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Abstract 
 
The transforming growth factor β (TGFβ) superfamily of polypeptide growth factors 

encompasses more than 30 diverse mammalian members. They are involved in most cellular 
processes, ranging from cell proliferation and differentiation, to survival and death. Loss of TGFβ 
activity is coupled to tumor development and many other disorders. 

Most TGFβ superfamily ligands exert their actions through two transmembrane receptor 
serine/threonine kinases (RSTKs), type I and type II. Following ligand binding, the type I and type 
II receptors form a heterotetrameric complex that activates intracellular second messengers of the 
Smad family. Upon activation, the Smads translocate to the nucleus and initiate gene transcription. 

This thesis focuses on activin receptor-like kinase 7 (ALK7), a type I RSTK. We have 
cloned and sequenced the ALK7 gene and studied its expression and function in vitro as well as in 
vivo. We find ALK7 to be highly expressed in adult cerebellum and during mouse embryogenesis. 

The absence of a known ligand and a partner type II receptor initially constrained the 
functional analysis of this receptor. We therefore constructed a cell line derived from rat 
pheochromocytoma PC12 cells in which a tetracycline-inducible promoter controlled the 
expression of a constitutively active mutant of ALK7. This cell line was then used to study the 
biological relevance of ALK7 activation. Briefly, ALK7 signaling resembles that of its closest 
relatives, TβRI and ActRIB. However, only ALK7 has a profound effect on cell morphology. 

Next, we established nodal as a candidate ligand for ALK7. Indeed, constitutively active 
ALK7 mimics the effects of Xnr1, the Xenopus laevis nodal homologue, while kinase dead ALK7 
specifically blocks those effects. We also show that ALK7 cooperates with a type II receptor for 
activin (ActRIIB), and the complex is able to mediate nodal signals. 

In parallel with these studies, successive efforts were made to generate a knockout mouse 
deficient in ALK7 activity. After a total of ten electroporations and 3,456 picked clones, nine 
clones that correctly targeted the ALK7 gene by homologous recombination were isolated. Fifteen 
ALK7 +/- pups were born after blastocyst injections, and they are now bred to generate ALK7 -/- 
animals. At this stage, we can only speculate on the outcome, but many related gene deletion 
studies result in mice that succumb either during early embryonic stages because of severe defects 
of gastrulation, or later during development because of impaired left-right patterning. 

The second part of this thesis involves bioinformatics and the computational analysis of the 
increasing amount of sequence information available. The first release in 1982 of the EMBL 
Nucleotide Sequence Database contained 568 sequences with 585,433 nucleotides. Today, 
nineteen years later, this database has reached its 68:th release with 12,964,797 sequences and 
13,727,100,206 nucleotides � the size of the database has at least tripled every three years. 

When searching for distant homologies, where only a non-contiguous amino acid pattern is 
conserved, conventional search engines are not always capable of matching relevant sequences. I 
therefore developed Motifer, a software tool aimed at finding very remote protein homologues. A 
number of features enable Motifer to find sequence homologues where FASTA, BLAST, and other 
search algorithms would deem them unrelated. Using Motifer to search the human genome for 
sequences corresponding to the conserved cysteine pattern of the TGFβ superfamily and that of the 
glial cell line-derived neurotrophic factor (GDNF) family receptor α (GFRα), two new TGFβ 
superfamily ligands and one new GFRα were identified. The new sequences were provisionally 
named MDF451, MDF628 and MDRα (Motifer derived factor/receptor; numbers originating from 
sequence accession numbers). BLAST and FASTA failed to find any of these sequences using 
known TGFβ ligands or GFRα receptors as query. 

Interestingly, the MDFs appear to be primate specific, while MDRα can also be found in 
mouse. Expression studies in human tissues have shown the MDFs to be mainly expressed in the 
adult brain, adult cerebellum, and fetal brain. MDRα mRNA was not detected in any of the mouse 
tissues investigated. Present work is now aimed at detecting a functional translational product and 
at cloning the full-length cDNA of all three sequences identified. 
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Abbreviations and Definitions 
 

ActRIA  Activin receptor type IA (ALK2) 
ActRIB  Activin receptor type IB (ALK4) 
ALK   Activin receptor-like kinase 
AMH   Anti-Müllerian hormone 
AMHR  Anti-Müllerian hormone receptor 
ARE   Activin responsive element 
ART   Artemin 
BAMBI  BMP and activin membrane-bound inhibitor 
BLAST  Basic local alignment search tool 
BMP   Bone morphogenetic protein 
BMPRIA  BMP receptor type IA (ALK3) 
BMPRIB  BMP receptor type IB (ALK6) 
BMPRII  BMP receptor type II 
cdk   Cyclin-dependent kinase 
CMV   Cytomegalo virus 
CNS   Central nervous system 
CRNF   Cysteine-rich neurotrophic factor 
DN   Dominant negative 
Dox   Doxycycline 
DPC4   Deleted in pancreatic carcinoma locus 4 
Dpp   Decapentaplegic 
DVR   Dpp and Vg1 related TGFβ subfamily 
E   Embryonic day (embryonic day 0 = day of coitus) 
EGF   Epidermal growth factor 
ERK   Extracellular signal-regulated kinase 
ES cell   Embryonic stem cell 
EST   Expressed sequence tag 
FAST   Forkhead activin signal transducer 
FKBP12  FK506 binding protein, 12 kDa 
FRAP   FKBP12-rapamycin-associated protein 
FSH   Follicle-stimulating hormone 
GDF   Growth/differentiation factor 
GDNF   Glial cell line-derived neurotrophic factor 
GFRα   GDNF family receptor α 
GPI   Glycosyl phosphatidylinositol 
HA   Hemagglutinin 
INF   Interferon 
JNK   Jun N-terminal kinase 
LAP   Latency associated peptide 
LPM   Lateral plate mesoderm 
LTBP   Latent TGFβ binding protein 
MAD   Mothers against Dpp 
MAPK   Mitogen-activated protein kinase 
MDF   Motifer derived factor 
MDR   Motifer derived receptor 
MEN   Multiple endocrine neoplasia 
MH   MAD homology 
MIS   Müllerian inhibiting substance 
MSP   Maximal segment pair 
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NBRF   National Biomedical Research Foundation 
NGF   Nerve growth factor 
NTN   Neurturin 
oep   One-eyed pinhead 
P   Postnatal day (postnatal day 0 = day of birth) 
PAGE   Polyacrylamide gel electrophoresis 
PAI   Plasminogen activator inhibitor 
PCR   Polymerase chain reaction 
PI3K   Phosphoinositol-3-kinase 
PLC   Phospholipase C 
PMDS   Persistence of Müllerian duct syndrome 
PNS   Peripheral nervous system 
PSP   Persephin 
PTU   Propylthiouracil 
RAFT   FKBP12-rapamycin-associated protein 
Ret   Rearranged in transformation 
RPA   Ribonuclease protection assay 
RSTK   Receptor serine/threonine kinase 
RTK   Receptor tyrosine kinase 
rtTA   Reverse tetracycline-controlled transactivator 
SARA   Smad anchor for receptor activation 
sax   Saxophone 
SBE   Smad binding element 
SDS   Sodium dodecyl sulfate  
sma   Small phenotype 
Smad   Sma/MAD related 
Smurf   Smad ubiquitination regulatory factor  
TβRI   TGFβ receptor type I (ALK5) 
TβRII   TGFβ receptor type II 
tetO   Tetracycline operator 
tetR   Tetracycline repressor 
TGFβ   Transforming growth factor β 
tkv   Thick veins 
TPA   Tetradecanoyl phorbol acetate 
TRE   TPA response element 
tTA   Tetracycline-controlled transactivator 
Vg1   Vegetal-1 
VP   Virion protein 
Xnr   Xenopus laevis nodal-related 
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The TGFββββ Superfamily 
 
The Ligands 

 
The TGFβ superfamily is a large family of structurally related cytokines that display a 

bewildering array of biological functions. The founder molecule was described in 1981 as an 
inducer of anchorage-independent growth of normal rat kidney cells and fibroblast cell lines1,2. 
Accordingly, the new factor was termed transforming growth factor. However, as later studies 
have shown, this name is misleading and most, if not all, TGFβ superfamily ligands exert an 
antiproliferative action on the target cell3-5. Consequently, loss of TGFβ superfamily signaling is 
often associated with malignant transformation5-20.  

Incidentally, TGFα is a member of the epidermal growth factor (EGF) family21, and as such 
not related to TGFβ. The EGF ligands signal through a completely different receptor system, and 
TGFα has nothing in common with TGFβ other than its acronym. 

The pluripotent nature of the TGFβ superfamily emerged as further studies ascribed 
additional functions to the ligands. Sometimes the new functions were even contradictory to those 
described earlier. For example, TGFβ was initially described as transforming, but subsequent 
studies showed a much more complex function with roles in cell-cycle control3,4, regulation of 
early development22, differentiation23, extracellular matrix formation24, hematopoiesis25, 
angiogenesis26, chemotaxis27, and immune functions28. Clearly the actions of TGFβ depend highly 
on the cellular and temporal context, a conclusion that holds true for most TGFβ superfamily 
ligands. 

From Drosophila melanogaster to Homo sapiens, the more than 50 described members of 
the TGFβ superfamily constitute one of the largest families of polypeptide cytokines known29,30. 
The members have been shown to participate in all fundamental cellular events, including 
development, proliferation, differentiation, survival and apoptosis. The TGFβ superfamily can be 
subdivided based on sequence similarities or biological function. Authors tend to divide the family 
differently, also over time as new members are identified or novel biological functions revealed. 
However, in this discussion the TGFβ superfamily will be divided into the following subfamilies: 
the TGFβs, the decapentaplegic and vegetal-1-related (DVR) group, the activins/inhibins, the 
GDNF family, and other distant members. As mentioned, this subdivision is to a large extent 
arbitrary, and the DVR family, for example, can be further subdivided to highlight functional 
relationships between the ligands. A phylogenetic tree of representative members of the TGFβ 
superfamily is presented in Fig. 1. The overall amino acid identity between members ranges from 
17% (GDNF versus TGFβ2) to 92% (BMP2 versus BMP4), but the cysteine pattern is highly 
conserved among all members of the family. The seven conserved cysteine residues give rise to a 
three-dimensional structure containing a cystine-knot31. Six half-cystines form three intra-
molecular disulfide bonds, of which two form a circle pierced by the third, giving the structural 
background to the cystine-knot. The last half-cystine forms an intermolecular cystine bond that 
links the monomers in the mature and active TGFβ superfamily dimer. Notably, some ligands only 
contain six cysteine residues, necessitating the existence of other subunit interactions for dimer 
formation32. 

The TGFβ superfamily ligands are synthesized as large preproproteins33,34. The signal 
peptide targets the molecule to the secretory pathway, and the approximately 110 amino acid long 
C-terminal mature ligand is released by proteolytic cleavage at a dibasic cleavage site (RXXR 
motif). After the release, the mature ligand is homo- or heterodimerized and then often stored 
noncovalently associated with a binding protein. Upon activation, the active ligand can be rapidly 
released from the latent complex, either by a conformational change in the structure of the binding 
protein, or by the action of specific proteases. This mechanism has been described in detail for 
TGFβ, where mature and dimerized ligand is associated with the N-terminal propeptide of the 
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TGFβ precursor (or latency associated peptide, LAP) and latent TGFβ binding protein (LTBP)35-

38. The latent TGFβ/LAP/LTBP complex is associated with the extracellular matrix, ready for 
immediate release of active TGFβ. Acid, alkali, heat, limited proteolysis, and glycosidases have 
been shown in vitro to release TGFβ from its binding proteins37. 
 
 

 
 
Figure 1. Phylogenetic tree of representative members of the TGFβ superfamily. Five subfamilies are shown: the 
DVR subfamily (including the BMPs, the GDFs and nodal); the TGFβ subfamily; the activin subfamily (sometimes 
including inhibin); the GDNF subfamily; and distant members (including Müllerian inhibiting substance, MIS). As far 
as possible, mouse orthologues were used when generating the tree, but some non-mammalian sequences were 
included for reference. The tree was made by comparing the mature proteins using ClustalX39,40. The first lower case 
letter indicates species: d, Drosophila melanogaster; m, Mus musculus; r, Rattus norvegicus; x, Xenopus laevis. 
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TGFββββ subfamily 
 
The TGFβ subfamily is composed of three mammalian isoforms (β133, β241, and β342), 

together with chick (or β4) and Xenopus laevis (or β5) homologues of TGFβ143,44. As already 
mentioned, the TGFβs are highly pleiotropic, and their effects ultimately depend on the cellular 
and temporal context in which they signal30,45-47. Consequently, they are expressed in as many 
tissues as they have functions: mesenchyme, connective tissue, endothelium, platelets, bone, and 
cells of the immune system. In vitro studies of the TGFβ isoforms often fail to show any 
differences in biological activity. All three TGFβs have been studied through gene deletion 
experiments in mice28,48-53. In one study, the TGFβ1 null mutant was reported as lethal on 
embryonic day (E) 10 due to defective yolk sac vasculogenesis and hematopoiesis48. In other 
studies, TGFβ1 -/- mice died shortly after birth from a massive infiltration of inflammatory lymph-
ocytes and macrophages into several vital organs. Later, it has been shown that the true functional 
knockout of TGFβ1 is indeed embryonic lethal as the first deletion study showed. The discrepancy 
between the studies could be explained by an excessive expression of TGFβ2 and β3. Alter-
natively, in certain genetic backgrounds transplacental and lactational transfer of maternal TGFβ1 
can rescue the TGFβ1 -/- pups until after weaning54. TGFβ2 -/- mice die perinatally from defects of 
the heart, lung, craniofacial area, limb, spinal cord, eye, inner ear, and urogenital development51. 
TGFβ3 -/- mice survive until birth, but die soon after due to an impaired lung maturation52,53. 

 
DVR subfamily 

 
The DVR (decapentaplegic and vegetal-1-related) subfamily is the largest TGFβ subfamily, 

and as such, very divergent. It spans an equal number of functions as ligands, and it can never be 
regarded as one entity. The DVR subfamily can be subdivided further, but many biological 
functions of the members are overlapping. As new members are described the boundaries tend to 
become even blurrier, with a new factor often bridging two subgroups. Furthermore, many 
members have only been described in one species, and it is not known whether orthologues of 
other species exist, or if the given member is unique.  

With those points in mind, the DVR subfamily can be divided into three subgroups: the bone 
morphogenetic protein (BMP) and growth/differentiation factor (GDF) subgroup, the nodal 
subgroup (including Xenopus laevis nodal related [Xnr] 1-3), and a subgroup with more divergent 
members.  

The vast majority of DVR proteins are BMPs and GDFs. The first BMPs were isolated from 
bone extracts and were found to induce bone and cartilage formation55. Since then, the pluripotent 
nature of the BMPs has been revealed, with many essential functions in the developing embryo 
from early events during gastrulation to later specific organogenesis56-59. BMP2 -/- and BMP4 -/- 
mice die at early embryonic stages from defective organogenesis, disturbed left-right asymmetry, 
or impaired gastrulation60-62. The BMP7 null mutation is perinatally lethal due to severe 
developmental defects of the skull, eyes and kidneys63,64. 

In an effort to identify novel members of the TGFβ superfamily that were active during 
embryogenesis, GDF1 was cloned from a mouse embryonic cDNA library65,66. Several additional 
GDFs have since been identified, and many play important roles during embryonic development 
and later cellular regulation. The phenotype of GDF1 -/- mice is particularly interesting with 
respect to left-right patterning, as it includes visceral situs inversus, right pulmonary isomerism 
and cardiac anomalies, all relating to defects of left-right axis formation67. 

Obviously many, if not all, TGFβ superfamily ligands are active during embryonic 
development and organogenesis. This is also true for nodal, forming the second subgroup of the 
DVR subfamily. Mesoderm formation, left-right axis regulation, formation of endoderm, anterior-
posterior patterning, and ventral midline formation are some of the developmental events nodal 
has been shown to regulate in the mouse68. The expression of nodal closely corresponds to its site 
of action. Thus, at E7.5 it is symmetrically expressed around the node, but at E8.0 the left side 
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expression is starting to dominate. After gastrulation and during somatogenesis, it is highly 
expressed in the left lateral plate mesoderm (LPM)69. Nodal -/- embryos arrest just before 
gastrulation, lack mesoderm, and fail to form a primitive streak70. Because of the strong functional 
and signaling relationship of nodal with the TGFβ and activin subgroups, the three ligands are 
often referred to as the TGFβ/activin/nodal pathway. 

 
Activin/inhibin subfamily 

 
The activins and inhibins are formed by homo- or heterodimerization of the activin β 

subunits (A to E)71,72 and inhibin α73. Some authors refer to the activin β subunits as inhibin β. 
Any dimer containing an inhibin α subunit forms an inhibin, while all other dimers form the 
activins. The activins and inhibins are structurally so divergent that they are often not regarded as 
members of the same subfamily. However, their close functional relationship justifies them as 
being classified together71. The activins and inhibins were initially purified and characterized as 
factors influencing the synthesis of follicle-stimulating hormone (FSH) by pituitary cells72. As 
implied by their names, the activins were found to stimulate FSH synthesis, while the inhibins had 
the opposite effect. Steroid hormone synthesis and the synthesis of several other hormones of the 
reproductive system are also influenced by the activins and inhibins74. The activins and inhibins 
have subsequently been ascribed a number of additional functions, including an important role of 
the activins in the induction of dorsal and ventrolateral mesoderm during early embryonic 
development75. In gene ablation studies the activin βA -/-, activin βB -/- and activin βA -/-/activin 
βB -/- double mutants, all survive until after birth and display relatively minor developmental 
defects76-78. Activin βA -/- mice lack whiskers and incisors and have a cleft palate which disable 
them to suckle76, while the activin βB -/- mutants display an impaired reproductive ability of the 
females and a failure of eyelid fusion77,78. Surprisingly, the activin βA -/-/activin βB -/- double null 
mutant mice do not show any additional defects than the additive effects of the single mutants76. 
Thus, gene ablation studies do not support the role of activin as an essential mesoderm inducer. 
However, as will be explained below, the known receptors of activin do play a crucial role during 
development and they are required during embryogenesis. 

The preceding case constitutes a striking example where the deduced physiological function 
of a factor as established through in vitro experiments, differs from that observed in gene deletion 
studies. However, only deletions of the activin βA and βB isoforms have been described, and a 
related molecule, for example nodal, might rescue the signaling actions of the deleted genes. 
Another possibility is that the effects of activin as seen in vitro are artifacts caused by supra 
physiological concentrations of the ligand.  

 
GDNF subfamily 

 
The GDNF subfamily encompasses GDNF79, neurturin (NTN)80, artemin (ART)81, and 

persephin (PSP)82. The founder molecule, GDNF, originally purified and described as a survival 
factor for midbrain dopaminergic neurons, started a frenzy of academic and commercial research 
activity, due to its implied involvement in the development, and possible treatment, of Parkinson�s 
disease. Since then, GDNF has also been shown to promote the survival of several other classes of 
peripheral and central neurons83,84. GDNF -/- mice die very early from a developmental defect, in 
which the kidneys and the enteric neurons below the stomach fail to form85-87, making any studies 
of the neuronal function of GDNF impossible. The generation of conditional knockout mice may 
eventually solve this problem. Noteworthy, three independent groups simultaneously published the 
generation of GDNF knockout mice, illustrating the scientific activity the discovery of GDNF 
triggered. The therapeutic use of GDNF remains distant, although recent progress has been 
made88. The GDNF subfamily has been shown to signal through a receptor system that is 
completely different from that of other TGFβ superfamily ligands, as will be discussed in follow-
ing sections. Because of their distinct signaling mechanism and the extremely low amino acid 
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similarity to other TGFβ superfamily ligands, it is a matter of debate whether the GDNF ligands 
should be regarded as a subfamily of the TGFβ superfamily, or as an independent family of their 
own. Interestingly, it has been proposed that the trophic actions of GDNF in some neuronal 
populations of the peripheral nervous system (PNS) and the central nervous system (CNS) require 
the concurrent presence of TGFβ89,90. 

 
Other divergent members 

 
The remaining members of the TGFβ superfamily include Müllerian inhibiting substance 

(MIS, or anti-Müllerian hormone, AMH)91 and lefty1 and 292-94. MIS is synthesized by the Sertoli 
cells of the testis and induces the regression of the Müllerian duct in male embryos. Male MIS -/- 
mice (or male MIS receptor deficient mice, AMHR -/-) develop internal pseudohermaphroditism 
with uterine and oviductal tissues95. Inactivating mutations of MIS or AMHR have also been 
described in humans, resulting in persistence of Müllerian duct syndrome (PMDS)96. 

A number of TGFβ superfamily ligands are heavily implicated in the establishment of left-
right asymmetry in the developing embryo45,97,98 (most notably nodal69,92,99, BMP260, BMP4100, 
and GDF167,101). Thus, while nodal is active on the left side of the LPM, BMP2/4 signaling has 
been shown to dominate on the right side. Furthermore, the regulation of the asymmetrical 
signaling of nodal and BMP2/4 is to a large extent governed by other TGFβ superfamily members, 
for example lefty1 and 2. Lefty1 is thought to act as a midline barrier, preventing BMP2/4-
antagonizing substances to cross to the right LPM102. Lefty2 instead act as an antagonist to nodal, 
restricting nodal activity to the left LPM94,103.  
 
 

The Receptors 
 

TGFββββ superfamily receptors 
 
By chemical cross-linking of 125I-TGFβ1 and other TGFβ isoforms to cell surface proteins 

and subsequent SDS/PAGE analysis, more than 20 TGFβ binding proteins have been described 
(Fig. 2)104. Obviously, all types of TGFβ binding proteins will be found, whether they are 
signaling receptors or merely TGFβ associating proteins. Six of the TGFβ binding proteins were 
initially referred to as receptors I through VI. Subsequent biochemical experiments have identified 
two of the proteins as crucial in the signaling process: the type I and type II receptors of 
approximately 55 kDa and 70 kDa, respectively105. Two type III receptors of 200-400 kDa are also 
evident (betaglycan106,107 and endoglin108,109), but they are presently only thought to play a 
modulatory role in ligand access to the type I and type II signaling receptors108,110. The outlined 
scheme has been extended beyond TGFβ1, and all TGFβ superfamily ligands, except the GDNF 
subfamily, signal through the same basic mechanism. 
 

 

Figure 2. The TGFβ receptors and
binding proteins were found by chemical
cross-linking of 125I-TGFβ to cell surface
proteins. The identified proteins were
named by their mobility on SDS/PAGE.
This early experiment could not advise
which of the binding proteins would
elicit a signal upon ligand binding. Later
experiments revealed that the receptor
serine/threonine kinases type I and type
II are central in TGFβ superfamily
signaling. 
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The type I and type II receptors activated by TGFβ superfamily ligands are receptor 
serine/threonine kinases (RSTKs) - glycoproteins with a short and divergent ligand-binding extra-
cellular domain, a single transmembrane domain, and an intracellular serine/threonine kinase 
domain. The seven type I receptors and five type II receptors that have been isolated so far in 
mammals are presented in Fig. 3. The mechanism of activation of the TGFβ receptors has been 
described in detail105,111. Ligand binding to the type II receptor induces the formation of a 
tetrameric complex composed of two type I and two type II receptors. The formation of a 
ligand/type I/type II receptor complex enables the constitutively active type II receptor to activate 
the type I receptor by phosphorylating serine and threonine residues in its juxtamembrane GS-
domain. Activating mutations of the type I receptors have been described in this very region, 
enabling ligand- and receptor type II-independent signaling112. The signaling events are sum-
marized and depicted in Fig. 6 on page 20.  

The sequential mechanism of activation just described, is characteristic of the TGFβs, the 
activins, nodal and MIS, utilizing the type II receptors TβRII, ActRIIA, ActRIIB and AMHR. 
Receptor activation by the BMPs is somewhat different in that both type I and type II receptors 
contribute to ligand binding113,114. Thus, the BMPs require the presence of both types of receptors 
for high affinity binding, while remaining ligands mentioned only require the corresponding type 
II receptor for high affinity binding. 

The seven type I receptors are named activin receptor-like kinase (ALK) 1 to 7. Commonly, 
the ALK-nomenclature is used when the cognate ligand is unknown, once described the receptor 
name is changed accordingly. Thus, TβRI is the type I receptor for TGFβ but it is also known as 
ALK5105. The activin type I receptors are ActRIA (ALK2) 115-118 and ActRIB (ALK4)119,120, while 
BMPRIA (ALK3) and BMPRIB (ALK6) are BMP type I receptors121,122. However, ActRIA 
(ALK2) has been shown to bind both activin and BMPs, depending on the particular type II 
receptor with which it associates. TGFβ1 has been shown to be able to activate ALK1123, although 
the physiological relevance of this interaction has not been established. Consequently, the 
nomenclature TβRIB for ALK1 is not yet appropriate. 
 

 

 
 
 
Figure 3. The receptor serine/threonine kinases (RSTKs) of the type I (A) and type II (B) TGFβ receptor families. The 
complete mature sequences were compared using ClustalX39,40. All sequences are murine except ALK7 (rat) and 
AMHR (human).  
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Ligand-receptor relationships have been further investigated by gene ablation studies. Thus, 
the phenotypes of TGFβ1 -/-, TβRII -/-, ALK1 -/-, TβRI -/-, and endoglin -/- mice are all similar 
(embryonic lethal with a defective vasculogenesis), implicating that they participate in the same 
signaling pathway.25,26,48,123-125. 

 However, both ActRIA -/- (ALK2 -/-) and ActRIB -/- (ALK4 -/-) mice are embryonic lethal126,127, 
while the activin βA -/-/βB -/- double mutants develop to term76. The observed discrepancy between 
the activin knockout and that of its type I receptor, highlights the complex signaling and ligand-
receptor interactions within the TGFβ superfamily. Again, BMPs have been shown to bind 
ActRIA, but ActRIA has also been shown to be essential for MIS signaling128. While in vitro 
experiments fail to determine whether the BMPs signal through BMPRIA, BMPRIB, or ActRIA, 
gene deletion studies indicate that either BMPRIA or ActRIA is the bonafide BMP receptor since 
BMPRIA -/-, ActRIA -/- and BMP4 -/- mice die at an early developmental stage from defects of 
gastrulation61,126,129. BMPRIB is required for chondrogenesis, and BMPRIB -/- mice show a 
postnatal phenotype with defects in digit formation and limb development130,131. Furthermore, by 
analysis of GDF5 -/-, and GDF5 -/-/BMPRIB -/- double mutant mice, GDF5 is proposed as a 
candidate ligand for BMPRIB in vivo. 

Obviously, the ligand assignments to the type I receptors outlined above (and in Fig. 5, page 
19) must not be interpreted too strictly. The necessity for some degree of promiscuity and crosstalk 
is further indicated by the fact that all of the TGFβ superfamily members (except the GDNF 
subfamily) presumably signal through a type I and a type II receptor. Obviously the hitherto 
described seven type I receptors and five type II receptors cannot do the job in a one-to-one ligand-
to-receptor ratio. Furthermore, the in vitro results obtained in cross-linking studies and the in vivo 
results obtained in gene targeting experiments are far from always compatible. For example, the 
isoforms of TGFβ behave similarly in in vitro experiments, while their knockout phenotypes are 
very different from each other28,48-53. Maybe this discrepancy can be accredited to the fact that they 
indeed have different receptor preferences, or it might just reflect a non-overlapping expression 
pattern, making a successful rescue of each other impossible. The picture gains one level of 
complexity as the intracellular mediators are taken into consideration as outlined below. 

Left without an established cognate ligand or gene deletion experiment is ALK7. However, 
this thesis argues a role of ALK7 in nodal signalingIII, and describes the generation of ALK -/- 
miceIV. 
 
GDNF family receptors 

 
As mentioned earlier, the GDNF subfamily signals through a completely different receptor 

machinery than the other TGFβ superfamily members. Instead of RSTKs, they utilize the receptor 
tyrosine kinase (RTK) c-Ret (rearranged in transformation) and the glycosyl phosphatidylinositol 
(GPI) anchored GDNF family receptor α (GFRα)132. c-Ret serves as a common signaling receptor 
for all GDNF family members, while each of the four GFRαs display a binding preference to one 
specific ligand. The oncogene c-Ret has been known for quite some time133, much through its 
implications in Hirschsprung´s disease and multiple endocrine neoplasia (MEN) 2A and 2B134-136. 

The GFRα is presumed to be the ligand binding subunit, which, after binding ligand, 
activates c-Ret, which in turn propagates the signal to an intracellular response132. Phosphorylated 
tyrosine residues of the intracellular part of c-Ret serve as docking sites for second messengers for 
further propagation of the signal. The Ras-MAPK, phosphoinositol-3-kinase (PI3K), Jun N-
terminal kinase (JNK), and phospholipase Cγ (PLCγ) intracellular pathways have been shown to 
be activated by c-Ret signaling. 

Recently, it has been shown that GFRα does not need to be membrane bound through its 
GPI anchor to function in GDNF family signaling137. The implications of functional soluble GFRα 
are immense. For example, GFRα could function in a similar manner as a ligand, enabling GDNF 
family responsiveness for a neighboring cell that expresses c-Ret, but lacks GFRα. It also sheds 
light on the mystery why some cells express only c-Ret but no GFRα or vice versa. However, 
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there are still unexplored features of GDNF signaling, as GFRα in cellular assays can elicit an 
intracellular response independently of c-Ret138. 

c-Ret -/-, GDNF -/-, and GFRα1 -/- mice all display an indistinguishable phenotype of complete 
renal agenesis and absence of enteric neurons below the stomach85-87,139-141. This further indicates 
that c-Ret is necessary for GDNF signaling and that there are no rescuing of the c-Ret -/- phenotype 
by another, hitherto unknown, RTK active in GDNF signaling. 
 
 
The Intracellular Mediators 

 
 Through a genetic screening in Drosophila melanogaster, Mothers against Dpp (MAD) 

was found to act downstream of the Dpp type I receptors saxophone (sax) and thick veins (tkv)142. 
The Caenorhabditis elegans genes sma2-4 (so named because their mutation causes small body 
size) were rapidly identified based on their homology to MAD143. Soon, eight vertebrate 
sma/MAD related molecules had been identified and named Smad1 to Smad8 (Fig. 4)30,45,46. 

The Smads are divided into three subgroups based on their structure, action and function: 
receptor-regulated Smads (R-Smads), common-partner Smads (Co-Smads) and inhibitory Smads 
(I-Smads). 

The R-Smads are pathway-restricted substrates of the activated type I receptor serine/threo-
nine kinases. Thus, Smad2 and 3 are phosphorylated by TβRI, and ActRIB144-146, while Smad1, 5, 
and 8 are activated by BMPRIA and BMPRIB147-149. However, Smad1 has also been shown to be 
activated by ActRIA and ALK1150. Once phosphorylated, the activated R-Smad associates with a 
Co-Smad, and the heteromeric complex translocates to the nucleus to initiate gene transcription. 
Interestingly, Smad4, the only known mammalian Co-Smad, was found to be the product of the 
tumor suppressor gene deleted in pancreatic carcinoma locus 4 (DPC4)14. 
 
 

 
 
 
Figure 4. The mammalian Smads that constitute the intracellular mediators of TGFβ signals. Based on structure and 
function the Smads can be divided into three groups: the pathway-restricted Smads (R-Smads); the common-partner 
Smads (Co-Smads); and the inhibitory Smads (I-Smads). The R-Smads mediate the response together with the Co-
Smad, Smad4. The I-Smads inhibit the activation of R-Smads or their interaction with Smad4. To generate the 
phylogenetic tree, the mouse sequences were compared using ClustalX39,40. 
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The I-Smads (Smad6 and 7) act antagonistically to the signaling pathway described above. 
Smad7 associates with the type I receptors for TGFβ, activin, and BMP, and thereby inhibits the 
phosphorylation of R-Smads151,152. Smad6 instead associates with activated Smad1 and is thus a 
BMP specific inhibitor153,154. However, at high expression levels, Smad6 acts in a similar manner 
as Smad7 and thus looses its pathway specificity. The inhibitory Smads have also been reported to 
directly repress the transcription of target genes. 

The R-Smads and the Co-Smads have an N-terminal mad homology (MH) 1 DNA-binding 
domain and a C-terminal MH2 transcription-activating domain, linked by a more divergent 
proline-rich linker domain. The MH2 domain is also involved in important protein-protein 
interactions. The I-Smads lack a MH1 domain and consequently therefore also lack any DNA-
binding capability. The serine residues of the carboxy SSXS motif of the R-Smads are phos-
phorylated by the type I receptor upon activation155,156. In their quiescent state, the MH1 and MH2 
domains of the R-Smads are thought to interact with each other, preventing the R-Smad to initiate 
any signaling cascade157. Upon phosphorylation of the C-terminal residues, this mutually 
inhibitory interaction is relieved, and the R-Smad is able to bind the Co-Smad and propagate the 
signal further to a nuclear response156. Consequently, R-Smad signaling is inhibited if any of the 
C-terminal serine residues are mutated or phosphorylation otherwise inhibited158. 

The hitherto only known Co-Smad, Smad4, is similar in structure to the R-Smads, except 
that it lacks the C-terminal SSXS phosphorylation site. Both R-Smads and Smad4 are thought to 
exist in solution as homotrimers159. Mutations of the residues involved in the monomer interfaces 
of Smad4 are associated with malignant transformation, and equivalent mutations of the R-Smads 
will render them inactive too160. The R-Smad/Co-Smad interaction is mediated through the MH2 
domain157,161. Once in the nucleus, the R-Smad/Co-Smad complex associates with specific 
transcription factors and initiates transcription. 

Signaling specificity is achieved by specific interactions between the L45 loop of the type I 
receptor, and the L3 loop in the MH2 domain of the corresponding R-Smad150,162-164. The L45 loop 
is a stretch of nine amino acids in the kinase domain, highly conserved among the type I receptors 
activating the same R-Smads162,164. The seven type I receptors can thus be separated into three 
groups based on their L45 loop: that of TβRI, ActRIB, and ALK7 (receptors for the TGFβs, 
activins and arguably nodal), that of BMPRIA and BMPRIB (receptors for the BMPs), and that of 
ALK1 and ActRIA (receptors with a more or less promiscuous ligand and R-Smad preference). 
The L3 loop is formed by 17 residues located upstream of β sheet-11 and α helix-5, near the C-
terminal end of the Smads. The loop is strictly conserved among the R-Smads except for two 
residues which entirely govern the specificity for type I receptor binding163. In agreement with 
their distinct type I receptor preferences, the variable residues are identical between Smad2 and 3, 
and between Smad1, 5 and 8. As mentioned earlier, there are experimental data indicating that 
TGFβ, and possibly activin, can signal through Smad1150. This is most probably explained by their 
signaling through the relatively promiscuous ALK1 and ActRIA; the L45 loops of which are quite 
different form those of the other type I receptors and thus maybe capable of interacting with all R-
Smads162. It has been shown that for the R-Smads to recognize the divergent L45 loops of ALK1 
and ActRIA, both the L3 loop and the adjacent α-helix 1 are required150. 

The Smads have proven in gene ablation studies to be extremely important for normal 
development. Smad1 -/- mice die at E9.5 as they fail to establish a chorion-allantoic circulation. 
Thus, they share the characteristics of the ALK1 -/-, TGFβ1 -/-, TβRI -/-, TβRII -/-, and endoglin -/- 
phenotypes25,26,48,123-125, genetically linking Smad1 to TGFβ1 and ALK1 rather than to the BMP 
pathway. However, the Smad1 -/- mice have yet not been described in detail, only through personal 
communication in a review165.  

The comparison of Smad2 -/- with Smad3 -/- mice has proven extremely interesting. Smad2 
and Smad3 are quite interchangeable in mediating a TGFβ or activin response in vitro as 
investigated by cellular assays144,146. However, the in vivo functions of these two genes as 
established in gene ablation studies are highly different. Smad2 -/- mice die at E6.5-9.5 due to 
severe defects of gastrulation and mesoderm formation166-168. In contrast, Smad3 -/- mice survive 
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the perinatal period and die between 1 and 8 months of age from chronic infection due to an 
impaired mucosal immunity. They are also smaller compared to wild-type littermates, they exhibit 
an accelerated wound healing, and they often develop metastatic colorectal cancer169-172. 
Therefore, by comparing the phenotypes just mentioned with that of the ligands, there is genetic 
evidence that Smad3 is active in TGFβ1 signaling, while nodal utilizes Smad2. Thus, Smad3 -/- 
mice display some of the defects described for TGFβ1 -/- mice, while Smad2 -/-, Smad4 -/-, 
ActRIB -/-, and nodal -/- mice demonstrate near identical phenotypes70,127,166-168,173,174. Furthermore, 
ActRIIA, ActRIIB, or both, have been proposed as the type II receptor in the nodal pathway, as the 
ActRIIA -/-/ActRIIB -/- double knockout resembles the phenotype of nodal -/- mice70,175. The TβRII -/- 
mutation is also embryonic lethal25, but at a later stage and with vascular defects resembling those 
of TGFβ1 -/- mice48. Since Smad4 is an essential component of all TGFβ superfamily signaling, the 
observed early embryonic lethal phenotype of Smad4 -/- mice is expected. 

Smad5 -/- mice die at E10.5-11.5 due to defects in angiogenesis of the yolk sac176,177. How-
ever, already at E8 there are defects in the developing amnion, gut and heart, and left-right 
asymmetry of the embryo178. The observed effects closely match those of other deletion 
experiments of components of the established Smad5 signaling pathway. Thus, a defect in 
angiogenesis agrees well with the phenotype of TGFβ1 -/-, TβRI -/-, TβRII -/-, endoglin -/-, and 
ALK1 -/-25,26,48,123-125 mice, and the impaired left-right symmetry observed in BMP2 -/-60 and 
BMP4 -/-61,62 mice. As mentioned above, BMP2 and 4 signaling result in the asymmetrical 
expression of nodal in the left LPM. Smad5 -/- mice display a symmetric expression of nodal, 
genetically proving the importance of BMP2 and 4 to nodal. To conclude, there is a convincing 
bulk of genetic evidence linking Smad5 both to TGFβ and BMP2/4 signaling, and the results agree 
with those obtained through in vitro experiments. 

Smad6, the only inhibitory Smad yet to be studied through gene ablation studies, is essential 
for the development and homeostasis of the cardiovascular system153. Although not conclusive, it 
seems that Smad6 enables the selective activation of Smad2 in response to TGFβ. Without Smad6, 
TGFβ would activate Smad1 (through ALK1) and Smad2 (mainly through TβRI) in a non-
selective manner. Moreover, Smad6 enables BMP signaling to activate Smad5 and 8 without 
activating Smad1. It has been postulated that Smad6 enables a specific and individual response to 
multiple TGFβ superfamily ligands expressed in temporally and spatially overlapping 
regions154,179. 

The Smad7 -/- and Smad8 -/- phenotypes have yet to be described. An educated guess might be 
that the Smad7 null mutation is embryonic lethal (not necessarily early) due to its activity during 
signaling events of all examined TGFβ superfamily ligands. Predicting the Smad8 -/- phenotype is 
more delicate as there is not enough data to determine the relative importance of Smad8 signaling 
versus that of Smad1 and 5. Even though ActRIA has been shown to utilize Smad8149, it most 
probably also signals through Smad2 and 3, making it unlikely that the Smad8 -/- phenotype would 
resemble that of ActRIA -/-. In any event, the results hitherto obtained from gene ablation studies of 
the TGFβ superfamily ligands, their receptors, and the intracellular mediators, have greatly 
enhanced, and to some extent revised, our knowledge derived from in vitro experiments. Table 1 
attempts to summarize those results. 

 

 

Figure 5. The deduced signaling pathways
of TGFβ, the activins, nodal and the BMPs.
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Figure 6. Schematic of TGFβ superfamily signaling through type I and type II RSTKs. The receptors are membrane 
bound with a ligand binding extracellular domain, a single transmembrane domain, and an intracellular 
serine/threonine kinase domain. The signaling cascade is initiated by ligand binding to the corresponding type II 
receptor (1). The type I receptor then gets recruited (2) and a complex of type I, type II and ligand is formed (3). For 
BMP ligands, the binding to the type I and type II receptors is cooperative, and both are simultaneously needed for 
high affinity binding. Once in a complex, the constitutively active type II receptor activates the type I receptor by 
phosphorylating its juxtamembrane GS-domain (4). The activated type I receptor phosphorylates intracellular 
mediators of the receptor-regulated Smad family (R-Smad) (5). The R-Smad associates with a common-partner Smad 
(Co-Smad) (6), and the complex translocates to the nucleus (7). In the nucleus, the R-Smad/Co-Smad complex 
associates with transcription factors (8), which enables the complex to bind specific DNA promoter regions (9), and 
initiate a transcriptional response (10). The I-Smads can block the signaling pathway, either by binding to the type I 
receptor and inhibiting R-Smad activation, or by preventing R-Smad/Co-Smad complex formation (11). The GDNF 
subfamily does not signal through the above described, but instead through c-Ret and GFRα as described in the text. 
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The Transcription Factors and the Transcriptional 
Response 
 

The transcriptional response to TGFβ superfamily signaling is highly dependent on the 
cellular context in which the signaling events occur. An obvious example is the initially reported 
proliferative and transforming effect of TGFβ on rat kidney fibroblasts1, whereas later investiga-
tions instead found a strong antiproliferative effect of most members of the TGFβ superfamily, 
including TGFβ itself 3. The results are far from contradictory, and the different results arise from 
the fact that the experiments were not performed in the same cellular context. To quote a leading 
authority in the field: �Ask not what a signal can do with a cell, but what a cell can do with a 
signal�46. 

An additional level of modulation and specificity beyond the cell surface receptors and 
Smads, is accomplished by the transcriptional complex assembled once the activated R-Smad/Co-
Smad has translocated to the nucleus. The factors participating are just recently starting to be 
identified, but it was early evident that the R-Smad/Co-Smad itself was an essential part of the 
regulatory machinery. The Co-Smad is not required for nuclear translocation, but for the formation 
of a functional transcriptional complex180. The MH1 domain of both R-Smads and Co-Smads 
participates in DNA binding to Smad-binding elements (SBEs) of which several have been 
described181-184. However, there are most certainly other, yet unidentified, SBE sequences as some 
genes known to be directly regulated by a TGFβ transcriptional complex, do not contain any of the 
hitherto identified SBEs181,185. On the other hand, for successful induction of the majority of the 
TGFβ superfamily responsive genes, there is an absolute requirement for the already described 
SBEs to be present in their regulatory region186-190. However, the mere presence of an SBE is far 
from sufficient to initiate transcription by the R-Smad/Co-Smad complex for several reasons. First, 
it would be devastating for the specificity of the transcriptional response as most gene regulatory 
regions contain at least one SBE purely by chance. Second, the binding affinity to a single, or a 
few, SBE(s) is too low to be physiologically relevant182. Third, since the DNA-binding β-
hairpin182 is highly conserved in the R-Smads as well as in Smad4, it would not allow any 
discrimination of the response to the different Smads. It is thus clear that there is a requirement for 
additional transcription factors to join the R-Smad/Co-Smad complex in order to initiate target 
gene transcription. 

The first such transcription factor to be identified was the Xenopus laevis winged-helix 
protein forkhead activin signal transducer 1 (FAST-1)191, with a human homologue soon to 
follow192. FAST-1 was shown to regulate the transcription of homeobox genes during early 
gastrulation events and the formation of mesoderm193. It does so by interacting with an activin 
responsive element (ARE) in the relevant genes. Subsequent studies have further established the 
role of FAST-1 during early embryonic development, linking it to nodal and lefty2 signaling92,194. 
Several other transcription factors have since been described, and given their role of ensuring a 
specific and selective transcriptional response to TGFβ superfamily signaling, many yet are bound 
to be identified. 

The mystery of how TGFβ and related ligands elicit such a bewildering array of cellular 
responses, seems now at least partially solved. However, even though we are starting to understand 
the underlying mechanisms of TGFβ superfamily induced responses, we are of course far from a 
complete map of the signaling events. 
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Table 1. The results of some gene ablation studies performed in the TGFβ superfamily system 
 
 
Deleted gene Phenotype 
 
Ligands 
 TGFβ1 Defective yolk sac hematopoiesis and vascular endothelial differentiation; lethal at E10.5 or around P21, dual 

phenotype probably explained by maternal TGFβ1 or rescue by TGFβ348 
   Born normal, but die at P20-28 from an excessive multifocal inflammatory disease with tissue necrosis28,49,50 
 TGFβ2 Perinatal death with multiple defects: heart, lung, craniofacial, limb, spinal column, eye, inner ear, urogenital51 
 TGFβ3 Die before P1 due to delayed lung development and with defective palatogenesis; no craniofacial defects52,53 
 BMP2 Die at E7.5-10.5 due to failure to close the proamniotic canal and cardiac developmental defects; embryos fail 

to turn (an early sign of defects in left-right asymmetry)60 
 BMP4 Dual phenotype: most die at E6.5-9.5 with impaired mesodermal differentiation; some develop to the head fold 

or beating heart/early somite stage with reduced mesoderm and retarded posterior structures61 
   Lack of primordial germ cells (PGC) and allantois � both derived from precursors in the proximal epiblast62 
 BMP6 Viable and fertile; phenotype limited to delayed ossification of the sternum195 
 BMP7 Die shortly after birth from severe renal dysplasia, skeletal patterning defects and anopthalmia63,64 
 Activin βA Die before P1; lack whiskers and lower incisors, craniofacial defects including cleft palate76 
 Activin βB Failure of eyelid fusion and profoundly impaired reproductive ability of the females with perinatal lethality78 
   Completely viable and fertile; incompletely penetrance of eyelid fusion defects77 
 Activin βA/βB The combined phenotype of the single mutants76 
 Nodal Embryonic lethal at E7.5; failure of gastrulation and primitive streak formation70 
 GDF1 Multiple defects related to left-right axis formation (visceral situs inversus, right pulmonary isomerism, cardiac 

anomalies). Fully viable to E14.5; two-thirds survive until birth, but die within 48 hrs67 
 GDF8 Two- to three-fold increase in muscle mass196 
 GDF10 No phenotype of null mutants despite high levels of expression in wild type mice197 
 AMH Internal pseudohermaphrodites in male mice: complete male reproductive tract, uterus, and oviducts95 
 
Type I receptors 
 TβR1 Die at midgestation of severe defects in vascular development of the yolk sac and placenta26 
 ActRIA Arrest at early gastrulation; abnormal visceral endoderm; severe disruption of mesoderm formation126 
 ActRIB Disruption of epiblast and extraembryonic ectoderm; growth arrest at egg cylinder stage, before gastrulation127 
 BMPRIA Embryonic lethal at E7.0; failure of gastrulation, no mesoderm formation, reduced cell proliferation of the 

embryonic ectoderm (epiblast)129 
 BMPRIB Viable but with defective chondrogenesis in the limbs130,131 
 ALK1 Die at midgestation of severe vascular abnormalities: formation of cavernous vessels and hyperdilation of large 

vessels due to a deficient differentiation and recruitment of vascular smooth muscle cells123 
 
Type II receptors 
 TβRII Embryonic lethal around E10.5 due to defects in yolk sac hematopoiesis and vasculogenesis25 
 ActRIIA 22% display skeletal and facial defects (cleft palate, eyelid closure defects) and die shortly after birth; 

remaining show no phenotype except a suppressed FSH secretion and reduced fertility198 
 ActRIIB Multiple defects related to left-right axis formation and anteroposterior patterning (randomized heart position, 

malposition of the great arteries, ventricular and atrial septal defects, right pulmonary isomerism, splenic 
abnormalities, and vertebral pattern anomalies); perinatally lethal a few days after birth199 

 ActRIIA/B Embryonic lethal at E7.5; failure of gastrulation and primitive streak formation175 
 BMPRII Embryonic lethal at E7.5-8.5; lack mesoderm, undifferentiated character of the epiblast200 
 AMHR Internal pseudohermaphrodites in male mice: complete male reproductive tract, uterus, and oviducts95 
 
Type III receptors 
 Endoglin Embryonic lethal at 10.0-11.5 due to impaired vascular development and maturation, and cardiac 

defects124,125,201 
 
Smads 
 Smad1 Embryonic lethal at E9.5; fail to establish chorion-allantoic circulation165 
 Smad2 Embryonic lethal at E7.5-8.5; do not form an egg cylinder or a primitive streak; lack mesoderm and fail to 

gastrulate166-168 
 Smad3 Small but viable; early forelimb malformation; survive to adulthood171 
   Accelerated wound healing: increased rate of re-epithelialization and reduced local infiltration of monocytes172 
   Die between 1 and 8 months due to a defective immune function: thymic involution, enlarged lymph nodes, 

and formation of bacterial abscesses adjacent to mucosal surfaces170 
   Born viable and fertile; develop metastatic colorectal adenocarcinomas at 4 to 6 months of age169 
 Smad4 Embryonic lethal at E6.5-8.5; fail to gastrulate or form mesoderm; abnormal visceral development173,174 
 Smad5 Die at E9.5-11.5; defects in yolk sac vasculature, gut, heart, neural tube, left-right asymmetry177 
   Defects in left-right asymmetry; low lefty1 expression; symmetrical nodal, lefty2 and Pitx2 expression178 
   Die at E10.5-11.5 due to defects in angiogenesis with massive apoptosis of mesenchymal cells176 
 Smad6 Multiple cardiovascular abnormalities including hyperplasia of cardiac valves and aortic ossification153 
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The TGFββββ Superfamily and Human Disease 
 
A large number of diseases are associated with functional defects of the TGFβ superfamily 

signaling system. Some are presented below in an effort to illuminate the clinical importance of 
the TGFβ superfamily ligands, their receptors and the intracellular mediators. 

Cell cycle arrest, differentiation, and induction of apoptosis are actions common to many 
TGFβ superfamily ligands. The connection between malignant transformation and TGFβ loss-of-
function is evident, and heavily supported by data. Thus, colon cancer cells with microsatellite 
instability frequently harbor TβRII mutations8. Microsatellite instability is a feature of some 
cancers where a defective DNA repair mechanism results in frequent mutations. The mutations are 
not random, but localized to certain repetitive sequences, or microsatellites. The TβRII gene 
contains such microsatellites, and is thus frequently mutated in cells exhibiting microsatellite 
instability. The TβRII loss-of-function results in further malignant transformation of the already 
disrupted cell, and it accounts for a large percentage of sporadic colon and gastric cancers7,18. 
However, later findings show that colon cancer in general, not only those with microsatellite 
instability, are to a large extent caused by inactivation of TβRI, TβRII, or their downstream 
elements6,17. A selection of pancreatic, liver, breast or endometric cancers do not harbor these 
mutations, indicating that the inactivating mutations of the TGFβ signaling system are indeed the 
cause of the malignant transformation and not merely random or associated observations16,20. 
Numerous other malignancies have an established association with the TGFβ superfamily, but 
particularly pancreatic carcinoma warrants a comment. In about 90 percent of human pancreatic 
carcinomas, an allelic loss at chromosome 18q can be observed14. Further investigations mapped 
many of the mutations to 18q21.1, and the tumor suppressor gene DPC4 (deleted in pancreatic 
carcinoma locus 4)14. Later on, as the Smads began to be identified, it was found that DPC4 coded 
for Smad4146. Interestingly, Smad2 is also located at 18q21, but mutations are linked to colorectal, 
and not pancreatic, carcinoma202-204. Thus, in independent investigations targeted at elucidating the 
genetic background of malignancies, two members of the Smad family were found. 

In concordance with the observed in vitro effects, TGFβ gain-of-function is associated with 
fibrotic disorders with an excessive synthesis and accumulation of extracellular matrix compo-
nents. The effect on the immune system observed in some of the gene ablation studies50 can also 
be correlated with human diseases, since TGFβ loss-of-function, and in some instances gain-of-
function, has been implicated in many inflammatory disorders49,50. Furthermore, hereditary 
hemorrhagic telangectasia has been shown to be genetically linked to inactivating mutations of 
ALK1 and endoglin (a type III receptor, see below �loose ends� section)205-207. This is also in 
perfect agreement with gene ablation studies123. Finally, in agreement with the absolute 
requirement of MIS and its type II receptor AMHR for the normal regression of the Müllerian duct 
in male embryos95, inactivating mutations of MIS and/or AMHR lead to persistence of Müllerian 
duct syndrome (PMDS) and pseudohermaphroditism in affected males208-210. 
 
 
Loose Ends 
 

The major events of TGFβ superfamily signaling have been summarized above. However, 
many variations of the basic theme exist in the TGFβ superfamily, especially when comparing the 
TGFβ/activin/nodal pathway with that of the BMPs or GDFs. Conceptually different schemes of 
TGFβ responses have also been reported. For example, JNK can be activated in a Smad-
independent manner following TGFβ stimulation211,212. The physiological relevance of this 
remains to be investigated, but, if nothing else, numerous signaling pathways are bound to be 
affected by the transcriptional response the TGFβ superfamily ligands can evoke. Furthermore, all 
along the signaling pathway there is an increasing number of known ligand accessory receptors 
and substrate anchoring factors, some of which will be discussed here. 
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The synthesis of the ligands as large preproproteins has been mentioned, and how these are 
sequestered in an inactive form until needed. However, at least for the TGFβs there are additional 
mechanisms to ensure effective receptor activation once the factors are released. Compared to 
TGFβ1 and β3, TGFβ2 has a quite low affinity for TβRI213. However, if the type III receptor 
betaglycan is expressed, the signaling thresholds among the TGFβ isoforms are equalized110,213,214. 
An absolute requirement for betaglycan has also been observed in the TGFβ2-mediated 
transformation of endothelial progenitors into endocardial cells in the heart215. Endoglin, the other 
known type III receptor, has been mentioned above in connection with hereditary hemorrhagic 
telangectasia, and its implied signaling via ALK1. The active ligand, and thus also type I receptor, 
in this system remains unknown and is open to speculation since TGFβ binding to either endoglin 
or ALK1 is weak108,115. It should be noted that the type III receptors lack any kinase activity, and 
the proposed mechanism of action is one of favorably presenting the ligand to type I and type II 
receptors. However, a recent study has showed that the short intracellular domain of the type III 
receptor is essential for the positive effects of the type III receptor on TGFβ signaling216. 

The abundant and evolutionarily conserved cytoplasmic immunophilin FKBP12 (FK506 
binding protein, 12 kDa) was early found to interact with TβRI217. FKBP12 is known to bind the 
macrolides FK506 and rapamycin, and thereby mediate their immunosuppressive actions on T 
cells by blocking the signaling pathways of calcineurin and FRAP/RAFT1 (FKBP12-rapamycin-
associated protein) 218-221. The known physiological role of FKBP12 includes a modulating action 
on cardiac calcium channels222-224 and inositol triphosphate receptors225. FKBP12 binds to the GS 
domain of TβRI and thereby blocks the phosphorylation by TβRII226. Upon ligand-induced 
assembly of the TβRI/TβRII receptor complex, FKBP12 is released, thereby allowing TβRI 
phosphorylation and activation. The proposed role of FKBP12 in TGFβ signaling is therefore to 
prevent TβRI ligand-independent phosphorylation caused by low affinity interactions with TβRII. 
The physiological relevance of this is unknown since FKBP12 -/- mice do not display any impaired 
or altered TGFβ signaling227,228. However, the FKBP12 homologue FKBP12.6 might rescue the 
phenotype. Noteworthy, FKBP12 lowers the basal activity of TβRI without inhibiting its ligand-
induced activation. 
 BAMBI (BMP and activin membrane-bound inhibitor) is a transmembrane protein with an 
extracellular domain similar to that of the type I receptors and a short intracellular domain229. 
BAMBI can form a heterodimer with all type I receptors except ActRIA and thereby inhibit their 
activation. The physiological function is again not completely clear, but since BMP induces 
BAMBI expression, a negative feedback loop can be postulated. Furthermore, the expression of 
the human orthologue gene nma was found to inversely correlate with the metastatic potential of 
melanoma cell lines230. Loss of BAMBI could therefore potentiate malignant transformation. 
 SARA (Smad anchor for receptor activation) binds Smad2 and Smad3, and facilitates their 
activation by type I receptors231. It is thus selective for the TGFβ/activin/nodal pathway and 
presumably there are homologues that act in a similar fashion on BMP-specific R-Smads. Once the 
R-Smad is phosphorylated it is released from SARA, enabling its complex formation with Smad4 
and subsequent translocation to the nucleus. Functional studies of SARA have found that mutating 
the critical residue in Smad2 responsible for SARA binding decreases Smad2-dependent signaling. 
Conversely, overexpression of SARA increases the efficiency of Smad2 and 3 phosphorylation, 
and it also alters the subcellular distribution of endogenous Smad2 and 3 to the cytoplasmic 
surface of endosomal vesicles. It has been claimed that a large fraction of available Smad2 and 3 is 
normally bound to the microtubule cytoskeleton232. A putative function of SARA, and any 
homologue in the BMP pathway, would therefore be to bring the R-Smad pool closer to its site of 
action. 
 The extracellular proteins Cripto and Cryptic play a crucial role in nodal signaling233. 
Deletion experiments of the zebrafish orthologue one-eyed pinhead (oep) resulted in a phenotype 
similar to mutants of squint and cyclops, the zebrafish nodal orthologues234,235. Overexpression of 
Cripto rescues the oep -/- mutants, indicating that this factor is an essential component of nodal 
signaling. However, recent authors have found that nodal can signal through Smads in a Cripto-
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independent manner236. They further point out that the minute differences of phenotype between 
the oep and squint or cyclops mutants, could be explained by a cripto-independent inhibiting effect 
of nodal on BMP signaling. Paper III in this thesis presents further evidence of cripto-independent 
nodal signaling through ALK7, but it also confirms that the presence of Cripto augments nodal 
signaling through ActRIB. 

The discovery of the ubiquitin ligase Smurf1 (Smad ubiquitination regulatory factor-1) has 
given new light on Smad regulation and degradation237. Smurf1 interacts through its WW-domain 
with a proline-rich sequence of the linker region in Smad1 and 5, and induces their degradation. It 
does not recognize Smad2, 3, or 4, and it therefore only regulates the pool of R-Smads available 
for BMP signaling. However, it also controls TGFβ/activin/nodal signaling by enhancing the 
cellular responsiveness to the Smad2 pathway. More recently, Smurf2 was identified and found to 
control the degradation of Smad7 in a similar fashion238. However, Smurf2 also increases the 
turnover of TGFβ receptors by interacting with TβRI through Smad7. INFγ was found to induce 
Smurf2/Smad7 complex formation, but otherwise little is known about Smurf2 regulation. 
Presumably, there might be other Smurfs to directly target the Smad2 and 3 pathways for 
degradation. The field of regulation and degradation of the TGFβ superfamily ligands is open for 
further studies. 
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Bioinformatics 
 
 

The field of bioinformatics has exploded during the last decade. It is now an essential tool in 
the everyday work of any scientist. The sole reason for this is the amount of biological data that is 
available. Without the data, there would be no need for bioinformatics (at least not computational 
bioinformatics as is usually implied in the term). The field has co-evolved with the amount of 
available biological information. For example, the last (68:th) release of the EMBL Nucleotide 
Sequence Database contained 12,964,797 sequences and 13,727,100,206 nucleotides. The first 
release (in 1982) contained 568 sequences and 585,433 nucleotides. Since its first release, the 
amount of available sequence information has at least tripled every three years. 

HUGO, the public project aimed at the sequence analysis of the human genome, was the 
seed of modern bioinformatics. The project was first suggested in 1977, but with the sequencing 
techniques of that time it would have taken an estimated 4,000,000 years to completely sequence 
the human genome. Furthermore, even if the genome had been available at that time, it would have 
been of no use since the computational power to search and analyze the data simply did not exist. 
Any computer game of today has probably more computer power than many universities back in 
1977. Ten years later, 1987, the sequencing techniques had improved so it would have taken 
approximately 1,000 years to complete the genome; in 1997 it was cut to 50 years, and in 1998 to 
three years. 

In May 1998 the company Celera Genomics was founded with the aim to completely 
sequence the human genome. The HUGO project was progressing very slowly using a con-
ventional sequencing approach. Celera announced that it would sequence the genome by the 
�shotgun� method: the DNA would be randomly cleaved and the small individual pieces then 
separately sequenced. The benefit was a relatively fast sequencing rate, and a quite low error level. 
However, the major problem was to assemble the millions of fragments in the correct order to re-
create the genome as it was before the �shot�. As we know today, Celera could solve this problem, 
but it required one of the most powerful non-government supercomputing facilities in the world. 
An intimate collaboration with Compaq resulted in 800 interconnected Alpha-based, true 64-bit 
computers. The system was capable of performing some 55 billion sequence comparisons per 
second. 

To generate data for the computers, 300 sequencing machines were set up, each capable of 
simultaneously sequencing 96 samples, with 12 runs per day. The sequencing park thus generated 
345,600 sequences each day. Once everything was set up, it took Celera nine months to complete 
the genome. 

In all fairness, it must be clearly stated that the public effort to sequence the human genome 
got their act together, and the two combatants ended up publishing their results at the same 
time239,240. The sequencing techniques have since evolved even further, and the release of a full 
genomic sequence is now nothing extraordinary. 
 

The core of computational bioinformatics is of course the software designed to facilitate the 
analysis of the biological data. The software arsenal spans from simple and brute force 
applications (for example restriction mapping, translation, or sequence editing), through more 
elaborate algorithms (for example search engines, or alignments), to the extreme applications in 
the field of artificial intelligence (for example accurate exon-intron predictions, or three-
dimensional structure predictions using neuronal networks). Before the common availability of 
computers, only the simple tasks such as rudimentary alignments or translations could be done, 
and then only by a very patient individual. Today, one can find hundreds of software tools at any 
homepage dedicated to bioinformatics, each tool aimed at facilitating some computational task. 

The search engines deserve special attention, as they are the software tools most widely used 
by any individual working in the field of molecular biology. Furthermore, they have always faced 
the challenge of optimization of speed. In the beginning the databases were extremely small, but 
the available computer power was on the other hand very limited. Today, the databases are 
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gigantic, and bioinformaticians are struggling to write optimal software to be used with high-end 
computers. 

The most frequently used search engines are FASTA241,242 and BLAST243 (basic local 
alignment search tool). By examination of the algorithms used by FASTA and BLAST, it is 
evident that they require a continuous and local similarity in the sequences to be compared, if the 
sequences are to be deemed related. It might only be a �continuous stretch� of two amino acids, 
and they might only be similar and not identical. Nevertheless, some sort of continuity is required. 
 
FASTA 
 

The National Biomedical Research Foundation (NBRF) library, containing 500,000 resi-
dues, was used in the evaluation of FASTP242, the first version of FASTA241. A search of the 
NBRF library with a 200-amino acid query using FASTP, took less than ten minutes on an IBM 
PC microcomputer. Prior to the publication of FASTP, SEQHP244 was used by the selected few 
that had access to the required VAX 11/750 computer. The search of the NBRF library described 
above took SEQHP more than eight hours. Obviously, bioinformatics for the masses had been 
born. 

FASTP uses a technique known as a lookup table. The query sequence is analyzed by 
generation of a table of the amino acids, stating which positions hold a given residue (ktup = 1). 
The lookup table can be made more elaborate by instead indicating were pairs (ktup = 2), or even 
triplets (ktup = 3) of amino acids are in the query sequence. A lookup table with ktup = 1 requires 
20 entries, one for each amino acid. Higher orders demand larger tables and more computational 
time. The benefit of a lookup table is that once it has been generated, it requires very little 
computer time to find at which positions a given amino acid is in a sequence. 

The next step is to find each of the amino acids of the second sequence (usually from the 
database) in the generated lookup table, and arrange the result in a new table. Finally, the offset 
between the found matching residues is calculated. For example, if a cysteine residue is found at 
position 45 in the query and at position 49 in the second sequence, the offset is 4. The benefit of 
the lookup table is the speed at which the offset value can be obtained. Finally, the list of offsets is 
scanned, the most frequent offset indicating where the best match between the sequences is. The 
last step is often referred to as the diagonal method, originating from the early mode of doing this 
manually in a graph, giving a visible diagonal. 

The technique of a lookup table and the diagonal method had been applied before245,246, but 
in FASTP they are utilized with a biological bias. Hence, the diagonal algorithm is adjusted for the 
fact that amino acid replacements occur far more frequently than insertions or deletions. 
Furthermore, instead of only scoring exact matches, an amino acid replaceability matrix was used 
(PAM250). The PAM250 matrix is derived through extensive comparisons between related 
proteins, and it states the probability that any other of the individual amino acids would replace a 
given amino acid over a fixed period of time. For example, it is quite plausible for two residues of 
the same charge to replace each other in a protein. The PAM250 allowed such relatively conserved 
changes to be taken into account when scoring the similarity between two sequences. 

  
Basic Local Algorithm Search Tool 

 
The BLAST algorithm is focused on the maximal segment pair (MSP) score that two 

sequences being compared can generate243. The MSP-calculation is basically an implementation of 
the diagonal method described above, with the difference that BLAST utilizes PAM120 instead of 
PAM250 as the similarity score matrix. The length of the MSP is not fixed, but instead chosen to 
maximize its score. Of course all conserved regions of two sequences are of interest, even if they 
are disrupted by a non-conserved region. An MSP score is therefore calculated for each position of 
the sequence, and a segment pair is defined to be locally maximal when its score cannot be 
improved by extending or shortening its length. Before the search, the user must define a cutoff 
value of MSP score that he or she is interested in retrieving as a hit in the output. Thus, assume the 
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scientist is only interested in MSP scores over the value S. Through estimates on random sequence 
models, it is possible to calculate the score value T a segment pair of a fixed segment length w 
must achieve to be realistically able to reach, through extension of length, the cutoff S set by the 
scientist. 

The speed of BLAST is due to the fact that once w and T are set, one can quickly determine 
whether a sequence being scanned contains a segment of length w that can pair with the query to 
produce a segment pair with a score of at least T. Once such a segment is identified, it is extended 
to find the true MSP score, which is then compared to S to evaluate if it is a relevant hit or not. 

The acronym BLAST thus reflects the use of the segment length w in the scanning for 
possible hits. Common values for w are 4 for protein searches and 12 for nucleotide searches. 
Whatever values for w is chosen, it is obvious that discontinuous patterns are not possible to find 
using BLAST. 

Later versions of BLAST address the issue of finding more remote homologues to a search 
query. Gapped BLAST (BLAST 2.0)247 can introduce gaps to unite several separate hits within 
one sequence. Position-specific iterated BLAST (PSI-BLAST)247 does an iterative search and 
integrates previous hits into a specific score matrix that is used to modify the query for subsequent 
searches. Pattern-hit initiated BLAST (PHI-BLAST)248 uses a query amino acid pattern to search a 
protein database, and then scores the hits by their similarity to a protein sequence given by the 
user. However, the underlying algorithm is essentially the same for all versions of BLAST, and 
they all therefore rely on local similarities when comparing two sequences. Furthermore, PSI-
BLAST and PHI-BLAST are limited to search protein data and cannot handle nucleotide databases 
such as genomic sequences or expressed sequence tags (ESTs). 
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Present Study 
 

Aim of Study and Brief Summary of Papers 
 
The aim of this thesis is twofold: to shed light on the function of the serine/threonine kinase 

receptor ALK7I-IV, and to present a bioinformatical approach to clone novel protein family 
members in silicoV,VI. In brief, each paper can be summarized as follows.  

 
Paper I describes the cloning, sequencing, and initial investigations of the novel receptor 

serine/threonine kinase ALK7. A screening for ligand and type II receptor preference is presented, 
together with the perinatal and adult expression pattern as investigated by ribonuclease protection 
assay (RPA) and in situ hybridization. 

 
Paper II continues the characterization of ALK7 with biochemical and functional assays 

using a constitutively active mutant controlled by a tetracycline-inducible promoter. The neuronal 
like PC12 cell line is used as a model system, and the tetracycline analogue doxycycline is added 
to the culture media to induce the expression of constitutively active ALK7. The following 
experiments are performed: Luciferase reporter assays to determine the promoters affected; 
Western blots, RPAs and direct protein labeling to detect the transcriptional response; thymidine 
incorporation assays to determine any antiproliferative effect; bright field microscopy together 
with actin staining to describe morphological effects. All experiments are done with TβRI in 
parallel as control. 

 
Paper III investigates the effects of ALK7 signaling during early the development of 

Xenopus laevis by exposing developing embryos to constitutively active or dominant negative 
mutants of ALK7. The embryos are visually inspected and the expression of marker genes 
investigated by RT-PCR. Receptor reconstitution and ligand preference studies are performed by 
transient transfections of human hepatocytes (HepG2) with an array of pertinent type I and type II 
receptors, ligands, cripto, and reporter plasmids. Furthermore, metabolic labelings, co-
precipitations and Western blots, characterize the biochemical interactions of ALK7 with 
components of the nodal signaling system. A fragment of Xenopus laevis ALK7 is cloned and its 
expression in the developing Xenopus laevis determined by RT-PCR and in situ hybridization. The 
embryonic expression of murine ALK7 is investigated by RPA. 

 
Paper IV describes still ongoing work aimed at inactivating the ALK7 gene in mice. The 

construction of the targeting vector is described together with the results up to the generation of 
mice heterozygous for the ALK7 null mutation. 

  
Paper V presents Motifer, a search engine to search genomic and EST databases for very 

distant members of protein families. The function of Motifer is exemplified by two searches on the 
TGFβ superfamily and WW-domain proteins. Also, an in silico cloning of a novel member of the 
cytochrome P450 family is presented. 

 
In Paper VI, Motifer is utilized to clone two new members of the TGFβ superfamily and one 

new member of the GFRα family. The three new members are characterized and compared to their 
established family members by sequence alignments and phylogenetic analyses. Since all three 
sequences are extracted from genomic databases, and since they are not full-length, particular 
attention is given to analyses of the gene structures and potential acceptor and donor sites. 
Expression studies are presented and their species distribution is investigated. 
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Materials and Methods 
 
The materials and methods used in the studies of this thesis are described and referenced in 

papers I through VI. However, some of the methods deserve a more extensive explanation than 
could be permitted in the papers. 

 
ALK7 T194D � The constitutively active ALK7 

 
As mentioned above, TGFβ binds TβRII, which subsequently activates TβRI by phos-

phorylation. TβRI propagates the signal to downstream targets of the Smad family. Although 
slight variations exist in the initial ligand binding events, this scheme holds true for all TGFβ 
superfamily members, except the GDNF subfamily. Thus, for the type I receptor to be activated, 
both the cognate type II receptor and the ligand are necessary. 

The type I receptor is activated by phosphorylations of serine and threonine residues of the 
intracellular juxtamembrane GS-domain111. The seven serine and threonine residues of the GS-
domain of TβRI have been investigated by mutational analysis in an effort to elucidate the 
functional role of their respective phosphorylations112. Five of the seven residues are clustered in 
the middle of the GS-domain, and mutation of two or more of these residues greatly impairs the 
signaling potential of TβRI. The remaining two residues (both threonine) are located closer to the 
kinase domain. They are also important for signaling, and mutation of either to a valine residue 
impairs the signaling potential. However, mutation of one of them, T204, to aspartic acid greatly 
increases the basal activity of TβRI. Moreover, the activity is constitutively high, independent of, 
and unaffected by, ligand or corresponding type II receptor. 

Mutation of the corresponding threonine residue of ALK7, T194, to aspartic acid also yields 
a constitutively active mutant249. Given the fact that neither the ligand, nor the type II receptor 
active in ALK7 signaling were known when our studies commenced, the T194D mutation made up 
an extremely convenient model system for ALK7 activation. 

The mechanism behind the activation is unknown. It has been speculated that the aspartic 
acid mimics the activating phosphorylation of the threonine. However, ALK1, ActRIA, BMPRIA, 
and BMPRIB are also activated by a similar mutation and they do not have a threonine at the 
pertinent position120,148,155,250,251. Presumably, the mutation instead triggers a conformational 
change that activates the receptor. 

 

 
 

Figure 7. The constitutively active
ALK7 signals independently of li-
gand or type II receptor. It is
therefore impossible to generate a
stable cell line expressing ALK7
T194D, as the cell would always be
exposed to the growth-inhibitory
effects of ALK7. An inducible
expression was therefore necessary;
see next section. 
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Tetracycline-regulated expression 
 
TetOn and TetOff are regulatory systems able to control the expression of a given gene by 

the addition or removal of tetracycline from the environment of the cell252,253. Two components 
make the system: a constitutively expressed transcriptional transactivator, and a gene (whose 
expression is to be controlled) inserted after a minimal cytomegalo virus (CMV) promoter and 
seven tet operators (tetO). 

To generate the tetracycline-controlled transactivator (tTA), control elements of the 
tetracycline-resistance operon254 (tet repressor, tetR) from Escherichia coli were fused to the 
activating domain of virion protein (VP) 16 of herpes simplex virus255. Thus, in the absence of 
tetracycline, tetR (in tTA) associates with tetO, enabling VP16 to stimulate transcription from the 
minimal promoter of the gene to be regulated. Conversely, in the presence of tetracycline, tetR 
does not bind tetO, and transcription is therefore not initiated. The components just described 
constitutes the TetOff system253. 

To build a TetOn system, in which the addition of tetracycline instead activates gene 
transcription, tetR was screened by random mutagenesis for mutations that enabled binding to tetO 
in the presence, rather than absence, of tetracycline. The resulting transactivator was termed rtTA 
(reverse tetracycline-controlled transactivator)252. In other respects the TetOn system functions like 
the TetOff system. 

The TetOn and TetOff systems have proven to control expression very tight and over a large 
dynamic range. Furthermore, they can be used either in cell culture (with tetracycline added to the 
culture medium) or in transgenic animals (with tetracycline added to the drinking water of the 
animals). 

Two further comments are warranted. First, the system is very sensitive, reacting to 
tetracycline levels far below therapeutical levels. Since antibiotics are used routinely in farming, 
all serum used in cell cultures must be screened for the absence of minute levels of tetracycline. 
Second, instead of tetracycline, the analogue doxycycline is often used to regulate expression. The 
system is completely activated or inactivated (TetOn and TetOff, respectively) by a doxycycline 
concentration of 0.1 to 1 µg/ml. Slight cytotoxic effects are usually seen at concentrations above 3 
µg/ml. 

In this thesis, the TetOn system enables the controlled expression of constitutively active 
ALK7 T194D in a stable cell lineII. Since ALK7 signaling has an antiproliferative effect, it would 
be impossible to generate a stable cell line with an uncontrolled expression of ALK7 T194D. The 
TetOn ALK7 T194D PC12 cells behave in the absence of doxycycline like untransfected cells. 
However, soon after addition of doxycycline at 1 µg/ml to the culture media, the effects of ALK7 
activation can be studied as described. 
 

 

Figure 8. The TetOn system. The constitutively
expressed reverse tetracycline transactivator (rtTA)
is composed of rtetR (reverse tet repressor) and
VP16 (activating domain of virion protein) (1). In
the absence of tetracycline, rtTA does not bind
DNA or initiate transcription (2). In the presence
of tetracycline, rtetR bind tetO and brings VP16
close to the minimal CMV promoter to initiate
transcription of your favorite gene (YFG) (3). 
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Reporter assays 
 
As already mentioned, the members of the TGFβ superfamily are truly pluripotent. 

However, many of the ligands share two activities: they are antiproliferative and they upregulate 
the expression of proteins forming the extracellular matrix. Cell cycle control involves the 
regulation of the cyclin-dependent kinase (cdk) inhibitors p15INK4B and p21256,257, while α2(I) 
procollagen, fibronectin, and plasminogen activator inhibitor 1(PAI-1)258-261 are important 
extracellular proteins upregulated by TGFβ activity. The promoters of the genes mentioned have 
been extensively studied and scanned for regulatory elements that direct TGFβ responsiveness. 
The results from such studies have enabled the construction of TGFβ-responsive luciferase 
reporter genes. The first and most extensively used such reporter is p3TP-Lux105, which is 
composed of the luciferase gene preceded by three TREs (TPA [tetradecanoyl phorbol acetate] 
response elements) and a portion of the PAI-1 promoter. The three TREs were found to confer 
responsiveness to TGFβ, which was further augmented by inclusion of a part of the PAI-1 
promoter region. 

Other luciferase reporters include (SBE)4 and (CAGA)9. (SBE)4 is composed of four tandem 
repeats of Smad binding elements (SBE) from the Jun-B gene, and it has been found to be 
activated by both TGFβ/activin/nodal and BMP ligands184. Since Jun-B is a member of the AP-1 
family of transcription factors, the (SBE)4 reporter can be seen as an engineered version of the AP-
1 reporter, also used in this thesis. (CAGA)9 is made of nine tandem repeats of a critical TGFβ-
inducible element in the promoter of PAI-124. As opposed to (SBE)4, (CAGA)9 is only activated by 
pathways utilizing Smad3. Other reporters used in this thesis include p15INK4B and p21, their 
reporting activity being self-explanatory256,262. 

 
 

 
 
 

Figure 9. ALK7 T194D prior to induction by doxycycline. The generated TetOn ALK7 T194D PC12 cell 
line behaves like untransfected control in the absence of doxycycline. 
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Conclusions 
 
The detailed results and related discussions to the investigations presented in this thesis are 

of course part of the original papers I through VI. In this section an attempt is made at concisely 
summarizing the conclusions of the papers, and to some extent integrate them with each other. 
Thus, the following statements are conclusions that can be made as a direct consequence of work 
presented in this thesis. Please refer to the �Paper Summaries and Backgrounds� section for a more 
descriptive summary of the individual papers. 

 
ALK7 is a type I receptor serine/threonine kinase highly expressed in the adult central 

nervous system, predominantly in the hippocampus and the Purkinje cells of the cerebellumI. A 
low mRNA expression is also seen during murine gastrulation and later embryonic developmentIII. 
A partial Xenopus laevis ALK7 (xALK) is identified, and found to be expressed in the ectodermal 
and organizer regions of gastrula stage Xenopus laevis embryosIII. By sequence comparison, we 
find that the closest homologues of ALK7 are the TGFβ receptor TβRI and the activin receptor 
ActRIBI. ALK7 can bind BMPRII in a ligand-independent fashion, and TβRII and ActRIIA in a 
ligand-dependent fashionI. Furthermore, it cannot bind BMP7 or GDNF in the presence of TβRII, 
ActRIIA, or BMPRII. 

ALK7 can associate with ActRIIB and mediate Xnr1 and nodal signals in a cripto-
independent manner through Smad2 and Smad3III,II. It can directly bind Xnr1 and associate with 
criptoIII. ALK7 activation induces the expression of Smad7, c-fos and PAI-1, and it also activates 
ERK and JNKII. It has an antiproliferative effect, both as judged by thymidine incorporation 
assays, and as inferred by the induced transcription of the cdk-inhibitors p15INK4B and p21II. p3TP-
Lux, (SBE)4 and (CAGA)9, established reporters of TGFβ and activin signaling, are also activated 
by ALK7 activationII. 

ALK7 signaling can accelerate the differentiating effect of nerve growth factor (NGF) on 
PC12 cells, but also induce a change of morphology on its ownII. Furthermore, it mimics the 
mesendoderm-inducing activity of nodal ligands in Xenopus laevis embryos. A dominant-negative 
ALK7 specifically blocks the effect of nodal and Xnr1, but not that of Xnr2III. ALK7 also binds 
Xnr1 and can reconstitute nodal sensitivity in heterologous cells. 

As expected, ALK7 +/- mice do not display any obvious phenotype, and they are now being 
bred to generate ALK -/- miceIV. 

 
Motifer is a software tool capable of finding very distant relationships between proteins that 

FASTA and BLAST deem unrelatedV. It can successfully identify discrete amino acid motifs in 
large databases and it is capable of extracting novel protein family members from EST or genomic 
databasesV,VI. 

Motifer derived factors 451 and 628 (MDF451 and MDF628) are two new divergent mem-
bers of the TGFβ superfamilyVI. Independently of the query cysteine pattern used to identify them 
in the human genome, they display a stop codon at the expected position when compared to other 
TGFβ superfamily members. Both are partial clones, and efforts aimed at obtaining full-length 
clones have so far been unsuccessful. They are expressed in the adult brain, adult cerebellum and 
fetal brain. Their confirmed expression is so far limited to humans, but the primate sequences 
agree with established evolutionary relationships. Neither of the sequences are found in the murine 
genome. 

Motifer derived receptor α (MDRα) is a new member of the GFRα family, sharing many 
features of GFRα1-4VI. A full-length clone has not yet been obtained, but the partial sequence 
corresponds very convincingly with that of exon 4 and domain 2 of the other GFRαs. The genomic 
sequence of MDRα contains strictly conserved acceptor and donor sites. 

 
These findings prove the value of Motifer to screen for novel, divergent members of protein 

families. 
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Paper Summaries and Backgrounds 
 

Paper I 
 

Isolation 
 
The description in 1993 of GDNF as a survival factor for midbrain dopaminergic neurons79, 

triggered numerous efforts to find its corresponding receptor. Since GDNF shares the cysteine 
pattern of the TGFβ superfamily, a reasonable assumption was that the signaling system would be 
similar to that of TGFβ. It was quickly established that none of the known type I or type II RSTKs 
of the TGFβ receptor family could mediate a GDNF signal, and as a result, several groups 
concurrently isolated ALK7249,263,264,I. 

ALK7 was amplified by PCR on a P1 rat brain library using degenerate primers deduced 
from the kinase domain of type I and type II RSTKs. Remarkably, all four groups used the same 
technique to clone ALK7, even to the point of using next to identical PCR primers. A full-length 
clone was isolated from a P7 rat brain cDNA library using the amplified fragment as a probe. The 
clone was found to contain an open reading frame corresponding to 493 amino acids. The kinase 
domain of ALK7 was found to be most similar to that of TβRI (78%) and ActRIB (77%). 

 
Expression 

 
RNase protection assays revealed that ALK7 expression was almost exclusively limited to 

the adult central nervous system, particularly the cerebellum and hippocampus. No expression 
studies on embryonic tissues were performed in this study. However, as reported elsewhere249,III, 
ALK7 is present at low levels already at gastrulation, the expression increasing until birth. 
Interestingly, the expression in cerebellum is strictly adult, with very low levels until P14. By 
embryonic exposure to the thyrostatic drug propylthiouracil (PTU), we could further delay the 
onset of cerebellar ALK7 expression to P20. 

Further expression studies of ALK7 in the brain were performed by in situ hybridization. 
Throughout the brain, the ALK7 expression was found to be neuron specific. In the cerebellum, 
ALK7 was mainly found in Purkinje cells, but a low expression in the granular cell layer was also 
detected. 

 
Ligand-independent interaction with BMPRII 

 
To determine any ligand-independent interaction with type II receptors, COS cells were co-

transfected with a hemagglutinin (HA)-tagged ALK7 and TβRII or BMPRII. After 35S-metabolic 
labeling, the cells were harvested and the lysate immunoprecipitated with anti-HA antibodies. Sub-
sequent analysis by SDS/PAGE showed that ALK7 had associated with BMPRII, but not with 
TβRII. 

 
Ligand-dependent interaction with ActRIIA and TββββRII 

 
Next, COS cells were co-transfected with HA-tagged type I receptors (ActRIA, TβRI, or 

ALK7) and type II receptors (ActRIIA, TβRII, or BMPRII). The cells were then incubated with 
125I-labeled ligand (TGFβ1, β2, activin, BMP7, or GDNF), chemically cross-linked, and harvested. 
The lysates were immunoprecipitated using antibodies against HA, ActRIIA, TβRII, or BMPRII. 
Subsequent SDS/PAGE analysis showed that ALK7 had associated with TβRII in the presence of 
TGFβ1 or β2, and with ActRIIA in the presence of activin. 
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Paper II 
 
In the absence of a known cognate ligand and type II receptor, functional assays of ALK7 

proved to be difficult. To circumvent this problem, a constitutively active mutant receptor (T194D) 
was generated. By analogy to TβRI, the ALK7 T194D mutant was expected to signal inde-
pendently of ligand and type II receptor, a prediction that was confirmed by other studies249. 

 
TetOn ALK7 T194D PC12 

 
The ALK7 T194D mutant was stably transfected into PC12 cells under the regulation of a 

tetracycline-inducible promoter. The inducible expression of ALK7 was necessary due to the 
sequence similarity with TβRI and ActRIB, both with well described growth-inhibitory activities. 
PC12 cells are rat pheochromocytoma cells that differentiate into a neuronal-like phenotype in 
response to NGF. They have been used in many studies as a model system for neurons. As judged 
by RPA, the generated cell line had a very low background expression of ALK7 in the absence of 
the tetracycline derivative doxycycline. Upon addition of doxycycline at 1 µg/ml to the culture 
medium, ALK7 expression increased up to 80-fold. In parallel, a similar TetOn TβRI T204D PC12 
cell line was constructed for comparative analysis. 

 
Protein activation and gene induction 

 
As investigated by Western blotting of nuclear extracts, Smad2 and Smad3 were both 

activated by ALK7 and TβRI. Smad1 was not activated. Western blots also showed that ALK7 
activates ERK and JNK as has been described for TβRI. An induction of endogenous Smad7 
(Western blotting), c-fos (RPA) and PAI-1 (metabolic labeling) were also detected by methods 
indicated. The results of ALK7 activation were very similar to those described for TβRI and 
ActRIB. 

 
Reporter assays 

 
By transient transfection of luciferase reporters, the activation of p15INK4B, p21, p3TP-Lux, 

AP-1, (SBE)4, and (CAGA)9 promoter elements could be detected. p15INK4B and p21 are cdk 
inhibitors involved in cell-cycle control. p3TP-Lux is an established reporter of PAI-1 induction 
and thus TGFβ activity. AP-1 has also been shown to be regulated by TGFβ. (SBE)4 is a four-
tandem copy of the SBE of Jun-B. (CAGA)9 is a nine-tandem copy of the SBE of PAI-1, shown to 
only be regulated by Smad3. Again, the ALK7 responses were very similar to those of TβRI and 
ActRIB. 

 
Antiproliferative effect 

 
[3H]thymidine incorporation experiments demonstrated that ALK7 activation resulted in a 

profound antiproliferative effect. Because of the induction of p15INK4B and p21 shown above, and 
of the general similarity to TβRI and ActRIB, this was of course expected. No difference between 
ALK7 and TβRI could be observed. 

 
Morphology 

 
Visual inspection of the cells revealed a striking change of morphology upon ALK7 

activation. The effect was further visualized by staining filamentous actin with fluorescent 
phallotoxin. The cells flattened and extended blunt, short processes. Furthermore, ALK7 signaling 
resulted in an accelerated and augmented differentiation response to NGF. 
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Paper III 
 

Due to the observed similarities in structure and function of ALK7 to TβRI and ActRIB, a 
collaboration with Ali Hemmati-Brivanlou and his group at Rockefeller University was initiated. 
The aim was to elucidate the effect of ALK7 signaling during the development of Xenopus laevis 
as compared to that of ActRIB. The preliminary results of these studies led to the investigation of 
the possibility that ALK7 was part of the signaling receptor complex for nodal (or its Xenopus 
laevis homologues Xnr1/2/4). Previous genetic analyses had indicated that ActRIB can function as 
the nodal receptor, although biochemical proof of any interaction between nodal and receptors was 
not available. 

 
Xenopus laevis developmental studies 

 
The mRNA of various ALK7 constructs were injected into the animal pole of two-cell stage 

Xenopus laevis embryos. The development was then visually inspected, or RNA extracted at 
blastula stage. Constitutively active (T194D) ALK7 resulted in the elongation of the animal cap, 
an observation associated with mesoderm induction. There was also a dose-dependent induction of 
mesodermal markers as investigated by RT-PCR. The observed effects are similar to those of 
nodal and activin. 

By injecting ALK7 T194D into animal cells of a blastomere, the cell fate was changed from 
ectoderm to endoderm. Thus, the injected cells formed the gut instead of skin. Our results, together 
with earlier published data, indicate that any receptor activating Smad2 or 3, triggers endodermal 
development. Again, our results were highly similar to those observed with activin and nodal. 

To investigate which ligand depended on ALK7 activation, a dominant negative (DN) ALK7 
mutant was constructed. It was found that DN-ALK7 specifically blocked the effects of Xnr1 and 
nodal over other members of the activin/nodal subfamily. Most surprisingly, ALK7 could 
differentiate between the close homologues Xnr1 and Xnr2. 

 
Receptor reconstitution experiments 

 
The ALK7 signaling complex was dissected in HepG2 cells by transient co-transfection of a 

luciferase reporter together with a type I receptor (ALK7 or ActRIB), a type II receptor (ActRIIA, 
ActRIIB, or BMPRII), cripto, and a ligand (Xnr1, nodal, or activin). ALK7 was found to 
collaborate with ActRIIB to confer responsiveness to Xnr1 and nodal. The response was cripto-
independent, but cripto greatly enhanced the effect. In contrast, ActRIB depended on cripto for its 
activation. Through co-immunoprecipitation experiments we could show a direct interaction of 
ALK7, ActRIIB and cripto with Xnr1, and of ActRIB and ALK7 with cripto. As expected, ALK7 
was not able to bind activin. 

 
Xenopus laevis ALK7 and expression studies 

 
A fragment of Xenopus laevis ALK7 was isolated by PCR, using degenerate primers. A 

phylogenetic analysis showed a similar relationship of xALK7 to xTβRI and xActRI as that of their 
mammalian orthologues. RT-PCR analysis of xALK7 expression showed a low maternal 
expression with increasing levels during gastrulation and tadpole stages. More detailed expression 
studies were done by in situ hybridization or RT-PCR on microdissected embryos. xALK7 
expression was detected in the marginal zone and the animal pole region. The observed expression 
pattern is in agreement with that of Xnr1. 

Finally, the expression of ALK7 during early murine development was confirmed by RPA. It 
was found at low levels already at E7, but at E17 (of total embryo) the levels were comparable to 
those of total brain. An embryonic expression of ALK7 is of course required should ALK7 
mediate nodal signals during gastrulation. 
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Paper IV 
 
To further investigate the in vivo function of ALK7, we set out to generate ALK7 knockout 

mice. 
The successful generation of ALK7 +/- embryonic stem (ES) cells proved to be a difficult 

task. An initial attempt was made at deleting the kinase domain using a targeting vector with 5.5 
kb of homology. After five unsuccessful electroporations, the length of homology was extended to 
6.0 kb by incorporating the transmembrane domain. Following new electroporations, no homo-
logous recombinatorial events could be detected and the construct was further modified to include 
8.0 kb of homology. Again, electroporations failed to incorporate the construct into the correct 
locus. The targeting construct was then completely discarded and a new one was generated, 
instead targeting the ATG domain of ALK7. In the new construct ALK7 was replaced with LacZ, 
enabling detailed studies of ALK7 expression. 

The new construct was electroporated and further clones picked. Of the 3,456 clones from all 
the electroporations of the different targeting constructs, nine that had successfully undergone 
homologous recombination could finally be isolated. Six of the clones were injected into 
blastocysts to generate chimeric mice. 15 of the resulting 51 germ line transmissions were 
genotyped as ALK7 +/- mice. Those are now being crossbred to generate ALK7 -/- mice. 

 
As discussed earlier, the result of a gene ablation experiment is seldom conclusive, and it can 

only indicate, not prove, the true function of a gene. For example, a would be lethal phenotype of 
the ALK7 -/- mice might be rescued by a relative overexpression of ActRIB, also shown to 
participate in nodal signaling. Furthermore, the literature is full of examples were the predicted 
function of a given gene is not compatible with the observed phenotype of corresponding knockout 
mice. Recall that almost no differences between Smad2 and Smad3 can be seen in in vitro 
experiments. In contrast, Smad2 -/- mice die at E7.5-8.5 from severe developmental defects, while 
Smad3 -/- mice live to develop systemic diseases in early adulthood. Another example is that of 
ActRIIA -/- and ActRIIB -/- mice. The double knockout is embryonic lethal while the individual 
knockouts show a much less severe phenotype. 

Nevertheless, given the implicated function of ALK7 in nodal signaling, it would not be 
surprising should the ALK7 -/- mice die before birth. Another probable phenotype of ALK7 -/- mice 
is one of defects in left-right asymmetry. On the other hand, the predominant expression in adult 
cerebellum and hippocampus tend to favor a subtler phenotype. 
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Paper V 
 
A molluscan neurotrophic factor that interacts with the p75 neurotrophin receptor was 

isolated and characterized by Mike Fainzilber, at that time a postdoc in our lab, through an 
enormous effort of milking some 16,000 Lymnea stagnalis of a total of about seven liters of 
hemolymph265. Based on the high frequency of cysteine residues in the factor, it was named 
cysteine-rich neurotrophic factor (CRNF). Early on in the analysis it became obvious that there 
were no mammalian homologues to CRNF in the databases, at least none that the common search 
engines BLAST or FASTA could pick up. BLAST (basic local alignment search tool) and FASTA 
both excel in finding homologues to a query sequence, but in searches for very distant homologies, 
where only a non-contiguous amino acid pattern is conserved, these search engines are not always 
capable of matching relevant sequences. 

As I had some programming experience, I was inquired about the possibility of writing a 
program with the specific aim of finding proteins containing given cysteine patterns by screening 
nucleic acid databases. I accepted and Motifer came to life. The first version was extremely 
rudimentary; it did not have any options, it could only search for cysteines matching the query 
pattern exactly, and the output syntax was a sheer nightmare. At Mike�s farewell party, a fresh 
copy of the first Motifer output from a search with the cysteine pattern of CRNF on the EMBL 
EST database was presented to him. To this day, I do not know if anything was found in this 
search, I myself could hardly decipher the output. 

Through evaluations and fruitful discussions with my environment, more functions were 
progressively added and Motifer evolved to the point where it now is. The final software has 
plenty of options and features. It can search for any amino acid in any combination; it can even 
search for the absence of amino acids as specified by the user. Since the query patterns are 
relatively short compared to conventional queries used with other search engines, the output is 
bound to be beset with unrelated, and thus unwanted, sequences. Many features are aimed at 
removing those false hits. 

Furthermore, Motifer was created with one goal: to clone novel members of a given protein 
family specified by the user through the search query. Many other search engines and bio-
informatical approaches are instead trying to assign a function, or a family membership, to as 
many sequences as possible in a given database � in reality a goal strongly incompatible with that 
of Motifer. It is exactly those genes that cannot be ascribed a family relationship through 
conventional scores and measurements that Motifer is aimed at finding. In fact, the output of 
BLAST or FASTA can be fed into Motifer, thereby removing relatively close homologues from 
the output. 

The first search presented in the paper demonstrates how Motifer can find GDNF when 
given the cysteine pattern of the TGFβ superfamily as it was known before GDNF was cloned 
(thus not in complete agreement with that of GDNF). The search proves that Motifer can handle 
very degenerate search queries and find remote homologues, as was the intent. 

The second search presented in the paper is a search for genes encoding a WW-domain. The 
search successfully found several established WW-domain proteins in the database searched. 
Moreover, eleven of the 30 top hits posed possible novel WW-domain proteins, not earlier 
described. I have not pursued those eleven sequences further, but I received a letter of appreciation 
from Dr. Marius Sudol, an authority in the field, whose review on WW-domains I had cited. 

The third search in the paper describes the full-scale attempt at cloning a novel member of 
the cytochrome P450 protein family. First, I was very pleased by the fact that Motifer indeed was 
able to find a novel protein, as had been the intent. Second, it was very rewarding to experience the 
difficulties and pitfalls of in silico cloning. For example, the enzyme was initially found at position 
1605 of the output. After utilizing the features of Motifer to reject false hits, it moved up to 
position 76. 
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Paper VI 
 

As Motifer was ready for use (paper V), we set out to identify novel members of some of the 
protein families we worked with in our lab. A number of amino acid patterns were manually 
assembled from the TGFβ superfamily, the RSTKs, c-Ret, and the GFRαs. After searching 
genomic and EST databases, both commercial and from the public domain, we had identified two 
new TGFβ superfamily members and one new GFRα. All three new sequences were found in the 
public human genome database, searching only for the cysteine pattern of the respective protein 
family. Based on the accession numbers of the genomic clones, the two new TGFβ superfamily 
members were provisionally named MDF451 and MDF628 (Motifer-derived factor). The new 
GFRα was named MDRα (Motifer-derived receptor α). It was immediately clear that none of the 
found sequences was full-length. However, that was of course expected given the fact they were 
extracted from an unprocessed genomic database. 

Subsequent searches with relevant search queries using BLAST and FASTA on the same 
databases could not pick up any of the new sequences, highlighting the ability of Motifer to 
identify very distant homologues of a protein family. Furthermore, the absence of the sequences in 
EST databases indicated that they were expressed at very low levels, or in a very restricted pattern. 
However, it also indicated that the only way to identify them was from a bioinformatical approach 
on the genome. Any attempts at expression cloning or homology cloning in the wet lab would have 
been very difficult indeed. 

  
The MDFs 

 
Both the MDFs showed a stop codon at the expected position as compared to other TGFβ 

family members. This had not been included in the search query, and thus formed an independent 
confirmation of the relevance of the MDF hits. In other respects the MDFs were quite divergent, 
and a phylogenetic analysis placed them in a distinct subgroup within the TGFβ superfamily. 

The expression patterns of the two MDFs were also similar and restricted to adult brain, 
adult cerebellum and fetal brain. However, we have not been able to obtain a full-length clone 
from any of those tissues. Furthermore, we could not detect any of the MDFs in non-primate 
species using PCR. However, a phylogenetic analysis of the primate orthologues, agreed with the 
evolutionary relationship of the species as previously described. As soon as the mouse genome 
became available, a search for the MDFs confirmed that they were not present in the murine 
genome. We have to conclude that either our attempts at retrieving a human cDNA failed because 
of technical reasons (for example an extremely low abundance of mRNA), or the that MDFs are 
non-functioning pseudogenes. However, it is intriguing that the mRNA can be detected by 
ribonuclease protection assay. Maybe the MDFs are in the process of becoming (non-expressed) 
pseudogenes, or maybe they will give rise to functional products in a future to come. 

 
MDRαααα 

 
The sequence of MDRα corresponds to exon 4 (and domain 2) of the other GFRαs. The high 

amino acid similarity to the other GFRαs, the conserved domain structure, and the highly 
conserved acceptor and donor sites, convincingly establishes MDRα as a member of the GFRα 
family. 

MDRα can be amplified from murine DNA, but as of yet we have not been able to show any 
expression of mRNA. Therefore we have not been able to clone the full-length sequence. Further 
studies have to establish the expression pattern of MDRα, but additional database searches should 
be done in parallel to isolate the full-length sequence in silico.  
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