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Abstract: Extracellular binding proteins or antagonists are important factors that modulate ligands
in the transforming growth factor (TGF-b) family. While the interplay between antagonists and

ligands are essential for developmental and normal cellular processes, their imbalance can lead to

the pathology of several disease states. In particular, recent studies have implicated members of
the differential screening-selected gene in neuroblastoma (DAN) family in disease such as renal

fibrosis, pulmonary arterial hypertension, and reactivation of metastatic cancer stem cells. DAN

family members are known to inhibit the bone morphogenetic proteins (BMP) of the TGF-b family.
However, unlike other TGF-b antagonist families, DAN family members have roles beyond ligand

inhibition and can modulate Wnt and vascular endothelial growth factor (VEGF) signaling pathways.

This review describes recent structural and functional advances that have expanded our under-
standing of DAN family proteins with regards to BMP inhibition and also highlights their emerging

roles in the modulation of Wnt and VEGF signaling pathways.
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Introduction
The Transforming Growth Factor-b (TGF-b) super-

family is a large collection of secreted ligands that

play numerous roles in a variety of biological proc-

esses. Ligands can be subdivided into the Activin,

Bone Morphogenetic Protein (BMP), and TGF-b sub-

classes. Functionally, ligands orchestrate prolifera-

tion and differentiation protocols that help dictate the

organization of tissues, organs, and the body plan.1,2

In the adult, ligands regulate tissue homeostasis,

direct wound healing processes, and are deeply

embedded in reproduction and the immune response.

A variety of mechanisms have evolved to achieve

proper cellular signaling outcomes. For example,

ligand modulation occurs when secreted protein

antagonists directly neutralize the signaling capacity

of the TGF-b ligands.2–4 However, misregulation of

ligand signaling within adults is causative of numer-

ous human diseases, such as cancer and fibrosis.5–9

Members of the differential screening-selected

gene in neuroblastoma (DAN) family form a diverse

group of antagonists that were originally identified

as BMP inhibitors. The family consists of seven mem-

bers: Nbl1 (the founding member, also known as Dan

and DAND1), SOST (Sclerostin), uterine

sensitization-associated gene-1 (USAG-1/Wise), Coco
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(DAND5), Gremlin (Drm), Cerberus (Cer1), and pro-

tein related to Dan and Cerberus (PRDC/Gremlin-

2).4,10,11 DAN family members are expressed during

development where they have a profound role in limb

bud formation and digitation, kidney formation and

morphogenesis, and left-right axis specification.12–16

However, increased DAN protein levels in adults are

often associated with a number of severe disease-

states, including pulmonary and renal fibrosis and

cancer.5,7,8,17–19 Recently, DAN family proteins have

been directly implicated in the reactivation of meta-

static breast cancers within lung tissue.5 Therefore,

due to their critical roles in human development and

disease, there is significant need to structurally and

functionally evaluate the members composing the

DAN family of protein antagonists.

In addition to the inhibition of BMP signaling,

certain DAN family members can modulate other

signaling pathways. For example, the Xenopus form

of Cerberus can directly inhibit nodal signaling, a

specific Activin subclass member that controls left-

right body symmetry.20 More intriguingly, specific

members of the DAN family harbor the ability to

interact with the Wnt and VEGF (vascular endothe-

lial growth factor) signaling cascades. SOST, for

example, has been shown to be a strong Wnt antago-

nist (for specific Wnt ligands) by directly binding the

Wnt co-receptors LRP5 and LRP6, with specific

mutations in SOST leading to bone dysplasia.21–23

Additionally, Gremlin has recently been show to

function as an agonist of the VEGF signaling cas-

cade, where it directly stimulates angiogenesis

through its interactions with vascular endothelial

growth factor receptor 2 (VEGFR2).24–26

In the past, reviews have elegantly highlighted

the importance of DAN family members in biology

and disease.4,27 However, our understanding of the

molecular and structural underpinnings defining how

DAN family proteins control and regulate BMPs, as

well as other signaling cascades, is underdeveloped

and in need of further characterization. Therefore,

this review will focus on the emerging structural and

Figure 1. Overview of BMP/ TGF-b signaling. Secreted ligands (green) signal by binding and activating two of each Type I

(blue) and Type II (red) receptors. Upon binding, the Type I receptor is phosphorylated by the Type II receptor, leading to Type

I kinase domain activation and subsequent phosphorylation of intracellular SMAD transcription factors (gray). Activated SMAD

molecules oligomerize and accumulate in the nucleus to combine with coactivators and corepressors to regulate gene expres-

sion. Several structurally diverse extracellular antagonists (orange) bind and sequester ligands to inhibit and block ligand–recep-

tor interaction and activation.
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biochemical studies that have provided new insight for

understanding how DAN family proteins specifically

function to regulate BMP, Wnt, and VEGF signaling.

Overview of TGF-b Signaling
In humans, the TGF-b superfamily has expanded to

include a very diverse portfolio of ligands, composing

�40 unique members. For downstream signaling to

occur, the dimeric ligand has to sequester both two

Type I and two Type II receptors, with an overall

stoichiometry of 1 : 2 : 2. This leads to phosphoryla-

tion of the Type I receptors by the Type II receptors,

followed by phosphorylation and activation of intra-

cellular SMAD (mothers against decapentaplegic

Figure 2. Structure of TGF-b ligands and their associated complexes. A: Representative structure of a TGF-b ligand monomer

(Myostatin from PDB 3HH2).37 Intramolecular disulfide bonds are shown as sticks. Labels indicate various b-stands in the ligand

as well as identify the finger-wrist-finger architecture of the ligands. B: Structure of the mature TGF-b ligand homodimer (PDB

3HH2) with one monomer colored in light green and another in gray.37 The monomers are linked via an intermolecular disulfide

bond. This architecture exposes extended convex and concave surfaces on the protein, which have a strong hydrophobic char-

acter and define the ability of the protein to interact with its cognate receptors. C: Structure of TGF-b ligands bound to their

Type I and Type II receptors (PDB 2PJY).93 The ligand is represented in ribbon (green, gray) with the receptors represented in

both surface and ribbon representation (pink, blue). The receptors for the TGF-b subclass (top) come into contact during bind-

ing since the Type I receptors binds more towards the fingertips of the ligand while those for the BMP subclass (bottom) do

not, where the Type I receptor binds more significantly to the exposed convex epitope of BMP ligands (PDB 2GOO).94 D: Rep-

resentative structures of various BMP-antagonist complexes. Ligands are indicated by ribbon diagrams (green, gray), while

antagonists are shown as rainbow colored ribbons (one half) and orange surface representations. (left) FS-Myostatin complex

(PDB 3HH2).37 Labels indicate various domains of FS. (middle) Noggin-BMP7 complex (PDB 1M4U).34 (right) CV2-BMP2 com-

plex (PDB 3BK3).39 A single VWC domain was solved in complex from the larger multidomain CV2 protein.
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homolog) transcription factors (Fig. 1). For a more

detailed description of ligand and receptor binding

and signaling, which is not discussed thoroughly

here, please refer to the following reviews.28–30

Structural studies in the early 1990s revealed

that ligands adopt a propeller-like dimer with a pair

of b-strands extending distally in opposite direc-

tions.28,29 The overall fold has been historically

described as two hands shaking, where the set of

anti-parallel b-strands are referred to as Finger 1

(F1, b1/b2) and Finger 2 (F2, b3/b4), and the inter-

vening helix is called the wrist region [Fig. 2(A)]. An

unpaired cystine at the dimer interface forms an

intermolecular disulfide bond that links the opposing

monomer chains. The other conserved cysteines form

a cystine-knot motif that is present in numerous

other growth factors. Within this motif, a ring is

formed from linking adjacent strands (b2 and b4)

through two proximally spaced disulfide bonds [Fig.

2(A)]. An additional disulfide bond linking b1 to b3 is

threaded through this ring to complete the knot fold.

The overall curvature of the fingers, as a result, forms

very prominent convex and concave surfaces [Fig.

2(B)]. With these surfaces, the ligands display multi-

ple large hydrophobic interfaces, which play critical

roles in defining their ability to sequester and bind

cognate receptors and antagonists [Fig. 2(C)].30–33

Secondary to the discovery of the TGF-b super-

family of ligands, researchers uncovered numerous

factors that could bind and neutralize their activity.

In the past years, developmental biology has had a

defining role identifying several protein modulators

that function to bind and block ligand signaling,

including Noggin, Chordin, and members of the Folli-

statin (FS) and DAN family of protein antagonists2,3

(Fig. 1). Interestingly, despite the significant struc-

tural conservation across the TGF-b superfamily,

their extracellular antagonists are extremely struc-

turally diverse, where size, domain layout, and the

overall and local folds are highly variable. Further-

more, these antagonists exhibit significant structural

diversity even within their corresponding families.

In 2002, the structure of Noggin bound to BMP7

was solved, making it the first structure of any TGF-

b ligand-antagonist complex.34 This structure showed

that Noggin directly blocks both the Type I and Type

II receptor binding interfaces on BMP7 [Fig. 2(D)].

Similar to the ligands, Noggin exists as a disulfide

linked homodimer, where each monomer contains a

growth factor like cystine-knot motif and a series of

finger-like b-strands. In 2005, the structure of the

FS-Activin A complex was determined [Fig. 2(D)].35

FS, being much larger and structurally unique in

comparison to Noggin, utilizes multiple domains for

binding, where two molecules of FS form a donut-

like structure around the ligand. Despite this differ-

ence, both FS and Noggin directly bind and block all

four receptor binding epitopes of the ligand.

Figure 3. DAN-family of protein antagonists. A: Phylogenetic tree based upon amino acid conservation across the family. The

family can be separated into three groups based upon extended amino acid and cysteine conservation. Different colors (red,

yellow, blue) indicate the different subgroups. Numbers indicate the number of cysteines within each group of proteins. B:

Overall DAN family architecture. Different colors represent the different regions found in DAN-family proteins. SS is the signal

sequence (gray), NT is the N-terminus (brown), DAN/CRD is the functional DAN-domain or cystine-rich domain (green), and CT

is the C-terminus (yellow). Orange circles represent the conserved eight cysteines in all family members that help define conser-

vation within the family as well as their core cystine-knot and fold. Purple boxes indicate the location of variable cysteines.

Numbers below the diagram represent the range of amino acids found in these varying regions across the family. For example,

in the NT, DAN only contains 18 amino acids while Cerberus has 144. These numbers help to show that the family maintains

the majority of its conservation within the DAN domain while exhibiting a large amount of variability outside of this domain. C:

Amino acid sequence identity table. Identity of only the DAN domain is in parentheses. Numbers in bold represent the highest

scores across the family, occurring between (1) PRDC and Gremlin and (2) SOST and USAG-1.
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Stemming from this work, our lab has resolved a

number of FS-ligand structures, which has revealed

that these antagonists can undergo conformational

shifts to accommodate differences in ligand structure

and their corresponding exposed surfaces.35–38 Most

recently, the structure of a single domain of

Crossveinless-2 (CV2) bound to BMP2 was resolved,

which utilizes a prescribed “clip” mechanism to pinch

together the ligand fingers and inhibit receptor

sequestration [Fig. 2(D)].39 Taken together, these

structures highlight the diversity for both the struc-

tures and mechanisms utilized to antagonize TGF-b

signaling. Unfortunately, a significant number of

TGF-b and BMP antagonists remain structurally

and functionally unclassified and under represented

in the Protein Data Bank (PDB), including the DAN

family of BMP antagonists.

DAN Family of BMP Antagonists

The founding member of the DAN family, Nbl1 (also

known as Dan or DAND1), was identified as a

potential tumor suppressor in neuroblastoma cell

lines and for its role in cell cycle regulation.40 Nbl1

was shown to exist as a 165 amino acid long glyco-

protein containing a cysteine-rich domain (CRD)

with flanking, non-cysteine containing, N- and C-

termini [Fig. 3(B)]. In the following years, several

other proteins containing this CRD (subsequently

referred to as the DAN domain) were identified,

accounting for seven total members [Fig. 3(A)].3,4

Despite sharing the DAN domain, conservation

across this family is exceptionally low, with only a

handful (<5%) of residues being completely con-

served. By cross-comparison, the family can be sub-

divided into three main groups based upon both

extended amino acid and cysteine conservation: (1)

Gremlin, PRDC, Cerberus, and Coco (containing

nine cysteines); (2) SOST and USAG-1 (containing 8

cysteines); and (3) Nbl1 (containing 10 cysteines)

[Fig. 3(A)]. In addition, the N- and C-termini are

extraordinarily variable both in length and composi-

tion. On average, the N-terminus is typically longer

than the C-terminus. One exception is Nbl1, which

has the longest C-terminus with 58 residues and the

shortest N-terminus with 10 residues. Two pairs of

family members stand out as the most similar;

Gremlin and PRDC, which are 65% identical, and

SOST and USAG-1, which are 45% identical [Fig.

3(C,D)]. The remaining members only share <30%

identity with the next closest member. This

sequence diversity parallels the wide range of func-

tion associated with the family.

Figure 4. Structures of DAN-family antagonists. A: NMR Structure of SOST (PDB 2K8P) represented in ribbon diagram (pink).66

Disulfide bonds are shown as sticks and the finger-wrist-finger architecture of the proteins are labeled, showing each finger

and the wrist region. B: (top) Crystal structure of one PRDC monomer (PDB 4JPH) represented in ribbon (green).43 (bottom)

Overlay of the SOST and PRDC monomer structures. The N-terminal helix of PRDC is faded to ease comparison of the core

DAN domains. As can be seen, there is substantially more secondary structural content, in the form of b-strands, in the wrist

region of PRDC as compared to SOST. These b-strands in PRDC help form the dimer interface of the protein. C: (top) Structure

of the PRDC dimer. The opposing monomer chains are shown in different colors (green, gray) with labels indicating the b-

strands involved in dimerization and dashed lines showing hydrogen bonds. (bottom) Zoomed in view of the cystine-knot of

PRDC near its free, unbound, cysteine. Disulfide bonds that form the cystine-knot are colored yellow and circled. The 9th or

unpaired cysteines of PRDC are colored pink. D: (top) Crystal structure of the Norrin dimer (PDB 4MY2).73 The opposing mono-

mer chains are shown in different colors (blue, gray) with labels indicating the finger-wrist-finger architecture and the b-strands

and hydrogen bonds important for stabilizing the dimer fold. (bottom) Zoomed in view of the cystine-knot of Norrin near its

intermolecular disulfide bonds. The cystine-knot is annotated as above. Norrin forms three intermolecular disulfide bonds; two

that are adjacent to the CK and in similar locations to the free cysteine in PRDC (pink) and one in the C-terminus (teal).
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Although Nbl1 was the first member discovered,

bioinformatics suggests that Gremlin was the first to

evolve.41 While phenotypic roles vary broadly within

the family, it had been speculated that each DAN

family member functioned through high affinity inhi-

bition of BMP ligands. However, the extent and spec-

ificity for each member to bind to BMPs is

incomplete and often controversial. For the known,

strong BMP antagonists in the DAN family, includ-

ing Gremlin, PRDC, and Coco (Grem1, Grem2, and

Grem3, respectively), their target affinity and ability

to inhibit BMP signaling and downstream SMAD 1/

5/8 phosphorylation is robust, showing preference for

BMP2, BMP4, and BMP7.325,42248 In addition, Nbl1

also shows preference for BMP2 and BMP4, as well

as GDF5 (growth and differentiation factor 5 or

BMP14), although with reduced affinity.49–51 For the

less robust BMP antagonists within the DAN family,

results and conclusions are often conflicting, bringing

distortion to our perception of their true activities.

The DAN family members Cerberus, SOST, and

USAG-1 have proven difficult to characterize in

terms of BMP signal inhibition, resulting in conflict-

ing manuscripts regarding their function. In terms of

Cerberus, the Xenopus isoform of the protein shows

a strong phenotype towards BMP inhibition, as well

as Wnt and Nodal antagonism.20 However, human

and mouse Cerberus exhibit a significantly less pro-

nounced phenotype towards BMP inhibition, despite

showing strong in vitro binding to both BMP2 and

BMP4.52255 In terms of SOST and USAG-1, there is

conflicting in vivo evidence to support SOST in the

direct inhibition of BMP ligands, with more compel-

ling evidence existing for USAG-1.56261 On the other

hand, in vitro data shows that both SOST and

USAG-1 can inhibit BMP ligands, although less

potently when compared to Noggin.56,57,59,62–65 Cul-

minating this multitude of results, SOST, and prob-

ably USAG-1, appears to be less specific for BMP2

and BMP4, showing a greater preference for BMP5,

BMP6, and BMP7.59,62265 Although SOST does not

inhibit BMP7 signaling when both are applied exoge-

nously, inhibition is observed endogenously during

cotransfection.64,65 Therefore, it has been proposed

that SOST may function to antagonize BMP signal-

ing through direct interaction with the latent form

or prodomain of the ligand.64,65

Until recently, work pinpointing the functional

BMP binding epitope within the DAN family has

been minimal. Initially, a study on Gremlin sug-

gested that a particular stretch of amino acids

within its DAN domain likely defined its ability to

antagonize BMP4. Furthermore, this study showed

that the termini of Gremlin could be replaced with-

out compromising BMP inhibition.48 Despite this

success, deletion mutagenesis provided little insight

for identifying the corresponding BMP binding epi-

tope within USAG-1.62

Molecular studies of DAN family proteins

started in 2007 with two NMR (nuclear magnetic

resonance) structures of SOST [Fig. 4(A)].66,67 SOST

is a monomer with a structured DAN domain and

highly flexible N- and C-termini. The DAN domain

exhibits a finger-wrist-finger architecture with the

cystine-knot motif positioned opposite the fingertips

[Fig. 4(A)]. As anticipated, the overall architecture

of the fold is very similar to other cystine-knot con-

taining proteins and growth factors, including BMP,

Noggin, FSH-b (follicle stimulating hormone-b),

Artemin, and VEGF.34,68–70 However, a fourth and

additional disulfide bond linking Finger 1 to Finger

2 is present in SOST and is characteristic of the

DAN-domain [Fig. 4(A)]. The significance of this

disulfide bond is unknown but could potentially pro-

vide stability to the fingers.

Although the structure of SOST was shown to

be monomeric, it was believed that DAN family

members containing 9 cysteines existed as mature,

disulfide-bonded homodimers.11 Since the odd cyste-

ine in DAN family proteins aligns closely with the

odd cysteine in BMPs required for intermolecular

disulfide bonding, this hypothesis became the

accepted dogma.11,71 In 2012, our lab used a combi-

nation of size exclusion chromatography (SEC) and

analytical ultracentrifugation (AUC) to show that

PRDC was in fact a mature homodimer.71 Intrigu-

ingly, the study revealed that the PRDC homodimers

were not linked via an intermolecular disulfide

bond. This result was further recapitulated for Nbl1,

which contains 10 cysteines.71 Both the PRDC and

Nbl1 homodimers showed significant resistance to

reduction (1 mM DTT) and denaturation (6M

urea).71 Furthermore, mutation of the odd cysteine

in PRDC had little effect on the protein’s ability to

dimerize and inhibit BMP signaling in vitro and in

vivo.71 In support, expression of PRDC and Gremlin

(not published) in HEK293 cells did not yield a

dimeric form that was reducible upon addition of

DTT.71 Taken together, it is likely that PRDC, as

well as Cerberus, Gremlin, and Coco, do not function

as covalently linked dimers.

Recently, we determined the structure of PRDC

by X-ray crystallography [Fig. 4(C)].43 This structure

revealed that two monomers of PRDC come together

to form an extended, zipper-like antiparallel b-sheet

in the core of the protein [Fig. 4(C)]. Similar to BMP

ligands, the PRDC homodimer forms in a head-to-

tail or antiparallel fashion, strongly resembling a

growth factor type fold. This dimerization likely

causes the global arching seen in the fold of the

PRDC dimer, where N-terminal a-helices, not appa-

rent in the structures of SOST, flank the DAN

domain [Fig 4(C)].43,66,67 These N-terminal helices in

PRDC appear to interact with the opposing mono-

mer, potentially providing stabilizing forces to the

dimer. Taken together with the zipper-like dimer
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interface at the core of the protein, these stabilizing

forces likely account for the ability of the PRDC

dimer to resist both reduction and denaturation.71

Finally, looking at the concave surface of the PRDC

dimer, the odd cysteines of the protein monomers are

shown to exist in the free-sulfhydryl state, where

these cysteines are substantially outside of the

acceptable range for disulfide formation [Fig. 4(C)].

This distance constraint between cysteines likely

explains the absence of disulfide linked oligomers

during oxidative refolding within mammalian cells

and in vitro following bacterial cell production.43,71,72

Upon comparison, the PRDC monomer fold

strongly resembles that of SOST [Fig. 4(B)]. How-

ever, differences in the two structures help explain

why SOST does not form homodimers similar to

PRDC. PRDC has additional a-helical content in its

N-terminus as well as increased b-strand content

within both the wrist region and DAN domain [Fig.

4(B,C)]. These two elements comprise a major por-

tion of the dimer interface in PRDC, which are

absent in SOST and likely explained by significant

sequence variation (Fig. 5).43 In a different sense,

USAG-1 has been shown via crosslinking studies to

form noncovalent homodimers, despite sharing high

sequence similarity with SOST even within the wrist

region.62 Because of these discrepancies, more work

discerning the oligomeric state within the DAN

Figure 5. DAN-family protein multiple sequence alignment. Members of the DAN-family were aligned using ClustalW.95 Num-

bers on the right of the alignment indicated the amino acid number at that position for the corresponding protein (with amino

acid 1 being the first translated from the signal sequence). Brackets above the alignment dictate various regions in the proteins,

blue being the N-terminus, green being Finger 1, orange being the Wrist, red being Finger 2, and purple being the C-terminus.

The black cylinders (helices) and arrows (b-strands) represent secondary structure content based upon the crystal structure of

PRDC.43 Yellow filled boxes show the 8 conserved cysteines throughout the family while those in orange filled boxes are addi-

tional cysteines dictated for specific family members. Solid black lines between cysteines indicated disulfide bonds forming the

cystine-knot in the DAN-domain while a dotted line represents the disulfide bond linking Finger 1 to Finger 2. Purple filled boxes

represent those amino acids identified in PRDC to be important for BMP binding while those in purple outlined boxes are seem-

ingly conserved for certain family members.43 Blue-filled boxes represent amino acids identified for SOST to be important for

heparin binding while those in blue outlined boxes represent those amino acids that are conserved across the remaining DAN-

family.66 The bold green text in the sequence of SOST represents the linear motif identified to be important for binding to the

Wnt coreceptors LRP5 and LRP6.79,80
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family is needed. Further, it will be interesting to

determine whether or not the oligomeric state of

these proteins correlates with functionality.

Concurrently with structural characterization,

mutagenic studies were performed on PRDC to

determine the propensity of various regions to

antagonize BMP ligands. These results showed that

PRDC derives a significant portion of its BMP affin-

ity along the convex surface of the dimer within the

DAN domain.43 This surface, which is partially bur-

ied or protected by flanking a-helices, showed the

greatest reduction in BMP binding and inhibition

when altered. Furthermore, these identified amino

acids were large and hydrophobic in nature, in

agreement with the hydrophobic tendencies observed

for both antagonist and receptor mediated binding

to BMP and TGF-b ligands.

Comparing these residues across the entirety of

the DAN family shows that a number of these amino

acids are, in part, conserved. Conservation is most

significant for those DAN family members described

as being moderate or strong antagonists, specifically

PRDC, Gremlin, Dan, and Coco (Fig. 5). For the

weaker or less pronounced antagonists, these resi-

dues show limited conservation, especially in the

case of SOST and USAG-1, potentially accounting

for part of the observed differences in functionality

(Fig. 5). However, oligomerization might also play a

role in BMP affinity. The homodimerization of cer-

tain DAN family members, such as PRDC Nbl1,

could provide increased affinity BMP ligands

through avidity effects, similar to the interaction of

Noggin with BMP7. Therefore, it can be speculated

that SOST might have lost part of its ability to

inhibit BMP signaling through the evolutionary loss

of its ability to dimerize.

On the basis of the structure/function data avail-

able for PRDC, a model has been proposed to

describe mechanistically how the protein might func-

tion to bind and antagonize BMP ligands.43 Since a

portion of the BMP binding epitope on PRDC is bur-

ied by flanking N-terminal helices, it is speculated

that these helices are required to move prior to

ligand binding. This is supported by both crystallo-

graphic temperature factors and 1-D SAXS (small

angle x-ray scattering) data suggesting intrinsic flex-

ibility within these regions. Taken together, PRDC

can be thought to exist in a state of flux, where the

N-termini helices are capable of sampling nearby

space, either shielding (closed conformation) or

exposing (open conformation) the underlying BMP

binding epitope. While modeling strategies have been

utilized to build a hypothetical structure of the

PRDC-BMP complex, obtaining reliable results has

proven problematic. This is compounded by a lack of

data characterizing the overall fold of the complex,

the stoichiometry of the interaction, and which recep-

tor binding motifs PRDC functions to block on BMP.

While Noggin retains several similarities to the

DAN family in terms of fold and size, it is likely

that the structure of a DAN-BMP complex will differ

from that of Noggin-BMP7. For example, Gremlin

has been shown not to require its N-terminus to

antagonize BMP4. In addition, both Gremlin and

PRDC have been supported to require amino acids

within their DAN domains to achieve BMP inhibi-

tion.48 Noggin, however, derives the majority of its

affinity for BMP7 from its N-terminus, as seen

structurally [Fig. 2(D)].34 Furthermore, Noggin

exists in a different dimeric conformation as com-

pared with PRDC, sustaining a head-to-head or par-

allel conformation supported via an intermolecular

disulfide bond. Ultimately, more work needs to be

done to validate the current PRDC binding model,

where the structure of a DAN-BMP complex would

prove most beneficial.

Recently, the crystal structure of Norrin was

determined [Fig. 4(D)].73 While Norrin is typically

not categorized in the DAN family, it has been

shown to inhibit BMP signaling as well as activate

Wnt signaling.74–77 Similar to PRDC, Norrin forms

an arched head-to-tail dimer, sharing the finger-

wrist-finger and cystine-knot architecture, including

the disulfide bond linking Finger 1 to Finger 2.

While the similarity between Norrin and PRDC is

striking, significant differences are apparent

between their corresponding wrist regions and dimer

interfaces. In Norrin, the b-strand (b2) of one chain

forms an anti-parallel interaction with the b2 of the

adjacent chain, similar to PRDC, but then extends

to form additional anti-parallel contacts with b4

[Fig. 4(C,D)]. This additional H-bonding likely

accounts for the increased curvature present in the

wrist region of Norrin. Interestingly, Norrin contains

three additional cysteines that allow it to form a

highly stable disulfide-bonded dimer. Two of these

cysteines lie in proximity of the corresponding loca-

tion of the unpaired cysteine in PRDC, forming two

intermolecular disulfide bonds that are spaced a sin-

gle residue apart [Fig. 4(C,D)].73 Furthermore, a

third disulfide bond links the opposing Norrin mono-

mers to bring their C-termini together [Fig. 4(D)].

Future studies are needed to elucidate how Norrin

functions to antagonize BMP signaling and if it par-

allels the DAN family.

An interesting aspect of DAN function is the

ability of these antagonists to interact with the

extracellular matrix, including heparin and heparan

oligosaccharides. It has been shown that SOST,

Gremlin, PRDC, and USAG-1 can all bind to heparin

or heparan sulfate, a characteristic not shared across

the entirety of the family (such as Nbl1 and Cer-

berus).3,26,43,62,66 NMR studies of SOST showed that

the heparin binding epitope was dispersed through-

out the DAN domain, extending from the wrist region

into Finger 2.66 However, the location of heparin
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binding does not appear to be conserved across the

family through comparison by multiple alignment

(Fig. 5). Comparison of the electrostatic surface

potential shows a clear distinction between SOST

and PRDC (Fig. 6). Using PRDC to model other DAN

family members, the distribution of positive charges

is shown to be highly variable (similar to BMP

ligands), suggesting differences in their heparin bind-

ing epitopes, affinity, and potentially their functional

use of heparin and heparan binding (Fig. 6).

Role in Wnt Signaling
It was originally thought that all members of the

DAN family would function to inhibit BMP signal-

ing. The first indication of signaling cross-talk was

shown in 1999, where Xenopus Cerberus (xCerb)

was found to inhibit Wnt signaling in addition to

BMP signaling.20 Furthermore, these activities local-

ized to different regions in xCerb, with xWnt8 bind-

ing localizing to the N-terminus and BMP and

Nodal binding localizing to the DAN domain. Inter-

estingly, direct binding of Wnt ligands appears

unique to xCerb, where the mouse homologue lacks

this capability.55

In addition to xCerb, SOST and USAG-1 have

been shown to modulate Wnt signaling. Initially,

USAG-1 was described in both Wnt activating and

inhibitory roles.78 This phenotype was later shown

to derive from a direct interaction between USAG-1

and the Wnt co-receptor, LRP6 (low-density

lipoprotein-related protein 6).62 In 2001, mutations

in the SOST gene were identified in humans with

the bone disorder sclerosteosis, with the disease

being initially associated with a BMP inhibitory phe-

notype.21 However, this phenotype has been reclassi-

fied, as SOST also shares the ability to antagonize

Wnt signaling through a direct interaction with

LRP5/LRP6.22,23 Since both BMP and Wnt signaling

directly control bone mass, therapeutics targeted at

sequestering SOST have become highly regarded,

prompting structural studies aimed at understand-

ing the interaction between SOST and LRP5/6.79,80

The ectodomain of LRP5/6 consists of four b-pro-

peller/EGF-like domains. It has been shown that the

first repeat contains a peptide recognition motif capa-

ble of binding the consensus peptide sequence NXI.80

This sequence is present in both Wnt antagonists

Dickkopf-1 (Dkk1) and SOST, which are structurally

unrelated. In SOST, the NXI motif is located in a

loop within the wrist region of its DAN-domain. Fur-

thermore, this motif is present in USAG-1 but absent

in the remaining DAN family members. The NXI

motif of SOST is located in the distal tip of the mole-

cule, where it is likely accessible for interaction with

LRP5/6. In contrast, the corresponding segment in

PRDC, which lacks the NXI motif, forms part of its

dimer interface and is partially buried.43 This sug-

gests that access to this peptide segment might differ

depending on the monomeric or dimeric state of the

protein. While SOST appears to be monomeric, how-

ever, USAG-1 has been implicated as a dimer, sug-

gesting that dimerization may not limit the NXI

motif from binding LRP5/6.62 As such, it will be

interesting to determine what role oligomerization

plays in mediating both BMP and Wnt antagonism.

While DAN family members have been impli-

cated in Wnt antagonism, this role is complex as dif-

ferent mechanisms for inhibition likely exist

depending on the specific Wnt ligand in question.

For example, differing results have been reported in

Figure 6. DAN-family electrostatic surface potentials. Surface potentials for several different DAN-family members are shown

using top, side, and bottom views. Potentials were calculated using APBS and are colored on a scale of 26 to 6 kbT/ec (red to

white to blue).96 Red indicates a negative surface potential while blue represents a positive surface potential. PRDC surface

representation is based upon the crystal structure of the dimer. Coco, Cerberus, and Nbl1 were modeled using SwisProt2.0

using PRDC (PDB 4JPH) as an input structure.43,97 These members are plotted as dimers, where Nbl1 is known to exist as a

dimer and speculated for Coco and Cerberus. SOST surface potential is based upon the NMR solution of the protein (PDB

2K8P) and is shown as a monomer.66 Beneath the protein surfaces are numbers indicating the pI (black) of each DAN-family

protein, the number of positive residues (blue; lysines and arginines), and the number of negative residues (red; glutamates and

aspartates) per monomer of each full-length antagonist.
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regards to the inhibition of Wnt3a by SOST.79,81,82

Wnt3a binds to the third propeller domain of LRP5/

6 while SOST binds to the first propeller domain,

possibly implying an allosteric mechanism of regula-

tion.79,83 However, the concentration of SOST

required to inhibit Wnt3a versus Wnt1 signaling is

drastically different, suggesting that inhibition of

Wnt3a by SOST may not be physiological.82 Further-

more, a short peptide derived from SOST containing

the NXI motif was capable of antagonizing Wnt1 but

not Wnt3a signaling.79,82,83 Taken together, the

mechanisms required to antagonize these different

Wnt ligands is inherently different. To complicate

matters further, USAG-1 and SOST can also bind to

the alternative Wnt coreceptor, LRP4.79,84,85 While

the NXI motif is necessary for LRP5/6 binding, it

does not appear to be involved in the interaction

with LRP4, suggesting different mechanisms of

mediating Wnt signaling.79

Given that Norrin activates Wnt signaling

through direct interaction with the Wnt coreceptors,

it raises the possibility that certain DAN family

members may share this ability. On the basis of the

similarity of the PRDC and Norrin structures, in

addition to their conserved dimeric and growth fac-

tor like folds, it will be interesting to see whether or

not certain DAN family members can also activate

canonical Wnt signaling.74–76

Role in VEGF Signaling
Recently, the DAN family member, Gremlin, was

shown to promote angiogenesis, pointing to roles in

both cancer progression (or inhibition) and tumor

survival.24,86,87 Gremlin was also shown to be upreg-

ulated in endothelial cells isolated from human lung

cancers.88 Interestingly, this proangiogenic activity

of Gremlin is not related to its role in BMP or even,

possibly, Wnt antagonism, but through its ability to

activate the VEGF receptor VEGFR2.25 Binding

studies have shown that Gremlin specifically inter-

acts with VEGFR2 (not VEGFR1 or VEGFR3) with

an apparent affinity of 47 nM.25 While this is com-

paratively lower than its affinity for BMP2 or

BMP4, it was shown that incubation of Gremlin

with BMP did not interfere with VEGFR2 activa-

tion, suggesting that alternative epitopes may be

utilized to interact with VEGFR2 versus BMP

ligands.25 In addition, competition assays have sug-

gested that the binding epitopes on VEGFR2 likely

overlap between VEGF and Gremlin. Furthermore,

heparin is necessary for Gremlin mediated activa-

tion of VEGFR2.26,43 Taken together, Gremlin likely

functions to bind BMP ligands and VEGFR2 utiliz-

ing alternative and independent epitopes.

To gain insight into the Gremlin-VEGFR2 inter-

action, we compared the structure of PRDC (70%

sequence identify to Gremlin) to the structure of the

VEGF ligands. While the overall RMSD is high by

direct comparison (9.4 Å), there are several signifi-

cant similarities between these seemingly different

proteins. Overall, both PRDC and VEGF share a

similar growth factor like fold, where two monomers

are arranged head-to-tail to form a homodimer (Fig.

7). Each monomer contains a centrally located

Figure 7. VEGF binding to the VEGFR2 receptor and comparison to PRDC. (top left) Structure of the VEGF-C dimer shown in

ribbon representation with one monomer colored green and the opposing colored gray (PDB 2X1X).70 (bottom left) Structure of

the PRDC dimer shown in ribbon representation with one monomer colored green and the opposing colored gray.43 For both

PRDC and VEGF-C, sticks are shown to represent disulfide bonds. Numbers and lines indicate the length of the proteins from

one end to the other. Regions highlighted in red indicated the wrist regions of these proteins. (right) The second and third

extracellular domains of VEGFR2 are shown in ribbon and surface representation, colored light and dark blue, respectively. The

dotted lines indicate that a substantial portion of the protein is not included in this model (extracellular domains 4–7). For

VEGF-C, the wrist region (shown in red) folds out of the when binding to VEGFR2 and is important for mediating the interaction

and affinity with this receptor. Number represents the approximate distance between opposing VEGFR2 receptors.
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cystine-knot and an N-terminal helix that bridges

the two monomers, forming part of their dimer inter-

faces.70 However, the PRDC dimer is more elongated

than the VEGF dimer, with a tip-to-tip distance that

is �25 Å greater (Fig. 7). Moreover, VEGF dimeriza-

tion is covalent, supported via two intermolecular

disulfide bonds, whereas PRDC is noncovalent with

a more compressed dimer interface.43,70

Given that VEGFR2 dimerizes and activates

upon VEGF binding, it is easy to speculate that a

dimer of Gremlin could perform a similar function.70

However, due to the structural differences between

Gremlin and VEGF, it is possible that the spatial

assembly of VEGFR2 upon agonist binding is differ-

ent and/or unique. For VEGF, receptor binding occurs

distally at the fingertips and involves contacts with

both monomers of the ligand (Fig. 7).70 For Gremlin,

the more elongated dimer could position the receptors

farther apart during activation, possibly altering sig-

naling outcomes. Interestingly, the kinetics of recep-

tor activation were shown to be different between

VEGF and Gremlin with maximum signaling occur-

ring at 12 min versus 21 min, respectively.89 It will

be exciting to see how the structures of these com-

plexes differ and if other DAN family members share

the capacity to stimulate VEGF signaling.

Conclusions
While the knowledge base for DAN family mediated

BMP antagonism is growing, much work is needed to

mechanistically understand how this occurs. On the

basis of recent observations of cross-talk with both

VEGF and Wnt signaling, it will be important to

determine what features and epitopes allow for DAN

family proteins to differentiate these pathways and

which proteins within the family harbor the ability to

do so. Furthermore, more work is needed to determine

how oligomeric state impacts both BMP antagonism

as well as noncanonical signaling roles. Although not

discussed at length in this review, Gremlin has been

supported to interact with Slit-1 and Slit-2, as well as

MMI-1 (macrophage migration inhibitory factor-

1).90,91 Additionally, SOST has been shown to bind to

the BMP antagonist, Noggin, with low nM affinity.92

As the number of cross-interactors increases for this

family, it will be interesting to determine how this

impacts cellular signaling outcomes. In final, addi-

tional structural and functional work is needed to

address these differences, where understanding how

DAN family proteins differentiate these multiple pro-

tein partners could prove valuable when developing

therapeutics to treat diseases associated with misre-

gulated BMP or DAN family signaling.
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