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Abstract
While it is known that cancer cell interactions with vascular endothelial cells (ECs)
drive metastatic cancer cell extravasation from blood vessels into secondary tumor
sites, the mechanisms of action are still poorly understood. Here, we tested the
hypothesis that neuraminidase-induced degradation of EC surface glycocalyx (GCX),
particularly the sialic acid (SA) residue components of the GCX, will substantially
increase metastatic cancer cell attachment to ECs. To our knowledge, our study is
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the first to isolate the role of GCX SA residues in cancer cell attachment to the endo-
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dase and to indeed regulate metastatic cancer cell homing to ECs. We hope that this
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thelium, which were found to be differentially affected by the presence of neuraminiwork will eventually translate to identification of EC GCX-based cancer markers that
can be therapeutically targeted to hinder the progression of metastasis.
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1 | I N T RO D UC T I O N

parent tumor into neighboring tissues to form secondary tumors.3
This occurs when cells from the primary tumor migrate to and intra-

Cancer metastasis is one of the major causes of cancer-related

vasate nearby blood vessels, travel through these vessels, and eventu-

deaths.1,2 During metastasis, primary tumor cells migrate from the

ally extravasate the vessels at distant tissues where secondary tumors
can form.4 The migration of cancer cells out of blood vessels, requires

Abbreviations: 4T1, Stage IV metastatic breast cancer cells; CS, chondroitin sulfate; DAPI,
40 6-diamidino-2-phenylindole; DMEM, Dulbecco's modified Eagle medium; EC, endothelial
cell; FBS, fetal bovine serum; GCX, glycocalyx; HA, hyaluronic acid; HS, heparan sulfate;
HUVEC, human umbilical vein endothelial cells; Lu-ECAM, lung EC adhesion molecule-1;
MAL II, Maakia amurensis lectin II; Neur, neuraminidase; PS, penicillin–streptomycin; RFPEC,
rat fat pad endothelial cell; SA, sialic acid; SNA, Sambucus nigra (elderberry bark) lectin; WGA,

initial homing to and crossing of the adhesive endothelium, and it has
been established that this occurs due to dysfunction of the endothelium's glycocalyx (GCX) coating (Figure 1a).5,6
GCX covers most mammalian cells. For endothelial cells (ECs), a

wheat germ agglutinin lectin.

healthy GCX forms a selective barrier between ECs and their neigh-

This presentation was identified by Jungwoo Lee (University of Massachusetts Amherst) as

boring environment, by blocking adhesion receptors on the endothe-

the “Best Presentation” in the “Engineering in Cancer Biology and Therapy II” session of the
2016 AIChE Annual Meeting in San Francisco, CA.

lium from binding to ligands on cells and certain molecules from the
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chondroitin sulfate (CS), and hyaluronic acid (HA) glycosaminoglycan
sugar chains are attached.9 HS is the most abundant GCX component.
The core proteins are also attached to sialic acid (SA) on their terminal
ends.13 Degradation of these key components of GCX is associated
with certain conditions and diseases including inflammation, sepsis,
atherosclerosis, and cancer.14-18
To date, only a few cell mechanism studies have explored how HS,
CS, HA, and SA regulate homing of cells, particularly white blood cells
and cancer cells, from vessel circulation to the endothelium surface.6,19-27 Selected reports are summarized in Table 1, which shows
that the majority of investigations have been performed in the context of white blood cells and inflammation,19-22,24,28-30 and more work
is required in the cancer milieu to address metastasis.6,25-27 The white
blood cell studies inform our understanding of GCX-mediated EC
adhesiveness to cancer cells, because cancer cells utilize inflammation
mechanisms to metastasize18,31-33 and inflammatory agonists are
known to cause endothelial GCX shedding34 that can expose endothelium to circulating cell adhesion. With respect to GCX componentspecific shedding, research has largely been focused on studying the
role of HS loss in cancer and inflammatory cell adhesion, due to its
abundance in the GCX (Table 1).6,20,22,23,35 Some work has gone into
investigating how losses in HS and CS, combined, contribute to endothelium adhesiveness.21,24 Experiments conducted to isolate and elucidate the mechanisms of EC adhesiveness involving HA are rare,26
and studies isolating SA-mediated EC adhesiveness have not been
performed at all, to our knowledge (Table 1).
Relevant to endothelium adhesiveness to cells in the blood vessels,
SA is of particular interest because it is a major contributor to cellular and
molecular recognition.36-38 This is due to the diversity of SA residues,
which are differentiated through post-transcriptional sialytransferase
activity.22,27,28 On ECs, several SA residues are expressed, but the most
notable include the /-2,6-linked, /-2,3-linked, and /-2,8-linked SA
residues. These residues recognize and interact with cells and molecules through lectins, which are proteins that recognize and bind to SA
and other sugars.37 In addition, SA residues are uniquely composed of
amino acids and carboxyl groups that make them negatively charged,
F I G U R E 1 (a) Drawing shows endothelium with intact GCX. As
metastatic cancer cells move with blood flow, the healthy GCX blocks
the adhesion ligands on the cancer cells from attaching to the adhesion
receptors on the endothelium lining of the blood vessel wall. We
hypothesize that cancer cell attachment to the endothelium is caused
by endothelial GCX degradation. (b, c) These drawings illustrate the
conclusions of the findings reported herein. Our observations provide
evidence that the systemic increase in Neur (b), which coincides with
metastatic cancer conditions, degrades the GCX as a whole and as
applied to its/-2,6-linked and /-2,3-linked SA residues (c). This GCX
degradation leads to increased cancer cell attachment to ECs, and we
speculate that this is mediated by exposure of adhesion receptors on
the endothelium which become accessible to adhesion ligands on
cancer cells (c). ECs, endothelial cells; GCX, glycocalyx; SA, sialic acid

further enhancing SA's ability to facilitate recognition and binding or
repulsion to other cells or molecules. SA's terminal location, diversity,
composition, and charge, taken together, are important determinants of
EC GCX-mediated endothelial barrier function. Yet, while the role of
SA in the cancer cell GCX has been extensively studied and found as a
marker of oncogenesis and tumor survival,39-41 the role of SA in the
endothelial GCX during oncogenesis has yet to be studied.
Another reason for our interest in SA stems from reports that the
SA-degrading enzyme, neuraminidase (Neur),42 is strongly associated
with cancer metastasis and other pathologies. Specifically, Neur
upregulation has been reported in hepatocellular carcinoma and ovarian cancer, and Neur has been noted to be an oncogene that enhances
proliferation and migration of metastatic cancer cells.35,43 Based on
these reports, it is surprising that not much effort has been made to

environment (Figure 1a).7-12 The EC GCX is composed of a variety of

elucidate the impact of excessive Neur on ECs, which are likely to

sugar chains, glycoproteins, and soluble proteins. For example, the

respond by shedding their SA residues, leading to cancer cell access to

GCX includes core proteins on which heparan sulfate (HS),

the endothelium.

Human postcapillary vein
high endothelial venule
(HEV) cells

EC type not specified

Human aortic endothelial
cells (HAEC)

Rat venular ECs

Human pulmonary
microvascular ECs

Mouse pulmonary ECs

Rat post capillary
venule ECs

Mouse brain microvascular
ECs (bEnd3)

Human pulmonary aorta
endothelial cells (PHAEC)

Mouse lung and liver ECs

Anderson and Shaw

Celie et al

Cutler et al

Mulivor et al

Schmidt et al

Voyvodic et al

Cai et al

Fan and Fu

Malek-Zietek et al

Gasic and Gasic

HS plays important role in leukocyte extravasation. Upon inflammation, HS shedding
facilitates EC-leukocyte interactions.

HEVs present themselves as rounded ECs, giving rise to weak endothelium barrier. On
these cells, GCX layer is thick, which likely enhances binding sites for soluble factors
like macrophage inflammatory protein-1 or interleukin-8 that are critical triggers for Tcell adhesion to the endothelium.

Receptor destroying enzyme degrades endothelial GCX and Neur degrades endothelial
SA. Loss of GCX was found to coincide with reduced cancer metastasis, while effect of
loss of SA, specifically, was not confirmed.

Mouse ascitic tumor cells
(TA3)

Degradation of HS increases tumor cell adhesion to ECs.

Human malignant breast
cancer cells (MDA-MB-231)

Removal of HA from PHAEC GCX significantly decreases the adhesion of cancer cells to
the endothelium, indicating the strong importance of HA as a barrier against PHAECcancer cell adhesion.

Preserving the GCX by orosomucoid, a plasma glycoprotein, decreases microvascular
permeability and reduces the tumor cell adhesion.

Human malignant breast
cancer cells (MDA-MB-231)

Human lung carcinoma cells
(A549)

Knockout of HS- and CS-bound syndecan-1 results in ECs becoming more adhesive to
monocytes.

Inflammation triggers lead to pulmonary endothelial GCX degradation, mediated by
heparinase, to induce neutrophil adhesion to the endothelium.

Human monocytes (THP-1)

Mouse neutrophils

Enzyme induced HS degradation increases adhesion of fluorescently labeled
microspheres to ECs. However, leukocyte adhesion to ECs decreases. It is possible
that the enzyme that is applied to degrade HS also removes selectins, disabling EC
adhesiveness to leukocytes.

α-2,6 α-2,3

Summary/conclusion

Fluorescently labeled
microspheres & rat
leukocytes

α-2,8

SA residues

Blueberry metabolites helps restore cell surface GCX that was lost due to diabetes. HS
and CS presence in the restored GCX was confirmed. GCX restoration coincided with
low endothelial binding of monocytes.

HS CS HA

Human monocytes (THP1)

Leukocyte
type not specified

Human T-lymphocytes
(T-cells)

Circulating cell type

Notes: Green shading indicates that some progress has been made in understanding the role of a specific GCX components in EC interaction with circulating cells, while red shading indicates that little or no
progress has been made for some GCX components.
Abbreviations: CS, chondroitin sulfate; ECs, endothelial cells; GCX, glycocalyx; HA, hyaluronic acid; HS, heparan sulfate; SA, sialic acid.

Endothelial type

Author

EC glycocalyx components

Representative reports of the role of the GCX in blocking or enabling EC adhesiveness to cells in the blood circulation, including white blood cells and cancer cells

White blood cells
Cancer Cells

TABLE 1

3 of 12
MENSAH ET AL.

4 of 12

MENSAH ET AL.

In the present study, we aimed to test the hypothesis that Neurinduced degradation of EC GCX, particularly the shedding of SA resi-

performed using NIH ImageJ software. For detailed methods, see SI
Materials and Methods and our previously published work.46

dues, will result in substantial increase in metastatic cancer cell attachment to the endothelium. To test our hypothesis, we first characterized
the expression of the GCX, both generally and with a specific focus on
a SA residue. We then investigated the effects of Neur on the GCX.

2.4 | Cancer cell culture, attachment assay,
fluorescence microscopy, and image analysis

Last, we investigated the effect of GCX degradation on the attachment

Please refer to SI Materials and Methods for details. In brief, Stage

of metastatic cancer cells to the endothelium. Our findings indicate that

IV metastatic mouse breast cancer cells (4T1) (ATCC) at passages

SA residues are differentially affected by the presence of Neur and con-

5 to 10 were cultured in DMEM/1% PS/10% FBS, humidity, 37 C,

firm that GCX degradation indeed leads to increased cancer cell attach-

and 5% CO2. Passaging or experimental usage occurred at 80%

ment to the endothelium. We anticipate that this body of work will

confluency. For experiments, 4T1 cells were labeled with Cel-

extend our knowledge on the role played by GCX, specifically regarding

lTracker Red CMTPX Dye (Thermo Fisher Scientific) and 103 cel-

SAs, in regulating movement of metastatic cancer cells from blood ves-

ls/mL were coincubated with a confluent monolayer of either

sels to secondary metastatic sites. This will lead to future research to

untreated

identify innovative GCX-based markers that can be therapeutically

coincubation, nonattached 4T1 cells were removed, leaving

targeted to hinder the progression of cancer metastasis.

attached 4T1 cells behind. Attached 4T1 cells and underlying

or

enzyme

treated

RFPECs.

After

30 min

of

RFPECs were imaged using a Zeiss Z1 Observer fluorescence

2 | MATERIALS AND METHODS
2.1 | Endothelial cell culture

microscope at ×10 magnification. A red filter (excitation of
558 nm) was used to distinguish and image CellTracker-labeled
4T1 cells. RFPECs were visualized by phase contrast. The total
number of attached 4T1 cells and the total number of RFPECs in

GCX-rich rat fat pad endothelial cells (RFPECs)44 at passages 24 to

the field of view were counted using the ImageJ cell counting tool.

30 were seeded at 15,000–20,000 cells/cm2 onto 12-mm No. 1 glass

The 4T1 cell count was divided by the RFPEC cell count. This

coverslips (Fisher Scientific). REFPECs were grown in Dulbecco's modi-

quantity was normalized by the value obtained for 4T1 adhesion

fied Eagle medium (DMEM, Invitrogen), 1% penicillin–streptomycin

to untreated RFPECs (control).

(PS), 10% fetal bovine serum (FBS, Gibco Life Technologies), humidity,
37 C, and 5% CO2, for 3 days until they reached full confluency.

2.2 | Neur enzyme degradation of the
endothelial GCX

2.5 | Statistics
Please refer to SI Materials and Methods for details. In brief, data sets
were reduced to means ± SEM. When two treatments were compared,
Student's t tests were used to determine statistical significances

To model endothelial GCX degradation, RFPECs were cultured for 2 hr
in DMEM/1% PS/10% FBS with 0 (untreated control), 15, 135, 1,215,
or 3,645 mU/mL of the SA-degrading enzyme, Neur from Clostridium

between groups. For multiple comparisons, one-way ANOVA analyses
and Tukey post hoc tests were used to determine statistical significance. An alpha value of p < .05 was used for both t tests and ANOVA.

perfringens (Sigma).45 After the 2-hr period ended, RFPECs were cultured in enzyme-free culture media before further experimentation.

3 | RESULTS AND DISCUSSION
2.3 | Endothelial GCX lectin staining, confocal
microscopy, and image analysis

The endothelial GCX plays a significant role as a barrier between the

Fluorescent staining was performed to assess GCX expression on

cancer cells.6,19-27 The importance of the endothelial GCX in enabling

untreated or Neur-treated RFPECs. This was achieved using lectins,

EC adhesiveness to cancer and other types of circulating cells, primarily

proteins that recognize and bind to sugars.37 After the Neur treatment

when its HS component is shed or in the presence of heparinase

period, RFPEC monolayers, fixed with 2% paraformaldehyde/0.1%

enzyme that specifically degrades HS, has been well established

glutaraldehyde, were incubated with various GCX labeling-lectins

(Table 1).6,19-25,27 Regulation of EC adhesiveness by endothelial

(Table 1). Secondary labeling was done with Alexa Fluor 488 (AF-488)

GCX components such as CS and HA has also been demonstrated

conjugated streptavidin (Table 1) before applying Vectashield anti-

(Table 1).6,20-26 Another important endothelial GCX component, namely

0

endothelium and circulating cells present in the blood stream, including

fade media containing 4 6-diamidino-2-phenylindole (from Vector

SA, its residues, and its degrading enzyme, Neur, remains understudied

Labs; indicated in Table 1) to stain the cell nuclei. Further details are

in the context of EC adhesion to circulating cancer cells (Table 1). The

described in Supporting Information (SI) Materials and Methods.

present study aimed to fill this gap, by studying the impact of Neur-

RFPECs were then imaged using a Zeiss Confocal Laser Scanning
Microscope 700 with a ×63 magnification objective (oil). Analysis was

induced degradation of EC GCX, particularly the SA component, on
metastatic cancer cell attachment to the endothelium.
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3.1 | Neur elevation in the EC environment
destabilizes wheat germ agglutinin-labeled GCX
RFPECs were selected as an appropriate cell model for this study because
of their ability to produce robust GCX even in static conditions, while
other cell culture models require shear stress to stimulate the synthesis

MENSAH ET AL.

To determine the effects of Neur on GCX integrity, RFPECs were
first labeled with wheat germ agglutinin (WGA) (Figure 2f–i). WGA is
reported to delineate the overall GCX structure better than other
lectins,47 and binds to a number of SA residues along with a few other
GCX components (Table 2). We discovered that at baseline conditions

of GCX.44 Upon the initial inspection of RFPECs treated with Neur, we

(i.e., in the absence of Neur), WGA-labeled GCX covered 73.8 ± 7.4%

observed that RFPEC monolayers exposed to Neur had preserved mor-

of RFPEC monolayers (Figure 2f), represented by a normalized value

phology (compared to untreated samples) indicating that only the GCX

of 1.00 ± 0.07 (Figures 3a and 4a). WGA-labeled GCX thickness was

would be affected by the presence of the enzyme and not the underly-

1.46 ± 0.02 μm, a normalized value of 1.00 ± 0.02 (Figures 3b and

ing endothelium (Figure 2a–e).

4b). Previously, Reitsma et al reported a WGA-labeled GCX layer to

F I G U R E 2 Images show the effect of exposure to various concentrations of Neur enzyme on the GCX, endothelium integrity, and cancer cell
attachment to ECs. As shown, Neur concentrations include 0, 15, 135, 1,215, and 3,645 mU/mL. (a–e) ×5 magnification phase contrast images
merged with red fluorescence micrographs, to confirm integrity of the EC layer in all conditions and show cancer cells attached to the
endothelium. Scale bar equal to 500 μm is shown. (f–t) ×63 magnification confocal micrographs of GCX labeled with green fluorescence
conjugated to the following lectins: WGA (f–j), SNA (k–o), and MAL II (p–t). The blue is DAPI, which labels EC nuclei. Scale bar equal to 20 μm is
shown. (u–y) ×5 magnification red fluorescence micrographs clarify the presence of CellTracker Red labeled cancer cells. Scale bar equal to
500 μm is shown. DAPI, 40 6-diamidino-2-phenylindole; ECs, endothelial cells; GCX, glycocalyx; MAL II, Maakia amurensis lectin II; SNA, Sambucus
nigra (elderberry bark) lectin; WGA, wheat germ agglutinin
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TABLE 2

This table indicates the lectins (purchased from Vector Labs) that were used in labeling GCX
Primary Labels

N-acetylneuraminic acid (SA) residues:

N-acetylglucosamine component of:

AF-488
conjugated
anti-biotin

DAPI

X

X

X

X

X

X

X

HS

X

X

X

HA

X

X

X

Biotinylated
wheat germ
agglutinin (WGA)

Biotinylated
Sambucus nigra
(elderberry bark)
lectin (SNA)

-2,6 linked

X

X

-2,3 linked

X

-2,8 linked

Biotinylated Maakia
amurensis lectin II
(MAL II)

X

Notes: As shown, WGA is a general lectin for GCX, labeling three SA residues along with N-acetylglucosamine, a component of HS and HA. SNA and MAL
II are specific to only /-2,6 linked and /-2,6 linked residues of SA, respectively.23,48 All lectins were biotinylated, enabling fluorescence labeling with biotin
antibody conjugated to AF-488. Once lectins were applied, followed by the secondary antibody, cell nuclei were all labeled with DAPI.
Abbreviations: DAPI, 40 6-diamidino-2-phenylindole; GCX, glycocalyx; HA, hyaluronic acid; HS, heparan sulfate; SA, sialic acid.

cover about 90% of the endothelium and to be 2.3 ± 0.1 μm thick.49

RFPEC monolayers (Figure 2k) and has also been reported by other

The coverage and thickness of the WGA-labeled GCX in our study

studies.54 When we quantified our observation, coverage of the ECs

was less, which could be attributed to differential GCX expression in

by the /-2,6-linked SA residue at baseline conditions (i.e., in the

varying vascular tissue beds.7,50,51 Additionally, our in vitro GCX is

absence of enzyme treatment) was 25.8 ± 5.9% of the RFPEC surface

expected to be thinner than that found in vivo due to the absence of

(Figure 2k), represented by a normalized value of 1.0 ± 0.23

bovine serum albumin in the experimental media and also the collapse

(Figures 3a and 5a). SNA-labeled SA thickness was 1.19 ± 0.04 μm, a

of the GCX that occurs outside of the in vivo environment.52

normalized value of 1.0 ± 0.1 (Figures 3b and 5b).
We found that 15 mU/mL of Neur enzyme did not significantly

After 2-hr treatment of RFPEC monolayers with 15, 135, 1,215,
and 3,645 mU/mL of Neur, the normalized WGA-labeled GCX cover-

degrade the coverage of RFPECs by /-2,6 SA residues (Figures 3a

age of ECs decreased to 0.8 ± 0.1, 0.74 ± 0.08, 0.62 ± 0.07, and 0.59

and 5a). Conversely, at the same enzyme concentration /-2,6-linked

± 0.07, respectively (Figures 3a and 4a). Normalized thicknesses of

SA exhibited a significant decrease in normalized thickness from 1.0

WGA-labeled GCX for the same sequence of enzyme treatments

± 0.2 to 0.40 ± 0.08 (Figures 3b and 5b), representing an ~60%

decreased to 0.96 ± 0.03, 0.65 ± 0.02, 0.59 ± 0.02, and 0.54 ± 0.02,

decrease from baseline conditions. Recall, at the same enzyme con-

respectively (Figures 3b and 4b).

centration of 15 mU/mL, WGA-linked GCX did not exhibit significant

In summary, WGA-labeled GCX was resistant to the initial enzyme

decrease in thickness (Figures 3b and 4b). Taken together, these

dose of 15 mU/mL. However, as WGA-labeled GCX degraded, statistically

results suggest that /-2,6 SA residues could possibly be the first GCX

(p-value) significant reduction in thickness, but not in coverage, was

component degraded by Neur.

observed starting at an enzyme concentration of 135 mU/mL. Statistically

Further increases in enzyme concentration lead to an exponential

(p-value) significant reductions in both coverage and thickness required

decrease in /-2,6-linked SA residue coverage and thickness on

an enzyme concentration of 1,215 mU/mL. At this 1,215 mU/mL con-

RFPECs. After 2-hr treatment of confluent RFPECs with 15, 135,

centration, in the orthogonal views we also started to see discontinuity

1,215, and 3,645 mU/mL of Neur, the resulting coverage of ECs by

in the overall appearance of the GCX layer (Figure 2i, orthogonal view),

/-2,6 SA residue decreased to 0.7 ± 0.1, 0.09 ± 0.05, 0.04 ± 0.02,

which may expose the underlying endothelial cell membranes. With the

and

highest dose of 3,645 mU/mL, we noticed an ~50% decrease in both

corresponding effect on the thickness of /-2,6-linked sialic acid for

the coverage and thickness of WGA-labeled GCX. This reduction in

the same Neur doses was observed to decrease 0.40 ± 0.08, 0.18

coverage and thickness matches pathological conditions, such as sepsis

± 0.002, 0.06 ± 0.01, and 0.03 ± 0.01, respectively (Figures 3b and

and ischemia/reperfusion and some cancers, in the degree of GCX

5b). Clearly, as Neur concentration increases, the underlying endo-

15,53

0.010 ± 0.001,

respectively

(Figures

3a

and

5a).

The

degradation.

thelium membrane is exposed.

3.2 | Increased Neur in the EC environment leads to
degradation of /-2,6-linked SA residue

3.3 | Neur increase degrades /-2,3-linked residue of
GCX SA

/-2,6-linked SA residues exhibited a patchy morphology when com-

33.7 ± 2.4% of the untreated RFPEC surface was covered by

pared to WGA-linked GCX (Figure 2k). The discontinuity in expression

/-2,3-linked SA. This result was normalized to 1.00 ± 0.08 (Figure 6a).

of /-2,6-linked SA residue was confirmed using orthogonal views of

The corresponding thickness was 1.83 ± 0.06 μm, also normalized to a
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F I G U R E 3 Comparing the coverage (a) and thickness (b) of GCX
components that bind WGA, SNA, and MAL II at various Neur
concentrations. Compared to untreated baseline conditions as
indicated by the dashed line (- - -), Neur concentration of 15 mU/mL
slightly reduced thickness of and coverage of the endothelium by
WGA-labeled GCX, SNA-labeled /-2,6-linked SA residue, and MAL IIlabeled /-2,3-linked SA residue. SNA-labeled /-2,6-linked SA residue
was reduced most statistically significantly. 135 mU/mL of Neur
slightly reduced WGA-labeled GCX but statistically significantly
reduced SNA-labeled /-2,6-linked SA residue and MAL II-labeled
/-2,3-linked SA residue. 1,215 mU/mL and 3,654 mU/mL of Neur
further reduced WGA-labeled GCX, SNA-labeled /-2,6-linked SA
residue, and MAL II-labeled /-2,3-linked SA residue. Results are
normalized based on 0 mU/mL conditions. Significance differences
between groups are denoted as *****p < .0001, and “ns” denotes
nonsignificance. GCX, glycocalyx; MAL II, Maakia amurensis lectin II; SA,
sialic acid; SNA, Sambucus nigra (elderberry bark) lectin; WGA, wheat
germ agglutinin

MENSAH ET AL.

F I G U R E 4 The extent of EC coverage by GCX and the thickness
of GCX, as assessed by quantifying WGA labeled GCX, are inversely
proportional to the number of cancer cells that attach to endothelium.
Results are normalized to 0 mU/mL baseline conditions, which are
indicated by the dashed lines (- - -). Significance is denoted as
*p < .05, **p < .01, and ****p < .0001. (a) Compared to 0 mU/mL
Neur conditions, WGA-labeled GCX coverage of ECs only becomes
statistically low at high Neur doses of 1,215 and 3,645 mU/mL. N = 3,
and representative en face images are shown in Figure 2a–j.
(b) Compared to 0 mU/mL Neur conditions, WGA-labeled GCX
thickness is statistically significantly affected by Neur doses of
135, 1,215, and 3,645 mU/mL. N = 3, and representative crosssection images used for this data are shown in Figure 2a–j. (a, b)
Exponential increase in cancer attachment was observed with the
increasing Neur concentration. At 0 mU/mL, N = 9; at 15 mU/mL,
N = 8; at 135 mU/mL, N = 8; at 1,215 mU/mL, N = 9; and at
3,645 mU/mL, N = 9, and representative images used for this data are
shown in Figure 2u–y. EC, endothelial cell; GCX, glycocalyx; WGA,
wheat germ agglutinin

/-2,3-linked SA residue to /-2,6-linked SA residue, it is worth mentioning that /-2,3-linked SA residue expression is less patchy and dis-

value of 1.0 ± 0.08 (Figure 6b). Taking these results into consideration

continuous than /-2,6-linked SA residue (Figure 2k–t). These

clarifies that /-2,3-linked SA residue provided less baseline coverage

observations reveal differential expression of these SA residues and

than WGA-labeled GCX and higher baseline RFPEC coverage

may also indicate that different ECs could have different presenta-

than /-2,6-linked SA residue (Figure 2f–t). In addition, comparing

tions of these SA residues.55 In fact, Cioffi et al reported that
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F I G U R E 5 The extent of EC coverage by SA and the thickness
of SA, as assessed by quantifying SNA-labeled /-2,6-linked SA
residue, are compared to the number of cancer cells that attach to
endothelium. 0 mU/mL baseline conditions are indicated by the
dashed lines (- - -). Significance is denoted as *p < .05, **p < .01, and
***p < .001. (a) Compared to 0 mU/mL Neur conditions, SNAlabeled /-2,6-linked SA residue coverage of ECs becomes
statistically low at Neur doses of 135, 1,215, and
3,645 mU/mL. N = 3, and representative en face images are shown
in Figure 2k–o. (b) Compared to 0 mU/mL Neur conditions, SNAlabeled /-2,6-linked SA residue thickness is statistically significantly
affected by Neur doses of 15, 135, 1,215, and 3,645 mU/mL. N = 3,
and representative cross-section images used for this data are
shown in Figure 2k–o. (a, b) The observed Neur-induced increase in
cancer attachment as shown in Figure 3 is shown again, for
comparison to expression of SNA-labeled /-2,6-linked SA residue.
At 0 mU/mL, N = 9; at 15 mU/mL, N = 8; at 135 mU/mL, N = 8; at
1,215 mU/mL, N = 9; and at 3,645 mU/mL, N = 9, and
representative images used for this data are shown in Figure 2u–y.
EC, endothelial cell; SA, sialic acid; SNA, Sambucus nigra (elderberry
bark) lectin

F I G U R E 6 The extent of EC coverage by SA and the thickness of
SA, as assessed by quantifying MAL II-labeled /-2,3-linked SA residue,
are compared to the number of cancer cells that attach to endothelium.
Results are normalized to 0 mU/mL baseline conditions, which are
indicated by the dashed lines (- - -). Significance is denoted as *p < .05,
**p < .01, and ****p < .0001. (a) Compared to 0 mU/mL Neur
conditions, MAL II-labeled /-2,3-linked SA residue coverage of ECs
becomes statistically low at Neur doses of 135, 1,215, and
3,645 mU/mL. N = 3, and representative en face images are shown in
Figure 2p–t. (b) Similarly, compared to 0 mU/mL Neur conditions, SNAlabeled /-2,6-linked SA residue thickness is statistically significantly
affected by Neur doses of 135, 1,215, and 3,645 mU/mL. N = 3, and
representative cross-section images used for this data are shown in
Figure 2p–t. (a, b) The observed Neur-induced increase in cancer
attachment as shown in Figures 3 and 4 are shown again, for
comparison to expression of MAL II-labeled /-2,3-linked SA residue. At
0 mU/mL, N = 9; at 15 mU/mL, N = 8; at 135 mU/mL, N = 8; at
1,215 mU/mL, N = 9; and at 3,645 mU/mL, N = 9, and representative
images used for this data are shown in Figure 2u–y. EC, endothelial cell;
MAL II, Maakia amurensis lectin II; SA, sialic acid

/-2,3-linked SA residues, specifically, are more abundantly expressed

(Figures 3a and 6a). After the treatment of RFPECs with 15, 135,

in microvessels compared to other SA residues.

55

1,215, and 3,645 mU/mL of Neur, the normalized coverage of RFPEC

RFPEC coverage by /-2,3-linked SA residue was drastically

by /-2,3-linked SA was decreased to 0.98 ± 0.03, 0.007 ± 0.001,

affected starting from the initial stages of enzymatic treatment

0.008 ± 0.005, and 0.007 ± 0.004, respectively (Figures 3a and 6a).
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The corresponding normalized thicknesses of /-2,3-linked SA after
enzyme treatment were decreased to 0.9 ± 0.2, 019 ± 0.09, 0.2 ± 0.1,
and 0.08 ± 0.03, respectively (Figures 3b and 6b).
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3.4 | Neur-induced GCX loss leads to increased
cancer cell attachment to ECs
After establishing a degradation profile for GCX and its SA components
we coincubated Neur treated and nontreated RFPEC monolayers with
labeled 4T1 breast cancer cells to determine the effect of Neur on cancer attachment to the endothelium. Before the addition of the enzyme
to ECs, there was a baseline attachment of cancer cells to ECs
(Figure 2u), normalized to a value of 1.00 ± 0.22 (Figures 4–6). This
could be attributed to the barrier created by the terminal positions of
sugar chains within the GCX matrix.56,57 These GCX structures found
on the apical surface of the GCX structure mediate intercellular recognition and binding.56
Adding 15 mU/mL of Neur resulted in attachment of 1.2 ±
0.3-fold more 4T1 breast cancer cells to ECs, a 20% increase
(Figures 2v, 4–6). At this enzyme concentration WGA-labeled GCX
and /-2,3-linked SA decrease in coverage and thickness was not as
significant as the decrease in /-2,6-linked SA (Figures 3–6). Therefore, 4T1 attachment to ECs could likely be related to the degradation
of /-2,6-linked SA, which may have exposed receptor sites on the
surface of the endothelium to facilitate attachment.
Increasing the enzyme dosage to 135 mU/mL resulted in 1.4 ±
0.5-fold increase in cancer cell attachment to ECs (Figures 2w, 4–6). Further increasing the enzyme dose to 1,215 mU/mL resulted in a 1.4
± 0.3-fold increase in cancer cell attachment compared to control conditions (Figures 2x, 4–6) a result that was not significantly different from
those at the 135 mU/mL concentration. This can be explained by the
fact that at both of these Neur concentrations, /-2,6-linked and
/-2,3-linked SA residues were not visible and WGA-labeled GCX
became clearly discontinuous (Figure 2h,l–n,r,s). These results indicate a

F I G U R E 7 Preliminary data was collected regarding human ECs
(HUVEC), their GCX, and the extent of their recruitment of 4T1 breast
cancer cells in comparison with RFPEC controls. This human EC data
confirms and validates the rat EC data that was the focus of this
report. (a) Phase image shows that an untreated HUVEC layer is
healthy. (b) WGA-labeled untreated HUVEC reveals the presence of
GCX even in the absence of physiological flow stimulation, which is
usually required for in vitro human EC studies. (c) Low expression of
HS is observed when these HUVEC, which lack flow stimulation, are
labeled with HS antibody. The limited HS is presumably insufficient to
expose the EC surface adhesion molecules to 4T1 breast cancer cells,
because WGA is abundant enough to compensate and provide
adequate coverage. (d) As expected, the level of attachment of 4T1
breast cancer cells to untreated HUVEC is low, similar to what was
observed in untreated RFPEC. (e) Phase image shows healthy
untreated RFPEC monolayer. (f) Fluorescent image of WGA-labeled
untreated RFPEC monolayer shows intact GCX. (g) Expression of HS
is abundant in RFPEC without flow stimulation. (h) Picture shows
attachment of 4T1 breast cancer cells to RFPEC monolayers. (i) Plot
shows that the difference between RFPEC and HUVEC adhesiveness
to 4T1 breast cancer cells is statistically not significant (ns). N = 3 for
both cell types that were studied. EC, endothelial cell; GCX,
glycocalyx; HS, heparan sulfate; RFPEC, rat fat pad endothelial cell;
WGA, wheat germ agglutinin
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point at which loss of both /-2,6-linked and /-2,3-linked SA permitted

untreated human umbilical vein endothelial cells (HUVEC; Figure 7a)

4T1-EC attachment. Furthermore, due to statistical insignificance

highly express GCX components such as those targeted by WGA

between 4T1 attachment at 135 mU/mL and 1,215 mU/mL, we believe

(Figure 7b) (Mensah et al, manuscript in review), similar to what we

that at the enzyme concentration of 135 mU/mL cancer cell saturation

observed in healthy RFPEC (Figure 7e,f). Other GCX components such

of exposed adhesion receptors occurred. Thus, additional cancer cells

as HS show low expression (Figure 7c) in HUVEC, particularly in the

were prevented from binding. The reverse of this phenomena was

absence of physiological flow stimulation, which is usually required for

observed by Zhu et al who reported blocked mouse melanoma cell (B16)

in vitro human EC studies of the GCX.60,61 This was contrary to what

binding to lung EC adhesion molecule-1 (Lu-ECAM-1) that was competi-

we observed in RFPEC where HS expression was prominent without

58

tively bound to monoclonal antibody (6D3) against Lu-ECAM-1.

flow stimulation (Figure 7g). We speculated that the lack of HS is insuffi-

A final Neur dose of 3,645 mU/mL resulted in a coverage and thick-

cient to enable HUVEC adhesiveness to 4T1 breast cancer cells,

ness decrease of WGA-labeled GCX to 40% and 50%, respectively, in

because WGA-labeled GCX is abundant enough to compensate and

comparison to baseline conditions (Figure 4). The /-2,6-linked and

provide an adequate buffer between the HUVEC and 4T1 cells. Indeed,

/-2,3-linked SA residues were completely removed (Figures 5 and 6).

our control experiments revealed that the level of attachment of 4T1

The high level of Neur enzyme concentration and subsequent GCX and

cells to these untreated HUVEC is quite low and statistically similar to

SA degradation lead to a twofold increase in attachment of 4T1 breast

what was observed with RFPEC (Figure 7d,h,i). In additional control

cancer cells to RFPECs, in comparison with control (Figures 2y, 4–6). A

experiments, we are incorporating flow perfusion into our EC culture

similar result was reported by Gasic et al, who treated 8-week old

environment (Mensah et al, manuscript in review). This approach will

CAF1/J mice with Neur and discovered that there was a significant

more completely replicate the natural environment in which both the

increase in metastasis formation in mice treated with Neur in compari-

circulating cancer cells and the endothelial cells are conditioned by flow,

27

son with untreated mice.

Our investigation and the study reported by

which tends to affect the morphology, biochemical activities, and other

reveal the important role played by the presence of Neur in the

aspects of the cells. For example, a healthy flow environment can move

spread of cancer. Recall our finding that intact GCX components extend

the endothelial GCX scale in the antimetastatic direction while

1.2–1.8 μm into the extracellular space of the ECs. The shedding of

unhealthy flow conditions can have the same effect as GCX-degrading

these GCX components presents an opportunity for exposure of EC

enzyme and lead the endothelial GCX to become more prometastatic.

27

Gasic

which are membrane-

Finally, in our human cell studies, under flow conditions, we are also

attached, less than 100 nm in height, and typically covered by the thick

comparing the role of SA to the role of EC surface adhesion molecules

GCX. The disparity between GCX thickness and adhesion molecule

(Mensah et al, manuscript in review). In the future, we look forward to

height could prevent 4T1 breast cancer cells from attaching to the sur-

interrogating additional GCX components (Table 1). The aim is to even-

face of the endothelium36,59 in conditions where the GCX is not dam-

tually clarify how the various GCX components and the adhesion mole-

29

surface adhesion molecules such as E-selectin,

aged. Conversely, GCX degradation makes the adhesion molecules
more accessible to cancer cells, thus facilitating the high level of
4T1-EC attachment (Figure 1b,c).

cules synergistically contribute to cancer cell attachment to the
endothelium. Studying the role of the EC GCX as compared to the role
of the EC adhesion molecules from a perspective that has a human-context, considers both enzyme and flow conditions, and looks at the multiple GCX components, we will expand upon our pre-existing knowledge

4 | CO NC LUSIO NS

of the relationship between endothelial GCX degradation and cancer
attachment. Our long-term goal is to apply this knowledge to the devel-

The goal of this study was to clarify how the GCX, specifically the

opment of therapeutic means to prevent the endothelial GCX degrada-

understudied SA component of the GCX, contributes to GCX-

tion in a hope of hindering or even preventing cancer metastasis.

mediated protection of the endothelium against cancer cell adhesion.
Toward this end, we have confirmed differential expression of WGAlabeled GCX, /-2,6-linked SA, and /-2,3-linked SA on the endothe-
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