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Abstract

Cancer metastasis and secondary tumor initiation largely depend on circulating tumor cell (CTC) 

and vascular endothelial cell (EC) interactions by incompletely understood mechanisms. 

Endothelial glycocalyx (GCX) dysfunction may play a significant role in this process. GCX 

structure depends on vascular flow patterns, which are irregular in tumor environments. This work 

presents evidence that disturbed flow (DF) induces GCX degradation, leading to CTC homing to 

the endothelium, a first step in secondary tumor formation. A 2-fold greater attachment of CTCs to 

human ECs was found to occur in DF conditions, compared to uniform flow (UF) conditions. 

These results corresponded to an approximately 50% decrease in wheat germ agglutinin (WGA) 

labeled components of the GCX in DF conditions, versus UF conditions, with undifferentiated 

levels of CTC-recruiting E-selectin in DF versus UF conditions. Confirming the role of the GCX, 

neuraminidase induced degradation of WGA-labeled GCX in UF cell culture conditions or in 

Balb/C mice led to an over 2-fold increase in CTC attachment to ECs or to Balb/C mouse lungs, 

respectively, compared to untreated conditions. These experiments confirm that flow-induced 

GCX degradation can enable metastatic CTC arrest. This work, therefore, provides new insight 

into pathways of secondary tumor formation.
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1. INTRODUCTION

The metastatic spread of cancer is the leading cause of cancer related deaths globally [1, 2]. 

A common therapeutic approach to addressing this problem has involved targeting the leaky 

blood vessel network of primary tumors to prevent tumor cells from escaping into the blood 

stream [3, 4]. New therapies to treat cancer metastasis and invasiveness will need to mitigate 

secondary tumor formation once tumor cells have already entered the blood stream. 

However, the mechanisms leading to the initiation of secondary tumors by metastatic and 

invasive cancer remain elusive.

In late stage cancer, circulating tumor cells (CTCs), having escaped from primary tumors 

(Fig. 1A), can be detected in peripheral blood flow of human patients [5, 6]. This indicates 

that CTCs are able to survive in the bulk blood flow environment and maneuver their way 

through complex geometries within the vasculature of human hosts [7]. Eventual metastasis 

is site specific and known to preferentially occur at areas where there is increased 

chemokine activity. Vessel geometry is also an important factor, and attention has been 

focused on small diameter capillary vessels in which CTCs transition from rolling in their 

motion to bullet type motion, leading to their reduced velocity and firm adherence to the 

capillary wall even in the presence of weak adhesion forces [8]. Abrupt changes in vessel 

geometry have also been implicated in the progression of disease and metastatic specificity 

[9], although understudied. These geometric irregularities or non-uniformities affect blood 

flow patterns and result in the formation of disturbed flow (DF) regions (Fig. 1C and 1E) 

within blood vessels. DF regions are prevalent in distant organs where metastasis is more 

likely to occur, due to the high frequency of branched or curved blood vessel in these organs 

[10, 11], which includes the lungs, the liver, and several other organs [12]. The branches and 

curves, as suggested by Guo et al., exhibit localized vorticity and shear rate which are 

different from straight sections of the vessel [13]. This suggests that the hemodynamic 

factors in branched or curved areas are relevant to the spread of cancer. DF erodes the blood 

vessel by activating molecular signaling that causes inflammation and damage to the 

endothelial cells (ECs) that line the blood vessel wall, leading to pathogenic conditions [14–

17]. The presence of DF also affects vascular permeability and recruitment of cells from the 

blood compartment to the endothelium [15]. Therefore, DF could be very relevant in the 

formation of secondary tumors.

We, therefore, hypothesize that DF conditions can promote CTC attachment to EC-covered 

blood vessel walls, followed by migration into surrounding tissue and leading to secondary 

tumor formation (Fig. 1B) [7]. We also hypothesize that CTC clustering can be enhanced by 

DF conditions, as CTC clustering is a very important phenomenon that enhances their 

survival in the blood stream. In addition, as shown by human pathology studies, CTCs 

invade host tissues as strands, cords and clusters [18], which ensures proliferation into 

secondary tumors. DF-induced CTC clustering and subsequent migration through the 

endothelium could be a possible pathway leading to cancer progression [19, 20].

ECs are covered by glycocalyx (GCX), which is a complex sugar coat. Due to its unique 

position, the GCX lines the luminal side of blood vessels and plays an essential role as a 
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vasculoprotective barrier [21–23]. While there have been numerous studies focusing on DF-

induced endothelial dysfunction, only a few studies have paid attention to DF regulation of 

the GCX structure and function [24–27] despite its importance in vascular homeostasis. 

Recently, Harding et al labeled heparan sulfate, a major component of GCX, to determine 

the effects of DF on GCX structure and function compared to the effects of uniform flow 

(UF) conditions [24]. It was found that DF destabilizes the GCX and consequently disrupts 

the expression and localization of caveolin-1, potentially leading to blockage of endothelial 

nitric oxide synthase (eNOS) activation [24].

Relevant to CTC attachment to EC-covered blood vessel walls, other major GCX 

components like sialic acid (SA) are of great importance because of their role in cell and 

molecular recognition [28]. To our knowledge, studies investigating the activities of CTCs in 

relation to degradation of the GCX as a whole, or in relation to degradation of its SA sub-

component, are limited. Recently, we performed a study in which ECs were treated with 

GCX degradative enzyme, neuraminidase (Neur), to cleave various SA residues of the GCX 

and to determine their correlation to enhanced cancer attachment to the endothelium [29]. 

We concluded that the ∝−2,6-linked residue of SA is the first to be degraded in the presence 

of Neur, resulting in vulnerability of the GCX layer, which is sufficient to initiate CTC 

attachment to the endothelium [29]. Whether DF will have the same effects as Neur, by 

degrading SA and leading to enhanced attachment of CTCs to the endothelium, is unknown. 

Answering this question will be of great clinical importance.

Adhesion molecules on the endothelium play a significant role in CTC migration across the 

endothelium [30, 31]. They enhance CTC binding during attachment, consistent with how 

leukocytes attach to the endothelium [32]. GCX and these adhesion molecules, especially E-

selectin, are similarly positioned as transmembrane glycoproteins within the endothelium 

[1]. EC GCX thickness ranges from 0.02 to 10 μm depending on species size, vascular bed, 

the microenvironment niche, in vivo versus in vitro conditions, and the GCX preservation 

and visualization approach used [33]. The E-selectin adhesion molecule extends to 0.03 to 

0.07 μm on cell surfaces [34]. The height differences between healthy GCX and E-selectin 

suggest that CTC ligands will find it difficult to access E-selectin adhesion receptors on the 

endothelium (Fig. 1D and 1E) [35]. By regulating the expression of GCX through DF or 

enzyme activity, we hope to learn more about the mechanism of interaction between ECs 

and CTCs.

Here we report for the first time the effects of DF-induced endothelial GCX degradation, 

versus E-selectin coverage, on the attachment of cancerous cells to the endothelium. Our 

results bring to light a GCX-mediated pathway to secondary tumor formation. Furthermore, 

this work suggests that the creation of endothelial GCX reinforcing drugs, specifically 

targeted to the DF areas of the vasculature, may reduce the metastatic potential of CTCs.

2. MATERIALS AND METHODS

2.1 Cell Culture

Human umbilical vein ECs (HUVEC; Fig. S1), purchased from ATCC (Manassas, VA), 

were used at passages 2 to 8. HUVEC were seeded at a density of 15,000 – 20,000 cells/cm2 
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on 0.17 mm-thick 22 mm x 40 mm rectangular coverslips coated with 60 μg/ml of 

fibronectin. HUVEC were cultured with Vascular Cell Basal Medium. The medium was 

supplemented with recombinant human vascular endothelial growth factor (rh VEGF: 5 ng/

mL), epidermal growth factor (rh EGF: 5 ng/mL), basic fibroblast growth factor (rh FGF 

basic: 5 ng/mL), and insulin-like growth factor-1 (rh IGF-1: 15 ng/mL). Additional 

supplements included L-glutamine (10 mM), heparin sulfate (0.75 Units/mL), 

hydrocortisone (1 μg/mL), ascorbic acid (50 μg/mL), and fetal bovine serum (FBS: 2%). The 

medium and supplements were all purchased from ATCC. HUVEC reached 100% 

confluency at 3 to 4 days after seeding.

Two different types of CTCs were used. 4T1 mouse metastatic breast cancer cells (ATCC) 

were cultured in Dulbecco’s Modified Eagle Medium (purchased from Invitrogen) with 1% 

penicillin-streptomycin and 10% FBS (Gibco Life Technologies). MCF-7 human metastatic 

breast cancer cells (ATCC) were cultured in Eagle’s Minimum Essential Medium (purchased 

from ATCC) with 0.01 mg/ml of human recombinant insulin (Gibco) and 10% FBS.

All cultured ECs and CTCs were maintained in a humidity-controlled environment at 37°C 

with 5% CO2.

2.2 Application of Flow Conditions in Cell Culture Studies

To introduce DF and UF to HUVEC, a vertical step flow chamber, designed and 

manufactured in our lab, was used (Fig. 2A and Fig. S1) [24]. HUVEC monolayers cultured 

on glass slides as described above were inserted into a recess in the bottom chamber 

downstream from the step (Fig. 2A). The DF flow region, through SolidWorks simulations, 

was previously confirmed to consist of a reversal in flow direction, a high shear stress 

gradient, and shear stress ranging from −8 dynes/cm2 to 12 dynes/cm2 [24]. UF flow 

conditions consists of a shear stress of 12 dynes/cm2. Computer simulations (Fig. S2A) also 

revealed a transition region from DF to UF. In this transition region flow streamlines appear 

via the naked eye to be UF, while the flow parameters are not yet uniform and are gradually 

approaching uniformity (Fig. S2A).

The flow setup was placed in a humidity-controlled environment at 37°C and 5% CO2. 

HUVEC monolayers were exposed to flow for 4 hours using the supplemented Vascular Cell 

Basal Medium, with the addition of 0.5% of bovine serum albumin (BSA), to stabilize the 

GCX. For assessment of E-selectin expression, 0.4 ng/ml of tumor necrosis factor-α (TNF-

α) was also incorporated (Fig. S1) into the 4-hour flow experiment to make E-selectin 

immune-detectable (Fig. S3A and S3B) without affecting the health and integrity of the 

endothelial cells and the glycocalyx (Fig. S3C and S3D). A negative control without TNF-α 
was also done to confirm the need for TNF-α-mediated detection of E-selectin and to 

confirm that the low level of TNF-α minimally affects the GCX as compared to higher 

levels of TNF-α used in prior published studies (Fig. S3A–S3D) [1, 36]. When CTCs were 

added to the flow stream, for the purposes of enabling CTC attachment to ECs, shear stress 

was reduced to 1 dyne/cm2 for 1 hour after the 4-hour UF and DF pre-conditioning period 

was completed (Fig. S1). This reduced flow condition best mimics flow conditions that are 

relevant where CTCs approach the vessel wall in vivo, as previously reported [1, 37–39]. 

Moreover, it minimizes the eddy current region so that CTC residence time over DF-
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conditioned ECs more closely matches CTC residence time over UF-conditioned ECs (Fig. 

S2B), as the effect of eddy current on CTCs was outside of the scope of our study. 

Furthermore, this reduced flow removed direct impact of flow on regulation of CTC 

attachment (Fig. S2C), as we were only interested in studying the impact of the flow-

regulated GCX.

2.3 Neuraminidase Enzyme Treatment in Cell Culture Studies

Neuraminidase (Neur) enzyme from clostridium perfringens was used to target the N-acetyl-

neuraminic components of GCX in order to degrade all the forms of SA present in GCX. To 

achieve this, regular growth media from cultured HUVEC was replaced with media 

containing Neur enzyme at a concentration of 0 mU/ml (for control UF/untreated 

conditions) or 15 mU/ml (Fig. S1). The two concentrations of Neur, were selected after a 

careful pilot study of the effects of 0 mU/ml, 15 mU/ml, 135 mU/ml, 1215 mU/ml and 3645 

mU/ml of Neur, to determine the appropriate enzyme concentration (Fig. S4). 15mU/ml of 

Neur was chosen because it was found to best maintain cell viability during flow 

experiments while significantly degrading SA. 0 mU/ml will not degrade SA. The Neur-

modified culture media was used during UF experiments only (Fig. S1).

2.4 In Vitro Cancer Cell Labeling, Attachment Assay, Imaging, and Quantification

CTCs (4T1 or MCF7) were cultured as described above. Prior to the performance of 

attachment assays, 103/ml of suspended CTCs were labeled with 15μM CellTracker Red 

CMTPX Dye (Thermo Fisher Scientific) for easy identification during co-culture 

experiments. The CellTracker-labeled CTCs were then injected into the parallel plate flow 

stream for co-incubation with HUVEC, as mentioned above (Fig. S1). For the set of 

experiments related to Neur studies, effort was made to ensure that Neur impacted only ECs 

and not CTCs. To achieve this, HUVEC were removed from the UF/untreated or UF/Neur 

environment and the CellTracker-labeled CTCs were co-incubated with UF/untreated- and 

UF/Neur-conditioned HUVEC under static conditions for 1 hour in Neur-free media (Fig. 

S1). After HUVEC and CTC co-incubation, whether under flow or static conditions, non-

attached cells were removed by washing with growth media.

A Zeiss Z1 Axio Observer fluorescence microscope with a 10x magnification objective was 

used to capture CTC and EC interactions. For each attachment experiment, 6 different fields 

of view were captured with an excitation wavelength of 558 nm to locate red CellTracker-

labeled CTCs. Brightfield images were also captured to determine the health of HUVEC. 

NIH Image J and a cell counter plug-in was used to count the number of attached CTCs. In 

addition, CTC clusters were quantified, by counting the number of groups of two or more 

cells together. Lastly, the total number of CTCs that initiated migration through the 

endothelium were considered as cells that appeared to be in the same or similar focal plane 

as the HUVEC, because, due to the presence of the glass slide, CTCs were not able to 

completely cross and migrate away from the endothelial layer. The total number of CTCs 

that initiated migration through the endothelium was determined by using the working 

distance of the microscope, marking the HUVEC level as the baseline and considering only 

4T1 or MCF7 cells that were near baseline as cells initiating migration (Fig. S5A). We 

confirmed EC-CTC interactions using orthogonal views from confocal images. Fig. S5B 
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shows clustered CTC cells attached to the surface of ECs. Movement of CTCs through 

HUVEC was also observed from orthogonal views (Fig. S5C). We also used the Z-stack 

function on the confocal, and orthogonal views, to confirm that cancer cells were stationed 

near but beneath the endothelial layer (Fig. S5D, S5E). CTC attachment, clustering, and 

migration results were all normalized with data obtained from conditions of UF in the 

absence of Neur.

2.5 GCX, E-selectin, and VE-cadherin Labeling, Imaging, and Quantification for Cell 
Culture Studies

After various treatment conditions, we assessed structural changes in GCX caused by 

conditions of UF, DF, or UF with Neur (Fig. S1). First, HUVEC monolayers were fixed with 

2% paraformaldehyde (PFA) combined with 0.1% glutaraldehyde in phosphate buffered 

saline (PBS), for 30 minutes at room temperature (RT). To label the GCX, HUVEC were 

incubated for an hour at 4⁰C with 5–20 μg/ml biotinylated wheat germ agglutinin (WGA; 

Vector Labs) lectin in PBS with 3% BSA to block nonspecific binding. WGA largely tags 

the SA component of the GCX, although it has affinity for other components [40–43]. A 

concentration of 1:1000 of Alexa flour 488-conjugated anti-biotin was used for secondary 

detection.

For E-selectin staining (Fig. S1), HUVEC monolayers were fixed with 4% 

paraformaldehyde in PBS, for 20 minutes at RT. Fixed cells were incubated overnight at 4°C 

with human E-selectin antibody (R&D Systems) at a concentration of 10 μg/ml in a solution 

of 10% goat serum in PBS to block non-specific staining. Secondary labeling was performed 

by incubation with 1:1000 concentrated biotinylated goat anti mouse IgG (H+L) highly 

cross adsorbed secondary antibody, for 1 hour at RT. E-selectin, which is 0.03 to 0.07 μm 

tall [34], cannot easily be visualized via confocal microscopy because the confocal 

microscope is able to resolve objects at approximately 0.20 μm in size and larger. To 

overcome this limitation and image E-selectin using confocal microscopy, our prior 

application of TNF-α was not sufficient and one more step was needed, which involved 

immunocytochemical signal amplification. Signal amplification was performed via tertiary 

labeling with 1:1000 concentrated Alexa Flour 488-conjugated anti-biotin, for 1 hour at RT.

For VE-cadherin staining, HUVC were fixed with 4% paraformaldehyde and incubated with 

Alexa Flour 647-conjugated anti-human VE-cadherin (CD144) antibody (obtained from 

Biolegend) at a concentration of 5 μg/ml in 2% BSA blocking solution.

GCX, E-selectin, and VE-cadherin labeled samples were covered with Vectashield anti-fade 

mounting medium (Vector Labs), containing 4’,6-diamidino-2-phenylindole (DAPI) to label 

cell nuclei. Samples were then sealed in preparation for imaging and quantification.

Confocal microscopy (Fig. S1) provided enhanced resolution and allowed for the capturing 

of different planes within our cell monolayers, which were later reconstructed into a three-

dimensional (3D) image. For this process a Zeiss LSM 700 confocal microscope with a 63x 

oil objective with excitation wavelengths of 490 nm (for WGA or E-selectin), 650 nm (for 

VE-cadherin), and 350 nm (for DAPI) was utilized to obtain XY-plane slices. Intervals for 

slices were 0.2 μm. Using NIH Image J software, these slices were reconstructed into 
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complete 3D images. WGA or E-selectin coverage of the surface of endothelial monolayers 

was quantified from the z-projected en face view of the 3D image. The total area of WGA or 

E-selectin fluorescence was measured, and this measurement was divided by the total area of 

the field of view. WGA thickness was also quantified. In cross-sectional views derived from 

the 3D images, lines were drawn perpendicular to the cell surface, from the top of the WGA 

fluorescence to its base. The length of the lines was measured to represent the thickness of 

WGA on the surface of HUVEC monolayers. For E-selectin, on the other hand, thickness 

was not quantified. Since E-selectin signal was amplified for visualization, unlike WGA 

signal that was not amplified for visualization, E-selectin thickness measurements were not 

an appropriate analysis method to implement here. VE-cadherin was qualitatively assessed 

to confirm EC-to-EC contact, which is indicative of EC layer integrity.

2.6 Overview of Animal Studies

All animal studies were done in accordance with the regulations of the Institutional Animal 

Care and Use Committee (IACUC) at Northeastern University, under protocol number 18–

0725R. Eight male 6–8-week-old BALB/C mice were obtained from Jackson Laboratories. 

The animals were fed a regular chow diet for 1 week before commencing the experiments. 

Four mice were studied for control experiments and four mice were studied for Neur 

treatment experiments, to determine the in vivo effect of enzyme treatment on GCX and 

CTC attachment at locations prone to secondary tumor formation.

2.7 Neuraminidase Enzyme Treatment in Animals

Animals were weighed to calculate the volume of blood. The volume of blood informed the 

volume of enzyme to inject in order to achieve the desired concentration. Control animals 

were intravenously injected with saline. Neur-treated mice were intravenously injected with 

5U/mL of Neur. Animals were allowed 14 hours to recover before further experimentation.

2.8 Cancer Cell Injection and Enumeration in Animals

After 14 hours, both control and Neur-treated mice were intravenously injected with 106 

CTCs in 200μL of phenol free media via the tail vein. 4T1 CTCs were chosen to match the 

species of the animal. These cells were labeled with far-red CellTrace (Thermo Fisher 

Scientific), which is similar to the red CellTracker that was used for the cell culture studies 

but easier to measure in vivo using the diffuse in vivo flow cytometery (DiFC) [44–47] 

technique.

We performed DiFC (Fig. S6A), which is a new technique to detect rare fluorescently 

labeled cells moving in the blood stream in highly scattering biological tissue, to investigate 

the in vivo clearance kinetic of the CellTrace labeled 4T1 CTCs. After the mice were 

injected with the cells they were scanned by DiFC for 15 minutes at multiple time points 

(10, 30 and 60 minutes) after the injection. During each scan, the injected mouse was kept 

anesthetized under isoflurane and the tail was secured with a custom-made holder (Fig. 

S6C). We placed the DiFC probe on the ventral surface of the tail about 3 cm from the 

mouse body, approximately above the ventral caudal vascular bundle (Fig. S6C). DiFC uses 

two custom designed groupings of optical fibers consisting of a central ‘source’ fiber and 

eight fluorescence collection fibers, as well as integrated optical filters and collection lens 
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[46] (Fig. S6A). The DiFC probe was placed in firm contact with the skin, to prevent motion 

artifacts during scanning (Fig. S6). A heating pad was also placed over the exposed area of 

the mouse tail during the scanning to maintain blood flow. As each fluorescently labeled 

CTC passed through the field of view of the probe, a transient fluorescence pulses were 

detected as in our previous work (Fig. S6B). Using a custom-developed signal-processing 

algorithm [45], we analyzed the DiFC data to determine the rate of CTCs in the blood 

stream (counts per minute) and the average peak amplitude (linearly related to the brightness 

of individual cells) during scanning. DiFC distinguishes cells moving in arterial venous 

directions (forward and reverse) which mitigates double counting of CTCs (Fig. S6). A 

noticeable decrease in CTCs in the blood stream was taken to indicate CTC clearance from 

the blood. After 60 minutes, the mice were euthanized.

2.9 Animal Euthanization, Tissue Dissection, and Fluorescent Staining

Each mouse was injected with ketamine and xylazine anesthetics based on their weight. The 

hind limbs were pinched to ensure that each mouse was completely under anesthesia. A 

surgical incision was made from the abdominal wall to the thoracic wall of the mouse to 

expose the heart. Using a small needle inserted into the heart, the vessels of each mouse 

were pressure perfused with 2% BSA in PBS to euthanize by exsanguination while 

preventing the GCX from collapsing. Once exsanguination was complete, 4% PFA in PBS 

was pressure perfused to fix the vessels. The lungs and abdominal aorta were excised.

The lungs, a well-established site of secondary tumor formation, were refrigerated in PBS. 

Thanks to the auto fluorescence of the lung tissue and prior fluorescent labeling of the 

CTCs, no further staining was required. The lungs could be immediately imaged to count the 

number of attached fluorescent CTCs in the absence and presence of Neur.

Some segments of excised abdominal aortas were refrigerated in PBS. Later, the aortas were 

longitudinally cut to expose the luminal vessel wall en face and to verify the integrity of the 

endothelium in the absence and presence of Neur. On the luminal vessel wall, endothelium 

markers were immunolabeled using antibodies against zonula occludens-1 (ZO-1; Fisher), 

eNOS (Fisher), platelet endothelial cell adhesion molecule-1 (PECAM-1; Novus 

Biologicals), and E-selectin (Fisher). Immunostaining was done as previously described 

[24]. Secondary detection was achieved by incubating samples in Alexa Flour 488-

conjugated goat anti-rabbit secondary antibody. The stained en face tissue was covered with 

Vectashield anti-fade medium containing DAPI and sealed before imaging.

Remaining excised abdominal aortas were frozen in optimum cutting temperature media 

(OCT) and stored at −80oC. A Leica cryostat was used to create 6-μm thin axial sections of 

the frozen aortas. The thin sections were mounted and allowed to dry out on positively 

charged glass slides (Fisher Scientific). The aorta sections were later stained and imaged to 

quantify GCX expression in the presence and absence of Neur. As before, WGA was used as 

a marker of GCX. Sections were then incubated in 1:100 biotinylated WGA in 5% BSA for 

2 nights. Secondary detection of WGA-labeled GCX was achieved by incubating sections in 

1:500 HRP-conjugated streptavidin (Thermo Scientific) for 1 hour, which was amplified 

using 1:100 of TSA Plus Cyanin 3 (Perkin Elmer) for 7 minutes. DAPI and Vectashield anti-

fade mounting medium were applied before imaging.
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2.10 Imaging and Analysis in Animal Studies

WGA-labeled GCX in aorta sections were visualized using a Zeiss LSM 710 Confocal Laser 

Scanning microscope at 63X/oil magnification. GCX coverage and thickness were 

quantified as previously described [17]. ZO-1, PECAM-1, E-selection, and eNOS labeled en 
face aorta tissue samples were also visualized by confocal microscopy, using a 40x/water 

objective and a 490 nm excitation filter for green signal [24]. Whole excised lungs after 

experimentation were mounted on glass sides without mounting media and imaged using a 

Zeiss LSM 710 Confocal Laser Scanning microscope at 40X/water objective. A red filter of 

excitation of 558 nm was used to identify Cell Trace labeled 4T1 cells attached to the lungs.

2.11 Statistics

Data is expressed as means ± SEM. Graph Pad Prism was used for all statistical analysis and 

determination of statistical significance of differences between means. Additional details of 

the statistical tests are described in figure captions.

3. RESULTS

3.1 Interactions between CTCs and the endothelium are increased in DF conditions

HUVEC exposed to both UF and DF patterns (Fig. 2A) did not show any morphological 

changes after 4 hours of conditioning with flow (Fig. 2B and 2C) when compared to 

HUVEC in static conditions (Fig. S3E). We also confirmed endothelium integrity by 

immunostaining for VE-cadherin junctional protein. This qualitative immunocytochemical 

evaluation of VE-cadherin (Figs. 2B and 2C, and Fig. S3E) confirmed that the endothelium 

was intact after HUVEC were exposed to DF, UF, and static conditions. In static conditions, 

when CellTracker-labeled 4T1 cells were co-incubated with HUVEC, approximately 11 4T1 

CTCs were attached per every thousand ECs (Fig. S2C). CellTracker-labeled 4T1 CTCs 

were also co-incubated with 4-hour 12 dynes/cm2 flow-conditioned HUVEC monolayers, 

for 1 hour at a reduced flow rate of 1 dyne/cm2. Under UF conditions we observed an 

attachment of approximately 6 4T1 cells for every thousand ECs. Normalized, 4T1 CTC 

attachment to the endothelium was at a level of 1.00 ± 0.06 (Fig. 2D and 2F). In the DF 

region of the flow chamber, a normalized number of 2.35±0.29 cells were attached per field 

of view (Fig. 2D and 2F). This represents a statistically significant 2-fold increase in the 

attachment of 4T1 CTCs to HUVEC in DF conditions compared to UF conditions. We 

investigated the rate of clustering of 4T1 CTCs after co-incubation with HUVEC 

monolayers under flow conditions. The normalized data, under UF conditions, was 1.00 ± 

0.09 clusters of 4T1 CTCs on HUVEC (Fig. 2D and 2G). With introduction of HUVEC to 

DF conditions, the clustering of 4T1 CTCs was at 3.19 ± 0.63 (Fig. 2D and 2G), 

representing a significant 3-fold increase with DF compared to UF conditions. Migration of 

cancer cells through the endothelium is important for secondary tumor formation. We 

therefore quantified the extent of initiated migration of 4T1 breast cancer cells through the 

endothelium. In UF conditions the extent of initiated migration was normalized to 1.00±0.09 

(Fig. 2D and 2H). The presence of DF on HUVEC monolayers resulted in a significant 

increase in the initiated migration of 4T1 breast cancer cells through the endothelium, with 

the normalized value of initiated migration reaching 3.66 ± 1.22 (Fig. 2D and 2H).
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Similar results were observed when we matched the endothelium species with the CTC 

species, by utilizing MCF7 CTCs in place of 4T1 CTCs. In static conditions, when 

CellTracker-labeled MCF7 cells were co-incubated with HUVEC, approximately 20 MCF7 

CTCs were attached per every thousand ECs. Under UF conditions we observed an 

attachment of approximately 11 MCF7 cells for every thousand ECs. The normalized data 

for MCF7 CTC attachment to the endothelium under UF conditions was 1.00 ± 0.24 (Fig. 

2E and 2F). Exposure to DF resulted in a significant 2.3-fold increase in the attachment of 

MCF7 cells to HUVEC, with the normalized value of attachment increasing to 2.34 ± 0.42 

(Fig. 2E and 2F). The level of clustering of MCF7 CTCs on HUVEC was at 1.00 ± 0.41 for 

UF (Fig. 2E and 2G). After HUVEC exposure to DF, MCF7 CTC clustering significantly 

increased to a normalized value of 2.49 ± 0.44 (Fig. 2E and 2G). Unlike 4T1 CTCs, when 

the initiated migration of MCF7 CTCs across the endothelial barrier in UF conditions was 

compared to DF conditions the difference was statistically insignificant. The normalized 

level for UF conditions was at 1.00 ± 0.16 (Fig. 2E and 2H) and for DF conditions was at 

1.66 ± 0.39 (Fig. 2E and 2H).

For a control experiment, after flow-conditioning ECs we co-incubated them with CTCs 

under static conditions and not in 1 dyne/cm2 flow conditions (Fig. S7). This control 

experiment verified that the CTC-EC co-incubation via 1 dyne/cm2 did not limit the 

opportunity for CTC attachment, clustering and migration, which one might expect due to 

reduced CTC residence time that exists in 1 dyne/cm2 conditions compared to static 

conditions.

3.2 The high levels of CTC interactions with DF-condition endothelium coincide with 
endothelial GCX degradation but no change in E-selectin coverage

To determine whether increased cancer cell attachment to the endothelium could occur as a 

result of GCX changes, the GCX was visualized by labeling it with fluorescently-tagged 

WGA, which labels primarily the SA component of the GCX [40, 41]. The GCX was found 

to be intact on the surface of HUVEC monolayers even in static (no flow) conditions (Fig. 

S3C and S3D). Under UF conditions, WGA-labeled GCX covered 88.65 ± 4.35% of 

HUVEC monolayers, represented by a normalized value of 1.00 ± 0.07 (Fig. 3A, 3C, and 

3F). The WGA-labeled GCX thickness was 1.57 ± 0.15μm, represented by a normalized 

value of 1.00 ± 0.14 (Fig. 3A, 3C, and 3G). After introducing HUVEC monolayers to DF 

patterns, the normalized GCX coverage for the DF area decreased to 0.44 ± 0.01 (Fig. 3A, 

3B, and 3F). Normalized thickness at the DF area was also 0.41 ± 0.08 (Fig. 3A, 3B, and 

3G). This is a statistically significant difference in GCX coverage and thickness in the DF 

conditions, compared to the UF condition.

To determine whether cancer cell attachment to the endothelium could be due to increased 

adhesion receptor expression, we analyzed the coverage of ECs by E-selectin in static, DF 

and UF conditions using immunostaining. In static conditions, E-selectin was barely 

expressed (Fig. S3A). The normalized E-selectin coverage in the UF region was 1.00±0.19 

(Fig. 3A, 3E, and 3H). After introducing DF to HUVEC monolayers, normalized E-selectin 

coverage was 1.29±0.29 (Fig. 3A, 3D, and 3H). representing a nonsignificant change in 

expression of E-selectin adhesion molecules between DF and UF regions. Although western 
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blots would have been useful in this case to better quantify E-selectin, it was out of the scope 

of this study due to the complexity of the flow and animal experiments.

3.3 Introducing GCX-degrading Neur into the UF environment results in an increase in 
CTC interactions with the endothelium; this indicates that the low level of CTC-EC 
interactions in UF can be attributed to the abundance of the protective GCX

We investigated the effects of Neur-induced GCX degradation on the attachment of CTCs to 

the endothelium. Based on a dose response experiment in static conditions (Fig. S4) and a 

confirmatory experiment in UF experiments, it was determined that a Neur concentration of 

15mU/mL was the best concentration of enzyme for GCX degradation while keeping 

HUVEC layers intact, stable, and firmly attached to their substrate (Fig.4A and 4F) so that 

they would be able to withstand the force of UF conditions. In static conditions, this 

15mU/mL concentration was effective to statistically significantly reduce the coverage of the 

ECs by the WGA-labeled GCX, which is primarily the SA component of the GCX (Fig. S4B 

and S4F). In static conditions 15 mU/mL of Neur did not affect WGA-labeled GCX 

thickness (Fig. S4G). However, the presence of 15 mU/mL of Neur in UF conditions, 

compared to untreated UF conditions, was effective to reduce WGA-labeled GCX with 

respect to both its coverage of the ECs and its thickness on top of the ECs (Fig. 4B and 4G). 

In UF without Neur, the normalized GCX coverage was 1.00±1.11 (Fig. 4B and 4K) and 

coverage for GCX after supplementing UF with 15mU/mL of enzyme was 0.21±0.01 (Fig. 

4G and 4K). The corresponding normalized thickness of GCX with UF in the absence of 

Neur was at 1.00±0.14 (Fig. 4B orthogonal view and Fig. 4L). In UF with Neur the 

normalized GCX thickness was at 0.37±0.01(Fig.4G orthogonal view and Fig. 4L). These 

results indicate the fact that, in UF conditions, the presence of GCX degrading enzyme is 

very detrimental to the health of GCX.

The presence of 15 mU/mL of Neur in UF conditions not only degraded the GCX but also 

decreased E-selectin coverage. It was found that E-selectin is more significantly expressed in 

isolated UF conditions than in UF conditions where Neur is present at a concentration of 

15mU/mL. Exposure of ECs to isolation UF resulted in E-selectin coverage at a normalized 

level of 1.00±0.23 (Fig. 4C and 4M). After the addition of Neur to UF, we saw a statistically 

significant reduction of E-selectin coverage to 0.21±0.01(Fig. 4H and 4M), an approximate 

80 percent decrease in the coverage of E-selectin. Since Neur treatment degraded GCX 

while also removing E-selectin, it was not clear whether we would observe increased CTC-

EC interactions due to GCX loss or whether we would find unchanged or decreased CTC-

EC interactions due to E-selectin deficiency.

As previously mentioned, UF conditions in the absence of Neur yielded 4T1 cells to attach 

to HUVEC at a normalized count of 1.00±0.13 (Fig. 4D and 4N). Adding 15mU/mL of Neur 

to UF resulted in a statistically significant increase in 4T1-to-HUVEC attachment to 

2.60±0.34 (Fig. 4I and 4N). We observed a statistically significant increase in initiated 

migration of 4T1 cells through the endothelium, when conditions of UF with Neur were 

compared to conditions of isolated UF. Specifically, a normalized 1.00±0.24 (Fig. 4D and 

4P) count of 4T1 cells initiated migrated through samples of HUVEC layers which had been 

exposed to only UF conditions, while a normalized 6.50±1.72 (Fig. 4I and 4P) count of 4T1 
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cells initiated migrated through the endothelium that had been exposed to UF and 15mU/mL 

of Neur simultaneously. Clustering of 4T1 cells was 1.00±0.21 (Fig. 4D and 4O) for UF-

only conditions and the clustering level increased to 1.90±0.59 (Fig. 4I and 4O) in 

conditions of UF with Neur, which was statistically insignificant.

When we matched the endothelium species with the CTC species, by utilizing MCF7 CTCs 

in place of 4T1 CTCs, we observed a normalized number of MCF7-to-HUVEC attachments 

of 1.00±0.19 (Fig. 4E and 4N). Adding 15mU/mL of Neur to the UF condition resulted in a 

statistically significant increase in the attachment of MCF7 cells to HUVEC, at the 

normalized level of 3.8±0.55 (Fig. 4J and 4N). We also observed a statistically significant 

change in MCF7 cell clustering. In isolated UF conditions, the normalized value of MCF7 

clustering was at 1.00±0.22 (Fig. 4E and 4O). After addition of Neur to the UF environment, 

clustering significantly increased to the normalized value of 6.10±1.48 (Fig. 4J and 4O). 

There was also a change in the level of initiated migration of MCF7 cells across layers of 

ECs. Without Neur enzyme treatment, UF stimuli led to the initiated migration of MCF7 

cells at a normalized level of 1.00 ±0.24 (Fig. 4E and 4P). With Neur enzyme treatment, we 

observed a statically significant increase in MCF7 initiated trans-endothelial migration to a 

normalized level of 3.10±0.25 (Fig. 4J and 4P). The 4T1 and MCF7 CTC attachment, 

clustering, and migration results were consistent with what would be expected due to GCX 

loss and inconsistent with what would be expected due to E-selectin deficiency.

3.4 In an in vivo setting, the presence of GCX-degrading Neur in the circulating blood 
results in an increase in CTC homing to the lung, an organ where secondary tumors are 
commonly found

This in vivo experiment was carried out in Balb/c mice to confirm our observed in vitro 
findings. We confirmed that the coverage and thickness of GCX lining the vascular walls of 

the Balb/c mice were statistically significantly decreased after treating Balb/c mice with 

5U/mL of Neur. For non-treated mice the normalized expression of GCX coverage was at 

1.00± 0.01 (Fig. 5A and 5C) while the GCX coverage for Neur-treated mice was 0.85±0.04 

(Fig. 5B and 5C). In the case of GCX thickness, the normalized data for non-treated mice 

was 1.00±0.09 (Fig. 5A and 5D) and for enzyme-treated samples the normalized thickness 

was 0.71±0.03 (Fig. 5B and 5D). We also confirmed that the endothelium integrity was 

maintained in both control and Neur-treated mice by staining for the following EC markers: 

eNOS, E-selectin, PECAM-1, and ZO-1 (Fig. 6A through 6H). Since we were interested in 

comparing GCX levels to E-selectin levels, we quantified E-selectin coverage. The 

normalized level of E-selectin in untreated mice was 1.00±0.57 (Fig. 6C and 6I) and for 

enzyme-treated mice the normalized E-selectin level was 0.60±0.28 (Fig. 6D and 6I). The E-

selectin levels are not statistically significantly different.

4T1 CTCs were introduced into the blood of Balb/c mice that were not treated or those that 

were treated with 5U/mL of Neur. With DiFC, the 4T1 cells were observed to significantly 

clear the arterial and venous blood flow over the course of 1 hour (Fig. 7A and 7B). At 10, 

30, and 60 minutes after 4T1 cells were introduced, DiFC detected circulating 4T1 at a rate 

of 8.51, 3.69, and 3.1 cells per minute in the Balb/C arteries and the veins (Fig. 7A and 7B). 

The decreasing rate, which served as an indicator of substantial 4T1 clearance from the 
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blood stream, was expected to correspond to 4T1 attachment to the vascular wall or 

clearance from the blood stream altogether. Therefore, at the 60-minute time point we 

determined if 4T1 cells were attached by examining the Balb/c lungs. We found that for 

Balb/c mice with intact GCX (lack of Neur treatment), the normalized number of 4T1 

attachment to the vessel walls in the lungs was 1.00±0.14 (Fig. 7C and 7E). We observed a 

statistically significant 2.2-fold increase in the attachment of 4T1 cells to the GCX-deficient 

(due to Neur treatment) vessel walls of the Balb/c lungs (Fig. 7D and 7E).

4. DISCUSSION

In this study, we demonstrated the importance of EC GCX regulation of cancer cell 

attachment to the endothelium. We also showed that the increase in cancer cell attachment to 

the endothelium, which results from decreased GCX expression, can more preferentially 

occur in areas of the vasculature with DF patterns, in comparison with UF areas. Activation 

of the adhesion molecule E-selectin in different flow conditions was not the primary 

contributor to increased cancer attachment to the endothelium. On the other hand, the 

absence of a healthy, robust GCX appeared to be extensively and primarily involved in the 

enhancement of cancer cell attachment to the endothelium. Our results provide new insights 

into the possible pathways leading to secondary tumor formations during cancer 

progression.

The mechanisms underlying secondary tumor formation remain an active area of ongoing 

research and recent studies suggest that interaction between CTCs and the endothelium is an 

important driver of cancer cell migration from the primary tumor site to secondary tumor 

sites [48, 49]. Until now, there have been few studies conducted to examine the role of the 

endothelial GCX in mediating these CTC-to-endothelium intercellular interactions [50]. 

Here, we have provided evidence that suggests that the GCX is pivotal in mediating CTC-

EC interactions leading to secondary tumor formation.

We began our study by using a previously developed parallel plate flow chamber model [24] 

that recreates flow patterns (UF and DF) similar to what is observed in vivo [51, 52]. We 

tested the hypothesis that DF regions of the vascular system could enhance the attachment of 

cancer cells to the endothelium. After introducing DF and UF conditions to HUVEC, we co-

incubated HUVEC monolayers with either 4T1 or MCF7 breast cancer cells. As predicted, 

we observed a significant increase in the attachment and immobilization of 4T1 or MCF7 

breast cancer cells to the endothelium in DF regions compared with UF regions (Fig. 2D, 2E 

and 2F). Considering the fact that 4T1 cells originate from mice and MCF7 cells originate 

from humans, our finding shows that preferential CTC attachment to the DF area is not 

species specific. However, it is important to mention that we observed a higher rate of MCF7 

attachment to HUVEC compared to 4T1 attachment to HUVEC, indicating that proper 

species match is very important. Any other cancer cell type that has affinity to receptors on 

the endothelial surface should produce the same attachment results. This confirms an earlier 

report by Yamaguchi et al., that cancer cells are more likely to adhere to bifurcated regions 

in blood vessels where DF exits, and less likely to adhere in other locations of the vascular 

tree where UF exist [53].
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Breast cancer cell clustering has been reported to have a significant effect on the metastatic 

potential of the tumor [54–56]. Specifically, Nicola et al reported that CTC clusters, 

although rare to find in blood flow, have a 23-fold to 50-fold increased likelihood of 

resulting in metastasis [54]. Guided by the prior reports, in the present study we investigated 

the potential for DF patterns to regulate cancer cell clustering that could enhance secondary 

tumor formation. We observed substantial increases in the rate of clustering of 4T1 and 

MCF7 breast cancer cells (Fig. 2D, 2E and 2G) in regions of DF, compared to regions of UF. 

It was previously suggested that metastatic cancer cells are more likely to break away from 

the primary tumor in clusters and travel in groupings to the secondary tumor site [54]. It was 

also suggested that metastatic cancer cells are less likely to break away from the primary 

tumor as individual cells, a situation in which cells would form clusters somewhere along 

the vessel pathway or at the vessel wall where the secondary tumor will form [54]. From our 

study, we cannot determine which situation is the case. However, if the former is true, then 

our results show that clustered CTCs prefer to land at sites of DF while individual CTCs 

prefer to land at sites of UF. If the latter is true, then our results show that CTCs more 

readily aggregate in the presence of DF patterns than they do in the presence of UF patterns.

CTC migration from the apical side of the endothelium, across the endothelium, and into the 

underlying tissue are the last steps in the process of secondary tumor initiation [57, 58]. 

Therefore, we investigated the potential of attached 4T1 or MCF7 breast cancer cells to 

migrate through the endothelium after successful attachment to the endothelium. Both cell 

types exhibited the same trend of higher transendothelial migration in DF versus UF 

conditions. 4T1 breast cancer cells were observed to initially migrate across the endothelium 

at a statistically significant high rate in the DF region, in comparison to the rate of initial 

migration in UF areas (Fig. 2H). For MCF7 cells, on the other hand, exhibited statistically 

nonsignificant increase in the rate of initial migration across the endothelium in DF regions 

compared to UF regions (Fig. 2H). This may be due to 4T1 breast cancer cells possessing a 

higher degree of activated invadopodia than MCF7 breast cancer cells [59, 60].

We sought to identify a mechanism that could enable DF-induced CTC interactions with 

ECs. It has been reported that DF initiates EC dysfunction [52], which leads to the 

progression of disease [15]. Previous reports rarely consider that DF is a contributing factor 

to GCX degradation [61–64]. On average, components of the GCX in both humans and 

animals degrade and regenerate on a daily basis and in a balanced manner [65, 66]. 

However, as our group and others [24, 67–69] have highlighted, DF has a negative effect on 

the endothelial GCX [17, 70]. Based on this prior research, we believe that degraded GCX 

could play a direct role in regulating DF-induced CTC interactions with ECs. Therefore, we 

characterized the expression of HUVEC GCX in DF and UF regions of the flow chamber 

(Fig. 3A, 3B, and 3C). Compared with UF conditions, we observed a more than 2-fold 

decrease in both the coverage and thickness of GCX in DF regions (Fig. 3B, 3F, and 3G). 

This is similar to what we previously observed in rat ECs [24], suggesting that the effects of 

DF on GCX is consistent across EC types from different species. It is clear from our 

observations that GCX degradation outweighs GCX regeneration in the DF regions of the 

vascular system (Fig. 3A–3C, 3F, and 3G). As reported by numerous studies [17, 26, 71, 72], 

including the present investigation, UF is protective of the endothelium and results in a 

healthy, robust GCX [25, 73, 74].
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In UF regions, healthy GCX can shield receptors on the endothelium surface and block 

binding of CTC to the endothelium. Degraded GCX in DF regions of the blood vessels could 

expose receptor sites on the surface of the endothelium for easy binding of CTCs to the 

endothelium surface (Fig. 3) [75, 76] because these adhesion molecules lie beneath the 

endothelial GCX surface and are attached to the cell membrane. Another plausible 

explanation is that DF could be pro-inflammatory and could enhance the expression of 

adhesion receptors. Once the GCX layer is removed and the adhesion molecule receptor 

sites are exposed in DF, or once adhesion receptors are overexpressed in DF, CTC-to-EC 

intercellular interactions can become enhanced. It follows that CTCs would likely prefer to 

undergo transendothelial migration at DF regions of the vasculature, due to the proven 

decrease in GCX expression.

We examined whether the attachment of cancer cells to the endothelium in either DF or UF 

was due to degraded endothelial GCX or overexpressed endothelial surface adhesion 

receptors, namely activated E-selectin although there are other adhesion molecules that 

should be explored in future studies. It was important for us to verify whether decreased 

GCX expression in DF regions directly causes increased cell attachment, clustering and 

migration, or whether CTC-to-EC intercellular interactions are caused by E-selectin activity 

in DF conditions. To this end, we first investigated the coverage of ECs by E-selectin in the 

different flow conditions. We did not observe any statistically significant difference between 

E-selectin coverage in DF and UF conditions (Fig. 3D, 3E, and 3H). Our E-selectin findings 

are unexpected based on prior research publications. For example, Huang et al, showed that 

UF downregulates E-selectin coverage by HUVEC, in a time-dependent manner and to 

protect the endothelium against chronic inflammation [77]. This prior study and others, 

unlike ours, compared E-selectin coverage in static versus UF conditions and did not 

compare DF versus UF conditions. In addition, our HUVEC exposure time was enough to 

disrupt GCX expression in the DF region but not enough to have resulted in a significant 

expression of E-selectin.

We next attempted to investigate the effects of GCX degradation in the presence of stable E-

selectin coverage. It is possible to achieve systemic GCX knockdown by pro-inflammatory 

cytokines or enzymes that increase reactive oxygen species and matrix metalloproteases 

activities [61]. These agents are naturally released in certain disease settings including 

atherosclerosis, ischemia/reperfusion and cancer [17, 64, 78, 79]. In our study, we mimicked 

systemic degradation of GCX in vitro by adding 15 mU/mL of Neur to UF conditions, as 

previously described above, and we characterized the expression of GCX (Fig. 4G). We 

observed that the enzyme significantly decreased both the coverage and thickness of GCX in 

UF conditions (Fig. 4B, 4G, 4K, and 4L). This result is similar to the degradation of the 

endothelial GCX that is a reported effect of systemic enzyme or cytokine release in disease 

[80–82]. After successful degradation of GCX in UF settings, we would expect a high level 

of interaction between CTCs and ECs. However, when we investigated E-selectin expression 

we unexpectedly found that adding 15 mU/mL of Neur to UF destabilized and decreased the 

coverage of E-selectin (Fig. 4C, 4H, and 4M). Although, this Neur-induced E-selectin 

decrease could hinder CTC-to-EC interactions, we found instead that Neur increased 4T1 

and MCF7 breast cancer cell attachment, clustering and migration to ECs to levels that were 
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similar to what we found due to DF stimulation. This increase in CTC-to-EC interactions 

can only be attributed to GCX degradation and not to E-selectin degradation.

We aimed to confirm our cell culture results with animal data that shows enhancement of 

CTC homing in DF conditions and due to GCX degradation. Towards this end, we first 

relied on a parallel experiment conducted by members of our research group using a 

technique similar to the aforementioned DiFC technique, called computer vision in vivo 
flow cytometry (CV-IVFC; Markovic et al. [46, 83, 84]). In that experiment, a video-rate 

fluorescence macroscope was used to monitor in real time the movement of CTCs in the 

vessels within the transparent 250–300 μm thick ears of nude mice [46, 83, 84]. For the 

purpose of the present study, we have re-analyzed the video data from that experiment (Fig. 

S8A–S8D). We have quantified the speeds of CTCs in motion (Fig. S8C). We found that the 

average speed of CTC motion in the ear of nude mice was reduced in the branched (DF) 

vessel sections in comparison with the straight (UF) vessel sections (Fig. S8C). This 

attenuated motion of CTCs increases the possibility of interactions and formation of firm 

adhesions between CTCs and ECs. Quantifying the number of CTCs attached (Fig. S8D) to 

the walls of branched (DF) vessel sections versus straight (UF) vessel sections within the ear 

of the nude mice, we observed a higher average number of CTCs attached in branched (DF) 

vessel sections as compared to straight (UF) vessel sections (Fig. S8D). The CTC speed and 

attachment results shown in Figs. S8C and S8D are, again, from parallel experiments. 

Although a decrease in speed and increase in attachment was observed on average for these 

data, the difference was not statistically significant in part due to the relatively low number 

of attachment events observed in those studies. We plan to address this in the future by 

increasing the sample size. Secondly, as shown in Figs. S8E and S8F, we relied on another in 
vivo study conducted by our research group, which confirms the link between DF flow 

conditions (induced by partial ligation of the carotid arteries) and degradation of GCX 

coverage and thickness, as compared to a link between UF conditions and robust GCX 

(Mitra et al. [24] and Cheng et al. [Ann Biomed Eng, 2020, in press]). Our previously 

conducted study of GCX in DF conditions in vivo suggests that GCX is indeed degraded in 

the branched (DF) areas of the mouse ear vessels, enabling the endothelium covered vessel 

walls to recruit CTCs, as indicated by reduction in CTC speed and the increased CTC 

attachment that we see.

To further confirm the cell culture results, in the present study we treated Balb/C mice with 5 

U/mL of Neur. We quantified the effects of the enzyme on the endothelium of the abdominal 

aortas of treated and untreated mice. We observed on this endothelium a significant 

reduction in the expression of GCX (Fig. 5). We also confirmed that only GCX on the 

endothelial layer was affected by Neur enzyme and that the endothelium was not denuded, 

by the localizing four EC markers including E-selectin (Fig. 6A–6H). Quantification of E-

selectin revealed that its expression level was not altered by Neur (Fig. 6I). Lastly, we 

investigated the effect of Neur on 4T1 breast cancer cell attachment to mouse lungs. We 

observed a significant 2-fold increase in the attachment of 4T1 breast cancer cells to the 

lungs of Neur-treated mice in comparison with untreated samples (Fig. 7C–7E). These 

results are consistent with a prior study by Rai et al, in which they observed a significant 

increase in the attachment of lung cancer cells to the endothelial monolayers after the 

degradation of the WGA-labeled GCX [1].
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In summary, our data indicate that DF areas of the vasculature could represent points of 

entry for CTCs into tissue sites where they can form secondary tumors and, thereby, advance 

cancer progression. In addition, DF-induced degradation of endothelial GCX, specifically 

the SA component, plays a critical role in regulating the interactions of CTCs with the 

endothelium.
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ABBREVIATIONS

4T1 Stage IV Metastatic Breast Cancer Cells

BSA Bovine Serum Albumin

CTC Circulating Tumor Cells

DAPI 4‟6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Medium

DF Disturbed Flow

ECs Endothelial Cells

EMEM Eagle’s Minimum Essential Medium

eNOS Endothelial nitric oxide synthase

FBS Fetal Bovine Serum

GCX Endothelial Glycocalyx

MCF7 Human breast cancer cells

Neur Neuraminidase

PECAM-1 Platelet endothelial cell adhesion molecule-1

PBS Phosphate Buffered Saline

RT Room Temperature
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SA Sialic Acid

TNF-α Tumor Necrosis Factor- α

UF Uniform Flow

VEGF Vascular Endothelial Growth Factor

WGA Wheat Germ Agglutinin Lectin

HUVEC Human Umbilical Vein Endothelial Cells
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Figure 1: 
A schematic showing the effect of DF patterns on endothelial GCX and circulating cancer 

cell attachment to the endothelium. A. Cancer cells within the primary tumor gain migratory 

properties and leave the primary tumor, intravasate through a nearby blood vessel, enter the 

bulk flow, and B. form secondary tumor sites in distant organs including the lungs. C. 
Geometric changes within the blood vessel results in different flow patterns. D. UF regions 

of blood vessels are known to have intact GCX resulting in the inability of CTC to attach to 
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the endothelium. E. Branched areas will produce DF; we hypothesize that this DF will result 

in degradation of the endothelial GCX enhancing attachment of CTC to the endothelium.
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Figure 2: 
A. A glass slide covered with ECs was placed at the bottom of the flow chamber. The ECs 

were exposed to a dynamic flow pattern that was generated by the introduction of a vertical 

step in the flow path. This computer aided simulation shows some of the flow pattern 

features. Here, the DF region is exaggerated for illustration purposes. It can be seen that 

eddy currents form immediately after the step, which is characterized by flow detachment, 

eddy current and reattachment sections. In addition, the DF region includes a transition in 

which the flow gradually adapts until it becomes UF. The transition region is followed by the 

UF region where the flow is void of any disturbances. Additional details can be found in Fig. 

S2 and its caption. B and C. Phase contrast images indicating healthy HUVEC monolayer 

after the introduction of both DF and UF. Insets show VE-cadherin labeled cells as further 

indication that endothelial layer is still intact in both DF and UF. D and E. Attachment of 

4T1 breast cancer cells (D; red dots) and MCF7 cells (E; red dots) to the endothelium 

respectively. As expected cancer cells preferred to attach to the DF area than the UF area. F. 
Number of 4T1 and MCF7 breast cancer cells attached to the DF-conditioned endothelium. 

The dotted line represents normalized UF data. Significant increase in the attachment of 

cancer cells in the DF region compared to UF region. G. Number of cancer cell clusters 

formed in the DF region. The dotted line represents normalized UF data. We observed a 

significant increase in the clustering of 4T1 and MCF7 breast cancer cells to the 

endothelium in comparison with UF regions. H. Initial migration of 4T1 and MCF7 breast 

cancer cells through the DF-conditioned endothelium. The dotted line represents normalized 

UF data. Compared to UF regions, we observed a significant increase in the initial migration 

of cancer cells through the DF region, compared to UF areas. All data “Normalized with 

UF”. Student t test was used to compare DF vs. UF. Sample sizes: 4T1 attachment N=9, 
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MCF7 attachment N=5. Significance is compared to the UF condition and denoted as 

*P<0.05, **P<0.01, ***P>0.001, or not significant (ns).
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Figure 3: 
Effect of DF and UF patterns on the GCX and the expression of E-selectin. A. Computer 

aided simulation of DF formation immediately after the step (refer to Fig. 2A and Fig. S2 for 

more details). B. The coverage and thickness of GCX is significantly low within the DF 

region (green is WGA-labeled GCX and blue is DAPI-labeled nuclei). C. In the UF region 

the GCX is shown to be abundantly expressed both in coverage and thickness. D and E. 

Expression of the endothelial surface adhesion molecule E-selectin. The introduction of 

different flow patterns did not affect the coverage of HUVEC by E-selectin. F, G and H. 
Data quantification for GCX coverage, GCX thickness, and E-selectin coverage, 

respectively, on the surface of HUVEC. F. GCX coverage in UF region compared to DF 

region. G. GCX thickness in UF region compared to DF region. H. E-selectin coverage in 

UF region compared to DF region. All data “Normalized with UF”. Student t test was used 

to compare DF vs. UF. Sample sizes: WGA-labeled GCX expression N=3, E-selectin 

expression N=9. Significance is denoted as *P<0.05, **P<0.01, or not significant (ns).
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Figure 4: 
Effect of the presence of Neur on cancer attachment, GCX expression, and E-selectin 

coverage. A and F. Phase contrast images revealing intact and healthy HUVEC monolayers 

in untreated conditions and after treatment with Neur. B and G. WGA-labeled GCX in UF 

(B) regions is abundant. Addition of Neur enzyme to the UF environment (G) abolishes 

WGA-labeled GCX. C and H. Coverage of HUVEC by E-selectin in conditions of isolated 

UF versus conditions of UF together with Neur enzyme. D and I. Attachment of 4T1 cells 

to HUVEC in UF region, prior to or after the introduction of 15mU/mL of Neur. E and J. 

Attachment of MCF7 cells to HUVEC in UF region, prior to or after the introduction of 

15mU/mL of Neur. K and L. The quantification of coverage and thickness of GCX labeled 
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by WGA, respectively. M. Coverage of E-selectin in UF with enzyme treatment, compared 

to UF conditions. N, O, and P. Data quantification of the attachment, clustering and the 

initial migration of 4T1 and MCF7 breast cancer cells to HUVEC monolayers, respectively. 

All data are normalized with UF results. Student’s t test was used to compare “UF” vs. “UF 

+ Neur”. Sample sizes are as follows: GCX expression N=3, E-selectin coverage N=6, 4T1 

data N=7, MCF7 data N=4. Significance is denoted as *P<0.05, **P<0.01, ***P<0.001, or 

not significant (ns).
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Figure 5: 
Expression of GCX in the abdominal aorta of Balb/c mice. A. Control mice showing a 

uniform layer of GCX within the lumen of the abdominal aorta. B. After treatment of Balb/c 

mice with 5 U/mL of Neur we observed a decrease in the expression of GCX, with the layer 

showing discontinuity in coverage across the lumen of the abdominal aorta. C. Data 

quantification for coverage of GCX. D. Data quantification for the thickness of GCX. The 

sample size (N) is 4 for WGA-labeled GCX, data was statistically analyzed using the student 

t-test, and the statistical significance between the two groups is denoted as *P<0.05.
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Figure 6: 
En face confirmation of intact endothelium after treatment with 5 U/mL of Neur. A and B. 

Expression of eNOS before and after the treatment with Neur enzyme. Images show that 

eNOS is expressed around the nucleus of ECs. C and D. E-selectin coverage before and 

after the treatment with enzyme. E-selectin is expression across the surface of the 

endothelium. E and F. PECAM-1 staining before and after the treatment of enzyme. Visual 

inspection show the presence of PECAM-1 across the entire surface of the endothelium. G 
and H. ZO-1 staining before and after enzyme treatment. Images show the endothelial cell-
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cell boundaries clearly and confirm endothelial barrier integrity. I. Data quantification for E-

selectin showing a non-significant difference in expression of E-selectin on the endothelium 

between control and enzyme treated mice. All data are normalized with UF results. 

Student’s t test was used to compare endothelium from untreated mice to endothelium from 

Neur-treated mice. The sample size (N) is 4. NS denotes “not significant”.
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Figure 7: 
In vivo attachment of 4T1 breast cancer cells to the lungs of BALB/C mice. A and B. In 
vivo data detected on diffuse in vivo flow cytometry (DiFC) system. Representative 120-

second sequences of DiFC data show the number of cells in blood flow is decreasing over 

time after injection (A). The average CTC count rates detected in ventral caudal artery and 

ventral caudal vein and calculated in 15-minutes intervals, according to previously published 

methods [45], is also shown (B). C. Untreated control mice showing a limited attachment of 

4T1 cancer cells to the lungs (green is the lung tissue and red dots are 4T1 breast cancer 

cells). D. We observed an increase in the attachment of 4T1 breast cancer cells to the lungs 

of BALB/C mice treated with 5U/mL of Neur. E. Data quantification showing a statistically 

significant increase in the attachment of 4T1 breast cancer cells to the lungs of BALB/C 

mice after treatment with 5U/mL of Neur. The sample size (N) is 4, data was statistically 
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analyzed using the student t-test, and the statistical significance between the two groups is 

denoted as ***P<0.001.
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