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Introduction

Activins are dimeric polypeptide growth factors which belong to the transforming growth factor-3
(TGF—B) superfamily. This extended family comprises a large number of structurally related
polypeptide growth factors that regulate many fundamental cellular processes, such as cell
proliferation, lineage determination, differentiation and apoptosis (1, 2). In the TGF—f3 superfamily,
activins are unique and multifunctional factors that can stimulate hormone production in ovarian
and placental cells, support neuronal cell survival, influence cell-cycle progress positively or
negatively depending on cell type, and induce mesodermal differentiation at least in amphibian
embryos (3-6). Moreover, erythroid differentiation factor, isolated from the conditioned medium of
stimulated human monocytic cell line, has been found to be identical to activin A (7). In several
tissues, activin signalling is antagonized by its related heterodimer, inhibin. The nomenclature of
inhibins and activins reflects their discovery as functional antagonists in the release of follicle-
stimulating hormone (FSH) from the pituitary: inhibin prevents whereas activin promotes FSH
secretion and synthesis (8). In addition, other proteins may regulate activin bioactivity as well. The
activin binding-protein, follistatin (FS), is well characterized and the effects of activin can be
counteracted by follistatin in all systems tested (4).

Learning the molecular basis of activin receptors provides a better understanding of the
multifunctional nature of activins. To date extensive evidence obtained suggests a general signal
transduction mechanism for TGF-B and related ligands. Two distinct transmembrane
serine/threonine kinases known as type I and type II receptors are needed for signal transduction.
Ligand induced association of type I and II receptors results in the phosphorylation and consequent
activation of the type I receptor, which is required for downstream signal cascades. Smad proteins
activated by type I receptors carry signal to the nucleus, and together with other proteins direct
transcriptional responses (9-13).

At the beginning of the 1990s, when this study began, relatively little was known about the
expression and regulation of activin B-subunits in human tissues. There was some experimental
evidence that activins are involved in regulation of embryogenesis (14, 15) but there was no
information concerning the expression of activin subunits or its receptors in developing human
embryo. At that time only the mouse type Il activin receptor had been discovered in vertebrates
although high affinity binding sites for activin were detected in several different cell culture
models, such as human erythroleukemia K562 cells (16, 17) and ovarian granulosa cells (18). The
aim of this thesis was to clone human type II activin receptor cDNAs. Additionally, we wanted to
study how activin B-subunits and activin receptor transcripts are regulated in activin responsive cell
culture models.



Review of the literature
1. Structure and function of activin and activin binding proteins

1.1 Isolation of activins

Inhibin was isolated in 1985 from porcine ovarian follicular fluid, by four independent research
groups, as a protein, which displayed potent activity to suppress follicle-stimulating hormone
(FSH) secretion in cultured rat anterior pituitary cells (19-22). It was found to be a glycoprotein
hormone of 32 kD consisting of two subunits, a common 18 kD a-subunit and either a 14.7 kD PBa-
or a 14 kD Bg-subunit, yielding inhibin A or inhibin B, respectively. In side fractions during
purification of inhibin 25 kD proteins that could promote FSH secretion in vitro were also isolated
(23, 24). Surprisingly, these proteins turned out to be homo- or heterodimers of the Pa- or Bg-
subunits linked together by disulphide bonds. The proteins were subsequently named as activin A
(BaBa), activin B (BgPg) and activin AB (BaBs) (Fig. 1). Molecular cloning of Bs- and Bg-subunits
from an human ovarian cDNA library revealed that the 3-subunits were 70% homologous to each
other, and the position of seven cysteine residues in the carboxy-terminus were perfectly conserved
indicating structural similarity to other members of TGF-3 superfamily (25, 26).

B-subunit precursors a-subunit precursors
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Figure 1. Structure of activin and inhibin polypeptide chains. The a- and B-subunits are
produced as larger precursor proteins, prepro-o., pro-Ba and pro-fg, that include a signal peptide
and pro-region, both of which are cleaved to form the mature o- or B-subunit. Activins are dimers
consisting of two B-subunits joined by disulphide bridges. Inhibins are heterodimers of a- and
either Ba- or Bg-subunits. Size in kilodaltons (kDa) is indicated to the right of each subunit.



1.2 Activin subunits and their regulation

1.2.1.  Human PBa-subunit

The human Ba-subunit mRNA encodes a 426 aa pre-proprotein containing an N-terminal 28 aa
signal peptide followed by a pro-region (25). The C-terminal mature 116 aa polypeptide is
proteolytically cleaved from the pre-pro-region at an arginine rich processing site (RXXR) to form
the dimeric, bioactive protein (25, 27, 28). The proregion of Bs-subunit is involved in the correct
folding, dimerization and secretion of the activin protein (29). In addition, all of the nine conserved
cysteine residues in the mature part of the activin Ba-subunit are essential for either the biosynthesis
or biological activity of activin A (30). Human (25), porcine (31), bovine (32), rat (33, 34) and
mouse (35, 36) Ba-subunits are highly conserved and the mature parts of the proteins are identical
between these species.

The human activin Ba-subunit gene is assigned to chromosome 7 locus 7p15-p14 (37). It consists of
three exons, the first of which contains only 5' noncoding sequences (26, 38, 39). The human -
gene is transcribed to several distinct mRNAs in the size range of 1.7- to 6.4-kb (7, 40-43),
probably reflecting the use of alternative polyadenylation signals (44) or different transcription start
sites (45). The 5' noncoding region has been characterized in detail, leading to the identification of
conserved promoter sequences with several potential enhancer sites. Of those sites, at least the 12-
0-tetradecanoyl phorbol 13-acetate (TPA) responsive element (TRE) and cyclic AMP responsive
element (CRE) binding sites are functionally active and are involved in regulation of a-subunit
gene expression in human fibrosarcoma HT1080 cells (39). Recently, the structure of rat activin
Ba-subunit gene has been analysed, showing strong conservation of the potential transcription
factor binding sites (46). In human bone marrow cells two essential regions for the promoter
activity have been found, one between 0.2- and 0.25-kb and the other 2.5- and 3.6-kb upstream of
the start codon (45). The distal promoter region contains TATA-box whereas the other region does
not contain TATA or CAAT boxes, but instead has several potential Sp1- binding sites.

1.2.2.  Human Bg-subunit

The Pg-subunit is synthesized as a 407 aa precursor protein containing a hydrophobic signal
sequence and a proregion of 292 aa separated from the mature 115 aa C-terminal by basic amino
acids (aa) (47). Like the mature part of the Ba-subunit, the activin Bg-subunit also lacks putative
glycosylation sites. The B-subunits share similar a cysteine distribution and their mature regions
show about 70% aa sequence homology with each other (31).

The human Bg-subunit gene is located on chromosome 2qcen-q13 (37) and consists of two exons
separated by a 2.5 kb intron (47). According to the DNA sequence analysis, no TATA or CAAT-
like elements have been identified. However, the promoter region is extremely GC-rich with
multiple potential Spl- binding sites and three CRE sequences (47). Two Bg-subunit mRNAs of
3.8- and 4.8-kb in length have been observed in human tissues (48). In rat granulosa cells Pp-
subunit transcripts originate from two independent transcriptional start sites of the gene, and they
are also differentially regulated (49).



1.2.3.  Other B-subunits

The properties of the more recently described activin subunits B¢ (50), Bp (51) and Bg (52), are
largely unknown. Human activin ¢- and Bg- subunits have been cloned from a human liver cDNA
library. They consist of 352 aa and 350 aa from which a mature C-terminal fragment is 116 aa and
114 aa, respectively. Both subunits show about 50% aa identity to mature - and Bg-subunits (50,
52). Activin Bc- and Bg-subunit genes are organized similarly, consisting of two exons (53). It has
been suggested that the Bc- and Be-subunit genes have been generated by tandem duplication of an
ancestral gene because they are closely linked to each other. They also share a similar liver specific
gene expression pattern in adult mouse. Activin Bp-subunit has been cloned from Xenopus laevis
and it shows highest homology to human Bc-subunit (60%) although the putative mature part of the
protein is slightly shorter (114 aa) (51). The mRNA microinjection studies have shown that Bp-
subunit is able to stimulate mesoderm induction in early development of Xenopus laevis in a similar
manner to activin A (51). Although the functions of B¢- and Bg- subunits are not yet known, recent
studies demonstrate that all possible homo- and heterodimers can be formed by recombinant co-
expression of the Ba-, Bc- and Pe-subunit cDNAs (54-56).

1.2.4.  Transgenic mice models of activin B-subunits

Gene targeting by homologous recombination has been used to address the physiological roles of
the activin subunits (Table 1). Activin Ba-subunit deficient mutant mice, ActBA'/ ", develop normally
throughout fetal life but die within 24 h of birth from craniofacial abnormalities that prevent
suckling. These defects include cleft palate, absence of whiskers and lack of lower incisors (57).
These findings suggest that the activin a-subunit is essential only in the development of a few
tissues.

Mice homozygous for a deletion of the Bg-subunit gene, Actpg”, are viable and fertile but suffer
eyelid defects. Moreover, female mice fail to nurse their newborns properly (58, 59). This
phenotype suggests that the proteins activin B, activin AB and inhibin B are not essential for
murine embryonic development and that the presence of the Ba-subunit may possibly replace the
missing Bp-subunit. Mice deficient in both activin Bs- and Bg-subunits, ActBA'/ T X ActBB'/ " display
the defects of both activin B4 and Bg mutant mice but no additional defects are seen (57).

Recently, it has been shown that the sequence encoding the mature part of the Pg-subunit can
function as a hypomorphic allele of the Ba-subunit, rescuing in part the phenotype of the activin Ba-
subunit deficient mice in early development (60). However, the biological effects of activin 5 in
testis and ovary development cannot be fully substituted by activin Bg. Mutant mice deficient in
both liver-specific activins, Actpc”™ x ActBE'/ ", are viable and fertile suggesting that activin Bc- and
Br —subunits are not essential for liver growth, differentiation or regeneration (61). Normal
mesoderm formation in activin B-subunit deficient mice shows that activins are not required for
mesoderm induction in mammals although activins have been identified as a potent mesoderm
inducing factor in Xenopus. The lack of such defects in null mice may be due to functional
compensation of other activin subunits or TGF-3 superfamily members.
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Table 1. Targeted inactivation of activin subunits

Transgenic mouse model  Phenotype References
Activin Pa”" postnatal lethality (57, 62)
craniofacial anomalies;
cleft palate,

lack of whiskers and incisors and lower molars

Activin Bg”" viable (58, 59)
nursing defects
reproductive abnormalities in females
defects in eyelid closure at birth

Activin B viable; no obvious abnormalities (61)
Activin BE'/' viable; no obvious abnormalities (61)
Activin BA”" x Bg” postnatal lethality (57)

eyelid closure defects at birth
craniofacial anomalies

Activin Bc'/ X BE'/ ) viable; no obvious abnormalities (61)

1.3 TGF-B superfamily

The TGF—f superfamily is a large family of structurally related growth and differentiation factors
named according to the first family member identified [for review see, Massagué et al., Kingsley et
al. and Hu et al. (63-65)]. TGF—f3 was originally identified based on its ability to induce anchorage-
independent growth of normal rat kidney fibroblasts (66). Subsequently it was found to be involved
in a wide variety of cellular functions, which can be either growth promoting or growth inhibiting
depending on cell type. For example, it controls the production and remodelling of the extracellular
matrix, modulates immune and inflammatory responses and regulates angiogenesis, embryogenesis
and gonadal differentiation. There are three highly related mammalian TGF—f isoforms (TGF-f, -
B2 and -B3), chicken TGF-B4 and frog TGF-Bs. Like activins, various members of the
TGF—P superfamily are initially synthesized as larger precursor molecules, which are cleaved to
release mature the C-terminal protein. Pro-domains are usually poorly conserved between different
family members and the mature region contains most of the sequence similarities by which new
family members are usually recognized.

The TGF—- superfamily includes over 40 members divided into several subgroups according to
their structural and biological similarities (10) (Fig. 2). In addition to TGF-J and activin
subfamilies, the bone morphogenic proteins (BMPs) form a large and heterogenous subgroup of
TGF-P family members. Some family members, such as inhibin o, growth differentiation factor 9
and anti-Miillerian hormone, are only distantly related to other members of the TGF—3 superfamily
and do not belong to any particular subgroup.
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Although the mature regions of activin A and TGF—f3 share nine conserved cysteines, most of the
members of the TGF- superfamily contain only seven of these nine cysteine residues.
Crystallography studies on TGF-f, and OP-1/BMP-7 have shown that in biologically active
proteins six of these cysteines are closely grouped to form a rigid structure called a cystine knot
(67-69). The knot is formed by intrachain disulphide bonds and probably accounts for the strong
resistance of many TGF—f family members to heat, denaturants and extremes of pH. The
remaining cysteine residue in each monomer forms an additional disulphide bond that links two
monomers into a dimer. It has been predicted that due to the conservation of cysteines, other
TGF-p related molecules contain a similar general folding pattern.

BMP-2
4’—( BMP-4
Dpp

BMP-10
4‘—{ BMP-9
dorsalin
GDF-5
Vg-1
GDF-3
] BMP-5
1 | BMP-6
BMP-7
BMP-8
| 60A
Sew
I BMP-3
] L] GDF-10

nodal

Dbl-1
| GDF-11
— GDF-8
myogliani
—] activin fA
activin B
= activin C
[ activin BE
activin D

activin d
TGF-p1
TGF-B5
TGF-f3
TGF-B2
TGF-f4

|l

—
— GDF-1
[ GDNF
AMH
Daf-7
GDF-9
GDF-9B

GDF-15

Figure 2. Dendrogram of the TGF—f superfamily ligands. The alignment tree indicates the relative
level of amino acid sequence identity between TGF-B superfamily members. The amino acid sequences used are
mature parts of TGF-f superfamily ligands from human, unless otherwise indicated. The sequences have been
compared using the ClustalW program. The Genbank accession numbers for ligands are as follows: inhibin a (P05111),
activin B4 (P08476), activin Bg (A40150), activin B¢ (JC2347), X. laevis activin Bp (D49543), activin Bg (P58166), D.
melanogaster Activin B (AF054822), TGF-B; (224622), TGF-B, (557563), TGF-B; (AAA61161), TGF-B4 (000292),
TGF-B5s (AAB64441), BMP-2 (P12643), BMP-3 (P12645), BMP-4 (BMHU4), BMP-5 (P22003), BMP-6 (P22004),
BMP-7 (P18075), BMP-8 (P34820), BMP-9 (AAD56960), BMP-10 (AAC77462), GDF-1 (NP001483), M. musculus
GDF-3 (NP032134), GDF-5 (JC2347), Myostatin/GDF-8 (AAB86694), GDF-9 (NP005251), GDF-9B (095972),
GDF-10 (NP004953), GDF-11 (NP005802), GDF-15 (NP004855), AMH (P03971), GDNF (P39905), G. gallus
dorsalin (AAA48752), D. melanogaster 60A (A43918), D. melanogaster Scw (AAAS56872), D. melanogaster
myoglianin (AF132814), D. melanogaster Dpp (P07713), X.laevis Vg-1 (P09534), M. musculus nodal (S29718), C.
elegans DBL-1 (AF004395) and C. elegans Daf-7 (U72883).
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1.4. Follistatin and other activin binding proteins

Activins interact with various binding-proteins, of which follistatin has been most extensively
studied. Follistatin was originally purified from follicular fluid as a monomeric glycoprotein that
could inhibit FSH secretion from cultured rat pituitary cells (70, 71). Follistatin exists as three
different isoforms produced from a single gene either by alternative mRNA splicing (72) or by
proteolytic modification of the core protein (73). Structurally it is composed of a signal peptide,
followed by the N-terminal domain and three follistatin domains (72). Follistatin neutralizes the
biological effects of activin in a number of biological systems by preventing activin to bind its type
IT receptors (74, 75). It has been shown that a single follistatin has one activin binding site, which
can bind either activin - or Pg-subunits (76-78) whereas activins have two binding sites for
follistatin (76). Follistatin binds to activin A with high affinity and under physiological conditions
the interaction can be considered to be virtually irreversible (79, 80). Follistatin-activin complexes
bound to plasma membrane proteoglycans are internalised and then degraded through the
lysosomal pathway (81). Follistatin does not affect the bioactivity of inhibins, despite its capability
to bind to the B-subunit present in inhibin (76).

Follistatin-related protein (FSRP) is a recently described new activin binding protein (82, 83).
FSRP and follistatin share many structural features like a primary sequence homology, a common
exon/intron arrangement and domain structure. However, the affinity of FSRP for activin A is
lower than that of FS and they differentially neutralize exogenous vs. endogenous activin,
suggesting nonoverlapping cellular functions (84). A serum protein, o,-macroglobulin, has been
implicated as a low-affinity binding protein of activin A (85). It as been suggested that o,-
macroglobulin may play a role as a carrier for activin in the circulation (86). The extracellular

protein Cerberus has been shown to block signalling by activin in a Xenopus animal cap model
(87).

Another group of activin binding proteins are accessory proteins and pseudoreceptors. Endoglin is a
cell surface molecule, which can interact with several TGF—f3 family members. As an accessory
protein it binds to multiple receptor complexes, such as those containing ActR-II or ActR-IIB,
modulating the activity of the receptor kinase complexes (88). The pseudoreceptor, named BMP
and activin membrane- bound inhibitor (BAMBI), has a type I receptor-like structure but lacks a
full intracellular domain (89). It competes with ActR-Is for association with ActR-II, and hence
inhibits signal transduction by activin (Fig. 5).
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2. Activin-mediated signalling

TGF—P superfamily members exert their diverse biological effects through a receptor complex
formed by two distantly related types of transmembrane serine/threonine (ser/thr) kinase proteins
that fall into two classes, type I receptors and type II receptors (13, 90). Vertebrate type I receptors
can be divided into two different groups according to their sequence homology at the kinase
domain and their signalling activities (Table 2). One group includes type I TGF-f receptor (TBR-I),
type IB activin receptor (ActR-IB) and activin-like receptor-7 (ALK-7), and the other one includes
type I and IB BMP receptors (BMPR-I and BMPR-IB), type I activin receptor (ActR-I) and activin-
like receptor 1 (ALK-1).

Table 2. Mammalian type I and II receptor families.

Type I receptors References Type 1l receptors References
ALK-1 (91, 92) (93) ActR-IIA (94)
ActR-I (ALK-2) (91, 92, 95-98) ActR-IIB (99)
BMPR-I (ALK-3) (92) TRR-II (100)
ActR-1B (ALK-4) (13,91, 92, 101) BMPR-II (102-105)
TBR-I (ALK-5) (91, 106) AMHR-II (107)
BMPR-IB (ALK-6)  (108)

ALK-7 (109, 110)

In activin and TGF-J signaling, ligand induced activation of the type I and type II receptors allows
the type II receptor to phosphorylate serine and threonine residues in the GS-domain (= gly and ser-
rich domain) of the type I receptor, thus, inducing its kinase activity (Fig. 3) (11, 13, 111, 112).
Type I receptors for activin and TGF—J3 can only recognize ligand that is bound to the type II
receptor (95, 96, 106, 113). Type II receptors can bind ligand independently of the type I receptor,
but they are unable to signal without the type I receptor (90, 95, 114, 115). This phenomenon was
originally revealed by analyzing the receptor phenotype in TGF—J resistant cell mutants (116).
Ligand binding does not increase the overall phosphorylation of type II activin receptors or their
kinase activity in vitro (90), suggesting that type II receptors are constitutively active kinases that
require the ligand to interact with type I receptor that is considered as a substrate. Once
phosphorylated, the type I receptor activates the downstream target. Thus it appears that the
specificity in signalling is mainly determined by the type I receptor. Co-operative binding mode is
typical for BMP subfamily receptors. BMPs bind weakly to the type I receptor in the absence of
type II receptor, but the presence of type II receptors accelerates the ligand binding to type I
receptors (Fig. 3) (13, 117, 118).
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Figure 3. Two modes of ligand binding in TGF—J receptor family members. In sequential
binding, ligand binding to the type II receptor kinase (1) is followed by formation of a complex
with the type I receptor (2), whereas the co-operative mode requires both type I and type II
receptors for high affinity ligand binding. In the heterotetrameric receptor complex (3), the
constitutively active, dimeric type II receptor kinase complex phosphorylates the GS-domain of the
dimeric type I receptor complex (4) inducing activation of type I receptor kinases and transduction
of various intracellular signals (5).

2.1. Type II serine/threonine kinase receptors

2.1.1.  Type II activin receptor (ActR-II)

The mouse type II activin receptor cDNA encodes a 513 aa protein (94). The extracellular ligand
binding domain with two N-linked glycosylation sites is relatively short compared to receptor
tyrosine kinases. It contains eight conserved cysteines determining the general fold of this region. A
cysteine-rich motif found near the transmembrane domain is characteristic to TGF—f receptor
family members (119). Recently the crystal structure of ActR-II extracellular domain has been
resolved, and surprisingly, it has seven anti-parallel B-strands that form a three-finger toxin fold
similar to the folds of several cobra cardiotoxins (120). Mutagenesis studies have shown that three
hydrophobic amino acid residues predicted to be surface-exposed on the concave face of the ActR-
IT are each required for activin A binding (121).

A common feature for serine/threonine (ser/thr) kinase receptors is a single transmembrane domain
and a cytoplasmic domain with a juxtamembrane region and a kinase domain (Fig. 4). Neural tissue
specific variant of ActR-II, ActRIIA-N, has a 24 bp insert between the transmembrane region and
kinase domain suggesting that it may be an alternatively spliced product of the type II receptor gene
(122). The ActR-II kinase domain has 11 conserved subdomains characteristic of the serine kinases
(94). The mouse ActR-II gene is encoded by 11 exons and spans over 66 kb (123). It is mapped to
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chromosomal locus 2q22.3-q23.2 (124). In the 5' region of the gene, no TATA or CCAAT boxes
are found in the vicinity of the putative transcription start site. However, there are several putative
transcription factor binding sites that may play important roles in complex transcriptional
regulation of this gene.

Phylogenetic analysis of the ActR-II compared with other protein kinase sequences revealed that
ActR-II and a previously identified receptor, Daf-1, from Caenorhabditis elegans (125) constitute a
separate subfamily of receptor ser/thr kinases. Analysis of type II receptor sequences from various
species has revealed high evolutionary conservation, with only two aa differences between mouse
and human sequences, and greater than 90% identity between species as divergent as chicken and
man (94, 126-128).

Mice deficient in the ActR-II gene (4cvr2) (62) were expected to be a phenocopy of the activin Ba,
B or BaPs double mutant mice (57, 59). However, they demonstrate only minimal overlap in
phenotype compared to activin-deficient mutant mice (Table 3). The majority of ActR-II deficient
mice developed to adults. Suppressed FSH levels and defects in their reproductive performance
confirm an important role of ActR-II in reproduction. A smaller population of ActR-II-deficient
mice die at birth or have skeletal and facial abnormalities. The lack of phenotype similarity
between the ActR-II-deficient mice and the activin deficient mutant mice suggests that other
ligands in addition to activins may signal through ActR-II.

2.1.2.  Type IIB activin receptor (ActR-IIB)

Subsequently, another ser/thr kinase receptor homologous to the ActR-II was characterized in
mouse based on the sequence similarity between ActR-II and daf-1 cDNAs (99). The new receptor,
called ActR-IIB, showed 50-60% identity with ActR-II in the ligand-binding domain and 60-70%
identity in the kinase domain. Alternative splicing of mouse ActR-IIB mRNA gives rise to four
different isoforms (Fig. 4). Two of the ActR-1IB isoforms differ from each other by inclusion of a
24 aa alternatively spliced segment in the cytoplasmic juxtamembrane domain. A second
alternative splicing event generates two additional isoforms that lack an eight aa proline-rich cluster
in the external juxtamembrane region. The receptor isoform that includes both segments is
designated ActR-IIB; and it codes for a protein of 536 aa. The isoforms that include only the first
segment or the second segment are designated ActR-1IB, and ActR-IIBs, respectively, and the
isoform that lacks both segments is designated ActR-1IB4. The ActR-IIB, isoform is predominant in
the mouse. The ActR-IIB isoforms differ in their ligand-binding affinity. Those isoforms that have
the full extracellular domain sequence have a slightly higher affinity to activin A. Soon after the
mouse ActR-IIB was published we characterized the human ActR-IIB ¢cDNA, which was found to
correspond to the mouse ActR-1IB, isoform (Study I). Subsequently, ActR-IIB; and ActR-IIB;
isoforms have been characterized in human teratocarcinoma cells (129). Recently the genomic
organization of this gene has been resolved. Human ActR-IIB consists of 11 exons and spans about
30 kb in chromosome 3p22 (124, 130). A unique type of alternative splicing has been observed in
bovine ActR-IIB. Activin receptor type IIBs lacks a sequence coding a 14 aa proline-rich region
located between the transmembrane domain and kinase domain (131) (Fig. 4).

Disruption of the type IIB receptor expression leads to cardiac malformations, defects in axial
patterning and disturbance of left-right asymmetry in mice (132). Although ActR-IIB deficient
mice develop to term they die shortly after birth because of complicated heart defects. Among
human left-right axis malformation cases mutations in ActR-1IB gene are present only rarely (129).
Gastrulation of mice deficient of both type II receptors, ActRII (Acer)'/ “x ActR-1IB (Acerb)'/ N, 18
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severely impaired (133). Hence, type II receptors are suggested to be required for egg cylinder
growth, mesoderm formation and primitive streak formation (Table 3).

2.1.3.  Other type II serine/threonine kinase receptors

In vertebrates, the type II receptor subfamily includes TGF—f type II receptor (TBR-II) (100), anti-
Miillerian hormone type II receptor (AMHR-II) (107) and BMP type II receptor (BMPR-II) (102-
105). These receptors have been cloned from various species and they share high homology to each
other. They also exist in alternatively spliced forms. A recently characterized alternatively spliced
variant of TPR-II, TBR-IIB, with an insertion of 26 amino acids at the N-terminus, is a TGF-[3;
binding receptor (134-136). Alternative splicing of the AMHR results in a 61 aa insertion at the
same location as TBR-IIB (107). BMPR-II also exists in two different isoforms, one of which has a
long C-terminal extension that might arise from an alternative splicing (102, 103). Although the
functional significance of these variants is still unknown, it is interesting that insertions at the N-
terminus of the receptor are only seen in the ligand-binding subunit.
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Figure 4. Schematic representation of activin type II and type I receptors and their
alternatively spliced variants. The receptors are transmembrane proteins composed of a ligand-
binding extracellular domain with a signal sequence (stippled), a transmembrane domain (dark
stripes), and a cytoplasmic domain with ser/thr kinase activity. Black boxes indicate
juxtamembrane alternatively spliced regions or ser/thr-rich C-terminal regions in type II and IIB
receptors. The white box in the cytoplasmic juxtamembrane region is 14 aa proline-rich sequence
deleted from ActR-IIBs. In type I receptors, a black box indicates GS-domain or additional C-
terminal tail in ActR-IB, and ActR-IB;. ActR-IB is alternatively spliced at the kinase subdomains
VII-XI (striped boxes) generating truncated forms of the receptor. In ActR-IBs the kinase
subdomain VII is spliced to subdomain X.
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2.2 Type I serine/threonine kinase receptors

2.2.1 Type I activin receptors

A number of additional ser/thr kinase receptors were cloned by PCR using oligonucleotide primers
based on type II ser/thr kinase receptor sequences. These receptors were initially considered orphan
receptors because they did not bind activins, inhibins, TGF-3s or BMPs (97). As a result of being
simultaneously cloned by different groups, most type I receptors have received different names
before their identity and ligands were established. One practice has been to use the neutral
nomenclature ALK (activin receptor-like kinase). The first receptor characterized was ALK-2 (also
known as SKR-1, Tsk7L, R1 and ActX1R) (91, 92, 95-98). It is commonly referred to as type I
activin receptor (ActR-I) although it is able to mediate only certain activin responses, suggesting
that there may be other ligands than activins (95, 137-140). Recently it has been demonstrated that
at least AMH may use ActR-I as its type I receptor (141, 142). The type I activin receptors are
structurally related to the type II receptor family displaying ser/thr kinase activity. Type I activin
receptors are slightly smaller than type II receptors displaying a shorter extracellular domain and
lacking the ser/thr rich C-terminal tail after the kinase domain (Fig. 4) (13). The extracellular
ligand-binding domains of type I receptors contain seven cysteine residues at nearly invariant
positions in addition to the cysteine box. A unique feature of type I receptors is a highly conserved
30 aa region preceding the kinase domain. Because of the characteristic TTSGSGSG sequence this
region is called the GS domain (115). Ligand-induced phosphorylation of the ser and thr in the GS
domain of the ActR-IB by type II receptor is required for signal activation (90, 111). Immediately
following the GS domain, type I receptors have a leu-pro motif that serves as a binding site for the
cytoplasmic immunophilin FKBP-12 protein (143). Binding of FKBP-12 protects TGF—J3 type |
receptor against phosphorylation, thus preventing the spontaneous, ligand-independent activation of
type I receptor by type Il receptor in vitro (11, 144).

The predominant type I activin receptor in mammalian cells is ActR-IB (ALK-4) (13, 91, 92, 101).
A study of the ActR-IB gene predicted several possible mRNA species, generated by alternative
splicing (145). The full length ActR-IB (ALK-4) has eleven kinase subdomains (I-XI) and is called
ALK4-1. ALK4-2 lacks almost completely the kinase subdomain XI and ALK4-3 lacks
subdomains X and XI, but both have a carboxy-terminus with novel sequences not found in ALK4-
1. ALK4-4, the most truncated splicing variant, lacks kinase subdomains IX-XI and part of the
subdomain VIII. ALK4-5 is identical to ALK4-4, except for the addition of a ser and pro at its
carboxy-terminus (146) (Fig. 4). Activin type I and IB receptors are in different subgroups within
the ALK family (Table 2). The extracellular domains share little sequence identity between ActR-I
and ActR-IB and the distribution of mRNA expression of these two receptors in various tissues is
distinct (91, 92). However, the kinase domain of the type I and type IB activin receptors are over
60% homologous to each other. Human ActR-I (4cvrl) and ActR-IB (Acvrib) genes have been
localized to chromosomes 2q23-q24 and 12q13, respectively (147).

The genomic structure of the mouse ActR-I has been resolved (148). The mouse ActR-I gene
consists of 10 exons of which the first one is not translated. According to primer extension studies,
alternative transcription start sites might be used for expression of the mouse ActR-I gene resulting
in variable size of the 5' untranslated region. The roles of ActR-I and IB in activin signalling have
been studied by gene targeting in mice (Table 3) (149-151). ActR-I is required for gastrulation and
ActR-IB functions in organizing the egg cylinder before gastrulation and primitive streak formation
indicating that activin type I receptors mediate signals required for early embryonic development.
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Table 3. Targeted inactivation of activin receptors

Transgenic mouse model  Phenotype References
ActR-IT" viable (62)
(Acvr2™) infertility in females

delayed fertility in males
small gonads
mandibular defects

ActR-IIB” postnatal lethality (132)
(Acvr2b™) cardiovascular, splenic and renal defects
disturbance of left-right asymmetry
defects in axial patterning

ActR-II""x ActR-1IB” embryonic lethality (133)
ActR-I"" embryonic lethality (149, 150)
(Acvrl™)

ActR-IB” embryonic lethality (151)
(Acvrlb™)

2.2.2.  Other type I serine/threonine receptors

Presently, seven different type I receptors are known. They can be classified into two different
groups according to which downstream signalling proteins, Smads, they are connected with (see
chapter 2.4). ActR-IB, TGF-p type I receptor (ALK-5, XTrR-I) (106, 152) and ALK-7 (109, 110)
acting as the type I receptor for mouse Nodal and Xenopus nodal related protein-1 (Xnr-1) (153)
form the first group. ActR-I, BMP type I and IB receptors (ALK-3 and ALK-6) (91, 92, 108, 118)
and ALK-1 (also known as TSR-I), which participates in TGF—J3 signalling in endothelial cells (9,
154), form the other group.

2.3. Ligand-receptor interactions and mechanism of receptor activation

In the case of activin A both type I receptors (ActR-I and ActR-IB) are able to form complexes
with type II activin receptors (ActR-II and ActR-IIB) (95, 98, 101). Further, it has been suggested
that ActR-IB, but not ActR-I, mediates growth-inhibitory and extracellular matrix responses in
concert with activin type II receptors (101). Thus, activin A may induce distinct cellular responses
depending on which particular receptors are expressed in the cell. The diversity of cellular
responses to different TGF—f ligands may be accounted for by the type I receptors (Table 3).
Interestingly, it has been observed that in the presence of ActR-II both BMP-7/OP-1 and GDF-5 are
able to use BMPR-IB and ActR-I, respectively, for signal transduction (118, 138, 155). On the
other hand, BMP-7/0OP1 and BMP-2 can induce a transcriptional response via a BMPR-II-ActR-I
receptor complex (103). BMP-2 is also able to signal either by a BMPR-II-BMPRI/BMPR-IB or an
ActR-IIB-BMPR-I/BMPR-IB complex (156). In Xenopus embryo explant experiments
constitutively active ActR-I mimics the mesoderm ventralizing activity of BMP-4, which suggests
that ActR-I may function as a BMP receptor in vivo (137). As activin does not have any BMP-like
effects, it is conceivable that ActR-I is not a real activin receptor but rather a receptor mediating
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BMP signals. Inhibin also binds to ActR-II (94) sharing the same binding site with activin A on
ActR-II (121). According to current knowledge, after binding to cell surface betaglycan co-
receptor, inhibin binds to ActR-II, preventing activin from binding to ActR-II and thereby
antagonizing the activin signal (Fig. 5) (157).

Table 3. Mammalian TGF- family member ligands and their receptors

Ligand Receptor 11 Receptor I
Activin ActR-II (ActR-I) (ALK-2)
ActR-11B ActR-IB (ALK-4)
TGF-B TBR-II TBR-I (ALK-5)
ALK-1
(ALK-2)
(ALK-7)
BMP-2 BMPR-II BMPR-I (ALK-3)
BMP-4 ActR-II BMPR-IB (ALK-6)
BMP-7/0OP-1 ActR-I1IB ActR-1
GDF-5
Nodal ActR-I1 ALK-7
ActR-11B ActR-1B
AMH AMHR-II ActR-I
BMPR-IB
GDF-9 BMPR-II ?
24. Intracellular signalling of activin

The proteins of the SMAD family are so far the only identified substrates for type I receptor ser/thr
kinases (Fig. 5). Three functionally distinct subfamilies of Smads have been defined: receptor-
regulated Smads (R-Smads: Smadl, Smad2, Smad3, Smad5 and Smad8), the common-mediator
Smads (co-Smads: Smad4) and the antagonistic or inhibitory (I-Smads: Smad6 and Smad7) [for
review see Attisano et al., Itoh et al., Massagué¢ and Chen, ten Dijke et al. and Roberts and Derynck
(10, 12, 139, 158, 159)]. Activin receptor complexes activate the Smad pathway by interacting and
phosphorylating specific R-Smads, Smad2 and Smad3. Phosphorylation of R-Smads dissociates
them from the activin receptors and leads to formation of complexes with co-Smad. Thereafter, the
Smad complex is translocated to the nucleus, where it binds to DNA and associates with
transcription factors such as the forkhead activin signal transducer (Fast) (160) and Jun (161).
Antagonistic Smad?7 inhibits the binding of R-Smads to the receptor subunits by competing for the
receptor interaction and marking the receptors for degradation. Like TGF—3 superfamily ligands
and receptors the Smad family is highly conserved and the homologues of these classes have been
identified in X./aevis, D.melanogaster and C.elegans.

Identification of several Smad-associated proteins has provided new insights into how Smad
activity is controlled. In the activin signalling cascade Smad/receptor accessory protein, Smad
anchor for receptor activation (SARA), facilitates binding of Smad2 to the heteromeric activin
receptor complex. The stable interaction of SARA with non-phosphorylated Smad2 also prevents
nuclear import of Smad2 (162). Newly described activin receptor-interacting protein-1 associates
with ActR-II and with Smad3, enhancing Smad3-mediated signalling in response to activin (163,
164). Activin receptor-interacting protein-2 interacts with both ActR-II and ActR-IIB and enhances
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endocytosis of ActR-IIs, suppressing activin-induced transcription (165). The nature of these
interactions appears to determine whether Smads positively or negatively regulate activation of
target genes (158, 164).

Although Smads are central elements in the activin signal transduction pathway, activin is also able
to activate the p38 mitogen-activated protein kinase (MAPK) pathway (166). Phosphorylation of

p38 MAPK leads to phosphorylation of ATF2 transcription factor and growth inhibition of breast
cancer cell lines in vitro.
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Figure 5. A simplified model for transducing activin signals into the cells. The binding of
activin to type II receptors induces the phosphorylation of the type I receptors. Activated receptor
complex leads to phosphorylation of Smad2 and Smad3 that permits the interaction with Smad4
and translocation of this complex to the nucleus. In the nucleus Smad-complex regulates specific
gene promoters through the interaction with Smad-specific binding site (SBS) and specific
coregulators. SARA interacts with Smad2 and the receptor complex and assists in the
phosphorylation of Smad2 by the type I receptor. Negative regulation is provided by different
growth factor-sequestering proteins. Follistatin or FSRP binds activin by inhibiting its interaction
with activin receptors. In the presence of betaglycan inhibin competes with activin for the binding
to type II receptors. Smad7, in turn, inhibits the activation of Smad2 and Smad3, thereby blocking
the activin signalling pathway. BAMBI, which is structurally related to type I receptors, lacks the
intracellular kinase domain. Acting as a pseudoreceptor, it prevents homodimerization of type I
receptors. (adapted from Findlay et al. (167).

21



3. Expression and regulation of activin/inhibin subunits, follistatin and activin
receptors

3.1. The tissue distribution of activin/inhibin subunits, follistatin and activin type I and 1I
receptor mRNAs

For many years the primary information available for activins and its receptors has mainly been the
expression pattern in different cells and tissues. Although activins were initially isolated as gonadal
proteins, the expression of their mRNAs has been detected in a number of extragonadal tissues in
all germ layers of fetal and adult tissues. Table 2 presents the distribution pattern of activin and
inhibin subunits, activin receptors and FS mRNA expression in adult murine tissues from
references (4, 91, 94, 97, 98, 122, 145, 168-174) and http://www.ncbi.nlm.nih.gov/UniGene/.

Table 2. Tissue distribution of inhibin and activin subunits, FS and activin receptor
transcripts in adult murine tissues.

Tissue o  PBa Bs FS ActRIl ActR-IIB ActR-I ActR-IB
Ovary + + + + + + + +
Testis + + + + + + + ?
Pituitary + - + + o+ + + ?
Adrenal + + + 4+ ? ? ? ?
Brain + + + + o+ + + +
Bone marrow -+ -+ 2 ? ? ?
Spleen + + - - ? ? + +
Placenta + + + - + + ? ?
Heart ? 0?7 0?7 + 4+ + + +
Lung ? 0?7 0?7 4+ 0+ ? + +
Thymus + 2?2 4+ + + + + +
Skeletal muscle ?  ? + + 2 ? ? +
Uterus/decidua - + - + + + ? ?
Kidney + - - + ? ? + +
Pancreas + + + + + + + ?
Liver/hepatocytes + + - 7+ ? + +
3.2 Expression and regulation of activin subunit and activin receptor mRNAs in the

ovary

Inhibin and activin have important roles in folliculogenesis, oocyte maturation and in corpus
luteum function in rodents and primates. In the rat ovary inhibin and activin subunit mRNAs are
expressed in granulosa cells of growing follicles (8). The expression patterns and regulation of the
mRNAs by a variety of hormones and growth factors have been well documented (175, 176). In the
human ovary, Pa-subunit mRNA expression is found in the granulosa cells and the corpus luteum
whereas the Bg-subunit messenger is detected in the granulosa cells of small antral follicles but not
in dominant follicles or the corpus luteum (177). Activin A protein is present exclusively in the
granulosa cells of mature follicles and in the corpus luteum (178).
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Many studies have demonstrated that activin A has a direct effect on the synthesis of many ovarian
hormones. Activin-induced proliferation has been observed in cultured rat granulosa cells from
both small and large follicles (179, 180) and in human granulosa luteal (GL) cells (181), suggesting
a role for activin in early follicular development. Activin A also increases inhibin o-subunit
transcription and protein biosynthesis in cultured rat granulosa cells (182). Sites of activin
production are widespread and often overlap with their sites of action, suggesting paracrine or
autocrine role in reproduction.

The expression of activin receptor genes has been detected in ovarian follicles. In ligand binding
studies activin A binds to the granulosa cells during all phases of the rat ovarian cycles (183).
Expression of the activin receptor type Il and IIB mRNAs has also been detected in ovarian
granulosa cells, corpus luteum and oocytes of mouse, rat and human (172, 184). The presence of
four activin receptor subtypes has been demonstrated in human granulosa cells and oocytes as well
as in postnatal rat ovary (173, 184). Recently, the expression of ActR-II and IIB proteins in human
follicles has been confirmed by immunohistochemistry (185).

3.3. The effects of activin A in normal erythropoiesis and in erythroleukemia cells

Several lines of evidence indicate that activin A functions as a physiological regulator of erythroid
lineage cells. Erythroid differentiation factor (EDF) was first found in the conditioned medium of
12-O-tetradecanoyl-phorbol-13-acetate (TPA)-stimulated human monocytic leukemia cells, based
on its ability to induce erythroid differentiation of murine Friend erythroleukemia cells (186).
Later, EDF was found to be identical to human activin A (7). Early studies indicate that in the
presence of erythropoietin, activin A promotes the colony formation of early (187, 188) and late
stages (189) of erythrocyte differentiation in the bone marrow cell cultures. It drives immature
erythroid precursors to form hemoglobinized cells, thereby rendering the colonies recognizable as
erythroid colonies (189-191). Purified erythroid progenitor cells also possess receptors for activin
on their surface (191). Recently, it has been observed that activin A commits the erythroid
progenitor cells to apoptosis without erythropoietin costimulation required for further maturation
(192). Activin enhances proliferation of normal erythroid precursor cells not only in culture
systems but also when administered to rodents in vivo (193, 194). Endogenous activin A production
by bone marrow cells supports the importance of activin A in regulating erythropoiesis (195-197).

Human K562 cells, derived from a patient with chronic myelogenous leukemia with the BCR/ABL
oncogene of the Philadelphia chromosome translocation (198), provide a model system for
studying erythroid differentiation. The addition of activin A to K562 cells causes them to become
hemoglobin positive and inhibits their proliferation (189). Further, the accumulation of globin
transcripts is induced by activin A (199). It has been indicated that the K562 cells possess specific
binding sites for activin on their surface (16). Both type II activin receptors and activin receptor
type IB are required for activin-induced transcriptional activity (200). Moreover, by using an
inducible promoter the levels of ActR-IB and ActR-II can be increased, which enhances the effects
of activin on erythroid differentiation (201). The treatment of K562 cells with TPA leads to loss of
erythroid properties. Although the K562 cell line is not an ideal model for megakaryoblastic
differentiation, several megakaryoblastic characteristics, such as TGF—[3 expression, can be
detected by TPA induction (202, 203).
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Aims of the present study

The aim of the present study was to investigate where human activins and their signalling
components are expressed, and how they are regulated in different activin responsive cell models as
well as in human developing tissues.

The specific aims of the study were to determine:

the primary structures of human type II activin receptors

- the distribution of the activin B-subunits, follistatin and type II activin receptor transcripts in
human developing tissues

- the expression and regulation of activin and inhibin subunits and activin receptor transcripts
in human granulosa-luteal cells

- the regulation of activin Pa-subunit and activin receptor transcripts in human
erythroleukemia K562 cells
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Materials and methods

1. Cell cultures

Human K562 [CCL-243; American Type Culture Collection (ATCC), Rockville, MD, USA] and
HL-60 cells (CCL-240; ATCC) were grown in RPMI 1640 medium supplemented with 10% fetal
calf serum (FCS; GIBCO Laboratories, Grand Island, NY, USA). Mouse NIH-3T3 fibroblasts
(CRL-1658; ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM; GIBCO)
supplemented with 10% newborn calf serum (NCS), 2 mmol/l L-glutamine, 100 IU/ml penicillin,
and 100 pg/ml streptomycin (GIBCO) at 37°C in a humified 95% air-5% CO, atmosphere. The
experiments were performed in RPMI 1640 medium or DMEM supplemented with 1% FCS or
NCS. Human GL cells were aspirated from women undergoing hormone treatment for in vitro
fertilization. For each experiment, the cells from two to four patients were pooled and
enzymatically dispersed and separated from red blood cells by centrifugation through Ficoll-Paque
(Pharmacia, Uppsala, Sweden), as previously described (204). They were plated at a density of 2-5
x 10° cells/well in 35-mm six-well dishes (Costar, Cambridge, MA) and cultured in DMEM
(GIBCO) supplemented with 10% FCS, 2 mM L-glutamine, and antibiotics (100 IU/ml penicillin,
100 pg/ml streptomycin, and 0.25 pg/ml amphotericin-B; GIBCO). Cell culture media were
changed every other day, and hormone treatments were performed on days 2 to 7 of culture. Prior

to hormone treatments the human GL cells were transferred to DMEM medium supplemented with
2.5% FCS and antibiotics.

2. Treatments of the cell cultures

For megakaryocytic differentiation, K562 cells were induced with increasing concentrations of
TPA [0.003 to 100 ng/ml; Sigma Chemical Co, St Louis, MO, USA; dissolved in dimethyl
sulfoxide (DMSO)] (203, 205). For erythroid differentiation, K562 cells were treated with
recombinant human activin A (189) (0.1 to 30 ng/ml; a gift from Dr. Y. Eto, Ajinomoto Co,
Kawasaki, Japan) or TGF— (1 ng/ml; R&D Systems, Minneapolis, MN, USA). To study the effect
of cyclic AMP (cAMP) on Ba-subunit mRNA levels the K562 cells were treated with the cell
permeable cAMP analog, 8-bromo-cAMP (8-Br-cAMP; 1 mM; Sigma). The K562 cells were also
treated with protein kinase inhibitor H7 (10 uM; Seigaku America, Inc., St. Petersburg, FA, USA)
(76) with or without TPA (10 ng/ml). HL-60 cells were induced to either monocyte/macrophage or
granulocyte-like cells by 10 ng/ml TPA or 1.2% DMSO, respectively (206).

To study the regulation of inhibin subunits, the GL cells were treated with different concentrations
of activin A (0.3 to 100 ng/ml) for indicated time periods. To test the effect of recombinant human
follistatin (288-aa follistatin, generously provided by Dr. Raiti, University of Maryland School of
Medicine, Baltimore, MD) on basal and activin A-stimulated Bg-subunit mRNA expression,
increasing concentrations of follistatin (4-700 ng/ml) were first incubated with or without 50 ng/ml
activin at 37°C for 1 h in 50 ml phosphate buffered saline (PBS) containing 0.1 % bovine serum
albumin (BSA) before given to the cells in 2 ml DMEM-2.5% FCS for 24 h. To study the effect of
human chorionic gonadotropin (hCG) alone (CR-127 preparation was donated by the National
hormone and pituitary programme, NIDDK, NIH) or in combination with activin A, the cells were
stimulated with 100 ng/ml hCG and/or 60 ng/ml activin A for 24 or 48 h. Purified bovine inhibin A
was from Peninsula Labs Europe (Merseyside, UK).
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3. Human fetal tissues

Human fetuses were obtained from the Helsinki Maternity Clinic by approval of the hospital's
ethics committee and by informed consent of the mother undergoing legal abortion. The gestational
ages varied from 15-17 weeks as estimated from fetal foot lengths (207). Tissues were dissected 1-
4 h post-mortem and rapidly frozen in liquid nitrogen for storage at —70°C prior to RNA extraction.

4. RNA extraction and blotting

Total RNA was isolated from K562 and HL-60 cells and human fetal tissues by the guanidinium
isothiocyanate/CsCIl method (208). Polyadenylated RNA was isolated from total K562 and NIH-
3T3 cell RNA as well as human fetal brain tissue by a PolyATtract System IV kit (Promega,
Madison, WI, USA). The modified Nonidet P-40 lysis method (209) was used for extracting
cytoplasmic RNA from human GL cells, K562 cells and NIH-3T3 fibroblasts. The RNAs were
quantitated by absorbance at 260 nm. For Northern blots, 3.9 micrograms of glyoxylated
polyadenylated RNA or 10 pg of total RNA samples were size-fractioned in 1.5% agarose gels, and
transferred to Hybond-N nylon membranes (Amersham International, Aylesbury, Buckinhamshire,
UK). For dot blots, 1-2 ug of cytoplasmic RNA was denatured and spotted onto nylon membranes
using a 96-well Minifold device (Schleicher and Schuell, Keene, NH, USA). The RNA blots were
baked for 1-2 h at 80°C and thereafter UV cross-linked for 6 min with a UV illuminator (Reprostar
II, Camag, Switzerland).

5. RT-PCR, cDNA cloning and sequencing

Reverse transcription-polymerase chain reactions (RT-PCR) were performed according to
previously described protocols (210). One microgram of total RNA from the adequate tissue source
was used for cDNA synthesis. The 10 pl reaction volume contained 100 U Moloney murine
leukemia virus reverse transcriptase (Bethesda Research Laboratories [BRL], Gaithersburg, MD),
0.2 ug oligo d(T);s primer (Boehringer Mannheim, Mannheim, Germany), 2 ul of 5 X RT buffer
(BRL), the four dNTPs (at 0.5 mmol /1 final concentration of each; Perkin-Elmer Cetus Corp,
Norwalk, CT), and 5 U human placental RN Ase inhibitor (Amersham) at 37°C for 60 min.

One microliter of the RT mixture was subjected to PCR, which was performed according to the
instructions provided with the GeneAmp DNA Amplification Reagent Kit (Perkin-Elmer, Cetus).
The primers for amplification of full length ActR-II and ActR-IIB were designed according to
published rodent sequences (94, 99, 211), and are listed in Table 1 (I). Amplification of K562 cell
cDNA with primers no. 7 and 8 yielded a 556-bp DNA product homologous to mouse ActR-II
sequence. Primers no. 1 and 2 were used for amplification of a 959-bp human ActR-IIB fragment
from the same cDNA. These fragments were used as hybridization probes to screen Northern blots
of human fetal tissue RNA samples. For obtaining the full open reading frame of human ActR-II
and ActR-IIB, we used human fetal kidney and brain cDNA, respectively, to amplify the missing 5’
and 3’ sequences. The amplification conditions consisted of initial denaturation at 94°C for 2
minutes followed by 45 cycles of amplification with denaturation at 94°C for 30 seconds, annealing
at 55°C for 30 seconds and extension at 72°C for 1 minute and 30 seconds.

All probes used in hybridization analysis were produced by the RT-PCR. Amplification of activin
Ba-subunit and B-actin fragments was performed with previously described specific oligonucleotide
primers using untreated granulosa-luteal cell RNA as a template (41). Human ActR-I, ActR-IB,
TGF—P and a-globin amplification, the cDNA cloning procedure and primers used for PCR are
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detailed in Studies I and III. The primers used for inhibin a- and Bg-subunit and the cDNA clones
obtained have been described elsewhere (36, 42). A genomic 417-bp DNA fragment for the activin
Bc-subunit was derived by PCR performed on human K562 cell DNA (212).

The amplified cDNAs were ligated to commercial T-vectors pCR1000 (InVitrogen, San Diego,
CA, USA) or pGEM-T (Promega) and characterized by sequencing the double stranded plasmid
templates using cloned T7 DNA polymerase (Sequenase 2.0, U.S. Biochemical Corp., Cleveland,
OH, USA).

6. Southern blotting

For Southern blotting of amplified cDNA fragments, the samples were electrophorezed through 3.5
or 4% agarose gels, stained with ethidium bromide and illuminated under UV light. The samples
were then transferred on Hybond N nylon membranes (Amersham) according to standard protocols
(213) or by the downward alkaline capillary transfer method (214).

7. Probe labeling, hybridizations and quantification of the data

Double stranded cDNA inserts were labeled with [oc—32P]deoxy (d)CTP (3000Ci/mmol; DuPont,
Boston, MA, USA or Amersham) by the random priming method (Random priming (30) labelling
kit; Boeringer Mannheim or Prime-a-gene kit; Promega). If the signal was weak single stranded
cDNA probes were prepared by linear PCR amplification. Both single- and double-stranded cDNA
probes were purified with Nick columns (Pharmacia Biotech, Uppsala, Sweden) or NucTrap
columns (Stratagene, La Jolla, CA) and used at 1-3 x 10° cpm/ml in hybridization solution
containing 50% formamide, 6 X SSC (1 X SSC = 0.15 M NacCl and 0.015 M Na-citrate, pH 7.0),
0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA, 100 pg/ml salmon sperm DNA, 100 pg/ml
yeast RNA, and 0.5% sodium dodecyl sulfate (SDS). Northern and Southern blots were hybridized
for 16 h at 42°C and washed three times for 20 minutes with 1 X SSC-0.1% SDS at 55°C. Filters
were exposed to X-ray film with Trimax 16T intensifying screens (3M, Ferrania, Italy) at —70°C.
The relative densities of dot blot hybridization signals were detected using transmission
densitometer (model 331, X-rite Co., Grand Rapids, MI). Alternatively, hybridized filters were
analyzed by Fujifilm IP-reader Bio-Imaging Analyzer BAS 1500 (Fuji Photo co. Ltd., Tokio,
Japan) with the MacBas software supplied by the manufacturer.

8. Analysis of RNA data

For single comparisons the data were analysed by the Student's t-test. For multiple comparisons the
data were first analysed by one-way analysis of variance, and statistical significance was
determined by Scheffe's multiple comparison test using the Exstatics program (Select Micro
Systems, Yorktown Heights, NY) on a Macintosh personal computer.

9. Western blotting

For Western analysis the culture media were concentrated with Ultrafree MC 10.000 NMWL filter
unit concentration tubes (Millipore Products Division, Bedford, MA, USA). Duplicate 30 ml
aliquots equivalent to 800 pl of medium were run under reducing and non-reducing SDS-
polyacrylamide gel electrophoresis (PAGE) conditions and transferred to Hybond-C extra
nitrocellulose filters (Amersham) using a Bio-Rad Mini Trans-Blot apparatus (Bio-Rad
Laboratories, Richmond, CA, USA). Before immunoblot analysis the membranes were incubated in
blocking solution [Tris buffered saline (TBS), 3% BSA] at room temperature for 1-2 hours.
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Subsequently, the blots were exposed to a 1:500 dilution of rabbit polyclonal Ba-antiserum (#560)
(41) or to a 1:2000 dilution of mouse monoclonal E4 anti-B5 antibody (Serotec, Oxford, UK) and
incubated at +4 C overnight. As negative controls, the polyclonal B-antiserum was pre-incubated
with synthetic Ba (93-105)-NH; peptide (50 pg/ml) and the mouse monoclonal E4 antibody was
pre-incubated with activin A (250 ng/ml) overnight at +4 C prior to incubation with membranes.
The blots were then rinsed with the TBS/Tween buffer and incubated with peroxidase conjugated
goat-anti-rabbit IgG or goat-anti-mouse IgG (1:3000) (Bio-Rad). The immunoreaction was detected
using Enhanced Chemiluminescence (ECL) system according to the manufacturer's instructions
(Amersham).

10. Radioiodination of follistatin and ligand blotting

Activin binding protein, follistatin 288, obtained from the National Institute of Child Health and
Human Development, NIH, was iodinated using the lodo-Gen method according to manufacturer's
instructions (Pierce, Rockford, IL, USA) and the labelled protein was purified by PD10 columns
(Pharmacia). The proteins in the culture media of unstimulated and TPA-induced cells were
separated on SDS-PAGE and transferred onto nitrocellulose filters. The filters were incubated with
127 follistatin (200 000 cpm/ml) overnight at +4°C (76), washed with the TBS/Tween buffer and
exposed to X-ray film for 1 to 3 days at —70°C. As a specificity control, '*’I-labeled follistatin was
pre-incubated with activin A (250 ng/ml) overnight at +4°C prior to incubation with membranes.
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Results

1. The primary structure of human activin receptor type II and IIB (I)

Human ActR-II and ActR-IIB cDNAs were amplified by RT-PCR using primers designed
according to published rodent ActR-IIs sequences. The 556-bp and 959-bp fragments of ActR-II
and ActR-IIB, respectively, were amplified from human K562 cell cDNA covering part of the
extracellular domains, transmembrane regions and part of the intracellular kinase domains. Since
type II activin receptors were expressed at relative low levels in K562 cells we delineated the tissue
distribution pattern of ActR-II and ActR-IIB mRNAs in other sources to facilitate their cloning. A
strong expression level of ActR-II was detected in human fetal kidney. The expression of ActR-11B
was highest in the developing brain. Therefore, human fetal kidney and brain cDNAs were used to

amplify RT-PCR clones representing the missing 5' and 3' sequences to obtain the full reading
frame of hActR-II and hActR-IIB, respectively.

To evaluate the possible alternative splicing of hActR-IIB mRNA, RT-PCR was performed on
human K562 cells and human fetal brain polyadenylated mRNAs and mouse NIH-3T3 cell RNA
using primers flanking the region of the cDNA encompassing the alternative spliced regions.
Southern hybridization with the 544-bp hActR-IIB, probe defined only a fragment corresponding to
the ActR-IIB; isoform. This fragment was amplified from K562 cell and human fetal brain cDNA.
However, under similar experimental conditions, the four mouse splicing variants were detected in
Balb/c 3T3 fibroblast cDNA (99). In NIH-3T3 cells the ActR-1IB, isoform was clearly more
abundantly expressed than the other three variants.

2. The tissue distribution of inhibin a, activin B4- and Bg-subunit, follistatin and ActR-
IT and -1IB messenger ribonucleic acids in human fetal tissues (I and II)

During human development only the adrenal glands expressed the 1.6-kb inhibin a-subunit
transcripts. The strongest expression of the Ba-subunit was detected in neural and muscular tissues.
These 1.7-, 4.0- and 6.0-kb Bs-subunit transcripts were also detected in several exocrine tissues as
well as in bone marrow. The 3.8- and 4.8-kb transcripts of the Pg-subunit were also detected in
most of these tissues but the expression levels differed compared to the 4-subunit. The Bg-subunit
transcripts were most abundant in neural tissues, adrenal glands and salivary glands. The major 2.5-
kb and the minor 1.5-kb transcripts of follistatin were seen in several fetal tissues with the highest
expression levels in the kidneys, the liver and skeletal muscle.

Similar to activin B-subunit mRNAs, the highest expression levels of the 3.0- and 6.0-kb ActR-II
and 2.5- and 10-kb ActR-IIB transcripts were detected in developing neural tissues such as
cerebrum and spinal cord. Moderate expression levels of both ActR-II and ActR-1IB were detected
in muscular tissues such as skeletal muscle, heart and stomach. Low but detectable expression of
ActR-IIB mRNA was also observed in several glandular tissues (kidney, salivary, and pancreas)
and hematopoietic tissues (spleen, liver, thymus, and bone marrow). The adrenal glands, which
consists of both glandular (cortex) and neural (medulla) tissue, also expressed ActR-IIB mRNA.
Although ActR-II and ActR-IIB mRNAs were coexpressed in several human fetal tissues ActR-1IB
showed a wider tissue distribution than ActR-II.
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3. Expression and regulation of Bs-subunit transcript and polypeptide, and type I and
II receptor mRNAs in K562 cells (I and IV)

In Northern analysis of untreated K562 cell RNA no hybridization signal of a-subunit mRNA was
detected. However, Pa-subunit transcripts of 1.8-, 2.8-, 3.0-, 4.3-, and 6.4-kb were seen in TPA-
stimulated K562 cells. The expression of Pa-subunit mRNA was also confirmed by RT-PCR
analysis. A 786-bp fragment was amplified from TPA-induced K562 cells whereas no
amplification product was seen in untreated cells. As a positive control for Ba-subunit primers
granulosa-luteal cell RNA was used as a template. No transcripts for the inhibin a-, activin - or
Bc-subunits were detected by RT-PCR followed by Southern blotting of the PCR products of
untreated or TPA-treated K562 cells (data not shown).

TPA regulates the expression of Ba-subunit transcript in both a time- and concentration dependent
manner in K562 cells. The induction of the Ba-subunit transcripts with 10 ng/ml TPA was seen
after eight hours incubation, and the maximal responses were obtained with 1.0-100 ng/ml of TPA.
In contrast neither activin nor TGF-f3, which differentiate K562 cells toward the erythroid lineage,
stimulated Ba-subunit mRNAs (data not shown). The induction of activin s-subunit mRNA
expression by TPA could be blocked with a potent protein kinase C inhibitor H7 (10 uM).

In Western blot analysis we used the reduced samples of culture medium of K562 cells treated for
72 h with 10 ng/ml of TPA. Polyclonal Ba-antibody (#560) detected a 14 kD protein in these
samples. The immunoreaction was prevented by pre-incubation of the polyclonal anti-f antiserum
with the synthetic B4 peptide against which the antibody was raised confirming the specificity of
the Ba-antibody. The monoclonal E4 anti-B, antibody was used to recognize dimeric 5-subunits.
The predicted 25 kD protein was recognized in the culture medium of TPA-treated K562 cells
whereas no signal was detected when the E4 Ba-antibody was pre-incubated with activin A. The
follistatin binding capacity of the 25 kD protein was determined by ligand blotting experiments
with '*’I-labelled activin-binding protein follistatin. A 25 kD protein was consequently detected in
conditioned medium of TPA-treated K562 cells. Pre-incubation of '*’I-follistatin with activin A
prior to ligand blotting prevented the recognition of the 25 kD protein confirming the specificity of
the signal. To determine the time- and concentration dependence of the effect of TPA on activin A
protein secretion K562 cells were also used in Western and ligand blotting analyses. Our results
indicate that BA-subunit monomers and dimers become detectable in the culture medium after a 24
h stimulation with 10 ng/ml of TPA and that maximal levels are reached by 48 h. Concentration
dependence experiments indicated that TPA concentrations of 1.0 ng/ml, and above, strongly
induced the secretion of activin A in these cells.

The expression of activin type II and type I receptor transcripts were studied by Northern blot
analysis of polyadenylated K562 cell RNAs. The specific 10- and 2.5-kb transcripts and a very
weak 2.1-kb hybridization signal were observed with the ActR-IIB probe. For ActR-II, 6.0- and
3.0-kb transcripts were detected. The expression levels of both type II receptors were relatively low
in K562 cells when compared with eg. human fetal brain. Although no exact quantitative
determination of mRNA levels was performed, ActR-IIB appeared to be more abundantly
expressed than ActR-II in K562 cells based on the comparison of hybridization signals obtained
after similar exposure times of Northern blots.

The regulation of ActR-II and ActR-IIB mRNA levels during the differentiation of K562 cells was

studied by Northern blot and dot blot hybridization. The K562 cells were treated with increasing
concentrations of activin A (0.1 to 30 ng/ml) for 72 hours for erythroid differentiation. Activin A
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increased o-globin mRNA expression in K562 cells in a concentration- and time- (data not shown)
dependent manner. However, neither ActR-II nor ActR-IIB mRNA levels were affected by activin
A treatment. On the other hand, during TPA-induced (0.01 to 10 ng/ml) megakaryocytic
differentiation the expression of TGF-B; mRNA was stimulated in a concentration-dependent
manner in K562 cells although it had no effect on ActR-II and ActR-IIB mRNA levels. The relative
expression levels of both ActR-II and ActR-IIB mRNAs were not altered by induced
differentiation.

For ActR-I and ActR-IB the specific 4.0-kb and 5.2-kb transcripts were detected. Both type I
activin receptors were relatively weakly expressed in untreated K562 cells, but induction with TPA
(10 ng/ml) increased their expression in a time-dependent manner. However, neither ActR-I nor
ActR-IB mRNA levels were affected by activin A (20 ng/ml) or TGF-; (1 ng/ml) treatments.

Since 8-Br-cAMP has been shown to increase a-subunit mRNA levels in several different human
cell culture models we determined whether it affects fa-subunit and type I activin receptor mRNA
expression in K562 cells. Neither Ba-subunit nor type I activin receptor transcript levels were
induced by 8-Br-cAMP (1 uM). Interestingly, the effect of TPA on Bs-subunit mRNA expression
was significantly increased when the K562 cells were treated with TPA (10 ng/ml) and 8-Br-cAMP
(1 uM) together. However, TPA-induced type I activin receptor mRNA levels were not affected by
a co-treatment with 8-Br-cAMP.

4. Regulation of a-, fA- and Bg-subunit and activin receptor mRNAs in human GL-cells
(I11)

Northern analysis of activin A (30 ng/ml) treated human granulosa-luteal cells showed that the
expression of a specific 4.8-kb Bg-subunit mRNA was induced within 24 h whereas the expression
of the 1.6-kb a-subunit or B-actin transcripts (used as a loading control) were not affected. No
effect on the Ba-subunit mRNAs was detected (data not shown). Dot blot hybridization experiments
indicated that the o- and Ba-subunit transcripts were not induced by activin A at any time point
between 2-48 h. By contrast, after 8 h stimulation with activin A the expression levels of Bg-subunit
mRNAs were significantly increased and the maximal effect was detected at 48 h. On the other
hand, the mRNA levels of cytochrome P450 (P450scc), which is a rate-limiting enzyme in
progesterone synthesis, slightly decreased at 24 and 48 h by activin. The maximal effects of activin
A were detected in concentration range of 25-100 ng/ml. hCG (30 ng/ml) treated granulosa cells
were used as a positive control for the a-subunit and P450scc mRNA expression.

To study the effect of FS on the basal and activin A-stimulated Bg-subunit mRNA levels, increasing
amounts of follistatin (up to 350 ng/ml) were pre-incubated with or without activin (25 ng/ml).
Follistatin inhibited the effect of activin A on Bg-subunit mRNA levels in concentration-dependent
manner, but has no effect by itself. Inhibin A had no effect on Bg-subunit mRNA levels at any
concentration or time point tested in the presence or absence of activin A.

Inhibin o-subunit and p450scc mRNA levels were significantly induced when the granulosa cells
were stimulated with hCG for 24-48 h. The PBg-subunit transcript levels were not affected.
However, co-stimulation of granulosa cells with hCG and activin A prevented the stimulatory
effect of activin A on Pg-subunit mRNA levels. Interestingly, activin A slightly decreased hCG-
stimulated inhibin a-subunit transcript levels. Activin A did not affect hCG-induced Ba-subunit
mRNA levels (data not shown).
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The expression of activin receptor mRNAs was studied by Northern blot analysis of RNA extracted
from freshly isolated human preovulatory granulosa cells as well as human GL cells cultured for 5
or 6 days. The Northern blots were hybridized with single or double stranded DNA probes for
human ActR-I, ActR-IB, ActR-II and ActR-IIB. Specific transcripts of the expected sizes were
detected for all four receptor subtypes in both the freshly isolated preovulatory granulosa cells and
cultured GL cells. The expression of the specific transcripts of inhibin and activin subunit mRNAs
in preovulatory granulosa cells was also shown.
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Discussion

1. Cloning and characterization of human type II activin receptors (I)

The open reading frame of hActR-II and hActR-1IB ¢cDNA sequences was constructed from several
partial overlapping cDNA clones amplified from K562 cells, and human fetal kidney and brain
RNA, respectively. Human ActR-II ¢cDNA encodes a protein of 513 aa and was 99% identical at
the amino acid level with the mouse ActR-II (94). In hActR-II we observed one nucleotide
difference in sequence comparisons to hActR-II cDNAs published by others (126, 127). However,
the difference did not alter the deduced amino acid sequence. Like the type II activin receptor (94,
126, 127, 215, 216) the amino acid sequence of hActR-IIB shows more than 98% homology with
its rodent counterparts (99, 211). The human ActR-IIB ¢cDNA encodes a 512 aa transmembrane
protein with an extracellular ligand binding domain and an intracellular signalling domain with
ser/thr specificity. The human sequence differs only by five amino acids from the corresponding
mouse sequence (99). Three substitutions in the signal peptide, one in the ligand binding domain,
and one in the C-terminal region was found.

Because four different type IIB activin receptor transcript isoforms are generated in mouse by
alternative splicing events (99), we examined whether this feature is also characteristic of the
human ActR-IIB gene. However, based on our RT-PCR studies we did not find any other receptor
transcript isoforms than the ActR-IIB, variant in K562 cell and human fetal brain samples. Under
similar experimental conditions we detected all four splicing variants in mouse NIH-3T3 fibroblast
RNA, corresponding to earlier results reported by Attisano et al. (99). Peng et al. have confirmed
our observation by showing that ActR-IIB, is the only variant of the ActR-IIB in human brain,
placenta and granulosa-luteal cells (217). However, in human teratocarcinoma cells two isoforms,
ActR-IIB; and ActR-IIB,, have been characterized later (129). The ActR-IIB, variant appears to be
the most prevalent isoform in the mouse and ActR-IIB sequences reported in other species
resemble ActR-IIB; in structure (211, 218-220). The biological relevance of different isoforms is
still unclear, but the ActR-IIB; and ActR-IIB; isoforms appear to bind activin with higher affinity
than the ActR-1IB; and ActR-IIB, variants, which have binding abilities comparable to that of
ActR-II receptor (99). This suggests that cells bearing ActR-IIB; and ActR-IIB; isoforms may bo
more sensitive to activin than those harbouring type I11Bs, 1IB4, or II receptors. Different ActR-IIB
isoforms may also have different binding properties on the other TGF-f3 family ligands that use
ActR-IIB in their signal transduction.

Our study suggests that human ActR-IIB RNA is processed to encode the high affinity ActR-IIB,
receptor. Although we did not characterize the binding properties of ActR-1IB, Zhou et al. have
used our cDNA clone in studies determining the signalling properties of ActR-IB isoforms (221).
Activin A-induced phosphorylation of ActR-IIB complexed with ActR-IB was significantly
increased compared with that seen with basal phosphorylation. In another study, soluble ActR-IIB,
protein produced by us has been used to block molar tooth development in mandibular explants in
mouse (222).
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2. The tissue distribution of inhibin o, activin Bs- and Bg-subunit, activin type I and II
receptor and follistatin mRNAs in human fetal tissues (I, IT)

Our studies were originally the first reports to describe the expression of activin a- and B-subunits,
activin receptor and follistatin transcripts during human development. The highest expression levels
of the activin signalling components were detected in developing neural and muscular tissues.
Activin subunit transcripts are differentially expressed and the mRNA levels varied in various brain
regions. The strongest hybridization signals of Ba- and Bg subunits were observed in developing
neural tissues in the cerebrum and spinal cord, whereas no expression of -subunits was detected in
the cerebellum. Interestingly, of the neural tissues studied, follistatin was expressed only in the
cerebellum. Prior to this study the B-subunit transcripts had been localised in developing rat (223)
and Xenopus (224) central nervous systems, and later a more detailed expression pattern in
developing rat brain was reported by Andreasson et al. (225). In several models of acute brain
injury up-regulation of Pa-subunit transcript as well as activin A protein has been observed,
suggesting an important role for activin in neuroprotection (226).

Further confirming the role of activin during the development of the nervous system, we found that
ActR-IIB and ActR-II mRNAs were abundantly expressed in developing human neural tissues such
as brain and spinal cord. Subsequently, it has been shown that all four types of activin receptor
mRNAs are expressed in embryonic rat brain (227), and throughout the adult rat brain the
expression of ActR-II mRNA is stronger than that of ActR-IIB (172). Studies on non-mammalian
vertebrates have shown the expression of ActR-II in chicken embryo neural tissues (128) and ActR-
IIB in Xenopus tissue undergoing neurulation (218). Activin promotes neural cell survival in vitro
(228), stimulates proliferation and inhibits terminal differentiation of several neural cells in culture
conditions (229). However, homozygous mice carrying null mutations of activin A and/or activin B
or ActR-II genes do not show any obvious defects in neural development (57-59, 62). This
discrepancy in the effects of activin in neural tissues may be explained by other TGF-f3 ligands
signalling through ActR-IIB, and some compensation by maternal activins in the embryo.

In the developing human muscle, including heart, skeletal muscle and smooth muscle cells of the
stomach, activin Ba-subunit and follistatin transcripts as well as both type II activin receptor
transcripts were relatively abundantly expressed. The strongest hybridization signal of the
follistatin was detected in the skeletal muscle. The expression of follistatin is also detected in
developing muscle of chicken limb (230). Recent data confirms the role of follistatin and type II
activin receptors in regulating muscle growth. Myostatin, which negatively regulates skeletal
muscle mass, is suggested to use ActR-IIs in signalling, and its activity can be blocked by follistatin
(231). Further, the expression of follistatin or the dominant-negative form of ActR-IIB under the
myosin light-chain promoter/enhancer increases muscle mass similar to that seen in myostatin
deficient mice (232).

The Ba-subunit mMRNA expression was strongest in heart. In line with our findings the expression
of the Ba-subunit has been detected in the developing rat (223) and mouse heart (233). However, no
Be-subunit transcripts were detected in the developing murine heart at the same stage (234). The
expression of ActR-II has been shown in the developing mouse (235) and chicken heart, and in
myotomes of developing chicken embryos (128). Recently, it was reported that disruption of the
ActR-IIB gene results in lateral asymmetry of heart and lungs in developing mice (132) suggesting
that this gene may be mutated in left-right axis abnormalities in humans as well. However, ActR-
IIB mutations were detected only in rare cases of left-right axis malformations (129).
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The detection of 4-subunit expression in human fetal hematopoietic tissues (bone marrow, spleen,
liver) is in line with earlier evidence for activin as a hematopoietic regulator (3, 189). In human
bone marrow cultures and peripherical blood activin is able to increase the proportion of DNA-
synthesizing erythroid progenitors (190). In contrast to human liver, no expression of the Pa-
subunit transcript was detected in developing mouse embryos (233). Based on ample evidence of
the role of activin as a hematopoietic regulator (186, 187, 189, 192-197) it is not surprising that
several human hematopoietic tissues express activin receptors. In conclusion, the similar
distribution pattern of activin B-subunits as well as activin type II receptors in the midgestational
fetus suggests an important role of activin during human development.

The expression of the P-subunits and follistatin was detected in some developing exocrine
glandular organs. Relatively low but detectable expression levels of ActR-IIB were also found in
kidney, salivary, pancreas, and adrenal tissues, as well as in fetal hematopoietic tissues including
spleen, thymus, liver and bone marrow. Mutations of ActR-IIB have been shown to disrupt the
development of the stomach, pancreas and spleen in mouse (236). In developing rat salivary gland
the Pp-subunit mRNA has been shown to be highly expressed (223), correlating well with our
findings. Moreover, by in vitro organ cultures of the developing mouse kidney, salivary gland and
pancreas rudiments we have observed that the epithelial branching morphogenesis of these tissues
is severely disturbed by the addition of exogenous activin (36). In transgenic mice expressing the
truncated ActR-II under the B-actin promoter the attenuated signalling of activin A or related
ligands is suggested to increase the number of nephrons by enhancing the branching of ureteric
buds in the developing kidney (237). A role for activin in the development of the kidney is also
supported by the study showing ActR-II and ActR-IIB transcripts in chicken (128) and mouse (233)
developing kidney, respectively. The effects of activin A in the branching morphogenesis have
been recently reviewed in Ball and Risbridger (238). Although the wide tissue distribution of
activin B-subunits suggests the importance of activin in developing human tissues, gene targeting
studies have shown that in mice deficient in both activin Bs- and Pg-subunits the structure and
function of the organs studied were not affected (57). Thus, it seems that other activin subunits or
growth factors using the same signalling components are able to substitute for the effects of activin.

3. The expression and regulation of activin A-subunit during induced differentiation
of human erythroleukemia K562 cells (IV)

In human erythroleukemia K562 cells, activin regulates both mitogenesis (189, 239) and
differentiation-related phenomena such as hemoglobin production (189, 199, 239). In addition to
activin, TGF-f is also able to induce erythroid differentiation of K562 cells (189, 240). However,
neither of these growth factors affects activin Ba-subunit mRNA or protein expression in these
cells. Instead the expression of the activin fx-subunit mRNA and protein is induced by the phorbol
ester TPA which activates protein kinase C (241) and megakaryocytic properties in K562 cells
(205). The 5' untranslated region of the human activin B-subunit gene includes promoter
sequences and various potential enhancer sites of which TPA and cAMP-responsive elements are
functionally necessary for transcriptional regulation of Pa-subunit gene in human fibrosarcoma
HT1080 cells (39). TPA-induced expression of Ba-subunit mRNAs was clearly observed in K562
cells as well. By Northern blotting five different B5-subunit mRNA species (6.4-, 4.3-, 3.0-, 2.8-,
and 1.8-kb) were detected, with main sizes of 3.0- and 2.8-kb. Consistent with our findings, the
expression of multiple Ba-subunit mRNAs in the size range of 1.7- to 6.0-kb has also been reported
in other human cell culture models (7, 31, 40, 42, 44, 48, 242). Different transcription start sites
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(45) or alternative polyadenylation signals (44) may be responsible for the existence of the
differently sized Ba-subunit mRNAs.

TPA induces the expression of activin Ba-subunit mRNA in K562 cells both in a time- and
concentration-dependent manner. The maximal response was seen at 24 h whereafter the mRNA
levels decreased. However, in other cultured cells TPA-induced Pa-subunit mRNA expression
shows differential kinetics. In human fibrosarcoma HT1080 cells (243) and in murine bone marrow
stromal cell lines, MC3T3-G2/PA6 and ST2 (197), TPA increases Pa-subunit mRNA expression
rapidly and transiently with maximal levels at 6h and 4h, respectively. By contrast, in human
granulosa-luteal cells (212) and in human fetal adrenal cells (42) Ba-subunit mRNAs are rapidly
induced within 2-4 h and the levels remain increased up to 48 h. The TPA-induced expression of
Ba-subunit mRNA in K562 cells resembles that seen during TPA treatment of human THP-1 (7)
and HL-60 cells (242), where Ba-subunit transcripts are slowly induced and remain elevated up to
48 h. Thus, the regulation of Ba-subunit mRNAs by TPA seems to differ in distinct cell types
suggesting tissue specific regulation of the fs-subunit gene.

Using Western and ligand blotting analyses we evaluated whether the TPA-induced changes of Ba-
subunit mRNA levels are reflected of the protein level in K562 cells. We observed that K562 cells
secrete fully processed immunoreactive 25 kD activin A protein in response to TPA stimulation and
in reducing conditions the protein is seen as the expected 14 kD monomer. Labelled follistatin was
used in ligand blotting analyses to further confirm that the 25 kD protein exhibits follistatin binding
capacity. Thus, K562 cells secrete considerable amounts of processed activin A protein. In line
with our results, it has been reported that TPA-stimulated K562 cells produce erythroid
differentiation factor bioactivity (244). Thus, the production of immunologically and biologically
active activin A protein is clearly characteristic for K562 cells induced toward the megakaryocytic
differentiation lineage by TPA.

We also determined the role of the cAMP-activated signalling pathways in the regulation of activin
Ba-subunit mRNA levels in K562 cells. Prior to this study cyclic AMP had been shown to induce
activin Ba-subunit mRNAs at least in human placental cells (245), granulosa-luteal cells (212),
adrenal cells (42) and in HT1080 cells (39, 243). However, in K562 cells no induction of Pa-
subunit transcript by cAMP-analogue, 8-Br-cAMP, was observed. Thus it seems that the regulatory
mechanisms controlling the mRNA levels of the Pa-subunit differ between cell lineages.
Interestingly, co-treatment of K562 cells with both 8-Br-cAMP and TPA significantly increased the
expression of activin Pa-subunit mRNA levels compared with mRNA levels induced by TPA
alone. The synergistic induction of the activin gene expression by cAMP and TPA has been
reported also in human fibrosarcoma HT1080 cells (243).

4. The expression and regulation of activin receptors in human K562 erythroleukemia
cells (I, IV)

We have demonstrated that all four known activin receptor mRNAs are expressed in human K562
erythroleukemia cells, which fits well with the finding that kinase activities of both type II and type
I receptors are required for activin signalling (200). Kinase-deficient ActR-II abrogates activin-
induced erythroid differentiation (246) and the dominant-negative mutant of ActR-IB inhibits
transcriptional activation and growth suppression induced by activin in K562 cells (221).
Furthermore, increasing the levels of ActR-IB and ActR-II using an inducible promoter enhanced
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the effects of activin on erythroid differentiation in K562 cells, demonstrating that both ActR-IB
and ActR-II are physiologically important receptors for activin (201). Consistent with this
observation, ActR-II in concert with activated mutants of either ActR-I or ActR-IB induces
hemoglobin expression in another erythroleukemia cell line, mouse F5-5 cells (247). On the other
hand, only ActR-IB and ActR-II were detected by RT-PCR in mouse F5-5.f1 cell line, in which
erythrodifferentiation is induced by activin (248).

By Northern analysis we detected the specific 4.0- and 5.2-kb transcripts for ActR-I and ActR-IB,
respectively. Results from primer extension studies suggest that tissue specific alternative
transcription start sites might be used for expression of the mouse ActR-I gene, resulting in variable
sizes of the 5' untranslated region (148). Two major transcripts, 3.0- and 6.0-kb and 2.5- and 10-kb,
were observed for both ActR-II and ActR-IIB, respectively. A very weak signal of 2.1-kb was also
detected with the ActR-IIB probe. If ActR-II transcripts are structural counterparts of the respective
mouse mRNAs they are likely to arise from the use of different polyadenylation signals during the
transcription of the ActR-II gene. In the mouse ActR-II gene a transcription start site together with
a polyadenylation signal gives rise to the 3.0-kb transcript (123). When mActR-II was originally
cloned, a cDNA clone expanding beyond the 3.0-kb transcript polyadenylation signal was reported,
suggesting that a longer transcript also arises during mActR-II transcription, and supporting our
finding of the existence of a 6.0-kb mRNA for the human receptor (94). The relative expression
level of these two transcripts is regulated in a tissue- and developmental-stage-manner in
mammalian tissues (169, 249, 250). Although the genomic organization of hActR-IIB has been
reported (130), there are still not sufficient data available on the 3' and 5' untranslated regions of the
ActR-IIB gene from any species to predict the nature of these different transcripts. However,
different transcript sizes have been detected by Northern analysis at least in P19 mouse embryonic
carcinoma cells (2.4-, 3.8-, 11- and 14-kb) (233) and bovine tissues (2.0-, 2.3- and 10-kb) (131), the
latter correlating well with the length of human ActR-1IB mRNA species.

The expression levels of type I and IB transcripts are relatively low in untreated K562 cells but they
are up-regulated during megakaryocytic differentiation of these cells by TPA in a time-dependent
manner. By contrast, TPA did not affect the steady-state levels of hActR-II and IIB mRNAs.
Similarly, TPA in human HL-60 promyelolytic leukemia cells does not regulate the expression of
ActR-IIB either. Although we did not observe regulation of ActR-II or ActR-IIB mRNAs in K562
or HL-60 cells, these mRNAs are regulated in other systems in a tissue- or cell-specific manner
(251-253). In K562 cells, the ActR-IIB mRNAs are somewhat more abundantly expressed than
ActR-II transcripts and induction of K562 cells by TPA does not affect their relative expression
levels. Although the expression of type I receptor mRNAs were stimulated by TPA treatment,
neither type I receptor nor type II transcripts were affected during activin-induced erythroid
differentiation. The co-ordinated up-regulation of activin Ba-subunit and its type I receptors by
TPA suggests that activin might play a role in megakaryopoiesis. According to present knowledge
the overall role of activin in blood formation is considered to be secondary, not primary. Thus,
activin fine-tunes rather that drives the differentiation of hematopoietic progenitor cells.

5. The regulation of activin Bg-subunit mRNA in cultured human granulosa-luteal cells
(11)

The data regarding the expression and regulation of activin and inhibin subunits and follistatin
suggest that these proteins are likely to have important roles in folliculogenesis, oocyte maturation
and the function of corpus luteum [reviewed in Knight and Glister (176)]. In our studies, we have
used human granulosa-luteal (GL) cells as an activin responsive cell model. These cells are
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obtained from women undergoing infertility treatment for in vitro fertilization program. GL cells
can be maintained in primary cultures and they provide a model for studying hormonal regulation
of late follicular to early luteal granulosa cells. We have observed that human granulosa-luteal cells
express inhibin a-subunit and activin - and Bp-subunit genes (204). Confirming our findings,
activin A and inhibin A proteins are produced by human GL-cells (181, 254). To further analyse
their biological role in ovarian physiology, we studied whether activin or inhibin are able to
regulate their subunit or receptor mRNA levels. The clear induction of activin Bg-subunit mRNA
levels was observed by activin A in concentration- and time-dependent manner without affecting
basal a- and Pa-subunit mRNAs in human GL cells. Recently this finding has been confirmed by
Liu et al. (255). In addition, activin A increases inhibin B secretion in human GL-cells (256). We
have observed in this study that follistatin prevents the stimulatory effect of activin A on Bg-subunit
mRNA levels further confirming the specificity of the stimulatory effect of activin A. In addition to
activin A, TGF-B and BMP-2 are also able to induce the expression of activin Bg-subunit
expression in human GL cells (257, 258). We have detected that the ser/thr kinase receptors and
Smad signalling proteins needed for activin A, TGF-f and BMP-2 signalling are expressed in
human GL cells. Recent studies confirm that BMP-2 and activin A activate the Smadl and Smad2
pathways, respectively, as well as inhibin B production in human GL cells (259). The expression of
inhibin, activin and activin receptors in developing human follicles and GL-cells is presented in
figure 6.

Our results on the regulatory effects of activin A on inhibin and activin subunit mRNA levels differ
markedly from those reported in rat granulosa cells. Activin-induced expression of both the a- and
Ba-subunit mRNAs has been shown previously in rats, but no data on Bg-subunit mRNA levels
have been presented (182). However, activin A-induced production of both inhibin A and B has
been recently reported in cultured rat granulosa cells (260). Several reports have indicated that the
distribution of inhibin/activin subunits in the primate ovary is different from that in ovaries of non-
primate mammals (261). In human and other higher primate ovaries o- and Pg-subunits are the
major mRNA species expressed in small antral follicles, whereas a- and Ba-subunits are expressed
by dominant follicles (177, 261, 262). By contrast, the expression of a-subunit mRNA gradually
increases from the early primordial follicle to the preovulatory follicle in rat, and the Ba- and Bg-
subunit mRNA levels are induced in antral follicles concomitant with the LH and FSH surge (182,
263). However, in the rat corpus luteum levels of the three subunits have been low, or undetectable
(182). In human corpus luteum, strong inhibin o and moderate activin Bs-subunit mRNA signal has
been detected, but no Bg-subunit mMRNA was observed (177).

Although hCG induces a- and Ba-subunit mRNA levels in human GL-cells (264) we were unable
to detect any induction of basal Bg-subunit mRNA levels by hCG (Fig. 6). In agreement with our
studies, it has been shown at the protein level that hCG and recombinant human LH, which uses the
same receptor as hCG, induce inhibin A and activin A secretion but not inhibin B production (254,

265). Interestingly, recombinant human LH even down-regulates the expression of the [g-subunit
mRNA (255).

Our studies on the effect of gonadotropins on inhibin/activin subunit levels indicate that the three
subunits are regulated through distinct mechanisms in human GL cells (Fig. 6). The a-subunit is
induced by gonadotropins by relatively slow kinetics (264), while activin A decreases hCG-induced
o-subunit mRNA levels. The Pa-subunit mRNA is rapidly and transiently induced by
gonadotropins (264), but activin A does not influence its levels. The expression of Pg-subunit
mRNA is not induced by hCG, but hCG prevents the stimulatory effect of activin A. Subsequently,
it has been shown that the second messenger of hCG, cAMP, has no stimulatory effect on secreted
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inhibin B levels in human GL-cells (256). This data fits well with our data on Pg-subunit mRNA
expression. The inability of hCG or cAMP to induce Bg-subunit mRNA levels in human GL cells
was somewhat surprising, as the human Bg-subunit gene promoter region is known to contain
several cAMP-responsive elements (47). Further, Bg-subunit mRNA levels are induced by cAMP in
human fetal testicular cell cultures (48) and placental cells (245). Although no cAMP-responsive
elements have been identified in the rat Bg-subunit gene promoter, the expression of both Pp-
subunit transcripts is increased by cAMP (49, 266). Hence the putative AP-2 binding sites, able to
mediate transcriptional induction by the protein kinase-A pathway (267), may mediate the effects
of cAMP on Bg-subunit gene transcription. The activity and regulation of the Bg-subunit promoter
has been examined by CAT assay, revealing that in mouse Leydig tumour cells neither of the two
Bp-subunit promoter regions is responsive to cAMP (268) although cAMP induced Bg-subunit
promoter activity has been observed in the mouse Sertoli cell line (269). This indicates that cAMP
may regulate the activity of the Bg-subunit promoter in a cell-specific manner in the mouse. The
regulation of Bg-subunit promoter activity has not been studied in humans.
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Figure 6. Expression of inhibin, activin and activin receptors in developing human follicles
and GL-cells. In granulosa cells of small antral follicles inhibin a-, fa- and Bg-subunit mRNAs
and polypeptides as well as ActR-II and ActR-IIB proteins are expressed. In dominant follicles the
expression of the a- and Pa- subunit, and type I and type II activin receptor mRNAs can be
detected. Human GL-cells, which probably correspond to granulosa cells of the early corpus
luteum, express inhibin a-, activin - and Bg-subunits as well as inhibin A, B and activin A
proteins. Transcripts of type I and type II receptors are also detected. The effects of induction by
different factors are shown. (+ = induction of expression, n.d = not determined)
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6. The expression of activin receptor mRNAs in human granulosa-luteal cells (I1I)

We have shown that freshly isolated human granulosa-luteal cells as well as cultured GL cells
express the specific transcripts of all four activin receptors, results confirmed later by others (Fig.
6) (217, 270). There is a strong correlation between the transcriptional activity of ActR-I and ActR-
II, and ActR-IB and ActR-IIB in human granulosa cells, suggesting that these receptors might be
functionally linked in activin signal transduction (271). The transcript sizes of activin type I
receptors in human GL cells correspond to those observed in human erythroleukemia K562 cells
and other human tissues (92, 97). The major transcripts for ActR-II and ActR-IIB were 3.0- and
2.5-kb, respectively, whereas the 6.0- and 10-kb transcripts were hardly detectable. Interestingly, in
bovine reproductive tissues (ovary, corpus luteum, uterus) (250) and in rat ovaries (169) the major
band for the type II activin receptor was 6-kb. The expression of mRNAs for all four activin
receptors has subsequently been detected in human, mouse and rat oocytes (184, 272). In mice
deficient of ActR-II follicles arrest at an early antral stage, consistent with the key role for activin
in GC proliferation and differentiation (273). Recently, Pangas ef al. (185) have reported the co-
localization of the proteins involved in the activin signal transduction cascade in human follicles.
The expression of ActR-IIB is mainly restricted to granulosa cells of the small antral follicles,
whereas ActR-II is intensively expressed also in atretic follicles. Co-localization of activin
signalling components is limited to a few developmental stages including granulosa cells of early
atretic follicles. However, dominant follicles and corpus luteum, which best corresponds our GL-
cell model, were not included in this study.

7. ActR-IIB interacts with multiple TGF- superfamily ligands

Considerable effort has been devoted to identify the receptors for individual TGF- superfamily
ligands. Although over 40 ligands have been identified only five type II ser/thr kinase receptor
genes and seven type I receptor genes are known in vertebrates so far. The diversity of ligands
suggests that some receptors probably bind multiple ligands and form several type II/type I receptor
complex combinations in signalling. Among the known type II receptors AMHR-II and TBR-II
(100) have been shown to be ligand specific with little or no cross-reactivity to other factors. In
contrast, activin type Il receptors have shown to interact with multiple ligands.

ActR-IIB binds not only activin A and B, but also OP-1/BMP-7, BMP-2 and GDF-5 in the presence
of BMP type I receptors (Fig. 7) (138, 155, 156). Confirming the cross-talk between the activin
signalling system and BMP receptors, membrane glycoprotein endoglin interaction with BMP-2
and BMP-7 is detected in the presence of ActR-IIB but not when BMPR-II forms the signalling
complex (88). Mesoderm formation induced by activin, Vg1, BMP-4 or Xenopus nodal-related
proteins (Xnrs) can be blocked by truncated dominant-negative ActR-1IB in developing Xenopus
embryos (5, 274). BMP-4 induces distinct cellular responses in Xenopus embryogenesis depending
on the receptor combination that it uses for signalling (275). Recently, it has been detected that
ActR-IIB can act as type II receptor for Nodal and Xnr1 together with ActR-IB and ALK-7 (Fig. 7)
(153). Mice lacking ActR-IIB have defects in left-right axis formation, which is characteristic of
Nodal activity as well (132, 133). In addition, the ActR-IB mediated pathway activates Smad-2,
which has been shown to affect left-right patterning in mesoderm-formation (276, 277).
Myostatin/GDF-8 binding to ActR-IIB has been detected both in vitro and in vivo using transgenic
mice with dominant-negative ActR-IIB (231). Truncated ActR-IIB increases muscle mass in these
mice resembling the phenotype of myostatin deficient mice. Myostatin binding can be inhibited by
follistatin, and it has been proposed that myostatin presumably activates the same signalling
pathway as activin although the type I receptor involved is yet to be defined. Gene targeting studies
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have shown that none of the phenotypes observed in ActR-1IB deficient mice were related to the
defects seen in mice deficient in activin Ba- and Bg-subunits (57, 132) confirming the hypothesis
that ActR-IIB probably transduces the signals of multiple TGF-f3 family ligands during normal
development.

activin BMP-2
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GDF-3? BMP-4
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Figure 7. Schematic illustration of the signalling mechanism of TGF-3 family members via
ActR-IIB. In addition to activin, several other TGF-f family members use ActR-IIB in their signal
transduction. Ligand-induced complex formation between specific type I receptor (ALK2-7) and
ActR-IIB determines which intracellular downstream components, Smads, are activated by
phosphorylation. In the nucleus activated Smad complexes together with other transcription factors
regulate target gene responses.
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Summary and concluding remarks

During the last decade the expression of activin B-subunits has been extensively studied in order to
understand the roles of activins as autocrine/paracrine regulators of cell functions. To elucidate the
possible physiological functions of activins it is crucial to detect where activin signalling
components are expressed and how they are regulated. We investigated the expression and
regulation of activin subunits and its receptors in developing human tissues as well as in different
activin responsive cell cultures. Human erythroleukemia K562 cell line contains a functional
activin signalling pathway and is commonly used as a model system for erythroid differentiation
and activin signalling. In addition to facilitating studies for erythroid differentiation, the K562 cells
offer a tool to approach early steps of megakaryoblast commitment and differentiation. In the ovary
activins are local growth factors which regulate folliculogenesis. Human granulosa luteal cells used
in this study were obtained from women undergoing hormone treatment for in vitro fertilization.
These cells are well on the pathway to luteinization and thus represent cells forming corpus luteum
rather than granulosa cells from growing follicles. However, this model has turned out to be a
suitable model for studying the regulation of activin and inhibin subunits in vitro.

In the first study we characterized the primary structure of human ActR-II and ActR-IIB.
According to cDNA sequences, human ActR-II and ActR-IIB appear to be transmembrane ser/thr
kinase receptors corresponding to mouse sequences. Human ActR-IIB represents an ActR-1IB;
alternatively spliced variant. Like TGF- superfamily ligands, type II activin receptors are highly
conserved between mammalian species.

We demonstrated the tissue distribution pattern of activin and inhibin subunits, follistatin and type
IT activin receptors in developing human tissues. Strong co-expression of type II activin receptor
and activin B-subunit mRNAs were detected in developing human neural and muscular tissues. In
glandular tissues both activin B-subunit and ActR-IIB mRNA expression levels were low but
detectable. In bone marrow only activin Ba-subunit and ActR-IIB were observed. Follistatin was
not detected in any of the hematopoietic tissues. According to our findings inhibin appears to be
restricted to the adrenals and testes. Taken together, all activin receptors studied here show wide
distribution pattern, and they seem to be controlled in tissue- and gene-specific manner during
human development.

We investigated the regulation of activin A and its type I and II receptors in K562 cells. During
megakaryocytic differentiation the expression of both of the type I activin receptors were co-
ordinately upregulated with the expression of the activin in K562 cells by TPA. 8-Br-cAMP
enhanced the inducing effect of TPA on expression of activin Ba-subunit mRNA. In contrast,
neither activin nor TGF-}; induced Pa-subunit, ActR-I or ActR-IB expression during erythroid
differentiation. The expression levels of activin type II receptor transcripts were not regulated
during K562 cell differentiation. Our data suggest that activin may play a role in megakaryopoiesis,
and that type I and II activin receptors are differentially regulated in K562 cells.

Cultured human GL-cells express all three activin/inhibin subunit mRNAs. We studied the effect of
activin A on the expression of activin Ba- and Bp-subunit as well as inhibin o.-subunit mRNA levels
in human GL-cells. Activin A induced the low basal levels of activin Bg-subunit transcripts without
affecting Ba- or a-subunit mRNA levels. Although hCG has been shown to induce activin Pa-
subunit and inhibin o-subunit transcript levels it did not affect the Pg-subunit transcripts. By
contrast, hCG suppressed the effects of activin A on Bg-subunit mRNA expression. Thus regulation
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of the Bp-subunit clearly differs from that of f4- and a-subunits in human GL-cells. The expression
of all currently known activin receptor mRNAs was detected in cultured GL-cells as well as
preovulatory granulosa cells, confirming that activin A may act as an inducer of Bg-subunit mRNA
levels in these cells.

Taken together, our data suggests that the expression of activins and its receptors are differentially
regulated in distinct human tissues and cell models. The multifunctional nature of activin requires
tight control. The expression profiles of activin receptors and Smads in the target cell suggest
which particular cellular responses are induced by activins or other ligands using activin receptors.
Studies on transgenic mice models suggest that activins are perhaps developmentally less important
than previously anticipated. In contrast, mice lacking activin signalling pathway genes have severe
defects that cannot be rescued by other factors. The Smad pathway seems to be the core of the
activin signalling mechanism, but the transcriptional response to activins also depends on what
other signals are being received by the cell. In addition, transcription factors present in the cell
determine the response to Smad interaction. Thus, the final response depends as much on the
activity of receptors, Smads and co-modulators that control and determine targets as it does on the
activin signal itself.

Recent studies support the hypothesis that the inappropriate activation or inactivation of the activin
receptor mediated signalling pathways could contribute to human diseases. Mutations in the ActR-
IIB gene have been associated with left-right axis malformation in humans (129). Additionally,
mutated ActR-IB has been detected in pancreatic cancer (278). Smads may inhibit cell division,
and, consequently, mutations in Smad proteins have been reported to be involved in several cancers
(279). New technologies hold a promise for better understanding of the contribution of activin
signalling components to various disease conditions. One important task for the future is to identify
those genes that respond to TGF-f superfamily signals. If activin receptors, Smads or co-regulators
could be organ-specifically targeted in humans, that could provide new therapeutic possibilities
within biomedical science.

As the human genome has been sequenced, it is important to obtain a general view on how the over
40 TGF-B receptor family ligands signal through the currently known 12 receptors and what
relevant co-receptors are needed. Several growth factors are known to bind to the same type II
ser/thr kinase receptor, which enables signalling by multiple growth factors via a limited set of
available receptor types. How many more genes of TGF-3 family ligands or receptors will still be
found and what is the impact of heterodimerization of ligand monomers remains to be resolved.
The newly developed functional genomics and the ability to monitor gene expression at the RNA
and protein levels in detail provide an important approach for the future.

43



Acknowledgements

This study was carried out at the Department of Bacteriology and Immunology, University of Helsinki, from 1992 to
1998.

I wish to express my sincere gratitude to Professor Olli Makeld, Professor Martti Vaara, Docent Risto Renkonen, and
Professor Seppo Meri, the previous and current heads of the Department of Bacteriology and Immunology, University
of Helsinki, for providing me with excellent working facilities.

Professor Olli Halkka, Docent Liisa Halkka, Docent Pekka Heino, and Professor Hannu Saarilahti, the previous and
current heads of the Department of Genetics, University of Helsinki, are also gratefully acknowledged.

I warmly thank Docent Olli Ritvos for introducing me to the exciting world of science. His extensive knowledge of
molecular endocrinology and encouraging support have helped to make this study possible. My warmest thanks also go
for the guidance and the opportunity to learn much during this time.

Docent Péivi Miettinen and Docent Matti Poutanen are thanked for critically reviewing this thesis manuscript. Their
constructive comments and friendly advice significantly improved it.

My warmest thanks go to Jodie Painter for patiently revising the language of this thesis.

My collaborators and friends in Olli’s lab have been of great assistance, as have Ari Ristimiki’s daily visiting
scientists. I am most grateful to Marja Erdmaa for teaching me the basics of laboratory work and providing her
scientific know-how, and Risto Jaatinen for sharing the ups and downs at the last years. Johanna Aaltonen, Kaija
Antila, Jonas Bondestam, Mari Honkasalo, Mika Laitinen, Kirsi Narko, and Ari Ristiméki are acknowledged for their
pleasant collaboration. Kaisa Vuojolainen and Kirsi Saukkonen are most warmly thanked for their support and
friendship over the years.

Ritva Javanainen, Anita Saarinen, Tuula Kallioinen and Sirpa Résénen have contributed excellent technical assistance.
Ritva’s help has been invaluable, and my warmest thanks go to her for creating a pleasant working environment and her
trusting friendship.

Anni Haltia and Kari Asikainen have given me countless enjoyable moments in my work. I thank them for all their help
and support and for sharing the finest moments as well as the disappointments in these years. They were the best part of
the work at the Haartman Institute.

Maiju Solin and Riitta Viisénen have helped and advised me whenever needed.

Professor Annele Hatakka, Docent Taina Lundell, Miia Mikeld, Terhi Hakala, Kati Jyrkidinen, Ralf Bortfeldt, Kari
Steffen, and Mikko Lehtonen are thanked for their support and help during the last stages of this thesis. Discussions
with them have been enriching and strengthening, and I appreciate their presence in times of frail.

My parents and family members have uplifted me in every aspect of life. My deepest gratitude falls to my beloved
husband, Timo, who has shared his scientific expertise from the very beginning and unflagginly offered his
encouragement. The responsibility for taking care of my pride and joy, Anna, and the wellbeing of our family has
rested entirely on his shoulders. His love and patience made the completion of this thesis possible.

This work has been financially supported by grants from the Finnish Cancer Society, the Medical Research Council of
the Academy of Finland, Helsinki University Research Funds, the Jenny and Antti Wihuri Foundation, the Sigrid
Juselius Foundation, the Orion Research and Science Foundation, the Ella and Georg Ehrnrooth Foundation, the Oskar
Oflund Foundation, the Novo Nordisk Foundation, the Finnish Cultural Foundation, the Finnish Medical Foundation,
the Jalmari and Rauha Ahokas Foundation and the Ida Montin Foundation.

Helsinki. November 2002 f j! : e MF‘

44



References

10.
11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Derynck R 1994 Transforming growth factor-beta. The cytokine handbook 319-342

Massagué J, Blain SW, Lo RS 2000 TGFp signaling in growth control, cancer and heritable disorders. Cell
103:295-309

Vale W, Hsueh A, Rivier C, Yu J 1990 The inhibin/activin family of hormones and growth factors. In:
Sporn MB, Roberts AB (eds) Peptide Growth Factors and Their Receptors II. Springer-Verlag Inc, New
York, vol 95:211-248

DePaolo LV, Bicsak TA, Erickson GF, Shimasaki S, Ling N 1991 Follistatin and activin: a potential
intrinsic regulatory system within diverse tissues. Proc Soc Exp Biol Med 198:500-512

Dyson S, Gurdon JB 1997 Activin signalling has a necessary function in Xenopus early development. Curr
Biol 7:81-84

Woodruff TK 1998 Regulation of cellular and system function by activin. Biochem Pharmacol 55:953-963
Murata M, Eto E, Shibai H, Sakai M, Muramatsu M 1988 Erythroid differentiation factor is encoded by
the same mRNA as that of the inhibin BA chain. Proc Natl Acad Sci USA 85:2434-2438

Mayo KE 1994 Inhibin and activin. Molecular aspects of regulation and function. Trends Endocrinol Metab
5:407-415

Piek E, Heldin C-H, ten Dijke P 1999 Specificity, diversity, and regulation in TGF- superfamily
signaling. FASEB J 13:2105-2124

Massagué J, Chen Y-G 2000 Controlling TGF-f signaling. Genes Dev 14:627-644

Pangas SA, Woodruff TK 2000 Activin signal transduction pathways. Trends Endocrinol Metab 11:309-
314

ten Dijke P, Miyazono K, Heldin C-H 2000 Signalling inputs converge on nuclear effectors in TGF-3
signalling. TIBS 25:64-70

Massagué J 1998 TGF-f3 signal transduction. Annu Rev Biochem 67:753-791

Smith JC, Price BMJ, van Nimmen K, Huylebroeck D 1990 Identification of a potent Xenopus
mesoderm-inducing factor as a homologue to activin A. Nature 345:729-731

Thomsen G, Woolf T, Whitman M, Sokol S, Vaughan J, Vale W, Melton DA 1990 Activins are
expressed early in Xenopus embryogenesis and can induce axial mesoderm and anterior structures. Cell
63:485-493

Campen CA, Vale W 1988 Characterization of activin A binding sites on the human leukemia cell line
K562. Biochem Biophys Res Commun 157:844

Hino M, Tojo A, Miyazono K, Miura Y, Chiba S, Eto Y, Shibai H, Takaku F 1989 Characterization of
cellular receptors for erythroid differentiation factor on murine erythroleukemia cells. J Biol Chem
264:10309-10314

Sugino H, Nakamura T, Hasegawa Y, Miyamoto K, Igarashi M, Eto Y, Shibai H, Titani K 1988
Identification of a specific receptor for erythroid differentiation factor on follicular granulosa cell. J Biol
Chem 263:15249-15252

Miyamoto K, Hasegawa Y, Fukuda M, Nomura M, Igarashi M, Kangawa K, Matsuo H 1985 Isolation
of porcine follicular fluid inhibin of 32K daltons. Biochem Biophys Res Commun 129:396-403

Ling N, Ying S-Y, Ueno N, Esch F, Denoroy L, Guillemin R 1985 Isolation and partial characterization
of'a Mr 32 000 protein with inhibin activity from porcine follicular fluid. Proc Natl Acad Sci 82:7217-7221
Rivier J, Spiess J, McClintock R, Vaughan J, Vale W 1985 Purification and partial characterization of
inhibin from porcine follicular fluid. Biochem Biophys Res Commun 133:120-127

Robertson D, Foulds L, Leversha L, Morgan F, Hearn M, Burger H, Wettenhall R, de Kretser D 1985
Isolation of inhibin from bovine follicular fluid. Biochem Biophys Res Commun 126:220-226

Ling N, Ying S-Y, Ueno N, Shimasaki S, Esch F, Hotta M, Guillemin R 1986 Pituitary FSH is released
by a heterodimer of the B-subunits from the two forms of inhibin. Nature 321:779-782

Vale W, Rivier J, Vaughan J, McClintock R, Corrigan A, Woo W, Karr D, Spiess J 1986 Purification
and characterization of an FSH releasing protein from porcine ovarian follicular fluid. Nature 321:776-779
Mason A, Niall H, Seeburg P 1986 Structure of two human ovarian inhibins. Biochem Biophys Res
Commun 135:957-964

Stewart A, Milborrow H, Ring J, Crowther C, Forage R 1986 Human inhibin genes: genomic
characterisation and sequencing. FEBS Letters 206:329-334

Mason AJ, Farnworth PG, Sullivan J 1996 Characterization and determination of the biological activities
of noncleavable high molecular weight forms of inhibin A and activin A. Mol Endocrinol 10:1055-1065
Schwall RH, Nikolics K, Szonyi E, Gorman C, Mason AJ 1988 Recombinant expression and
characterization of human activin A. Mol Endocrinol 2:1237-1242

45



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gray AG, Mason AJ 1990 Requirement for activin A and transforming growth factor-f1 pro-regions in
homodimer assembly. Science 247:1328-1330

Mason AJ 1994 Functional analysis of the cysteine residues of activin A. Mol Endocrinol 8:325-332
Mason A, Hayflick J, Ling N, Esch F, Ueno N, Ying S-Y, Guillemin R, Niall H, Seeburg P 1985
Complementary DNA sequences of ovarian follicular fluid inhibin show precursor structure and homology
with transforming growth factor-f. Nature 318:659-663

Forage R, Ring J, Brown R, MclInerney B, Cobon G, Gregson R, Robertson D, F. M, Hearn M,
Findlay J, Wettenhall R, Burger H, de Kretser D 1986 Cloning and sequence analysis of cDNA species
coding for the two subunits of inhibin from bovine folliclar fluid. Proc Natl Acad Sci 83:3091-3095

Esch F, Shimasaki S, Cooksey K, Mercado M, Mason A, Ying S-Y, Ueno N, Ling N 1987
Complementary deoxyribonucleic acid (¢cDNA) cloning and DNA sequence analysis of rat ovarian inhibins.
Mol Endocrinol 1:388-396

Woodruff T, Meunier H, Jones P, Hsueh A, Mayo K 1987 Rat inhibin: molecular cloning of a- and f3-
subunit complementary deoxyribonucleic acids and expression in the ovary. Mol Endocrinol 1:561-568
Albano RM, Groome N, Smith JC 1993 Activins are expressed in preimplantation mouse embryos and in
ES and EC cells and are regulated on their differentiation. Development 117:711-723

Ritvos O, Tuuri T, Eridmaa M, Sainio K, Hildén K, Saxén L, Gilbert S 1995 Activin disrupts epithelial
branching morphogenesis in developing glandular organs of the mouse. Mech Dev 50:229-245

Barton DE, Yang-Feng TL, Mason AJ, Seeburg PH, Francke U 1989 Mapping of genes for inhibin
alpha, beta A and beta B on human and mouse chromosomes and studies of jsd mice. Genomics 5:91-99
Tanimoto K, Handa S-I, Ueno N, Murakami K, Fukamizu A 1991 Structure and sequence analysis of
the human activin BA subunit gene. DNA seq 2:103-110

Tanimoto K, Yoshida E, Mita S, Nibu Y, Murakami K, Fukamizu A 1996 Human activin BA gene.
Identification of novel 5' exon, functional promoter, and enhancers. J Biol Chem 271:32760-32769

Davis SR, Krozowski Z, McLachlan RI, Burger HG 1987 Inhibin gene expression in the human corpus
luteum. J Endocrinol 115:R21-R23

Erimaa M, Hurme M, Stenman U-H, Ritves O 1992 Activin A/erythroid differentiation factor is induced
during human monocyte activation. J] Exp Med 176:1449-1452

Voutilainen R, Erdimaa M, Ritvos O 1991 Hormonally regulated inhibin gene expression in human fetal
and adult adrenals. J Clin Endocrinol Metab 73:1026-1030

Tuuri T, Erimaa M, Hildén K, Ritvos O 1994 The tissue distribution of activin BA- and BB-subunit and
follistatin messenger ribonucleic acids suggests multiple sites of action for the activin-follistatin system
during human development. J Clin Endocrinol Metab 78:1521-1524

Tanimoto K, Murakami K, Fukamizu A 1993 Possible role of the 3'-flanking sequences of the human
activin BA subunit gene in its expression. Arch Biochem Biophys 302:409-416

Dolter KE, Palyash JC, Shao L-E, Yu J 1998 Analysis of activin A gene expression in human bone
marrow stromal cells. J Cell Biochem 70:8-21

Ardekani AM, Romanelli JCD, Mayo KE 1998 Structure of the rat inhibin and activin fA-subunit gene
and regulation in an ovarian granulosa cell line. Endocrinology 139:3271-3279

Mason A, Berkemeier L, Schmeltzer C, Schwall R 1989 Activin B: precursor sequences, genomic
structures and in vitro activities. Mol Endocrinol 3:1352-1358

Erimaa M, Heikinheimo K, Voutilainen R 1992 Developmental and cyclic adenosine 3', 5'
monophosphate-dependent regulation of inhibin subunit messenger ribonucleic acids in human fetal testes. J
Clin Endocrinol Metab 75:806-811

Dykema JC, Mayo KE 1994 Two messenger ribonucleic acids encoding the common B-chain of inhibin
and activin have distinct 5'-initiation sites and are differentially regulated in rat granulosa cells.
Endocrinology 135:702-711

Hétten G, Neidhardt H, Schneider C, Pohl J 1995 Cloning of a new member of the TGF-f family: a
putative new activin BC-chain. Biochem Biophys Res Commun 206:608-613

Oda S, Nishimatsu S, Murakami K, Ueno N 1995 Molecular cloning and functional analysis of a new
activin B subunit: a dorsal mesoderm-inducing activity in Xenopus. Biochem Biophys Res Commun
210:581-588

Hashimoto O, Tsuchida K, Ushiro Y, Hosoi Y, Hoshi N, Sugino H, Hasegawa Y 2002 cDNA cloning
and expression of human activin Bg subunit. Mol Cell Endocrinol 194:117-122

Fang J, Wang S-Q, Smiley E, Bonadio J 1997 Genes coding for mouse activin bC and bE are closely
linked and exhibit a liver-specific expression pattern in adult tissues. Biochem Biophys Res Commun
231:655-661

Kron R, Schneider C, Hotten G, Bechtold R, Pohl J 1998 Expression of human activin C protein in
insect larvae infected with a recombinant baculovirus. J Virol Methods 72:9-14

46



55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mellor SL, Cranfield M, Ries R, Pedersen J, Cancilla B, de Kretser D, Groome NP, Mason AJ,
Risbridger GP 2000 Localization of activin BA-, BB-, and BC-subunits in human prostate and evidence for
formation of new activin heterodimers of BC-subunit. J Clin Endocrinol Metab 85:4851-4858

Vejda S, Cranfield M, Peter B, Mellor SL, Groome N, Schulte-Hermann R, Rossmanith W 2002
Expression and dimerization of the rat activin subunits B¢ and Bg: evidence for the formation of novel
activin dimers. J Mol Endocrinol 28:137-148

Matzuk MM, Kumar TR, Vassalli A, Bickenbach JR, Roop DR, Jaenisch R, Bradley A 1995
Functional analysis of activins during mammalian development. Nature 374:354-356

Schrewe H, Gendron-Maguire M, Harbison ML, Gridley T 1994 Mice homozygous for a null mutation
of activin B are viable and fertile. Mech Dev 47:43-51

Vassalli A, Matzuk MM, Gardner HAR, Lee K-F, Jaenisch R 1994 Activin/inhibin BB subunit
disruption leads to defects in eyelid development and female reproduction. Genes Dev 8:414-427

Brown CV, Houston-Hawkins DE, Woodruff TK, Matzuk MM 2000 Insertion of inhbb into inhba lokus
rescues the inhba-null phenotype and reveals new activin functions. Nat Genet 25:453-457

Lau AL, Kumar TR, Nishimori K, Bonadio J, Matzuk MM 2000 Activin BC and BE genes are not
essential for mouse liver growth, differentiation and regeneration. Mol Cell Biol 20:6127-6137

Matzuk MM, Kumar TR, Bradley A 1995 Different phenotypes for mice deficient in either activins or
activin receptor type II. Nature 374:356-360

Massagué J 1990 The transforming growth factor-f§ family. Annu Rev Cell Biol 6:597-641

Kingsley DM 1994 The TGF-f superfamily: new members, new receptors, and new genetic tests of
function in different organisms. Genes Dev 8:133-146

Hu PP-C, Datto MB, Wang X-F 1998 Molecular mechanisms of transforming growth factor-f3 signaling.
Endocr Rev 19:349-363

Roberts AB, Anzano MA, Lamb LC, Smith JM, Sporn MB 1981 New class of transforming growth
factors potentiated by epidermal growth factor. Proc Natl Acad Sci USA 78:5339-5343

Daopin S, Piez KA, Ogawa Y, Davies DR 1992 Crystal structure of transforming growth factor-f2: an
unusual fold for the superfamily. Science 257:369-373

Griffith DL, Keck PC, Sampath TK, Rueger DC, Carlson WD 1996 Three-dimensional structure of
recombinant human osteogenic protein 1: structural paradigm for the transforming growth factor [
superfamily. Proc Natl Acad Sci USA 93:878-883

Schlunegger MP, Grutter MG 1992 An unusual feature revealed by the crystal structure at 2.2 A
resolution of human transforming growth factor-p2. Nature 358:430-434

Ueno N, Ling N, Ying S-Y, Esch F, Shimasaki S, Guillemin R 1987 Isolation and partial characterization
of follistatin: a single-chain Mr 35,000 monomeric protein that inhibits the release of follicle-stimulating
hormone. Proc Natl Acad Sci USA 84:8282-8286

Robertson DM, Klein R, de Vos FL, MacLachlan RI, Wettenhall REH, Hearn MTW, Burger HG, de
Kretser DM 1987 The isolation of polypeptides with FSH suppressing activity from bovine follicular fluid
which are structurally different to inhibin. Biochem Biophys Res Commun 149:744-749

Shimasaki S, Koga M, Esch F, Cooksey K, Mercado M, Koba A, Ueno N, Ying S-Y, Ling N,
Guillemin R 1988 Primary structure of human follistatin precursor and its genomic organization. Proc Natl
Acad Sci USA 85:4218-4222

Sugino K, Kurosawa N, Nakamura T, Takio K, Shimasaki S, Ling N, Titani K, Sugino H 1993
Molecular heterogeneity of follistatin, an activin binding protein. J Biol Chem 268:15579-15587

de Winter JP, ten Dijke P, de Vries CJM, van Achterberg TAE, Sugino H, de Waele P, Huylebroeck
D, Verschueren K, van den Eijnden-van Raaij AJM 1996 Follistatins neutralize activin bioactivity by
inhibition of activin binding to its type Il receptor. Mol Cell Endocrinol 116:105-114

Phillips DJ, de Kretser DM 1998 Follistatin: a multifunctional regulatory protein. Front Neuroendocrinol
19:287-322

Shimonaka M, Inouye S, Shimasaki S, Ling N 1991 Follistatin binds to both activin and inhibin through
the common beta-subunit. Endocrinology 128:3313-3315

Yokoyama Y, Nakamura T, Nakamura R, Irahara M, Aono T, Sugino H 1995 Identification of activins
and follistatin proteins in human follicular fluid and placenta. J Clin Endocrinol Metab 80:915-921
Nakamura T, Asashima M, Eto Y, Takio K, Uchiyama H, Moriya N, Ariizumi T, Yashiro T, Sugino
K, Titani K, Sugino H 1992 Isolation and characterization of native activin B. J Biol Chem 267:16385-
16389

Nakamura T, Takio K, Eto Y, Shibai H, Titani K, Sugino H 1990 Activin-binding protein from rat ovary
is follistatin. Science 247:836-838

Schneyer AL, Rzucidlo DA, Sluss PM, Crowley WFJ 1994 Characterization of unique binding kinetics of
follistatin and activin or inhibin in serum. Endocrinology 135:667-674

47



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Hashimoto O, Nakamura T, Shoji H, Shimasaki S, Hayashi Y, Sugino H 1997 A novel role of
follistatin, an activin-binding protein, in the inhibition of activin action in rat pituitary cells. J Biol Chem
272:13835-13842

Tsuchida K, Arai KY, Kuramoto Y, Yamakawa N, Hasegawa Y, Sugino H 2000 Identification and
characterization of a novel follistatin-like protein as a binding protein for the TGF-f family. J Biol Chem
275:40788-40796

Schneyer A, Tortoriello D, Sidis Y, Keutmann H, Matsuzaki T, Holmes W 2001 Follistatin-related
protein (FSRP): a new member of the follistatin gene family. Mol Cell Endocrinol 180:33-38

Sidis Y, Tortoriello DV, Holmes WE, Pan Y, Keutmann HT, Schneyer AL 2002 Follistatin-related
protein and follistatin differentially neutralize endogenous vs. exogenous activin. Endocrinology 143:1613-
1624

Phillips DJ, McFarlane JR, Hearn MTW, de Kretser DM 1997 Inhibin, activin and follistatin bind
preferentially to the transformed species of a2-macroglobulin. J Endocrinol 155:65-71

Niemuller CA, Randall KJ, Webb DJ, Gonias SL, Lamarre J 1995 a2-macroglobulin conformation
determines binding affinity for activin A and plasma clearance of activin A/a2-macroglobulin complex.
Endocrinology 136:5343-5349

Hsu DR, Economides AN, Wang X, Eimon PM, Harland RM 1998 The Xenopus dorsalizing factor
Gremlin identifies a novel family of secreted proteins that antagonize BMP activities. Mol Cell 1:673-683
Barbara NP, Wrana JL, Letarte M 1999 Endoglin is an accessory protein that interacts with the signaling
receptor complex of multiple members of the transforming growth factor-f superfamily. J Biol Chem
274:584-594

Onichtchouk D, Chen YG, Dosch R, Gawantka V, Delius H, Massagué J, Niehrs C 1999 Silencing of
TGF-beta signalling by the pseudoreceptor BAMBI. Nature 401:480-485

Attisano L, Wrana JL, Montalve E, Massaqué J 1996 Activation of signalling by the activin receptor
complex. Mol Cell Biol 16:1066-1073

He WW, Gustafson ML, Hirobe S, Donahoe PK 1993 Developmental expression of four novel

serine/threonine kinase receptors homologous to the activin/transforming growth factor-f type II receptor.
Dev Dyn 196:133-142

ten Dijke P, Ichijo H, Franzén P, Schultz P, Saras J, Toyoshima H, Heldin C-H, Miyazono K 1993
Activin receptor-like kinases: a novel subclass of cell-surface receptors with predicted serine/threonine
kinase activity. Oncogene 8:2879-2887

Ebner R, Chen R-H, Lawler S, Zioncheck T, Derynck R 1993 Determination of type I receptor
specificity by the type II receptors for TGF-f or activin. Science 262:900-902

Mathews LS, Vale WW 1991 Expression cloning of an activin receptor, a predicted transmembrane serine
kinase. Cell 65:973-982

Attisano L, Ciarcamo J, Ventura F, Weis FMB, Massagué J, Wrana JL 1993 Identification of human

activin and TGFp type I receptors that form heteromeric kinase complexes with type II receptors. Cell
75:671-680

Ebner R, Chen R-H, Shum L, Lawler S, Zioncheck TF, Lee A, Lopez AR, Derynck R 1993 Cloning of
a type I TGF-P receptor and its effect on TGF-f binding to the type II receptor. Science 260:1344-1348
Matsuzaki K, Xu J, Wang F, McKeehan WL, Krummen L, Kan M 1993 A widely expressed
transmembrane serine/threonine kinase that does not bind activin, inhibin, transforming growth factor 8, or
bone morphogenetic factor. J Biol Chem 268:12719-12723

Tsuchida K, Mathews LS, Vale WW 1993 Cloning and characterization of a transmembrane serine kinase
that acts as an activin type I receptor. Proc Natl Acad Sci USA 90:11242-11246

Attisano L, Wrana JL, Cheifetz S, Massagué J 1992 Novel activin receptors: distinct genes and
alternative mRNA splicing generate a repertoire of serine/threonine kinase receptors. Cell 68:97-108

Lin HY, Wang X-F, Ng-Eaton E, Weinberg RA, Lodish HF 1992 Expression cloning of the TGF-f type
II receptor a functional transmembrane serine/threonine kinase. Cell 68:775:775

Carcamo J, Weiss FM, Ventura F, Wieser R, Wrana JL, Attisano L, Massagué J 1994 Type I receptors
specify growth-inhibitory and transcriptional responses to transforming growth factor B and activin. Mol
Cell Biol 14:3810-3821

Kawabata M, Chytil A, Moses HL 1995 Cloning of a novel type II serine/threonine kinase receptor
through interaction with type I transforming growth factor-f3 receptor. J Biol Chem 270:5625-5630

Liu F, Ventura F, Doody J, Massagué J 1995 Human type II receptor for bone morphogenic proteins
(BMPs): extension of the two-kinase receptor model to the BMPs. Mol Cell Biol 15:3479-3486

Nohno T, Ishikawa T, Saito T, Hosokawa K, Noji S, Wolsing DH, Rosenbaum JS 1995 Identification of
a human type II receptor for bone morphogenetic protein-4 that forms differential heteromeric complexes
with bone morphogenetic protein type I receptors. J Biol Chem 270:22522-22526

48



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

Rosenzweig BL, Imamura T, Okadome T, Cox GN, Yamashita H, Ten Dijke P, Heldin C-H,
Miyazono K 1995 Cloning and characterization of a human type II receptor for bone morphogenic proteins.
Proc Natl Acad Sci USA 92:7632-7636

Franzén P, ten Dijke P, Ichijo H, Yamashita H, Schultz P, Heldin C-H, Miyazono K 1993 Cloning of a
TGEFP type I receptor that forms a heteromeric complex with the TGEP type II receptor. Cell 75:681-692

di Clemente N, Wilson C, Faure E, Boussin L, Carmillo P, Tizard R, Picard JY, Vigier B, Josso N,
Cate R 1994 Cloning, expression, and alternative splicing of the receptor for anti-Miillerian hormone. Mol
Endocrinol 8:1006-1020

ten Dijke P, Yamashita H, Ichijo H, Franzén P, Laiho M, Miyazono K, Heldin C-H 1994
Characterization of type I receptors for transforming growth factor-f3 and activin. Science 264:101-104
Ryden M, Imamura T, Jornvall H, Belluardo N, Neveu I, Trupp M, Okadome T, ten Dijke P, Ibanez
CF 1996 A novel type I receptor serine-threonine kinase predominantly expressed in the adult central
nervous system. J Biol Chem 271:30603-30609

Tsuchida K, Sawchenko PE, Nishikawa S, Vale W 1996 Molecular cloning of a novel type I receptor
serine/threonine kinase for the TGF beta superfamily from rat brain. Mol Cell Neurosci 7:467-478

Willis SA, Zimmerman CM, Li L, Mathews LS 1996 Formation and activation by phosphorylation of
activin receptor complexes. Mol Endocrinol 10:367-379

Zhu H-J, Burgess AW 2001 Regulation of transforming growth factor-f signaling. Mol Cell Biol Res
Commun 4:321-330

Bassing CH, Yingling JM, Howe DJ, Wang T, He WW, Gustafson ML, Shah P, Donahoe PK, Wang
X-F 1994 A transforming growth factor B type I receptor that signals to activate gene expression. Science
263:87-89

Wrana JL, Attisano L, Carcamo J, Zentella A, Doody J, Laiho M, Wang X-F, Massagué J 1992 TGFj
signals through a heteromeric protein kinase receptor complex. Cell 71:1003-1014

Wrana JL, Attisano L, Wieser R, Ventura F, Massagué J 1994 Mechanism of activation of the TGF-
receptor. Nature 370:341-347

Laiho M, Weis FMB, Boyd FT, Ignotz RA, Massagué J 1991 Responsiveness to transforming growth
factor-p restored by complementation between cells defective in TGF-f receptors I and II. J Biol Chem
266:9108-9112

Koenig BB, Cook JS, Wolsing DH, Ting J, Tiesman JP, Correa PE, Olson CA, Pecquet AL, Ventura
F, Grant RA, Chen G-X, Wrana JL, Massagué J, Rosenbaum JS 1994 Characterization and cloning of a
receptor for BMP-2 and BMP-4 from NIH 3T3 cells. Mol Cell Biol 14:5961-5974

ten Dijke P, Yamashita H, Sampath T, Reddi A, Estevez M, Riddle D, Ichijo H, Heldin C-H,
Miyazono K 1994 Identification of type I receptors for osteogenic protein-1 and bone morphogenic protein-
4. J Biol Chem 269:16985-16988

Brand T, Schneider MD 1996 Transforming growth factor-beta signal transduction. Circ Res 78:173-179
Greenwald J, Fisher WH, Vale WW, Choe S 1999 Three-finger toxin fold for the extracellular ligand-
binding domain of the type II activin receptor serine kinase. Nat Struct Biol 6:18-22

Gray PC, Greenwald J, Blount AL, Kunitake KS, Donaldson CJ, Choe S, Vale W 2000 Identification
of a binding site on the type II activin receptor for activin and inhibin. J Biol Chem 275:3206-3212

Shoji H, Nakamura T, van den Eijnden-van Raaij AJM, Sugino H 1998 Identification of a novel type II
activin receptor, type IIA-N, induced during the neural differentiation of murine P19 embryonal carcinoma
cells. Biochem Biophys Res Commun 246:320-324

Matzuk MM, Bradley A 1992 Structure of the mouse activin receptor type II gene. Biochem Biophys Res
Commun 185:404-413

Bondestam J, Horelli-Kuitunen N, Hilden K, Ritvos O, Aaltonen J 1999 Assignment of ACVR2 and
ACVR2B the human activin receptor type II and IIB genes to chromosome bands 2q22.2-->q23.3 and 3p22
and the human follistatin gene (FST) to chromosome 5q11.2 by FISH. Cytogenet Cell Genet 87:219-220
Georgi LL, Albert PS, Riddle DL 1990 daf-1, a C. elegans gene controlling dauer larva development,
encodes a novel receptor protein kinase. Cell 61:635-645

Donaldson CJ, Mathews LS, Vale WW 1992 Molecular cloning and binding properties of the human type
IT activin receptor. Biochem Biophys Res Commun 184:310-316

Matzuk MM, Bradley A 1992 Cloning of the human activin receptor cDNA reveals a high evolutionary
conservation. Biochem Biophys Acta 1130:105-108

Ohuchi H, Noji S, Koyama E, Myokai F, Nishikawa K, Nohno T, Tashiro K, Shiokawa K, Matsuo N,
Taniguchi S 1992 Expression pattern of the activin receptor type II gene during differentiation of chick
neural tissues, muscle and skin. FEBS Lett 303:185-189

Kosaki R, Gebbia M, Kosaki K, Lewin M, Bowers P, Towbin JA, Casey B 1999 Left-right axis
malformations associated with mutations in ACVR2B, the gene for human activin receptor type I1IB. Am J
Med Genet 82:70-76

49



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

14e6.

147.

148.

149.

150.

151.

152.

Ishikawa S, Kai M, Murata Y, Tamari M, Daigo Y, Murano T, Ogawa M, Nakamura Y 1998 Genomic
organization and mapping of the human activin receptor type IIB (hActR-1IB) gene. J] Hum Genet 43:132-
134

Ethier J-F, Lussier JG, Silversides DW 1997 Bovine activin receptor type IIB messenger ribonucleic acid
displays alternative splicing involving sequence homologous to Src-homology 3 domain binding sites.
Endocrinology 138:2425-2434

Oh SP, Li E 1997 The signaling pathway mediated by the type IIB activin receptor controls axial patterning
and lateral asymmetry in the mouse. Genes Dev 11:1812-1826

Song J, Oh SP, Schrewe H, Nomura M, Lei H, Okano M, Gridley T, Li E 1999 The type II activin
receptors are essential for egg cylinder growth, gastrulation, and rostal head development in mice. Dev Biol
213:157-169

Suzuki A, Shioda N, Maeda T, Tada M, Ueno N 1994 Cloning of an isoform of mouse TGF-§3 type II
receptor gene. FEBS Lett 355:19-22

Rotzer D, Roth M, Lutz M, Lindemann D, Sebald W, Knaus P 2001 Type III TGF-B receptor-
independent signalling of TGF-B2 via TRRII-B, an alternatively spliced TGF-f type II receptor. EMBO J
20:480-490

Hirai R, Fujita T 1996 A human transforming growth factor-3 type II receptor that contains an insertion in
the extracellular domain. Exp Cell Res 223:135-141

Armes NA, Smith JC 1997 The ALK-2 and ALK-4 activin receptors transduce distinct mesoderm-
inducing signals during early Xenopus development but do not co-operate to establish thresholds.
Development 124:3797-3804

Yamashita H, ten Dijke P, Huylebroeck D, Sampath TK, Andries M, Smith JC, Heldin C-H,
Miyazono K 1995 Osteogenic protein-1 binds to activin type II receptors and induces certain activin-like
effects. J Cell Biol 130:217-226

Roberts AB, Derynck R 2001 Signaling schemes for TGF-f. Sci STKE 113:PE43

Miettinen PJ, Ebner R, Lopez AR, Derynck R 1994 TGF-beta induced transdifferentiation of mammary
epithelial cells to mesenchymal cells: involvement of type I receptors. J Cell Biol 127:2021-2036

Visser JA, Olaso R, Verhoef-Post M, Kramer P, Themmen AP, Ingraham HA 2001 The
serine/threonine transmembrane receptor ALK-2 mediates Miillerian inhibiting substance signaling. Mol
Endocrinol 15:936-945

Clarke TR, Hoshiya Y, Yi SE, Liu X, Lyons KM, Donahoe PK 2001 Miillerian inhibiting substance
signaling uses a bone morphogenetic protein (BMP)-like pathway madiated by ALK-2 and induces Smad6
expression. Mol Endocrinol 15:946-959

Wang T, Li BY, Danielson PD, Shah PC, Rockwell S, Lechleider RJ, Martin J, Manganaro T,
Donahoe PK 1996 The immunophilin FKBP12 functions as a common inhibitor of the TGF family type I
receptors. Cell 86:435-444

Chen Y-G, Liu F, Massagué J 1997 Mechanism of TGFp receptor inhibition by FKBP12. EMBO J
16:3866-3876

Xu J, Matsuzaki K, McKeehan K, Wang F, Kan F, McKeehan WL 1994 Genomic structure and cloned
cDNAs predict that four variants in the kinase domain of serine/threonine reseptors arise by alternative
splicing and poly (A) addition. Proc Natl Acad Sci USA 91:7957-7961

Alexander JM, Bikkal HA, Zervas NT, Laws ER, Klibanski A 1996 Tumor-specific expression and
alternate splicing of messenger ribonucleic acid encoding activin/transforming growth factor-p receptors in
human pituitary adenomas. J Clin Endocrinol Metab 81:783-790

Réijer E, Miyazono K, Astrom A-K, Geurts van Kessel A, ten Dijke P, Stenman G 1997 Chromosomal
localization of three human genes encoding members of the TGF-B superfamily of the type I
serine/threonine kinase receptors. Mamm Genome 9:266-268

Schmitt J, Mielke R, Schrewe H 1995 Genomic organization of a mouse type I activin receptor. Biochem
Biophys Res Commun 213:211-217

Gu Z, Reynolds EM, Song J, Lei H, Feijen A, Yu L, He W, MacLaughlin DT, van den Eijnden-van
Raaij J, Donahoe PK, Li E 1999 The type I serine/threonine receptor ActRIA (ALK2) is required for
gastrulation of the mouse. Development 126:2551-2561

Mishina Y, Crombie R, Bradley A, Behringer RR 1999 Multiple roles for activin-like kinase-2 signaling
during mouse embryogenesis. Dev Biol 213:314-326

Gu Z, Nomura M, Simpson BB, Lei H, Feijen A, van den Eijnden-van Raaij J, Donahoe PK, Li E
1998 The type I activin receptor ActRIB is required for egg cylinder organization and gastrulation in the
mouse. Genes Dev 12:844-857

Mahony D, Weis FMB, Massagué J, Gurdon JB 1998 XTrR-I is a TGFJ receptor and overexpression of
a truncated form of the receptor inhibits axis formation and dorsalising activity. Mech Dev 75:95-105

50



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Reissmann E, Jornvall H, Blokzijl A, Andersson O, Chang C, Minchiotti G, Persico MG, Ibanez CF,
Brivanlou AH 2001 The orphan receptor ALK7 and the activin receptor ALK4 mediate signaling by nodal
proteins during vertebrate development. Genes Dev 15:2010-2022

Larsson J, Goumans M-J, Jansson Sjostrand L, van Rooijen MA, Ward D, Levéen P, Xu X, ten Dijke
P, Mummery CL, Karlsson S 2001 Abnormal angiogenesis but intact hematopoietic potential in TGF-3
type I receptor-deficient mice. EMBO J 20:1663-1673

Nishitoh H, Ichijo H, Kimura M, Matsumoto T, Makishima F, Yamaguchi A, Yamashita H, Enomoto
S, Miyazono K 1996 Identification of type I and type II serine/threonine kinase receptors for
growth/differentiation factor-5. J Biol Chem 271:21345-21352

Hoodless PA, Haerry T, Abdollah S, Stapleton M, O'Connor MB, Attisano L, Wrana JL 1996
MADRI1, a MAD-related protein that functions in BMP2 signaling pathways. Cell 85:489-500

Gray PC, Bilezikjian LM, Vale W 2002 Antagonism of activin by inhibin and inhibin receptors: a
functional role for betaglycan. Mol Cell Endocrinol 188:253-260

Attisano L, Silvestri C, Izzi L, Labbé E 2001 The transcriptional role of Smads and FAST (FoxH1) in
TGFp and activin signalling. Mol Cell Endocrinol 180:3-11

Itoh S, Itoh F, Goumans M-J, ten Dijke P 2000 Signaling of transforming growth factor-f§ family
members through Smad proteins. Eur J Biochem 267:6954-6967

Chen X, Rubock MJ, Whitman M 1996 A transcriptional partner for MAD proteins in TGF-f signalling.
Nature 383:691-696

Zhang Y, Feng X-H, Derynck R 1998 Smad3 and Smad4 cooperate with c-Jun/c-Fos to mediate TGF-3
induced transcription. Nature 394:909-913

Xu L, Chen YG, Massagué J 2000 The nuclear import function of Smad2 is masked by SARA and
unmasked by TGFB-dependent phosphorylation. Nat Cell Biol 2:559-562

Shoji H, Tsuchida K, Kishi H, Yamakawa N, Matsuzaki T, Liu Z, Nakamura T, Sugino H 2000
Identification and characterization of a PDZ protein that interacts with activin type II receptor. J Biol Chem
275:5485-5492

Tsuchida K, Matsuzaki T, Yamakawa N, Liu Z, Sugino H 2001 Intracellular and extracellular control of
activin function by novel regulatory molecules. Mol Cell Endocrinol 180:25-31

Matsuzaki T, Hanai S, Kishi H, Liu ZH, Bao YL, Kikuchi A, Tsuchida K, Sugino H 2002 Regulation
of endocytosis of activin type II receptors by a novel PDZ protein through Ral/Ral-binding protein 1-
dependent pathway. J Biol Chem 277:19008-19018

Cocolakis E, Lemay S, Ali S, Lebrun J-J 2001 The p38 MAPK pathway is required for cell growth
inhibition of human breast cancer cells in response to activin. J Biol Chem 276:18430-18436

Findlay JK, Drummond AE, Dyson ML, Baillie AJ, Robertson DM, Ethier J-F 2002 Recruitment and
development of the follicle; the roles of the transforming growth factor-f superfamily. Mol Cell Endocrinol
191:35-43

Meunier H, Rivier C, Evans RM, Vale W 1988 Gonadal and extragonadal expression of inhibin a, BA,
and B subunits in various tissues predicts diverse functions. Proc Natl Acad Sci USA 85:247-251

Feng Z-M, Madigan MB, Chen C-LC 1993 Expression of type II activin receptor genes in the male and
female reproductive tissues of the rat. Endocrinology 132:2593-2600

Michel U, Albiston A, Findlay JK 1990 Rat follistatin: Gonadal and extragonadal expression and evidence
for alternative splicing. Biochem Biophys Res Commun 173:401-407

Shimasaki S, Koga M, Buscaglia ML, Simmons DM, Bicsak TA, Ling N 1989 Follistatin gene
expression in the ovary and extragonadal tissues. Mol Endocrinol 3:651-659

Cameron VA, Nishimura E, Mathews LS, Lewis KA, Sawchenko PE, Vale WW 1994 Hybridization
histochemical localization of activin receptor subtypes in rat brain, pituitary, ovary, and testis.
Endocrinology 134:799-808

Findlay JK, Drummond AE, Dyson M, Baillie AJ, Robertson DM, Ethier J-F 2001 Production and
actions of inhibin and activin during folliculogenesis in the rat. Mol Cell Endocrinol 180:139-144

Ogawa K, Abe K, Kurosawa N, Kurohmaru M, Hiromu S, Takahashi M, Hayashi Y 1993 Expression
of a, BA and BB subunits of inhibin or activin and follistatin in rat pancreatic islets. FEBS Lett 319:217-220
Ethier J-F, Findlay JK 2001 Roles of activin and its signal transduction mechanisms in reproductive
tissues. Reproduction 121:667-675

Knight PG, Glister C 2001 Potential local regulatory function of inhibins, activins and follistatin in the
ovary. Reproduction 121:503-512

Roberts VJ, Barth S, El-Roeiy A, Yen SSC 1993 Expression of inhibin/activin subunits and follistatin
messenger ribonucleic acids and proteins in ovarian follicles and the corpus luteum during the human
menstrual cycle. J Clin Endocrinol Metab 77:1402-1410

Wada M, Shintani Y, Kosaka M, Sano T, Hizawa K, Saito S 1996 Immunohistochemical localization of
activin A and follistatin in human tissues. Endocrine J 43:375-385

51



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Li R, Phillips DM, Mather JP 1995 Activin promotes ovarian follicle development in vitro. Endocrinology
136:849-856

Miro F, Hillier SG 1996 Modulation of granulosa cell deoxyribonucleic acid synthesis and differentiation
by activin. Endocrinology 137:464-468

Rabinovici J, Spencer SJ, Doldi N, Goldsmith PC, Schwall R, Jaffe RB 1992 Activin-A as an
intraovarian modulator: Actions, localization, and regulation of the intact dimer in human ovarian cells. J
Clin Invest 89:1528-1536

LaPolt PS, Soto D, Su J-G, Campen CA, Vaughan J, Vale W, Hsueh AJ 1989 Activin stimulation of
inhibin secretion and messenger RNA levels in cultured granulosa cells. Mol Endocrinol 3:1666-1673
Woodruff TK, Krummen L, McCray G, Mather JP 1993 In situ ligand binding of recombinant human
['%1] activin-A and recombinant human ['*I] inhibin-A to adult rat ovary. Endocrinology 133:2998-3006
Sidis Y, Fujiwara T, Leykin L, Isaacson K, Toth T, Schneyer AL 1998 Characterization of
inhibin/activin subunit, activin receptor, and follistatin messenger ribonucleic acid in human and mouse
oocytes: Evidence for activin's paracrine signaling from granulosa cells to oocytes. Biol Reprod 59:807-812
Pangas SA, Rademaker AW, Fishman DA, Woodruff TK 2002 Localization of the activin signal
transduction components in normal human ovarian follicles: Implication for autocrine and paracrine
signaling in the ovary. J Clin Endocrinol Metab 87:2644-2657

Eto Y, Tsuji T, Takezawa M, Takano S, Yokogawa Y, Shibai H 1987 Purification and characterization
of erythroid differentiation factor (EDF) isolated from human leukemia cell line THP-1. Biochem Biophys
Res Commun 142:1095-1103

Broxmeyer HE, Lu L, Cooper S, Schwall RH, Mason AJ, Nikolics K 1988 Selective and indirect
modulation of human multipotential and erythroid hematopoietic progenitor cell proliferation by
recombinant human activin and inhibin. Proc Natl Acad Sci USA 85:9052-9056

Nakao K, Kosaka M, Saito S 1991 Effects of erythroid differentiation factor (EDF) on proliferation and
differentiation of human hematopoietic progenitors. Exp Hematol 19:1090-1095

Yu J, Shao L, Lemas V, Yu A, Vaughan J, Rivier J, Vale W 1987 Importance of FSH-releasing protein
and inhibin in erythrodifferentiation. Nature 330:765-767

Yu J, Shao L, Vaughan J, Vale W, Yu AL 1989 Characterization of the potentiation effect of activin on
human erythroid colony formation in vitro. Blood 73:952-960

Shao L-E, Frigon NLJ, Young AL, Yu AL, Mathews LS, Vaughan J, Vale W, Yu J 1992 Effect of
activin A on globin gene expression in purified human erythroid progenitors. Blood 79:773-781

Shiozaki M, Kosaka M, Eto Y 1998 Activin A: Commitment factor in erythroid differentiation. Biochem
Biophys Res Commun 242:631-635

Schwall R, Schmelzer CH, Matsuyama E, Mason AJ 1989 Multiple actions of recombinant activin-A in
vivo. Endocrinology 125:1420-1423

Shiozaki M, Sakai R, Tabuchi M, Eto Y, Kosaka M, Shibai H 1989 In vivo treatment with erythroid
differentiation factor (EDF/activin A) increases erythroid precursors (CFU-E and BFU-E) in mice.
Biochem Biophys Res Commun 165:1155-1161

Shiozaki M, Sakai R, Tabuchi M, Nakamura T, Sugino K, Sugino H, Eto Y 1992 Evidence for the
participation of endogenous activin A/erythroid differentiation factor in the regulation of erythropoiesis.
Proc Natl Acad Sci USA 89:1553-1556

Shao L, Frigon NLJ, Sehy DW, Yu AL, Lofgren J, Schwall R, Yu J 1992 Regulation of production of
activin A in human marrow stromal cells and monocytes. Exp Hematol 20:1235

Yamashita T, Takahashi S, Ogata E 1992 Expression of activin A/erythroid differentiation factor in
murine bone marrow stromal cells. Blood 79:304-307

Lozzio CB, Lozzio BB 1975 Human chronic myelogenous leukemia cell-line with positive Philadelphia
chromosome. Blood 45:321-334

Frigon NLJ, Shao L-E, Young AL, Maderazo L, Yu J 1992 Regulation of globin gene expression in
human K562 cells by recombinant activin A. Blood 79:765-772

Tsuchida K, Vaughan JM, Wiater E, Gaddy-Kurten D, Vale WW 1995 Inactivation of activin-
dependent transcription by kinase-deficient activin receptors. Endocrinology 136:5493-5503

Lebrun JJ, Vale WW 1997 Activin and inhibin have antagonistic effects on ligand-dependent
heteromerization of the type I and type II activin receptors and human erythroid differentiation. Mol Cell
Biol 17:1682-1691

Alitalo R 1990 Induced differentiation of K562 leukemia cells: a model for studies of gene expression in
early megakaryoblasts. Leuk Res 14:501-514

Alitalo R, Mikela TP, Koskinen P, Andersson LC, Alitalo K 1988 Enhanced expression of transforming
growth factor B during megakaryoblastic differentiation of K562 leukemia cells. Blood 71:899-906

Erimaa M, Heikinheimo K, Tuuri T, Hildén K, Ritvos O 1993 Inhibin/activin subunit mRNA
expression in human granulosa-luteal cells. Mol Cell Endocrinol 92:R15-R20

52



205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Tabilio A, Pelicci PG, Vinci G, Mannoni P, Cicin CI, Vainchenker W, Testa U, Lipinski M, Rochant
H, Bretin-Gorius J 1983 Myeloid and megakaryocytic properties of K562 cell lines. Cancer Res 43:4569-
4574

Collins SJ 1987 The HL-60 promyelocytic leukemia cell line: Proliferation, differentiation, and cellular
oncogene expression. Blood 70:1233-

Munsick RA 1984 Human fetal extremity lengths in the interval from 9 to 21 menstrual weeks of
pregnancy. Am J Obstet Gynecol 149:883-887

Chirgwin JM, Przybyla AE, MacDonald RJ, Rutter WJ 1979 Isolation of biologically active ribonucleic
acid from sources enriched in ribonuclease. Biochemistry 18:5294-5299

Ritvos O, Erimaa M 1991 Adenosine 3',5'-monophosphate and phorbol ester induce transforming growth
factor-B1 messenger ribonucleic acid levels in chorioncarcinoma cells. Endocrinology 129:2240-2245
Rappolee DA, Wang A, Mark D, Werb Z 1989 Novel method for studying mRNA phenotypes in single
or small number of cells. J Cell Biochem 39:1-11

Legerski R, Zhou X, Dresback J, Eberspaecher H, McKinney S, Segarini P, de Crombrugghe B 1992
Molecular cloning and characterization of a novel rat activin receptor. Biochem Biophys Res Commun
183:672-679

Tuuri T, Erimaa M, van Schaik RHN, Ritves O 1996 Differential regulation of inhibin/activin o~ and
BA- subunit and follistatin mRNAs by cyclic AMP and phorbol ester in cultured human granulosa-luteal
cells. Mol Cell Endocrinol 121:1-10

Sambrook J, Fritch EF, Maniatis T 1989 Molecular cloning. Cold Spring Harbor, NY, Cold Spring
Harbor Laboratory

Chomczynski P 1992 One-hour downward alkaline capillary transfer for blotting of DNA and RNA. Anal
Biochem 201:134-139

Shinozaki H, Ito I, Hasegawa Y, Nakamura K, Igarashi S, Nakamura M, Miyamoto K, Eto Y, Ibuki
Y, Minegishi T 1992 Cloning and sequencing of a rat type II activin receptor. FEBS Lett 312:53-56

de Winter JP, Themmen APN, Hoogerbrugge JW, Klaij IA, Grootegoed JA, F.H. dJ 1992 Activin
receptor mRNA expression in rat testicular cell types. Mol Cell Endocrinol 83:R1-R8

Peng C, Ohno T, Koh LY, Chen VTS, Leung PCK 1999 Human ovary and placenta express messenger
RNA for multiple activin receptors. Life Sci 64:983-994

Hemmati-Brivanlou A, Wright DA, Melton DA 1992 Embryonic expression and functional analysis of a
Xenopus activin receptor. Dev Dyn 194:1-11

Mathews LS, Vale WW, Kintner CR 1992 Cloning of a second type of activin receptor and functional
characterization in Xenopus embryos. Science 255:1702-1705

Nishimatsu S, Oda S, Murakami K, Ueno N 1992 Multiple genes for Xenopus activin receptor expressed
during early embryogenesis. FEBS Lett 303:81-84

Zhou Y, Sun H, Danila DC, Johnson SR, Sigai DP, Zhang X, Klibanski A 2000 Truncated activin type I
receptor Alk4 isoforms are dominant negative receptors inhibiting activin signaling. Mol Endocrinol
14:2066-2075

Ferguson CA, Tucker AS, Heikinheimo K, Nomura M, Oh P, Li E, Sharpe PT 2001 The role of
effectors of the activin signalling pathway, activin receptors IIA and 1IB, and Smad2, in patterning of tooth
development. Development 128:4605-4613

Roberts V, Sawchenko PE, Vale W 1991 Expression of inhibin/activin subunit messenger ribonucleic
acids during rat embryogenesis. Endocrinology 128:3122-3129

Dohrmann CE, Hemmati-Brivanlou A, Thomsen GH, Fields A, Woolf TM, Melton DA 1993
Expression of activin mRNA during early development in Xenopus laevis. Dev Biol 157:474-483
Andreasson K, Worley PF 1995 Induction of BA activin expression by synaptic activity and during
neocortical development. Neuroscience 69:781-796

Munz B, Hubner G, Tretter Y, Alzheimer C, Werner S 1999 A novel role of activin in inflamation and
repair. J Endocrinol 161:187-193

Verschueren K, Dewulf N, Goumans M-J, Lonnoy O, Feijen A, Grimsby S, Spiegle KV, ten Dijke P,
Morén A, Vanscheeuwijck P, Heldin C-H, Miyazono K, Mummery C, Van Den Eijnden-Van Raaij J,
Huylebroeck D 1995 Expression of type I and type IB receptors for activin in midgestation mouse embryos
suggests distinct functions in organogenesis. Mech Dev 52:109-123

Schubert D, Kimura H, LaCorbiere M, Vaughan J, Karr D, Fischer WH 1990 Activin is a nerve cell
survival molecule. Nature 344:868-870

Hashimoto M, Kondo S, Sakurai T, Etoh Y, Shibai H, Muramatsu M 1990 Activin/ EDF as an inhibitor
of neural differentiation. Biochem Biophys Res Commun 173:193-200

Amthor H, Christ B, Rashid-Doubell F, Kemp CF, Lang E, Patel K 2002 Follistatin regulates bone
morphogenetic protein-7 (BMP-7) activity to stimulate embryonic muscle growth. Dev Biol 243:115-127

53



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Lee S-J, McPherron AC 2001 Regulation of myostatin activity and muscle growth. Proc Natl Acad Sci
USA 98:9306-9311

Zimmers TA, Davies MV, Koniaris LG, Haynes P, Esquela AF, Tomkinson KN, McPherron AC,
Wolfman NM, Lee S-J 2002 Induction of cachexia in mice by systemically administered myostatin.
Science 296:1468-1488

Feijen A, Goumans MJ, Raaij vdE-v 1994 Expression of activin subunits, activin receptors and follistatin
in postimplantation mouse embryos suggests specific developmental functions for different activins.
Development 120:3621-3637

Roberts VJ, Barth SL 1994 Expression of messenger ribonucleic acids encoding the inhibin/activin system
during mid- and late-gestation rat embryogenesis. Endocrinology 134:914-923

Van den Eijnden-van Raaij AJM, Feijen A, Lawson KA, Mummery CL 1992 Differential expression of
inhibin subunits and follistatin, but not of activin receptor type II, during early murine embryonic
development. Dev Biol 154:356-365

Kim SK, Hebrok M, Li E, Oh SP, Schrewe H, Harmon EB, Lee JS, Melton DA 2000 Activin receptor
patterning of foregut organogenesis. Genes Dev 14:1866-1871

Maeshima A, Nojima Y, Kojima I 2001 The role of the activin-follistatin system in the developmental and
regeneration processes of the kidney. Cytokine and Growth Factor Reviews 12:289-298

Ball EMA, Risbridger GP 2001 Activins as regulators of branching morphogenesis. Dev Biol 238:1-12
Sehy DW, Shao L-E, Yu AL, Tsai W-M, Yu J 1992 Activin A-induced differentiation in K562 cells is
associated with a transient hypophosphorylation of RB protein and the concomitant block of cell cycle at G1
phase. J Cell Biochem 50:255-265

Chen LL, Dean A, Jenkinson T, Mendelsohn J 1989 Effect of transforming growth factor-f1 on
proliferation and induction of hemoglobin accumulation in K-562 cells. Blood 74:2368-2375

Murray NR, Baumgardner GP, Burns DJ, Fields AP 1993 Protein kinase C isotypes in human
erythroleukemia (K562) cell proliferation and differentiation. J Biol Chem 268:15847-15853

Takahashi S, Yamashita T, Eto Y, Shibai H, Miyamoto K, Ogata E 1990 Inducible gene expression of
activin A/erythroid differentation factor in HL-60 cells. Biochem Biophys Res Commun 167:654-658
Tanimoto K, Murakami K, Fukamizu A 1994 Combinatorial action of cAMP and phorbol ester on
synergistic expression of the human activin A gene. Exp Cell Res 211:408-414

Tsuji T, Eto Y, Takano S, Takezawa M, Yokogawa Y, Shibai H 1988 Discovery of a human erythroid
differentiation factor (EDF) and its large-scale production. Biotech Bioengin 31:675-681

Li W, Olofson JI, Jeung E-B, Krisinger J, Yeun BH, Leung PCK 1994 Gonadotropin-releasing hormone
(GnRH) and cyclic AMP positively regulate inhibin subunit messenger RNA levels in human placental
cells. Life Sci 55:1717-1724

Liu F, Shao L-E, Yu J 2000 Truncated activin type II receptor inhibits erythroid differentiation in K562
cells. J Cell Biochem 78:24-33

Kitamura K, Aota S-I, Sakamoto R, Yoshikawa S-I, Okazaki K 2000 Smad7 selectively interferes with
different pathways of activin signaling and inhibits erythroid leukemia cell differentiation. Blood 95:3371-
3379

Machida H, Ogawa K, Funaba M, Mizutani T, Tsujimoto M 2000 mRNA expression of type I and type
II receptors for activin, transforming growth factor-f, and bone morphogenetic protein in the murine
erythroleukemic cell line, F5-5.f1. Eur J Endocrinol 143:705-710

Fragale A, Puglisi R, Morena AR, Stefanini M, Boitani C 2001 Age-dependent activin receptor
expression pinpoints activin A as a physiological regulator of rat Sertoli cell proliferation. Mol Hum Reprod
7:1107-1114

Ethier J-F, Houde A, Lussier JG, D.W. S 1994 Bovine activin receptor type Il cDNA: cloning and tissue
expression. Mol Cell Endocrinol 106:1-8

Di Simone N, Crowley WFJ, Wang Q-F, Sluss PM, Schneyer AL 1996 Characterization of
inhibin/activin subunit, follistatin, and activin type II receptors in human ovarian cancer cell lines: A
potential role in autocrine growth regulation. Endocrinology 137:486-494

Di Simone N, Hall HA, Welt C, Schneyer AL 1998 Activin regulates BA-subunit and activin receptor
messenger ribonucleic acid and cellular proliferation in activin-responsive testicular tumor cells.
Endocrinology 139:1147-1155

Choi K-C, Kang SK, Nathwani PS, Cheng KW, Auersperg N, Leung PCK 2001 Differential expression
of activin/inhibin subunit and activin receptor mRNAs in normal and neoplastic ovarian surface epithelium
(OSE). Mol Cell Endocrinol 174:99-110

Muttukrishna S, Groome N, Ledger W 1997 Gonadotropic control of secretion of dimeric inhibins and
activin A by human granulosa-luteal cells in vitro. J Assist Reprod Genet 14:566-574

Liu J, Hyden-Granskog C, Voutilainen R 2001 Gonadotrophins inhibit and activin induces expression of
activin/inhibin BB subunit mRNA in cultured human granulosa-luteal cells. Mol Hum Reprod 7:319-323

54



256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.
277.

278.

279.

Vinttinen T, Liu J, Hydén-Granskog C, Parviainen M, Penttilid I, Voutilainen R 2000 Regulation of
immunoreactive inhibin A and B secretion in cultured human granulosa-luteal cells by gonadotropins,
activin A and insulin-like growth factor type-1 receptor. J Endocrinol 167:289-294

Erimaa M, Ritvos O 1996 Transforming growth factor-f1 and -B2 induce inhibin and activin fB-subunit
messenger ribonucleic acid levels in cultured human granulosa-luteal cells. Fertil Steril 65:954-960
Jaatinen R, Bondestam J, Raivio T, Hildén K, Dunkel L, Groome N, Ritvos O 2002 Activation of the
bone morphogenetic protein signaling pathway induces inhibin BB-subunit mRNA and secreted inhibin B
levels in cultured human granulosa-luteal cells. J Clin Endocrinol Metab 87:1254-1261

Bondestam J, Kaivo-oja N, Kallio J, Groome N, Hyden-Granskog C, Fujii M, Moustakas A, Jalanko
A, ten Dijke P, Ritvos O 2002 Engagement of activin and bone morphogenetic protein signaling pathway
Smad proteins in the induction of inhibin B production in ovarian granulosa cells. Mol Cell Endocrinol
195:79-88

Lanuza GM, Groome NP, Baranao JL, Campo S 1999 Dimeric inhibin A and B production are
differentially regulated by hormones and local factors in rat granulosa cells. Endocrinology 140:2549-2554
Fraser HM, Lunn SF, Cowen GM, Saunders PTK 1993 Localization of inhibin/activin subunit mRNAs
during the luteal phase in the primate ovary. J Mol Endocrinol 10:245-257

Schwall RH, Mason AJ, Wilcox JN, Bassett SG, Zeleznik AJ 1990 Localization of inhibin/activin
subunit mRNAs within the primate ovary. Mol Endocrinol 4:75-79

Woodruff TK, D'Agostino J, Schwartz NB, Mayo KE 1988 Dynamic changes in inhibin messenger
RNAs in rat ovarian follicles during the reproductive cycle. Science 239:1296-1299

Eridmaa M, Tuuri T, Hildén K, Ritvos O 1994 Regulation of inhibin a- and BA-subunit messenger
ribonucleic acid levels by chorionic gonadotropin and recombinant follicle-stimulating hormone in cultured
human granulosa-luteal cells. J Clin Endocrinol Metab 79:1670-1677

Vinttinen T, Liu J, Hydén-Granskog C, Voutilainen R 2002 Biphasic regulation of activin A secretion
by gonadotropins in cultured human ovarian granulosa-luteal cells leads to decreasing activin:inhibin ratios
during continuing gonadotropin stimulation. J Endocrinol 172:557-563

Feng Z-M, Li Y-P, Chen C-L 1989 Analysis of the 5' -flanking regions of rat inhibin o- and B-subunit
genes suggest two different regulatory mechanisms. Mol Endocrinol 3:1914-1925

Imagawa M, Chiu R, Karin M 1987 Transcription factor AP-2 mediates induction by two different signal-
transduction pathways: protein kinase C and cAMP. Cell 51:251-260

Feng Z-M, Wu AZ, Chen C-LC 1995 Characterization and regulation of two testicular inhibin/activin $B-
subunit messenger ribonucleic acids that are transcribed from alternate initiation sites. Endocrinology
136:947-955

Najmabadi H, Rosenberg LA, Yuan QX, Reyaz G, Bhasin S 1993 Transcriptional regulation of inhibin
BB messenger ribonucleic acid levels in TM.4 or primary rat Sertoli cells by 8-bromo-cyclic adenosine
monophosphate. Mol Endocrinol 7:561-569

Ito I, Minegishi T, Fukuda J, Shinozaki H, Auersperg N, Leung PCK 2000 Presence of activin signal
transduction in normal ovarian cells and epithelial ovarian carcinoma. Br J Cancer 82:1415-1420

Fujiwara T, Lambert-Messerlian G, Sidis Y, Leykin L, Isaacson K, Toth T, Schneyer A 2000 Analysis
of follicular fluid hormone concentrations and granulosa cell mRNA levels for the inhibin-activin-follistatin
system: relation to oocyte and embryonic characteristics. Fertil Steril 74:348-355

Drummond AE, Le MT, Ethier J-F, Dyson M, Findlay JK 2002 Expression and localization of activin
receptors, Smads, and Bglycan to the postnatal rat ovary. Endocrinology 143:1423-1433

Nishimori K, Matzuk MM 1996 Transgenic mice in the analysis of reproductive development and
function. Rev Reprod 1:203-212

Schulte-Merker S, Smith JC, Dale L 1994 Effects of truncated activin and FGF receptors and of follistatin
on the inducing activities of BVgl and activin: does activin play a role in mesoderm induction. EMBO J
13:3533-3541

Chang C, Wilson PA, Mathews LS, Hemmati-Brivanlou A 1997 A Xenopus type I activin receptor
mediates mesodermal but not neural specification during embryogenesis. Development 124:827-837
Whitman M, Mercola M 2001 TGF-f superfamily signaling and left-right asymmetry. Sci STKE 64:RE1
Yeo C-Y, Whitman M 2001 Nodal signals to Smads through Cripto-dependent and Cripto-independent
mechanisms. Mol Cell 7:949-957

Su GH, Bansal R, Murphy KM, Montgomery E, Yeo CJ, Hruban RH, Kern SE 2001 ACVRIB
(ALK4, activin receptor type 1B) gene mutations in pancreatic carcinoma. Proc Natl Acad Sci USA
98:3254-3257

ten Dijke P, Goumans M-J, Itoh F, Itoh S 2002 Regulation of cell proliferation by Smad proteins. J Cell
Physiol 191:1-16

55



	List of original publications
	Abbreviations
	Introduction
	Review of the literature
	1.Structure and function of activin and activin binding proteins
	1.1Isolation of activins
	1.2Activin subunits and their regulation
	1.2.1.Human ?A-subunit
	1.2.2.Human ?B-subunit
	1.2.3.Other ?-subunits
	1.2.4.Transgenic mice models of activin ?-subunits

	1.3TGF-? superfamily
	1.4.Follistatin and other activin binding proteins

	2.Activin-mediated signalling
	2.1.Type II serine/threonine kinase receptors
	2.1.1.Type II activin receptor (ActR-II)
	2.1.2.Type IIB activin receptor (ActR-IIB)
	2.1.3.Other type II serine/threonine kinase receptors

	2.2Type I serine/threonine kinase receptors
	2.2.1Type I activin receptors
	2.2.2. Other type I serine/threonine receptors

	2.3.Ligand-receptor interactions and mechanism of receptor activation
	2.4.Intracellular signalling of activin
	3.1.The tissue distribution of activin/inhibin subunits, follistatin and activin type I and II receptor mRNAs
	3.2.Expression and regulation of activin subunit and activin receptor mRNAs in the ovary
	3.3.The effects of activin A in normal erythropoiesis and in erythroleukemia cells


	Aims of the present study
	Materials and methods
	1.Cell cultures
	2.Treatments of the cell cultures
	3.Human fetal tissues
	4.RNA extraction and blotting
	5.RT-PCR, cDNA cloning and sequencing
	6.Southern blotting
	7.Probe labeling, hybridizations and quantification of the data
	8.Analysis of RNA data
	9.Western blotting
	10.Radioiodination of follistatin and ligand blotting

	Results
	1.The primary structure of human activin receptor type II and IIB (I)
	2.The tissue distribution of inhibin ?, activin ?A- and ?B-subunit, follistatin and ActR-II and -IIB messenger ribonucleic acids in human fetal tissues (I and II)
	3.Expression and regulation of ??-subunit transcript and polypeptide, and type I and II receptor mRNAs in K562 cells (I and IV)
	4.Regulation of ?-,??A- and ?B-subunit and activin receptor mRNAs in human GL-cells (III)

	Discussion
	1.Cloning and characterization of human type II activin receptors (I)
	2.The tissue distribution of inhibin ?, activin ?A- and ?B-subunit, activin type I and II receptor and follistatin mRNAs in human fetal tissues (I, II)
	3.The expression and regulation of activin ?A-subunit during induced differentiation of human erythroleukemia K562 cells (IV)
	4.The expression and regulation of activin receptors in human K562 erythroleukemia cells (I, IV)
	5.The regulation of activin ?B-subunit mRNA in cultured human granulosa-luteal cells (III)
	6.The expression of activin receptor mRNAs in human granulosa-luteal cells (III)
	7.ActR-IIB interacts with multiple TGF-? superfamily ligands

	Summary and concluding remarks
	Acknowledgements

