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Abstract: Intrinsic disorders are a common feature of hub proteins in eukaryotic interactomes
controlling the signaling pathways. The intrinsically disordered proteins (IDPs) are prone to
misfolding, and maintaining their functional stability remains a major challenge in validating their
therapeutic potentials. Considering that IDPs are highly enriched in RNA-binding proteins (RBPs),
here we reasoned and confirmed that IDPs could be stabilized by fusion to RBPs. Dickkopf2 (DKK2),
Wnt antagonist and a prototype IDP, was fused with lysyl-tRNA synthetase (LysRS), with or without
the fragment crystallizable (Fc) domain of an immunoglobulin and expressed predominantly as
a soluble form from a bacterial host. The functional competence was confirmed by in vitro Wnt
signaling reporter and tube formation in human umbilical vein endothelial cells (HUVECs) and in vivo
Matrigel plug assay. The removal of LysRS by site-specific protease cleavage prompted the insoluble
aggregation, confirming that the linkage to RBP chaperones the functional competence of IDPs.
While addressing to DKK2 as a key modulator for cancer and ischemic vascular diseases, our results
suggest the use of RBPs as stabilizers of disordered proteinaceous materials for acquiring and
maintaining the structural stability and functional competence, which would impact the druggability
of a variety of IDPs from human proteome.
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1. Introduction

A large number of human proteins are IDPs accounting for approximately 30–40% of the human
proteome [1]. Intrinsic disorders are highly enriched in hub proteins in eukaryotic interactomes,
allowing dynamic interaction with multiple partner proteins [2,3] in the context of cell signaling,
transcriptional regulation, and pathogenic consequences if dysregulated [4,5]. Due to the structural
instability without interacting partners, it is technically difficult to isolate or express IDPs or intrinsic
disordered regions (IDRs) as a pure and structurally stabilized form, presenting a major challenge
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in target identification and validation as potential drug targets [6]. As such, most of successful drug
targets are highly biased to well-structured proteins, amenable to functional validations.

Wnt signaling is involved in regulating multiple biological processes for cell proliferation, survival,
migration, and development of various tissues [7,8]. Wnt signaling is modulated by diverse receptors
and their antagonists, including members of the Dickkopf (DKK) family of proteins, for angiogenesis,
carcinogenesis, and osteoblastogenesis. Dysregulation of Wnt signaling has been implicated in
multiple diseases, including cardiovascular and osteoarthritic disorders, and tumorigenesis [8–12].
Recent findings have shown that DKK2 plays similar functional roles to those of vascular endothelial
growth factor (VEGF), the most well-characterized angiogenic factor [12,13]. DKK2 is induced during
endothelial cell (EC) morphogenesis, promotes angiogenesis, and stimulates filopodial dynamics.
Thus, the availability of recombinant DKK2 would facilitate the understanding of its regulation and
dysregulation in ischemic vascular diseases [13], and angiogenesis-dependent tumor growth and
metastasis [14–19] contributing to the treatment of cancer [20,21]. Despite functional analyses of this
protein at the genetic, organ, and cellular level [9,10] since its discovery as a novel Wnt antagonist in
1999 [10], its characterization at the biochemical level is surprisingly absent, mainly due to structural
disorder (Figure 1) and difficulties in establishing a system for acquiring the recombinant protein
in vitro.

Compared with other expression systems, Escherichia coli (E. coli) is one of the most widely used
prokaryotic organisms for the industrial production of proteins of therapeutic or commercial interest,
with rapid growth at a high cell density on inexpensive carbon sources and simple scale-up ability [22,23].
Despite these distinctive advantages, most proteins from mammalian origins are expressed in E. coli
predominantly as insoluble and non-functional aggregates (inclusion bodies), primarily due to lack of
proper folding and post-modification systems. IDPs, due to their conformational repertoires, are able
to interact with multiple partners and act as hubs in signal transduction pathways [3]. This dynamic
nature of IDPs, although pivotal for providing a multi-functional role in vivo, presents difficulties
in recombinant expression due to their lack of stabilized structure. Therefore, it is not surprising
that recombinant DKK2 is highly unstable and prone to misfolding even in eukaryotic expression
hosts, yeast or mammalian, rendering its functional validation extremely difficult (Kwon, Y.K.; Ha, I.H.
personal communications). IDPs could be expressed by fusion to soluble partners, but the solubility
never guarantees functional competence due to the presence of non-functional soluble aggregates [24].

We postulated that this problem could be circumvented by fusion of structurally unstable IDPs with
stability enhancing partners. IDPs are highly enriched in RBPs [25,26], suggesting that RNA, as a ligand,
may contribute to the stabilization if co-expressed with the target IDP. However, the identity of the
RNA ligands is largely unknown. We, therefore, hypothesized that IDPs could be produced in a soluble
and stabilized form by fusion to RBPs with well-established RNA ligands. As a proof-of-principle,
we demonstrate that DKK2, in an Fc-fusion form aimed to increase its half-life [27], can be expressed in
a soluble and biologically active conformation by fusion to RBPs that interacts with tRNA. Here, we chose
to use LysRS as prototype RBP because of its pronounced ability to promote solubility of linked
proteins in RNA-interaction dependent manner [28]. The recombinant protein exhibited activity as
a Wnt-signaling antagonist, as well as an agonist for angiogenesis both in vitro and in vivo. Removal of
LysRS prompted the formation of insoluble aggregates, suggesting a beneficial role of the RBP for
maintaining solubility and activity of DKK2. The present work expedites not only the characterization of
DKK2 as a novel therapeutic target in the Wnt-signaling-dependent signaling pathway, but also presents
a robust platform for studying structurally ill-defined protein materials for biomedical applications.
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Figure 1. Expression of recombinant DKK2 protein in E. coli. (A) Disorder analysis of DKK2. Intrinsic 
disorder scores of DKK2 were predicted using PONDR® software. The residues with scores above 0.5 
were considered disordered. The thick black line comprising positions 1–129 and 142–182 highlights 
the disordered locations. (B) Schematic diagrams of expression constructs of DKK2, DKK2-Fc, LysRS-
DKK2, LysRS-DKK2-Fc, and MBP-DKK2-Fc, respectively. (C) Expression of DKK2 or DKK2-Fc in E. 
coli. Proteins were expressed at 30 °C (upper panels) and 16 °C (lower panels). The solubility of 

Figure 1. Expression of recombinant DKK2 protein in E. coli. (A) Disorder analysis of DKK2.
Intrinsic disorder scores of DKK2 were predicted using PONDR® software. The residues with scores
above 0.5 were considered disordered. The thick black line comprising positions 1–129 and 142–182
highlights the disordered locations. (B) Schematic diagrams of expression constructs of DKK2, DKK2-Fc,
LysRS-DKK2, LysRS-DKK2-Fc, and MBP-DKK2-Fc, respectively. (C) Expression of DKK2 or DKK2-Fc
in E. coli. Proteins were expressed at 30 ◦C (upper panels) and 16 ◦C (lower panels). The solubility
of proteins was analyzed by SDS-PAGE. T, S, and P indicate total lysate, soluble fraction, and pellet
fraction after centrifugation, respectively. (D) Expression of DKK2 and DKK2-Fc with fusion to LysRS
and DKK2-Fc with fusion to MBP in E. coli. The solubility of fusion proteins was analyzed by SDS-PAGE
(upper panels) and western blotting (lower panels).

2. Results

2.1. Expression and Purification of DKK2 Fusion Proteins

To identify IDRs in DKK2, we used the PONDR® prediction algorithms VL3 and VSL2 [29,30].
We confirmed that DKK2 has highly disordered regions at amino acid positions 1–129 and 142–182
(Figure 1A). According to VSL2 analysis, 70.3% of DKK2 consists of IDRs. Since ~70% of
mammalian proteins do not contain IDRs [31], DKK2 can be considered a highly disordered protein.
Notably, the IDRs of DKK2 are distributed mainly in the N-terminus of the protein (Figure 1A).
Considering the high degree of disorder, the propensity for structural destabilization is expected,
especially without co-expression of binding partners. DKK2 and DKK2-Fc proteins were expressed
in E. coli at 30 ◦C. The solubility of DKK2 and DKK2-Fc was analyzed by SDS-PAGE (Figure 1B,C).
Low level ‘leaky’ expression was detected in the absence of isopropyl β-d-thiogalactopyranoside
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(IPTG) inducer, but the expression level was greatly increased in the presence of inducer (Figure 1C,D).
We confirmed that both DKK2 and DKK2-Fc were expressed as insoluble aggregates. Low-temperature
expression slightly increased the soluble yield, but insoluble aggregates still predominated (Figure 1C,
lower panels). To circumvent this problem, DKK2 and DKK2-Fc were fused to the C-terminus of LysRS,
a soluble folding enhancer, yielding LysRS-DKK2 and LysRS-DKK2-Fc protein, respectively (Figure 1B).
The fusion proteins were expressed at 30 ◦C. The solubility of LysRS-DKK2 and LysRS-DKK2-Fc
protein was determined by SDS-PAGE and western blot analysis (Figure 1D). We also compared
maltose-binding protein (MBP) and LysRS fusion in the double domain fusion construct (DKK2-Fc)
considering that the increase in the structural complexity would serve an acid test for structural
stabilization. These results show that LysRS-DKK2 and LysRS-DKK2-Fc fusion proteins were expressed
as soluble forms (80% and 85% of total protein, respectively). In contrast, fusion with MBP [32],
a widely-used fusion partner for soluble expression, did rescue the solubility of DKK2, but only
partially (~30% of total protein) (Figure 1D).

The expressed LysRS-DKK2-Fc protein was purified by Protein A affinity chromatography.
Proteins in each fraction were analyzed by SDS-PAGE (Figure S1A), and eluted fractions were pooled
and dialyzed against phosphate buffered saline (PBS). The purified protein was analyzed by SDS-PAGE
and quantified (Figure S1B). The overall purification yield was ~2 mg from 1 L of E. coli culture.

2.2. Tobacco Etch Virus (TEV) Protease Cleavage of LysRS-DKK2-Fc

With technical difficulties in expressing and purifying DKK2/DKK2-Fc in sufficient quantities,
we focused on LysRS-fusion form, for the rest of our experiments. We tested whether TEV protease
efficiently cleaves the purified LysRS-DKK2-Fc fusion protein. As shown in Figure 1B, the fusion
protein is composed of LysRS and DKK2-Fc, separated by a TEV protease cleavage site. To find the
optimal condition for TEV protease cleavage of DKK2-Fc, we first applied TEV protease for up to
315 min in differing pH conditions at 20 and 25 ◦C. The efficiency of TEV cleavage was analyzed
by SDS-PAGE (Figure 2A–D). The results show that 90–95% of LysRS-DKK2-Fc was cleaved by TEV
protease at 20 and 25 ◦C after 315 min. We also found that the solubility of cleaved DKK2-Fc was
maintained at high pH (pH > 9.5). However, the efficiency of TEV cleavage was low in pH 10.0 buffer
(Figure 2D). We, therefore, determined the optimal cleavage condition to be pH 9.5 at 25 ◦C for up
to 315 min. In addition, we tested various excipients known to be enhancers of protein solubility
(Figure 3) [33–40]. We confirmed that trehalose improved the solubility of cleaved DKK2-Fc at≥250 mM
(Figure S2C). We further tested the stability of the fusion protein and TEV-cleaved protein in pH 9.5
buffer. Each protein was stored for up to five days at 4 and 25 ◦C. Consequently, we identified that
the stability of the fusion proteins was well maintained when stored at 4 and 25 ◦C (Figure S3A,B),
and cleaved DKK2-Fc was more stable at 4 ◦C compared to 25 ◦C (Figure S3C,D).
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Figure 2. Cleavage of LysRS-DKK2-Fc by TEV protease. TEV protease cleavage of purified
LysRS-DKK2-Fc in (A) pH 8.0, (B) pH 9.0, (C) pH 9.5 and (D) pH 10.0 buffer. The solubility of
TEV-cleaved LysRS-DKK2-Fc protein was analyzed by SDS-PAGE.
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Figure 3. Effect of various excipients on TEV protease cleavage of LysRS-DKK2-Fc fusion protein.
(A–E) The fusion protein was cleaved by TEV protease in the presence of various excipients known to
influence protein solubility, including 50 or 100 mM NaCl, 0.5 M arginine, 1 M urea, 0.5 M trehalose,
10 mM polyethylene glycol (PEG), 1 M guanidine hydrochloride, 10% glycerol, or 0.5% Tween-20,
in pH 9.0 buffer at 25 ◦C.
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2.3. Recombinant DKK2-Fc Inhibits the Wnt Signaling Pathway

DKK2 was originally identified as a Wnt antagonist that inhibits β-catenin signaling pathways.
We used the TOPflash assay to examine if LysRS-DKK2-Fc or TEV-cleaved LysRS-DKK2-Fc inhibits
Wnt signaling. TOPflash is a reporter plasmid containing T cell-specific factor 4 (TCF4) binding sites
linked to the luciferase gene and is activated by Wnt signaling [20,41–48]. As shown in Figure 4A, in the
presence of a Wnt ligand, Wnt binding to Frizzled (Fz) and low-density lipoprotein receptor-related
protein (LRP) 5/6 receptor activates the Wnt pathway. Then, β-catenin moves to the nucleus where it
associates with TCF4 to initiate luciferase reporter gene transcription. If DKK2 inhibits Wnt binding to
LRP5/6, β-catenin would be phosphorylated, resulting in proteasomal degradation. In the absence of
nuclear β-catenin, TCF4 proteins suppress luciferase reporter gene transcription (Figure 4B) [49–51].

Treatment of cells with LysRS-DKK2-Fc protein or IWR-1 inhibited TOPflash reporter activity
(Figure 4C). IWR-1, a small molecule antagonist of the Wnt/β-catenin pathway, promotes β-catenin
degradation by promoting the stability of Axin [41,46]. Thus, it was used as a positive control.
The results show that 500 ng/mL (4.2 nM) LysRS-DKK2-Fc and 10 µM IWR-1 inhibited 47% and
52% of TOPflash reporter activity, respectively. In contrast, PBS and LysRS had little effect, if any,
on TOPflash reporter activity. TEV-cleaved LysRS-DKK2-Fc (1) refers to LysRS-DKK2-Fc that was
treated with TEV protease at 25 ◦C for 315 min and added to cells. TEV-cleaved LysRS-DKK2-Fc (2)
refers to LysRS-DKK2-Fc mixed with TEV protease and immediately added to cells. TEV-cleaved
LysRS-DKK2-Fc (1) did not inhibit TOPflash reporter activity, while 500 ng/mL of TEV-cleaved
LysRS-DKK2-Fc (2) inhibited 18% of TOPflash reporter activity.

We further tested the effect of recombinant DKK2-Fc on Wnt/β-catenin signaling by monitoring
the levels of phosphorylated β-catenin by western blotting (Figure 4D). Binding of β-catenin
with the Axin-based multiprotein complex leads to the phosphorylation of β-catenin [12,51–54].
Phosphorylatedβ-catenin was clearly detected in both recombinant LysRS-DKK2-Fc- and IWR-1-treated
human embryonic kidney (HEK) 293T cells. Endogenous levels of non-phosphorylated β-catenin were
detected by non-phospho (active) β-catenin (Ser33/Ser37/Thr41) antibody. These results indicate that
recombinant DKK2-Fc had functional activity as a Wnt antagonist in Wnt/β-catenin signaling.

To identify if the interaction between recombinant DKK2-Fc and LRP6 is direct, we performed
co-immunoprecipitation of DKK2 with LRP6 (Figure 4E). Recombinant LysRS-DKK2-Fc, TEV-cleaved
LysRS-DKK2-Fc, and DKK2 were precipitated with LRP6. Moreover, DKK2 was not detected in
the absence of LRP6. Thus, we confirmed that the antagonist function of recombinant DKK2-Fc
is LRP6-mediated.
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Figure 4. Inhibitory effect of recombinant DKK2-Fc on the Wnt signaling pathway. (A) Schematic
diagram of the Wnt/β-catenin signaling pathway. (B) Schematic diagram of luciferase reporter gene
transcription inhibition in the presence of recombinant DKK2-Fc. TOPflash reporter was co-transfected
into HEK 293T cells withβ-catenin and TCF4 plasmids. (C) TOPflash luciferase activity assay. HEK 293T
cells were treated with PBS, recombinant protein (LysRS, LysRS-DKK2-Fc, TEV-cleaved LysRS-DKK2-Fc
(1), TEV-cleaved LysRS-DKK2-Fc (2)), or IWR-1 as a positive control at two different concentrations.
The bars indicate the relative TOPflash luciferase activity compared to that of PBS. The error bars
indicate the mean± SD of three experiments. (D) The effect of DKK2-Fc on phosphorylation of β-catenin
in HEK 293T cells. HEK 293T cells were transfected with β-catenin and TCF4 plasmids, and were treated
with PBS, recombinant protein (LysRS, LysRS-DKK2-Fc, TEV-cleaved LysRS-DKK2-Fc (1), TEV-cleaved
LysRS-DKK2-Fc (2)), or IWR-1. Treated cells were collected, lysed, and subjected to western blotting
using the indicated antibodies. (E) Co-immunoprecipitation of DKK2-Fc and LRP6. Each protein was
immunoprecipitated with anti-LRP6 antibody and detected by anti-LRP6 or anti-DKK2 antibody.
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2.4. Recombinant DKK2-Fc Induces Tube Formation in an In Vitro Model of Angiogenesis

DKK2 is known to induce EC morphogenesis and stimulate angiogenic sprouting [13]. We tested
the biological function of LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc in vitro with a tube
formation assay in HUVECs. When Matrigel-containing media was added to a monolayer of HUVECs,
the attached ECs formed branched tubes. HUVEC monolayers treated with 50 or 100 ng/mL recombinant
LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc for 16 h resulted in significant enhancement of
EC tube-like structures (Figure 5A,B). Recombinant DKK2-Fc was shown to have 65–75% activity
compared with basic fibroblast growth factor (bFGF) and VEGF, which are potent angiogenic factors.
Negative controls vehicle and LysRS had no detectable angiogenic activity (Figure 5A,B). These results
indicate that DKK2-Fc had a biologically active conformation and significant functional activity during
angiogenesis in vitro.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 7 of 18 

 

 

Figure 4. Inhibitory effect of recombinant DKK2-Fc on the Wnt signaling pathway. (A) Schematic 
diagram of the Wnt/β-catenin signaling pathway. (B) Schematic diagram of luciferase reporter gene 
transcription inhibition in the presence of recombinant DKK2-Fc. TOPflash reporter was co-
transfected into HEK 293T cells with β-catenin and TCF4 plasmids. (C) TOPflash luciferase activity 
assay. HEK 293T cells were treated with PBS, recombinant protein (LysRS, LysRS-DKK2-Fc, TEV-
cleaved LysRS-DKK2-Fc (1), TEV-cleaved LysRS-DKK2-Fc (2)), or IWR-1 as a positive control at two 
different concentrations. The bars indicate the relative TOPflash luciferase activity compared to that 
of PBS. The error bars indicate the mean ± SD of three experiments. (D) The effect of DKK2-Fc on 
phosphorylation of β-catenin in HEK 293T cells. HEK 293T cells were transfected with β-catenin and 
TCF4 plasmids, and were treated with PBS, recombinant protein (LysRS, LysRS-DKK2-Fc, TEV-
cleaved LysRS-DKK2-Fc (1), TEV-cleaved LysRS-DKK2-Fc (2)), or IWR-1. Treated cells were collected, 
lysed, and subjected to western blotting using the indicated antibodies. (E) Co-immunoprecipitation 
of DKK2-Fc and LRP6. Each protein was immunoprecipitated with anti-LRP6 antibody and detected 
by anti-LRP6 or anti-DKK2 antibody. 

2.4. Recombinant DKK2-Fc Induces Tube Formation in an In Vitro Model of Angiogenesis 

DKK2 is known to induce EC morphogenesis and stimulate angiogenic sprouting [13]. We tested 
the biological function of LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc in vitro with a tube 
formation assay in HUVECs. When Matrigel-containing media was added to a monolayer of 
HUVECs, the attached ECs formed branched tubes. HUVEC monolayers treated with 50 or 100 
ng/mL recombinant LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc for 16 h resulted in 
significant enhancement of EC tube-like structures (Figure 5A,B). Recombinant DKK2-Fc was shown 
to have 65–75% activity compared with basic fibroblast growth factor (bFGF) and VEGF, which are 
potent angiogenic factors. Negative controls vehicle and LysRS had no detectable angiogenic activity 
(Figure 5A,B). These results indicate that DKK2-Fc had a biologically active conformation and 
significant functional activity during angiogenesis in vitro. 

 
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 18 

 

 
Figure 5. Effect of recombinant DKK2-Fc on the formation of EC tube-like structures. (A) Tube 
formation assay using HUVECs. HUVECs were incubated on Matrigel with 50 or 100 ng/mL 
recombinant proteins (LysRS, LysRS-DKK2-Fc, or TEV-cleaved LysRS-DKK2-Fc), or with a positive 
control consisting of a mixture of 20 nM bFGF (75 ng/mL) and 10 nM VEGF (270 ng/mL), for 16 h, and 
observed microscopically (4×). (B) Visual counts of the number of branch points were performed 
independently by three individuals. 

2.5. Effect of Recombinant DKK2-Fc on Angiogenesis In Vivo 

To assess the effect of LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc on angiogenesis in 
vivo, we utilized the Matrigel implant assay in mice [13]. Mice were implanted subcutaneously with 
14 nM LysRS-DKK2-Fc- or TEV-cleaved LysRS-DKK2-Fc-treated Matrigel plugs. The positive control 
was 14 nM VEGF, and LysRS and PBS served as negative controls. After three days, the mice were 
sacrificed, and the plugs were recovered. As shown in Figure 6A, control plugs that were treated with 
PBS appeared transparent, indicating the absence of angiogenesis, whereas VEGF- or LysRS-DKK2-
Fc-containing plugs exhibited a red color, indicating that LysRS-DKK2-Fc induced vessel 
development in the plugs. TEV-cleaved LysRS-DKK2-Fc- and LysRS-containing plugs appeared to 
be light red and/or yellowish in color, indicating that TEV-cleaved LysRS-DKK2-Fc and LysRS 
induced low levels of neovascularization compared with the positive control.  

 

Figure 6. Recombinant DKK2-Fc induces angiogenesis in Matrigel plugs. (A) C57BL/6 mice were 
injected with 0.6 mL Matrigel containing VEGF, LysRS, LysRS-DKK2-Fc, or TEV-cleaved LysRS-
DKK2-Fc. After three days, Matrigel plugs were excised from mice. (B) Quantification of Hb in 
Matrigel plugs. Error bars are the mean ± SD of three experiments in duplicate. *** p < 0.001; ns, not 
significant.  

Figure 5. Effect of recombinant DKK2-Fc on the formation of EC tube-like structures. (A) Tube formation
assay using HUVECs. HUVECs were incubated on Matrigel with 50 or 100 ng/mL recombinant proteins
(LysRS, LysRS-DKK2-Fc, or TEV-cleaved LysRS-DKK2-Fc), or with a positive control consisting
of a mixture of 20 nM bFGF (75 ng/mL) and 10 nM VEGF (270 ng/mL), for 16 h, and observed
microscopically (4×). (B) Visual counts of the number of branch points were performed independently
by three individuals.

2.5. Effect of Recombinant DKK2-Fc on Angiogenesis In Vivo

To assess the effect of LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc on angiogenesis in vivo,
we utilized the Matrigel implant assay in mice [13]. Mice were implanted subcutaneously with
14 nM LysRS-DKK2-Fc- or TEV-cleaved LysRS-DKK2-Fc-treated Matrigel plugs. The positive control
was 14 nM VEGF, and LysRS and PBS served as negative controls. After three days, the mice
were sacrificed, and the plugs were recovered. As shown in Figure 6A, control plugs that were
treated with PBS appeared transparent, indicating the absence of angiogenesis, whereas VEGF- or
LysRS-DKK2-Fc-containing plugs exhibited a red color, indicating that LysRS-DKK2-Fc induced vessel
development in the plugs. TEV-cleaved LysRS-DKK2-Fc- and LysRS-containing plugs appeared to be
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light red and/or yellowish in color, indicating that TEV-cleaved LysRS-DKK2-Fc and LysRS induced
low levels of neovascularization compared with the positive control.
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Figure 6. Recombinant DKK2-Fc induces angiogenesis in Matrigel plugs. (A) C57BL/6 mice were
injected with 0.6 mL Matrigel containing VEGF, LysRS, LysRS-DKK2-Fc, or TEV-cleaved LysRS-DKK2-Fc.
After three days, Matrigel plugs were excised from mice. (B) Quantification of Hb in Matrigel plugs.
Error bars are the mean ± SD of three experiments in duplicate. *** p < 0.001; ns, not significant.

Quantification of the functional vasculature by determining the Hemoglobin (Hb) content of
the Matrigel plugs indicates that recombinant LysRS-DKK2-Fc significantly promoted angiogenesis
compared with the controls, while TEV-cleaved LysRS-DKK2-Fc had low angiogenic activity in vivo
(Figure 6B).

3. Discussion

A large portion of human proteome are represented by IDPs and has been implicated in numerous
diseases, making them potential targets for therapeutic intervention [3,55]. However, most of the
successful drug targets are represented predominantly by well-structured proteins, only to belie
technical hurdles in functional validation of IDPs as viable drug targets. Intrinsically dynamic nature
of IDPs or IDRs is requisite for allowing multiple protein–protein, protein–DNA, and protein–RNA
interactions [3,5,56]. As such, the isolation and characterization of individual, purified IDPs as
functionally stabilized form remains a challenge. Guided by in silico prediction that IDPs are highly
enriched in RBPs and DNA-binding proteins (DBPs) [25,26,57,58], here we show that, DKK2, with a high
propensity to disorderedness (Figure 1A), could be stabilized by fusion to RBP, and become amenable
to biochemical validation in vivo and in vitro. Here, we chose to use LysRS as prototype RBP because
of its excellent ability to increase the solubility of linked proteins, which operates in an RNA-interaction
dependent manner. First, tRNA synthetases including LysRS are able to interact with various tRNAs in
the cytoplasm at low affinity [59]. Second, when linked to aggregation-prone proteins, LysRS potently
enhances the solubility of a variety of proteins of mammalian origin [28]. Third, LysRS itself folds in
tRNA-interaction dependent manner in vitro suggesting that tRNA functions as a chaperone for its
interacting tRNA synthetase [28].

The biochemical characterization of DKK2 would facilitate detailed analyses of its role in Wnt
signaling and dysregulation into ischemic vascular diseases, and cancer [13,20,21]. However, due to
the lack of biochemical information and efficient recombinant expression platforms, little progress
has been made so far on utilizing the unique functions of this protein. The technical difficulties
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are probably reflected in the tendency of DKK2 to aggregate in the absence of stabilizing partners.
Of note, DKK2 has a high isoelectric point (pI ~ 9.37) and is highly disordered (overall score >70% by
PONDR®), with IDRs present in the majority (N-proximal 1–180 residues) of whole protein (Figure 1A).
While the structure of the relatively small C-terminal region (amino acids 172–259) of mouse DKK2
was investigated by NMR spectroscopy [60], no information on the overall structure is available.
The paucity of structural information to date reflects the technical difficulties encountered with the
structural disorder encompassing the majority of DKK2, supporting our prediction in Figure 1A.

Consistent with this, our results show that DKK2 is prone to misfolding into inclusion bodies,
and refractory to soluble expression in E. coli (Figure 1C). This problem was effectively circumvented
by creating a LysRS-DKK2 fusion protein. Notably, the fusion protein was expressed in E. coli
predominantly as a soluble form (>80% of solubility), either with or without Fc fusion (LysRS-DKK2-Fc
and LysRS-DKK2, respectively) (Figure 1D). Fusion to MBP [32], a widely-used partner for soluble
expression, was only partially effective in improving the solubility of DKK2 (~30% of solubility)
(Figure 1D). The acquisition of DKK2 as a soluble form allowed for its detailed characterization at the
biochemical level. We found that stable maintenance of protein solubility was crucially dependent on
buffer conditions. The solubility of DKK2-Fc, after TEV cleavage of LysRS-DKK2-Fc, was maintained
at higher pH (>9.5), but significantly reduced at lower pH (<9.0) (Figure 2). Our initial data on the
physicochemical properties warranted further testing of various excipients to determine the optimal
formulation conditions with respect to the stability and pharmacokinetic profile of DKK2. Among the
excipients tested, trehalose (0.5 M) was only partially effective at maintaining solubility (Figure 3).

Recombinant LysRS-DKK2-Fc was biologically active in inhibiting the Wnt signaling pathway
as determined by TOPflash assay (Figure 4C). DKK2 is known to interfere with the Wnt pathway
by binding to the Wnt co-receptors LRP5/6, leading to the disassembly of the Wnt/Fz/LRP complex,
and the phosphorylation of β-catenin, resulting in proteasomal-dependent degradation [49,61–63].
Consistently, the treatment of LysRS-DKK2-Fc resulted in the phosphorylation of β-catenin (Figure 4D),
and consequently, the downregulation of the luciferase reporter (Figure 4C). Furthermore, binding of
LRP6 with LysRS-DKK2-Fc was confirmed (Figure 4E). Removal of the LysRS moiety by TEV protease
resulted in a rapid loss of solubility (Figure 2), suggesting that LysRS keeps DKK2 in a soluble and
biologically competent form. The low solubility may reflect the low activity of cleaved DKK2 in the
TOPflash assay and in vivo Matrigel implant experiment (Figure 4C,D and Figure 6). LysRS-DKK2-Fc
was cleaved by TEV. However, it still showed biological function in some experiments (Figures 4E and 5),
indicating that the stability of this protein is more sensitive to experimental conditions compared to
LysRS-DKK2-Fc. Of note, the activity of 4.2 nM LysRS-DKK2-Fc was similar to that of 10 µM IWR-1,
a well-known Wnt antagonist [41,46]. This result indicates that LysRS-DKK2-Fc has strong potential as
a novel anticancer drug target.

LysRS-DKK2-Fc was also shown to be active in the formation of EC tube-like structures in
induced angiogenesis, based on Matrigel assay both in vitro and in vivo (Figures 5 and 6, respectively).
Previous studies have shown that angiogenic sprouting is induced by DKK2, which promotes Rho
GTPase Cdc42 activation in vascular morphogenesis and ECs [13], and LRP6, as a DKK2 receptor,
mediates Cdc42 activation and angiogenesis. The binding activity of LRP6 with LysRS-DKK2-Fc
in vitro (Figure 4E) is therefore consistent with EC tube formation in vitro and angiogenesis in vivo
(Figures 5 and 6, respectively). It should be noted that the angiogenic activity of LysRS-DKK2-Fc
was comparable to that of the VEGF control, as determined both visually and by quantitative
Hb content (Figure 6A,B, respectively). The fusion to LysRS was found to be essential for vascular
formation in vivo, further confirming similar observations of Wnt-signaling inhibitory activity (Figure 4).
Overall, our results suggest that LysRS provides functional competence to the physically linked DKK2
as reflected by the solubility and more importantly, the biological activity of DKK2, which otherwise
renders unstable and misfolds into an inactive form.

Considering interdependence for mutual structural stabilization of IDPs among binding
partners [2,3], expression and purification of an IDP of interest alone in a stabilized form present a major
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challenge for their structural and biochemical characterization. The present report circumvented the
problem by linking the protein material with an RBP, which is consistent with the enrichment of
IDPs in naturally occurring RBPs [25]. Moreover, there is accumulating evidence that RNA-protein
complexes form higher-dimensional structures or lattices, providing territories for phase transitions [64].
This provides for the possibility for IDPs to be produced in functionally stabilized forms by co-expression
with their RNA ligands. In most cases, however, the identity of the RNA ligand is not known,
rendering RNA co-expression difficult. An alternative is, as presented in the present report, to fuse
the IDP of interest with known RBPs or RNA-binding domains (RBDs), such as LysRS that interacts
with tRNA.

We note that the present results are limited and, therefore, discretion should be given to the
extent of interpretation. First, a variety of IDPs and RBPs should be tested before generalization.
However, our limited experience with other IDPs (PONDR® score > 0.5, 45~55%), for instance,
hepatitis B virus X protein (HBx) of viral origin [65], ribosomal protein S3a (RPS3a) of mammalian
origin [66], which are themselves refractory to soluble expression, are all excellently solubilized by
linking to LysRS (unpublished results). PB1-F2 with distinctive internal IDR region, and a novel
virulence factor for 1918 Spanish influenza pandemic was successfully purified as LysRS fusion,
and its antiviral function validated [67]. Second, the mechanistic aspect for chaperoning the
functional competence should merit further investigation. There are at least two different possibilities.
First, target IDP may interact with IDR region of RBPs for structural stabilization. Of note, LysRS
contains an IDR component connecting structurally stable N-terminal and C-terminal domains [68].
Second, structural stabilization is mediated by an RNA component that interacts with RBPs.
It should be noted that RNAs are able to make multiple contacts with hydrophobic side chains
of polypeptide, as molecular signatures for ‘hydrophobic shielding’ of the folding intermediates,
a hallmark function of molecular chaperones [69,70]. It remains to be further elucidated if
tRNA-dependent folding of LysRS observed in vitro [28] also operates in LysRS-fusion protein
in vivo as well. Finally, a cautionary note should be given to the relationship between solubility
and biological function of IDPs. Although various fusion partners (MBP, N utilization substance A
(NusA), glutathione-S-transferase (GST), small ubiquitin-related modifier (SUMO), and RBD fusion
as the present case) can be mobilized to enhance the solubility of target proteins, the solubility
never guarantees the function. Discretionary analyses are required to ascertain functional form from
non-functional soluble aggregates [24].

Growing evidence shows that RNAs can function as molecular chaperones for the folding of nascent
polypeptides and maintain their in-cell solubility and/or stability [28,71], surprisingly out-performing
protein-based chaperones [28,70,72,73]. As such, pre-existing molecular chaperones, such as GroEL/ES
and DnaK, have been applied with only limited success [69,74,75], and no study of considerable size
showing the utility of molecular chaperones for the preparation of human proteins, including IDPs [76].
Limited it may be, the present report suggests RBP fusion as an initial screen for the preparation
of structurally unstable protein materials. The optimal combinations of IDPs and RBDs could be
tailored for increasing the solubility, stability, and the functional competence of the aggregation-prone
disordered proteins.

4. Materials and Methods

4.1. In Silico Prediction of DKK2 Disorder Regions

DKK2 disorder regions were analyzed using the online PONDR® software [29,30]. A disorder
score for each amino acid was assigned by the software. Residues with score values above 0.5 were
considered to be disordered.
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4.2. Construction of Protein Expression Plasmids

The expression plasmids pGE-LysRS1-DKK2 and pGE-LysRS1-DKK2-Fc were constructed from
the pGE-LysRS1 vector, which is composed of the T7 promoter, LysRS gene, enterokinase recognition
site, and multicloning sites (KpnI-BamHI-EcoRV-SalI-HindIII) [28]. The PCR products DKK2 and
DKK2-Fc, each containing the TEV protease recognition site at the N-terminus, were cut with
BamHI/SalI and cloned into the BamHI/SalI sites of the pGE-LysRS1 vector, yielding the plasmids
pGE-LysRS1-DKK2 and pGE-LysRS1- DKK2-Fc, respectively. These plasmids contain the ampicillin
resistance gene as a selection marker. The plasmids were cut with NdeI/HindIII, and the released
DNA fragments were inserted into the NdeI/HindIII sites of the pGE-LysRS4 vector, yielding plasmids
pGE-LysRS4-DKK2 and pGE-LysRS4-DKK2-Fc, respectively. The plasmid pGE-LysRS4, a modified
version of pGE-LysRS1, carries the expression cassette that comprises the LysRS gene, TEV protease
recognition site, multicloning sites (KpnI-BamHI-EcoRV-SalI-HindIII), and histidine tag. It also contains
the kanamycin-resistance gene as a selection marker.

The expression plasmids pGE-DKK2 and pGE-DKK2-Fc encoding DKK2 and DKK2-Fc,
respectively, were constructed from the pGE-LysRS4 vector. DKK2 and DKK2-Fc PCR fragments were
digested with NdeI/SalI and ligated into the pGE-LysRS4 vector cleaved with the same restriction
enzymes, yielding plasmids pGE-DKK2 and pGE-DKK2-Fc, respectively. Protein expression from
these plasmids is under the control of the T7 promoter, which is triggered by IPTG (Sigma-Aldrich,
St. Louis, MO, USA) [28].

4.3. Protein Expression

Each vector with kanamycin resistance was transformed into BL21 Star™(DE3)pLysS E. coli
(Invitrogen, Carlsbad, CA, USA). A single colony of transformants was inoculated into 3 mL LB
medium containing kanamycin (7.5 µg/mL) and chloramphenicol (34 µg/mL). Cells were grown at 37 ◦C
with vigorous shaking (180 rpm) for ~16 h. Then, 1 mL of the culture medium was diluted with 15 mL
fresh LB containing antibiotics and cultured until the A600 reached ~0.5. After addition of 1 mM IPTG
to induce recombinant protein expression, the cells were cultured at 30 ◦C for 4 h or 16 ◦C overnight.
Then, 10 mL of the culture was centrifuged at 1977× g for 15 min, and pelleted cells were resuspended
in 0.3 mL of PBS, pH 7.4, and lysed by sonication. The cell lysate was distributed into total, soluble,
and insoluble pellet fractions by centrifugation at 15,000× g for 15 min. Each protein sample was
mixed with an equal volume of 2× SDS gel-loading buffer (100 mM Tris-Cl, pH 6.8, 20% glycerol, 4%
SDS, 200 mM dithiothreitol (DTT), and 0.2% bromophenol blue) and boiled at 100 ◦C for 2 min [28,77].
The samples were separated by SDS-PAGE and visualized by staining with Coomassie Brilliant Blue.

4.4. Western Blot Analysis

Western blot analysis was performed to confirm recombinant protein expression. After performing
SDS-PAGE, proteins were transferred onto activated PVDF membranes using a Trans-Blot® SD semi-dry
transfer cell (Bio-Rad Laboratories, Hercules, CA, USA) in Towbin buffer (Bio-Rad Laboratories) for
80 min at 60 mA. The membranes were blocked with 5% skim milk in Tris-buffered saline, pH 7.4,
containing 0.1% Tween 20 (TBST) overnight at 4 ◦C. After washing the membrane thrice with
TBST, the membranes were incubated with anti-DKK2 (H-140) antibody (1:1000 in TBST; Santa Cruz
Biotechnology, Dallas, TX, USA) for 2 h, followed by washing thrice and incubating with anti-rabbit-IgG
Ab conjugated horseradish peroxidase (1:10,000 in TBST; Sigma-Aldrich) for 1 h. After washing thrice,
the membranes were treated with WEST-ZOL (Intron, Seongnam, Korea) and exposed to X-ray film in
a dark room.

For detection of phosphorylated β-catenin and non-phosphorylated (active) β-catenin, HEK 293T
cells were seeded in 6-well culture plates. After 24 h, each well was treated with 500 ng LysRS, 500 ng
LysRS-DKK2-Fc, 500 ng TEV-cleaved LysRS-DKK2-Fc, 10 µM IWR-1 (ApexBio, Hsinchu City, Taiwan),
or PBS for 3 h before transfection with 500 ng of β-catenin and TCF4 plasmid using Lipofectamine 2000



Int. J. Mol. Sci. 2019, 20, 2847 13 of 19

(Invitrogen). At 24 h post-transfection, cells were treated with 500 ng of LysRS, 500 ng LysRS-DKK2-Fc,
500 ng TEV-cleaved LysRS-DKK2-Fc, 10 µM of IWR-1, or PBS. After 24 h, cells were lysed with
RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA) on ice for 30 min. Cell lysates were
separated by SDS-PAGE and transferred onto activated PVDF membranes. After blocking with
3% BSA in TBST for 1 h at 25 ◦C, the membranes were incubated with a primary antibody against
phospho-β-catenin (Ser33/Ser37/Thr41) (1:1000; Cell Signaling Technology, Danvers, MA, USA),
non-phospho (active) β-catenin (Ser33/Ser37/Thr41) (1:1000; Cell Signaling Technology) or β-actin
(1:5000; Sigma-Aldrich) in TBST overnight at 4 ◦C. After washing thrice with TBST, membranes were
incubated with anti-rabbit-IgG Ab conjugated horseradish peroxidase (1:10,000 in TBST; Sigma-Aldrich).
After washing thrice, the membranes were treated with WEST-ZOL and imaged with X-ray film as
described above [78,79].

4.5. Purification and Quantification of Recombinant Protein

For purification of LysRS-DKK2-Fc, Protein A affinity chromatography was performed using the
ÄKTAprime system (GE Healthcare Life Sciences, Pittsburgh, PA, USA). A volume of 500 mL culture of
induced transformants was centrifuged at 1977× g for 15 min, and the cells were lysed in 8 mL binding
buffer (20 mM sodium phosphate containing 1 mM PMSF; Sigma-Aldrich) by sonication. The soluble
fraction was obtained by centrifuging the lysate at 15,000× g for 15 min, and the supernatant was
applied to an equilibrated HiTrap™ Protein A HP column (GE Healthcare Life Sciences). After sufficient
washing with binding buffer, proteins were eluted by gradually decreasing the pH by mixing binding
buffer with elution buffer (0.1 M citric acid, pH 3.0).

The eluted fractions were pooled and dialyzed against PBS. Purified proteins were concentrated
with Amicon® Centriprep filters (Millipore, Burlington, MA, USA) and quantified using a gel
densitometer, with BSA used as the standard. After SDS-PAGE, the gel was stained with Coomassie
blue. After destaining, the gel image was captured by an image analyzer, and the density of each band
was analyzed using BIO-1D image analysis software (Vilber, Seoul, Korea). The proteins were stored at
−80 ◦C until use.

For purification of LysRS protein, Ni-affinity chromatography was performed as previously
reported [28]. The protocol was similar to that for Protein A affinity chromatography. However, we used
a HiTrap™ Ni-NTA column (GE Healthcare Life Sciences), and the binding buffer consisted of 50 mM
Tris-Cl, pH 7.5, 300 mM NaCl, 10% glycerol, 2 mM β-mercaptoethanol, 0.05% Tween-20, and 10 mM
imidazole. The elution buffer was the same as the binding buffer, except it contained 300 mM imidazole.

4.6. Cleavage of Fusion Proteins with TEV Protease

Purified LysRS-DKK2-Fc proteins were treated with recombinant TEV protease (Invitrogen)
in cleavage buffer (50 mM Tris-Cl, pH 8.0, 9.0, 9.5, and 10.0, 0.5 mM EDTA, and 1 mM DTT) or
various excipients (50 or 100 mM NaCl, 0.5 M arginine, 1 M urea, 0.5 M trehalose, 10 mM PEG, 1 M
guanidine hydrochloride, 10% glycerol, or 0.5% Tween-20) [33–40] in diverse conditions as described
in the Section 2. The cleavage of LysRS-DKK2-Fc proteins and solubility of TEV-cleaved DKK2-Fc
proteins were analyzed by SDS-PAGE. The quantification of DKK2-Fc proteins was performed as
described above.

4.7. Stability Analysis of Recombinant Proteins

For the stability analysis of fusion proteins and TEV-cleaved proteins, proteins were stored for
up to five days at 4 and 25 ◦C, respectively. Stored proteins were distributed into total, soluble,
and insoluble pellet fractions by centrifugation at 13,000× g for 15 min. The stability of proteins was
determined by SDS-PAGE analysis.
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4.8. TOPflash Reporter Assay

For the TOPflash reporter assay, HEK 293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin,
and 1% streptomycin (Gibco, Thermo Fisher Scientific). Cells were plated at 2 × 104 cells/well in
12-well plates 24 h before transfection, and each well was treated with PBS, LysRS, LysRS-DKK2-Fc,
TEV-cleaved LysRS-DKK2-Fc, or IWR-1 for 3 h prior to transfection. Cells were transfected with
DNA mixtures (500 ng β-catenin, TCF4, and TOPflash reporter plasmid) and 0.2 µg β-galactosidase
reporter gene using Lipofectamine 2000. At 18 h post-transfection, cells were treated with PBS,
LysRS, LysRS-DKK2-Fc, TEV-cleaved LysRS-DKK2-Fc (1), TEV-cleaved LysRS-DKK2-Fc (2), or IWR-1.
After 6 h, cells were lysed with Promega Lysis Buffer (Promega, Madison, WI, USA), and TOP luciferase
activity was measured using the Promega Luciferase Assay System [42,45].

4.9. Co-Immunoprecipitation

Proteins were subjected to immunoprecipitation with anti-LRP6 antibody (R&D Systems,
Minneapolis, MN) using Protein G agarose (Roche Diagnostics, Indianapolis, IN, USA).
Co-immunoprecipitated proteins were analyzed by western blotting using anti-LRP6 or anti-DKK2
antibody (Santa Cruz Biotechnology) [62,63]. DKK2 and LRP6 proteins were obtained from
R&D Systems.

4.10. Tube Formation Assay

The biological activity of LysRS-DKK2-Fc and TEV-cleaved LysRS-DKK2-Fc was estimated using
tube formation assay in HUVECs (Bio4You, Seoul, Korea) [80]. HUVECs were suspended in M199
medium supplemented with 0.1% BSA. An aliquot of 500 µL cell suspension was added to each well
of a BD Matrigel™ Matrix 12-well plate (BD Biosciences, San Jose, CA, USA). Next, each well was
treated with 50 or 100 ng/mL protein (LysRS, LysRS-DKK2-Fc, or TEV-cleaved LysRS-DKK2-Fc) for
16 h in M199 medium. The cells cultured on the plate were fixed in HBSS medium containing 1%
paraformaldehyde and then stained with 10 mM Calcein AM (BioVision, Milpitas, CA, USA) for
30 min. The cells were washed in PBS and observed by optical microscopy to quantify the number of
branch points.

4.11. In Vivo Matrigel Plug Assay

An aliquot of 600 µL liquid Matrigel at 4 ◦C was mixed with 14 nM LysRS-DKK2-Fc or TEV-cleaved
LysRS-DKK2-Fc and injected into the abdominal subcutaneous tissues of seven-week-old male C57BL/6
mice. The injected Matrigel rapidly formed a solid gel plug. After three days, the mouse skin was
pulled back to expose the Matrigel plug and quantify blood vessel infiltration. Hb levels were measured
using the Drabkin Reagent Kit 525 (Sigma-Aldrich) [13]. Animal experiment was approved by the
institutional animal care and use committee (IACUC) of Yonsei University (IACUC-A-201801-158-01).

5. Conclusions

RBPs stabilize disordered proteinaceous materials for acquiring and maintaining their
structural stability and functional competence. Warranting further investigation of DKK2 as Wnt
signaling antagonist, the present approach is conducive to accelerating the functional validation
of ‘difficult-to-express’ proteins and enhance the druggability of the repertoire of IDPs from
human proteome.
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IDP intrinsically disordered protein
RBP RNA-binding protein
Fc fragment crystallizable domain of immunoglobulin
IDRs intrinsically disordered regions
DKK2 Dickkopf2
LysRS lysyl-tRNA synthetase
EC endothelial cell
MBP maltose-binding protein
TEV Tobacco etch virus
PEG polyethylene glycol
TCF4 T cell-specific factor 4
Fz Frizzled
LRP low-density lipoprotein receptor-related protein
DBPs DNA-binding proteins
RBDs RNA-binding domains

References

1. Ward, J.J.; Sodhi, J.S.; McGuffin, L.J.; Buxton, B.F.; Jones, D.T. Prediction and functional analysis of native
disorder in proteins from the three kingdoms of life. J. Mol. Biol. 2004, 337, 635–645. [CrossRef] [PubMed]

2. Haynes, C.; Oldfield, C.J.; Ji, F.; Klitgord, N.; Cusick, M.E.; Radivojac, P.; Uversky, V.N.; Vidal, M.;
Iakoucheva, L.M. Intrinsic disorder is a common feature of hub proteins from four eukaryotic interactomes.
PLoS Comput. Biol. 2006, 2, e100. [CrossRef] [PubMed]

3. Wright, P.E.; Dyson, H.J. Intrinsically disordered proteins in cellular signalling and regulation. Nat. Rev. Mol.
Cell Biol. 2015, 16, 18–29. [CrossRef] [PubMed]

4. Uversky, V.N.; Oldfield, C.J.; Dunker, A.K. Intrinsically disordered proteins in human diseases: Introducing the
D2 concept. Annu. Rev. Biophys. 2008, 37, 215–246. [CrossRef] [PubMed]

5. Babu, M.M.; van der Lee, R.; de Groot, N.S.; Gsponer, J. Intrinsically disordered proteins: Regulation and
disease. Curr. Opin. Struct. Biol. 2011, 21, 432–440. [CrossRef] [PubMed]

6. Ambadipudi, S.; Zweckstetter, M. Targeting intrinsically disordered proteins in rational drug discovery.
Expert Opin. Drug Discov. 2016, 11, 65–77. [CrossRef] [PubMed]

7. Gordon, M.D.; Nusse, R. Wnt signaling: Multiple pathways, multiple receptors, and multiple transcription
factors. J. Biol. Chem. 2006, 281, 22429–22433. [CrossRef] [PubMed]

8. Logan, C.Y.; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol.
2004, 20, 781–810. [CrossRef] [PubMed]

9. Niehrs, C. Function and biological roles of the Dickkopf family of Wnt modulators. Oncogene 2006, 25, 7469–7481.
[CrossRef] [PubMed]

10. Krupnik, V.E.; Sharp, J.D.; Jiang, C.; Robison, K.; Chickering, T.W.; Amaravadi, L.; Brown, D.E.; Guyot, D.;
Mays, G.; Leiby, K.; et al. Functional and structural diversity of the human Dickkopf gene family. Gene
1999, 238, 301–313. [CrossRef] [PubMed]

11. Kawano, Y.; Kypta, R. Secreted antagonists of the Wnt signalling pathway. J. Cell Sci. 2003, 116, 2627–2634.
[CrossRef] [PubMed]

12. Choi, H.J.; Park, H.; Lee, H.W.; Kwon, Y.G. The Wnt pathway and the roles for its antagonists, DKKS,
in angiogenesis. IUBMB Life 2012, 64, 724–731. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jmb.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15019783
http://dx.doi.org/10.1371/journal.pcbi.0020100
http://www.ncbi.nlm.nih.gov/pubmed/16884331
http://dx.doi.org/10.1038/nrm3920
http://www.ncbi.nlm.nih.gov/pubmed/25531225
http://dx.doi.org/10.1146/annurev.biophys.37.032807.125924
http://www.ncbi.nlm.nih.gov/pubmed/18573080
http://dx.doi.org/10.1016/j.sbi.2011.03.011
http://www.ncbi.nlm.nih.gov/pubmed/21514144
http://dx.doi.org/10.1517/17460441.2016.1107041
http://www.ncbi.nlm.nih.gov/pubmed/26549326
http://dx.doi.org/10.1074/jbc.R600015200
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.113126
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://dx.doi.org/10.1038/sj.onc.1210054
http://www.ncbi.nlm.nih.gov/pubmed/17143291
http://dx.doi.org/10.1016/S0378-1119(99)00365-0
http://www.ncbi.nlm.nih.gov/pubmed/10570958
http://dx.doi.org/10.1242/jcs.00623
http://www.ncbi.nlm.nih.gov/pubmed/12775774
http://dx.doi.org/10.1002/iub.1062
http://www.ncbi.nlm.nih.gov/pubmed/22807036


Int. J. Mol. Sci. 2019, 20, 2847 16 of 19

13. Min, J.K.; Park, H.; Choi, H.J.; Kim, Y.; Pyun, B.J.; Agrawal, V.; Song, B.W.; Jeon, J.; Maeng, Y.S.; Rho, S.S.; et al.
The WNT antagonist Dickkopf2 promotes angiogenesis in rodent and human endothelial cells. J. Clin. Investig.
2011, 121, 1882–1893. [CrossRef] [PubMed]

14. Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [CrossRef]
[PubMed]

15. Shibuya, M. Involvement of Flt-1 (VEGF receptor-1) in cancer and preeclampsia. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 2011, 87, 167–178. [CrossRef] [PubMed]

16. Bergers, G.; Benjamin, L.E. Tumorigenesis and the angiogenic switch. Nat. Rev. Cancer 2003, 3, 401–410.
[CrossRef] [PubMed]

17. Rahimi, N. The ubiquitin-proteasome system meets angiogenesis. Mol. Cancer Ther. 2012, 11, 538–548.
[CrossRef] [PubMed]

18. Yancopoulos, G.D.; Davis, S.; Gale, N.W.; Rudge, J.S.; Wiegand, S.J.; Holash, J. Vascular-specific growth
factors and blood vessel formation. Nature 2000, 407, 242–248. [CrossRef] [PubMed]

19. Folkman, J. What is the evidence that tumors are angiogenesis dependent? J. Natl. Cancer Inst. 1990, 82, 4–6.
[CrossRef] [PubMed]

20. Zhu, J.; Zhang, S.; Gu, L.; Di, W. Epigenetic silencing of DKK2 and Wnt signal pathway components in
human ovarian carcinoma. Carcinogenesis 2012, 33, 2334–2343. [CrossRef] [PubMed]

21. Hirata, H.; Hinoda, Y.; Nakajima, K.; Kawamoto, K.; Kikuno, N.; Kawakami, K.; Yamamura, S.; Ueno, K.;
Majid, S.; Saini, S.; et al. Wnt antagonist gene DKK2 is epigenetically silenced and inhibits renal cancer
progression through apoptotic and cell cycle pathways. Clin. Cancer Res. 2009, 15, 5678–5687. [CrossRef]
[PubMed]

22. Baneyx, F. Recombinant protein expression in Escherichia coli. Curr. Opin. Biotechnol. 1999, 10, 411–421.
[CrossRef] [PubMed]

23. Baneyx, F.; Mujacic, M. Recombinant protein folding and misfolding in Escherichia coli. Nat. Biotechnol.
2004, 22, 1399–1408. [CrossRef] [PubMed]

24. Kwon, S.B.; Yu, J.E.; Kim, J.; Oh, H.; Park, C.; Lee, J.; Seong, B.L. Quality Screening of Incorrectly Folded
Soluble Aggregates from Functional Recombinant Proteins. Int. J. Mol. Sci. 2019, 20, 1505. [CrossRef]
[PubMed]

25. Xie, H.; Vucetic, S.; Iakoucheva, L.M.; Oldfield, C.J.; Dunker, A.K.; Uversky, V.N.; Obradovic, Z. Functional
anthology of intrinsic disorder. 1. Biological processes and functions of proteins with long disordered
regions. J. Proteome Res. 2007, 6, 1882–1898. [CrossRef] [PubMed]

26. Tompa, P. Intrinsically unstructured proteins. Trends Biochem. Sci. 2002, 27, 527–533. [CrossRef] [PubMed]
27. Kontermann, R.E. Strategies for extended serum half-life of protein therapeutics. Curr. Opin. Biotechnol.

2011, 22, 868–876. [CrossRef] [PubMed]
28. Choi, S.I.; Han, K.S.; Kim, C.W.; Ryu, K.S.; Kim, B.H.; Kim, K.H.; Kim, S.I.; Kang, T.H.; Shin, H.C.; Lim, K.H.; et al.

Protein solubility and folding enhancement by interaction with RNA. PLoS ONE 2008, 3, e2677. [CrossRef] [PubMed]
29. Linding, R.; Schymkowitz, J.; Rousseau, F.; Diella, F.; Serrano, L. A comparative study of the relationship

between protein structure and β-aggregation in globular and intrinsically disordered proteins. J. Mol. Biol.
2004, 342, 345–353. [CrossRef] [PubMed]

30. He, B.; Wang, K.; Liu, Y.; Xue, B.; Uversky, V.N.; Dunker, A.K. Predicting intrinsic disorder in proteins:
An overview. Cell Res. 2009, 19, 929–949. [CrossRef] [PubMed]

31. Theillet, F.X.; Binolfi, A.; Frembgen-Kesner, T.; Hingorani, K.; Sarkar, M.; Kyne, C.; Li, C.; Crowley, P.B.;
Gierasch, L.; Pielak, G.J.; et al. Physicochemical properties of cells and their effects on intrinsically disordered
proteins (IDPs). Chem. Rev. 2014, 114, 6661–6714. [CrossRef] [PubMed]

32. Kapust, R.B.; Waugh, D.S. Escherichia coli maltose-binding protein is uncommonly effective at promoting the
solubility of polypeptides to which it is fused. Protein Sci. 1999, 8, 1668–1674. [CrossRef] [PubMed]

33. Kreilgaard, L.; Jones, L.S.; Randolph, T.W.; Frokjaer, S.; Flink, J.M.; Manning, M.C.; Carpenter, J.F. Effect
of Tween 20 on freeze-thawing- and agitation-induced aggregation of recombinant human factor XIII.
J. Pharm. Sci. 1998, 87, 1597–1603. [CrossRef] [PubMed]

34. Arakawa, T.; Timasheff, S.N. Mechanism of poly(ethylene glycol) interaction with proteins. Biochemistry
1985, 24, 6756–6762. [CrossRef] [PubMed]

35. Gekko, K.; Timasheff, S.N. Mechanism of protein stabilization by glycerol: Preferential hydration in
glycerol-water mixtures. Biochemistry 1981, 20, 4667–4676. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI42556
http://www.ncbi.nlm.nih.gov/pubmed/21540552
http://dx.doi.org/10.1038/35025220
http://www.ncbi.nlm.nih.gov/pubmed/11001068
http://dx.doi.org/10.2183/pjab.87.167
http://www.ncbi.nlm.nih.gov/pubmed/21558755
http://dx.doi.org/10.1038/nrc1093
http://www.ncbi.nlm.nih.gov/pubmed/12778130
http://dx.doi.org/10.1158/1535-7163.MCT-11-0555
http://www.ncbi.nlm.nih.gov/pubmed/22357635
http://dx.doi.org/10.1038/35025215
http://www.ncbi.nlm.nih.gov/pubmed/11001067
http://dx.doi.org/10.1093/jnci/82.1.4
http://www.ncbi.nlm.nih.gov/pubmed/1688381
http://dx.doi.org/10.1093/carcin/bgs278
http://www.ncbi.nlm.nih.gov/pubmed/22964660
http://dx.doi.org/10.1158/1078-0432.CCR-09-0558
http://www.ncbi.nlm.nih.gov/pubmed/19755393
http://dx.doi.org/10.1016/S0958-1669(99)00003-8
http://www.ncbi.nlm.nih.gov/pubmed/10508629
http://dx.doi.org/10.1038/nbt1029
http://www.ncbi.nlm.nih.gov/pubmed/15529165
http://dx.doi.org/10.3390/ijms20040907
http://www.ncbi.nlm.nih.gov/pubmed/30791505
http://dx.doi.org/10.1021/pr060392u
http://www.ncbi.nlm.nih.gov/pubmed/17391014
http://dx.doi.org/10.1016/S0968-0004(02)02169-2
http://www.ncbi.nlm.nih.gov/pubmed/12368089
http://dx.doi.org/10.1016/j.copbio.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21862310
http://dx.doi.org/10.1371/journal.pone.0002677
http://www.ncbi.nlm.nih.gov/pubmed/18628952
http://dx.doi.org/10.1016/j.jmb.2004.06.088
http://www.ncbi.nlm.nih.gov/pubmed/15313629
http://dx.doi.org/10.1038/cr.2009.87
http://www.ncbi.nlm.nih.gov/pubmed/19597536
http://dx.doi.org/10.1021/cr400695p
http://www.ncbi.nlm.nih.gov/pubmed/24901537
http://dx.doi.org/10.1110/ps.8.8.1668
http://www.ncbi.nlm.nih.gov/pubmed/10452611
http://dx.doi.org/10.1021/js980126i
http://www.ncbi.nlm.nih.gov/pubmed/10189273
http://dx.doi.org/10.1021/bi00345a005
http://www.ncbi.nlm.nih.gov/pubmed/4074726
http://dx.doi.org/10.1021/bi00519a023
http://www.ncbi.nlm.nih.gov/pubmed/7295639


Int. J. Mol. Sci. 2019, 20, 2847 17 of 19

36. Singer, M.A.; Lindquist, S. Multiple effects of trehalose on protein folding in vitro and in vivo. Mol. Cell
1998, 1, 639–648. [CrossRef] [PubMed]

37. Arakawa, T.; Timasheff, S.N. Preferential interactions of proteins with salts in concentrated solutions.
Biochemistry 1982, 21, 6545–6552. [CrossRef] [PubMed]

38. Tsumoto, K.; Umetsu, M.; Kumagai, I.; Ejima, D.; Philo, J.S.; Arakawa, T. Role of arginine in protein refolding,
solubilization, and purification. Biotechnol. Prog. 2004, 20, 1301–1308. [CrossRef] [PubMed]

39. Golovanov, A.P.; Hautbergue, G.M.; Wilson, S.A.; Lian, L.Y. A simple method for improving protein solubility
and long-term stability. J. Am. Chem. Soc. 2004, 126, 8933–8939. [CrossRef] [PubMed]

40. Nozaki, Y.; Tanford, C. The Solubility of Amino Acids and Related Compounds in Aqueous Urea Solutions.
J. Biol. Chem. 1963, 238, 4074–4081. [PubMed]

41. Xu, Y.; Zhang, J.; Jiang, W.; Zhang, S. Astaxanthin induces angiogenesis through Wnt/beta-catenin signaling
pathway. Phytomedicine 2015, 22, 744–751. [CrossRef] [PubMed]

42. Korinek, V.; Barker, N.; Morin, P.J.; van Wichen, D.; de Weger, R.; Kinzler, K.W.; Vogelstein, B.; Clevers, H.
Constitutive transcriptional activation by a β-catenin-Tcf complex in APC−/− colon carcinoma. Science
1997, 275, 1784–1787. [CrossRef] [PubMed]

43. Dorlich, R.M.; Chen, Q.; Niklas Hedde, P.; Schuster, V.; Hippler, M.; Wesslowski, J.; Davidson, G.;
Nienhaus, G.U. Dual-color dual-focus line-scanning FCS for quantitative analysis of receptor-ligand
interactions in living specimens. Sci. Rep. 2015, 5, 10149. [CrossRef] [PubMed]

44. Hagen, T.; Di Daniel, E.; Culbert, A.A.; Reith, A.D. Expression and characterization of GSK-3 mutants and
their effect on beta-catenin phosphorylation in intact cells. J. Biol. Chem. 2002, 277, 23330–23335. [CrossRef]
[PubMed]

45. Cha, M.Y.; Kim, C.M.; Park, Y.M.; Ryu, W.S. Hepatitis B virus X protein is essential for the activation of
Wnt/beta-catenin signaling in hepatoma cells. Hepatology 2004, 39, 1683–1693. [CrossRef] [PubMed]

46. Bao, R.; Christova, T.; Song, S.; Angers, S.; Yan, X.; Attisano, L. Inhibition of tankyrases induces Axin
stabilization and blocks Wnt signalling in breast cancer cells. PLoS ONE 2012, 7, e48670. [CrossRef] [PubMed]

47. Zhang, C.; Cho, K.; Huang, Y.; Lyons, J.P.; Zhou, X.; Sinha, K.; McCrea, P.D.; de Crombrugghe, B. Inhibition of Wnt
signaling by the osteoblast-specific transcription factor Osterix. Proc. Natl. Acad. Sci. USA 2008, 105, 6936–6941.
[CrossRef] [PubMed]

48. Kang, Y.J.; Park, H.J.; Chung, H.J.; Min, H.Y.; Park, E.J.; Lee, M.A.; Shin, Y.; Lee, S.K. Wnt/β-catenin signaling
mediates the antitumor activity of magnolol in colorectal cancer cells. Mol. Pharmacol. 2012, 82, 168–177.
[CrossRef] [PubMed]

49. Mao, B.; Niehrs, C. Kremen2 modulates Dickkopf2 activity during Wnt/LRP6 signaling. Gene 2003, 302, 179–183.
[CrossRef] [PubMed]

50. Li, L.; Mao, J.; Sun, L.; Liu, W.; Wu, D. Second cysteine-rich domain of Dickkopf-2 activates canonical Wnt
signaling pathway via LRP-6 independently of dishevelled. J. Biol. Chem. 2002, 277, 5977–5981. [CrossRef]
[PubMed]

51. Moon, R.T.; Kohn, A.D.; De Ferrari, G.V.; Kaykas, A. WNT and beta-catenin signalling: Diseases and
therapies. Nat. Rev. Genet. 2004, 5, 691–701. [CrossRef] [PubMed]

52. Deb, A. Cell-cell interaction in the heart via Wnt/beta-catenin pathway after cardiac injury. Cardiovasc. Res.
2014, 102, 214–223. [CrossRef] [PubMed]

53. Chiurillo, M.A. Role of the Wnt/beta-catenin pathway in gastric cancer: An in-depth literature review. World J.
Exp. Med. 2015, 5, 84–102. [CrossRef] [PubMed]

54. Yu, J.; Virshup, D.M. Updating the Wnt pathways. Biosci. Rep. 2014, 34. [CrossRef] [PubMed]
55. Tompa, P. Intrinsically disordered proteins: A 10-year recap. Trends Biochem. Sci. 2012, 37, 509–516. [CrossRef]

[PubMed]
56. Peng, Z.; Oldfield, C.J.; Xue, B.; Mizianty, M.J.; Dunker, A.K.; Kurgan, L.; Uversky, V.N. A creature with a hundred

waggly tails: Intrinsically disordered proteins in the ribosome. Cell. Mol. Life Sci. 2014, 71, 1477–1504. [CrossRef]
[PubMed]

57. Dunker, A.K.; Lawson, J.D.; Brown, C.J.; Williams, R.M.; Romero, P.; Oh, J.S.; Oldfield, C.J.; Campen, A.M.;
Ratliff, C.M.; Hipps, K.W.; et al. Intrinsically disordered protein. J. Mol. Graph. Model. 2001, 19, 26–59.
[CrossRef] [PubMed]

58. Uversky, V.N.; Gillespie, J.R.; Fink, A.L. Why are “natively unfolded” proteins unstructured under physiologic
conditions? Proteins 2000, 41, 415–427. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1097-2765(00)80064-7
http://www.ncbi.nlm.nih.gov/pubmed/9660948
http://dx.doi.org/10.1021/bi00268a034
http://www.ncbi.nlm.nih.gov/pubmed/7150575
http://dx.doi.org/10.1021/bp0498793
http://www.ncbi.nlm.nih.gov/pubmed/15458311
http://dx.doi.org/10.1021/ja049297h
http://www.ncbi.nlm.nih.gov/pubmed/15264823
http://www.ncbi.nlm.nih.gov/pubmed/14086747
http://dx.doi.org/10.1016/j.phymed.2015.05.054
http://www.ncbi.nlm.nih.gov/pubmed/26141761
http://dx.doi.org/10.1126/science.275.5307.1784
http://www.ncbi.nlm.nih.gov/pubmed/9065401
http://dx.doi.org/10.1038/srep10149
http://www.ncbi.nlm.nih.gov/pubmed/25951521
http://dx.doi.org/10.1074/jbc.M201364200
http://www.ncbi.nlm.nih.gov/pubmed/11967263
http://dx.doi.org/10.1002/hep.20245
http://www.ncbi.nlm.nih.gov/pubmed/15185310
http://dx.doi.org/10.1371/journal.pone.0048670
http://www.ncbi.nlm.nih.gov/pubmed/23144924
http://dx.doi.org/10.1073/pnas.0710831105
http://www.ncbi.nlm.nih.gov/pubmed/18458345
http://dx.doi.org/10.1124/mol.112.078535
http://www.ncbi.nlm.nih.gov/pubmed/22550094
http://dx.doi.org/10.1016/S0378-1119(02)01106-X
http://www.ncbi.nlm.nih.gov/pubmed/12527209
http://dx.doi.org/10.1074/jbc.M111131200
http://www.ncbi.nlm.nih.gov/pubmed/11742004
http://dx.doi.org/10.1038/nrg1427
http://www.ncbi.nlm.nih.gov/pubmed/15372092
http://dx.doi.org/10.1093/cvr/cvu054
http://www.ncbi.nlm.nih.gov/pubmed/24591151
http://dx.doi.org/10.5493/wjem.v5.i2.84
http://www.ncbi.nlm.nih.gov/pubmed/25992323
http://dx.doi.org/10.1042/BSR20140119
http://www.ncbi.nlm.nih.gov/pubmed/25208913
http://dx.doi.org/10.1016/j.tibs.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22989858
http://dx.doi.org/10.1007/s00018-013-1446-6
http://www.ncbi.nlm.nih.gov/pubmed/23942625
http://dx.doi.org/10.1016/S1093-3263(00)00138-8
http://www.ncbi.nlm.nih.gov/pubmed/11381529
http://dx.doi.org/10.1002/1097-0134(20001115)41:3&lt;415::AID-PROT130&gt;3.0.CO;2-7
http://www.ncbi.nlm.nih.gov/pubmed/11025552


Int. J. Mol. Sci. 2019, 20, 2847 18 of 19

59. Francin, M.; Kaminska, M.; Kerjan, P.; Mirande, M. The N-terminal domain of mammalian Lysyl-tRNA
synthetase is a functional tRNA-binding domain. J. Biol. Chem. 2002, 277, 1762–1769. [CrossRef] [PubMed]

60. Chen, L.; Wang, K.; Shao, Y.; Huang, J.; Li, X.; Shan, J.; Wu, D.; Zheng, J.J. Structural insight into the
mechanisms of Wnt signaling antagonism by DKK. J. Biol. Chem. 2008, 283, 23364–23370. [CrossRef]
[PubMed]

61. Lu, H.; Ma, J.; Yang, Y.; Shi, W.; Luo, L. EpCAM is an endoderm-specific Wnt derepressor that licenses
hepatic development. Dev. Cell 2013, 24, 543–553. [CrossRef] [PubMed]

62. Mao, B.; Wu, W.; Li, Y.; Hoppe, D.; Stannek, P.; Glinka, A.; Niehrs, C. LDL-receptor-related protein 6 is
a receptor for Dickkopf proteins. Nature 2001, 411, 321–325. [CrossRef] [PubMed]

63. Binnerts, M.E.; Kim, K.A.; Bright, J.M.; Patel, S.M.; Tran, K.; Zhou, M.; Leung, J.M.; Liu, Y.; Lomas, W.E., 3rd;
Dixon, M.; et al. R-Spondin1 regulates Wnt signaling by inhibiting internalization of LRP6. Proc. Natl. Acad.
Sci. USA 2007, 104, 14700–14705. [CrossRef] [PubMed]

64. Calabretta, S.; Richard, S. Emerging Roles of Disordered Sequences in RNA-Binding Proteins.
Trends Biochem. Sci. 2015, 40, 662–672. [CrossRef] [PubMed]

65. Bouchard, M.J.; Schneider, R.J. The enigmatic X gene of hepatitis B virus. J. Virol. 2004, 78, 12725–12734.
[CrossRef] [PubMed]

66. Lim, K.H.; Kim, K.H.; Choi, S.I.; Park, E.S.; Park, S.H.; Ryu, K.; Park, Y.K.; Kwon, S.Y.; Yang, S.I.; Lee, H.C.; et al.
RPS3a over-expressed in HBV-associated hepatocellular carcinoma enhances the HBx-induced NF-kappaB
signaling via its novel chaperoning function. PLoS ONE 2011, 6, e22258. [CrossRef] [PubMed]

67. Park, E.S.; Byun, Y.H.; Park, S.; Jang, Y.H.; Han, W.R.; Won, J.; Cho, K.C.; Kim, D.H.; Lee, A.R.; Shin, G.C.;
et al. Co-degradation of interferon signaling factor DDX3 by PB1-F2 as a basis for high virulence of 1918
pandemic influenza. EMBO J. 2019. [CrossRef] [PubMed]

68. Commans, S.; Plateau, P.; Blanquet, S.; Dardel, F. Solution structure of the anticodon-binding domain of Escherichia coli
lysyl-tRNA synthetase and studies of its interaction with tRNA(Lys). J. Mol. Biol. 1995, 253, 100–113. [CrossRef]
[PubMed]

69. Frydman, J. Folding of newly translated proteins in vivo: The role of molecular chaperones.
Annu. Rev. Biochem. 2001, 70, 603–647. [CrossRef] [PubMed]

70. Choi, S.I.; Ryu, K.; Seong, B.L. RNA-mediated chaperone type for de novo protein folding. RNA Biol. 2009, 6, 21–24.
[CrossRef] [PubMed]

71. Son, A.; Choi, S.I.; Han, G.; Seong, B.L. M1 RNA is important for the in-cell solubility of its cognate C5 protein:
Implications for RNA-mediated protein folding. RNA Biol. 2015, 12, 1198–1208. [CrossRef] [PubMed]

72. Docter, B.E.; Horowitz, S.; Gray, M.J.; Jakob, U.; Bardwell, J.C. Do nucleic acids moonlight as molecular
chaperones? Nucleic Acids Res. 2016, 44, 4835–4845. [CrossRef] [PubMed]

73. Horowitz, S.; Bardwell, J.C. RNAs as chaperones. RNA Biol. 2016, 13, 1228–1231. [CrossRef] [PubMed]
74. Lin, Z.; Rye, H.S. GroEL-mediated protein folding: Making the impossible, possible. Crit. Rev. Biochem.

Mol. Biol. 2006, 41, 211–239. [CrossRef] [PubMed]
75. Diamant, S.; Ben-Zvi, A.P.; Bukau, B.; Goloubinoff, P. Size-dependent disaggregation of stable protein

aggregates by the DnaK chaperone machinery. J. Biol. Chem. 2000, 275, 21107–21113. [CrossRef] [PubMed]
76. Structural Genomics Consortium; China Structural Genomics Consortium; Northeast Structural Genomics

Consortium; Graslund, S.; Nordlund, P.; Weigelt, J.; Hallberg, B.M.; Bray, J.; Gileadi, O.; Knapp, S.; et al.
Protein production and purification. Nat. Methods 2008, 5, 135–146. [CrossRef] [PubMed]

77. Kim, C.W.; Han, K.S.; Ryu, K.S.; Kim, B.H.; Kim, K.H.; Choi, S.I.; Seong, B.L. N-terminal domains of native
multidomain proteins have the potential to assist de novo folding of their downstream domains in vivo by
acting as solubility enhancers. Protein Sci. 2007, 16, 635–643. [CrossRef] [PubMed]

78. Van Noort, M.; Meeldijk, J.; van der Zee, R.; Destree, O.; Clevers, H. Wnt signaling controls the phosphorylation
status of beta-catenin. J. Biol. Chem. 2002, 277, 17901–17905. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M109759200
http://www.ncbi.nlm.nih.gov/pubmed/11706011
http://dx.doi.org/10.1074/jbc.M802375200
http://www.ncbi.nlm.nih.gov/pubmed/18524778
http://dx.doi.org/10.1016/j.devcel.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23484855
http://dx.doi.org/10.1038/35077108
http://www.ncbi.nlm.nih.gov/pubmed/11357136
http://dx.doi.org/10.1073/pnas.0702305104
http://www.ncbi.nlm.nih.gov/pubmed/17804805
http://dx.doi.org/10.1016/j.tibs.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26481498
http://dx.doi.org/10.1128/JVI.78.23.12725-12734.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542625
http://dx.doi.org/10.1371/journal.pone.0022258
http://www.ncbi.nlm.nih.gov/pubmed/21857917
http://dx.doi.org/10.15252/embj.201899475
http://www.ncbi.nlm.nih.gov/pubmed/30979777
http://dx.doi.org/10.1006/jmbi.1995.0539
http://www.ncbi.nlm.nih.gov/pubmed/7473706
http://dx.doi.org/10.1146/annurev.biochem.70.1.603
http://www.ncbi.nlm.nih.gov/pubmed/11395418
http://dx.doi.org/10.4161/rna.6.1.7441
http://www.ncbi.nlm.nih.gov/pubmed/19106620
http://dx.doi.org/10.1080/15476286.2015.1096487
http://www.ncbi.nlm.nih.gov/pubmed/26517763
http://dx.doi.org/10.1093/nar/gkw291
http://www.ncbi.nlm.nih.gov/pubmed/27105849
http://dx.doi.org/10.1080/15476286.2016.1247147
http://www.ncbi.nlm.nih.gov/pubmed/27791471
http://dx.doi.org/10.1080/10409230600760382
http://www.ncbi.nlm.nih.gov/pubmed/16849107
http://dx.doi.org/10.1074/jbc.M001293200
http://www.ncbi.nlm.nih.gov/pubmed/10801805
http://dx.doi.org/10.1038/nmeth.f.202
http://www.ncbi.nlm.nih.gov/pubmed/18235434
http://dx.doi.org/10.1110/ps.062330907
http://www.ncbi.nlm.nih.gov/pubmed/17384228
http://dx.doi.org/10.1074/jbc.M111635200
http://www.ncbi.nlm.nih.gov/pubmed/11834740


Int. J. Mol. Sci. 2019, 20, 2847 19 of 19

79. Staal, F.J.; van Noort, M.; Strous, G.J.; Clevers, H.C. Wnt signals are transmitted through N-terminally
dephosphorylated beta-catenin. EMBO Rep. 2002, 3, 63–68. [CrossRef] [PubMed]

80. Lim, J.; Duong, T.; Lee, G.; Seong, B.L.; El-Rifai, W.; Ruley, H.E.; Jo, D. The effect of intracellular protein
delivery on the anti-tumor activity of recombinant human endostatin. Biomaterials 2013, 34, 6261–6271.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/embo-reports/kvf002
http://www.ncbi.nlm.nih.gov/pubmed/11751573
http://dx.doi.org/10.1016/j.biomaterials.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23714245
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Expression and Purification of DKK2 Fusion Proteins 
	Tobacco Etch Virus (TEV) Protease Cleavage of LysRS-DKK2-Fc 
	Recombinant DKK2-Fc Inhibits the Wnt Signaling Pathway 
	Recombinant DKK2-Fc Induces Tube Formation in an In Vitro Model of Angiogenesis 
	Effect of Recombinant DKK2-Fc on Angiogenesis In Vivo 

	Discussion 
	Materials and Methods 
	In Silico Prediction of DKK2 Disorder Regions 
	Construction of Protein Expression Plasmids 
	Protein Expression 
	Western Blot Analysis 
	Purification and Quantification of Recombinant Protein 
	Cleavage of Fusion Proteins with TEV Protease 
	Stability Analysis of Recombinant Proteins 
	TOPflash Reporter Assay 
	Co-Immunoprecipitation 
	Tube Formation Assay 
	In Vivo Matrigel Plug Assay 

	Conclusions 
	References

