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Abstract: The disruption of endothelial heparan sulfate (HS) is an early event in tumor cell metastasis
across vascular barriers, and the reinforcement of endothelial HS reduces tumor cell adhesion
to endothelium. Our recent study showed that while vascular endothelial growth factor (VEGF)
greatly reduces HS at an in vitro blood–brain barrier (BBB) formed by human cerebral microvascular
endothelial cells (hCMECs), it significantly enhances HS on a breast cancer cell, MDA-MB-231
(MB231). Here, we tested that this differential effect of VEGF on the HS favors MB231 adhesion and
transmigration. We also tested if agents that enhance endothelial HS may affect the HS of MB231
and reduce its adhesion and transmigration. To test these hypotheses, we generated an in vitro BBB
by culturing hCMECs on either a glass-bottom dish or a Transwell filter. We first quantified the HS
of the BBB and MB231 after treatment with VEGF and endothelial HS-enhancing agents and then
quantified the adhesion and transmigration of MB231 across the BBB after pretreatment with these
agents. Our results demonstrated that the reduced/enhanced BBB HS and enhanced/reduced MB231
HS increase/decrease MB231 adhesion to and transmigration across the BBB. Our findings suggest a
therapeutic intervention by targeting the HS-mediated breast cancer brain metastasis.

Keywords: blood–brain barrier; MDA-MB-231; glycocalyx; vascular endothelial growth factor
(VEGF); orosomucoid; sphingosine-1-phosphate (S1P); matrix metalloproteinase (MMP) inhibitor;
heparinase III

1. Introduction

Tumor metastasis via blood or lymphatic circulations is the leading cause of cancer-
related death among cancer patients [1–3]. The ability of tumor cells to adhere to and
transmigrate through the microvessel wall at the targeted tissue is crucial in tumor metas-
tasis [4]. To search for the effective anti-metastatic therapies, many in vivo and in vitro
studies have been conducted to understand underlying mechanisms by which tumor cells
interact with endothelial cells lining the microvessel wall for adhesion and transmigration
or extravasation [5–13].

There is a matrix-like glycocalyx layer at the surface of every mammalian cell includ-
ing endothelial cells lining the inner wall of our blood vessels and tumor cells [14–20]. The
glycocalyx is comprised of glycoproteins, acidic oligosaccharides, terminal sialic acids,
proteoglycans (mainly syndecans and glypicans), and glycosaminoglycans (GAGs) (primar-
ily heparan sulfate, chondroitin sulfate, and hyaluronic acid or hyaluronan) [14,18,21–23].
Confined in this glycocalyx layer, there are soluble and insoluble components such as
plasma proteins, enzymes, cofactors, and enzyme inhibitors [20,24].

Endothelial glycocalyx is a mechanosensor sensing the blood flow, a regulator control-
ling the vessel wall permeability, and a barrier restricting the interaction between circulating
blood cells and circulating tumor cells with endothelium [19,23,25]. Heparan sulfate (HS)
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is the most abundant GAG of the endothelial glycocalyx, accounting for 50–90% of all
GAGs [22]. By the direct injection of breast cancer cells, MDA-MB-231 (or MB231), into
individual post-capillary venules in rat mesentery under physiological flows, Cai et al. [26]
found that the HS of the microvessel wall reduced to ~18% of the control after ~45 min
of MB231 cell perfusion. By applying heparinase III to pretreat the vessel for 1 h, they
found that ~80% of the HS at the microvessel was removed and the MB231 adhesion
increased by more than two folds. Similar results were observed in another study investi-
gating MB231 adhesion to and transmigration across an in vitro blood–brain barrier (BBB)
formed by bEnd3 (mouse brain microvascular endothelial cells) [27]. It was found that
1 h MB231 adhesion to this in vitro BBB degrades its HS to ~40% of the control. Pretreat-
ment with heparinase III reduced the BBB HS by ~60% and increased MB231 adhesion by
2.5 folds. On the contrary, reinforcing the endothelial glycocalyx of the microvessel wall by
a plasma protein, orosomucoid, or a plasma sphingolipid, sphingosine-1-phosphate (S1P),
or a generic matrix metalloproteinase (MMP) inhibitor, GM6001, significantly decreased
the MB231 adhesion [26,28]. Prior studies also investigated the effect of VEGF (VEGF165),
vascular endothelial growth factor, a tumor secretion, on microvessel permeability and
tumor cell adhesion/transmigration [29,30]. In an in vivo study, Shen et al. [30] showed
that 1 h of 1 nM VEGF treatment on a post capillary venule of rat mesentery increased its
permeability and enhanced breast cancer cell (MDA-MB-435s) adhesion. In contrast, the
pretreatment of the microvessel with SU-1498, an inhibitor to VEGF receptor 2 (VEGFR2,
KDR/Flk-1), or pretreatment of the tumor cell with anti-VEGF antibodies not only de-
creased tumor cell adhesion compared to no pretreatments but also significantly reduced
the adhesion enhanced by VEGF. In parallel with the in vivo study, Lee et al. [31] used
an in vitro Transwell system with human brain microvascular endothelial cell (HBMEC)
monolayer to investigate VEGF effects on tumor cell adhesion and transmigration. They
found that VEGF increased MB231 adhesion and transmigration by increasing HBMEC
monolayer permeability to inulin. In a more recent study, Fan and Fu [27] used bEnd3
monolayer to investigate the adhesion and transmigration of MB231. They showed that
VEGF-enhanced bEnd3 monolayer permeability and MB231 adhesion and transmigration
were due to the degradation of the endothelial glycocalyx and the disruption of endothelial
junction proteins [27,32–34]. Mensah et al. [35] also found that a reduced glycocalyx due to
a disturbed flow induced the entry of circulating tumor cells into the endothelium.

As presented above, the glycocalyx of endothelial cells prevents tumor cell adhesion
and transmigration. In contrast, recent studies found that glycocalyx at tumor cells pro-
motes tumor metastasis [18,36,37]. Compared to healthy cells, cancer cells have a thicker
and denser glycocalyx [18,38–40]. The glycosaminoglycan content isolated from tissue
containing lethal breast cancer tumors was approximately twice that of other tissues [41].
Recent studies also observed that a bulkier glycocalyx on tumor cells is associated with an
increased migration and the metastatic potential of cancers [42]. The tumor cell glycocalyx
responds to the interstitial flow-induced shear forces by secreting matrix metalloproteinases
(MMPs) to degrade the ECM of surrounding tissues. This makes it easier for tumor cells
to migrate through the tissue and invade the nearby vasculature [43]. The glycocalyx also
determines whether tumor cells can migrate against the direction of shear flow to reach the
vasculature [44,45]. The high sialic acid content of the glycocalyx on the circulating tumor
cells helps them to escape from the immune surveillance [46,47]. The bulky glycocalyx on
the circulating tumor cells, such as hyaluronic acid, not only creates a barrier to therapeutic
agents, but also a shield to the blood flow-induced friction forces [48].

In summary, prior studies found that glycocalyx of tumor cells promotes tumor cell mi-
gration in the extracellular space, and a tumor cell secretion, VEGF, disrupts the endothelial
glycocalyx to increase tumor cell adhesion/transmigration. Our most recent investiga-
tion employing super-resolution stochastic optical reconstruction microscopy (STORM)
revealed that there was a differential effect of VEGF on the glycocalyx of endothelial and
tumor cells [49]. We found that while VEGF significantly reduced the length and cover-
age of heparan sulfate (HS) on hCMEC (human cerebral microvascular endothelial cell)
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monolayer, an in vitro blood–brain barrier (BBB) model, it did not change the thickness
and coverage of hyaluronic acid (HA) on the BBB. On the contrary, VEGF significantly
enhanced the coverage of HS and HA on MB231 although it did not alter their thickness.

However, how the enhanced HS of MB231 and the reduced HS of the BBB due to
VEGF or the modulated HS of the glycocalyx of endothelial and tumor cells can influence
tumor cell adhesion/transmigration to/across endothelial barriers is largely unknown.
Therefore, in this study, we tested the hypothesis that reducing/enhancing breast cancer
cell (MB231) HS while enhancing/reducing HS at the BBB can inhibit/promote MB231
adhesion/transmigration to/across the BBB. To test this hypothesis, we generated an
in vitro BBB by culturing hCMECs on either a glass-bottom dish or a Transwell filter. We
first quantified the HS of the BBB and that of MB231 after treatment with VEGF, or with
endothelial HS-enhancing agents, orosomucoid, sphingosine-1-phosphate (S1P), and a
generic matrix metalloproteinase (MMP) inhibitor, GM6001, or with an enzyme, heparinase
III, which can degrade endothelial HS. Then, we quantified the adhesion and transmigration
of MB231 to/across the BBB after pretreatment with these agents to (1) MB231 only, (2) BBB
only, and (3) both MB 231 and BBB.

2. Materials and Methods
2.1. Cell Culture

Human cerebral microvascular endothelial cells (hCMEC/D3 or hCMEC) from Milli-
pore Sigma (Burlington, MA, USA) (passage 7 to 20 after purchase) were cultured using
EBMTM-2 Basal Medium (Lonza, Basel, Switzerland), supplemented with EGMTM-2 MV
Microvascular Endothelial Cell Growth Medium SingleQuotsTM kit (Lonza) [49]. Human
breast carcinoma cells (MDA-MB-231 or MB231) from ATCC (Manassas, VA, USA) (passage
10 to 18 after purchase) were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (DMEM/F-12), 2 mM L-glutamine, 100 U/mL penicillin, and 1 mg/mL
streptomycin, all from Sigma-Aldrich (St. Louis, MO, USA), supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA, USA) [26–28]. Human nontu-
morigenic breast epithelial cell line MCF-10A cells (ATCC) were cultured in MEGM bullet
kit (Lonza) supplemented with 100 ng/mL cholera toxin (Sigma-Aldrich) as described
in [26]. All cells were cultured in the incubator with 5% CO2 at 37 ◦C.

2.2. Generation of In Vitro BBBs

We generated in vitro BBBs by culturing endothelial monolayers either on a glass-
bottom dish or on a Transwell filter. No. 1.5 glass-bottom dishes (MetTek, Ashland, MA,
USA) or Transwell filters (VWR, Radnor, PA, USA) with an 8 µm pore transparent PET
membrane (0.33 cm2 bottom area), and they were first coated with 50 µg/mL Collagen I
(Sigma-Aldrich) and incubated overnight in an incubator at 37 ◦C. Then, hCMECs were
seeded at a density of 60 k/cm2 on a glass-bottom dish or a Transwell filter and cultured
for ~5 days until confluent as in our previous studies [27,49]. The formation of an in vitro
BBB was determined by the transendothelial electrical resistance (TEER) of the monolayer,
which was measured by a chopstick-shaped Volt/Ohm meter (EVOM2™, World Precision
Instruments, Sarasota, FL, USA). The in vitro BBB was considered to be generated when
the TEER of the monolayer was unchanged in two consecutive days. The TEER of a blank
Transwell filter with the same cell culture medium was also measured and subtracted
from the TEER of the total system to determine the TEER of the in vitro BBB. Figure A1
demonstrates a schematic for measuring the TEER of the in vitro BBB generated on a
Transwell filter.

2.3. Quantification of Heparan Sulfate (HS) at In Vitro BBB and MB231

For the quantification of HS at MB231, the MB231 cells were first seeded at a density
of 20 k/cm2 on a 30 µg/mL fibronectin-coated No. 1.5 glass-bottom dish and adhered
for 0.5–1 h. The non-adherent cells were washed away before HS labeling. The HS of the
in vitro BBB generated in the above section and the adherent MB231 were then labeled by
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immunostaining. Samples were first rinsed by 10 mg/mL bovine serum albumin (BSA,
Sigma-Aldrich) in PBS (1%BSA/PBS), then fixed with 2% paraformaldehyde and 0.1%
glutaraldehyde for 20 min, and 0.1% NaBH4 (Sigma-Aldrich) for 7 min. After washing 3×
with 1% BSA/PBS, the samples were blocked by 2% normal goat serum for 30 min at room
temperature (RT). Then, the samples were incubated with an anti-heparan sulfate antibody
(1:100, 1 × 104 epitope, mouse, Amsbio, Abingdon, UK) at 4 ◦C overnight, followed by
an Alexa Fluor 488 conjugated goat anti-mouse IgG (Alexa Fluor™ 488, 1:200; Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at RT [27,49]. Finally, the samples
were mounted using FluoromountG (SouthernBiotech™, Birmingham, AL, USA) with
DAPI after a DPBS wash. For the samples on the Transwell filter, the membrane of the filter
was cut and made into slides for confocal imaging.

The samples were scanned using a Zeiss LSM 800 confocal laser scanning microscope
with a 40×/NA1.3 oil immersion objective lens. Five fields (each field of 320 µm × 320 µm)
(2048 × 2048) from each sample were captured as a z-stack of 30–40 images with a z-step of
0.32 µm. Image projection and intensity quantification for HS were performed with Zeiss
ZEN and NIH ImageJ 1.53t [27]. The HS at the BBB with adherent MB231 cells was also
quantified using this protocol but with more images collected.

2.4. Modulation of HS of In Vitro BBB and MB231 by Various Agents

Zeng et al. [50] applied different concentrations of heparinase III for 2 h to digest HS
on the rat fat pad endothelial cell monolayer, and Cai et al. [26] perfused 1% BSA Ringer
solution with 50 mU/mL heparinase III into a rat mesenteric postcapillary venule for 1 h
to disrupt HS at the luminal surface of a microvessel in vivo. Based on their studies, we
applied 50 mU/mL heparinase III (Sigma-Aldrich) for 2 h to manipulate the HS at the in vitro
BBB and MB231 cells before investigating MB231 adhesion to and transmigration across the
BBB. Xia et al. [49] applied 1 nM VEGF for 2 h on in vitro BBB and MB231 to demonstrate
a differential effect on their respective HS. In a study for tumor cell adhesion to the wall
of a microvessel on rat mesentery, Shen et al. [30] pretreated the microvessel with 1 nM
VEGF for 1 h, or 50 µM SU-1498 (an inhibitor to VEGFR2 (KDR/Flk-1)) for 45 min, and
pretreated the tumor cells with 20 µg/mL anti-human VEGF monoclonal antibody for 1 h.
They showed that VEGF increased tumor cell adhesion while anti-VEGF and SU-1498 reduced
the adhesion. Corresponding to these studies, we pretreated the BBB and MB231 with 1 nM
VEGF (recombinant human VEGF165, Peprotech, Rocky Hill, NJ, USA) for 2 h, and pretreated
the BBB with 50 µM SU-1498 (Alomone labs, Ltd., Jerusalem, Israel) for 1.5 h, both at 37 ◦C,
while we pretreated MB231 with 20 µg/mL anti-VEGF (Thermo Fisher Scientific) for 2 h at
4 ◦C [30]. Cai et al. [26] enhanced the HS of the microvessel wall to 1.4 folds of the control
by perfusing 0.1 mg/mL orosomucoid in 1% BSA-Ringer into a rat mesenteric postcapillary
venule for 30 min. Zhang et al. [28] also increased microvessel HS by the pretreatment of the
microvessel with 1 µM sphingosine-1-phosphate (S1P) or 10 µM GM 6001 (a generic MMP
inhibitor) for 20 min. Both found that the enhanced HS at the microvessel by orosomucoid,
S1P, or GM 6001 decreased MB231 adhesion to the microvessel. Therefore, in our study, we
pretreated in vitro BBB and MB231 for 1 h with 0.1 mg/mL orosomucoid (G3643, α1-acid
glycoprotein from bovine plasma, Sigma-Aldrich) or 1 µM S1P (73914; Sigma-Aldrich) or
10 µM GM 6001 and its negative control GM 6001 NC (Sigma-Aldrich). To make the stock
solutions, S1P was dissolved in 95% methanol, while GM 6001 and GM 6001 NC were
dissolved in DMSO, as described in Zhang et al. [28].

2.5. Determination of Solute Permeability (P) of In Vitro BBB

We employed the same protocol in [27] to determine the solute permeability (P) of
the in vitro BBB generated on a Transwell filter of 0.9 cm2 surface area. Briefly, the upper
chamber of the filter was loaded with 0.5 mL of 10 µM FITC–Dex70k (Dextran-70k, MW
70 kD, Sigma-Aldrich) in 10 mg/mL BSA in a Ringer solution. Then, 1.5 mL of the same
solution without FITC-Dex 70k was added to the lower chamber. The 50 µL solution in the
lower chamber was taken out every 10 min for 90 min, and the lower chamber was refilled
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with 50 µL BSA-Ringer solution. The intensity of the sample solution with FITC-Dex70k
was measured by using a SpectraMax M5 microplate reader (Molecule Devices, San Jose,
CA, USA). The permeability (Pm) to Dex-70k was calculated by Pm = ∆IL/∆t×V

IU×A , where
∆IL
∆t is the increased rate of the fluorescent intensity of the solution in the lower chamber

during the time interval ∆t, IU is the fluorescence intensity in the upper chamber, V is the
solution volume in the lower chamber, and A is the area of the Transwell filter membrane.
Calibration experiments for the concentration vs. intensity for the FITC-Dex70k were
performed to ensure that the concentration was linearly related to the intensity of the
solution used in our study. The permeability of the in vitro BBB ( PBBB) to Dex-70k was
calculated by using 1/Pm = 1/Pb + 1/PBBB, where Pm is the measured permeability of both
the BBB and the Transwell filter, Pb is the measured permeability of the blank transwell
filter, and PBBB is the permeability of the in vitro BBB. Figure A1 demonstrates a schematic
for determining the solute permeability of the in vitro BBB generated on a Transwell filter.
The detailed protocol is described in [51].

2.6. Quantification of MB231 Cell Adhesion to the In Vitro BBB Generated on a Glass-Bottom Dish

MB231 cells were first fluorescently labeled with 10 µM cell tracker red,
EX/EM = 577/602 nm (Invitrogen, Thermo Fisher Scientific), for 30 min, trypsinized,
washed with 1% BSA-Ringer, and filtered using a 40 µm cell strainer [26,28]. Under no
treatment, or pretreatment with various agents described in the previous section, the la-
beled MB231 cells in 1% BSA-Ringer were placed on the in vitro BBB at a glass-bottom dish
at a density 60 k/cm2 and incubated for 2 h. After gently washing away the non-adherent
MB231 cells, the BBB with adherent MB231 cells were imaged using a Nikon Eclipse TE2000-
S microscope with an objective lens 20×/NA0.75 [33]. Overall, 3–4 fields (334 µm × 436 µm
for each field) were imaged for each sample with at least 10 fields from three independent
experiments analyzed for each case. The number of adherent MB231 was counted for each
case and normalized by the averaged number from the case with no treatment. Finally,
the in vitro BBB and adherent MB231 were fixed with 2% paraformaldehyde and 0.1%
glutaraldehyde and used for HS immunostaining.

2.7. Quantification of MB231 Cell Transmigration across the In Vitro BBB Generated on a
Transwell Filter

We quantified the transmigrated MB231 cells following the protocol described in [27].
Under no treatment, or pretreatment with various agents described in the previous section,
the fluorescently labeled MB231 cells in 1% BSA-Ringer were placed on the in vitro BBB on
a Transwell filter at a density 60 k/cm2 and incubated for 6 h. After removing non-adherent
cells, the BBB along with the adherent, transmigrating, and transmigrated MB231 cells
were fixed with 2% paraformaldehyde and 0.1% glutaraldehyde and immunostained with
anti-HS and fluorescently labeled antibody as described in the previous section. Finally,
the samples were mounted using Fluoromount-G (SouthernBiotech™) with DAPI after
DPBS wash and made into slides for confocal imaging. The samples were scanned by
a Zeiss LSM 800 confocal laser scanning microscope with a 40×/NA1.3 oil immersion
objective lens. Five fields (each field 320 µm × 320 µm) (1024 × 1024) from each sample
were captured as a z-stack of 60–80 images with a z-step of 0.59 µm. Four samples from four
independent experiments were analyzed for each case. The number of transmigrated MB231
cells was counted for each case and normalized by the averaged number from the case with
no treatment.

The viability rate was >95% for both hCMECs and MB231 cells under all the treatments
and after 6 h incubation.

2.8. Statistical Analysis

For all the measurements, data were presented as mean ± standard deviation (SD).
A t-test or two-way ANOVA was used for comparisons between treatments and non-
treatment and among different treatments. The samples were obtained from at least three
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independent experiments. A level of p-value < 0.05 was considered statistically significant
in all the experiments.

3. Results
3.1. Differential Effects of VEGF, Orosomucoid, and S1P on the HS of In Vitro BBB and MB231

We first manipulated HS at the surface of the in vitro BBB and MB231 by various
agents as described in the earlier section. Figure 1 shows the confocal images and intensity
quantification of the HS at the BBB under no treatment (control) and after the treatment with
various agents. Correspondingly, Figure 2 shows those for MB231. As expected, heparinase
III reduces the HS at the BBB and MB231 to 63% and 50% of the controls, respectively. Also,
same as in Xia et al. [49], VEGF decreases the HS of the BBB to 29% of the control while
increases that of MB231 to 1.5 folds of the control. We also compared the HS of benign
breast epithelial cells MCF-10A with that of MB231 cells. MCF-10A cells have much less HS,
only ~20% that of MB231 cells. In addition, VEGF seems not to increase HS of MCF-10A
(Figure A2). Although orosomucoid and S1P enhance the HS of the BBB to 3.4 and 1.9 folds
of the control, respectively, like their effects on the HS of the microvessels in vivo [26],
surprisingly, they reduce the HS of MB231 to 64% and 73% of the control, correspondingly.
Similar to their effects on the HS of the microvessels in vivo, a generic MMP inhibitor
GM 6001 enhances the HS of the in vitro BBB to 2.2 folds of the control while SU-1498, an
inhibitor to VEGFR2, does not alter the HS of the BBB. In contrast, GM 6001 has no effect
on the HS of MB231 or on anti-VEGF.
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3.2. Effects of HS Modulation on the Barrier Functions of In Vitro BBB

Because the endothelial surface glycocalyx is a major barrier of the BBB to macro-
molecules [52] and HS is the most abundant component of the glycosaminoglycans of the
endothelial glycocalyx [22,23,53], we first examined the changes in the BBB permeability
due to Dextran-70k (PDex−70k) after HS modulation by various agents. Figure 3A shows
that the disruption of HS by heparinase III and VEGF increases PDex−70k to 1.6 and 1.5 folds
of the control, respectively. In contrast, reinforcing HS by orosomucoid, S1P, and GM 6001
decreases PDex−70k to 71%, 81%, and 63% of the control, correspondingly. Previously, it
was found that VEGF not only degrades the HS but also disrupts the endothelial tight
junctions in vitro [33] and in vivo [34]. As tight junctions are the major barrier to ions and
small molecules, we also examined the effects of various HS-modulating agents on the
TEER of the BBB since the reciprocal of the TEER represents the permeability to ions [51,52].
Figure 3B demonstrates that endothelial HS-disrupting agents, heparinase III and VEGF,
also slightly disrupts endothelial tight junctions by decreasing the TEER by 9% and 14%
than that of the control, respectively. Endothelial HS-enhancing agents orosomucoid and
S1P moderately increase the TEER by 11% and 13% than that of the controls, correspond-
ingly, suggesting they also reinforce the endothelial junctions. Although HS-enhancing
agent GM 6001 decreases the BBB permeability to dextran-70k, it does not change the TEER,
suggesting that GM 6001 only affects the glycocalyx. The inhibition of VEGFR2 by SU-1498
has no effect on either the BBB permeability to dextran-70k or the TEER.
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3.3. Effects of HS Modulation on MB231 Adhesion to and Transmigration across In Vitro BBB

To test the effects of HS modulation on MB231 adhesion to and transmigration across
the in vitro BBB, we performed three types of modulation: pretreatments with various
agents to MB231 only, to in vitro BBB only, and to both MB231 and the BBB. Figure 4 shows
the effects of HS modulation on MB231 adhesion to the in vitro BBB generated on the
glass-bottom dish. For pretreatments to MB231 only, the degradation of HS at MB231 by
heparinase III, orosomucoid, and S1P reduces MB231 adhesion to 68%, 83%, and 77%,
respectively, compared to that with no treatment. On the contrary, the enhanced HS at
MB231 by VEGF significantly increases the MB231 adhesion to 1.4 folds of that with no
treatment (Figure 4A). For pretreatments to the BBB only, the decreased HS at the BBB
by heparinase III and VEGF increases the MB231 adhesion to 1.3 and 1.7 folds of that
with no treatment, while the reinforced HS at the BBB by orosomucoid, S1P, and GM 6001
reduces the MB231 adhesion to 69%, 68%, and 73%, respectively, compared to that with no
treatment (Figure 4B). For pretreatments to both the BBB and MB231, the reduced HS at
both MB231 and the BBB by heparinase III does not alter the MB231 adhesion compared
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to that with no treatment, while the enhanced HS at MB231 but the reduced HS at the
BBB by VEGF further increases the MB231 adhesion to 2.3 folds compared to that with no
treatment, causing significantly more adhesion than that with pretreatment to either MB231
only or the BBB only. Pretreatments with orosomucoid, S1P, and GM 6001 to both the BBB
and MB231 all reduce the MB231 adhesion, but no significant difference is observed in
the reduction compared to that with pretreatments to the BBB only, or that to MB231 only
(except pretreatment with GM 6001) (Figure 4C). Figure 4D demonstrates typical fluorescent
microscopic images for adherent MB231 cells to the BBB after various pretreatments for
both MB231 cells and the BBB.
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cells and the BBB. (D) Fluorescent microscopic images for adherent MB231 cells to the BBB after various
treatments for both MB231 cells and the BBB. Values are presented as mean ± SD. n ≥ 10 fields
(334 µm × 436 µm for each field) from 3 independent experiments analyzed for each case. No significant
difference between no treatment and GM 6001 NC (not shown in the plots).

Figure 5 shows the effects of HS modulation on MB231 transmigration across the
in vitro BBB generated on the Transwell filter. For pretreatments to MB231 only, the
degradation of HS at MB231 by heparinase III, orosomucoid, and S1P reduces MB231
transmigration to 26%, 58%, and 68%, respectively, compared to that with no treatment.
This is consistent with their effects on the adhesion except that the degradation of HS at
MB231 by heparinase III has a larger effect on the transmigration than on the adhesion.
The VEGF-enhanced HS at MB231 increases MB231 transmigration to 1.5 folds of that with
no treatment, comparable to the increase in the adhesion (Figure 5B). For pretreatments
to the BBB only, the decreased HS at the BBB by heparinase III and VEGF increases the
MB231 transmigration to 1.9 and 1.5 folds of that with no treatment, while reinforced
HS at the BBB by orosomucoid, S1P, and GM 6001 reduces the MB231 transmigration to
55%, 64%, and 39%, respectively, compared to that with no treatment (Figure 5C). It seems
that the modulation of HS at the BBB by these agents has a larger effect on the MB231
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transmigration than on its adhesion except VEGF. For pretreatments to both the BBB and
MB231, the reduced HS at both MB231 and the BBB by heparinase III does not alter the
MB231 transmigration compared to that with no treatments, and this is the same effect as
for the adhesion. Consistent with its effect on the adhesion, the enhanced HS at MB231
and the reduced HS at the BBB by VEGF increases the MB231 transmigration to 1.8 folds
compared to that with no treatment, more increase than that with pretreatment to either
MB231 only or the BBB only. Finally, pretreatments with orosomucoid, S1P, and GM 6001
to both the BBB and MB231 all reduce the MB231 transmigration with GM 6001 reducing
the most, but no significant difference is observed in the reduction compared to that with
pretreatments to the BBB only or that to MB231 only (except pretreatment with GM 6001)
(Figure 5D).
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Figure 5. Effects of heparan sulfate (HS) modulation by various agents on MB231 transmigration across
an in vitro BBB. (A) Confocal images for adherent, transmigrating, and transmigrated MB231 cells
to/across the BBB. Arrows indicate the corresponding cells in each state. Number of transmigrated
MB231 cells across the BBB under no treatment (control) and after various pretreatments (B) for MB231
cells only, (C) for the BBB (EC monolayer) only, and (D) for both MB231 cells and the BBB. Values
are presented as mean ± SD. n = 4 independent experiments analyzed for each case. No significant
difference between no treatment and GM 6001 NC (not shown in the plots).

We also performed the adhesion and transmigration of benign mammary epithelial
cells MCF-10A under no treatment and pretreatment with VEGF and orosomucoid. MCF-
10A has only ~20% HS compared to that in MB231, and neither VEGF nor orosomucoid
significantly alters its HS (Figure A2). Under no treatment, the number of adherent MCF-
10A cells to the BBB is ~1/3 that of adherent MB231 cells to the BBB, and no transmigrated
MCF-10A across the BBB was observed after 6 h incubation. Neither pretreatment with
VEGF nor orosomucoid modulated MCF-10A adhesion and transmigration compared to
no treatment.

3.4. Effects of MB231 Adhesion and Various Pretreatments on HS of In Vitro BBB

To investigate if MB231 adhesion further modulates the HS of the in vitro BBB in
addition to the pretreatments of various agents, we quantified the HS of the BBB in a region
of interest (ROI) with adherent MB231 cells and that in a ROI without adherent MB231
cells (see the definitions for the ROIs with and without adherent MB231 cells in the caption
of Figure 6). Figure 6 demonstrates our findings for after 2 h MB231 adhesion to the BBB
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generated on the glass-bottom dish. Without pretreatment to either MB231 or the BBB, the
HS in the ROI with adherent MB231 is 55–83%, with an average of 67% HS compared to
that of the ROI without adherent MB231. Two-hour adhesion of MB231 indeed degrades
more HS of the BBB at adhesion sites for the case without any pretreatment. Interestingly,
for all the pretreatments except VEGF, the HS of the BBB in the ROI with and that without
adherent MB231 are not different from each other. Pretreatment with heparinase III to
MB231 degrades its HS and reduces its adhesion to the BBB and its ability to further degrade
the HS of the BBB at the adhesion sites (Figure 6A). On the contrary, pretreatment with
VEGF to MB231 enhances the HS of MB231 and increases its adhesion to the BBB and its
ability to further disrupt the HS of the BBB at the adhesion site. In addition, pretreatment
with VEGF to the BBB degrades its HS and increases MB231 adhesion, which disrupts more
the HS of the BBB at the adhesion site. Although there is a very minor difference between
the HS of the ROI with adherent MB231 under no pretreatment and that with pretreatment
with VEGF to MB231, or to the BBB, or to both, there is no difference in the HS of the ROI
with adherent MB231 among various pretreatments with VEGF (Figure 6B). These findings
suggest that MB231 adhesion to the BBB is more disruptive to the HS of the BBB than VEGF.
Reducing the HS at MB231 while reinforcing the HS at the BBB using orosomucoid, S1P,
and GM 6001 not only decrease MB231 adhesion to the BBB but also protect the HS of the
BBB at the adhesion site (Figure 6C–E).
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Figure 6. Effects of MB231 adhesion and various treatments on heparan sulfate (HS) at an in vitro
BBB. The left panels show the confocal images of HS at the BBB and adherent MB231 (red) under
no treatment and after the pretreatment of heparinase III (A), VEGF (B), orosomucoid (C), S1P (D),
and GM 6001 (E), and the right plots show the HS intensity of the BBB in the region of interest (ROI)
with and without adherent MB231 cells under each case. The image on the upper left corner of (A)
defines the ROIs with and without adherent MB231 cells (TC). The average HS intensity of the region
in between two concentric circles, excluding TCs, (upper left) is that for the ROI with adherent TCs
and the average HS intensity of the circled region (lower right) is that for the ROI without adherent
TCs. * p < 0.05. Values are presented as mean ± SD. n ≥ 30 ROIs (at least 15 ROIs with adherent TCs
and 15 without adherent TCs) analyzed for each case.
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4. Discussion

Prior studies have shown that the disruption of HS at endothelial cells by VEGF or hep-
arinase III promotes breast cancer cell adhesion to the microvessel wall and transmigration
across an in vitro BBB [26,27,30]. The results from our current study on the effect of can-
cer cell adhesion/transmigration by modulating endothelial HS are consistent with these
previous studies. It has also been indicated that tumor glycocalyx participates in cancer
cell progression and metastasis [36] by affecting transmembrane receptor function, cellular
tension, integrin-mediated signaling, cell–cell and cell–ECM interactions, and immune
recognition [18,43,46–48]. It was found that 95% of breast cancer cells have a modified
glycocalyx composition or structure that also reshapes their function compared to the gly-
cocalyx of a healthy cell [54]. Tumor cells are characterized by a thicker and higher density
glycocalyx. High glycoprotein levels are abundantly expressed in circulating tumor cells.
The thick glycocalyx of tumor cells promotes metastasis even on soft substrate surfaces by
mechanically enhancing cell surface receptor function [38]. Consistent with these previous
observations, our results showed that malignant breast cancer cell MB231 has much higher
HS density, ~5 folds that of benign cell MCF-10A, which increases MB231 adhesion to an
in vitro BBB by ~3 folds compared to MCF-10A adhesion.

However, whether modulating tumor glycocalyx, particularly HS, would affect tumor
cell adhesion/transmigration to/across endothelium for hematogenous metastasis is un-
clear. Our results demonstrated that VEGF165, a tumor secretion, especially overexpressed
by breast cancer cell MB231 [55], greatly disrupts the HS on the BBB and increases the BBB
permeability to a large molecule, Dex-70K, and to ions (decreasing TEER), but it enhances
the HS of MB231 by 1.5 folds after 2 h treatment with 1 nM VEGF165. The differential effect
of VEGF on the HS of MB231 and the BBB is consistent with that observed by Xia et al. [49].
Interestingly, the enhanced HS of MB231 by VEGF increases MB231 adhesion to and trans-
migration across the in vitro BBB by 1.4 and 1.5 folds, respectively, if VEGF pretreatment is
only on MB231; it further increases the adhesion and transmigration by 2.3 and 1.8 folds,
correspondingly, if VEGF pretreatment is on both MB231 and the BBB. On the other hand,
reducing the HS of MB231 by heparinase III decreases MB231 adhesion and transmigration,
while reducing the HS of the BBB by heparinase III increases MB231 adhesion. However,
reducing HS of both MB231 and the BBB does not change the adhesion/transmigration
compared to no HS alteration.

It is understandable that the degradation of HS on the BBB by VEGF or by heparinase
III enables more VEGF receptors and ligands of cell adhesion molecules (CAMs) at MB231
to interact with VEGF and CAMs at MB231 to enhance their adhesion. In addition, VEGF
and heparinase III disrupt adherens and tight junctions between endothelial cells [33,34] to
expose more ECM proteins, such as laminins and fibronectins [33,56], which interact with
CAMs at MB231 cells, e.g., integrins [18,33], to promote their adhesion and transmigration.
Prior studies found that either SU-1498, an inhibitor to VEGFR2 at endothelium, or anti-
VEGF antibody to tumor cells can inhibit tumor cell adhesion to endothelium [30,33], and
our results showed the same inhibition effects of SU-1498 and anti-VEGF although neither
of them alter the HS of the BBB or that of MB231, suggesting that their inhibition abilities
are independent of HS modulation.

Nevertheless, it is quite puzzling why the enhanced HS of MB231 by VEGF increases
MB231 adhesion and transmigration. One possibility is that the HS-associated heparan
sulfate proteoglycans (HSPGs) of MB231 can bind to CAMs of endothelial cells (the BBB)
and ECM proteins for adhesion and transmigration. HSPGs are the common constituents
of cell surfaces and the ECM. HSPGs interact with many proteins including growth factors,
chemokines, and structural proteins of the ECM to influence cell growth, differentiation, and
the cellular response to the environment [57,58]. HSPGs comprise a protein core to which
the chains of glycosaminoglycan (GAG) and heparan sulfate (HS) are covalently attached
during post-translational modification. At the cell surface, the two major families of HSPG
are the transmembrane syndecans and the GPI-anchored glypicans [58,59]. HSPG promoted
MB231 cells spreading, focal adhesion, and adherens junction formation [60]. HSPGs on the
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melanoma cells were found to interact with p-selectins on endothelial surfaces for adhesion
under flow [61]. The overexpression of syndecan-1 in highly metastatic murine lung
carcinoma cells enhances pulmonary metastasis when cells are injected intravenously [62].
The HS of tumor cells was shown to participate in tumor cell adhesion to ECM molecules
including fibronectin, laminins, and collagens [56]. By using super-resolution STORM,
Xia et al. [49] revealed that VEGF significantly enhanced the coverage of HS on MB231
although it did not alter its thickness. The enhanced coverage of HS is associated with more
HSPGs, which bind to more CAMs of the BBB and ECM proteins, resulting in increased
adhesion and transmigration.

Li et al. [63] employed AFM (atomic force microscopy) to measure the mechanical
properties of breast cancer (MCF-7) and benign (MCF-10A) cells. They found that malignant
cells had an apparent Young’s modulus which was 1.4–1.8 times lower than that of benign
cells. AFM and confocal microscopy further revealed reduced and disorganized actin
filaments in malignant cells, which is one contributing factor for them being softer than
benign cells. A softer cell cytoskeleton with disrupted actin filaments enhances cancer cell
invasion and migration but reduces its defense ability to the surrounding ECM and blood
flow-induced disruption forces. Thus, more glycocalyx coating is necessary for cancer cells.
To investigate the morphological changes in MB231 during adhesion and transmigration,
we compared the ratio of the cell height to length after 2 h and 6 h incubation with the BBB.
Figure 7 demonstrates that MB231 becomes much flatter after longer time adhesion. The
flatter or more spreading MB231 surface enables more HS or HSPGs to bind to the CAMs
of the BBB and ECM proteins, promoting MB231 adhesion and transmigration.
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BBB. (A) Confocal images showing the side view of adherent MB231 cells on the BBB formed on a
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Orosomucoid is a plasma protein essential for the maintenance of stable microvessel solute
permeability by enhancing the charge and organization of the endothelial glycocalyx [64,65].
It has been reported that the orosomucoid level increases several-fold during infection or
trauma [66,67] in order to reduce the transvascular leakage of albumin [68]. Cai et al. [26]
showed that 30 min of 0.1 mg/mL orosomucoid treatment increased the HS of the post-capillary
venule to 1.4 folds on rat mesentery compared to that of no treatment. Consequently, it reduced
MB231 adhesion by ~46% in 60 min. Our current results also demonstrated that 1 h treatment
of the BBB with 0.1 mg/mL orosomucoid enhanced the HS of the BBB by 3.4 folds and reduced
MB231 adhesion and transmigration by ~31% and ~45%, respectively. On the other hand,
orosomucoid surprisingly degraded the HS at MB231 by ~36% and decreased its adhesion and
transmigration by ~17% and ~42%, respectively.
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Similar results as for orosomucoid in modulating the HS of the BBB and MB231
were observed with the treatment of sphingosine-1-phosphate (S1P), a sphingolipid in
plasma that plays a critical role in the cardiovascular and immune systems [69]. Red blood
cells (RBCs) are a major source of S1P in plasma, which acts continuously to maintain
normal vascular permeability under physiological conditions [70–72]. Zhang et al. [28]
demonstrated that the treatment with S1P enhanced the HS of the rat mesenteric post-
capillary venule and reduced MB231 adhesion. The possible mechanism by which S1P
enhances the endothelial HS is that S1P activates S1P receptor 1 (S1PR1). The activation of
S1PR1 inhibits the activity of MMPs and abolishes MMP activity-dependent syndecan-1
ectodomain shedding, which induces the loss of attached HS [73]. Thus, GM6001, an
inhibitor to MMPs, produces the same effects as S1P in preserving the HS of the BBB
and reducing MB231 adhesion and transmigration. The activation of S1PR1 also increases
myosin light chain phosphorylation that tightens the junctions between the endothelial cells
forming the microvessel wall, which inhibits lung metastasis by up to 80% in a melanoma
metastasis animal model [74]. We also found that S1P enhanced the TEER of the BBB,
indicating reinforced endothelial junctions as observed in Chen et al. [74]. On the other
hand, GM6001 did not alter the TEER, indicating that GM6001 only protects glycocalyx by
inhibiting MMP activity.

But how orosomucoid and S1P reduce the HS of MB231 remains to be elucidated.
However, their differential effects on the HS of MB231 and the BBB can diminish MB231
adhesion to and transmigration across the BBB.

The current study utilizing an in vitro BBB model, in which human cerebral microvas-
cular endothelial cells were used, is still necessary to be validated in an animal model.
We previously showed that reducing/enhancing HS at the microvessel of rat mesentery
increased/decreased MB231 adhesion under physiological conditions. We will validate our
current in vitro results in rat cerebral microvessels in vivo in a future study.

5. Conclusions

Our results demonstrated that the reduced/enhanced HS of the BBB and the en-
hanced/reduced HS of MB231 increase/decrease MB231 adhesion to and transmigration
across the BBB. MB231 adhesion to the BBB is disruptive to the HS of the BBB. Reducing
the HS at MB231 while reinforcing the HS at the BBB using orosomucoid, S1P, and GM 6001
not only decrease MB231 adhesion but also protect the HS of the BBB at the adhesion site.
Our findings thus suggest a therapeutic intervention by targeting the HS-mediated breast
cancer brain metastasis.
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Appendix A

Figure A1 shows the schematics of the determination of the solute permeability and
TEER of the in vitro BBB generated on a Transwell filter. Figure A2 demonstrates the
heparan sulfate (HS) of benign (MCF-10A) and malignant MB231 breast cells and the effects
of VEGF on their HS.
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Figure A1. Schematics for determining the TEER and solute permeability P of the in vitro BBB
generated on a Transwell filter. (A) Determination of the TEER (Trans-endothelial Electrical Resistance)
using a chopstick-shaped Volt/Ohm meter. Two electrodes are placed on two sides of the Transwell
filter with the in vitro BBB, and the TEER can be measured using a Volt/Ohm meter. (B) Determination
of solute permeability P. The upper chamber of the filter is loaded with 0.5 mL of 10 µM FITC–Dex70k
in 10 mg/mL BSA in a Ringer solution. Then, 1.5 mL of the same solution without FITC-Dex 70k
is added to the lower chamber. The 50 µL solution in the lower chamber is taken out every 10 min
for 90 min, and the lower chamber is refilled with 50 µL BSA-Ringer solution. The intensity of the
sample solution with FITC-Dex70k is measured by using a SpectraMax M5 microplate reader. The
intensity vs. time curve is plotted from the collected samples at different times. Its slope is used to
determine the solute permeability of the in vitro BBB. The permeability (Pm) to Dex-70k is calculated
by Pm = ∆IL/∆t×V

IU×A , where ∆IL
∆t (the slope of the intensity vs. time curve) is the increased rate of

the fluorescent intensity of the solution in the lower chamber during the time interval ∆t, IU is the
fluorescence intensity in the upper chamber, V is the solution volume in the lower chamber, and A is
the area of the Transwell filter membrane.
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Figure A2. Effects of VEGF on heparan sulfate (HS) at MCF-10A and MB231. (A) Confocal images
showing HS (green) at MCF-10A and MB231 under control and after the VEGF treatment. (B) Normalized
HS intensity (by the averaged HS intensity at MB231 under control) at MCF-10A and MB231 under
control (Ctrl) and after VEGF treatment. * p < 0.05. Values are presented as mean ± SD. n ≥ 30 cells from
3 independent experiments analyzed for each case.

References
1. Gassmann, P.; Haier, J. The tumor cell-host organ interface in the early onset of metastatic organ colonisation. Clin. Exp. Metastasis

2008, 25, 171–181. [CrossRef] [PubMed]
2. Steeg, P.S. Tumor metastasis: Mechanistic insights and clinical challenges. Nat. Med. 2006, 12, 895–904. [CrossRef] [PubMed]
3. Chambers, A.F.; Naumov, G.N.; Varghese, H.J.; Nadkarni, K.V.; MacDonald, I.C.; Groom, A.C. Critical steps in hematogenous

metastasis: An overview. Surg. Oncol. Clin. N. Am. 2001, 10, 243–255. [CrossRef] [PubMed]

https://doi.org/10.1007/s10585-007-9130-6
https://www.ncbi.nlm.nih.gov/pubmed/18058027
https://doi.org/10.1038/nm1469
https://www.ncbi.nlm.nih.gov/pubmed/16892035
https://doi.org/10.1016/S1055-3207(18)30063-2
https://www.ncbi.nlm.nih.gov/pubmed/11382585


Cells 2024, 13, 190 15 of 17

4. Achrol, A.S.; Rennert, R.C.; Anders, C.; Soffietti, R.; Ahluwalia, M.S.; Nayak, L.; Peters, S.; Arvold, N.D.; Harsh, G.R.; Steeg, P.S.;
et al. Brain metastases. Nat. Rev. Dis. Primers 2019, 5, 5. [CrossRef] [PubMed]

5. Bendas, G.; Borsig, L. Cancer cell adhesion and metastasis: Selectins, integrins, and the inhibitory potential of heparins. Int. J. Cell
Biol. 2012, 2012, 676731. [CrossRef] [PubMed]

6. Brenner, W.; Langer, P.; Oesch, F.; Edgell, C.J.; Wieser, R.J. Tumor cell—Endothelium adhesion in an artificial venule. Anal. Biochem.
1995, 225, 213–219. [CrossRef] [PubMed]

7. Chen, M.B.; Whisler, J.A.; Jeon, J.S.; Kamm, R.D. Mechanisms of tumor cell extravasation in an in vitro microvascular network
platform. Integr. Biol. 2013, 5, 1262–1271. [CrossRef]

8. Eichler, A.F.; Chung, E.; Kodack, D.P.; Loeffler, J.S.; Fukumura, D.; Jain, R.K. The biology of brain metastases-translation to new
therapies. Nat. Rev. Clin. Oncol. 2011, 8, 344–356. [CrossRef]

9. Glinskii, O.V.; Li, F.; Wilson, L.S.; Barnes, S.; Rittenhouse-Olson, K.; Barchi, J.J., Jr.; Pienta, K.J.; Glinsky, V.V. Endothelial
integrin α3β1 stabilizes carbohydrate-mediated tumor/endothelial cell adhesion and induces macromolecular signaling complex
formation at the endothelial cell membrane. Oncotarget 2014, 5, 1382–1389. [CrossRef]

10. Kienast, Y.; von Baumgarten, L.; Fuhrmann, M.; Klinkert, W.E.; Goldbrunner, R.; Herms, J.; Winkler, F. Real-time imaging reveals
the single steps of brain metastasis formation. Nat. Med. 2010, 16, 116–122. [CrossRef]

11. Kuperwasser, C.; Dessain, S.; Bierbaum, B.E.; Garnet, D.; Sperandio, K.; Gauvin, G.P.; Naber, S.P.; Weinberg, R.A.; Rosenblatt, M.
A mouse model of human breast cancer metastasis to human bone. Cancer Res. 2005, 65, 6130–6138. [CrossRef] [PubMed]

12. Schumacher, D.; Strilic, B.; Sivaraj, K.K.; Wettschureck, N.; Offermanns, S. Platelet-derived nucleotides promote tumor-cell
transendothelial migration and metastasis via P2Y2 receptor. Cancer Cell 2013, 24, 130–137. [CrossRef] [PubMed]

13. Tremblay, P.L.; Huot, J.; Auger, F.A. Mechanisms by which E-selectin regulates diapedesis of colon cancer cells under flow
conditions. Cancer Res. 2008, 68, 5167–5176. [CrossRef]

14. Reitsma, S.; Slaaf, D.W.; Vink, H.; van Zandvoort, M.A.; oude Egbrink, M.G. The endothelial glycocalyx: Composition, functions,
and visualization. Pflug. Arch. 2007, 454, 345–359. [CrossRef] [PubMed]

15. Tarbell, J.M.; Cancel, L.M. The glycocalyx and its significance in human medicine. J. Intern. Med. 2016, 280, 97–113. [CrossRef]
16. Schmidt, E.P.; Yang, Y.; Janssen, W.J.; Gandjeva, A.; Perez, M.J.; Barthel, L.; Zemans, R.L.; Bowman, J.C.; Koyanagi, D.E.; Yunt,

Z.X.; et al. The pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung injury during experimental sepsis. Nat.
Med. 2012, 18, 1217–1223. [CrossRef] [PubMed]

17. Betteridge, K.B.; Arkill, K.P.; Neal, C.R.; Harper, S.J.; Foster, R.R.; Satchell, S.C.; Bates, D.O.; Salmon, A.H.J. Sialic acids regulate
microvessel permeability, revealed by novel in vivo studies of endothelial glycocalyx structure and function. J. Physiol. 2017, 595,
5015–5035. [CrossRef]

18. Buffone, A.; Weaver, V.M. Don’t sugarcoat it: How glycocalyx composition influences cancer progression. J. Cell Biol. 2020, 219,
e201910070. [CrossRef]

19. Jin, J.; Fang, F.; Gao, W.; Chen, H.; Wen, J.; Wen, X.; Chen, J. The Structure and Function of the Glycocalyx and Its Connection
With Blood-Brain Barrier. Front. Cell. Neurosci. 2021, 15, 739699. [CrossRef]

20. Foote, C.A.; Soares, R.N.; Ramirez-Perez, F.I.; Ghiarone, T.; Aroor, A.; Manrique-Acevedo, C.; Padilla, J.; Martinez-Lemus, L.
Endothelial Glycocalyx. Compr. Physiol. 2022, 12, 3781–3811. [CrossRef]

21. Van Teeffelen, J.W.; Brands, J.; Stroes, E.S.; Vink, H. Endothelial glycocalyx: Sweet shield of blood vessels. Trends Cardiovasc. Med.
2007, 17, 101–105. [CrossRef] [PubMed]

22. Sarrazin, S.; Lamanna, W.C.; Esko, J.D. Heparan sulfate proteoglycans. Cold Spring Harb. Perspect. Biol. 2011, 3, a004952. [CrossRef]
[PubMed]

23. Curry, F.E.; Adamson, R.H. Endothelial Glycocalyx: Permeability Barrier and Mechanosensor. Ann. Biomed. Eng. 2012, 40, 828–839.
[CrossRef] [PubMed]

24. Brouns, S.L.N.; Provenzale, I.; van Geffen, J.P.; van der Meijden, P.E.J.; Heemskerk, J.W.M. Localized endothelial-based control
of platelet aggregation and coagulation under flow: A proof-of-principle vessel-on-a-chip study. J. Thromb. Haemost. 2020, 18,
931–941. [CrossRef] [PubMed]

25. Moore, K.H.; Murphy, H.A.; George, E.M. The glycocalyx: A central regulator of vascular function. Am. J. Physiol.-Regul. Integr.
Comp. Physiol. 2021, 320, R508–R518. [CrossRef] [PubMed]

26. Cai, B.; Fan, J.; Zeng, M.; Zhang, L.; Fu, B.M. Adhesion of malignant mammary tumor cells MDA-MB-231 to microvessel wall
increases microvascular permeability via degradation of endothelial surface glycocalyx. J. Appl. Physiol. 2012, 113, 1141–1153.
[CrossRef]

27. Fan, J.; Fu, B.M. Quantification of Malignant Breast Cancer Cell MDA-MB-231 Transmigration Across Brain and Lung Microvas-
cular Endothelium. Ann. Biomed. Eng. 2016, 44, 2189–2201. [CrossRef]

28. Zhang, L.; Zeng, M.; Fu, B.M. Sphingosine-1-phosphate reduces adhesion of malignant mammary tumor cells MDA-MB-231 to
microvessel walls by protecting endothelial surface glycocalyx. Cell. Mol. Biol. 2017, 63, 16–22. [CrossRef]

29. Bates, D.O. Vascular endothelial growth factors and vascular permeability. Cardiovasc. Res. 2010, 87, 262–271. [CrossRef]
30. Shen, S.; Fan, J.; Cai, B.; Lv, Y.; Zeng, M.; Hao, Y.; Giancotti, F.G.; Fu, B.M. Vascular endothelial growth factor enhances cancer cell

adhesion to microvascular endothelium in vivo. Exp. Physiol. 2010, 95, 369–379. [CrossRef]

https://doi.org/10.1038/s41572-018-0055-y
https://www.ncbi.nlm.nih.gov/pubmed/30655533
https://doi.org/10.1155/2012/676731
https://www.ncbi.nlm.nih.gov/pubmed/22505933
https://doi.org/10.1006/abio.1995.1146
https://www.ncbi.nlm.nih.gov/pubmed/7762783
https://doi.org/10.1039/c3ib40149a
https://doi.org/10.1038/nrclinonc.2011.58
https://doi.org/10.18632/oncotarget.1837
https://doi.org/10.1038/nm.2072
https://doi.org/10.1158/0008-5472.CAN-04-1408
https://www.ncbi.nlm.nih.gov/pubmed/16024614
https://doi.org/10.1016/j.ccr.2013.05.008
https://www.ncbi.nlm.nih.gov/pubmed/23810565
https://doi.org/10.1158/0008-5472.CAN-08-1229
https://doi.org/10.1007/s00424-007-0212-8
https://www.ncbi.nlm.nih.gov/pubmed/17256154
https://doi.org/10.1111/joim.12465
https://doi.org/10.1038/nm.2843
https://www.ncbi.nlm.nih.gov/pubmed/22820644
https://doi.org/10.1113/JP274167
https://doi.org/10.1083/jcb.201910070
https://doi.org/10.3389/fncel.2021.739699
https://doi.org/10.1002/cphy.c210029
https://doi.org/10.1016/j.tcm.2007.02.002
https://www.ncbi.nlm.nih.gov/pubmed/17418372
https://doi.org/10.1101/cshperspect.a004952
https://www.ncbi.nlm.nih.gov/pubmed/21690215
https://doi.org/10.1007/s10439-011-0429-8
https://www.ncbi.nlm.nih.gov/pubmed/22009311
https://doi.org/10.1111/jth.14719
https://www.ncbi.nlm.nih.gov/pubmed/31863548
https://doi.org/10.1152/ajpregu.00340.2020
https://www.ncbi.nlm.nih.gov/pubmed/33501896
https://doi.org/10.1152/japplphysiol.00479.2012
https://doi.org/10.1007/s10439-015-1517-y
https://doi.org/10.14715/cmb/2017.63.4.3
https://doi.org/10.1093/cvr/cvq105
https://doi.org/10.1113/expphysiol.2009.050260


Cells 2024, 13, 190 16 of 17

31. Lee, T.H.; Avraham, H.K.; Jiang, S.; Avraham, S. Vascular endothelial growth factor modulates the transendothelial migration of
MDA-MB-231 breast cancer cells through regulation of brain microvascular endothelial cell permeability. J. Biol. Chem. 2003, 278,
5277–5284. [CrossRef] [PubMed]

32. Bacac, M.; Stamenkovic, I. Metastatic cancer cell. Annu. Rev. Pathol. 2008, 3, 221–247. [CrossRef] [PubMed]
33. Fan, J.; Cai, B.; Zeng, M.; Hao, Y.; Giancotti, F.G.; Fu, B.M. Integrin β4 signaling promotes mammary tumor cell adhesion to brain

microvascular endothelium by inducing ErbB2-mediated secretion of VEGF. Ann. Biomed. Eng. 2011, 39, 2223–2241. [CrossRef]
[PubMed]

34. Fu, B.M.; Yang, J.; Cai, B.; Fan, J.; Zhang, L.; Zeng, M. Reinforcing endothelial junctions prevents microvessel permeability
increase and tumor cell adhesion in microvessels in vivo. Sci. Rep. 2015, 5, 15697. [CrossRef]

35. Mensah, S.A.; Nersesyan, A.A.; Harding, I.C.; Lee, C.I.; Tan, X.; Banerjee, S.; Niedre, M.; Torchilin, V.P.; Ebong, E.E. Flow-regulated
endothelial glycocalyx determines metastatic cancer cell activity. FASEB J. 2020, 34, 6166–6184. [CrossRef]

36. Kang, H.; Wu, Q.; Sun, A.; Liu, X.; Fan, Y.; Deng, X. Cancer Cell Glycocalyx and Its Significance in Cancer Progression. Int. J. Mol.
Sci. 2018, 19, 2484. [CrossRef]

37. Zeng, Y.; Qiu, Y.; Jiang, W.; Fu, B.M. Glycocalyx Acts as a Central Player in the Development of Tumor Microenvironment by
Extracellular Vesicles for Angiogenesis and Metastasis. Cancers 2022, 14, 5415. [CrossRef]

38. Paszek, M.J.; DuFort, C.C.; Rossier, O.; Bainer, R.; Mouw, J.K.; Godula, K.; Hudak, J.E.; Lakins, J.N.; Wijekoon, A.C.; Cassereau, L.;
et al. The cancer glycocalyx mechanically primes integrin-mediated growth and survival. Nature 2014, 511, 319–325. [CrossRef]

39. Kanyo, N.; Kovacs, K.D.; Saftics, A.; Szekacs, I.; Peter, B.; Santa-Maria, A.R.; Walter, F.R.; Dér, A.; Deli, M.A.; Horvath, R.
Glycocalyx regulates the strength and kinetics of cancer cell adhesion revealed by biophysical models based on high resolution
label-free optical data. Sci. Rep. 2020, 10, 22422. [CrossRef]

40. Möckl, L.; Pedram, K.; Roy, A.R.; Krishnan, V.; Gustavsson, A.K.; Dorigo, O.; Bertozzi, C.R.; Moerner, W.E. Quantitative
Super-Resolution Microscopy of the Mammalian Glycocalyx. Dev. Cell 2019, 50, 57–72.e56. [CrossRef]

41. Weyers, A.; Yang, B.; Yoon, D.S.; Park, J.H.; Zhang, F.; Lee, K.B.; Linhardt, R.J. A structural analysis of glycosaminoglycans from
lethal and nonlethal breast cancer tissues: Toward a novel class of theragnostics for personalized medicine in oncology? Omics
2012, 16, 79–89. [CrossRef] [PubMed]

42. Woods, E.C.; Kai, F.; Barnes, J.M.; Pedram, K.; Pickup, M.W.; Hollander, M.J.; Weaver, V.M.; Bertozzi, C.R. A bulky glycocalyx
fosters metastasis formation by promoting G1 cell cycle progression. eLife 2017, 6, e25752. [CrossRef] [PubMed]

43. Qazi, H.; Shi, Z.D.; Song, J.W.; Cancel, L.M.; Huang, P.; Zeng, Y.; Roberge, S.; Munn, L.L.; Tarbell, J.M. Heparan sulfate
proteoglycans mediate renal carcinoma metastasis. Int. J. Cancer 2016, 139, 2791–2801. [CrossRef] [PubMed]

44. Anderson, N.R.; Buffone Jr, A.; Hammer, D.A. T lymphocytes migrate upstream after completing the leukocyte adhesion cascade.
Cell Adhes. Migr. 2019, 13, 164–169. [CrossRef] [PubMed]

45. Buffone, A., Jr.; Anderson, N.R.; Hammer, D.A. Migration against the direction of flow is LFA-1-dependent in human hematopoi-
etic stem and progenitor cells. J. Cell Sci. 2018, 131, jcs205575. [CrossRef]

46. Büll, C.; Stoel, M.A.; den Brok, M.H.; Adema, G.J. Sialic acids sweeten a tumor’s life. Cancer Res. 2014, 74, 3199–3204. [CrossRef]
[PubMed]

47. Xiao, H.; Woods, E.C.; Vukojicic, P.; Bertozzi, C.R. Precision glycocalyx editing as a strategy for cancer immunotherapy. Proc. Natl.
Acad. Sci. USA 2016, 113, 10304–10309. [CrossRef]

48. Mitchell, M.J.; King, M.R. Physical biology in cancer. 3. The role of cell glycocalyx in vascular transport of circulating tumor cells.
Am. J. Physiol. Cell Physiol. 2014, 306, C89–C97. [CrossRef]

49. Xia, Y.; Li, Y.; Fu, B.M. Differential effects of vascular endothelial growth factor on glycocalyx of endothelial and tumor cells and
potential targets for tumor metastasis. APL Bioeng. 2022, 6, 016101. [CrossRef]

50. Zeng, Y.; Ebong, E.E.; Fu, B.M.; Tarbell, J.M. The structural stability of the endothelial glycocalyx after enzymatic removal of
glycosaminoglycans. PLoS ONE 2012, 7, e43168. [CrossRef]

51. Fu, B.M. Quantification of In Vitro Blood-Brain Barrier Permeability. Methods Mol. Biol. 2022, 2375, 217–228. [CrossRef] [PubMed]
52. Wong, A.D.; Ye, M.; Levy, A.F.; Rothstein, J.D.; Bergles, D.E.; Searson, P.C. The blood-brain barrier: An engineering perspective.

Front. Neuroeng. 2013, 6, 7. [CrossRef] [PubMed]
53. Zeng, Y.; Waters, M.; Andrews, A.; Honarmandi, P.; Ebong, E.E.; Rizzo, V.; Tarbell, J.M. Fluid shear stress induces the clustering of

heparan sulfate via mobility of glypican-1 in lipid rafts. Am. J. Physiol. Heart Circ. Physiol. 2013, 305, H811–H820. [CrossRef]
[PubMed]

54. Paszek, M.J.; Boettiger, D.; Weaver, V.M.; Hammer, D.A. Integrin clustering is driven by mechanical resistance from the glycocalyx
and the substrate. PLoS Comput. Biol. 2009, 5, e1000604. [CrossRef] [PubMed]

55. Perrot-Applanat, M.; Di Benedetto, M. Autocrine functions of VEGF in breast tumor cells: Adhesion, survival, migration and
invasion. Cell Adhes. Migr. 2012, 6, 547–553. [CrossRef]

56. Sanderson, R.D. Heparan sulfate proteoglycans in invasion and metastasis. Semin. Cell Dev. Biol. 2001, 12, 89–98. [CrossRef]
[PubMed]

57. Couchman, J.R.; Chen, L.; Woods, A. Syndecans and cell adhesion. Int. Rev. Cytol. 2001, 207, 113–150. [CrossRef]
58. Blackhall, F.H.; Merry, C.L.; Davies, E.J.; Jayson, G.C. Heparan sulfate proteoglycans and cancer. Br. J. Cancer 2001, 85, 1094–1098.

[CrossRef]

https://doi.org/10.1074/jbc.M210063200
https://www.ncbi.nlm.nih.gov/pubmed/12446667
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151523
https://www.ncbi.nlm.nih.gov/pubmed/18233952
https://doi.org/10.1007/s10439-011-0321-6
https://www.ncbi.nlm.nih.gov/pubmed/21556948
https://doi.org/10.1038/srep15697
https://doi.org/10.1096/fj.201901920R
https://doi.org/10.3390/ijms19092484
https://doi.org/10.3390/cancers14215415
https://doi.org/10.1038/nature13535
https://doi.org/10.1038/s41598-020-80033-6
https://doi.org/10.1016/j.devcel.2019.04.035
https://doi.org/10.1089/omi.2011.0102
https://www.ncbi.nlm.nih.gov/pubmed/22401653
https://doi.org/10.7554/eLife.25752
https://www.ncbi.nlm.nih.gov/pubmed/29266001
https://doi.org/10.1002/ijc.30397
https://www.ncbi.nlm.nih.gov/pubmed/27543953
https://doi.org/10.1080/19336918.2019.1587269
https://www.ncbi.nlm.nih.gov/pubmed/30879410
https://doi.org/10.1242/jcs.224204
https://doi.org/10.1158/0008-5472.CAN-14-0728
https://www.ncbi.nlm.nih.gov/pubmed/24830719
https://doi.org/10.1073/pnas.1608069113
https://doi.org/10.1152/ajpcell.00285.2013
https://doi.org/10.1063/5.0064381
https://doi.org/10.1371/journal.pone.0043168
https://doi.org/10.1007/978-1-0716-1708-3_18
https://www.ncbi.nlm.nih.gov/pubmed/34591311
https://doi.org/10.3389/fneng.2013.00007
https://www.ncbi.nlm.nih.gov/pubmed/24009582
https://doi.org/10.1152/ajpheart.00764.2012
https://www.ncbi.nlm.nih.gov/pubmed/23851278
https://doi.org/10.1371/journal.pcbi.1000604
https://www.ncbi.nlm.nih.gov/pubmed/20011123
https://doi.org/10.4161/cam.23332
https://doi.org/10.1006/scdb.2000.0241
https://www.ncbi.nlm.nih.gov/pubmed/11292374
https://doi.org/10.1016/s0074-7696(01)07004-8
https://doi.org/10.1054/bjoc.2001.2054


Cells 2024, 13, 190 17 of 17

59. Bernfield, M.; Götte, M.; Park, P.W.; Reizes, O.; Fitzgerald, M.L.; Lincecum, J.; Zako, M. Functions of cell surface heparan sulfate
proteoglycans. Annu. Rev. Biochem. 1999, 68, 729–777. [CrossRef]

60. Lim, H.C.; Multhaupt, H.A.; Couchman, J.R. Cell surface heparan sulfate proteoglycans control adhesion and invasion of breast
carcinoma cells. Mol. Cancer 2015, 14, 15. [CrossRef]

61. Ma, Y.-Q.; Geng, J.-G. Heparan Sulfate-Like Proteoglycans Mediate Adhesion of Human Malignant Melanoma A375 Cells to
P-Selectin Under Flow1. J. Immunol. 2000, 165, 558–565. [CrossRef]

62. Hirabayashi, K.; Numa, F.; Suminami, Y.; Murakami, A.; Murakami, T.; Kato, H. Altered proliferative and metastatic potential
associated with increased expression of syndecan-1. Tumor Biol. 1998, 19, 454–463. [CrossRef] [PubMed]

63. Li, Q.S.; Lee, G.Y.; Ong, C.N.; Lim, C.T. AFM indentation study of breast cancer cells. Biochem. Biophys. Res. Commun. 2008, 374,
609–613. [CrossRef] [PubMed]

64. Schnitzer, J.E.; Pinney, E. Quantitation of specific binding of orosomucoid to cultured microvascular endothelium: Role in
capillary permeability. Am. J. Physiol. 1992, 263 Pt 2, H48–H55. [CrossRef]

65. Yuan, W.; Li, G.; Zeng, M.; Fu, B.M. Modulation of the blood-brain barrier permeability by plasma glycoprotein orosomucoid.
Microvasc. Res. 2010, 80, 148–157. [CrossRef] [PubMed]

66. Matsumoto, K.; Nishi, K.; Kikuchi, M.; Kadowaki, D.; Tokutomi, Y.; Tokutomi, N.; Nishi, K.; Suenaga, A.; Otagiri, M. α1-Acid
glycoprotein suppresses rat acute inflammatory paw edema through the inhibition of neutrophils activation and prostaglandin
E2 generation. Biol. Pharm. Bull. 2007, 30, 1226–1230. [CrossRef]

67. Kremer, J.M.; Wilting, J.; Janssen, L.H. Drug binding to human alpha-1-acid glycoprotein in health and disease. Pharmacol. Rev.
1988, 40, 1–47.

68. Haraldsson, B.; Rippe, B. Orosomucoid as one of the serum components contributing to normal capillary permselectivity in rat
skeletal muscle. Acta Physiol. Scand. 1987, 129, 127–135. [CrossRef]

69. Takabe, K.; Paugh, S.W.; Milstien, S.; Spiegel, S. “Inside-out” signaling of sphingosine-1-phosphate: Therapeutic targets. Pharmacol.
Rev. 2008, 60, 181–195. [CrossRef]

70. Hänel, P.; Andréani, P.; Gräler, M.H. Erythrocytes store and release sphingosine 1-phosphate in blood. FASEB J. 2007, 21,
1202–1209. [CrossRef]

71. Bode, C.; Sensken, S.C.; Peest, U.; Beutel, G.; Thol, F.; Levkau, B.; Li, Z.; Bittman, R.; Huang, T.; Tölle, M.; et al. Erythrocytes serve
as a reservoir for cellular and extracellular sphingosine 1-phosphate. J. Cell. Biochem. 2010, 109, 1232–1243. [CrossRef] [PubMed]

72. Curry, F.E.; Clark, J.F.; Adamson, R.H. Erythrocyte-derived sphingosine-1-phosphate stabilizes basal hydraulic conductivity and
solute permeability in rat microvessels. Am. J. Physiol. Heart Circ. Physiol. 2012, 303, H825–H834. [CrossRef] [PubMed]

73. Zeng, Y.; Adamson, R.H.; Curry, F.R.; Tarbell, J.M. Sphingosine-1-phosphate protects endothelial glycocalyx by inhibiting
syndecan-1 shedding. Am. J. Physiol. Heart Circ. Physiol. 2014, 306, H363–H372. [CrossRef] [PubMed]

74. Chen, Y.-C.; Dinavahi, S.S.; Feng, Q.; Gowda, R.; Ramisetti, S.; Xia, X.; LaPenna, K.B.; Chirasani, V.R.; Cho, S.H.; Hafenstein, S.L.;
et al. Activating Sphingosine-1-phospahte signaling in endothelial cells increases myosin light chain phosphorylation to decrease
endothelial permeability thereby inhibiting cancer metastasis. Cancer Lett. 2021, 506, 107–119. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1146/annurev.biochem.68.1.729
https://doi.org/10.1186/s12943-014-0279-8
https://doi.org/10.4049/jimmunol.165.1.558
https://doi.org/10.1159/000030037
https://www.ncbi.nlm.nih.gov/pubmed/9817973
https://doi.org/10.1016/j.bbrc.2008.07.078
https://www.ncbi.nlm.nih.gov/pubmed/18656442
https://doi.org/10.1152/ajpheart.1992.263.1.H48
https://doi.org/10.1016/j.mvr.2010.03.011
https://www.ncbi.nlm.nih.gov/pubmed/20362593
https://doi.org/10.1248/bpb.30.1226
https://doi.org/10.1111/j.1748-1716.1987.tb08047.x
https://doi.org/10.1124/pr.107.07113
https://doi.org/10.1096/fj.06-7433com
https://doi.org/10.1002/jcb.22507
https://www.ncbi.nlm.nih.gov/pubmed/20186882
https://doi.org/10.1152/ajpheart.00181.2012
https://www.ncbi.nlm.nih.gov/pubmed/22865384
https://doi.org/10.1152/ajpheart.00687.2013
https://www.ncbi.nlm.nih.gov/pubmed/24285115
https://doi.org/10.1016/j.canlet.2021.01.004

	Introduction 
	Materials and Methods 
	Cell Culture 
	Generation of In Vitro BBBs 
	Quantification of Heparan Sulfate (HS) at In Vitro BBB and MB231 
	Modulation of HS of In Vitro BBB and MB231 by Various Agents 
	Determination of Solute Permeability (P) of In Vitro BBB 
	Quantification of MB231 Cell Adhesion to the In Vitro BBB Generated on a Glass-Bottom Dish 
	Quantification of MB231 Cell Transmigration across the In Vitro BBB Generated on a Transwell Filter 
	Statistical Analysis 

	Results 
	Differential Effects of VEGF, Orosomucoid, and S1P on the HS of In Vitro BBB and MB231 
	Effects of HS Modulation on the Barrier Functions of In Vitro BBB 
	Effects of HS Modulation on MB231 Adhesion to and Transmigration across In Vitro BBB 
	Effects of MB231 Adhesion and Various Pretreatments on HS of In Vitro BBB 

	Discussion 
	Conclusions 
	Appendix A
	References

