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PURPOSE. To determine whether antiangiogenic action of the
amniotic membrane (AM) can be mediated by HC�HA, a cova-
lent complex of hyaluronan (HA) and the heavy chain (HC) of
inter-�-inhibitor, purified from AM soluble extract.

METHODS. HC�HA action on viability, proliferation, attach-
ment, death, migration, and differentiation of human umbil-
ical vein endothelial cells (HUVECs) and neovascularization
in chicken chorioallantoic membrane (CAM) was examined
by MTT assay, BrdU labeling, cell proliferation assay, cell
death detection ELISA, transwell assay, tube formation assay,
and CAM assay.

RESULTS. HC�HA suppressed HUVEC viability more significantly
than HA and AM stromal extract, and such suppression was not
mediated by CD44. HC�HA also caused HUVECs to become
small and rounded, with a decrease in spreading and filamen-
tous actin. Without promoting cell detachment or death,
HC�HA dose dependently inhibited proliferation (IC50, 2.3 �g/
mL) and was 100-fold more potent than HA. Migration trig-
gered by VEGF and tube formation was also significantly inhib-
ited by HC�HA. Purified HC�HA did not contain PEDF and TSP-1
but did contain IGFBP-1 and platelet factor 4 while significantly
suppressing neovascularization in CAM.

CONCLUSIONS. The antiangiogenic activity of HC�HA might ex-
plain why AM is developmentally avascular and how AM might
exert an antiangiogenic action when transplanted to the ocular
surface, and it might indicate a potential therapeutic effect of
HC�HA in diseases manifesting pathogenic angiogenesis. Roles
of IGFBP-1 and platelet factor 4 in HC�HA antiangiogenic action
warrant further investigation. (Invest Ophthalmol Vis Sci.
2011;52:2669–2678) DOI:10.1167/iovs.10-5888

Amniotic membrane (AM), the innermost layer of the pla-
cental membrane, is composed of a simple epithelium, a

basement membrane, and an avascular stroma; the mechanism
for stromal avascularity remains unknown. Cryopreserved AM,
in which both amniotic epithelial cells and stromal mesenchy-
mal cells are devitalized,1 was first advocated by Kim and
Tseng2 to help restore the corneal surface in a rabbit model of

chemical injuries. Besides the reduction of inflammation and
scarring, AM-transplanted corneal surfaces show reduced vas-
cularization.2 This antiangiogenic action has also been ex-
ploited during corneal surface reconstruction in conjunction
with transplantation of corneal epithelial stem cells from the
limbus.3–5 Although transplantation of the cryopreserved AM
has become a standard surgical procedure for reconstructing
corneal and conjunctival surfaces damaged by a number of
diseases (see Refs. 6–10 for reviews), the active component
and the mechanism responsible for this antiangiogenic action
remain to be elucidated.

Previously, a soluble AM extract prepared by boiling and
homogenization was shown to prevent angiogenesis in a rat
model of corneal neovascularization induced by alkali burn and
by suppressing the viability and tube formation of the cultured
human umbilical vein endothelial cells (HUVECs).11 Recently,
we biochemically purified HC�HA, a covalent complex formed
by high molecular weight hyaluronan (HA) and the heavy chain
(HC) of inter-�-inhibitor (I�I), from water-soluble AM ex-
tract.12 The formation of HC�HA is mediated by the tumor
necrosis factor-�–stimulated gene-6 protein (TSG-6), which cat-
alyzes the transfer of HC from I�I to HA.13–15 Our previous
study showed that HC�HA, either purified from AM or recon-
stituted in vitro by mixing such defined components as HA, I�I,
and TSG-6, is more potent than HA in inhibiting the viability of
cultured murine macrophages and suppressing the TGF-�1
promoter activity of cultured human corneal fibroblasts.12 The
above two in vitro assays have been shown to correlate well
with the anti-inflammatory16,17 and anti-scarring18,19 actions
exerted by AM and AM extract, respectively. It remains un-
known whether HC�HA purified from the AM might also exert
the antiangiogenic action that has been clinically observed by
AM and AM extract.

At the present time, the only known function of HC�HA is to
ensure female fertility. HC�HA is the principal component of
the cumulus matrix that surrounds and protects oocytes from
environmental injury during and after ovulation, and it facili-
tates sperm attachment, penetration, and fertilization.13,20 HA
can be degraded into smaller fragments under certain physio-
logical or pathologic conditions. Many studies have consis-
tently shown that these fragments stimulate vascular endothe-
lial cell proliferation, migration, collagen synthesis, sprout
formation, and angiogenesis in the rat skin, myocardial infarc-
tion, and cryo-injured skin grafts by promoting the gene ex-
pression of proinflammatory and proangiogenic mediators,
whereas HA inhibits inflammation and angiogenesis.21–24 In
addition to recently reported anti-inflammatory and anti-scar-
ring actions,12 we herein provide strong evidence that
HC�HA exerts a more potent antiangiogenic action than does
HA by inhibiting viability, proliferation, migration, and dif-
ferentiation without promoting the detachment or death of
cultured HUVECs.
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METHODS

Reagents, Antibodies, and Assays

Fibronectin (Fn), vitronectin (Vn), VEGF, a mouse monoclonal anti-
body (MAB1177) against human pigment epithelial-derived factor
(PEDF), and human angiogenesis arrays (catalog no. ARY007) were
obtained from R&D Systems (Minneapolis, MN). Type I collagen (C),
extracellular matrix (Matrigel), a CD44 neutralizing antibody (clone
IM7), and a normal rat IgG2b antibody were purchased from BD
Biosciences (Franklin Lakes, NJ). A mouse monoclonal antibody against
thrombospondin-1 (TSP-1) was purchased from EMD (San Diego, CA).
A mixture of 10 �g/mL Fn and 35 �g/mL C (FNC Coating Mix) was
from Athena Enzyme Systems (Baltimore, MD). Bovine serum albumin
(BSA), Hoechst 33342, Triton X-100, Tween-20, and glutaraldehyde
were purchased from Sigma (St. Louis, MO). A protein assay kit was
from Pierce (BCA; Rockford, IL). Medical grade HA (Healon) was
obtained from Abbott Medical Optics (Abbott Park, IL). A test kit for
HA (Quantitative Test Kit) was obtained from Corgenix (Westminster,
CO). MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide) assay, cell proliferation BrdU ELISA, and a cell death detection
kit (Cell Death Detection ELISAPLUS) were from Roche (Mannheim,
Germany). Basic fibroblast growth factor (bFGF), cell proliferation
assay (CyQuant), and AlexaFluor 488–conjugated phalloidin were
from Invitrogen (Carlsbad, CA). Mouse anti–BrdU antibody and goat
anti–mouse IgG-FITC were from Millipore (Billerica, MA). Sterilized
nylon mesh (Nitex) was from Sefar (Depew, NY). Fertilized White
Leghorn chicken eggs were from Charles River (Wilmington, MA).

Preparation of AM, Stromal Extract, and HC�HA

Both AM stromal extract (ASE) and HC�HA were prepared aseptically
from frozen human AM obtained from Bio-Tissue, Inc. (Miami, FL), as
previously described.12 In short, after washing off the original storage
medium, intact AM or AM stroma obtained by scraping with a spatula
was frozen in liquid nitrogen and ground to fine particles (BioPulver-
izer; Biospec Products, Inc., Bartlesville, OK) followed by homogeni-
zation on ice. ASE was prepared by collecting the supernatant from the
AM stromal homogenate centrifuged at 14,000g for 30 minutes at 4°C.
For HC�HA, the supernatant collected from the AM homogenate, cen-
trifuged at 48,000g at 4°C for 30 minutes, was collected and subjected
to two runs of ultracentrifugation in CsCl/4 M guanidine HCl at the
initial density of 1.35 g/mL (first run) and 1.40 g/mL (second run). As
reported,12 fractions designated as HC�HA contained HA (measured
with the HA Quantitative Test Kit) but no detectable proteins (BCA
assay). Thus, we expressed HC�HA concentration based on the HA
concentration measured in the HC�HA complex. To date, we have
consistently purified an average of 1.52 � 0.26 mg HC�HA (based on
HA content) per placenta from three different donors.

Culture on Different Substrates

HUVECs were maintained in the endothelial cell growth medium
(ECGM) (cells and medium were from Promocell, Heidelberg, Ger-
many) containing 1 ng/mL human basic fibroblast growth factor, 0.004
mL/mL endothelial cell growth supplement/heparin, 0.1 ng/mL epi-
dermal growth factor, 1.0 �g/mL hydrocortisone, and 0.02 mL/mL FBS.
Cells were split at 1:2 once they reached 70% to 90% confluence; cells
of passages 3 to 8 were used for experiments. At room temperature,
each 96-well plate was coated with FNC (64 �L/well) for 1 minute, 20
�g/mL Fn or 5 �g/mL Vn in Dulbecco’s PBS for 2 hours, or 50 �g/mL
C solution in 0.02 N acetic acid for 1 hour. For Fn- and Vn-coated
plates, wells were blocked with 2 mg/mL heat-inactivated BSA in
Dulbecco’s PBS for 1 hour at 37°C. These plates were immediately
seeded with cells for testing.

Attachment, Viability, Proliferation,
and Death Assays

HUVECs were seeded at 4000 cells per uncoated or coated 96-well
plate (high seeding density) and were cultured in ECGM with the

simultaneous or sequential (after 24 hours) addition of ASE, HA, or
HC�HA in PBS. For attachment, cells were cultured for 30 minutes and
then washed three times with medium; the remaining attached cells
were quantified with a cell proliferation assay (CyQuant). For viability,
cells were cultured up to 48 hours before the MTT assay. To test the
CD44 blocking effect, 50 �g/mL of a CD44 neutralizing antibody (IM7)
or a rat IgG2b isotype control antibody was added 1 hour before
HUVECs were seeded at 3000 cells/96-well plate or 24 hours after
HUVECs were seeded at 2000 cells/96-well plate (low seeding density)
with or without 25 �g/mL HC�HA or HA. For proliferation, 10 �M BrdU
in ECGM was added for the last 6 hours of the culturing period before
the cell proliferation ELISA BrdU assay. For death, conditioned media
and cell lysates of each culture were subjected to the cell death
detection (ELISAPLUS; Roche) as previously described.16,17 Each of the
above tests was performed in triplicate. Data are reported as mean �
SD and analyzed with Student’s t-test in data analysis software
(Excel; Microsoft, Redmond, WA). Dose-response curves and IC50

values were determined with software using 4 Parameter Logistic
Regression (MasterPlex; Miraibio, Alameda, CA).

Chemotaxis Assay

The inhibitory effect of HC�HA on VEGF-induced chemotaxis was
tested by seeding 4 � 105 cells in the upper well of each transwell
(Corning, Lowell, MA) containing ECGM with 25 �g/mL HA or HC�HA,
while 10 ng/mL VEGF was added as a chemoattractant in the bottom
well containing ECGM. After culturing for 4 hours, cells remaining in
the upper chamber were removed by a cotton-tipped applicator. In-
serts were removed, washed with PBS, and stained with crystal violet
for 10 minutes. Five random 100� fields were photographed for each
well, and migrated cells were counted, averaged, and compared.

Tube Formation Assay

The effect of HC�HA on the differentiation of HUVECs was determined
by the tube formation assay, as previously described.25 Briefly, 250 �L
extracellular matrix (Matrigel, 9.6 mg/mL; BD Biosciences) was added
to each well of a 24-well plate and allowed to polymerize at 37°C for
30 minutes. HUVECs at 50,000 cells/well were seeded onto the extra-
cellular matrix with 25 �g/mL HA or HC�HA in ECGM supplemented
with 10% FBS. After culturing for 16 hours, five random 100� fields
were photographed under a phase-contrast microscope for each well,
and tubes were counted, averaged, and compared with ImageJ soft-
ware (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html).

Immunofluorescence Staining

HUVECs were seeded at 1 � 104 cells/uncoated 8-chamber slide and
cultured for 48 hours. For BrdU staining, cells were fixed with Carnoy’s
fixative (3:1 for methanol/glacial acetic acid) for 20 minutes, perme-
abilized with 2 M HCl, and blocked with 0.05% Tween-20 and 2% BSA
for 30 minutes before the addition of anti–BrdU antibody for 1 hour
and an anti–mouse-IgG-FITC antibody for 1 hour at 37°C. For phalloidin
staining, cells were fixed in 4% paraformaldehyde for 10 minutes and
permeabilized with 0.2% Triton X-100 for 5 minutes. After blocking
with 2% BSA for 1 hour, AlexaFluor 488–conjugated phalloidin was
added for 20 minutes. The nucleus was counterstained with Hoechst
33342 dye. Images were taken with a confocal microscope (LSM 700;
Zeiss, Oberkochen, Germany).

Western Blot Analysis

AM extract, pooled fractions after the first ultracentrifugation (F1) and
the second (F2) ultracentrifugation, and HC�HA (each containing 2 �g
HA) were electrophoresed on 4% to 15% (wt/vol) gradient acrylamide
(Ready; Bio-Rad, Hercules, CA) gels under denaturing and reducing
conditions. Proteins were transferred to the nitrocellulose membrane.
The membrane was then blocked with 5% (wt/vol) fat-free milk in
TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% [vol/vol] Tween-
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20) followed by sequential incubation with specific primary antibodies
against PEDF or TSP-1 and their respective secondary antibodies. Im-
munoreactive proteins were detected with reagent (Western Lighting
Chemiluminescence; PerkinElmer, Waltham, MA).

Measurement of Human Angiogenic and
Antiangiogenic Factors by Protein Arrays

Angiogenic and antiangiogenic factors in human AM extract and puri-
fied HC�HA were determined by human angiogenesis arrays (each array
contains 56 different candidate proteins) according to the protocol
recommended by the manufacturer. Briefly, human AM extract and
purified HC�HA were first centrifuged at 15,000g for 10 minutes at 4°C
to remove particles. Then these samples were diluted with cytokine
array (Array Buffer 4; R&D Systems) to make the same final concen-
tration of HA at 25 �g/mL as used in other experiments, each with a
total volume of 1.5 mL. Samples were incubated separately with the
detection antibodies for 1 hour at 25°C, followed by incubation with
the individual blocked membrane overnight at 4°C. After wash, the
membrane was incubated with the secondary antibody, and signals
were detected with chemiluminescent light exposed to x-ray film. The
array data on developed x-ray film were quantitated by scanning the
film on a transmission-mode scanner, and the array image file was
analyzed by ImageJ software.

Antiangiogenic Activity in Vivo by HC�HA
Complex Using Chicken CAM Assay

Fertilized White Leghorn chicken eggs were incubated at 37.5°C with
60% humidity. On day 3, a 1-cm diameter hole was opened in the shell.
To make collagen onplants (2.07 mg/mL collagen I), the collagen I (3
mg/mL) was first neutralized before the addition of 16.7 �g/mL bFGF

and 5 �g/mL VEGF with or without 1 �g/onplant high molecular
weight HA or 1 �g/onplant HC�HA. For each onplant, 30 �L collagen
mixture was deposited onto two layers of sterilized nylon mesh (Nitex
100/32 [Sefar]; bottom layer, 4 � 4 mm; top layer, 2 � 2 mm). The
onplants were allowed to polymerize for 90 minutes at 37°C before
application to the CAM of a day 8 chick embryo and were continuously
incubated for 4 days, during which time the angiogenic response was
monitored through a dissecting microscope (Nikon, Tokyo, Japan). At
the end of the treatment period, each CAM was fixed with 0.5 mL of
25% glutaraldehyde and subjected to vessel quantitation by counting
the total vessels radiating into each collagen onplant.

Statistical Analysis

Unless otherwise indicated, data are represented as the mean � SD of
three or four independent experiments, with a sample size of four or
more for each condition. Student’s t-test was performed to test statis-
tical significance from controls. P � 0.05 was considered statistically
significant.

RESULTS

HC�HA Suppressed HUVEC Viability More Than
ASE and HA Independently of CD44

To determine whether HC�HA purified from soluble AM extract
might exert an antiangiogenic action, we seeded trypsinized
HUVECs immediately with ASE (200 �g/mL protein, 2.5 �g/mL
HA), 5 �g/mL HA, or 5 �g/mL HC�HA and cultured them for 48
hours. The MTT assay showed that both ASE and HC�HA sig-
nificantly inhibited HUVEC viability compared with the PBS

FIGURE 1. HC�HA suppresses HUVEC viability independently of CD44. HUVECs were treated with PBS, 200 �g/mL ASE, 5 �g/mL HA, or 5 �g/mL
(A, B) or 25 �g/mL (C) HC�HA before the MTT assay. When added simultaneously to seeding (A), HC�HA and ASE, but not HA, significantly inhibited
viability; HC�HA was more potent than ASE. When added 24 hours after seeding (B), HC�HA, ASE, and HA significantly inhibited cell viability; HC�HA
and ASE were more potent than HA. When simultaneously added to seeding or added 24 hours after seeding (C), viability suppressed by HC�HA
could not be counteracted by a CD44 neutralizing antibody (IM7) when compared with a rat IgG2b isotype control antibody. Data were reported
as mean � SD (n � 3) for statistical analysis. P values are shown.
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control (P � 0.005 and P � 0.0003, respectively; Fig. 1A). In
contrast, 5 �g/mL HA did not cause any significant inhibition
(P � 0.2). Furthermore, HC�HA significantly inhibited HUVEC
viability more than did ASE and HA (P � 0.002 and P � 0.006,
respectively). Cells were also seeded at 2000 and 4000 cells/
well for 24 hours before the addition of ASE, HA, or HC�HA.
MTT assay revealed that all three treatments significantly sup-
pressed HUVEC viability at the low seeding density (2000
cells/well) (Fig. 1B; P � 0.009, P � 0.02, and P � 0.0004,
respectively). Suppression by ASE and HC�HA was significantly
greater than by HA (P � 0.0001 and P � 0.002, respectively),
whereas that by ASE and HC�HA was not significantly different
(P � 0.5). At the high seeding density (4000 cells/well), both
ASE and HC�HA significantly suppressed HUVEC viability (P �
0.007 and P � 0.01, respectively), whereas HA did not (P �
0.1). The difference between the low and the high seeding
density in inhibiting HUVEC viability by 5 �g/mL HA was likely
due to the fact that HA inhibition required a higher concentra-
tion and was less potent than that of HC�HA.

To test whether the inhibition of HUVEC viability by HC�HA
was mediated by a well-known HA receptor, CD44, we added
a CD44 blocking antibody before the MTT assay. Consistent
with the above MTT data, HC�HA significantly suppressed cell
viability when added simultaneously or sequentially with cell
seeding (P � 0.0008 and P � 0.006, respectively; Fig. 1C), with
the former more effective than the latter (P � 0.008). How-
ever, CD44 blocking antibody did not significantly alter the
inhibitory activity of HC�HA when added simultaneously or
sequentially (P � 0.6 and P � 0.8, respectively). Collectively,
these results indicated that HC�HA suppressed HUVEC viability
more so than ASE or HA and that this suppression was not
mediated by CD44.

Determination of Angiogenic or Antiangiogenic
Factors in HC�HA Complex

Many antiangiogenic factors are present in human AM. For
example, PEDF, a potent antiangiogenic factor,26 was predom-
inantly found in the AM basement membrane.27 Transcripts
and proteins of tissue inhibitors of metalloproteinase and tran-
script of TSP-1 (i.e., potential antiangiogenic factors) are ex-
pressed by both human amniotic epithelial and mesenchymal
cells.28 To determine whether HC�HA antiangiogenic action
might be contributed by PEDF or TSP-1, we performed West-
ern blot analysis. Our results (Fig. 2A) showed that although
PEDF was detected in the AM extract (lane 1) and in the pooled
fractions after F1 (lane 2), it was not present in the pooled
fractions after F2 (lane 3) or HC�HA (lane 4). As for TSP-1, it was
not present in the AM extract (prepared in PBS) and HC�HA (data
not shown). To further determine whether other factors might be
present in the HC�HA complex, we used human angiogenesis
arrays, which contained 56 individual human angiogenic and
antiangiogenic factors, including PEDF, TSP-1, and TSP-2. The
array data revealed there were at least 19 angiogenic factors,
including PEDF, in the AM extract. In contrast, only insulin-like
growth factor binding protein-1 (IGFBP-1) and platelet factor 4
(PF4 or CXCL4) were clearly, whereas IGFBP-2, IGFBP-3, and
tissue inhibitor 1 of metalloproteinase (TIMP-1) were weakly
detected in the HC�HA complex (Fig. 2B). Interestingly, the
amount of IGFBP-1 in the HC�HA complex was even more than
that in the AM extract (1.4 � 0.07-fold), whereas the amount of
PF4 in the HC�HA complex was about the same as that in the
AM extract (1.1 � 0.03-fold) (Fig. 2C). These data suggest that
IGFBP-1 and PF4 might be truly bound tightly to the HC�HA
complex.

HC�HA Dramatically Changed HUVEC
Morphology, Reduced Cell Density, and
Downregulated Filamentous Actin

We then examined whether the aforementioned suppression
of cell viability by HC�HA might be accompanied by changes in
cell morphology and density. HUVECs treated with 25 �g/mL
HA maintained the same polyhedral shape and high cell density
as the PBS control after 48 hours of culturing. In contrast, 25
�g/mL HC�HA rendered HUVECs small, rounded, and aggre-
gated, with a notable decrease of cell density (Fig. 3A). F-actin
detected by phalloidin staining showed organized actin fila-
ments in the cytoplasm of the PBS control and HA-treated
cultures (Fig. 3B; F-actin, green; nucleus, blue). In contrast,
HC�HA–treated cells exhibited dramatically reduced F-actin
with a decreased staining intensity. These results indicated that

FIGURE 2. Detection of human angiogenic and antiangiogenic factors
in the HC�HA complex by Western blot and protein arrays. (A) Western
blot. 2 �g HA in AM extract, pooled fractions after F1 and F2, and
HC�HA (each containing 2 �g HA) were loaded to each well and
electrophoresed on 4% to 15% (wt/vol) gradient acrylamide gels under
denaturing and reducing conditions. Proteins were transferred to the
nitrocellulose membrane, and the membrane was incubated sequen-
tially with PEDF antibodies and the respective secondary antibody.
Detection was enhanced with reagent. (B) Protein arrays. 1.5 mL (25
�g/mL HA) AM extract or purified HC�HA complex was mixed with the
detection antibodies, followed by incubation with the individual
blocked human angiogenesis array membrane overnight at 4°C. After
wash, each membrane was incubated with the secondary antibody,
and signals were detected with chemiluminescent light exposed to
x-ray films. Ovals labeled with numbers indicated candidate proteins
detected in HC�HA. 1, 2, and 3: insulin-like growth factor binding
protein-1, -2, and -3 (IGFBP-1,-2, and -3), respectively. 4: platelet factor
4 (PF4) or CXCL4. 5: TIMP-1. (C) Relative quantitation of candidate
proteins in the HC�HA complex. The array data on developed x-ray film
were quantitated by scanning the film on a transmission-mode scanner,
and the array image file was analyzed by image analysis software
(Image J). The relative protein amount in the HC�HA complex was
compared with that in AM. The extract was set as 1.0.
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HC�HA suppressed HUVEC viability while slowing cell spread-
ing by impairing the organization of the actin cytoskeleton.

HC�HA Dose Dependently Suppressed HUVEC
Proliferation to a Greater Extent than HA without
Promoting Cell Detachment or Death
Next we sought to determine whether suppression of the
viability and alteration of the morphology and density by HC�HA

were accompanied by the inhibition of cell proliferation. BrdU
nuclear staining was similar for HUVECs seeded on plastic or
treated with 25 �g/mL HA for 48 hours but was completely
abolished if treated with 25 �g/mL HC�HA (Fig. 4A). BrdU ELISA
further revealed that BrdU incorporation was not suppressed
by HA at 1 to 50 �g/mL (all P � 0.05) but was significantly
suppressed by HA only at 100 �g/mL (P � 0.02). In contrast,
suppression of BrdU incorporation by HC�HA was significant at

FIGURE 3. HC�HA alters HUVEC mor-
phology, density, and F-actin. HUVECs
were seeded at 1 � 104 cells per 8-well
chamber slide with PBS, 25 �g/mL HA,
or 25 �g/mL HC�HA. Phase-contrast
micrographs taken 48 hours (A) after
seeding showed adherent spindle cells
in PBS- and HA-treated cultures but
small, rounded, and aggregated cells
with dramatically decreased cell num-
bers in HC�HA–treated cultures. F-actin
staining (B) was extensive in PBS- and
HMW HA-treated cells but significantly
reduced in HC�HA–treated cells.

FIGURE 4. HC�HA inhibits HUVEC proliferation without causing cell detachment or death. HUVECs were seeded on uncoated chamber slides or
FNC-coated 96-well dishes and treated with varying concentrations of HA or HC�HA in PBS for 48 hours. (A) Compared with PBS, BrdU nuclear
labeling (green, BrdU; blue, Hoechst) on uncoated chamber slides was not affected by 25 �g/mL HA but was abolished by 25 �g/mL HC�HA.
(B) BrdU incorporation on FNC-coated wells was significantly and dose dependently reduced by HC�HA from 1 to 50 �g/mL but not by HA. Values
relative to PBS control set as as 1. (C) HC�HA inhibition of proliferation was dose dependent, with an IC50 value of 2.3 �g/mL. (D) Compared with
the PBS control treated as 100%, HUVEC attachment was not affected by HA or HC�HA except at 50 �g/mL HC�HA. (E) Compared with the PBS
control, HUVEC death was significantly reduced by HA in the lysate (P � 0.02), but not in the supernatant (P � 0.07), and was significantly reduced
by HC�HA in both the supernatant (P � 0.03) and the lysate (P � 0.005).
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0.04, 0.2, 1, 5, and 25 �g/mL (P � 0.005, P � 0.02, P � 0.02,
P � 0.02, and P � 0.0003, respectively).

Because HC�HA changed cell morphology and reduced F-
actin (Fig. 3)—and to ensure that the suppressive effect of
HC�HA on proliferation was not influenced by cell attach-
ment—we seeded HUVECs on FNC-coated plates to facilitate
attachment while simultaneously adding 0.04 to 50 �g/mL
HC�HA or 0.04 to 100 �g/mL HA. Similar to the uncoated plate,
BrdU incorporation was not significantly affected by 0.04 to 50
�g/mL HA (all P � 0.05), but it was significantly affected by HA
only at 100 �g/mL (Fig. 4B; P � 0.005). BrdU incorporation
was also significantly inhibited by HC�HA from 1 to 50 �g/mL
(P � 0.004, P � 0.00008, P � 0.000007, and P � 0.0003,
respectively). Such suppression was dose dependent and re-
vealed a linear semilogarithmic curve in which IC50 was found
to be 2.3 �g/mL (R2�0.99; Fig. 4C). Based on the HA molec-
ular weight of �3000 kDa,12 we estimated that HC�HA was
100-fold more potent than HA. Importantly, cell attachment
analyzed by the cell proliferation assay was not altered by
either 25 to 50 �g/mL HA or 0.2 to 25 �g/mL HC�HA (P �0.5
for all) but was affected by HC�HA only at 50 �g/mL (P � 0.04;
Fig. 4D). These results collectively indicated that HC�HA was
more potent than HA in inhibiting HUVEC proliferation in a
dose-dependent manner and that such inhibition was not as-
sociated with the suppression of cell attachment.

Because HUVECs shrank to a small, round shape and cell
density was notably reduced when treated with 25 �g/mL
HC�HA (Fig. 3), we also tested whether the inhibition of cell
proliferation was associated with cell death. Cell death detec-
tion (ELISAPLUS) showed that compared with the PBS control,
cell death measured in the culture supernatant was reduced by
HC�HA more than by HA without a statistical difference on
uncoated plates (P � 0.2 and P � 0.07, respectively); there
was no difference between HA and HC�HA (P � 0.3). The cell
death measured in the lysate caused by HA and HC�HA was also
not significantly different from that of PBS control (P � 0.1 and
P � 0.1, respectively). On FNC-coated plates, cell death mea-
sured in the supernatant (Fig. 4E, white bars) was significantly
reduced by HC�HA (P � 0.03) but not by HA (P � 0.07)
compared with the PBS control. Cell death measured in the
lysate (Fig. 4E, black bars) was significantly reduced by both
HA and HC�HA (P � 0.02 and P � 0.005, respectively). HC�HA
significantly reduced cell death more than did HA (P � 0.008).
These results collectively indicated that neither HA nor HC�HA
promoted cell death. Instead, both of them, especially HC�HA,
effectively protected HUVECs from undergoing apoptosis
when cultured on FNC-coated plates.

HC�HA Inhibited Proliferation Stimulated by the
Synergism between VEGF and Integrin Ligation

Proliferation depends on signals from growth factors and cues
from the extracellular matrix. Thus, we sought to determine
whether the antiangiogenic action of HC�HA could also coun-
teract the synergism generated between VEGF and such sub-
strates as Fn, Vn, and C.29–32 Simultaneously with 25 �g/mL
HC�HA, we seeded HUVECs in ECGM supplemented with 10
ng/mL VEGF onto plates coated with Fn, Vn, C, or FNC. BrdU
ELISA showed that all substrates except Vn stimulated HUVEC
proliferation compared with the uncoated control (Fig. 5; P �
0.006, P � 0.006, and P � 0.01 for Fn, C, and FNC, respec-
tively, but P � 0.3 for Vn). However, on uncoated plastic and
all four substrates, HC�HA significantly inhibited HUVEC pro-
liferation (uncoated, P � 0.0007; Fn, P � 0.001; Vn, P �
0.0008; C, P � 0.001; FNC, P � 0.004). Thus, HC�HA still
inhibited HUVEC proliferation even when proliferation was
synergistically promoted by VEGF and such angiogenic sub-
strates as Fn, Vn, and C.

HC�HA Reduced HUVEC Migration toward VEGF as
a Chemoattractant

Endothelial cell migration toward chemoattractants such as
VEGF is a key step in angiogenesis. To determine whether
HC�HA antiangiogenic action extended to HUVEC migration,
we seeded HUVECs in the transwell assay using VEGF as a
chemoattractant. HUVECs migrating from the upper chamber to
the lower chamber were detected by crystal violet dye (Fig. 6A),
and the number of migrated cells was counted (Fig. 6B). The
results showed that HUVEC migration toward VEGF, when
treated with HC�HA, was significantly less than that treated
with HA or PBS (each P � 0.05). These findings indicated that
HC�HA reduced HUVEC migration stimulated by VEGF.

HC�HA Suppressed HUVEC Tube Formation

To determine whether HC�HA antiangiogenic action extended
to HUVEC differentiation into vascular structures in vitro, we
seeded HUVECs onto extracellular matrix in ECGM with 10%
FBS and 25 �g/mL HA or HC�HA. After 16 hours, HUVECs
treated with PBS rapidly aligned and formed hollow, tubelike
structures (Fig. 7A). In contrast, HUVECs treated with 25
�g/mL HC�HA showed a significant reduction of tube forma-
tion (Fig. 7B; P � 0.0008). As a comparison, HUVECs treated
with 25 �g/mL HA did not reveal any significant difference
from control (P � 0.4). Collectively, these results suggested
that HC�HA also exerted its antiangiogenic actions by inhibiting
HUVEC differentiation into tubelike structures during the an-
giogenic process.

HC�HA Suppressed Neovascularization in CAM

To determine whether the HC�HA complex also exerted anti-
angiogenic activity in vivo, we adopted CAM assay using fer-
tilized White Leghorn chicken eggs incubated at 37.5°C with
collagen onplants containing bFGF (16.7 �g/mL)/VEGF (5 �g/
mL) with or without HA (1 �g/onplant) or HC�HA (1 �g/
onplant) planted on day 8. After 4 days, the newly formed
blood vessels into collagen onplants were recorded and quan-
titated. As shown in Figure 8A, bFGF/VEGF induced a robust
growth of blood vessels growth into onplants. In contrast, both
the HA and the HC�HA complexes apparently suppressed
blood vessel formation into onplants; the large blood vessels
formed adjacent to the onplant were suppressed by the HC�HA
complex but not by HA. Compared with PBS, the suppression
of neovascularization by both HA and the HC�HA complex was
significant (P � 0.02 and P � 0.01, respectively). Although

FIGURE 5. HC�HA inhibits HUVEC proliferation stimulated by both
VEGF and angiogenic substrates. HUVECs were treated with or without
25 �g/mL HC�HA for 48 hours and were labeled with 10 �M BrdU for
6 hours before termination. BrdU ELISA showed that 25 �g/mL HC�HA
markedly suppressed HUVEC proliferation stimulated by 10 �g/mL
VEGF and cultured on uncoated plastic, Fn, Vn, C, and FNC (n � 3; P �
0.0007, P � 0.001, P � 0.0008, P � 0.001, and P � 0.004, respec-
tively).
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suppression by the HC�HA complex was more than that by HA,
the difference was not significant (P � 0.28) (Fig. 8B).

DISCUSSION

Cumulative clinical experience attests that AM transplantation
promotes epithelial wound healing while delivering anti-in-
flammatory, anti-scarring, and antiangiogenic actions to the
ocular surface (see Refs. 6–10 for reviews). In the pursuit of
the molecular mechanism whereby AM exerts the therapeutic
actions mentioned, we recently purified the HC�HA complex
from AM extract and demonstrated that this complex exerts an
anti-scarring effect on cultured human corneal fibroblasts and

an anti-inflammatory effect on cultured mouse macrophages.12

The present study further adds that the HC�HA complex exerts
a potent antiangiogenic effect on cultured HUVECs and CAM.

Angiogenesis involves the activation of vascular endothe-
lium or endothelial progenitor cells through a series of cellular
events including survival, migration, proliferation, and tube
formation. Kobayashi et al.33 noted that the conditioned me-
dium of cultured amniotic epithelial and mesenchymal cells
contains antiangiogenic activity, though the source of this
activity remains obscure. The finding that ASE, which did not
contain epithelial or basement membrane components, sup-
pressed HUVEC viability (Fig. 1) was in agreement with previ-
ous findings by Jiang et al.11 PEDF, a potent antiangiogenic

FIGURE 6. HC�HA reduces the che-
motactic migration of HUVECs stim-
ulated by VEGF. HUVECs were
seeded in the upper well containing
ECGM with PBS or 25 �g/mL HA or
HC�HA, whereas 10 ng/mL VEGF was
added to ECGM in the lower well as
a chemoattractant. (A) Fewer mi-
grated cells were found in HC�HA–
treated cultures according to repre-
sentative micrographs (A; scale bar,
50 �m) and cell numbers counted
per field (B; minimum of five fields
per group). *P � 0.05 compared
with the PBS control.

FIGURE 7. HC�HA inhibits HUVEC
tube formation. HUVECs were seeded in
ECGM supplemented with 10% FBS on
extracellular matrix and were treated
with PBS or 25 �g/mL HA or HC�HA for
16 hours. Fewer tube formations were
found in HC�HA–treated cultures based
on representative phase-contrast micro-
graphs (A; scale bar, 200 �m) and (B)
total length of tube formations per field
in five random 100� fields (B, ex-
pressed as percentage of the PBS control
treated as 100%). *P � 0.05 compared
with PBS.
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factor,26 was predominantly found in the AM basement mem-
brane.27 Transcripts and proteins of tissue inhibitors of metal-
loproteinase and TSP-1—i.e., potential antiangiogenic fac-
tors—are expressed by both human amniotic epithelial and
mesenchymal cells.28 However, the roles of these three pro-
teins in delivering antiangiogenic action in the AM cannot be
ascertained because their protein levels are negligible in the
medium after the incubation of human AM.34 Our Western blot
analysis showed that PEDF was present in the AM extract but
not in the purified HC�HA complex (Fig, 2A), but TSP-1 was
present in neither AM extract nor purified HC�HA (not shown).
These results from Western blot analysis were further con-
firmed by the data of human angiogenesis arrays (Fig. 2B).
Collectively, we conclude that the antiangiogenic action of the
HC�HA complex, exerted by reducing HUVEC viability, prolif-
eration, migration, and differentiation, is more potent than that
of ASE and is not contributed by PEDF and TSP-1. Herein, our
protein arrays showed that IGFBP-1, PF4, or both were selec-
tively bound to the HC�HA complex (Figs. 8B, 8C). Previously,
IGFBP-135,36 has been shown to suppress cell growth and
PF437–39 has been shown to mediate antiangiogenic action.
Thus, further studies are needed to determine whether the
antiangiogenic actions of these two proteins are promoted by
their binding to the HC�HA complex.

This HC�HA complex contains HA, which has been shown
to promote cell quiescence and to exert anti-inflammatory and
antiangiogenic effects.21–24 Several studies have noted that HA
is antiangiogenic through the inhibition of endothelial cell
proliferation, migration, cell-cell adhesion, and tube forma-

tion.40,41 In chicken embryo, the surrounding regions of HA-
implanted wing buds are avascular.42 HA also inhibits the
formation and vascularization granulation tissue, the vascular-
ization of implanted fibrin gels, and the angiogenic activity of
human wound fluids in CAM assay (see Ref. 41 for review).
Herein, our finding that HA at 100 �g/mL, but not at 50 �g/mL
or less, could significantly inhibit HUVEC proliferation (Fig. 4)
and CAM neovascularization was in agreement with the finding
of an earlier study in which HA at concentrations greater than
100 �g/mL inhibited endothelial cell proliferation and dis-
rupted confluent endothelial monolayers.43 Our study showed
that in addition to anti-scarring and anti-inflammatory effects,12

HC�HA exerted a more potent antiangiogenic effect than HA.
Specifically, HC�HA was 100-fold more potent than HA and
dose dependently suppressed HUVEC proliferation with an
IC50 of 2.3 �g/mL (Fig. 4).

Additionally, we found that HUVEC proliferation inhibited
by the HC�HA complex was associated with a notable morpho-
logic change characterized by the reduction of F-actin (Fig. 3).
Reorganization of the F-actin cytoskeleton and cell-matrix ad-
hesion play crucial roles in endothelial cell proliferation and
migration in angiogenesis. Interestingly, this morphologic
change linked to F-actin reorganization led to reduced cell
density but did not promote cell detachment or death (Fig. 3).
In fact, such HC�HA complex-treated cells exhibited reduced
cell death by apoptosis on uncoated and FNC-coated plates, in
some instances to a greater extent than HA (Fig. 4), suggesting
that the HC�HA complex did not disassemble the entire actin-
mediated cytoskeleton. Nonetheless, the HC�HA complex

FIGURE 8. HC�HA suppresses neo-
vascularization in CAM. Collagen on-
plants supplemented with bFGF
(16.7 �g/mL) and VEGF (5 �g/mL)
with the vehicle PBS control, high
molecular weight HA (1 �g/onplant),
or HC�HA (1 �g/onplant) were
planted on CAM on day 8 of fertilized
chick embryo (n � 7 each). Four
days later, each CAM was fixed with
0.5 mL of 25% glutaraldehyde, pho-
tographed, and subjected to vessel
quantitation. (A) One representative
photograph from each group of con-
trol (PBS), HA, and HC�HA was
shown. Scale bar, 1 mm. (B) Neovas-
cularization was measured by counting
the amount of blood vessels growing
the each collagen onplants. Data were
represented as the mean � SD.
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downregulation of the actin cytoskeleton was sufficient to
reduce HUVEC proliferation augmented by a synergistic action
between VEGF and different substrates (Fig. 5) and HUVEC
migration in response to VEGF (Fig. 6). Furthermore, we ob-
served a decrease in tube formation (Fig. 7) that required the
remodeling of actin filaments.44 Because all these unique ac-
tions of HC�HA complex were not seen when HUVECs were
treated with HA, because the HC�HA complex was 100-fold
more potent than HA in suppressing HUVEC proliferation, and
because the suppressive effect of the HC�HA complex in
HUVEC viability could not be eliminated by a neutralizing
antibody against CD44 (Fig. 1), we speculate that the HC�HA
complex acts differently from HA in exerting its potent antian-
giogenic action. This notion was further suggested in our
preliminary data (not shown) showing that macrophages
bound to immobilized HC�HA but not to immobilized HA,
resulting in notable changes in proliferation and differentia-
tion. Further studies in understanding how the HC�HA com-
plex may bind to the cell membrane to cause the reorganiza-
tion of actin filaments and subsequent signaling will help
unravel the exact molecular action mechanism of this hereto-
fore unknown antiangiogenic activity of the HC�HA complex. It
should be noted that angiogenesis is a complex process and
that our present study focuses only on the antiangiogenic
action of the HC�HA complex on HUVECs in vitro and on the
neovascularization on CAM in vivo. Further proof of such an
action in vivo using other animal models is warranted. Such
studies will not only shed light on how AM is developmentally
avascular, they will also lead us to develop new therapeutics
based on the HC�HA complex for treating such diseases as
age-related macular degeneration, diabetic retinopathy, reti-
nopathy of prematurity, rubeosis iridis in secondary glaucoma,
and corneal neovascularization in which pathogenic angiogen-
esis prevails and causes blindness in humans.
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