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2-DE Two-dimensional gel electrophoresis

ADP Adenosine-5�-diphosphate

ATP Adenosine-5�-triphosphate

dsRNA Double-stranded RNA

GFP Green fluorescent protein

Hpt Hematopoietic tissue

IL Interleukin

KPI Kazal proteinase inhibitor

PCNA Proliferating cell nuclear antigen

PDGF Platelet-derived growth factor

PHF pacifastacus hematopoiesis factor

PK Prokineticin

PKR Prokineticin receptor

RNAi RNA interference

SEGS Ethylene glycol bis (sulfosuccinimidyl succinate)

SSH Suppression subtractive hybridization

VEGF Vascular endothelial growth factor



Introduction

Hematopoiesis in crayfish and other arthropods
Hematopoiesis is a complex process by which various types of blood cells
are derived from hematopoietic stem cells throughout the lifespan of the an-
imal  (Orkin,  1996;  Orkin,  2000).  Systematic  studies  of  hematopoiesis  in
crustaceans can be traced back to the 1970s (Ghiretti-Magaldi et al., 1977),
but the molecular mechanisms involved in the process are only in its begin-
ning to be revealed. Recently, the establishment of a method for primary cell
culture of crayfish hematopoietic tissue cells (Hpt cells) (Söderhäll et al.,
2003; Söderhäll et al., 2005), and the discovery of astakine (Söderhäll et al.,
2005), a new invertebrate cytokine directly involved in hematopoiesis, made
it possible to study the molecular mechanism of hematopoiesis in this crusta-
cean.  The  molecular  events  implicated  in  hematopoiesis  of  invertebrates
have been well studied in Drosophila melanogaster (Rehorn et al., 1996; Le-
bestky et al., 2000; Holz et al., 2003; Brückner et al., 2004; Muratoglu et al.,
2007; Williams, 2007; Minakhina and Steward, 2010). However, no astakine
or  prokineticin  homologues  are  present  in  the  genome  of  Drosophila
melanogaster or other dipteran, although it is present in some other insect
orders, several other arthropods and other phyla (Paper III). Thus crayfish is
a good model to study the role of this cytokine in blood cell development in
invertebrates  as  well  as  the  evolution  of  other  hematopoietic  regulatory
factors.

Crayfish hemocytes and their immune functions
Hemocytes (blood cells) in crayfish, as in other crustaceans, play an import-
ant role in the host immune response (Jiravanichpaisal et al., 2006a), such as
early  non-self  recognition,  phagocytosis,  encapsulation,  melanization  and
cytotoxicity. When using the cell size, cell shape and granularity as criteria,
usually three main types of hemocytes can be identified in most decapod
crustaceans:  hyaline  cells  (HC) or  hyaline hemocytes (HH),  semigranular
cells (SGC) or small granular hemocytes (SGH), granular cells (GC) or large
granular hemocytes (LGH) (Battison et  al.,  2003; Gargioni and Barracco,
1998; Giulianini et al., 2007; Johansson et al., 2000; Söderhäll and Smith,
1983). In crayfish, the HCs are small sized spherical cells containing no or
few granules, and are responsible for phagocytosis; the SGCs have different
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amount of small eosinophilic granules, and they mainly participate in encap-
sulation; the GCs have many large eosinophilic secretory granules, and they
are the major storage cells for the prophenoloxidase activating (proPO) sys-
tem (Jiravanichpaisal et al., 2006a; Johansson et al., 2000). Both SGCs and
GCs can be degranulated, as a response to pathogen-associated molecular
patterns (PAMPs; e.g. peptidoglycans, lipoplolysaccharides (LPS) or �-1,3-
glucans from the cell wall of microorganism) to release the conponents of
the proPO system. The proPO system is a very important immune response
in most invertebrates, in which the PAMPs are recognized by the host pattern
recognition proteins such as LGBP (LPS and �-1,3-glucan binding protein)
and PGRP (Peptidoglycan recognition  protein),  subsequently a serine pro-
teinase cascade is induced, which leads to the conversion of the zymogen
proPO into catalytically active phenoloxidase resulting in the generation of
cytoxic products as well as encapsulation of the pathogen and melanization
(Cerenius et al., 2008).

Another important immune function performed by hemocytes in crusta-
ceans  is  clotting or  coagulation,  in  which  clots  of  blood components  are
quickly formed to prevent loss of hemolymph in case of injury, and trans-
glutaminase (TGase) play an essential role in this process (Chen et al., 2005;
Hall  et  al.,  1999;  Kwok and Tobe,  2006;  Maningas  et  al.,  2008).  Trans-
glutaminase is an enzyme family which catalyzes a calcium-dependent acyl
transfer reaction between glutamine and lysine residues from different pro-
teins resulting in cross-linking of polypeptide chains as well as incorporation
of polyamines into protein  substrates (Folk,  1980).  At least  eight TGases
with enzyme activity have been identified from the genome of human, from
TGase 1 to TGase 7, and plasma factor XIIIa (Grenard et al., 2001). TGase 2
(tissue TGase) and Plasma Factor XIIIa are widely distributed in various tis-
sues.  TGase 2 is a multifunctional enzyme with various activities, such as
crosslinking activity,  GTPase activity  and kinase  activity  (Fesus and Pia-
centini, 2002; Mishra and Murphy, 2004). And TGase 2 was found to be loc-
ated in the cytoplasm, nucleus, as secreted and also at the surface of cells
(Fesus and Piacentini, 2002). Plasma factor XIII is a heterologous tetrameric
enzyme complex, consisting of two a-subunits (XIIIa) and two b-subunits
(XIIIb). Factor XIIIa has transglutaminase activity, and participates in the fi-
nal step of coagulation in which fibrin is crosslinked by Factor XIIIa and the
clots are stabilized. In crayfish, currently only one transglutaminase is found
which was initially identified from a cDNA library of hemocytes (Wang et
al., 2001). After an injury or infection, TGase is released from the hemocytes
and crosslinks its specific substrate, the clotting proteins, which is circulat-
ing in the hemolymph, and a clot is formed (Hall et al., 1999; Wang et al.,
2001). Similarly only one transglutaminase can be identified from the gen-
ome of Drosophila melanogaster (Lindgren et al., 2008). But in shrimp, two
TGase genes (STG I and STG II) were cloned, and only STG II were found
to participate in the coagulation (Chen et al., 2005; Huang et al., 2004). In-
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terestingly, the other one STG I was found to be present in the hematopoietic
tissue, especially in dividing cells, and cells with a condensed cytoplasm al-
ways contain high transcripts of the transglutaminase gene as shown by in
situ hybridization (Huang et al., 2004). However the function of STG I is not
yet understood in the hematopoietic tissue of shrimp. 

Hematopoietic tissue and Hpt cells
The hematopoietic tissue is an organ in which new blood cells are formed. In
mammals,  bone  marrow is  the  main  source  of  hematopoietic  stem cells
(HSCs) and hematopoietic progenitor cells  (HPCs).  HSCs are multipotent
stem cells  that  can give rise  to all  blood cell  types.  HPCs,  derived from
HSCs, are partially lineage-committed progenitor cells  that can give rise to
individual  colonies of single lineages of blood cells  (Kondo et  al.,  2003;
Massberg et al., 2007).

In many crustaceans such as the shore crab  C. maenas, the lobster  Ho-
marus americanus, and the crayfish P. leniusculus, the hematopoietic tissue
(Hpt) is composed of a series of ovoid lobules which collectively form a thin
sheet on the dorsal part of stomach (foregut) (Chaga et al., 1995; Gary et al.,
1993; Johansson et al., 2000). Each lobule is surrounded by connective tis-
sue and contains stem cells, prohemocytes, and also mature hemocytes. In
lobster, release of hemocytes into the dorsal hemocoel is accomplished by
rupture  of  a  portion  of  the connective tissue capsule  covering  the  lobule
(Gary et al., 1993). In the ridgeback prawn Sicyonia ingentis, as other pen-
aeid prawns (Penaeidae) , the pattern of the Hpt is different. The bulk of the
Hpt in these animals occurs as a pair of nodules on the dorsolateral surface
of the foregut, and each node is composed of a number of vessels that branch
repeatedly from the hematopoietic artery. The smaller vessels in each node
are thick and contains stems cells and maturing hemocytes embedded in a
collagenous extracellular matrix (ECM) (Martin et al., 1987). Hemocytes are
produced within the wall of these vessels, also known as hematopoietic tu-
bules. The lumen of each tubule is lined by endothelial cells, through which
most hemocytes enter the peripheral circulation (Martin et al., 1987).

In crustacean, the various types of cells located in the hematopoietic tissue
are  mainly  characterized  by their  morphology in  light  or  electron micro-
scopy. Seven types of cells can be identified in the hematopoietic nodules
(HPNs) of Ridgeback prawn. Three of them are non-blood cell lineage in-
cluding endothelial cells, capsular cells and stroma cells. Four types of pro-
hemocytes are identified in the tubule wall: agranular, large granule, small
granule  cells  without  cytoplasmic  deposites  and  small  granule  cells  with
cytoplasmic deposites (Martin et al., 1987). In lobsters, six cell types includ-
ing hemocytes can be identified in the hematopoietic tissue such as hyaline
stem cell, hyaline hemocytes, granulocyte stem cell, small-granule stem cell,
small-granule hemocytes and large-granule hemocytes (Gary et al., 1993). In
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crayfish Hpt (Fig. 1), five types of Hpt cells which are relevant to the blood
lineages can be identified by differences in morphology such as shape, di-
mension, structure of the nucleus, rough endoplasmic reticulum (RER) and
presence of cytoplasmic granules, through differential interference contrast
and electron microscopy (Chaga et al., 1995). Type I cells (ca 8% of Hpt
cells) are residing in the apical parts of lobules and their plasma membrane
are closely attached to each other and also attached to the ECM envelope of
the lobule. Type I cells are the least differentiated cells and may represent the
HSC in vertebrates. Type II (ca 30% of Hpt cells) cells are located just close
to the type I cells or even between type I cells, and have a more developed
RER than type I cells. About 75% of the mitotic cells in Hpt are found to be
the type II cells, thus type II cells may correspond to the HPCs in verteb-
rates. Type III cells (ca 55% of Hpt cells) are located at more distance to type
I in the lobules, and are always separated from each other. These type III
cells  have highly developed RER and contain numerous striated granules
which are similar to the ones found in type II cells. Type IV cells (ca 2% of
Hpt cells) have a bean like nuclei and two types of granules: ovoid granular
with a striated structure and round refractile granular. The striated granules
are similar to type II and type III, but the refractile granules are more similar
to the ones in granular cells. Thus the type III and type IV may represent dif-
ferent  stages of precursors of granular  cells.  Type V cells  (ca 5% of Hpt
cells) are totally different from the other type of Hpt cells with poorly de-
veloped RER, the ovoid granules found in type II-type IV cells are missing
in this type of Hpt cells, and they are morphologically similar to semigranu-
lar cells, thus may represent the precursors of semigranular cells. The num-
ber of hyaline cells in crayfish is usually very low, therefore no precursor
cells for hyaline cells could be identified in Hpt (Chaga et al. 1995; Wu et al.
2008).
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Fig. 1: Crayfish hematopoietic tissue (Hpt) and Hpt cells. (A) Crayfish Hpt is loc-
ated on the dorsal part of stomach; (B) Detail of Hpt under the microscope, showing
that Hpt is composed of a series of ovoid lobules which collectively form a thin
sheet. (C) Five types of Hpt cells and two main lineages of hemocytes: semigranular
cells and granular cells. (Hypothetical model adapted from Chaga et al. 1995 and
Wu et al. 2008)
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Hematopoietic niche and ECM
The concept “niche” was first proposed by Schofield in 1978 as a hypothesis
to describe the physiologically limited microenvironment that supports stem
cells (Li and Xie, 2005; Schofield, 1978). The first experimental evidence
came from studies in invertebrates such as D. melanogaster  and C. elegans.
In  2000,  the  “germarial  tip” adjacent  to  germline stem cells (GSCs)  was
defined as  the  niche supporting  GSCs in  the  Drosophila ovary  (Xie  and
Spradling, 2000), whereas the hub, located at the tip of  Drosophila testis,
served this function in testis (Kiger et al., 2001; Li and Xie, 2005). Later, os-
teroblastic cells, primarily those lining the trabecular bone surface was iden-
tified as the key component of the HSC niche in mammals (Zhang et al.,
2003). In Drosophila, the posterior signaling center (PSC) was indentified as
a hematopoietic niche in the primary lobe of the lymph gland (Krzemien et
al., 2007; Mandal et al., 2007; Ute and Freddy, 2007). In crustaceans, there is
still no relevant study to demonstrate the existence of a niche in the hema-
topoietic tissue. The endothelial cells, capsular cells and stroma cells togeth-
er with extracellular matrix (ECM) in shrimp hematopoietic nodules (HPNs)
may provide a microenvironment for the HSCs. 

The extracellular matrix (ECM) is a complicated three-dimension network
between the cells of various tissues, which is composed of collagens, elastin,
proteoglycans, and noncollagenous glycoproteins (Jarvelainen et al., 2009).
ECM not only provides the structural support to the resident cells inside the
tissue, but also provides a microenvironment for the cells and regulate the
behavior of cells such as  adhesion, migration, proliferation, differentiation,
and survival (Kalluri, 2003; Xiao et al., 2007). In mammals, the components
of ECM can be divided into two groups, one is fiber-forming molecules, in-
cluding collagen and elastin, and the other is non-fiber-forming molecules
(or  interfibrillar  molecules)  like  glycoproteins  and  proteoglycans  (PG)
(Jarvelainen et al., 2009). ECM can also fall into two groups: one is connect-
ive tissue-associated interstitial matrix (IM), and the other epithelial-associ-
ated basal lamina like basement membrane (BM) (Laurila and Leivo, 1993;
Shimizu et al., 2002). Basement membranes are sheet-like layers of ECM
that anchor various epithelial and endothelial cells. The major components of
basement membranes include type IV collagen, laminins, entactin, and hep-
aran sulfate proteoglycan (Laurila and Leivo, 1993). The components for the
interstitial matrix are different, including collagen types I, III, V, VII, XII,
fibronectins, proteoglycans, chodroitin sulfate and heparin sulfate (Laurila
and Leivo, 1993). 

In addition to the proteoglycans (PG), collagens are the most abundant
proteins found in animal tissues. And it is the major component of the ECM
(Xiao et al., 2007). Collagens are present in the ECM as fibrillar proteins and
give mechanical  support  to  resident  cells.  Several  types  of  collagens  can
form fibrillar structure such as type I, type II, type III, type V and type XI
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(Canty and Kadler, 2002).Type I is the most abundant fibrillar collagen and
is involved in promoting the activation of cell membrane proteases for colla-
genolysis, which in turn leads to cell migration and adhesion (Perumal et al.,
2008; Tam et al., 2002). Collagen was also the major component in the hem-
atopoietic tissue of several crustaceans (Johansson et al., 2000). In crayfish
Hpt, both type I and type IV collagen were found to be present, thus a mix-
ture of type I and type IV collagenase was used to dissociate the Hpt from
the hematopoietic tissue when preparing the primary cell culture of Hpt cells
(Söderhäll et al., 2005). Collagen is also a well known substrate for trans-
glutaminase (Chau et al., 2005; Dieterich et al., 2006). In crayfish, collagen
IV was found to be a potential substrate of surface TGase of Hpt cells (Fig.
2). The surface TGase (paper I) may play an important role in regulating the
interaction between Hpt cells and the ECM, and is thus important for cell
migration and differentiation. 

Fig. 2: Collagen type IV is a potential substrate of crayfish TGase. Cultured Hpt
cells  were  incubated  with  1mM  5-(biotinamindo)-pentylamine  (BPNH2,  biotin
-labeled substrate for TGase) for two hours. The labeled cells were washed and fixed
without  prior  permeabilization.  B-D)  BPNH2 and  mouse  anti-collagen  type  IV
monoclonal antibody were omitted, serving as control; F) Staining of collagen type
IV on the Hpt cell surface was done by mouse anti-collagen type IV monoclonal an-
tibody, followed by FITC conjugated anti-mouse IgG; G) Incorporated BPNH2 was
visualized by the staining of streptavidin-Cy5; H) Collagen type IV was found to be
colocalized with BPNH2 on the surface of several cells indicating that collogen IV is
a Tgase substrate on the surface of Hpt cells.

Primary cell culture of crayfish Hpt cells
Although insect cells have been successfully cultured  in vitro as immortal
cell lines for over 35 years, until now no such cell line is established in crus-
taceans. Thus primary cell cultures provide an alternative way to study gene
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functions in vitro. An important advantage for the primary cell culture is that
they more closely mimic the  in vivo situation and thus make it possible to
generate more physiologically relevant data. In crustaceans, numerous tis-
sues have been used for primary cell culture, including lymphoid organ (It-
ami et al., 1999; Nadala et al., 1993; Tapay et al., 1997; Wang et al., 2000),
hemocytes (Chen and Wang, 1999; Itami et al., 1999; Li and Shields, 2007),
heart (Chen and Wang, 1999), nerve (Nadala et al., 1993), hepatopancreas
and  gut,  ovary  (Chen  and  Wang,  1999;  Luedeman  and  Lightner,  1992;
Nadala et al.,  1993),  embryonic tissue (Frerichs, 1996) and hematopoietic
tissue (Mulford et  al.,  2000). With the aim to study hematopoiesis in the
adult crayfish, a technique for culture of crayfish hematopoietic tissue cells
was established in  our  lab (Söderhäll  et  al.,  2005).  After  dissection from
crayfish, the hematopoietic tissue is treated with type I and type IV colla-
genase to release the Hpt cells. Subsequently the dissociated cells are rinsed
with crayfish phosphate buffered saline (CPBS) (10 mM Na2HPO4, 10 mM
KH2PO4, 0.15 M NaCl, 10 �M CaCl2, 10 �M MnCl2; pH 6.8)  before seeded
in cell culture plates and cultured at 16°C in L-15 medium supplemented
with antibiotic and partially purified plasma. Every second day 1/3 medium
is replaced and the cell culture can be maintained for several months. The
primary culture of Hpt cells provide us with the possibility to study gene
functions involved in hematopoiesis, as well as the interaction between host
and virus (ie. White spot syndrome virus) (Jiravanichpaisal et al., 2006b; Liu
et al., 2006). Moreover, an efficient transfection technique for dsRNA into
the Hpt cells by Histone 2A was also developed (Liu and Söderhäll, 2007),
which made it possible to study the gene function by RNAi in Hpt cells (Liu
et al., 2006). This technique has been used in paper II & III in this thesis. 

Gene markers for crayfish Hpt cells and hemocytes 
Earlier classification of hemocytes in crustaceans is mainly done by morpho-
logical observations. However a technique developed in the 1980s by Söder-
häll and Smith (1983) has enabled studies on separated and isolated hemo-
cyte types and has contributed to our knowledge of the specific function of
hyaline, semigranular and granular cells (Jiravanichpaisal et al., 2006a). In
order to further our understanding of the differentiation of different hemo-
cyte lineages, specific gene markers for the different cell types of hemocytes
are needed. Söderhäll et al. (2003) has shown that a Runt transcription factor
as well as proPO is expressed in semigranular as well a granular cells. These
genes are not sufficient to define different hemocyte lineages. However, by
using proteomic techniques (2-DE and MS), one specific Kazal proteinase
inhibitor (KPI) was found to be exclusively expressed in the SG cells and
thus can be used as a marker for these hemocytes. Moreover, a superoxide
dismutase (SOD) is transcribed only in the granular cells and serves as a
marker for these hemocytes (Wu et al., 2008). 
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The  proliferating  cell  nuclear  antigen  (PCNA),  is  a  non-histone  acidic
nuclear protein with an apparent molecular mass of 33-36 kDa (Miura et al.,
2002). This protein is highly conserved and widely distributed throughout
the eukaryotes, such as yeast, plants, amphibians, marsupials, fish, birds, in-
sects, ciliated protozoa and mammals. PCNA is also present in virus, and
proved to be necessary for the replication of simian virus 40 DNA, espe-
cially in the synthesis of the leading strand (Fairman, 1990; Melendy and
Stillman, 1991). The expression of PCNA is high in the S phase of the cell
cycle, and thus PCNA is now widely used as a marker for proliferating cells
(Giglio et al., 1993). In Drosophila, PCNA was found to be highly expressed
in  adult  ovaries,  unfertilized  eggs,  and early  embryos  (Yamaguchi  et  al.,
1990). In crayfish, PCNA is detected in Hpt cells but not in the circulating
hemocytes of crayfish (Wu et  al.,  2008),  and therefore this transcript can
serve as a marker for Hpt cells, as well as to monitor proliferation of the Hpt
cells.

Hematopoietic growth factors and astakine 1
Cytokines are small secreted proteins produced by immune cells and paren-
chyma cells, participating in cell-cell interactions and communication. They
play important roles in several biological processes such as immunity, in-
flammation, and hematopoiesis (Feghali and Wright, 1997). Cytokines can
fall into several protein families, including the chemokines, IL-1s, IL-10s,
IL-17s, interferons, PDGF, TGF-�, TNF and hematopoietins. Hematopoiet-
ins, also known as hematopoietic growth factors (HGF) or hematopoietic cy-
tokines, interact with specific receptors on the hematopoietic cells, and are
required for the survival, proliferation and differentiation of hematopoietic
progenitors (Mufson, 1997). In mammals, hematopoietic growth factors in-
cluding granulocyte colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), macrophage colony-stimulating
factor (M-CSF), erythropoietin (EPO), interleukin-3 (IL-3) are well known
and extensively studied (Bernstein et al., 1991; Sieff, 1987). The major en-
dogenous sources of hematopoietic growth factors include fibroblasts,  en-
dothelial  cells,  lymphocytes,  monocytes  and  macrophages  (Costa,  1998).
Some growth factors such as GM-CSF have a broad activity on very early
hematopoietic progenitors, and thus can initiate differentiation along differ-
ent cell lineages; however others such as G-CSF seem to act mainly in the
terminal differentiation of some cell types such as neutrophils (Watowich et
al., 1996).

In invertebrates, so far PVF2 in Drosophila and astakine 1 in Crayfish are
shown to act as hematopoietic growth factors. Three PVFs (PDGF/VEGF-re-
lated factors)  were identified in the genome of  Drosophila,  but currently
only PVF2 was found to promote proliferation of larval hemocytes. Overex-
pression of PVF2 in larvae stage results in a 300-fold increase in hemocyte
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numbers (Munier et al., 2002). Moreover, PFVs together with their receptor
PVR (PDGF/VEGF receptor) play an important role in the survival of hemo-
cytes in the embryo  (Brückner et al., 2004). No homologue of PVF2 has
been identified in crustaceans, although we have tried to find such a factor
by homologue cloning in crayfish.

Astakine 1, a homologue to vertebrate prokineticins, was first identified in
the  freshwater  crayfish  Pacifastacus  leniusculus,  as  a  cytokine,  and  was
found to be necessary for new hemocyte synthesis and release (Söderhäll et
al., 2005). This is a promising candidate as a hematopoietic growth factor in
invertebrates. Astakine 1 was originally purified from crayfish plasma with
the ability to induce spreading and proliferation of Hpt cells  in vitro,  and
subsequently the gene was cloned from crayfish hemocytes (Söderhäll et al.,
2005),  encoding 104 a.a.  residues  with  a signal  peptide of 22 a.a.  and a
prokineticin  domain  (10  cysteines  with  conserved  spacing).  The  deduced
molecular mass of mature astakine is ca 9 kDa, but this protein usually runs
as 18 kDa in SDS-PAGE probably due its hydrophobic property or flexible
structure (non-globular form). Astakine 1 was found to be most abundant
and mainly secreted from SGCs.  In vivo, when crayfish was injected with
either purified or recombinant astakine, the total hemocyte number can be
significantly increased. Furthermore, if this gene was silenced by dsRNA or
siRNA , and subsequently LPS was injected into the animal a rapid loss of
hemocyte was induced and the hemocyte number did not recover even after
24 hours (Söderhäll et al.,  2005). However in the control silenced animal
which received dsRNA of GFP (Green Fluorescent Protein) the hemocytes
can be fast recovered after LPS injection. This shows that astakine 1 is
required for synthesis of hemocytes in vivo. When astakine 1 was introduced
into the culture medium of a cell culture of Hpt cells, astakine 1 can stimu-
late the proliferation of Hpt cells monitored by BrdU incorporation (Söder-
häll et al., 2005).

Prokineticin (PK) family and receptors (PKR)
Astakine has a conserved prokineticin (PK) domain (10 cysteines with con-
served spacing) as its vertebrate homologues. Prokineticin (PK) domain-con-
taining proteins belong to a family of small secreted proteins of about 80
amino acids, including the nontoxic mamba intestinal toxin 1 (MIT1) which
was initially isolated from the venom of the black mamba Dendroaspis poly-
lepis in 1980 (Joubert and Strydom, 1980). Later the Bv8 (Bombina varie-
gata protein with a molecular mass of 8 kDa) peptide was isolated from skin
secretions of the frog Bombina variegate (Mollay et al., 1999). Subsequently
two homologues for the Bv8 and MIT1 were identified in mammals: prokin-
eticin 1 (PK1) and prokineticin 2 (PK2) (Li et al., 2001; Melchiorri et al.,
2001; Wechselberger et al., 1999). All these proteins have a conserved N-ter-
minal AVIT sequence and a conserved PK domain in their C-terminals. PK1
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and PK2 can be distinguished by their signal  peptide and gene structure,
there is a poly L present in the signal peptide region in prokineticin 2 (Kaser
et al., 2003). Moreover PK2 has an alternatively spliced form with a similar
insert of 20 or 21 a.a. after residue 47 (Wechselberger et al., 1999). Human
PK2 is encoded by four exons, and the exon 3 is subjected to alternative spli-
cing (Jilek et al., 2000). Both Bv8 and MIT1 with their mammalian homo-
logues PK1 and PK2 have been experimentally shown to induce gastrointest-
inal (GI) smooth muscle contraction (Joubert and Strydom, 1980; Li et al.,
2001; Mollay et al., 1999). More interestingly, endocrine gland-derived vas-
cular endothelial growth factor (EG-VEGF), also known as PK1, was found
to induce proliferation, migration and fenestration in capillary endothelial
cells derived from endocrine glands. This protein was found to induce an-
giogenesis in the ovary but failed to promote angiogenesis in the cornea or
skeletal  muscle,  thus serving as a tissue specific  angiogenetic  factor (Le-
Couter et al., 2002). Bv8/Pk2 on the other hand was found to promote an-
giogenesis in the testis (LeCouter et al., 2003). Moreover Bv8 can also regu-
late tumor angiogenesis in the immune deficient mice which was implanted
with tumor cells such as A673 (Ewing family tumor, sarcoma), HM7 (Hu-
man colorectal cancer cells), Calu6 (a pulmonary carcinoma cell line). Over-
expression of Bv8 results in higher vascular density inside the tumors as well
as tumor size, and treatment with anti-Bv8 have the reverse effects on the tu-
mors (Shojaei et al., 2007). PKs are also expressed in the hematopoietic tis-
sues and blood cells in mammals, thus playing an important role in hema-
topoiesis (Zhou, 2006). PK1 was found to induce differentiation of murine
and  human  bone  marrow cells  into  the  monocyte  /  macrophage  lineage
(Dorsch et al., 2005), and PK2/Bv8 was also found to have similar effects on
the monocyte lineage, and stimulated the production of granulocytic lineages
in cultures of human and mouse hematopoietic stem cells (LeCouter et al.,
2004). In addition to hematopoiesis, PKs have recently been shown to have
diverse functions such as in neurogenesis, hyperalgesia, and the behavioral
circadian rhythms (Zhou, 2006). PK2 also has an interesting role in food up-
take and appetite regulation (Gardiner et al., 2010). 

The functions of PKs are mediated through their interaction with receptors
on the target cell surface (Negri et al., 2007; Zhou, 2006). Two closely re-
lated G-protein-coupled receptors (GPCRs) have been identified and named
as PKR1 and PKR2 (Lin et al., 2002; Masuda et al., 2002; Soga et al., 2002),
and they share 85% amino acid identity to each other. Most PKs can activate
either  one  of  the  PKRs,  except  MIT1,  a  clearly  PKR2-preferring  ligand,
while a predicted short form of PK2 (PK2�) have clear selectivity for PKR1
(Negri et al., 2007). PKRs were found to be coupled to Gq, Gs and Gi, which
may imply its various signaling pathways inside the cells. PKR1 and PKR2
have divergent roles in coronary endothelial cells H5v due to their coupling
to two different G proteins for signaling (Guilini et al., 2010). Overexpres-
sion of PKR1 in these cells stimulates the proliferation of cells and promotes
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the formation of vessel-like structure through the PKR1/MAPK/Akt signal-
ing pathway in which PKR1 was coupled to G�11, while overexpression of
PKR2 resulted in a fenestrated endothelial cell  phenotype in which PKR2
was coupled with G�12 (Guilini et al., 2010). Thus PK2 gains divergent func-
tions  via  these  two different  PKRs.  The tissue distribution of  PKR1 and
PKR2 is not exactly the same in human as in mice. Both receptors were
found to be present in thyroid gland, pituitary gland, salivary gland, adrenal
gland, testis,  and ovary, and PKR1 is also present in the spleen, prostate,
pancreas, and peripheral blood leukocytes. PKR2 is found dominantly in the
brain and the central nervous system (Lin et al., 2002; Masuda et al., 2002;
Soga et al., 2002). 

The conserved first six N-terminal amino acids “AVITGA” in all verteb-
rate PKs are critical for their interaction with the PKRs , which is also the
reason these are proposed to be named as AVIT proteins (Kaser et al., 2003).
Any disruption of this hexapeptide sequence will result in loss of activity of
the vertebrate PKs (Bullock et al., 2004; Zhou, 2006). Ten cysteines with
identical  spacing in the C-terminal  domain are also important  for  PKs to
keep their three-dimensional structure, and mutation of one cysteine can dis-
rupt the biology activity of PKs. Moreover if the PK1 hexapeptide was fused
to the C-terminal part of Dickkopf 4 (that have a similar ten cysteine do-
main), it is not functional, whereas the cysteine-rich domains of PK1 and
PK2 are interchangeable (Bullock et al., 2004), although PK1 and PK2 only
share 45% identity. A splice variant of PK2 has been identified that contains
an extra  twenty-one–residue insertion and is  active  with a  potency about
150-fold lower than that of PK2 (Bullock et al., 2004).

After the initial characterization of astakine 1 in crayfish, several astakine
homologues have been found in invertebrates (paper III). The main differ-
ence between invertebrate astakines and their vertebrate prokineticin homo-
logues is that all invertebrate astakines lack the AVIT motif in their N-ter-
minal which is present in all members of the vertebrate prokineticin family
(Söderhäll et al., 2005). So astakine 1 and its invertebrate homologues may
use another molecule as a receptor. A Bv8 homologue protein, ACTX-Hvf17,
was isolated from the venom of the Blue Mountains funnel-web spider  H.
versuta which share 32% amino acid identity with Bv8, including the 10
conserved cysteine residues, and ACTX-HVf17 was found to lack the ability
to stimulate vertebrate gastrointestinal smooth muscle contractility. This mo-
lecule failed to bind to the prokineticin receptors PKR1 and PKR2 (Szeto et
al., 2000). In paper II, by using the covalent cross-linking of recombinant as-
takine to Hpt cell surface, ATP synthase �-subunit was detected on some por-
tion  of  Hpt  cells  as  a  receptor  for  crayfish astakine 1.  While  EG-VEGF
(PK1) did not bind to this receptor, again showing that vertebrate PKs and
invertebrate astakines have different receptor binding. 
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Cell surface ATP synthase
ATP synthase is a well known mitochondrial enzyme complex, consisting of
a F0 portion and a F1 portion. The F0 portion is a proton channel embedded in
the membrane. The F1 portion is composed of three �-subunits and three �-
subunits together with one �-subunit, one �-subunit, and one �-subunit (Hek-
man et al., 1991). The main function of this enzyme complex is synthesis or
hydrolysis of ATP, and the enzyme is present in the mitochondria and chloro-
plast, as well as in the plasma membrane of some bacteria (Chi and Pizzo,
2006b). The function of ATP synthase in the membrane of these bacteria is to
participate in regulation of pH. Currently more and more studies show that
this enzyme complex can also be located on the plasma membrane of euka-
ryotic cells with its F1 portion exposed to the extracellular space (Chi and
Pizzo, 2006b), including endothelial cells (Moser et al., 1999; Yamamoto et
al., 2007), hepatocytes (Martinez et al., 2003), adipocytes (Kim et al., 2004),
keratinocytes (Burrell et al., 2005) and several types of human cancer cells
(Chi and Pizzo, 2006b). The ATP synthase enzyme complex was first identi-
fied on the cell  surface of cancer cells  in 1994. Later,  when Moser et  al
(1999) were trying to identify the receptor for angiostatin, which can inhibit
the migration and proliferation of endothelial cells, ATP synthase was identi-
fied as a receptor for angiostatin on the surface of endothelial cells (Moser et
al., 2001; Moser et al., 1999). Moreover, the ectopic �-subunit of ATP syn-
thase was identified as a receptor for apolipoprotein A-I on hepatocytes, in
which the extracellular  ADP concentration was modulated by the surface
ATP synthase and was directly involved in the HDL endocytosis (Martinez et
al., 2003). Furthermore, the ectopic ATP synthase complex was found to be
located in the lipid raft  of human hepatocytes, adipocytes  and endothelia
cells (Kim et al., 2004). However the function of ATP synthase on the cell
surface is not yet fully understood. ATP synthase is also more frequently
found on the surface of various cancer cell lines such as A549 (a lung cancer
cell line), K562 (Human erythromyeloblastoid leukemia cell line) (Das et al.,
1994), 1LN (Human prostate cancer cell line), LNcap (Prostate Cancer Cell
line), PC3  (Human prostate cancer  cell line) (Chi and Pizzo, 2006a). The
ATP synthase activity is important for the cancer cells to survive at low ex-
tracellular pH (pHe), which is a unique characteristic of the tumor microen-
vironment (Chi and Pizzo, 2006a). ATP synthase is more active at low pH
(pH 6.7) compared to neutral pH (pH 7.2). At low pH, the treatment of angio-
statin or ATP synthase �-subunit antibody will induce intracellular acidifica-
tion of both endothelial cells and A549 cells, together with a direct cytotox-
icity to them (Chi and Pizzo, 2006a). Moreover, the binding of kringle 1-5
(K1-5, a fragment of plasminogen, containing both angiostatin and most of
the K5 domain) to the endothelial cell surface ATP synthase was found to
trigger apoptosis of endothelial cells, which is mediated by the sequential ac-
tivation of caspases-8, -9, and -3 (Veitonmaki et al., 2004). So the ATP syn-
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thase on the surface of eukaryotic cells may also participate in the regulation
of intracellular pH. Another possible function of ATP synthase on the surface
of eukaryotic cells is in regulating the concentration of extracellular ADP
and ATP, which may be important for ATP synthase as a receptor to transmit
the signal indirectly by modulating purinergic P2 receptors. Purinergic P2 re-
ceptors  can  be  divided  into  P2X  and  P2Y receptors.  P2X receptors  are
cationic channels which can be activated by extracellular ATP, resulting in an
increase in the intracellular calcium concentration. P2Y receptors are G-pro-
tein-coupled receptors (GPCRs) that response to extracellular ADP, and then
leads to signal transduction (Ralevic and Burnstock, 1998). Activation of a
P2X ion channel was found to trigger NF-	B pathway which enhances TN-
F-�-induced  IL-8  expression  in  airway  epithelial  cells  (Theatre  et  al.,
2009).The activity of F1-ATPase on the cell surface of hepatocytes can be ac-
tivated by lipid-free apoA-I, the increase of ADP thus stimulates the ADP-
sensitive receptor P2Y13, subsequently leading to stimulation of HDL endo-
cytosis (Malaval et al., 2009). Moreover, ApoA-I could also stimulate the ex-
tracellular  ADP  production  by  stimulating  extracellular  ATP  hydrolysis
through  activating  the  F1-ATPase  on  the  cell  surface  of  endothelial  cell,
which is  also important  for  the apoA-I-mediated endothelial  cell survival
(Radojkovic et al., 2009).  In addition to the importance for the survival of
endothelial cells and cancer cells, the surface ATP synthase was also found
to  be  important  for  the  proliferation  of  these  cells  (Moser  et  al.,  2001)
(Arakaki et al., 2003; Komi et al., 2007). However the underlying mechan-
isms need further study.

22



Objectives

The work presented in this thesis was aimed to further our understanding of
the molecular mechanisms involved in astakine 1 induced hematopoiesis in
crayfish. Function of transglutaminase was investigated in the Hpt cells (Pa-
per I). To identify the receptor on Hpt cells for astakine 1, a cross-linking
technology was adopted and a receptor was identified and characterized (pa-
per II). A new astakine was identified and the different roles and properties
of the two astakines were investigated (paper III). With the aim to find the
target genes of astakine, the up-regulated genes were enriched by the sup-
pression subtractive hybridization (SSH), and subsequently the function of a
novel cysteine rich protein in hematopoiesis was studied in vivo and in vitro
(paper IV).

Results and Discussion
New function of crayfish transglutaminase which is important in
hemocyte homeostasis (Paper I)
Crayfish transglutaminase (TGase) has previously been cloned from a cDNA
library of crayfish hemocytes and shown to play an important role in the
clotting reaction in crayfish and other arthropods (Hall et al., 1999; Wang et
al., 2001). In this paper, when cell lysates of Hpt cells were separated by
SDS-PAGE, the main protein band around 90 kDa was confirmed  by LC-
MS to be crayfish TGase. Furthermore, the transcription level of RNA and
enzyme activity  in  the Hpt  cells  is  even higher  than in  the  semigranular
hemocytes and granular hemocytes. In another crustacean, the tiger shrimp
Penaeus monodon, high TGase expression was also found in the hematopoi-
etic cells, especially the cells which undergo mitosis, implying that TGase
play a conserved but unknown role in the hematopoietic tissues of both an-
imals. 

With the aim to find out how crayfish TGase is regulated in the Hpt cells,
the promoter region of Crayfish TGase was cloned by a genome-walking
procedure, and we found that the promoter region of TGase contained an in-
tron and also several GATA binding motifs, which is also found in the pro-
moter  region of mammalian factor XIIIa. Crustacean TGases known so far
show high similarity with mammalian plasma factor XIIIa through homo-
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logues alignment (Chen et al., 2005; Huang et al.,  2004; Maningas et al.,
2008), and our genomic data now provide more direct evidence showing that
there is a common ancestral origin of crayfish TGase and mammalian factor
XIIIa. GATA transcription factors are known to be essential for hematopoies-
is in mammals as well as in invertebrates (Lin et al., 1995; Sorrentino et al.,
2005), so the presence of several GATA motifs in the promoter region of
crayfish TGase may imply that regulation of TGase by the GATA transcrip-
tion factors possibly also is important for the crayfish hematopoiesis.

High TGase activity did not block the proliferation of Hpt cells. When in
situ TGase activity labeling and BrdU incorporation assays were conducted
at same time in the Hpt primary cell culture, some proportion of Hpt cells
contained high TGase activity and they were also positive in the BrdU incor-
poration assay, which shows that high TGase activity in the Hpt cells did not
affect its proliferation. This result is different from what is found for mam-
malian TGase 1 in keratinocytes, where the induction of TGase 1 activity
usually is initiated concomitant with cease of cell proliferation, thus contrib-
uting to terminal differentiation of kerotinocytes (Steinert et al., 1998).

As there are five types of Hpt cells inside the hematopoietic tissue, we in-
tended to find out whether there is any difference in TGase activity among
these cells. Therefore we made the culture of the hematopoietic tissue on the
cover slips and then performed  in situ assay of TGase activity. After one
week’s culture, some Hpt cells inside of tissue migrated out on the cover slip
and at a certain distance from the center of the tissue, the migrating cells
started  to  spread.  In  spread  Hpt  cells  TGase  activity  was  undetectable,
whereas TGase activity was still high in the unspread Hpt cells located in the
central part of the tissue. When TGase was silenced in the primary Hpt cells
culture, some proportion of Hpt cells start to spread intensely. Both in the tis-
sue culture  and the  primary  culture  of  isolated  Hpt  cells,  TGase  activity
seemed to be connected to a morphology change of the Hpt cells, and down
regulation of TGase is required for spreading of the Hpt cells. Astakine was
previously  found  to  induce  spreading  and  proliferation  of  the  Hpt  cells
(Söderhäll et al., 2005). To investigate whether the spreading induced by as-
takine also results in loss of TGase activity, we analyzed the TGase activity
of Hpt cells cultured in the presence of astakine 1. After 3 days, TGase activ-
ity was not detectable on the cell surface of the Hpt cells, and after 7 days
culture, the activity of TGase was lost completely both inside and outside the
spreading cells. But the transcription of TGase mRNA in the Hpt cells was
not affected by the treatment of astakine 1. Thus the regulation of TGase
activity by astakine 1 was probably achieved at the translation level.

The finding of high TGase activity in Hpt cells and that its activity can be
indirectly blocked by the treatment of astakine 1 may further our understand-
ing of the molecular mechanism involved in the crayfish hematopoiesis.
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The �-subunit of ATP synthase is a receptor for astakine 1
(Paper II)
A previous study shows that astakine 1 directly participates in hematopoiesis
of crayfish both in vivo and in vitro (Söderhäll et al., 2005). In Paper I, we
showed that astakine 1 can indirectly shut down the TGase activity both in-
side and outside of the Hpt cells. Then we asked whether there is a receptor
on the Hpt cells for astakine 1. When Hpt cells were incubated with recom-
binant astakine 1, and an astakine 1 antibody was used to do immuno-stain-
ing on the surface of Hpt cells, about 10%-15% of Hpt cells were found to
be astakine 1 positive on the cell surface. In order to capture the potential re-
ceptor for astakine 1, Hpt cells were incubated with recombinant astakine 1
(r-astakine 1) and treated with non permeable cross-linking reagent SEGS.
Then the cell lysates were used to purify the astakine-receptor complex by
anti-astakine 1  immunoaffinity  chromatography,  and eluted  proteins  were
subjected to western blot with anti-astakine 1 antibody. Three main protein
bands were eluted from the column together with free r-astakine (ca 18 kDa).
But only the 64 kDa complex was found to contain bound astakine 1 by
western blot, and the protein that was found to be cross-linked with astakine
1 was the �-subunit of ATP synthase.

The ATP synthase is well known as a mitochondrial enzyme complex, but
since a literature study revealed extracellular cell surface localization of ATP
synthase in several different vertebrate cell types (Chi and Pizzo, 2006b), we
decided to conduct more experiments to evaluate if this �-subunit of ATP
synthase is really present on the cell surface of Hpt cells and thus serves as a
receptor for astakine 1. One commercial monoclonal antibody against the �-
subunit of human ATP synthase was found to have high specificity to cray-
fish ATP synthase �-subunit, and this antibody was used to do immunostain-
ing of ATP synthase on the surface of Hpt cells. Our results did confirm that
the �-subunit of ATP synthase was detected on the surface of a subpopulation
of the Hpt cells, but interestingly not on the surface of mature hemocytes.
Moreover,  the immunostaining of ATP synthase antibody to the Hpt cells
was abolished by the pretreatment with r-astakine 1. When surface proteins
of Hpt cells were labeled with biotin by impermeable biotin labeling reagent,
and then purified by avidin-conjugated agarose, one band corresponding to
the �-subunit of ATP synthase was clearly recognized from the eluted pro-
teins by western blot. All these data clearly show that the �-subunit of ATP
synthase is really present on the cell surface of a portion of Hpt cells. Fur-
thermore, a new technique for real time binding of a protein to live cells was
used to study the real time protein-cell interaction between astakine 1 and
Hpt cells. R-astakine 1 was radio labeled with I125 (iodine), and different con-
centration of labeled r-astakine 1 from 1nM to 30nM were tested for its bind-
ing to Hpt cells. At concentrations from 3nM we observed clear binding sig-
nals, the binding is very specific, and during the washing stage, dissociation
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from the cells was hardly detected. Labeled BSA as a control failed to bind
to Hpt cells, and the binding of r-astakine 1 to a human cell line U343 was
also proven to be unspecific. When Hpt cells were pre-incubated with ATP
synthase �-subunit  monoclonal antibody for one hour the binding level of r-
astakine 1 to the cells was significantly decreased from 100 CPS to 20 CPS.
This result is consistent with previous experiments that astakine incubation
abolished the immune staining with the ATP synthase �-subunit antibody on
the surface of Hpt cells. Taken together, these data suggest that the mono-
clonal antibody of �-subunit of ATP synthase and astakine 1 may bind to the
same site of �-subunit of ATP synthase on the cell surface of Hpt cells.

The ATP synthase on the cell surface of Hpt cells was found to have ATP
synthase activity, and by using its specific inhibitor oligomycin, this enzyme
was found to contribute to 40% of the ATP formation outside the Hpt cells,
and the ATP synthase activity can be blocked by the binding of astakine 1.
Currently more and more reports suggest  that ATP synthase complex can
also be localized in the membrane of the eukaryotic cells with its F1 portion
exposed to the cell surface thus serving as a receptor on the cell membrane
(Chi and Pizzo, 2006b). So far, the surface ATP synthase enzyme complex
has only been reported to be present on the surface of vertebrate cells and
mainly on highly proliferating cells such as cancer cells. Our finding, for the
first time, reveals that this enzyme complex can also be present on the cell
surface in invertebrates, and then serve as a receptor for astakine 1 in cray-
fish.

Astakine 1 is sufficient for the renewal of Hpt cells in vitro
(Paper III)
Astakine 1 and its invertebrate homologues are all short of the N-terminal
AVIT domain which is conserved in all the vertebrate prokineticins. With the
aim to explore the possibility of a second astakine in crayfish which contains
the conserved AVIT domain as prokineticins, degenerate primers were de-
signed according to the conserved AVIT domain and the conserved motif
from the crayfish and shrimp astakine. However no astakine containing the
AVIT motif was found. Instead a second type of astakine was cloned in cray-
fish that showed high similarity with shrimp and other arthropod astakines,
and we named it as astakine 2.

An earlier study showed that astakine 1 is directly involved in the hema-
topoiesis in crayfish (Söderhäll et al., 2005). So it would be interesting to see
whether also astakine 2 is involved in hematopoiesis or not. When r-astakine
1 was supplemented to the primary cell culture of Hpt cells, after one week
culture,  r-astakine  1  was  found  to  be  able  to  induce  the  transcription  of
PCNA (a marker for an active cell cycle) and also induce significant tran-
scription of KPI (a marker for semigranular cells). In contrast, recombinant

26



astakine 2 (r-astakine 2) did not induce these two gene markers. In  in vivo
experiments, when recombinant astakine 1 was injected into the live animal,
the total hemocyte number was dramatically induced after 24 hours, which is
consistent with previous observations. Furthermore, the induction of hemo-
cytes is mainly due to the increase of semigranular cell number in the circu-
lation. These data suggest that astakine 1 can stimulate the proliferation of
Hpt cells and induce differentiation of mainly the semigranular cell lineage
both in vivo and in vitro. In contrast if r-astakine 2 was injected into live an-
imals, the total hemocyte number was slightly induced after 24 hours, and
the ratio of granular cells was also slightly increased, which may imply al-
though astakine 2 failed to induce the proliferation and differentiation of Hpt
cells in vitro, but may function as helping the maturation of granular cells by
some unknown pathway in vivo.

Apart from the functional difference, the structures of astakine 1 and as-
takine 2 are also different, recombinant astakine 1 was found to form oli-
gomers with high molecular weight. The molecular mass of the oligomeric
form of astakine 1 was determined to be 370 kDa by gel filtration. However
recombinant astakine 2 was only found as monomers, and in contrast to as-
takine 1, astakine 2 was found to not affect the surface ATP synthase activity
of Hpt cells. In order to reveal its structural difference, homology models of
both astakines were built by using black mamba toxin 1 (MIT1) as template.
The putative structure of astakine 1 shows that it has four disulfide bridges
compared to the mamba toxin, Dickkopf (Dkk) or colipase that is stabilized
by  five  disulfide  bridges.  Both  astakine  structures  are  more  negatively
charged than mamba toxin and Dkk, and there is also a large charge differ-
ence at the N-terminus between astakine 1 and astakine 2. These data would
be helpful for our future study to reveal the relationship between the struc-
ture and function of the astakines, and also may explain the difference in re-
ceptor binding between vertebrate PKs and crustacean astakines. It  seems
that there are two free cysteines in the model of astakine 1, and in order to
investigate whether these two free cysteines are responsible for the forma-
tion  of  oligomers,  these  two  cysteines  were  mutated  into  glycines.  The
mutated astakine 1 was found to still be able to form the oligomers, as well
as to interact with the �-subunit of ATP synthase, the receptor for astakine 1.
This result shows that these putative free cysteines are not involved in the
oligomerization of astakine 1, and also confirms that four pairs of disulfide
bridges  may be sufficient  for  astakine 1  to  retain  its  biological  function,
which is different from its vertebrate prokineticins in which five pairs of di-
sulfide bridges are important for their biology activity (Bullock et al., 2004).
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Astakine 1 prevents apoptosis by up-regulating the Pacifastacus
hematopoiesis factor (PHF) (Paper IV)
In paper III, we showed that astakine 1 can induce proliferation and differen-
tiation in primary Hpt cell  cultures.  Then we used this  in vitro system to
identify the targets genes of astakine 1 in Hpt cells to further our understand-
ing of astakine 1 induced hematopoiesis in crayfish. A forward SSH cDNA
library was constructed in order to enrich the genes that were up-regulated
by astakine 1 treatment. After screening of the forward SSH cDNA library
one cysteine rich protein of 121 amino acid residues containing 12 cysteines
was selected for further study, and we named this peptide Pacifastacus hem-
atopoietic factor (PHF). PHF is a novel protein with low similarity to other
known proteins, but is found to be similar to the N-terminal region (ca 100
a.a.) of human cysteine rich transmembrane BMP regulator 1 (chordin-like),
also known as CRIM1. 

The PHF gene was found to be exclusively transcribed in Hpt cells and
hemocytes, and furthermore this gene was found to be mainly expressed in
semigranular cells, and not in granular cells. During primary culture of Hpt
cells without the supplement of astakine 1, the transcription level of PHF de-
creased continuously, and more importantly PHF transcription in Hpt cells
could be induced if these cells were treated with astakine 1. However, if as-
takine 2 was used in the cell culture, no induction of PHF transcription oc-
curred. These data strongly suggest that PHF is a target gene of astakine 1
signaling and that  its  expression is  regulated by astakine 1 during hema-
topoiesis.

Since crayfish PHF is a downstream gene of astakine 1 signals in Hpt
cells, it would be of interest to see whether this peptide is also involved in
the proliferation or differentiation process of the Hpt cells. In order to ad-
dress this question, in vitro RNAi experiments of PHF was conducted. Hpt
cells were treated either with PHF dsRNA or GFP dsRNA, and after one
week the transcription of PCNA, KPI and SOD was monitored by the RT-P-
CR. Unexpectedly,  the transcription of  PCNA, KPI and SOD were unaf-
fected by PHF silencing and this may imply that the protein is not directly
involved in proliferation and differentiation of Hpt cells in the primary cul-
ture. Then we asked whether PHF is involved in the apoptosis of Hpt cells,
and silencing of PHF in the Hpt cells indeed increased the apoptosis which
was monitored by staining with annexin V-FLUO. This confirmed our hypo-
thesis  that  treatment  of  the  Hpt  cells  with  astakine  1  blocked  apoptosis
through induction of the PHF in Hpt cells. Thus this factor is important for
the survival of the Hpt cells as an anti-apoptosis factor. Moreover,  in vivo
RNAi experiments were conducted to study its  impact  on crayfish hema-
topoiesis  in  live  animals.  Interestingly,  when  animals  were  injected  with
dsRNA to silence PHF, the hemocyte number was dramatically decreased,
only 10%-30% of total hemocytes remained in the animal after 24 hours,
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which imply that this gene has an impact on the survival of hemocytes or its
precursor cells in Hpt and for the hematopoietic tissue to be able to synthes-
ize new hemocytes, for example, during an infection. 
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Concluding remarks

The cytokine astakine 1 can stimulate hematopoiesis in vivo, and also induce
spreading and proliferation in primary cell cultures of Hpt cells (Söderhäll et
al.,2005) With the aim of studying the underlying mechanism of astakine 1
induced hematopoiesis in crayfish Pacifastacus leniusculus, in this thesis, a
new function of transglutaminase was revealed in Hpt cells (Paper I), and the
receptor of astakine 1 was identified on the surface Hpt cells (Paper II). A
new astakine, astakine 2, was identified and different roles of these two as-
takines were studied (Paper III), finally a downstream gene of astakine 1 was
identified in the Hpt cells (Paper IV).

Transglutaminase (TGase) play an essential  role in coagulation in most
crustaceans, but our current finding (Paper I) suggest that TGase is also im-
portant in hematopoiesis to keep the Hpt cells in an undifferentiated stage in-
side the hematopoietic tissue and if expression of TGase mRNA is blocked
the cells start to migrate out of the tissue. This shows a new function for
TGase in preventing hematopoietic stem cells from being released into the
hemolymph, whereas their proliferation is unaffected. Furthermore, astakine
1 can sequentially shut down the TGase activity from surface to inside the
Hpt cells, from which astakine 1 gains the ability to induce the morphology
change of Hpt cells in vitro, and thus may be important for astakine 1 to re-
cruit new hemocytes into the circulation system. 

Although astakine 1 contains a prokineticin domain, it lacks the conserved
N-terminal AVIT domain present in its vertebrate homologues, which is im-
portant for vertebrates PKs to interact with their receptors PKRs (Bullock et
al., 2004). Thus we hypothesize that astakine 1 may use a different receptor.
This hypothesis was confirmed by the identification of the �-subunit of ATP
synthase as the receptor for the astakine 1 on the surface of Hpt cells (Paper
II). This is the first identified invertebrate cells with ATP synthase on their
surface as a receptor, although ATP synthase has been shown to be present
on numerous mammalian cells including several cancer cell lines (Chi and
Pizzo, 2006b). The ATP synthase on the surface of a subpopulation of Hpt
cells may play an important role for the survival and proliferation of these
cells just as the importance of ATP synthase for the survival and proliferation
of endothelial cells and cancer cells (Arakaki et al., 2003; Komi et al., 2007;
Moser et al., 2001) . 

With the finding of a second astakine, astakine 2 (Paper III), invertebrate
astakines can fall into two groups, astakine 1 and astakine 2. Astakine 1 is so
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far found in crayfish and spider, whereas astakine 2 is widely distributed in
several invertebrates. Astakine 1 and astakine 2 play different roles in  cray-
fish hematopoiesis. Based on the gene markers of Hpt cells and hemocytes,
only astakine 1 was found to be able to induce the proliferation and differen-
tiation to semigranular cells in the primary cell culture of Hpt cells, whereas
astakine 2 was found to play a  role in the differentiation of granular cells in
vivo. The possibility of helping fast release of mature granular cells into the
circulation can not be ruled out. Interestingly, astakine 1 was found to be
able  to  form oligomers  and thereby differ  from astakine 2.  Moreover  by
building a homology model of astakine 1, it was found to most likely form
only four pairs of cysteine bonds instead of five pairs of cysteine bonds in
vertebrate PKs. Mutation of the two free cysteines did not affect its structure
and ligand property. All the data from Paper II and Paper III strongly suggest
that although both astakine 1 and PKs share the prokineticin domain and
have similar functions in hematopoiesis, the physical property of the proteins
and their mechanism of receptor interaction may be totally different. 

With the aim of finding the target gene of astakine 1, one novel cysteine
rich protein, we name it as PHF, was cloned by the SSH method from the
Hpt cells (Paper IV). The transcript of PHF continually dropped during the
cell culture if astakine 1 was omitted from the culture medium. More import-
antly this gene can be induced by astakine 1, and thus it is one target gene of
astakine 1 signaling. Down regulation of PHF was found to induce higher
apoptosis in Hpt cells, whereas proliferation and differentiation of Hpt cells
was not affected. All these data suggest that astakine 1, as a hematopoietic
growth factor,  is  very  important  for  the  survival  of  Hpt  cells,  astakine 1
gained the anti-apoptosis ability by inducing its downstream gene PHF in the
Hpt cells. These data are consistent with studies from mammals which show
that hematopoietic growth factors are important for the survival of hema-
topoietic cells. In the absence of  appropriate growth factors, such as inter-
leukin-3 or GM-CSF, cultured bone marrow stem cells die due to apoptosis
or programmed cell death, moreover the cytokine stimulation of cell prolifer-
ation is a process distinct from cytokine-supported cell survival (anti-apop-
tosis) (Watowich et al., 1996).

The results presented in this thesis demonstrates several impacts of astak-
ine 1 on the Hpt cells (Fig. 3), which further our understanding of the mo-
lecular  mechanism involved in the astakine 1 induced hematopoiesis in a
crustacean, P. leniusculus. Astakine 1 was proved to have the ability to stim-
ulate the survival, proliferation and differentiation of hematopoietic tissue-
cells (Hpt cells, precursor of hemocytes), thus is definitely a hematopoietic
growth factor in invertebrates.
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Fig. 3: Impacts of astakine 1 on the Hpt cells. Treatment of astakine 1 results in de-
creaseing the transglutaminase activity both at the cell surface and inside of Hpt
cells.  Astakine 1 also inhibits  ATP synthase activity on the surface of Hpt cells.
Moreover, Astakine 1 is able to promote proliferation and differentiation of Hpt cells
into  semigranular  cells,  and  prevent  apoptosis  of  Hpt  cells  through inducing  its
downstream gene PHF.
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Svensk sammanfattning

Ryggradslösa djur som t.ex. skaldjur och insekter har inget förvärvat immun-
försvar med minnesfunktion (antikroppar) utan måste helt förlita sig på med-
födda system. Ofta har de också en öppen blodcirkulation, vilket gör djuren
extra känsliga för inträngande patogener. De här djurens blod kallas hemo-
lymfa och består  av plasma och cirkulerande blodkroppar  s.k.  hemocyter
som har vissa likheter med ryggradsdjurens vita blodkroppar. Hemocyterna
är mycket viktiga för djurens immunförsvar och de förbrukas kontinuerligt
vid infektioner och måste därför nybildas snabbt.  I  sötvattenskräftan sker
denna nybildning i ett speciellt organ kallat Hpt, som är beläget strax under
skalet ovanför magen. För att studera hemocytbildningen har en metod att
odla isolerade hematopoietiska (blodkroppsbildande) stamceller från Hpt in
vitro använts, och genom denna odlingsteknik har en ny typ av tillväxtregu-
lator som behövs för normal blodkroppsbildning upptäckts. Dessa proteiner
som kallas astakiner liknar till  sin struktur prokineticiner, som är små ut-
söndrade regulatoriska proteiner bestående av ca 80 aminosyror. De allra för-
sta prokineticinerna hittade man i den svarta mambans venom och i  hud-
sekret  från  giftgrodor  av  släktet  Bombina,  och  de  har  senare  visat  sig
förekomma hos däggdjur och fiskar, där de bland annat påverkar blodkärslb-
ildning  och  blodkroppsdifferentiering.  Nyligen  har  man  bl.a.  funnit  att
prokineticiner fungerar som tillväxtfaktorer och inducerar tillväxt och differ-
entiering av endotelceller i steroidproducerande körtlar och spelar stor roll
för blodkärlsbildning i endokrina vävnader hos däggdjur.

I denna avhandling studeras de mekanismer som astakiner, och framförallt
astakin1, påverkar vid bildningen av hemocyter. Ett viktigt enzym som vis-
ade sig ha stor betydelse för att hålla omogna hemocyter kvar i den hema-
topoietiska vävnaden är transglutaminas. Detta enzym, som också spelar stor
roll  i  blodkoagulering,  visade sig  vara  aktivt  på  ytan  av  hematopoietiska
celler och där genom sin aktivitet koppla ihop proteiner på cellytan med ex-
tracellulära matrix-proteiner. På så sätt hindras cellerna att frigöras när de
inte behövs i cirkulationen. Astakin 1 hindrar aktiviteten av det transglutami-
nas som finns på cellytorna och gör därigenom det möjligt för de nybildade
hemocyterna  att  frisläppas  till  blodomloppet.  Genom  att  tysta  genen  för
transglutaminas i den hematopoietiska vävnaden kunde samma effekt uppnås
som vid tillsats av astakin 1, det vill säga hemocyterna började sprida ut sig
och migrera ut ur vävnaden.
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Astakin 1 skiljer sig något i sin struktur från ryggradsdjurns prokineticin-
er,, framförallt genom avsaknaden av ett specifikt motiv i sin N-terminala
del. Detta motiv, kallat AVIT, är nödvändigt för att prokineticiner ska kunna
binda till sina receptorer på cellytan hos de celler där de har effekt. Astakiner
saknar AVIT-motivet, vilket indikerar att interaktionen med en receptor troli-
gen  skiljer  sig  från  vertebraterna.  Följaktligen  kunde  en  annan  receptor
isoleras på ytan av vissa Hpt-celler, nämligen ett ATP-bildande enzym, ATP-
syntas, som normalt förekommer i mitokondrier. Detta enzym har man tid-
igare identifierat som receptor på ytan av vissa däggdjursceller, framförallt
celltyper som delar sig mycket snabbt, t.ex. tumörceller. Genom att använda
många olika metoder kunde vi visa att ATP-syntas verkligen är lokaliserat till
ytan av Hpt-celler, och dessutom att astakin 1 kan binda till detta enzym och
påverka dess aktivitet. Ett prokineticin från dägdjur kunde dremot inte binda
till denna receptor vilket ytterligare visar att dessa proteiner har andra recept-
orer.

Genom att söka i tillgängliga databaser så kunde vi identifiera astakiner
beskrivits i flera andra ryggradslösa djur, förutom sötvattenskräftan. De allra
flesta av dessa astakiner tillhör gruppen astakin 2 som vi har upptäckt för
första gången i räka och nu också i sötvattenskräftan. Astakin 2 skiljer sig
från astakin 1 främst genom att proteinet har en tretton aminosyror lång sek-
vens som är inflikad på en speciell plats i molekylen. Genom att framställa
rekombinanta proteiner av astakin1 och astakin 2 kunde vi studera dessa pro-
teiners betydelse för hemocytbildningen. Det visade sig att astakin1 förutom
att påverka transglutaminas på Hpt-cellernas yta, också inducerar celldelning
och differentiering av en speciell blodkroppstyp, nämligen de semigranulära
cellerna. Kräftan har tre olika typer av blodkroppar, hyalina, semigranulära
och granulära celler,  vilka alla har olika funktioner i  immunförsvaret.  De
semigranulära cellerna är framförallt aktiva i de allra första stegen i igenkän-
ning av en inträngande patogen, men också i inkapsling av stora patogener
för att förhindra att dessa sprider sig i djurets kroppshåla. Genom att analys-
era olika markör-proteiner kunde vi visa att astakin1 behövs för bildning av
semigranulära celler, medan astakin 2 troligen är inblandat i den process som
leder till att de granulära cellerna mognar till fullt funktionella försvarsceller.
Medan  astakin1  binder  till  och  påverkar  aktiviteten  av  ATP-syntas  på
cellytan av vissa Hpt-celler kunde vi visa att astakin 2 inte har samma effekt
och alltså troligen binder till en annan receptor. Med hjälp av datorbaserade
modeller för den tredimensionella strukturen av dessa båda astakiner kan vi
se att det troligen finns stora skillnader i deras struktur som kan förklara de-
ras olika egenskaper, och att de binder till olika receptorer. Astakin 1 visade
sig också, baserat på dessa modeller och på försök med inducerade mutation-
er, ha en betydligt mer flexibel struktur jämfört med ryggradsdjurens prokin-
eticiner, vilket ytterligare förklarar deras olika bindningsegenskaper.

I den hematopoietiska vävnaden pågår ständigt en mycket snabb nybild-
ning av celler, men nya blodkroppar behöver normalt frigöras i ett ganska
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långsamt tempo. Vid en infektion behöver dock mycket snabbt nya hemo-
cyter mobiliseras.  I tidigare studier har vi visat att  det samtidigt som det
nybildas celler i snabbt tempo så pågår en programmerad celldöd (apoptos) i
vävnaden. Denna apoptos avtar drastiskt vid en infektion och de nya blodk-
ropparna mobiliseras till cirkulationen.  Även i denna process har astakin1
en viktig funktion, genom att inducera genuttrycket av ett cystein-rikt litet
protein med 128 aminosyror. Detta protein som vi har kallat PHF (Pacifasta-
cus hematopoietic factor) har likheter med den N-terminala delen av CRIM1
i däggdjur, ett protein som bland annat är viktigt i differentiering av nerv-
celler. Vi kunde tysta genen för PHF såväl i odlade Hpt-celler som i levande
djur och därigenom visa att PHF har en viktig funktion i att hindra apoptos.
På detta sätt kan alltså astakin1 genom att inducera PHF blockera apoptos i
den hematopoietiska vävnaden och styra utvecklingen av stamcellerna mot
en differentiering av främst semigranulära hemocyter.
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