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Abstract

Abstract

The present study has widely investigated the protein tyrosine phosphatase H1 (PTPH1)
expression pattern and impact throught the characterization of a functional PTPHI1-KO mouse. We
mainly focused on three topics: growth, neurological functions and immunological response.

We found that mice lacking the PTPHI1 catalytic domain showed significantly enhanced
growth over wild-type littermates. In addition, PTPH1 mutant animals showed enhanced plasma
and liver mRNA expression of Insulin-like Growth Factor (IGF-1), as well as increased bone
density and mineral content, all consistent with a natural role for PTPHI1 in desensitizing GHR
signaling.

In CNS, PTPHI1 is known to be expressed during development and in adulthood and mainly
localized in hippocampus, thalamus, cortex and cerebellum neurons. Our goal was to verify this
statement and to evaluate PTPH1 potential effect on neurological functions. Therefore, PTPHI1
expression pattern was evaluated by LacZ staining in the brain and PTPHI-KO and WT mice were
also behaviorally tested for CNS functions. The behavioral tests performed on the PTPH1-KO mice
showed an impact on working memory in male mice and an impaired learning performance at
rotarod in females. These results demonstrate for the first time a neuronal expression of PTPH1, in
particular mainly in GABAergic neurons, and its functionality at the level of cognition.
Furthermore, superarray studies on PTPH1-KO and WT mouse cortices and hippocampi identified
cholecistokinin A receptor (CCKAR) as a potential tanget of PTPH1. This gene was upregulated in
the cortex of female PTPHI1-KO mice compared to matched WTs, but no difference in its protein
expression was detected by histological evaluation. The modulation of CCKAR gene in the cortex
could be responsible for the effect on cognition of PTPHI1-KO female mice, but further studies are
needed to corroborate this hypothesis.

In addition, it is reported that PTPH1 is expressed in T cells and but its effect on immune
response is still controversial. PTPH1 dephosphorylates TCR( in vitro, inhibiting the downstream
inflammatory pathway, but no immunological phenotype has been detected in primary T cells
derived from PTPH1-KO mice. We challenged PTPH1-KO mice with carrageenan and LPS, two
potent immunomodulatory molecules, to determine PTPH1 role in innate immune response in Vvivo.
The present study shows that carrageenan induces a trend of slight increase in spontaneous pain
sensitivity in PTPH1-KO mice compared to WT littermates, but no differences in cytokine release,

in induced pain perception and in cellular infiltration were detected between the two genotypes.
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Comparatively in the LPS model, TNFa, MCP-1 and IL10 release were significantly reduced in
PTPH1-KO plasma compared to WTs after 30 and 60 minutes post challenge. The KO cytokine
levels returned comparable to WTs at 180 minutes post LPS injection. In conclusion, the present
study points out a slight potential role for PTPH1 in spontaneous pain sensitivity and it indicates
that this phosphatase might play a role in the positive regulation of the LPS-induced cytokines
release in vivo, in contrast to previous reports indicating PTPHI1 as potential negative regulator of
immune response.

In summary, the present study provides new information about how PTPHI affects CNS
functions, body growth and immune response and further helps the understanding of tyrosine
phosphorylation impact on these processes, pointing out novel pathways and novel potential targets

and strategies.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1. Overview of Literature

Overview on Protein Tyrosine Phosphatases

Tyrosine phosphorylation plays an important role in regulating fundamental aspects of
eukaryote physiology and human diseases [1]. Although tyrosine phosphorylation accounts for only
the 0.01% to 0.05% of the total protein phosphorylation[2], this process is fundamental in several
signaling pathways controlling cell growth, differentiation, cell cycle, apoptosis and neuronal
functions [3,4].

The phosphorylation/dephosphorylation balance is controlled by protein tyrosine kinases
and phosphatases. Like PTKs, PTPs represent a large family of enzymes and can exert positive and
negative effects on crucial physiological processes and can be mainly distinguished into four classes
(Fig. 1).

Class 1 PTPs are also called classical PTPs and can be divided into transmembrane,
receptor-like enzymes, and the intracellular, nonreceptor PTPs. The class II is composed by dual-
specificity PTPs (Ser and Tyr phosphatases), class III includes low molecular weight PTP and class
IV the Asp-based PTPs (Tyr/Ser phosphatase activity) (Fig. 1) [1].

PTPs family proteins display a high structural diversity and complexity. Besides the
presence of a conserved catalytic site, a wide range of structural domains, as SH2 domains, PDZ,

FERM and ligand-binding domains characterizes PTPs.
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Chapter 1 Introduction

Fig. 1: Domain Structure of All PTPs from Alonso et al. [1]. Schematic view of the domain composition of all members of the four
PTP families, which are in color coded areas. Abbreviations: coil, coiled-coil domain; GB, glycogen binding; mRC, mRNA capping;
PBM, PDZ binding motif; pepN, N-terminal peptidase-like; PH-G, pleckstrin homology-“GRAM” domain; Pro-rich, proline-rich;
Sec14, Secl4p homology (or CRAL/TRIO). In addition, a small black box signifies transmembrane stretch and a red cross over a

PTP domain signifies catalytically inactive domain.
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Chapter 1 Introduction

Fig. 2: Schematic representation of some of the protein-tyrosine phosphatase protein domains from Ostman et al. [S]. a:
Nonreceptor PTPs contain one PTP domain, which is often linked to domains that mediate protein—protein interactions, such as Src-
homology 2 (SH2), 4.1 Ezrin Radixin Moesin (FERM), and post-synaptic density proteindisc large-zonula occludens (PDZ) domains.
b: Receptor-like PTPs are transmembrane proteins consisting of an extracellular part that typically contains domains implicated in
cell adhesion, such as immunoglobulin-like, fibronectin-III-like repeat, and meprin/AS5/p (MAM) domains. The intracellular part
consists of one catalytically active PTP domain (green) and, in some subfamiles, a PTP domain with little or no catalytic activity
(grey), which is likely to have a regulatory function. In the case of tandem PTP domains, the membrane-proximal domain is
designated D1, and the distal domain D2.
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The molecular control of PTPs action is still poorly understood, but recent studies provide
new insights of this phenomenon. As other proteins, PTPs can be phosphorylated on tyrosine
residues, displaying binding sites for SH2-containing proteins. These domains allow the interaction
among proteins, leading to the formation of signaling complexes [6]. Another mechanism of PTP
activation is the post-translational proteolytic cleavage. Intracellular and extracellular cleavage of
PTPs may occur, leading to activation or to targeted localization of these enzymes within the cell
[7,8]. PTP ligands can also have an effect of PTP activities, as pleiotrophin for RPTPC.

Once pleiotrophin binds to RPTPC, it inhibits its phosphatase activity, leading to increased
[-catenin phosphorylation [9]. Another well-known regulatory mechanism is dimerization. RPTPs
can have a dimerized form that inhibits the catalytic activity [10] but it is still not clear whether the
dimerization process is constitutive or is ligand-dependent. A recent universal regulatory
mechanism has been pointed out for PTPs: oxidation. RPTKs inactivate PTPs locally and
temporarily stimulating peroxide production that oxidates some cysteines present in the catalytic

site [11,12].

1.1.1. Class | PTPs

Classical PTPs can be divided into two main subgroups: i) receptor-like and ii) cytosolic
PTPs (Fig. 2). The receptor-like PTPs have a single transmembrane domain and variable
extracellular domain. Several receptor-PTPs have a tandem of catalytic domain (D1 and D2)
localized intracellularly, and D1 is mostly the site of phosphorylation activity. The extracellular
domains can include immunoglobulin-like domain and fibronectin type III domain, which are
involved in protein-protein interaction and in adhesion [5].

Cytosolic PTPs are characterized by a heterogeneous structural diversity, containing one or
more domains responsible for interaction with other proteins, such as PDZ and SH2 domains, and
for the subcellular localization, such as the FERM domain (Fig. 2). The catalytic domain is a highly
conserved region with a cysteine residue that is crucial for the phosphatase activity [5].

Both receptor-like and cytosolic PTPs play a key role in several processes, but the present
work will examine three topical areas of PTP action, 1) growth hormone (GH) signaling, 2)

neurological and 3) immunological functions.
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1.1.2. Class | PTPs in growth hormone signaling

PTP action on GH signaling has been widely investigated. There is an increasing interest in
finding novel negative regulators in GH pathway due to the potential therapeutic opportunities.
Several studies report that GH binds to its cell surface receptor (GHR) that associates with
phosphorylated JAK2. This GHR-JAK2 complex leads to the phosphorylation of downstream
transcription factors, Statl, Stat3, and Stat5 [13]. Several phosphatases have been implicated at
different level of this signaling pathway, as SHP-1 [14] and -2 (Src-Homology domain 2 containing
tyrosine phosphatase-1 and —2) [15], TC-PTP [16] and PTP1B [17].

Indeed, SHP-1 associates with JAK2 activation upon GH stimulation in vitro [18]. SHP-2
has been shown to act either as a positive and negative regulator of GH signaling, depending on the
concentration and cell type. SHP-2 binds to GHR and inhibits the GHR/JAK2/STAT-5-induced
signaling by dephosphorylating tyrosine residues on these molecules [14]. Blocking SHP-2 binding
site on GHR prolongs GH signaling, but the expression of catalytically inactive SHP-2 reduces
transcriptional activity downstream GHR [15].

JAK2, STAT-5a and STAT-5b are also physiological targets for PTP-1B [19]. Ptplb gene
deletion in vitro leads to GH-induced hyperphosphorylation of JAK2, STAT-3 and STAT-5,
whereas PTP-1B overexpression reduces GH-mediated gene expression [17].

TC-PTP is also involved in STAT inactivation, in particular it is known to dephosphorylate
STAT1 [16] and STAT-5 [20]. Tc-ptp gene deletion in vitro leads to impaired nuclear
dephosphorylation of GH-activated STAT1 and STAT-3 [16].

All these studies have been performed in vitro, and suggest a role of these phosphatases in
GHR signaling. This hypothesis has not been fully confirmed in vivo, thus mice lacking functional
SHP-1 [21-23], SHP-2 [24], TC-PTP [25] or PTP-1B [26,27] do not show enhanced growth or
enhanced sensitivity to GH.

Further detailed studies are needed to dissect the role of these PTPs in the regulation of GH
signaling pathway. It has also to be considered that other phosphatases might be involved at
different levels of GH signaling and their identification and understanding their mechanism of

action would lead to new possibilities as therapeutic targets for metabolic dysfunctions.

1.1.3. Class | PTPs in CNS functions

Classical PTPs have been reported to play a key role in neural functions, from development

to cognitive function. RPTPs, such as PTPS, PTPc, LAR, and especially PTPRO, are important
14
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players in axonal growth and guidance during development [28]. Studies on PTPo-KO (RPTP)
mice have shown involvement of this PTP in the regulation of the developing hypothalamo-
pituitary axis [29,30] and in the development of the CNS architecture [31]. PTPBL-KO (non
receptor like PTP- NRPTP) mice display impaired motor nerve repair in a model of sciatic nerve
crush lesion [32] and PTPMEG (NRPTP) interacts with key intracellular players leading to the
stimulation of the channel activity of NMDA receptors [33].

Better understanding the interplay between various phosphatases regulating CNS functions
will be of importance in the future to unravel some of the complexity of CNS signaling pathways

necessary for information processing.

1.1.4. Class | PTPs in immunological functions

The vertebrate immune response can be divided into innate and adaptive immunity. Innate
immunity is the early and relatively nonspecific response to invading pathogens, while adaptive
immunity is a slower and finer process, mediated by T and B cells expressing a wide range of
antigen receptors [34].

The present study is mainly focused on innate immunity, and especially on its activation via
the Toll-like receptors and T-cell receptors. The intensity and duration of the immune response is
regulated by feedback mechanisms. Tyrosine phosphorylation is a central mechanism in the control
of key signaling proteins involved in innate immunity. While the role of PTKSs in this process has
been widely studied, less is known on the PTPs responsible for lymphocyte physiology regulation
[35]. Recent advances have been done in the identification of the phosphatases involved in
immunity [36] (Fig. 3).

PTP action on immune response can be either positive or negative, promoting or inhibiting
the immune system. SHP2 have a controversial effect on lymphocyte signaling. Qu and colleagues
demonstrated that SHP-2 is needed for erythroid and myeloid cell differentiation [37] and missense
mutation on ptpnl1 gene encoding for SHP-2 is associated to various forms of leukemia [38]. SHP-
2 may also have an inhibitory role in the activation of T and B lymphocytes [39] and inhibits the
TRIF adaptor protein-dependent TLR4 and TLR3 signal transduction, blocking the
proinflammatory cytokine production [40].

SHP-1 is mainly expressed in hematopoietic and lymphoid cells and several publications

elucidate its role as key negative regulator of hematopoietic cell development and functions [41].
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Fig. 3: Protein tyrosine phosphatases in lymphocytes from Mustelin et al. [36]. The domain architecture and the subcellular
location of protein tyrosine phosphatases (PTPs) in lymphocytes are illustrated. Catalytic PTP domains are shown in green, and a
green domain with a red cross denotes a catalytically inactive PTP domain. A star denotes a farnesylation motif. Abbreviations:
BRO, baculovirus Bro homology; C2, protein-kinase-C conserved region 2; CDC, cell-division cycle; CH2, CDC25-homology
region 2; Coil, coiled coil; D1, domain 1 of PTPs with two catalytic domains; D2, domain 2 of PTPs with two catalytic domains;
DNA, DNA binding; ERM, ezrin, radixin and moesin; EY A, eyes absent; FN, fibronectin-like; FYVE, Fabl, YOTB, Vacl and EEA1
homology; HDPTP, histidine-domain PTP; HEPTP, haematopoictic PTP; KAP, kinase-associated phosphatase; KIM, kinase-
interaction motif; KIND, kinase amino-lobelike domain; LMPTP, low-molecular-weight PTP; LYP, lymphoid-specific PTP; MKP,
mitogen-activated protein kinase (MAPK) phosphatase; mRC, mRNA capping; MTM1, myotubularin 1; MTMR, MTM-related
protein; PACI1, phosphatase of activated cells 1; PBM, PDZ-binding motif, PDZ, PSD95, DLGA and ZO1 homology; PEZ,
phosphatase with ezrin domain; PH, pleckstrin homology; PH-G, pleckstrin homology-GRAM (glucosyltransferases, RAB-like
GTPase activators and MTMs) domain; PRL, phosphatase of regenerating liver; Pro-rich, proline rich; PTEN, phosphatase and tensin
homologue; PTP-BAS, PTP basophil; PTP-HSCF, PTP haematopoietic stem-cell fraction; PTP-MEG, PTP megakaryocyte; PTP-
PEST, PTP with PEST (proline-, glutamic-acid-, serine- and threonine-rich) domains; RNGTT, RNA guanylyltransferase and 5'-
phosphatase; RPTP-¢, receptortype PTP-¢; Secl4, Saccharomyces cerevisiae phosphatidylinositol-transfer protein homology; SH2,
SRC homology 2; SHP, SH2- domain-containing PTP; TCPTP-45, T-cell PTP of 45 kDa; TCPTP-48, T-cell PTP of 48 kDa; VHR,
Vaccinia virus-VH1 related; VHX, Vaccinia virus-VH1-related MKP X; VHZ, Vaccinia virus-VH1-like member Z.
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LYP and its mouse orthologue PEP are predominantly expressed in leukocytes and act as
potent negative regulator of TCR signaling pathway [42]. LYP encoding gene, ptpn22, has been
associated with autoimmune disease, as typel diabetes [43] and rheumatoid arthritis [44].

Receptor-like PTP-LAR (common leukocyte antigen receptor) is highly expressed in the
thymus and in a lower extent in spleen and lymph nodes. LAR expression is restricted to progenitor
and T-cells, pointing out its peculiar role as T-cell specific phosphatase. However inactivating LAR
phosphatase activity in vivo does not show any significant impact on T cell development and
functions [45].

PTPMERG is a cytosolic phosphatase expressed in the thymus that is able to dephosphorylate
TCRE ITAMs in vitro. Trapping mutant experiments show that PTPMEG depletion leads to
increased activation of NF-kB pathway [46]. However PTPMEG deletion in vivo does not induce
TCRE ITAMs dephosphorylation and PTPMEG-KO mice do not show an altered immunological
phenotype [46].

Thus, as for GH signaling pathway (page 20), a discrepancy occurs between in vitro and in
vivo studies. This incongruence might indicate a functional redundancy among PTPs in the immune

response and further experiments are needed to unravel the interplay among these enzymes.

1.2. PTPH1

Protein tyrosine phosphatase PTPHI belongs to a family of membrane-associated non-
receptor PTPs characterized by containing at the N-terminus a FERM domain, that is responsible
for the interaction with transmembrane proteins and/or phospholipids in the cell membrane. Indeed
PTPH1 has been shown to localize close to the cell membrane in Jurkat T-cells [47]. In the central
segment, PTPH1 contains a PDZ domain and possible phosphorylation sites [48]. PDZ domain is
composed of six beta-strands and two alpha-helices, responsible for protein-protein interaction and
the phosphorylation sites, especially serines, and it regulates PTPH]1 activity [49]. The phosphatase
domain is localized at the C-terminus of the protein (Fig. 3). Non-catalytic elements localized at the
N- and C-terminus side of the catalytic domain inhibit the phosphatase activity in basal condition.
Thus, these segments are characterized by autoinhibitory or pseudosubstrate motifs, that bind to the
catalytic site and block the enzymatic function [49].

PDZ and FERM domains are responsible for important interaction between PTPH1 and
other proteins, as 14-3-3p [50], VCP (Valosin Containing Protein) [51], TACE (TNFa converting
enzyme) [52] and the cardiac sodium channel Na,1.5 [53].
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PTPH1 known substrates

14-3-3 family protein comprehends a group of highly conserved proteins that are involved in
cell cycle regulation, apoptosis and in the control of different signaling pathways [54]. 14-3-3s are
characterized by several isoforms differentially distributed in the tissues [55-57]. These proteins
form homo and heterodimers that work as adaptors and scaffold proteins [58]. A yeast two-hybrid
screening allowed identifying full length phosphorylated PTPH1 binding to 14-3-3f3. Briefly, it has
been demonstrated that PTPHI is phosphorylated on Ser’ residues by C-TAKI and PKC,
enhancing the interaction between PTPH1 and 14-3-3f. Other Ser phosphorylation sites have been
detected in PTPHI, suggesting that PTPH1 could interact with other 14-3-3 family members in
response to distinct stimuli. Thus, depending on the association with a particular 14-3-3 isoform,
PTPHI1 might act as linkage between serine and tyrosine phosphorylation-dependent steps of the

signal transduction [50].

Recent trapping mutant experiment allowed the identificantion of another PTPH1 substrate,
VCP [51]. Valosin containing protein is a 97-KDa ATPase, belonging to the AAA (ATPase
Associated with different cellular Activities) family. VCP, also known as p97, is a cell cycle
regulator, critical for the fusion of endoplasmic reticulum (ER) membrane and for the rebuilding of
Golgi cisternae [59-61]. Furthermore, VCP and its yeast orthologue CDC48 are localized mainly in
the ER in GO phase and are redistributed in the cell compartments in a cell cycle-dependent manner
[59,62]. Tyrosine phosphorylation state has been suggested as key mechanism in the assembly of
ER and is essential for VCP-PTPH1 interaction. In vitro studies identify JAK-2 as the kinase
responsible for VCP phosphorylation [59], while PTPH1 is the PTPase crucial for VCP
dephosphorylation, leading to a stop in cell cycle progression [51].

Yeast two-hybrid (Y2H) screening and in vitro binding assays identify a new enzyme
interacting with PTPH1, TACE [52]. TACE is a member of the ADAM family protein, implicated
in the ectodomain shedding of many cytokines, cytokine receptors and other proteins [63-65].
TACE is expressed in several cell types and tissues [66-68] and is involved in different signaling
pathways as Notch [69] and MAPK [70,71]. Thus, unraveling the mechanism behind TACE
regulation would be of importance in the understanding of different physiological functions, from
development to inflammation [72]. Zheng and colleagues showed that PTPHI1 binds to the
cytoplasmic tail of TACE via its PDZ domain. The cytoplasmic domain of TACE is not
dephosphorylated by PTPHI, but PTPHI overexpression, results in a reduction on TACE
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expression and activity, suggesting that PTPH1 negatively regulates TACE by acting on a yet

unknown intermediate protein [52].

Cardiac voltage-gated sodium channel 1.5 (Na,1.5) is another substrate for PTPHI, in vitro
[53]. Nayl.5 is a glycosilated protein and the pore-forming a-subunit protein that interact with
several -subunits to generate depolarizing current, important for the conduction of the cardiac
impulse. Several studies report that Na,1.5 is not expressed only in cardiac tissue, but is also
expressed in the axons of cerebral cortex, cerebellum, thalamus and brain stem [73]. Several Na,
channels are regulated by tyrosine phosphorylation [74]. In this regard, Ahern and colleagues
showed that kinase Fyn binds to Na,1.5, accelerating its recovery from inactivation state [75]. Y2H
screening identifies PTPH1 as another protein interacting with Na,1.5. In detail, PTPH1 binds to the
cytoplasmic tail of Na,1.5 via its PDZ domain and leads to the hyperpolarization of Na,1.5 steady-
state. Catalytically inactive PTPH1 is not able to reduce the potential values, thus suggesting Na,1.5
as a substrate of PTPHI activity [53].

PTPHI1 known functional impact on CNS functions, GH signaling and innate immunity will

be reported in the following paragraphs.

1.2.1. PTPHL1 in the Central Nervous System (CNS)

PTPHI1 expression has been analyzed by Northern blotting and in situ hybridization in adult
and embryonic rat brain. PTPH1 mRNA is highly enriched in the adult thalamus, but it also present
in the middle layers of neocortex, hippocampus and cerebellum [76]. Within the adult thalamus, the
expression of PTPHI1 is widespread, excluding only the ventral lateral geniculate and reticular
thalamic nuclei. In detail, PTPHI labeling is very intense in medial geniculate and lateral geniculate
nuclei and in the ventral basal complex. Indeed PTPHI mRNA is expressed in the ventral medial,
ventral posterior, central median, mediodorsal, and lateral dorsal thalamic nucleic. No labeling is
detactable in the reticular thalamic nuclei, zona incerta, subthalamus, and habenula. Both ventral
and dorsal medial geniculate nuclei are labeled for PTPHI1. In addition, the pretectum and superior
colliculi do not display any PTPHI1 signal. In the hippocampus, pyramidal cells in fields CA1-3 and
granular cells of the dentate gyrus display very low level of hybridization.

PTPH1 expression pattern during development does not vary from the adult one. PTPH1
RNA is detectable in the thalamus already at embryonic stage E19 and is retained throughout
postnatal development. In addition to the diencephalic labeling, PTPHI mRNA is also present at
high levels in the olfactory epithelium at E19. The expression in the olfactory epithelium is
consistent with a previous study that used PCR to show PTPHI1 expression in this tissue [77].
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PTPHI mRNA is present at very low levels also in the cortex and hippocampus at E19 and
throughout the postnatal period.

Thalamus is part of a forebrain area, called diencephalon. PTPH1 is expressed in a segment-
specific pattern in the diencephalon. As we have already mentioned, PTPHI1 is not expressed in
ventral lateral geniculate and reticular thalamic nuclei that are the only thalamic areas
embryonically derived from the ventral thalamus and that do not project to the cortex. Indeed, the
rest of the thalamus is derived from the embryonic dorsal thalamus and almost all have thalamo-
cortical connections. In summary, PTPH1 seems to be expressed in all adult thalamic nuclei
generated from the dorsal thalamus and is absent from the nuclei derived from the ventral thalamus.
In the area between the dorsal and ventral thalamus, in the region called zona limitans, PTPH1
mRNA is not present.

Sahin and coll. suggest that PTPHI expression pattern is very similar to pattern of
expression of two other genes: Wnt-3 and Gbx-2. Similarly to PTPH1, Wnt-3 expression is also
retained in the adult thalamus [78]. Both the Wnt family of glycoproteins and tyrosine
phosphorylation can regulate cell-cell adhesion, acting on -catenin [79], suggesting that PTPHI
may be a part of the effector pathway for Wnt-3 in the dorsal thalamus.

The restricted expression of PTPH1 to the thalamic nuclei, that send axons to the neocortex
would be consistent with a structural or regulatory role specific to these axons. The FERM domain
is responsible for the interaction of the protein with actin filaments [80] and PTPH1 could use this
domain to regulate cytoskeleton-membrane interactions, thus maintaining the thalamocortical
connections. In conclusion, since the thalamus is a relay station for sensory information to the
neocortex, PTPH1 may participate in the phosphorylation/dephosphorylation cascades that regulate

coordinated activity of thalamo-cortical neurons.

1.2.2. PTPHL1 in growth hormone signaling pathway

Negative regulation of GH signaling can occur via induction of SOCS (Suppressor Of
Cytokine Signaling), expression of regulatory proteins and phosphatases [81]. As already
mentioned, several PTPs are known to interact with GHR and to affect its functionality in vitro, but
their impact in vivo is still controversial. PTPH1 has been recently shown to bind GHR an in vitro
system [19] and its in vivo relevance will be fully explained in the following chapter (page 72).

A substrate trapping mutant system has been used to test several PTPs for tyrosine
phosphorylated GHR substrate specificity. A wide panel of PTPs carrying a mutation within the

catalytic domain has been considered in the experiment and these results have been confirmed by a
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targeted western blotting approach on PTPx-GHR binding, upon GH stimulation in cell culture.
PTP1B, TC-PTP and PTPHI1 have been found to act on GHR in the trapping mutant approach and
PTPH1 and PTPIB have been shown to dephosphorylate GHR in a cellular system. A SPOT
analysis allowed the identification of the tyrosine residue on GHR that was responsible for the
binding with the respective PTP. In particular, it has been demonstrated that PTPHI is only able to
bind Tyrss4, while PTP1B and TC-PTP interact with multiple phosphorylation sites [19].

1.2.3. PTPHL1 in innate immunity

PTPHI1 is known to be expressed in the cytoplasm of Jurkat cells and also other T cell lines
[47]. Its expression is significantly increased at the plasma membrane and this localization is due to
the N-terminal FERM domain [47]. It has been demonstrated that PTPH1 has also a functional
effect on T cell signaling. Its overexpression in Jurkat T cells reduces indirectly the TCR-induced
serine phosphorylation of Mek, Erk and Jnk, leading to a decreased IL-2 gene expression, a T cell
growth-promoting cytokine gene [82]. Furthermore the presence of the FERM domain of PTPHI is
necessary not only for PTPH1 localization on the plasma membrane of Jurkat T cells but also for its
inhibitory effector properties [47]. These studies corroborate the hypothesis of a possible role for
PTPHI1 as negative regulator in TCR signaling. Indeed, biochemical approaches and substrate
trapping experiments identify PTPH1 as the phosphatase able to physically interact with TCRC and
to dephosphorylate TCRE ITAMs in vitro [83].

Comparatively, a recent ex vivo study shows that primary T cells lacking PTPHI1
phosphatase domain (APTP) do not display any alteration in cell development and homeostasis in
basal condition. Furthermore, ex vivo stimulation of these PTPHI-APTP T cells do not induce a
modulation of IL-2, IL-4 and IFNy production and proliferation [84]. Bauler and colleagues also
demonstrate no modification in TCRE dephosphorylation in PTPH1-APTP T cells, thus excluding a
possible role for PTPH1 in TCR signaling.

This discrepancy between in vitro and ex vivo studies has been explained by a possible
redundant effect of other PTPs such as PTP-BL and especially PTPMEG, a PTP that belongs to the
same family protein of PTPH1. The double PTPHI-PTPMEG APTP and triple PTPH1-PTPMEG-
PTP-BL T cells fail to show a T cell phenotype, comprising T cell development and TCR-induced
cytokine secretion and proliferation [85]. These results indicate that neither PTPMEG nor PTP-BL
compensate for the lack of PTPH1 action in primary T cells and underline the controversial role of

these phosphatases within the immune system.
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Further in vivo studies are needed in order to unravel the controversial PTPH1 impact in the

complex immune system regulation.
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1.3. Overview on Innate immunity

The mammalian immune system is comprised of a nonspecific, innate immune response and
a specific, adaptive immune response. Together, these mechanisms protect individuals from
pathogens and coordinate the complexities of healing. The innate immune response is
phylogenetically ancient and is limited in its specificity and diversity. In contrast, the adaptive
immune response represents an evolved mechanism of host defense capable of recognizing a wide
range of pathogens. While innate immune cells react in essentially the same way to repeated
infections, adaptive immune cells are capable of developing “memory” to antigens such that
successive exposures to the same antigens evoke more rapid and efficient responses [86-88]. Indeed
innate immune system is based on non-clonally distributed receptors that recognize pathogen-
associated molecular patterns (PAMPs) that are specific for microbes and are not present in self-
tissues.

The innate immune system is comprised of constitutive and inducible components.
Constitutively, anatomic barriers (such as the skin) physically prevent microorganisms from
accessing vulnerable parts of the organism. Chemical barriers, such as the acidic environment
within the stomach, create microenvironments inhospitable to pathogens. In contrast, inflammation
is an inducible mechanism of defense which is triggered by any disruption of tissue homeostasis.

Any local disruption of tissues and blood vessels, whether by pathogens or trauma, activates
the innate immune system to initiate an inflammatory response. The first responders are usually
tissue macrophages, which become phagocytic and begin to secrete proinflammatory cytokines
(e.g., interleukin (IL)-1, tumor necrosis factor (TNF)-a, IL-6) and chemokines. These soluble
mediators promote vasodilation, plasma protein exudation (edema), and the synthesis of adhesion
molecules on adjacent endothelia. Such reactions focus leukocyte (e.g. neutrophil and monocyte)
recruitment to the site of infection or injury. Monocytes and lymphocytes migrate into damaged or
infected tissues after neutrophils due to the differential kinetics of vascular adhesion molecule and
chemokine synthesis during an inflammatory response. As newly emigrating monocytes
differentiate into mature macrophages, their effector potential changes. Like neutrophils,
macrophages are phagocytic and produce ROS, NO, and proteolytic enzymes (e.g., matrix
metalloproteinases). They also produce proinflammatory cytokines (e.g. IL-1B, IL-6, TNFa and IL-
12) that complement the microbicidal activities of neutrophils and activate the effector cells of
adaptive immunity [89-91]. As with neutrophils, the byproducts of acute macrophage activation
cause damage to adjacent healthy tissues. Thus, non-specific bystander injury is a hallmark of

innate immune cell activation during acute inflammation. Despite their potential to increase
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bystander damage, macrophages are essential for the resolution of inflammation or infection. Cells
of the adaptive immune system (e.g. T- and B-lymphocytes) are often necessary for complete
eradication of a pathogen, but macrophage expression of major histocompatibility complex (MHC)
and costimulatory molecules are required to activate these cells. Macrophages also secrete
cytokines, such as IL-12 [92-94], that influence the efficacy of the adaptive response. Within the
lesion, macrophages are responsible for tissue debridement (i.e., the breakdown and removal of
extracellular matrix (ECM) and damaged tissue), that is essential for wound repair and tissue
remodeling. Macrophages also promote wound healing by producing numerous soluble mediators,
including growth factors which promote angiogenesis, stimulate fibroblast proliferation, and
regulate connective tissue synthesis [95].

Although innate immunity and inflammatory processes have widely studied, most of the
molecular mechanisms and regulators of these complex events are still unknown. In recent years,
immunomodulatory molecules, as carrageenan and lipopolysaccaride (LPS), have been used in
rodents to investigate innate immune responses [96,97] and to understand the role of target key

players on immune system upon inflammatory challenge, thus in the complex in vivo machinery.

1.3.1. Lipopolysaccharide (LPS)

In the late 19th century, Richard Pfeiffer used heat-inactivated lysates of Vibrio cholerae to
induce a range of pathophysiological reactions in guinea pigs. He named the toxic substance
endotoxin [98]. The term ‘lipopolysaccharide’, which is descriptive of the structure of endotoxin, is
now used as a synonym for endotoxin.

LPS is characteristic of Gram negative bacteria and present inside and outside the outer lipid
layer of the bacterial cell wall. Innermost in the cell wall of Gram negative bacteria is a double lipid
layer, and between the inner and outer layers there is a peptidoglycan layer, which is a network
containing carbohydrate and peptide chains [99,100]. Indeed LPS consists of a lipid and a
polysaccharide part. The polysaccharide portion includes a highly variable sugar chain and an
intermediate variable core. The sugar chain may consist of up to 50 repeating oligosaccharide units,
and it is unique for each bacterial strain and highly antigenic, determining the bacterial serotype.
The lipid part is highly conserved among the bacterial strains and it is responsible for the endotoxic
activity of LPS [101]. Mammals are in permanent contact with Gram negative bacteria and LPS.
Low doses may be beneficial for enhancing resistance to infections, but larger doses lead indirectly
to dramatic pathophysiological reactions, which are caused by excessive amounts of inflammatory

endogenous mediators, such as cytokines and chemokines.
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Subsequent exposure to LPS causes a phenomenon called LPS tolerance or LPS
desensitization. Macrophages show a reduced response to second LPS exposure in a time- and dose-
dependent manner determined by the reduced production of inflammatory cytokines.

It has been suggested that LPS interacts nonspecifically with a responsive host cell by
hydrophobic insertion into the cell membrane, because of its amphipathic character. Nowadays,
several cell surface receptors and other proteins specifically binding LPS have been described,
including the LPS-binding protein (LBP), the glycerolphosphatidylinositol (GPI)-anchored protein
CD14 and the macrophage scavenger receptor [102-105].

LPS mechanism to induce any cellular response in the host has been widely studied. LPS
monomers bind specifically to receptor TLR4 on cell surface, leading to a host cell response. This
inflammatory response has been mostly elucidated during the past 10 years and will be reviewed in

the subsequent paragraphs.

1.3.2. Toll-like receptor 4 (TLR4)

Innate immune system has a great degree of specificity that is highly developed in its ability
to discriminate between self and pathogens. This discrimination mainly depends on a family of
well-conserved receptors, known as Toll-like receptors (TLR)[86,106]. The TLRs are type I integral
membrane glycoproteins and are members of the interleukin-1 receptors (IL-1Rs) superfamily. The
main difference between these two receptor-types resides in the extracellular region. TLRs are
characterized by the presence of a leucine-rich repeat (LRR) motifs, while IL-1Rs contain
immunoglobulin-like (Ig) domains [34]. Despite this difference in the extracellular portion, TLRs
and IL-1Rs have both a conserved region of 200 amino acids in their cytoplasmic tails that is known
as Toll/IL-1R (TIR) domain. The TIR domain is characterized by 3 highly homologous regions
called boxes 1, 2 and 3 that have an important role in signaling cascade [34,107,108]. The LRR and
the TIR domains of TLRs form a horseshoe structure and the concave surface of LRR domains is
involved in the recognition of the pathogens. The subcellular localization of the different TLRs is
related to the ligand specificity. In the present study, we focused our attention on LPS signaling and
therefore on its specific receptor, TLR4.

TLR4 has been mapped to chromosome 4 in mouse [109] and to chromosome 9q32-33 in
human [110]. Recently, TLR4 mouse and human genes have been cloned and sequenced [111]. The
human gene is 19 kb in length and consists of three exons. Promoter analysis has shown that

location approximately 75 bp upstream from the transcriptional start site is sufficient to direct the
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gene expression. This promoter region is highly conserved between human and mouse. The major
difference is due to longer intronic sequences that make mouse gene 91.7 kb-long [111].

The extracellular domain of the TLR4 protein contains 22 copies of LRRs [110]. Recent
reports points out that LRRs do not present the LPS-binding property of TLR4, because mapping
studies with its close binding partner CDI14 revealed that most LRRs can be deleted without
affecting LPS binding [112,113]. The extracellular part of TLR4 contains 9 N-linked glycosylation
sites. Glycosylation is important for the transportation of the protein to the cell surface and the
maintenance of the functional integrity of the LPS receptor complex [114]. TLR4 was discovered to
be the principal mediator of the LPS response by characterizing the LPS-hyporesponsive mouse
strains. The first studies on LPS pointed out that the mouse strains C3H/HeJ and C57BL/10ScCr
show a deficient response to bacterial endotoxin [115,116]. These mice could tolerate enormous
amounts of LPS without any lethal effects, but were highly susceptible to Gram negative bacterial
infection. Genetic studies revealed a single Lps locus in chromosome 4, which was responsible for
this LPS hyporesponsiveness. Only recently, this locus was mapped as the TLR4 gene
[109,117,118]. The TLR4 knock-out mouse generated by Hoshino and his co-workers had the same
phenotype as naturally occurring TLR4-mutant mice [119]. The animals developed otherwise
normally, but showed no response to LPS or synthetic lipid A to a certain dose level. The
hyporesponsiveness has been later suggested to be due to disruption of the TLR4-mediated
signaling pathway resulting from the inability of mutant TLR4 to interact with the second

messenger MyD88 [120].

TLR4 gene expression

TLR4 expression has been found in heart, lung, fetal skin, fetal brain, placenta, fetal ileum,
and many other tissues [121-124]. The regulation of TLR4 expression is complex, involving tissue
and cell-specific differences. Proper regulation, however, is crucial for the innate immune system.
The amount of TLR4 receptors in the cell is small (only up to 1000), and over-expression of TLR4
not only enhances the sensitivity to LPS, but may also contribute to heart failure [125] and genetic
susceptibility to ozone-induced lung hyperpermeability via inducible nitric oxide synthase
[126,127]. Comparively, downregulation of TLR4 gene expression is involved in LPS tolerance
[128].

Only a few mechanisms for regulating TLR4 gene expression have been characterized. First,
there is an alternatively spliced form of mouse TLR4, in which an additional exon between the
second and third exons of the reported gene encodes for 36 additional amino acids and a stop codon.

This alternatively spliced form is expressed as a partially secretory 20 kDa soluble protein. It
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significantly inhibits LPS-mediated TNF-o production and NF-«kB activation in mouse
macrophages and thus, it may function to inhibit an excessive LPS response [129]. Second, the
TLR4 promoter region has a myeloid cell-specific transcription factor PU.1 and interferon
consensus sequence-binding protein (ICSBP) binding sites. TLR4 promoter activity in myeloid cells
is dependent on these sites. However, PU.1 and ICSBP in a non-myeloid cell line do not induce
promoter activity, suggesting a need for additional transcription factors or some inhibitory
regulation in other cells [130]. Third, alteration of mRNA stability serves another transcriptional
and post-transcriptional regulatory mechanism. Fan et al. showed, in rodent in vivo and in vitro
models, that the reduction of lung TLR4 mRNA after intratracheal LPS was due to a lowering of
mRNA stability, and that the prevention of mRNA reduction after an antecedent shock was due to

prevention of mRNA destabilization [131].

LPS signaling pathways via TLR4

LPS signaling through TLR4 is shown schematically in Fig. 4. According to current
knowledge, LPS is first recognized near the cell surface by circulating LBP, which breaks down
LPS aggregates and moves LPS monomers to the membrane protein CD14. LBP has a high-affinity
binding site for LPS, and it functions as a catalytic lipid transfer protein [132-134]. The
extracellular domain of CD14 is very similar to the extracellular domain of TLR4, but as it lacks the
cytoplasmic domain, thus, it cannot induce cellular signaling.
TLR4 has been shown to be the signaling part of the receptor complex, which involves a myeloid
differentiation (MD)-2. MD-2 is physically associated with TLR4 and essential for TLR4 to
translocate on the cell surface and also for an efficient response to LPS [89,107,135,136]. The LPS-
CD14-MD-2 complex signals via the TLR4 receptor and the downstream effector is an adapter
protein MyD88. MyD88 interacts with the transmembrane receptor through the C-terminal TIR
domain [137,138] and recruits Ser/Thr kinase IRAK (IL-1R associated kinase) to the receptor
complex. IRAK associates and activates the adapter molecule TNF receptor associated factor
(TRAF6) [139]. TRAF6 promotes the activation of the NF-kB inhibitor kinases (IKKs) and of the
TAK1 (TGFB-activated kinase 1)-induced MAP3K. MAP3K then enhances the sequential events of
the canonical NF-kB pathway. Degradation of the NF-kB inhibitor I-kB releases NF-kB to
subsequently translocate to the nucleus and induce target gene expression [108,120,140-144].
TAKI is also responsible for the activation of Jun N-terminal kinases (JNK) such as p38, leading to
expression of AP-1 transcription factor and the regulation of inflammatory cytokine expression
[144]. Recently, a MyD88 adapter-like Mal/TIRAP has been reported to participate in the LPS-
TLR4 pathway.
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Fig. 4: TLR-signalling: MyD88-dependent and independent pathways, modified from Akira et al. [34]. The Toll/interleukin-1
(IL-1)-receptor (TIR)-domain-containing adaptor molecule MyD88 (myeloid differentiation primary-response protein 88) mediates
the Toll-like receptor (TLR)-signalling pathway that activates IRAKs (IL-1-receptor-associated kinases) and TRAF6 (tumour-
necrosis-factorreceptor- associated factor 6), and leads to the activation of the IKK complex (inhibitor of nuclear factor-xB (IkB)-
kinase complex), which consists of IKK-a, IKK-f and IKK-y (also known as IKK1, IKK2 and nuclear factor-kB (NF-kB) essential
modulator, NEMO, respectively). This pathway is used by TLR1, TLR2, TLR4, TLR5, TLR6, TLR7 and TLR9 and releases NF-«B
from its inhibitor so that it translocates to the nucleus and induces expression of inflammatory cytokines. TIRAP (TIRdomain-
containing adaptor protein), a second TIR-domain-containing adaptor protein, is involved in the MyD88-dependent signalling
pathway through TLR2 and TLR4. By contrast, TLR3- and TLR4-mediated activation of interferon (IFN)-regulatory factor 3 (IRF3)
and the induction of IFN-f are observed in a MyD88-independent manner. A third TIR-domain-containing adaptor, TRIF
(TIRdomain- containing adaptor protein inducing IFN-f), is essential for the MyD88-independent pathway. The non-typical IKKs
IKK-¢ and TBK1 (TRAF-family-member-associated NF-kB activator (TANK)-binding kinase 1) mediate activation of IRF3
downstream of TRIF. A fourth TIR-domaincontaining adaptor, TRAM (TRIF-related adaptor molecule), is specific to the TLR4-
mediated, MyD88-independent/TRIF-dependent pathway.
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Mal/TIRAP is an adapter protein, which forms heterodimers with MyD88, activates NF-kB
in association with IRAK-2, and also associates with TLR4 [145,146].

LPS can also induce a MyD88-independent TLR4-signaling pathway, which leads to the late
activation of NF-xB pathway, by activating the IFN regulatory factor 3 (IRF3) [108,147,148]. The
adapter protein TRIF (TIR domain containing adaptor protein) and TRAM (TRIF-related adaptor
molecule) are essential in MyD88-independent signaling pathway. In detail, TRIF and TRAM
activate the non-typical IKKs, IKKe and TBK-1 (TRAF-family member associated NF-xB activator
TANK-binding kinase 1) leading to IRF3 activation and translocation to the nucleus.

LPS also activates other signaling molecules involved in inflammatory phenomena, such as
phosphatidylinositol 3-kinase (PI3K), Akt (a downstream mediator from PI3K), and many others
able to activate NF-kB [136]. The relationship, interplay and regulation (positive and negative)
among these various signalling cascades are not fully understood and need further investigation

[91,149].
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1.4. Overview on GH signaling pathway

In the recent years, significant progresses have been made in unraveling the signaling
pathways activated by growth hormone receptor (GHR). GH is secreted by the anterior pituitary
gland into the circulation and stimulates body growth [150]. In addition to promoting growth, GH
has an important role in metabolic [151] and CNS functions [152], in regulation of immune
system[153] and aging [154,155].

Briefly, GH binds to the extracellular domain of GH receptor with a high affinity binding.
This first step leads to the dimerization of GHR and to a subsequent contact of GH with the second
GHR molecule, stabilizing the GHR dimer [156]. Following this binding, GH promotes
phosphorylation of tyrosine residues on GHR and on signaling proteins. As already mentioned, the
kinase responsible for these events is Janus Kinase 2 (JAK2). JAK2 rapidly associates to GHR,
undergoes autophosphorylation and then phosphorylates GHR [13]. GH-activated JAK-2
phosphorylates STAT-1, STAT-3, STAT-5a and STAT-5b [157,158], leading to their dimerization,
traslocation in the nucleus and transcription of targeted genes (Fig. 5) [18,159].

Recent studies have revealed that GH-JAK2 complex is regulated at different levels [81].
Suppressor of cytokine signaling (SOCS) family proteins are important inhibitors of GHR signaling
pathways [160] (Fig. 5). SOCS1, 2, 3 and CIS are thought to inhibit GH signaling by competing
with GHR for the binding to JAK2 [81,161]. SOCS-1 seems to inhibit JAK2 kinase activity by
binding to JAK2 directly [162]. SOCS-1 inhibition of JAK2 activity involves interactions between
SOCS-1 and the kinase of JAK2 (Ref. 58). It is thought that a region N-terminal to the SH2 domain
of SOCS-1 acts as an inhibitory pseudosubstrate of JAK2 activation loop [163]. SOCSI1 inhibition
of JAK2 is effective even in absence of GHR, suggesting a first binding of SOCS1-JAK2 and
subsequent GHR dephosphorylation [164]. CIS and SOCS-3 seem to behave differently from
SOCSI and do not bind directly to JAK2, inhibiting its intrinsic activity. Indeed, SOCS-3 only
inhibits JAK?2 kinase activity after binding to the GH receptor [164].

In addition to SOCS proteins, GH-induced signaling can be blocked by dephosphorylation
of GHR by phosphatases. Dephosphorylation of specific tyrosine residues would stop the signaling
cascade and could induce GHR internalization and degradation [165]. The role of phosphatase in
the negative regulation of GH signaling pathway has been estensively explained in the previous
chapter on class I tyrosine phosphatase (page 14), but other key players in GH regulation interplay
have still to be identified.
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Fig. 5: Regulation of GHR-JAK2 signaling modified from Herrington and Carter-Su [157]. Some of the signaling pathways
initiated by GH activation of JAK2 are shown. JAK2 phosphorylates SHC, leading to activation of MAPK (blue arrows). JAK2 also
phosphorylates STAT transcription factors. MAPK and STATs are important for GH regulation of gene transcription, comprising
SOCS genes (purple arrows). JAK2 phosphorylates IRS proteins, which are thought to lead to activation of PI3'-kinase (PI3K: red
arrows). GH activation of PI 3'-kinase via IRS proteins might be important for GH stimulation of glucose transport. SOCS proteins
inhibits GHR signaling by binding JAK2 and decreasing its activity. Tyrosine phosphatases might also contribute to inhibiting GH
receptor signaling by dephosphorylating tyrosines in the GH receptor and/or JAK2. Abbreviations: GH, growth hormone; GHR,
growth hormone receptor; JAK2, Janus kinase 2; IRS, insulin receptor substrates; JAK2, Janus kinase 2; MAPK, mitogen-activated
protein kinase; P, phosphate; PI 3'K, phosphatidylinositol 3-kinase; STAT, signal transducers and activators of transcription; SOCS,

suppressor of cytokine signaling.
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Aim of the study

Aim of the study

The present PhD thesis aims to fully characterize PTPH1 gene and protein functions using
PTPH1-KO mouse as a tool, in three major relevant areas: GH-signalling, CNS and inflammatory
functions. Furthermore the present manuscript aims to understand whether these PTPH1-KO mice
could be used as mouse model for metabolic and/or inflammatory-mediated diseases and to identify
new potential PTPH1 targets and new signaling pathways, where PTPH1 role has still to be defined.

The major topics investigated during the PhD program and elucidated in the present thesis
have been:

e Localization of PTPHI1 expression through a deep analysis of LacZ staining in PTPH1-KO
mice and in vivo relevance of PTPHI in basic CNS functions through an extensive
behavioral phenotyping of PTPH1-KO mice.

e In vivo relevance of PTPH1 on GHR signaling pathway through growth curve analysis and
IGF1 quantification in PTPH1-KO mice.

e In vivo impact of PTPHI1 in inflammatory response upon challengeof PTPH1-KO mice with
two potent immunomodulatory molecules, carrageenan and LPS. Cytokine release,
inflammatory pain and gene expression were investigated in challenged PTPH1-WT and KO

mice.
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Chapter 2: Materials and Methods

2.1. PTPH1 KO mice design

PTPH1-KO mice were generated using the Velocigene technology [166]. A mouse BAC
containing the PTPH1 gene was modified: an in-frame LacZ reporter sequence and a neomycin-
selectable marker replaced exons 15 to 22 encoding for the PDZ and the catalytic domain of PTPH1
(Fig. 6). BAC electroporation into embryonic stem cells was performed. F1 heterozygous mice were
bred to generate F2 PTPH1-KO mice. The 5 - and 3_-flanking mouse sequences of the lacZ insert
were . . . CTC TCA CGT GTC TTC TAG AGT GAC and AGA CAT CAA ACC CAC CCT TCT
cC....

Line breeding and animal care were performed in Charles River Italy and France.

Fig. 6: Construction of PTPH1-KO mice: schematic representation of the predicted mouse PTPH1 gene intron-exon organization and
deleted exons 15-22, corresponding to the catalytic and PDZ domain. The LacZ coding sequence was inserted in-frame with

upstream PTPH1 cDNA.
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PTPH1-KO and wild type littermates (F2 generation, 87.5% C57Bl/6 — 12.5% 129S6SvEv)
were individually housed in top filter cages and maintained in a 12:12 hours light: dark cycle (lights
on at 7 am) at 21+1°C, relative humidity (55+10%), with food and water available ad libitum.
Protection of animals used in the experiment was in accordance with Directive 86/609/EEC,
enforced by the Italian D.L. No. 116 of January 27, 1992. Physical facilities and equipment for
accommodation and care of animals were in accordance with the provisions of EEC Council

Directive 86/609.
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2.2. PCR-based Genotyping

Tail snips from mice were collected and genotyped. Tail snips were digested overnight with
proteinase K (Sigma) and passed through a vacuum column (Promega, Wizard SV 96 genomic
DNA purification system A2370) for DNA trapping. Genomic DNA was washed in Wizard SV
Wash solution (Promega; containing 95% ethanol) and eluted in 200 ul of water at 65 °C. After
protease inactivation at 95 °C, 2 ul of DNA were used for the PCR. Two PCRs were conducted in
parallel (TAQ GOLD kit, 0.2 U/ul final; Applied Biosystems N8080256). A multiple PCR with
three primers was used that distinguished WT, KO, and HET mice.

The forward primer was designed in the flanking region of the cassette insertion site, the
“reversel” primer was designed in the deleted region, and the “reverse2” primer was inside the
cassette (primer sequences: forward, 5 -CTG CTC TCC AGA TGG AGT TG-3; reversel, 5 GCC
ATC TCC ATC GTC ACT CT-3_ (for WT/HET); and reverse2, 5 -CCT AGC TTC CTC ACT
GTT TCT-3_ (for KO/HET)). The pair of primers “forward/ reversel” gave an amplification
product 254 bp (indicating WT or HET genotypes). The pair of primers “forward/reverse2” gave an
amplification product 320 bp (indicating KO or HET genotype). In parallel to the multiple PCR,
another PCR for LacZ insert was performed for confirmation to distinguish HET and KO mice from
WT mice (primers sequences: forward, 5 -TCA TTC TCA GTA TTG TTT TGC C-3_; and reverse,
5 -CCA CTA TCA GTT GGT CAC TG-3)).

2.3. LacZ staining procedure and immunohistochemistry

PTPH1-KO and WT mice were sacrificed by intraperitoneal (i.p.) overdose of thiopental
(5%), perfused with paraformaldehyde 4%. Organs and tissues of interest were collected (different
muscles, bones, kidneys, liver, lungs etc.) then washed in PBS and incubated overnight at 37°C in a
solution containing the substrate for beta-galactosidase (beta-gal, encoded by the LacZ cassette)
coupled to a NBT salt. The organs and the tissues iwhen sectioned display a green/blue staining
where PTPHI1 gene is normally expressed. After rinsing into PBS, organs were postfixed in PFA
4% for 1 hour, then incubated in 50% glycerol overnight at 4°C and finally maintained in 70%
glycerol at room temperature. LacZ staining was observed through a low magnification microscope
and described by an operator blind to the genotypes.

LacZ staining was also performed on PTPH1-WT, KO and HET sections of adult animals.
Mice (n=3, 12 months old) were sacrificed by i.p. injection of an overdose of thiopental (5%),

perfused with PBS and PFA 4%. Tissues were removed and postfixed overnight at 4°C in PFA 4%,
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then placed overnight at 4°C in 15% and finally in 30% sucrose buffer. The brains were then
included in O.C.T. (Tissue-Tek) and 20 pum sections were cut on slides with a cryostat. The slides
were incubated in LacZ staining solution (see above) overnight at 37°C, washed thrice in PBS
(5min each) and either counterstained with H&E (Merck KGaA) or co-expressed with antibody
immunostaining. Briefly, CNS sections were incubated for 3 hours at room temperature in blocking
solution (Vectastain Kit), washed in TBS (Tris-buffered saline), incubated overnight at 4°C with a
solution containing the primary antibody: mouse anti-mouse Neuronal Nuclei (Chemicon MAB377,
1/1000), rabbit anti-mouse Cholecystokinin A receptor (CCKAR; Abcam ab28627, 1/5000), rabbit
anti-mouse Tyrosine hydroxilase (TH; Chemicon AB152, 1/1000), mouse anti-mouse glutamic acid
decarboxylase (GAD-67; Chemicon MAB5406, 1/5000). The staining was revealed by ABC kit
secondary antibody (mouse/rabbit Vectastain Kit), and DAB (Sigma). After dehydration, sections
were transferred onto coverslips. LacZ staining and co-expression with the correspondent antibody

immunoreactivity was observed by microscopy and described by an operator blind to the genotypes.

2.4. Materials and Methods 1: PTPH1 in CNS functions

2.4.1. Semiquantitative RT-PCR for beta galactosidase gene

Semiquantitative RT-PCR for PTPH1 and beta-gal gene expression was performed on
different brain areas of PTPH1-KO and WT mice in order to confirm the presence of beta-
galactosidase (LacZ) expression in the KO tissues replacing PTPH1 PDZ and catalytic domain.
Brains from KO and WT mice (n=5, 6 months old) were freshly removed and rinsed in HBSS.
Hippocampus, cerebellum, cortex, striatum, midbrain and olfactory bulbs were dissected. Total
RNA was extracted using Trizol Reagent (Invitrogen) and cleaned-up by RNAeasy columns from
Qiagen. Sug of total RNA were used to perform the RT-PCR reaction (SuperScript II RT kit,
Invitrogen). The primer sequences for LacZ amplification were the following: LacZ — forward 5’-
GAT GTA CGT GCC CTG GAA CT/reverse 5’-GGT CCC ACA CTT CAG CAT TT. In order to
load equally the reaction mixes, a 300 bp fragment of Histone 2A was amplified as a house keeping
gene with the following primers: H2Az forward - 5° CGT ATT CAT CGA CAC CTG AAA; H2Az
reverse - 5° CTG TTG TCC TTT CTT CCC GAT.
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2.4.2. Behavioral phenotyping test battery

Neurological functions of PTPH1-WT and KO mice (males and females, 11 weeks-old,
n=10 per gender per genotype) were assessed through a behavioral test battery.

The sequence of the test battery was chosen from the least invasive to the most ones. The
schedule of the testing sessions included one week of recovery from one test to the next, as reported

in Table 1.

Table 1: Schedule of the behavioral test battery.

Age (wks) 8 9 10 11 12 13 14 15

10M+10F | arrival | quarantine | adaptation | Open Field | EPM Rotarod | Y-maze | Hot plate

Open field

After one hour of adaptation in the testing room, each mouse was placed in an open field
chamber (50cm® wide with white floor and walls) (ViewPoint Life Sci. Inc.) to test locomotor
activity and anxiety-like behaviors. Locomotion was recorded for one hour by a video camera and
analyzed automatically by VideoTRACK® software (ViewPoint Life Sci. Inc.). Locomotor activity
was evaluated by calculating the total path length traveled, whereas the relative time spent in the
center was taken as indicative of anxiety-like behavior [167]. The tests were performed in two

sessions with equivalent group representation.

Elevated plus maze

After one hour of adaptation in the testing room, anxiety-like behavior was tested for each
mouse by EPM within one session. The apparatus consists of four arms (29.5 cm long and 5 cm
wide each). Two arms are open whereas the 2 others are limited by 2 black walls (20 cm high). The
number of entries of each mouse in the open and closed arms was recorded by a video camera
during a period of 5 minutes and analyzed by the SMART Video-Tracking Software (ViewPoint
Life Sci. Inc.). The total number of entries into the arms is an index of locomotion, whereas the
percentage of time spent and percentage of entries in the closed arms is an index of anxiety-like

behaviors [168] .

Accelerated rotarod

Motor ability, coordination and learning were evaluated by using an Accelerated Rotarod

apparatus for mice (Cat. # 7650 by Jones and Roberts, distr. by Basile Instr., Italy). The apparatus
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was placed within the animal colony room and was cleaned after each trial. Mice were tested for
their abilities to maintain a balance on a rotating bar, which accelerated from 4 to 40 rpm/min in a 5
min trial. Latency to fall off was measured within one session and all mice underwent four trials
(one every 30 min) [169-171]. The differences at the rotarod performances in WT and KO were
assessed by a single set of trials [170,171]. This set-up allows a major focus on the early phases of
motor learning, involving a strong activation of prefrontal cortex and of the associative areas of

basal ganglia and cerebellum [172,173].

Y-magze alternation

After one hour of adaptation in the testing room, mice were tested on a Y maze apparatus
(40 cm long /8 cm wide arms with transparent walls) to investigate spatial working memory [174].
The number and the sequence of the arm entries for each mouse were recorded during 5 minutes.
The locomotion index was calculated as the overall number of arm entries, whereas the working
memory index was calculated as following: number of exact alternations (entries into three different

arms consecutively)/ possible alternations (i.e. the number of arms entered minus 2) X 100.

Hot plate
Thermal sensitivity was assessed by a hot plate apparatus for mice (Cat. # 7280 by Biol.

Research Apparatus, distr. by Basile Instr., Italy) and lasted a maximum of 45 seconds, time at
which damages could occur [175]. The apparatus was placed in the animal colony room and all the
mice were tested within one session. Animals were placed on a surface heated at 52.5°C and the

latency (seconds) to shake or lick the paw was recorded by the operator.

2.4.3. Superarray analysis

Hippocampus and cortex of PTPHI-KO and WT male (3 months-old) (n=3 per genotype)
and female (n=4 per genotype) mice were collected and RNA was extracted and transcribed into
cDNA. Two superarray plates were used: Mouse Signal Transduction Pathway Finder™ RT?
Profiler™ PCR Array (#PAMM-014) and Mouse Neurotrophin and Receptors RT? Profiler™ PCR
Array (#PAMM-031).

The Mouse Signal Transduction Pathway Finder™ plate profiles the expression of 84 key
genes representative of 18 different signal transduction pathways listed in Table 1.

The Mouse Neurotrophin and Receptors RT? Profiler™ plate profiles the expression of 84

genes related to neuronal processes (Table 2). Neurotrophic signaling molecules are represented on
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this array including neurotrophins and neuropeptides along with their receptors. Genes involved in
the normal functions of the neuronal system including neuronal cell growth and differentiation and
neuronal regeneration and survival are included. The cytokines and their receptors involved in
neuronal signaling are contained on this array along with genes involved in the transmission of
nerve impulses, genes involved in neuronal apoptosis in response to neurotrophic factors and
transcription factors and regulators indicative of the activation pathways downstream of the

neuronal system.

2.4.4. Statistical analysis

Statistical comparisons were performed by unpaired two-tailed T-test (p<0.05) and two-way
ANOVA (p<0.05) followed by post-hoc test as necessary. In the accelerated rotarod, two-way
ANOVA with repeated measures followed by T-test was used. Results are expressed as

meantSEM.
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Table 2: Mouse Signal Transduction Pathway Finder™ RT? Profiler™ PCR Array ({PAMM-014).

Pathways Genes

Mitogenic Pathway Egrl (egr-1), Fos (c-fos), Jun (c-jun), Nab2.

Wnt Pathway Birc5, Cendl (cyclin D1), Cdhl, Fgf4, Jun (c-jun), Lefl,
Myc (c-myc), Pparg, Tcf7, Vegfa, Wispl.

Hedgehog Pathway Bmp2, Bmp4, Enl (engrailed), Foxa2 (forkhead box A2 /

HNF3B), Hhip, Ptchl (patched 1), Wntl, Wnt2.

TGF-p Pathway

Cdknla (p21™*" p21°Ph), Cdknlb (p27), Cdkn2a
(p16™*), Cdkn2b (p15 ™).

PI3 Kinase / AKT Pathway

Bcl2 (Bcl-2), Cendl, Fnl (fibronectin), Jun (c-jun),
Mmp7 (matrilysin), Myc (c-myc).

Jak / Src Pathway

Bcl2 (Bel-2), Bel2I1 (Bel-XL).

NFxB Pathway

Bircla, Birc2 (c-IAP2), Birc3 (c-IAP1), Tert.

p53 Pathway

Bax, Cdknla (p21Wafl, p21Cipl), Ei24 (Pig3), Fas
(Tnfrsf6), Gadd45a (gadd45), Igfbp3, Mdm2.

Stress Pathway

Atf2, Fos (c-fos), Hsf1 (tcfS), Hspb1 (Hsp25), Myc (c-
myc), Trp53 (p53).

NFkB Pathway Ccl20, Cxcll, Icaml1, Ikbkb, Il1a, 112, Lta (TNFb),
Nfkbia, Nos2 (iNOS), Tank, Tnf (TNFa), Vcaml

NFAT Pathway Cd5, Fasl (Tnfsf6), 112

CREB Pathway Cyp19al, Egrl (egr-1), Fos (c-fos).

Jak-Stat Pathway

Cxcl9 (MIG), [l4ra, Irfl, Mmp10 (stromelysin-2), Nos2
(INOS).

Estrogen Pathway

Bcl2 (Bcl-2), Breal, Grebl, Igfbp4, Nripl

Androgen Pathway

Cdk2, Cdknla (p21™*", p21°P"), Tmepai.

Calcium and Protein Kinase C Pathway

Csf2 (GM-CSF), Fos (c-fos), 112, I12ra (IL-2 R?), Jun (c-
jun), Myc (c-myc), Odcl, Tfre.

Retinoic Acid Pathway

Enl (engrailed), Hoxal, Rbpl (CRBPI

LDL Pathway

Ccl2, Csf2 (GM-CSF), Sele, Selp (P-selectin), Vcaml

Insulin Pathway

Cebpb (C/EBP-?), Fasn (fatty acid synthase), Gys1 (GS,
glycogen synthase), Hk2 (hexokinase II), Lep (Ob).

Phospholipase C Pathway

Bcl2 (Bcl-2), Egrl, Fos (c-fos), Icam1, Jun (c-jun), Nos2
(INOS), Ptgs2 (cox-2), Vcaml.
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Table 3: and Mouse Neurotrophin and Receptors RT? Profiler™ PCR Array (fPAMM-031).

Function

| Detailed function

Genes

Neurotrophins and Receptors

Adcyaplrl, Artn, Bdnf, Cntfr, Crh,
Crhbp, Crhrl, Crhr2, Fas (Tnfrsfo6),
Frs2, Frs3, Gdnf, Gfral, Gfra2,
Gfra3, Gmfb, Gmfg, Hertrl, Hertr2,
Mt3, Ngfb, Ngfr, Ngfrap1, Nrli2,
Nrgl, Nrg4, Ntf3, Ntf5, Ntrk1, Ntrk2,
Pspn, Ptger2, Tfg, Cd40 (Tnfrsfd),
Tro, Ucn, Zfp110, Zfp91 (Cntf).

Neuropeptides and Receptors

Neuropeptide Hormone Activity

Npff.

Bombesin Receptors Grpr, Nmbr.
Cholecystokinin Receptors Cckar

Galanin Receptors Galrl, Galr2

Neuropeptide Y Receptors Nmbr, Npylr, Npy2r, Ppyrl.
Neurotensin Receptors Ntsrl.

Other Neuropeptides and Receptors

Npffr2 (Gpr74), Hert, Mc2r, Npy,
Nrgl

Neurogenesis:

Central Nervous System | Cxcrd, Fgfrl, Ngfr, Ntf3.
Development

Peripheral Nervous System | Artn, Gdnf, Gfra3, Ngfb, Nrgl, Ntf3.
Development

Axon Guidance Artn, Gfra3, Ngfr.

Gliogenesis Fgf2, Nrgl, Ntf3.

Dendrite Morphogenesis

Bdnf, Mt3

Other Neurogenesis Genes

Bax, Fos, Galr2, Gfral, Gfra2, Ntf5,
Ntrk1, Ntrk2.

Synaptic Transmission

Cblnl.

Cell Growth and | Growth Factors and Receptors Artn, Bdnf, Fgf2, Fgf9, Fgfrl, Gdnf,
Differentiation Gmfb, Gmfg, 1110, I11b, 116, Lif, Mt3,
Ngfb, Nrg4, Ntf3, Ntf5, Pspn, Tgfa,
Tgtbl, Tgfblil, Tro, Trp53.
Cell Cycle Fgf2, Fgf9, Il1b, Ntrk1, Tgfa, Tgfbl,
Trp53.
Cell Proliferation Bax, Cxcr4, Fgf2, Fgf9, Grpr, 1110,
Il11b, Myc, Stat4, Tgfa, Tgfbl, Trp53.
Cell Differentiation Fef2, Fgf9, Nfl, Nrgl, Stat3, Trp53,
Zp91 (Cntf).
Cytokines and Receptors Cx3crl, Cxcr4, 1110, I110ra, I11b,
Il1rl, 116, Tl6ra, l6st, Lif, Lifr, Nrgl,
Stat4.
Apoptosis: Anti-apoptosis Bcl2, Bdnf, 1110.
Caspase Activation Bax, Myc, Trp53.
Induction of Apoptosis Bax, Fas (Tnfrsf6), Myc, Ngfr,
Ngfrapl, Trp53.
Other Apoptosis Genes Hspbl, 116, Cd40 (Tnfrsf5s).
Immune response Acute-phase response 116, Stat3.
Inflammatory response 1110, I11b, Tgfb1.
Lymphocyte activation 1110, Cd40 (Tnfrsf5).
Other immune reponse genes: Fas (Tnfrsf6), Lif.
Transcription factors and | Positive regulation of transcription Fus, Ntf3, Tgfblil.
regulators Transcription coactivator activity Magedl, Tgfblil.

Other  transcription  factors  and

regulators

Atf2, Fos, Mef2¢, Myc, Nrli2, Statl,
Stat2, Stat3, Stat4, Trp53, Zfp110
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2.5. Materials and Methods 2: PTPH1 in GHR signaling

2.5.1. Animals

PTPHI1 heterozygous (HET) aged 3-4 months were used for mating. Prior to mating, mice
were housed in separate cages. For mating, one male and one female for each genotype were housed
together and maintained as previously described. Weaning of pups occurred at 21* day of age and
they were housed 2-3 per cage. At 21 days of age a tail snip was taken for genotyping. Pups were
weighed every 2 days, and were sacrificed at 80 days of age by inhalation of CO, and analyzed by
DEXA.

PTPH1-KO female and male littermates (n=4 animals per group), 3-4 months old were used
for IGF-1 quantification in the serum and in the liver. Briefly, PTPH1-WT and KO mice were

sacrificed by inhalaton of CO; and blood and liver were collected.

2.5.2. DEXA analysis

Lunar PIXImus II Densitometer (GE Medical Systems was used to measure bone and tissue
composition by dual-energy x-ray absorptiometry (DEXA) densitometry on 80 day mice. After
sacrifice, animals were positioned on the DEXA plate. X-ray were applied and total body images

were recorded in less than 5 minutes.

2.5.3. Serum IGF-1 Quantification

Blood from wild type and PTPH1 KO female and male littermates (n=4 animals per group)
were sampled individually and clotted for 2 h at room temperature. The serum was removed after a
20-min centrifugation at 1000 g, and IGF-1 concentration was measured with a mouse IGF-1

Quantikine enzyme-linked immunosorbent assay kit (R & D Systems, MG-100).

2.5.4. mRNA quantification by qPCR

Total RNA was extracted from the liver of WT and KO mice using TRIzol reagent
(Invitrogen 15596-026) using the manufacturer’s protocol. Tagman analysis was performed on igfl
gene (¥Mm00439560 m1, Applied Biosystems) using SYBR GREEN PCR master mix (4309155
from Applied Biosystems).
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2.6. Materials and Methods 3: PTPH1 role in inflammatory process in
Vivo

2.6.1. Animals

To investigate the role of PTPH1 in the inflammatory process in vivo, two different
approaches were used. Inflammation was induced by LPS and carrageenan (see method below) on
PTPHI1 KO and WT mice.

PTPH1-KO mice were generated and housed as previously described. The experiments were
performed on female animals. Animals were allowed to acclimate for 1 week before the beginning
of the experiments. All behavioral tests were performed during the light phase and animals were
allowed 1-hour habituation to the test room, if different from the holding room, before testing.
Testing sequence was randomized between KO and WT animals, and all apparatus were thoroughly

cleaned between two consecutive test sections.

2.6.2. Cytokine beads assay (CBA)

In both LPS and carrageenan experiments, a panel of cytokine was analyzed in blood. At
sacrifice, whole blood was collected from the heart of the animals and plasma was obtained by
centrifugation. 25 ul of plasma were used to quantify the levels of the circulating inflammatory
cytokines TNFa, MCP-1, IL-6, IL-10, IFN-y, IL-12p70 using a mouse inflammation cytometric
beads array kit (BD Bioscience), according to the manufacturer’s instructions. Data were acquired

with a FACSCalibur flow cytometer and analyzed with BD CBA Software (BD Bioscience).

2.6.3. LPS-induced inflammation

PTPH1-WT and KO female mice (young: n=3-6, 8 weeks old; aged: n=3-6, 34-36 weeks
old) received an i.p. injection of 200 ul of Img/kg lipopolysaccaride (LPS) (Escherichia coli
0127:B8, batch 032K4099, L3880, Sigma) and randomized groups of mice were sacrificed by an ip
overdose of thiopental at 30, 60 and 180 minutes after LPS injection. The test was performed in

three sessions with equivalent group representation. 200 pl of WFI were administer to control mice.
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2.6.3.1. RTPCR on PBMC

At the defined timepoints (see above), whole blood was collected, red blood cells were lysed
using BD PharM Lyse (BD Biosciences/BD Pharmingen) and RNA was extracted from the white
cells by TriZol reagent (Invitrogen). Tagman analysis was performed on LPS- and vehicle-treated
white cells of both genotypes. The PCR was carried out on cytokine genes: ccl2
(#Mm00441242 ml, Applied Biosystems), IL1b (#Mm01336189 ml, Applied Biosystems), IL12a
(#Mm00434169 ml1, Applied Biosystems), IL6 (#Mm00446190 m1, Applied Biosystems), TNF
(#Mm00443258 ml, Applied Biosystems). The expression of PTPHI-related genes was also
investigated: adam17 (#Mm00456428 m1, Applied Biosystems), ghr (#Mm00439093 m1, Applied
Biosystems), IGF1 (#Mm00439560 ml, Applied Biosystems), IGFIR (#Mm01318459 ml,
Applied Biosystems). 200ng of total RNA were used to perform the RT-PCR reaction (SuperScript
I RT kit, Invitrogen). The qPCR experiment was carried out using the Tagman Universal PCR
master mix (Applied Biosystems) and the gene assays mentioned above. The comparative Ct
method [176] was used for data analysis, where:

(delta)(delta)Ct = (delta)Ctsample — (delta)Ctreference
and (delta)Ctsamplc 1s the Ct value for any sample normalized to the endogenous housekeeping gene
(beta-2-microglobin, Applied Biosystems) and (delta)Ctieference 1S the Ct value for matched PTPH1-

WT vehicle treated value, also normalized to the endogenous housekeeping gene.

2.6.4. Carrageenan-induced inflammation

Female PTPH1-KO and WT mice (n=7, 12 weeks old; n=7, 12 months old) were tested for
inflammation-induced edema and hyperalgesia/allodynia.

On the test day n=7-8 animals per genotype were injected subcutaneously in the right hind
paw plantar surface with 30uL of a solution of 2% carrageenan A (Sigma, Germany) freshly
prepared in saline. 30uL of saline was injected as control in the controlateral paw. Animals were
tested at automated Von Frey and Hargreaves apparatus, to evaluate respectively tactile allodynia
and thermal hyperalgesia, at 1, 3, 5 and 24 hours after carrageenan/saline injection, followed by
paw thickness measurement, using a precision caliper (Mitutoyo, Japan). Mice underwent also to a
Catwalk analysis at the same time points. Mice were sacrificed by an intraperitoneal (ip) overdose

of thiopental, and paws were removed for histological evaluation.
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2.6.4.1. Hargreaves’ plantar test

Thermal hyper/hypoalgesia was assessed by Hargreaves’ plantar apparatus (Plantar test,
Ugo Basile, Italy)[177].The test was performed at 1, 3, 5 and 24 hours post 2% carrageenan
injection. Animals were accustomed to the apparatus for 1 hour during 2 days preceding the test.
On the test day, mice were individually placed in a clear acrylic box on a glass platform and a
removable infrared generator (radiant heat 137mW/cm?/s) was placed underneath the hind paw. The
apparatus automatically detects the withdrawal of the paw. Latency of each paw withdrawal was
recorded and mean values of left and right paw used as reaction index for the individual animal. A

cut-off of 25 seconds was used to avoid tissue damage in case of absence of response.

2.6.4.2. Automated Von Frey test

Tactile hyper/hypoalgesia was assessed by a Dynamic Plantar Aesthesiometer (Ugo Basile,
Italy). The test was performed immediately after the Hargreaves’s test. PTPHI-WT and KO mice
were accustomed to the apparatus for 1 hour during 2 days preceding the test day. On the test day,
animals were individually placed in a clear acrylic box with a grid floor. A blunted probe was
placed under the plantar surface of one hind paw and automatically exerted a constantly increasing
force to the plantar surface (from O up to 5 grams over 20 s). Force applied (g) at the retraction
reflex was automatically recorded. Each hind paw was tested 3 times and mean values used as

individual parameter for group statistic.

2.6.4.3. CatWalk

Detailed analysis of gait was performed on walking WT and KO mice using the CatWalk™
(Noldus Information Technology) method [178,179]. Briefly, light from a fluorescent tube is
distributed through a glass plate. Light rays are completely reflected internally. As soon as the paw
of the animal was in contact with the glass surface, light was reflected downwards. It resulted in a
sharp image of a bright paw print. The whole run was recorded via a camera placed under the glass
plate.

In the present study, the following parameters related to single paws were analyzed:
e Intensity (expressed in arbitrary units in the range 0-255): this parameter describes the mean

pressure exerted by one individual paw during the floor contact, during the whole crossing of

the walkway. The intensity parameter is highly correlated with the Von Frey thresholds [180].

e Duty cycle (expressed in %): the duty cycle represents stand duration as a percentage of step

cycle duration. It is calculated according to the formula: stand duration/(stand + swing phases
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duration)x100, where the stand phase is indicated as the time of contact (in seconds) of one paw
with the glass plate in a single step cycle and the swing phase is indicated as seconds of non-
contact with the plate during a step cycle. The duty cycle parameter is highly correlated with the
Von Frey thresholds[181].

e Maximum contact area (expressed in mm2): the maximal contact area describes the paw area at

the moment of maximal paw-floor contact, during stand phase.

e Print area (expressed in mm?2): this parameter describes the surface area of the complete paw

print during the stand phase.

2.6.4.4. Hematoxylin and Eosin histology

At sacrifice paws were collected and placed in 4% formalin. Paws are then incubated for 10-
15 days in Shandon TBD?2 decalcifier (Thermo-Scientific) and subsequently cut in 7 um thick slices
by a microtome. After mounting, the slides are let overnight at 37°C, dehydrated and stained with
hematoxylin and eosin in a multiple steps procedure. Histological evaluation was observed by

microscopy and described by an operator blind to the genotypes.

2.6.5. Statistical analysis

Statistical comparisons were performed by Two-way Anova followed by T-test (RT-PCR)
and Bonferroni’s (CBA) post-hoc analysis (p<0.05) at each time points. Results are expressed as

meantSEM. Significant difference were highlighted when p<0.05.
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Chapter 3 - PTPH1 in CNS functions

3.1 Results on PTPH1 involvement in CNS funtions

3.1.1. PTPH1-KO mice generation

The human and predicted mouse PTPH1 orthologs are well conserved (840 of 913 amino
acid identities, or 92% at the protein level). The mouse PTPH1 coding sequences are spread out
over 24 exons (Fig. 6). Using the Velocigene® strategy [166], exons numbered 14-23 that encode
the PTPH1 catalytic domain were replaced by a LacZ (B-galactosidase)-encoding cassette. Genetic
disruption was confirmed using a standardized “loss of native allele” procedure [166]. Transcript
mapping on RNA from various organs from wild type and knock-out animals confirmed loss of
expression of the PTPH1 catalytic domain but showed that the modified transcript was expressed.
Animals carrying one or two copies of the mutant gene were healthy, reproduced normally and

showed no obvious phenotype.

3.1.2. LacZ staining in whole mount

PTPH1-KO embryos at embryological stage (ES 14 day and 16 day) display a positive LacZ
staining in the hypothalamic area and in the dorsal root ganglia of the spinal cord, excluding the
spinal cord itself (Fig. 7). No staining is detectable in the WT embryos.

In PTPH1-KO adult animals, LacZ staining in the brain was observed in the cerebellum,
hippocampus and in the thalamic nuclei. In addition a strong staining was observed in the cerebral

cortex, tenia tecta and septum (Fig. 8a, 8b).
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Fig. 7: LacZ staining on PTPH1-WT and KO embryos. PTPH1-WT embryos do not show any staining either at embryological
stage 14 (Es14) or at Es16. PTPH1-KO embryos display a positive LacZ staining in the hypothalamic area and but also in the dorsal

root ganglia of the spinal cord, excluding the spinal cord itself.

Es 14 Es 16
WT KO WT KO

@ > - '

Y

Fig. 8: PTPH1-KO adult mouse brain. a) whole brain, dorsal view, staining in cerebellum (Cb) and cortex (Co); b) LacZ staining
on brain, sagittal view: detection in the tenia tecta (Tt), cortex (Co), thalamus (Th), hippocampus (H), retrosplenial cortex (Rc),

septum (S) and in the granule cell layer of cerebellum.
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3.1.3. LacZ staining in sections and RT-PCR results

No gross cytoarchitectural brain differences were observed by simple visual observation at
the microscope in the cortex, hippocampus and thalamus in PTPH1-KO mice compared to WT
littermates. LacZ staining was performed on frozen brain sections to confirm and to describe the

expression of PTPH1 at the brain structural level (Table 4).

Table 4: Qualitative estimation of LacZ staining intensity in the different brain areas. -: absent; +/-: faint; +: present; ++:
intense; +++: very intense staining. Cornu Ammonis (CA), Dentate Gyrus (DG), mediodorsal lateral (MDL), anteroventral (AV),
ventromedial (VM) ventral posteromedial (VPM), ventrolateral (VL), ventral posterolateral (VPL), laterodorsal (LD), posterior (Po)
and reticular (Rt), ventral posteromedial parvicel (VPPC) thalamic nuclei, lateral geniculate nucleus (DLG), parafascicular thalamic

nuclei (PF), nuclei (nu).

e
Cerebral cortex + Dorsal Tenia Tecta ++
Retrosplenial cortex ++ Septohippocampal nu +
CAL1 oriens layer ++4 VPL +
CA1 radiatum layer ++H+ MDL ++
CA1 pyramidal cell layer + AV ++
CA2 oriens layer - VPM ++
CA2 radiatum layer - VL +
CA2 pyramidal layer + VM ++
CA3 oriens layer + Po ++
CA3 radiatum layer +- LD +
CA3 pyramidal layer + Rt +
DG granular cell layer - DLG ++
DG molecular layer +H+ VPPC ++
DG hilus - PF

Fascicola cinereum ++ cerebellum +
Indisium griseum +

In cortical regions, LacZ was expressed in the external pyramidal (III) and internal granular
layer (IVA) of the cerebral cortex (Fig. 9a, 9b), in the retrosplenial cortex (Fig. 10a-10c; Fig. 11a,
11b) and indusium griseum (Fig. 10a, 10b).
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Fig. 9: PTPH1-KO cortical regions a) PTPHI-KO cerebral cortex (10X, scale bar: 220um). b) positive cytoplasmatic and

perinuclear LacZ staining (blue dots) in the external pyramidal (III) and internal granular layer IVA) (63X, scale bar: 10um).
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Fig. 10: PTPH1-KO retrosplenial cortex. a) LacZ detection in retrosplenial cortex (Rc) and indusium griseum (ig) staining (4X,

scale bar: 80um). b) detail of the Rc and ig (40X, scale bar: 20um); ¢) positive cytoplasmatic staining of the neurons of Rc (63X

scale bar: 10um); the interneural LacZ signals are due to the presence of trans-sectioned axons and dendrites.
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Fig. 11: PTPH1-KO cerebral cortex. a) colocalization of NeuN-ir and LacZ staining signal in the Rc (100X, scale bar: 4.5um).; b)
detail of the cytoplasmatic signal of LacZ in neurons.
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In the cerebellum, in spite of a strong staining in the whole mount (Fig. 8), only a faint LacZ
signal was observed in sections (Fig. 12a, 12b) in particular in the granule cells, close to the nuclei.

The RT-PCR on cortical and cerebellar extracts confirmed the presence of LacZ expression in these

brain areas (Fig. 13).

Fig. 12: PTPH1-KO cerebellar cortex. a) faint LacZ staining in the granule cell layer (20X, scale bar: 16.5um); b) perinuclear

staining in the granule cell layer of the cerebellum (63X; scale bar: Sum).
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Fig. 13: RT-PCR for beta-galactosidase expression in brain extracts. Beta-gal mRNA is expressed in PTPH1-KO cerebellum,
cortex, hippocampus and substriatal regions (midbrain, thalamic nuclei, pontine region); no beta-gal expression detected in WT brain

extracts (first lane of each block); histone H2A gene was used as positive control (second lane).
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In subcortical regions, LacZ was detected in the anterior ventral, mediodorsal, ventrolateral,
anteromedial and central lateral thalamic nuclear groups (Fig. 14a). In more caudal thalamic areas,
LacZ was again detectable in the posterior thalamic nuclear group (Po), and to a lesser extent in
posteromedial, in posterolateral and in reticular thalamic nuclei and also in the dorsal lateral
geniculate nuclei (Fig. 14b-14e). In the tenia tecta, LacZ staining visible in the whole mount
preparation was confirmed (Fig. 9, 16a, 16b). The RT-PCR on substriatal regions including the
thalamus, the midbrain and the pontine areas confirmed the presence of LacZ expression in some of

these brain areas (Fig. 14).



Chapter 3 PTPH1 in CNS functions

Results and Discussion

Fig. 14: PTPH1-KO thalamus [182]. a) LacZ expression detected in several thalamic nuclei (4X; scale bar: 165 um): mediodorsal (MD), central lateral (CL), anteroventral (AV), anteromedial
(AM), ventromedial (VM) ventral posteromedial (VPM) and ventrolateral (VL) thalamic nuclear groups. MHb: medial habendular nuclei. b) LacZ expression detected in the ventral posteromedial
thalamic nuclei (VPM) and it is present also in ventrolateral (VL), ventromedial (VM), ventral posterolateral (VPL), laterodorsal (LD), posterior (Po) and reticular (Rt) thalamic nuclei (2.5X, scale

bar: 130 um). ¢) LacZ is expressed in the dorsal lateral geniculate nucleus (DLG) and in the lateroposteral thalamic nuclear group. In this caudal section LacZ staining is more intense in the

posterior nucleus, but present also in VPM, VPL and VPPC (ventral posteromedial parvicel) thalamic nuclei (2.5X, scale bar: 130um). d) Detail of beta-gal expression in neural cell body of VPL
and VPM at 40X (scale bar: 20um) and e) at 63X (scale bar: 10pm).

52



Chapter 3 PTPH1 in CNS functions
Results and Discussion

Fig. 15: PTPH1-KO hippocampus [182]. a) Hippocampus at 4X; b) CAl area of hippocampus shows very intense LacZ staining in both oriens and radiatum layers and to a less extent in the
pyramidal cell layer (20X; scale bar: 90um). ¢) CA2 area of hippocampus displays LacZ-positive staining in the pyramidal cell layer. d) CA3 area shows an intense beta-gal expression in the oriens
and pyramidal cell layer, and in a less extent in the radiatum (20X). e) The dentate gyrus (DG) displays a strong LacZ staining in the molecular layer and not in the hilus (20X) (scale bar: 20pum).

pyr: pyramidal cell layer; oriens: oriens layer; rad: radiatum layer; mol: molecular layer: gr: granule cell layer; lac/mol: lacunosum-molecular layer.
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Fig. 16: PTPH1-KO adult mouse brain. a) beta-gal expression detected in the dorsal tenia tecta (Dtt) and in the septohippocampal
nuclei (SHi) (4X; scale bar: 165um). b) Detail of cytoplasmatic LacZ staining in the Dtt and SHi (10X scale bar: 70pum).

In the hippocampus, LacZ expression was observed in the cytoplasm of a few pyramidal
cells and through the fibers of the oriens and radiatum layer in a rostral caudal spread (Fig. 15a). In
rostral sections, LacZ was expressed in the septohippocampal nuclei (Fig. 16a, 16b). In more caudal
sections LacZ was present in the CA1 and CA3, and in a lesser extent in the CA2 (Fig. 15b-15d). In
the CA3, LacZ was strongly expressed in the oriens and pyramidal cell layer (Fig. 15d), but its
intensity was reduced in the radiatum and oriens compared to CAl (Fig.15b). No staining was
detected in the lacunosum-molecular layer in CA1, CA2 and CA3 (Fig. 15b-15d). The dentate gyrus

showed a strong positive LacZ signal in the molecular layer, but not in the hilus (Fig. 15¢e).

3.1.4. Behavioral phenotyping of PTPH1-KO mice

As previously demonstrated, PTPH1-KO mice were healthy, reproduced normally and did
not show any phenotypic traits distinguishing them from their WT littermates by simple visual
observations [84,183].

In EPM, open field test and hot plate tests (anxiety-related behavior and thermal pain
sensitivity), PTPH1-KO male and female mice did not show any significant difference in

comparison with their WT littermates (data not shown).
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In the accelerated rotarod and Y-maze test, significant differences were observed between
PTPH1-KOs and WTs based on gender and genotype factors. In the accelerating rotarod test
PTPHI-WT mice did not show any gender differences (Poway=0.5824 (WT gender vs WT activity);
Pauc=0.3218 (PTPH1-WT male vs female)) (Fig. 17a). PTPH1-KO male mice displayed an overall
significant better performance compared to their matched female littermates (Poway=0.007 (KO
gender vs KO activity) (Fig. 17b). Post-hoc T-test analyses showed that the difference was
significant at the second trial of the test (Py=0.109; P3y=0.015; Ps=0.067; P9y=0.835), and the area
under the curve for PTPHI-KO male mice was significantly higher (by 50%) compared to the
matched values of the female littermates (P=0.0194) (Fig. 17¢).

Fig. 17: Rotarod test on PTPH1-WT and KO mice males and females. a) WT males and WT females do not display any
significant different performance at the rod (Poway=0.5824) b) KO males and KO females display a significant different performance
(Poway=0.007) (post-hoc T-test: Py=0.109; P3;=0.015; P4=0.067; P9y=0.835). ¢) 50% difference in the area under the curve
represented in figure 10a (unpaired T-test, P=0.0194). d) Female KO mice display a worse performance at the rod compared to WT
females (Py=0.171; P3,=0.002; P4,=0.028; P9;=0.025) e) No significant difference in the performance on the rod between male KO
and WT mice. a, b, d, e: All the data were analyzed by Two-way Anova followed by T-test; *:p<0.05; **:p<0.01.
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Considering this gender effect, the follow up analysis was carried out in males or females
assessing genotype effects on activity. PTPH1-KO female mice performed significantly worse
compared to their matched WT littermates, starting from the second trial and onwards (Py=0.171;
P30=0.002; Py=0.028; P9y=0.025) (Fig. 17d). No significant differences were observed in PTPH1-
KO male mice compared to their matched WT littermates (Py=0.92; P30=0.363; Pg=0.222;
P9p=0.135) (Fig. 17e).

In the Y-maze test, no differences were detected between PTPH1-KO and WT female mice
either in working memory (Pfemale=0.972) or in locomotion indices (Pfemale=0.73; Fig. 18a, 18b). On
the other hand, PTPH1 KO male mice displayed a significantly higher working memory index
(percentage of exact alteration; Pp,= 0.041) but similar locomotion activity (total arm entries)

(Pmale= 0.348) compared to their matched WT littermates (Fig. 18a, 18b).

Fig. 18: Y-maze behavioral test on PTPH1-WT and KO mice males and females. a) Male KO mice display higher working
memory index compared to WT male littermates (Pp,.= 0.041); no differences recorded in the female mice. b) No significant
differences recorded in the locomotion index, represented by the total arm entries between PTPH1-WT and KO males and females.

T-test, *: p<0.05.
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3.1.5. Superaray analysis

In vivo studies of KO animals are often biased by compensatory mechanisms, due to the
redundancy of the enzymatic action. Superarray analysis has been performed in order to understand
whether the action of other PTPs was modified in our PTPH1-KO mouse and also to identify new
molecular targets. Superarray analysis has been performed on cortex and hippocampus of PTPHI1-
WT and KO mice (12 months-old).

The Pathway Finder™ array has been carried out on female mice and did not reveal any
significant gene deregulation in the signaling pathways investigated (see Table 2) in both cortex and
hippocampus (data not shown).

The Neurotrophin and Receptors plate has been performed on both female and male WT and
KO cortex (Table 5) and hippocampus. The superarray plate on female cortices shows a significant
10-fold upregulation of cckar (cholecistokinin A receptor)gene (P<0.001) (Fig. 19) and a 2-fold
upregulation of mc2r (melanocortin 2 receptor) and galrl (Galanin receptor 1)genes (P<0.05) in
KO versus matched WT mice. Ngfr gene shows a trend of 2.5-fold upregulation in KO versus WT

cortices, but this difference does not reach statistical significance (Table 5).

Table 5: SuperArray summary results in female cortex and fold regulationvalues above 1.5 have been reported. In red:
upregulation and in gree: downregulation. In blue: significant p-values.

Gene Fold

Symbol Regulation Dl
Cckar 10,9884 0,000377
Fos 1,6945 0,341339
Galrl 1,9058 0,04335
Gdnf 1,7416 0,195511
Npffr2 1,8424 0,414438
1110 1,9879 0,468466
Mc2r 1,9168 0,02131
Ngfr 2,4548 0,095257
Npy2r 1,6256 0,154414
Ntrk1 3,724 0,118724
Ppyrl 1,7911 0,501378
Stat4 2,9075 0,183158
MGDC 1,7381 0,485785
Hcertrl -1,5675 0,371327
Trp53 -1,8363 0,451328

The superarray analysis on male KO cortices reveals a significant downregulation of hcrt
gene (2.3-fold; P=0.014) (Fig. 19) compared to matched WT animals. Furthermore hcrtr2 and
ptger2 genes display a slightly but significant downregulation in KO vs WT male cortices. Cckar

gene is slightly downregulated but this difference does not reach statistical significance (Table 6).
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Table 6: SuperArray summary results in male cortex and fold regulationvalues above 1.5 have been reported. In red: upregulation
and in gree: downregulation. In blue: significant p-values.

Gene Fold

Symbol Regulation DUEINE
1110 1,9718 0,214872
Nrg4 1,572 0,360769
RTC 1,5467 0,084437
Cckar -2,1702 0,338973
Npffr2 -1,8432 0,183416
Hcrt -2,344 0,014133
Hcrtr2 -1,5354 0,048352
Ntrkl -1,7891 0,113361
Ptger2 -1,6702 0,028429

The Neurotrophin and Receptors plate has been carried out on hippocampus of WT and KO

animals. No difference in gene modulation has been detected in the hippocampi of KO vsWT

female mice (Table 7).

Fig. 19: Superarray analysis on neurotrophin receptor genes on PTPH1 KO vs WT male and female cortex. Some of the KO

modulated genes are represented here in red. Abrreviations cckar: cholecistokinin A receptor; galrl: Galanin receptor 1; mc2r:

melanocortin 2 receptor; stat4: Signal transducer and activator of transcription 4; Hert: Hypocretin ; Hertr2: Hypocretin (orexin)

receptor 2; Ptger2: Prostaglandin E receptor 2 (subtype EP2).
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As for male mice, a trend of slight overexpression of Cblinl (1.5-fold; P=0.06) is detectable
in KO vs WT hippocampi. Furthermore, hcrt (Hypocretin)and ptger2 (Prostaglandin E receptor 2)
genes display a 2-fold underexpression in KO hippocampus compared to matched WTs, but only

ptger2 modulation is statistically significant (Phe=0.0532; .Ppeern=0.04774) (Table 7).

Table 7: SuperArray summary results in male and female hippocampus. Fold regulationvalues above 1.5 have been reported. In

red: upregulation and in gree: downregulation. In blue: significant p-values

Male Female

Gene Fold Gene Fold

Symbol | Regulation el Symbol |Regulation DrEllE
Chinl 1,5547 0,066558 | Chinl 1,9185| 0,30425
Gfra3 2,1381 0,232091 | Fos 1,994 |0,273959
Npffr2 1,9548 0,514115 | Gfra3 1,543510,249189
116 2,0798 0,475907 | Npffr2 1,701|0,347043
Cckar -1,5303 0,419526 | 1110 1,5855| 0,45425
Galr2 -1,6258 0,180174 | Nrgl 1,5067| 0,36732
Hcrt -2,2339 0,053215 | Gusb -1,64710,155702
Ppyrl -1,8559 0,334184

Ptger2 -1,8145 0,04774

3.1.6. Histological Analysis
3.1.6.1. CCKAR immunoreactivity

LacZ staining and co-expression with the CCKAR immunoreactivity was carried out, in
order to evaluate CCKAR protein level in PTPH1-WT and PTPH1-KO mice and also to understand
whether PTPH1 and CCKAR colocalized in mouse brain.

In agreement with other reports [184], CCKAR was expressed in most of the brain areas as

primary cortex, hippocampus and with a lower intensity in the thalamus (Fig. 20a), in PTPHI1-WT
and KO mice. CCKAR immunoreactivity seemed to be mainly localized in the cell body of the
neurons, with different intensity (Fig. 20c).
In paragraph 3.1.3. (page 48), we extensively showed PTPH1 localization in the brain, including
those areas where CCKAR was expressed. Indeed CCKAR immunoreactivity and LacZ staining
colocalized in the brain areas investigated, as (Fig. 20d, Fig. 21b), in ventral posterolateral (VPL)
and ventral psteromedial (VPM) thalamic nuclei (Fig. 22, 23) and in all the regions of hippocampus
(Fig. 24). Comparatively a cellular colocalization of CCKAR and LacZ staining could not be
assumed in cortical regions (Fig. 20) by simple visual observation. No major differences in cortical
expression of CCKAR protein levels were detected by simple visual observation in PTPH1-KO
mice compared to WT littermates (Fig 20, 21).
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Fig. 20: CCKAR immunoreactivity and LacZ staining in primary cortex of PTPH1 WT (a-c) and KO mice (b-d) at 10X and

40X. No difference in CCKAR protein expression (brown) was deteclable by simple visual observation. LacZ staining (blue) was

present in primary cortex but no cellular colocalization with CCKAR-postive IHC could be assumed.

Fig. 21: CCKAR immunoreactivity in retrosplenial cortex of PTPH1 WT (left panel) and KO mice (right panel) at 10X. CCKAR
immunoreactivity (brown) and LacZ staining (blue) were present in retrosplenial cortex and indisum griseum, but no colocalization

could be proved. No difference in CCKAR protein expression deteclable by simple visual observation.
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Fig. 22: CCKAR immunoreactivity in brain of PTPH1 WT (right panel) and KO mice (left panel) at 4X. CCKAR protein

expression seems to colocalize in hippocampus and thalamus. In blue: LacZ staining; brown: CCKAR positive cells.

Fig. 23: CCKAR immunoreactivity in thalamus of PTPH1 KO mice at 40X. CCKAR was localized in neuron cell body of ventral

posteromedial (VPM) and ventral posterolateral (VPL) thalamic nuclei, areas LacZ staining-positive.
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Fig. 24: CCKAR immunoreactivity in hippocampus of PTPH1 KO mice at 40X. CCKAR (brown) was localized in neuron cell
body of pyramidal layer of a) cornu ammonis (CA) 1; b) CA2; ¢) CA3; and d) in the granula cell layer of dentate gyrus. LacZ

staining is in blue. pyr: pyramidal cell layer; oriens: oriens layer; rad: radiatum layer; mol: molecular layer: gr: granule cell layer;

lac/mol: lacunosum-molecular layer.

3.1.6.2. Neurotransmitters immunoreactivity

PTPHI1 impact on cognition arised several questions on its impact on neurotransmitter
pathway. Thus, IHC study was performed on PTPHI-WT and KO mice, in order to understand
whether PTPH1 silencing could impact neurotransmission. . LacZ staining and co-expression with
GAD-67 and TH immunoreactivity was performed also in order to localize PTPHI in glutamaergic

and/or dopaminergic neurons.

Tyrosine hydroxylase immunoreactivity

Tyrosine hydroxylase (TH) is a marker for dopaminergic neurons. TH immunoreactivity
was mainly expressed in the striatum and where no LacZ positive staining was detectable (Fig. 25).
LacZ staining was detectable in all the brain areas previously described (page 48), as primary and

retrosplenial cortex, hippocampus and thalamus. No colocalization of TH and LacZ was detectable
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in the brain of PTPH1-KO mice (Fig. 25b, 25d). Furthermore, no difference in TH protein

expression between PTPH1-WT and KO brain area was detectable by simple visual observation.

Fig. 25: TH immunoreactivity in brains of PTPHI-WT (a-c) and KO (b-d) mice at 4X. TH (brown) and Lacz (blue). TH was
strongly expressed in striatal region of a) WT and b) KO mice but no difference in TH protein expression between genotypes was

detectable by simple visual observation. No colocalization of TH and LacZ was detetctable.
. > AL -1 |
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Glutamic acid decarboxylase-67 immunoreactivity

GAD-67 is a marker for glutamargic neurons and its immunoreactivity was investigated in
combination with LacZ expression in PTPH1-WT and KO mice. GAD-67 was expressed in primary
and retrosplenial cortex, in the septum and in the cornu ammonis of hippocampus. GAD-67
immunoreactivity colocalized with LacZ staining in the cells of septum (Fig 26a, 26b) and ventro-
lateral thalamic nuclei (Fig. 28d). Cell proximity of GAD-67-positive and LacZ staining-positive
cells was detectable in other areas, as in cortical layers II, IIl and V (Fig 26c, 26d) and in cornu
ammonis of hippocampus (Fig. 27b-27d), but no colocalization in the same cell was possible by

simple visual observation.
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Fig. 26: GAD-67 immunoreactivity of PTPH1-KO septum (a-c) and cortex (b-d) mice at 4X and 10X. Colocalization of GAD-67 (brown) and LacZ (blue) was detectable in the cells of b)

Septum, but no cellular colocalization was detected in d) cortical region, where LacZ-positive and GAD-67-postive cells were present; in red are underlines two cells: the blue one is LacZ-positive
and the bown one is GAD-67- positive.
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Fig. 27: GAD-67 immunoreactivity in hippocampus of PTPH1-KO. a) Hippocampus in toto at 4x; b) CA1 and CA3 region where
was visible the colocalization of LacZ and GAD-67 at 40X; ¢) CAl display GAD-67 positive staining in pyramidal cells at 40X; d)
CA3 display a faint but present GAD-67 positive staining in pyramidal cells at 40X; e) no GAD-67 positive staining in granule cell
40X.
T

layer of dentate gyrus at
- .

Fig. 28: GAD-67 immunoreactivity in thalamic nuclei of PTPH1-KO. a) positive LacZ staining and GAD-67 staining at 4X; b)
positive GAD-67 staining in reticula and vetro-lateral thalamic nuclei at 10X and c¢) in vetromedial nuclei; d) details of reticular and

vetro-lateral nuclei at 40X.
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No colocalization of GAD-67 and LacZ staining positive cells was detetcted in cerebellar

cortex and in ventromedial and reticular thalamic nuclei (Fig. 29).

Fig. 29: GAD-67 immunoreactivity in cerebellum of PTPH1- KO mice at 10X and 40X. a-b) No colocalization of LacZ (blue) and

GAD-67 staining (brown) in cerebellar cortex.
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3.2. Discussion: PTPH1 in CNS functions

PTPs are key factors in multiple signaling pathways, leading to modulated functional
activities in various cell types [3,185]. Among all PTP forms, PTPH1 has been shown in vitro to
modulate cardiac sodium channel Na,1.5 [53], that it is also known to be expressed in the axons of
cerebral cortex, cerebellum, thalamus and brain stem [73]. Moreover, PTPHI contains a domain
with high sequence homology with the members of the band 4.1 superfamily protein, FERM. This
domain mediates the linkage of actin filaments to the plasma membrane [186], and therefore may be
involved in cytoskeleton-membrane interactions, crucial for axon functionality. To further
understand the potential role of PTPHI1 in neural functions in vivo, we first investigated its
expression pattern in embryonic and adult PTPH1-KO mice CNS by LacZ staining, and second its

role in CNS functions by behavioral phenotype characterization.

PTPHL1 is differentially expressed throughout development

In rat embryonic stage Es19, PTPH1 expression through FISH analyses has already been
shown in the dorsal thalamic nuclei, which give rise to the thalamo-cortical connections in
adulthood [76]. Thus, it has been suggested to play a role in the maintenance of these connections in
adults. We replicated these data in PTPH1-KO mice at Es14 and Es16 embryonic stages (Fig. 7).
PTPHI1 was expressed in the hypothalamic area and but also in the dorsal root ganglia of the spinal
cord, excluding the spinal cord itself [187]. Moreover, at postnatal P1, PTPHI1 expression was also

present in peripheral organs such as muscles and intestines as in the adults [183]. On the other hand,
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the CNS expression at P1 appeared weaker than in the adults suggesting a pattern of PTPHI1
expression corresponding to specific developmental stages of the CNS as well as peripheral organs
(data not shown). These changes in expression might play a role in various developmental functions

that need to be further understood.

PTPH1 expression and functionality in adult mouse brain

In PTPHI-KO adults, LacZ was expressed in different CNS areas such as cerebral and
retrosplenial cortices (Fig. 9, 10), hippocampus (Fig. 15), thalamus (preferentially ventral thalamus)
(Fig. 14), cerebellum (Fig. 12) and in the region of the tenia tecta (Fig. 8, 16). This data confirmed
previously observed expression patterns in the rat brain by Sahin et al. [76] and extended the
observation to other brain regions. We demonstrated that PTPH1 was expressed within the
cytoplasm and close to the cell membrane of neurons in most of the brain area investigated (Fig.
11). We, furthermore, showed that PTPH1 was differentially expressed in the GABAergic neurons
of hippicampus CA1 and CA3 and in VPL and VPM thalamic nuclei (Fig. 28), but not in cerebral
(Fig. 26) and cerebellar cortical regions (Fig. 29). In these areas, PTPH1 seems to be expressed in a
different neuronal sub-population, that needs to be further investigated.

It is known that the FERM domain is indeed necessary for PTPHI localization close to the
plasma membrane in Jurkat T cells [47] and it could be responsible for the punctate expression
pattern of PTPHI in the cytosol of the neurons (Fig. 11b) [188]. This supports the concept that
PTPH1 may be involved in cytoskeleton-membrane interaction within extended neuronal
population in the CNS, potentially playing a role in various neuronal functions.

Indeed the neural expression of PTPH1 in CA1, CA3 and DG of the hippocampus (Fig. 15),
in the retrosplenial cortex (Fig. 10, 11) and in a series of thalamic nuclei (Fig. 14) suggested an
involvement of PTPHI1 in the modulation of the memory circuit. Both hippocampus and
retrosplenial cortex are key regions in the spatial working memory functions [189-195]. Moreover,
several thalamic nuclei have also been shown to be important in the memory process [196,197]. For
example, a strong loss of dorsomedial and ventral posterior thalamic neurons is associated with
severe cognitive and memory disabilities in patients affected by traumatic brain injury [198].
Lesions in the lateral thalamus may lead to important working memory defects in rodents [199].
The anterior thalamic nuclei project via the retrosplenial cortices to the hippocampus [200,201],
thus underlying the importance of both these circuits and of PTPHI in the mnemonic process.

Another interesting PTPH1-positive area is the indusium griseum (Fig. 10) whose role in the

adult brain is not clear. It is thought to be part of the limbic system, receiving afferents from the
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entorhinal and pyriform cortex and projecting to the septohippocampal nuclei, olfactory tubercle
(presumably the tenia tecta) and the medial frontal cortex [202,203]. The expression of PTPH1 in
these specific regions suggests a potential role in the processing/integration of memory and sensory
information to the SHi and likely the cortex.

Indeed PTPHI expression is also detectable in the pyramidal neurons in layer III and IVA of
the cerebral cortex of the mouse (Fig. 9), in agreement with Sahin’s findings in the rat brain. The
middle layers (III and IV) of the cerebral cortex are key sites for thalamic inputs [204,205]
especially for VPM and VPL, primary thalamic nuclei for somato-sensory information integration
[206]. Furthermore a strong cortico-cortical communication has been assessed between these two
layers [207], thus suggesting a role for PTPHI1 as key regulator in the transmission of the thalamo-
cortical and cortico-cortical information.

The cerebellar cortex is also positive for PTPHI1 expression, in particular in the cytoplasm of
granule cells (Fig. 12). The cerebellum is known to be the main structure for motor learning
functions. In particular, the cerebellar cortex seems to be involved in the early learning phases of
motor activities [208,209] that include also a strong activation of other areas such as prefrontal
cortex and basal ganglia [172,173]. PTPH1 expression in the granule cells seems to indicate a
potential involvement in the processing of afferent information to the purkinje cells, since it is
known that afferents fibers to the cerebellar cortex will project in part through the granule cell layer.

PTPHI1 expression pattern observed in our analysis points out a potential involvement of this
phosphatase in numerous CNS processing functions such as locomotion, sensorial integration,
learning and memory. In this study, the behavioral phenotyping of the PTPH1-KO mice allowed us
to test these hypotheses in vivo. Indeed, as already demonstrated by our group [183] and also by
others [84], PTPH1-KO mice are healthy and do not display any phenotype, distinguishing them
from their matched WT littermates, detectable by simple visual observation. Therefore PTPHI-WT
and KO mice underwent a battery composed by five behavioral tests, from the least to the most
invasive (Table 1), with the tolerable limitation of the handling bias.

Behavioral testing revealing locomotor dysfunctions, such as open-field, EPM and Y-maze
did not highlight differences between the two genotypes (Figure 18b), suggesting that PTPH1 does
not play a critical role in the integration of locomotor information.

Anxiety-like behaviors measured by open-field (as path in the center) and EPM (as time
spent in the open arms), exploiting rodents natural aversion to open space, did not show any
differences between the two genotypes (data not shown), leading to the conclusion that PTPH1 may

not be involved in the integration of thalamo-limbic information, key paths for anxiety behavior
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processing. Similar conclusions can be drawn from the lack of difference between the genotypes
regarding integration of nociceptive information, based on hot plate test.

In the behavioral test, that partly depends on working memory performances (Y maze),
PTPH1-KO male mice showed a slightly better short-term memory than their WT littermates
(Figure 18a). Thus, PTPHI may be involved in the integration of memory information. This was
further strengthened by results obtained with a test assessing learning and coordination, the rotarod.
Contrary to other behaviors where little differences have been observed, learning and coordination
capacities in PTPHI-KO female mice are significantly impaired (Figures 17b, 17¢). The low
rotarod performance on the early trials, compensated by the last trial, is suggestive of a delay in

learning acquisition (Figures 17b, 17d).

As reported in Pilecka et al., our PTPH1-KO mice express the non-catalytic part of PTPHI
in frame with the enzymatically active part of LacZ gene. LacZ is widely used as a reporter for
promoter activity in KO mice and all those mice express a modified protein, whose full function is
not known. So far it was never reported a function of LacZ alone in cognition and we consider quite
unlikely that this is the case in our mice. Thus, it is very likely that the behavioral phenotype we
detect in our mice is linked to the deletion of the catalytic domain of PTPH1.

The impairment in learning and coordination of PTPH1-KO female mice may be resulting
from the involvement of PTPHI in the GH signaling pathway [19]. Indeed our group has already
shown that PTPH1-KO mice display higher GHR response in vivo and consequently a higher
expression of its down-stream effector hormone, the IGF1 in liver and plasma [183]. GHR is highly
expressed in most areas of the CNS, in particular in the choroid plexus, hippocampus, putamen,
thalamus and hypothalamus. Similarly IGF1 and IGF1-receptors are localized predominantly in
hippocampus, but also in amygdala, cerebellum and cortex [155]. Although IGF1 is considered a
neuroprotective hormone, it can be produced in the CNS, it is primarily synthesized in the liver and
can cross the blood—brain barrier [152,210-212]. The GH-IGF1 axis is also known to influence
cognitive functions due to several neuroprotective effects on the hippocampus [213]. Furthermore it
has been recently pointed out that old conditional liver-IGF1-KO mice display impaired spatial
learning and memory [214]. The presence of PTPH1 in key CNS regions, as well as the consequent
deregulation of the GH-IGF1 axis in KO mice, strengthens the concept that the PTPH1 network
(CNS and downstream peripheral effectors) may be involved in cognitive functions.

The behavioral tests assessing working memory and specifically learning revealed not only a

genotype effect but also a gender effect, as mentioned above. Sex hormones are known to modulate
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the somatotropic system [215,216]. In humans, testosterone has an important effect on GH axis, in
part by its aromatization to estradiol. Administration of estrogens, or aromatized androgen,
modulates GH axis neuroregulation [216,217]. In particular, chronic E2 administration has been
shown to reduce GH-induced IGFI1 increased expression in liver and plasma via a negative
feedback mechanism, while acute E2 administration leads to the expected GH-induced IGF1 release
[218]. Furthermore, it has been reported that estrogens play not only regulatory functions on
neuroendocrine systems but can also have stimulatory or inhibitory impacts on the inter-
connectivity of the hippocampal structure depending on the gender [219-222], meaning that the
same stimulus can have opposite effects in male vs female mice. Thus, the cognitive behavioral
differences observed in our KO mice are underlying the potential impact of the PTPH1 network on
neuroendocrine regulation as well as on cellular architecture within specific brain regions.

Another strong correlation between hormonal regulation and PTPH1 was pointed out by
superarray analysis on female cortex. In this area, a 13-fold increase in CCKAR mRNA expression
was detected (Fig. 19). IHC characterization demonstrated that CCKAR colocalized with PTPHI in
hippocampal regions (Fig. 22, 23), and in the primary cortex proximity of LacZ-positive and
CCKAR-positive cells was detected (Fig. 20). Comparatively, no difference in CCKAR protein
expression could be detected between genotypes by simple visual observation.

Cholecystokinin (CCK) is a brain-gut peptide that exerts a variety of physiological actions
in the gastrointestinal tract and central nervous system [223-227]. CCK mediates its effects through
interaction with specific receptors subdivided in two subtypes, CCKAR (present in the periphery
and brain nuclei [184]) and CCKBR (predominant in the brain). CCK is implicated in variety of
behavioral functions as satiety, anxiety, exploratory and locomotor activity and learning and
memory [223,227,228]. OLETF rats, that lack in CCKAR, diplayed impaired learning and memory
performance at the radial maze [228] and polymorphisms on human CCKAR gene are associated
with differential learning performances [227]. A recent study suggests that cannabinoid-dependent
deficits in learning and memory could be due to CB1 receptors, that are localized exclusively in
CAl and CA3 cholecysto-kinin-positive GABAergic interneurons [229]. GABAergic, thus
inhibitory, interneurons lead to a reduction in transmitter release below the levels required to trigger
long-term synaptic changes that underlie memory formation. Thus, PTPHI colocalization with
CCKAR in hippocampus (Fig. 24) and CCKAR mRNA increase in cortex (Fig. 19) (due to PTPH1
silencing) could have positively impacted learning perfomance at rotarod of PTPH1-KO female

mice (Fig. 17). Further neurochemical characterizations are needed to corroborate this hypothesis

70



Chapter 3 PTPH1 in CNS functions
Results and Discussion

and to understand the role of PTPHI in the learning process, that could be mediated either by
CCKAR or by GH/IGF1 axis or by both mechanisms.

In conclusion, we have demonstrated that PTPH1 is expressed in neural populations, and in
particular also in GABAergic sub-population, present in adult brain areas mainly involved in
locomotor and cognitive functions. The behavioral assessments have allowed us to reveal PTPH1
functionality especially within cognitive domains. Better understanding the interplay between
various phosphatases regulating CNS functions, which now includes PTPH1, will be key in the
future to unravel some of the complexity of CNS signaling pathways necessary for information

processing.
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Chapter 4 - PTPH1 in GHR signaling

4.1. Results on PTPH1 in GHR signaling

4.1.1. LacZ staining on PTPH1-HET mice

We have already showed that because of the in-frame LacZ insertion, PTPHI1 promoter
activity could be followed by X-gal staining in adult heterozygous animals. Strong staining was
observed in striated muscles (considering hind limb, abdominal wall, esophagus and intracostal
muscle) (Fig. 30a-30d), the diaphragm (Fig. 30e), and colon lining (Fig. 30f). Weaker staining was
observed in kidney, liver, and heart (Fig. 30g-301).

Fig. 30: LacZ staining PTPH1-HET mice: whole mount. Positive LacZ staining in the scheletal muscle of a) Hind limb b)

Abdominal wall, ¢) Esophagus, d) intracostal muscle e) Diaphragm. A weaker signal is detected in the f) epithelium of the colon, g)

kidney, h) liver and 1) heart.

Histology on hind limbs indicated that muscular staining was non uniform (Fig. 31a), with a

pattern that reflected the distribution of slow and fast oxidative fibers (Fig. 31b-31d). The LacZ
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staining on the section of colon lining shows that LacZ is present in the cytoplasm of the epithelial

cells (Fig. 32a, 32b).

Fig. 31: LacZ staining PTPH1-HET mice: sections of scheletal muscle of hind limb. LacZ staining and Neutral Red
counterstaining; the muscular staining is non uniform with a pattern that reflected the distribution of slow and fast oxidative fibers at
a) 2.5x, b) 10x, ¢) 20x, d) 40x.

Fig. 32: LacZ staining PTPH1-HET mice: sections of colon epithelium. a) coronal and b) sagittal view of the LacZ staining in

colon epithelium (40x).
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4.1.2. Growth curve on PTPH1-KO mice
We noted that among adult (13 weeks old) animals, homozygous PTPH1-KO animals were

larger in size than their WT littermates, with the difference being particularly significant for males
(Fig. 33a). Male PTPHI-KO mice were 11% heavier than WT littermates (Ppnae=0.0001). We
decided to mate new PTPHI-HET couples, to follow growth from birth onwards in new litters,
which confirmed our observation (Fig. 33b). The difference in body weight between WT and
homozygous KO animals (as measured by weight) started. The gap between PTPHI1-WT and KO
animals started to develop after weaning (on day 21), therefore it was not a result of parental
behavior and/or litter competition. The difference became prominent at the onset of sexual

maturation (around 28 days) and was higher in males than in females.

Fig. 33: Phenotype of PTPH1-KO mice. a) Weight variation of 13 wk old PTPH1-KO and WT littermate animals, females (left
panel) and males (right panel; ten animals per datapoint, all born from heterozygous parents). b) Growth curve of KO and wild type
animals (separate litters from A, born from homozygous parents; 6 female mutant, 5 female wild-type animals, 6 wild type and 4

mutant males).
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4.1.3. GH/IGF-1 axis in PTPH1-KO mice

The key endocrine mediator of GH is IGF-1 (40). To further understand the PTPH1-KO
growth phenotype, we evaluated expression of IGF-1 mRNA in liver and plasma IGF-1
concentration from wild type and mutated animals. IGF1 mRNA was two times higher in male KO
mice compared to matched WTs (Ppae =0.02) (Fig. 34a), and one time in female KO vs WT
littermates (Pgemale =0.0001). IGF-1 protein levels in plasma were significantly increased in mutant
versus wild type animals (Ppae =0.03; Pgemale =0.006), confirming the widest gap in male animals

(Malegovswr= 2x; Femalegovswr= 1.2Xx) (Fig. 34b).

Fig. 34: IGF-1 quantification in PTPH1-KO mice. a) Expression of IGF-1 mRNA in liver and b) IGF-1 protein in serum from WT

and KO male and female littermates (four animals per group, sampled individually).
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4.1.4. Analysis of body composition of PTPH1-KO mice

Finally, we evaluated body composition using DEXA. PTPH1-KO male animals showed
significantly increased bone mineral content and a trend toward increased lean body mass and bone
mineral density (Fig. 35a-35c¢) compared their matched WT mice. No differences were detected in

females. Percentage of fat in PTPH1-KO versus WT mice did not show any modification (Fig. 35d).
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Fig. 35: Body composition analysis of PTPH1-KO mice. a) Bone mineral density, b)mineral content, ¢) lean mass and d) body fat

as determined by dual-energy x-ray absorptiometry (DEXA) (four animals per datapoint).
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4.2. Discussion: PTPH1 in GHR signaling

To date, about 39 PTP knockout mouse phenotypes have been described (Reviewed in
[230]), none of which show enhanced growth. While PTP1B has been strongly linked to some
aspects of GHR signaling, PTP1B mutant mice are actually smaller than wild-type animals due to
their lower fat content, linked to increased energy expenditure [26]. PTPH1 is the first PTP that

seems to affect GHR signaling in vivo.

Several observations suggest that the increased size observed in PTPH1 knockout animals is
related to enhanced GHR sensitivity. IGF-1, a key mediator of GH, was increased in the livers (as
mRNA) and in serum of the knockout animals. The gender difference, with a more pronounced
phenotype in males is significant for all readouts. In humans, females secrete higher amounts of
GH [231] but respond with decreased IGF-1 secretion when given equal doses of GH, to the extent

that half the GH dose to produce a given IGF-1 response is sufficient in male as compared to
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female subjects [154,232]. In addition, GH treatment is known to enhance bone mineral density and
lean body mass in humans as measured by Dual energy X-ray absorptiometry [233], as we found in

PTPHI1 knockout mice (Fig. 35).

The patchy muscle expression of PTPH1 (Fig. 31) suggests that it is specifically expressed
in a single muscle fiber type- probably the slow oxydative (Type I) fibers, which have a smaller
diameter than Type II fibers. Type I fibers are mitochondria-rich and are adapted to long-term
muscle efforts. This finding is intruiging in the context of GHR signaling, as GH treatment is
known to increase the proportion of type-1 fibres in skeletal muscle, whereas hypophysectomy (GH
depletion) reduces the number of type 1 fibres by half [150]. Finally, GHR mRNA abundance is
higher in type 1 slow-twitch oxidative muscles [234]. These observations suggest that PTPH1 plays

a role in the GH-induced control of type 1 muscle fiber differentiation.

The relatively modest effect of PTPHI1 mutation on growth may be related to this enzyme's
unequal distribution pattern. Expression is relatively low in liver, a major source of IGF-1, yet the
fact that hepatic IGF-1 expression directly depends on the GHR [235] and our finding that serum
GH levels are not significantly altered in PTPHI mice (data not shown) suggests a direct role for
PTPH1 in GH-induced IGF-1 secretion. From a drug discovery perspective, while PTPH1 would
seem a safe target, finding a phosphatase inhibitor that would affect growth may be a challenge. We
tested bioavailable PTP inhibitors for PTP1B and PTPHI1 (3-5 uM ICsp) in hypophysectomized
young (26-28 d) female rats over 4 days, plus or without a half-maximal efficacy-dose of GH
(0.025 IU rhGH), but saw no PTP-inhibitor-related effect on weight gain or tibial growth plate
thickness. Possibly more potent PTPH]1 inhibitors may show efficacy [236].

PTPHI had earlier been associated with T-cell receptor signaling [47,82,83] and cancer
[237-239]. Our new work shows that PTPHI1 plays a role in growth, most likely by providing
negative feedback to GHR signaling, although we have not investigated possible additional causes,
such as effects on IGF-1 receptor signaling. PTPH1 may affect the dephosphorylation state of one
or multiple phosphotyrosines on the GHR intracellular domain itself, JAK2, STAT-3 or STAT-5, or
a combination thereof. In vivo evidence for a link between PTPHI and GHR signaling stems from
the increase of IGF-1 expression seen in absence of functional PTPHI (Fig. 34), and enhanced
bone density (Fig. 35). Our work also suggests that PTPHI1 is at least partly responsible for the

difference in size between male and female animals (as the effect of PTP loss is larger in males)
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and might therefore have been more important in animals that display more prominent sexual
dimorphism.

Furthermore, PTPH1 connection to CCKAR, that we have previously showed (page 57),
should be considered. Indeed, CCK is a peptide hormone and neurotransmitter that was first
postulated to regulate feeding behavior more than 35 years ago [226]. Administration of
cholecystokinin reduces food intake and recent studies have suggested that the decrease in food
consumption resulting is mediated by the CCKAR [225]. Comparatively, cholecystokinin-A and
cholecystokinin-B/gastrin receptor knock-out mice maintained normal body weight well into adult
life [223,224]. Thus, CCKAR could be part of the complex mechanism under the control of
PTPHI1, but it cannot be the only player. Further studies should be performed, to understand the
mechanism of regulation of PTPH1 on CCKAR in the brain and in the pancreatic tissue, where
CCKAR is also expressed [223]. Furthermore, we cannot exclude that PTPHI works in concert
with other PTPs to control GHR and CCKAR, as some of our in vitro and ex vivo studies suggest.

Such cooperation could be revealed by generating animals that lack multiple PTPs.
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Chapter 5 - PTPH1 role in the inflammatory process in vivo

5.1. Results on PTPH1-KO impact in two inflammatory models

Two different mouse models of inflammation were used to challenge PTPH1-WT and KO
mice. Two sets of experiments per model have been performed, analyzing the inflammatory

response respectively in young and aged PTPH1-WT and KO female mice.

5.1.1. LPS-induced inflammation

No complication was observed after ip injection of Img/kg LPS on PTPH1-WT and KO
young and old female mice. All the animals stayed alive until the end of the experiment. At
sacrifice blood was collected and serum and PBMC were isolated as previously described. RT-PCR
on PBMC analysis has been carried out on the genes encoding for some cytokines and also for other

cytokine genes of interest.

5.1.1.1. LPS-induced inflammation on young mice — RT-PCR analysis

RT-PCR has been carried out on cytokine genes: TNFa, ccl2 (MCP-1), IL12a, IL-1b, IL-6,
IL-10 and IL-2.

TNF gene expression levels were slightly increased in white cells of LPS-treated mice
compared to vehicle-treated animals 30 minutes post treatment (mpt) in both genotypes (Fig. 36).
At 60 mpt TNFa mRNA levels of PTPH1-WT LPS treated mice were significantly higher (26 fold)
compared to vehicle-treated WTs (Pwt 6ompr<0.05; Fig. 36b). At 60 mpt PTPHI-KO white cells
displayed a trend of increased TNFo mRNA levels (3.5 fold) in LPS-treated vs vehicle-treated mice
(Pxo 60mpt=0.42). Two-way Anova analysis pointed out a genotype related decrease of TNFa gene
expression (16.5 fold) in the LPS-treated mice group, KO vS WT (Pkovswr<0.05; Fig. 36b). At 180
mpt, both PTPHI-WT and KO LPS-treated mice showed a highly significant increase of TNFa
expression in white cells compared to vehicle-treated animals (4.9 and 7.3 fold respectively)
(PTPHI-KO LPS vs vehicle; Pko 180mp:<0.001; PTPH1-WT LPS vs vehicle; Pwr 130mpi<0.01; Fig.

36¢). No genotype-related differences in TNFa mRNA level were recorded at this late time point.
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Fig. 36: RT-PCR on white cells of LPS-treated WT and KO young mice: TNFa gene. In graph are reported minus AACt values
of WT LPS-treated, KO vehicle-treated and KO LPS-treated versus WT vehicle-treated. a) PTPH1- WT and KO mice displayed a
trend in LPS-induced increased expression of TNFa in white cells at 30 after treatment, that b) became significant at 60 mpt in WT
mice; at this time point also a genotype-related difference in TNFa expression was recorded between WT and KO mice; ¢) at 180
minutes TNFa levels were significantly increased by LPS in both WT and KO mice. 2way Anova followed by T-test; *:p<0.05;
**:p<0.01; ***:p<0.001.
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Ccl2/MCP1 gene expression in white cells showed a significant increase (187 fold) in WT
LPS-treated compared to vehicle treated mice at 60 mpt (Fig. 37a), whereas no alteration was
observed in KO mice or within or between genotypes, at 30 (data not shown) and 60 minutes post
treatment (Fig. 37b).

IL1B, IL6, IL-10, IL-2 and IL12a expression levels were not significantly altered in total
white cells extracted from LPS-treated vs vehicle-treated in both PTPH1-WT and KO mice at any

time point investigated (data not shown).
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Fig. 37: RT-PCR on white cells of LPS-treated WT and KO young mice: ccl2 gene. In graph are reported minus AACt values of
WT LPS-treated, KO vehicle-treated and KO LPS-treated versus WT vehicle-treated a) 187 fold increase in ccl2 gene expression in
WT white cells due to LPS treatment, and no difference in KO mice; b) No difference in ccl2 expression in white cells of WT and

KO mice 180 minutes post LPS treatment. 2way Anova followed by T-test; *:p<0.05; **:p<0.01; ***:p<0.001.
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5.1.1.2. LPS-induced inflammation on young mice - Cytokine Beads Assay

Six cytokines (TNFa, MCP-1, IL-6, IL-10, IFN-y, IL-12p70) were analyzed in the plasma
of LPS and vehicle treated WT and KO mice. IFN-y and IL-12p70 release did not display a
significant modulation in our mouse model at the time points investigated. Values recorded below
detection limit were excluded from the final analysis.

e 30 minutes post treatment

TNFa overall release in the plasma was increased in LPS-treated mice compared to vehicle-
treated ones 30 minutes post LPS injection (P2ya,=0.0199), but Bonferroni’s post hoc test revealed
no significant differences in the PTPHI-WT and KO groups associated with either treatment or
genotype (Fig. 38).

MCP-1 levels were slightly modulated in WT LPS-treated plasma compared to the vehicle-
treated group at 30 mpt, while no difference in the KO mice group was detectable at this time point.
A genotype-related 50% decrease in MCP-1 release in plasma was recorded in LPS-treated KO vs
WT mice ( Pkoyswr<0.05).

IL10 levels in plasma were significantly increased due to LPS treatment in WT mice at 30
minutes (165%, Pwr<0.05), whereas no difference in the KO mice group was found. However a
genotype-related decrease in IL10 release in plasma was detectable in LPS-treated KO vs WT mice

(1 50%9 PKOVSWT<0-05).
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IL6 release was significantly higher in the plasma of WT LPS-treated compared to vehicle-
treated mice 30 minutes post LPS injection (Pwr1<0.05), while no modulation in IL6 levels was seen
in KO mice, LPS vs vehicle. No genotype-related differences in IL6 release were detected in LPS-

treated WT vs KO animals.

Fig. 38: CBA analysis on plasma from young PTPH1-WT and KO mice 30 minutes after 1mg/kg LPS injection. Genotype-
related difference in MCP-1 and IL10 between WT and KO LPS-treated animals. WT animals displayed a LPS-induced increase in
IL10 and IL6; dot line indicates the detection limit of CBA Kkit, as reported by the supplier. 2way Anova followed by Bonferroni post
test; *:p<0.05; **:p<0.01; ***:p<0.001.
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e 60 minutes post treatment

At 60 minutes post LPS/vehicle injection TNFo,, MCP-1, IL-6 and IL-10 release was highly
significantly increased in the plasma of LPS-treated animals compared to vehicle-treated mice in
both WT and KO groups (Fig. 39). Moreover a genotype-related 50% decrease (Pkovswr<0.01) in
TNFa, MCP-1 and IL-10 plasma level was seen in LPS-treated KO vs WT young mice (Fig. 39).
No genotype-related differences were detected in IL-6 plasma release between PTPH1-WT and KO
animals (Fig. 39).
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Fig. 39: CBA analysis on plasma from young PTPH1-WT and KO mice 60 minutes after 1mg/kg LPS injection. Genotype-
related difference detected in TNFa,, MCP-1 and IL10 between WT and KO LPS-treated animals. Both WT and KO mice displayed a
LPS-induced increase in TNFa, MCP-1 and IL10; IL6 level was significantly increased by LPS in both WT and KO mice. 2way
Anova followed by Bonferroni post test; *:p<0.05; **:p<0.01; ***:p<0.001
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e 180 minutes post treatment

At 180 minutes post LPS/vehicle challenge, TNFa (Fig. 40a), MCP-1 and IL-6 (Fig. 40b)
levels was significant increased in the plasma of WT and KO LPS-treated compared to vehicle-
treated mice but no genotype-related differences were detectable. IL10 release was significantly
increased in PTPH1-KO LPS-treated mice vs their vehicle control (Fig. 40a) (Pxo <0.05), while no
modulation was recorded in WT mice group. No genotype-related effect on IL10 release was
detectable between WT and KO mice.

LPS-treated mice vs their vehicle control (Pxo <0.05), while no modulation has been
recorded in WT mice group (Fig. 40a). No genotype-related effect on IL10 release was detectable
between WT and KO mice (Fig. 40a).
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Fig. 40: CBA analysis on plasma from young PTPH1-WT and KO mice 180 minutes after 1mg/kg LPS injection. a) PTPHI-
WT and KO mice displayed a LPS-induced increase in TNFa and IL10; b) MCP-1 and IL6 levels were significantly increased by
LPS in both WT and KO mice; dot line indicates the detection limit of CBA Kkit, as reported by the supplier. 2way Anova followed by
Bonferroni post test; *:p<0.05; **:p<0.01; ***:p<0.001.
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5.1.1.3. LPS-induced inflammation on aged mice — RT-PCR analysis

RT-PCR on cytokine-related genes

RT-PCR was performed on the same cytokine genes investigated in LPS experiments in
young mice. IL-10, IL-2 and IL6 white cells expression levels were not significantly altered upon
LPS challenge in both PTPH1-WT and KO aged mice (data not shown).

TNFa gene expression levels are not significantly increased in white cells from LPS-treated
aged mice compared to veh-treated ones 30 minutes mpt in both genotypes (data not shown). At 60
mpt, significant TNFa mRNA increase was detected in PTPH1-KO mice group LPS vs vehicle
treated (10.5 fold increase; Pxo 60mpr<0.01) (Fig. 41a). PTPHI-WT aged mice, LPS vs vehicle,
displayed a trend in LPS-induced TNFa increase, but it is not statistically significant (Fig. 41a)..

At 180 mpt, both PTPHI-WT and KO LPS-treated mice showed a higher TNFa expression
compared to their respective vehicle-treated animals (respectively a 4.9 and 7.3 fold increase;
Pwr<0.05; Pxo<0.05) (Fig. 41b). No genotype-related effects in TNFo expression were recorded
between WT and KO mice at the time points investigated (Fig. 41a, 41b).
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Fig. 41: RT-PCR on white cells of LPS-treated WT and KO aged mice: TNFa gene. a) Trend in TNFa gene expression
modulation in white cells of WT mice at 60 mpt; LPS-induced 10 fold increase in TNFo gene expression in KO aged mice at 180

mpt; b) Significant LPS-induced 5-6 fold increase in TNFa expression in both genotypes, LPSvsveh.
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Ccl2 gene expression in white cells was not modulated at 30 mpt in both genotypes (data not
shown) but at 60 mpt, a ccl2 10-fold upregulation was detectable in KO LPS-treated compared to
vehicle treated aged mice (Fig. 42a). No LPS-induced modulation of ccl2 gene was detected in WT
mice group at this time point (Fig. 42a). At 180 mpt, both PTPH1-WT and KO mice displayed LPS-
induced ccl2 gene uperegulation in white cells, compared to their matched vehicle-treated aged
animals (respectively 15 and 12-fold increase; Fig. 42b). No genotype-related differences in ccl2

expression were recorded between WT and KO mice at the time points investigated (Fig. 42a, 42b).

Fig. 42: RT-PCR on white cells of LPS-treated WT and KO aged mice: ccl2 gene. a) ccl2 gene expression is not modulated in
WT white cell at 60 mpt while KO LPS-treated white cells display a 10-fold increase in ccl2 gene compared to veh-treated ones; b)
at 180mpt both genotype show a LPS-induced increase in ccl2 gene expression. 2way Anova followed by T-test; *:p<0.05;
**:p<0.01; ***:p<0.001.

White cells: ccl2 expression versus PTPH1-WT

White cells: ccl2 expression versus PTPH1-WT vehicle-treated 180 mpt -aged mice

vehicle-treated 60 mpt -aged mice 6- p=0.09
*
- 12
5 * 15x X
10.7x
4-
4-
S
&}
2 <
< 21

&5



Chapter 5 PTPHL1 role in inflammation
Results and Discussion

IL12a gene expression was not modulated in both WT and KO mice group at 30 (data not
shown) and 60 mpt (Fig. 43a). At 60 mpt, no LPS-induced alteration in WT and KO mice was
recorded but a genotype-related IL12a downregulation (4-fold) was present in LPS-treated KO mice
(PLps<0.05) (Fig. 43a). At 180 mpt, IL12a gene was slightly significant upregulated (4-fold;
P1ps<0.05) in LPS-treated white cells of WT aged mice, but no modulation was detectable in KO
mice (Fig. 43b).

Fig. 43: RT-PCR on white cells of LPS-treated WT and KO aged mice: cytokine-related genes. a) No LPS-induced modulation
of IL12a gene in white cells of WT and KO mice at 60 mpt; at 60 mpt a genotype-related 4 fold decrease in IL12a gene was
detectable in LPS-treated groups, KOvSWT; b) significant LPS-induced 4-fold increase in IL12a gene in WT white cells at 180 mpt;
no modulation detectable in KO mice group. ¢) At 180mpt a genotype-related decrease in IL13 gene was detectable in LPS-treated
groups KOVSWT. 2way Anova followed by T-test; *:p<0.05; **:p<0.01; ***:p<0.001.
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RT-PCR on PTPH1-related genes

RT-PCR has been carried out on the same PTPH1-related genes used in the “young mice
experiment”: Ghr, igfl, igflr, adam17 and timp1.

No modulation of PTPHI1-related genes as Ghr, igflr, timpl, adam17 and igfl (data not
shown) has been detected in white cells extracted from old PTPH1-WT and KO female mice.

5.1.1.4. LPS-induced inflammation on aged mice — CBA analysis

The mouse inflammation CBA kit allows the analysis of 6 cytokines: TNFa, MCP-1, IL-6,
IL-10, IFN-y, IL-12p70.
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IFN-y and IL-12p70 release did not display a significant modulation in our mouse model at
the time points investigated. Values recorded below detection limit were excluded from the final

analysis.

¢ 30 minutes post treatment

At 30 mpt, TNFa overall release was increased in the plasma of LPS-treated aged mice
compared to vehicle-treated ones (Paway 1ps=0.0199), but Bonferroni’s post hoc test revealed no
significant differences in PTPHI-WT and KO group either due to treatment or to genotype (Fig.
44).

MCP-1 and IL10 plasma levels were not modulated either by LPS or by genotype at 30 mpt.
At this time point, IL6 plasma release was significantly higher in WT LPS-treated compared to
vehicle-treated (Pwr<0.05), while no modulation in IL6 release was detectable in KO mice, LPS vs
vehicle. No genotype-related differences in cytokine release were recorded in LPS- treated

WTvsKO aged animals 30 minutes post LPS injection (Fig. 44).

Fig. 44:CBA analysis on plasma 30 minutes after 1mg/kg LPS injection: aged mice. TNFa levels were slightly modulated in
plasma of LPS-treated WT and KO mice, but not significantly; no LPS- or genotype-induced modulation of MCP-1 and IL10; IL6
release was slightly modulated in LPS-treated WT mice, but not in KO at 30 mpt. Dot line indicates the kit detetction limit. 2way
Anova followed by Bonferroni post test; *:p<0.05; **:p<0.01; ***:p<0.001.
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At 60 minutes post treatment, a strong increase of LPS-induced TNFo, MCP-1, IL-6 and IL-

10 release was detected in the plasma of LPS-treated compared to vehicle-treated aged mice in both
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WT and KO group (Prpsysven<0.001) (Fig. 45). Furthermore a genotype-related 40% decrease in
MCP-1 plasma level was recorded in LPS-treated KOvsWT aged mice. At 60 mpt, no genotype-
related differences were detected in TNFa, IL10 and IL-6 plasma release between PTPH1-WT and
KO aged animals (Fig. 45).

Fig. 45: CBA analysis on plasma 60 minutes after 1mg/kg LPS injection: aged mice. Strong LPS-induced modulation of
TNFa, MCP-1, IL6 and IL10 in both PTPH1-WT and KO aged mice at 60 mpt; a genotype-induced decrease of MCP-1 release was
detectable in LPS-treated mice (WTvsKO). 2way Anova followed by Bonferroni post test; *:p<0.05; **:p<0.01; ***:p<0.001.
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At 180 minutes post treatment, a trend of increased LPS-induced TNFa release was detected
in plasma of PTPHI-WT aged mice, while statistically significance was reached in PTPH1-KO
aged mice (Pxo <0.05) (Fig. 46).

At this time point, MCP-1 and IL-6 release was significantly increased in the plasma of WT
and KO LPS-treated compared to veh-treated mice (Pwr<0.001; Pxo <0.001) (Fig. 46).

IL10 plasma levels were significantly increased in PTPHI-KO LPS-treated mice vs their
vehicle control (Pxp <0.001), while no modulation was recorded in WT aged mice. No genotype-

related differences were detectable in cytokine release between WT and KO aged female mice at

this late time point.
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Fig. 46: CBA analysis on plasma 180 minutes after 1mg/kg LPS injection: aged mice. a) Strong LPS-induced modulation of
MCP-1 and IL6 that reached the detection limit in both PTPHI-WT and KO aged mice; b) detail of LPS-induced modulation of
TNFa and IL10 release in both genotype, it was statistically significant only in KO mice group. Dot line indicates the detection limit

of the kit. 2way Anova followed by Bonferroni post test; *:p<0.05; **:p<0.01; ***:p<0.001.
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5.1.2. Carrageenan (CARR)-induced inflammation

No complication after injection of 2% carrageenan in the right paw of the mice was

observed. All young and aged animals stayed alive until the end of the experiment.

5.1.2.1.Carrageenan (CARR)-induced inflammation on young mice
Paw thickness

A significantly higher paw thickness was measured by a precision caliper in the CARR-
treated paws, compared to the controlateral vehicle treated one (Fig. 47). This modulation was
statistically significant in both WT and KO groups and was detectable already after 1 hour from
carrageenan injection. The edema was still present 24 hours post-injection (PTPHI-WT:
P1,=0.0028; P3,=0.0022; P;,=0.0049; P;,=0.0006) (PTPHI-KO: P;,=0.0001; P3,=0.0002;
P11=0.0002; P;,=0.0003) (Fig. 47). No statistical differences in paw thickness were detected in
PTPHI1-WT versus PTPHI1-KO animals.

Fig. 47: Carrageenan-induced paw edema in PTPH1-WT and KO young mice. Paw edema was detectable at 1h after treatment
in both genotypes at the same intensity. This increase thickness of the paws was maintained till sacrifice, at 24h post CARR-
injection. No genotype-related differences were detectable between WT and KO CARR-treated groups. 2way Anova followed by
Paired T-test; *:p<0.05; **:p<0.01; ***:p<0.001. V-WT: vehicle-treated PTPHI-WT mice; C-WT: CARR-treated PTPH1-WT mice;
V-KO: vehicle-treated PTPH1-KO mice; C-KO: CARR-treated PTPH1-KO mice..
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Behavioral Tests

Hargreaves’s test

A significantly decreased response at the Hargreaves’test was detected in the CARR-treated
paws compared to the controlateral vehicle treated ones (Fig. 48a). This decrease in withdrawal
time was statistically significant in both WT and KO groups; it was detectable already at 1 hour
after carrageenan injection through 24 h maintaining the same intensity (PTPH1-WT: P;;,=0.00004;
P34,=0.0122; Py;,=0.0016; P;,=0.0039) (PTPH1-KO: P;4,=0.0001; P3;,=0.00001; P;,=0.0005;
P,=0.0005) (Fig. 35b). No statistical differences in withdrawal time were detected in PTPHI-WT
versus PTPH1-KO animals.

Von Frey test

A significantly decreased response at the Von Frey test was detected in the CARR-treated
paws compared to the controlateral vehicle treated ones (Fig. 48b). This decrease in withdrawal
force was statistically significant in both WT and KO groups, it was detectable already at 1 hour
after carrageenan injection through 24 h maintaining the same intensity till 24 hours post-injection
(PTPH1-WT: P;,=0.017; P3,=0.0002; P;4,=0.001621; P;,=0.002458) (PTPHI-KO: P;;=0.004;
P3,=0.00977; P;4,=0.001272; P;,=0.007833) (Fig. 35a). No statistical differences in withdrawal
force were detected in PTPH1-WT versus PTPHI1-KO animals.

CatWalk test
Intensity- The intensity parameter was not strongly modulated by CARR injection in both
genotypes at 1 and 3 hours post-treatment (Fig. 49a). A trend of slight CARR-induced decrease in
intensity was detectable in WT mice at 1 hour post-treatment.

At 5 and 24 hours after carrageenan injection, a significant decrease in intensity was

recorded in the CARR-treated paws, compared to vehicle-treated ones in both WT and KO mice
(PTPH1-WT: Psy, Pasy <0.05) (PTPH1-KO: Psp, Pasy <0.05). No genotype-related differences in the
intensity parameter were detetcted (Fig. 49a).
Duty cycle- In the WT group, a slight significant decrease in duty cycle was detectable in the
CARR-treated paws compared to the vehicle-treated ones already 1 hour after CARR-injection (Pwr
1n<0.05) (Fig. 49b). At this time point, no significant CARR-induced differences in duty cycle were
disclosed in the PTPH1-KO mice group.

At 3 hours post CARR-injection, no differences were detectable in duty cycle due either to
treatment or to genotype.

At 5 hours post treatment, PTPH1-KO CARR-treated paws displayed a significant decreased

duty cycle compared to the controlateral vehicle-treated ones (Pxo 5p<<0.01), but not compared to
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WT CARR-treated. This difference was maintained in KO mice group, CARR vs vehicle, also 24
hours post-injection (Pxo 241<<0.05) and it was detectable also in WT mice group (CARRvSvehicle
Pwr 24n<0.05) (Fig. 49b). No genotype-related differences in ducty cycle were detected at the time

points investigated.

Fig. 48: Behavioral tests performed on CARR-treated PTPH1-WT and KO young mice. a) Withdrawal force measured at the
Von Frey test was significantly decreased by CARR treatment in both WT and KO mice, starting 1 hour after CARR injection, till 24
hours. The peak was reached 5 hours after CARR treatment. b) The withdrawal time measured at Hargreaves’ test was significantly
decreased by CARR treatment in both WT and KO mice, starting 1 hour after CARR injection, till 24 hours. The peak of response
was reached 5 hours after CARR treatment. No genotype-related differences were detectable between WT and KO CARR-treated
groups at both tests. 2way Anova followed by Paired T-test *:p<0.05; **:p<0.01; ***:p<0.001. V-WT: vehicle-treated PTPH1-WT
mice; C-WT: CARR-treated PTPH1-WT mice; V-KO: vehicle-treated PTPH1-KO mice; C-KO: CARR-treated PTPHI1-KO mice.
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Fig. 49: Catwalk analysis performed on CARR-treated PTPH1-WT and KO young mice. a) The intensity parameter was not
strongly modulated by CARR injection in both genotypes at 1 and 3 hours post-treatment; a slight CARR-induced decrease in
intensity was detectable in WT mice at 1 hour post-treatment. A significant CARR-induced modulation of gait analysis was
detectable in both gentoypes. b) The duty cycle parameter was significantly altered by CARR injection in WT mice 1h post-
treatment, but no difference has been detected in KO mice group. No CARR-induced or genotype-induced differences in duty cycle
are detectable 3 hours after CARR treatment. A slight CARR-induced decrease duty cycle is detectable in WT group at 5 hours post-
treatment while a strong dowregulation of this parameter is recorded in KO group. 24 hours after CARR-treatment both genotypes
display a decrease percentage of duty cycle and no genotype-related differences are detectable between WT and KO CARR-treated
groups. 2way Anova followed by Paired T-test *:p<0.05; **:p<0.01; ***:p<0.001.
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Print area- No differences in print area due to either treatment or genotype were detectable at 1 and
3 hours post CARR-injection (Fig. 49).

At 5 and 24 hours post-injection KO CARR-treated paws showed a significant decreased
print area compared to controlateral vehicle-treated paws (Pxo sx<0.05; P ko 241<0.05). No
differences were detected in WT CARR-treated vs vehicle treated paws at 5 hours post-injection,
but a slight trend of genotype-related decreased print area was present between CARR-treated WT
vs KO mice, at 24 hours time point (P wr24,=0.0642) (Fig. 50).

Fig. 50: Catwalk analysis performed on CARR-treated PTPH1-WT and KO young mice. a) The print area parameter was not
modulated by CARR injection in both genotypes at 1 and 5 hours post-treatment; a slight CARR-induced decrease in print area was
detectable in both genotypes at 5 and 24 hours post-treatment, and it was statistically significant only in KO mice group at both time
points. A trend in genotype-related difference between CARR-treated animals (WT and KO) was recorded at 24h post- treatment.
2way Anova followed by Paired T-test *:p<0.05; **:p<0.01; ***:p<0.001.
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Cytokine Beads analysis
CBA analysis has been performed on the plasma of healthy (n=4 per genotype) and 2%
carrageenan treated WT and KO female mice. No significant cytokine modulation has been detected

in healthy and treated WT and KO mice 24 hours after carrageenan injection (data not shown).

Histological Analysis
Vehicle treatment did not induce any inflammatory signs and any significant changes in the

paw architecture of both PTPHI-WT and KO mice (data not shown). Carreageenan treatment
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induced a moderate to severe acute inflammation in the paws of both PTPH1-WT (Fig. 51a, 51b)
and KO mice (Fig. 51d, 5le) compared to vehicle treatment. Neutrophil infiltration and
hemorrhage, represented by red cells presence, were detected in CARR-treated mice 24 hours after
injection (Fig. 51c, 51f). No genotype related differences were recorded by simple visual

observation in the paws architecture or in cellular infiltration at this late time point.

Fig. 51: H&E staining on PTPHI-WT and KO paws. a) PTPHI-WT paws 24h post-CARR treatment display a strong
inflammation (4x), b) severe cellular infiltration (10x) and ¢) also red cell presence, indicating hemorragia (40x). d) PTPH1-KO

CARR-treated paws presents the same level of inflammation as matched WT paws (4x), e) with a strong presence of immune cells
(10x) and f) red cells (40x).

PTPH1-WT

PTPH1-KO
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5.1.2.2. Carrageenan (CARR)-induced inflammation on aged mice
Paw thickness

A significantly higher paw thickness was measured by a precision caliper in the CARR-
treated paws, compared to the controlateral vehicle treated one (Fig. 52). This modulation was
statistically significant in both WT and KO groups and was detectable already after 1 hour from
carrageenan injection. The edema was still present 24 hours post-injection (PTPH1-WT: Pjp_3p
sp=0.001; PTPH1-KO: Pj;.35.5,=0.001) (Fig. 52). No statistical differences in paw thickness were
detected in PTPH1-WT versus PTPH1-KO aged animals.

Fig. 52: Carrageenan-induced paw edema in PTPH1-WT and KO old mice. Paw edema was detectable at 1h after treatment in
both genotypes at the same intensity. This increase thickness of the paws was maintained till sacrifice, at 5h post CARR-injection.
No genotype-related differences were detectable between WT and KO CARR-treated groups. 2way Anova followed by Paired T-test
*:p<0.05; **:p<0.01; ***:p<0.001.
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Behavioral Tests
Von Frey test- A significantly decreased response at the Von Frey test was detected in the
CARR-treated paws compared to the controlateral vehicle-treated ones, in both WT and KO aged

mice (Fig. 53). The decreased withdrawal force was detectable 1hour after carrageenan injection
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onwards, maintaining the same intensity (PTPH1-WT: Pyj_3,5,<0.001; PTPHI1-KO: P}4.34-51<0.001)
(Fig. 53). No genotype-related modulation in withdrawal force was recorded between WT and KO

aged mice.

Fig. 53: Von Frey test performed on CARR-treated PTPH1-WT and KO old mice. Withdrawal force measured at the Von Frey
test was significantly decreased by CARR treatment in both WT and KO mice at 1h, 3h and 5h post injection. 2way Anova followed
by Paired T-test *:p<0.05; **:p<0.01; ***:p<0.001.
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Histological Analysis

Vehicle treatment did not induce any inflammatory signs and any significant changes in the
paw architecture of both PTPH1-WT and KO aged mice (data not shown). Edema was the major
histopathological feature detectable 5 hours post-injection in both WT (Fig 54a, 54b) and KO (Fig
54d, 54e) CARR-treated paws. Neutrophil infiltration and hemorrhage were already present at this
early time point in localized areas (Fig 54c, 54f). No genotype related differences were detetcted by

simple visual observation in the paw architecture or in the edema extent between WT and KO aged

female mice.
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Fig. 54: H&E staining on PTPH1-WT and KO paws. a,d) PTPH1-WT and KO paws 5h post-CARR treatment displayed a strong
edema (4x), b,e) with a few cells that were infiltrated (10x) but ¢,f) no hemorragia was present (40x). No major genotype-related

differences was visible.

PTPH1-WT

PTPH1-KO

5.2. Discussion: PTPH1 role in inflammatory system

PTPH1 has been proposed to act as negative TCR regulator in vitro, interacting and
dephosphorylating the TCR( chain [47,82,83] but these results have not been confirmed by ex vivo
studies on primary T cells [84,85]. Therefore we sought to ascertain whether PTPH1 has an effect
on the immune response in the complex in vivo machinery. Two inflammatory mouse models have
been used to test PTPH1 impact on the immune system: carrageenan- and LPS-induced
inflammation.

Carrageenan A is a sulfated polysaccharide derived from red seaweed that is able to activate
the innate immune response. CARR interacts with TLR4 leading to increased Bcll0, to NFkB
pathway activation and IL8 production [240,241]. CARR injection in the hind paw of the mouse is
one of the most commonly used models of inflammation and inflammatory pain and it has a
biphasic profile [242]. Recent studies point out an important role for prostaglandins, nitric oxide
and TNFa in the CARR-induced inflammatory response [242-244]. In particular it has been shown
that TNFa is involved in both phases of mouse carrageenan-induced edema. Thus TNFa has a
strong relevance not only in inflammatory events, but also on nociceptive response and on
neutrophils migration induced by carrageenan in mice [244]. Soluble TNFa is processed from its

proprotein form by a specific sheddase called TACE [65,245] that is responsible for the processing

98



Chapter 5 PTPHL1 role in inflammation
Results and Discussion

of other cytokines and cytokines receptors [72,246-248]. Interestingly PTPH]1 is known to inhibits
TACE expression and activity in vitro [52]. We therefore analyzed cytokines plasma levels in
carrageenan treated WT and KO young and aged mice, but no modulation has been induced in both
genotypes by this inflammatory agent (data not shown), in agreement with a previous CBA study on
the rat carrageenan model [249]. We can conclude that peripheral 2% carrageenan stimulation has
not been strong enough to reveal a phenotype in cytokine modulation in PTPH1-KO mice at plasma
level and that hind paw and muscle cytokines concentrations should be analyzed in both genotypes
to unravel PTPH1 role in local cytokine release.

As already mentioned, the CARR-induced model has a biphasic profile and it is
characterized by an early development of edema that peaks at 6 and 72 h [242]. In the present study
carrageenan injection induces a paw edema in PTPH1-WT and KO adult and aged mice detectable
already 1 hour after injection and persistent till 24h (Fig. 52, 53), showing no differences in
intensity between the genotypes and ages. Furthermore carrageenan challenge induces a marked
neuthrophils migration at the site of injection that peaks at 6 h (Fig. 51, 54) [242]. Another hallmark
of CARR stimulation is a long-lasting reduction in the threshold to nociceptive stimuli that is
evident already after 1h and is sustained for up to 72h [242,250,251]. PTPH1-KO adult and aged
mice do not show any significant differences in neutrophils infiltration or in pain behavior both at
Von Frey’s and Hargreaves’ tests (only for adult mice) compared to WT littermates (Fig. 48, 53),
suggesting that PTPH1 does not play a major role in the inflammatory-induced transmission and
integration of the allodynic and painful stimuli. Comparatively Catwalk gait analysis shows an
earlier onset (5h after injection) of spontaneous pain perception indicated as duty cycle (Fig. 49)
and print area (Fig. 50) in PTPHI1-KO adult mice, compared to matched WTs. These results might
indicate a slight involvement of PTPH1 in the central or peripheral integration of the nociceptive
stimulus that could occur at thalamic or cortical level [252-254], where PTPHI is highly expressed
[255].

As carrageenan, LPS challenge in rodents is frequently used as model to investigate the
innate immune response mechanisms [96,97,256]. LPS is a major component of the outer
membrane of Gram-negative bacteria and a critical player in the pathogesis of septic shock [98]. As
carrageenan, LPS binds to MD2-TLR4 complex and activate both MyD88-dependent and
independent (TRIF-dependent- TIR-domain-containing adapter-inducing interferon-f) pathways
[34,96,108]. The MyD88-dependent pathway results in the activation of TRAF6 (TNF Receptor
Associated Factor 6) and in the immediate activation of NFkB, MAPK and JNK pathways, leading
to the early production of proinflammatory cytokines as TNFa, IL-1B, IL6 and MCP-1
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[136,138,257]. MyD88-independent pathway results in rapid activation of the interferon regulatory
factors (IRF) 3 and 7 that induce the production of IFNP and consequently IFNa, nitric oxide
production and delayed NFkB activation [136,138], leading to late cytokines production. LPS
challenge on PTPH1-KO and WT mice aimed to understand the possible role of this phosphatase in
the inflammatory process and in particular on cytokine expression and release. Thus, CBA analysis
was performed on the plasma of LPS and vehicle treated WT and KO adult and aged female mice
(IL-10, IL-12p70, TNFa, IL-6, MCP-1, IFN-y).

IL10 is an immunomodulatory cytokine, whose production is rapidly induced by
monocyte/macrophages upon LPS challenge [183]. IL10 treatment in vitro is known to negatively
regulate LPS responses, in particular inhibiting the induction of pro-inflammatory cytokines like
TNFa, IL12 [175, 176], IL-1a, and IL-6 [269][268]. Both PTPHI1-WT and KO adult mice
displayed significantly increased IL10 plasma level upon LPS challenge, but no significant
reduction of IL-6, TNFa and thus MCP-1 plasma levels were detected in LPS-treated vs vehicle-
treated PTPH1-WT and KO mice. Interestingly, IL10 levels were reduced in LPS-treated KO mice
plasma compared to WTs at 30 and 60 minutes after challenge (Fig. 38, 39), but no increased MCP-
1, TNFa, and IL6 plasma levels were detected in LPS-treated KO vs WT mice. Indeed, IL-10 has
not an exclusive pro-inflammatory action [279] and it was demonstrated that in an LPS-model IL-
10 release increases as MCP-1, IL-6 and TNFa [280]. Thus, our results on overall increased
cytokines levels upon LPS treatment are in accordance with these studies. Comparatively an overall
decrease in cytokines release was recorded at 30 and 60 minutes post challenge in LPS-treated
PTPH1-KO vs WT mice (Fig. 38, 39).

Indeed IL10 up-regulates the expression of SOCS1 and 3 genes, which are able to block the
[FNs-induced JAK/STAT pathway [91,258], and stimulates the expression of PTP1B [258]. It has
been recently demonstrated that the production of IL10 by human Treg cells is enhanced by IL2
signaling via activation of STATS molecules [89,90]. PTPH1 is known to dephosphorylate STATSb
in vitro [19], and thus it appears controversial the IL10 reduction in PTPH1-KO plasma after 30
minutes and 1 hour post LPS injection. These data could indicate an alternative upstream target for
PTPHI1 possibly on the early MyD88-dependent pathway that acts on the overall pro and anti-
inflammatory cytokines production.

In addition the present experiments demonstrate that endotoxin injection leads to a rapid
increase of TNFa release at the same level in both PTPH1-WT and KO mice, 30 mpt (Fig. 38).
TNFa is known to promote ccl2 gene expression, activating NFkB-inducing kinases and IkB

kinases (IKK). In details, IKKs promote NFkB heterodimers translocation into the nucleus leading
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to the transcription of targeted genes [140,141]. Several studies show that both NFkB and MAPK
pathways are required for ccl2 induction, indeed transcription factor AP-1 and MAP kinase p38
contribute to TNFo-inducible expression of MCP-1 gene [140,259,260]. This regulatory
mechanism might explain the reduction of both TNFa and MCP-1 gene expression and release in
KO mice 1 hour post challenge (Fig. 36b, 37b, 39) (Table 8), when LPS induces the peak of TNFa
plasma levels. Indeed LPS challenge fails to induce a full response, meant as TNFa. expression and
release, in PTPH1-KO mice leading to a lower stimulation of MCP-1 and possibly to a consequent
reduced monocytes and macrophages recruitment 1 hour after injection. Cytokines levels in
PTPH1-KO adult plasma are comparable to WT ones 3 hours after LPS injection (Fig. 40),
suggesting that PTPH1 effect is temporally limited at the peak of TNFa release, or that some

compensatory mechanisms might intervene later in the inflammatory process.

Table 8: Summary of the CBA and RT-PCR results in LPS-treated PTPH1-WT and KO mice at different time points (30, 60 and 180
minutes post- injection). = indicates no variation between WT and KO LPS-treated mice. — indicates a lower expression/release in
LPS-treated KO compared to WT matched ones. — (ns) indicates a trend in lower expression/release in LPS-treated KO compared to

WT matched ones. nn indicates non-performed.

LPS-treated KOvsSWT
Minutes post-injection
30 60 180

Cytokines gene protein gene protein gene protein
TNFa, = = - - = =
MCP-1 = - - (ns) - = =
IL6 = - (ns) = - (HS) = =
IL12p70 = - = = = =

IL 10 nn - nn - nn =

A reduction in LPS-induced MCP-1 release was detectable also in PTPH1-KO aged mice
compared to matched WTs at 60 mpt (Fig. 45). No significant TNFa modulation was detectable at
60mpt, but at a later time point, PTPH1-KO aged mice displayed significantly higher LPS-induced
TNFa and IL10 plasma levels compared to vehicle-treated aged controls (Fig. 46b). This difference
was lower and not significant in WT mice group. These data could suggest that inflammatory

response, as cytokine release, is still ongoing in PTPH1-KO aged mice, while it is decaying in WT
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mice. This hypothesis is partially supported by the gene expression analysis on white cells that
showed a significantly 10-fold increase in TNFaq, expression 60 mpt in KO aged mice compared to
matched WTs upon LPS stimulation (Fig. 41a). Moreover, our results point out a slight discrepancy
of the CBA analysis between adult and aged mice. Indeed, ageing has a strong impact on
inflammatory response [291][293]. Studies on aged mice demonstrate a functional decline of
monocytes and macrophages, a low expression level of Toll-like receptors from activated splenic
and peritoneal macrophages and an altered secretion of several chemokines and cytokines
[291][290][292]. These data are in agreement with our findings on reduced cytokine release in WT
and KO aged mice compared to matched young mice at the peak of LPS-induced inflammation (30
and 60 mpt) (Fig. 44, 45). Further targeted studies are needed to investigate the involvement of

PTPHI1 in the molecular mechanisms of ageing and inflammation.

Despite the fact that most proinflammatory cytokines are transcribed after NFkB activation,
the overall control of production for several cytokines is more complex, and includes post-
transcriptional and post-translational regulatory steps, which can be specific for certain cytokines.
PTPH1 could act at one or more steps of this composite regulatory process. Proteolytic conversion
of proproteins into the mature cytokine is a further level of control for cytokine production. TACE
is involved in the ectodomain release of several cytokines, in particular of membrane-bound TNFa
[64,65,261]. As already mentioned PTPH1 has been reported to be an inhibitor of TACE expression
and activity in vitro [52]. Therefore TACE gene expression has been analyzed in white cells upon in
vivo LPS challenge, but no gene modulations have been detected in both WT and KO cells (data not
shown).

In summary, PTPH1-KO mice exhibit an increased spontaneous nociceptive perception in
the CARR-induced inflammatory pain model. A decreased cytokine expression and release is
detectable in PTPH1-KO mice in the early phases of LPS-induced inflammation. In conclusion the
present study points out a potential role for PTPH1 in spontaneous pain sensitivity and indicates
that this phosphatase might play a role in the positive regulation of the LPS-induced inflammatory
response In Vivo, in disagreement with previous reports indicating PTPH1 as potential negative

regulator of immune response [47,82,83].
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Chapter 6 - Conclusions

Summary

The dream of all patients and the goal of molecular biologists is the same: unraveling the
complexity of signaling pathways in order to have a clear vision of the cellular machinery. To this
end, thousands of researchers around the world are characterizing molecular and cellular signals
that could be involved in disease pathogenesis. Over the last decades, tremendous progress has been
made thank to new tecnologies such as Tagman, new generation antibodies and trangenic mice.

Tyrosine phosphorylation is one of the complex “tools” that a cell can use to regolate its
numerous processes. In the past, researchers focused a major attention on one actor of this fine
regulated mechanism, kinase. Recent studies pointed out that a very important role is played also by
phosphatases, kinase counterpart. Thus, the substrates, mechanisms of regulation and implication in
disease pathogenesis of PTPs have become an exiting and motivating topic for several laboratories

and EU-founded committees (http://www.ich.ucl.ac.uk/ich/academicunits/PTPNET/Homepage).

The data presented in this manuscript provide a further piece of the puzzle represented by
tyrosine phosphatase functions. These results contribute in giving new insights in phosphatase role
in CNS functions, growth hormone signaling and innate immunity.

The emerging importance of PTP in CNS pathways has been widely described in Chapter 1.
The generation of knock-out and knock-in animals has been the favourite tool used by researchers
in order to understand the impact of a gene in the organism as a whole, in toto. The characterization
of our PTPH1-KO mice allowed PTPH1 mapping in the brain and spinal cord and its behavioral
phenotyping has revealed a functional meaning of PTPH1 expression. Furthermore, gene expression
studies on PTPH1-KO mice have revealed a novel candidate substrate for PTPH1, CCKAR. For the
first time, an extensive IHC study on PTPHI1 and neurotransmitters (TH and GAD-67) expression
has been performed, in order to understand whether PTPHI silencing could affect
neurotransmission. Histological evaluation allowed to identify GABAergic neurons as PTPHI-
positive, but with a differential expression pattern throughtout the brain. These data provide a good
starting point for further investigations on cognitive regulation and on phosphatases interplay in the
CNS. Based on this manuscript, PTPH1 could be considered a target for possible future CNS
interventions, in particular related to cognitive dysfunctions.

During the past decades, PTP role in GHR signaling has been deeply studied
[12,15,19,23,151] and several phosphatase have been proposed as terapeutic targets for metabolic
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diseases [231]. Unfortunately none of these promising targets has given the expected results so far,
pointing out how intricated GHR regulation is and how less is still known in this field.

As other negative regulators [91,160], PTPH1-KO mice display enhanced body weight that
is due to increased muscle portion rather than fat. These macroscopic features are releated to
amplified GHR signaling that led to increased IGF1 expression in liver and release in serum. A
further analysis should be performed on IGF1 release upon PTPHI silencing, in order to understand
whether increased IGF1 expression is limited to the liver. The next questions to be answered should
be “Is PTPHI1 regulating GHR signaling and consequently IGF1 release in a cell type-dependent
manner?” and “Is PTPH1 acting on GH-IGF1 axis in disease conditions e.g. model of
inflammation?”. Furthermore, PTPHI-induced CCKAR modulation in the pancreatic tissue should
be considered, in order to evaluate whether cholecystokinin receptor could be involved in the
enhanced body weight displayed by PTPH1-KO mice.

The present manuscript has also given new insights on PTPs role in innate immunity, in
particular in cytokine release, deepening the knowledge of PTPHI1 impact on two models of
induced inflammation. As already mentioned, in the past decade the increasing interest in PTPs-
immunity interaction has led to amazing findings in immune response regulation
[22,87,97,149,256,262]. In general, negative regulators of inflammatory response have become
challenging targets for several immune-related diseases as autoimmune disorders. Several PTP
inhibitors have been proposed as potential drugs in the treatment of MS, SLE, RA[25,145,185,263].
Anyway a deeper knowledge of the mechanisms of action of PTPs in basal and diseased conditions
is essential to prevent and overcome possible side effects. We demonstrated that PTPH1-KO mice
diplayed reduced and delayed the acute inflammatory cytokine response in vivo upon LPS
challenge, suggesting a possible new therapeutical target for the anti-inflammatory strategies in

controlling inflammatory events.

Significance and future directions

The present dissertation fully characterizes the first PTPH1-KO mice lacking both the
catalytic and PDZ domains. Our deep analysis of behavioral phenotype allowed the identification of
slight modulation of cognitive aspects related to PTPH1 absence [255]. These results could not be
replicated by others possibly because of difference in the genetic background and genetic construct
of the KO mice [85].

The future experiments could be driven to investigate PTPHI1 role in CNS pathologies,
possibly through the administration of antipsychotic drugs. This challenge could reveal minor

effects of PTPH]1 that were not detectable in basal conditions.
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PTPH1-KO mice analysis also allowed confirming the in vitro observation of PTPHI role in
dephosphorylating GHR [19,183]. Indeed PTPHI-KO mice display enhanced body weight and
increased IGF1 liver expression. These data could suggest a possible use of PTPH1 inhibitor in
metabolic diseases. A further challenge of PTPH1-KO animals with a targeted disease-inducing
agent could allow identifying other potential impacts of this phosphatase in metabolic disorders and
could allow using these KO mice as animal model for these pathologies.

Furthermore the secondary phenotyping of PTPH1-KO revealed for the first time an in vivo
impact of PTPHI in cytokine release and a slight PTPHI1 involvement in spontaneous pain
perception that is not related to immune cells infiltration.

Taken together, all the data concerning PTPH1 role in CNS, in IGF1 secretion and in the
immune system could be the starting point for a new hypothesis and the basis for a new dissertation.
Indeed it would be worthy to investigate PTPHI1 role in neuroprotection, in particular in stroke
model, considering the relevance of immune regulation and IGF1 in this pathology and their
modulation in our KO mice.

In humans, PTPH1 has been often related to cancer and tumor susceptibility. PTPHI is a
candidate tumor suppressor for gastro-intestinal carcinoma, but it is still far from being considered a
biomarker for these diseases. The translation of these data into human is the final step to be

achieved, in order to give them a clinical relevance.
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