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Abstract

Trojan is a novel leukocyte-specific protein cloned from chicken (Gallus gallus) embryonic
thymocytes. The molecule is a type I transmembrane protein with an extracellular CCP domain
followed by two FN3 domains. Its cytoplasmic tail is predicted to possess a MAPK docking and
a PKA phosphorylation site. Trojan displays differential expression on developing thymocyte
subpopulations. It is high on CD4 and CD8 double negative, and CD4 or CD8 single positive cells,
but diminishes from the surface of selection-undergoing CD4 and CD8 double positive cells. This
expression pattern is similar to that of anti-apoptotic molecules such as IL-7Rα and BCL-2. We
hypothesised an involvement of Trojan in the regulation of apoptosis, possibly as an anti-apoptotic
receptor. Our in vitro studies with a T cell line showed that upon apoptosis induction, Trojan
expression rises dramatically on the surface of surviving cells and gradually decreases towards its
normal levels as cells recover. When sorted based on their Trojan levels, cells with high expression
appear less susceptible to apoptotic induction than those bearing no Trojan on their surface. Cells
that overexpress Trojan from a cDNA plasmid show elevated steady state intracellular calcium,
suggesting the molecule is able to transmit cytoplasmic signals. In addition, computational
analyses pointed towards an involvement of MAPK and a possible regulatory mechanism by PKA.

Trojan belongs to a novel gene family that includes two other members in the chicken. One is
a receptor-type tyrosine phosphatase named Mystran, and the other – a transmembrane protein
with an ITAM, named Thracian. We discovered the family in other avian species and found related
genes in reptiles and coalecanth fish. We observed dynamic adaptation of their extracellular
regions possibly in concert with ligand-binding, association with other surface molecules or as a
response to pathogen challenges. This was coupled to largely unchanged cytoplasmic tails,
suggesting a conserved signalling mechanism.

The presented study shows that a novel avian leukocyte protein called Trojan possibly has an
anti-apoptotic role. It belongs to a gene family that was subjected to evolutionary selection, likely
linked to the molecular function of the proteins.

Keywords: apoptosis, evolution, family, leukocytes, protein, thymocytes





Petrov, Petar, Trojan valkosolun pintaproteiini: mahdollinen apoptoosin säätelijä. 
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Tiivistelmä

Trojan on uusi kanan (Gallus gallus) alkioiden kateenkorvan kypsyvistä T soluista tunnistettu
molekyyli. Se on tyypin I solukalvoproteiini, jolla on solun ulkopuolinen CCP-domeeni ja kaksi
FN3-domeenia. Trojanin solun sisäisessä osassa on rakenteen perusteella MAPK:n sitoutumis-
alue sekä PKA-fosforylaatiopaikka. Trojania ilmennetään T-solujen kehityksen aikana runsaasti
CD4 ja CD8 kaksoisnegatiivisissa ja CD4 tai CD8 yksöispositiivisissa soluissa, mutta ilmenty-
minen on vähäinen valintaa läpikäyvissä CD4 ja CD8 kaksoispositiivisissa soluissa. Tunnetut
apoptoosia eli ohjelmoitua solukuolemaa estävät molekyylit, kuten IL-7Rα ja BCL-2, noudatta-
vat samankaltaista ilmentymistä kypsyvien T solujen pinnalla. Hypoteesimme on, että Trojanil-
la on rooli apoptoosin säätelyssä, mahdollisesti solukuolemaa estävänä reseptorina. In vitro
apoptoosikokeet osoittivat, että aluksi Trojanin ilmentyminen lisääntyy huomattavasti soluissa,
jotka välttävät apoptoottisen kuoleman, ja normalisoituu sitten muutaman solujakautumisen jäl-
keen. Trojania vähän ilmentävät solut ovat alttiimpia ohjelmoidulle solukuolemalle, kuin sitä
paljon ilmentävät solut. Solujen sisäinen kalsiumtaso on kohonnut soluilla, jotka yliekspressoi-
vat Trojania cDNA plasmidista. Tämä viittaa siihen, että Trojan voi toimia sytoplasman signaa-
linvälityksessä. Lisäksi tietokoneperusteiset ennusteet viittaavat siihen, että MAPK ja PKA voi-
vat liittyä Trojan-signalointiin.

Tutkimuksessa tunnistettiin Trojan-geeniperhe. Perheeseen kuuluu Trojanin lisäksi kaksi
muuta geeniä: reseptorityyppinen tyrosiinifosfataasi Mystran ja ITAM-domeenin sisältävä solu-
kalvon proteiini Trachian. Geeniperhe löydettiin muistakin lintulajeista, sekä niitä läheisesti
muistuttavat geenit matelijoilta ja varsieväkalalta. Havaitsimme Trojan-perheen proteiineissa
dynaamista sopeutumista, joka voi olla seurausta ligandien sitoutumisesta, vuorovaikutuksesta
muiden pintaproteiinien kanssa tai vasteesta patogeenihaasteeseen. Proteiinien solunsisäiset alu-
eet olivat sen sijaan suurilta osin muuttumattomia, joten ne voivat toimia solusignaloinnissa.

Väitöstutkimuksessa kuvataan uusi valkosolujen proteiini Trojan, joka toiminnallisesti saat-
taa estää ohjelmoitua solukuolemaa. Trojan kuuluu geeniperheeseen, johon on kohdistunut sen
toimintaan liittyvää valintaa.

Asiasanat: apoptoosi, evoluutio, kateenkorvan kysyvä T solu, leukosyytti, perhe,
proteiini
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Abbreviations 

aa amino acids 

Ca++ Calcium ions 

CD Cluster of diversification 

cDNA Complementary DNA 

DAG Diacylglycerol 

dATP 2'-deoxyadenosine 5'-triphosphate 

DN Double negative thymocytes 

DNA Deoxyribonucleic acid 

DOC sodium deoxycholate 

DP Double positive thymocytes 

ED Embryonic day 

Egr Early growth response 

ER Endoplasmic reticulum 

ERK Extracellular signal regulated kinase 

Ets E-twenty-six  

FCS Fetal calf serum 

FITC fluorescein isothiocyanate 

GADS Grb2-related adaptor protein involved in T cell signalling 

GEF Guanine-nucleotide exchange factor 

GRB2 Growth factor receptor bound protein 2 

GTP Guanosine-5'-triphosphate 

Id3 Inhibitor of DNA binding 3 

IDR Intrinsically disordered region 

IFN Interferon 

IL Interleukin 

IMDM Iscove's modified DMEM 

IP3 Phoshpoinositol-1,4,5 trisphosphate 

IP3R Phosphoinositol-1,4,5 trisphosphate receptor 

ITAM Immune receptor tyrosine-based activation motif 

JNK c-Jun NH2-terminal kinase 

K+ Potassium ions 

kDa Kilo Dalton 

LAT Linker for activation of T cells 

Lck Lymphocyte-specific protein tyrosine kinase 

MAPK Mitogen activated protein kinase 
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MDCC-CU Mareck's disease chicken cell line developed at Cornell University 

MHC Major histocompatibility complex 

NCS Normal chicken serum 

NF-κB Nuclear factor κB 

NFAT Nuclear factor of activated T cells 

NP-40 Nonidet P40 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PDK1 3-phosphoinositide-dependent protein kinase-1 

PIP2 Phosphatidyl-inositol-4,5 bisphosphate 

PKA Protein kinase A 

PKB Protein kinase B 

PKC Protein kinase C 

PKD Protein kinase D 

PLC Phospholipase C 

PTP Protein tyrosine phosphatase 

Ras Rat sarcoma viral antigen 

RNA Ribonucleic acid 

RT-PCR Reverse transcription polymerase chain reaction 

SLP76 SH2 domain containing leukocyte phosphoprotein of 76 kDa 

Sos Son of sevenless 

SP Single positive thymocytes 

TCR T cell receptor 

TNF Tumor necrosis factor 

tRNA Transfer RNA 

V(D)J Variable/diversity/joining 

ZAP70 ζ chain-associated protein kinase of 70 kDa 
 



13 

List of original publications 

This thesis is based on the following publications, which are referred throughout 

the text by their Roman numerals:  

I  Petrov P, Motobu M, Salmi J, Uchida T & Vainio O (2010) Novel leukocyte protein, 
Trojan, differentially expressed during thymocyte development. Journal of Molecular 
Immunology 47: 1522-1528.  

II  Petrov P, Syrjänen R, Uchida T & Vainio O (2015) Leukocyte protein Trojan, a 
possible regulator of apoptosis. Manuscript 

III  Petrov P, Syrjänen R, Smith J, Gutowska MW, Uchida T, Vainio O & Burt DW (2015) 
Characterization of the avian Trojan gene family reveals contrasting evolutionary 
constraints. PLoS ONE 10(3): e0121672. Doi:10.1371/journal.pone. 0121672 

  



14 

 



15 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 9 

Abbreviations 11 

List of original publications 13 

Contents 15 

1  Introduction 17 

2  Review of Literature 19 

2.1  T cells during embryogenesis .................................................................. 19 

2.2  TCR initiated signalling pathways .......................................................... 19 

2.3  Apoptosis ................................................................................................ 24 

2.4  T cell development .................................................................................. 28 

3  Aims of the study 33 

4  Materials and methods 35 

4.1  Animals ................................................................................................... 35 

4.2  Cells ........................................................................................................ 35 

4.3  Antibodies ............................................................................................... 35 

4.4  Vector cloning ......................................................................................... 35 

4.5  Immunoprecipitation and blotting ........................................................... 36 

4.6  RT-PCR ................................................................................................... 36 

4.7  Flow cytometry and sorting .................................................................... 36 

4.8  Apoptosis induction and assessment ....................................................... 37 

4.9  Cell division tracking .............................................................................. 37 

4.10 Calcium measurement ............................................................................. 37 

4.11 Homology searches and in silico expression analyses ............................ 37 

4.12 Gene searches and modelling .................................................................. 38 

4.13 Sequence alignments ............................................................................... 38 

4.14 Gene conversion and duplication ............................................................ 38 

4.15 Amino acid sequence characterisation .................................................... 38 

4.16 Evolutionary analyses ............................................................................. 39 

5  Results 41 

5.1  Discovery of Trojan ................................................................................ 41 

5.2  Trojan cDNA sequence and gene ............................................................ 41 

5.3  Properties of the Trojan protein ............................................................... 43 

5.4  Trojan expression in tissues and on PBL ................................................ 43 



16 

5.5  Varying Trojan expression during ontogeny ........................................... 43 

5.6  Specific Trojan expression pattern on thymocytes .................................. 44 

5.7  Trojan expression rises on the surface of surviving cells upon 

apoptosis induction .................................................................................. 45 

5.8  Expression of Trojan on recovering and proliferating cells .................... 46 

5.9  Cultured cells expressing Trojan are less susceptible to apoptosis ......... 46 

5.10 Trojan overexpressing cells show elevated levels of intracellular 

calcium .................................................................................................... 47 

5.11 Trojan family in chicken ......................................................................... 48 

5.12 Trojan family and related genes in other species .................................... 48 

5.13 Phylogenetic analyses ............................................................................. 49 

5.14 Evolutionary selection in birds ................................................................ 49 

5.15 Co-evolutionary networks in birds .......................................................... 52 

6  Discussion 53 

References 59 

Appendices 77 

Original publications 79 

 



17 

1 Introduction  

The immune system protects an individual from the various pathogens in the 

surrounding environment. The components of the immune system function in a 

regulated manner, interacting with one another and complementing each other's 

functions. In jawed vertebrates, the immune system can be divided into innate, 

which presents the first line of defence, and the more sophisticated adaptive 

immunity. The adaptive immune system provides further defence mechanisms 

that ensure increased host protection upon reinfection with the same pathogen. T 

cells are of fundamental importance to the immune system and together with B 

cells represent the vital elements of adaptive immunity.  

T cell maturation takes place in the thymus, an essential organ providing a 

highly specialised microenvironment for thymocyte development. During their 

journey through the thymus, developing cells constantly interact with the thymic 

stromal cells. This ensures the proper type and timing of cellular contacts, which 

lie at the basis of T cell repertoire generation. The processes of positive and 

negative selection ensure that thymocytes will become functional and not auto-

reactive T cells. If these requirements are not met, cells are either deprived of 

survival signals or eliminated by a death signal. As a result, the majority of 

thymocytes die by the process of programmed cell death – apoptosis. Concerning 

immunity, apoptosis is crucial for the establishment of the immune system's self-

tolerance, as lack of self-tolerance would lead to autoimmune diseases. 

The molecular mechanisms of T cell development comprise a complex and 

not completely understood network of receptors, ligands, adhesion molecules, 

adaptor proteins and more. Many of these participants are known, while others are 

yet to be discovered. Understanding the mechanisms of T cell development 

requires detailed knowledge of the various signalling molecules and their mutual 

interactions. Aiming to identify molecules involved in T cell development, a 

novel cell surface protein called “Trojan” was discovered from chicken. 
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2 Review of Literature  

2.1 T cells during embryogenesis  

Development of the hematopoietic system is similar between mammals and aves, 

despite the lack of fetal liver hematopoiesis in birds (1). Compared to mouse, 

chicken embryos are often more suitable for studies of early hematopoiesis due to 

their bigger size and easier access. The embryonic development of chicken lasts 

for 21 days and is marked by the consecutive emergence of two hematopoietic 

systems. The primitive hematopoiesis begins to develop outside of the yolk sac 

around embryonic day (ED) 1 producing primitive erythrocytes, macrophages and 

megacaryocytes. Later, hematopoietic stem cells (HSC) emanate into the aortal 

lumen, forming clusters with hematopoietic properties, that give rise to the 

definitive hematopoiesis between ED3-ED4. At ED6-ED8, hematopoiesis transits 

from the aorta to the paraaortic foci and at ED10 shifts to the bone marrow. 

T cell development during embryogenesis involves the migration of 

progenitor cells from their hematopoietic sites of origin to the thymus. Chicken 

embryonic thymus is colonised by precursors in three sequential waves, each 

lasting for about 2 days. The periods between the waves are restricted for 

colonisation and are characterised by the production of thymocyte progeny. The 

first wave takes place between ED6-ED8 and its cells originate from the 

paraaortic foci (2). The second wave occurs between ED12-ED14, while the third 

wave starts at ED18 and prolongs after hatching. The cells of the second and third 

waves originate in the bone marrow and colonise the thymus via the blood stream 

(3).  

The internal clock that directs thymic colonisation is not completely 

understood. Chicken embryonic T cell precursors are characterised by the surface 

expression of different adhesion and signal transduction molecules, among which 

are c-KIT, HEMCAM, BEN, αIIβ3 Integrin, ChT1, MHC class II, CD44 and 

thrombomucin (4). 

2.2 TCR initiated signalling pathways 

The TCR (T cell receptor) is able to trigger a membrane-proximal signalling 

network that leads to the branching of interleaved downstream cascades (Figure 

1) (5,6). Upon TCR stimulation, the receptor and the associated CD3 (cluster of 
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diversification 3) complex are phosphorylated on their cytoplasmic ITAMs 

(immune receptor tyrosine-based activation motif) by the Lck (lymphocyte-

specific protein tyrosine kinase) and Fyn (feline yes-related protein) Src-family 

kinases. The phosphorylated ITAMs serve as docking sites for ZAP70 (ζ chain-

associated protein kinase of 70 kDa) and Syk (spleen tyrosine kinase) protein 

kinases. The above mentioned Src kinases then activate ZAP70 and/or Syk, which 

in turn phosphorylate the adaptor protein LAT (linker for activation of T cells) on 

numerous tyrosine residues (5). LAT serves as a scaffolding protein that 

represents a major branching point for the further signalling pathways. Among the 

immediate molecules to become associated with LAT are Grb2 (growth factor 

receptor bound protein 2), GADS (Grb2-related adaptor protein involved in T cell 

signalling), SLP76 (SH2 domain containing leukocyte phosphoprotein of 76 

kDa), PLC-γ (phospholipase C γ) and PI3K (phosphoinositol-3 kinase) (7,8). 

Association of the adaptor protein GADS recruits to LAT a yet another 

adaptor, SLP76, which is in turn phosphorylated by ZAP70 (9). Phosphorylated 

SLP76 provides docking sites for the kinase ITK (IL-2 inducible T cell kinase), 

the adaptor Nck and the guanine-nucleotide exchange factor (GEF) Vav (7,10). 

Vav associated to SLP76 is able to trigger cytoskeleton rearrangements by 

activating the GTPase Cdc42 (cell division control protein 42), which in turn 

activates its effector WASP (Wiskott-Aldrich syndrome protein). WASP then 

activates the Arp2/3 (actin related proteins) complex which initiates 

reorganisation of the actin cytoskeleton – an important event for the formation of 

the immunological synapse (11,12). 

Upon recruitment to phosphorylated LAT, PLC-γ associates with the GADS-

SLP76-Vav complex, where it becomes activated by ITK (7,10). Active PLC-γ 

cleaves the phospholipid PIP2 (phosphatidyl-inositol-4,5 bisphosphate) 

generating IP3 (inositol-1,4,5 trisphosphate) and DAG (diacylglycerol). IP3 binds 

to the IP3R (inositol-1,4,5 trisphosphate receptor) of the ER (endoplasmic 

reticulum), which results in an influx of Ca++ (calcium ions) to cytosol from the 

ER lumen (13). Depletion of ER intracellular Ca++ stores is sensed by the ER-

membrane protein STIM (stromal interaction molecule) which oligomerises and 

migrates to puncta (14–16). At this ER-plasma membrane junction, STIM 

activates the plasma-membrane CRAC (calcium-release activated calcium) 

channels, triggering a secondary influx of Ca++ from the extracellular space 

(17,18). These Ca++ influxes of distinct timing and source are key for the 

differential Ca++-mediated signalling manifested in its extent, duration and 

oscillations (19). 
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Increased Ca++ concentration in the cytosol leads to the activation of 

calmodulin, which in turn binds and activates the phosphatase calcineurin. 

Activated calcineurin then dephosphorylates the transcription factor NFAT 

(nuclear factor of activated T cells), facilitating its nuclear localisation (20). 

NFAT can cooperate with various nuclear partners, including AP-1 (activating 

protein 1), FOXP2/3 (forkhead box P2/3), MEF2 (myocyte enhancer factor 2) and 

GATA (globin transcription factor), forming different transcriptional factor 

complexes (21,22). Depending on the triggering Ca++ kinetics and the nuclear 

partner, NFAT has been associated with the expression of genes involved in 

cytokine production, cell proliferation, growth arrest or cell death (23–25). 

Among them are IL (interleukins) like IL-2, IL-3, IL-4 and IL-5; GM-CSF 

(granulocyte-macrophage colony-stimulating factor); IFN-γ (interferon γ); FasL 

(Fas ligand); TNF-α (tumor necrosis factor α); the immunoregulatory CD40L and 

CTLA-4 (cytotoxic T lymphocytes antigen) (22,26,27). 

The generated DAG can recruit and bind several signalling molecules, among 

which are PKC (protein kinase C), PKD (protein kinase D) and RasGRP (Ras 

guanyl releasing protein) (28,29). Following its association with DAG, PKCθ 

becomes activated in a Ca++ dependent manner. The scaffolding protein Carma1, 

is among the substrates of PKC, which induces its binding to the signalling 

protein Bcl-10 (B cell lymphoma 10) and IKKγ (IκB kinase) (30,31). This 

promotes the assembly of the IKK complex, therefore coupling TCR signalling to 

the transcription factor NF-κB (nuclear factor-κB) (5,32). In the nucleus, NF-κB 

induces the transcription of many genes, among which are proinflamatory 

cytokines, chemokines and antiapoptotic factors. Its activity has been associated 

with the production of IL-2, IL-6, IL-8, GM-CSF, IFN-γ, TNF-α, c-IAP (cellular 

inhibitor of apoptosis protein) and c-FLIP (cellular FLICE inhibitory protein) 

(33,34).  

Another substrate for PKC is the integrin LFA-1 (lymphocyte function 

associated antigen 1), thus regulating cytoskeleton interactions and cell adhesion 

(35). DAG also recruits PKD to the plasma membrane, where it becomes fully 

activated by PKC (36,37). PKD then migrates to cytosol, inducing the expression 

of different signalling molecules, among which are IL-2 and IFN-γ (38–40). 
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Fig. 1. Coupling TCR signals to the nucleus. 
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RasGRP plays a central role in the propagation of TCR signals and is 

presumably the first GEF engaged (41). Association with DAG brings RasGRP in 

close proximity to its activator – PKC (42,43). Upon phosphorylation by PKC, 

RasGRP initiates the MAPK (mitogen-activate protein kinases) cascade by 

activating the GTP-binding protein Ras (rat sarcoma viral oncogene). 

Subsequently, activated Ras binds to the kinase Raf-1, which in turn activates 

MEK (MAPK/ERK kinase) leading to the activation of ERK1/2 (extracellular 

signal regulated kinase), JNK (c-Jun NH2-terminal kinase) and p38 (44–46). The 

MAPK pathway can also be activated independently of Ras by a protein complex 

between PLC-γ, the adaptor protein Bam32 (B lymphocyte adapter molecule of 

32 kDa) and the kinase PAK1 (p21 activated kinase) (47–49). There, PLC-γ 

serves a scaffolding role independent of its phospholipase activity, while PAK1 

directly phosphorylates Raf-1 and MEK1.  

ERK1/2 control the activity of a panel of substrates including transcription 

factors and other kinases. Among the transcription factors activated by ERK1/2 

are Ets (E-twenty-six) transcription factors Elk-1 (E-26 like protein 1) and SAP-

1/2 (sphingolipid activator protein), which mediate the expression of immediate 

early genes like Egr1/3 (early growth response), c-Fos and c-Myc (50,51). Egr1 

turns on the expression of the transcription factor regulators Id3 (inhibitor of 

DNA-binding) that block the activity of E-proteins. The E-proteins family of 

transcription factors modulate the expression of genes containing E-box 

(enhancer box) regulatory sequence (52,53). 

Together with Jun, the expression of which is upregulated by JNK, c-Fos 

forms the transcriptional complex AP-1 (54). ERK1/2 mediated phosphorylation 

of RSK (ribosomal S6 kinase) triggers its association with the kinase activator 

PDK1 (3-phosphoinositide-dependent protein kinase-1), an event connected to 

cell cycle progression and cytokine signalling (55,56). Other targets for ERK1/2 

phosphorylation and activation are MNK1/2 (MAPK interacting protein kinase) 

which then phosphorylate the translation initiator eIF4E (eukaryotic translation 

initiation factor 4E) (57–59). 

Association of the adaptor protein Grb2 to phosphorylated LAT recruits and 

binds another GEF called Sos1/2 (son of sevenless) (9). Kept in an initially 

autoinhibited state, Sos can be released from its inhibition by Ras already 

activated by RasGRP (60). Activated Sos can then further serve to activate Ras, 

creating an amplification loop (41,61). In addition, two adaptor proteins that play 

a specialised role in the signal transduction during positive selection are Themis 

(thymocyte-expressed molecule involved in selection) and Tespa1 (thymocyte 
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expressed, positive selection associated 1) (62,63). Themis associates with Grb2 

and is required for the activity of SHP1 (SH2 domain containing phosphatase-1), 

recruiting it close to the TCR signalosome. There, SHP1 is capable of 

dephosphorylating Lck, ZAP-70 and SLP76, thus globally reducing TCR signal 

propagation. Tespa1 also binds to Grb2 and is believed to regulate the activity of 

the IP3R and Ca++ release in a TCR – LAT mediated manner (64).  

Apart from PLC, PIP2 is also targeted by the LAT-recruited PI3K. This 

kinase, which can also be activated in response to growth factors, phosphorylates 

PIP2 into PIP3 (phosphatidyl-inositol-3,4,5 trisphosphate) (8). PIP3 in turn 

promotes the PDK1-mediated activation of PKB (protein kinase B), also known 

as Akt (65). Alternatively, the activation of PKB/Akt by PDK1 is mediated by the 

kinase complex mTORC (mammalian target of rapamycin complex 1) (66). 

Phosphorylation of the Foxo1/3a/4 (forkhead box) transcription factors by 

PKB/Akt triggers their nuclear export and binding to 14-3-3 proteins (67). This 

halts their transcriptional activity that drives the expression of cytokines, cytokine 

receptors and transcriptional factors. Among them are the pro-survival IL-7Rα 

and KLF2 (kruppel-like factor) that mediate the expression of genes involved in 

cell trafficking (68–73). PKB/Akt has also been linked to the expression of genes 

encoding other cytokine receptors, granzymes, FasL, perforin and IFN-γ (74). 

2.3 Apoptosis 

Apoptosis is a process of programmed cell death that is vital for maintaining 

homeostasis in multicellular organisms. It occurs when a cell has suffered 

irreversible damage or has been instructed to commit suicide by other cells in a 

diverse set of processes. The pathways for apoptosis triggering can be divided 

into “extrinsic” and “intrinsic” (Figure 2). 

The classical extrinsic pathway of apoptosis induction is triggered via 

signalling through cell surface death receptors like FASR (Fas receptor) and 

TNFR (TNF receptor) that possess cytoplasmic death domains (DD). Binding of 

FasL or TNF induces the receptor trimerisation, an event that recruits multiple 

cytoplasmic proteins in a DD-dependent manner. In the case of FASR, 

trimerisation directly recruits FADD (Fas-associated death domain-containing 

protein) via the DD, which together with caspase-8 forms DISC (death inducing 

signalling complex) (75). There, capsase-8 forms active dimers and is able to 

initiate cell death. In the case of TNFR, a cytoplasmic signalling complex, termed 

Complex I, is initially assembled (76,77). It triggers diverse expression programs 



25 

via NF-κB, AP-1, JNK and p38 (78–80). Following a time lapse, certain 

components of Complex I can dissociate and recruit FADD and caspase-8 (81). 

This forms Complex II, which in the absence of NF-κB activity from Complex I 

is able to trigger apoptosis via dimerisation of caspase-8 (76). The activation of 

initiator caspase-8, in turn, activates effector caspases 3, 6 and 7 by proteolytic 

cleavage (82). Active effector caspases then carry out the events of programmed 

cell death (see later). In cells termed “type I”, this caspase-8 mediated activation 

of the effector caspases is sufficient to trigger apoptosis without mitochondrial 

permealisation. However, cross-talk between the extrinsic and intrinsic pathways 

is necessary for the apoptosis induction in “type II” cells (83). The extracellular 

apoptotic pathway can be linked to the intracellular pathway by the capsase-8 

mediated cleavage of BID into tBID (truncated BID) (82). 

 

Fig. 2. Triggering events of apoptosis. 
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Translocation of tBID to the mitochondria promotes apoptosis via the pro-

apoptotic members of the BCL-2 protein family (84) described in details below. 

Another extracellular pathway also triggering apoptosis via tBID involves the 

protease GzB (Granzyme B) released from cytotoxic T or NK cells. Upon 

receptor binding and receptor endocytosis, GzB is released from the vesicle by 

perforin. Once in the cytosol, GzB processes BID into tBID or directly cleaves 

and activates the effector caspase-3 (85). 

In the intrinsic pathway, cell fate is controlled by a dynamic balance between 

the anti-apoptotic, pro-apoptotic mediator and pro-apoptotic effector members of 

the BH domain proteins family. Among the key players are the anti-apoptotic 

BCL-2, BCL-XL, MCL-1, A1; the mediators BIM, BAD, BIK, BID, NOXA, 

PUMA, BMF; and the effectors BAX and BAK (86). The pro-apoptotic function 

of the effectors pair is counter-acted by the anti-apoptotic family members. For 

example, BAK is kept inactive by associated MCL-1 or BCL-XL at the 

mitochondrial outer membrane. The other effector, BAX, exists as a monomer in 

the cytosol or is inactivated by BCL-2 at the mitochondria (87–90). However, in 

response to apoptosis-inducing factors the pro-apoptotic mediators serve to 

disrupt these blocking interactions. For example, BAX:BCL-2 complexes can be 

disrupted by BIM, while BAK:BCL-XL and BAK:MCL-1 can be disrupted by 

BIM, NOXA and BIK (88,91). In addition, tBID can liberate BAX and BAK from 

their complexes with BCL-2 and BCL-XL, respectively. 

Activated BAX and BAK associate with mitochondria and undergo 

conformational changes leading to their oligomerisation (92–94). The oligomers 

form pores in the outer mitochondrial membrane, inducing the efflux of various 

intermembrane space (IMS) components. A key factor released through the 

permealised membrane is the respiratory protein cyt-c (cytochrome c) coupled to 

a heme group in the IMS (95). Once in the cytosol, cyt-c associates with APAF1 

(apoptotic protease activating factor 1) and induces it to oligomerise into the large 

septilateral complex of the apoptosome. This wheel-like structure then recruits 

and activates pro-caspase-9, which triggers the subsequent cleavage of 

executioner caspases (83,96). 

Other factors released from the mitochondria are SMAC (second 

mitochondrial activator of caspases) and the serine protease OMI (97). They both 

interfere with the activity of caspase blockers IAPs (inhibitors of apoptosis), 

therefore enhancing the caspases action (86,98,99). EnG (Endonuclease G) and 

the AIF (apoptosis inducing factor) termed NADH-oxidase are also released and 

assist in the apoptotic execution (97). 
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Initiation of the intrinsic apoptotic pathway can be triggered via factors 

influenced by cell integrity, DNA damage, signalling and more. DNA damage 

results in the p53-mediated upregulation of NOXA and PUMA, while UV light 

triggers the proteosomal targeting of MCL1 by ubiquitination (87,100–102). 

Deprivation of growth factors / cytokines leads to diminished cytoplasmic 

phosphorylation levels that trigger the activation of BAD and the proteosomal 

targeting of MCL1 (103,104). Moreover, the absence of cytokine signalling that 

otherwise would upregulate the expression of BCL-2, BCL-XL and MCL-1, 

triggers the upregulation of BIM (105,106). BIM is also activated by a loss of 

ERK phosphorylation that normally keeps it targeted for ubiquitination and 

proteosomal degradation (107,108). Disruption of cytoskeleton results in the 

release and activation of BMF and BIM from the actin-myosin and dynein motor 

complexes, respectively (109,110). Inhibition of protein synthesis results in the 

activation of BIK via unknown mechanism (91). 

The execution mechanisms of apoptosis guarantee the organised dismantling 

of dying cells, thus minimizing damage and disruption of neighbouring cells. 

Effector caspases cleaving various transcription factors as well as eIFs 

(eukaryotic initiation factors) and rRNA achieves transcriptional and translational 

shutdown (111,112). DNA processing, fragmentation and chromatine 

condensation are mediated by AIF, EnG and caspases activated kinase MST1 

(mammalian sterile twenty-like) and CAD (caspase-activated DNase) (113–118). 

Fragmentation of the nucleus is achieved by caspases-activated ROCK1 (rho-

associated, coiled-coil-containing protein kinase), phosphorylating nuclear lamina 

and by direct cleavage by caspases (119–122). Flipping of PS 

(phosphatidylserine) across the layers of the plasma membrane is thought to be 

mediated by caspases inhibiting translocases and activating scramblases (85). 

Dismantling of cell adhesion is achieved by caspases that cleave focal adhesion 

kinase, p130, tensin, β- and γ- catenins, cadherins and desmosome proteins (123–

130). Shutdown of the mitochondrial functioning is mediated by caspase cleavage 

of electron transport chain proteins, like p75 of complex I, and augmented by the 

ATP dropping levels (131). 

The regulation of apoptosis triggering and execution is orchestrated by 

various proteins, nucleic acids and ions at multiple stages. Apoptosome-mediated 

activation sets a molecular timer eventually leading to capsase-9 auto-processing 

and inhibition (132). Formation of the apoptosome dependent on dATP and the 

recruitment of caspase-9 can be blocked by Ca++, K+ and tRNA (133–136). 

Phosphorylation by ERK1/2 and CDK1 inhibits caspase-9, while HSP70 (heat 
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shock protein 70) serves as an endogenous inhibitor of AIF (95,137,138). 

Dynamics of Ca++ concentration play an important role in the regulation of 

apoptosis and can be partly mediated by BCL-2, BCL-XL and MCL-1. For 

instance, BCL-2 associates with ER where it binds to IP3R, blocking the release 

of Ca++ and enhancing the uptake by SERCA (139). 

2.4 T cell development 

Development of T cells takes place in the thymus and represents a continuous 

process that guarantees the generation of functional, but not autoreactive T cells 

(140). Defined by the nature of their TCR, T cells fall into the category of αβ T 

cells, which represent the bulk population in lymphoid organs, and the less 

abundant γδ T cells. αβ T cells recognise peptide-bound MHC (major 

histocompatibility complex) class I or II molecules, while γδ T cells are generally 

not MHC restricted (141). Driven by interactions with the highly specialised 

thymic microenvironment, thymocytes progress with their maturation through a 

series of stages (Figure 3). Based on the expression of the surface co-receptors 

CD4 and CD8, thymocytes successively become double negative (DN, CD4- 

CD8-), intermediate single positive (ISP, CD4- CD8low), double positive (DP, 

CD4+ CD8+) and single positive (SP, CD4+ CD8- or CD4- CD8+) cells. The DN 

population can be further subdivided by the expression of surface molecules 

CD44 and CD25 into DN1 (CD44+ CD25-), DN2 (CD44+ CD25+), DN3 (CD44- 

CD25+) and DN4 (CD44- CD25-) (142,143).  

In adult life, T cells lead their origin from pluripotent precursors in the bone 

marrow that reach the thymus via the blood stream. They are distinguished by the 

surface expression of CCR9 (C-C chemokine receptor 9), the tyrosine kinase KIT, 

SCA1 (stem-cell antigen 1) and FLT3 (FMS-related tyrosine kinase 3) (144–146). 

Directed by CCR9, the early thymic projenitors (ETP) colonise the thymus, where 

they fall into the diverse population of DN1 cells (147). After their entry at the 

cortico-medullary junction, the commitment to the T cell lineage and subsequent 

maturation of thymocytes are orchestrated by the thymic stromal cells (148). 

Migrating through the cortex towards the sub-capsular zone, cells progress to the 

DN2 stage, losing their multipotency by shutting alternative gene programs. 

Notch signalling plays a vital role in this process, as the receptor interacts with its 

ligands expressed by the thymic microenvironment (149). In these early stages, E-

proteins are essential transcriptional regulators necessary for lineage commitment, 

while cytokines are vital for cell survival and proliferation. Signalling through IL-
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7R upregulates MCL-1 and A1 and plays a role in the rearrangement of TCR 

genes, particularly TCRγ (150,151). E-proteins assist the initial ETP/DN stages 

progression, but would inhibit the transition from the β-checkpoint and the 

positive selection of DP cells. Proliferating, the cells start rearranging the V(D)J 

(variable/diversity/joining) fragments of the TCRγ, -δ, -β gene loci and initiate the 

expression of pTα (pre-TCR α chain). The process is promoted by the operation 

of E-proteins that later also trigger the TCRα rearrangement (152,153). 

Approaching the DN3 stage, thymocytes stop proliferating and increase the V(D)J 

rearrangements, completing the receptor chains loci generation. At the DN3 stage, 

cells expressing γδTCR or a pre-TCR accumulate at the sub-capsular zone, where 

the divergence between γδ and αβ T cell lineages takes place (154). Regardless of 

the receptor they originate from, strong signals direct thymocytes towards the γδ 

lineage, while weaker signals commit cells to the αβ lineage (155).  

The molecular basis of the lineage choice lies in the different cytoplasmic 

signalling kinetics induced by γδTCR and pre-TCR. The addition and deletion of 

nucleotides by RAG (recombination activating gene) during the rearrangements 

plays a pivotal role for the T cell repertoire. However, the process is also prone to 

producing out-of-frame genes that will code for non-functional receptor chains 

(156). A productively rearranged γδTCR triggers a strong MAPK – Ets – Egr 

activation of the E-proteins inhibitor Id3. This extinguishes the activity of E-

proteins and halts any further rearrangements of TCRβ or pTα expression, leaving 

the cell confined to the γδ lineage. Alternatively, the weaker signal from a pre-

TCR induces a much more modest activation of the MAPK – Ets – Egr – Id3 

cascade. Combined with a “reinforcing” signal from Notch, it yields an adequate 

suppression of the E-proteins, which is permissive for αβ lineage progression 

(157). In a similar manner, a weak signal from a non-productive γδTCR coupled 

to a strong Notch signal will divert the cells towards the αβ lineage (158). Notch 

is believed to induce the expression of Id3 and to trigger E-proteins for 

ubiquitination followed by proteolytic degradation (159–161).  

After the DN3 stage, thymocytes set on the path of αβ T cells go through the 

β-selection process that checks the rearrangement of their TCRβ chain. Coupled 

with the invariant pTα surrogate, TCRβ forms the pre-TCR that is able to trigger 

downstream cascades similarly to mature cells (162,163). A successfully 

rearranged TCRβ results in a signal that overcomes the blockade by E-proteins 

and mediates survival via NF-κB induced expression of A1 (151). Cells that do 

not pass the β-selection are arrested in their development by E-proteins and are 

destined to die by apoptosis (164). 



30 

Fig. 3. T cell developmental stages. 
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Passing the β-selection, DN4 cells enter a proliferation burst while reversing 

their migration polarity from the sub-capsular zone to the medulla. Cells initiate 

the rearrangement of TCRα together with the expression of CD4 and CD8 co-

receptors and following the ISP stage become DP thymocytes. With both co-

receptors and the TCR present on the surface, DP cells are consecutively 

subjected to positive and negative selections. In the cortex, positive selection 

ensures that the generated TCR is functional and capable of recognising self-

MHC molecules displayed on cTECs (cortical thymic epithelial cells). In the 

medulla, the ensuing negative selection eliminates cells bearing TCRs that 

interact too strongly with pMHC (peptide bound MHC) presented by mTECs 

(medullary thymic epithelial cells) (165–167).  

Positively selecting MHC-TCR interactions induce lesser phosphorylation 

levels of CD3 and LAT that yield sustained, slow activation of ERK and a low 

Ca++ influx. On the contrary, negatively selecting signals recruit greater amounts 

of Lck and ZAP70, inducing strong ERK activation and a transient Ca++ 

elevation. (168,169). Positively selecting signals are believed to trigger the 

MAPK cascade via PLC – PKC – RasGRP and by direct PLC – RasGRP 

activation of Ras. In negative selection, the activation of Ras is additionally 

augmented through the Grb2 – Sos amplification loop (170). In addition, DP cells 

are 'sensitised' by intrinsic mechanisms for low-affinity pMHC, rendering ERK 

more responsive upon engagement. A role in the process is proposed for miR181a 

(microRNA 181a) targeting the mRNA of phosphatases that inhibit TCR triggered 

signalling and notably those that dephosphorylate ERK (143).  

Cells that fail to pass the positive selection step undergo death by neglect via 

BIM, BAD and PUMA mediated activation of BAX (171,172). The sustained 

activation of ERK in cells that pass is believed to induce BAD inactivation by 

phosphorylation, thus contributing to cell survival (173). The signalling cascades 

of negative selection trigger the expression of BIM and Nur77 (nuclear receptor 

77) via activation of PKD. PKD phosphorylates HDAC/7 (nuclear exclusion of 

histone deacetylase 7) – blocking the repressor of bim, and the nur77 

transcriptional activators, E2F1 and MEF2D (myocyte enhancer factor 2) (174). It 

has been suggested that Nur77 translocates to the mitochondria and converts 

BCL-2 into a pro-apoptotic molecule (175).  

Cells that pass the positive and negative selections have yet another choice 

ahead: diverting towards the CD4 or CD8 lineage. DP cells temporarily terminate 

the transcription of cd8 gene to become CD4+CD8low cells, which mediates the 

signalling kinetics necessary at this developmental stage. TCR triggering is again 
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a key determining factor. A prolonged signal directs the cell towards the CD4 

lineage, while a shorter lasting signal directs the cell towards the CD8 lineage 

(176).  

Transcription factors promoting the CD4 or CD8 lineage choice are Th-POK 

(T helper inducing POK factor) and RUNX3 (runt-related transcription factor), 

respectively. Th-POK decreases cd8 expression by downregulating its enhancer 

and prevents RUNX3 from silencing cd4 (177,178). RUNX3 halts the expression 

of cd4 via its silencer, prevents the expression of Th-POK and initiates the 

transcription of cd8 by via its enhancer (179,180).  

After becoming CD4 or CD8 SP cells, thymocytes briefly proliferate in the 

medulla before migrating to the periphery as mature but naïve T cells. 
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3 Aims of the study 

The objectives of this work are to characterise a novel chicken protein called 

“Trojan”, investigate its function, and identify the gene family it belongs to. Each 

objective was addressed in its respective publication (I, II or III): 

1. Characterise the Trojan protein, its expression and distribution on developing 

thymocytes (I).  

2. Perform functional analysis of Trojan investigating its relation to apoptosis 

(II).  

3. Identify the gene family of Trojan and search for related molecules in other 

species (III). 
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4 Materials and methods 

4.1 Animals 

The White Leghorn chicken line H.B12 of MHC haplotype B12 (181) was 

maintained at the facilities of the University of Oulu. Outbred chicken eggs were 

purchased from MTT Agrifood Research Finland (Jokioinen, Finland). Eggs from 

H.B12 or outbred chickens were incubated at 40°C, and the embryonic stage was 

determined by time duration. The study protocol was approved by the 

experimental animal committee of the University of Oulu. 

4.2 Cells 

Primary cells were isolated from peripheral blood by Ficoll-Paque Plus (GE 

Healthcare) separation. Single cell suspension from tissues was prepared by 

pressing the tissues through Nylon Net Filter (Millipore, Boston, USA) by a 

syringe plunger and flushing with PBS (phosphate buffered saline). 

Chicken CD4+ T cell line MDCC-CU17 (182) (referred later in the text as 

CU17) and early pre-B cell line 2D8 (183) (a kind gift from Prof. Thomas Göbel, 

University of Munich, Germany) were maintained in RPMI-1640 supplemented 

with 10% FCS and 1%NCS at 40°C in a 5% CO2 humidified incubator. 

4.3 Antibodies 

Mouse anti-chicken antibodies were either produced locally from hybridoma cell 

lines or purchased from Southern Biotechnology Associates (Birmingham, AL) 

and AbD Serotec (Oxford, UK). Goat anti-mouse antibodies were purchased from 

Southern Biotechnology Associates (Birmingham, AL). See Appendix, Table 1 for 

a detailed list. 

4.4 Vector cloning 

A cDNA library was constructed from chicken ED13 thymocytes and cloned into 

a pcDNA3.1(+) expression vector, as previously described (184). The COS 

expression screening method was used to identify the cDNA of Trojan (185). Cell 

line 2D8 was transfected with pcDNA3.1(+)-Trojan vector or with a blank vector 
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using Metafectene Pro from Biontex (Planegg/Martinsried, Germany) transfection 

reagent following the manufacturer's instructions. 

4.5 Immunoprecipitation and blotting 

Cellular surface proteins were biotinylated with Sulfo-NHS-LC-biotin (Pierce, 

Rockford, IL) following the standard instructions. Cells were then lyzed for 20 

min at +4 °C in modified RIPA (150 mM NaCl, 50 mM Tris pH 7.5, 1% NP-40, 

0.1% SDS, 0.5% DOC, 1 mM PMSF) at a concentration of 107 cells/mL. Cell 

debris were removed by centrifugation and precleared lyzates were incubated 

with antibody coupled sepharose beads for 60 min, at +4 °C.  

Washed immunoprecipitates were run on SDS-PAGE (Invitrogen, Eugene, 

USA), electroblotted to a Hybond ECL nitrocellulose membrane (GE Healthcare, 

Waukesha, WI), detected with Streptavidin HRP (Roche, Basel, Switzerland) and 

visualised by ECL Plus (GE Healthcare, Waukesha, WI), all following the 

manufacturer’s instructions. 

4.6 RT-PCR 

Total RNA from tissues was isolated with TRIpure reagent (Roche, Basel, 

Switzerland) following the manufacturer's protocol. Reverse transcription was 

performed with High-Capacity cDNA Reverse Transcription Kits (Applied 

Biosystems, Foster City, CA). cDNA was used in a standard PCR using 

DyNAzyme II DNA Polymerase (Finnzymes, Woburn, MA). Cycling conditions 

for trojan and gapdh primers were: 94 °C for 30 s, then 35 cycles of 94 °C for 30 

s, 52 °C for 20 s and 72 °C for 1 min. Cycling conditions for cd45 primers were: 

94 °C for 30 s; then 35 cycles of 94 °C for 30 s, 54 °C for 20 s, and 72 °C for 1 

min. See Appendix, Table 2 for primers list. 

4.7 Flow cytometry and sorting 

Single cell suspensions in PBS supplemented with 2% FCS were incubated with 

mAb at optimised dilutions. Typically 0.25-0.5x106 cells were used with 0.5 µg 

mAb, or 0.02 µg for RPE-conjugates in a 100 µL buffer volume. Incubations were 

done for 30 min on ice, washing three times in between. Flow cytometry data 

were acquired with FACScan, FACSCalibur or FACS Aria II (Becton Dickinson, 
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Mountain View, USA), the latter used for sorting. Offline data analyses were 

performed with WEASEL (WEHI FACS Lab, Melbourne, Australia). 

4.8 Apoptosis induction and assessment 

Cells were seeded at 0.5 x 106 cells/mL and treated with 25 µM 5-fluorouracil, 95 

nM anisomycin, 10 µM vinblastine (Sigma, Missouri, USA). For UV light 

treatment, cells were irradiated with 10 mJ/cm2 after 24h in culture. To assess 

apoptosis, cells were suspended in 10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 

mM CaCl2, 0.1% BSA and labelled with Alexa Fluor 488 annexin V (Invitrogen, 

Eugene, USA) at the recommended concentrations. Viable cell numbers were 

determined by trypan blue exclusion counting. 

4.9 Cell division tracking 

Cells were seeded at a concentration of 0.5x106/mL and irradiated with 10mJ/cm2 

UV light. Cells were then loaded with 10µM CFSE (carboxyfluorescein diacetate 

succinimidyl ester) CellTrace dye (Invitrogen, Eugene, USA) at a concentration 

of 107 per mL in culture medium, for 10min, at 37 oC. Free dye was quenched by 

a 5 min incubation on ice, in excess culture medium, followed by three washes. 

Loaded cells were then seeded at 0.5 x 106/mL and cultured for 48h. 

4.10 Calcium measurement 

Cells were washed and suspended in PBS, supplemented with 20 mM HEPES 

(pH 7.2), 5 mM glucose, 0.025% BSA, 1 mM CaCl2, 0.25 mM sulfinpyrazone. 

Dyes 3µM Fluo-4 and 15µM Fura Red (Invitrogen, Eugene, USA) were added to 

5 x 106 cells/mL. After 45 min incubation at room temperature, cells were washed 

and incubated for another 30 min in 10 times excess buffer volume. For flow 

cytometry, cells were resuspended to a final concentration of 106/mL and 

fluorescence at 525 nm and 660 nm was recorded by a continuous flow for 5-10 

min. 

4.11 Homology searches and in silico expression analyses 

The open reading frame (ORF) and translated sequence of Trojan cDNA was 

determined by the tools part of the EMBOSS suite and the Staden Package 
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(186,187). Sequences of chicken Mystran and Thracian were obtained from the 

NCBI (National Center for Biotechnology Information, 

http://www.ncbi.nlm.nih.gov/). Homology searches were performed by BLAST, 

BLAT and FASTA at NCBI, UCSC (University of California Santa Cruz, 

https://genome.ucsc.edu/) and EBI (European Bioinformatics Institute, 

http://www.ebi.ac.uk/). 

4.12 Gene searches and modelling 

Alignment of chicken coding DNA sequences (CDS) to avian genomes was done 

by Spidey driven by UniPro Ugene (188). Gene modelling and gene predictions 

were done by GeneWise and GENSCAN, respectively (189,190). Graphical 

representation of the gene organisation was rendered by GenomeTools (191). See 

III, Table 1 for coordinates and database accession numbers. 

4.13 Sequence alignments 

Pairwise or multiple sequence alignments (MSA) were created by JalView (192), 

bl2seq (http://blast.ncbi.nlm.nih.gov/) or Clustal Omega (193) driven by SeaView 

(194). Amino acid (aa) alignments were represented graphically in a MSA 

similarity colour code and annotated by Aline (195). Distance matrix between 

sequences was estimated by UniPro Ugene. Codon alignments were created for 

CDS from their translated MSA by PAL2NAL (196). 

4.14 Gene conversion and duplication 

Gene conversions were estimated by Geneconv (197) using default settings or 

focusing on silent sites polymorphisms. Gene duplication time was estimated by 

CODEML, which is part of the PAML suite (198) under global and local clock 

models. A tree based on the most recent avian phylogeny (199) was used with 

fossil calibration values inferred from TIMETREE (http://www.timetree.org/). 

4.15 Amino acid sequence characterisation 

Polypeptide moleculer weight (MW) was calculated using the tools part of the 

EMBOSS suite. Protein domains were predicted with SMART (200), while short 

functional motifs (SFM) were inferred using ELM (201). Glycosylation and 
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phosphorylation sites were estimated using NetNGlyc (202) and NetPhos (203) of 

the CBS (Center for Biological Sequence analysis, http://www.cbs.dtu.dk/). 

Intrinsically disordered region (IDR) binding sites were identified by ANCHOR 

(204). Protein topology was presented graphically by the image generators at 

PFAM (http://pfam.sanger.ac.uk/) and PROTTER (205). Structural models for 

Trojan, Thracian and Mystran from chicken were generated by PHYRE2 (206), 

and visualised by UCSF Chimera (207). 

4.16 Evolutionary analyses 

The phylogenetic relationship between the family members was analysed by 

PhyML (208) driven by SeaView. Avian Trojan, Thracian and Mystran were 

analysed in gene sets by CODEML for evolutionary selection, using models M8A 

versus M8 and trees based on the most recent avian phylogeny (199). Intra- and 

inter-molecular co-evolving residues were identified by CAPS2 (209), and the 

networks were visualised by Cytoskape (210). 
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5 Results 

5.1 Discovery of Trojan 

An array of mAb was raised against chicken PBL aiming to obtain novel mAbs 

against lymphocyte-specific surface antigens. Preliminary flow cytometry 

analyses focused attention on mAb designated “11-7-3” that recognised a 

previously unidentified protein. The molecule had varying expression on 

thymocytes during embryogenesis, being highest between ED12-ED14. A cDNA 

library from ED13 thymocytes was prepared and transfected into COS-7 cells for 

screening with mAb 11-7-3. A positive cell was isolated, its plasmid was then 

extracted and transfected again in COS-7 cells to confirm the specificity of 11-7-3 

to the encoded protein. The novel protein was named “Trojan” and its cDNA was 

sequenced. In a further round of screening, three more mAb were found to 

recognise Trojan: 11-5-3, 11-35 and 11-10-4 (See Appendix, Table 1). 

5.2 Trojan cDNA sequence and gene 

The cDNA clone of Trojan contains an ORF of ~1.5 Kb, preceded by a short 5' 

untranslated region (UTR) and followed by a long 3' UTR, having an ATTTA 

instability motif and a poly-A tail (See I, Figure 1 A). The nucleotide sequence of 

Trojan was mapped to a putative locus on sex chromosome Z of the chicken 

genome database. Unfortunately, the initial genomic assemblies (versions 1 and 2) 

were incomplete at this particular locus, presenting us with limitations to the 

work. The complete and uninterrupted genomic sequence of the region was later 

identified on BAC clone CH261–99K12. Aligning to our cDNA, the Trojan gene 

was found to consist of 10 exons distributed over 7 Kb of genomic DNA (See I, 

Figure 1B). The neighbouring upstream and downstream genomic regions showed 

a significant homology to Trojan, suggesting the existence of a novel gene family 

(see later). With the advances in the chicken genome assembly (v 4), the novel 

family that Trojan belongs to is now annotated on chromosome Z at NCBI (See 

III, Figure 1 A). 



42 

Fig. 4. Trojan protein and family members in chicken. Labelled domain types are: CCP 

(complement control protein), FN3 (fibronectin type III), PTP (protein tyrosine 

phosphatase), PTPi (inactive PTP). Other protein regions: SP (signal peptide), TM 

(transmembrane part), IDR (intrinsically disordered region), N-glyc (N-glycosylation 

site). Target motifs for PKA, MAPK, 14-3-3, ITAM, TRAF2 and GRB are indicated. A) 

Trojan B) Thracian C) Mystran; 
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5.3 Properties of the Trojan protein 

The cDNA of Trojan translates to a 494-aa polypeptide chain with an estimated 

MW of ~54 kDa. The molecule is suggested to be a type I transmembrane protein 

with a 457-aa long extracellular part and a short cytoplasmic tail (Figure 4 A). 

The extracellular region has a predicted CCP (complement control protein) 

domain, two FN3 (fibronectin type III) domains and five N-glycosylation sites. 

Several IDR binding sites are found between the second FN3 domain and the 

transmembrane helix, where no known domain is predicted to exist. However, 

protein structure modelling showed an uncharacterised fold of the sequence 

containing the IDR binding sites (Figure 11 A). The cytoplasmic tail contains 

three overlapping SFM predicted as a MAPK docking site, a binding site for 14-

3-3 proteins and a PKA phosphorylation target (Figure 4 A). 

Immunoprecipitation from a thymocyte lyzate followed by SDS-PAGE 

determined the MW of Trojan to be around 90 kDa (See I, Figure 2B). The 35 

kDa difference from the calculated value is likely due to glycosylation of the 

protein, as predicted by the computational analysis. 

5.4 Trojan expression in tissues and on PBL 

The expression of Trojan was determined by RT-PCR analysis of tissues isolated 

from ED13 chicken embryos and young post-hatched birds. The tissue 

distribution of the Trojan transcript was found to closely follow that of CD45 (See 

I, Figure 3). Likewise, two-colour flow cytometry demonstrated that Trojan 

protein is present on almost all PBL cells expressing CD45 (See I, Figure 4). 

Trojan was found on the surface of different mature T cell sub-populations 

(defined by γδTCR, αβTCR1, αβTCR2, CD3, CD4 and CD8), B cells (defined by 

the Bu1a marker) and macrophages (defined by KUL-01). 

5.5 Varying Trojan expression during ontogeny 

The expression of Trojan on immature lymphocytes was analysed at different 

time points in order to track any changes during ontogeny (Figure 5). The Trojan 

level on thymocytes was the highest between ED12-ED14, where nearly 70% of 

the cells expressed the protein. Towards the day of hatching, the proportion of 

these cells gradually decreased, dropping to less than 20% of all thymocytes. In 

bursa, the initial fraction of cells expressing Trojan was around 20%, but later 
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steadily increased, reaching around 80% at the day of hatching. Similarly, in 

young adult life the percentage of Trojan expressing cells in the thymus stayed 

relatively low, while in the bursa relatively high. 

 

Fig. 5. Expression of Trojan on developing lymphocytes during chicken ontogeny. The 

percentage of Trojan expressing thymocytes (black bars) and bursal cells (blank bars) 

is shown for indicated time periods. 

5.6 Specific Trojan expression pattern on thymocytes 

The low number of cells expressing Trojan in the post-hatch thymus raised the 

question of how the molecule was distributed on the thymocyte sub-populations. 

Defined by the expression of CD4 and CD8, thymocytes at different 

developmental stages were analysed for their expression of Trojan (Figure 6). 

More than half of the DN cells were found to express Trojan with a relatively 

high intensity. However, Trojan levels were observed to diminish from the surface 

of DP cells and to re-appear on CD4 SP and CD8 SP cells. Such intriguing 

expression pattern suggested that Trojan may be involved in the process of T cell 

development. 
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Fig. 6. Expression of Trojan on thymocyte subpopulations. Cells were analysed for 

their expression of CD4 and CD8, and the populations of DN, DP, CD4 SP and CD8 SP 

cells were gated (left). Expression of Trojan on each of the gated populations was 

analysed (right). The percentage of cells expressing Trojan is shown on the right of 

the histogram marker. 

5.7 Trojan expression rises on the surface of surviving cells upon 

apoptosis induction 

The changes of Trojan surface levels on thymocytes made us further investigate 

the dynamics of Trojan expression using cultured cells. The chicken CD4+ T cell 

line CU17 was maintained in culture by regular passage every 48 h. Defined by 

Annexin V and size/granularity appearance, the expression of Trojan was 

analysed on living, non-apoptotic cells (See II, Figure 1). Surface levels of Trojan 

were shown to change, being highest at the lag/log phase transition, lowest in the 

plateau phase and high again in the death phase. 

Utilising the same experimental strategy, we investigated how cells change 

their Trojan surface expression in response to apoptosis inducers. The CU17 line 

was treated with UV light (DNA damaging), 5-FU (dTTP depleting), vinblastine 

(mitotic spindle blocking) or anisomycin (protein synthesis inhibiting). 

Comparing to the non-treated cells (See II, Figure 2), the cells showed elevated 

expression of Trojan, except for treatment with anisomycin. The highest increase 

was observed for cells treated with 5-FU, where Trojan levels were almost four 

times that of the control cells (Figure 7). 
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Fig. 7. Expression of Trojan on CU17 cells after treatment with 5-FU. Mean fluorescent 

intensity (MFI) of Trojan on treated cells (black bars) and non-treated cells (blank bars) 

are shown at the indicated time points. 

5.8 Expression of Trojan on recovering and proliferating cells 

To better observe how Trojan expression relates to survival and proliferation, 

CU17 cells were UV irradiated and loaded with the divisions tracking dye CFSE 

(See II, Figure 3). Plotting against cell divisions time-line, Trojan showed the 

highest expression on non-proliferating, presumably still recovering cells. The 

expression of the molecule then gradually decreased with the cell divisions of 

proliferating cells. 

5.9 Cultured cells expressing Trojan are less susceptible to 

apoptosis 

CU17 cells in plateau phase show broad and non-uniform expression of Trojan 

which appears to be low, medium and high on discrete sub-populations of the 

cultured cells. To investigate whether these cells would respond differently to 

apoptosis induction, we sorted the cells with lowest and highest expression of 

Trojan (See II, Figure 4A). The sub-populations, termed respectively CU17-

TrojanLOW and CU17-TrojanHIGH, were expanded in culture as separate sub-lines 
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and appeared to hold their distinct levels of Trojan. The two sub-lines were 

treated with 5-FU, similarly to the previous experiment with non-sorted CU17 

cells (Figure 8). CU17-TrojanHIGH appeared to be less susceptible to apoptosis, 

showing higher numbers of viable cells compared to CU17-TrojanLOW. 

 

Fig. 8. Susceptibility to 5-FU treatment of CU17 cells differentially expressing Trojan. 

The number of viable cells of CU17-Trojan LOW (blank bars) and CU17-Trojan HIGH 

(black bars) are shown at indicated time points. 

5.10 Trojan overexpressing cells show elevated levels of 

intracellular calcium 

To search for a sign of Trojan-induced cytoplasmic signalling, we focused our 

investigation on intracellular calcium. 2D8, a chicken early B cell line that does 

not express Trojan, was transfected with Trojan containing vector or with a blank 

vector as a control. The two transfectants, termed respectively 2D8-Trojan and 

2D8-Blank, were loaded with fluorescent Ca++ indicators and analysed by flow 

cytometry. The 2D8-Trojan cells were found to have a higher baseline of 

intracellular calcium concentration compared to 2D8-Blank cells (Figure 9). 
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Fig. 9. Calcium baseline level of Trojan overexpressing cells. The intracellular calcium 

concentration [Ca++]i of 2D8 cells transfected with Trojan containing vector (2D8-

Trojan, right) is compared to 2D8 cells transfected with a blank vector (2D8-Blank). 

5.11 Trojan family in chicken 

The Trojan family in chicken was found to consist of three neighbouring genes on 

chromozome Z (See III, Figure 1A). The largest gene is Mystran, coding for a 

receptor type protein tyrosine phosphatase (rPTP). It is followed on the opposite 

strand by Trojan itself and by Thracian, which codes for an unknown 

transmembrane protein. Mystran and Thracian are predicted as type I 

transmembrane proteins having the same extracellular domain types as Trojan 

(Figure 4 B and C). The intracellular region of Mystran has two protein tyrosine 

phosphatase (PTP) domains, a MAPK docking site and a terminal Grb2 binding 

motif. The cytoplasmic tail of Thracian has no catalytical domains, but contains 

an ITAM nested between a MAPK docking site and a TRAF2 binding sequence. 

Similarly to Trojan, IDR binding sites were found for both proteins, while 

Thracian also had a small IDR associated with the ITAM. Evidence for the 

expression of the three family genes was obtained in silico and appeared to be 

highest in macrophages (See III, Figure 2). 

5.12 Trojan family and related genes in other species 

A series of similarity searches found genomic regions bearing homology to the 

Trojan family members in other birds, reptiles and coalecanth fish (See III, Table 

1). Gene modelling and predictions identified the family in aves and found related 



49 

genes in the non-avian species (Appendix, Table 3). In C. canorus (cuckoo), two 

Trojan genes were discovered, likely a result of a duplication that occurred some 

44.3-46.2 MYa. Homologous sequences were not found in X. tropicalis (frog), D. 

rerio (zebra fish), or mammals. 

The avian proteins had a domain organisation similar to that of their chicken 

orthologues, despite the addition or absence of some CCP or FN3 domains across 

species (See III, Figure 3). In non-avian species, the related genes coded for a 

rPTP and a transmembrane protein, both having CCP and FN3 domains in their 

extracellular regions.  

5.13 Phylogenetic analyses 

To investigate the evolutionary relationship between the family members, a 

maximum likelihood (ML) tree was generated and rooted to coalecanth (See III, 

Figure 4). Mystrans, Trojans and Thracians from avian species grouped into three 

major and one minor, mixed cluster. Some genes did not group with the rest of 

their orthologues as a result of gene conversions (See III, Table 2). Among the 

species, the largest converted fragment was found between Mystran and Trojan in 

chicken, covering almost 350 extracellular amino acids. 

5.14 Evolutionary selection in birds 

The avian Mystran, Trojan and Thracian genes were analysed for positive 

evolutionary selection, which is often observed for immune-related genes (Figure 

10). Mystran showed broad positive selection within its extracellular region, 

while Trojan had one major extracellular cluster of positively selected amino 

acids. Thracian had several extracellular patches of selected sites and two 

positively selected amino acids within the cytoplasmic tail. 

Positively selected sites were indicated onto the structural models of the three 

proteins (Figure 11). Residues appeared to be mostly from the loops connecting 

the domain β-sheets of Mystran and Thracian. For Trojan, positively selected sites 

were found from the IDR area that was presented as a fourth domain-like fold in 

the structural model. 
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Fig. 10. Evolutionary selection of Mystran, Trojan and Thracian. Selected sites with 

probability >90% are shown in orange, and sites with probability >95% and >99% are 

indicated by one or two dots, respectively. See Figure 4 for domains code. 
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Fig. 11. Structural models of A) Trojan, B) Thracian and C) Mystran. Sites inferred to 

be under positive selection are pinpointed onto the model and shown in a close-up. 

Probability: >90%, >95% (*) or >99%(**). 
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5.15 Co-evolutionary networks in birds 

Functional interactions between the family members were suggested by the 

identification of intermolecular co-evolving amino acids. Mystran had residues 

co-evolving with 7 amino acids from Trojan and one from Thracian, while the 

latter two proteins had no co-evolving pairs (See III, Figure 6 A). 

Multiple networks of intramolecular co-evolving residues were identified for 

all three family members (See III, Figure 6B). The largest network was found in 

Mystran, built from numerous extracellular residues including many N-

glycosylation sites. Considerably smaller networks were formed from residues 

belonging to the CCP and FN3 domain regions of Trojan and Thracian. In the 

latter, residues belonging to the ITAM were found in several minor networks. 

Residues from the IDR binding sites of Mystran and Trojan formed their own 

networks or were found within others. 



53 

6 Discussion 

Searching for novel lymphocyte-specific molecules, we identified “Trojan”, a 

previously unknown cell surface protein. Its transcript is found predominantly in 

lymphoid tissues and its expression closely resembles that of CD45. The protein 

itself is highly expressed on the surface of lymphocyte sub-populations and 

macrophages from peripheral blood. Therefore, the expression portrays the 

molecule as a leukocyte-specific surface antigen. 

In the embryonic thymus, the peak of Trojan expression between ED12-ED14 

coincides with the second wave of colonisation by precursor cells (211). Initially, 

this led us to expect a role of Trojan in the homing of thymocyte precursors 

during embryogenesis. However, the subsequent decrease of Trojan expressing 

cells in thymus and their relatively small fraction in adult life made us question 

this notion. The specific expression pattern seen in the post-hatch thymus pointed 

towards another possible function of Trojan and made us consider a different 

explanation (discussed later). 

In contrast to the thymus, the expression of Trojan on bursal cells during 

embryogenesis gradually increases towards the day of hatching and stays high in 

young life. The proliferative expansion of embryonic bursal cells may result in a 

proportionally higher number of B cells invariably positive for Trojan. The 

specific function of Trojan for B cells and their development is a target for future 

investigation, since our main focus was on T cells. 

In the thymus of young chickens, Trojan shows a differential expression on 

developing thymocyte sub-populations. While being present on most of the DN 

cells, Trojan almost disappears from the population of selection-undergoing DP 

thymocytes. It then reappears on the surface of SP cells, being particularly 

abundant on CD4 T cells. To obtain a hint about a possible function, this 

expression pattern was used to draw a parallel to a similarly expressed molecule 

with an already identified role. The IL-7Rα chain that pairs with the common γ 

chain (γc) and forms the IL-7R complex has a similar distribution on thymocytes 

(212,213). Signalling through IL-7R is important for cell survival and has been 

attributed to the up-regulation of anti-apoptotic and to the down-regulation of pro-

apoptotic factors (214). The levels of the anti-apoptotic protein BCL-2 are also 

seen to diminish at the DP stage (215). Analogously, the expression pattern of 

Trojan may indicate a similar function, making it an attractive candidate for 

having an anti-apoptotic role. 



54 

Considering the proposed function, the expression of Trojan during ontogeny 

can be rationalised by its distribution on different cell populations. In the 

embryonic thymus, the peak of Trojan expression between ED12-14 followed by 

a decrease may reflect the sequential appearance of γδ and αβ T cells. The highest 

expression of Trojan is seen around ED14 when γδ thymocytes are about to reach 

their peak and cells bearing surface αβTCR are not yet present (216). From ED15 

onward, as γδ cells are gradually outnumbered by the emerging αβ thymocytes, 

the fraction of Trojan positive cells decreases, eventually reaching the levels 

observed in the adult thymus. Regarding the suggested anti-apoptotic role of 

Trojan, it is intriguing to note that in contrast to αβ T cells, chicken γδ T cells do 

not appear to undergo intrathymic selection (217). Similarly, mouse γδ T cells are 

characterised by the absence of positive selection, although evidence for 

intrathymic selection of individual clones of γδ T cells has been described 

(218,219). Therefore, the expression peak of Trojan could be due to the 

proportionally higher number of γδ T cells and the absence of selection-

undergoing αβ thymocytes. At their peak, γδ cells comprise about 30% of 

thymocytes (216), however, Trojan is expressed on more than 70% of the cells at 

that time. Possibly, Trojan is expressed on embryonic αβ T cell progenitors, for 

which selection has not started yet – a population similar to the DN cells in adult 

thymus. 

The observed variations of Trojan surface levels made us question its 

expression dynamics on proliferating cells and in response to apoptotic induction. 

A higher molecular count would likely yield a quantitative increase of a Trojan-

induced signalling. The initial increase of Trojan during the lag/log phase 

transition of cultured cells hinted at a possible involvement in cell growth and 

expansion. The decrease observed during the plateau phase could reflect the 

slowing division rates of cells as they reach culture confluency. However, the 

subsequent upregulation of Trojan expression in overgrown culture may represent 

a sign of a pro-survival role. Therefore, the increase of the protein on the surface 

of surviving cells could be a compensatory endeavour against the depletion of 

nutrients. If Trojan upregulation compensates growth factor deprivation, its 

signalling may lead to mediation of BAD activity and/or MCL-1 stability 

(103,104). 

A pro-survival role of Trojan is implied by the increased expression of the 

molecule on the surface of living cells upon apoptosis induction. UV light, 

vinblastine, 5-FU and anisomycin trigger apoptosis via the independent or 

combined action of NOXA, PUMA, BID and MCL-1 degradation (220–223). The 
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observed general increase of Trojan following treatment may underpin an 

interplay between its putative signalling and the BCL-2 family members. The 

existence and exact means of such Trojan-mediated regulation are yet to be 

confirmed and elucidated. The dramatic upregulation of Trojan on cells treated 

with 5-FU may indicate a strong connection with the pathways affected by the 

chemical. In addition to p53/PUMA, 5-FU has been described to indirectly induce 

apoptosis via FAS by upregulating its receptor (224). Therefore Trojan may 

participiate in the regulation of apoptosis triggered by both the intrinsic and the 

extrinsic pathways. Considering its suggested proliferative role, the increase of 

Trojan can also be in response to the ability of 5-FU to impair cellular 

proliferation (225). Hence, the very high upregulation of Trojan expression could 

be a cumulative result of the molecule counteracting the varying 5-FU effects. 

Treatment by anisomycin yielded no elevation of Trojan, likely due to its 

inhibitory effect on translation. Therefore, we would expect that de novo protein 

synthesis of Trojan is a requirement for its surface upregulation. 

From the two cooperative roles proposed for Trojan, the molecule probably 

has a primary function related to cell survival rather than proliferation. By 

tracking its expression after treatment with a single pulse of UV light, Trojan 

levels were found to decrease on the surface of recovered dividing cells. 

However, expression stayed high on non-proliferating, presumably still 

recovering cells, suggesting the protein is more important for cell survival. 

Our analyses with cells sorted by their expression of Trojan further pointed 

towards the suggested anti-apoptotic role of the protein. Cells with high levels of 

Trojan appeared more resistant to 5-FU treatment compared to those with 

virtually no surface expression of the molecule. Trojan could serve to counteract 

the apoptotic induction by 5-FU, resulting in the marked difference of viable cell 

counts. Rendering the cells less susceptible to treatment with 5-FU is reminiscent 

to the chemoresistence reported for CD133, a pentaspan transmembrane protein 

(226). Cells expressing CD133 show elevated levels of BCL-2 and lowered 

expression of BAX. Similarly, a connection between Trojan and BCL-2 family 

members will be sought in our further analyses. In addition, cells overexpressing 

CD147, a surface protein that promotes cell invasion and activates the MAPK 

pathway, have been shown to be resistant to 5-FU (227). Curiously, our 

computational analyses predicted a link between Trojan and MAPK, which is 

discussed later. 

Searching for a sign of Trojan-induced signalling, our transfection studies 

suggested a connection with intracellular Ca++ dynamics. The specificity of the 
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signal propagated by this secondary messenger is believed to be encoded in the 

kinetics and oscillations of Ca++ mobilisation (228,229). The precise Ca++ 

dynamics induced by Trojan represent a further question to be answered, as Ca++ 

strength may direct the cell to different and sometimes opposing fates (230). 

The molecular mechanism of Trojan function is unknown, though a hint 

could be obtained from its predicted protein topology. CCP and FN3 domains are 

known to mediate molecular associations in cis, trans or in a combined fashion, 

as has been shown for the IL-2 receptor complex (231). Hence, the extracellular 

region of Trojan likely has the ability to interact with other cell surface molecules 

and/or bind a ligand. The identified IDR binding sites may complement the 

interactions mediated by the structured domains or play a role on their own (232). 

Upon binding, IDR sites are suggested to undergo a disorder-to-order transition 

(204), and our modelling indeed identified a structured fold in their region. This 

fourth domain-like conformation may therefore represent the structured state of 

the IDR. 

The motifs within the cytoplasmic tail of Trojan hint at a signalling potential, 

but how exactly it would connect to intracellular Ca++ remains to be investigated. 

The predicted MAPK docking site may mediate the spatio-temporal interactions 

of the kinase with its phosphorylation targets in a Trojan-dependent manner. 

Docking of MAPKs to other proteins has been shown to be disrupted by the 

phosphorylation of nearby Ser amino acids (233,234). The tail of Trojan bears a 

pair of Ser residues, which are predicted as targets for PKA. Their 

phosphorylation may provide a mechanism for induced dissociation of MAPK 

from the tail. The docking site is also a target for binding of 14-3-3 proteins, 

which may complement the regulation of MAPK association. Their putative role 

remains open, since 14-3-3 proteins are known to either stabilise or block the 

binding conformation of other proteins (235). A mechanism for Trojan expression 

regulation may exist at the transcript level, as its cDNA 3' UTR was found to 

contain an ATTTA instability motif (236). A fast mRNA turnover could play a role 

in the diminishing of Trojan from the cell surface for example at the DP stage of 

thymocyte development. 

Domains of either the CCP or FN3 type are found in a variety of proteins, 

making it difficult to guess the group that Trojan belongs to. Instead, it is possible 

that Trojan belongs to its own novel family that also includes Mystran and 

Thracian, as characterised by us. Similar to Trojan, these two proteins have 

extracellular domain organisation that suggests the ability of partner or ligand 

interaction. Although Trojan, Mystran and Thracian have similar extracellular 
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regions, they possess dissimilar intracellular tails, all bearing signatures of 

signalling potential.  

The pair of PTP domains in Mystran defines the molecule as the only family 

member capable of direct catalytic activity. The identified MAPK docking site 

hints at a transposition of the kinase to the first, catalytically active, PTP domain. 

Since MAPKs are inactivated by dephosphorylation of a regulatory Thr/Tyr pair 

(237), such association may reflect a functional regulation of MAPK activity. The 

C-terminal Grb2 binding motif also points towards the MAPK cascade, since this 

adaptor lies upstream of the Ras – Raf – MEK – ERK pathway (238). 

For Thracian, the membrane-proximal MAPK docking site may recruit the 

kinase to its targets in a process analogous to that proposed for Trojan. The 

identified ITAM and the expression in macrophages suggested Thracian as an 

immune-specific molecule (239,240). The short IDR binding site next to the 

ITAM may mediate the association of the motif with other molecules (241). The 

terminal TRAF2 motif implies cytoplasmic interactions similar to TNFR (242). 

Shifting our focus to other species, we found related genes in birds, reptiles 

and coalecanth fish, but not in zebra fish (D. rerio) or mammals. Considering that 

coalecanth is evolutionarily close to reptiles (243), we expect the genes to have 

come to existence after the emergence of ray-finned fish. The lack of any trace of 

the family in mammalian genomes suggested a gene loss in mammals. 

In the phylogenetic analyses, orthologues did not exactly recapitulate the 

species tree (244), likely as a result of the gene conversions in some species. The 

most notable conversion is the one detected between chicken Mystran and Trojan, 

which accounts for their remarkably similar extracellular regions. If the 

conversion has provided a functional benefit, it would have stemmed from the 

partial identity between the two proteins. This rises the intriguing possibility of 

Trojan and Mystran competing for the same extracellular partner, presenting a 

means of their functional regulation. The two Trojan genes identified in cuckoo 

may also be of a functional advantage. 

Varying levels of positive evolutionary selection, a product of evolutionary 

pressure to adapt, were found for Mystran, Trojan and Thracian. Positively 

selected sites were mainly outside the identified domains, likely maintaining 

protein flexibility and providing overall adaptation. The positively selected 

residues found within the domains were confined mainly to the interconnecting 

loops. Since loops often determine the specificity of their domain (245), the 

positively selected sites found there point to a recognition adaptation of the 

domains. 
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For Trojan, the single cluster of selected residues within the IDR probably 

provided adaptation of the binding properties of the region. IDR have indeed been 

shown to be highly mutable and evolving (246). The lack of cytoplasmic positive 

selection implies that its putative signalling mechanism did not require 

adjustments. In contrast, the positively selected sites within the cytoplasmic tail of 

Thracian indicate that some adaptation of its signalling was required. 

The extensive extracellular positive selection of Mystran may be a result of 

changes or alterations of interacting partners. The conserved cytoplasmic tail 

suggests a preserved intracellular signalling. This contrasting evolutionary pattern 

appears similar to that of another rPTP, the common leukocyte antigen CD45 

(247,248). Fast evolving molecules tend to interact with other rapidly evolving 

molecules (249), raising the question of what the partner of Mystran could be. If 

the phosphatase is immune-related, the positive evolutionary selection may have 

been in response to pathogen challenges. 

A functional co-dependence between the family members was suggested by 

the identification of inter-molecular co-evolving residues. The absence of co-

evolving sites between Trojan and Thracian may indicate that the proteins 

function in concordance via Mystran. Focusing on intramolecular co-evolving 

residues, the identified networks indicated an adaptation within the extracellular 

regions of all three family members. The co-evolving amino acids from IDR 

binding sites further hint at the functional significance of these regions (250). The 

considerably smaller networks of intracellular amino acids were likely the result 

of signalling conservation. 

Intramolecular co-evolutionary networks have been linked to the ability of a 

protein to form homodimers, as described for TLRs (251). Therefore, Mystran, 

Trojan and Thracian may also homodimerize in addition to the suggested 

interaction between them. 
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Appendices 

Table 1. List of antibodies. 

Specificity Name Label Source 

Anti-chicken    

Trojan 11-7-3  Local hybridoma 

Trojan 11-5-3  Local hybridoma 

Trojan 11-35  Local hybridoma 

Trojan 11-10-4  Local hybridoma 

MHC I α F21-21  Local hybridoma 

Bu1b 11G2  Local hybridoma 

CD8α 3-298  Local hybridoma 

TCRγδ TCR1 PE Southern Biotechnology Associates  

TCRαβ1 TCR2 PE Southern Biotechnology Associates 

TCRαβ2 TCR3 PE Southern Biotechnology Associates 

CD3 CT3 PE Southern Biotechnology Associates 

CD4 2-35 PE Southern Biotechnology Associates 

CD8b EP42 PE Southern Biotechnology Associates 

CD45 LCA FITC AbD Serotec 

CD45 LT40 FITC AbD Serotec 

KUL01 KUL01   

Anti-mouse    

Goat Anti- Mouse Ig(γ2a) Mouse IgG2a FITC, PE Southern Biotechnology Associates 

Goat Anti-Mouse Ig(γ1) Mouse IgG1 FITC, PE Southern Biotechnology Associates 

Goat Anti-Mouse Ig(γ) Mouse IgG H+L FITC, PE Southern Biotechnology Associates 

Table 2.  PCR primers used. 

Name Sequence 

trojan_5' CAC ACC AAC GGC TCA GAG ACC 

trojan_3' CAC A AC CAC CCC AAT CAC AAT CC 

gapdh_5' ATC AAT GGG CAC GCC ATC ACT A 

gapdh_3' CAC ACG GAA AGC CAT TCC AGT A 

cd45_5' AGG AAG GAA ACA GGA ACA AAT G 

cd45_3' GAT GGA TAA GGA TGT ACT GTG AC 
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Table 3.  Species analysed. 

Latin name Common name Abbreviation 

Avian species   

Anas platyrhynchos Wild duck, mallard ANAPL 

Corvus brachyrhynchos American crow CORBR 

Cuculus canorus Common cuckoo CUCCA 

Falco peregrinus Peregrine falcon FALPE 

Ficedula albicollis Collared flycatcher FICAL 

Geospiza fortis Medium fround Finch GEOFO 

Meleagris gallopavo Wild turkey MELGA 

Melopsittacus undulatus Budgerigar, common parakeet MELUN 

Opisthocomus hoazin Hoatzin, canje pheasant OPPHO 

Taeniopygia guttata Zebra finch TAEGU 

Non avian species   

Anolis carolinensis Carolina anole lizard, green anole ANOCA 

Chelonia mydas Green sea turtle CHEMY 

Chrysemys picta Painted turtle  CHRPI 

Latimeria chalumnae West Indian Ocean coelacanth LATCH 
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