc2 to
ERK-pathway signalling likely helps explain why Shoc2 deletion is better tolerated in
adult mice than core, non-redundant, ERK-pathway nodes.

Our lab has also shown that Shoc2 is critical for tumour development in
autochthonous KRAS-driven lung cancer mouse models. Shoc2 inactivation using
either Shoc2 KO or KIP*"*N approaches, inhibits overall tumour burden, delays tumour
progression, and significantly increases overall survival in both the Kras®'?® (K model)
or the more severe KP (with a Trp53~!"?" allele) mouse models (Jones et al. 2019).
Taken together, these observations of a dependency of oncogenic RAS on SHOC2
function, together with our data highlighting that Shoc2 inhibition in adult mice is
tolerated better than targeting other nodes of the ERK pathway, suggests SHOC?2
inhibition in the clinic could provide better therapeutic margins than current therapies
that target RAF, MEK or ERK nodes of the pathway.

However, pleiotropic phenotypes do emerge after sustained Shoc2 ablation.
One of the major findings presented in this study is that systemic Shoc2 inactivation
in adult mice causes skin dermatitis (Figure 4-5) which progresses in severity until
mice need to be euthanized (according to the terms of the lab’s PPL licence) and is
the main cause of death for Shoc2 mice. In line with this dermatitis phenotype, Shoc2
ablation causes several alterations in the skin and its appendages such as hair
follicles. In addition, Shoc2 inactivation leads to enlarged urinary bladders in male,

but not female mice.

Role of Shoc2 in hair follicle cycle

The earliest phenotype observed upon Shoc?2 inactivation is a sharp increase
in the number of hair follicles in the subdermal adipose layer (hypodermis). The hair
follicles appear to remain in an aberrant anagen phase unable to enter the catagen

phase.

The EGFR signalling pathway plays a crucial role in hair follicle homeostasis
and both hyperactivation and inactivation of the pathway can impair the hair growth
cycle (Kern et al. 2011; Doma et al. 2013). Importantly, animal models show that
EGFR signalling regulates the transition of anagen to catagen stage of hair growth
cycle (Hansen et al. 1997; Schneider et al. 2008). Loss of EGFR activity causes a

disordered arrangement of hair follicles and blocks exit from anagen and entry to
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catagen (Murillas et al. 1995; Lichtenberger et al. 2013; Mascia et al. 2013; Bichsel
et al. 2016) eventually leading to progressive hair degeneration and alopecia as well
as inflammation (Doma et al. 2013). Considering the known key role of Shoc2 in ERK
pathway activation by EGF, all these observations taken together strongly suggest
that Shoc2 is a key component downstream of the EGFR pathway in regulating the
hair growth cycle, particularly the anagen-to-catagen transition.

Furthermore, gain-of-function S2G mutation in SHOC2 in humans cause a
subtype of Noonan syndrome (Noonan Syndrome with Loose Anagen Hair) that is
characterized for its unique hair phenotype (Cordeddu et al. 2009; Dhurat and
Deshpande 2010; Komatsuzaki et al. 2010; Kane et al. 2017). Hairs are
predominantly in the anagen phase and are easily pluckable, sparse, and slow
growing with distorted and misshapen bulbs, ruffled cuticles, and absent inner and
outer root sheaths (Dhurat and Deshpande 2010). Therefore, Shoc2 loss-of-function
in mice and gain-of-function in humans cause defects in the hair cycle underscoring
a key role for Shoc?2 in the regulation of the anagen to catagen transition of the hair
cycle.

Because aberrant numbers of hair follicles is the first phenotype to appear
upon Shoc2 ablation, preceding skin inflammation, it is possible that it could be a
driver of the inflammatory response in the skin, for example leading to a stress
response in epithelial keratinocytes. Murillas et al. (1995) described transgenic mice
expressing an EGFR dominant-negative mutant in the basal layer of the epidermis
and outer root sheath of hair follicles with striking alterations in the development of
hair follicles, which fail to enter into catagen stage, in a phenotype reminiscent of that
observed upon Shoc2 deletion. The skin in these mice also shows strong infiltration
with inflammatory elements (Murillas et al. 1995). However, inflammation was seen
after hair follicles underwent necrosis (with mice developing alopecia) which is not
seen in Shoc2 mice. Furthermore, Lichtenberger et al. (2013) reported that mice
lacking epidermal EGFR display hair follicle degeneration and skin inflammation. Yet,
skin inflammation was still seen in a hairless (hr/hr) background indicating that skin
inflammation is not induced by hair follicle degeneration (Lichtenberger et al. 2013).
Thus, the role of defects on hair growth upon Shoc2 inactivation in driving the skin
inflammatory response (see also below) remains unclear and needs further

investigation.
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Role of Shoc?2 in bladder function

In this study, we also discovered a sexually dimorphic role of Shoc2 in urinary
function, with male, but not female KO mice developing severely distended bladders
full of urine. No significant histopathological change such as epithelial hyperplasia or
tumour formation were detected in bladder and urethra of Shoc2 KO mice. In addition,
no renal damage is obvious in mice with enlarged bladders. Urethral obstruction is
known as the most common cause of bladder distention in humans (Docherty et al.
2006). This obstruction can be caused by anatomic abnormalities such as prostate
enlargement (Dmochowski 2005). However, the prostate glands of Shoc2 KO mice
were of normal size and appearance without any obvious histological abnormalities.
Furthermore, affected mice appeared able to urinate normally and water consumption
was unaltered. Thus, urethral or prostate obstruction appear unlikely to be

responsible.

On the other hand, non-obstructive causes of urinary retention include neural
problems interfering with signalling between the brain and bladder and a weakened
bladder muscle. Insufficient contraction of the bladder detrusor muscle can lead to,
some or all of the urine remaining in the bladder (Yoshimura and Chancellor 2004).
Intriguingly, Estrada et al. (2006) demonstrated that inhibition of EGFR pathway by
EGFR inhibitors attenuates smooth muscle proliferation resulting from sustained
distension of the urinary bladder (Estrada et al. 2006). Thus, defective EGFR
signalling in smooth muscle cells in the absence of Shoc2 may play a role that needs

further investigation.

Strikingly, mice deficient for M-Ras, another subunit of SHOC2 holoenzyme
complex, also develop urinary retention and enlarged bladders uniquely in males in
the absence of obvious anatomical outlet obstruction, a phenotype that exacerbates
with age (Ehrhardt et al. 2015). Ehrhardt et al. (2015) suggest that M-Ras may
regulate bladder control in male mice by regulating expression of muscarinic
receptors M2R and M3R which play an important role in the control of micturition by
mediating the cholinergic contractile stimuli of the detrusor muscle (Ehrhardt et al.
2015). Studies have shown that muscarinic receptors, particularly M3R, is critical for
voiding in male mice (Matsui et al. 2000; Matsui et al. 2002), whereas its contribution
to female micturition is small, as it is mediated by purinergic signalling instead (Matsui
et al. 2002; Burnstock 2014).
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Ehrhardt et al. (2015) showed that M-Ras KO mice had elevated M2R
expression but impaired upregulation of M3R expression that is seen with age,
leading to lower ratios of M3R/M2R expression that correlated with the bladder
abnormalities (Ehrhardt et al. 2015). Although further studies are required to better
understand the role of Shoc2 and M-Ras in the urinary system, the similar phenotype
in M-Ras and Shoc2 deficient mouse models strongly suggest that their function
within the MRAS-SHOC2-PP1 holoenzyme complex is responsible for the
abnormalities observed and highlight a role for this phosphatase complex in bladder

function that remains to be clarified.

Shoc?2 inactivation leads to skin inflammation

One of the main findings presented in this research project is that systemic
Shoc2 inactivation in adult mice leads to skin dermatitis. Mice first develop periocular
alopecia which is followed by progressive alopecia in the throat area. Subsequently,
skin lesions develop on the throat, then around the eyes and back areas. These all
areas which are accessible and prone to scratching and Shoc2 KO (and KI mice to a
lesser degree) could be observed to frequently scratch themselves around the eyes
and throat areas, likely due to pruritus. In line with this possibility, recent results from
the lab show that serum IgE levels are found elevated in Shoc2 KO mice (data not
shown). Histologic examination of Shoc2 KO and KI mice skin lesions revealed
marked keratinocyte proliferation with defective differentiation leading to epidermal
thickening accompanied by hyperkeratosis. The skin also developed an extensive
dermal and epidermal inflammatory infiltrate containing a variety of immune cells.
With all of these alterations, Shoc2 KO/KI mice are sharing pathological features
associated with human chronic inflammatory skin syndromes such as Atopic
Dermatitis (AD) and psoriasis (Brunner et al. 2017; Dainichi et al. 2018).

AD is a common chronic inflammatory skin disorder with underlying impaired
barrier function and is accompanied by intense pruritus and related with T-helper type
2 mediated inflammation (Brunner et al. 2017; Dainichi et al. 2018; Kim et al. 2019)
AD skin lesions exhibit distinct features including epidermal hyperplasia with
hyperkeratosis, diminished terminal differentiation of keratinocytes and accumulation
of extensive inflammatory T cells and mast cells in lesions (Hamid et al. 1994; Bieber
2008; Jin et al. 2009). In addition, mouse models of AD (Chan et al. 2001; Zheng et

al. 2009) and most of the patients with AD present elevated serum IgE levels (Leung

165



Chapter 7 Discussion and future perspectives

et al. 2004; Jin et al. 2009). Mechanistically, AD is thought to initiate with barrier
dysfunction due to impaired terminal differentiation of keratinocytes which allows
increased penetration of cutaneous antigens and becomes chronic with the help of
constant itching and a type 2 inflammation loop via IL-4 and IL-13 (Horimukai et al.
2014; Dainichi et al. 2018).

Psoriasis is another prevalent chronic inflammatory skin disease that is
characterized by thickened epidermis with hyperkeratosis and parakeratosis
(retention of nuclei within corneocytes) due to enhanced proliferation and diminished
differentiation of keratinocytes. Furthermore, accumulation of neutrophils and a dense
immune cell infiltration which  predominantly consists of T cells,
monocytes/macrophages and dendritic cell in epidermis and dermis, is another typical
feature of psoriatic skin lesions (Wolk et al. 2009; Sabat et al. 2019). T helper-17
(Th17) cytokines such as IL-17 and IL-22 are regarded to be the main player of the
disease. Activation of the IL-23/IL-17 axis in the skin defines psoriatic inflammation
(van der Fits et al. 2009; Wohn et al. 2013) and this activation is believed to initiated
by the activation of skin-resident DCs which produce IL-23, driving Th17 cells to
produce IL-17 and IL-22. Then, IL-17 activates epidermal keratinocytes to produce
proinflammatory cytokines and chemokines which mostly attract neutrophil
recruitment and thus propagate psoriatic inflammation (Type 17 inflammatory loop)
(Dainichi et al. 2018; Sabat et al. 2019).

Similar to both AD (Guttman-Yassky et al. 2009; Suarez-Farinas et al. 2011)
and psoriatic skin lesions (Wolk et al. 2009; Eberle et al. 2016), ablation of Shoc2
results in an expansion of both the basal and suprabasal layers of the epidermis with
highly increased expression of K14 and K10, respectively, as well as
hyperproliferation marker K6; but differently also enhances the final stages of terminal
differentiation with more extensive loricrin expression (Figure 5-4 and 5). Although
most of the studies show that both AD and psoriatic skin have diminished expression
of skin barrier proteins including loricrin (Guttman-Yassky et al. 2009; Wolk et al.
2009; Eberle et al. 2016; Kim et al. 2019), other shows that similar to our results,
loricrin expression is significantly increased in both AD (Jensen et al. 2004) and

psoriasis (Ha et al. 2014).

Immunophenotyping of skin by FACS reveals that the earliest difference
detected in Shoc2 KO mice is a strong increase in y& T cells that appear to be the first

immune cells recruited. Immunohistochemical staining also shows an increase in
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CD3" T cells in Shoc2 KO skin, starting at 2 weeks post-tamoxifen treatment that
precedes the increase in granulocytes (GR-1%) and macrophages (F4/80%). In line with
the over-scratching phenotype of Shoc2 KO mice, mast cells are also found elevated
in those mice. Unfortunately, the expansion of y& T cells could not be confirmed by
IHC due to technical issues but, the discrepancy between high CD3* T cells and low
af T cells consistent with increased levels of yd T cells in Shoc2 KO mice skin. Future
studies with frozen cryosection immunofluorescence staining for yd6 T cells may

validate the increase of this population in Shoc2 KO mice skin.

v& T cells are important players of both innate and adaptive immune systems
by serving as the guardians of the skin, lung, reproductive tract, and intestine
epithelium against trauma, infection, and other forms of damage. In the epidermal
skin, yo T cells exhibit dendritic morphology (DETCs) and upon damage/stress signals
of local keratinocytes they produce growth factors to initiate wound healing and also
trigger macrophage recruitment to assist in inflammation (Fay et al. 2016). Dermal vy
T cells (round in morphology) are mainly responsible for pathogenic inflammatory
responses via secreting several inflammatory chemokines and cytokines, particularly
IL-17 (O'Brien and Born 2015).

Previous studies have shown y5 T cells have a key role in psoriasis, through
IL-17 production (Mabuchi et al. 2011; Sumaria et al. 2011; Sandrock et al. 2018). IL-
23 drives IL-17 synthesis from dermal y3 T cells which are the main IL-17-producing
lymphocyte subset within the skin during psoriasis, and this further expands the Th17
pool (Cai et al. 2011a). IL-17 leads to the recruitment of more neutrophils,
lymphocytes, and myeloid cells creating a positive feedback loop that maintains
cutaneous inflammation and causes epidermal hyperplasia (Onishi and Gaffen
2010a; Cruz et al. 2018). On the other hand, IL-17-producing yd T cells also appear
to be involved in the regulation of IgE production, which indicates they might also play
an important role in AD (Kamijo et al. 2020). Future studies, for instance using Tcrd”
mice (Sandrock et al. 2018) should address the role of yd T cells and IL-17 in driving
the skin inflammation seen upon Shoc2 ablation. Similarly, genetic or
pharmacological inhibition with neutralizing antibodies could be used to assess the
contribution of Th2 cytokines such as IL-4 and IL-13. Regardless, the increased
pruritus and elevated serum IgE levels observed in Shoc2 KO mice are consistent
with sustained Shoc?2 inactivation leading to an atopic dermatitis-like inflammatory

syndrome.
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Importantly, mouse models with disruption of components of
EGFR/RAS/RAF/MEK/ERK signalling pathway also develop dermatitis with striking
similarities (Murillas et al. 1995; Hobbs et al. 2004; Mukhopadhyay et al. 2011,
Lichtenberger et al. 2013; Raguz et al. 2016). For instance, Raguz et al. (2016) show
that epidermis restricted BRAF/CRAF KO mice exhibit a skin disease similar to
human AD which starts with a barrier defect accompanied by the reduced expression
of tight junction proteins and then progresses with the increased expression of Th2-
type cytokines and chemokines produced by keratinocytes as well as mast cell
infiltration (Raguz et al. 2016). In addition, Yang et al. (2010) showed that mice lacking
FGFR1 and FGFR2 receptors in keratinocytes develop an AD-like skin phenotype.
Interestingly, as observed in Shoc2 KO mice, an increase in the number of yd T cells
was also seen in FGFR 1/2 KO mice prior to the development of the phenotype (Yang
et al. 2010).

Pharmacological inhibition of EGFR/RAS/RAF/MEK/ERK pathway also
causes cutaneous complications. Increased pruritus as well as acneiform eruptions
(rashes) and xerosis are the most frequent side effects observed in patients treated
with EGFR inhibitors (Fischer et al. 2013; Guggina et al. 2017a). Such manifestations
can be seen also in patients treated with RAF (Anforth et al. 2012; Mandala et al.
2013) and MEK inhibitors (Manousaridis et al. 2013b; Russo et al. 2018).

In summary, our observation that cutaneous toxicities seen upon Shoc2
inactivation are very similar to those seen upon genetic and/or pharmacological
inhibition of the EGFR/RAS/MAPK pathway is entirely in line with Shoc2’s role as a
key player required for efficient ERK-MAPK activation downstream of EGFR and with
a key role of the EGFR/RAS/MAPK pathway in skin homeostasis (Doma et al. 2013).

Based on all the skin alterations observed upon Shoc?2 inactivation in adult
mice, we hypothesised that systemic ablation of Shoc2 leads to inflammatory skin
disease with similarities to both atopic dermatitis and psoriasis (Figure 7-1). We
speculate that Shoc2 inactivation and the subsequent inhibition of the ERK-MAPK
pathway lead to a damage/stress response in keratinocytes then release signals that
remain to be identified. Cytokines, chemokines and/or other molecules secreted by
keratinocytes would then recruits y6 T cells that secrete IL-17 which stimulates
keratinocyte proliferation (epidermal hyperplasia) and recruits other immune cells
such as granulocytes (neutrophils), macrophages and mast cells. We speculate that

independently, Shoc2 ablation sets in motion a Th2-type response by a mechanism
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that remains to be identified. These inflammatory loops would also elicit pruritus and

an itch/scratch cycle that likely also play an important contribution to inflammation

(Figure 7-1).
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Figure 7-1. Model for Shoc?2 inactivation caused skin dermatitis

This model depicts the alterations in the skin caused by systemic Shoc2 inactivation. Shoc2
ablation causes inflammatory skin disease akin to AD and psoriasis. Upon Shoc2 inactivation,
an increased number of hair follicles, which remain in the anagen phase, accumulate in the
hypodermis. Whether this contributes to the inflammatory response remains to be addressed.
The Shoc?2 inactivation in keratinocytes (in skin and/or hair follicles) lead to the release of a
damage/stress signal from keratinocytes that leads to expansion of yd T cells that secrete IL-
17. Enhanced IL-17 stimulates epidermal hyperplasia and promotes the recruitment of other
immune cells such as neutrophils, macrophages, and mast cells. The scratching response to
pruritus contributes to irritation and inflammation. In addition, Shoc2 inactivation caused skin
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dermatitis may also drive systemic inflammation with splenomegaly via a yo T cells/IL-17/G-
CSF axis leading to neutrophil expansion in the spleen of Shoc2 KO mice.

At the systemic level, we observed splenomegaly and lymphadenopathy with
a significant accumulation of neutrophils, inflammatory monocytes and macrophages
(Figure 4-13A and B). Besides, increased number of leukocytes have been found in
the blood of Shoc2 KO mice. This systemic phenotype recapitulates the one observed
in epidermis restricted BRAF/CRAF KO mice which presented with enlarged spleens
and lymph nodes that could largely be attributed to increased numbers of
macrophages and granulocytes. This study suggests that even though BRAF/CRAF
deletion is only in the skin, systemic effect is consequence of chronic skin
inflammation (Raguz et al. 2016). In addition, mice lacking epidermal EGFR
progressively develop skin dermatitis accompanied by pruritus, after the first week of
age and later they exhibit splenomegaly and lymphadenopathy with aging (Mascia et
al. 2013). Coffelt et al. (2015) showed a clear link between yé T cell and increased
neutrophil recruitment, in a phenomenon reminiscent of that observed upon Shoc2
inactivation. In this study, they indicate that in the context of breast cancer, mammary
tumours induce IL-1B production which activates y6 T cells to produce IL-17.
Increased systemic IL-17 levels cause upregulation of granulocyte colony-stimulating
factor (G-CSF), which subsequently causes neutrophil expansion (Coffelt et al. 2015).
Therefore, future experiments should measure levels of IL-17 and G-CSF to address

the role of yd T cells in the splenomegaly observed in Shoc2 KO mice (Figure 7-1).

The time-course study shows that skin inflammation upon Shoc2 ablation
precedes splenomegaly and, our results are also consistent with a model where the
AD-like skin dermatitis is caused by Shoc?2 inactivation eventually leads to a systemic
inflammatory response. However, additional studies are required to understand the
role of Shoc2 in immune cell function that needs to be further explored

mechanistically.

To this end, Shoc2-keratinocyte-specific-deficient mice (K14CreER™
Shoc2™1) may be used in the future, to see whether inactivation of Shoc2 in the
skin alone may cause a similar systemic inflammatory phenotype. Therefore, this new
mouse model may provide a better understanding of the mechanisms behind

inflammatory skin disease and systemic inflammatory response.

In addition, RNAseq and scRNA-seq experiments could be performed to

further characterize at the transcriptional level the nature of the inflammatory
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response in different cell populations. Also, immunophenotyping experiments should
be performed where the production of Type-1, -2, -17, and -22 cytokines are

measured.

Disrupted barrier function is a hallmark of AD with impaired expression of tight
junction proteins and adherens junction proteins such as E-cadherin (Goleva et al.
2019). A recent study reported that M-Ras-Shoc2 complex control cell migration by
modulating turnover of E-cadherin and cell-cell adhesion through ERK signalling
cascade (Kota et al. 2019). Therefore, future research should address whether Shoc2
has an implication in skin barrier integrity likely via regulation of E-cadherin and tight

junction proteins.

Altogether these results establish the importance of SHOC2 in fundamental
physiological processes to show the possible toxicities when using a future inhibitor
against the SHOC2 phosphatase complex. Data from our group (Jones et al. 2019)
suggests that the NSCLC KRAS-mutant tumours are likely to respond to a SHOC2
targeted therapy, if not as monotherapy at least as combination therapy with MEK
inhibitors. In addition, recent research by Sulahian et al. (2019) in which a study is
made for novel targets to sensitize MEK inhibitors underlined the therapeutic
advantage of Shoc2 depletion (Sulahian et al. 2019). Given the fact that a majority of
the current ERK pathway inhibitors have failed in the clinic against RAS-driven
cancers, primarily because of unacceptable toxicities that constrained therapeutic
index, a future SHOC2 inhibitor is predicted to be better tolerated and thus potentially
provide improved therapeutic margins over current ERK pathway inhibitors. However,
this study also indicates that sustained inhibition may lead to toxicities and underscore
the importance of optimizing treatment windows as well as close monitoring of
particularly sensitive tissues such as the skin. A better understanding of the molecular
mechanisms involved in the initiation and/or progression of skin dermatitis caused by
Shoc?2 ablation However, future research is now needed to decipher how Shoc2 is
relevant to initiation and/or progression skin dermatitis, which is the major phenotype

caused by Shoc2 ablation.

Better understanding of molecular mechanism of toxicities could have
therapeutic implications in using current biologicals used for treatment of AD or
psoriasis to treat toxicities. AD and psoriasis share many clinical characteristics and
as mentioned earlier both diseases result in chronic, systemic inflammation with

increased circulating populations of leukocytes, lymphocytes, cytokines, and

171



Chapter 7 Discussion and future perspectives

chemokines (predominantly Th2 pathways in AD and Th17 pathways in psoriasis).
Previous therapeutic options for AD and psoriasis, were limited to topical and non-
targeted systemic treatments, such as emollients, corticosteroids, cyclosporin
(suppresses T-cell activation) (Chovatiya and Silverberg 2019). However, over recent
years, a new generation of biologic treatments for psoriasis and AD has emerged,
including monoclonal antibodies targeting IL-17, 1L-12/1L-23 and TNFa for psoriasis
and IL-31, IL-4 and IL-13 for AD. These treatment approaches highlight that blocking
cytokines uniquely expressed in the disease is crucial to stop a vicious circle (Sugaya
et al. 2015; Brunner et al. 2017).

Our Shoc2 KI model selectively disrupts the ability of SHOC2 to form a
phosphatase complex with MRAS and PP1 and more closely mimics the effects of
pharmacological inhibition of the phosphatase activity of the SHOC2 complex in the
clinic. Importantly, Shoc2 Kl mice exhibited milder toxicity, delayed emergence and
lower penetrance of the phenotypes observed in Shoc2 KO mice which have
complete loss-of-function. This suggests that scaffold-type functions of Shoc2
separate to its RAF phosphatase function contribute to tissue homeostasis in ways
that remain to be defined.

Serine/threonine (S/T) phosphatases have long been thought undruggable
due to the misconception that phosphatases are less specific and less tightly
regulated than kinases. This general notion was completely based on studies using
their isolated catalytic domains. However, now it is clear that the specificity of the
phosphatases is given by a broad range of regulatory protein partners that bind to the

catalytic subunit to form highly specific holoenzyme complexes (Fahs et al. 2016).

PP1 is known to interact with over 200 regulatory proteins, which means PP1c
is the catalytic subunit of more than hundreds of holophosphatase complexes and
thus, catalytic inhibitors of PP1c such as calyculin-A (Cohen 2002) and cyanobacterial
toxin microcystin (MacKintosh et al. 1995) are highly toxic. For that reason, research
efforts targeting the catalytic subunits of PP1 had been abandoned (Cohen 2002).
However, recent studies have highlighted the possibility of inhibition of PP1
holophosphatases by targeting regulatory subunits (Carrara et al. 2017; Bertolotti
2018). For instance, Guanabenz and Sephinl directly bind to the regulatory
PPP1R15A subunit and they induce conformational change which impairs the
formation of the PP1-PPP1R15A complex and thus prevents substrate (eukaryotic
translation initiation factor 2, elF2a) dephosphorylation (Harding et al. 2009). Another
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inhibitor is, Raphinl, which binds the other regulatory subunit PPP1R15B with 30-fold
higher affinity than the PPP1R15A subunit and also inhibits elF2a dephosphorylation
(Krzyzosiak et al. 2018). Therefore, these research efforts provide a strong evidence
that PP1 holoenzymes are indeed druggable suggesting that allosteric phosphatase
inhibitor targeting SHOC2 could also be possible.

On the other hand, our KO model would mimic Shoc2 inhibition using a
PROTAC/degrader strategy. As a new and promising technology PROTAC
(PROteolysis TArgeting Chimera) modulates protein function by degrading target
proteins instead of inhibiting them. In addition, PROTACs have higher chance to
affect the non-enzymatic functions of proteins, facilitating the control of protein
functions that are not easily achieved by traditional small molecule inhibitors (Sun et
al. 2019; Burslem and Crews 2020). This strategy uses the ubiquitin-protease system
to target a specific protein such as transcription factors, enzymes, and regulatory
proteins and induce its degradation in the cell by taking advantage of the cell's own
protein destruction mechanism (Sakamoto et al. 2001; Zou et al. 2019). Therefore,
SHOC2 could be inhibited in the clinic also with a PROTAC, in addition to a
phosphatase inhibitor.

To conclude, the study in this thesis addresses, for the first time, the role of
Shoc2 in tissue homeostasis using mouse models of acute systemic Shoc2 inhibition.
This study shows that future SHOC?2 targeted therapies may be tolerated better
compared to inhibition of other core components of ERK-pathway and thus, help
validate SHOC?2 as a therapeutic target for RAS-driven cancers. However, this study
also indicates that sustained inhibition may lead to toxicities, particularly in the skin.
Future studies understanding the molecular mechanism involved may allow for
adjuvant treatments to minimize these toxicities. Furthermore, this study identifies
phenotypes and sensitive tissues that should be closely monitored during future
clinical trials with SHOC?2 inhibitors.
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