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Abstract

Cerberus is a key regulator of vertebrate embryogenesis. Its biological function has been studied 

extensively in frog and mouse embryos. Its ability to bind and antagonize the transforming growth 

factor-β (TGF-β) family ligand Nodal is well established. Strikingly, the molecular function of 

Cerberus remains poorly understood. The underlying reason is that Cerberus is a complex, 

multifunctional protein: It binds and inhibits multiple TGF-β family ligands, it may bind and 

inhibit some Wnt family members, and two different forms with distinct activities have been 

described. In addition, sequence homology between frog and mammalian Cerberus is low, 

suggesting that previous studies, which analyzed frog Cerberus function, may not accurately 

describe the function of mammalian Cerberus. We therefore undertook to determine the molecular 

activities of human Cerberus in TGF-β family signaling. Using purified proteins, surface plasmon 

resonance, and reporter gene assays, we discovered that human Cerberus bound and inhibited the 

TGF-β family ligands Activin B, BMP-6, and BMP-7, but not the frog Cerberus ligand BMP-2. 

Notably, full-length Cerberus successfully blocked ligand binding to type II receptors, but the 

short form was less effective. In addition, full-length Cerberus suppressed breast cancer cell 

migration but the short form did not. Thus, our findings expand the roles of Cerberus as TGF-β 
family signaling inhibitor, provide a molecular rationale for the function of the N-terminal region, 

and support the idea that Cerberus could have regulatory activities beyond direct inhibition of 

TGF-β family signaling.
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Introduction

Cerberus is a secreted antagonist of transforming growth factor-β (TGF-β) family signaling 

that belongs to the DAN (differential screening-selected gene aberrative in neuroblastoma) 

family of cystine knot proteins [1,2]. It plays an important role in head formation and 
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cardiogenesis during vertebrate embryonic development [3–8]. Overexpression of frog 

Cerberus (xCer) in frog embryos induced formation of ectopic heads [3,9], and Cerberus 

knockdown in mouse embryonic stem cells prevented cardiac lineage specification [7]. 

Beyond embryogenesis and cardiogenic progenitor cells, Cerberus functions are not known. 

However, mutations in the Cerberus gene are well correlated with an increased risk of low 

bone mineral density (BMD) in premenopausal women and osteoporosis in postmenopausal 

women [10–12]. Significantly, how Cerberus regulates head formation, cardiac lineage 

commitment, and BMD is not well understood because its molecular activities are poorly 

defined. The common view is that Cerberus is a multifunctional protein that binds and 

inhibits the TGF-β family ligands Nodal, BMP-2, BMP-4, and Activin A, as well as some 

members of the Wnt family [1,13]; however, contradicting activities have also been reported. 

For example, frog Cerberus inhibited frog Nodal (Xnr1 and Xnr2), BMP-2, BMP-4, and 

XWnt8 (frog Wnt8) [1], whereas mouse and human Cerberus only inhibited Nodal [13–15].

A possible reason for the different observations is limited sequence conservation between 

Cerberus from different species [13,15]. Human and mouse Cerberus, respectively, only 

share 35.7% and 33.8% sequence identity with frog Cerberus. Even between human and 

mouse Cerberus, sequence identity is only 67.2% [2,15]. Notably, sequence identity in the 

C-terminal cystine knot domain is approximately 50% between the mammalian and the frog 

species, whereas conservation in the N-terminal half of the sequence is nearly negligible. In 

addition, two forms of frog Cerberus with potentially distinct functions have been described 

[1]. A long form (xCer-L) inhibited Xnr2, BMP-2, BMP-4, and XWnt8, whereas a short 

form (xCer-S), which is likely generated by proteolytic processing of xCer-L, only inhibited 

Xnr2 [1]. Taken together, these findings indicate that the molecular functions of mammalian 

Cerberus need to be defined. Knowing which signaling pathways mammalian Cerberus 

regulates and how the long and short forms of Cerberus differ is critically important for 

elucidating the cellular programs that lead to head formation in developing embryos, to 

differentiation of mouse cardiogenic progenitors, and to low BMD and osteoporosis in 

women that carry the mutant Cerberus alleles.

To clarify the function of human Cerberus in TGF-β family signaling, we investigated its 

ligand binding specificity and its ability to inhibit signaling. Using purified proteins and 

surface plasmon resonance (SPR), we discovered three new TGF-β family ligands that bind 

human Cerberus with high affinity: Activin B, BMP-6, and BMP-7. Using SPR and reporter 

gene assays, we showed that human Cerberus prevented type II receptor binding and 

signaling by these ligands and by Nodal, but not by its putative ligand BMP-2, or Activin A, 

indicating that the activity of human Cerberus differs from the activity reported for frog 

Cerberus [1]. Notably, full-length and short-form Cerberus bound and inhibited ligands 

equivalently, but the two forms differed in their ability to prevent ligand binding to type II 

receptors, suggesting that the cleavable N-terminal region could play a role in blocking the 

type II receptor binding surface. In addition, full-length Cerberus profoundly suppressed 

migration of MDA-MB-231 breast cancer cells, whereas short-form Cerberus did not, 

suggesting that the different forms of Cerberus could have distinct biological activities, such 

as regulation of Wnt signaling via the cleavable N-terminal region. Indeed, full-length frog 

Cerberus (Cer-L) co-immunoprecipitated with the Wnt family ligand XWnt8, but the short 

form (Cer-S) did not [1]. In conclusion, we have identified new TGF-β family signaling 

Aykul and Martinez-Hackert Page 2

J Mol Biol. Author manuscript; available in PMC 2020 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ligands that are antagonized by human Cerberus and we have elucidated molecular and 

biological activities of full-length and short-form Cerberus.

Results

Construct design

Cerberus is widely considered to be a multifunctional protein that inhibits Nodal, bone 

morphogenetic proteins BMP, Activin A, and Wnt activity; however, conflicting findings 

regarding its function have been reported [1,13–15]. To clarify the molecular activities of 

human Cerberus, we expressed a number of constructs as Fc fusion proteins using stably 

transfected Chinese hamster ovary (CHO) cells, including wild-type Cerberus (wtCer-Fc), 

mutant Cerberus (mutCer-Fc), and short-form Cerberus (CerS-Fc) (Fig. 1a and b). For wild-

type Cerberus, the complete wild-type human sequence was used. For mutant Cerberus, a 

putative proprotein convertase processing site (Arg82Gly) and an unpaired cysteine were 

modified (Cys206Ala) [16,17]. For short Cerberus, the sequence between signal peptide and 

a predicted proprotein convertase processing site was deleted (Δ18–85) and the unpaired 

cysteine was mutated (Cys206Ala). Cerberus was fused at the C-terminus to the Fc portion 

of human IgG1 via a 22-amino-acid linker containing a tobacco etch mosaic virus (TEV) 

cleavage site (Fig. 1b).

Cerberus-Fc fusion proteins were purified from conditioned medium by protein A affinity 

chromatography followed by size-exclusion chromatography (SEC) (Fig. 1c–e). Preparative 

SEC showed that wtCer-Fc and CerS-Fc were significantly aggregated, whereas mutCer-Fc 

was almost free of aggregates (data not shown). Monodisperse peaks corresponding to a 

dimeric species could be obtained by sequential SEC purification cycles (Fig. 1c). To 

produce the Fc free forms for SPR and other inhibition studies, we digested purified fusion 

proteins with TEV. The Fc portion was removed by passing the digested form over a protein 

A column followed by SEC. Fc free Cerberus, constructs were monodisperse by SEC (Fig. 

1d). Cerberus elution volumes corresponded to a dimeric form for the full-length constructs, 

but the elution volume of the CerS construct appeared to be consistent with a monomeric 

species (Fig. 1d).

To determine the dimerization state of Cerberus and the role of its unpaired cysteine, we 

used SDS-PAGE mobility assays. Molecular masses of Cerberus-Fc constructs were ~65–75 

kDa under reducing conditions and ~130–150 kDa under non-reducing conditions, as 

expected for the disulfide-linked Fc fusion proteins (Fig. 1e, FC). The Fc free forms 

migrated as ~30- to 35-kDa proteins on SDS-PAGE under both reducing and non-reducing 

conditions, demonstrating that human Cerberus, like its homologs PRDC and NBL1, does 

not form disulfide-linked homodimers (Fig. 1e, TEV) [16,17]. Notably, glutaraldehyde 

cross-linking of the purified Fc free Cerberus fractions showed that both full-length and 

short-form Cerberus, like its homologs PRDC and NBL1, form non-covalent dimers in 

solution (Fig. 1d) [16,17].

Cerberus constructs migrated with elevated motility on SDS page and both full-length forms 

contained degradation products. To clarify the contribution of glycosylation and proteolytic 

cleavage to SDS-PAGE heterogeneity and elevated molecular mass, we digested mutCer 
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with deglycosylation enzymes (Fig. 1e, DEG). Treatment with PNGase F alone decreased 

the molecular mass of full-length Cerberus to approximately 30 kDa. Simultaneous 

treatment with PNGase F and sialidase produced a homogenous band that corresponded to 

the theoretical molecular mass of full-length Cerberus, which is 28 kDa, indicating that 

Cerberus is heavily N- and O-glycosylated. Based on SDS-PAGE mobility, the degradation 

product of full-length Cerberus corresponded approximately to the cloned, short-form 

Cerberus, indicating that Cerberus can be proteolytically processed and that cleavage occurs 

at or near the predicted proprotein convertase processing site (Fig. 1e, red star). SEC elution 

volumes of the short form and the degradation product are the same, indicating that the 

oligomeric state and apparent molecular weight of the two proteins are the same.

Ligand binding

Co-immunoprecipitation studies have indicated that frog and/or mouse Cerberus bind Nodal, 

BMP-2, BMP-4, and possibly Activin A [1,13]. By contrast, we previously showed that, out 

of seven tested TGF-β family ligands, including BMP-2, Activin A, and Nodal, only Nodal 

bound human Cerberus with significant affinity [1,13,15,18]. To investigate more broadly 

the ligand binding specificity of human Cerberus, we used a high-throughput, SPR-based 

binding assay. We captured purified wtCer-Fc on a Biacore sensor chip that was cross-linked 

with an anti-human Fc antibody and we injected 15 different TGF-β-family ligands at a 

concentration that exceeds physiological levels (80 nM) [19–21]. As expected, most of the 

tested TGF-β-family ligands did not bind Cerberus with appreciable affinities, including 

Activin A, BMP-2, TGF-β1, TGF-β2, TGF-β3, GDF-1, GDF-3, GDF-8, and BMP-9 (Fig. 

2a) [15]. Notably, we discovered three new ligands that bind human Cerberus in addition to 

Nodal: Activin B, BMP-6, and BMP-7.

Frog Cerberus exists in a long form and a processed, short form. Short-form Cerberus is 

thought to bind and inhibit Nodal, but not other ligands [1]. To evaluate the role in ligand 

binding of the proprotein convertase cleavable N-terminal region and of the unpaired 

cysteine (Cys206), we determined the ligand binding profiles of CerS and mutCer using the 

high-throughput, SPR-based binding assay. We captured purified CerS-Fc and mutCer-Fc on 

a Biacore sensor chip and we injected 15 different ligands at 80 nM concentration as we did 

for wtCer-Fc (Fig. 2b–d). Intriguingly, we found that ligand binding by CerS-Fc and 

mutCer-Fc was not significantly different from wtCer-Fc for BMP-6 and BMP-7, whereas 

the dissociation rate for Activin B was approximately 10-fold faster with wtCer-Fc. 

Nevertheless, Cerberus–Activin B equilibrium dissociation constants were low, ranging from 

20 to 100 pM. Thus, the cleavable N-terminus and the unpaired cysteine of human Cerberus 

do not appear to have a major, direct role in ligand binding affinity or specificity.

To determine the binding affinity of the newly discovered Cerberus ligands Activin B, 

BMP-6, and BMP-7, we captured wtCer-Fc, mutCer-Fc, and CerS-Fc on a Biacore sensor 

chip and we injected a concentration series for each one of these three ligands (Fig. 3, Fig. 

S1, and Table 1). wtCer-Fc bound Activin B with affinities that are comparable to refolded 

Nodal [ka = 2.3 × 106 (M−1 s−1), kd = 2.2 × 10−6 (s−1 ), and Kd = 0.096 nM] (Fig. 3) [15]. 

The association rate was very fast and the dissociation rate was very slow, as expected for a 

very strong, picomolar interaction. Binding of BMP-6 and BMP-7 was significantly weaker, 
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but complexes were stable, as indicated by the low-nanomolar equilibrium dissociation 

constant (Kd = 19 nM and 17 nM, respectively; Fig. 3 and Fig. S1). Even at this 

comparatively weak affinity, BMP-6 and BMP-7 bound Cerberus with several orders of 

magnitude higher affinity than the frog Cerberus ligands BMP-2 [15]. Notably, while 

mutCer-Fc and CerS-Fc bound ligands with association rates that were similar to those of 

wtCer-Fc, the dissociation rates were marginally slower, suggesting that mutCer-Fc and 

CerS-Fc complexes are more stable (Fig. 3 and Table 1). In sum, Nodal and Activin B are 

the highest-affinity ligands of human Cerberus; however, human Cerberus also binds BMP-6 

and BMP-7 with significant affinities.

Mechanism of inhibition

Cerberus blocked binding of Nodal to its type I and type II receptors [1,13,15]. Inhibition of 

Nodal binding to the type II receptors ActRIIA and ActRIIB was more efficient than to 

BMPRII [15]. To validate the mechanism of Cerberus inhibition and to examine its potential 

for differential regulation, we investigated the effect of the different Cerberus constructs on 

ligand binding to the type II receptors ActRIIA, ActRIIB, and BMPRII. Type II receptor-Fc 

fusion proteins were captured on a Biacore sensor chip that was cross-linked with an anti-

human Fc antibody. Activin B and BMP-6 (10 nM and 80 nM, respectively) were 

preincubated with Fc free Cerberus at concentrations ranging from 0 nM to 4000 nM. 

Preassembled ligand–Cerberus complexes were injected over the captured receptors (Fig. 4). 

In this format, Cerberus must be Fc free to avoid binding of Fc to the anti-human Fc 

antibody cross-linked sensor chip.

As expected, Cerberus prevented Activin B and BMP-6 binding to ActRIIA-Fc, ActRIIB-Fc, 

and BMPRII-Fc in a concentration-dependent manner (Fig. 4). Inhibition kinetics indicated 

that Cerberus is a competitive inhibitor of the ligand–type II receptor interaction, further 

supporting the conclusion that Cerberus binds ligands also by covering the type II receptor 

binding site [15]. However, the different Cerberus constructs did not inhibit ligands 

equivalently. wtCer strongly inhibited the low picomolar (Kd ≈ 0.01 nM) interaction 

between Activin B and the type II receptor ActRIIA (IC50 of 26 nM; Fig. 4 and Table 2), 

whereas mutCer and CerS were less effective (IC50 of 40 nM and 261 nM, respectively); 50 

nM wtCer reduced binding of Activin B to ActRIIA by approximately 60% (Fig. 4). By 

contrast, 50 nM CerS only reduced binding of 10 nM Activin B to ActRIIA by 

approximately 10%. This trend extends to inhibition of ligand binding to ActRIIB-Fc (data 

not shown) and BMPRII-Fc (Fig. 4 and Table 2), as well as Nodal (Fig. S2). However, as 

Activin B and BMP-7 binding to BMPRII is weaker than to ActRIIA, inhibition of ligand 

binding to BMPRII is more effective for all Cerberus forms against these two ligands. By 

contrast, Cerberus does not completely block binding of Nodal to BMPRII (Fig. S2). By 

itself, Cerberus does not bind ActRIIA, ActRIIB, or BMPRII. Taken together, our findings 

indicate that all Cerberus constructs inhibit ligand binding to type II receptors. mutCer is as 

effective as wtCer, indicating that the unpaired cysteine and/or the single point mutation in 

the proprotein convertase processing site do not contribute significantly to inhibition of the 

ligand–type II receptor interaction. By contrast, the cleavable N-terminus appears to have a 

more direct role in blocking ligand binding to type II receptors, as an approximately 10-fold 

higher concentration of the short form was needed to inhibit receptor binding. We did not 
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evaluate type I receptor inhibition, as we currently do not know which type I receptors are 

bound by Activin B, BMP-6, or BMP-7.

Signaling inhibition

As Cerberus inhibited the ligand–type II receptor interaction and inhibited Nodal signaling 

in vivo [15,22–24], we hypothesized that Cerberus could also inhibit signaling by its newly 

identified ligands. To test this hypothesis, we used a luciferase reporter gene assay. We 

transfected A-204 cells with control plasmid pGL4.74 [hRluc] and the SMAD3 responsive 

reporter plasmid pGL4.48 [luc2P/SBE] or HepG2 cells with the same control plasmid and 

the SMAD1/5/9 responsive reporter plasmid pGL3 [luc2P/BRE] [25,26]. Transfected A-204 

cells were treated with 0.8 nM Activin A or Activin B, and HepG2 cells were treated with 

0.8 nM BMP-2 or BMP-6 [25,26]. Both Activin A and Activin B induced luciferase 

expression with the SMAD3 reporter, and both BMP-2 and BMP-6 induced luciferase 

expression with the SMAD1/5/9 reporter, as expected (Fig. 5). Addition of wtCer-Fc 

inhibited Activin B and BMP-6 signaling in a concentration-dependent manner, but not 

Activin A or BMP-2. mutCer-Fc and CerS-Fc also inhibited Activin B and BMP-6 signaling, 

and their efficacy was similar to wtCer-Fc. To determine whether the Fc moiety had an 

impact on signaling inhibition, we performed this assay with the Fc free wtCer form. Its 

effect on signaling was comparable to wtCer-Fc (Fig. 5).

Using the luciferase reporter gene expression data, we calculated IC50 for inhibition with the 

different Cerberus constructs. Overall, IC50 values are in agreement with, but are not 

identical with, IC50 values determined by SPR (Figs. 3–5 and Table 2). One possible reason 

for the observed differences is that, with SPR, we determined an IC50 relative to individual 

receptors. By contrast, in the cell-based assay, we determined an IC50 that combines the 

contributions of all the receptors expressed on the cell surface. As Activin B and BMP-6 

interact, at least, with ActRIIA, ActRIIB, and BMPRII, an IC50 determined by SPR should 

be similar but cannot be identical with an IC50 determined in a whole cell context, where all 

three receptors are present at the same time.

Wound healing

Long-form (xCer-L) and short-form (xCer-S) frog Cerberus have distinct biological 

activities [1]. As full-length human Cerberus fused to Fc (wtCer-Fc) inhibited migration of 

MDA-MB-231 breast cancer cells [15], we undertook to evaluate, using a wound healing 

assay, how different human Cerberus-Fc fusion constructs inhibit MDA-MB-231 migration 

(Fig. 6a and b). We plated MDA-MB-231 breast cancer cells in an Ibidi culture insert. When 

cells reached 80% confluence, we removed the insert and replaced culture medium with 

fresh medium containing 2.5 μg/ml mitomycin C with or without 17.8 nM wtCer-Fc, 

mutCer-Fc, or CerS-Fc. As expected, the 500-μm gap created by the culture insert 

completely closed within 24 h in untreated cells (Fig. 6a and b, control). By contrast, wtCer-

Fc completely prevented wound closure, confirming its ability to suppress MDA-MB-231 

migration (Fig. 6a and b, wtCer-Fc) [15]. mutCer-Fc also had a strong effect on migration, 

although it was slightly less effective that wtCer-Fc (Fig. 6a and b, mutCer-Fc). Strikingly, 

CerS-Fc lost the ability to suppress migration, allowing greater than 75% wound closure 

relative to wtCer-Fc (Fig. 6a and b, CerS-Fc). To ascertain that the unpaired cysteine had no 
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direct role in suppressing MDA-MB-231 migration, we generated a construct that only 

carried the C206A mutation. This construct was as effective as wtCer-Fc (data not shown), 

demonstrating that the unpaired cysteine does not have a prominent role Cerberus inhibition 

of breast cancer cell migration. Importantly, the Fc domain did not have an effect on 

Cerberus activity, as the different Fc free Cerberus constructs closely paralleled the effect of 

the corresponding Fc fusion forms (Fig. S4). Taken together, these findings suggest that the 

N-terminus of human Cerberus is critical for suppressing MDA-MB-231 cell migration and 

indicate that the long and short forms could have distinct biological activities, even if ligand 

binding affinities or the ability to inhibit signaling of the Fc fusion constructs is not 

significantly different.

Discussion

Cerberus is a secreted regulator of TGF-β family signaling that has multiple antagonist 

activities and that exists in two functionally distinct forms. Which TGF-β family signaling 

pathways human Cerberus regulates and how the two forms function is poorly understood, 

as the molecular activities of human Cerberus are yet to be properly defined. As Cerberus is 

an important regulator of key developmental processes, including head formation and 

cardiogenesis, and as human Cerberus may play a critical role in adult bone homeostasis, 

elucidating its function is of considerable biological and biomedical significance. Thus, our 

goal here was to determine the TGF-β family ligand binding specificity of human Cerberus 

and to elucidate the function of the N-terminal region, which has a proprotein convertase 

recognition sequence and is cleaved to produce a processed form with a distinct activity.

Previous studies have indicated that frog Cerberus is an antagonist of the TGF-β family 

ligands Nodal, BMP-2, and BMP-4 [1]. These findings have encouraged the consensus view 

that every Cerberus from every species is a “BMP” antagonist [13,27]. However, while we 

and others have confirmed that human and mouse Cerberus bound and inhibited Nodal, we 

also discovered that human Cerberus did not bind or inhibit BMP-2 [13,15]. On the other 

hand, frog Cerberus antagonizes multiple TGF-β family ligands, suggesting that members of 

the Cerberus family could be promiscuous TGF-β family ligand inhibitors. To better 

understand the scope of human Cerberus function, we examined whether it could also bind 

and inhibit multiple TGF-β family ligands. In addition to Nodal, we found that human 

Cerberus bound Activin B, BMP-6, and BMP-7 with high affinity (Figs. 2 and 3 and Table 

1), but not BMP-2, or other close homologs of Activin B, including Activin A. Notably, 

Activin A and Activin B are often considered to be functionally equivalent, and Nodal and 

Activin A are often used interchangeably in biological assays. The exquisite specificity of 

the Cerberus–Activin B and Cerberus–Nodal interactions suggests, however, that Activin A 

could perform biological functions while Cerberus is proximally expressed in order to 

inhibit Nodal or Activin B signaling. In sum, we show that TGF-β family signaling 

regulation by human Cerberus is restricted to a small and specific group of ligands that is 

different from that reported for frog Cerberus [13,15]. Notably, we suggest that inhibition of 

Activin B by human Cerberus could play a role in regulating BMD [28].

When frog Cerberus was first characterized, two different forms of the gene product were 

observed [1]. Animal cap cells secreted a soluble protein of 46,000 kDa and a minor form of 
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33,000 kDa, and human 293T cells almost exclusively produced the 33,000-kDa form [1]. 

Notably, the two forms were found to have distinct activities, namely, full-length Cerberus 

antagonized Wnt, Nodal, and BMP signaling, whereas the short form only antagonized 

Nodal function [1]. We found that CHO cells also produced two forms of human Cerberus, a 

full-length form and a short form. The two forms also differed by approximately 10–15 kDa. 

As the short form of Cerberus appears to exist in different species (frog and human), we 

speculated that posttranslational processing could play a role in regulating Cerberus 

function. Sequence analysis of different Cerberus genes identified a conserved proprotein 

convertase processing site in mammalian Cerberus (amino acids 80–86 for human Cerberus; 

Fig. 1, RGFR|F; amino acids 125–128 for frog Cerberus, RRSFDKR|N) [29]. Remarkably, 

frog Cerberus also has a predicted proprotein convertase processing site near the engineered 

xCer-S N-terminus. As mutation of a key arginine (Arg81) in the human Cerberus proprotein 

convertase recognition motif significantly reduced proteolysis and as a construct lacking the 

N-terminal sequence produced a biologically active protein that migrated on SDS-PAGE 

electrophoresis with a molecular weight corresponding to the processed form, we speculate 

that the short form of Cerberus can be obtained by proprotein convertase processing at the 

predicted proprotein convertase processing site.

To determine if the two forms of human Cerberus are functionally distinct, we compared 

their abilities to bind ligands and inhibit signaling. In contrast to frog Cerberus, we found 

that the two human Cerberus forms bound ligands more or less equally (Figs. 2 and 3). 

However, they differed in their ability to block ligand binding to type II receptors. Full-

length Cerberus effectively inhibited ligand binding to ActRIIA, ActRIIB, and BMPRII, 

whereas a far higher concentration of the short form was needed to achieve comparable 

inhibition (Fig. 4). As we previously demonstrated that Cerberus blocked Nodal binding to 

both type I and type II receptors, as well as to the co-receptor Cripto-1 [15], we propose that 

the principal molecular function of the short-form Cerberus fragment is to block the type I 

receptor and Cripto-1 binding sites (Fig. 6c and Fig. S2). By contrast, the cleavable N-

terminal region does not contribute much to ligand binding affinity, but it improves blockade 

of the type II receptor binding site. As the different Cerberus-Fc constructs inhibited 

signaling equivalently, our findings support the conclusion that inhibition of the ligand–type 

I receptor interaction is sufficient for Cerberus to inhibit signaling by its cognate TGF-β 
family ligands (Fig. 5). This inhibition directly correlates with ligand binding affinity.

Strikingly, full-length Cerberus profoundly suppressed migration of MDA-MB-231 breast 

cancer cells, whereas the short form largely lacked this activity (Fig. 6a and b). This 

puzzling finding could indicate that the suppressive effect of Cerberus on aggressive 

phenotypes of certain human breast cancer cell lines requires simultaneous inhibition of 

ligand binding to both type I and type II receptors [15]. Alternatively, the suppressive effect 

of Cerberus may not be due to inhibition of TGF-β family signaling. Instead, the N-terminal 

region could have roles beyond the TGF-β family, including inhibition of Wnt signaling [1]. 

However, whether mammalian Cerberus inhibits Wnt signaling is not certain. After the 

initial characterization of frog Cerberus [1], follow-up studies that combined mouse 

Cerberus and frog Wnt ligands could not reproduce this effect [13]. As the N-terminal region 

of frog and mouse Cerberus share less than 18% sequence identity, we propose that a frog 

Wnt ligand that interacts with frog Cerberus will not necessarily interact with mouse 
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Cerberus. Thus, whether mammalian Cerberus inhibits Wnt signaling by binding Wnt 

ligands has been neither demonstrated nor disproved. Our findings that other TGF-β family 

signaling inhibitors, including the decoy receptors ActRIIA-Fc, ActRIIB-Fc, BMPRII-Fc, 

and TGFβRII-Fc [28,30,31], and the small molecule type I receptor kinase inhibitor 

SB-431542 [32,33], failed to suppress MDA-MB-231 migration suggests that Cerberus 

inhibition of aggressive breast cancer cell phenotypes is complex and may also involve 

signaling pathways that do not belong to the TGF-β family (Fig. S3). In future studies, we 

will investigate whether human Cerberus inhibits Wnt ligands or other signaling pathways in 

aggressive breast cancer cells.

Materials and Methods

Ligands

Recombinant human Activin ARnD/LT (P08476), Activin BRnD (Q53T31), GDF-8RnD 

(O08689), Nodal RnD (Q96S42), TGF-β1RnD (P01137), TGF-β2PC (P61812), TGF-β3PC 

(P10600), GDF-1RnD (NP_001483), GDF-3RnD (Q9NR23), BMP-2LT (P12643), BMP-4LT 

(Q53XC5), BMP-6PC (P22004), BMP-7 PC (P18075), BMP-9PC (Q9UK05), and BMP-10PC 

(O95393) were obtained from R&D Biosystems (RnD), Life Technologies (LT), or 

PROMOCELL (PC). National Center for Biotechnology Information protein accession 

numbers are shown in parentheses. Activin A, GDF-8, and TGF-β1 were also produced in-

house. BMP-2 was also obtained as a gift from Dr. Vicky Rosen.

Expression plasmids

Synthetic genes consisting of human Cerberus (O95813), ActRIIA (P27037), and ActRIIB 

(Q13705) fused to human IgG1-Fc genes were obtained from GeneArt. Human BMPRII 

(Q13873) was cloned from cDNA and fused to human IgG1-Fc by PCR. National Center for 

Biotechnology Information protein accession numbers are shown in parentheses. Cerberus 

fusion constructs included the full-length gene (1–267, wtCer), a full-length construct with 

two mutations (1–267, R82G and C206A, mutCer), and a truncated form (1–17Δ83–267, 

C206A, CerS). Mutants and deletions were obtained by PCR. Receptor fusion constructs 

included extracellular domains of human ActRIIA (1–120), ActRIIB (1–120), and BMPRII 

(1–136). Extracellular domains were linked to human IgG1-Fc via a linker that is 22 amino 

acids long containing a TEV cleavage site.

Protein purification

Proteins were expressed using CHO cells. wtCer-Fc, mutCer-Fc, CerS-Fc, ActRIIA-Fc, 

ActRIIB-Fc, and BMPRII-Fc were purified from condition medium using protein A capture. 

Proteins were eluted with 100 mM glycine (pH 3.0) and immediately neutralized by adding 

10% (v/v) 2 M Tris (pH 8.5). To evaluate monodispersity, we analyzed proteins by SEC. For 

inhibition assays, the Fc portion of Cerberus constructs was removed using TEV protease. 

Cleaved Fc was removed with one step of protein A capture, followed by SEC. Purified 

proteins were dialyzed into phosphate-buffered saline (pH 7.5) and stored at −20 °C or −80 

°C. The purity of the proteins was checked with SDS-PAGE under reducing and non-

reducing conditions.
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Surface plasmon resonance

Ligand binding affinities and binding inhibition were determined by SPR using the Biacore 

2000. All experiments were carried out at 25 °C. HBS-EPS buffer [0.01 M Hepes, 0.5 M 

NaCl, 3 mM ethylenediaminetetraacetic acid, and 0.005% (v/v) Tween 20 (pH 7.4)] 

containing 0.1% bovine serum albumin (Sigma-Aldrich) was used as running buffer. To 

capture Fc fusion proteins, including wtCer-Fc, mutCer-Fc, CerS-Fc, ActRIIA-Fc, ActRIIB-

Fc, and BMPRII-Fc, we immobilized anti-human IgG (Fc) antibody onto four channels of a 

CM5 chip using amine-coupling chemistry. To characterize ligand binding specificity of 

Cerberus, we injected different ligands at a concentration of 80 nM, including Nodal, 

Activin A, Activin B, GDF-8, GDF-11, TGF-β1, TGF-β2, TGF-β3, BMP-2, BMP-6, 

BMP-7, BMP-9, and BMP-10. For kinetic analysis of ligands that bound Cerberus (Nodal, 

Activin B, BMP-6, and BMP-7), a series of concentrations was injected over experimental 

and control flow channels. To minimize mass transport artifacts, we used a high flow rate 

(50 μl/min) and captured low levels of purified wtCer-Fc, mutCer-Fc, or CerS-Fc 

(approximately 200–300 RU) on the experimental flow channels. A reference channel was 

monitored to account for nonspecific binding, drift, and bulk shifts. To obtain kinetic rate 

constants, we fitted the processed data to a 1:1 Langmuir interaction model with mass 

transport limitation using BiaEvaluation software. By including a mass transport term into 

the Langmuir 1:1 binding model, we were able to achieve an excellent fit of the 

experimental data as shown by overlay of the simulated binding responses (black lines). 

BiaEvaluation software calculated binding rate constants (ka and kd), mass transport rate 

constant (kt), and confidence errors (chi2). Equilibrium dissociation constants (Kd) were 

determined by calculating the ratio of binding rate constants. Results are summarized in 

Table 1. A detailed kinetic evaluation model is described in the supplemental materials. 

After each binding cycle, the antibody surface was regenerated to base line by injecting 3 M 

MgCl2. For SPR inhibition analysis, ActRIIA-Fc, ActRIIB-Fc, or BMPRII-Fc was captured 

on the sensor chip. Activin B and BMP-6 at certain concentration were preincubated with 

different concentrations of Fc free wtCer, mutCer, or CerS. Preformed complexes were 

injected over experimental and control flow channels. Sensograms were analyzed by double 

referencing. IC50 values for SPR inhibition data were determined using GraphPad. Results 

are summarized in Table 2. After each binding cycle, the antibody surface was regenerated 

to base line by injecting 3 M MgCl2.

Cell lines

A-204 rhabdomyosarcoma cells (HTB-82) and HepG2 cells (HB-8065) were obtained from 

ATCC. Cells were maintained according to ATCC (American Type Culture Collection) 

culture conditions. A-204 cells were grown in McCoy’s 5A medium supplemented with 

10% fetal bovine serum and 1% penicillin/streptavidin. HepG2 cells were grown in Eagle’s 

minimum essential medium supplemented with 10% fetal bovine serum and 1% penicillin/

streptavidin. Cells were grown at 37 °C under humidified, 5% CO2 atmosphere. Freshly 

thawed cells were passaged at least three times before performing assays.
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Reporter assays

A total of ~50,000 A-204 or ~10,000 HepG2 cells in complete medium were seeded in each 

well of a 96-well plate and grown overnight. For transfection, solutions containing 24 μl 

lipofectamine 2000, assay medium (960 μl growth medium supplemented with 0.1% bovine 

serum albumin), 192 ng Pgl4.48 [Luc2P/hRluc/TK] vector (control luciferase reporter 

plasmid; Promega, E6921), and 19.2 μg of the SMAD3 responsive reporter plasmid 

pGL4.48 [luc2P/SBE] or the SMAD1/5/8 responsive reporter plasmid pGL3 [luc2P/BRE] 

were prepared and incubated at room temperature for 30 min. After incubation, 3840 μl 

assay medium was added to the transfection solutions, and 50 μl of this mixture was added 

to each well. Transfection medium was removed the following day, and medium was 

replaced with assay medium containing test proteins, including Activin A, Activin B, and 

BMP-6 (all 10 ng/ml) and/or the Cerberus-Fc constructs (0–10,000 ng/ml). Assay medium 

containing test proteins was incubated at 37 °C for 1 h before adding to cells. After addition 

of medium, A-204 cells were incubated for 6 h and HepG2 cells were incubated for 16 h at 

37 °C, and luciferase activity was detected with the Dual-Glo Luciferase Assay System 

(Promega) or a homemade version of that assay [34]. Luminescence was determined using 

an FluoStar Omega plate reader. Relative luciferase units (RLU) were calculated by dividing 

firefly luciferase units (fLU) with renilla luciferase units (rLU). IC50 values were determined 

using GraphPad. Results are summarized in Table 2.

Wound healing

MDA-MB-231 human breast cancer cells (ATCC HTB-26) were seeded in an Ibidi insert in 

standard growth medium. Once cells reached 80% confluence, the insert was removed and 

medium was replaced with complete medium containing 2.5 μg/ml mitomycin C and 17.8 

nM wtCer-Fc, mutCer-Fc CerS-Fc, or no Cerberus control. Cells were monitored for up to 

24 h and images were taken using an inverted microscope with a magnification of 10× at 0 h 

and 24 h. Cellular migration was quantified using Vimasis software (Ibidi).

Statistics

Reporter gene assays were performed in quadruplicates and were repeated two different 

times. Statistical significance was determined by comparing control to treated sample using 

a two-tailed T test. P values <0.05 were considered statistically significant and are marked 

by an asterisk in Fig. 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used:

SPR surface plasmon resonance

SEC size-exclusion chromatography

CerS short Cerberus

TGF-β transforming growth factor-β

GDF growth and differentiation factor

BMD bone mineral density

CHO Chinese hamster ovary
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Fig. 1. 
Construct design and purification. (a) Multiple sequence alignment of the DAN family 

proteins PRDC (mouse) and Cerberus (human, mouse, and frog). DAN family proteins are 

secreted regulators of TGF-β family signaling that have a signal peptide for secretion (SP) 

and a conserved cystine knot domain (highlighted in green, Cerberus amino acids 156–267). 

Cerberus has a unique N-terminal region of unknown function (highlighted in purple, 

Cerberus amino acids 19–155). Cerberus molecules are posttranslationally processed and 

have a predicted proprotein convertase processing site, marked by the purple arrow for 

mammalian Cerberus and by a blue arrow for frog Cerberus [29], or a proposed processing 

site marked by a pink arrow [1]. Cerberus molecules also have an unpaired cysteine (Cys206 

in human Cerberus, orange arrow). Arginine 82 and cysteine 206 were mutated for 

functional analysis. (b) Domain organization of Cerberus and construct design. Cerberus 

consists of three distinct regions, the cleavable N-terminal region (amino acids 19–85, light 

purple), the residual N-terminal region (amino acids 86–155, dark purple), and the cystine 

knot domain (amino acids 156–267, green). Three different constructs were created: Full-

length human Cerberus with the wild-type sequence (wtCer-Fc), full-length Cerberus with 

mutations at arginine 82 and cysteine 206 (mutCer-Fc), and a short form lacking the N-

terminal region (amino acids 18–85) and mutated at cysteine 206 (CerS-Fc). Cerberus genes 

were fused at the C-terminus to human IgG1-Fc via a 22-amino-acid linker containing a 

TEV cleavage site. (c) Purification of wtCer-Fc, mutCer-Fc, and CerS-Fc expressed in CHO 

cells. Following two purification steps, molecules migrate as a single, well-defined peak in a 

size-exclusion chromatographic column. The molecular weight of each protein corresponds 

to the dimeric species. (d) Purification of wtCer, mutCer, and CerS after removal of the Fc 
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domain. All molecules migrate as a single, well-defined peak in a SEC column. For wtCer 

and mutCer, the molecular weight corresponds to the dimeric species. CerS elutes at a 

volume that corresponds to a monomeric form, but it also forms dimers in solution. The 

inserted SDS-PAGE shows glutaraldehyde cross-linking of CerS. The dimeric CerS is 

highlighted by the black asterisk. For functional studies, only the main peak fractions were 

used and fractions corresponding to higher-molecular-weight species were discarded. (e) 

SDS-PAGE gels of purified proteins. The two left panels show non-reducing (−β-ME) and 

reducing (+β-ME) SDS-PAGE gels of the Fc fusion forms (W: wtCer-Fc, M: mutCer-Fc, S: 

CerS-Fc). Expected molecular masses are 57 kDa for wtCer-Fc, 57 kDa for mutCer-Fc, and 

49 kDa for CerS-Fc. Higher apparent molecular weights are due to glycosylation. wtCer-Fc 

and mutCer-Fc have three N-linked glycosylation sites per protomer, two in the Cerberus 

moiety and one in the Fc moiety. CerS-Fc has two N-linked glycosylation sites per protomer, 

one in the Cerberus moiety and one in the Fc moiety. Fc fusion constructs form disulfide-

linked dimers via the Fc domain. The two right panels show Fc free Cerberus. The molecular 

weights of the three cleaved Cerberus constructs correspond to a monomeric form under 

reducing and non-reducing conditions. Deglycosylation with PNGase F alone (P) or with 

PNGase F and sialidase (PS) reduces the molecular weight of mutant Cerberus to the 

theoretically expected value. The red star designates processed Cerberus.
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Fig. 2. 
Cerberus ligand binding comparison. Ligand binding comparison of (a) wtCer-Fc, (b) 

mutCer-Fc, and (c) CerS-Fc. Equal amounts of wtCer-Fc, mutCer-Fc, and CerS-Fc were 

captured on the SPR sensor chip and different ligands were injected over them at 80 nM 

concentration. Activin B (red), Nodal (maroon), BMP-6 (teal), and BMP-7 (pink) bind 

wtCer-Fc, mutCer-Fc, and CerS-Fc with high affinity. All other tested ligands did not bind 

Cerberus. (d) Comparison of Activin B, Nodal, and BMP-6 binding to wtCer-Fc, mutCer-Fc, 

and CerS-Fc. Equal amounts of wtCer-Fc, mutCer-Fc, and CerS-Fc were immobilized on 

Aykul and Martinez-Hackert Page 17

J Mol Biol. Author manuscript; available in PMC 2020 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SPR sensor chip, and 80 nM Activin B, Nodal, or BMP-6 was injected. wtCer-Fc (red 

curves), mutCer-Fc (blue curves), and CerS-Fc (green curves) show very similar binding 

profiles.
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Fig. 3. 
Cerberus ligand binding affinities. (a) Activin B–wtCer-Fc interaction. wtCer-Fc was 

immobilized on the SPR sensor chip and different concentrations of Activin B were injected 

as shown. The estimated Activin B–wtCer-Fc association constant (ka) is 2.3 × 106 M−1 s−1, 

the dissociation constant (kd) is 2.2 × 10−4 s−1, and the equilibrium dissociation constant 

(Kd) is 0.096 nM. (b) Activin B–mutCer-Fc interaction. mutCer-Fc was immobilized and 

Activin B was injected as shown. The estimated Activin B–mutCer-Fc association constant 

(ka) is 2.0 × 106 M−1 s−1, the dissociation constant (kd) is 3.1 × 10−5 s−1, and the equilibrium 

dissociation constant (Kd) is 0.016 nM. (c) Activin B–CerS-Fc interaction. CerS-Fc was 

immobilized and Activin B was injected. The estimated Activin B–CerS-Fc association 

constant (ka) is 1.2 × 106 M−1 s−1, the dissociation constant (kd) is 1.7 × 10−5 s−1, and the 

equilibrium dissociation constant (Kd) is 0.014 nM. (d) BMP-6–wtCer-Fc interaction. 

wtCer-Fc was immobilized and BMP-6 was injected. The estimated BMP-6–wtCer-Fc 

association constant (ka) is 5.5 × 104 M−1 s−1, the dissociation constant (kd) is 1.1 × 10−3 s
−1, and the equilibrium dissociation constant (Kd) is 19 nM. (e) BMP-6–mutCer-Fc 

interaction. mutCer-Fc was immobilized and BMP-6 was injected. The estimated BMP-6–

mutCer-Fc association constant (ka) is 6.9 × 104 M−1 s−1, the dissociation constant (kd) is 

1.0 × 10−3 s−1, and the equilibrium dissociation constant (Kd) is 15 nM. (f) BMP-6–CerS-Fc 

interaction. CerS-Fc was immobilized BMP-6 was injected. The estimated BMP-6–CerS-Fc 

association constant (ka) is 8.2 × 104 M−1 s−1, the dissociation constant (kd) is 1.2 × 10−3 s
−1, and the equilibrium dissociation constant (Kd) is 15 nM. (a–f) Fitted curves (black lines) 

are superimposed over all experimental curves.
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Fig. 4. 
Cerberus inhibition of ligand–type II receptor interactions. (a) wtCer inhibition of Activin 

B–ActRIIA binding. (b) wtCer inhibition of Activin B–BMPRII binding. (c) mutCer 

inhibition of Activin B–ActRIIA binding. (d) mutCer inhibition of Activin B–BMPRII 

binding. (e) CerS inhibition of Activin B–ActRIIA binding. (f) CerS inhibition of Activin B–

BMPRII binding. (g) wtCer inhibition of BMP-6–ActRIIA binding. (h) wtCer inhibition of 

BMP-6–BMPRII binding. ActRIIA-Fc or BMPRII-Fc was immobilized on the SPR sensor 

chip. (a–f) Activin B (10 nM) was preincubated with 0 nM (red), 5 nM (blue), 50 nM 

(magenta), 100 nM (brown), 400 nM (green), and 4000 nM (gray) wtCer, mutCer, or CerS. 

Preformed Activin B–Cerberus complexes were injected over the sensor chip. (g and h) 

BMP-6 (80 nM) was preincubated with 0 nM (red), 40 nM (blue), 400 nM (magenta), 1600 

nM (brown), and 4000 nM (green) wtCer. Preformed BMP-6–Cerberus complexes were 

injected over the sensor chip. (a–h) wtCer, mutCer, and CerS prevent binding of Activin B 

and BMP-6 to type II receptors ActRIIA and BMPRII, as seen in the almost complete loss of 

SPR response at the 4000 nM Cerberus concentration.
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Fig. 5. 
Cerberus inhibition of SMAD2/3 and SMAD1/5/8 signaling. (a) SMAD2/3 signaling 

inhibition. A-204 cells were transfected with SMAD3 responsive reporter and control 

plasmids. Cells were treated with 0.8 nM Activin B, as well as wtCer-Fc (dark purple)/wtCer 

(light purple), mutCer-Fc (dark blue), or CerS-Fc (dark orange). Cerberus concentrations 

were (1) 0.089 nM, (2) 0.89 nM, (3) 8.9 nM, (4) 44.5 nM, and (5) 178 nM. (b) SMAD1/5/8 

signaling inhibition. HepG2 cells were transfected with SMAD1/5/8 responsive reporter and 

control plasmids. Cells were treated with 0.8 nM BMP-6, as well as wtCer-Fc (dark purple)/

wtCer (light purple), mutCer-Fc (dark blue), or CerS-Fc (dark orange). Cerberus 

concentrations were (1) 0.089 nM, (2) 0.89 nM, (3) 8.9 nM, (4) 44.5 nM, and (5) 178 nM. 

(c) Single point comparison of SMAD2/3 signaling inhibition by Cerberus in A-204 cells. 

Cells were treated with 0.8 nM Activin B (left panel) or Activin A (right panel), as well as 

178 nM wtCer-Fc, wtCer, mutCer-Fc, or CerS-Fc. (d) Single point comparison of 

SMAD1/5/8 signaling inhibition by Cerberus in HepG2 cells. Cells were treated with 0.8 

nM BMP-6 (left panel) or BMP-2 (right panel), as well as 178 nM wtCer-Fc, mutCer-Fc, or 

CerS-Fc. Signaling was detected as firefly luciferase activity and normalized against renilla 

luciferase activity. Relative luciferase units (RLU) were calculated by dividing firefly 

luciferase units (fLU) with renilla luciferase units (rLU). Data are expressed as mean + 

standard error of four independent measurements. Statistically significant differences 

calculated using a two-tailed T test are marked by an asterisk (*) (P < 0.05).
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Fig. 6. 
Cerberus inhibition of breast cancer cell migration. (a) Inhibition of MDA-MB-231 wound 

closure by Cerberus. MDA-MB-231 breast cancer cells were plated in Ibidi insert dishes and 

grown to 80% confluence. Inserts were removed to create a gap and medium was exchanged 

with complete medium containing 2.5 μg/ml mitomycin C and 0 nM (control) or 17.8 nM 

wtCer-Fc, mutCer-Fc, and CerS-Fc. Images were taken after insert removal (0 h) and after 

24 h incubation with Cerberus (24 h). (b) Wound closure quantification. Images taken at 0 h 

and 24 h were analyzed using Wimasis software to quantify cellular migration. The dark-

orange bar corresponds to image taken at 0 h, and the light-orange bar corresponds to image 

taken at 24 h. Control corresponds to experiment carried out without Cerberus. (c) Model of 

Cerberus function. Cerberus forms non-covalent dimers via the cystine knot domain (green, 

residues 156–267) [16,17]. The N-terminal domain has a proprotein convertase cleavage site 

at amino acids 82–85 (cleavable region, residues 18–85, light purple; short domain region, 

residues 86–155, dark purple). TGF-β family ligands bind two type I and two type II 

receptors to form active signaling complexes. Type II receptors bind the convex surface of a 

ligand (dark blue, stripped oval), and type I receptors bind the concave surface of a ligand 

(light blue, stripped circle). The N-terminal region of full-length Cerberus helps prevent type 

II receptor binding and thus may block the type II receptor binding site. Cerberus short 

inhibits signaling and thus likely blocks the type I receptor binding-site.
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Table 2.

IC50 values for SPR binding inhibition and reporter assays.

SPR bindinga
 [IC50 (nM)]

Ligand Chip wtCer mutCer CerS

Activin B ActRIIA 26.2 ± 1.7 40.1 ± 2.5 261.0 ± 33.2

Activin B BMPRII 14.9 ± 4.2 7.4 ± 1.1 28.4 ± 9.6

BMP-6 ActRIIA 319.0 ±53.4 350.0 ± 96.1 N.D.

BMP-6 BMPRII 156.0 ± 9.2 48.3 ± 3.5 N.D.

Reporter signalingb
 [IC50 (nM)]

Ligand Cell line wtCer-Fc mutCer-Fc CerS-Fc

Activin B A-204 34.1 ± 9.4 3.7 ± 1.0 14.8 ± 1.1

BMP-6 HepG2 67.8 ± 24.0 15.8 ± 3.2 49.9 ±11.8

Five inhibitor concentrations were used.

a
Number of replicates: N = 3.

b
Number of replicates: N = 4.
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