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Abstract
The majority of the eukaryotic cell surface is decorated with a layer of membrane-attached polysaccharides and glycoproteins 
collectively referred to as the glycocalyx. While the formation of a bulky glycocalyx has been associated with the cancer progression, 
the mechanisms by which the glycocalyx regulates cancer invasiveness are incompletely understood. We address this question by 
first documenting subtype-specific expression of the major glycocalyx glycoprotein Mucin-1 (MUC1) in breast cancer patient samples 
and breast cancer cell lines. Strikingly, glycocalyx disruption led to inhibition of 2D motility, loss of 3D invasion, and reduction of 
clonal scattering in breast cancer cells at the population level. Tracking of 2D cell motility and 3D invasiveness of MUC1-based sorted 
subpopulations revealed the fastest motility and invasiveness in intermediate MUC1-expressing cells, with glycocalyx disruption 
abolishing these effects. While differential sensitivity in 2D motility is attributed to a nonmonotonic dependence of focal adhesion 
size on MUC1 levels, higher MUC1 levels enhance 3D invasiveness via increased traction generation. In contrast to inducing cell 
rounding on collagen-coated substrates, high MUC1 level promotes cell adhesion and confers resistance to shear flow on substrates 
coated with the endothelial surface protein E-selectin. Collectively, our findings illustrate how MUC1 drives cancer invasiveness by 
differentially regulating cell–substrate adhesion in a substrate-dependent manner.

Significance Statement

The glycocalyx is a layer of polysaccharides and glycoproteins that cover the surface of most eukaryotic cells. We studied how 
malignancy-associated bulky glycocalyx affects cancer invasion stages. Mucin-1 (MUC1), a major bulky glycocalyx, was examined 
in cancer patient samples and cell lines. We found glycocalyx disruption inhibits movement in 2D and invasion in 3D, and prevents 
clonal scattering. Intermediate MUC1-expressing cells had the highest motility and invasiveness, and glycocalyx disruption elimi-
nated these effects. Higher MUC1 levels increased traction generation, which enhanced 3D invasiveness. High MUC1 levels promoted 
cell adhesion and resistance to shear flow on selectin-coated substrates, but induced cell rounding on collagen-coated substrates. Our 
findings suggest that MUC1 drives cancer invasiveness by differentially regulating cell–substrate adhesion in a substrate-specific 
manner.
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Introduction
The cell interface is critical in terms of maintaining cell–substrate 
interactions. The cell senses its surroundings and responds ac-
cordingly using different receptors on the cell surface, of which 
perhaps the most important are a group of molecules that regu-
late cell–substrate adhesions. Integrins—which mediate cell- 
matrix adhesions—form cellular mechanosensory components 
that can regulate cytoskeletal architecture and control cellular 
dynamic properties, including cell shape change and cell migra-
tion (1–4). Mammalian cells are often coated with a layer of sugars 
mainly of glycoproteins and glycolipids in origin, which are 

collectively referred to as the glycocalyx (5). The glycocalyx layer 

forms a coat around the cell; hence, most of the surface signal 

receptors, including integrins and cadherins, are buried in the gly-

can crowd. Therefore, changes in the glycan layer are expected to 

significantly impact various surface signaling pathways. In add-

ition, since glycocalyx is the outermost layer and is in direct phys-

ical contact with the cell surroundings, the biophysical properties 

of the glycan layer should greatly impact cell–substrate interac-

tions, and consequently, cell–substrate adhesions.
The glycocalyx layer shows a remarkable change in its compos-

ition and organization during development and disease like 
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cancer (6–10). Recent studies have demonstrated that malignant 
cancer cells often overexpress a group of transmembrane glyco-
proteins called mucins that make up most of the cell surface gly-
can structure commonly referred to as the bulky glycocalyx. The 
mucin family includes several transmembrane proteins charac-
terized by extensive glycosylation of proline, threonine, and 
serine-rich domains (PTS domain). Mucin-1 (hereafter referred 
to as MUC1) has been more extensively studied among other mu-
cins and its overexpression has been documented in multiple can-
cers, including breast cancer (10–13). Instead of exhibiting an 
apical localization profile, MUC1 localizes all over the cell surface 
in cancer cells. These alterations in expression and localization 
may trigger the loss of adhesions and increased invasiveness. 
Consistent with this, MUC1 transfection in human pancreatic 
and gastric cells led to decreased adhesion to type I collagen, 
type IV collagen, fibronectin, and laminin, but increased motility 
and in vitro invasiveness (14, 15). In contrast, the inhibition of 
MUC1 in human pancreatic cancer cells led to slower prolifer-
ation, increased cell-matrix adhesion, and reduced lymph node 
metastasis (16–18).

While these studies are indicative of an inverse correlation be-
tween MUC1 expression and cell-matrix adhesions, in a seminal 
study, Paszek et al. (19–21) demonstrated that a bulky glycocalyx 
formed by overexpressing the extracellular domain of MUC1 can 
drive tumor progression through the formation of integrin-based 
adhesions and integrin-based signaling. The bulkiness of MUC1 
can create steric hindrance and induce integrin funneling into 
preexisting adhesions, thereby effectively increasing the size of 
adhesions (14–16). Recent studies have also demonstrated signifi-
cant contributions of the surface glycocalyx in cell membrane 
shape regulation and membrane protrusion formation (22, 23). 
Collectively, these studies suggest that MUC1 regulates invasive-
ness by modulating cell-matrix adhesion. However, how such al-
terations impact different stages of invasion (e.g. invasion 
through the stroma or in circulation) remains unclear.

This study investigates glycocalyx alterations associated with 
cancer, and their biophysical role in regulating cell–substrate ad-
hesions and cancer invasiveness. We found altered glycocalyx ex-
pression and localization differentially regulate the cell–substrate 
adhesion in a substrate-dependent manner. With increasing mu-
cin levels, cell initially transforms from epithelial to mesenchy-
mal state, and further increases help them to transform to a 
circulating tumor cell-like stage.

Results
MUC1 expression and/or glycosylation are 
elevated in breast cancer
Aberrant glycosylation and up-regulation of bulky glycocalyx have 
already been reported in various cancer cells, including pancreatic 
cancer, lung cancer, ovarian cancer, bladder cancer, and prostate 
cancer (6, 13, 14, 24, 25). Copy number alterations (CNAs) encom-
pass gene amplifications, gains, deep, or shallow deletions play a 
crucial role in cancer development and progression. We performed 
CNA analysis of mucin genes to identify genomic alterations in 
breast cancer patient samples. Oncoprint represented the distribu-
tion of CNAs in mucin (Fig. S1). Noticeably, the MUC1 gene had the 
highest probability of genomic amplifications (21% in METABRIC 
and 12% in Firehose Legacy) among mucins, suggesting a potential 
oncogenic role of MUC1. Our immunohistochemical staining 
revealed that ER+  and HER2+  breast tumors have high mucin 
expression; especially, the aggressive HER2+  breast cancer 
shows significantly more MUC1-positive fraction compared with 

triple-negative breast cancer (TNBC; Fig. 1A and B). However, 
MUC1 expression was not significantly increased in ER+  tumor 
when compared with ER− tumor (Fig. 1C).

Next, we assayed MUC1 expression in breast cancer cell lines. In 
comparison with nonmalignant MCF10A cells, MUC1 expression 
was up-regulated in both MCF7 and MDA-MB-231 (hereafter re-
ferred to as MDA231) cells (Fig. 1D). Consistent with transcript pro-
files, Fluorescence-activated cell sorting (FACS) analysis revealed 
mostly MUC1-negative (MUC1-Neg) cells in MCF10A cells (Fig. 1E). 
Interestingly, considerable heterogeneity in MUC1 expression was 
observed in MCF7 cells with the presence of low MUC1 
(MUC1-Low)- and high MUC1 (MUC1-High)-expressing cells, as 
well as a small subpopulation of MUC1-Neg cells. While FACS stain-
ing revealed the presence of MUC1-Neg and MUC1-Low subpopula-
tions in MDA231 cells, a substantial increase in the proportion of 
MUC1-positive cells upon neuraminidase (NMase) treatment sug-
gests that increased MUC1 glycosylation in MDA231 cells is restrict-
ive for antibody to stain MUC1, as reported elsewhere (26). Confocal 
imaging further confirmed the presence of MUC1 on the cell surface 
of MCF7 and MDA231 cells and its absence in MCF10A cells. To test 
overall glycocalyx levels in these three cell types, we stained cells 
using wheat germ agglutinin (WGA), a lectin that largely stains si-
alic acid and associated sugars. The staining revealed that both 
MCF7 and MDA231 have an overall more glycosylated surface com-
pared with MCF10A (Fig. 1F). Together, these results reveal 
increased MUC1 levels and its glycosylation in breast cancer cells 
compared with nontransformed cells.

Enzymatic deglycosylation of cell surface 
glycocalyx reduces cancer invasiveness
The sugar residues on the glycoprotein provide stability and hence, 
the removal of sugar leads the glycan layer to collapse. NMase from 
Clostridium perfringens partially deglycosylates the glycan layer there-
by reducing the surface glycan layer density (Fig. 2A and B). The 
NMase treatment that removes existing glycocalyx layer was com-
bined with Tunicamycin treatment that inhibits de novo glycosyla-
tion (17, 27). Enzyme treatment up to 36 h showed no significant 
impact on cell viability as checked via MTT (3-(4, 5-dimethylthiazol-
yl-2)-2, 5-diphenyltetrazolium bromide) assay; hence, all the experi-
ments were performed before 36 h time point (Fig. S2).

To test the role of glycocalyx on cell invasiveness, we checked 
cell migration using live-cell migration setup in MCF7 and 
MDA231 cells (Fig. 2C). Deglycosylation with NMase treatment 
led to a significant reduction in 2D cell motility in both MCF7 
and MDA231 cells. To test whether a similar phenomenon is ob-
served in the 3D scenario, we encapsulated cells in collagen hy-
drogels that more closely mimic the in vivo stroma and checked 
cell invasiveness after glycan disruption. In 3D also, the cells 
showed a similar response where the cell invasiveness dropped 
significantly upon NMase treatment (Fig. 2D). In comparison, non-
malignant MCF10A cells did not show any significant change upon 
NMase treatment (Fig. S3). In line with these observations, enzym-
atic deglycosylation also led to decreased spheroid invasion in 
MCF7 and MDA231 cells (Fig. 2E and F). To test whether these ef-
fects are specific to NMase, we have also performed 3D invasion 
experiments using MCF10A, MCF7, and MDA231 cells in the pres-
ence of StcE mucinase. Similar to NMase treatment, mucinase 
treatment led to reduced invasiveness (Fig. S4A and B). This inde-
pendently confirms the role of endogenous MUC1 in regulating 
invasiveness. Together, these observations suggest that glycan re-
moval negatively impacts migration and invasion of cells, while 
noncancerous cells remain unimpacted.
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Fig. 1. Cell surface bulky glycocalyx is up-regulated in cancer. A) Representative images of MUC1 immunohistochemical staining in ER+, HER2+, and 
TNBC tissue. Scale bar, 50 µm. Quantification of MUC1 expression from immunohistochemical staining from ER+, HER2+, and TNBC staining (n = 5 in 
each case) in (B) and ER+ (n = 6) and ER− (n = 9) samples in (C) (**P < 0.005, ns, nonsignificant P > 0.05, data are presented as mean ± SD). D) Analysis of 
MUC1 mRNA transcripts using real-time PCR. Total RNA harvested from 24 h culture of MCF10A, MCF7, and MDA231 cells were subjected to quantitative 
real-time PCR analysis. The graph shows mRNA fold change compared with MCF10A (n ≥ 3, **P < 0.001; values indicate mean ± SEM). E) FACS analysis of 
cell surface MUC1 expression in MCF10A, MCF7, and MDA231 cell population. F) Confocal microscopy images showing surface glycan distribution in 
MCF7 and MDA231 cells. Unpermeablized cells were stained with MUC1 antibody and FITC-WGA (Lectin) and then glycocalyx was visualized from 
maximum intensity projection (MIP) and reconstituted 3D image. F-actin was stained with phalloidin and nucleus was stained with DAPI. Scale bar, 
10 µm.
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Fig. 2. Enzymatic deglycosylation of cancer cell surface glycocalyx reduces invasiveness. A) Confocal microscopy images showing MIP and XZ projection 
of FITC-WGA-stained MCF7 and MDA231 cell after 3 h Dimethyl sulfoxide (DMSO) or 0.4 U/mL NMase treatment. The bottom panel shows WGA intensity 
quantification from obtained confocal images (n = 2, 10 confocal z-stack per conditions, **P < 0.005, data presented as mean ± SEM). B) FEG-SEM images 
showing membrane microarchitecture of untreated (DMSO) and NMase-treated (0.4 U/mL NMase) MCF7 and MDA231 cells. C) Left: Representative 
trajectories of MCF7 and MDA231 cells migrating on collagen-coated cell culture plate in the presence of 0.4 U/mL NMase and 20 µg/mL Tunicamycin 
(NMase) or vehicle (DMSO). Right: Quantification of 2D speed (n = 3, per condition > 70 cells, **P < 0.005, data are presented as mean ± SEM). D) Right: 
Representative microscopic frames showing cells encapsulated in 1.5 mg/mL 3D collagen gel with movement trajectories of MCF7 and MDA231 cells with 
NMase or DMSO treatment. Left: Quantification of 3D speed (n = 3, per condition >110 cells, **P < 0.005, data are presented as mean ± SEM). E) 
Representative phase-contrast images showing spheroid invasion assay in 3D collagen. Spheroids prepared from MCF7 and MDA231 cells were 
embedded in 3D collagen layer in the presence of NMase or DMSO treatment and images were taken at 0 and 48 h time points. F) Quantification of 
spheroid invasion (n = 3, 5–10 spheroids per condition, **P < 0.005, data are presented as mean ± SEM).
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Intermediate level of glycocalyx promotes 
invasiveness by regulating cell-matrix adhesions
Thus far, we have established that the presence of a glycocalyx 
increases cancer cell migration. To test whether different levels 
of surface glycocalyx differentially regulate cell migration, we 
have FACS-sorted MCF7 cells, which exhibit a wide range of glycan 
distribution, into three subpopulations based on MUC1 expression 
(Fig. 3A). Lectin staining of sorted MUC1-Neg cells, MUC1- 
Low-expressing cells, and MUC1-High-expressing cells revealed a 
close correlation between overall glycocalyx density and MUC1 ex-
pression (Fig. 3B). In comparison with the flattened morphologies of 
MUC1-Neg cells, MUC1-Low and MUC1-High were comparably 
rounded, with NMase treatment of MUC1-High cells leading to flat-
tening similar to that of MUC1-Neg cells (Fig. 3C).

Motility experiments on collagen-coated dishes revealed that 
MUC1-positive cells (i.e. MUC1-Low and MUC1-High) migrate fast-
er than MUC1-Neg cells. Surprisingly, MUC1-Low cells were found 
to migrate several times faster than MUC1-High cells (Fig. 3D and 
E). This differential migratory phenotype can be attributed to the 
surface glycocalyx density as enzymatic deglycosylation reduced 
migration speeds to levels comparable with that of MUC1-Neg 
cells across all conditions (Fig. 3D and E).

When cells were seeded sparsely and allowed to form microcol-
onies, MUC1-Neg cells were found to form compact epithelial-like 
colonies with low intercellular distance, while MUC1-positive 
cells formed sparse colonies with greater intercellular distance re-
sembling a more mesenchymal phenotype (Fig. 3F and G). To de-
termine whether there is a connection between epithelial to 
mesenchymal transition (EMT) signatures and MUC1 expression, 
we used scGSEA to evaluate EMT pathway activity and compared 
it with MUC1 expression in primary tumor cells. However, no cor-
relation between MUC1 expression and EMT signature scores was 
observed (R2 < 0.0001, Fig. S5A). Furthermore, profiling of 
EMT-associated genes in MUC1-sorted MCF7 cells revealed in-
creased vimentin expression in MUC1-High cells, and reduced 
E-cadherin expression in MUC1-Low cells, though the differences 
were not statistically significant (Fig. S5B). In comparison, integrin 
β1 levels remained relatively unaltered. Therefore, it is likely the 
observed mesenchymal phenotype is biophysically regulated by 
differential glycan expression. To check whether the cell morph-
ology is impacted by surface glycan level, we have analyzed 
single-cell morphology of sorted cells grown on collagen-coated 
surface from phase-contrast images. While cell spread area re-
duced with an increase in MUC1 levels, enzymatic deglycosylation 
led to increase in cell spread area to levels comparable with that of 
MUC1-Neg cells (Fig. 4A and B). MUC1-High cells also possessed 
the highest circularity, which dropped to baseline levels after 
NMase treatment (Fig. 4A and B).

To next probe whether these observations are cell line specific 
or applicable to other cell types as well, we performed spreading 
and 2D cell motility experiments using HeLa cervical cancer cells 
in the presence and absence of NMase. Similar to MCF7 cells, HeLa 
cells were FACS sorted to obtain MUC1-Neg, MUC1-Low, and 
MUC1-High cells (Fig. S6A and B). While MUC1-Neg and 
MUC1-Low cells exhibited comparable spreading, MUC1-High 
HeLa cells exhibited rounded morphologies similar to MUC1- 
High MCF7 cells (Fig. S6C and D). As with MCF7 cells, NMase treat-
ment abolished differences in cell spreading and circularity in 
HeLa cells. Motility experiments on collagen-coated dishes re-
vealed the fastest motility in MUC1-Low cells, with NMAse treat-
ment eliminating this differential motility (Fig. S6E and F).

Alterations in cell spread area hint toward a differential regula-
tion of cell–substrate adhesion by the cell surface glycocalyx. To 

test whether cell–substrate adhesion is altered by MUC1 levels, 
we performed cell adhesion assay wherein MUC1-sorted MCF7 
cells were allowed to adhere for 2 h on collagen-coated dishes, 
and then subjected to phosphate-buffered saline (PBS) wash 
(Fig. 4C). Nuclei-based counting revealed an inverse correlation 
between MUC1 levels and the proportion of attached cells, with 
NMase treatment leading to increased attachment of 
MUC1-High cells (Fig. 4C–E). In line with these observations, muci-
nase treatment of parental MCF7 and MDA231 cells also led to in-
crease in cell adhesion (Fig. S4C and D). To further test how MUC1 
levels influence adhesion, trypsin de-adhesion assay (28, 29) was 
performed, wherein spread cells were incubated with warm tryp-
sin and their detachment kinetics tracked for the duration cells 
rounded up but remained attached to their substrates (Fig. 4F 
and G). Once again, the de-adhesion time, i.e. the time for cells 
to round up correlates inversely with MUC1 levels with fastest 
de-adhesion observed in MUC1-High cells, and NMase treatment 
abolishing the MUC1-dependent behavior (Fig. 4H).

Adhesion and de-adhesion experiments together suggest that 
glycocalyx regulates cell–substrate adhesion. To further test the 
molecular mechanism, we stained focal adhesions of sorted cells 
using paxillin staining (Fig. 5A). In comparison with small-sized 
focal adhesions observed in MUC1-Neg cells observed both at 
the cell periphery and the cell interior, prominent peripheral focal 
adhesions were observed in MUC1-Low cells (Fig. 5A and B). 
Strikingly, in MUC1-High cells, few small-sized focal adhesions 
were detected. This MUC1-dependent focal adhesion formation 
was abolished upon NMase treatment.

Phospho-focal adhesion kinase (pFAK) staining revealed the 
highest active focal adhesions in MUC1-Low cells compared with 
MUC1-Neg and MUC1-High cells, with pFAK clusters located per-
ipherally (Fig. 5C and D). In line with the rounded morphology of 
MUC1-High cells, traction force microscopy (TFM) experiments re-
vealed lowest traction exerted by these cells (Figs. 5E and S7). 
Traction forces increased significantly upon NMase treatment, 
which induced the formation of more focal adhesions. Active focal 
adhesion formation in MUC-Low cells was associated with in-
creased MMP2 localization at the cell membrane, while the total 
MMP2 expression remained unaltered (Fig. S8). Focal-addition dy-
namics of mCherry-Paxillin-transfected malignant MDA231 cells 
further revealed that enzymatic deglycosylation significantly re-
duces focal adhesion turnover rate (Fig. 5F and G). A close observa-
tion with high magnification images revealed that focal adhesion 
complexes are only formed at glycan excluded zones (Fig. S9), sug-
gesting that large surface glycans sterically impede the formation 
of integrin-based focal adhesions, as reported earlier (20, 21). This 
was further highlighted by the fact that with increasing surface 
glycan density, cells show decreasing surface integrin (Fig. S10). 
Additionally, our RT-PCR experiment revealed integrin expression 
remained unchanged across FACS-sorted cells suggesting that 
MUC1 does not genetically alter integrin β1 expression but changes 
its localization (Fig. S5). Together, these experiments suggest that 
the surface glycocalyx regulates cell-matrix adhesions. An inter-
mediate level of glycocalyx expression promotes integrin-based fo-
cal adhesions that are large in size and are peripherally located—a 
hallmark of mesenchymal cells (30–34).

Bulky glycocalyx increases 3D invasiveness 
through increased cell-matrix contacts
To test how cell surface glycocalyx impacts cell migration in 3D 
scenario where cells are surrounded by the extracellular matrix 
(ECM), we have checked migration rate of MUC1-sorted cells em-
bedded in 3D collagen hydrogels. Interestingly, both MUC1-Low 

Barai et al. | 5

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae335#supplementary-data


Fig. 3. Intermediate level of glycocalyx promotes invasiveness. A) FACS sorting of MCF7 in MUC1-Neg, intermediate (low) and high cell populations. B) 
MUC1 and FITC-WGA staining of FACS-sorted MC7 cells. MUC1-High-expressing cells were also de-glycosylated with NMase treatment (High + NMase). 
Scale bar, 10 µm. C) FEG-SEM images showing membrane microarchitecture of FACS-sorted MCF7 cells. Scale bar, 5 µm. D) 2D motility of FACS-sorted 
MCF7 cells on collagen-coated substrate with images showing representative tracts, and (E) quantification of cell speed. Scale bar, 100 µm (n = 3, 100 – 150 
cells per condition, ns, nonsignificant, *P < 0.05, **P < 0.005, data are presented as mean ± SEM). F) Clonogenic assay showing microcolony architecture of 
FACS-sorted MCF7 cells. FACS-sorted cells were sparsely seeded and grown for 96 h so that cells can divide to form microcolonies. G) The graph measures 
the average intercellular distance between neighboring cells in each colony. Scale bar, 50 µm (n = 3, 30–40 colonies per condition, ns, nonsignificant 
P > 0.05, **P < 0.005, data are presented as mean ± SEM).
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and MUC1-High cells migrated significantly faster compared with 
MUC1-Neg cells, while enzymatic deglycosylation led to a near 
complete arrest in cell invasiveness (Fig. 6A and B). HeLa cells 
also showed a similar response when migrating in collagen hydro-
gels (Fig. S11). Cell migration often depends on how effectively 
cells can couple their internal actin retrograde flow with the sub-
strate (35), which is often achieved by focal adhesions that gener-
ate traction and propel the cell forward. Cell–substrate traction 
can also increase by other means such as substrate typography 
(35). To test the hypothesis that surface glycocalyx can induce 

higher cell–substrate traction through increased surface rough-
ness, we performed scanning electron microscopy (SEM) of sorted 
cells and enzyme-treated cells grown on collagen-coated glass 
coverslips (Figs. 2B and 3C). SEM images revealed that cell surface 
roughness increases with increasing MUC1 level and enzymatic 
deglycosylation makes the cell surface smooth. Further, MCF7 
MUC1-High cells produce numerous membrane protrusions that 
effectively increase cell surface roughness (Fig. 6C). To test how 
these protrusions would impact cells in 3D-ECM, we seeded cells 
on top of collagen hydrogel and prepared sample for SEM imaging. 

Fig. 4. Intermediate level of glycocalyx promotes invasiveness by regulating focal adhesions. A) Representative phase-contrast images showing 
morphology of MUC1 FACS-sorted MCF7 cells cultured on collagen-coated substrate. MCF7 cells are sorted in MUC1-Neg, intermediate (low)- and 
MUC1-High-expressing cell populations and were grown for 12 h in the presence of DMSO control or 0.4 U/mL NMase and 20 µg/mL tunicamycin (NMase). 
B) Quantification of cell spread area and cell circularity from the obtained images (n > 100 cells from three independent experiments, ns, nonsignificant; 
P > 0.05, **P < 0.005, data are presented as mean ± SEM). C) Schematic of adhesion assay with MUC1 FACS-sorted MCF7 cells. FACS-sorted MCF7 cells were 
seeded in collagen-coated 96-well plate, allowed to attach for 30 min, then PBS washed, and stained with DAPI, and the whole plate was imaged using 
microscope to count cells. D) Representative images of nucleus in one well after thresholding with top row showing wells without wash step (seed) and 
the bottom panel showing attached cells with and without NMase treatment. E) Quantification of attached cell fraction (Attached fraction = 
Attached cells/Initial seed) (n = 3, **P < 0.005, ns, nonsignificant; P > 0.05, data are presented as mean ± SEM). F–H) De-adhesion assay of MUC1 
FACS-sorted MCF7 cells without and with enzymatic deglycosylation using NMase treatment. F) Schematics of the de-adhesion assay. G) Representative 
frames showing cell de-adherence over time. H) Graph is showing average de-adhesion time (n = 3, 90 – 150 cells per condition, **P < 0.005, Not significant 
(NS) P > 0.05, data are presented as mean ± SEM).
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Fig. 5. Glycocalyx regulates focal adhesion dynamics. A) Representative confocal images of paxillin and MUC1 stained FACS-sorted MUC1-Neg, 
intermediate (low) and high MCF7 cells in the presence of DMSO control or 0.4 U/mL NMase and 20 µg/mL tunicamycin (NMase). Nuclei stained with 
DAPI. Bottom panel shows focal adhesion distribution with focal adhesion at the edge in white and adhesion inside in cyan. B) Quantification of average 
number of total focal adhesion/cell, central focal adhesion/cell and average size of focal adhesions across different conditions (n = 3, >50 cells per 
condition, **P < 0.005, ns, nonsignificant P > 0.05, data are presented as mean ± SEM). C) Representative confocal images of pFAK and MUC1 stained 
FACS-sorted MCF7 cells. D) Quantification of average number of pFAK focal adhesion/cell across different conditions (n = 3, per condition ≥ 40 cells per 
condition, **P < 0.005, ns, P > 0.05, data are presented as mean ± SEM). E) Quantification of cell–substrate traction using TFM. Graph shows 
root-mean-square tractions exerted by cells grown on collagen-coated 5 kPa gels (*P < 0.05; **P < 0.001, for n > 30 cells per condition from three 
independent experiments, data are presented as mean ± SEM). F) Focal adhesion dynamics in MDA231 cells in the presence of DMSO control or 0.4 U/mL 
NMase and 20 µg/mL tunicamycin (NMase). Representative images showing focal adhesion at the beginning (0 min) and end (10 min) of experiment, and 
color-coded images depicting images of adhesions overlaid from multiple time points acquired over a period of 10 min. G) Analysis of focal adhesion 
lifetime (*P < 0.05; **P < 0.001; ns, nonsignificant P > 0.05, for n ≥ 16 cells analyzed per condition from three independent experiments, data are presented 
as mean ± SEM).
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Fig. 6. Bulky glycocalyx increases 3D invasion by increasing cell surface traction. A, B) Invasiveness of MUC1-Neg, MUC1-Low, and MUC1-High MCF7 cells 
embedded in 3D collagen gel (1 mg/mL) with (A) showing representative microscopic frames with migration tracts and (B) quantification of cell speed. 
Scale bar, 100 μm (n = 3, 65–100 cells per condition, **P < 0.005, data are presented as mean ± SEM). C) FEG-SEM images showing membrane 
microarchitecture of FACS-sorted MUC1-High MCF7 cells. Cells having high glycocalyx expression exhibit numerous protrusions (white arrows) and 
blebs (blue arrows). D) FEG-SEM images of FACS-sorted MCF7 MUC1-Neg and MUC1-High cells grown on collagen hydrogels. Right panel shows magnified 
inset with cell pseudo-colored in red shows more membrane micro-ridge (green arrows) and protrusions (yellow arrow) tangled in collagen hydrogels that 
likely increases membrane traction.
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SEM images revealed that the cell–substrate interface of high 
mucin-expressing cells is rougher with numerous protrusions en-
tangled in the collagen network (Fig. 6D). Such entanglements 
with the ECM may serve as transient adhesions that propel the 
cell forward during 3D migration.

Bulky glycocalyx confers shear resistance and 
increased E-selectin adhesion
Low adhesion and circular morphology of MUC1-High cells show 
striking similarities with circulating tumor cells (CTCs) that are 
often found in the vasculature. To test whether high levels of 
MUC1 can facilitate vascular metastasis, we have done experi-
ments with 200 ng/mL E-selectin-coated substrates as E-selectin 
coating mimics the vascular endothelial lining (36–38). While 
cell spread area decreases with increasing MUC1 level on 
collagen-coated substrates (Fig. 4A and B), cells exhibit the oppos-
ite response on E-selectin-coated surfaces, i.e. with increasing 
MUC1 levels, cell adhesion increases on E-selectin-coated sub-
strates (Fig. S12A and B). This suggests that the glycocalyx regu-
lates adhesion in a substrate-dependent manner. To test this 
further, we performed adhesion experiments on E-selectin-coated 
plates with MUC1-sorted cells. This experiment also revealed in-
creased attachment with increasing MUC1 levels, and NMase 
treatment abolished this dependence (Fig. S12C and D). While 
spreading was MUC1-dependent, cell motility on selectin-coated 
surfaces was insensitive to MUC1 levels (Fig. S12E and F).

To probe the nature of selectin adhesions, cells cultured on se-

lectin and collagen-coated substrates were stained for paxillin 

and MUC1. In contrast to collagen-coated substrates where prom-

inent paxillin-positive focal adhesions were detected, both the 

number and size of focal adhesions were dramatically reduced 

on 200 ng/mL selectin-coated substrates (Fig. S13A–C). On sub-

strates coated with 10 ng/mL selectin (i.e. 20-fold dilution), an in-

crease in the number and size of focal adhesions was observed. 

Moreover, we noticed the presence of small MUC1 puncta remin-

iscent of adhesion complexes alongside focal adhesions 

(Fig. S13D). Collectively, these results suggest MUC1 mediates ad-

hesion formation of selectin-coated substrates, with increased 

MUC1-selectin adhesions leading to reduced formation of focal 

adhesions. Thus, the insensitivity of cell motility to MUC1 levels 

may be attributed to the formation of a minimal number of focal 

adhesions.
E-selectin coating alone does not fully recapitulate the vascular 

system in the absence of vascular fluid flow. To simulate the vas-
cular system, we seeded cells on E-selectin-coated channel (mi-
crofluidic device) connected to a syringe pump that can generate 
fluid (media) flow inside the channel. Live imaging at increasing 
flow rates revealed that with an increase in MUC1 expression, 
cells take longer to detach, while MUC1-Neg exhibited fastest de-
tachment (Fig. 7A and B, Movie S1). Detachment of MUC1-High 
cells—which exhibited the strongest resistance to shear stresses 
—was significantly hastened upon enzymatic deglycosylation. 
WGA-stained live imaging at high magnification revealed that 
cells shed glycocalyx and leave a trail of glycocalyx attached to 
the substrate (Fig. S14A and Movie S2). Cells are also known to 
regenerate the surface glycocalyx (39, 40) (Fig. S14B and C). 
Collectively, these results are indicative of a protective role of 
the surface glycocalyx during migration in the vasculature. 
While E-selectin–glycan adhesions are broken by glycocalyx shed-
ding when the cell is subjected to excessive flow-induced shear 
stress, these adhesions can be later replenished via glycocalyx re-
generation (41–43).

Based on our in vitro data, we hypothesized that the expression 
of MUC1 in CTCs would be more heterogeneous compared with 
primary tumor cells. To understand the MUC1 expression in pa-
tient samples, we analyzed single-cell RNA-sequencing data of 
patient CTCs and primary tumors of breast cancer. In support of 
our hypothesis, we observed that CTCs exhibit greater heterogen-
eity in MUC1 expression than primary tumor cells, as quantified 
by measuring the coefficient of variation, CV = 1.55 for CTCs and 
1.09 for primary tumors (Fig. S15). This enhanced heterogeneity 
in MUC1 expression in CTCs may contribute to their survival 
and resistance to the mechanical stresses encountered in the 
bloodstream.

Discussion
Glycocalyx composition and organization change significantly 
with the cancer progression. Overexpression of several 
glycocalyx-associated proteins, including MUC1 has been re-
ported in multiple cancers, including breast cancer, lung cancer, 
pancreatic cancer, ovarian cancer, prostate, and bladder cancer 
(6, 13, 44–47). While MUC1 has long been known to be associated 
with malignancy (12, 13), most of the mucin research has been fo-
cused on its cytosolic domain which participates in various 
cancer-associated signaling cascades. The presence of bulky gly-
cocalyx at the cancer cell surface is a rather recent finding (7).

In this study, we demonstrate that a bulky glycocalyx—by 
being an effective spacer between cell membrane and the sub-
strate—can physically regulate cell–substrate adhesion dynamics 
and integrin signaling. Then, it acts as a cell adhesion molecule 
that selectively binds to selectins that are abundantly present in 
endothelial cells lining blood vessels and thus helps in vascular 
migration (36, 48, 49). Additionally, the glycocalyx can contribute 
significantly to cell membrane shape regulation and help in mem-
brane protrusion formation. The increased membrane micro- 
protrusions can increase membrane roughness and increase 
cell–substrate traction forces leading to increased cell migration. 
Since the glycocalyx facilitates membrane protrusion and eases 
membrane bending, this would likely ease the formation of pro-
trusive structures such as filopodia and lamellipodia.

Our initial experiments revealed that cell surfaces of MCF7, 
MDA231 breast cancer cells, and HeLa cervical cancer cells are 
decorated with MUC1. Both MCF7 and MDA231 cells are overall 
more glycocalyx enriched compared with nonmalignant 
MCF10A cells. This higher expression of bulky glycocalyx in-
creases cell migration and invasion, which decreases upon en-
zymatic deglycosylation.

Cells exhibit diffused adhesions in the absence of a glycocalyx 
as bulky glycocalyx prevents adhesion formation by expanding 
the gap between the cell membrane and the ECM (19–21). Cells 
in the presence of excess bulky glycocalyx, therefore, form integ-
rin clusters at glycan excluded zones that forms clustered focal 
adhesions. Based on this, we hypothesized that optimal surface 
glycan levels enhance cell migration rate by optimally regulating 
cell-ECM adhesion, with the absence of glycocalyx hindering cell 
migration through increased adhesion formation, and excess gly-
cocalyx preventing integrin-based adhesions altogether. Our ex-
periments with FACS-sorted MCF7 and HeLa cells indeed 
confirmed that cells expressing intermediate MUC1 levels migrate 
faster than mucin-negative and MUC1-High-expressing cells. 
Further investigation revealed this high cell migration speed is in-
deed caused by an optimal adhesion–deadhesion rate. Cells ex-
pressing an intermediate level of mucin have fewer focal 
adhesion and optimal focal adhesion turnover compare with 
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mucin-negative cells which contribute to a faster migration. High 
mucin-expressing cells are unable to form a sufficient adhesion to 
sustain adhesion-dependent migration.

Circulating tumor cells are known to further up-regulate sur-
face glycocalyx. It has been shown to have the highest level of 
glycocalyx expression. The cell surface glycocalyx can act as re-
ceptor molecules that can bind to selectins present on the surface 
of the vascular endothelial cells. Thus, the glycocalyx acts as ad-
hesion molecules when the cancer cells are migrating through the 
blood vessels as circulating tumor cells. This is evident from the 
fact that MUC1-High-expressing cells attach more strongly and 
spread more on selectin-coated substrates compared with 
MUC1-Low-expressing cells. Additionally, on selectin-coated mi-
crofluidic channels, MUC1-High-expressing MCF7 cells were 
found to resist vascular fluid flow to the greatest extent and stay 
attached to the substrate. Further, the cells might follow a rolling 
mode of migration, which are often seen with leucocyte cells mi-
grating through blood vessels (50, 51).

Based on our findings, we propose a mode of cancer metastasis 
dominated by surface glycocalyx expression: cells exhibit diffused 
adhesion with intact cell–cell adhesions at low bulky glycocalyx 
level resembling epithelial cells. With increasing glycocalyx, at 
intermediate levels, these cells transit to a mesenchymal-like 
state, where cells lose cell–cell adhesions and gain clustered focal 
adhesions. Further upregulation causes the cells to lose integrin- 
based adhesions altogether and prepares them for intravascular 
metastasis as CTCs that are largely mediated by E-selectin–glycan 
adhesion (Fig. 7C).

Apart from regulating cell-matrix adhesions, glycocalyx has 
also been shown to regulate cell membrane microarchitecture 
(22, 52). Our SEM imaging experiments revealed the presence of 
micro-protrusions and small membrane blebs on the cell surface 
which disappear upon enzymatic deglycosylation. Furthermore, 
lack of these structures in MUC1-Neg cells suggests that a bulky 
glycocalyx drives the formation of these membrane structures. 
Glycocalyx helps the formation of these micro-protrusions by 

Fig. 7. Bulky glycocalyx confers shear resistance. A) FACS-sorted MCF7 cells seeded inside selectin-coated microfluidics channels were subjected to 
different flow-induced shear stresses and imaged using a live-cell imaging setup. Representative phase-contrast images showing a section of the channel 
at different time points with attached cells. B) Quantification of remaining attached cell fraction across different conditions, as they are subjected to 
flow-induced shear stress (n ≥ 3, data are presented as mean ± SEM). C) Schematic showing bulky glycocalyx-mediated cancer progression. Cells form 
diffused cell–substrate adhesion and retain intact cell–cell adhesion at low bulky glycocalyx level resembling an epithelial phenotype. As bulky 
glycocalyx increases to an intermediate level, these cells transit to a mesenchymal phenotype, where the cell loses cell–cell adhesion and gains clustered 
focal adhesion largely driven by glycocalyx-induced repulsion. Further glycocalyx upregulation causes a complete loss of integrin-based adhesion and 
induces a phenotype similar to CTCs. A high level of surface glycocalyx may mediate selectin-based adhesion inside blood vessel and help in 
intravascular metastasis.
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decreasing membrane bending energy (22, 23). Glycan- 
contributed membrane micro-protrusions lead to increased 
membrane roughness and generate membrane tractions that 
enable faster cell migration, as observed in our experiments 
(Figs. 3C and 6). These structures would additionally stabilize lar-
ger membrane protrusion in the 3D-ECM network by tangling 
with the fibrous network and forming integrin independent ad-
hesions (Fig. 6D).

Overall, our study provides interesting insights into the bio-
physical role of cell surface glycocalyx in cancer cell invasion, ad-
hesion regulation, and regulation of cell membrane biophysics.

Materials and methods
Detailed materials and methods are provided in the supplemen-
tary section as extended materials and methods.

Cell lines and experiment conditions
MCF7, HeLa, and MDA231 cell lines obtained from the National 
Center for Cell Science, Pune, India, were cultured according to 
standard protocol. About 10 μg/cm2 collagen type I (Sigma, Cat 
#C3867)- or 0.2 µg/mL E-selectin (Cat #724-ES, R&D 
Systems)-coated substrates were used for experiments. Cells 
were treated with NMase (Sigma, Cat #N2876) to remove surface 
glycocalyx and tunicamycin (Sigma, Cat #T7765) was used to pre-
vent new glycosylation (27, 53). About 500 mU/mL NMase contain-
ing 20 µg/mL tunicamycin was used for all the experiments based 
on viability assessment by MTT assay (Fig. S2). Cells were treated 
with the enzyme cocktail for 2 h prior to all experiments.

FACS sorting: Trypsinized cells stained with Fluorescein iso-
thiocyanate (FITC)-conjugated antihuman MUC1 antibody (BD, 
Cat #559774) were analyzed or sorted in sterile FACS tubes for fur-
ther experiments using a BD FACS Aria III Cell Sorter.

Single-cell biophysical measurements
Motility videos were obtained from sparsely seeded cells 
(2,000 cells/cm2) on collagen or selectin-coated 48-well or cells 
embedded in 3D collagen (Corning, Ref #354249) using an 
Olympus inverted microscope (Olympus IX83). Cell trajectories 
and speed were measured from obtained videos using the manual 
track plugin in Fiji-ImageJ. Cell spheroids generated by hanging 
drop method (54) embedded in 3D collagen gels were imaged every 
24 h and its spread area was calculated and compared with the 
initial spheroid size from the acquired images. Six- to 8-day-old 
microcolony from sparsely seeded cells was imaged, and colony 
features like cell–cell distance were measured using ImageJ.

Experimental cells were seeded on Collagen or E-selectin- 
coated 96-well plates for 30 min at 37 °C. After gentle washing 
with warm PBS, attached cells were fixed and stained with DAPI 
to visualize the nuclei. Entire wells were then imaged using and 
the number of attached cells/well was counted from the obtained 
images using ImageJ. De-adhesion assay was performed using 
protocol described elsewhere (29, 55) after growing cells on 
collagen/E-selectin-coated dishes for 24 h. mCherry-Paxillin- 
transfected cells were used for focal adhesion dynamics (56). 
Focal adhesion lifetime was analyzed from acquired using proto-
cols, as described elsewhere (57).

A straight 400 μm microfluidic channel coupled to a syringe 
pump was used for shear experiments (Fig. 7A). The experiment 
procedure is detailed in the Supplementary material.

Microscopy
Imaging techniques and sample preparation protocol are detailed 
in the Supplementary material. Fixed and immunostained sam-
ples were imaged using a scanning probe confocal microscope 
(LSM 780, Zeiss) using 63× objective and electron microscopy sam-
ples were imaged using Joel JSM-7600F scanning electron micro-
scope. Images were processed and analyzed using Fiji-ImageJ 
software.

Immunohistochemistry, cCNA, and 
RNA-sequencing analysis
Details of the immunohistochemistry of patient samples and scor-
ing methods on formalin-fixed paraffin-embedded tissue are also 
included in the Supplementary Methods. CNA analysis using 
cBioPortal (58), single-cell RNA-sequencing data analysis from the 
GEO accession number GSE109761 (59), and details of EMT score 
calculation are described in detail in the Supplementary 
Methods. The PCR data were analyzed using comparative Ct meth-
od, which is explained in detail in the Supplementary Methods.

Statistical analysis
The data distribution was tested using the Kolmogorov–Smirnov 
normality test. Based on the outcome, either a parametric or a 
nonparametric statistical test was performed. For parametric 
data, statistical analysis was performed using one-way ANOVA 
and Fisher’s test was used to compare the means. Mann– 
Whitney test was performed for nonparametric data. Statistical 
analysis was performed using Origin 9.1 (OriginLab Corporation), 
with P < 0.05 considered to be statistically significant.
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