NE@PMS A Volume 20 Number 2 February 2018 pp. 182-192 182

www.neoplasia.com

A Heparin Binding Motif Rich in
Arginine and Lysine is the
Functional Domain of YKL-40

Abstract

The heparin-binding glycoprotein YKL-40 (CHI3L1)is intimately associated with microvascularization in multiple human
diseases including cancer and inflammation. However, the heparin-binding domain(s) pertinent to the angiogenic
activity have yet been identified. YKL-40 harbors a consensus heparin-binding motif that consists of positively charged
arginine (R) and lysine (K) (RRDK; residues 144-147); but they don't bind to heparin. Intriguingly, we identified a
separate KR-rich domain (residues 334-345) that does display strong heparin binding affinity. A short synthetic peptide
spanning this KR-rich domain successfully competed with YKL-40 and blocked its ability to bind heparin. Three
individual point mutations, where alanine (A) substituted for K or R (K337A, K342A, R344A), led to remarkable
decreases in heparin-binding ability and angiogenic activity. In addition, a neutralizing anti-YKL-40 antibody that targets
these residues and prevents heparin binding impeded angiogenesis in vitro. MDA-MB-231 breast cancer cells
engineered to express ectopic K337A, K342A or R344A mutants displayed reduced tumor development and
compromised tumor vessel formation in mice relative to control cells expressing wild-type YKL-40. These data reveal
that the KR-rich heparin-binding motif is the functional heparin-binding domain of YKL-40. Our findings shed light on
novel molecular mechanisms underlying endothelial cell angiogenesis promoted by YKL-40 in a variety of diseases.
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Introduction YKL-40 was previously shown to possess high binding affinity for
YKL-40, also known as human cartilage glycoprotein-39 (HCGP39) or  heparin [2,3,5], the property that is essential for its ability to induce
chitinase-3-like-1 (CHI3L1), is a 40-kDa secreted glycoprotein that consists  tumor angiogenesis in many cancers [8], In this regard, it resembles
of 383 amino acids [1-3]. As a member of glycoside hydrolase family 18, other heparin-binding proteins that require the presence of heparin to
YKL-40 binds to chitin-like oligosaccharides, but surprisingly it fails to

function as either a chitinase or a hydrolase. The failure to observe this

enzymatic activity is ascribed to a mutation in the chitinase-3-like catalytic ~ Address all correspondence to: Rong Shao, Ph.D., Department of Pharmacology,
domain in which an essential glutamic acid is replaoed with a leucine [1,2]. As ISEhangflai ]iaohTong. Unic\i/ersity School of Medicine, Shanghai, China 200025.

a result, YKL-40 functional domains remain to be determined. YKL-40 is Re[cT:\l/édr (;I;gsse;g:@x:éfstsolll;r;{evised 20 November 2017; Accepted 20 November 2017
normally expressed by cells in variety of dssues, including chondrocytes [3] . . . N

and synoviocytes [4] in bone, vascular smc?oth m.uscle c'el]s [5] in blood Sﬂi‘iﬁgﬁfﬁﬁ Cpél;h;h;d (E?'N%?:ngagmgﬁﬁiﬁwﬁmﬁfﬁéﬁ
vessels, and macrophages [6] and neutrophils [7] in the immune system. | 7¢ 5556

However, its biophysiological function is incompletely understood. https://doi.org/10.1016/j.ne0.2017.11.011
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mediate tumor growth and angiogenesis, including growth factors
(e.g. HGF, bFGF, EGF, VEGF), cytokines (e.g. IL-8), and
extracellular matrix proteins (e.g. vitrovectin, fibronectin, laminin,
thrombospondin) [9-12]. Indeed, YKIL-40 harbors a consensus
heparin-binding motif [arginine (R), R, aspartate (D), lysine (K),
BBXB; B: basic amino acid residue, X: hydropathic residue] located in
residues 144147, which implicates this core element in the ability to
bind heparin. However, intriguing evidence obtained from an X-ray
crystallographic analysis demonstrated that the RRDK motif does not
possess the ability to bind to heparin [2], meaning that the location of
the heparin-binding motif(s) within YKL-40 is currently unknown.

Growing clinical evidence has indicated that expression of YKL-40
is aberrant in a number of human diseases including type 2 diabetes
[13], obesity and insulin resistance in children [14], Alzheimer's
diseases [15], heart failure [16] and other cardiovascular disorders
[17]. In addition, YKL-40 plays an active role in a vast array of
inflammatory diseases that involve bacterial infections [18], rheuma-
toid arthritis [19], osteoarthritis [20], hepatic fibrosis and hepatitis
[21], asthma and chronic obstructive pulmonary diseases [22],
neuroinflammation [23], and bowel lesions [24]. Although the
molecular mechanisms underlying these inflammatory disorders are
largely unknown, it has been postulated that YKL-40 is associated with
both substantial remodeling of extracellular matrix and extensive infiltration
and differentiation of macrophages, the primary leukocytes in response to
inflammation. Studies with YKI-40 deficient mice provide strong evidence
supporting this hypothesis, as these mice exhibited noticeably compromised
antigen-induced Th2 inflammation and impaired macrophage activation
and differentiation [25]. In addition, YKL-40 was also found to drive the
proliferation and survival of fibroblastic cells, a process that is central to
tissue injury and wound repairing [26].

Over the past decades it has emerged that serum levels of YKL-40
can serve as a diagnostic and prognostic cancer biomarker. Multiple
independent clinical trials have demonstrated a robust correlation
between elevated serum levels of YKL-40 and reduced cancer survival
in a variety of human carcinomas, including breast cancer, colorectal
cancer [27], ovarian cancer [28], leukemia, lymphoma [29], and
glioblastoma [30]. We discovered that YKL-40 acts as an angiogenic
factor to induce blood vessel formation in these cancers, thus
establishing the key pathologic signature that mediates tumor
progression [8]. However, the primary molecular mechanism that
accounts for heparin binding capacity of YKL-40 is poorly
understood. Therefore, the identification and characterization of a
heparin-binding motif within YKL-40 will provide novel mechanistic
insights into its active role in the pathogenesis of a wide range of
human diseases, as well as define a potential therapeutic target for
functional intervention.

Materials and Methods

Point Mutation of YKL-40

Single arginine or lysine point mutations were generated by
PCR-based site-directed mutagenesis according to manufacturer's
instruction of a kit (Fisher Scientific Inc). In brief, a single point
mutation was designed in one of 5'-phosphorylated primers and
linear PCR product containing the desired mutation was generated
using YKL-40 wide type DNA as a template. The PCR product was
then circularized with Quick T4 DNA Ligase. The resulting plasmid
was transformed into competent JM109 E. coli cells (Promega Inc).
The final mutated constructs were validated by DNA sequencing.

Generation of Recombinant YKL-40

The full-length His-tag cDNA encoding wild type, point-mutated,
or GFP-fused YKL-40 was subcloned into pFastBacl vector
(Invitrogen, CA). Following transformation and amplification in
DH10Bac E. coli, bacmid DNA containing different versions of the
YKL-40 gene was transfected into Sf9 insect cells by using
CellFECTIN reagent (Invitrogen) and baculoviral medium was
produced. A Ni-NTA column was used to purify recombinant YKL-40
according to manufacturer's instruction (Invitrogen, Piscataway, NJ,
USA) and pure YKL-40 was finally isolated through a PD-10 desalting

column (Amersham Biosciences).

Heparin-Sepharose Affinity Binding Assays and
Competitive Assays

Recombinant YKL-40 or YKL-40 short peptides were loaded into a
heparin-Sepharose affinity column (GE Healthcare Life Sciences)
pre-equilibrated with 20 mM sodium phosphate buffer (pH 7.4)
containing 25 mM NaCl. After washing with 5 volume of the
equilibration buffer, the column was eluted with 20 mM sodium
phosphate buffer containing 0.1, 0.25, 0.5 or 1.0 M NaCl. The
samples were collected and concentrated with centrifugal concentra-
tors prior to immunoblotting. For competitive assays, YKL-40-GFP
was preloaded onto heparin-Sepharose columns, and after washing,
different versions of recombinant YKL-40 competitors were added to
the columns sequentially at increasing ratios (1:1, 1:4 and 1:8) and
then were washed with 0.5 M NaCl to elute heparin-binding
proteins.

ELISA

We used a previously described protocol to measure the
heparin-binding affinity of YKL-40 mutants with some of modifi-
cation [31]. In brief, heparin solution (10 pg/ml in PBS, Sigma) was
pre-coated on a 96-well plate overnight at 4°C. After extensive
washing and blocking with 0.2% porcine gelatin in PBST, individual
recombinant mutants of YKL-40 from 4 to 500 ng were added to the
wells for 2 h at room temperature followed by incubation with a
biotinylated anti-YKL-40 antibody (1:100, R & D system).
Streptavidin-alkaline phosphatase (1:100, Sigma Inc.) was then
introduced for 1 h prior to a final addition of a substrate
p-Nitrophenyl phosphate (25 mg/ml, Sigma).

Cancer Cell Lines Stably Expressing YKL-40

Full length wild type and point-mutated YKL-40 cDNA was
subcloned into the retroviral pCMV-neo-vector. 293 T retroviral
packaging cells were transfected with different versions of YKL-40 or
vector control DNA in the presence of the pCL 10A1 vector using
X-tremegene HP (Roche Inc) as the delivery vehicle. Forty-eight
hours after transfection, the supernatant was harvested and filtered
through 0.45-um pore size filter and the virus-containing medium
was used to infect tumor cells. Selection with 800 pg/ml of G418 was
started 48 h after infection and the drug-resistant cell populations
were used for subsequent studies.

Immunoprecipitation and Western blotting: Individual different
versions of recombinant YKL-40 (1 pg) were mixed with 3 pl of
either a mouse monoclonal antibody (mAY) or a rabbit polyclonal
antibody (rAY) [32] against YKL-40 in 500 pl of immunoprecipi-
tation buffer containing 10 mM Tris pH 7.4, 1% triton, 0.5%
NP-40, 150 mM NaCl, 20 mM NaF, 0.2 mM NazVOy4, 1 mM
EDTA, 1 mM EGTA and 0.2 mM PMSE. The immunocomplex was
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Figure 1. YKL-40 constructs, mutants and heparin-binding property. (A) The schematic drawing of YKL-WT shows a signal peptide (SP)
sequence, two chitinase domains between residues 90-142, one consensus heparin-binding RRDK motif between residues 144-147,
and one putative KR-rich region between residues 334-345. Three bars indicate short peptides ySP1, ySP2 and ySP3, and bottom
sequences represent YKL-WT and point mutation constructs. (B) Recombinant YKL-WT (1 ug) was used for a heparin-Sepharose
affinity-binding assay. YKL-WT was eluted with 1 M NaCl (the last lane). The first lane indicates a positive YKL-WT control and the second
lane contains the flow-through (FT). (C) Competitive binding assay with heparin. Recombinant YKL-WT was pre-mixed with heparin (0, 0.1,
1 or 10 ug/ml) for 30 min prior to introduction to the plate pre-coated with heparin for YKL-40 ELISA. Heparin-binding affinity was
measured with absorbance at 405 nm. N = 4. *P < .05 compared with YKL-WT in the absence or presence of 0.1 ug/ml heparin. (D) ySP1,
ySP2, or ySP3 (10 ug) was used for YKL-WT (1 ug) competitive heparin-binding assays. 1 M NaCl was used to elute final heparin-binding
YKL-WT. A fraction of FT and wash buffer and whole concentrated elution were measured for YKL-WT (top blot) and the rest fractions of

FT and wash buffer were concentrated and assayed for YKL-WT levels (bottom blot) using immunoblotting.

incubated with protein A sepharose CL-4B (GE Healthcare Life Sciences) at
4°C for 4 h followed by extensive washing. The samples were then subjected
to immunoblotting using mAY or rAY as described previously [8].

Tube Formation Assays

HMVEC (2 x 10* cells) were transferred onto 96-well Matrigel in
the presence of different versions of recombinant YKL-40 (200 ng/
ml) (Becton Dickson Lab, Bedford, MA). After 12 hours of
incubation, tube-forming structures were analyzed as described
previously [8].

Migration Assays

HMVEC (2 x 10° cells) were pre-incubated with serum-free
medium for 12 h and then transferred onto transwells (24-well plates)
pre-coated with collagen IV (100 pg/ml). The lower chamber of
transwells included different versions of YKL-40 (200 ng/ml). After 4 hours
of incubation, cells in the top chamber of the transwells membrane were
removed using Q-tip. Average number of cells that migrated through the
membrane was calculated from five different fields in each sample.

Wound Healing Assay
HMVECs were grown to confluency in a 24-well dish. A plastic tip
was used to make a scratch cross through the well. Cultured medium

was changed to serum-free medium in the presence of different
versions of recombinant YKL-40. 24 h later, movement of the cells
into the scratched space was analyzed under a microscope.

Tumor xenografts in mice

All animal experiments were performed under Institutional Animal
Care and Use Committee approval of University of Massachusetts
Amherst. MDA-MB-231 cells (1.5 x 10°) expressing different
versions of YKL-40 in 100 pl of PBS were injected subcutaneously
into 4-week old female SCID/Beige mice. Tumor growth from these
injected cells was monitored weekly and calculated as follows:
volume = length x width? x 0.52.

Immunohistochemistry

Tumors were excised and cryosectioned to 6 um thickness prior to
processing for immunostaining with anti-YKL-40 and anti-CD31
antibodies. In brief, the samples were incubated in 3% H,O, to block
endogenous peroxidase activity for 30 min followed by incubation
with blocking buffer containing 10% goat serum for 1 h at room
temperature. The rAY (1:400) or a rat anti-CD31 monoclonal
antibody (1: 500, BD Pharmagen, Mountain View, CA, USA) was
incubated at room temperature for 2 h and a goat anti-rabbit or rat
secondary antibody (1: 100) conjugated with HRP was then added.
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Figure 2. Lysine or arginine mutations of the C-terminal KR-rich

Recombinant mutants (10 ug) were individually loaded onto a heparin-

120
S ] T —o— YKL-WT
100 S —x - K342A
£ g0l N0 LN w--a-- R344A
g 1 NN —e—K337A
2 60 RN
g 40 | * “\\\\
ON
% 20 | NN
0 0.1 0.25 0.5 1
NaCl (M)
0.8
£ —O— YKL-WT
c — X - K342A
B 0.6 -—-a--R344A
<
3 —e—K337A
©
8 0.4 -
c
©
Ke]
S
S 0.2 -
[72]
o]
<
0

15 31 62 125 250 500
Recombinant proteins (ng/ml)

domain led to decreased heparin-binding affinity of YKL-40. (A)
Sepharose column (0.5 ml). After washing, a concentration gradient

of NaCl as indicated was applied to the column. All of flow through, wash buffer, and eluted fractions were used to measure YKL-40
levels. The first lane is recombinant YKL-WT as a positive control in immunoblotting. An additional elution with 1 M NaCl following the last

elution did not show any YKL-40 remained in the column (data not

shown). (B) Density of the bands shown in “"A” was quantitatively

analyzed using ImageJ software. The concentration of the protein was measured at each concentration of NaCl and was compared to the
total cross-over protein level which was set up as 100%. N = 3. (C) Different mutants of YKL-40 were tested for their abilities to bind to
heparin using an ELISA. Heparin binding of YKL-WT and individual mutants was dose-dependent. N = 3. *P < .05 compared with

corresponding concentrations of YKL-WT.

Finally, DAB substrate (Dako Inc., Carpinteria, CA, USA) was
introduced for several minutes and after washing, methyl green will be
used for counterstaining.

Statistics

Data are expressed as mean + SE and “N” refers to the numbers of
individual experiments performed. Differences among groups were
determined using one-way ANOVA analysis followed by the
Newman—Keuls test. The 0.05 level of probability was used as the
criterion of significance.

Results

YKL-40 is a heparin-binding glycoprotein that contains both a
consensus heparin-binding motif (RRDK) in residues 144—147 and a
KR-rich domain in residues 334-345 proximal to the C-terminus
that may function to bind heparin (Figure 1A4). Interestingly, a
previous study focusing on the crystal structure of YKL-40
demonstrated that the consensus RRDK motif does not possess
binding affinity for heparin [2]. Thus we reasoned that the alternative
C-terminal KR-rich domain likely plays a central role in the
heparin-binding activity. To test this hypothesis, we first measured
binding affinity of YKL-40 with heparin using a heparin-Sepharose
affinity binding assay. Recombinant wild-type YKL-40 (YKL-WT)
displayed the ability to bind to heparin in a Sepharose-beads column,
but was fully dissociable from the column following exposure to a

high concentration of NaCl (Figure 1B). YKL-WT bound heparin in
a dose-dependent manner, and pre-treatment with free heparin also
dose-dependently prevented YKL-WT from binding to heparin
coated on plates (Figure 1C), confirming that YKL-40 is a
heparin-binding protein.

To discriminate between the consensus RRDK motif and the
KR-rich domain as potential heparin binding sites, we employed three
short synthetic peptides in a competitive heparin-binding assay,
where ySP1, ySP2, and ySP3 were designated for the consensus
RRDK motif, KR-rich domain, and C-terminus, respectively (Figure
1A). Notably, ySP2 displayed strong heparin-binding affinity that
competed efficiently against YKL-WT and reduced its ability to bind
to the column (Figure 1D). In contrast, neither ySP1 nor ySP3
displayed this capacity, implicating that the C-terminal KR-rich
domain is a key element contributing to the heparin binding.

The C-terminal KR-rich domain of YKL-40 harbors a cluster of
multiple basic amino acids such as one R and three K residues (Figure
14) [33,34]. To determine if these basic residues contribute to
heparin binding, we created three point mutation constructs of
YKL-40, in which alanine (A) substituted for the K or R of K337,
K342 and R344 individually to generate K337A, K342A and R344A,
respectively (Figure 1A). These three recombinant mutants were
subsequently evaluated for heparin binding capacity in the presence of
a concentration gradient of NaCl. As shown in Figs. 24 and B,
YKL-WT was eluted from the column by sequential concentrations
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Figure 3. Lysine or arginine mutations of the C-terminal KR-rich
domain reduced the ability of mutant YKL-40 to compete with
YKL-WT for heparin binding. (A) YKL-WT fused with GFP displayed
a higher molecular mass than different mutant versions of YKL-40
in an immunoblotting assay, but are still recognized by rAY. (B)
YKL-WT-GFP was preloaded onto each heparin-Sepharose column
and after wash, different versions of YKL-40 (YKL-WT, K337A,
K342A, R344A) as competitors from 1:1, 1:4, to 1:8 ratio were
added to the columns and NaCl (0.5 M) was used for final elution.

of NaCl from 0.25 to 1.0 M, but K337A was eluted by lower
concentrations of NaCl (between 0.1 and 0.25 M). K342A displayed
the heparin-binding affinity similar to YKL-WT, while R344A
demonstrated the binding affinity between K337A and K342A
(Figs. 24 & B). These mutants were also tested for their
heparin-binding affinities using ELISA (Figure 2C). In concert with
the earlier results from the heparin column binding assays, each
mutant displayed the ability to bind heparin in a dose-dependent
manner with the highest heparin-binding affinity displayed by
YKL-WT followed by K342A and R344A at concentrations above 62
ng/ml, while K377A exhibited the lowest affinity. These results
suggest that the rank of heparin-binding affinity for these mutants is
YKL-WT > K342A > R344A > K337A.

To further confirm that these point mutations result in distinct
heparin-binding capacities, we evaluated the ability of these
recombinant mutants to compete against YKL-WT. In order to
distinguish YKL-WT from the mutants on immunoblots, YKL-WT
was fused with green fluorescent protein (GFP) which increased the
apparent molecular weight by 26 kDa (Figure 34). However, this
fusion modification did not influence its heparin-binding affinity,
since the binding activities of YKL-WT-GFP and YKL-WT were
identical (data not shown). To fully saturate the affinity-binding
capacity of heparin-Sepharose columns (Supplemental Figure 1),

YKL-WT-GFP (0.5 mg protein/ml beads) was loaded onto the
columns first and then YKL-WT or individual mutants with different
concentrations were applied (Figure 3B). An 8-fold excess of
YKL-WT relative to YKL-WT-GFP could partially displace
YKL-WT-GFP from the column, whereas none of the mutants
could effectively compete for heparin binding (Figure 3B), even in the
presence of a 10-fold higher concentration than YKL-WT-GFP (data
not shown). This underscores the high binding affinity of YKL-40 for
heparin. Thus, these data support the previous findings that the
K337, K342 and R344 within the C-terminal KR-rich domain of
YKL-40 act as critical elements for heparin binding.

YKL-40 is a potent angiogenic factor that is able to promote
endothelial cell-initiated vascularization at concentrations between
50-250 ng/ml in vitro [8,32]. To determine if the mutations of
K337, K342 and R344 alter the angiogenic activities of YKL-40, we
evaluated the ability of these mutant proteins (200 ng/ml) to form
endothelial cell-mediated vascular tubes in Matrigel. Relative to the
control cultures, exogenous YKL-WT protein induced a 1.8-fold
increase in human microvascular endothelial cells (HMVEC) tube
formation (Figs. 44 & B). In contrast, none of recombinant K337A,
K342A, and R344A mutant proteins could enhance the formation of
vascular networks, which is consistent with their lower
heparin-binding affinity than YKL-WT (Figure 2C). In addition,
none of these proteins altered HMVEC proliferation during a 24-h
period (data not shown). In agreement with the tube formation data,
none of these mutant proteins enhanced HMVEC motility ecither in
cell migration (Figure 4C) or wound healing assays (Figure 4D).
These data strongly support the hypothesis that the C-terminal
KR-rich motif required for heparin binding is essential for the
angiogenic activity of YKL-40.

We previously created and characterized a neutralizing monoclonal
anti-YKL-40 antibody (mAY) from mice and a polyclonal
anti-YKL-40 (rAY) from rabbits [32]. Given previous evidence that
mAY can block YKL-40-induced angiogenesis [32,35], we reasoned
that the mAY likely binds to a domain in YKL-40 that is essential for
its physiological activity. To test this hypothesis, we first performed
an immunoblotting assay using mAY and rAY (Figure 54). While
mAY bound to all versions of YKL-40, there was variable binding
when these basic amino acid residues were individually mutated. We
quantified this interaction and observed that the relative binding
affinity appears to be: YKL-WT > > K342A > R344A > K337A
(Figure 5A). In contrast to mAY, the rAY revealed equal ability to
bind all of these different versions of YKL-40, since the antibody was
generated from rabbits immunized with ySP3, the peptide encoding a
non-functional region of YKL-40. To further verify that the mAY
binding is specific for the C-terminal KR-rich motif, we mutated an
arginine R145 to a glycine (R145G) in the consensus RRDK motif
and then evaluated its ability to bind to mAY (Figure 5B). Unlike the
other mutants, R145G did not alter its association with mAY as
compared with YKL-WT. The R145G mutant protein was
just as effective as YKL-WT at inducing HMVEC tube formation
(Figure 5C), thus verifying that it retains full physiological activity.
These data support the hypothesis that K337, K342 and R344 of the
C-terminal RK-rich domain are the unique sites for mAY binding.

To further probe different levels of the interaction between mAY
and the various versions of mutants, we performed immunoprecip-
itation followed by immunoblotting. The data we observed suggest
that the relative binding affinity of mutants with mAY was
YKL-WT > K342A > R344A > K337A, whereas there was no
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Figure 4. Angiogenic activity of YKL-40 requires the presence of the lysine and arginine residues within the RK-rich domain. Recombinant
YKL-WT, K337A, K342A, and R344A (200 ng/ml) were added to HMVECs in Matrigel. Tube formation was analyzed overnight (A). The
tubes from in A were quantified (B). N = 3. ¥*P < .05 compared with HMVECs treated with serum-free medium only. Different
recombinant YKL-40 proteins were used for cell migration (C) and wound healing assays (D) as described in the Methods. N = 3-4
*P < .05 compared with HMVECs treated with serum-free medium only.

binding difference between YKL-WT and different mutants of
YKL-40 with rAY (Figure 5D). Thus, the binding between YKL-40
mutants and mAY paralleled the heparin-binding signatures for the
mutants as found earlier (Figure 2), highlighting that the KR-rich
heparin-binding motif of YKL-40 is the functional domain. Next, to
determine if mAY binding to the KR-rich heparin-binding site can
prevent YKL-40 from binding to heparin, we incubated YKL-40 with
mAY first and then loaded onto a heparin-Sepharose column.
Pre-binding of YKL-40 to mAY (1:1 ratio) reduced YKL-40 binding
to heparin (Figs. 64 & B). When mAY was increased to ten-fold
greater than YKL-40 (1:10 ratio), mAY markedly inhibited YKIL-40
binding to heparin, as the large portion of YKL-40 was observed in
flow through, whereas YKL-40 retained in elution was minimal. In
contrast, mIgG treatment failed to block YKL-40 binding to heparin
(Figs. 64 & B). To further validate neutralizing activity of mAY, we
exploited HMVEC: for cell motility in the presence and absence of
mAY. As shown in Figure 6C, mAY abrogated the YKL-40-induced

cell migration to the basal levels, whereas rAY did not have the ability
to promote cell motility, consistent with the data observed with these
mutant proteins (Figure 44). Collectively, all of the results suggest
that mAY blocks YKL-40-induced angiogenesis through binding to
K337, K342 and/or R344 of the KR-rich heparin-binding domain.
In an attempt to determine if these secreted versions of the YKL-40
mutants by cancer cells can recapitulate the activities of recombinant
proteins identified earlier, we engineered MDA-MB-231 breast cancer cells
to individually express each of the mutant genes (Figure 7A4). The
conditioned media from these cultures were transferred to HMVEC:s for
tube formation assays. In agreement with the data obtained with the
recombinant proteins (Figure 4), the conditioned medium from
MDA-MB-231 cells expressing YKL-WT, but not those expressing these
versions of mutants, significantly augmented tube formation (Figure 7B).
These data support the notion that an intact C-terminal KR-rich domain of
YKL-40 is required for its physiological activity and any loss of these basic
residues (K337, K342 or R344) within this motif fails to retain the activity.
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Figure 5. mAY, but not rAY, binds and blocks YKL-40 via its recognition of lysine and arginine residues within the KR-rich domain. (A) Equal
amount of each recombinant YKL-WT, K337A, K342A, and R344A was subjected to immunoblotting using mAY and rAY. Coomassie blue
staining was also used to demonstrate that there was equal samples loading. The intensity of the bound protein bands shown in
immunoblotting using mAY was quantified. N = 3, *P < .05 compared with YKL-WT. (B) YKL-WT and R145G were subjected for
immunoblotting using mAY and rAY. (C) Recombinant YKL-WT and R145G (200 ng/ml) were used to test tube formation of HMVECs. N = 3,
*P < .05 compared with HMVECs treated with serum-free medium only as a control. (D) Equal amount of each recombinant YKL-WT, K337A,
K342A, and R344A was immunoprecipated with either mAY or rAY followed by immunoblotting using either mAY or rAY. The first lane is the
recombinant YKL-40 as a positive control in immunoblotting. One representative of quantified protein intensity from the top-three blots was

shown. N = 3, *P < .05 compared with YKL-WT.

To determine if these YKL-40 point-mutations alter tumor
angiogenesis and tumor development in vivo, we performed
xenografts within SCID/Beige mice with MDA-MB-231 cells
expressing YKL-WT or each of the different mutants. All of these
animals formed palpable tumors beginning about week 8 after
transplantation. By week 12, mice receiving YKL-WT cells developed
tumors that were approximately 5-fold larger than those observed in
animals bearing control MDA-MB-231 cells (Figure 7C). All of the
other mutant-bearing tumors were significantly smaller than those
developed from YKL-WT-expressing cells. While tumors derived
from R344A-expressing cells were similar in size to those generated
from control cells, the ones developed from cells expressing the
K337A and K342A mutants were evidently suppressed to 20-45% of
tumor size seen with control cells. These in vivo data are inconsistent
with in vitro evidence that K337A, K342A, and R344A slightly

enhanced cell proliferation by 10-20% relative to control

MDA-MB-231 or ones expressing YKL-WT (Supplemental Figure
2). This suggests that none of these mutant forms of YKIL-40
predisposes the cells toward acceleration of tumor growth in vivo.
Instead, their ability to inhibit angiogenesis in vitro may be the
determinator responsible for tumor growth in vivo. To test directly
this hypothesis, we analyzed these tumors with immunohistochem-
istry using an anti-CD31 antibody that specifically recognizes vascular
endothelial cells (Figure 7D). Quantitative analysis indicated that
blood vessels in the YKL-WT tumors were 2-fold more abundant
than those developed from MDA-MB-231 control cells. Interesting-
ly, the blood vessel density of R344A tumors was comparable to that
seen in controls. In agreement with the diminished tumor volume
(Figure 7C), the blood vessel density in the tumors derived from
K337A and K342A cells was reduced to 35-40% of that found in the
controls, suggesting that these mutants impede tumor development
via a paracrine inhibition in endothelial cell-mediated angiogenesis. In



Neoplasia Vol. 20, No. 2, 2018 "in situ" Tumour Vaccination by IL-12 and PAPs ~ Ngernyuang et al. 189
FT Wash Elution
1:1 1:10 1:1 1:10 11 1:10  YKL-40: migG C
— — | — YKL-40 "
*
*
s _ 6
1 1:10 1:1 110 11 1:10  YKL-40: mAY 23
T o +
oo £ 40
s — YKL-40 =)
e r - - E 3
S =n
B 0 A () A
CImeG [l mAY S S é‘é &
6 - ¢ & $F S
— e
%5 * 49’ <
3 2
o 4
T
2 3 x
= v
22
®
T 1 -
o
O A
1:1 1:10 1:1 1:10 1:1 1:10
FT Wash Elution

Figure 6. Pre-binding of mAY to YKL-40 blocks its heparin binding and mAY inhibits YKL-40 activity. (A) YKL-40 was pre-incubated with
mlgG or mAY (1: 1 or 1: 10 molar ratio) overnight at 4°C. The complex samples were then loaded onto heparin-Sepharose columns as
described in the Methods. Following wash, the eluted samples were used for immunoblotting. (B) The images shown in A were
quantitatively analyzed. N = 3. *P < .05 compared with 1:1 mIgG, 1:1 mAY or 1:10 mIgG. The density of 1:1 mIgG flow through (FT) was
set up as 1 unit. (C) HMVECs were used for cell migration assay as described in the Methods in the presence of migG (10 ug/ml, control),
YKL-40 (200 ng/ml + mlgG), mAY (10 ug/ml), or rAY (10 ug/ml). N = 3, *P and +P < .05 compared with control and YKL-40, respectively.

an analysis of tumor distant metastasis, mice transplanted with the
different engineered tumor cells did not exhibit ectopic tumor
dissemination with the exception of one mouse (out of six) that
received YKL-WT cells and developed pulmonary metastasis
(Supplemental Figure 3).

To evaluate expression of YKL-40 in these tumors, we performed
immunohistochemistry with rAY rather than mAY, because the latter
reduced YKL-40 mutant protein binding activity. While tumors
developed from control cells expressed low levels of endogenous
YKL-40 (Figure 7E), the tumors derived from engineered lines
consistently expressed high levels of their engineered YKL-40 protein.
Co-immunofluorescence analysis of the control tumors showed that
the YKL-40-expressing cells were also positive for smooth muscle
alpha actin (SMa), a marker of vascular smooth muscle cells or
pericytes but negative for F4/80, a macrophage marker (Supplemental
Figure 4). These data suggest that the endogenous, non-tumor
derived YKL-40 is mainly produced from vascular smooth muscle
cells.

Taken together, the in vitro and in vivo data presented here all
support our hypothesis that the C-terminal KR-rich domain of
YKL-40 binds heparin and that this domain is required for the
pro-angiogenic properties of YKL-40.

Discussion

While YKL-40 is a member of glycoside hydrolase family 18 that is
capable of binding chitin-like oligosaccharides, it lacks chitinase/
hydrolase activity due to the mutation of glutamic acid in the
chitinase-3-like catalytic domain [1,2]. Likewise, YKL-40 is also a
heparin-binding glycoprotein that contains a consensus heparin-binding

motif (BBXB); but this domain does not bind heparin. Consequently,
the functional domains responsible for the biological and pathophysi-
ological properties of YKL-40 are still enigmatic. In the current study, we
have employed multiple molecular and cellular biological methods,
including biochemical, immunological and pharmacological approaches,
to identify the functional element responsible for the ability of YKL-40 to
bind heparin and drive pathological processes such as tumor
angiogenesis. To our knowledge this is the first study to unveil the
KR-rich domain of the C-terminus, rather than the typical RRDK
domain, as a functional domain responsible for heparin binding and
biological function of YKL-40. The identification of this KR-rich motif
has significantly advanced our understanding of a new distinct
heparin-binding motif for YKL-40 in vascular biology, and also provides
a potential target for therapeutic intervention in treating a wide type of
human diseases.

A wealth of evidence has established the paradigm that the
heparin-binding capacity is of paramount importance in the
pathological activities of a wide range of heparin-binding proteins
that include angiogenic factors (bFGF, EGF, VEGEF), cytokines
(IL-8), and extracellular matrix proteins (vitrovectin, fibronectin,
laminin, thrombospondin), all of which mediate tumorigenesis,
chronic inflammation and other diseases [36,37]. Consistent with
these factors, the ability of YKL-40 to bind heparin at high affinity is
considered to be a core factor in its ability to trigger vascular
endothelial cell angiogenesis [8]. The angiogenic activity of YKL-40
can be fully eliminated, if the heparan sulfate groups on endothelial
cell surface are removed by pre-treating the cells with heparitinase and
chondroitinase ABC, since they prevent YKL-40 from the binding to

cell membrane [8]. In concert with these studies, impairing
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Figure 7. Tumor development and angiogenesis induced by the breast cancer cell line MDA-MB-231 expressing ectopic different YKL-40
mutants. MDA-MB-231 cells were engineered to ectopically express different forms of YKL-40 mutants. After 48 h of incubation in
serum-free medium, the expression of secreted YKL-40 proteins was measured using immunoblotting (A) or assayed for their ability to
induce tube formation in HMVECs (B). These cells were transplanted into SCID/Beige mice as described in the Methods. Tumor volume
was measured weekly and the final results at week 12 were quantified (C). Tumor samples were subjected to IHC with an anti-CD31
antibody (D) or rAY (E). Quantification of vessel density based on CD31 staining was analyzed using NIH Imaged software. N = 5. *P and

+P < .05 relative to controls. Bars: 100 um.

heparin-binding activity by mutations of K337, K342 and R344 in
the KR-rich domain of YKIL40 led to loss of the ability to induce
angiogenesis in cultured endothelial cells. Furthermore, the mouse xenograft
studies presented here offer key in vivo evidence to establish the functional
role of these basic residues in YKL-40-induced tumor angjogenesis.

The heparin binding affinity of YKL-40 can be partially
diminished by ySP2 or with an 8 to 10-fold higher concentration
of YKL-40 itself, but not by the other mutants or other short
synthetic peptides tested. The three recombinant YKL-40 mutants we
generated displayed dissimilar levels of heparin-binding affinity
(K342A > R344A > K337A), but the potential mechanisms under
these functional differences have not been fully determined. We
speculate that it is likely associated with their 3-D structural
organization characterized by the divergent positions of basic amino
acids in the KR-rich domain, particularly for K337 and K342, which
exhibit drastic difference in their ability to bind heparin. Interestingly,
while there was a modest decrease in the heparin-binding affinities of

K342A and R344A as compared with YKL-WT, they nevertheless
display a remarkable suppression of angiogenesis both in vitro and in
vivo, thus demonstrating the importance of these basic amino acid
residues in the biological and pathological activity of YKL-40.
Although an additional K335 located in this RK-rich domain has yet
to be characterized, it is conceivable that K335 may play the same role
as the other two K337 and K342 in the heparin-binding property and
the resulting pathophysiological activity of YKL-40. Chen et al., have
reported that a chitin-binding motif that resides within residues
325-339 is pivotal for pro-survival activity of YKL-40 on colonic
epithelial cells [38,39]. However, they did not identify individual
residues within this domain that might mediate this function. It is
plausible that K335 and/or K337 at least partially contribute to the
YKL-40-induced cell survival activity in their studies. In context with
these data, the current study has demonstrated the importance of
these basic amino acid residues of the KR-rich domain in biological
and pathological activity of YKL-40.



Neoplasia Vol. 20, No. 2, 2018

"in situ" Tumour Vaccination by IL-12 and PAPs

Ngernyuang et al. 191

One of the intriguing observations from our in vivo studies was
that both YKL-40 K337A and K342A-expressing tumor cells
substantially restricted tumorigenesis and angiogenesis relative to
either the R344A mutant or non-engineered control tumor cells.
Although their low heparin binding affinity may partially contribute
to the in vivo results, the substantial mechanism that mediates this
striking difference is currently unknown. It is worth speculating that
K337A and K342A mutants may also antagonize the activity of the
endogenous YKL-40 derived from vascular pericytes, thereby
significantly inhibiting the production of endothelial cell-derived
tumor vessels. Indeed, the role of pericyte derived YKL-40 in tumor
angiogenesis was established recently [40]. It would be valuable to
determine if inhibiting pericyte-derived YKL-40 (e.g. with mAY)
results in an angiogenesis-compromised phenotype identical to
that was found in the tumors derived from K337A or K342A
expressing cells.

Over the past two decades, emerging data have demonstrated that
serum levels of YKL-40 are elevated in a broad arrange of human
diseases including cancer, liver injury, asthma, diabetes, chronic
inflammation, and cardiac disorders [13,17,21]. Furthermore, the
increased concentrations of YKL-40 in cancer are positively correlated
with the disease severity such as cancer metastasis and decreased
patient survival, suggesting that serum levels of YKL-40 can serve as a
clinically useful biomarker for both cancer diagnosis and prognosis.
However, efforts to develop a clinical regimen aiming at YKL-40 in
cancer have been considerably hampered, possibly owing to lack of
substantially mechanistic insights into its structural elements that
mediate its angiogenic signature. Therefore, the identification of the
KR-rich functional domain of YKL-40 may represent a viable target
for clinical intervention for the development of new drugs that can
target the individual basic amino acid residues. In support of this
contention, binding of mAY with YKL-40 was found at these specific
residues, thus preventing heparin binding and inhibiting YKIL-40
activity. The data were consistent with our previous reports
demonstrating that mAY abrogated tumor angiogenesis both in
vitro and in animal trials [32,35]. Hence, we have provided crucial
evidence to support our hypothesis that the KR-rich heparin-binding
motif may serve as a novel and effective target as an anti-angiogenic
therapy in a variety of solid tumors and other diseases.
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