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Abstract

Cancer is one of the major causes of death worldwide. Acute myeloid leukaemia
(AML), blood and bone marrow cancer, is usually characterised by rapid growth of
malignant leukocytes that have developed several molecular mechanisms to escape
immune system attack. Further studies suggest that the same immune escaping
mechanism could be employed by solid cancers. However, the signalling mechanisms
in cancer cells are poorly understood, and a better comprehension of these processes
is vital for the development of biomarkers and potential anti-cancer treatments.
Therefore, our aim was to study receptor expression and release of immune

protective proteins in two types of cancer cells, AML and breast cancer cells.

Here, | report that an aGPCR, LPHN1, is expressed in AML cells and can be used as
their biomarker. Our findings demonstrate that stimulation of LPHN1 expressed in
AML cells by soluble FLRT3, an endogenous ligand of LPHN1/LPHN2/LPHN3, releases
Tim-3 and Gal-9 complex, which helps AML cells to escape immune attack. By
contrast, breast cancer cells, which express LPHN2, react to FLRT3 stimulation by
trafficking Tim3 and Gal-9 complex to the cell surface rather than releasing it. | also
developed a fluorescence-based versatile system for detecting cytosolic Ca* changes
in adherent or suspension cells, which | used to investigate the LPHNs-mediated
signalling in the AML and breast cancer cells. | have found that all cells expressing
LPHN1 can be activated by a-LTX, an exogenous ligand of LPHN1, which induces Ca?*
signalling, while FLRT3 causes its signalling without increasing cytosolic Ca%*. Taken
together, our work led to the identification of LPHN1 as an absolute biomarker of

AML cells and important new insights into intracellular signalling in cancer cells.
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Abbreviations

aGPCR
AML
cD

CICR
CTF
CTRH
DAG
dbcAMP
EDTA
FLRT3

Gal-9
GBL
GPCRs
GPS
HRM
HRP
ICRAC
IL-6
IFN-y
IP3
IPsR
K

kDa
Lasso
LPHN
a-LTX
LTxN4C
MCF-7

Adhesion G protein-coupled receptor

Acute myeloid leukaemia

Circular dichroism

Ca?*induced Ca?* release

C-terminal fragment of LPHN
Corticotropin-releasing hormone

Diacyl glycerol

Dibutyryl cyclic AMP

Ethylenediaminetetraacetic acid

Fibronectin-like domain-containing leucine-rich
protein 3

Galectin-9

Galactose-binding lectin

G protein-coupled receptors

GPCR proteolysis site

Hormone receptor motif

Horseradish peroxidase

Calcium-Release Activated Current

Interleukin-6

Interferon-gamma

Inositol 1,4,5-triphosphate

Inositol 1,4,5-triphosphate receptor

Dissociation constant

kilodalton

Latrophilin-associated synaptic surface organiser
Latrophilin

o-Latrotoxin

Non-pore forming mutant recombinant latrotoxin

Breast cancer cell line

transmembrane
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MCU Mitochondrial Ca%* uniporter

NB2a Murine neuroblastoma cell line

NCX Na* Ca?* exchanger

NRXN Neurexin la

NTC No-template control

NTF N-terminal fragment of LPHN

PD-1 Programmed cell death protein 1
PDL Poly-d-lysine

PFA Paraformaldehyde

PIP; Phosphatidyl 4, 5 biphosphate

PKC Protein kinase C

PLC Phospholipase C

PM Plasma membrane

PMCA Plasma membrane Ca%* ATPase
PTPo Protein tyrosine phosphatase o
PVDF Polyvinylidene fluoride

ROCC Receptor-operated calcium channels
RPTPo Receptor protein tyrosine phosphatase o
RRP Readily releasable pool

RYR Ryanodine-sensitive receptors

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SERCA Sarco/endoplasmic reticulum Ca%* ATPase
SFM Serum free medium

SNARE SNAP receptor

SOCC Store operated calcium channel

SOCE Store-operated Ca?* entry

SRCD Synchroton radiation circular dichroism
STIM1 Stromal interaction molecule 1

STP Threonine, serine and proline-rich domain
TG Thapsigargin

THP-1 Acute monocytic myeloid leukaemia cell line
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TMR

TRPC
VEGF
VGCC
Unc5

T cell immunoglobulin and mucin domain-containing protein 3

Transmembrane region
Canonical transient receptor potential
Vascular endothelial growth factor

Voltage-gated calcium channels

Netrin receptor C

Page | VI



Table of Contents

DCIArATION .. e e e e e e e e e e e e e e I
Yol oLV Y 1= P 1T o PP PPPPPRPRt Il
Table Of CONTENTS....eeiiiiiiiiiie e e e e e e e VIl
L] o1 Lo L o= U T TP PPPPPPPPPRE Xl
Table Of TabIES ... e X1l
L. INErOAUCTION .. e e e e s e e e e 1
1.1. The Discovery of Latrophilin .......ccooieeeiiiiiiiiiiiinieeeeeecee e 2
1.2, Latrophilin STFUCTUIE .....eiieeeeeiiiccee e e e e e e e e eeenaaaas 3
1.2.1. N-terminal Fragment ....ouuuuoiii i i e e e e e e eeanaaaas 4
1.2.2. C-terminal Fragment. ... coee i et e e e e e e e eeeeaanaaes 5
1.2.3. Autoproteolysis of LPHN Fragments .........ccoovvvvriieeeeeeeiieeiriiiieeeeeeeeeeennnnns 6

1.3. Tissue Distribution of Latrophilins ...........uuueeeeiiiiiiiiiiiiiiieeee e, 8
1.3.1. Latrophilins @and CaNCEI .....uceieeiiiieeeiiieee e e e e eeaaaaaas 9
1.3.2. The role of Latrophilin 1 in Acute Myeloid Leukaemia .......cccceeeeeeervvnnnnnen. 9
1.3.3. Latrophilin 2 and Breast CANCer ........eeeeeeeiiieeeiiiiieeeeeeeeeeeririeeeeeeeeeeessnnnes 11

1.4, Latrophilins @S GPCR . ..uiiii ittt e e e et ee e e e e e e eeabbbreeeeeeeeeees 12
1.5, Latrophilin SIgNalliNg ....eeeeiiiiieiiiiiiee e et eeeeees 13
1.6. Latrophilin LISAaNdS .....uuee e i i e e e e e e e e eeees 14
1.6.1. A-LatrotOXiN.....uueeiiiiiiiiiii s 14
1.6.2. TENEUIINS, OF LASSO ..cuuiiiniiiiiiiiiiiieiieiie et et eeieeteestesaesnesanessneeannees 19

B ST TR o 1§ 1 T U PO UPPPUPPPPRR 20
1.6.4. CONTACTIN B .eeevviiiniiiiiiiii s 22

1.7. €A SIGNAIIING..curiiietrie ettt ettt s 22
1.7.1. Calcium as a Universal Signalling Molecule ........cccoeeveeviviiiiiiieeiiieeeeinnne, 22
1.7.2. Intracellular Calcium StOres .........oovvviiiiiiieiiiiiieceee e 24
1.7.3. Modulation of Voltage Gated Ca?* Channels.......c...ccoeveeevveeevveeeeveeenne. 27
1.7.4. Store-0perated Ca?" ENTIY ..ccveciceeeieeec et 27

ST ST Y- [ ol o I CT- o USSR 29
1.9. Cytosolic Ca?* MEaSUIrEMENTS.......eccvueeeeireeeereeeeeteeeeetteeeetreeeereeeereeeereeeenaeees 31
1.10. AIMS aNd ODbjJECLIVES ..uueiiieeeeeeeccee e e e et eaeeeees 36

Page | VII



2. Materials AN IMETNOAS ... ce i e e e e e e e e e e eaeaeans 37

2.0, MaTeIIAlS et e e e e e e 38
2.2, Cell CUIUIE. .ttt e e e e e e e e e e e e e s e 39
2.2, 1. Cll TNES ettt e e e e e e 39
2.2.2. Primary human CellS ... ... 40
2.2.3. Primary human blood plasma samples .......ccceeeeeriiiieiiiiiiiiiciereecceeceeen 40
2.2.4. Human breast tissue SampPles .....ccceeeeeeiiiiiiieiiccccccceee e 41
2.2.5. BONE Marrow extracts .......ccooeevviiiiiiiiiiiii s 41
2.3. Cell aNd TiSSUEB IYSIS ..uueieieieeiiiiieeee e e e e e e e eea e e e e e eeeeaaanaes 42
2.3 CellS it 42
2.3.2. TISSUBS ... 42
2.4. Determination of protein concentration........ccccveevvviiieeeeieiiieeiiiieeeeeeeeeeeenneee, 43
2.5, LatrotOXin......ccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 43
2.6. Latrotoxin binding @SSaY .......uuueeeiiiiiiiiiiiiiiiiie e ee e eeeeear e 43
2.6.1. SamMPle PreParation ... 43
2.6.2. Chloroform-methanol protein precipitation ........cccccccvveeeeeeierirevvnnenennn. 44
2.7. WeESTEIN DIOTEING vvvveeeiiieiiiiiiiiicen et e e e e e e e e e eeeeaaaaaes 45
2.7.1. SDS-polyacrylamide gel electrophoresis .....cceeeeeeeeeieveviiiiieeeeeeeeeeriieenen. 45
2. 7.2, TrANSTOI ettt e e 46
2.8. IMMUNOAETECTION. ..cciiiiiiiiiiiieee e 46
2.9. Cytosolic Ca%* MEASUrEMENT.......cvievueeereeeteeeteeeteeeetee et e et eereeeeeeeaeeeaees 48
2.10. Synchrotron radiation circular dichroism spectroscopy ........cccceeeeeeeevevrnnne. 50
2.11. Enzyme-linked immunosorbent assay..........cccevvvvvviiieniieceeeiiceee e 52
2.11.1. Determination of released galectin-9 and soluble Tim-3...................... 52
2.11.2. Determination of phospho-52448 mTOR in cells.....ccccoeeeeieieeeeieiececnnnnn. 53
2.11.3. Detection of Tim-3-galectin-9 complex in cells and tissues .................. 53
2.11.4. Detection of Tim-3-galectin-9 complex in culture medium................... 54
2.12. Determination of LPHN1 in human blood plasma..........ccccevvvviieeneeeeeennnn. 54
2.13. Quantitative real-time PCR.......coooiiiiiiiiieieeeeeee e 55
2.14. Determination of PKC-a aCtiVity ......cceuvvuiieeiiiiiiiiicccee e, 56
2.15. Measurement of PLC aCtiVity.......cooviiiiiiiiee i 56
2.16. ImMMUNOCYLOChEMISTIY cooeeiiiiiiie e e e e e e 57

Page | VIII



2.17. Confocal microscopy and imaging flow cytometry........cccvvvvvevvvievvveeivenennn, 57

2.18. Fluorescence-activated cell sorting (FACS).......cccouviieieeeeeeeiiiiieeeee e 59
2.19. Isolation of soluble NTF Of LPHNZL.........cciiiiiiiiiiiiiieeeeeeeeeiiieeeeee e 60
2.20. Data @NAlYSIS cevvveeiiiiiiiiiiiiiiiiieteiee ettt ——————————————————————— 60
. LPHN1 interaction With FLRT3 .......uiiiiiiiiiiiiieee e 61
3.1 INErOAUCTION ..t e e e e e e e e e e e s e 62
3.2. Purification of soluble NTF of LPHNT .......ccooiiiiimiiiiiiieieeeeeeeeeeeeee e 62
3.3. FLRT3 causes a conformational change in LPHNT ............coovvviiiiieeeeeeeeeennnnnn, 65
3.4, DISCUSSION .ceiiiiiiiiiiiiiiiiiiiiiiii ittt as s ssasaassaasaaaae 67
. LPHN1 and regulation of cytosolic Ca2* .......ccovvuiiieeieiiieeeciteee e eeeee e 69
I [ A oo 18 ot o o PSP P RO PPPRRP 70

4.2. Ca?* homeostasis in NB2A cells expressing full size and truncated LPHN1 ....75

4.3, Store operated Ca?" ChanNels .......ocueiivcueiiieeieeceeeeeee et 78
4.4, o-LTX signalling Via LPHNI......ccovviiiiiieeee et e e ee e 81
4.5. FLRT3 does not induce fast signalling via LPHNI...........ccooviiieneeiiiiriiriinne.. 83
4.6. FLRT3 binding to LPHN1-expressing NB2A cells ........coovvvevivriieneeiiirieeriiinnn.. 85
4.7. Possible LPHN1 ligands in the blood plasma ......ccooeveeiiiieiiiiiiiineeeeieeeiniieee, 86
4.8. DISCUSSION L.ttt s 88
. The role of LPHNL in AML CellS..cccumiiiiiiiieeeeeeee e 93
5.0, INErOdUCTION ... 94
5.2. Identification of LPHN1 in THP-1 cells........cceiiiiiieiiniiieeiiiieeeeeeee e 94
5.3. Presence of soluble LPHN1 fragments in AML blood plasma ..........ccccevvveeee. 95

5.4. Upregulation of LPHN1 expression in AML cells and haematopoietic stem

LIS e e e 97
5.5. Upregulation of Gal-9 in AML cells by FLRT3 and LPHN1 interaction........... 100
5.6. Fast Ca?* signalling in THP-1 CellS.....cccuiieiuiiiirieceiee e 103
5.7. DISCUSSION .ceviiiiiiiiiiiiiiiiiiiiiiiitiiiiiiiiitttee ettt e et eeesaase e s seaeassaasaesasssasasaee 106
. Signalling pathways in human breast cancer cells .........coovvviiiiiieiriiiiiiin. 111
6.1. Autocrine loop proteins in human tisSSUES..........covvviieeeeiiireeiiiceee e, 112
6.2. Ca%* dynamics in IMCF-7 CeIIS ......ccueiiiriiierieeeree ettt 121
6.3. FLRT3 binding t0 LPHNZ2 ......oiiiiiiiiieeeeee e 122
6.4. a-LTX does not activate Ca?* signalling in MCF-7 cellS..........ccoovrevvvereeinenns 123



(SIS T ] Yo U 11 [0 o 124
7. General Discussion anNd CONCIUSIONS .....eeeiieiieee ettt et e e e e 127

B RO O O INCES ettt ettt e ettt aaaaan 133

Page | X



Table of Figures

Figure 1. The structure Of LPHNS. ......uuuii s 4
Figure 2: Interactions between the NTF and CTF. .......coooiiiiiiiiiiii e 7
Figure 3: LPHN1-mediated signal transduction after stimulation with a-LTX. .......... 19
Figure 4: LPHN1 and its li8ands. .........uuuuuiueii e 21
Figure 5: Intracellular calcium signalling pathways. ........ccccceeiiiiiiiiiiiiiiiciieccceccn 24
Figure 6: A scheme of Fluo-4 AM dye use and action. ..........ceeevvvvveeeeeeeeeeeernnnnennnn. 33
Figure 7: Protein precipitation using the chloroform/methanol method. ................ 44
Figure 8: A scheme of the Western blotting method. .............ooovviiieeiiiiirniiiiiie. 47

Figure 9: The structures of full-size LPHN1 (LPH-42) and its soluble ectodomain LPH-

31 PSPPI U PP PPPRTRPPPN 63
Figure 10: 1S0lation Of LPH=51. .....coiiiiiiiiiiiiieiee e 64
Figure 11: Quantification of purified LPH-51. ..........cviiiieiiiiiiiiiiiiicieeeeeeeeeevvreee 65
Figure 12: Interaction of FLRT3 with LPHN1 detected by CD spectroscopy. ............. 66
Figure 13: Scatchard plot displaying FLRT3 binding to LPH-52. K4= 48.8. ................. 67

Figure 14: The structure of LPHN1 constructs: full-size LPH-42 and truncated LPH-71.

............................................................................................................................... 71
Figure 15: Measurement of cytosolic Ca?* dynamics in live cells.........coouvvevveeennnen.. 74
Figure 16: The effect of TG on cytosolic Ca* in cells expressing full-size or mutant
LPHN L. ettt ettt e e e e e e s st e e e et e e et r e e e e e ne e e e e nnreeeeeaane 76
Figure 17: Increased Ca?* stores and SOCE in cells expressing full-size LPHNT1. ........ 77
Figure 18: Features of the SOCCs in NB2A cells. ... 80
Figure 19: a-LTX binding to different LPHN1 constructs in NB2a cells...................... 82
Figure 20: Ca?* signalling induced by a-LTX in NB2a cells expressing full size or
MUtaNt LPHNDL. ... 84
Figure 21: Sensitivity of FLRT3 detection. .......cccceeeiiiiiiiiiiiiicceccccccc e 86

Figure 22: FLRT3 interaction with NB2a cells expressing full-size or mutant LPHN1.87
Figure 23: Intracellular Ca%* dynamics in NB2a cells stimulated with human serum.88
Figure 24: LPHN1 protein expression in human primary AML cells, THP-1 cells, and

primary healthy l@UKOCYLES. .....uvueee e 95
Figure 25: Soluble LPHN1 fragments in the blood plasma of AML patients.............. 96



Figure 26: Cortisol induces LPHN1 expression in human hematopoietic stem cells

(HSC), AML cells and THP-1 cells, but not in healthy primary leukocytes.. ................ 98
Figure 27: Cortisol and Gal-9 levels in the blood plasma of AML patients and healthy
o [o] 0o ] PP PP PP PPPPPPPPPPPO 99
Figure 28: Detection of LPHN1 on the surface of THP-1 cells........cccoovuuriiieieennnnn. 100

Figure 29: FLRT3 circulating in blood plasma induces Gal-9 secretion in AML cells in

a LPHNI1-dependent Manner......ccccceeiiiiiiiiii e, 102
Figure 30: Intracellular Ca?* stores and SOCE in THP-1 cells.......c..ccceevvveeveecnnenne.. 104
Figure 31: Stimulation of LPHN1 by a-LTX in THP-1 cells......cccceeeeeiiiiiiinnne 105
Figure 32: FLRT3 does not induce fast release of stored Ca?*in THP-1 cells. .......... 106

Figure 33: A proposed mechanism of cortisol-induced increase in LPHN1 expression
in AML cells followed by increased Gal-9 secretion. ........cccccvvveeeeeeieeieeeiiiiiieeeeenennns 110
Figure 34: Expression of LPHN2, FLRT3, Gal-9 and Tim3 in primary human breast
CANCEI TISSUBS. tiiiiiiiiiiiiiiiiiii 113
Figure 35: Gal-9 expression in primary human breast cancer and healthy tissues. 114
Figure 36: PLC, PKCa and mTOR activity in human breast cancer primary tissues..116
Figure 37: The presence of Tim3-Gal9 complex in primary human breast cancer..117
Figure 38: Gal-9, Tim-3 and IL-2 blood plasma levels in human healthy donors,
primary breast cancer patients and metastatic breast cancer patients.................. 118
Figure 39: Expression of LPHN2, Gal-9, Tim3 and Tim3-Gal-9 complex in a breast
CANCEN CEII N, Lo 119
Figure 40: FLRT3 causes translocation of Gal-9 to the cell surface in breast cancer
MCF-7 CeIIS. oo e e 120
Figure 41: Intracellular Ca?* dynamics in breast cancer cells..........cccceevvveeerverennee. 122
Figure 42: An interaction between the extracellular domain of FLRT3 and the
olfactomedin-like domain of LPHN2. ...ttt 123
Figure 43: a-LTX does not stimulate fast Ca%* mobilisation in MCF-7 cells. ............ 124
Figure 44: Schematic representation of LPHN1 induced translocation of Tim-3 and
Galectin-9 onto cell surface in Acute myeloid leukaemia cells.........cccceeeeeeeeennnnnnen. 129
Figure 45: Schematic representation of LPHN2 induced translocation of Tim-3-Gal-9

complex to the plasma membrane in breast cancer cells. ........ccoevvvvviieerieerrrnnnnne. 131

Page | XIl



Table of Tables

Table 1. Acrylamide percentage in SDS-gels used for separating indicated protein
AN S et ettt ettt et ettt e e ta e e te e et e e ta e e e e e ta et taa e e e e taa e ean e ta et aan et enaneernenanns 46

Table 2. Antibodies used in this Project...........uueeeieiiiiiieiiiiiiiiiiiiiiieieeeeeeeeereeeeereeee. 48

Page | Xl



1. Introduction

Page | 1



1.1. The Discovery of Latrophilin

At the beginning of 1970s, Longenecker and his group discovered the effect of black
widow spider venom component, Latrodectus mactans, on the frog neuromuscular
junction (Birks et al., 1960). They wanted to further study which neurotoxin
component was responsible for the massive neurotransmitter release. a-latrotoxin
(a-LTX) was then isolated and shown to form a Ca%* permeable pore in a lipid bilayer
membrane (Finkelstein et al., 1976). Yet, this effect was observed only when a-LTX
binds high affinity receptor in neuronal cells. Strangely, a-LTX was shown to act also
in the absence of extracellular Ca?* (Longenecker et al., 1970) which suggested the
presence of a high affinity presynaptic receptor that doesn’t require extracellular Ca?*
for its exocytosis regulation. Due to the vital function of a-LTX in exocytosis, several

groups were trying to identify the functional receptor of a-LTX using the toxin as an

affinity adsorbent (Sheer and Meldolesi, 1985; Petrenko et al., 1990).

As a result of these efforts, in 1990, Neurexin la (NRXN) was identified as a high-
affinity a-LTX receptor that can only bind the toxin in the presence of Ca?* (Petrenko
et al., 1990; Ushkaryov et al., 1992). Therefore, this result has led to a continued
interest in the search for a Ca%-independent receptor. The extended search
eventually resulted in the discovery of latrophilin by two laboratories, which was later
classified as one of the first members of the adhesion G protein-coupled receptors
(aGPCRs) (Davletov et al., 1996; Krasnoperov et al., 1997). This receptor was named
as latrophilin (LPHN) by Ushkaryov and his group (Lelianova et al., 1997), and as a
Calcium Independent receptor for a-LTX (CIRL) by Petrenko and his group
(Krasnoperov et al., 1997), whereas the group of Sudhof combined both names to
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reach the abbreviation of CL (Sugita et al., 1998). Recently it has been renamed by
the International Union of Basic & Clinical Pharmacology (IUPHAR) as an Adhesion G-
protein-coupled Receptor of the Latrophilin group (ADGRL) (Hamann et al., 2015). In

this thesis, the more conventional abbreviation, LPHN, will be used.

Later, three homologues were identified for LPHNs in mammals (Ichtchenko et al.,
1999; Matsushita et al., 1999), when rat and bovine LPHN cDNA were isolated. The
first LPHN discovered, was named LPHN1, while the other two LPHN2 and LPHN3
were named based on their sequence homology to, and evolutionary distance from,
LPHN1. Despite the high similarity between LPHN2 and LPHN1, LPHN2 binds to a-LTX
with lower affinity compared to LPHN1 (Ichtchenko et al., 1999). Due to it high affinity

for a-LTX, LPHN1 is undoubtedly the most studied among the LPHN proteins.

1.2. Latrophilin Structure

LPHNs were classified as aGPCR for their unique adhesion receptor motifs linked to a
GPCR core, comprising the following domains: long extracellular N-terminal domain,
with ~850 residues, 7 transmembrane domains (7TRM) connected by intra- and
extracellular loops, with ~240 residues; and long C-terminal cytoplasmic tail of ~370
amino acids (Figure 1). As a typical aGPCR LPHNs undergo constitutive proteolysis at
a conserved GPCR proteolysis site (GPS), located just 19 amino acids upstream of the
first transmembrane domain (Krasnoperov et al., 1997; K. . Volynski et al., 2004; Silva
and Ushkaryov, 2010). This cleavage results in two LPHN fragments: the N-terminal
fragment (NTF) and the C-terminal fragment (CTF). The NTF encompasses almost the

entire extracellular N-terminal domain and contains no transmembrane domains,
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while the CTF contains a short N-terminal extracellular sequence, the seven
transmembrane domains and the cytosolic tail. Both fragments appear to function
independently of each other, as they have been found in distinct membrane locations
and can be internalised at different rates (Silva and Ushkaryov, 2010; Huang et al.,
2012). Structure similarity between the three LPHNs are 48-63% identical, and the

following structural description applies to all LPHNs.

NH,

Lectin-like domain

Olfactomedin-like domain

STP or HRM domain
Cys-rich domain

Gain or Stalk domain
Autoproteolysis—,

ersmotit YW M\ M\ A\

~mmne el vm.?ﬁ;

Figure 1. The structure of LPHNs.

Schematic representation of the LPHN domain structure, consisting of the long NTF, 7 TMRs and the
CTF, which is a typical aGPCR structure. The NTF contains the lectin-like domain, olfactomedin
domain, HRM domain, cysteine rich domain and GAIN domain, where LPHNs undergo proteolysis.

G-proteins usually interact with LPHNs at the third intracellular loop of the 7 TMRs.
1.2.1. N-terminal Fragment

NTF (Figure 1) is heavily glycosylated which is important for its trafficking to the
plasma membrane and begins with a hydrophobic signal peptide (Krasnoperov et al.,
1997; K. Volynski et al., 2004). Immediately after a long cysteine-rich domain
homologous to galactose-binding lectin (GBL) also named as lectin-like domain

(Krasnoperov et al., 1997; Lelianova et al., 1997). Following the lectin-like domain, an
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Olfactomedin domain is found; it is essential for neurogenesis and cell cycle
regulation. Mutations in this domain have been linked to several neurological and
psychiatric diseases. Following the olfactomedin domain, a sequence of 79 amino
acid-rich of serines, threonines and prolines presents (Krasnoperov et al., 1999) (STP
domain). The STP domainin LPHN is highly homologous to the domain found in GPCRs
that belong to the secretin family (Harmar, 2001). It is also known as “hormone-
binding domain” (Harmar, 2001), ”signature domain” (Matsushita et al., 1999) or
“hormone receptor motif”’ (HRM) (Rohou et al., 2007). The HRM domain has two
conserved tryptophan and three to four conserved cysteine residues, which may
create internal disulphide bridges. Just after the HRM domain, a “stalk” domain is
found; this region is essential for the cleavage of LPHN and other aGPCR (Stacey et

al., 2001).

Truncations of the stalk domain prevent a-LTX from binding to LPHN, which may
suggest that a-LTX binds LPHN at this position (Sugita et al., 1998) this was also
confirmed a year later by Krasnoperov and her group (Krasnoperov et al., 1999). The
stalk domain is attached to GPCR proteolysis site (GPS), a short sequence containing
four cysteine residues (Krasnoperov et al., 1997) making it the most C-terminal NTF
domain. Most importantly, this is the site where posttranslational cleavage occurs,

resulting in the two fragments, NTF and CTF.

1.2.2. C-terminal Fragment

The CTF (Figure 1) begins immediately after the cleavage site within GPS motif
(Volynski et al., 2004). The most outstanding property of the CTF is the presence of 7

TMRs that are very similar to those of the secretin family GPCRs. Within the 7 TMR
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region, the CTF has two cysteine residues which can form an intramolecular
disulphide bridge. One other prominent feature of the CTF as an aGPCR is the
presence of a negative charge within the third TMR, which is linked to the region in
which a G protein binds GPCRs (Rothe et al., 2019). In addition, the CTF contains other
features, including multiple palmitoylation and phosphorylation sites (Krasnoperov
et al., 1997; Rahman et al., 2019). Interestingly, the CTF phosphorylation plays an
important role in the interaction of LPHN fragments, as it has been shown by Rahman
and his group that the phosphorylated CTF has a higher affinity for the NTF compared
to the non-phosphorylated CTF and that the binding of a-LTX to the NTF induces the
coupling of these fragments. Ligand binding to the NTF-CTF complex leads to the
recruitment of the receptor-like protein tyrosine phosphatase o (RPTPo) to the
complex, resulting in the CTF dephosphorylation and complex dissociation (Rahman
et al., 2019). These findings may have important implications for the regulation of

LPHNs fragments function.

1.2.3. Autoproteolysis of LPHN Fragments

LPHN was the first aGPCR for which GPS motif was directly recognised by CTF
sequencing (Krasnoperov et al., 1997). Since then, many studies have been
conducted to examine the autoproteolysis cleavage of other aGPCRs (Lin et al., 2004;
Ara¢ et al., 2012). Autoproteolysis of LPHN (Figure 1) usually happens in the
endoplasmic reticulum (ER) and is vital for its trafficking to the cell surface
(Krasnoperov et al., 2002; Volynski et al., 2004). Apparently, full-size LPHN and other
full size aGPCRs are not generally present in live tissues due to their short life

presence on the cell surface or complete cleavage in the ER. Few evidences show
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some enzymatic activity involvement in the creation of these fragments (Krasnoperov
et al., 2002). As previously described, the NTF does not include any TMR; yet, it is not
released into the medium and remains non-covalently bound to the membrane by
forming a complex with CTF or by an unknown membrane anchor (K. . Volynski et al.,
2004) (Figure 2). This was also supported by the fact that proteolysis at a different
site located between the GPS and the first TMR, releases a small amount of the NTF
into the medium (Krasnoperov et al., 2009). On the other hand, studies showed that
only 7-8 residues within the CTF part of the GPS are responsible for the interaction
between both fragments (Krasnoperov et al., 2002; Volynski et al., 2004). Despite the
short sequence of these residues holding both fragments together, even extremely

harsh conditions are not

NH, NH, NH,
Dissociation Re-association
— —_—
e, /%\ _ Autoproteolysis
a-LTX _ Out
Pm [ LI TLITIInnLL; Tt
In
COOH COOH COOH

Figure 2: Interactions between the NTF and CTF.

Both fragments can exist as independent proteins in the plasma membrane (PM), but when a ligand,
like a-LTX, binds to the NTF, it induces fragments association and signalling transduction via G

protein coupling.

able to dissociate the NTF-CTF complex, such as pH 2.4, pH 12, 4 M Mg?* or 8 M urea
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(Silva and Ushkaryov, 2010; Rahman et al., 2019). However, a weak detergent
(perfluoro-octanoic acid) that does not fully solubilise the plasma membrane, breaks
the NTF-CTF complex (Silva et al., 2009). Taken together, these data indicate that NTF
is bound somehow to the plasma membrane differently from the interaction with the
CTF. Under certain conditions, stimulation with a-LTX or LTXNC, solubilisation of
plasma membrane with detergent and phosphorylation of the CTF, the free NTF and

CTF can re-associate (K. . Volynski et al., 2004; Rahman et al., 2019)

1.3. Tissue Distribution of Latrophilins

Despite the high sequence homology between LPHNSs, each receptor subtype has a
different expression pattern. Several groups tried to study these expression
differences; one of the first investigations was done on different rat tissues, including
brain, liver, heart, lung, kidney, spleen, and muscle. Northern blot analysis of several
rat RNA tissues was used and probed specifically for LPHN1, 2 and 3 (Matsushita et
al., 1999). Results showed that LPHN1 and 3 were mostly expressed in the brain.
LPHN1 was also expressed in low amounts in the kidney, lung, and spleen, while
LPHN3 was also expressed in the lung and spleen. On the other hand, LPHN2 was
expressed ubiquitously. Another study was done by the Petrenko group investigating
the distribution of LPHN2 and LPHN3 in different human tissue samples. The results
showed that LPHN3 mRNA was found in the heart, placenta, pancreas, kidneys, and
testes, whereas LPHN2 mRNA was everywhere, in agreement with the previous
investigation (lchtchenko et al., 1999). It is important that in both studies a-LTX
agarose was used to identify LPHN in different tissues. This means that only those
forms of LPHN that bind a-LTX were isolated, in this case LPHN1 and LPHN2 only. A
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more recent study showed that LPHN2 and LPHN3 were highly expressed in foetal
and adult adrenal glands (Xing et al., 2009). Therefore, these studies suggest that

LPHNs may have widespread physiological functions, that need to be investigated.

1.3.1. Latrophilins and Cancer

Nowadays, cancer is one of the top reasons of human death worldwide. Usually it
starts with a dysregulation in cell cycle, which results in the abnormal growth of cells
and their spreading through other body tissues. Therefore, the importance of
identifying new biomarkers or discovering new tumour-suppressor genes and
continuously developing effective cancer treatments has a huge impact on increasing
cancer survival rates. GPCRs are considered one of the largest families of drug targets,
yet they are rarely used as a target for cancer treatment (Nieto Gutierrez and
McDonald, 2018). Moreover, many studies showed the involvement of several
aGPCRs in cancer, with important cellular functions in cancer development; this
includes: cell adhesion, migration and guidance (Tang et al., 2013; Aust et al., 2016).
LPHNs are one of the aGPCRs that have been linked to several cancers. Studies
showed the involvement of LPHN1 gene in low invasion lung cell lines (Hsu et al.,
2009) and mutations in LPHN3 gene has been linked to cancers in lung, ovarian,
breast and prostate (Kan et al., 2010). The exact role of LPHNs in cancer development

has not been investigated in depth; therefore, further studies must be done.

1.3.2. The role of Latrophilin 1 in Acute Myeloid Leukaemia

Acute myeloid leukaemia is blood cancer with abnormally differentiated blasts of

myeloid lineage, which results in the rapid growth of immature myeloid cells and
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reduction in the normal hemopoiesis causing severe anaemia, increased rise of
infections and in some cases haemorrhage (Short et al., 2018). Acute myeloid
leukaemia remains a major medical global burden and the determination of proteins
expressed in malignant cells and absent in healthy cells is essential. Recently,
Sumbayev in collaboration with Ushkaryov discovered that LHPN1 is expressed in
acute myeloid leukaemia (AML) cell lines and in primary leukemic cells, but absent in
healthy leukocytes (Sumbayev et al., 2016). Thus, LPHN1 is a unique, absolute
biomarker of leukaemia, and it may be a promising diagnostic marker or even a target
for drugs to treat AML. Therefore, the characterisation of its function in AML cells is
essential. Stimulation of LPHN1 in the brain by its ligand leads to Ca®* mobilisation,
which in return causes neurotransmitter release and maintenance of several
neuronal functions. However, the role of LPHN1 in non-neuronal cells remains
unclear and should be thoroughly investigated. It has been shown previously that
exocytotic activity in cancer cells is essential for the release of cytokines and growth
factors, which are both required by myeloid cells during their development (Civini et
al., 2013). Myeloid leukocytes need a source of energy and oxygen in order to
transform into malignant cells. With uncontrolled proliferation of malignant
leukocytes, energy and oxygen are in short supply and malignant cells must fight
healthy cells for the supplies. Therefore, malignant cells have developed a way to
survive and proliferate in this harsh environment by aerobic glycolysis to generate
ATP, which is known as the Warburg effect (Vander Heiden et al .,2009) (Behrmann

etal., 2018).

Malignant cells induce the expression of vascular endothelial growth factor (VEGF),
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leading to the induction of angiogenesis. In addition to VEGF and other pro-
angiogenic factors, leukemic cells induce the release of interleukin-6 (IL-6), which is
another crucial factor that promotes their survival. The release of these cytokines and
growth factors can be especially supported by proteins that can stimulate exocytosis.
LPHN1 is known to induce exocytosis when stimulated by its ligand. However, an
endogenous ligand of LPHN1 in leukaemia is still unknown. Therefore, one of the
objectives of this thesis is to approach the identification of an endogenous ligand of

LPHN1 in AML cells and to understand the physiological role of LPHN1 in these cells.

1.3.3. Latrophilin 2 and Breast Cancer

Breast cancer is considered one of the most common cancers in women and there is
a need for new biomarkers and treatments of breast cancer. It has been discovered
that human LPHN2 gene overexpression may be involved in breast cancer (White et
al., 1998). Indeed, in a different study done by the same group, 12 breast cancer cell
lines were shown to overexpress the LPHN2 gene (White et al., 2000), confirming the
previous findings. Mutations in LPHN2 were also associated with urothelial carcinoma
of the bladder (Zhang et al., 2014). Moreover, galectin-9 (Gal-9), a member of the B-
galactoside-binding lectin family, plays a major role in several cellular biological
mechanisms, such as apoptosis, immune response, and cell aggregation.
Interestingly, Gal-9 was found to be expressed in breast cancer cells and its
expression was involved in preventing cancer cells from metastasis by inducing
aggregation of breast cancer cells and reducing adhesion to the extracellular matrices

which is an essential step in tumor cell invasion (Yamauchi et al., 2006).
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1.4. Latrophilins as GPCR

GPCRs are a group of cell-surface molecules that consists of five main families in
mammals, the largest family member being the Rhodopsin family (class A), with
about 284 members, followed by the Adhesion GPCR family with 33 members, and
then 22 members of the Glutamate family (class C), 15 members of the Secretin
family (class B) and 11 members of the Frizzled family (Schioth and Fredriksson, 2005;
Civelli et al., 2013) . At the beginning, aGPCRs were classified as class B, but then
several observations allowed the researchers to distinguish between aGPCRs and
secretin family, including the special autocatalytic processing of aGPCRs, their long N

termini and functional roles in cell-cell and cell-matrix interactions (Harmar, 2001).

In contrast to secretin family members, which normally mediate hormonal signalling
and are not autocatalytically processed (Hamann et al., 2015), aGPCRs are the second
largest GPCR family, yet the least studied and understood (Fredriksson et al., 2003).
LPHN was initially classified as a member of the secretin family, based on its high
sequence homology with the TMRs of that family group in addition to its ability to
bind G proteins within its CTF. However, this was not a strong reason to classify it as
a GPCR, therefore, many groups investigated the function of this receptor in details.
As a result, LPHN was reclassified as the first member of aGPCRs and was explicitly
shown to bind Gap and Gag/11 (Lelianova et al., 1997; Rahman et al., 1999; Serova et
al., 2008). Moreover, the binding between CTF and G proteins depends on the ability
of G proteins to cleave GTP (Rahman et al., 1999). Therefore, isolation of the LPHN-
G protein complex increases when GDP and EGTA are added to the solubilising buffer,
which leads to the inhibition of GTPase activity. When GTP and Mg?* were added to
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purification buffer, it reinforces the activity of GTPase, which result in the dissociation
of G proteins and their loss from the column eluate (Rahman et al., 1999). However,
the addition of extra GTP reinstates the binding of LPHN1 with its G protein, implying

that this binding is functional and not only physical.

1.5. Latrophilin Signalling

The LPHN signalling pathway has been studied using mainly the exogenous ligand, a-
LTX, and its mutant form LTXN4¢ (Volynski et al., 2003). The signalling induced by this
ligand is based on the activation of G protein pathways. Particularly, in neuronal and
non-neuronal cells expressing LPHN1, LTXN*C caused activation of phospholipase C
(PLC), IP3-dependent effects (possibly depletion of IP3 stores) and an increase in

cytosolic Ca?* (Lelianova et al., 1997; Davletov et al., 1998) (Figure 3).

However, the challenge in the study of the LPHN signalling pathway was due to the
fact that a-LTX binds to two different receptors in addition to its ability to form Ca?*
permeable pore (Stidhof and Starke, 2008; Silva et al., 2009). As scientists were trying
to solve this obstacle, Sudhof and his group made a step forward into LPHN research

area by creating the mutant a-LTX, LTXNC (Ichtchenko et al., 1998).

This mutant LTX does not have the ability to form transmembrane pores, yet it
stimulates neurotransmitter release in neuronal tissues (Ashton et al., 2001; Silva et
al., 2009). This indicates that the a-LTX effect was at least partially due to receptor
stimulation and not only pore formation. However, LTXV4¢ can bind other neuronal
receptors: NRXN and RPTPg, which made it possible that the effect did not depend

on G protein signalling. In addition, LTXN4¢ required extracellular Ca?* for its action in
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the nerve terminals (Capogna et al., 2003; Volynski et al., 2003), which might suggest
that the toxin induces influx of Ca?* rather than release of Ca%* from intracellular
stores. Therefore, to confirm which receptor is involved in this signalling
transduction, neuroblastoma cells (NB2a) expressing NRXN or LPHN were stimulated
by LTXN4, Stimulation of cells expressing LPHN resulted in PLC activation and release
of intracellular Ca%*, while this did not happen in cells expressing NRXN or mutant
LPHN (possessing one TMR and unable to signal, LPHN 71) (K. Volynski et al., 2004)
(Figure 3). These results indicate that LPHN1 via its CTF is able to activate PLC and

release of Ca%* from intracellular stores.

Several signalling studies showed that stimulation of neuronal LPHN1 showed an
exocytotic effect via G protein pathway, and that they are fast and reach a maximum
within seconds or minutes. Moreover, this signalling capability has the same
properties even in synaptosomes and neuromuscular junctions. This leads us to an
important conclusion that LPHN1 actions are local within presynaptic terminals and
does not need to send signals to the cell body and nucleus (Ashton et al., 2001; Silva
et al., 2011). On the other hand, LPHN1 can relate to other signalling pathways,
particularly considering the ability of free NTF to bind to CTFs from different adhesion

GPCRs.

1.6. Latrophilin Ligands

1.6.1. a-Latrotoxin

Acute pain, paralysis and sometimes death are the symptoms you would have
experienced if a black widow spider bit you. This effect is mainly due to one
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component of black widow spider venom called a-LTX. a-LTX is considered the main
exogenous ligand of LPHN1. Several studies were performed to study the effect of
this toxin on different vertebrate neurotransmitters (Gorio et al., 1978; Tzeng and

Siekevitz, 1978), and the toxin stimulated the release of all neurotransmitters tested.

o-LTX is a propeller-shaped tetramer that has a hydrophobic base that allows its
insertion into the cell membrane. At the base of the channel, the central pore is 25 A
in diameter, but then widens to a diameter of 36 A in the middle of the channel and
narrows to 10 A at the top. It has been described that a-LTX monomer structure is
shaped as letter L and consists of three domains: the wing, body and head (Orlova et
al., 2000). The binding of a-LTX to LPHN1's NTF does not depend on the presence of
Ca®* or any other divalent cations; however, the absence of divalent cations leads to
the breakdown of a-LTX tetramers, which still allows the binding of the toxin dimers
to and activation of LPHN1, but also eliminates pore formation (Davletov et al., 1998;

Sugita et al., 1998; Orlova et al., 2000).

Therefore, having an a-LTX version that can solely form dimers was essential for
studying LPHN1 function. This mutant toxin, LTXN*¢, was produced by the insertion of
four amino acids between the N-terminal and the ankyrin repeats. In this way, the
new sequence prevents pore formation through interference with its oligomerisation
(Capogna et al., 2003; Volynski et al., 2003). Several studies were conducted in order
to study the interaction between a-LTX with different forms of mutant LPHN1
(Krasnoperov et al., 1999). This experiment showed that full size NTF with HRM, Stalk
and GPS domain was necessary for a-LTX binding. This may suggest that a-LTX binds

to LPHN1 at multiple points, with a low affinity at each point of contact. Specifically,
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the HRM domain which was presumed to be the binding region for hormone
receptors, but a-LTX could not bind this region alone. The binding of a-LTX to NTF at
multiple sites may create enough binding force, leading to receptor activation. a-LTX
activity suggested that its receptor would be highly present in the nervous system,

more specifically the brain.

Furthermore, as previously mentioned a-LTX binds to NRXN and RPTPg, which allows
pore formation in the cell membrane, yet does not show massive neurotransmitter
release as seen with LPHN1. The main difference between LPHN1 and NRXN is that
the latter needs extracellular Ca?* for the binding to occur, but does not show any
signalling capabilities (Ushkaryov et al., 1992; Davletov et al., 1998) Although RPTPo
binds to a-LTX independently of Ca?* presence and has signalling capabilities (Aicher
et al., 1997; Bittner et al., 2002), it is not expressed only in the brain and therefore

cannot explain the specifically neuronal effect of a-LTX.

The first study in which a-LTX showed a massive neurotransmitter release was done
on a frog neuromuscular junction using electrophysiological recordings (Longenecker
etal., 1970; Gorio et al., 1978). When the buffer used was without extracellular Ca%,
a slow rise in the exocytotic release was shown, after a few seconds to minutes, the
frequency of exocytosis reached a broad peak, then gradually decreased back to
resting state (Lelyanova et al, 2009); then at some point the release of
neurotransmitter stopped. This can be explained by the fact that the presence of
extracellular Ca%* is essential for recycling synaptic vesicles (Wu and Wu, 2014). When
extracellular Ca?* was added, a high frequency of bursts of exocytosis appeared,

which was most likely due to LPHN1 signalling, Ca?* stores depletion and subsequent
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influx of extracellular Ca?* (Lelyanova et al., 2009). This effect slows down as well,
probably due to a-LTX overwhelming the release apparatus (Silva et al., 2009).
Therefore, a-LTX has several mechanisms of action including Ca®
dependent/independent effects and pore formation, as opposed to LPHN1 signalling
effect. In the presence of Ca?*, exocytosis of synaptic vesicles stimulated by a-LTX
pore formation is different from release triggered by LPHN1 signalling (Davletov et
al., 1998; Rahman et al., 1999; Ashton et al., 2001). Pore mediated release was
observed after LPHN1 stimulated release of readily releasable pool (RRP) vesicles,

which acts on unprimed vesicles (Ashton et al., 2001).

Interestingly, another group in 2019 stated that LPHN1 signalling mechanism in the
absence of Ca?* depends on the classical SNARE proteins, such as synaptobrevin,
SNAP-25 and partially the active zone protein Muncl3-1 (Dedk et al., 2009).
Exocytosis stimulated by the influx of Ca?* through the pore did not require any
SNARE proteins, which may suggest that neuronal exocytosis can be stimulated by a
different pathway that involves the presence of high concentration of Ca?*. Since a-
LTX pore lacks ion selectivity (Mironov et al., 1986) other cations can stimulate
neurotransmitter release. For example, sodium (Na*) has been claimed as one of
these ions that is able to support some of a-LTX signalling in the absence of
extracellular Ca?*. Deri et al. (Deri and Adam-Vizi, 1993) found that the lack of
extracellular Na* reduced the release of ACh release stimulated by Ca?* influx in
synaptosomes. The same observation was seen in the frog neurotransmitter junction,
where the absence of extracellular Na* reduced Ca?* and neurotransmitter release

(Deri and Adam-Vizi, 1993). These observations led the scientist to hypothesize that
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Na* influx through the a-LTX pore stimulated Ca?* release from mitochondria. Using
proton gradient uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP), which
depletes mitochondria of its Ca?*, showed a relatively similar increase in the cytosolic
Ca®* concentration as was produced by a-LTX. However, since some Ca?* and
neurotransmitter release was still observed in the absence of Na* and the use of CCCP
did not increase neurotransmitter release, these data may indicate that a-LTX has

Na*-independent actions, which remain to be identified.

Which specific Ca* stores are stimulated by a-LTX is not yet clear. It has been claimed
by (Tsang et al., 2000) that a-LTX is not inducing Ca?* release from ER stores, on the
other hand several other studies showed that release of Ca?* from ER stores was
crucial for exocytosis of vesicles in RRP mediated by the stimulation of LPHN1
(Davletov et al., 1998; Ashton et al., 2001). Furthermore, release of Ca?* from
mitochondria did not fully mimic the complete a-LTX’s effects on release, which
indicates that the increase of cytosolic Ca%* concentration does not represent the full
action of a-LTX, and that LPHN1 plays an important role in mediating a-LTX effects

on neurotransmitter release.

Due to the large size of the a-LTX pore, it may allow small molecules, such as
fluorescein isothiocyanate (FITC) (Rahman et al., 1999) and neurotransmitters
(Davletov et al., 1998) to pass, therefore, non-vesicular efflux of neurotransmitter is
another a-LTX mode of action on synaptic terminals. This was detected by observing
some of neurotransmitter release even after: 1) the removal of extracellular Ca?*, 2)
inhibiting neuronal exocytosis using the potent inhibitor clostridial neurotoxins, 3)

emptying of synaptic vesicles by bafilomycin (Davletov et al., 1998; Rahman et al.,
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1999; Ashton et al., 2001).

The studies done so far were focused on the action of a-LTX on LPHN1 at synaptic
terminals. Yet, many questions remain to be answered about the signalling pathway
of LPHN1 when stimulated by a-LTX in malignant cells. The aim of this thesis is to
investigate this mechanism using neuronal cancer cells neuroblastoma cells (NB2a
cells) as a model compared with acute myeloid leukaemia cells (THP-1 cells) and

breast cancer cells (MCF-7 cells).

Caz+ Ca2 Extracellular
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Figure 3: LPHN1-mediated signal transduction after stimulation with a-LTX.

Stimulation of LPHN1 by a-LTX leads to G proteins coupling, activation of PLC and production of IP3.
IP3 will then bind IPsR located in the membrane of the ER. This binding leads to the release of Ca®*

into the cytosol.

1.6.2. Teneurins, or Lasso

Teneurin-2 (Ten-2) or Lasso (latrophilin-associated synaptic surface organiser), is a
large glycoprotein expressed on the postsynaptic membrane (Figure 4) and was the
first discovered endogenous ligand for LPHN1, consisting of four subfamily members:

teneurin-1, -2, -3 and -4 (Silva and Ushkaryov, 2011; Ushkaryov et al., 2019). Of the
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four teneurin members, ten-2 was the only high-affinity ligand to be isolated by

LPHN1 affinity chromatography (Silva and Ushkaryov, 2011; Ushkaryov et al., 2019).

The interaction between ten-2 and LPHN1 usually occurs between the C-terminus of
Ten-2 and NTF of LPHN specifically at the lectin-like domain and olfactomedin
domain. This interaction results in stabilising intercellular adhesion and stimulates
Ca®* mobilisation and activation of cAMP pathway (Silva et al., 2011; Li et al., 2018).
In addition to alternative splicing, Ten-2 can also produce C-terminally cleaved
products, known as teneurin C-terminal associated proteins (TCAP), which has an
effect on metabolism, reproduction and neuronal morphology (Al Chawaf et al.,
2007; Boucard et al., 2014). Recent studies suggest that TCAP may interact directly
with LPHN1 due to the sequence overlap between TCAP and lectin domain in LPHN1

(Husi¢ et al., 2019).

1.6.3. FLRT3

Fibronectin Leucine Rich Transmembrane gene (FLRT) was firstly discovered by Lacy
and his group in 1999 when they were screening a human adult skeletal muscle
library in order to identify a novel extracellular matrix protein (Lacy et al., 1999). FLRT
proteins (Figure 4) are a family of three proteins with a secondary structure
comprised of 10 leucine rich repeats surrounded by C-terminal and N-terminal
cysteine regions, a fibronectin-like domain, a transmembrane domain and a short
intracellular tail (Haines et al., 2006). Protein secondary structure and glycosylation
of membrane proteins expressed at the cell surface, suggests that they may function
as cell adhesion or signalling molecules. FLRT family in vertebrates are present in

three isoforms (FLRT1-3). All of them are expressed in the brain, FLRT1 in the kidney,
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FLRT2 in skeletal muscle, pancreas and heart, whereas FLRT3 in many tissues (Lacy et

al., 1999).

In an attempt to identify a ligand for LPHN3, O'Sullivan and his group used a
recombinant protein, consisting of the extracellular domain of LPHN3 fused to the
IgG Fc domain, to find probe rat synaptosomal extracts using affinity chromatography
and mass spectrometry. FLRT3 was detected , along with Ten, as one of the proteins
co-purifying with LPHN3 (O’Sullivan et al., 2012). In the same study, O'Sullivan and
his group found that FLRT3 binds LPHN3 with high-affinity binding generated by trans
cross-linking of the receptor ligand-binding sites. This interaction has a role in the
development of synaptic circuits. In addition, FLRTs have been reported to function
in cell migration and axon guidance through their binding with Unc5 proteins

(Yamagishi et al., 2011).

Postsynaptic
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Figure 4: LPHN1 and its ligands.

Schematic of trans-synaptic ligand-receptor complex of Lasso and LPHN1, with its other LPHN1-
binding ligands, fibronectin leucine-rich transmembrane protein3 (FLRT3) and a-LTX. Lasso is

cleaved within the ectodomain and partially released into the medium.
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1.6.4. Contactin 6

Contactins are part of immunoglobulin subfamily that is expressed mainly in the
central nervous system. It consists of immunoglobulin-like and fibronectin repeats in
the extracellular region and GPI anchor that help contactin to stay attached to the
cell membrane and control the autonomous intracellular signalling. In vertebrates,
the subgroup comprises of 6 members (contactin-1, -2, -3, -4, -5, -6), of which only

contactin-6 (NB-3) was able to bind LPHN1 (Zuko et al., 2016)

1.7. Ca?* Signalling

1.7.1. Calcium as a Universal Signalling Molecule

Ca®* is commonly mentioned as the universal signalling molecule. Indeed, it plays a a
crucial role in regulating a vast range of cellular functions, including neurotransmitter
release, proliferation, cell cycle progression, apoptosis and gene transcription
(Bootman, 2012)(Munaron et al., 2004). Due to the vast involvement of Ca?* in
different biological processes, a range of proteins are devoted to its release,
chelation, and sequestration, resulting in an extraordinarily precise biological system
with different temporal and spatial dynamics (Berridge et al., 2003). Usually, the
cytoplasmic Ca?* concentration at rest is tightly kept approximately at 100 nM. The
fundamental biological question here is how cells control and maintain the

concentration of cellular Ca?*?

Cells maintain a tight control over intracellular Ca?* levels (Figure 5), by removing
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excessive cytosolic Ca?*out of the cells using different pumps, such as Plasma
Membrane Ca%* ATPase (PMCA) and the Na*/Ca?* exchanger (NCX) (Brini and Carafoli,
2011). In addition, calcium-binding proteins such as calmodulin plays an important
role in the regulation of intracellular calcium concentration by indirectly regulating
gene transcription through phosphorylation and dephosphorylation of transcription
factors (Saimi and Kung, 2002). Alternatively, sarco/endoplasmic reticulum Ca?*
ATPase (SERCA) and the mitochondrial Ca%* uniporter (MCU) are used to sequester
Ca®* inside the intracellular stores (ER or mitochondria, respectively) (Pathak and
Trebak, 2018). Subsequently, the cytoplasmic Ca%* concentration is lower than the
extracellular Ca%* concentration, where it is usually about 1.8 to 2 mM. The
extracellular calcium and calcium found in intracellular compartments serves as the
main sources of free Ca?* ions or its bound form (Bygravel and Benedetti, 1996).
When a receptor is stimulated, Ca?* signalling occurs (Figure 5). This may involve the
influx of Ca?* ions from the extracellular space, through the voltage-gated calcium
channels (VGCC) and/or store-operated calcium channels (SOCC), which permit the
influx of Ca?* ions down its 20,000-fold concentration gradient. Receptor stimulation
can also result in activation of a different biological mechanism, which will trigger the
release of Ca?* ions from intracellular stores through inositol 1,4,5-triphosphate
receptors (IP3R) or ryanodine receptors (RyR), resulting in a significant increase in Ca?*
concentration. Therefore, the overall cytoplasmic Ca?* concentration can increase

several folds above the resting levels due to signalling events.
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Figure 5: Intracellular calcium signalling pathways.

Ca?* enters the cytosol through VGCC and SOCCs, GPCRs activate IP3 production by PLC, resulting in
the opening of IPsR in the ER membrane and subsequent release of Ca®*. Ca?* activates calcium-
induced calcium release (CICR) via RyRs. Depletion of ER Ca** leads to oligomerisation of stromal
interaction molecules (STIM) and activation of SOCCs. The SERCA pump in the ER membrane and the
mitochondrial uniporter in the mitochondria (MCU) take up Ca?* from the cytosol. The PMCA and
the NCX remove Ca?* across the plasma membrane. Mitochondrial NCX slowly leaks Ca?* from the

mitochondria when the cell is at rest.

1.7.2. Intracellular Calcium Stores

As previously stated, stimulation of cell membrane receptor leads to activation of
intracellular Ca?* stores that lead to an increase in cytoplasmic Ca?* concentration. A
continuous increase in cytoplasmic Ca?* concentration can lead to cytotoxicity;
therefore, cells must have an intracellular compartment that controls the release of
Ca?*ion into cytosol. One of the major intracellular compartments that regulate such
effect is the ER (Figure 5). The function of the ER as a Ca?* store is to accumulate or

release Ca?* ions against its electrochemical gradient.
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1.7.2.1. SERCA Pump

SERCA is an ATPase pump that transports two Ca?* ions from the cytoplasm into the
ER (Figure 5) (Periasamy and Kalyanasundaram, 2007; Periasamy et al., 2017). This
transportation uses ATP which will cause SERCA phosphorylation and eventually
conformational changes that will allow Ca?* to be pumped into the ER lumen, against
the gradient of Ca?* concentration, in exchange for protons. After each cycle, the
enzyme is dephosphorylated to restart a new catalytic cycle (Toyoshima and Inesi,
2004; Toyoshima et al., 2004; Periasamy et al., 2008). In order to study better the
activity of the SERCA pump, several scientists used a large variety of SERCA pump
inhibitors. One of the most popular SERCA pump inhibitor used was thapsigragin (TG),
a plant-derived sesquiterpene lactone (Lyttonsg et al., 1991). By using SERCA pump
inhibitors and other experimental methods, scientists concluded that the SERCA
pump contributes to the regulation of the overall cytoplasmic Ca%* concentration, but

also other regulatory proteins must be also present.

1.7.2.2. ER Calcium Release Channels

ER possesses two main Ca?* release channels (Figure 5) including Ryanodine Receptor
(RyR) and IP3R (Lanner et al., 2010) (Mikoshiba, 2015). Both channels are tetramers
that become activated by lower cytoplasmic Ca?* concentration and inhibited by high
cytoplasmic Ca?* concentration (Meissner, 2004; Foskett et al., 2007). There are three
RyR isoforms, all are expressed in the brain (Abu-Omar et al., 2018; Islam, 2011).
While RyR is localised in the ER, its regulation can involve the cell membrane: where
the plasma membrane and ER come close together, VGCCs in the plasma membrane

can directly contact RyR1 in the ER. When the cell membrane is depolarised, this
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induces the opening of VGCCs. This transmits a conformational change to RyR1 and
results in its opening and a fast spark of Ca?* release into the cytosol (1-2 ms time to
peak). It has been shown that one subunit of RyR contacts one VGCC, which means
that one RyR channel may connect with four VGCCs. However, not all RyRs are
connected to all VGCCs and usually the free RyRs may be stimulated as a result of
CICR (Fill and Copello, 2002). Similarly, IPsR become activated by cytosolic Ca%* ions
or by IP3 (Foskett et al., 2007); even at low IP3 concentration, IP3R is still able to be
activated, irrespective of the amount of IP; produced by receptor stimulation (Van

der Wal et al., 2001; Dickson et al., 2013).
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1.7.3. Modulation of Voltage Gated Ca?** Channels

The electrical activity of neurons relies highly on the activity of various voltage gated
ion channels that are permeable to different ions, including sodium, calcium, and
potassium. While Na* and K* play an important role in the generation of action
potentials in nervous and cardiac tissues, calcium ions are different, not only being
able to alter membrane potential, but also can serve as a signalling entity (Clapham,
2007; Catterall, 2011). Under normal resting conditions, cytoplasmic Ca?*
concentration is maintained around 100 nM due to the intermittent release of Ca?*
from intracellular stores and the activity of calcium-buffering molecules and Ca®*
pumps (Albrecht et al., 2002). Small or large changes in membrane voltage result in
opening of VGCC, which results in Ca?* influx across the plasma membrane,
consequently the average cytosolic Ca?* concentration rise to micromolar ranges
(Wadel ., 2007). This will trigger a wide range of physiological mechanisms including
neurite outgrowth, gene transduction, neurotransmitter release and activation of
Ca* dependent enzymes such as calmodulin-dependent enzymes and protein kinase
C (PKC) (Wheeler et al., 1995)(Wheeler and Brownlee, 2008). However, continuous
Ca* influx will lead to cytotoxicity (Stanika et al., 2012); as a result the activity of
VGCC should be regulated somehow in order to avoid cell toxicity. Several
mechanisms are responsible for regulating the activation of these channels, including

intrinsic gating processes and cell signalling pathways (Simms and Zamponi, 2012).

1.7.4. Store-Operated Ca?* Entry

Reciprocally, calcium stores can regulate the influx of Ca%* from the extracellular

space (Figure 5). Store-operated Ca?* entry (SOCE) is a universal calcium influx
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mechanism in eukaryotic cells. In the last few years, many scientists were trying to
reveal the mechanism behind the accumulation of Ca?* in the ER stores or influx of
Ca®* into the cytoplasm, and the nature of these channels has been the subject of
interest for many researchers. One of the first channels implicated as a component
of SOCE were the transient receptor potential canonical (TRPC) channels, which
consist of seven members (TRPC 1-7) (Minke and Cook, 2002; Venkatachalam and
Montell, 2007) TRPC channels contain N-terminal ankyrin repeats, six
transmembrane domains with a pore-forming loop between the fifth and sixth
domains, and a highly conserved C-terminus domain (Minke and Cook, 2002;
Venkatachalam and Montell, 2007). None of the TRPC family of Ca%* permeable
cation channels produced upon stimulation currents similar to calcium release
activated current (/crac) as they are non-cation selective and weakly permeable to Ca?*
(Venkatachalam and Montell, 2007). Therefore, several groups were trying to identify

the components of TRPC channels and the regulatory proteins in SOCE.

Shortly after, they found that depletion of the ER stores leads to accumulation of
stromal interaction molecule 1 (STIM1) proteins and activation of SOCCs in the
plasma membrane, which in turn opens and allows Ca?* influx to the cytosol.
Stimulation of receptor such as LPHN activates indirectly IPsRs, which leads at the end
to store depletion; this will trigger SOCE in the proximal plasma membrane, causing

highly restricted Ca?* entry for local signalling (Lopez et al., 2020).

Store-operated or "capacitative' Ca%* entry was firstly discovered by Putney in 1986
(Putney, 1986). SOCE refers to a mechanism that is induced when Ca?* concentration

drops in the ER stores as a result of Ca®* release, and a signalling mechanism is
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activated in order to replenish Ca%* in the ER. This signalling causes the activation of
certain plasma membrane channels and influx of Ca?* into the cytosol (Putney, 2005).
The role of SOCE was firstly thought to be limited to refiling Ca?* intracellular stores
after agonist stimulation. However, later Kwan and co-workers showed that stores
refiling is not solely connected to SOCE, but also to the uptake of Ca?* into the stores
by the SERCA (Kwan et al., 1990). This was demonstrated by using Lanthanum, a
trivalent cation that can block capacitative Ca?* influx through SOCCs. Since the
discovery of SOCE, many studies were conducted to understand the physiological
function of Ca%* channels in the PM and the mechanism of their activation. In early
studies regarding the mechanisms of such an activation, several hypotheses were
made, including 1) conformational coupling between Ca?* sensor in the ER and the
PM; 2) an indirect coupling between the ER and the Ca?* channels in the PM via
diffusible messengers. In an attempt to understand the secret behind the connection
of calcium channels in the plasma membrane and the elements in the ER/SR, STIM1
(Figure 5) was discovered as the ER Ca?* sensor (Roos et al., 2005). Additionally, it
was found that STIM1 sends the information regarding the stores filling to SOCCs

(Zhang et al., 2005).

1.8. Research Gap

Cellular Ca?* signalling is known to be tissue specific, which means that the cells in a
specific tissue produce Ca?* signalling differently from another cell in another tissue
(Aust, et al., 2016). Excitable cells, such as cardiomyocytes, require rapid Ca®*
mobilisation within milliseconds (Bers, 2002), whereas non-electrically excitable cells
require slow Ca®* mobilisation within 10 sec and sometimes even longer, especially if
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this signal is used to control gene expression and metabolism (Dupont et al., 2011).
Usually the rapid Ca%* mobilisation is due to the opening of VGCCs in the plasma
membrane, which then stimulate RyRs to release Ca®* from ER stores. On the other
hand, slow Ca?* mobilisation is usually triggered by IP3 which binds to IP3Rs leading

to release of Ca?* from stores (Galione, 2011).

To study these mechanisms researchers, need a standardised and highly specific
system, consisting of a plasma membrane receptor which can be activated by a
specific agonist and which is linked to a characteristic cellular response that can be
easily detected. In fact, LPHN1 and its downstream mechanisms represent an almost
ideal system for dissecting intracellular Ca?* signalling that connects an extracellular
stimulus to a strong cellular reaction. Indeed, (1) this aGPCR is linked to the
stimulation of cytosolic Ca* signals; (2) an increase in cytosolic calcium can be easily
detected; (3) LPHN1 is specifically activated by LTXN*¢ and endogenous ligands that
have been recently discovered; (4) LPHN1 is known to be linked to exocytosis of
neurotransmitters and hormones and it can therefore be used to study the
mechanisms and physiological role of exocytosis in different cells. Therefore, we used
LPHN1 expressed naturally or exogenously in cells of different type and measured

changes in cytosolic Ca?* and release of several physiologically important substances.

When NB2a cells expressing full-size LPHN1 are stimulated by o-LTX in Ca%* free
solution, a slow increase in the cytosolic Ca®* concentration is observed while when
extracellular Ca?* is added to the cells, a rapid increase in cytosolic concentration is
achieved.** The mechanism behind these observations is poorly understood.

Therefore, one part of this work was to study the cytosolic Ca?* mobilisation
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mechanisms in NB2a cells expressing full size LPHN1 or mutant LPHN1, which is
unable to send intracellular signals. This allowed us to compare LPHN1-mediated
signalling with any off-target effects of the agonist. On the other hand, it has been
shown that AML cells express LPHN1, while healthy leukocytes do not. Much is still
unknown regarding the physiological role of LPHN1 in these cells, the ligand that
stimulates LPHN1 in these cells and much more. Thus, AML cells in comparison with
healthy leukocytes represent another complementary system for deciphering LPHN1-
mediated signalling. Similarly, nothing is known about the role of other LPHN proteins
in breast cancer, except that LPHN2 expression is increased in these cells, raising a
possibility that LPHN2 may be linked to the characteristics of cancer cells. To
summarise, we used several types of malignant cells to understand the functions of
LPHN1, both when it is naturally expressed and when it is introduced artificially. In
particular, NB2a cells were used primarily to investigate the Ca?* mobilisation
mechanism used by excitable malignant cells, while the knowledge of this
mechanism was then applied to reveal the role of LPHN1 in AML cells (THP-1) and

breast cancer cells (MCF-7).

1.9. Cytosolic Ca** Measurements

Detection of cytosolic calcium can be carried out using different means, but the most
reliable and convenient approach is based on the use of fluorescent dyes. They can
be loaded into cells through an electrode or expressed in the form of fluorescent
proteins. However, small molecular weight dyes, such as fura-2, Fluo-3 and calcium
green, can be loaded into cells by diffusion across the membrane in a membrane
permeant form. These dyes change fluorescent intensity upon binding calcium ions
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in a concentration-dependent manner. Advantages of these dyes include: response
time of milliseconds, possibility of continuous measurements, high specificity
towards the targetion, ability to load both adhesion and suspension cells. While small
fluorescent dyes also have some disadvantages (such as the possibility of dye entry
into organelles, relative difficulty of calibration, high cost, possibility of photo-toxicity

and photo-bleaching), their advantages outweigh these drawbacks.

In this project, the measurement of intracellular Ca?* levels was investigated using
the Ca?* indicator, called Fluo-4-AM, which is Fluo-4 modified by acetoxymethyl
esterification (Figure 6). The acetoxymethyl groups do not only confer an amphiphilic
character on the hydrophilic Fluo-4 dye and allow it to penetrate the plasma
membrane, but they also permit Ca?* detection only after the dye enters the cell. The
reason behind this is the cleavage of the acetoxymethyl ester groups inside the cell
by intracellular esterases, after which Fluo-4 becomes active and able to bind Ca?*
with its exposed carboxylic acid moieties (Figure 6). When Ca?* binds to Fluo-4, this

results in a strong increase in fluorescent signal.
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Figure 6: A scheme of Fluo-4 AM dye use and action.

A) Structure of Fluo-4 AM. Esterases break down the ester bonds in Fluo-4 AM, revealing carboxylic
acid moieties that can bind Ca®*. B) Schematic representation of cytosolic Ca?* measurement using
Fluo-4 AM dye. Fluo-4 binds to cytosolic Ca?* after it crosses the PM and is cleaved by esterases.
Activation of a GPCR, like LPHN1, leads to intracellular Ca?* changes. The emission of fluorescent

Ca** sensitive dye, like Fluo-4, relatively increases when binding to Ca®*.

It has been reported that Fluo-4 has excellent properties reflecting the low and rapid
changes in intracellular free Ca?*: it has a Kqof 345 nM and is excited by 488 nm light,
i.e. operates within the visible light spectrum which is less harmful to cells. Single

wavelength indicator was used in this study, as indicators characterized by single
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peaks in the excitation and emission spectra have a higher temporal resolution of
local Ca?* signals compared to ratiometric indicators. Importantly, prior to my project,
the kinetic properties of SOCE in THP-1 and MCF-7 cells were completely unknown
and in the first instance required temporal optimisation of the experimental

approach.

The resting level of intracellular Ca?* changes was evaluated by normalising the
change in fluorescence intensity, which was perfectly adequate for the purpose of
this project. The aim of the thesis was to characterise LPHN1-mediated cytosolic Ca?*
change in NB2a cells, THP-1 and MCF-7 cells. The estimation of the cytosolic Ca?*
concentration is possible by monitoring the fluorescence intensity for single-
wavelength dye, as fluorescence intensities at maximum (Fmax) and minimum (Fmin)
that represent the states of the fluorophore when it is saturated with Ca%* or is
virtually free of Ca?', respectively. The Kq4 is the dissociation constant which
approximately represents the fluorescence half-way between Fmin and Fmax and
provides the highest sensitivity, an estimate Kq value is known (Maravall et al., 2000).
The following equation represents the relationship between intracellular Ca?*
concentration [Ca%*]i and the intensity of fluorescence signal (F) for a non-ratiometric

indicator (Eqg. 1.1):

[Ca®*]i = Kq * (F=Fmin) / (Fmax —F) (1.1)
This equation is derived from (Eq. 1.2), which shows the relationship between Ca?*
indicator fluorescence and [Ca?*]i, is given by the law of mass action, which states
that the rate of any chemical reaction is proportional to the product of the masses of
the reacting substances. Eq. 1.3 describes the sources of fluorescence in a Ca?*
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recording system. The detected fluorescence consists of the fluorescence of free
fluorophores [F] and fluorophores bound to Ca?* [FCa], and Sr and Srca are coefficients
describing the brightness of indicator in bound and unbound forms. This can be
rearranged as the fluorescence from all Ca?*-free fluorophores (Se[F]r) and the
additional fluorescence from Ca?*- bound fluorophores (Srca - S¢) [FCa] (Maravall et

al., 2000).

[FCa?'] = [F]r [Ca?*] / Kq + [Ca?*] (1.2)
(1.3)
F = SE[F] + Skca [FC82+] = S¢[F]+ + (SFCa - SF) [FCaz"]

Srca[F]r is given by Fmax, wWhich can be measured by permeabilizing cells in the
presence of 2 mM Ca?*, and S¢[F]r is given by Fmin(abs) which can be measured by
chelating all Ca?* following permeabilisation. The fluorescence of a Ca?* indicator
depends on the ratio of free indicator [F] to Ca?*-bound indicator [FCa]; thus, (Eq.1.1)

follows.
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1.10. Aims and Objectives

The aim of this project was to study LPHN1 signalling pathways in human malignant

cells. The following objectives were addressed to achieve this aim:

1) To characterize murine neuroblastoma cells (NB2a) as a model cancer system,
featuring neuron-like excitability, for investigating Ca?* regulation using
LPHN1 ligands and other pharmacological agents.

2) To study Ca?* regulation in the acute myeloid leukaemia cell line (THP-1)

3) Toisolate and test potential endogenous ligands of LPHN1 in leukemic cells

4) To study Ca®* regulation in the breast cancer cell line (MCF-7)
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2. Materials and Methods



2.1. Materials

All basic laboratory chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich
Company Ltd, Dorset, UK), unless otherwise stated. Dulbecco’s modified Eagle’s
medium (DMEM), foetal bovine serum (FBS) were from Gibco. Mouse monoclonal
antibodies against mTOR and P-actin, and rabbit polyclonal antibodies against
phospho-52448 mTOR, galectin-9, and an HRP-labelled rabbit anti-mouse secondary
antibody were purchased from Abcam (Cambridge, UK). Human recombinant FLRT3,
a mouse monoclonal antibody against LPHN1 and a rabbit antibody against FLRT3
were purchased from R&D systems and Santa Cruz Biotechnology (Dallas, Texas, USA)
respectively. PAL1 and RL1 rabbit polyclonal antibodies against LPHN1 were
described before (Volynski et al., 2000; Davydov et al., 2009). A rabbit antibody
against native LPHN1 was obtained from Abcam (Cambridge, UK). Goat anti-mouse
and goat anti-rabbit fluorescent dye-labelled antibodies were obtained from LI-COR
(Lincoln, Nebraska USA). ELISA-based assay kit for the detection of galectin-9 was
purchased from Bio-Techne (R&D Systems, Abingdon, UK). An anti-Tim-3 mouse
monoclonal antibody, its single chain variant, human Ig-like V-type domain of Tim-3
(amino acid residues 22—-124). All other chemicals purchased were of the highest

grade of purity commercially available.
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2.2. Cell Culture

2.2.1. Cell lines

NB2a mouse neuroblastoma cells were maintained in DMEM supplemented with
GlutaMAX™, 10% (v/v) FBS, and 1% penicillin/streptomycin. Stable-transfected NB2a
cell lines were also maintained in 300 pg/ml G418 sulphate. Cells were kept at 37°C
in a humidified atmosphere of 5% CO; in air. Cells were passaged after 2 to 3 days
when approximately 70-80% confluency was reached. 0.05 %Trypsin-EDTA was used
to detach cells. Differentiation of NB2a cells was induced 24 h after plating by serum
deprivation and/or addition of dibutyryl-cAMP (dbcAMP). The cells were washed
once with phosphate buffered saline (PBS) and medium was replaced with
Neurobasal-A medium supplemented with 2% B-27 and 0.5 mM GlutaMAX™ (serum
free, SF) or in SF medium with/without 1.0 mM dbcAMP. Cells were differentiated for
another 24-48 h and until 70-80% confluent. The generation of recombinant
receptors was described in (Volynski et al., 2000) and the generation of stably-

transfected cell lines was described in (K. . Volynski et al., 2004).

THP-1 human myeloid leukaemia monocytes, MCF-7 human epithelial breast cancer,
and K562 human immortalised myelogenous leukaemia cells were cultured in RPMI
1640 medium with L-glutamine and sodium bicarbonate and supplemented with 10%
FBS, 1% (v/v) penicillin/streptomycin sulphate. Differentiation was induced 24 h after
plating cells, by serum deprivation. Cells were washed once with phosphate buffered
saline (PBS) and medium was replaced with SF medium. Cell lines were accompanied

by test certificates and were cultured according to manufacturer’s protocols. The

Page | 39



cells were cultured for a maximum of 30-35 passages.

2.2.2. Primary human cells

Primary human AML mononuclear blasts (AML-PBO01F, newly diagnosed/untreated)
were bought from AllCells (Alameda, CA, USA) and handled in accordance with the
manufacturer's instructions following ethical approval (REC reference: 16-55-033).
Other primary human AML cells were obtained from the sample bank of the
University Medical Centre Hamburg-Eppendorf (Ethik-Kommission der Arztekammer
Hamburg, reference: PV3469). Cells were incubated in IMDM medium containing
15% BIT 9500 serum substitute, 100 uM mercaptoethanol, 100 ng/ml stem cell factor
(SCF), 50 ng/ml FLT3, 20 ng/ml G-CSF, 20 ng/ml IL-3, 1 uM UM729 and 500 nM
stemregenin 1 (SR1). Primary human healthy leukocytes and primary human NK cells
were purified from buffy coats obtained from the National Health Blood and
Transfusion Service (NHSBT, UK) following ethical approval (REC reference: 16-SS-

033).

2.2.3. Primary human blood plasma samples

Blood plasma from healthy donors was provided by the National Health Blood and
Transfusion Service (NHSBT, UK) following ethical approval (REC reference: 16-SS-
033). Primary human AML plasma samples were obtained from the sample bank of
University Medical Centre Hamburg-Eppendorf (Ethik-Kommission der Arztekammer
Hamburg, reference: PV3469). Primary cells were cultured for 2-3 passages

maximum, before being used for the experiments.
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2.2.4. Human breast tissue samples

Primary human tumour tissue samples paired together with peripheral tissues (from
the same patient) were collected surgically from breast cancer patients treated at the
Colchester General Hospital, following written consent taken before surgery. Paired
normal (healthy) peripheral tissues were removed during macroscopic examination
of a tumour by pathologists. Blood samples were collected before breast surgery
from patients with primary breast cancer and before treatment from patients with
metastatic breast cancer. Samples were also collected from healthy donors
(individuals with no diagnosed pathology), which were used as control samples.
Blood separation was performed using a buoyant density method employing
Histopaque 1119-1 (Sigma, St. Louis, MO) according to the manufacturer’s protocol.
Ethical approval documentation for these studies was obtained from the NRES Essex
Research Ethics Committee and the Research & Innovation Department of the
Colchester Hospitals University, NHS Foundation Trust [MH 363 (AMO03) and

09/H0301/37]

2.2.5. Bone marrow extracts

Bone marrow was extracted from femur bones of six-week-old, C57/BL16 mice,
kindly provided by Dr. Gurprit Lall, School of Pharmacy, University of Kent. The
average weight of the mice was 25 £ 2.5 g and they were used, following the approval
by the Institutional Animal Welfare and Ethics Review Body. Animals were handled
by authorized personnel in accordance with the Declaration of Helsinki protocols.
Bone marrow was isolated from femur bone heads as described before (Sakhnevych,

2019) Cells were maintained in RPMI 1640 medium supplemented with 10% FBS,
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penicillin (50 IU/ml) and streptomycin sulphate (50 pg/ml). Homogenised extracts
were produced from extracted bone marrow with final protein concentration 1

mg/ml.

2.3. Cell and Tissue lysis

2.3.1. Cells

Cell pellets obtained after the centrifugation were washed first with ice-cold PBS,
then resuspended in ice-cold lysis buffer (PBS, 1% Triton X-100, 2 mM
Ethylenediaminetetraacetic acid (EDTA), 1% mix of protease phosphatase inhibitors,
pH 7.4) and kept at 4 °C for 60-90 min with constant agitation. Samples were then
centrifuged at 10,000 g, and the supernatants containing protein extracts were used

immediately after the isolation or stored at -20°C until future use.

2.3.2. Tissues

Frozen tissue (100 mg) was initially ground into a powder and then, homogenised in
100 pL ice-cold lysis buffer (20mM Tris/HEPES pH 8.0, 2 mM EDTA, 0.5 M NaCl, 0.5%
sodium deoxycholate, 0.5% Triton X-100, 0.25 M sucrose, supplemented with 50 mM
2-mercaptoethanol, 50 uM of protease inhibitor (PMSF), 1 uM pepstatin just before
use). Tissues were homogenised using Polytron Homogenizer (Capitol Scientific,
USA), tissue homogenates were then filtered through medical gauzes and centrifuged
at +4 °C at 10,000 g for 15 min. After the centrifugation, proteins present in the
supernatants were precipitated by adding equal volumes of ice-cold acetone and
incubating on ice for 30 min. Protein pellets were obtained by centrifugation (4 °C,

10,000 g, 15 min) followed by air drying at room temperature and then dissolved in
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the SDS-lysis buffer described in (D’Arcy et al., 2008).

2.4. Determination of protein concentration

The protein concentration of the samples was measured in triplicates using the
Bradford assay. Briefly, 5 ul of cell lysate were mixed with 150 ul of Bradford reagent
(0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7% (w/v) ethanol and 8.5% (w/v)
phosphoric acid) in a microwell plate. After 5 min incubation, the optical density at

620 nm was determined in a plate reader.

2.5. Latrotoxin

Production of recombinant latrotoxins, a-LTX and LTXN4C, used in this study was

previously described in (Ashton et al., 2001; Volynski et al., 2003), respectively.

2.6. Latrotoxin binding assay

2.6.1. Sample preparation

Cells expressing full-size LPHN1 or mutant LPH-71 were seeded in T-150 flasks for 24
h, as described previously in Section 2.2.1. Then, cells were differentiated in a SF
medium for another 24 h, medium was then removed, followed by addition of PBS,
pH 7.4, supplemented with 1 mg/mL bovine serum albumin (BSA) and 2 mM EDTA,
then incubated for 5 min at 37 °C. Cells were detached by tapping the flask,
centrifuged at 10,000 g for 5 min and resuspended at 25 x 10° cells per mL. Cells were
treated with 5 nM a-LTX for 30 min with constant gentle rotation, at 4°C, then

centrifuged at 10,000 g for 2 min. The supernatant, which contained free a-LTX, was
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transferred to a fresh tube. The cell pellet was washed twice with ice-cold PBS,
centrifuged for 30 s and then lysed in ice-cold PBS containing 1% Triton X-100, 1%
protease inhibitor mix and 2 mM EDTA for 2 h, with constant gentle rotation, at 4°C.
Sample buffer (6x) was added to lysed samples, vortexed and heated at 50 °C for 30

min.

2.6.2. Chloroform-methanol protein precipitation

The supernatant which contained unbound a-LTX was transferred to a 50 ml
centrifuge tube. One volume of methanol, followed by one volume of chloroform was
added to one volume of the protein sample, the mixture was vigorously vortexed for
2 min (Figure 7). The mixture was centrifuged at 10,000 x g for 5-10 min. The
methanol layer was removed from the top of the sample, followed by removing the
chloroform layer without disturbing the pellet. Protein pellet was then washed with
acetone (ratio 1:5), which was added to remove any traces of chloroform. Acetone
was removed and the pellet was air dried. The pellet was then dissolved in sample

buffer (1x). Samples were boiled for 5 min at 95°C.

Supernatant // f

Methanol phase

Chloroform
Methanol Vortex Interphase

Chloroform phase

Figure 7: Protein precipitation using the chloroform/methanol method.

A sample was mixed with an equal volume of methanol, 2 volumes of chloroform, vortexed and

centrifuged, as described in the text. Denatured proteins concentrated at the interphase.
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2.7. Western blotting

2.7.1. SDS-polyacrylamide gel electrophoresis

Tissue, cell lysates and supernatants were first mixed with 2X, 4X or 6X sample buffer
(final 1X concentrations were: 125 mM Tris-HCL, 2% sodium dodecyl sulphate (SDS),
10% glycerol, 1 mM dithiothreitol (DTT), 0.02% bromophenol blue, pH 6.8) and boiled
for 5 min, at 95 °C, or heated for 20 min at 50 °C, then stored at -20 °C or used directly.
The proteins were then separated based on their molecular mass by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). National Diagnostics reagents were
used to prepare gels, following the manufacturer’s protocol. Resolving gel was
prepared using ProtoGel 40% (w/v) acrylamide/methylene bis-acrylamide solution
(37.5:1 ratio), 4X ProtoGel Resolving Buffer (1.5 M Tris-HCl, 0.4% SDS, pH 8.8).
Stacking gel was prepared using ProtoGel 40%, ProtoGel Stacking Buffer (0.5 M Tris-
HCI, 0.4% SDS, pH 6.8). 0.001% (v/v) TEMED and 0.001% (w/v) ammonium persulfate
were added to initiate polymerisation. Gels were placed into an electrophoresis tank
(Bio-Rad) and the inner and outer chambers were filled with running buffer consisting
of 0.25 M Tris-base, 1.92 M glycine, and 1% (w/v) SDS. Wells were flushed with
running buffer, before loading samples. Protein samples (20-50 pL) and molecular
weight markers (5 uL, PageRuler, Fermentas) were loaded into wells. Polyacrylamide
gel percentage was determined according to the molecular mass of the target
protein, as shown in Table 1. Samples were separated initially at a voltage of 80 V,

for 10 mins, then at 160V, for 1.10 h.
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Table 1. Acrylamide percentage in SDS-gels used for separating indicated protein ranges.

Mass Range (kDa) >250 80-200 50-80 25-50 <25

Gel percentage (%) 5 8 10 12 15

2.7.2. Transfer

After electrophoresis, the separated proteins were transferred onto polyvinylidene
fluoride (PVDF) membranes (0.45 um pore) in a wet electrophoretic transfer system
(Invitrogen). PVDF membranes were activated by submerging in methanol prior to
use. The transfer tank was filled with transfer buffer consisting of 0.025 M Tris, 0.192
M Glycine, 20% (v/v) methanol, pH 8.5, and the transfer carried out at a constant
current of 120 mA for 1.5 h. The buffer was chilled to 5 °C using a circulating
thermostat (Grant) and constantly mixed with magnetic stirrer. Alternatively,
separated proteins were transferred from gels onto nitrocellulose membrane in a
semi-dry system (BioRad). Filter pads, filter paper and nitrocellulose membrane were
soaked in transfer buffer and assembled with the obtained gel as a blotting sandwich,

as shown in Figure 8.

2.8. Immunodetection

Membranes were blocked immediately after transfer in a blocking buffer, consisting
of 5% BSA dissolved in 20 mM Tris-HCL, 500 mM NacCl, 0.05% Tween-20, for 1 h at
room temperature, with gentle agitation. Membranes were placed in 50 mL
centrifuge tubes and exposed to primary antibodies diluted in 5 mL of blocking buffer
(Table 2), with constant rotation for at least 1h.
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Figure 8: A scheme of the Western blotting method.

Diagrams represent the setup of a blotting sandwich for semi-dry or wet transfer. Membranes were
placed nearest to the anode while the gel was oriented towards the cathode. The SDS-bound
proteins (negative charge) migrate out of the gel towards the positive electrode and bind to the

membrane.

Following the incubation with primary antibodies, membranes were washed in TBST
3 times for 10-20 min each, under constant rotation. After this, membranes were
incubated with secondary antibodies for another 1 h in the dark and then washed in
the same manner. Fluorescent images of labelled membranes were visualised using
an Odyssey imaging system (LI-COR) and were quantitatively analysed in ImageJ or
Odyssey software and values were subsequently normalized against those of B-actin

or total protein loaded. Western blot analysis was employed to detect the LPHN1-2,
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a-LTX, FLRT3, Tim-3, galectin-9, Gagq in cell or tissue lysates.

Table 2. Antibodies used in this project.

Rabbit 1:2000 | Sigma Aldrich ab3792

Rabbit 1:1000 Produced in the lab | (Y.Ushkaryov Lab)

R&D system/Santa 2795-FL-050/sc-514482
Human/Mouse | 1:1000
Cruz Biotechnology

Mouse 1:000 Produced in the lab | (Prokhorov et al., 2015)
Rabbit 1:000 Abcam ab227046

Rabbit 1:500 Produced in the lab | (Davydov et al., 2009)
Rabbit 1:500 Produced in the lab | (Davletov et al., 1998)

Abcam/Santa Cruz ab140825/sc-514562
Rabbit/Mouse | 1:1000
Biotechnology

Rabbit 1:500 Produced in the lab | (Davydov et al., 2009)

Rabbit 1:1000 | Abcam ab139498

2.9. Cytosolic Ca?>* measurement

Cells were seeded onto a 96 well plate, clear-bottom, with black walls (Corning®), at
a density of 4,000-5,000 cells per well and cultured in DMEM with GlutaMax™ and
10% (v/v) FBS , and 1% (v/v) Penicillin-Streptomycin. After 24 h, the medium was
removed and replaced with SF medium to differentiate cells for another 24 h until
reaching 70-80% confluency (Section 2.2.1). For non-adherent cells, the plate was
coated first with Poly-D-lysin (PDL) (Sigma-Aldrich) to enable cell adherence, then
cells were seeded directly in SF medium (RPMI) at a density of 8,000-9,000 cells per
well for 24 h. After differentiation, cells were loaded with the cell-permeant Ca%*
indicator Fluo-4 AM diluted in SF medium. 50 pg Fluo-4 AM was initially dissolved in
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10 pl DMSO, containing Pluronic F-127 (10%), then diluted in SF medium to reach a
final dye concentration of 2 uM, and less than 0.01% for Pluronic F-127™. Cells were
incubated with 2 uM Fluo-4 AM, for 30 min, at room temperature, in the dark. Cells
were then washed twice with recording buffer consisting of (in mM) NaCl 145, KCl
5.6, glucose 5.6, MgCl, 1, HEPES 15, BSA 0.5 mg/ml, sulfinpyrazone 0.25, pH 7.4. Cells
were washed twice and incubated for a further 20 min to allow for de-esterification
of AM esters. Fluoroskan Ascent FL microplate fluorometer (Labsystems) was used to
measure the fluorescence intensities with 485/538 nm excitation/emission filters
with 3 mm diameter of excitation beam. Fluorescence intensity was measured every
15 s, with 100 ms integration time for each well. After de-esterification of AM ester,
the plate was transferred into the fluorometer to measure the baseline fluorescence
for 3-5 min in Ca%*-free recording buffer (stage 1). Cells were then treated with
different pharmacological compounds and toxins added rapidly to individual wells by
pipette (stage 2). As a negative control, cells were treated with recording buffer only
in addition to using WT cells when available. Cells were then exposed to 2 mM Ca?*
diluted in recording buffer, which was added automatically using an internal

mechanical dispenser (stage 3), and Ca?* influx was recorded for 15 min.

Maximum fluorescence was determined after the addition of 0.1% Triton X-100 to
permeabilize the cells (stage 4). Initial volume in each well was 25-75 ulL and
compounds were added in 25-50 uL. Total volume at end of experiment ranged from
110 to 139 pL. Experiments were done in replicates (3 wells per plate) and repeated
independently at least three times. Fluorescence measurements were normalized to
the average baseline value (Fmin) and the average maximal value achieved with Triton

X-100 (Fmax). Changes in cytosolic Ca®* concentration was measured by calculating the
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changes in normalised fluorescence AF, (equation 2.1).

AF, = (F' I:min) / (Fmax - I:min) (21)

Ca®* release (the size of intracellular stores) was measured as a maximum AFn
amplitude above baseline achieved upon the addition of 3-10 uM thapsigargin (TG)
or a different pharmacological compound. SOCE was measured as the maximum AFn
amplitude reached after the addition of 2 mM extracellular Ca?*. Stimulation of
LPHN1 with a-LTX triggered the activation of Ca?*signalling pathway in which Ca®*
release, SOCE were quantified as in TG experiments. Ca?* release was measured as a

change in AFn over the last 300 s of exposure to a-LTX.

2.10. Synchrotron radiation circular dichroism spectroscopy

The interaction of LPHN1 and LPHN2 with FLRT3 were studied with synchroton
radiation circular dichroism (SRCD) spectroscopy at beamline B23, Diamond Light
Source (Didcot, UK). This technique was used in order to study the binding between
LPHN receptors and ligand (FLRT3) in free solutions. The extracellular fragment of
LPHN1, LPH-51, and commercially available human recombinant FLRT3 were
analysed, either alone or in combination with each other, with stoichiometry of 1:1
molar ratio and pure water was used as a negative control. SRCD measurements were
carried out using 15 nM soluble LPH-51, in a 1 cm path length cell of 3 mm aperture
diameter, using a Module B instrument with 1 nm increment, 1 s integration time and
1.2 nm bandwidth, at 23 °C. The cuvette capacity was 60 pl. Likewise, human

recombinant LPHN2 (olfactomedin-like domain, MyBioSource, San Diego, Ca, USA)
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was analysed alone or with FLRT3 by SRCD. In this case, SRCD measurements were
performed using 0.7 uM samples. The obtained results were analysed using CDApps

(Hussain et al., 2015) and OriginLAb™,
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2.11. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was used for the detection and
measurement of target proteins in the cell culture media, human plasma, and cell

and tissue lysates.

2.11.1. Determination of released galectin-9 and soluble Tim-3

Solid phase sandwich ELISA (R&D Systems assay kits) was used to measure the levels
of galectin-9 and soluble Tim-3 (sTim-3) in cell culture media or in human blood
plasma, according to the manufacturer’s protocol. Briefly, 96 well microplate coated
with PDL was treated with 100 puL of capture antibody for the targeted protein for
overnight (16 h), at room temperature. Capture antibody was diluted in PBS buffer
just before well loading, as recommended by manufacturer’s protocol. Next day, the
wells were blocked with blocking buffer consisting of PBS with 1% BSA for at least 1
h, at room temperature, under constant agitation. Wells were then incubated with
either culture media or human blood plasma (100 uL) for another 2 h, under the same
conditions. The wells were washed with TBST buffer and incubated with 100 pL of
specific biotinylated detection antibody diluted in PBS with 1% BSA, for at least two
hours. After incubation with biotinylated detection antibody, wells were washed
again with TBST buffer and incubated with 100 uL of streptavidin conjugated with
horseradish peroxidase (HRP) diluted in PBS with 1% BSA for at least 30 min, at room
temperature. After incubation with streptavidin-HRP, wells were washed with TBST
and then incubated with 100 pL of substrate solution consisting of 0.2% H.0,, 56 mM
o-phenylenediamine (OPD), for maximum 10 min, at room temperature, in the dark.

To stop the reaction, 100 pL of 1.8 M H,SOs was added and after 2-5 min colour
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change was observed. HRP catalyses the oxidation of OPD by H,O0, to 2,3-
diaminophenazine (DAP), whose maximum absorbance wavelength is linked to the
pH of solution. Addition of H,SOs decreases pH, which leads to irreversible
inactivation of HRP and the formation of protonated form of DAP, whose absorbance
can be measured between 450-500 nm. Acquired absorbance values were directly
proportional to the concentration of targeted protein (Fornera and Walde, 2010;

Hinterberger et al., 2018).

2.11.2. Determination of phospho-52448 mTOR in cells

Phosphorylation of mTOR was analysed by ELISA as previously described in (Yasinska
et al.,, 2014). Briefly, Plates were coated with mouse anti-mTOR antibody, then
blocked with blocking solution, as mentioned earlier. Then wells were incubated with
samples (cell lysates) for at least 2 h, at room temperature. Plates were washed with
TBST, then incubated with anti-phospho-52448 mTOR antibody for another 2 h, at
room temperature. Plates were washed again and incubated with HRP-labelled goat
anti-rabbit IgG (Abcam) for at least 30 min, at room temperature. Next, secondary

antibodies were detected by peroxidase reaction, as mentioned in section 2.11.1.

2.11.3. Detection of Tim-3-galectin-9 complex in cells and tissues

To detect Tim-3-Galectin-9 complex Elisa was used (Gongalves Silva et al., 2016).
Mouse single-chain antibody was used as a capture antibody for Tim3. Wells were
incubated with cell or tissue lysates for 2 h, at room temperature. Wells were washed
with TBST and then incubated with biotinylated goat antibody against galectin-9

(detection antibody of R&D Systems ELISA kit) for another 2 h, at room temperature.
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Plates were washed and incubated with HRP-Streptavidin for 30 min, at room

temperature, followed by the previously mentioned step in section 2.11.1.

2.11.4. Detection of Tim-3-galectin-9 complex in culture medium

Firstly, mouse single-chain antibody was used as a capture antibody for Tim-3, plates
were blocked with blocking buffer (PBS and 2% BSA). Culture medium (RPMI-1640)
of THP-1 cells was added to the wells of the plate and incubated for 4 h, at room
temperature. After incubation period, plates were washed with TBST and 0.2 M
glycine-HCL (pH 2) was used to extract proteins. Extracted proteins were then
neutralised and lysed with lysis buffer, followed by Western blot analysis, as
described above. Both, anti-Tim3 and galectin-9 antibodies were used to visualise

Tim-3-galectin-9 complex.

2.12. Determination of LPHN1 in human blood plasma

Mouse monoclonal LPHN1 antibody was used as a capture antibody for LPHN1 in
human blood plasma, followed by addition of blocking buffer (2% BSA/TBST). Human
blood plasma samples were then added to each well and incubated for 4 h, at room
temperature. Plates were then washed thrice, and bound proteins were eluted from
the wells with glycine-HCL buffer, at pH 2.0. Isolated proteins were lysed with lysis
buffer (pH 7.5) and mixed with sample buffer (4x) heated for 5 min at 95 °C. Two
different techniques were then used with three different LPHN1 antibodies in order
to detect LPHN1 in human blood plasma. The first technique was western blot
analysis which was performed using rabbit PAL1 anti-LPHN1 antibody or rabbit

Abcam anti-LPHN1 antibody, as described in section 2.8. The second technique was
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ELISA; in this case, mouse monoclonal LPHN1 antibody was used as a capture
antibody and PAL1 as a detection antibody. The plate was incubated then with HRP-
labelled anti-rabbit secondary antibody, followed by the steps mentioned in section

2.11.1.

2.13. Quantitative real-time PCR

Quantitative real-time PCR (gRT-PCR) was performed to measure mRNA levels
corresponding to target proteins. Total RNA was isolated from the cells using a
GenElute mammalian total RNA preparation kit (Sigma-Aldrich). mRNA was then
converted into complementary DNA, using a reverse-transcription cDNA synthesis kit
(Roche, Burgess Hill, UK), according to manufacturer’s protocol, and amplified by
gRT-PCR, as described below. For Galectin-9, the following primers were used: 5'-
CTTTCATCACCACCATTCTG-3’" and 5-ATGTGGAACCTCTGAGCACTG-3'. for actin, the
following pair of primers were employed: 5’-
TGACGGGGTCACCCACACTGTGCCCATCTA-3’ and 5-
CTAGAAGCATTTGCGGTCGACGATGGAGGG-3'. For LPHN1, the following primers were
used: 5'-AGCCGCCCCGAGGCCGGAACCTA-3' and 5-AGGTTGGCCCCGCTGGCATAG-
AGGGAGTC-3'. gRT-PCR was performed on a LightCycler® 480 (Roche), using SYBR
Green | Master kit (Roche). PCR reactions started with incubation at 95 °C for 3 min
30s, followed by 45 cycles 10s 95 °C, 20 s 60 °C and 10s 72 °C, and a melting curve
analysis to verify the amplified products. Amplification of the correct products was
also confirmed by agarose gel electrophoresis. To show that the measured
fluorescence was from amplification of cDNA template only, a no-template control
(NTC) was included for LPHN1 and Gal-9 whereby cDNA was replaced with nuclease-
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free water in the reaction master mix. Values representing LPHN1 and galectin-9
mMRNA levels were normalised against the level of B-actin, as a housekeeping gene.

Analysis was performed according to the manufacturer’s protocol.

2.14. Determination of PKC-a activity

PKC-a activity in samples was quantified based on its ability to phosphorylate a
specific substrate (Micol et al., 1999). ELISA plates were initially coated with 0.2
mg/ml histone 1lIS. Samples were then mixed with reaction buffer consisting of 20
mM Tris-HCI, 200 uM CaClz, 5 mM MgCl; and 20 uM ATP (pH 7.5), at a ratio of 1:5,
added to the wells and incubated for 30 min, at 37°C. After incubation, plates were
washed with TBST, and phosphorylation of histone IS was detected using
spectrophotometry employing molybdenum blue reaction (Nagul et al., 2015). Data
obtained were then normalised against total amount of protein present in each

sample.

2.15. Measurement of PLC activity

PLC activity was measured based on its ability to catalyse hydrolysis of PIP,, with
formation of DAG and IPs. Initially, 30 pL of cell or tissue lysates were mixed with 70
pL of PIP; assay buffer containing 20 mM Tris-HCI, 0.1% sodium deoxycholate, 300
UM CaCl,, 100 uM EDTA, 100 mM NaCl (pH 7.2) and incubated for 60 min, at 37°C.
After incubation with assay buffer, 100 uL of an organic extraction mixture
(heptane/isopropanol at a ratio of 13:7) was added to 100 uL of a sample. The
resulted emulsions were then left to form a biphasic system. The organic phase was

then extracted with lysis buffer, and combined with sample buffer, followed by SDS-
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PAGE on 33%gels. PIP,, DAG and IP; were visualised in the gels, using Toluidine Blue

staining (Sigma-Aldrich) (Prokhorov et al., 2015; Li et al., 2017).

2.16. Immunocytochemistry

Immunocytochemistry without cell permeabilisation was performed to characterise
cell-surface expression of Tim-3, galectin-9 and CD8. Briefly, cells were mixed with
RPMI medium containing primary antibodies against one of the target proteins and
incubated for at least 3 h under constant agitation, at 4°C. Cells were then washed
with PBS or tissue culture medium, then re-suspended in the fresh medium
containing fluorescently labelled goat secondary antibodies (Li-Cor) and incubated
for another 2 h under constant agitation, in the dark. Cells were then washed, placed
in the wells of a microtiter plate and scanned with an Odyssey imaging system (Li-
Cor). Cells incubated with secondary antibodies only were used as a negative control.
A similar approach was also used to study the interaction of the RL-1 antibody with

the surface of THP-1 cells.

2.17. Confocal microscopy and imaging flow cytometry

THP-1 cells were cultured over 12 mm coverslips in 24-well plates. Cells were treated
overnight with phorbol 12-myristate 13-acetate (PMA), to activate PKC, and then
permeabilised with ice-cold methanol (MeOH) or MeOH/acetone for 20 min.
Otherwise, cells were fixed using 2% paraformaldehyde solution for 10-20 min, at
room temperature, followed by washing cells 3 times with PBS and addition of 0.1%
Triton X-100 to permeabilise cells. After permeabilisation, coverslips were blocked

with 10% goat serum in PBS, for 1 h, at room temperature. Primary antibodies against
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Tim3 and galectin-9 were added (1 pug/ml for both) and incubated overnight, at 4°C.
Goat-anti-mouse Alexa Fluor 488 and goat-anti-rabbit Alexa Fluor 555 were used as
secondary antibodies and incubated for 45 min, at room temperature, in the dark.
Coverslips were observed under Olympus laser scanning confocal microscope, as
described (Fasler-Kan et al., 2010; Prokhorov et al., 2015). The images obtained were
analysed by proprietary image acquisition software (Olympus). Imaging flow
cytometry was done according to a previously described protocol (Fasler-Kan et al.,
2016). In brief, mouse anti-Tim-3 and rabbit anti-galectin-9 antibodies were
incubated with permeabilised cells for about 1 h, at room temperature. Goat anti-
mouse Alexa Fluor 647 and goat-anti-rabbit Alexa Fluor 488 were used as secondary
antibodies. Obtained images were analysed using IDEAS analytical software on
ImageStream X mark Il (Amnis-EMD-Millipore, USA). This method described in more

detail in (Gongalves Silva et al., 2017).

For Tim-3-galectin-9 co-localisation imaging in breast tissue slices, a Nikon Alsi laser
scanning confocal microscope was used, equipped with a Plan Fluor DIC 40x, 1.3-N.A.,
oil-immersion objective. NIS Elements software (version 3.21.03, Nikon, Tokyo,
Japan) was utilized to analyse the data. Cell images were acquired in three channels
for DAPI (excitation at 399 nm and 10% laser power, emission at 450 nm; nuclei
labelling), Alexa Fluor 488 (excitation at 488 nm and 10% laser power, emission at
525 nm, green channel; galectin-9), Alexa Fluor 555 (excitation at 561 nm and 10%
laser power, emission at 595nm, red channel; Tim-3), with a photomultiplier tube

gain of 100 arbitrary units. This method is described in (Yasinska et al., 2019).
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2.18. Fluorescence-activated cell sorting (FACS)

Cell surface presence of Tim-3 and galectin-9 were determined using FACS. The cells
were initially fixed with 2% paraformaldehyde solution, washed 3 times with PBS and
permeabilised with 0.1% Triton-100. Cells were then incubated with mouse anti-Tim-
3 and rabbit anti-galectin-9 antibodies overnight, at 4°C. Goat anti-mouse Alexa Fluor
647 and goat-anti-rabbit Alexa Fluor 488 were used as secondary antibodies. The
distribution of target proteins was analysed using FACS Calibur cytometer and

CellQuestPro software (Becton Dickinson, USA).
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2.19. Isolation of soluble NTF of LPHN1

Cells stably expressing LPH-51 were cultured in SF DMEM medium for 48 h. 30 ml of
this medium was then collected, centrifuged at 10,000 g for 5 min, and the
supernatant was incubated overnight with 500 pL of anti-V5 antibody Agarose
(Sigma-Aldrich), with constant shaking, at 4 C. After incubation, medium was
removed, the column was washed with 10 volumes of PBS, and then the absorbed
protein was eluted with 5 volumes of 50 mM triethylamine (TEA) in 150 mM NacCl (pH
~12), on ice. Any residual protein was further eluted with 3 volumes of 0.1 M NaOH
and neutralized with 150 mM NaCl, 1 M HEPES (pH 7.4). The fractions were then
collected and combined. Protein analysis was done by western blotting, as described
in section 2.7. The protein was then concentrated by ultrafiltration using Amicon®

Ultra-15 centrifugal filter units (Merck).

2.20. Data analysis

Data were analysed using Excel (Microsoft). Data are generally presented as the mean
+ SEM of n determinations. Statistical analysis was performed in the Prism software
(GraphPad). Unless otherwise stated, two-tailed Student’s t-test was performed for
comparisons between two groups of data. One-way analysis of variance (ANOVA) was
used to compare three or more groups of data. Statistically significant difference was
accepted at p < 0.05. The level of significance was also indicated on graphs using

asterisks: p <0.05: *, p < 0.01: **, p < 0.001: ***,
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3. LPHN1 interaction with

FLRT3



3.1. Introduction

Several proteins binding to LPHN1 have been discovered: teneurin, FLRT and
contactin (see section 1.6). While the interaction between Ten2 and LPHN1 has been
studied very well (Silva et al., 2011; Boucard et al., 2014) and the role of contactin is
currently unclear, it was necessary to investigate the interaction between LPHN1 and
FLRT3. Indeed, as will be shown below, FLRT3 is hypothesised to be the main
functional agonist of LPHN1 ectopically expressed in AML cells. This was consistent
with other publications which detected an interaction of LPHN1 with FLRT3
(O'Sullivan etal., 2012; Boucard et al., 2014). However, these data contradicted those
from our lab: in particular, FLRT3 binding to LPHN1 was not detectable in LPHN1-
affinity chromatography experiments which led to abundant isolation of Ten2 (Silva
et al., 2011). Because of this controversy, it was necessary to find under which
conditions, if at all, LPHN1 could interact with FLRT3. Thus, the aim of this part of the

project was to purify LPHN1 and use it in direct binding assays with FLRT3.

3.2. Purification of soluble NTF of LPHN1

A special construct for the expression and purification of a soluble NTF of LPHN1 was
created in the lab, LPH-51 (K.Volynski et al., 2004) (Figure 9). This construct contained
the whole extracellular domain of LPHN1, including the GAIN domain and the
autoproteolysis site, but only 15 amino acids downstream of it, because a stop codon
was placed at this position into the cDNA encoding this construct. NB2A cells were
stably transfected with LPH-51 and grown in SF medium, which cause the

differentiation of NB2A cells and the correct (neuronal-type) glycosylation of the NTF
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of LPHN1. LPH-51 was isolated from the conditioned medium by affinity
chromatography on immobilised V5 antibody. Fractions collected after mild alkaline
elution were tested for the presence of LPH-51 protein using Western blot analysis
(Figure 10). The analysis showed that the first five elution fractions contained large
amounts of LPH-51. The column was also eluted by strong alkali treatment to elute
any remaining LPH-51. The results (Figure 10) show that both the column washes and
alkaline eluates were free of any LPH-51. Fractions containing LPH-51 were combined
and concentrated. During concentration by ultrafiltration, the LPH-51 sample was
periodically diluted and concentrated again, to remove as much TEA and NaCl as

possible, as these substances could interfere with CD spectroscopy.

V5 V5
Lectin-like domain

Olfactomedin like domain
L42 STP or HRM domain L51

Cys-rich domain

Gain domain

GPS motif Y _f\ A A ‘l:_.stopcodnn

R T
v vV Vv l

Figure 9: The structures of full-size LPHN1 (LPH-42) and its soluble ectodomain LPH-51.

LPH-51 was created in the lab: it consists of the NTF with an N-terminal V5 tag, the natural cleavage

site in the GPS domain and contains a stop codon after the first 15 residues of the CTF.

To quantify the amount of LPH-51 present in the final sample, it was subjected to
SDS-PAGE in parallel with different amounts of BSA, followed by Coomassie staining
(Figure 11). It is important to understand that BSA and glycosylated proteins do not
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bind the Coomassie dye equally: BSA is usually stained better, which means that the
amount of LPH-51 could be underestimated. However, previous experiments on LPH-
51 quantification in comparison with BSA, conducted in the laboratory and followed
by sequence analysis, have allowed us to produce a correlation coefficient, where
Imagel) was used to measure the integrated density of the serial BSA amounts (Figure
11B) and LPH-51. Computer aided densitometry of the gel, corrected for the
difference in staining, indicated that the LPH-51 sample contained approximately 20
ng protein. Notably, LPH-51 was essentially undegraded (Figure 11A). Obtained LPH-

51 was then used in a FLRT3 binding assay.
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Figure 10: Isolation of LPH-51.

NB2A cells expressing LPH-51 were cultured in SF medium for 48 h at 37 °C. Medium was then
collected and incubated with Anti-V5 antibody immobilised on Agarose, washed and eluted with 50
mM TEA and 150 mM NaCl (pH 10), followed by elution with 50 mM NaOH (pH 12) and then
neutralised with 1 M HEPES, pH7.0. Eluates were analysed by Western blotting. EL: eluates, FL: flow
through fractions, LD: loaded medium, W: wash fractions; arrows: the loading order of sequentially

eluted samples.
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Figure 11: Quantification of purified LPH-51.

A) The affinity chromatography eluates 1-6 containing LPH-51 were combined and concentrated by
ultrafiltration, followed by SDS-PAGE in 8% SDS gel and Coomassie Blue R250 staining. Indicated
amounts of BSA were loaded on the gel as protein staining standards for LPH-51 quantification. B)
BSA standard curve demonstrate a linear correlation of integrated density with BSA concentration

(ng/ml).

3.3. FLRT3 causes a conformational change in LPHN1

A sample of commercially available soluble extracellular domain of FLRT3 and LPH-51
were mixed in a cuvette for circular dichroism (CD) spectroscopy and allowed binding
was also assessed by synchrotron radiation circular dichroism (SRCD) spectroscopy.
High-purity NTF of LPHN1 was isolated by V5-antibody affinity chromatography, as
described above. A CD spectrum obtained after mixing LPHN1 and FLRT3 was
significantly different from the simulated spectrum (see Figure 12a). This indicates
that the two proteins interacted in solution, which led to a conformational change in
both proteins. Interestingly, the calculated binding curve had a non-monotonous
shape, suggesting that the binding was not uniform and that there were two types of
binding interactions: with apparent dissociation constants, K4, of 2 nM and 48.8 nM

(see Figure 12b).
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Figure 12: Interaction of FLRT3 with LPHN1 detected by CD spectroscopy.

A) SRCD spectroscopy of FLRT3, LPHN1 and FLRT3-LPHN1 interaction (both simulated and real curves
are shown). B) LPHN1 CD spectrum changes as a function of FLRT3 concentration in the binding

interaction between FLRT3 and LPHN1. There are two modes of interaction detectable, with two

apparent Kq: 2 nM and 45 nM.

The hump in the beginning of the graph (see Figure 12B) does not represent the
amount used in our experiment as 20 nM of LPH-52 was used. This indicate that FLRT3
must have reached saturation at 2 nM which cannot be true as 20 nM of LPH-52 was
used for the binding experiment. Therefore, the last 5 data points were used to build

a scatchardplot to predict the second Kq (see Figure 13).
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Figure 13: Scatchard plot displaying FLRT3 binding to LPH-52. K = 48.8.

3.4. Discussion

While controversial accounts of LPHN1-FLRT3 interaction have been published,
reporting no interaction (Silva et al., 2011), low affinity interaction (O’Sullivan et al.,
2012) or high affinity interaction (Boucard et al., 2014), our experiments with purified
soluble extracellular domains of the two proteins indicate that there must be an
interaction. However, the binding is complex and includes at least 2 types, with
different affinities (2 and 45 nM) (Figure 12). It is not currently clear what causes this
complex interaction. It is unlikely to be due to heterogeneity of the samples, because
they were synthesised in respective monospecific cell cultures and highly purified.
We know, however, that Full-length LPHN1 can dimerise. This dimerisation could lead

to heterogeneous interactions because monomers and dimers of LPHN1 could
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interact with FLRT3 with different affinities (personal communication, Yuri

Ushkaryov).

In addition, structural studies of LPHN3 (a distant homologue of LPHN1) and FLRT3
(Jackson et al., 2015; Lu et al., 2015) suggest that association of FLRT3 with LPHN can
occur in two stages: the interaction includes a single pair of charged residues and
multiple low affinity bonds (hydrogen and Van Der Waals). Obviously, if equilibrium
was achieved in our binding experiments (higher affinity binding site), the kinetics of
interaction would not have affected the final binding curve and apparent affinity.
However, it is interesting to note that in all experiments where a high affinity of FLRT3
for LPHN1 was demonstrated (Boucard et al., 2014), the interaction was allowed to
continue overnight. This could suggest that the interaction of these two proteins
involves a slow change in the conformation of one or both, allowing them to adjust
(bend/twist) and thus increase the area of interaction. As a result, with a very long
incubation time a very high affinity could be achieved. Because our solution binding
experiments only involved a 30 min co-incubation of the two proteins, it is possible
that the true equilibrium was not achieved, and therefore only the lower affinity

interaction was observed (Figure 12).

Nevertheless, our experiments clearly demonstrated that in short period of time
lower affinity interaction between FLRT3 and LPHN1 can be easily shown by using a
high purity proteins and optimal solution conditions, where there are no constraints

imposed by cell-surface attachment of one or both proteins.
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4. LPHN1 and regulation of

cytosolic Ca?*



4.1. Introduction

In this chapter, | addressed Objective 1 to dissect the intracellular mechanisms of Ca?*
regulation mediated by LPHN1. This task required development of an adequate
cellular system. The choice of cells was dictated by the (1) requirement for easy
propagation in culture; (2) possibility of transient or stable transfection with plasmid-
based cDNA expression vectors; (3) lack of endogenous LPHN1 expression; and (4)
ability to differentiate into neuron-like excitable cells. Mouse neuroblastoma cells,
NB2A, possess all these features and therefore, this cell line was selected as the basal

cell system for this part of the project.

The next task was to make it possible to distinguish the intracellular mechanisms
specifically linked to LPHN1 downstream signalling from any other effects of LPHN1
ligands. Indeed, some of the LPHN1 ligands could bind to this receptor, but act on the
cells without inducing LPHN1-mediated signals. One prominent example of such a
ligand is a-LTX, which can both activate LPHN1 and also form Ca%*-permeable
membrane pores; obviously pore-dependent effects have to be determined and
compensated for. Alternatively, LPHN1 ligands could also bind to other cell-surface
receptors and cause LPHN1-independent effects. Examples of this type of ligands are
o-LTX (which binds also to NRXNs and RPTPg), Ten2 and FLRT (which have been
shown to interact with other proteins). To solve this problem, | used NB2A cells stably
expressing full-size LPHN1 (Figure 14) as the main experimental model, and included
two important controls. One control was NB2A cells stably expressing a truncated
LPHN1, LPH-71 (Figure 14). This recombinant protein contained the NTF of LPHN1
(and therefore was able to bind all LPHN1 ligands), but only had one TMR from NRX
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(and therefore lacked any ability to interact with G-proteins and send intracellular
signals characteristic of LPHN1 with 7TMRs). The second control used was wild-type
NB2A cells, which possessed all other proteins present in the cells expressing the full-
size LPHN1 or mutant LPHN1 (and therefore allowed me to identify any effects

induced without binding to the NTF of LPHN1).

V5 V5

Lectin-like domain
Olfactomedin like domain

STP or HRM domain

Cys-rich domain L42 L71
Gain domain
GPS motif
LI I gl

COOH COOH
Figure 14: The structure of LPHN1 constructs: full-size LPH-42 and truncated LPH-71.

Two membrane anchored LPHN1 constructs were created in the lab: LPH-42 (L42) consist of the NTF,
with an N-terminal V5 tag, and the complete CTF; LPH-71 (L71) contains the NTF and the first 18
amino acids of the CTF fused to the TMR from NRXN1a. LPH-42 represents the full-size LPHN1 and
is capable of all LPHN1 signalling, while LPH-71 contains a single TMR from another receptor and
cannot signal as LPHN1. However, both constructs contain the complete NTF and therefore are able

to interact with all ligands that bind the NTF of LPHN1.

Cytosolic Ca®* concentration in NB2a cells was measured using the chemical dye Fluo-
4 AM. A Fluoroskan Ascent fluorescent plate reader was used in order to obtain the
readings as previously described in the Methods section. Cells were loaded with Fluo-

4 AM before the recordings were performed. Cells were initially incubated in Ca?*
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free buffer, followed by the administration of thapsigragin (TG), a SERCA pump
inhibitor (Thastrup et al., 1990). As a result of the irreversible SERCA blockade by TG,
the stores rapidly lose accumulated Ca?*, which leaks into the cytosol where it reacts
with the Ca?* sensor dye (Figure 6,Figure 15). However, subsequently, cytosolic Ca?*
concentration then decays slowly by mainly two mechanisms: the opening of PMCA,
which removes cytosolic Ca?* from the cell, and NCX exchanger, which exchanges
three ions of sodium for one ion of Ca?". In addition to the plasma membrane
presence of NCX exchanger it is also present on the surface of mitochondria which
means that decrease of cytosolic Ca?* concentrations is related to mitochondria as
well (Berridge et al., 2000). As these processes reduce the cytosolic Ca?*
concentration, they also lead to a corresponding decrease in Fluo-4 fluorescence.
However, by measuring the peak level of Fluo-4-Ca?* fluorescence, it is possible to
determine the maximal size of the intracellular Ca?* stores, a value that can be used
as a reference point for measuring the intensity of intracellular Ca?* signalling (Figure

15).

Cytosolic Ca?* measurements, corresponding to calcium released from the stores,
were performed in a Ca?* free buffer. After the cytosolic Ca?* concentration and dye
fluorescence subsided to the basal level (~50 nM Ca?*), the cells were exposed to 2
mM extracellular Ca?*, which is the normal extracellular Ca?* concentration outside
the living cell. This usually leads to a rapid Ca?* influx, driven by the re-establishment
of a steep Ca?* gradient and occurring through multiple mechanisms of Ca?* entry.
Such mechanisms include the reversal of the NCX and the opening of various Ca?*-

permeable channels. If the cells have not been treated with TG and retain their intact
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Ca?* stores, the initially fast influx of Ca%* will quickly slow down in a logarithmic curve
(Figure 15, black line). In resting cells, the increase in cytosolic Ca%* concentration is
related to constitutive Ca%* influx, such as CICR mechanism that switches on when
the increasing cytosolic Ca?* activates IP3Rs and RYRs on the ER membrane, resulting
in Ca%* release from stores (Berridge et al., 2000).The plateau Ca%* concentration is
reached due to the gradual saturation of Ca?* influx/extrusion mechanisms and leads
to the establishment of a new equilibrium Ca?* concentration (~100 nM). However, if
the cells have undergone partial or complete loss of stored Ca?* (for example due to
TG treatment or receptor-mediated signalling), the SOCCs, specifically activated by
the loss of Ca?* from the stores, will be open prior to the addition of Ca?* and will
contribute to a much stronger Ca?* influx. As the SOCCs are inactivated by cytosolic
Ca?*, their contribution to Ca?* influx is transient and appears as a sharp peak added

on top of the cytosolic Ca?* saturation curve (Figure 15, red line).

After the cells reached a new cytosolic steady state level, Triton X-100 was added to
permeabilise the cells and achieve the maximum fluorescence intensity. This allows
one to normalise fluorescence responses in different wells, compensating for the
variability in cell numbers and dye loading (Figure 15). The size of intracellular Ca?*
stores in cells treated with TG or any other Ca?* mobiliser was measured during the
first phase of the experiment as the maximum difference in fluorescence amplitude,
AFn, compared to control cells. Similarly, SOCE was measured during the second (Ca?*
add-back) phase, as the maximum AFn amplitude compared to the control cells. Cells
were considered to reach a cytosolic Ca?* equilibrium when SOCE exponentially

decayed and reached a plateau phase. The average of AFn was determined over at
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least 60 s. Cytosolic Ca?* equilibrium is an indirect reflection of constitutive Ca?* influx

(other than SOCE) which is balanced out by Ca%* extrusion mechanisms. Different

method can be used to measure the changes in cytosolic Ca%* concentration, for

example, by calculating the area under the AFn curve over time. However, this

approach is limited, as it can only be used when there is a peak in AFn, for example,

as in the case of TG-induced Ca?* release peak or SOCE peak. Since most of the data

shown here (except for TG does not show peaks), the AFn amplitude was used.
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Figure 15: Measurement of cytosolic Ca?* dynamics in live cells.
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A) Example of averaged raw fluorescence traces with or without administration of 1 uM TG. NB2a

cells were first incubated in Ca?* free buffer. Measurement of baseline fluorescence was recorded

for 210 s, then TG was added manually; this resulted in Ca®* store release, which was recorded for

885 s. Next, buffer containing 2 mM Ca®* was added automatically by Fluoroskan dispenser and Ca

2+

influx was recorded for 885 s. Triton X-100 (0.1%) solution was added manually to permeabilise the

cells and reach the maximum fluorescence intensity. B) Normalised fluorescence signal was
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calculated using equation 1.1. C) Truncated normalised traces showing parts to be measured: Ca?*

store release, SOCE and cytosolic Ca®* equilibrium.

In this section, the dynamic nature of cytosolic Ca?* concentration will be described,
based on the investigation of how different cellular conditions affect the changes in
cytosolic Ca?* concentration and what mechanisms may contribute to each part of

cytosolic Ca?* changes.

4.2. Ca** homeostasis in NB2A cells expressing full size and

truncated LPHN1

The NB2A cells used in these experiments expressed either a full-size LPHN1, which
contained 7 TMRs and thus represented a proper GPCR, or a truncated construct,
which lacked the 7 TMRs and thus could not engage in G-protein-mediated signalling
(Figure 14). The expression of a GPCR (LPHN1) that is known to be able to signal to
intracellular Ca?* could affect the viability of cells or at least the characteristics of
their Ca?* homeostasis. Indeed, GPCRs are known to show two different
conformations, On and Off, and they spontaneously change between the two in the
absence of ligands (Ango et al., 2001). Agonist-independent GPCRs activation may
lead to a conformational change and thus activation of downstream signalling. Such
effect has been observed previously in glutamate GPCRs (Prézeau et al., 1996),
cannabinoid receptor (Nie and Lewis, 2001), and human CT receptor (Cohen et al.,
1997) mostly because of the C-terminal truncation and overexpression of these
receptors. With overexpression of the full-size LPHN1 (LPH-42), Ca?* signalling in

NB2A cells may be constantly activated, leading to cell toxicity and death or to the
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activation of some compensatory mechanisms. Therefore, | compared the features

of Ca?* stores and SOCE in cells expressing full-size LPHN1 (LPH-42) and cells

expressing truncated LPHN1 (LPH-71).

This experiment was carried out using a standard approach, based on SERCA

inhibition by TG and cytosolic Ca?* detection using Fluo-4 (Figure 16). Both cell clones

reacted to TG during the Ca?*-free incubation phase by releasing Ca?* from

intracellular stores. On re-addition of 2 mM Ca?*, both cell types demonstrated strong

SOCE, with a characteristic transient peak of Ca?* entry, followed by the
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Figure 16: The effect of TG on cytosolic Ca** in cells expressing full-size or mutant LPHN1.

A-B: NB2a cells expressing full size LPHN1 and mutant LPHN1 (LPH-71) were treated with 1 uM TG

in a Ca** free buffer, followed by the addition of extracellular 2 mM Ca?*. C-D: Maximum amplitudes

of AF. C: Ca** release from TG-sensitive stores. D: amount of SOCE. Traces are the averages of three

independent experiments (n = 3) and error bars show SD. Asterisks indicate statistically significant
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difference from cells expressing mutant LPHN1; t-test results: **, p < 0.01.

establishment of a new Ca?* equilibrium (Figure 16). When the size of Ca?* stores was
compared in these cell lines, it was clear that it was significantly larger in the cells
stably expressing full-size LPHN1 (LPH-42) compared to the mutant-expressing cells
(due to LPHN1 mediated signalling thus an increase in IP3 production and therefore
amplifying calcium release from internal stores by increased activation of IP3
receptors on the ER) (Figure 16). The latter did not differ from control, wild-type
NB2A cells (not shown). Likewise, the amplitude of SOCE was consistently higher in
the cells expressing LPHN1, although this effect was not statistically significant. This
effect can be clearly seen when the specific Ca?* fluorescence is calculated (the
difference in fluorescence between the non-treated control and the experiment

treated with TG) (Figure 17).
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Figure 17: Increased Ca?* stores and SOCE in cells expressing full-size LPHN1.

TG-induced Ca?* mobilisation in cells expressing full size or mutant LPHN1. The data are from Figure

15, but the controls were subtracted.
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4.3. Store operated Ca?* channels

First, | needed to establish that the NB2A cells expressing LPHN1 possess SOCCs,
which can be regulated by Ca?* store depletion. This can be done by forced release of
Ca®* from the stores (for example by using TG to block SERCA), which causes
subsequent opening of SOCCs. These channels are highly specific for Ca?* and will not
pass Na* which is present in the medium during the whole experiment, but will only
pass Ca’* after it is added back at the second phase of the experiment. The SOCCs
may have different features, but one of their characteristic traits is the sensitivity to

La3+

La3*is one of the rare earth elements, which has a large atom size and a large positive
charge and is known to inhibit SOCCs and other Ca?* channels. Low micromolar
concentrations of La3* can block SOCE (Hoth and Penner, 1993). However higher
concentrations of La3* block other types of Ca?* channels, such as VGCC, TRP
channels, leak channels and the a-LTX pore (Clapham et al., 2001) (Ashton et al.,
2001). Therefore, | used low La* concentrations to study the specific features of

SOCCs in NB2A cells.

When cells were treated with 50 uM La3* in Ca®*-free conditions, fluorescence of the
cytosolic dye increased sharply (Figure 18), but did not show a peak. This potentially
indicated that La3* could stimulate some mechanisms that very quickly depleted the
ER stores. This hypothesis was tested by stimulating Ca?* release by TG in the
presence of La3*. This combination treatment still led to a transient increase in

cytosolic Ca?* concentration, typical of the effect of TG, which appeared above the
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effect of La3*, but was noticeably smaller than in the absence of La3* (Figure 18). Thus,
TG was still able to release stored Ca?* by blocking SERCA, which means that the large
increase in fluorescence in the presence of La3* was not caused by store depletion.
What could then be the reason for this sharp and significant increase in Fluo-4
fluorescence upon the addition of La3*, alone or with TG? Although La3* is known to
block many Ca?* channels, a small amount of it can be taken up by cells (Halaszovich
et al., 2000).Ca%* indicator dyes have a higher affinity for La3>* than for Ca?*, and 1 uM
La3* produces a higher dye fluorescence than 100 uM Ca?* (Halaszovich et al., 2000).
Thus, it is most likely that the sharp rise of the cytosolic fluorescence in the presence
of La3* simply corresponds to fluorescence of the La3*-Fluo-4 complex. However, La3*
also blocks many Ca?* channels better from their cytosolic side, and it can inhibit the
release of Ca?* from the stores via IP3R. This can explain the smaller apparent size of

Ca?* stores in the cells treated with both TG and La3*.

Upon the addition of 2 mM external Ca?*, cells treated with TG, as usual,
demonstrated store-operated opening of SOCCs, which was observed as a large
transient increase in Ca%* fluorescence above that in control (Figure 18). La>* alone
showed an increased fluorescence at this stage, which was higher than the

fluorescence increases due to constitutive Ca%* influx in control conditions, but was

Page | 79



A

[ Gaes

TG |
0.25+
0.204
- 0.15- = Control
= - TG
< 0.0- — La3+
0-00-' 1 1 L)
0 500 1000 1500
Time (s)
B C
1.2 12
2 1] y ;] BTG
® e BTG +La*
oo 0.8 E o 081
&2 0.6 - 8 g 06
33 P
o £ = E
>®© 04 = © 04
5 ©
& 0.2 4 24 0.2 4 *kk
o 4 o

Figure 18: Features of the SOCCs in NB2A cells.

Cytosolic Ca** measurement in NB2a expressing full size LPHN1 when treated with 50 uM La**, a
Ca?* channel blocker. NB2a cells where first treated with TG with or without La>* in a Ca®* free buffer,
and then bathed in a Ca?*-containing medium. A) Average traces of cytosolic Ca®* fluorescence under
the conditions indicated (n = 3). B,C) Normalised peak values of Ca®* release from the stores (B) and
Ca?* influx via SOCE (C), in cells treated with TG * La®* (respective values in cells treated with TG only
were normalised to 1); n = 5. Results of a t-test comparing the SOCE amplitudes induced by TG * La®*

are shown by asterisks (*** p < 0.001).

equal to the La**-induced additional fluorescence during the Ca%*-free stage of the
experiment and remained unchanged. Therefore, it was caused by the fluorescence
of cytosolic La3* and Ca?*. However, when La3* was added together with TG, the usual
effect of TG at this stage disappeared (Figure 18): there was no further transient
increase in fluorescence above that in the presence of La3* alone. This clearly shows

that the SOCCs in NB2A cells can be fully blocked by La3*.
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4.4. a-LTX signalling via LPHN1

Having established the presence of Ca?* stores and SOCE in the NB2A cells expressing
LPHN1, | then studied LPHN1-mediated signalling in these cells. As explained above,
I had access to NB2A cells expressing the full-size protein (LPH-42, consisting of the
NTF without TMRs and the CTF that has 7 TMRs) and a truncated protein (LPH-71,
which has one TMR from NRXN1). G-protein-mediated signalling could only be

mediated by the former, but not the latter construct.

As the most reliable ligand to stimulate LPHN1, | selected a-LTX, described in the
Introduction. This toxin binds to several receptors (LPHN1, NRXN1 and RPTPg) and
forms transmembrane pores. Obviously, when Ca?* influx occurs through such toxin
pores, it is hard to distinguish it from receptor-mediated increase in Ca®* signalling.
However, comparison between the effects of a-LTX on the cells expressing the full-
size LPHN1 and on the cells expressing the truncated LPH-71 construct would allow

me to detect the signalling mediated by the CTF of LPHN1.

However, first, | carried out experiments to establish the ability of a-LTX to bind to
the cells of these two types. For this purpose, | incubated large amounts (25 million)
of the LPH-42 cells and LPH-71 cells with 5 nM a-LTX for 30 min, then washed and
lysed the cells. Both the lysed cell pellets and supernatants (which had been
concentrated by chloroform/methanol-precipitation, as described under Methods)
were analysed by Western blotting with anti-a-LTX antibodies (Figure 19). As the
results clearly demonstrate, both LPHN1-expressing cells specifically bound

significantly more a-LTX than the WT cells, which appeared to non-specifically entrap
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some small amounts of the toxin. Interestingly, the cells expressing the truncated
mutant LPHN1 (LPH-71) bound more a-LTX than the cells expressing the full-size

receptor (LPH-42) (Figure 19).
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Figure 19: a-LTX binding to different LPHN1 constructs in NB2a cells.

LPH-42 WT LPH-71

A NB2a Cells expressing full size LPHN1, mutant LPHN1 and WT cells were treated with 5 nM LTX
(see materials and Methods). Unbound LTX in the supernatant (U) and LPHN1-bound LTX in whole
cell lysates (B) were separated in 8% SDS-PAGE, blotted, and probed with anti-LTX. The blots are
representative of three independent experiments (n=3). B) Specifically, bound LTX in LPHN1

expressing and WT NB2A cells.

To measure LPHN1-mediated signalling, | used the same methodology of cytosolic
Ca?* detection based on cells loading with a fluorescent Ca?* dye, as described above.
As previously, the size of the Ca?* stores and the SOCE dynamics were controlled by

using TG during the Ca?*-free phase and the Ca?*-add back phase, respectively.

As shown in Figure 20, and consistent with the experiments shown above (Figure 17),
the NB2A cells expressing full-size LPHN1 showed a very strong response to TG during

the Ca?*-free phase of the experiment. By contrast, a-LTX caused a gradual, but
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substantial increase in cytosolic Ca?*, which did not subside within the timeframe of
the experiment. Upon the re-addition of Ca?* to the extracellular medium, the TG-
treated cells demonstrated a strong SOCE and a gradual return to a new Ca?*
equilibrium. The cells treated with a-LTX demonstrated a very similar response
(Figure 20, blue line). The cells expressing mutant LPH-71 also responded to TG
poisoning by Ca?* release from the stores and by activating SOCE. However, when
treated with a-LTX, the mutant-expressing cells did not show any increase in cytosolic
Ca?* during the Ca%*-free phase; although they enabled an influx of Ca?* during the
Ca®* re-addition phase, this did not demonstrate a transient peak of Ca%* influx (SOCE)
(Figure 20). Thus, the mutant LPH-71 cannot support the same intracellular signalling,
leading to Ca?* release and subsequent opening of SOCCs, that is mediated by the

full-size LPHN1.

4.5. FLRT3 does not induce fast signalling via LPHN1

In the experiment with a-LTX (Figure 20), | also used FLRT3, a known LPHN1 ligand
(see Chapter 3), which will be used in many experiments described in my project. 150
nM FLRT3 did not increase Ca?* during the first, Ca?*-free phase of the experiment,

and this consistently did not lead to any influx of Ca?* above background during the
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Figure 20: Ca?* signalling induced by a-LTX in NB2a cells expressing full size or mutant LPHN1.

NB2a cells expressing full size LPHN1 (A, C) and NB2a cells expressing the non-signalling mutant LPH-
71 (B, D) were treated with 2 uM TG, 5 nM a-LTX or 150 nM FLRT3. A, B) Average traces (n = 4) of
cytosolic Ca®* fluorescence in respective cell types treated as indicated. C, D) Peak increases in
cytosolic Ca?* concentration due to Ca?* release (top graphs) and Ca?* influx (bottom graphs). In the
cells expressing mutant LPH-71, a-LTX causes pore formation, which does not lead to Ca?* release
from stores but supports continuous Ca®* influx after Ca** add-back. In the cell expressing full-size
LPHN1, the toxin also forms pores, but in addition it causes intracellular signalling, which leads to

Ca?* release from stores and a large transient peak of Ca®* influx due to the opening of SOCCs.

second (2 mM Ca?*) phase of the test (Figure 20, green line). This lack of Ca?* signalling

during the course of that experiment did not depend on the expression of the full-
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size or truncated LPHN1.

4.6. FLRT3 binding to LPHN1-expressing NB2A cells

Given the unexpected lack of FLRT3 signalling via LPHN1 in NB2A cells (Figure 20), it
was possible that FLRT3, for some reason, did not bind to the cells and therefore
could not induce any signalling. Therefore, | decided to check FLRT3 binding to cells
expressing full-size LPHN1, by incubating these cells with FLRT3 and then detecting
any bound protein by Western blotting of the cell lysate. However, when LPHN1-
expressing cells were incubated with 150 nM FLRT3 over 1 h (the approximate length
of my Ca?* signalling experiments), no FLRT3 could be detected bound to the cells

(data not shown).

One reason for the failure to detect FLRT3 binding to these cells was the possibility
that only a small amount of protein remained bound after the wash stage and this
was below the detection limit. To identify the detection threshold of the anti-FLRT3
antibodies, | tested their sensitivity. For this purpose, different amounts of FLRT3 (1-
10 ng) were analysed by Western blotting, alone or in the presence of a carrier
protein, BSA, to avoid potential FLRT3 losses due to its adsorption to plastic. The
results (Figure 21) demonstrate that the antibody detected 5 ng of FLRT3, but failed
to detect 1 ng. This information was used to design a new experiment, where the
number of cells incubated with FLRT3 was adjusted, to ensure that the amount of
FLRT3 bound to the cell pellet would be detectable with our antibodies, even if only

1% of FLRT3 present in the reaction remained bound.
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Figure 21: Sensitivity of FLRT3 detection.

To test the antibody sensitivity, a test experiment was conducted: 1, 5 or 10 ng of FLRT3 was mixed
with 1% BSA and analysed using 8% SDS-PAGE, in parallel with a BSA-free FLRT3 sample (5 ng),
blotted and probed with an anti-FLRT3 antibody. FLRT3 amounts below 5 ng are not detectable by

our Western blotting procedure, even in the presence of the carrier protein.

In addition, the length of binding reaction was increased from 1 to 16 h, similar to
that used in previous publications (Boucard et al., 2014). FLRT3 concentration in the
reaction was also increased to 300 nM. After the cells expressing full-size LPHN1 (or
untransfected cells, as a negative control) were incubated with FLRT3, centrifuged
and washed very briefly (only a few seconds), it was possible to detect a small amount
of FLRT3 specifically bound to the LPHN1-expressing cells (Figure 22). The amount of

specifically bound protein constituted about 0.6% of the unbound FLRT3.

4.7. Possible LPHNL1 ligands in the blood plasma

Given the presence of LPHN1 on the surface of AML cells (Gongalves Silva et al.,
2017), it was possible that an endogenous ligand of LPHN1, which is expressed
ectopically in malignant cells, could be present in the blood plasma. The Ca?* signal
recording system, with a good internal control, described in this chapter might be
useful for detecting specific LPHN1 ligands in the plasma or any fractions isolated

from it.
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Figure 22: FLRT3 interaction with NB2a cells expressing full-size or mutant LPHN1.

A) NB2a cells were preincubated with 300 nM FLRT3 overnight at 4 °C. The supernatants and whole
cell lysates (concentrated 10-fold by chloroform/methanol precipitation) were separated in an 8%
SDS-PAGE, blotted and probed with anti-FLRT3 antibodies. B) LPHN1 expression in NB2a cells and
WT cells was quantified using Western blot analysis. The bottom panels show the 10x percent of
FLRT3 bound to LPHN1-expressing and WT NB2A cells (left) and the 1x percent of bound FLRT3

adjusted to LPHN1 expression (right).

Therefore, | decided to test if any proteins or other substances present in blood
plasma could stimulate fast signalling via LPHN1. The human serum was diluted 1:1
or 1:4 with Ca?*-free buffer and applied to WT or LPHN1-expressing NB2A cells (Figure
23). The results demonstrate that, within the timeframe of the experiment, there was
no significant differences between the WT and LPHN1-expressing cells in terms of
Ca®* release or subsequent influx, except for some delayed increase in Ca?*

equilibrium level achieved after the addition of 2 mM calcium.
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Figure 23: Intracellular Ca?* dynamics in NB2a cells stimulated with human serum.

NB2a cells with or without LPHN1 were treated with human serum diluted with Ca?* free recording
buffer at a 1:1 or 1:4 ratio (50% and 25%, respectively). Cells were then exposed to 2 mM

extracellular Ca®. Traces are the averages of 2 independent experiments.

4.8. Discussion

The experiments described in this section clearly established that the methodology
adopted in this project enabled me to measure the size of intracellular stores and the
features of SOCE. | have also found that the expression of LPHN1 did not dramatically
affect these parameters, making this system a good model for studying the role of

LPHN1 in intracellular signalling.

Interestingly, the cells expressing full-size LPHN1 possessed either bigger or more
sensitive Ca?* stores and responded to their depletion by a large SOCE than the cells
expressing its non-signalling homologue (Figure 16, Figure 20). This was probably due
to the fact that only full-size LPHN1, as a true GPCR, is likely to be spontaneously
activated for short periods of time, even in the absence of a ligand. Such an activation
would lead to store depletion, SOCC activation and their desensitisation. These

effects would require some compensatory changes from the cell, in order to
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counteract frequent losses of Ca?* from the stores and to support house-keeping
Ca%*-dependent processes. These changes might lead to relative hypertrophy of the

Ca?* stores and upregulation of the SOCCs (Figure 17).

We also hypothesised that a ligand of LPHN1 might be present in mammalian blood.
Normally, it would not be able to interact with this receptor, which is not expressed
in blood cells or endothelial cells of blood vessels, but is very abundant in the brain
and also present in autonomic neurons in the kidneys and lungs. However, if LPHN1
is ectopically expressed in malignant blood cells (as described in Chapter 5), then it
may be exposed to such a ligand, and this may be important for activation and
proliferation of cancer cells. Although we have not seen any short-term changes in
Ca®* dynamics in our experiments with treating LPHN1-expressing cells with human
serum (Figure 23), this lack of effect may simply be due to the short time-frame of
our Ca?* recording or involvement of this ligand in a different signalling mechanism
such as activation of cAMP pathway or may simply be due to the fact that the ligand
is cell membrane bound and does not get secreted to the blood plasma. Moreover,
human serum in our experiments did cause some LPHN1-specific changes in late
SOCE (Figure 23). In this respect, it is important to remember that NB2A cells are
normally cultured in the presence of 10% bovine serum, while malignant blood cells
in human blood would be exposed to 100% serum. Therefore, it is possible that full-
size LPHN1 expressed in NB2A can be subliminally activated by long-term incubation
with a small concentration of its ligand present in the cell culture medium, leading to

store and SOCE hypertrophy detected in our experiments (Figure 17).

It is also interesting, that there was a difference in a-LTX binding to the two types of
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cells used here: cells expressing full-size LPHN1 bound less a-LTX than those
expressing the truncated LPH-71 construct (Figure 19). It was not possible to remove
this difference by several rounds of cell sorting (not shown), which may further
suggest that overexpression of full-size LPHN1 could have a modest detrimental

effect on cell viability.

Despite this, the system developed in my project allowed me to test the effect of
known fast-acting LPHN1 ligand, a-LTX (Figure 19, Figure 20). Although the cells
expressing the truncated LPHN1 mutant, LPH-71, bound more a-LTX than the cells
expressing the full size receptor (Figure 19), they did not show any signalling during
the Ca?*-free recording phase (Figure 20B, blue line). By contrast, the LPHN1-
expressing cells, while binding less toxin, demonstrated a gradual build-up of Ca?*in
the cytosol (Figure 20A, blue line). These differences in intracellular signalling led to
substantial differences in SOCE: the mutant-expressing cells showed some increased
Ca®* influx, which was caused by the pore formed by a-LTX in the plasma membrane,
but they did not demonstrate SOCE (Figure 20B, blue line). As opposed to this, the
LPHN1-expressing cells responded to a-LTX-induced signalling by maximal SOCE

(Figure 20A, blue line), commensurate with that caused by TG (Figure 20A, red line).

My experiments using this system also allowed me to identify one of the important
features of the SOCCs involved in SOCE in these cells: they can be completely blocked
by La3* (Figure 18). This limits the number of channel types that can serve as SOCCs
in NB2A cells, because for example, such transient receptor potential classical (TRPC)
channels as TRPC1, 3, 6 and 7 are blocked by La3*, while TRPC2 is not. Interestingly,

TRPC4 is instead activated by La3*, while TRPC5 is activated by micromolar La*
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concentrations and blocked by millimolar La3* (Armstrong et al., 2019).

This system can now be used by the laboratory to study intricate features of LPHN1
signalling and the SOCCs involved in Ca?* influx. This can be done using various
inhibitors, such as SOCC blockers 2-aminoethoxydiphenyl borate (2-APB), SKF96365,
U73122 and many others, or blockers of G-protein signalling, such as inhibitors of
adenylyl cyclase or phosphodiesterase, or a selective Gag inhibitor UBO-QIC.
However, it is also amenable to transfection with various proteins that could
attenuate or enhance different types of signalling downstream of G-protein

activation.

In particular, this system has allowed me to study the effects of another known
LPHNZ1 ligand, FLRT3. This ligand did not cause any Ca?* signalling during the course
of the experiment (10-15 min). While this result is fully consistent with some data
from the Ushkaryov laboratory, it seems to contradict the data obtained in my
experiments with other types of malignant cells, such as AML, THP-1 and MCF-7 cells,
and described in subsequent Chapters. One possible explanation can be that the
effect of FLRT3 only develops over a longer period of time than the Ca?* release
experiments described here. Indeed, in subsequent experiments (Chapter 5) FLRT3
was allowed to activate cells for 4-24 h in a cell culture environment, while this was
not possible in our fluorescence experiments, which were conducted in the absence

of CO; and therefore were limited to about 1-1.5 h overall.

Nevertheless, any rapid Ca?* changes induced by such LPHN1 ligands as a-LTX and
Ten2 (Silva et al., 2012) could be easily tested using this system. Thus, having been

optimised in these model experiments, the fluorescent dye-based methodology of
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determining the size of Ca®* stores and SOCE was used to study LPHN1-mediated

signalling in other types of malignant cells.
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5. The role of LPHN1 in

AML cells



5.1. Introduction

LPHN1 was always thought to be present mainly in the brain and in very small
amounts in the kidney and in the lungs, but recently the Sumbayev and Ushkaryov
groups discovered the expression of LPHN1 in acute myeloid leukaemia (AML) cells.
They also showed that LPHN1 is absent in healthy leukocytes. This important
discovery shed new light on the functions of LPHN1 in non-neuronal tissues/cells.
More importantly, this revealed the potential use of LPHN1 as a leukaemia biomarker
or eventually as a therapeutic target. However, little is still known about the LPHN1
function in leukaemia in terms of cell signalling and its role in SOCE. Finally, its
functional ligand in AML cells remains to be discovered. Therefore, the aim of this
chapter is to study the ligand/s of LPHN1 and to reveal the signalling pathways

downstream of LPHN1 in AML cells.

5.2. Identification of LPHN1 in THP-1 cells

THP-1 cells are immortalised monocyte-like cells; they have been derived from the
peripheral blood of an AML patient and are often used as a laboratory model of AML
cells (Sumbayev et al., 2016). Immunocytochemical detection of LPHN1 in THP-1 cells
was carried out, using NB2a cells as a negative control. THP-1 cells show clearly high
expression of cell surface LPHN1, as opposed to NB2a cells. For comparison with
primary AML cells, Western blot analysis of LPHN1 expression was performed in
primary human leukocytes, THP-1 cell line and primary human AML cells. As
previously reported by Sumbayev and Ushkaryov (Sumbayev et al., 2016), LPHN1 was

absent in healthy leukocytes and present in both primary AML cells and THP-1 cells,
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but considerably higher levels were observed in AML primary cells compared to THP-

1 cells (Figure 24)

AML THP-1

Figure 24: LPHN1 protein expression in human primary AML cells, THP-1 cells, and primary healthy

leukocytes.

Lysates of each cell type were analysed by Western blotting as outlined under Materials and
Methods. Images are from one of three experiments, which gave similar results. Data are the mean

values + SEM of three independent experiments: **, p < 0.01 vs. AML cells.

5.3. Presence of soluble LPHN1 fragments in AML blood

plasma

It has been previously demonstrated that LPHN1 was expressed in the membrane of
blood cells (Sumbayev et al., 2016), and our data above confirmed this. Therefore,
we thought that LPHN1 may be released from these cells and shed into the blood
stream. To study this possibility, blood plasma samples from AML patients were

obtained and subjected to immunoprecipitation followed by Western blot analysis,
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utilizing different LPHN1 antibodies. A series of bands was observed between 45 and
68 kDa, using an anti-LPHN1 antibody (Figure 25A). Lower molecular weight bands
were also observed when stained with different anti-LPHN1 antibodies. The NTF of
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Figure 25: Soluble LPHN1 fragments in the blood plasma of AML patients.

A) Blood plasma of ten healthy donors and ten AML patients was subjected to immunoprecipitation
employing Santa Cruz mouse monoclonal antibody, as a capture antibody. The wells were then
extracted, and the extracts obtained were analysed by Western blotting using rabbit anti-LPHN1
antibody (PAL-1 or Abcam anti-LPHN1 antibody) for detection (A). Specific detection of soluble
LPHN1 fragments (in the same blood samples) was performed using ELISA as outlined in Material
and Methods (B). Images are from one experiment representative of six, which gave similar results.
Data are the mean values + SEM of ten independent experiments; t-test results are indicated by

asterisk: *** p < 0.01 vs control. Modified from (Sakhnevych et al., 2018).

LPHN1 expressed on the cell surface usually migrates as a 120 kDa band. Therefore,
the presence of lower molecular weight fragments of LPHN1 in the blood stream of

AML patients may indicate that LPHN1 is cleaved and or shed by malignant blood
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cells. Indeed, none of these bands was observed in blood plasma samples from
healthy donors (Figure 25A). AML patients’ blood and healthy donors’ blood were
also subjected to ELISA analysis, which confirmed the presence of LPHN1 fragments

in the blood of AML patient bot not in healthy patients.

5.4. Upregulation of LPHN1 expression in AML cells and

haematopoietic stem cells

Since AML cells and haematopoietic stem cells (HSCs) are generally present in bone
marrow or blood vessels, the search for potential LPHN1 expression inducers mainly
focused on bone marrow and blood vessels. We also considered the known fact that
stress hormones, including cortisol (hydrocortisone), are significantly upregulated in
AML patients (Singh et al., 1989) and that cortisone is a strong immunosuppressor.
To investigate its effects on LPHN1 transcription and translation, 1 UM cortisol was
used to treat in primary human AML cells, THP-1 cells, primary human HSCs, and
primary healthy human leukocytes for 24 h. After that, qRT-PCR was used to analyse
the amounts of LPHN1 mRNA and showed that detectable amounts of LPHN1 mRNA
levels were found in AML, THP-1 and HSC cells and were significantly upregulated
after treatment with cortisol. However, in primary healthy leukocytes LPHN1 was

absent both before and after the cortisol treatment (Figure 26).

Our previous data indicated that LPHN1 can control the release of Gal-9 (Goncalves
Silva et al., 2017). Therefore, we also tested the effect of cortisol on Gal-9 release.
Gal-9 levels in the medium conditioned by these three cell types were subjected to

ELISA analysis with or without cortisol treatment (Figure 26B, C and D). Results
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showed that cortisol treatment did not affect the Gal-9 release by all cell types (Figure
26B, C and D). This may indicate that LPHN1 alone does not stimulate Gal-9 release,
but needs to be activated by a ligand in order to induce Gal-9 release by AML cells.
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Figure 26: Cortisol induces LPHN1 expression in human hematopoietic stem cells (HSC), AML cells

and THP-1 cells, but not in healthy primary leukocytes.

Primary human AML cells, HSC, THP-1 cells and primary healthy leukocytes (PHL) were treated for
24 h with 1 uM cortisol followed by qRT-PCR analysis for LPHN1 gene transcription A) and Western
blot analysis in primary AML cells B), THP-1 cells C), and primary healthy leukocytes D). In PHL
experiment, NB2a cells overexpressing LPHN1 were used as a positive control. Images are from one
experiment, but are representative of 4—6 replicates, all of which showed similar results. Data
represent the mean values + SEM of 6—-10 independent experiments. The results of t-tests are

indicated by asterisks: * p <0.05; **, p <0.01 vs. control. Modified from (Sakhnevych et al., 2018).
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We also tested the concentrations of cortisol and Gal-9 in blood plasma samples
taken from AML patients and healthy donors. Results showed that cortisol and Gal-9
were both significantly higher in blood plasma of AML patients compared to healthy

donors (Figure 27).
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Figure 27: Cortisol and Gal-9 levels in the blood plasma of AML patients and healthy donors.

Blood plasma samples were collected from ten healthy donors and 10 AML patients at the same
time of the day to avoid the influence of circadian dynamics and ensure comparability of cortisol
levels. The levels of cortisol (A) and Gal-9 (B) were measured by ELISA, and the correlation between
these two proteins was analysed. Data are the mean values + SEM of ten independent experiments.
The results of t-tests are indicated by asterisks: **, p < 0.01; ***, p < 0.01 vs control. Modified from
(Sakhnevych et al., 2018)

Furthermore, these results showed that there is no correlation between cortisol and

Gal-9 levels in healthy patients, while, by contrast, a clear correlation was observed
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in blood plasma of AML patients, suggesting that LPHN1 presence in AML cells may

have induced Gal-9 secretion.

5.5. Upregulation of Gal-9 in AML cells by FLRT3 and LPHN1

interaction

To investigate whether FLRT3-LPHN1 interaction was the reason behind the increase
in galectin-9 secretion in THP-1 and AML cells, specific anti-LPHN1 neutralizing
antibody (RL1) was used. A test experiment was performed first, to assess the
specificity of this antibody on THP-1 cells and untransfected NB2a cells as a negative
control. RL1 interaction with receptors on the cell surface of THP-1 and NB2a cells
was studied by immunocytochemistry (Figure 28). The results demonstrate that the
RL1 antibody specifically recognizes LPHN1 on THP-1 cells, but does not interact with

the surface of NB2A cells.

Surface
LPHNI1

Figure 28: Detection of LPHN1 on the surface of THP-1 cells.

Non-permeabilised LPHN1-negative, wild-type NB2A cells (negative control, NC) and THP-1 cells
were stained using a polyclonal rabbit anti-LPHN1 antibody (RL1) and a anti-rabbit fluorescently
labelled secondary antibody (green), followed by fluorescence imaging. The image shown is

representative of three experiments which gave similar results.
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Subsequently, THP-1 cells were incubated for 16 h with or without RL1 antibody.
After incubation, ELISA analysis was employed in order to measure the release of Gal-
9. Data showed that RL1 preincubation did not affect Gal-9 release (data not shown),
indicating that RL1 antibody does not serve as an LPHN1 agonist. After understanding
the neutralizing effect of RL1 antibody, a study of LPHN1 involvement in Gal-9
secretion by THP-1 cells and AML cells was carried out. THP-1 cells were pre-
incubated for 1 h with or without RL1 antibody followed by incubation of cells
overnight with or without 10 nM FLRT3. After that, release of Gal-9 levels in cell
culture media was analysed by ELISA. Results showed that RL1 antibody decreased
the induction of Gal-9 by FLRT3 in THP-1 cells (Figure 29A). Most likely, the long-term
interaction of the RL1 antibody with cell-surface LPHN1 led to its internalisation as
described previously (Volynski et al. 2004). Thus, the removal of LPHN1 from the cell
surface of THP-1 cells blocked the action of FLRT3 on Gal-9 release from these cells,
suggesting that LPHN1 was involved in FLRT3-induced Gal-9 release. Moreover, this
suggestion was further confirmed by the fact that FLRT3 incubation with primary

healthy leukocytes did not increase Gal-9 release (negative control) (Figure 29C).

However, these experiments were conducted using an exogenous FLRT3, and it was
necessary to show that FLRT3 is present in the blood of AML patients. For
measurement of FLRT3 presence, blood plasma samples were taken from AML
patients and healthy donors and subjected to Western blot analysis. Two bands at
~55 kDa and ~27-28 kDa were detected by anti-FLRT3 antibody in both samples
(Figure 29B) and represented shed and proteolytically cleaved fragments of FLRT3.

Interestingly, soluble FLRT3 fragments were present in approximately the same
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amounts in both groups.
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Figure 29: FLRT3 circulating in blood plasma induces Gal-9 secretion in AML cells in a LPHN1-

dependent manner.

THP-1 cells and PHL were exposed to 10 nM human recombinant FLRT3 for 16 h followed by
detection of secreted Gal-9 by ELISA. In THP-1 cells, the treatment was performed with or without 1
h pre-exposure to RL1 anti-LPHN1 polyclonal antibody (A). The levels of shed FLRT3 and its fragments
were analysed in the blood plasma of healthy donors and AML patients using Western blot (B). THP-
1 cells were exposed for 16 h to 10% blood plasma either from healthy donors or AML patients with
or without pre-treatment with anti-FLRT3 neutralising antibody. The levels of secreted Gal-9 were
analysed using ELISA (C). The data are shown as the mean values + SEM from four independent

experiments; t-test results indicated by asterisks: *, p < 0.05; **, p < 0.01 vs. control.

To study whether soluble FLRT3 fragments were able to stimulate Gal-9 secretion in
AML cells by binding to LPHN1, THP-1 cells were maintained in RPMI 1640 media as
mentioned in Materials and Methods, except the usual 10% foetal bovine serum in
experimental samples was replaced with blood plasma obtained from AML patients
or healthy donors. Thus, THP-1 cells were incubated overnight with or without 10%
blood plasma, which had been preincubated with or without the anti-FLRT3 antibody,
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and Gal-9 secretion levels in culture media were measured by ELISA. The results
(Figure 29C) showed that Gal-9 secretion was significantly higher when cells were
maintained in 10% blood plasma compared to 10% FBS (negative control, red bar). In
addition, the presence of anti-FLRT3 antibody decreased Gal-9 secretion (Figure 29C).
These data indicate that FLRT3 present in the medium was specifically responsible for

Gal-9 release from THP-1 cells.

5.6. Fast Ca?* signalling in THP-1 cells

After we studied the effects of FLRT3 on THP-1 cells using the standard immunological
approaches and incubation times, as described above, it was interesting to correlate
the effects observed with transient calcium signalling that reflects fast GPCR-
mediated effects. This was done using our established cytosolic Ca?* detection system
based on Fluo-4 fluorescence. While there was an a priori large difference in the time
course of these effects (4-16 h vs. 15-30 min), it was possible that the long-term

changes could be initiated by the short-term Ca?* signalling.

When the THP-1 cells were treated with TG to block the SERCA and induce Ca?* from
intracellular stores, the cells responded with a robust, but unremarkable, transient
peak of Ca?* release (Figure 30A). However, the subsequent SOCE (induced by the re-
addition of extracellular Ca%*) and the new Ca?* equilibrium level appeared to be
much higher than in NB2A cells (Figure 30A). As demonstrated in Figure 30B, the

SOCE in THP-1 cells was 2-4 times higher than in NB2A cells.
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Figure 30: Intracellular Ca?* stores and SOCE in THP-1 cells.

A) THP-1 cells expressing LPHN1 were treated with 1 uM TG in Ca®* free buffer for 20 min followed by
addition of 2 mM extracellular Ca?*. B) Relative TG-induced Ca®* influx in LPHN1-expressing NB2A cells
and THP-1 cells, compared to respective Ca?* release (normalised to 1). Representative traces shown
are the averages of three replicates. The error bars show SEM (n=3). Student’s t test was performed,
and asterisks (***, p < 0.001) show statistical significance when comparing SOCE in LPHN1-expressing

NB2A cells and THP-1 cells.

To test whether LPHN1, which has been shown to be present in THP-1 cells, had a
normal sensitivity to a-LTX and could possibly be sensitive to its other agonists, |
treated THP-1 cells with a-LTX and compared its effect to that of TG (Figure 31).
Similar to its action in NB2A cells expressing full size LPHN1, a-LTX caused in THP-1
cells a strong gradual release of Ca?* (during the Ca?*-free phase of the experiment),
whose amplitude was similar to the amplitude of TG-induced peak of Ca?* release
(Figure 31A, B). However, the subsequent SOCE induced by the addition of
extracellular Ca%* was even stronger than SOCE caused by TG (Figure 31A, C). Thus,
consistent with the overall high sensitivity of THP-1 cells to store depletion, they also
reacted to LPHN1-mediated intracellular Ca?* signalling by an exaggerated Ca?* influx

via SOCCs.
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The equilibrium Ca?* concentration in THP-1 cells (at the end of experiment) was also
higher than in LPHN1-expressing NB2A cells, when they were stimulated by a-LTX,
but not when the SOCE was induced by TG (Figure 31D). This is likely to be the result

of increased membrane pore formation by a-LTX in THP-1 cells.
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Figure 31: Stimulation of LPHN1 by a-LTX in THP-1 cells.

A) THP-1 cells were treated with 1 uM TG and stimulated with 5 nM LTX in Ca?* free buffer for 15 min.
Cells were then exposed to 2 mM Ca?* containing buffer. Representative trace shows the averages of
three replicates. B — D) Cytosolic Ca®* concentration that reflects: Ca®* release (B), Ca®* influx (C) and

Ca?* equilibrium (D), relative to control (normalised to 0). The error bars show SEM (n=3).

The most logical next step in this analysis was to test whether THP-1 cells could

respond to FLRT3 in our short-term Ca?* fluorescence experiment. However, similar
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to LPHN1-expressing NB2A cells, FLRT3 did not cause Ca?* release from stores or the

SOCE in THP-1 cells, within the time-frame of the Ca?* fluorescence test (Figure 32).
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Figure 32: FLRT3 does not induce fast release of stored Ca** in THP-1 cells.

A) THP-1 cells were treated with 100 nM FLRT3 and 1 uM TG in Ca?* free buffer for 15 min Cells were
then exposed to 2 mM Ca?* containing buffer. Representative traces show the averages of three
replicates. B) Ca?* release after induced by TG or FRTL3, relative to control (normalised to 0). Error

bars show SEM (n=3).

5.7. Discussion

Cortisol is a glucocorticoid hormone known widely as the stress hormone produced
by the adrenal gland in response to long-term stress (Torpy and Chrousos, 1996). AML
is known for its rapid progression, which leads with time to lower glucose levels
(Gongalves Silva et al., 2016). This will stimulate hypothalamic pituitary adrenal axis
to continuously release high amounts of cortisol into the bloodstream. These facts
were in line with our results. Cortisol was found in higher amounts in blood samples

of AML patients compared to healthy donors. The data showed also that cell surface
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LPHN1 expression in AML cells was upregulated by the presence of cortisol and that
FLRT3, LPHN1 endogenous ligand, could interact with it. LPHN1 and FLRT3 interaction
in the blood led to upregulation of Gal-9 release (see Figure 32). It has been shown
that both Tim-3 and Gal-9 needs activation of PKCa and mTOR pathway in addition
to proteolytic enzymes to get released (Gongalves Silva et al., 2017). Moreover,
activation of PKCa pathways leads to agglomeration of SNAP receptor (SNARE)
proteins, which are essential for vesicles fusion and therefore exocytosis (Morgan et
al., 2005). Our theory, based on our publications (Gongalves Silva et al., 2017,
Sakhnevych et al., 2018) suggests that Tim3 and Gal-9 serve to protect AML cells from
cytotoxic immune cells by inducing interferon-gamma (IFN-y) release from NK cells
(Gleason et al., 2012), which will interact with AML cells and induce the activation of
indoleamine 2,3-dioxygenase (IDO1); an enzyme that converts L-tryptophan into
formyl-L-kynurenine and eventually L-kynurenine (Corm et al., 2009; Folgiero et al.,
2015). L-kynurenine was shown to affects the capability of NK cells to attack AML

cells.

However, HSCs also express LPHN1 mRNA and its transcription is also increased by
cortisol presence. LPHN1 expression in HSCs was also observed at the protein level.
However, LPHN1 observed in HSCs was slightly higher in terms of its molecular weight
(~140 kDa) compared to MW of LPHN1 in AML cells (~120 kDa). In addition, unlike
AML cells, HSCs do not show detectable levels of Gal-9 and Tim3 expression, which
means that LPHN1 in HSCs may use different biochemical mechanisms and would not

induce the secretion of the Tim3-Gal-9 complex.
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On the other hand, primary healthy leukocytes showed an ability to produce
detectable amounts of Gal-9, but independently to LPHN1 presence, as LPHN1 was
not observed in healthy leukocytes either at the mRNA or protein level. Furthermore,
LPHN1 transcription and translation in healthy leukocytes was independent of
cortisol, possibly due to its gene repression. Consistently, soluble LPHN1 fragments
were easily detected by Western blot analysis and ELISA, in blood plasma of AML

patients, but not healthy donors.

Itisimportantthat LPHN1 expressed in THP-1 cells was sensitive to its specific ligands,
such as a-LTX, to which it reacted by the usual gradual release of Ca?* and subsequent
strong SOCE, both of which happened within 15-30 min (Figure 31). However, FLRT3
was unable to cause similarly fast activation of LPHN1 in THP-1 cells (Figure 32), and
this is fully consistent with the lack of fast FLRT3 effect on LPHN1-expressing NB2A
cells in this experimental paradigm (Figure 22). Thus, unlike a-LTX, which induces
strong and fast LPHN1-dependent signalling and SOCCs activation, both in cells
naturally expressing LPHN1 (THP-1) and in artificially transfected cells (NB2A
expressing LPHN1), FLRT3 is apparently incapable of similarly fast signalling. Instead,
FLRT3 causes an effect that develops over a long time period (4-16 h), but still involves
LPHN1. Therefore, it is possible that FLRT3 induces its effects only after (1) a slow
conformational adjustment to LPHN1 molecule and (2) via a mechanism that may not
involve the usual, GPCR-mediated, fast Ca?* signalling. The specific mechanism by
which FLRT3 induces LPHN1-mediated Gal-9 secretion will have to be investigated in

detail in a separate project.
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Finally, reflecting on our discovery of the physiological role of LPHN1 in AML cells, it
is important to consider its practical use. While LPHN1 expressed in AML cells is an
absolute biomarker of AML and can be used for AML diagnosis, the use of the whole
blood for LPHN1 detection may not be convenient or sensitive. Therefore, further
studies must be carried out in order to investigate the difference in the composition

of blood plasma, which will might lead to faster AML diagnosis.
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Figure 33: A proposed mechanism of cortisol-induced increase in LPHN1 expression in AML cells

followed by increased Gal-9 secretion.

AML is linked with lower blood plasma glucose levels, that usually upregulates the secretion of
corticotropin-releasing hormone (CTRH) by the hypothalamus. CTRH induces secretion of
adrenocorticotropic hormone (ACTH) by the pituitary gland. Released ACTH increases cortisol levels
by the adrenal cortex, therefore leading to cortisol-induced increase of LPHN1 levels in AML cells.
Gal-9, secreted in a FLRT3-LPHN1-dependent manner reduces anti-cancer activity of cytotoxic T cells

and natural killer (NK) cells.

Page | 110



6. Signalling pathways in

human breast cancer cells



It has been shown by several scientist that aGPCRs may be involved in breast cancer.
In particular, LPHN2 was upregulated in breast cancer cells compared to healthy cells
(White et al., 1998). Moreover, other components of this complex machinery, such
as Gal-9 and Tim3, have been found to be expressed in breast cancer cells. Cancer
cells release Gal-9 in complex with Tim3 to prevent being detected and destroyed by
the immune system (Yasinska et al., 2019). Therefore, we decided to investigate the
role of LPHN in Ca?* signalling in breast cancer cells and its impact on expression and

release of the Tim3-Gal-9 complex, and suppression of immune attack.

6.1. Autocrine loop proteins in human tissues

Expression of LPHN2, FLRT3, Tim3 and Gal-9 was confirmed by Western blot analysis.
Proteins present in breast cancer tissue were resolved in 12% SDS-PAGE and detected

by specific antibodies.

The NTF of LPHN2 (~120 kDa) was identified in both healthy and malignant human
tissues, but was ~3 times more abundant in the breast tumour tissue (Figure 34A).
The extracellular domain of FLRT3 was detected at 76 kDa in healthy and breast
cancer tissues (Figure 34A). However, FLRT3 appeared to be fragmented, probably
due to proteolysis, and another FLRT3-positive band around 55 kDa was also
detected. The breast tumour tissue also showed a third fragment, at around 40 kDa,
which was absent in the healthy tissues from the same patients. The malignant
tissues expressed visibly higher amounts of each of the three fragments than healthy
tissues, and the combined difference in FLRT3 expression was ~1.5 times more

abundant in the cancerous tissue. However, this difference was not statistically
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significant, due to high variability of FLRT3 expression in malignant cells.

Interestingly, Gal-9 was also detected in a band around 55 kDa in both healthy and
malignant tissues (Figure 34B). Given that the molecular weights of Gal-9 and Tim3
are around 32 and 38 kDa, respectively, and the two proteins are known to form an

SDS-resistant complex, we thought that the 55 kDa band could correspond to Tim3-
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Figure 34: Expression of LPHN2, FLRT3, Gal-9 and Tim3 in primary human breast cancer tissues.

Expression levels of LPHN2 and FLRT3 (A); and Gal-9 and Tim3 (B) in primary breast tumour
samples were compared to healthy tissues (n=5) using Western blot analysis as described under
Materials and Methods. Blots are representative of 5 experiments. Blot quantifications are shown
as the mean values +*SEM, where statistical significance is shown in comparison to control; *,

p<0.05; ** p<0.01 and ***, p<0.001 vs control.
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Gal9 complex. However, an anti-Tim3 antibody did not detect the 55 kDa band
stained with Gal-9 antibodies. Thus, the 55 kDa band stained by the Gal-9 antibodies
may correspond to a highly glycosylated isoform of Gal-9. When the same sample
was subsequently analysed by Western blotting using a 10% SDS-PAGE and anti-Gal-
9 antibody, a band around 32 kD was indeed detected (Figure 35). This may signify
that due to protein glycosylation or other post translational modifications a slower
migrating band of Gal-9 appeared in all tissues tested. The analysis also showed that
both Gal-9 and Tim3 were expressed in small amounts in healthy tissues isolated from
cancer patients, but were upregulated in malignant breast tumours from the same
patients (Figure 34B). However, these proteins were upregulated in malignant cells
to different extents: while Gal-9 was 25 times more abundant in breast cancer than

healthy tissues, this ratio for Tim3 was only 1.5 times.
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Figure 35: Gal-9 expression in primary human breast cancer and healthy tissues.

Western blot analysis of five (n=5) primary breast tumours and five healthy tissue lysates were
done using 10% SDS-PAGE. The blot shown is a representative of 5 blots which gave similar results.

Quantification of the blot is shown as the mean + SEM where ***, p<0.001 vs HT.
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PLC, PKC-a and mTOR activities were also measured in five healthy and breast cancer
patients. The activities of PKC-a and PLC were significantly higher in breast cancer
patients compared to healthy patients (Figure 36A). By contrast, the levels of
phosphorylated pS2448-mTOR (the active form of mTOR) were similar in both tissue
samples (Figure 36A). We also tested the changes in elF4E-BP, an mTOR substrate.
The ratio between the phosphorylated phospho-S65-elF4E-BP and the total elF4E-BP
amount was also similar in both tissues, even though the amount of phospho-S65 and

total eLF4E-BP was higher in tumour tissues.

As indicated above, Tim3 and Gal-9 are more abundant in the breast cancer tissue.
Importantly, these proteins can form a strong complex, which aides in Gal-9
secretion. Therefore, the presence of a Tim3-Gal-9 complex in both healthy and
malignant tissues was verified. The investigation was carried out in two steps: first,
ELISA test showed that there is a clear difference between the healthy and tumorous
cells in terms of the amount of Tim3-Gal9 complex present (Figure 37A). Second,
these results were confirmed by confocal microscopy, which showed that Gal-9 and
Tim3 were clearly present in tumours tissues and co-localised in individual cells, most

likely forming a complex (Figure 37B).

Following these experiments, it was possible that overproduced Tim3-Gal-9 complex
in cancer patients could be detected not only in the primary tumorous tissues, but
also in patients’ blood. Therefore, we decided to measure the blood plasma levels of
Gal-9, Tim3 and IL-2 in healthy donors (HD), primary breast cancer (PBC) patients and
metastatic breast cancer (MBC) patients. The results showed (Figure 38) that the

levels of Gal-9 and Tim3 were significantly lower in PBC and MBC patients’ blood
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plasma compared to HD plasma samples. By contrast, IL2 level was non-significantly

higher in PBC and MBC patients compared to HD.
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Figure 36: PLC, PKCa and mTOR activity in human breast cancer primary tissues.

A) The activities of PLC, PKC and mTOR were measured in 5 healthy and 5 breast cancer tissue
samples, as mentioned in Methods section. (B) phospho-S65 and total elF4E-BP (mTOR substrate)
were subject to Western blot analysis. The blots shown are a representative of 5 blots, which gave
similar results. Quantifications of blots and activities are shown as the means + SEM, where *,

p<0.05; ** p<0.01 and ***, p<0.001 vs control.
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Figure 37: The presence of Tim3-Gal9 complex in primary human breast cancer.

A) Expression of Tim3-Gal9 complex in primary breast tumours and in healthy tissues was assessed
by ELISA as described in Materials and Methods. (B) Presence and co-localisation of Tim3 and Gal9
in primary human breast tumours and healthy tissues of five patients (n = 5) using confocal
microscopy (see Materials and Methods for details). Images represent one out of 5 experiments,

which all gave similar results. Modified from (Yasinska et al., 2019).

Thus, it was possible that the breast cancer cells and especially aggressive metastatic

forms of breast cancer do not release the overexpressed Tim-3-Gal-9 complex into
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the bloodstream, but, instead, expose it on their surface to avoid detection by the
patient’s immune system — similar to the behaviour of the AML cells. To study
whether the immunosuppressive mechanism used by AML cells to escape immune
attack can also be applied by breast tumour tissues, a model cell was needed in order
to carry out this investigation. We used an oestrogen receptor-positive breast cancer
cell line, MCF-7 cells, the only breast cancer cell line that expresses a significant
amount of LPHN2, oestrogen positive, similar to that found in primary breast tumours
(Figure 39). In addition, MCF-7 cells express detectable amounts of Gal-9, Tim3 and
their complex which serve as the best model cell that will represent primary breast

cancer rather than metastatic cells (Figure 39).
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Figure 38: Gal-9, Tim-3 and IL-2 blood plasma levels in human healthy donors, primary breast

cancer patients and metastatic breast cancer patients.

The levels of Gal-9, Tim3 and IL-2 were measured in blood plasma by ELISA. Data are shown as the
means + SEM of 20 healthy donors (HD), 42 primary breast cancer (PBC) patients and 20 metastatic
breast cancer (MBC) patients. The results of a t-test are shown by asterisks (* p<0.05; ** p<0.01).
from (Yasinska et al., 2019).

LPHN2 is a member of aGPCRs, which means that a G protein can bind to the CTF of
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LPHN to mediate signal transduction. Therefore, MCF-7 cells and tumour lysates were
subjected to Western blot analysis for Gaq detection. The results showed that both
MCF-7 cells and breast cancer tissues have Gag (not shown). Once all the

components of the LPHN2, FLRT3, Tim3 and Gal-9 pathway were determined in MCF-
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Figure 39: Expression of LPHN2, Gal-9, Tim3 and Tim3-Gal-9 complex in a breast cancer cell line.

Western blot analysis of MCF-7 cells (breast cancer cell line) shows expression of LPHN2, Gal-9, Tim3
and their complex. The blots are from one experiment representative of at least three, which gave

similar results.

7 cells, the signalling pathway involved with LPHN2 activation was investigated by
treating the cells with the extracellular domain of human recombinant FLRT3. Ca?*
recordings for MCF-7 cells were performed in the presence of 10 and 100 nM of
FLRT3. TG was used to control of the size of Ca?* stores (Figure 40A). Addition of 1
mM TG in a Ca®* free solution showed an effect similar to that observed in NB2a cells
and THP-1 cells. This indicates that MCF-7 cells can signal via Ca?*. While the addition
of 10 nM FLRT3 in a Ca?* free solution showed a small Ca?* release from intracellular
stores, 100 nM FLRT3 caused a similar response. This indicates that Ca?* release from
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intracellular stores is not ligand concentration dependent in these cells. Next, MCF-7

cells were incubated with 10 nM extracellular FLRT3 fragment for 4 h (as a control,

the cells were incubated without FLRT3) (Figure 40A). After incubation, PLC and PKC-
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Figure 40: FLRT3 causes translocation of Gal-9 to the cell surface in breast cancer MCF-7 cells.

A) MCF-7 cells were treated with 10 nM or 100 nM of extracellular domain of FLRT3, or 1 uM mM

TG in Ca?*-free medium and medium containing 2 mM Ca?*. The activity of PLC and PKCa, the levels

of phospho-52448 mTOR and amounts of phospho-S65 and total elF4E-BP were measured after

incubating MICF-7 cells with 10 nM FLRT3 for 4 h, as described under Materials and Methods. B)

MCF-7 cells were treated with 10 nM extracellular FLRT3 for 4 h with or without pre-treatment with

30 uM of PLC inhibitor (U73122) or 70 nM PKCa inhibitor (G66983) followed by
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immunocytochemistry for detection of cells surface presence of Gal-9. The blots are from one out of
four experiments, which all showed similar results. Other results are shown as the mean values +

SEM of at least three independent experiments. * p<0.05; **, p<0.01 vs control.

o activities were determined, as described under Materials and Methods, followed
by Western blot analysis of cell lysates to detect phospho-52448 mTOR and phospho-
S65/total elFAE-BP. Results showed that FLRT3 significantly (2-2.5 fold) increased PLC
and PKC-a activities, while phospho-52440 mTOR and phosphorylation of elF4E-BP

did not change.

Since soluble Gal-9 was absent from the MCF-7 cells medium (data not shown) and
was not induced by FLRT3, the cell surface presence of Gal-9 was determined, as
shown in Figure 40B. Administration of FLRT3 increased cell-surface Gal-9 and this
effect was reduced by PLC and PKC inhibitors, U73122 and G66983, respectively. This
may indicate that upregulation of Gal-9 on the cell surface is somehow related to a

PLC/PKCa-dependent pathway.

6.2. Ca** dynamics in MCF-7 cells

To determine whether any of the FLRT3 effects on MCF-7 cells were due to regular,
fast GPCR signalling, | studied the size of intracellular Ca?* stores and the features of
SOCE in MCF-7 cells. For this purpose, | used our well-developed method with SERCA

inhibition by TG (Figure 41).

As demonstrated by the results of this experiment, MCF-7 are indeed sensitive to TG

and possess substantial Ca?* stores (Figure 41). The SOCE induced by store depletion
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in these cells is robust and similar to that in THP-1 cells (Figure 30), but substantially

higher than SOCE in NB2A cells (Figure 16).
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Figure 41: Intracellular Ca®* dynamics in breast cancer cells.

A) MCF-7 cells were loaded with Fluo-4 AM and incubated in Ca®* free buffer. 1 uM TG was added
to induce Ca?* store release. SOCE was induced by adding 2 mM Ca?*. B) Maximum amplitude of AF,
were measured for Ca®* release from TG-sensitive stores, and Ca?* influx due to SOCE. Traces shown
are the averages of four independent experiments with three replicates each. Asterisks indicate

statistically significant difference from control: **** p < 0.0001. Error bars show SEM (n=4).

6.3. FLRT3 binding to LPHN2

Obviously, the effects of the extracellular domain of FLRT3 could be mediated by
other proteins than LPHN2. However, we confirmed, using SRCD spectroscopy, that
the NTF of LPHN2 binds FLRT3. This analysis was performed on LPHN2 and FLRT3
alone, or together, in equimolar concentrations (Figure 42). SRCD result showed that

FLRT3 and LPHN2 interaction lead to conformational changes in LPHN2 similar to the
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ones observed with FLRT3-LPHN1 interaction (see Figure 12). This lines up with the
fact that the olfactomedin domains of all three LPHN homologues share high
similarity. A 3D model of the interaction between the LPHN3 olfactomedin-like

domain and extracellular (LRR) domain of FLRT3 is shown in Figure 42.

— LPHN2
— FLRT3
= LPHN2 + FLRT3 1:1 (observed)
==+ LPHN2 + FLRT3 1:1 (simulated)
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Figure 42: An interaction between the extracellular domain of FLRT3 and the olfactomedin-like

domain of LPHN2.

A) SRCD spectroscopy of LPHN2 olfactomedin-like domain, extracellular domain of FLRT3 and their
complex was conducted as described under Methods. B) A model of interaction between

olfactomedin-like domain of LPHN3 and FLRT3 generated by Swiss PDB viewer (5cmn.pdb).
6.4. o-LTX does not activate Ca?* signalling in MCF-7 cells

MCEF-7 cells do not express LPHN1, but instead have LPHN2. This homologue has been
shown to bind a-LTX with low affinity (Ichtchenko et al., 1999), and it was interesting
whether LPHN2 could respond to a-LTX in the same manner as LPHN1. | carried out
fluorescence-based detection of intracellular Ca?* dynamics in MCF-7 cells stimulated
by 5 nM a-LTX. As shown in Figure 43, o-LTX had no effect on Ca®* release or
subsequent Ca?* influx these cells. Thus, MCF-7 cells may have a different mechanism

of activation compared to LPHN1-expressing THP-1 cells.

Page | 123



A B

100%
I Ca? free 2 mM Ca%
. . x
| Thapsigargin/LTX S
-
0.12 A £ 8%
©
0.1 ® *
1 - *%
@ 60%
©
0.08 9
-
&
0.06 [ 40%
= o
2 o
0.04 - =
8 20%
Y]
0.02 - 3
0 4 . : T ! 0%
500 1000 1500 2000 Carelease SOCE
-0.02 -

Time (s)

Figure 43: a-LTX does not stimulate fast Ca?* mobilisation in MCF-7 cells.

A) MCF-7 cells were treated with 1 uM TG or 5 nM a-LTX in a Ca?* free solution. Then 2 mM Ca®** was
added to the cells as indicated. MCF-7 cell did not show any Ca?* release or influx when treated with
a-LTX, while TG induced Ca?* release and opening of SOCCs. B) TG-induced Ca?* release and influx
amplitudes normalised to control. Traces in A are the averages of five experiments. Error bars show
SD. Student’s t-test was performed in B; asterisks show statistical significance compared to control

(normalised to 0), **, p < 0.01.

6.5. Discussion

Our results show that LPHN2, FLRT3, Tim3 and Gal-9 are present in breast cancer
cells. LPHN2 can be activated, leading to surface expression of Gal-9 and Tim3 and
used by these cells as a protector from cytotoxic immune attack. FLRT3 is expressed
on the cell surface of MCF-7 cells and binds LPHN2. This binding leads to an
upregulation of PLC and PKCa activities, which causes an increase in Gal-9 cell-surface
expression. Contrary to AML, when MCF-7 cells were exposed to the extracellular
domain of FLRT3 for 4 h, mTOR activity was not upregulated. This may indicate that

MCE-7 cells, in contrast to AML cells, do not release Gal-9. Moreover, the biological
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nature of blood cancer cells are constantly in contact with cytotoxic immune cells,
which may explain why high amounts of expressed and released Gal-9 were observed
compared to solid tumour (such as breast cancer). Therefore, upregulation of mTOR
activity in AML cells was probably due to the continuous stimulation by FLRT3, the
endogenous ligand of LPHN1 and 2. By contrast, in breast cancer cells, FLRT3 induced
low to moderate Ca?* release and, therefore, moderate PLC and PKC-a activation,
which was still sufficient for tumorous cells to escape immune attack. These results
were in line with what was shown in breast tumours compared with healthy breast
tissues: indeed, LPHN2, Tim3 and Gal-9 were all expressed significantly higher in
tumour cells compared to healthy breast tissues. Western blot analysis and confocal
microscopy both showed the presence of a Tim3-Gal-9 complex in breast tissues.
Most importantly, the amount of this complex was significantly higher in breast
cancer tissues compared to healthy tissues. Although PLC and PKCa activities where
upregulated in cancer tissues, the phosphorylation of mTOR levels were comparable
in cancerous cells and healthy tissues. Furthermore, Gal-9 levels were lower in the
blood plasma of patients with breast cancer than in healthy patients, and lower
release of Gal-9 was also observed in MCF-7 cells. This may indicate that MCF-7 cells
keep Gal-9 on the cell surface rather than release it into the surrounding medium.
This can support cancer cells from host immune attack. Blood plasma levels of Tim3
in breast cancer patients were significantly lower compared to those in healthy
donors. Consistently, IL-2 levels were not higher in cancer patients compared to
healthy donors. In fact, lower levels of Tim3 permit higher secretion of IL-2, that has

been shown to be downregulated by soluble Tim-3.
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Overall, Gal-9 seems to protect tumour cells from immune attack but does not

promote metastasis.

It is interesting to note that a-LTX did not stimulate fast Ca?* signalling in MCF-7 cells.
This suggests that when LPHN affinity for its ligand is low (Kq higher than 20 nM), little
or no receptor activation takes place. Given that even the best ligand of LPHNs was
unable to induce fast signalling to Ca?* stores, it is unlikely that FLRT3 would induce
G-protein-dependent Ca?* signalling in MCF-7 cells, although FLRT3 interacts with
LPHN2 (Figure 42). This is consistent with our observations made on THP-1 cells
(Figure 32): these cells express LPHN1 and respond to a-LTX, but still do not show fast
Ca?* signalling when stimulated by FLRT3. Therefore, | conclude that the two ligands
of LPHN1 (a-LTX and FLRT3) have different mechanisms of action. While a-LTX action
depends on LPHN1-mediated Gagq activation and release of Ca?* (with subsequent
increased influx of Ca%*), the mechanism of action of FLRT3 is much slower and does

not involve G-protein-mediated signalling to Ca?* stores.
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7. General Discussion and

Conclusions
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In this project, | have studied receptor expression and release of immune-protective

proteins in two types of cancer cells, AML and breast cancer cells.

Together with other members of the laboratory, | have shown that an aGPCR LPHN1
is expressed in AML cells and can be used as their biomarker. Furthermore, in AML
cells the interaction of FLRT3 with LPHN1 results in translocation of tim-3-gal-9 on to
the cell surface via Gag coupling which will activate PLC. Activation of PLC results in
release of IP3 and formation of DAG. IP3 will then bind to IP3R and eventually release
of Ca?* from intracellular stores. Accumulation of cytosolic Ca?* concentration and
production of DAG results in activation of PKCa which will lead to trafficking of tim-
3-gal-9 vesicles on to the cell surface followed by proteolytic shedding. This helps
AML cells to protect themselves from immune system attack (see Figure 43). These
findings may serve as a promising approach for developing the new generation of
immunotherapy. Over the past decade, immune checkpoint inhibitors such as
monoclonal antibodies that target the programmed cell death protein 1 (PD-1) and
its ligand PD-L1 have shown a dramatic change in therapeutic strategies. However, it
is now well accepted that targeting immune checkpoint pathways does not always
restore T cell function indicating a counterattack mechanism such as tim-3-gal-9 that
keeps T cells continuously exhausted. Therefore, newly developed therapeutic
targets are much needed to maximise the efficacy of immunotherapy. Tim-3 is often
co-expressed with PD-1 on tumour infiltrating T cells, and its highly expressed on T
cells in AML patients, therefore it is most likely to be a strong potential target as a
monotherapy or in combination with PD-1 monoclonal antibody (Sakuishi et al., 2010;

Ngiow et al., 2011). However, due to the wide expression of tim-3 on innate and
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adaptive immune cells, blockade of tim-3 might result in a pleiotropic effects

therefore further studies are needed to understand better the function of tim-3 in

tumour microenvironments.
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Figure 44: Schematic representation of LPHN1 induced translocation of Tim-3 and Galectin-9 onto
cell surface in Acute myeloid leukaemia cells.

When FLRT3 interact with LPHN1 for a long period of time (4-16 h) an activation of PKCa occurs
most likely through the classical Gaq/PLC/Ca**pathway. Ligand-bound LPHNI1 stimulates PLC
production through Gaq. This leads to degradation of phosphatidyl-inositol-bisphosphate (PIP2) into
inositol-trisphospate (I1P3) and diacylglycerol (DAG). PKCa gets activated by DAG and cytosolic Ca
PKCa will then provokes the agglomeration of SNARE proteins that promote vesicle attachment to
the plasma membrane. Proteolytic enzymes will then shed soluble Tim-3 and tim-3-gal-9 complex.

Tim-3-gal-9 complex will then impair the cancer cell killing activity of NK cells and other cytotoxic
lymphocytes.
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| have also shown that breast cancer cells, from solid tumours, express a LPHN1
homologue, LPHN2. These cells also react to FLRT3, but do not secrete the Gal-9-Tim3
complex as in the case with AML cells and instead display it on the cell surface (see
Figure 34). Interestingly, tim3 and gal-9 were both expressed significantly higher in
primary breast tumours compared to healthy tissues. This finding may serve in using
tim-3 and gal-9 as a potential therapeutic target. Moreover, using anti-tim-3
monoclonal antibody as a monotherapy or in combination with other
immunotherapy/chemotherapy or targeting tim-3-gal-9 complex (highly expressed

on the cell surface) are all potential targets possibilities for breast cancer drugs.

| also developed a fluorescence-based versatile system for detecting cytosolic Ca®*
changes and studying fast signalling from cell-surface receptors to intracellular Ca?*
stores and subsequent SOCE. | used this system to investigate the LPHN-mediated
signalling in the AML and breast cancer cells. | have found that all cells expressing
LPHN1 can be activated by an LPHN1 ligand, a-LTX, which induces Ca?* signalling.
However, the other LPHN1 ligand, FLRT3, is unable to cause similar short-term Ca?*
signalling. The interaction between LPHN1/2 and FLRT3 may require much longer

interaction and structural adjustment, which leads to a much slower response and

possibly involves a mechanism that does not involve G protein-mediated signalling.
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Figure 45: Schematic representation of LPHN2 induced translocation of Tim-3-Gal-9 complex to
the plasma membrane in breast cancer cells.

When FLRT3 interact with LPHN2 for a long period (4-16 h) an activation of PKCa occurs, most likely
through the classical Gaq/PLC/Ca*pathway. Ligand-bound LPHN2 stimulates PLC production
through Gagq binding. This leads to degradation of phosphatidyl-inositol-bisphosphate (PIP2) into
inositol-trisphospate (IP3) and diacylglycerol (DAG). PKCa gets activated by DAG and cytosolic Ca®*.
PKCa will then provokes the agglomeration of SNARE proteins that promote vesicle attachment to

the plasma membrane. Tim-3-Gal-9 complex will then impair the cancer cell killing activity of

cytotoxic T cells (and other cytotoxic lymphocytes).
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While my studies have uncovered more complex signalling interactions than was
previously thought, this work has led to the identification of LPHN1 as an absolute
biomarker of AML cells and a potential target not only for AML diagnosis, but also for

leukaemia treatment in the future.

Future studies will need to concentrate on specific mechanisms that underpin FLRT3
signalling to Gal-9-Tim3 surface delivery in many types of malignant cells, on the
distinct roles of different LPHN homologues in cancer, and on the exploitation of the

exquisitely specific LPHN1 expression in AML cells.
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