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Abstract: English

mGluRs are a family of G-coupled protein receptors with widespread expression in the
central nervous system (CNS), some normal tissues and in various cancers. The
predominant functions of mGluRs in the CNS are modulating presynaptic
neurotransmission but in cancers, mGluRs are involved in regulating cell proliferation.
Acute Myeloid Leukemia (AML) is a clonal, malignant disease of hematopoietic tissue and
is the most common type of acute leukemia in adults and the elderlies. Despite a wide
number of drugs available to treat this disease, there are many unmet needs in AML
therapy; relapsed or refractory patients or those unable to receive intensive chemotherapy
display a poor prognosis.

Skin cancer is described as the abnormal multiplication of skin cells, which is frequently
detected in sun-exposed regions. Basal cell carcinoma, squamous cell carcinoma, merkel cell
carcinoma, cutaneous lymphoma, kaposi sarcoma, and melanoma are the six primary forms.
Melanoma is the most severe form of skin cancer and is caused by melanocyte
transformation. In the United States, invasive melanoma is expected to account for about
100,000 new cases and over 7,000 fatalities from skin cancer in 2022.

In this study, there are two distinct studies, in one, we evaluated metabotropic glutamate
receptors (mGluRs) to assess if one of more of mGluRs may be a putative therapeutic target
in AML. We have found a novel, previously unknown role of mGluRs in AML. The second
study is to use mGIluR1* mouse melanoma cell lines to determine if the presence of L1-
NCAM (CD171), a neural cell adhesion molecule 1 is involved in cell migration as shown

previously in glioblastoma cells.



Abstract: [taliano

I recettori metabotropici del glutammato (mGluR) sono una famiglia di recettori accoppiati
a proteina G con espressione diffusa nel sistema nervoso centrale (SNC), in alcuni tessuti
normali e in vari tipi di cancro. Le funzioni predominanti degli mGluR nel SNC sono la
modulazione della neurotrasmissione presinaptica, invece nei tumori gli mGluR sono
coinvolti nella regolazione della proliferazione cellulare.

La leucemia mieloide acuta (AML) e una malattia clonale maligna del tessuto ematopoietico
ed e il tipo pit comune di leucemia acuta negli adulti e negli anziani. Nonostante I'ampio
numero di farmaci disponibili per il trattamento di questa malattia, ci sono molte esigenze
non soddisfatte nella terapia dell' AML; i pazienti recidivanti o refrattari o quelli che non
sono in grado di ricevere una chemioterapia intensiva presentano una prognosi sfavorevole.
Il cancro della pelle e descritto come una moltiplicazione anormale delle cellule cutanee, che
si riscontra frequentemente nelle regioni esposte al sole. Il carcinoma basocellulare, il
carcinoma a cellule squamose, il carcinoma a cellule di Merkel, il linfoma cutaneo, il sarcoma
di Kaposi e il melanoma sono le sei forme primarie. Il melanoma e la forma piu grave di
cancro della pelle ed e causato dalla trasformazione dei melanociti. Negli Stati Uniti, si
prevede che il melanoma invasivo presentera circa 100.000 nuovi casi e oltre 7.000 decessi
nel 2022.

In questo lavoro sono stati condotti due studi distinti: in uno abbiamo valutato i recettori
metabotropici del glutammato (mGluRs) per valutare se uno o pit mGluRs possano essere
un putativo bersaglio terapeutico nel' AML. Abbiamo trovato un ruolo inedito,
precedentemente sconosciuto, degli mGluR nell' AML. Il secondo studio prevede l'utilizzo
di linee cellulari di melanoma di topo mGluR1* per determinare se la presenza di LI-NCAM
(CD171), lamolecola di adesione cellulare neurale 1, sia coinvolta nella migrazione cellulare,

come dimostrato in precedenza nelle cellule di glioblastoma.



Background: leukemia

Rudolf Virchow, who detected an unusually large quantity of white blood cells in a patient's
blood sample, identified the origin of leukemia in 1845. Virchow gave the term for the
illness, "leukamie," which is derived from the Greek words "leukos," which means "white,"
and "aima," which means "blood"; literally, "white blood."[1].

The first scientific report of a case of leukemia in medical literature was made in 1827 by the
French physician Alfred-Armand-Louis-Marie Velpeau. He described the case of a 63-year-
old man who had developed a disease marked by fever, weakness, urinary stones, and
significant enlargement of the liver and spleen; at the time, he had also noted that the
patient's blood had the consistency of gruel and suggested that this was caused by white
blood cells [1].

Based on extensive studies previous by others, we now know that mutations in the early
phases of cell differentiation in myeloid or lymphoid hematopoietic cell lines yielded these

two kinds of leukemia, and that leukemia is a complicated illness that can strike at any age.

Hematopoiesis

The term hematopoiesis refers to the development and maturation of blood components, or
the process of producing blood cells. During the transition from intrauterine to extrauterine
life, the red marrow of the bones and lymphoid tissue are primarily in charge of this
function. Particular mesenchymal cells of the arterial walls supply in the initial stages of
embryonic development, long before the creation of the liver. A second time, the liver is
involved, and its hematopoietic activity reduces during the second month of intrauterine
life, when bone marrow progressively takes over. Medullary hematopoiesis produces
constituents of the red series, granulocytes, monocytes, and platelets [2].

Hematopoiesis is a biological process that occurs when self-renewing stem progenitor cells
develop into mature blood cells that perform certain biologic roles. In vivo homeostasis of
the whole hematopoietic system necessitates careful regulation of the systems that govern

proliferation, cell destiny, cell death, differentiation, cell-cell contact, and migration [2].



Hematopoiesis stem cells give rise to cells of all blood lineages, including T and B cells in
the lymphoid lineage and neutrophils, eosinophils, basophils, monocytes, macrophages,
megakaryocytes, platelets, and erythrocytes in the myeloid lineage [3]. In this perspective,
many transcription factors are necessary for the formation of a hematopoietic lineage, such
as GATA-1 for the erythroid and megakaryocytic lineages and PU.1 for myeloid
development [4]. The retinoic acid receptor (RAR), which is essential for neither lineage,
definitely modulates blood cell formation; therefore, controlled expression of lineage-
specific genes is essential for hematopoiesis proliferation and differentiation signals [4].

Hematopoietic stem cells (HSCs) constantly create uncommitted progenitor cells that
proliferate and develop into fully functioning blood and immune cells of diverse lineages
[5]. Because the HSC pool creates progenitors continually, the quantity of HSCs must be
adequately maintained by coordinating dormancy, self-renewal, and lineage differentiation.
These are largely adult blood cells with limited lives, such as erythrocytes, granulocytes,
and platelets [5-7]. Hematopoiesis is, therefore, an organized and hierarchical process at the
apex of which we find hematopoietic stem cells (totipotent cells) from which all the cellular
components of the blood will originate. Multipotent progenitors (MPPs) are stem cells that
give rise to common myeloid progenitors (CMPs) and common lymphoid progenitors
(CLPs); they are the ancestors of the myeloid and lymphoid lineages, respectively. CMPs
will give rise to two different cell lines: the progenitors of granulocytes and macrophages
(GMPs) and the erythroid and megakaryocyte progenitors (MEPs), from which erythrocytes
and platelets are derived. CLPs, on the other hand, is the source of immune system cells

such as lymphocytes T and B, as well as natural killer (NK) cells.

Malignant Hematopoiesis

AML research has revealed that, like regular hematopoiesis, the leukemic clone has a
hierarchy that matches the differentiation hierarchy of typical hematopoiesis. The leukemic
clones have stem cell features as well as more developed cells that are unable to self-renew.
These stem-like cells are known as leukemia stem cells (LSCs) [5]. LSCs have an infinite
ability for self-renewal and constantly create immature blood cells. Undifferentiated

leukemic "blasts" accumulate because leukemias commonly have mutations that block



hematopoietic maturation mechanisms; one of the distinguishing features of AML is this
differentiation block [5]. The two possible ways for HSCs to transform into LSCs are: the
HSCs can acquire infinite proliferative potential, or a committed progenitor can acquire self-
renewal capabilities [5]. Because the phenotype of LSC reflects the consequences of
successive and cumulative mutations, it is critical to realize that leukemias, particularly
AML, are genetically different [58,9]. LSCs have been assumed to share many other
biological properties with normal HSCs, such as a CD34*/CD38- immunophenotype and
being predominantly in the quiescent, GO phase of the cell cycle [10]. However, given the
wide variety of driver mutations in AML, the biological features (immunophenotype, cell

cycle activity, and LSC frequency) vary substantially amongst different leukemias.

Global Epidemiology of Leukemia

Leukemias can appear at any age, from newborn to elderly, but distinct kinds have highly
varied age distributions, with acute lymphoblastic leukemia (ALL, 1-10 years old) being
most prevalent in young childhood and scarce in adults, whereas acute myeloid leukemia
(AML, 65-84 years old) is less common in children but becoming more common in older
individuals [11]. Leukemia was the 15 most often diagnosed disease and the 11 major
cause of cancer death globally in 2018, according to GLOBOCAN, accounting for 437.033
incident cancer cases and 309.000 cancer fatalities [12]. As of now, the figures are different;
according to the GLOBOCAN, in 2020 (Fig. 1), there would be a total of 474.519 (both sex)
instances of leukemia, while 311.594 people would die from it worldwide.

Males experience a greater worldwide burden of the leukemia illness than females do [12].

Incidence, both sexes Mortality, both sexes 5-year prevalence, both sexes

Africa Africa Africa
(6.8%) (5.5%)

(7.7%)
LAC** N.America*
(8.13) "\ (8.6%) \l "\ .
Asia
‘ (47.8%)

LAC**

(8.1%)
Asia

N.America* ‘ (48.6%) LAC** Asia N.America*
(14.3%) (8.9%) (54%) (15.5%)
Europe
Europe (20%) Europe
(21.1%) (21.8%)
Population  Number Population ~ Number Population  Number
| Asia 230 650 | Asia 168119 | Asia 641184
| Europe 100 020 | Europe 62 262 | Europe 292 006
| *Northern America 67 784 | **Latin America and the Caribbean 27631 | *Northern America 207619
| **Latin America and the Caribbean 38 256 | *Northern America 26 871 | **Latin America and the Caribbean 108 857
L Africa 32138 | Africa 23891 L] Africa 73592
Oceania 5671 Oceania 2820 Oceania 17 248
Total 474519 Total 311584 Total 1340506

Fig. 1: https://qco.iarc.fr/today/data/factsheets/cancers/36-Leukaemia-fact-sheet.pdf WHO, GLOBOCAN The Global Cancer
Observatory, 2020



https://gco.iarc.fr/today/data/factsheets/cancers/36-Leukaemia-fact-sheet.pdf

In addition, the incidence of leukemia increases significantly in nations with high to very
high human development index (HDI) when countries in the GLOBOCAN database are

compared. Likewise, death rates are greater in nations with high HDIs (in both sex).

Risk factors for Leukemia

Radiation (therapeutic, occupational), chemotherapy, family history, genetic disorders and
abnormalities, chemical exposures, and lifestyle variables including smoking are among
those exposures that have been repeatedly identified as risk factors for leukemia. The most
significant risk factors affect numerous subtypes of leukemia, even if specific ones have been
linked to particular leukemias [12].

AML can result from treatment with a DNA-damaging modality for a prior malignant
illness or as a side effect of a previously identified hematologic malignancy [11]. About 8%
of adult AML patients had a condition linked to their treatment, and 12% experienced
myeloproliferative neoplasia in the past [13]. Therapy-related illness, which is more
prevalent in older patients, is mostly driven by chemotherapy, including alkylating drugs

and topoisomerase II-inhibitors, and radiation used to treat breast cancer and lymphoma
[1].
Physical and chemical risk factors

Ionizing radiation exposure has been associated with AML [12,14]. Furthermore, therapeutic
radiation has been linked with an increase in the incidence of subsequent AML [11,12].
Chronic exposure to some substances increases the likelihood of AML development.
Benzene is the most extensively researched and commonly utilized, possibly leukemogenic
substance [14].

Drugs such as Pipobroman are also among the risk factors; other risk factors include

cigarette smoke, herbicides, pesticides, embalming fluids, and ethylene oxides [14].

Genetic risk factors

Genetic risk factors with a greater association with AML include Down syndrome,
Klinefelter syndrome, Patau syndrome, Ataxia telangiectasia, Shwachman syndrome,
Kostman syndrome, Neurofibromatosis, Fanconi anemia, and Li-Fraumeni syndrome [14].

Furthermore, loss or deletion of chromosomes 5, 7, Y, and 9, translocations such as



t(8,21)(q22;q22); t(15;17)(q22;q11), trisomy 8 and 21, and other disorders affecting
chromosomes 16,9, and 11 [14]. A "2-hit-hypothesis" model for the AML phenotype has been
proposed. It describes the cooperativity of FLT3 (Fms-like tyrosine kinase 3) activating
mutations and gene rearrangements implicating hematopoietic transcription factors [14].
The AML phenotype may come from the expression of both groups. FLT3 mutations have
been linked to all subtypes of AML as well as most of the known genetic alterations in AML
[11,14].

Less than 1% of de novo AML patients has the Philadelphia chromosome (BCR/ABLI fusion
gene); AML with BCR/ABLI translocation is thought to have a poor prognosis, even when
normal intensive treatments are supplemented with a tyrosine kinase inhibitors (such as

Imatinib) [11].

Leukemia Classification

On the basis of cell lineage (myeloid or lymphoid) and stage of maturation arrest, leukemias
are often divided into subgroups: chronic or acute [12]. Leukemia is divided into a number
of large groups and the first division is between its acute and chronic forms (Tablel):
Acute form: the amount of immature blood cells increases quickly, and as a result of these
cells clumping together, the bone marrow is no longer able to produce healthy blood cells.
Chronic form: it is distinguished by an aberrant concentration of mature or almost mature
white blood cells that are morphologically or genetically defective. The process normally
takes months or years, and because the cells are generated more quickly than usual, the
bloodstream contains a large number of aberrant white blood cells. Additionally, leukemias
are classified into lymphoblastic or lymphocytic and myelocytic or myeloid leukemias
based on the kind of blood cell that is afflicted.

In lymphoblastic or lymphocytic leukemias, a kind of bone marrow cell that ordinarily gives
rise to lymphocytes becomes malignant. A particular subtype of lymphocyte, such as B- or
T-lymphocytes, is involved in the majority of lymphocytic leukemias.

In myeloid leukemias, the marrow cell type that usually produces red blood cells, as well as
other kinds that produce white blood cells or platelets, has a malignant alteration. There are

a total of four major categories when these two groupings are combined. There are generally
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multiple sub-categories inside each of these four primary groups. Some rarer types are

usually considered outside this classification scheme.

Table 1: Leukemia classification, Hematology Basic Principles and Practice, 6" Ed. , Elsevier

Cell Type Acute Chronic
) ) Acute Lymphocytic Leukemia Chronic Lymphocytic
Lymphocytic Leukemia )
(LLA) Leukemia (LLC)
) ) Acute Myeloid Leukemia Chronic Myeloid Leukemia
Myelocytic Leukemia
(AML) (CML)

The French-American-British classification (FAB, Figure 2a), which is based on the
morphological variations found during bone marrow aspirate or peripheral blood tests, is
the first type of classification currently in use. Despite being the oldest, the FAB is still a

very important tool in the diagnosis of leukemia.

Acute myeloid leukaemia with defining genetic abnormalities
Acute promyelocytic leukaemia with PML::RARA fusion
Acute myeloid leukaemia with RUNXT::RUNX1T1 fusion
Acute myeloid leukaemia with CBFB::MYH11 fusion
Acute myeloid leukaemia with DEK::NUP214 fusion
Acute myeloid leukaemia with RBM15::MRTFA fusion
Acute myeloid leukaemia with BCR::ABL1 fusion

MD: minima"y di"fﬁr&nﬁﬂtﬂd Acute myeloid leukaemia with KMT2A rearrangement

M‘l: without maturation Acute myeloid leukaemia with MECOM rearrangement

sz with maturation Acute myeloid leukaemia with NUP98 rearrangement

ME: h?p&rgl‘ﬂrﬂ.llar' p[ﬂmyﬂlnﬁyﬁc Acute myeloid leukaemia with NPM7 mutation

MA: myElm’lﬁnm‘fﬂE Acute myeloid leukaemia with CEBPA mutation

ME: {ﬂ} mnﬂuﬂﬂﬁﬂ, {h} mnﬂ{,‘.}r‘lh Acute myeloid leukaemia, myelodysplasia-related

ME: El}f‘!hrﬂl&uh‘ﬂmiﬂ Acute myeloid leukaemia with other defined genetic alterations
M?: m&gakarynblastlc Acute myeloid leukaemia, defined by differentiation

Rare WFGS {E.g. Bﬂsinﬂlphil'ﬂ:‘ natural HI'EF} Acute myeloid leukaemia with minimal differentiation

Acute myeloid leukaemia without maturation

Acute myeloid leukaemia with maturation

Acute basophilic leukaemia

L-|: small, I'I'Iﬂrll:mrphic Acute myelomonocytic leukaemia
Lg: I.E.I'm. hﬂﬂrﬂg&ﬂ&ﬂu:ﬁ- Acute monocytic leukaemia
Lg: Burkitt-cell ‘I_‘,I'pﬂ A Acute erythroid leukaemia

Acute megakaryoblastic leukaemia

Figure 2a- b: a) FAB classification for Acute Myeloid Leukemia (AML) and Acute Lymphoblastic Leukemia (ALL), based on cells
morphology. b) WHO 2022 new classification based on morphology, molecular and cytogenetic determinants

The new 2022 classification (Figure 2b), proposed by the World Health Organization,
considers not only the cell morphology but also the cytogenetic and molecular
determinants, all in an attempt to develop a universally applicable and prognostically valid

classification [15].
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Acute Myeloid Leukemia

Acute Myeloid Leukemia (AML) is a blood cancer that develops clonally from blasts of the
myeloid lineage that have not been adequately differentiated. As a result of this
proliferation of immature myeloid cells, the buildup of immature progenitors (blasts) with
disruption of normal hemopoiesis causes severe infections, anemia, and bleeding. In some
circumstances, extramedullary disease such as central nervous system (CNS) involvement
may also be present [16]. The most prevalent acute type of leukemia in adults and the elderly,
acute myeloid leukemia is on the rise, primarily as a result of a rise in the prevalence of
therapy-related acute myeloid leukemia as more people with cancer treated with cytotoxic
chemotherapy recover from their underlying illness [16].

The presence of >20% blasts in peripheral blood or bone marrow, or the presence of specific
genetic aberrations detected in bone marrow regardless of blast count [t(8;21), inv(16), or
t(15;17)], is used to make the diagnosis [17].

Genetically, there are mutations that we know are common in AML or less rare than others.
To name a few, the Nucleophosmin 1 (NPM1 or nucleolar phosphoprotein B23 or numatrin)
protein has a strong correlation with concurrent receptor-type tyrosine-protein kinase 3
(FLT3), isocitrate dehydrogenase 1 and 2 (IDH1/2), and DNA methyltransferase 3 alfa
(DNMT3A) mutations and can be used to monitor for minimal residual disease (MRD).
Recurrent mutations in acute myeloid leukemia affect the biology and phenotype of the
disease, responsiveness to therapy, and the likelihood of relapse in the future [18,19]; ASXL
Transcriptional Regulator 1 (ASXL1) mutation has increased incidence in older adults with
Clonal Hematopoiesis of Indeterminate Potential (CHIP) mutation [20] associated with
secondary acute myeloid leukemia (AML) that has progressed from antecedent hematologic
malignancy [21]. Tumor Protein 53 (TP53 or p53) associated with complex karyotype and

secondary AML from antecedent hematological malignancy or therapy related [16].

Standard treatment in AML and targeted therapy

In AML, the two most prevalent induction therapy are cytotoxic chemotherapy with or

without targeted drugs and hypomethylating drugs [17].
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The backbone of therapy has not altered in 50 years for all individuals with AML who are
medically fit to undergo chemotherapy. The addition of numerous targeted drugs to the
standard 7+3 induction chemotherapy enhanced the outcomes [17]. The first therapy consists
of a seven-day continuous infusion of Cytarabine with the addition of an anthracycline,
usually Daunorubicin, administered daily for the first three days; this therapy is colloquially
called the “7+3 therapy” [17]. In individuals with FLT3 mutations, adding Midostaurin to
conventional chemotherapy increased survival from 25 to 74 months [17,22]. An unmet need
in the treatment of acute myeloid leukemia is adverse risk illness. The results of standard
7+3 chemotherapy are still disappointing. The complete remission rate is only
approximately 40%, and the median overall survival is 12-18 months. Patients are
frequently referred to clinical trials if one is available due to the low survival rate [17].

Two targeted agents, CPX351 and Venetoclax (a highly specific inhibitor of the anti-
apoptotic protein BCL-2), when combined with hypomethylating therapies, outperformed
standard 743 treatment in patients with adverse risk disease [17,23,24].

Since 2017, a large number of new drugs are available to treat AML, the therapy landscape
for AML has shifted dramatically. Venetoclax, which targets B-cell lymphoma 2 (BCL-2),
Midostaurin and Gilteritinib, which target FLT3, and Ivosidenib and Enasidenib, which
target mutant isocitrate dehydrogenase 1 and 2, respectively, have all emerged as new
targeted treatments. Reapproval of Gemtuzumab Ozogomycin to target CD33, Glasdegib to
target the Hedgehog pathway, and a liposomal version of Daunorubicin and Cytarabine
(CPX-351) are among the other additions [25,26]. Nevertheless, there are still many unmet
needs in the AML therapy, only 5 to 15% of patients older than 60 years could be cured
[16,27]; moreover, the outcome in relapsed/refractory patients or in which ones who are
unable to receive intensive chemotherapy treatment is particularly poor, with a median

survival of only 5 to 10 months [16,27].

Glutamate

Glutamate is the most important excitatory neurotransmitter in nervous system, where it
performs different actions through ionotropic and metabotropic glutamate receptors [28],

both in physiological and pathological conditions. Glutamate receptors are the target of
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several compounds, both approved or under clinical trial (like Riluzole, Memantine,
Foliglurax). Beyond the nervous system, where glutamate receptors expression and
functions are well defined, glutamate receptors also have a widespread distribution in non-
neural tissues, where their mode of action and function are not completely understood.
Glutamate mediates its activities via two main types of receptors; the first group it’s
composed by receptors with inotropic activity: AMPA receptor (AMPAR), NMDA receptor
(NMDAR) and Kainate receptors (KARs). The second type has a metabotropic activity and
the receptors are accordingly called metabotropic glutamate receptors (mGluRs), a family
of eight subtypes which are classified into three groups based on amino-acid sequence,
transduction mechanisms and pharmacological profile.

Glutamate mediates many actions at a physiological and pathological level. For example,
an excess of glutamate production and release causes a massive cell death in the CNS
through a mechanism called “excitotoxicity”, which is the main cause of numerous
neurological diseases [29].

Glutamate is a polar amino acid and a chiral molecule. The L-enantiomer is one of the 20
ordinary amino acids. Its lateral group has a carboxyl which gives it acid behavior, and in
humans it is not an essential amino acid. Glutamate is involved in most aspects of normal
brain functions: cognition, memory, learning, and during the CNS developing cell

migration, differentiation, and cell death [30].
Glutamate
":'\ /NH3+
C-CHy-CHy-CH CsHaNO,
4 \

CoO

Figure 3: Glutamate, structural and chemical formula
Glutamate is important for hormone regulation, heart rhythm, blood pressure, circulation,
and reproduction in peripheral organs and tissues, including the kidney, heart, intestine,
lungs, muscles, liver, ovary, testis, bone, and pancreas [31]; and in the hormone production

system and reproduction [31-33].
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G-protein-coupled-receptors (GPCR)

The GPCR superfamily is made up of receptors with similar general structures and accounts
for almost 4% of human protein-coding DNA sequences [34]. Their physiological
responsibilities span from central nervous system (CNS) function to vision, hearing, taste,
and immune system function [35]. GPCRs are classified into six groups based on sequence
homology, function, ligand, and structural features. The six receptor classes include
rhodopsin-like receptors (class A), secretin receptors (class B), metabotropic glutamate
receptors (mGluRs) (class C), fungal mating pheromone receptors (class D), cyclic adenosine
monophosphate (CAMP) receptors (class E), and frizzled/smoothened receptors (class F) [36].
The rhodopsin-like receptors are the most abundant classes of GPCRs, account for 85% of
all known GPCRs [37]. Despite their diversity, GPCRs share structural units. They all feature
a seven-transmembrane domain that is made up of hydrophobic residues that connect the
N-terminal extracellular domain to the C-terminal intracellular domain [38]. The seven-
transmembrane region has three intracellular and extracellular loops that link the
transmembrane domain's alpha-helical components [39]. The receptor structure is stabilized
by highly conserved disulfide connections in the N-terminal domain [40].

GPCRs can be activated by the binding of numerous ligands, which include
neurotransmitters, lipids, ions, hormones, amines, nucleotides, and odorant compounds.
When activated, the extracellular domain undergoes a conformational shift, prompting the
intracellular G-protein component G, to exchange guanine diphosphate (GDP) for guanine
triphosphate (GTP), resulting in Gg, dissociation [41]. The activation of downstream
signaling cascades is linked with adenylyl cyclase or phospholipase C (PLC) and others is
directed by Gu-bound GTP [41].

mGluRs (mGlu=protein, GRM=gene for human, Grm= gene for mouse) are members of the
class C GPCR family and are activated by glutamate, the most abundant neurotransmitter
in the central nervous system (CNS) [42]. mGluRs are classified into three classes based on
their structures, phylogenetics, signal transduction, and pharmacology (Fig. 4) [43]. Group I
includes mGluR1 and mGlIuR5; group II includes mGluR2 and mGIluR3; and group III

includes mGluR4, mGluR6, mGluR7, and mGluR8 [43]. mGluRs have comparable structures
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to other members of the GPCR family, but they include a unique characteristic known as
the Venus-flytrap domain that is not seen in other GPCRs. They feature a cysteine-rich
extracellular N-terminal domain that is coupled to a seven transmembrane domain that
links to the cell's C-terminal domain [4344]. This region is where glutamate binds and
activates the receptor. The canonical role of mGluRs is to regulate neuronal signaling in the
CNS [43]. mGluRs are engaged in a number of processes in the central and peripheral
nervous systems, including learning, memory, anxiety, and pain perception [45]. Pre- and
postsynaptic neurons in synapses in the hippocampus, cerebellum, cerebral cortex, and
peripheral tissues contain mGluRs [46,47].

Group I mGluRs are found at synapses and play an important role in neuronal excitability
by activating the Guq/Gw11 subunits, whereby stimulate PLC signaling [43,48]. PLC transmits
Group I mGluR signals [43]. Gaq / Gan1 are activated when glutamate binds to group I
mGluRs by exchanging GDP for GTP, which causes G, to separate from the Gpy heterodimer
[49]. As a result of GTP-bound Guo/Gwrt activating PLC, phosphatidylinositol-4,5-
diphosphate (PIP2) is broken down into diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP3) [49]. While IP3 diffuses into the cytoplasm and interacts with IP3 receptors
on the endoplasmic reticulum to release calcium (Ca?) into the cytosol, DAG is still attached
to the membrane [49,50]. Protein kinase C (PKC) is stimulated by increased Ca? and DAG,
which activates downstream signaling pathways such MAPK and PI3K/AKT [49].

Group II/Il mGluRs are activated via Gio subunits, whose transduce signals by blocking the
adenylyl cyclase pathway and may be located at both pre- and post-synapse, reducing

neuronal excitability [43].
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Figure 4: Mechanisms of action of mGluRs. The known functions of Group I, II, and III mGIluRs upon activation by the natural ligand,
Qlutamate, with the downstream PLC, and adenylyl cyclase signaling pathways. Parts of the figure were created by using pictures
from Servier Medical Art (Picture take from “Implications of a Neuronal Receptor Family, Metabotropic Glutamate
Receptors, in Cancer Development and Progression” Eddy et al., 2022; with authors permission).[51]

Metabotropic Glutamate Receptors in cancers

In recent years more and more studies have demonstrated the presence and role of
metabotropic glutamate receptors in the development and maintenance of cancer, not only
within the central nervous system (natural site of these receptors) as in the case of glioma
but also in ectopic sites, outside the nervous system [42]. In fact, the importance of their role
has also emerged in cancers such as melanoma, colorectal cancer, breast cancer, prostate
cancer, gastrointestinal cancer, ovarian cancer, kidney cancer, osteosarcoma, in oral
squamous cell carcinoma and upper aerodigestive tract cancer, where they are involved in
proliferation, apoptosis, migration and immune evasion [48,52-72]. It has been shown that
these receptors also play a role in healthy and leukemic T-cell biology and this activity
correlates with glutamate levels outside the cell [47].

In human breast cancer, mGluR1 has been found to play a function in carcinogenesis and
progression. Grm1 cDNA was introduced into immortalized Mouse Mammary Epithelial
Cells (iMMECs), resulting in cell transformation in vitro and cancer in vivo, with increased

angiogenesis [73]. mGluR1-expressing iMMECs had higher extracellular glutamate levels,
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and Riluzole, a glutamate release inhibitor, inhibited cell proliferation in vitro and tumor
development in MCF7 xenografts in vivo [73].

Speyer and colleagues, showed that in the presence of Riluzole, in vivo, tumor cells exhibited
reduced tumor growth and reduced angiogenesis; furthermore, it appears that mGIuR1 is
able to up regulate the expression of pro-inflammatory cytokines (such as CXCL1, IL-6 and
IL-8) during acute inflammation in Triple Negative Breast Cancer (TNBC). This implies that
mGluR1-expressing cells could regulate cytokine production to regulate immune
surveillance and infiltration of immune cells into the tumor microenvironment thereby
allowing the tumor to evade the surveillance by the immune system and/or prevent immune
cells from initiating an anti-tumor response [74,75]. Instead, GRMS, has been demonstrated
to function as an onco-gene in breast cancer and has been associated to a worse overall
survival rate. The overexpression of this receptor in breast cancer cells promoted tumor
growth, migration, invasion, carcinogenesis, and inhibited cell death signaling. GRMS8 has
been shown to be adversely regulated by miR-33a-5p in breast cancer [76]. Furthermore,
others have connected GRM4 overexpression to a decrease in cell proliferation, migration,
and invasion in MDA-MB-231, a human breast cancer cell line. GRM4 knockdown, on the
other hand, enhanced these activities [77].

The function of glutamatergic signaling in glioma formation and progression is well
recognized. Glioma cells are a type of non-neuronal cell that regulates neuronal cell activity
and metabolism. Ependymal cells, oligodendrocytes, and astrocytes are all components of
glial cells [51]. Many studies have connected mGluR1, mGluR2, or mGIluR3 signaling to
enhanced tumorigenesis and metastatic spread of gliomas via activation of the MAPK and
PI3K/AKT pathways. There is a significant quantity of circulating glutamate in
glioblastoma, which stimulates mGluRs and promotes tumor development. Furthermore,
Riluzole therapy lowers glioma cell aggressiveness [51]. The suppression of mGluR1 by RNA
silencing was demonstrated to diminish the vitality, invasiveness, and migratory activities
of human glioma cells (U87) in vitro, as well as the growth of U87 tumors in vivo [51].

REST limits neuronal gene expression by interacting with two different co-repressors,

SIN3A and RCOR1, which attract histone deacetylase to REST-regulated gene promoters. It
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mediates repression by recruiting the BHC complex (lysine-specific demethylase 1) to
RE1/NRSE sites and works as a chromatin modification by deacetylating and demethylating
certain histone sites. The recruitment of histone methyltransferase EHMT2 by REST-CDYL
may be significant in inhibiting cell transformation [78,79]. It inhibits the expression of
SRRM4 (Serine/Arginine Repetitive Matrix Protein 4) a splicing factor essential for neural
cell development in non-neural cells in order to prevent the activation of neural-specific
splicing events and the creation of REST isoform 3.

Repressor activity can be reduced by building heterodimers with isoform 3, which prevents
binding to NRSE or binding to co-repressors, resulting in target gene de-repression. It also
keeps neuronal genes repressed in neural stem cells and allows transcription and
differentiation into neurons by dissociating from target genes RE1/NRSE sites. As a result,
it plays a role in keeping adult neural stem cells dormant and avoiding premature
differentiation into mature neurons. It acts as a "switch" in development by changing the
composition of the synaptic NMDA receptor throughout postnatal development, inhibiting
GRIN2B expression and therefore changing the characteristics of the NMDA receptor from
containing mostly GRIN2B as a subunit to primarily GRIN2A. It is a key repressor of gene
expression in hypoxia: it represses genes during hypoxia by directly binding to a RE1/NRSE
site on their promoter regions. It may also function in stress resistance in the brain during
aging, possibly by regulating the expression of genes involved in cell death and stress
response. It also acts as a repressor of gene expression in the hippocampus during ischemia
by directly binding to RE1/NRSE sites and recruiting SIN3A and RCORI to target gene
promoters, inducing chromatin alterations and ischemia-induced cell death. It may have a
role in inhibiting miRNA-132 expression in hippocampus neurons following ischemia,
leading to neuronal cell death. It also suppresses the expression of SRRM3 in breast cancer
cell lines [78-85]. At this point, it is safe to assume that genes encoding for metabotropic
glutamate receptors may be under partial control of RE1/REST and that, in the case of
ectopic and aberrant expression of these receptors, the problem is probably attributable to

repressor malfunction.
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Members of the mGluR family have been demonstrated to be important participants in
glioma pathogenesis, as evidenced by the targeting of group II mGluRs (mGluRs 2/3) with
LY341495, a group II antagonist, or Riluzole, which lowered the aggressiveness of gliomas
[51]. Furthermore, Khan and colleagues reported that dosing mGluR3-expressing U87
glioma cells with Riluzole increases DNA damage and glioma cell cytotoxicity both in vitro
and in vivo; additionally, Riluzole treatment sensitizes U87 cells to y-radiation [51,86].

When colorectal cancer cells are compared to normal colon cells, mGluR4 result
overexpressed [72,87]. mGluR4 signaling increased cancer cell proliferation and infiltration,
according to functional experiments [72]. In human colorectal adenocarcinomas it was
shown that 68% overexpressed mGluR4, which was linked to poor prognosis and disease-
free survival, implying mGluR4's role as an oncogene [72]. Elevated expression of mGluR4
has been demonstrated to contribute to 5-fluorouracil (a chemotherapeutic drug) resistance
when compared with non-resistant parental cells [72,87]. Defective drug absorption, changed
anabolic and/or catabolic enzyme activity, and numerous pathways revolving within
thymidylate synthase in terms of substrate binding, gene amplification, and mutations have
all been hypothesized as reasons for resistance to 5-fluorouracil [51].

Another example, is the role of mGluR4 and mGluRS5 in osteosarcoma. Osteosarcoma is a
type of malignant bone cancer that primarily affects children and adolescents [51].
Overexpression of mGluR4 in osteosarcoma results in reduced cell proliferation, migration,
and invasion [51]. Liao and colleagues demonstrated the formation of autocrine loops in
mGluR5-expressing osteosarcoma cells, SaOS-LM7, where glutamate is released into the
tumor microenvironment, activating the mGluR5 receptor on these cells and promoting
tumor development [88]. Blocking mGluR5 signaling using pharmacological inhibitors
(Riluzole or Fenobam, a negative allosteric modulator of mGIluR5) or genetic approaches
resulted in decreased osteosarcoma cell proliferation, tumor cell motility, and increased

apoptosis [88].
mGlu Receptors and Leukemia

Many cells of the immune system (IS) express glutamate receptors including T lymphocytes.

By its nature, glutamate activates T-lymphocytes and stimulates transcription, cellular
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adhesion, chemotactic migration, production and secretion of different cytokines [89].
Furthermore, glutamate has a strong mitogenic effect on T-activated lymphocytes. T-
lymphocytes produce and secrete glutamate that has at least two effects: first, it has an
autocrine effect and, second, it has a paracrine effect on other cell types [89]. An interesting
finding by Long and colleagues demonstrated the involvement of glutamate in promoting
lymphocytes T-reg proliferation (a subpopulation of lymphocytes), their activation,
suppressive action, and stimulation in the mGluR1 receptor expression on cells surface [90].
Through immunohistochemistry and reverse transcription and PCR (RT-PCR), Pacheco and
colleagues provided strong evidence for the involvement of group I mGluRs in glutamate
connection in human lymphocytes [91]. Specifically, they found that the expression of
mGluR1 and mGluR5 in human lymphoid cells and in resting and activated lymphocytes
from human peripheral blood. They also detected high expression of both receptors in the
Jurkat T cell lines, but mGluRS5 is expressed only in the human B cell lines. Interestingly,
mGluR5 is constitutively expressed in blood lymphocytes and may contribute to the
maintenance of the resting status, but mGluR1 is expressed only upon activation via the T
cell receptor-CD3 complex [91]. Another study by Ciocchetti and her group, investigating
the influence of glutamate on T cell activation-induced cell death (AICD), a mechanism that
causes the death of lymphocytes if they are stimulated two times by TCR, a process that the
body needs to preserve the peripheral tolerance of the immune system [92]. This study
showed that micromolar concentrations of glutamate inhibit AICD and that the effect was
mediated by group I mGluR activation with consequent downregulation of FasL (Fas
Ligand) expression. Indeed, the direct activation of these receptors’ expression on T
lymphocytes and the nearby cells (macrophages and monocytes), protects the cells from
AICD [92]. mGluRs activation does not modulate cell proliferation or responses to other
apoptotic stimuli at low concentration. Instead, millimolar concentrations of glutamate
established in damaged tissues during acute and chronic inflammation had a metabolic
consequence (i.e., modifications of intracellular thiol compounds). These modifications
result in a modulation of the immune system response with diminished cell proliferation

and increased levels of INF-y and IL-10 [92]. The high expression level of mGluRs was found
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on T cells and dendritic cells (DC), and the DC mediated the protective effect of mGluR4
signaling, as elucidated through mGluR4’s inhibitory effect on intracellular cAMP
activation [93]. This failure to activate cAMP prevents the production of IL-6 and IL-23 and
causes the dendritic cells to shift the production of cytokines in such a way as to induce the
differentiation of T lymphocytes into regulatory T lymphocytes (T-reg), which are
responsible for protecting mice from “Experimental Autoimmune Encephalomyelitis”;
through mGluR4 [93].

The influence of glutamate on T-cells is dependent on the individual mGluR expression on
T cell subtypes, whether T-cells are resting or active, and the availability or lack of other
contemporaneous stimuli [47]. Glutamate has been found to be involved in a variety of T-
cell activities, such as T-cell activation, survival, adhesion, migration, proliferation, and the
prevention of antigen-induced apoptosis [47]. It has been postulated that tumor immune
evasion in T-cell cancers is mediated by high glutamate levels in mGluR-expressing cells,
which enhance tumor growth via hyperactivation of mGluRs on tumor cells, as well as
mGluR activation on normal T-cells, which reduces cytotoxic T-cell expansion within the
tumor environment [47]. Human T-cell leukemia (Jurkat, FRO, and SUP-T1) and T-cell
lymphoma (HUT-78, and H9) cell lines exhibit expression of group I (mGluR1/5), group II
(mGluR2/3), and group III (mGluR4/6/7/8) mGluRs [47,58,94].

When glutamate concentrations are low and normal, glutamate typically activates or
elevates numerous T cell characteristics and activities. When glutamate concentrations are
high, as in various pathological circumstances, glutamate usually does the reverse and
suppresses T cell activity. Thus, glutamate-induced effects are determined by a set of
elements including the environment [47]. The concentration of glutamate appears to be the
most crucial factor regulating the functions and the interactions between glutamate and T
cells [47]. Therefore, distinct immunological reactions are induced by glutamate at
nanomolar, micromolar, and millimolar levels, at such concentrations, it truly represent
glutamate levels in vivo under normal and healthy physiological settings, as opposed to
excess glutamate in a variety of pathological situations [47]. Based on the reviews of Ganor

and Levite (2014), we can divide the properties of glutamate on T cells according to its
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concentration. Furthermore, it has been shown that mGluR1, 2, 3, 5, and 8 are all present on
healthy T cells [47]. Under different conditions, glutamate, through metabotropic receptors,
induces different responses in activated or resting T lymphocytes: I) Glutamate, at
physiological mid-micromolar concentrations, protects activated T lymphocytes against
Apoptotic Activation-Induced Cell Death (AICD) via group I mGluRs; II) Glutamate
suppresses the proliferation of activated T lymphocytes via group I mGluRs at
pathologically high-millimolar concentrations; III) Glutamate modulates T cell cytokine
production via group I mGluRs at pathologically high-millimolar concentrations [47].

In pathological conditions, we know that Group I (mGluR1/5), group II (mGIuR2/3), and
group III (mGluR4/6/7/8) mGluRs are expressed in human T-cell leukemia (Jurkat, FRO, and
SUP-T1), and T-cell lymphoma (HUT-78, and H9) cell lines [47,58,94].

Taken together, there are fewer differences between the nervous, immune, and endocrine
systems, and we can investigate the consequences of perturbing one of them on the others
[95]. It will be of great interest (especially in blood malignancies) if we could manipulate the
activating/resting status of lymphocytes through the mGluRs, but addition studies are

necessary to perform first.

Melanoma history

Skin cancer is described as the abnormal multiplication of skin cells, which is frequently
detected in sun-exposed regions. Basal cell carcinoma, squamous cell carcinoma, Merkel cell
carcinoma, cutaneous lymphoma, Kaposi sarcoma, and melanoma are the six primary
forms. Melanoma is the most severe form of skin cancer and is caused by melanocyte
transformation. In the United States, invasive melanoma is expected to account for about
100,000 new cases and over 7,000 fatalities from skin cancer in 2022 [96].

Melanoma has been known for a long time, below I will summarize the most significant
milestones. In 1787, John Hunter from St. George’s Hospital Medical School in London
operated on the jaw of a 35-year-old man and he was able to effectively remove a recurring
melanoma. Hunter described the tumor as a "cancerous fungous excrescence,” while
Everard Home described it as "soft and black" in his 1805 book Observations on Cancer

[97,98]. In 1837, Isaac Parish recorded the first melanoma case in North America. His patient,
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a widowed 43-year-old woman with a toe "fungal tumor" [97,98]. In 1905, William Handley
recommended aggressive lymph node removal combined with the excision of around 5 cm
of subcutaneous tissue down to the level of muscle fascia based on one case of metastatic
melanoma, and for over 50 years it served as a reference for surgical melanoma therapy [97].
Melanoma is highly dangerous because it spreads to the lymph nodes, brain, liver, and
lungs. It is classified into two types: cutaneous and non-cutaneous. Cutaneous melanoma
forms on sun-exposed regions of the body, such as the skin. Non-cutaneous melanoma
occurs in sun-protected tissues such as the mucosa, uvea, and acral tissue. Melanoma
progresses over several phases. A melanocytic neoplasm develops from melanocytes during
the initial hyperplasia stage, and is a benign lesion known as a melanocytic naevus. The
naevi advance to a more aggressive stage called dysplastic naevi, which develops into
melanoma in situ and subsequently invasive melanoma. Straume and colleagues [99]
discovered that metastatic melanoma has the highest proliferative index of all melanoma
stages. Melanoma metastases, like many solid tumors, typically occur first in the lymph
nodes draining the main tumor, with distant metastases affecting visceral locations
appearing later [100]. Commonly reported melanoma-inducing variables include cumulative
Ultra Violet Rays (UVR) exposure, host age, mutational load, and the kind of neoplastic
change [101]. UVR has long been linked to melanoma development. It is believed that UVR
exposure alone accounts for 60-70% of all instances of cutaneous melanoma [102] and, UVR
exposure is thought to be the most common external cause of all cutaneous melanoma cases
[103]. Among the most commonly observed driver somatic mutations in chronic sun-
induced (CSID) are key proliferation governing genes (BRAF, NF1, and NRAS), growth and
metabolism genes (PTEN and KIT), cell identity genes [AT-rich interaction domain 2
(ARID2)], apoptosis resistance genes (TP53), cell cycle control (cyclin-dependent kinase
inhibitor 2A (CDKN2A), and replicative lifespan associated genes (telomerase reverse
transcriptase, TERT). Each melanoma case's variance is explained by the order of mutation
and accumulation of these genes [104,105].

From 1975 to the present time, progress and new discoveries in melanoma therapy have

been very rapid with the approval in 1975 of Decarbazine for the treatment of stage IV
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melanoma; the identification of NRAS-activating mutations in 1984; FDA approval for the
use of IL-2 in 1992; the discovery of mutations in BRAF in 2002; and the approval of

immunotherapy with Ipilimumab and targeted therapy with Vemurafenib in 2011 [97,98].

Metabotropic glutamate receptor 1 (mGluR1/Grm1-mice gene) ectopic expression in mice
melanocytes was sufficient to cause melanoma growth in vivo with 100% penetrance. Chen’s
group also discovered that mGluR1 was expressed in around 60% of human melanoma
biopsies and cell lines but not in benign nevi or normal human melanocytes, indicating that
GRM1 is involved in melanomagenesis. [106].

mGluR1 is predominantly expressed in neurons it’s expression in neuronal cells is
controlled by the binding of Neuron-Restrictive-Silencer-Factor (NRSF, also named RE1-
Silencing Transcription Factor) to a Neuron-Restrictive-Silencer-Element (NRSE), NRSF is a
transcriptional repressor that binds to the "neuron-restrictive silencer element” (NRSE) and
inhibits the transcription of neuronal genes in non-neuronal cells [107]. In melanoma cells
Lee et al.,, showed that NRSF/NRSE indeed are involved in the regulation of mGluR1
expression in melanocytes but additional regulatory elements are also involved, not all have

been identified [106].

First-line of treatment in melanoma

In this section, we will mainly discuss inoperable stage III and IV melanoma and the
different drugs that are currently used in therapy. We will also briefly discuss the mutations
affecting the Rapidly Accelerated Fibrosarcoma (RAF) family of proteins, specifically BRAF,

found in 50% of melanocytes and melanoma patients.
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Currently, the main criterion for deciding the treatment of an advanced patient with
Vemurafenib, targeted therapy is the presence or absence of the most common V600E BRAF
gene mutation. This BRAF mutation, which is found in approximately 50% of melanocytes
and whether this population of melanocytes progress to melanoma is not known. Mutated
V600E BRAF is also detected in 50% of melanoma patients, resulting in hyperactivation of
MEK, a kinase in the Mitogen-Activated Protein Kinase (MAPK) pathway that
phosphorylates the Extracellular Signal-regulated Kinase (ERK). Hyperactivation of ERK
promotes cell proliferation and growth and inhibits apoptosis [108-110]. Melanomas that
form on sun-exposed skin are more likely to have BRAF mutations [110-112]. Based on the
signaling pathway data, drugs termed "molecular targeting” have been developed;
combining a BRAF inhibitor with a MEK inhibitor has also been shown to improve tolerance
and efficacy of therapy but also increased in toxicity.

Currently the first-line of treatment is immunotherapy with antibodies targeting immune
check point, Nivolumab and Pembrolizumab: they target patients diagnosed with advanced
or metastatic melanoma (inoperable III or IV) [113,114]. Nivolumab and Pembrolizumab are
antibodies that target the PD-1 (Programmed Death 1 receptor) receptor on immune cells.
When triggered by attaching to particular components, the PD-1 receptor silences the
immune response by sending inhibitory signals. The drug's interaction with PD-1 inhibits
immune response suppression and boosts antitumor response.

Ipilimumab is a monoclonal anti-CTLA-4 (Cytotoxic T-Lymphocyte Antigen 4) antibody
that targets freshly activated CD4* and CD8* T cells. The drug's binding to the receptor
inhibits CTLA-4 function, restoring a primary immune response towards cancer cell [115].
Both BRAF-mutated and non-BRAF mutant melanoma patients benefit from
immunotherapeutic treatments.

For patients carrying the BRAF mutation, two different drug therapies are available, both
based on a BRAF inhibitor and a MEK inhibitor; thus, these therapies consist of Dabrafenib
and Tametinib or Vemutafenib and Cobimetinib. In two trials, COMBI-d and COMBI-v,
Dabrafenib and Trametinib outperformed Dabrafenib in monotherapy and Vemurafenib in

monotherapy, respectively. In terms of survival, the findings of both studies were very
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similar, with 44-45% of patients living after three years of monitoring compared to 31-32%
for monotherapy. In another study, coBRIM, Vemurafenib and Cobimetinib indicated a
benefit above Vemurafenib alone. In this case, the target combination resulted in 48% of

patients being alive at 2 years compared to 38% [116-118].

L1CAM (CD171) as possible target in melanoma invasiveness

Much studies have been performed to identify molecule(s) involved in tumor cell migration,
the first step in invasiveness and metastasis of tumor cells. L1, also known as L1-NCAM or
CD171, is a transmembrane protein expressed by the L1I-NCAM gene, that belongs to the
L1 protein family. This 200-220 kDa protein is a neuronal cell adhesion molecule that plays
an important role in cell migration, adhesion, neurite outgrowth, myelination, and neuronal
differentiation [119]. L1 serves a static role as a cell adhesion molecule that joins various cells.
It is involved in the adhesion of neurons as well as the development and connection of
neurites, a process known as neurite fasciculation [120]. Some studies have shown that L1
has a role in tumor development, tumor cell invasion, and metastasis of melanoma, ovarian,
and colon cancer owing to overexpression of the protein L1, which promotes malignant cell
mobility [121]. LICAM has a conserved cytoplasmic portion, five fibronectin type Il repeats,
and six immunoglobulin-like domains (Fig.5) [122].

L1 protein is linked to the activation of multiple cancer related pathways such as
extracellular signal-regulated kinase (ERK), focal adhesion kinase (FAK), and p21-activated

kinase (PAK) [122-124].
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L1 was found to be associated with the activation of the ERK pathway in melanoma,
upregulating ERK-dependent, motility and invasion products such as a-v-p3 integrin. L1
expression is linked with B3 integrin expression, although it promotes invasive melanoma
development without an increase in B3 integrin expression, according to one of the three
primary findings in Meier’s studies. They also discovered that L1 overexpression transforms
the Radiant Growth Phase (RGP) melanoma into the Vertical Growth Phase (VGP)
melanoma in the absence of B3 integrin [125]. Their recent report revealed that suppressing
L1 considerably decreased melanoma migration and invasion but did not entirely stop
growth. According to their findings, L1 does not enhance melanoma formation but does
help in migration and progression from RGP to VGP with invasive and metastatic capability

[125].
Based on previous work by Nagaraj and colleagues, where they tested several mimetic

antagonist drugs that block the action of LICAM, we decided to use two antagonist drugs
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to LICAM, anagrelide and 2-hydroxy-5-fluoropyrimidine to evaluate their in vivo and in
vitro efficacy in melanoma cell migration in vivo in allograft studies [126].

Anagrelide is a drug that reduces the number of platelets to treat thrombocythemia. It
inhibits megakaryocyte development in the bone marrow by lowering platelet numbers
without interacting with other progenitor cell lines [126]. Anagrelide inhibits the maturation
of megakaryocytes, resulting in lower levels of transcription factors GATA-1, FLI-1, and NF-
E2 [126]. It also reduces platelet numbers by preventing pro-platelet production. Pro-
platelets are mature megakaryocyte extrusions that extend into the sinusoidal lumen of the
bone marrow and give rise to platelets at their protrusions' terminals [126].

Hepatic aldehyde oxidase converts 2-hydroxy-5-fluoropyrimidine to 5-fluorouracil; 5-
fluorouracil inhibits metabolic activities in cells and is more abundantly integrated into the
RNA of tumor cells than non-tumor cells because tumor cells upregulate protein production
more than non-tumor cells. 5-fluorouracil incorporation into RNA renders RNA non-

functional, limiting key cell processes [126].
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Aims of the studies

Part I:

The first objective of this study was to demonstrate the expression of metabotropic
glutamate receptors in human acute myeloid leukemia cell lines; the second objective was
to evaluate the efficacy, if any, of specific drugs that can modulate the activity of these
receptors for each subtype. Finally, if it is possible to modulate the activity of these
receptors, to evaluate at the biological level what consequences were apparent with respect
to proliferation, resistance to chemotherapeutics, and modulation of signal transduction
pathways.

Part II:

In mGluR1 driven mouse melanoma cell lines, we are evaluating if two mimetic antagonist
drugs, anagrelide and 2-hydroxy-5-fluoropyrimidine, against L1-NCAM protein could

reduce these melanoma cells motility in vitro and in vivo.
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Matherials and Methods

Drugs table

Complete Drugs Name

Abbreviation

(1IR/4R,5S,6R)-4-Amino-2-
oxabicyclo[3.1.0]Jhexane-4,6-dicarboxylic
acid

LY379268 (group II mGluR agonist)

(RS)-a-Cyclopropyl-4-
phosphonophenylglycine

CPPG (group II/III mGluR antagonist)

(5)-3,5-Dihydroxyphenylglycine

DHPG (group I mGluR agonist)

3,4-Dihydro-2H-pyrano[2,3-b]quinolin-7-
yl)-(cis-4-methoxycyclohexyl)-methanone

JNJ16259685 (non-competitive mGluR1
antagonist)

7-Hydroxy-3-(4-iodophenoxy)-4H-1-
benzopyran-4-one

XAP-044 (mGluR7 antagonist)

4-(4-Fluorophenyl)-5-[(1-methyl-1H-
pyrazol-3-yl)methoxy]-2-
pyridinecarboxamide

VU6001966 (negative allosteric modulator
of mGluR2)

(1S5,25,4S,5R,6S)-2-amino-4-[(3-
methoxybenzene-1-
carbonyl)amino]bicyclo[3.1.0]hexane-2,6-
dicarboxylic acid

LY2794193 (mGluR3 receptor agonist)

(15,25,4R,5R,6S)-2-amino-4-
methylbicyclo[3.1.0]hexane-2,6-
dicarboxylic acid

LY541850 (orthosteric mGluR2 agonist and
mGluR3 antagonist)

N-(4-(trifluoromethyl)oxazol-2-yl)-9H-
xanthene-9-carboxamide

RO0711401 (positive allosteric modulator
of mGIluR1)

GDC-0973

Cobimetinib (MEK inhibitor)

ABT-199

Venetoclax (antagonist of the BCL-2 anti-
apoptotic protein)

N-(3-Chloro-4-fluorophenyl)-1H-

VU0418506 (Positive Allosteric Modulator

pyrazolo[4,3-b]pyridin-3-amine of mGluR4)
3-(2,3-Difluoro-4-methoxyphenyl)-2,5- VU6005649 (Positive Allosteric Modultator
dimethyl-7-(trifluoromethyl)pyrazolo[1,5- of mGluR 7/8)
a]pyrimidine
Forskolin

3-isobutyl-1-methylxanthine IBMX

Anagrelide Hidroxychloride
2-hydroxy-5-fluoropyrimidine 2H5F

LY379268, CPPG, DHPG, JNJ16259685, XAP-044, VU6001966 were purchased from Tocris
Biosciences (Bristol, UK); LY2794193 and LY541850 were purchased from Eli Lilly Italia
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S.p.A. RO0711401 was kindly provided by La Roche Ltd, Pharmaceutical division (Basilea,
Switzerland). Cobimetinib and Venetoclax were kindly provided by Professor A. Tafuri
(Department of Clinical and Molecular Medicine, Hematology, Sant’Andrea University
Hospital, Sapienza University, Roma, Italy). VU0418506 and VU6005649 were kindly
provided by Professor Jeffrey Conn. CPPG, LY2794193, LY379268 and LY541850 were
dissolved in distilled water and NaOH 5N; DHPG was dissolved in distilled water. All

others compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma Life Science®).

Cell cultures

Human leukemia cell lines: Three different hematological human cancer cell lines were used

for in vitro tests: OCI AML-3, OCI AML-2 and U937. Jurkat (acute T-cell leukemia),
MOLM13 (acute myeloid leukemia), HL60 and HL60/MX2 (acute promyelocytic leukemia)
were used only for qRT-PCR screening for mGluRs expression; cell lines were kindly
provided by Professor A. Tafuri. OCI AML-3 (Ontario Cancer Institute/ Acute Myelogenous
Leukemia-3) has NPM1 and DNMT3A mutated and OCI AML-2 (Ontario Cancer Institute/
Acute Myeloid Leukemia-2) has NPM1 wild-type and DNMT3A mutated these cells are
human leukemia cells; U937 (ATCC® CRL-1593.2™), this cell line was derived by Sundstrom
and Nilsson in 1974 from malignant cells obtained from the pleural effusion of a patient
with histiocytic lymphoma. All cell lines were cultured with RPMI-1640 (Gibco® Life
Technologies™) supplemented with 10% Fetal Bovine Serum Heat Inactivated (Gibco® Life
Technologies™), 1% L-Glutamine (Gibco® Life Technologies™) and 1% Streptomycin / Penicillin
(Gibco® Life Technologies™); cells were kept at 37°C and 5% CO:2 in a humid environment.
These cells grow in suspension and 25 cm? (Corning 430639, 2 um vent cap) and 75 cm? flasks
were used (Corning 31464U, 2 pm vent cap). Medium was changed twice a week and the
cells were used during the exponential growth. Viable cells were counted with Trypan Blue
0.4% solution (Sigma Life Science®) and then transferred in Burker counting chamber.

Mouse melanoma cell lines: Mass 3 cell line were cultured with RPMI-1640 (Gibco® Life

Technologies™) supplemented with 10% Fetal Bovine Serum Heat Inactivated (Gibco® Life
Technologies™), and 1% Streptomycin / Penicillin (Gibco® Life Technologies™); cells were kept

at 37°C and 5% CO:2 in a humid environment.
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Mass 3 infection and clones selection: Cell lines were infected using a lentivirus: the

lentivirus contained the puromycin resistance gene, the gene for Green Fluorescent Protein
(GFP) and the luciferase gene. Infections were performed by diluting the lentivirus 1:1 in
RPMI supplemented with 10% FBS (Fetal Bovine Serum) and 1% penicillin/streptomycin
and then adding Polybrene (7.5 pg/ml), an adjuvant that enhances the uptake and
integration of lentivirus into cells. After 24h, the lentivirus was removed and replaced with
complete RPMI 1640. Then cells were plated into fresh 60 mm petri-dishes and puromycin

was added for selection of resistant clones (0.8 mg/ml for puromycin).

Luminescence assay

The luminescence assays were used to observe luciferase in cells infected with lentivirus.
We used "Dual-Luciferase® Reporter Assay System" purchase from Promega (Promega

Corporation, Madison, USA).

qRT-PCR Analysis

Total RNA was extracted from OCI AML-3, OCI AML-2, U937, Jurkat, Molm13, HL60 and
HL-60/MX2 with Trizol reagent according to manufacturer's protocol for mGlu receptors
screening. The RNA was further treated with DNAse (Quiagen, Hilden, Germany) and
single strand cDNA was synthesized from 2 ug of total RNA using SuperScript III
(Invitrogen, Carlsbad, CA) and random hexamers. Real Time PCR was performed on 20 ng
of cDNA by using specific primers and Ssoadvanced Universal SYBR Green on an Applied
Biosystem Step-One instrument. Thermal cycler conditions were as follows: 10 min at 95°C,

40 cycles of denaturation (15s at 95°C) and combined annealing/extension (1 min at 60°C).
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Primers used are as follow:

GRM1 Forward: TTGGAAGTGATGGATGGGCA
Reverse: TGGAACCGATGTTGCCAGAA

GRM2 Forward: CCAGGAGCTGGGTCCCTT
Reverse: AAGTCTCCCTCCAGGGTCAG

GRM3 Forward: CGCTITGCACAAAATGCAGC
Reverse: AACACGTTGTATCGCCCCAT

GRM4 Forward: CAACTTCTCAGGCATCGCAG
Reverse: ACTGTCTTCTTCCGCTCACC

GRM5 Forward;: GCCAGATCAAGGTGATCCGAA
Reverse: TAACAAACAGGGTGGCCAGG

GRM7 Forward: AGGCTCTTCCAGATCCCCC
Reverse: TGGGCAATGCAGAGTCCAC

GRMS Forward: AGAAATGCACAGGGCTGGAG
Reverse: TCATTCGTGGACAAAGGCCA

GAPDH Forward: TTGCCATCAATGACCCCTTCA
Reverse: CGCCCCACTTGATTTTGGA

mRNAs copy number of each gene analyzed was calculated from serially diluted standard
curves simultaneously amplified with the samples and normalized against GAPDH copy

number.

Immunoblotting Protein Extraction

Cultured cells were washed three times with ice-cold phosphate-buffered-saline (PBS W/O
CaClz and MgClz), NaF 10 mM, EDTA 0,5 M pH= 8, Sodium Pyrophosphate, NasVO: 1M
and NaNs 10%) and lysed with lysis buffer (PBS W/O MgClz and Cl:Ca), TritonX-100,
Iodoacetamide 0,5 M, NaF 10 mM, NasVOs: 1M, NaCl 1,5 M, MgCl. 1M, CaCl> 1M, NaNs
10%, Protease and Phosphatase inhibitors (tablets, LaRoche). Proteins were resuspended in
SDS-bromophenol blue reducing buffer containing 5% 2-mercaptoethanol and separated by

electrophoresis on 8% SDS polyacrylamide gels running at 100 Volts for 1.30 hour. Samples
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were never boiled for mGlu receptors before loading. The proteins were transferred into
nitrocellulose membranes using Trans-Blot Turbo® Transfer System (BioRad) and
thereafter, membranes were blocked for unspecific binding with 5% non-fat dry milk in
TBST (TBS containing 0.1% Tween 20) for 1 hour at room temperature. Membranes were
incubated with the following primary antibodies: Human primary Anti-mGluR1la (Abcam
ab82211 Rabbit polyclonal) overnight at 4°C (in 5% milk TBST); mouse primary anti-
GAPDH (Abcam) 1:1000, 1 hour at Room Temperature. Immunoreactive bands were
visualized by enhanced chemiluminescence (Millipore) using horseradish peroxidase-
conjugated secondary antibodies.

Immunoblotting for L1ICAM:

Due to the pigmentation in in vivo excised tumor samples, protein concentration was not
performed, 30 pul of proteins extracts (from cells and from tissues samples) were loaded in a
7.5% SDS-page gels and then separated by electrophoresis running at 100 volts for 2 hours.
Proteins were transferred into nitrocellulose membranes preparing the “sandwich”, and the
transfer ran at 160 mm Volts for 4 hours. Membranes were blocked for unspecific binding
with 5% non-fat dry milk in TBST for 1 hour at room temperature. Membranes were
incubated with the following primary and secondary antibody prepared in 0.25% non-fat
dry milk in TBST.

For L1 (CD171) protein the primary antibody was purchased from Sigma-Aldrich anti-
CD171 rabbit polyclonal (used 1: 1.000, Cat. #5SAB4501674); tubulin primary antibody was
used 1:10.000 (monoclonal Anti-a-Tubulin produced in mouse, Sigma-Aldrich, Cat. # T6074).
Secondary anti-rabbit antibody for L1 (EMD Millipore, AP182P, USA) and anti-mouse
secondary antibody for tubulin (Sigma-Aldrich, anti-mouse 1gG, Cat. #A4416) were used

1: 5.000.

Proteins extraction of mouse melanoma cell lines:

Cells were allowed to grow in a 60-mm Petri dish (Corning) in complete medium to a
confluence of about 85 percent. The plate was then washed twice with cold PBS 1X and
Laemmli Sample Buffer (Bio-Rad Laboratories Inc. Cat. # 1610747) was then used; the buffer

consisted of PBS 1X, Laemmli buffer and 5% B-mercaptoethanol. Using a scraper, the cells
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submerged in the lysis buffer were detached (100 ul per 60 mm plate). The protein extract
was then heated at 99°C for 10 minutes and centrifuge at 14.000 rpm for 10 minutes; the
samples were then stored at -80°C for future use.

Primary tumor protein extraction:

Lysis buffer was prepared with 50 mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 5% Glycerol
and 1% Igepal at pH=7.75. DTT 1mM, cocktail phosphatase 3 inhibitors (Sigma-Aldrich,
P0044), cocktail phosphatase 2 inhibitors (Sigma-Aldrich, P5726), and 25X proteinase
inhibitors (Complete Mini-EDTA-free, 11836170001) were added to the lysis buffer. Keeping
the samples on ice, mortars and pestles with liquid nitrogen were used. The pestles and
mortars were pre-cooled by pouring nitrogen and then the samples were added. Each
sample was crushed and reduced to powder using the pestle and adding liquid nitrogen
from time to time. Once a fairly fine powder was obtained it was resuspended in liquid
nitrogen and poured into a test tube kept on ice while waiting for the nitrogen to evaporate.
Next, 250 ul of lysis buffer was added to the test tube and, through the use of a mechanical
sonicator (Polytron, OMNI-TH International), the suspension was further grinded. Once the
sample became quite liquid and somewhat sticky, it was incubated for 2 hours at 4°C on a
shaker. The sample was then transferred to a fresh tube and centrifuged at 14.000 rpm at
4°C for 20 min. The supernatant was recovered and placed in a new tube and placed in the
-80°C.

Polyphosphoinositide hydrolysis

The cell lines OCI AML-3, OCI AML-2 and U937 was counted with Trypan Blue solution
0,4% and the cell suspension was centrifuged at 1200 rcf for 5 minutes (Megafuge 1.0 R,
Heraeus Instruments) and the pellet was resuspended in Krebs-Henseleit buffer (NaCl 118
mM, KCI 4.7 mM, MgSOs 1.18 mM, KH2PO: 1.18 mM, NaHCOs 24.8 mM, CaCl: 1.2 mM, D-
Glucose 10 mM) pre-gassed with 95% Oz and 5% CO: at pH=7.4 in order to obtain a final
concentration of 1.5x10¢ cells in 0.5 ml. The cellular suspension was labelled with 1 uCi
diluted 1:2 of Myo-[°*H] inositol for 40 minutes oxygenating the suspension and then
challenged with DHPG 10 uM alone, JNJ16259685 10 uM alone, RO0711401 10 uM alone
and JNJ16259685 plus RO0711401, 10 uM respectively. The cells were incubated with
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treatments for 30 minutes and then added LiCl 10 uM and incubated for 40 minutes. The
incubation was stopped by the addition of 300 ul dH20, 800 ul chloroform and 800 ul
methanol; samples were centrifuged at low speed to facilitate phase separation. The [*H]
inositolmonophosphate (InsP) present in the supernatant was separated by anion exchange
chromatography in 10 ml columns containing 1.5 ml of Dowex 1-X-8 resin (formate form, 100-
200 mesh, Bio-Rad, Milan, Italy). Columns were washed twice with distilled water, once with
a solution of 5 mM sodium tetraborate and 40 mM sodium formate, and the [*H] InsP was

eluted with 6.5 ml of 0.2 M ammonium formate and 0.1 M of formic acid.

Annexin V and Propidium lodide staining

Cells were seeded at 6 x 105 cells in a 6-wells plate in RPMI-1640 complete medium.
Treatments with different reagents were performed either alone or in combination in
incubator at 37°C and 5% CO: in a humid environment for 72 hrs. Afterwards, the cell
suspension was recovered and centrifuged at 1200 rcf for 5 minutes. The supernatant was
discarded and the pellet was resuspended in 200 ul of sterile PBS 1X (Gibco® Life
Technologies™). Then the cells were transferred in a V-shaped 96-wells plate and washed
again. Discarded the supernatant and resuspended the pellet in 50 pl of Annexin V and
Propidium lodide Staining Solution 1X (Staining Solution 1X, Annexin V and Propidium
Iodide, BD Pharmingen) and incubated for 15 minutes in the dark. Centrifuge at 1200 rcf for
5 minutes and discard the supernatant and add 200 ul of Annexin Binding Buffer 1X (BD

Pharmingen), resuspended the cells and transferred to FACS tubes.

Measurements of cCAMP formation in leukemia cell lines

Measurements of cCAMP were performed in all cell lines for the mGluR2/3 and mGIuR7/8
receptors. Cells were expanded in their medium, centrifuged and resuspended in Krebs-
Henseleit buffer (equilibrated with 95% O/ 5% CO», pH 7.4 and previously incubated for
35-45 min at 37°C under constant oxygenation to allow metabolic recovery). Then 1x10° cells
were transferred to polyethylene tubes and incubated for 45 min before the addition of the
specific drugs. Cells were incubated with 0.5 mM IBMX for 15 min, randomly distributed
and then were challenged with VU6001966 (10 uM) or vehicle followed by LY541850 (1 uM)
or LY379268 (10 uM) or XAP044 (10 uM) or VU6005649 (10 uM) or in combination and 2
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minutes later by forskolin (10 uM) or its vehicle. The incubation was continued for
additional 20 min. The reaction was stopped with 0.4 N perchloric acid (PCA). Samples were
sonicated for 25 s, added K2COs 2N, and centrifuged at 600 g. cCAMP levels were measured
in the supernatant using an enzyme-linked immunoassay (ELISA) kit (Tema Ricerca,

Castenaso, BO, Italy).

Analysis of cell proliferation (MTT viability Assay)

OCI AML-3 and U-937 cell lines were seeded in a 6-wells plates and incubated for 72 hours
with JNJ16259685 (10 uM), RO0711401 (10 uM), Cobimetinib (0,1 and 1 uM) and Venetoclax
(1 and 2 pM) alone or in combination. After 72 hours, 100 uL of cells were put in 96 wells
plate and added 10% of MTT (5 mg/ml in PBS 1X), then the plate was incubated for 3 hours
at 37°C in a humidified atmosphere with 5% CO; after 3 hours DMSO was added and the
plate was incubated for another 15 minutes, detected the formazan developed with ELISA
reader at a wavelength of 565 nm. For mouse melanoma cells, the cells were seeded in a 96-
well plate at a concentration of 1x10* in 50 ul in complete RPMI-1640 and incubated 24 hr.
After 24 hours, anagrelide and 2H5F were added at a concentration of 100 uM in 50 ul, and
readings were taken at 24, 48, 72 and 96 hours using a plate reader at a wavelength of 565

nm and a reference wavelength of 750 nm.

Migration of mouse melanoma cells using scratch assay

Mouse melanoma cells at 2 x 10° cells were seeded in a 6-wells plate (Corning) and let them
growth for 24 hours in complete media; the next day with a 200 ul pipette tip a scratch was
made along the entire length of the well. The wells were then washed twice with sterile PBS
1X and the medium with treatments was added, changing it after 48 hours. Images were
acquired every 24 hours at the same time and location. Treatments were added as follows:

No treatment (NT), Vehicle (Veh), Anagrelide 1 uM, Anagrelide 10 pM and Anagrelide 100

uM; for 2HS5F the scheme used was the same.
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Measurement of tumor volume with vernier caliper in vivo

Measurements of tumor volumes by digital caliper were performed twice a week, and the
tumor volume, in mm?, was calculated as (AxB?)/2. The caliper used was a Fowler (Tools and
Instruments, ultra-cal IV 6”/150 mm).

In vivo imaging using IVIS system

The mouse melanoma cell lines carried the luciferase reporter gene. To visualize the
luciferase reporter, we prepared 100 mg of Luciferine Patassium Salt (Regis, Technologies Inc.,
Code. 1-360223-200) in 6.6 ml of sterile 1x PBS to obtain a concentration of 15 mg/ml and 200
ul of Luciferine Potassium Salt are used, via IP injection for each mouse at least 15 min
before the images were acquired from the small animal imaging system, IVIS. We used the
intensities of the emitted bioluminescence to monitor the tumor growth and metastasis

development through luciferase reporter.

In vivo allograft

For the in vivo studies, female and male BL6/SKH (hairless C57BL/6) mice at 8-10 weeks of
age were used. The animals were housed in controlled environmental conditions:
temperature 20 + 2 °C, relative humidity 50 + 10%, ventilation with 15 spare parts air hour,
regular day / night cycle (12 light / 12 dark) and standard feed with complete feed for mice
and water ad libitum. All the experiments were carried out in compliance with Rutgers
TACUC. Mouse melanoma cell lines, Mass3 clone 1 cells were inoculated by subcutaneous
injection in a volume of 100 ul (50 pl cell and 50 pl Matrigel) with a concentration of 1x10°
cells in one flank. When the tumor became palpable, the animals were divided into three
groups, Vehicle, Anagrelide (20 mg/kg) and 2H5F (10 mg/kg) and treatment was carried on
three times a week. The tumor was measured twice a week with a two-dimensional caliper.
The animals were sacrificed at the end of the treatment, or at the first distress signal or when

the tumor exceeded 700 mm? in volume.
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Statistical analysis

Statistical analysis of data was performed using SigmaPlot software, version 12 and
GraphPad Prims, software version 9. In all experiments, data are presented as means +
standard error of the mean (SEM) or simple SD, and p < 0.05 was considered significant for
One-way ANOVA followed by Fisher’s least significant difference (LSD). To quantify

western blots we used Image]J software version 1.52.
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Results

1.Transcripts of different mGluRs subtypes are found in oncohematological

cell lines
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Figure 6: gPCR analysis of GRM1, GRM2, GRM3, GRM4, GRM7, GRM8 mRNAs in oncohematologic cell lines; OCI AML-3, OCI
AML-2 and U937 cell lines; all the expression levels are normalized against GAPDH; a) gqRT-PCR mGIuRs group I; b) gRT-PCR
mGIuRs group I1; ¢) qRT-PCR mGIluRs group I11; N=4 + SEM

Expression of mGluRs genes (GRM1, 2, 3, 4, 5, 7, 8) (Supplementary data 1) were examined
by quantitative RT-PCR (qRT-PCR) in several AML cell lines (HL60, HL60/MX2, OCI AML-
2, OCI AML-3, U937) and as control group we examined also Acute Lymphoid Leukemia
(ALL) cell lines (JURKAT and MOLM13), due to the better established roles of mGluRs in
ALL [47]. We have not examined GRM6 expression because its expression and role outside

the retina is poorly understood. We have detected expression of all mGluRs genes in both
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AML and ALL cell lines (Supplementary data 1). GRM2, GRM3, GRM4, GRM5, GRM?7, and
GRMS8 showed no difference in expression between AML and ALL cell lines; additionally,
expression levels of these genes were quite low, with around 10 copies per 10¢ housekeeper
copies (GAPDH). Also, GRM1 expression was detected in all ALL and AML cell lines. On
the contrary to other genes, two AML cell lines (OCI AML-3 and U937) displayed GRM1
expression a hundred times higher compared to others. We have described above that
GRM1 is considered an oncogene and its overexpression seems to play a fundamental role
in the development and maintenance of carcinogenesis, so we concentrated preliminarily in
analyzing mGluR1 in AML cell lines and follow by the other mGluR sub-family. We selected
OCI AML-3, OCI AML-2, and U937 for further studies (Fig. 6a, 6b, 6c). From the results
shown in Figure 6, it is apparent that the highest levels are those of mGluR1 and mGluR2
(Fig.6a and 6b), with the exception of the cell line AML-2, where the expression levels of
mGluR1 are near zero. Furthermore, the expression levels of mGluR5 and mGIuR8 are
relatively low in all three cell lines, while the levels of mGluR4, mGluR7, and mGluR3 are
average. Among the different expression levels, it is noted that those of mGIluR2 are higher

than those of mGluR1, even if they are on the same order of magnitude.

2. mGluR1 protein is expressed in AML cell lines

Once we detected GRM1 mRNA expression in AML cell lines, we investigated whether the transcript
was translated into protein. We performed Western Blot analysis on OClI AML-3 and U937, the AML
cell lines that display the highest GRM 1 transcript levels. As a positive control, we have used human
brain lysate and as a negative control, we have chosen OCI AML-2, which has displayed the lowest
levels of GRM 1 expression (1.16 copies on 108 copies of GAPDH). The expression of mGIuR1
protein on OCI AML-3 and U937 was detected, and the protein's signal was also detected on the

positive control. As expected, no signal was detected in the negative control.
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Figure 7: Western blot analysis of mGlula receptor in U937, AML3, and AML2 cells. Immunolabeling of mGlul receptor in other human
cancer cell lines is also shown. Western Blot confirm mGlul receptor expression in AML3 and U937 cell lines but not in AML2 cell line.

3. mGluR1 is functional in OCI AML-3 but not in AML-2 and U937 cell lines
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Figure 8: [*H]Polyphosphoinositide hydrolysis assay in AML-3 cells induced by DHPG 200 uM, no effects are observed n=6, One
WayAnova + SEM; PI hydrolysis assay on AML-3 cell line treated with JNJ16259685 (NAM) and RO0711401 (PAM) both at 10uM; note
ihstSNél(\)/lsand PAM block and stimulate, respectively, the PI hydrolysis with statistical significance. Values are means + SEM (n=6),
Up to this point, we have demonstrated that mGIuR1 is expressed in some AML cell lines,
so the next step was to demonstrate the functionality of this receptor in these cells. We have
performed a [*H]polyphosphoinositide ([*H] PI) hydrolysis assay on OCI AML3, U937, and
OCI AML2; with this assay, we wanted to study the consequences of mGluR1 modulation
in the [*H]PT hydrolysis pathway. To our knowledge, this is the first time that this technique,
usually employed in neuroscience [127] is used in oncohematological cell lines. First, we

analyzed the effect of DHPG (Fig.8), an orthosteric agonist of mGluR1 and mGluR5. We
have detected no effect of DHPG on PI hydrolysis (Fig.8). However, DHPG is an orthosteric
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agent, so we have postulated that the lack of effect could be linked to a high amount of
glutamate in the medium, which could either maximally activate the receptor or induce an
acute desensitization of it [128]. Subsequently, we have decided to modulate mGIuR1 activity
with an allosteric modulator; this allosteric modulator could increase (positive allosteric
modulator, PAM) or decrease (negative allosteric modulator, NAM) receptor affinity and/or
efficacy in a glutamate-independent path. We have performed a [°*H] PI assay where cell

lines were treated with mGluR1 NAM (JNJ16259685) and PAM (RO0711401) (Fig.8).
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Figure 9: PI hydrolysis assay on AML-2 (n=4) cell lines treated with INJ16259685, RO0711401 and DHPG; no effects were
observed, One Way Anova + SEM
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Figure 10: PI hydrolysis assay on U937 (n=4) cell lines treated with INJ16259685, RO0711401 and DHPG; no effects were
observed, One Way Anova + SEM
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We only observed statistical significance where mGluR1 PAM and NAM respectively
enhanced or inhibited PI in OCI AML-3 cell line. Additionally, no effects were observed on
U937 cells even though they expressed mGluR1 (Fig. 10). On OCI AML-2, where no mGluR1
protein or transcript were detected, it was not surprising that no effect of NAM or PAM was
observed (Fig. 9). Taken together, we concluded that mGluR1 is expressed and functional

in some AML cell lines, expression alone did not translate to functionality.
4. mGluR1 modulation did not alter AML-3 cell proliferation or viability

Once we demonstrated the presence and functionality of mGluR1 in AML cell lines, we
assessed the cytotoxic effects of mGluR1 modulation as a putative target in AML. First, we
performed an Annexin V and Propidium Iodide staining assay. We did not detect any
changes in the percentage of apoptotic cells in OCI AML-3 cell lines treated with NAM or
PAM versus the spontaneous apoptosis rate of OCI AML-3 as a result of mGIuR1 blockade

or activation (Fig. 11).
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Figure 11: no effect of mGIuR1 receptor blockade or activation on cells AML-3 apoptosis (n=3; One Way Anova + SEM)

The AML-2 and U937 cell lines were not tested because AML-2 does not express mGluR1

receptor and the mGluR1 receptors in U937 were likely non-functional (data not shown).

5. MTT assay: cells viability evaluation

In order to investigate a possible “priming” of mGluR1 PAM or NAM, we have combined

these agents with targeted therapy drugs: Cobimetinib (a MEK inhibitor) or Venetoclax (a
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Bcl-2 inhibitor). We treated the OCI AML-3 and U937 cell lines to determine if mGluR1 was
implicated in chemoresistance or chemosensitivity. No changes in cell proliferation were

observed using mGluR1 PAM or NAM alone or in combination with Cobimetinib or

Venetoclax (Fig. 12-13).
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Figure 12: Proliferation assay on AML-3 cell line treated with NAM and PAM alone and in combination with Cobimetinib and
Venetoclax. OneWay ANOVA test + SEM n=3, * p < 0.05
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Figure 13:Proliferation assay on U937 cell line treated with NAM and PAM alone and in combination with Cobimetinib and
Venetoclax. OneWay ANOVA test + SEM n=3, * p < 0.05

6. mGluR2/3 modulation influences cAMP levels in leukemia cell lines in a
non-predictable pathway

We have evaluated the cAMP formation in leukemia cell lines after stimulation with
LY379268 (selective group II mGlu receptor agonist), LY541850 (selective orthosteric

mGluR2 agonist and mGIuR3 antagonist, 10 uM), VU6001966 (NAM mGluR2, 10 uM). As
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shown in Figure 14, furthermore, there is no difference when the two compounds are
administered concurrently (Fig. 14). Administration of a selective orthosteric mGluR2
agonist and mGIuR3 antagonist induces a decrease in cAMP level, which is amplified by
concurrent administration of mGIuR2 inhibitors. All of the data presented above show that,
while mGIuR2/3 modulation has an effect on cAMP levels, it occurs via a non-canonical

pathway, and the interpretation of these findings remains unclear.
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Figure 14: mGIluR2-3 modulation displays no effect in the absence of forskolin, a compound that directly activates the adenylate
cyclase; in U937 no significant effect is shown by the modulation of mGluR2-3; in OCI AML-2 and OCI AML-3 the modulation of
mGIluR2-3 induces a significant change in cAMP levels; however, these changes happen in a non-predictable way. One Way ANOVA
+ SEM n=3

7. mGluR2/3 modulation does not induce a biologically significant increase in

leukemia cell lines apoptosis

Despite the unclear mechanism of action of mGluR2/3 in leukemia cell lines, we aimed to
assess cytotoxic effects of mGluR2/3 modulation. We have performed Annexin V and
Propidium Iodide staining assay (Fig. 15). We have challenge cell lines with several
compounds active on mGIluR2/3 but, even if a statistically differences has emerged, no

significant biological effect has been detected (percentage of apoptotic and necrotic cells was

less than 2%).
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Figure 15: no significant biological effect of mGIuR2/3 receptors blockade or activation on OCl AML-2, OCI AML-3 and U937
apoptosis. n=6, OneWay ANOVA = SEM
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8. mGluR?7 activation induced a strong and receptor specific pro-apoptotic

responses in U937 and AML-3 cell lines and differences in cAMP levels

Group III represents the largest and least known of the mGluR family. Several studies in the
literature, suggested that these receptors may have anti-tumor properties. Therefore, we
have challenged U937 and OCI AML-3 with several compounds against group III mGluRs:
an mGluR4 PAM (VU0418506), an mGluR7 antagonist (XAP044), a mGIluR7-8 PAM (VU
6005649) and a potent group II/IIl mGlu receptor antagonist (CPPG). mGluR4 PAM
significantly decreased the apoptotic rate in OCI AML2 but did not affect apoptotic rate in
OCI AML3 and U937 cell lines (Fig. 16). mGluR7 antagonist alone led a slight but significant
decrease in apoptotic rate in OCI AML2, but not in OCI AML3 or U937 cell lines (Fig. 16).
Interestingly, mGIluR7-8 activation (mediated by a PAM, VU6005649) displayed a strong
pro-apoptotic response in all three AML cell lines (Fig 16). These different responses are
probably mediated by different mechanism(s) of cAMP modulation; moreover, as seen in
Figure 17, no significant cAMP modifications are induced by mGIuR7-8 PAM. In order to
investigate the receptor-specificity of this observation, we incubated AML cell lines both
with mGluR7-8 PAM and with the mGluR?7 antagonist. In U937 cell lines, we observed an
intermediate result, with a statistically significant increase in apoptotic rate but less robust
compared to cell lines treated with mGluR7-8 PAM alone. These data demonstrated that
mGluR? activation induced strong and receptor-specific pro-apoptotic responses in U937
cells. In OCI AML-2, mGluR7-8 activation still induced a statistically significant pro-
apoptotic effect, but after a challenge with both mGluR7-8 PAM and mGluR7 antagonist,
the apoptotic responses increased. In summary, these findings suggest that mGluRs group
III play important roles in AML biology; but more research is needed to investigate the role
of mGluR7-8 in AML that may shed light on a possible therapeutic role for mGLuR7-8 in
AML.
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Figure 16: OCI AML-3, OCI AML-2 and U937 cell lines were treated with VU418506, XAP-044, VU6005649, CPPG and a
combination of VU6005649 and XAP-044. One Way Anova + SEM: * p <0.05 Treated VS Vehicle, #p < 0.05 VU6005649 VS
VU6005649 + XAP-044; Cells were treated for 72 hours; n=4
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Figure 17: cAMP levels in OCI AML-3, OCI AML-2 and U937 cell lines treated with NAM and PAM of mGIuR7/8. We can observe a
variation in cAMP levels especially in OCI AML-3 and OCI AML-2 cell lines. n=3, OneWay ANOVA + SEM, * p <0.05.

After evaluating the effects of different drugs on the biology of leukemic cell lines, we also
investigated the molecular pathway of AKT, which is involved in cancer cell survival. We
considered both total AKT and p-AKT (pSer-473), and by western blot, both forms were
quantified and assessed. As show in figure 18, in OCI AML-3 cell line treated for 20 minutes
with PAM for mGluR7/8 in both complete medium and starvation medium, no significant
changes in AKT and p-AKT levels were found (Fig.18). Similarly, total AKT and p-AKT
levels were measured for the U937 cells treated with the group II agonist (LY379268) under
both normal and starvation conditions (Fig.19). We observed significant differences in p-
AKT/AKT levels only in cells treated under starvation conditions. Thus, we propose that
the presence and amount of glutamate in the complete culture medium may interfere with

receptor modulation by the agonist for group II.
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Figure 18: Western Blot and quantification levels for AKT and p-AKT after 20 minutes of treatments in complete medium and
starvation medium on OCI AML-3 with mGIuR7/8 PAM.
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Figure 19: Western Blot and quantification levels for AKT and p-AKT after 20 minutes of treatment with mGIuR2/3 agonist in
complete and starvation medium on U937 cell line. Black columns=complete medium, white columns=starvation medium.* # p <0.05
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Results Part 11

10. Mass 3 clone 1 Scratch assay
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Figure 20: Scratch assay, at 5 different acquisition time and three different anagrelide concentration; anagrelide inhibits migration
of Mass3 clonel cell. After 24 h, monolayers were scratched, immediately imaged, and then treated with different concentrations of

anagrelide (1, 10 and 100 pM). Cells were imaged every 24 h up to 96 h.

Using the scratch assays, we evaluated the time for the mouse melanoma cells to migrate
and fill the space using three different concentrations (1, 10 and 100 uM) of anagrelide and
2H5F (Fig.20). As shown in Figure 20, anagrelide at 100 pM yielded the greatest limitation

on cell motility, perhaps mediated through a blockade on L1, a protein important for

melanoma mobility and invasiveness.
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Figure 21:Scratch assay, at 5 different acquisition time and three different 2H5F concentration. 2-Hydroxy-5-fluoropyrimidineinhibits
migration in Mass3 clone 1 cell. After 24 h, monolayers were scratched, immediately imaged, and then treated with different
concentrations of 2-Hydroxy-5-fluoropyrimidine (2H5F) (1, 10 and 100 uM). Cells were imaged every 24 h up to 96 h.

With 2H5F, at concentration of 10 pM at both 72 and 96 hours, noticeable space was present
compared to untreated (NT) or vehicle (Fig.21). Taken together, either antagonist mimetic

of L1 was able to reduce cell migration at different concentrations.
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Figure 22: Graphs represents the gap percentage (%) of untreated cells, vehicle-treated cells and cells treated with 1, 10, 100 uM
anagrelide or 2H5F. Three images were taken per well and values for each condition were averaged. ANOVA + SD, *p < 0,05

11. Proliferation Assay
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Figure 23: MTT Assay on Mass3 Clone 1 cell line at different time points treated with 100 uM Anagrelide and 2H5F. n=3 TwoWay
ANOVA Test + SD
We then performed cell proliferation/cell viability assays to examine if one or both
antagonist mimetics of L1 may influence mouse melanoma cells in cell proliferation and/or
viability (Fig.23). No effect is observed after a 96 hours treatment, these results suggest that
Anagrelide and 2H5F compounds not affect cell proliferation. Next, we perform in vivo
assays to determine if one or both antagonist mimetics of L1 may possess same inhibitory
activity in vivo. In order for us to monitor the growth and migration of the inoculated mouse

melanoma cells, we took advantage of the luciferase reporter gene.
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12. Luciferase reporter and luminometer assay

After infecting cells with lentivirus carrying the luciferase reporter gene and the gene for
puromycin resistance, the cells were allowed to proliferate and emerging of putative
resistant clones were selected and tested for luminescence (Fig.24). We isolated 30
puromycin resistant clones, those with the highest luminescence levels were selected,
namely clone 1, 7 and 8 for further studies. Then, Mass3 clone 1 was chosen to be used in

the in vivo allograft study.
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Figure 24: Luminometer assay results on Mass3 clone 1, 7 and 8 showed the higher readings for luminescence, so we choose them
to work with, other clone’s tests are not graphed
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13. Immunoblotting for L1 (CD171) in melanoma cell line at different time

points

250kDa —
130kDa— T E— - —

100kDa—

55kDa
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Figure 25: Immunoblotting assay on Mass3 cell line, parental and clones 1,7 and 8. 20 ul of extract are loaded in SDS-gel. The
molecular weight for L1 in mouse cell line is ~150 kDa for the truncated form as showed by immunoblotting and 200-220 kDa for
the full lenght; tubulin was used as internal control

We knew from the published reports by others that L1 protein is expressed in melanoma
cells, but to be certain that the mouse melanoma cells we use for the studies also express L1,
immunoblottings were performed (Fig. 25) on protein extracts obtained from the parental
Mass 3 and three different Mass 3-derived clones that had a very high level of active
luciferase compared with controls, based on the luminometer assay (see below). As
expected, we detected L1 protein in all our samples used. We then performed westerns on
protein lysates prepared from the cell proliferation/viability assays at 4 different times, L1

expression was detected in all samples (Fig. 26A and 26B).
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Figure26A: Western blot of Mass3 Clone 1 treated at 24, 48, 72, and 96 hours with Anagrelide 100 uM and 2H5F 100 pM. Molecular
weight: 200-220 kDa, full length protein. 20 ul/each sample.
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Figure26B: Quantification of western shown in Figure 26A.
15. In vivo imaging and caliper tumor measurements
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Figure 28: Caliper measurements, volume unit in mm?; treatments VS vehicle, Student T test *p<0.05
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Caliper measurements were performed twice a week for about 18 days. Based on these
measurements, it appears that in female group treated with 2H5F was the most effective in
reducing tumor growth significantly (Fig.28). At the same time, luminescence images were
also acquired by IVIS of all three animal groups for the purpose of monitoring tumor

development and the possible appearance of metastasis (Fig. 29).

Vehicle Anagrelide Males

Vehicle Female Anagrelide Females 2H5F
Females

Figure 29: Luminescence images from representative mice before primary tumor surgery, Males and Females groups Vehicle and
Treatments

14. Expression of L1 (CD171) in excised primary tumors

After inoculation of one million MASS3 clonel cells into the flank of immunocompetent
hairless C57BL/6, palpable tumors appear after 10 days. The tumor volumes were measured

twice a week and the small animal imaging system was used to observe the
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growth/migration of the inoculated cells. When the primary tumors reach 600 mm? we
performed survival surgeries to remove the tumors and continue to monitor the tumor
progression. We performed westerns on some of the excised tumors for the L1 expression

(Fig. 27) and between primary and relapses tumors (Fig. 28).
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Figure 27: Immunoblotting assay on Mass3 clone 1, 7 and 8, from proteins extracts derived from tumor tissues after tumor removal

surgery on mice. 30 ul of extracts were loaded in SDS-gel, 7.5%. Tubulin was used as internal control
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Figure 28: Immunoblotting assay on Mass3 clone 1 (primary and relapses) from proteins extracts derived from tumor tissues after

tumor removal surgery on mice. 30 ul of extracts were loaded in SDS-gel, 7.5%. Tubulin was used as internal control
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Discussion

Since they were discovered in the 1980s, metabotropic glutamate receptors (mGlus) have
attracted increasing interest, especially in their function within the central nervous system
and their correlation with neurodegenerative diseases such as Parkinson's and Alzheimer's
and nervous central system cancers. To date, we know that these receptors are important
for both neural plasticity and long-term memory development. Most studies, therefore, are
focused almost entirely on the pathophysiology of the central nervous system; however,
after the discovery that these receptors are also expressed in ectopic sites and consequently
led to onset of tumors. The interest has increased dramatically to study their expression and
function in tissues outside the central nervous system. In the literature we try to understand
the role of these receptors in tumor development going so far as to define their differential
roles as oncogenes or tumor suppressors. In breast cancer, colorectal cancer, kidney cancer,
oral squamous cell carcinoma, pancreatic cancer, osteosarcoma, and prostate cancer, the
metabotropic glutamate receptors are involved in regulating cell proliferation, cell
differentiation, resistance to chemotherapy and induce oncogenic transformation. Despite
these studies, there was lack of the systematic analysis of metabotropic glutamate receptors
in leukemia with regard to the receptor’s expression, function, and activity. The objective of
this work is to begin to uncover putative role(s) of these receptors in leukemia.

In this work, we evaluate mGlu Receptors as a putative therapeutic target in Acute myeloid
leukemia (AML). AML is the most common acute type of leukemia in adults and elderlies;
despite the high incidence of this disease and a large number of new drugs available,
prognosis remains poor, especially in patients unable to receive intensive chemotherapy.
Based on the data obtained from the first part of the current work on human acute myeloid
leukemia cell lines, we conclude that all three groups of metabotropic glutamate receptors
are expressed in the OCI AML-3, OCI AML-2 and U937 AML cell lines. The expression
levels of these receptors are variable in the different lines but in general they are low for
GRM3, GRM4, GRM5, GRM7 and GRMS8 while they are higher for GRM1 and GRM2.
Specifically, the results obtained by hydrolysis of radioactive-labeled

polyphosphoinositides, where we showed that mGIuR]1 is not only expressed but that its
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activity can also be modulated through the use of specific drugs in only one AML cell line,
OCI AML-3, but not in U937 or third AML cell line, OCI AML-2, did not have detectable
mGluR1 expression. Role(s) of mGluR1 function(s) in AML remain obscure; despite cellular
responses alter with mGluR1 modulators. However, results obtained with the cell viability
assays, MTT in the presence of different drugs specifically the targeted ones, Cobimetinib
and Venetoclax, plus the labeling with annexin V and propidium iodide for cellular
apoptosis and necrosis, suggested that mGluR1 is not involved in these cellular proliferation
and/or survival activities rather some other biological functions.

Similar ambiguity exists for the roles of mGluR2/3 in AML. mGIuR2/3 had high levels of
expression assessed by RNA and protein also modulation by different drugs led to
alterations of the second messenger, cCAMP. However, the cytofluorimetry data did not
show any biological consequences. Additional studies by genetic manipulations of
mGluR2/3 may yield indications how one or both receptors mediate its activity in AML.
Group Ill represents the largest and least known of the mGluR family. Several earlier studies
suggested that these receptors may have anti-tumor properties. mGluR?7 activation induced
strong and receptor-specific pro-apoptotic responses in AML-3 and U937 cells. In another
AML cell line, OCI AML-2, mGIuR7/8 activation induced a statistically significant pro-
apoptotic response, but after a challenge with both mGIluR7/8 PAM and mGIuR7 antagonist,
the apoptotic responses increased. Therefore, it is not clear if there are some interactions
between mGIluR7 and 8. Taken together, these findings suggest that mGluRs group III play
important roles in AML biology; but further investigations are warrant to elucidate the
role(s) of mGluR7/8 in AML. In addition, in vivo studies are currently underway to
determine the possible consequences in tumor progression of inoculated OCI AML-3 cells
in immunodeficient mice in the presence of mGIluR7/8 PAM, VU6005649.

Skin cancers have the highest cancer rate, about 1% of skin cancers is melanoma but it accounts
for the majority of death from skin cancer. In the United States, about 100,000 new cases of
invasive melanoma and over 7,000 fatalities are predicted in 2023. Much progress was made
in the past 10-15 years with targeted therapies against mutated BRAF, the most common

mutation in cutaneous melanoma, and immune-checkpoint blockade immunotherapies.
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However, melanoma remains one of the most difficult cancer to treat with high frequencies
of relapse and resistance. Ectopic expression of mGluR1 was shown to be able to induced in
vitro cell transformation and in vivo tumorigenesis. Clinical trials with riluzole, an FDA
approved drug for the treatment of amyotrophic lateral sclerosis (ALS) showed stable
disease in about 40% of the patients, combining riluzole with immune-checkpoint inhibitor
resulted in good responses but resistance emerged with time in a melanoma mouse model,
suggesting that better understanding of the basis of melanoma biology is still needed

In this study, we explore the role of an adhesion molecule, LICAM or CD171 in melanoma
cell migration. Earlier studies by others demonstrated that LICAM’s involvement in tumor
development, tumor cell invasion, and metastasis of melanoma, ovarian, and colon cancers
by overexpression of LICAM. LICAM was shown to promote malignant cell mobility and
it is linked to the activation of multiple signaling pathways known to be critical in tumor
cell proliferation and survival including extracellular signal-regulated kinase (ERK), focal
adhesion kinase (FAK), and p2l-activated kinase (PAK). Two mimetic antagonists of
L1CAM, anagrelide and 2H2F were used in our studies, we confirmed these two antagonists
reduced mouse melanoma cell migration. In vivo tumorigenicity assays also showed 2H5F
is effective in reducing tumor volume significantly compared with control as early as after
14 days of treatment. Unfortunately, we did not observe any metastasis development but
only relapses after surgically removal of primary tumors. These results clearly showed that

there is a limiting effect on cell proliferation in vitro as well as in vivo.

Future perspective

Given the promising results, the in vivo study of mGluR7/8 in AML is still ongoing.
However, it would be interesting to be able to produce knockout lines for mGluR1, 2 and 3
in AML cells and investigate the significances of these receptors in AML pathogenesis. For
melanoma, we need to use a more aggressive cell line and examine if anagrelide or 2H5F

may modulate tumor cell migration, invasion, and metastasis.
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