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Dimeric CMP-Ang1 Activates Tie2

“and Stimulates Angiogenesis and

e \@scular Stabilization in N-glycan
~ Dependent Manner

Nuri Oh*?, Kangsan Kim*?, Soo Jin Kim?, Intae Park?, Jung-Eun Lee*?, Young Suk Seo3,
Hyun Joo An3, Ho Min Kim* & Gou Young Koh*>

. Angiopoietin-1 (Anga), a potential growth factor for therapeutic angiogenesis and vascular
stabilization, is known to specifically cluster and activate Tiez in high oligomeric forms, which is a

. unique and essential process in this ligand-receptor interaction. However, highly oligomeric native

. Ang1 and Anga variants are difficult to produce, purify, and store in a stable and active form. To
overcome these limitations, we developed a simple and active dimeric CMP-Anga by replacing the
N-terminal of native Ang1 with the coiled-coil domain of cartilage matrix protein (CMP) bearing
mutations in its cysteine residues. This dimeric CMP-Angzx effectively increased the migration,

. survival, and tube formation of endothelial cells via Tie2 activation. Furthermore, dimeric CMP-

. Anga induced angiogenesis and suppressed vascular leakage in vivo. Despite its dimeric structure,

. the potencies of such Tiez-activation-induced effects were comparable to those of a previously

. engineered protein, COMP-Angz1. We also revealed that these effects of dimeric CMP-Ang1 were
affected by specified N-glycosylation in its fibrinogen-like domain. Taken together, our results
indicate that dimeric CMP-Angz is capable of activating Tie2 and stimulating angiogenesis in
N-glycan dependent manner.

. Angiopoietin-1 (Angl) is a secretory ligand of tyrosine kinase with Immunoglobulin and epidermal
. growth factor homology domain 2 (Tie2) that is mainly expressed by vascular endothelial cells and
© hematopoietic cells'>. Angl plays critical roles in vascular assembly, maturation and stabilization, coro-
. nary venogenesis, and glomerular vascular protection during developmental and pathological angiogen-
esis*”. The structure of Angl consists of a carboxyl-terminal fibrinogen-like domain (FLD) that binds to
the Tie2 receptor, a central coiled-coil domain that oligomerizes the fibrinogen-like domains, and a short
amino-terminal domain that superclusters the oligomer into variably sized multimers®-!°. In fact, Angl
naturally exists as heterogeneous oligomers with trimer, tetramer, and higher-order oligomers®~''. Due to
such inert nature of Angl, recombinant Angl that is produced in mammalian cells is non-soluble, sticky,
. non-specifically bondable, and easily aggregative!!2. These unavoidable features of recombinant Angl
. leads to difficulty in producing as a therapeutic protein in mass as Tie2 activator.
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Oligomeric structure of Angl is required for the clustering of Tie2>*-'"!3, Jeading to the phospho-
rylation of Tie2 kinase domain and initiation of downstream signaling pathways. This Angl-induced
Tie2 clustering could be a unique and essential process for efficient signaling, unlike any other recep-
tor tyrosine kinases'*'>. Tie2 recognition and binding is predominantly mediated by the fibrinogen-like
domain of Angl. However, the fibrinogen-like domain alone is not sufficient for the activation of Tie2.
Furthermore, biochemical studies demonstrated that at least trimeric Angl is required for the activation
of Tie2 receptor, and recombinant dimeric Angl proteins, GCN-Angl and Angl-F1-Fc, were unable to
activate Tie2 receptor®>!!. Thus, the oligomeric status of Angl was readily accepted as a critical determi-
nant for the activation of Tie2. Based on this unique interaction between secretory ligand and membrane
receptor, our group previously generated a soluble, stable, and potent pentameric Angl variant by replac-
ing the N-terminal domain of Angl (245 amino acids) with the short, pentameric coiled-coil domain (45
amino acids) of the cartilage oligomeric matrix protein (COMP), and named it as “COMP-Ang1”"". Thus
far, COMP-Ang] has been extensively used in numerous experimental settings as an alternative to native
Angl, and has provided adequate rationales and insights regarding the importance of vascular regenera-
tion®. However, COMP-Angl is a large protein (~175kDa) that is difficult to produce, purify, and store in
a stable form, posing unavoidable barriers to be developed as a therapeutic protein. Therefore, substantial
advances are required to develop a simple, small, and potent Angl variant for therapeutic purposes.

In this study, we generated a simple and potent Angl variant (CMP-Ang]1) by replacing the coiled-coil
domain of native Angl with the short, trimeric coiled-coil domain of cartilage matrix protein (CMP). We
then modified the cysteines within the coiled-coil and linker domains using site-directed mutagenesis
to create a dimeric form of Angl, named CMP-A1-3. Unlike other previously developed dimeric Angl
variants, CMP-A1-3 was able to activate Tie2 and its downstream signaling, which are dependent on
N-glycosylation and the type of the attached glycan. Of special note, CMP-A1-3 promotes angiogenesis
in a Tie2-dependent manner to a similar level to that of COMP-Ang1. Taken together, our findings show
that dimeric CMP-Ang]l is a potent Angl variant that activates Tie2 receptor and stimulates angiogene-
sis, and hence could be developed as a therapeutic protein.

Results

Design and characterization of CMP-Ang1 variants. As depicted in Fig. 1A, human CMP
contains a short coiled-coil domain (43 amino acids; EEDPCACESLVKFQAKVEGLLQALTRKLE
AVSKRLAILENTVYV) that functions as a trimer assembly that is stabilized by forming three inter-chain
disulfide bonds'®"”. Using this trimer assembly, we designed trimeric Angl, namely CMP-Angl-1 (CAl-
1), in which the N-terminal super-clustering domain and coiled-coil domain of human Angl (245 amino
acid) were replaced with the short trimeric CMP (Fig. 1B). Then, CA1-1 was generated by a transient
mammalian expression system using HEK293 cells'®!®. SDS-PAGE analysis revealed that recombinant
CA1-1 protein mostly formed ~105kDa trimers but also scarcely existed as ~70kDa dimer and >200kDa
higher order oligomers under NR condition, while it mainly formed ~35kDa monomer under R con-
dition (Fig. 1E).

Because cysteine residues are essential for the disulfide bonds, and these disulfide bonds have critical
roles in maintaining oligomeric structures, we sought to test how the cysteine residues in the linker of
Angl and in the coiled-coil domain of CMP affect the oligomeric status of CMP-Angl by replacing
them with alanine with different combinations (Fig. 1C), and the newly created CMP-Angl variants
were generated and analyzed using the same methods. As controls, we also generated Fc-Angl (Fc-Al),
GCN-Angl (GCN-A1l) and COMP-Angl (COMP-A1) according to previous reports”!! using the same
methods (Fig. 1D). Interestingly, the replacement of cysteine with alanine in the linker (CMP-Angl-2;
CA1-2) showed a similar oligomeric pattern with CA1-1, while the replacement of the first cysteine in the
coiled-coil domain and cysteine in the linker with alanine (CA1-3) led to the formation of solely dimeric
Angl (~70kDa) under NR condition (Fig. 1E). All recombinant proteins showed expected sizes of mono-
mers in R condition (Fig. 1E). Further TEM analysis also indicated that CA1-1 and CA1-2 mainly formed
trimers, whereas CA1-3 only formed dimers without higher ordered oligomers (Fig. 1F). In compari-
son, SDS-PAGE and TEM analysis showed that Fc-Angl, GCN-Angl, and COMP-Angl mainly formed
dimers, dimers, and pentamers, respectively, which is consistent with previous findings®'>'> (Fig. 1E,F).
Furthermore, we performed a size-exclusion chromatographic analysis for COMP-Angl, CAl-1 and
CA1-3 to clearly verify their oligomeric statuses. Distinct peaks corresponding pentameric COMP-Ang1
(~175kDa), trimeric CA1-1 (~105kDa) and dimeric CA1-3 (~70kDa) were shown (Fig. 1G).

We then analyzed the biochemical characteristics of these recombinant proteins. The recombinant
proteins were secreted from HEK293 cells and bound to their respective purification matrix, streptac-
tin agarose beads. Approximately 85% of most recombinant proteins were recovered from the purifica-
tion matrix, while only ~65% of native Angl was recovered from the purification matrix (Table 1). A
solubility assay with acid precipitation indicated that CMP-Ang]1 variants, Fc-Angl, GCN-Angl, and
COMP-Angl, were relatively soluble, while native Angl had low solubility (Table 1). Furthermore,
CAl-1, CAl1-3 and COMP-Angl maintained their Tie2 phosphorylation activity, while that of native
Angl was lost by approximately 40% (Table 1). Importantly, unnoticeable aggregation was detected in
CMP-Angl variants, while a notable aggregation was detected in ~10% of COMP-Angl and ~50% of
native Angl (Table 1).
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Figure 1. Design and characterization of CMP-Angl and its variants. (A) Axial and side views of CMP
structure (PDB: 1AQ5). Coiled-coil domain of CMP are trimerized and stabilized by disulfide bonds.
Orange, the three disulfide bonds. (B) Schematic diagram of native Angl and CMP-Angl. Angl consists

of the secretory signal sequences (S), super-clustering domain (SCD), coiled-coil domain (CCD), linker

(L), and fibrinogen-like domain (FLD). Crystal structure of Angl-Tie2 complex (PDB: 4K0V) indicates

that FLD of Angl is essential to bind to Tie2 receptor. Bluish green, FLD of Angl; purple, extracellular
domain (ECD) of Tie2. The SCD and CCD of Angl are replaced with the short CCD of CMP to generate
CMP-Angl (denoted CA1-1). (C) Schematic diagrams of CMP-Angl variants. In CA1-2, cysteine 76 is
replaced with alanine; in CA1-3, cysteines 31 and 76 are replaced with alanine. (D) For hFc-Angl, GCN-
Angl, and COMP-Angl, the SCD and CCD of Angl are replaced with the Fc portion of human IgG1 and
with the short coiled-coil domains of GCN and COMBP, respectively. (E) Angl variants were separated by
SDS-PAGE under non-reduced (NR) and reduced (R) conditions, and were immunoblotted with anti-Angl
antibody. In NR condition, CA1-1 and CA1-2 mainly form trimers (orange thin arrows) but slightly exist as
higher order oligomers (orange arrowheads), while CA1-3, GCN-Angl, Fc-Angl, and COMP-Angl mostly
form dimers, dimers, dimers, and pentamers, respectively (thick arrow of each different color). Molecular
masses (kDa) are indicated on the left. (F) The oligomeric states of recombinant proteins were imaged by
electron microscopy; respective schematic depictions are shown below. CA1-1 and CA1-2 mainly form
trimers, whereas CA1-3, GCN-Angl, and Fc-Angl form dimeric structures. COMP-Angl shows pentameric
structures. (G) Oligomeric statuses of COMP-Angl, CA1-1 and CA1-3 were analyzed using a size-exclusion
chromatography. The peaks for COMP-Angl, CAl-1 and CA1-3 correspond to pentamer (~175kDa), trimer
(~105kDa) and dimer (~70kDa), respectively. Arrowheads indicate the molecular masses of standards.
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Elution, % Solubility, % Stability, % Aggregation, %
CAl-1 > 90 > 90 > 95 Not detectable
CAI-2 > 90 > 90 ND Not detectable
CA1-3 > 90 > 90 > 95 Not detectable
Fc-Al > 90 > 90 ND Not detectable
GCN-Al > 85 > 90 ND Not detectable
COMP-A1 > 90 > 90 > 95 > 10%
Native Angl > 65 > 70 > 60 > 50%

Table 1. Biochemical characteristics of Angl variants. Elution is the percentage of protein released from
streptactin agarose beads. Solubility is the percentage of soluble protein at pH 4.0 in acetic acid buffer.
Insoluble proteins were precipitated. Elution and solubility were measured with freshly prepared proteins.
Stability is the phosphorylation activity of proteins on Tie2 in HUVEC:s after being stored at —70°C for 3
months. Aggregation is the percentage of protein aggregates under non-reducing condition in the stacking
gel of SDS-PAGE after being stored at —70°C for a month. Three repeats of each experiment showed similar
findings. ‘ND’ is ‘not determined’

Thus, we were able to obtain soluble, stable, and low molecular-sized, trimeric and dimeric Angl
variants by replacing the N-terminal of Angl with the short coiled-coil domain of CMP and modifying
the inter-chain disulfide cysteine bonds of CMP-Angl.

Dimeric CMP-Ang1, CA1-3, activates Tie2-Akt signaling and promotes in vitro angiogenic
activities in cultured endothelial cells. To compare the biochemical and biological activities of
each Angl variants, in vitro binding assay was performed and the effects on Tie2 and Akt, a major com-
ponent of the intracellular Tie2 signaling pathway, were measured. In vitro binding assays revealed that,
compared with COMP-Angl, CA1-1, CA1-2, Fc-Angl, and GCN-Angl exhibited relatively lower bind-
ing to Tie2, which were similar to previous findings®!!, whereas CA1-3 unexpectedly exhibited an equiv-
alent binding to Tie2 (Fig. 2A; Fc-Angl result not shown). However, none of these Angl variants bound
significantly to Tiel (Fig. 2A). We next examined Tie2 and Akt phosphorylation assay to compare the
activities of Angl variants. Dimeric CA1-3 strongly phosphorylated Tie2 and Akt (Ser473), which was to
a slightly higher extent than trimeric CA1-1 but slightly less than pentameric COMP-Ang], in cultured
human umbilical vein endothelial cells (HUVECs) (Fig. 2B,C). On the other hand, neither the trimeric
CA1-2, dimeric Fc-Angl, nor dimeric GCN-Angl induced Tie2 and Akt phosphorylation (Fig. 2B,C).
Moreover, Akt phosphorylation induced by CA1-3 was persistent for 3 hr (Fig. 2D), which is similar to
COMP-Angl’s activity. To test whether the activity of CA1-3 on Akt phosphorylation is dependent on
Tie2 receptor activation, we transfected HUVECs with Tie2 siRNA to deplete Tie2. Consequently, CA1-3
and COMP-Angl were unable to induce Akt phosphorylation in the Tie2-depleted HUVECs, while
CA1-3 and COMP-Angl successfully induced Akt phosphorylation in the control siRNA-transfected
HUVECs (Fig. 2E). Thus, CA1-3 can strongly and specifically bind and activate Tie2, and activate the
main Tie2 downstream signaling, Akt, in the vascular endothelial cells despite its dimeric status.

To address the effects of CA1-3 on cultured HUVECs, we compared its activities with Fc-Angl,
GCN-Angl, and COMP-Angl. Indeed, like COMP-Angl1'*, CA1-3 induced Tie2 trans-localization to
cell-to-cell junctions, promoted tube formation by 2.4-fold, and increased migration by 2.0-fold, while
suppressing apoptosis by 2.2-fold compared with control (Fig. 3). Meanwhile, as we expected, Fc-Angl
and GCN-Angl did not significantly alter the cellular activities of cultured HUVECs (Fig. 3). Thus,
dimeric CMP-Angl is as potent as COMP-Ang]1 in inducing in vitro activities of endothelial stabilization
and angiogenesis.

Dimeric CMP-Ang1 has different glycan patterns depending on the host cell line. Based
on the aforementioned findings, we chose CA1-3 for further biochemical analyses. For a steady and
large-scale production of CA1-3, we attempted to produce CA1-3 protein using a commonly used CHO
cell line (DG44)?'. However, our assays indicated that the CA1-3 produced in CHO cells did not induce
Tie2 phosphorylation, while the CA1-3 produced in HEK293 cells reproducibly induced Tie2 phospho-
rylation (Fig. 4A). Similar findings were also observed when we generated CA1-3 in different CHO cell
line (CHO-K1)?* (results not shown). Because it is well-known that the glycosylation patterns of recom-
binant proteins produced in HEK293 is different from those produced in CHO cells, and that different
glycosylation patterns can significantly alter the activity of a protein®?, we first sought to examine the
glycosylation pattern and activities of the CA1-3 produced from the two cell types.

SDS-PAGE analysis revealed that the CA1-3 produced in HEK293 cells had smaller molecular weight
compared with that produced in CHO cells. To test whether this difference is associated with their gly-
cosylation status, the proteins were treated with PNGase F to remove their N-glycosylation. After degly-
cosylation, the molecular weight of these two proteins decreased to the same level and their weight was
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Figure 2. Dimeric CMP-Ang]l binds to Tie2 and activates Tie2/Akt signaling. (A) In vitro binding assay of
CA1l-1, CA1-2, CA1-3, GCN-Angl, and COMP-Angl with control buffer (CB), Tiel-Fc (T1), or Tie2-Fc (T2).
The graph shows the T2 binding ratios of each Angl variant over total input protein. Each graph indicates
the mean + SD from three experiments. (B,C) Serum-starved HUVECs were treated with either control
buffer (CB), 500 ng/ml of CA1-1, CA1-2, CAl-3, Fc-Angl, GCN-Angl, or COMP-Ang]1 for 15 min for Tie2
phosphorylation (B) or for 30 min for Akt phosphorylation (C). The relative ratio of phospho-Tie2 (pTie2)

to Tie2 or phospho-Akt (pAkt) to Akt of CB is arbitrarily given as 1. Each graph represents means + SD from
three experiments. *p < 0.05 versus CB. (D) The Akt phosphorylation activity of CA1-3 was measured in a
time-dependent manner. (E) HUVECs were transfected with Tie2 siRNA or control siRNA. At 24 hr after
transfection of siRNA, 500 ng/ml of CA1-3 or COMP-Angl were added for 30 min, and then cell lysates were
analyzed by western blotting using antibodies against pAkt, Akt, Tie2, or 3-actin.

no longer different, indicating that the glycosylation patterns of the two CA1-3 produced by these cell
lines are different (Fig. 4B). For a more detailed glycosylation analysis, LC/MS was performed to locate
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Figure 3. Biological effects of dimeric CMP-Angl in HUVECs. (A,B) Confluent HUVECs were starved in
serum-free medium and stimulated with either control buffer (CB), 500 ng/ml of CA1-1, CA1-2,

CA1-3, GCN-Angl, FC-Angl, or COMP-Angl for 15min. (A) Images of HUVEC:s stained for Tie2 (green)
and nucleus (blue). Scale bars, 10pm. (B) Quantification of the fluorescence intensity (FI) of Tie2 at cell
junction. (C,D) HUVECs were incubated with serum-free medium containing CB or 500 ng/ml of Angl
variants. (C) Phase-contrast photographs were taken at 48 hr after serum starvation. Scale bars, 100 pm.

(D) Apoptotic cells were measured by TUNEL immunostaining and flow cytometry. (E,F) HUVECs were
plated on Matrigel™ coated wells and were incubated with serum-free medium stimulated with CB or

500 ng/ml of Angl variants. (E) Phase-contrast photographs were taken at 7hr after treatment. Scale bars,
100 um. (F) Tube formation activities were measured by total tube length. (G,H) Migration activity assay
was performed using a modified Boyden chamber assay. HUVECs were seeded in the upper layer of
8um-pore membrane. Serum-free medium containing 500 ng/ml of Angl variants was added in the bottom
of the chamber. (G) The migrated cells were fixed and stained after 9hr incubation. Scale bars, 100 pum.

(H) The migrated cells on the bottom of membrane were counted. Each graph indicates the mean + SD of
three experiments. *p < 0.05 versus CB.

the N-glycosylation site in CA1-3. It showed that CA1-3 has a single N-glycosylation site at 106 residue
in the fibrinogen-like domain (Fig. 4C), which is not directly involved in Tie2 binding'®. Next, to clarify
the exact glycosylation pattern, N-glycan profiling of CA1-3 produced in both cell lines was performed
by MALDI-MS. As a result, we found that the CA1-3 produced in HEK293 cells had either complex tri-
(~57%) or tetra- (~25%) antennary type glycans carrying either one or two fucose residues each, whereas
the CA1-3 produced in CHO cells mainly had complex bi-antennary type glycans (~62%) (Fig. 4D).
Additionally, we examined the correlation of overall glycosylation using normalized peak intensity of
neutral glycans. As shown in Fig. 4E, the glycans of CA1-3 from HEK293 and CHO cells did not have
any correlation, indicating that glycosylation depends on host cell lines. These findings demonstrate that
CA1-3 from different cell lines can have significantly different glycan complex and activity.

N-glycosylation in dimeric CMP-Anga is critical for protein activity. To investigate whether the
difference in the N-glycosylation pattern of CA1-3 is responsible for its activity on Tie2 phosphoryla-
tion, we replaced the amino acid at the N-glycosylation site, the asparagine at 106 residue, of CA1-3 to
glutamine via a site-directed mutagenesis (CA1-Q) (Fig. 5A). The original and mutant forms were tran-
siently expressed by HEK293 cells and the protein weights were confirmed by SDS-PAGE analysis. As
expected, CA1-Q was smaller in molecular weight compared with CA1-3 in both NR and R conditions
(Fig. 5B). Intriguingly, our immunoprecipitation analysis showed that although CA1-Q was able to bind
to Tie2, it had completely lost its activity on Tie2 phosphorylation (Fig. 5C,D). Moreover, enzymatically
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Figure 4. Dimeric CMP-Ang]l has different glycan pattern dependent on cell line. (A) Serum-starved
HUVECs were treated with 500 ng/ml of CA1-3 expressed by either HEK293 or CHO cells for 15min and
then the phosphorylation of Tie2 was detected by immunoprecipitation and immunoblotting. The relative
ratio of phospho-Tie2 (pTie2) to Tie2 in CB-treated cells is arbitrarily given as 1. Each graph represents the
mean =+ SD of three experiments. *p < 0.05 versus CB. (B) Analysis of CA1-3 expressed by either HEK293
or CHO cells after treatment of PNGase F to remove N-glycosylation. Reduced protein samples were
separated by SDS-PAGE and were stained with Coomassie blue. (C) Crystal structure of FLD in Angl. The
N-glycosylation site, asparagine at 106 residue, is colored in red and the Tie2 binding site is colored in cyan.
(D) Analysis of N-glycan of CA1-3 produced from HEK293 and CHO cells. Five glycans with the highest
NAPI (normalized absolute peak intensity) values for both CHO and HEK293 cells are shown. Composition
represents Hex_HexNAc_Fuc_NeuAc. (E) Correlation of glycans in CA1-3 between HEK293 and CHO cells.
R? value is indicated.

deglycosylated CA1-3 also lost its Tie2 phosphorylation activity (Fig. 5E), indicating that N-glycosylation
at 106 residue in dimeric CMP-Angl is critical for the activation of Tie2.

We next questioned whether N-glycosylation is also critical to COMP-Ang]l for its ability to activate
Tie2, since COMP-Angl and CA1-3 both share the same fibrinogen-like domain. To test this, we gener-
ated a deglycosylated form of COMP-Angl (COMP-Q), which had its asparagine at the N-glycosylation
site (109 residue) substituted to glutamine (Fig. 5A,F). Interestingly, COMP-Q was still capable of induc-
ing Tie2 and Akt phosphorylation unlike CA1-Q (Fig. 5G). These findings indicated that although the
N-glycosylation pattern was irrelevant to the activity of COMP-Ang], it is crucial for CA1-3 in its ability
to activate Tie2 signaling. However, it is still not clear that how N-glycan of CA1-3 is utilized for Tie2
activation.

Dimeric CMP-Anga induces vascular enlargement and prevents vascular permeability in vivo.
Vascular enlargement is one of the hallmarks of Angl-induced vascular remodeling in quiescent nor-
mal vessels?®. To examine the effect of CA1-3 in vivo, we treated the recombinant protein to a normal
ear every 12hr. After 7days of treatment, CA1-3 and COMP-Angl both induced vessel enlargement,
markedly increasing the number of large-sized vessels (>10pm), and increased blood vessel densities
by 1.6- and 1.5-folds, respectively, in normal ear skin compared with those treated with bovine serum
albumin (BSA) (Fig. 6A-C).

Next, to evaluate the effect of CA1-3 in blood vessel remodeling during wound healing in vivo, we
used a hole-punch injury model with the ears of adult mice and treated them with the recombinant
proteins every 12hr. After 7 days of treatment, more enlarged and denser blood vessels were visible,
mostly at the margin of the wound healing area, in the ears of both the COMP-Ang1 and CA1-3-treated
mice compared with BSA-treated mice (Fig. 6D). The blood vessel densities exhibited 1.6- and 1.5-fold
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Figure 5. N-glycosylation of dimeric CMP-Angl is critical for protein activity. (A) Schematic diagram
of N-glycosylation mutants of CA1-3 and COMP-Angl (CA1-Q and COMP-Q, respectively). For CAl-
Q, the N-glycosylation site, asparagine (N) at 106 residue of CA1-3 is substituted to glutamine (Q) to
inhibit N-glycosylation. Similarly, for COMP-Q, the N-glycosylation site at 109 residue of COMP-Angl

is substituted to glutamine (Q). (B) CA1-3 and CA1-Q were separated by SDS-PAGE under non-reduced
(NR) and reduced (R) conditions, and immunoblotted with anti-Angl antibody. Molecular masses (kDa)
are indicated on the left. (C) In vitro binding assay of CA1-3, CA1-Q, COMP-Angl, and COMP-Q to
Tie2. (D) HUVECs were starved and then stimulated with 500 ng/ml of indicated proteins for 15 min
and the phosphorylation of Tie2 was detected by immunoprecipitation and immunoblotting. (E) Tie2
phosphorylation after treatment with either control buffer, CA1-3, or CA1-3 and PNGase F. (F) SDS-PAGE
analysis of COMP-Angl and COMP-Q. (G) Tie2 and Akt phosphorylation activity of COMP-Angl and
COMP-Q.

increases by COMP-Angl and CA1-3, respectively (Fig. 6E), and the COMP-Angl and CA1-3-treated
mice had more enlarged vessels (>10pm) than BSA treated mice (Fig. 6F).

Angl also known to stabilize blood vessel and prevents vascular leakage in several inflammatory
settings?®?’. To determine whether CA1-3 could also protect blood vessels from vascular leakage, we
measured Evans blue extravasation in the ear skin after topical challenge with LPS either with or with-
out COMP-Angl or CA1-3. While the treatment of LPS alone resulted in a marked increase of dye

SCIENTIFIC REPORTS | 5:15291 | DOI: 10.1038/srep15291 8



www.nature.com/scientificreports/

A

COMP-A1 CA1-3
©
[m)
O . . -
B 40 50 L] BSA
, [ COMP-A1
<30 S 40 @ CA1-3
= o 30
220 5
o c 20
K S JI
0 5 [ x *
0~5 5~10  10~15 > 1
D BSA COMP-A1 CA1-3

CD31

] BSA
- COMP-A1
~ | 0 CA1-3
<
o
m
0 ol L
0~5  5~10 10~15  >1
G PBS LPS H *
150; =
=
k5
c
8 51001
o £
52
2~ 501
LPS + COMP-A1 LPS + CA1-3 5
L
0_
n no ™
Q=
835
+LPS

Figure 6. Dimeric CMP-Angl induces angiogenesis and prevents vascular permeability in vivo. (A-F) One
pg of BSA, CA1-3 and COMP-Angl were intradermally injected to normal ears (A-C) and hole-punch injury
ears (D-F) every 12hr for 7 days. Blood vessels in normal ear skin (A) and wound margin of ear skin (D)
were visualized by CD31 immunostaining. Blood vessel densities (BVD) (B,E) and numbers of different-sized
vessels (C,F) in the normal and wound margin of ear skin were measured. Each graph indicates the mean +
SD of five experiments. Scale bars, 100pm. *p < 0.05 versus BSA. (G,H) Ears were treated intradermally with
PBS, LPS, or LPS with CA1-3 or COMP-Ang1 and then Evans blue dye was injected intravenously to visualize
plasma leakage. Gross images of Evans blue dye extravasation in ears (G) and its quantification (H). Each
graph indicates the mean + SD of four experiments. *p < 0.05 versus LPS-treated group.
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extravasation into the ear, the treatment of LPS in combination with either CA1-3 or COMP Angl suc-
cessfully blocked the vascular leakage induced by LPS (Fig. 6G,H). Taken together, we confirmed that
CA1-3 effectively induces angiogenesis and suppresses vascular leakage in vivo.

Discussion

In this study, we designed and generated a dimeric CMP-Angl variant, which has a modified form of
the coiled-coil domain of CMP integrated into native Angl, using mammalian cell expression system.
Throughout SDS-PAGE, TEM, in vitro, and in vivo biological assays, we provide a critical clue about the
potency and usefulness of dimeric CMP-Angl as an agonist of Tie2 receptor.

Unlike other receptor tyrosine kinases, Tie2 receptors interact with highly oligomeric Angl, leading to
receptor oligomerization and activation without major conformational change in its extracellular region'*'.
Although it has not been fully understood as to how the oligomerization of Tie2 upon ligand binding leads
to receptor activation, Angl-induced Tie2 oligomerization is a critical process for activating Tie2 receptor
and initiating its downstream signaling. Previous studies demonstrated that engineered dimers of Angl,
Angl-F1-Fc® and GCN-Angl!!, were able to bind to Tie2 but were insufficient to phosphorylate Tie2, sug-
gesting that those dimeric Angl variants could not promote receptor oligomerization for Tie2 activation.
However, Anisimov et al. recently generated a VEGF-angiopoietin-1(VA1) chimeric protein, which formed
disulfide-bonded dimers?. Despite its dimeric structure, VA1 activated Tie2 and ameliorated vascular leak-
age and inflammation that were induced by VEGF-A while enhancing vessel diameter for better perfusion,
which were all comparable to the effects of oligomeric Angl. Their findings are basically consistent with
our results with CA1-3. Our study showed that CA1-3 not only had superior ability to activate its receptor
over any other dimeric Angl variants but was also more potent than other higher oligomeric CMP-Ang1
mutants. Furthermore, CA1-3 phosphorylated Tie2 to a comparable level to that of COMP- Angl and sim-
ilarly promoted both in vitro and in vivo angiogenesis. Hence, our study suggests that dimeric oligomers of
Angl could be sufficient to induce proper oligomerization of Tie2 for receptor activation.

We questioned how dimeric CMP-Ang]l is able to activate Tie2. Our analyses indicated that the glyco-
sylation pattern in CA1-3 influences Tie2 activation. While the CA1-3 produced by HEK293 cells strongly
activated Tie2, the CA1-3 produced by CHO cells could not induce Tie2 activation. It is well-known that
that glycosylation affects protein characteristics ranging from folding, stability, and protein interaction
to more physiological properties such as protein activity?*-!, and various factors influence protein gly-
cosylation patterns, including protein amino acid sequence, the host cell in which recombinant proteins
are expressed, and growth conditions. With regards to host cell-specific effects on glycosylation, we
observed significant differences in N-glycosylation of CA1-3 depending on whether it was produced by
HEK293 or CHO cells. SDS-PAGE analysis revealed that the protein band of CHO-derived CA1-3 was
more diffused than that of HEK293-derived CA1-3, which is an indication of a more heterogeneous mass
distribution. We also found that most of N-glycan structures on the Asn-106 site of CA1-3 produced by
HEK293 cells are either highly branched tri- or tetra-antennary types, while those expressed by CHO
mainly have bi-antennary types; such difference might be linked to the changes in the protein activity.
Interestingly, although the N-glycan site exists outside the receptor-binding site, the protein activity
was almost completely lost by a mutation of the N-glycan site in CA1-3. Thus we hypothesize that the
N-glycosylated site at Asn-106 in CA1-3 is not directly involved in the binding ability to Tie2, but may
instead be associated with the ability to rearrange Tie2 to cell-to-cell junctions and activate Tie2 and its
subsequent cellular signaling.

Thus far, CHO cell system has been the most widely used cell line for the production of therapeutic
proteins due to their capacity for high-level production and human-like glycosylation. However, CHO
cells cannot produce all types of human glycan structures as they lack several glycosylation enzymes
present in human cells. Thus, the biological activities of the recombinant proteins produced by CHO cells
can be significantly different to those produced by human cell lines due to the altered glycan profiles. In
addition, CHO cells generate therapeutic proteins with potentially immunogenic glycan structures®. For
these limitations, it is advantageous and sometimes essential to produce certain recombinant proteins in
human cells such as HEK293 cells. Human cells are expected to produce recombinant proteins with the
same glycan profiles as natural proteins. One example is Xigris (activated protein C), which is produced
in HEK293 cells since the post-transitional modifications for maintaining its biological activity were not
adequate in CHO cells***. Thus, choosing an expression system for production of glycoproteins with
appropriate structures for their function should be carefully assessed.

Questions remain about how GCN-Angl and Fc-Angl could not activate Tie2, while dimeric
CMP-Angl1 could. To address this question, we examined whether glycosylation or relative flexibility of
FLD on GCN-Angl and Fc-Angl would affect Tie2 activation. Contrary to dimeric CMP-Ang]l, glyco-
sylation or relative flexibility of FLD did not alter the activity of GCN-Angl and Fc Angl (results not
shown). Although it is not clear how dimeric CMP-Angl can activate Tie2 and what makes the differ-
ence in Tie2 activation between dimeric CMP-Ang1 versus GCN-Angl or Fc-Angl, our results suggest
that certain types of glycan on dimeric CMP-Angl is absolutely required to activate Tie2. Moreover, the
proper orientation or location of FLD of Angl which is altered by the domain tethering FLD of Angl
could be critical in activating Tie2.
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In conclusion, our findings indicate that dimeric CMP-Angl is sufficient to activate Tie2, but this
activity is dependent on the specific N-glycosylation within the fibrinogen-like domain. The dimeric
CMP-Ang] strongly bound to and activated Tie2 to a comparable level to that of COMP-Angl. It also
had a similar potency as COMP-Angl in promoting endothelial survival, migration, and tube formation
in vitro, as well as in increasing adult angiogenesis and inhibiting vascular permeability in vivo. Our
study indicates that dimeric CMP-Angl could lead to adequate Tie2 activation. However, further inves-
tigation is required to elucidate the exact mechanism behind the enigma to Tie2 clustering and activation
upon binding of dimeric CMP-Ang]1 to Tie2.

Methods

Gene constructs. pcDNA vector (Invitrogen) that contains a secretory signal sequence for hemagglutinin
and a Strep-tagll (WSHPQFEK) was used to express the linker and fibrinogen-like domain of Angl which
is fused to the coiled-coil domain of CMP, GCN4, or COMP or the Fc portion of immunoglobulin. CA1-2
and CA1-3 were generated by substituting the cysteine at 76 residue and the cysteines at 31 and 76 residues,
respectively, to alanine by site-directed mutagenesis using CA1-1 as a template. N-glycosylation mutants were
generated by site-directed mutagenesis using CA1-3 or COMP-Angl construct as a template.

Transfection and purification of recombinant proteins. The recombinant proteins were tran-
siently expressed in human embryo kidney 293 (HEK293) cells (CRL-10852, ATCC) using Jet-PEI™
(Polyplus-transfection Inc.) or dhfr-deficient CHO (DG44) cells (CRL-9096, ATCC) using Lipofectamin
2000 (Invitrogen). DG44 and HEK293 cells were purchased from indicated manufacturers who certified
a contamination of virus and microbe, and cell performances. These have been cultured for fewer than
6 months after receipt. The transfected HEK293 cells and DG44 cells were maintained as previously
reported'®**, The secreted recombinant proteins in cultured media were purified by column chroma-
tography with streptactin sepharose affinity gel (IBA) and eluted with D-desthiobiotin (Sigma-Aldrich).
After purification, the concentration of recombinant proteins were measured by Bradford assay and
confirmed by Coomassie blue staining of an SDS-polyacrylamide gel.

Transmission Electron microscopy. Two pl of purified proteins were applied to glow-discharged
copper grids with continuous carbon film and negatively stained with 0.75% (w/v) uranyl formate
for 30sec®*¢. The EM grids were examined under a Tecnai T120 microscope (FEI Company) oper-
ated at 120kV. Images were recorded at a nominal magnification of 67,000x on an FEI Eagle 4K x 4K
charge-coupled device (CCD) camera (1.64 A/pixel). Defocuses were between —1.0pm and —1.5pm and
electron dose was ~30e-/A2

Characterization of recombinant proteins and in vitro binding assay. The media of transfected
HEK293 cell were immunoprecipitated with streptactin sepharose and were separated by SDS-PAGE
under reducing (R) and non-reducing (NR), followed by immunoblotting with anti-Angl antibody (sc-
8357, Santa Cruz). Binding of the recombinant proteins to the soluble extracellular domain of Tiel-Fc
(sTiel-Fc, T1) or Tie2-Fc (sTie2-Fc, T2) (R&D systems) was assayed using an in vitro binding assay;
100ng of each recombinant protein was mixed with 500ng of sTiel-Fc or sTie2-Fc and incubated in
500l of Tris-buffer solution with NP-40 (TBSN; 50mM Tris, 100mM NaCl, 1.0% Nonidet P-40, pH
7.5) at 4°C for 2hr. Protein-A agarose beads (Oncogene) or streptactin agarose beads were added and
incubated at 4°C for 1hr. The samples were eluted with sample buffer and heat-denatured under R
conditions. The samples were separated by SDS-PAGE, transferred onto nitrocellulose membrane, and
immunoblotted with horseradish-peroxidase (HRP)-conjugated streptactin (Bio-rad), anti-human IgG
antibody or anti-Angl antibody. All signals were visualized by LAS-4000 (Fuji Film).

Size-exclusion chromatography. Size-exclusion chromatography was performed by FPLC using a
Superdex 75 10/300 GL column (GE Healthcare) equilibrated with 100 mM Tris-Cl (pH 8.0) buffer con-
taining 150 mM NaClL

Tie2/Akt phosphorylation. Human umbilical vein endothelial cells (HUVECs) were grown in
EGM-2 (Lonza) with 2% FBS. The primary cultured HUVECs used for this study were within 7 pas-
sages. Confluent cells were starved for 12 hr and were treated with indicated proteins for 15 min (for Tie2
phosphorylation) or 30min (for Akt phosphorylation). For Tie2 phosphorylation, the cell lysates were
immunoprecipitated with anti-Tie2 antibody (R&D) and immunoblotted with anti-phosphotyrosine
antibody (4G10, Millipore). For Akt phosphorylation, 50 g of cell lysates were loaded in SDS-PAGE
and immunoblotted with anti-phospho-Akt antibody (Cell Signaling). The membranes were stripped
and reprobed with anti-Tie2 antibody (Santa Cruz) or anti-Akt antibody (Cell Signaling) to verify equal
amount of protein. All signals were visualized by LAS-4000 (Fuji Film).

RNA interference. Control small interfering RNA (siRNA) or siRNA directed to human Tie2 was
transfected using Lipofectamin RNAi max (Invitrogen). The cells were analyzed 24 hr after transfection.
Down-regulation of Tie2 was verified by immunoblotting.
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Tie2 localization. Confluent HUVECs were starved for 12 hr and the cells were treated with indicated
proteins. After 15min, the cells were fixed with 4% formaldehyde and permeabilized with 0.5% Triton
X-100. The cells were blocked with PBS containing 5% donkey serum for 1hr and immunostained with
anti-Tie2 (sc-324, Santa Cruz) overnight. After several washes with PBS containing 0.1% Triton X-100,
the cells were incubated with 1hr with cy3-conjugated secondary antibodies. Fluorescent signals were
visualized and digital images were obtained using Zeiss LSM 780 confocal microscope (Carl Zeiss).

Tube formation. For tube formation assay, 5 x 10* cells of HUVECs were seeded on Matrigel™ (BD
Biosciences)-coated 4-well plates and treated with indicated proteins. After 9hr incubation, the cells
were photographed, and tube-like structure lengths were measured to quantify tube forming activities.

Survival assay. Confluent HUVECs were incubated with indicated protein in serum free media for
48 hr. The cells were photographed using a phase-contrast microscope, then the cells was analyzed by the
TdT-mediated dUTP nick-end Labeling (TUNEL) assay kit (Roche).

Migration assay. Migration assay was performed using a modified Boyden chamber with polycar-
bonate filter (8um pores, Corning) coated with 0.1% gelatin; 1 x 10° HUVECs were seeded in the upper
chamber and the indicated concentration of the recombinant protein in serum-free medium was added
in the bottom chamber. After 6 hr incubation, the non-migrated cells were removed from the upper side
of the filter with a cotton swab. The migrated cells were fixed with 4% formaldehyde and stained with
crystal violet (Sigma-Aldrich). The migrated cells were counted at 400x magnification using a microscope.

Glycan analysis by mass spectrometry. N-glycan release and associated processing steps were
performed according to previously optimized procedures®. Briefly, glycoproteins were thermally
denatured in an aqueous solution of ammonium bicarbonate and dithiothreitol. Glycans were enzy-
matically released using peptide N-glycosidase F (New England Biolabs, Beverly, MA) in a water
bath at 37°C for 16 hr. Released N-glycans were purified by solid phase extraction using graphitized
carbon cartridges (Grace Davison, Deerfield, USA) . An UltrafleXtreme MALDI-TOF/TOF instrument
(Bruker Daltonik GmbH) equipped with a smartbeam II laser (Nd: YAG, 355nm) was used for gly-
can profiling in reflectron ion mode. 2,5-Dihydroxy-benzoic acid was used as a matrix (5mg/100ml
in 50% Acetonitrile) and a saturated solution of NaCl was used as a cation dopant to increase signal
sensitivity only in positive mode. Raw MS data was processed with flexAnalysis software (version 3.3,
Bruker Daltonics, MA).

Statement of ethics of animal care and use. Animal care and experimental procedures were per-
formed under the approval from the Animal Care Committees of KAIST. All animal procedures were
carried out in accordance with KAIST guideline for Animal Experimentation and the National Institutes
of Health guidelines, including “Principles for Use of Animals” and “Guide for the Care and Use of
Laboratory Animals”.

In vivo angiogenesis assay. Animal care and experimental procedures were performed under the
approval from the Animal Care Committees of KAIST. Specific pathogen-free FVB/N mice were pur-
chased from Jackson Laboratory and bred in our pathogen-free animal facility. Male 8-week-old mice
were used for this study. For hole-punch assays, a 2.0 mm hole was made in one ear of mouse using
a metal ear punch (Harvard Apparatus, Holliston). One pg of BSA, CMP-A1-3, and COMP-Angl
dissolved in 10pl of sterile 0.9% NaCl was intradermally injected in normal and wounded ears every
12hr. At 7 days later, the mice were anesthetized with 80 mg/kg of ketamine hydrochloride and 12 mg/
kg of xylazine and the ear skins were harvested and immunostained as whole mounts. After block-
ing with 5% donkey serum in PBST (0.3% Triton X-100 in PBS) for 1hr, samples were incubated
with anti-mouse PECAM-1 antibody (hamster clone 2HS8, 1:1000) for 6hr. After several washes in
PBST, the samples were incubated for 4 hr with FITC-conjugated anti-hamster IgG antibody (1:1000).
Fluorescent signals were visualized and digital images were obtained using a Zeiss LSM 780 confocal
microscope (Carl Zeiss). Blood vessels densities and vessel diameter were measured using the image
analysis software.

Vascular permeability assay. Vascular permeability was quantified using the Miles assay. LPS alone
(1pg) or recombinant protein (1pg) with LPS in 10l of PBS was intradermally injected in the ear and
then Evans blue dye was injected intravenously into mice. Ears were collected 30 min after Evans blue
injection and incubated with formamide at 56°C for 48 hr. The concentration of Evans blue in ear and
standards was determined by reading the optical density at 620 nm.

Statistical analysis. Values are presented as mean =+ standard deviation. Statistical differences
between means were determined by Mann-Whitney test. Statistical significance was set at p < 0.05.
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