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The glycocalyx is the sugary coating on the surface of essentially all 

mammalian cells. Despite being a major class of biomolecules, research into 

carbohydrates has lagged behind other classes of biomolecules such as nucleic 

acids and proteins. The constituent parts of the glycocalyx are not encoded in 

our genome, but rather dynamically regulated by protein expression rates, post-

translational modification rates, and metabolic flux. Therefore, we can view the 

glycocalyx as a complex and dynamic biomaterial on the surface of cells; 

however, research into the impact of the glycocalyx as a biomaterial is lacking. 

Coating the cellular surface, the glycocalyx is uniquely positioned to impact 

many different cell-surface properties including regulation of cell-cell and cell-

extracellular matrix interactions, cell-surface features, and cellular migration. 

Throughout this work, we approach the glycocalyx as a biomaterial 

coating on the surface of cells with the goal of appreciating the physical 

properties and implications of the material. We first use an engineering 

approach to develop a new set of genetically encoded mucin biopolymers to 

facilitate in studying the cancer glycocalyx. We then apply our expertise in 

synthetic biology approaches and mucin biopolymer expression to produce 

some of the first ever recombinant mucins for therapeutic applications. Taking 



 

advantage of the anti-adhesive properties of mucin, we apply mucin expression 

as an innovative technology for reduced aggregation of cells grown in 

suspension in bioreactors. With our unique viewpoint of the glycocalyx from a 

physical perspective, we apply polymer brush theory to develop a model for 

membrane bending driven by glyco-biopolymers. Finally, we investigate what 

role the anti-adhesive glycocalyx may play in regulating cellular migration both 

in vitro and in vivo. Together, these projects utilize engineered glycoproteins to 

elucidate new functions for the mammalian glycocalyx in various avenues of 

cellular behavior and inform future research into the physical role of the 

glycocalyx at the cell surface. 
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CHAPTER 1 

INTRODUCTION AND SUMMARY 

1.1 INTRODUCTION 

1.1.1 The mammalian glycocalyx 

The mammalian glycocalyx is made up of the complex sugar chains 

known as glycans attached to proteins and lipids and the glycosyl amino 

glycans assembled on the surface of eukaryotic cells (Varki and Sharon, 2009). 

The glycocalyx is known to play a role in most biological processes including 

embryonic development (Haltiwanger and Lowe, 2004), cell migration (Janik et 

al., 2010; Radhakrishnan et al., 2014), the immune response (Hudak and 

Bertozzi, 2014; Marth and Grewal, 2008; Xiao et al., 2016), and human disease 

(Freeze, 2013; Ohtsubo and Marth, 2006). The composition of the glycocalyx is 

incredibly complex in terms of the possible combinations of individual sugars 

and linkages between those sugar structures (Schachter, 1986; Varki et al., 

2009a). The composition is also dynamically regulated by the expression level 

of glycan scaffolds (i.e., glycoproteins) (Reitsma et al., 2007; Varki, 1998), 

glycan-modifying enzymes such as glycotransferases (Nairn et al., 2008; 

Schachter, 1986), and cellular metabolism, especially the hexosamine 

biosynthetic pathway (Chatham et al., 2008; Metallo and Heiden, 2010). Due to 

this dynamic regulation, significant changes to the glycocalyx are observed with 

cell fate transitions including differentiation into different cellular lineages 

(Satomaa et al., 2009) and transformation (Buck et al., 1971; Hakomori, 2001).  

The glycocalyx is an important structural material on the cell surface, 

having roles in controlling the flow of biomolecules to the cell surface, the 

organization and signaling of cell-surface receptors, and protecting cells from 

external forces (Cruz-Chu et al., 2014; Dennis et al., 2009; Kesimer et al., 2013; 
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Lajoie et al., 2007; Thi et al., 2004). Previous studies which have focused on the 

specific chemical interactions of glycans with proteins may have overlooked the 

important structural role of the glycocalyx. Physically separating the cell 

membrane from the microenvironment, the cellular glycocalyx is perfectly 

situated to physically mediate cell-cell and cell-extracellular matrix (ECM) 

interactions (Paszek et al., 2014; Soler et al., 1998; Wesseling et al., 1996). More 

research is needed to gain an appreciation of the physical role of the glycocalyx 

in essential cell surface interactions. Also, given the dynamic nature of 

glycocalyx remodeling in both normal physiological process and disease states, 

the physical properties of the glycocalyx are expected to have a broad impact 

on cellular behaviors. 

 

1.1.2 Ubiquitous glycosylation changes occur in cancer 

 Aberrant glycosylation is a universal feature of cancer (Varki et al., 

2009b). Despite the inherent complexity and heterogeneity of protein 

glycosylation discussed earlier, consistent and distinct changes are observed in 

the cellular glycocalyx upon oncogenesis with little or no tissue-specificity due 

to cancer-associated changes in glycoprotein levels, glycotransferase levels, and 

metabolic flux (Fig. 1.1A) (Charras et al., 2005; Chatterjee et al., 1979; Daye and 

Wellen, 2012; Guillaumond et al., 2013; Kudo et al., 1998; Kufe, 2009; LaMont 

and Isselbacher, 1975; Wellen et al., 2010). The cancer glycocalyx presents 

specific glycan motifs which are not typically observed on healthy cells and 

change global features of the glycocalyx by increasing the net charge (Kim and 

Varki; Pinho and Reis, 2015). 

 The majority of cancer-associated changes in glycosylation are carried on 

mucin-type O-linked glycans (Hang and Bertozzi, 2005; Ju et al., 2013; Pinho 
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and Reis, 2015; Varki et al., 2009b). Cancer-associated alterations in O-glycan 

complexity result in truncated O-glycans such as the Tn antigen (GalNAc- -

Ser/Thr) and the sialyl Tn antigen (STn, Neu5Ac2,6GalNAc1- -Ser/Thr) (Fig. 

1.1B) (Bennett et al., 2012; Ju et al., 2013; Pinho and Reis, 2015; Rahn et al., 2001; 

Varki et al., 2009b). Despite the pervasive glycosylation changes in cancer, 

researchers have still barely scratched the surface of understanding the 

molecular roles played by glycans. 

 

 
Figure 1.1  Ubiquitous glycosylation changes in cancer. A, Cartoon of the cell-
surface glycocalyx showing the general process of metabolism creating sugar-
nucleotide substrates for glycotransferases in the ER and Golgi.  Oncogenesis 
alters many of these normal steps in glycosylation by increasing the expression 
of glycoproteins, increasing the expression of glycotransferases or glycan 
modifying enzymes, and ramping up glycolysis which increases metabolic flux 
through the hexosamine biosynthesis pathway which provides precursor 
sugars for glycosylation. B, Two examp - O-linked glycans 
which specifically appear on cancer cells. 

 

1.1.3 Bulky glycoproteins such as Mucin-1 are upregulated in cancer 

In addition to specific glycosylation changes, bulky glycoproteins such 

has Mucin-1 (Muc1) have also been reported to be upregulated in cancer 
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(Paszek et al., 2014). Muc1 is over-expressed in more than 70% of human 

carcinomas (Gendler, 2001; Kufe, 2009) with expression level correlating with 

cancer aggressiveness, poor therapeutic response, and decreased patient 

survival in many types of cancer (Guddo et al., 1998; Hinoda et al., 2003; 

Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013; Joshi et al., 

2009). 

Muc1 is a type I transmembrane protein consisting of a large ectodomain 

of tandem repeating units of the amino acid sequence 

PDTRPAPGSTAPPAHGVTSA. The ectodomain extends about ten times farther 

from the cell surface than a typical transmembrane receptor (Fig. 1.2A) (Hattrup 

and Gendler, 2008; Nath and Mukherjee, 2014). More than half of the molecular 

weight of Muc1 comes from the pendant glycans (Gendler, 2001). 

Not only is Muc1 over-expressed, but there is loss of the organization of 

Muc1 on oncogenesis. In healthy cells, Muc1 is expressed on the luminal surface 

of the polarized epithelium (Kufe et al., 1984). However, on oncogenesis, there 

is a loss of cell polarity (Vermeer et al., 2003), and Muc1 coats the entire cell 

surface (Rahn et al., 2001). This means that in cancer, Muc1 is found in between 

cells and in between cells and their microenvironment, essentially in spaces 

where it normally should not be (Fig. 1.2B). 

 

1.1.4 Existing tools and methods of studying the glycocalyx are limited 

Despite the prevalent and well-established role of the glycocalyx in 

human cancer, tools to study the impact of the cancer glycocalyx on the cellular 

and molecular level on various cellular process are limited. There are few 

chemical tools to inhibit glycan-modifying enzymes such as glycotransferases 

are available (Hang and Bertozzi, 2005). Studies involving genetic disruption of 
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glycotransferases have not produced changes in the phenotype of the 

glycocalyx, most likely due to redundancy of glycotransferases (Haltiwanger 

and Lowe, 2004; Hooper and Gordon, 2001). Even if these tools existed, these 

types of tools would be most useful for studies aimed at depleting a dense 

glycocalyx. Rather, to appreciate the impact of a bulky, mucinous glycocalyx, 

such as the one found on cancer cells, on the physiology of cells, we should look 

for tools that inflate the glycocalyx of a normal cells and test to see if or how 

cancer behaviors are recapitulated. 

 

 
Figure 1.2  Human Mucin-1 features. A, Human Mucin-1 (Muc1) is a large, 
type I transmembrane protein consisting of a flexible protein ectodomain 
decorated with many pendant O-linked glycans which extends approximately 
ten time farther from the membrane than typical transmembrane receptors. B, 
On a healthy polarized epithelium, Muc1 is excluded from cell-cell and cell-
extracellular matrix junctions (top). However, on oncogenesis, there is a loss of 
cell polarity, and Muc1 distributes over the entire cell surface. 

 

1.2 SUMMARY 

1.2.1 Engineering and understanding the role of a bulky, mucinous 

glycocalyx 
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 Throughout this work, we aim to develop an appreciation for the 

glycocalyx as a polymeric biomaterial coating the surface of cells.  

 

1.2.2 Chapter 2: Genetically encoded toolbox for glycocalyx engineering: 

tunable control of cell adhesion, survival, and cancer cell behaviors 

Limited tools exist to increase the density of the cell surface glycocalyx. 

The Bertozzi lab has developed a system of synthetic polymers which 

structurally mimic glycoproteins and can be inserted into the membrane of 

living cells (Godula et al., 2009a, 2009b). However, little work has been done to 

develop a genetically encoded toolbox which would empower long term in vitro and in 

vivo experiments while using native, relevant glycoprotein structures. We develop a 

toolkit of genetically encoded biopolymers which create a cancer-like glycocalyx. Using 

this toolkit, we observe decrease cellular adhesion and cancer-like behaviors of 

noncancerous cell lines including enhanced survival in suspension. 

 

1.2.3 Chapter 3: Stable recombinant production of codon-scrambled lubricin 

and mucin in human cells 

 Changes in the expression of various mucinous glycoproteins are also 

associated with disease states other than cancer such as ocular disease and 

arthritis (Dhanisha et al., 2018; Elsaid et al., 2008; Kosinska et al., 2015). As such, 

there is commercial interest in the application of recombinant mucins as 

treatments for several human diseases (Le Graverand-Gastineau, 2010). While 

small mucin peptides have been recombinantly produced, no one has been able 

to produce full-length recombinant Muc1 (Backstrom et al., 2003). Using the 

insights gained from working with and developing our genetically-

incorporated toolkit for glycocalyx manipulation, we develop strategies for 



7 

producing and purifying recombinant mucins which could be used for 

therapeutic purposes. 

 

1.2.4 Chapter 4: Mucin technologies for protection and reduced aggregation 

of cellular production systems 

 Protein therapeutics are a rapidly growing fraction of the pharmaceutical 

market with most new protein therapeutics being produced recombinantly in 

mammalian cell culture (Dumont et al., 2016; Wurm, 2004). One factor limiting 

the production and yield of these valuable protein therapeutics is the 

propensity for mammalian cells to aggregate when grown in suspension 

(Wurm and Bernard, 1999), despite ongoing efforts to reduce aggregation by 

optimizing medium formulations and the development of cell culture additives 

(Han et al., 2006; Liu and Goudar, 2013; Peshwa et al., 1993; Tolbert et al., 1980; 

Zanghi et al., 2000). Given the highly anti-adhesive nature of Muc1-expression, 

and our observations that Muc1-expression increases survival in suspension 

and causes suspension cells to exist as singlets, we applied mucin-coating 

strategies to cell lines used in biomanufacturing. 

 

1.2.5 Chapter 5: Physical principles of membrane shape regulation by the 

glycocalyx 

 Dramatic tubular and spherical protrusions exist on the plasma 

membrane comprising a large variety of different cellular structures such as 

cytonemes (Bischoff et al., 2013; Kornberg and Roy, 2014), microvesicles and 

blebs (Paluch and Raz, 2013; Tricarico et al., 2017), microvilli 

2018; Jung et al., 2016), and cilia (Sanderson and Sleigh, 1981). Cancer cells have 

also been shown to exhibit similar highly curved cell surface structures 
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(Antonyak et al., 2011; Becker et al., 2016; Bergert et al., 2015; Friedl and Wolf, 

2010). There is a correlation between these types of plasma membrane 

structures and a mucinous glycocalyx (Bennett Jr. et al., 2001; Button et al., 2012; 

Hattrup and Gendler, 2008; Kesavan et al., 2009; Kesimer et al., 2013). Yet 

canonical models of membrane shape generation do not consider any 

contribution by the glycocalyx. By thinking of the glycocalyx as a polymer 

meshwork at the cell surface and mucin itself as bottle brush polymer, we 

applied existing polymer brush theory to the cell surface glycocalyx. 

 

1.2.6 Chapter 6: The cancer glycocalyx dynamically tunes cellular migration 

 Cells migrate in vivo  using a variety of mechanisms which depend on 

features of the ECM as well as features of the cells themselves (Friedl and Wolf, 

2003, 2010; Ilina et al., 2018; Liu et al., 2015). One important determinant of 

cellular migratory mode is adhesion strength (Friedl and Wolf, 2010; Liu et al., 

2015). Given the anti-adhesive properties of Muc1, we studied the impact of the 

bulky, mucinous glycocalyx on cellular migration mode. We also examined 

how changes to glycan presentation may influence Muc1-mediated migration 

switching. 

 

1.2.7 Chapter 7: Conclusions and perspectives 

In this work, we reimagined the glycocalyx as a dynamic biomaterial 

physically regulating cellular process at the cell surface. A greater appreciation 

for role of the bulky, mucinous glycocalyx frequently present on cancer cells 

could result in new therapeutic avenues for future cancer treatments. Insights 

gained from studying the physical role of a thick glycocalyx in caner could also 

lead to new insights into the significance of the glycocalyx in development and 
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other disease states. Future research should continue to apply both this 

appreciation of the glycocalyx and the tools and insights learned in these 

studies. 
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CHAPTER 2 

GENETICALLY ENCODED TOOLBOX FOR GLYCOCALYX ENGINEERING: 

TUNABLE CONTROL OF CELL ADHESION, SURVIVAL, AND CANCER 

CELL BEHAVIORS1,2 

2.1 SUMMARY 

The glycocalyx is a coating of protein and sugar on the surface of all 

living cells. Dramatic perturbations to the composition and structure of the 

glycocalyx are frequently observed in aggressive cancers. However, tools to 

experimentally mimic and model the cancer-specific-glycocalyx remain limited. 

Here we develop a genetically encoded toolkit to engineer the chemical and 

physical structure of the cellular glycocalyx. By manipulating the glycocalyx 

structure, we are able to switch the adhesive state of cells from strongly 

adherent to fully detached. Surprisingly, we find that a thick and dense 

glycocalyx with high O-glycan content promotes cell survival even in a 

suspended state, characteristic of circulating tumor cells during metastatic 

dissemination. Our data suggest that glycocalyx-mediated survival is largely 

independent of receptor tyrosine kinase and mitogen activated kinase 

signaling. While anchorage is still required for proliferation, we find that cells 

with a thick glycocalyx can dynamically attach to a matrix scaffold, undergo 

cellular division, and quickly disassociate again into a suspended state. 

Together, our technology provides a needed toolkit for engineering the 

glycocalyx in glycobiology and cancer research.  

1Reproduced with permission from C. R. Shurer et al., Genetically Encoded Toolbox for 
Glycocalyx Engineering: Tunable Control of Cell Adhesion, Survival, and Cancer Cell 
Behaviors. ACS Biomater. Sci. Eng. (2017), doi:10.1021/acsbiomaterials.7b00037. Copyright 2017 
American Chemical Society. 
 

2C.R.S. prepared the cDNA vectors and stable cell lines and performed Western and lectin blot, 
flow cytometry, live-cell microscopy, RTK screen, and EdU analysis. See sections 2.6.1 and 2.6.2 
for a complete author list and specific author contributions. 
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2.2 INTRODUCTION 

The glycocalyx is a polymer meshwork comprised of proteins and 

complex sugar chains called glycans that assemble on the surface of the 

eukaryotic cell (Hudak and Bertozzi, 2014). By mediating receptor-ligand 

interactions (Kaszuba et al., 2015), cell-to-cell communication (Wesseling et al., 

1996), and cell-matrix adhesion (Wesseling et al., 1995), glycans within the 

glycocalyx are now known to play an essential role in most biological processes, 

including development (Haltiwanger and Lowe, 2004), migration (Janik et al., 

2010; Radhakrishnan et al., 2014), adhesion (Paszek et al., 2014), immune 

response (Hudak et al., 2014; Marth and Grewal, 2008; Xiao et al., 2016), and 

disease progression (Freeze, 2013; Ohtsubo and Marth, 2006). A unique feature 

of the glycocalyx is its dynamic nature. The composition, density, and structural 

organization of the glycocalyx changes profoundly with cell fate transitions, 

including differentiation (Satomaa et al., 2009) and transformation (Buck et al., 

1971; Hakomori, 2001). A key challenge that remains is to understand on a 

mechanistic level how changes to the glycocalyx regulate and refine complex 

cellular and multicellular programs.  

While much attention has focused on the biochemical properties of 

glycans and their chemical interactions, the glycocalyx also functions as an 

important structural material on the cell surface (Cruz-Chu et al., 2014; Kesimer 

et al., 2013; Thi et al., 2004). Separating the cell membrane and membrane 

proteins from the local microenvironment, the glycocalyx is uniquely 

positioned to biophysically regulate cell-extracellular matrix (ECM) and cell-

cell interactions (Soler et al., 1998). For example, the physical properties of the 

glycocalyx are now known to dictate the kinetics and thermodynamics of 

integrin ligation with the ECM, thus controlling the spatial organization of 
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integrin bonds and downstream signaling processes (Paszek et al., 2014). 

Moreover, all cell-surface receptors are at least partially embedded within the 

glycocalyx, and the structural properties of the glycocalyx impact receptor 

diffusion, activation, and signaling (Dennis et al., 2009; Lajoie et al., 2007). 

Consequently, glycocalyx remodeling in normal physiological processes and 

disease states is expected to have broad biophysical consequences on cellular 

signaling and associated behaviors.  

Aberrant glycosylation is a universal feature of cancer, but in most cases, 

the implications of a cancer specific glycocalyx are poorly understood (Ju et al., 

2013; Pinho and Reis, 2015). For example, circulating tumor cells (CTCs) express 

an abundance of large, heavily glycosylated proteins, such as the mucin Muc1, 

which serves as a biomarker for isolation and detection of CTCs in clinical 

practice (Cheng et al., 2011; Horm and Schroeder, 2013; Paszek et al., 2014). 

Aberrant glycosylation and associated biochemical interactions are now 

recognized to contribute to nearly every step in cancer progression, including 

proliferation (Lau et al., 2007), survival (Paszek et al., 2014; Radhakrishnan et 

al., 2014; Raina et al., 2004), angiogenesis (Croci et al., 2014), and metastatic 

dissemination (Häuselmann and Borsig, 2014; Snyder et al., 2015). Whether 

biophysical changes in the glycocalyx also contribute to some of the unique 

features of aggressive cancer cells and CTCs, including detachment from the 

ECM and survival in circulation, must still be determined.  

A major roadblock to advancing cancer glycobiology has been the 

relative lack of tools for precision editing of the glycocalyx. One of the most 

successful approaches to date is based on membrane incorporation of fully 

synthetic polymers that mimic key features of glycoproteins (Godula et al., 

2009a, 2009b). Glycopolymers enable tunable control over the types and 
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frequencies of glycoconjugates, membrane densities, and cell surface retention 

times (Woods et al., 2015; Xiao et al., 2016). The library of glycopolymers, 

referred to here as the synthetic toolkit, has been applied successfully to 

investigate cell adhesion processes (Paszek et al., 2014), immune cell activation 

(Hudak et al., 2014), and host-pathogen interactions (Huang et al., 2015). 

Relatively little work has been done in developing a genetic toolbox 

specifically designed for glycocalyx engineering. A genetically encoded toolbox 

could provide several unique capabilities that would enable new research in 

biophysical glycoscience and cancer glycobiology. First, genetic encoding 

would support prolonged surface expression of glycocalyx elements for long-

term in vitro and in vivo experiments (Gossen et al., 1995). Second, a genetic 

approach would afford the use of native glycoproteins that are relevant to the 

particular biological system or disease model of interest. Third, DNA 

technology provides the flexibility to quickly generate a diverse library of 

glycoprotein mutants through modern synthetic biology approaches (Hughes 

et al., 2011; Ma et al., 2012).  

Here, we address this unmet need in glycobiology and develop a toolkit 

of genetically encoded glycoproteins and expression systems to engineer the 

structure and composition of the cellular glycocalyx. We apply our system to 

model the CTC glycocalyx and find that the glycocalyx itself could contribute 

to the unique adhesive properties and survival characteristics of CTCs.  

 

2.3 RESULTS AND DISCUSSION 

2.3.1 System for stable incorporation of engineered glycoproteins 

Our first goal was to develop and validate a strategy for stable 

expression of glycoproteins in mammalian cells for glycocalyx engineering. We 
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envisioned that incorporation of our constructs and promoters in the cellular 

genome could (1) provide consistent and reliable levels of glycoprotein 

expression and glycan presentation, (2) support sorting and selection methods 

for high expression levels, and (3) enable temporal control over expression 

through the use of inducible promoters. Our choice for the promoter was the 

reverse tetracycline-controlled transactivator (rtTA) system, which can provide 

temporal control as well as tunable expression levels through titration of 

doxycycline, the chemical inducer of expression (Gossen et al., 1995). As a test 

glycoprotein, we chose the mucin Muc1, a key structural element in the 

glycocalyx of many cancer cell types (Hattrup and Gendler, 2008; Kufe, 2009). 

For stable integration of the inducible promoter, transgene, and selectable 

marker, we first tested the utility of standard lentiviral systems (Fig. 2.1A). We 

found that Muc1 expression levels in epithelial cells were low, and the 

glycoprotein product was often of lower molecular weight than expected (Fig. 

2.1B). We suspected that the highly repetitive sequences in the Muc1 tandem 

repeats were recombined at some stage of viral packaging or cellular 

transduction, and we discontinued further use of lentiviral systems. 

We next tested the viability of a transposon-based system (Li et al., 2013; 

Wilson et al., 2007; Woodard and Wilson, 2015) for stable expression of large, 

repetitive glycoproteins like mucins (Fig. 2.1A) (Wilson et al., 2007). We found 

that Muc1 expression levels were dramatically improved with the transposon 

system compared to lentiviral transduction (Fig. 2.1B, C). The mucins expressed 

in transposon-edited cells were heavily glycosylated and had a high molecular 

weight (Fig. 2.1B). Finally, we confirmed that the mucin expression levels could 

be tuned through doxycycline induction (Fig. 2.1D, E). Based on this 



15 

performance, the inducible transposon system was applied for all subsequent 

editing of the glycocalyx.  

 

 
 
Figure 2.1  Vector for stable expression. A, Graphic illustration of the 
lentiviral and transposon stable incorporation systems. B, Representative 
immunoblot (left) and lectin blot (right) comparison of stable Muc1 expression 
and PNA binding in lentiviral infection versus transposon integration, n=3. C, 

-Muc1 immunoblots in B normalized to 
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lenti-viral samples, error bars represent the s.d., n=3. D, Immunoblot (left) and 

stable expression lines uninduced and after 24 hours induction with 0.2 µg mL-

1 doxycycline, n=1. Cell lines were prepared with the transposon incorporation 
system. E, 
upon induction with various doxycycline concentrations, n=3. * p<0.05; ** 
p<0.01 (two-tailed t test). 

 

2.3.2 A genetically encoded toolkit for editing the O-linked glycocalyx 

Our next goal was to design and fabricate a series of constructs for 

engineering the structure and O-glycan composition of the glycocalyx. Mucin 

glycoproteins are defined by their densely-clustered O-glycans, which help to 

extend and rigidify the mucin polypeptide backbone (Hattrup and Gendler, 

2008; Kramer et al., 2015). As a consequence, mucins extend above most other 

glycoproteins on the cell surface and are ideal candidates for glycocalyx 

engineering. Our strategy was to create a library of mutant and semi-synthetic 

mucins that would serve as structural elements and glycan scaffolds on the cell 

surface. Starting with two relevant mucins in the cancer cell glycocalyx, Muc1 

and Podocalyxin (Podxl, a structurally analogous glycoprotein) (Nielsen and 

McNagny, 2009)

2.2A, B). Our goal was to minimize the biochemical activity of the mucins so 

that the mutants would function primarily as structural elements in the 

glycocalyx. In order to track phenotypic and morphological changes as a 

function of glycocalyx thickening, we also inserted a fluorescent protein 

between the O-

moxGFP; Fig. 2.2A). To effectively eliminate signaling motifs that could be 

present in native mucins, we next created a series of semi-synthetic constructs. 

We fused the O-glycan rich domains from Muc1 and Podxl to a fully synthetic 
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membrane proximal region, cytoplasmic domain, and transmembrane domain 

(Mercanti et al., 2010) (SynMuc1 and SynPodxl; Fig. 2.2A, B). We designated 

these semi-synthetic glycoproteins as SynMucins. All constructs were 

expressed efficiently through our transposon-based system and modified the 

O-glycan content of the cell surface accordingly (Fig. 2.2C, D).  

We also developed a modular strategy for generating SynMucins of 

varying length. We introduced Bsu36I restrictions sites that would serve as 

handles for removal or addition of O-glycan rich blocks in our SynPodxl 

construct. We validated this approach by generating synthetic mucins with O-

linked glycosylation domains of 4/3 and 2/3 the length of native Podxl (Fig. 

2.3A). In principle, this approach could be adopted to generate constructs of 

increasingly large size. Lectin blots confirmed the expression of O-rich 

glycoproteins of varying size by our 2/3, 1/1, and 4/3 length SynPodxl constructs 

(Fig. 2.3B). Notably, lectin binding to the 2/3 mutant is decreased compared to 

1/1 and 4/3 lengths indicating an expected decrease in O-glycosylation due to 

the decrease in glycosylation sites on the protein. Immunoblot analysis with an 

anti-Podxl antibody verified expression of the higher molecular weight 4/3 

SynPodxl while the 2/3 length glycoprotein was not detected by immunoblot, 

likely due to the inadvertent deletion of the antibody recognition motif in this 

construct (Fig. 2.S1). Together, our library of constructs and expression systems 

provide a toolkit for expression of structural glycoproteins of varying size and 

density on the cell surface. 
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Figure 2.2  Genetically encoded glycoproteins for glycocalyx editing. A, 
Schematic representation of the components and features of the native and 
engineered glycoproteins used in this study. S  signal sequence; VNTR  
variable number tandem repeat; SEA  sea-urchin sperm protein, enterokinase 
and agrin domain; TM  transmembrane; CT  cytoplasmic tail; FP  fluorescent 
protein; TM21  synthetic transmembrane domain, 21 amino acids; ED  O-
glycosylation rich ecto-domain region. B, Cartoon illustration of the 
approximate relative size and features of various engineered glycoproteins. C, 
Immunoblot (left) and lectin blot (center) showing the molecular weights and 
expression levels of Muc1 mutants in mammary epithelial cells (MECs) stably 
expressing the indicated gene, n=3. -
Muc1 antibody binding in cells expressing each of the engineered mutants 
compared to knockdown (shRNA) and w.t. cells, >50,000 cells measured per 
condition. D, Immunoblot (left) showing the relative size and expression level 
of Podxl mutants in stable MEC cell lines, n=3. Flow cytometry histograms 
(rig -Podxl antibody binding in the same cell lines, >50,000 cells 
measured per condition.  
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Figure 2.3  Glycoproteins of tunable length. A, Schematic illustration of the 
restriction sites introduced via mutation (*), reassembly fragments, and relative 
lengths of the engineered SynPodxl variants. B, Lectin blot (left) of the relative 
O-glycosylation level of each mutant transiently expressed in HEK293T cells 
and an increased exposure time of same lectin blot (right), n=2.  

 

2.3.3 Altering the chemical and physical environment at the cell surface 

 We next tested the ability of our toolkit to modify the chemical 

composition and physical structure of the cell surface. Our model cell line was 

the nontransformed mammary epithelial cell (MEC) line, MCF10A, which has 

low endogenous Muc1 and undetectable Podxl expression. We found that the 

MCF10A cell line has low overall levels of cell-surface O-glycans, making it an 
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ideal system for rational and directed assembly of an O-glycan rich glycocalyx 

(Fig. 2.4A, B). We first demonstrated an ability of our mutant and semi-synthetic 

mucins to alter the chemical environment of the cell surface (Fig. 2.4A, B). We 

observed significantly increased levels of O-glycans on the surface of cells 

expressing our mutant and semi-synthetic mucins compared to control 

MCF10A and Muc1-knockdown cells (Muc1 shRNA). We did not detect 

changes in N-glycosylation or sialic acids by our mucin constructs as detected 

by lectins (Fig. 2.4B).  

We also tested the performance of our genetic tools in modifying the 

physical structure of the cellular glycocalyx. We used Scanning Angle 

Interference Microscopy (SAIM) (Paszek et al., 2012), a fluorescence localization 

technique with 5  10 nm axial precision, to map changes in the plasma 

membrane topography and glycocalyx thickness following expression of our 

mutant and synthetic constructs (Fig. 2.4C, D). We made all measurements on 

cells that were adhered to silicon substrates absorbed with fibronectin. Muc1 

knockdown MECs had an average ventral membrane height of 30.3 nm (s.d. 

plasma membrane and the substrate by an average of 120 nm (150.3 nm, s.d. 

15.9) in comparison. 

change of 87 nm (117.3 nm, s.d. 13.1) compared to the knockdown cells, as 

expected based on the lower molecular weight of Podxl versus Muc1. Notably, 

the SynMuc1 and SynPodxl constructs significantly expanded the glycocalyx 

(156.6, s.d. 6.12 and 119.6, s.d. 13.9 nm, respectively). Together, these results 

confirm the utility of our toolkit in editing both the chemical composition and 

physical structure of the glycocalyx. 
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Figure 2.4  Engineering the chemical and physical properties of the 
glycocalyx. A, Confocal images of Muc1 (left), O-glycan (center left) and sialic 
acid (center right) showing cell surface localization in control and stably 
expressing MECs for each of the engineered Muc1 cell lines used (scale bar 25 

. B, Representative flow cytometry histograms showing cell surface O 
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and N-glycan and sialic a
mutants, >20,000 cells measured per condition, n=3. C, Representative 
fluorescence maximum intensity projections of SAIM image sequences (top left, 
second row, scale bar 10 µm) and membrane height reconstructions (top right, 
scale bar 10 µm, bottom row, scale bar 5 µm) of the ROIs boxed in red. D, 
Average membrane height from 2k pixels in each of 5 cells per condition. Boxes 
correspond to s.d. and whiskers to extrema. Asterisks indicate statistical 
comparison of each mutant-expressing cell line to shRNA Muc1 expressing 
cells. * p<0.05; ** p<0.01, *** p<0.001 (one-way ANOVA). 

 

2.3.4 A thick and dense glycocalyx can trigger cellular detachment from the 

matrix 

Using our toolkit, we generated cellular models to investigate the 

consequence of a thick, O-glycan rich glycocalyx on cellular behaviors. This 

glycocalyx is typical of many cancer cells, including highly aggressive cancers 

presenting with circulating tumor cells (Paszek et al., 2014). We first tested the 

implications of dense and thick glycocalyx on cellular adhesion to an ECM. Our 

analysis focused on our Muc1 mutant construct, which is the largest of our 

engineered glycoproteins. Notably, we found that a thick and dense glycocalyx 

could trigger complete cellular detachment from the ECM (Fig. 2.5A, B). In live-

cell time-course experiments that tracked morphological changes dynamically 

following doxycycline induction, we observed a transition from a classical 

cuboidal cell phenotype to a more rounded morphology, and finally to a 

completely detached state, where cells float as spheres above the ECM substrate 

(Fig. 2.5B).  

The fraction of detached cells correlated with Muc1 surface expression, 

strongly suggesting that detachment was a consequence of high mucin surface 

densities (Fig. 2.5C). Indeed, the kinetics of cellular detachment during the first 

24 hours after doxycycline addition roughly matched the temporal increase in 
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mucin protein expression levels (Fig. 2.5D). We continued to see an increase in 

the detached cell fraction after 24 hours, the time at which maximal protein 

expression was obtained (Fig. 2.5D). Unexpectedly, we discovered that the 

majority of the detached cells were viable 24 and 48 hours after induction (Fig. 

2.5E). Based on these observations, we hypothesized that the thick, O-glycan 

rich glycocalyx enhanced cell survival in poorly adhesive conditions. 

 

 
 
Figure 2.5  Expression of a bulky glycocalyx inhibits cellular adhesion. A, 
Representative phase-
uninduced and induced for 24 hours (scale bar 100 µm). B, Representative 

T moxGFP 4, 12, and 20 
hours post-induction (scale bar 100 µm), n=2. C, Ratio of detached MECs to 

moxGFP fluorescence intensity, n=2. D, Concentration of live, detached MECs 
expressing -induction, quantified by flow 
cytometry with live/dead cell stain, n=3. E, Percentage of live cells in total 
detached population at various time points after induction quantified by flow 
cytometry with live/dead cell stain, n=3. All error bars are s.d. 

 

2.3.5 The glycocalyx prolongs cellular survival in suspension 
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Given the surprising ability of cells with a prominent glycocalyx to 

survive in anchorage-free conditions, we investigated the survival and 

proliferation of these cells in suspension culture over longer timeframes. We 

envisioned these studies would provide a basic model of circulating tumor cells, 

which frequently have a thick O-glycan rich glycocalyx and survive, suspended 

in circulation during dissemination (Paszek et al., 2014). We observed that 

MECs engineered to have a thick and dense glycocalyx live approximately four 

times longer in suspension than control cells (Fig. 2.6A). The viability of control 

and engineered cells in suspension was well modeled by an exponential decay 

with a single decay constant, the half-life. We found that the half-life for MECs 

with an engineered glycocalyx is 3.12 days (1.96 to 6.51, 95% CI) compared to 

control MECs, which have a half-life of 0.797 days (0.623 to 1.03, 95% CI). We 

next tested whether this survival phenotype could be attributed to increased 

receptor tyrosine kinase (RTK) signaling. In a screen of 28 RTKs and 11 

signaling nodes, no apparent differences in phosphorylation were observed 

when comparing engineered and control MECs grown in suspension for 24 

hours (Fig. 2.2 and 2.6B). Furthermore, inhibition of MAPK signaling with the 

inhibitor U-0126 did not significantly change the decay constant for survival in 

engineered MECs, suggesting the promotion of survival by the glycocalyx was 

independent of MAPK (Fig. 2.6C).  

We next assayed whether cells in suspension were actively proliferating. 

We confirmed that our engineered cells still required anchorage to a solid 

substrate for proliferation (Fig. 2.6D). Using time-lapse imaging and single cell 

tracking, we determined that the engineered cells proliferate while in an 

anchored state, but frequently detach from the matrix following division (Fig. 

2.6E). 
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morphology but did not fully detach from the substrate. At the moment of 

division, however, one or both daughter cells would often lose attachment. 

Taken together these results indicate that high levels of cell-surface mucins can 

trigger a switch from an adhesion-dependent phenotype to an adhesion-free 

phenotype with enhanced viability.  

 

 
 
Figure 2.6  Expression of a bulky glycocalyx enhances cell survival in 
suspension. A, Percentage live cells as a function of time for MECs growing in 
suspension culture, n=3. The solid curves represent a single exponential decay 
fit . B, Receptor tyrosine kinase signaling screen 
for MECs grown in suspension in full serum for 24 hours, n=2. Visible signal 
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from positive controls. See Supplementary Fig. 2.1 for full details. C, Percent 

inhibitor U-0126 or DMSO control, n=2. D, Representative flow cytometry 
histogram showing incorporation of EdU into MECs under adherent or in 
suspension culture conditions, >100,000 cells measured per condition, n=2. 
Percentage indicates the fraction of cells with signal > 104 (gray line) after 
background subtraction. E, Epifluorescence images of an MEC undergoing 

. Following 
separation, one of the new cells retains attachment to the substrate (white 
arrow) while the other detaches and drifts out of frame (red arrow) (scale bar 
50 µm). All error bars are s.d. 

 

2.3.6 Cells with a thick glycocalyx dynamically attach to the aatrix for 

proliferation 

We next considered two possible mechanisms for how cells with a thick 

glycocalyx might proliferate: (1) that upon division, the majority of glycocalyx 

was transferred to a single daughter cell, leading to a split population of 

adherent and detached cells, or (2) that previously detached cells could regain 

attachment to divide. We reasoned that if the detached cells were in fact 

receiving the majority of the glycocalyx bulk such that they were unable to 

retain substrate adhesion they would also be unable to re-establish substrate 

anchorage, and the initially detached population would remain in the detached 

state, whereas the initially adherent population would continue to produce 

detached cells. On the other hand, if cells were able to reattach, both the initially 

attached and initially detached populations would proceed toward an 

equilibrium point. To prevent artifacts due to matrix modification over the 

course of the experiment or cell-cell interactions that may be involved in 

expressing MECs, one with constitutive cytoplasmic EGFP and a second with 
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cytoplasmic mCherry. Twenty-

expression, the supernatant of each culture containing detached cells was 

exchanged, giving mixed cultures of mCherry and EGFP cells, allowing us to 

track the progress of both starting conditions in a single experiment. 

In these experiments a variety of behaviors were observed, including 

temporary reattachment of floating cells or reattachment then division leading 

to detachment of a single daughter cell (Fig. 2.7A, rows 1 and 2). Another 

frequent occurrence was the temporary detachment of one or both daughter 

cells following division (Fig. 2.7A, row 3). Most interestingly, however, floating 

cells were also observed to temporarily attach to the substrate, divide, then 

detach again (Fig. 2.7A, row 4). In the case of the initially attached condition we 

observed a monotonically increasing ratio of floating to adherent cell 

populations over the 28 hours following exchange, suggesting that the 

dynamically adherent subpopulation continuously generated suspended 

daughter cells (Fig. 2.7B). On the other hand, the initially detached population 

reached an equilibrium within 10 hours of exchange as demonstrated by the 

constant population ratio (Fig. 2.7C). Similar results were observed for both 

starting conditions in the mCherry and EGFP cell lines leading to mixed 

populations in both states, indicating that the transfer was bidirectional for 

either starting condition (Fig. 2.7D). These results show that cells cycle between 

the substrate attached and free-floating states with individual cells occupying 

both as a function of cell cycle. 
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Figure 2.7  Cellular division is associated with adhesion. A, Live cell time-
course images of a detached cell reattaching to the substrate (top), a division 
event wherein one of the new cells detaches from the substrate (top center, 
white arrow), a division event wherein a new cell briefly detaches then 
reattaches to the substrate (bottom center, white arrow) and a detached cell 
attaches to the substrate, divides, then one of the new cells detaches (bottom, 
white arrow) (scale bars 50 µm). B, Ratio of detached, floating cells to adherent 
as a function of time in an i . 
C, Same measurement as B for an initially detached population. Error bars in B 
and C represent one s.d., n=3 for both conditions. D, Epifluorescence image of 

nd either cytoplasmic 
EGFP (green, initially detached) or mCherry (magenta, initially attached) 
demonstrating the exchange of states occurs in both directions (scale bar 100 
µm). 

 

 

 



29 

2.4 CONCLUSION  

We developed a library of mutant and semi-synthetic constructs for 

expressing heavily O-glycosylated proteins of varying size. Combined with a 

system for temporal control over expression levels, our systems constitute a 

genetically encoded toolbox for engineering the cellular glycocalyx. We 

anticipate that our technology for glycocalyx editing will open new avenues of 

research previously inaccessible, including more precise modeling of the 

cancer-specific glycocalyx for in vitro and in vivo studies. Indeed, the temporal 

control and stable expression that our systems afford enable dynamic tuning of 

the glycocalyx in organoids, as well as syngeneic and xenogeneic mouse 

models. 

the glycocalyx, including glycan content, glycoprotein size distribution, and 

glycoprotein surface density.  

An important contribution by this work is the design and validation of a 

series of semi-synthetic mucins. While cell-surface mucins have a dominant 

structural function in the cancer cell glycocalyx, they also have strong 

biochemical activities mediated by their cytoplasmic and membrane proximal 

domains (Carraway et al., 2003). Our semi-synthetic mucins, SynMuc1 and 

SynPodxl, fuse the O-glycan rich structural elements of mucins to fully 

synthetic membrane proximal, transmembrane, and cytoplasmic domains. 

These constructs should enable more reliable physical editing of the glycocalyx 

while minimizing the direct biochemical activity of the expressed 

glycoproteins. We show that our approach for manufacturing synthetic 

glycoproteins is effective in modulating the thickness and biochemical 

properties of the glycocalyx. Future studies could further refine the flexural 

rigidity of individual structural elements. For example, the degree of 
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glycosylation can control the persistence length of mucin biomimetic polymers 

(Kramer et al., 2015) and an analogous strategy to engineer the number of serine 

and threonine glycosylation sites in genetically encoded mucins could be 

conducted. As another example, membrane-proximal regions of native Muc1 

have been shown to play a role in Muc1 trafficking and glycosylation including 

extent of glycosylation and sialyation (Engelmann et al., 2005; Litvinov and 

Hilkens, 1993; Parry et al., 2001). The dependence of glycosylation on trafficking 

may explain the increased under-glycosylated mucin band observed when 

probing the SynMuc1 stable line which lacks native membrane proximal and 

transmembrane domains (Fig. 2.2C). This may also explain the surprising result 

that, while we increase the O-glycan content of the glycocalyx upon expression 

of our various constructs, we do not observe a significant change in sialic acid 

content of the glycocalyx (Fig. 2.4B). Additional rounds of protein engineering 

could also optimize the hinge point between the O-rich glycodomains and our 

synthetic membrane proximal region to control the extent of glycosylation and 

sialyation and to prevent collapse of individual glycoproteins under 

compressive forces. Thus, we envision that future efforts would expand our 

library to provide even more precise control over the physical structure and 

deformability of the glycocalyx.  

Our toolkit overcomes some of the key technical hurdles that have 

historically limited the generation of cell lines with a cancer-specific glycocalyx. 

Foremost, we provide a strategy for generating cells with a thick and dense 

glycocalyx, similar to those of aggressive cancer cells. Based on our observation 

that cells with a thick and dense glycocalyx frequently detach from the 

extracellular matrix substrate, we envision a strong negative pressure would 

quickly select against cells with a prominent glycocalyx in culture. Indeed, 
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many of the existing cancer cell lines have been generated through repeated 

sub-culturing, which would likely select against a thick and less compliant 

glycocalyx that causes cells to detach from the culture vessel. Our inducible 

system solves this problem by enabling temporal control over glycocalyx 

biosynthesis in real-time at the start of experimentation. 

An unexpected observation in our work is the strong induction of 

survival by the glycocalyx for cells in a suspended state. Previous work has 

shown that a thick glycocalyx can support cell survival of anchored cells by 

promoting integrin assembly, signaling, and crosstalk with growth factor 

receptor pathways. Now we show that the glycocalyx can also support survival 

of suspended cells. Importantly, our RTK screen and MAPK inhibitor data 

suggest that this survival mechanism is independent of growth factor receptor 

signaling. The precise mechanism of action for the glycocalyx in this adhesion-

independent survival pathway must be resolved in future studies.  

In summary, our work describes a set of genetic tools for glycocalyx 

engineering and rational construction of a cancer-specific glycocalyx on cell 

lines of interest. Our toolkit provides critical infrastructure for addressing 

unresolved questions in cancer glycobiology, including why CTCs and tumor 

cells from highly aggressive cancers so frequently express large glycoproteins 

at high surface densities.  

 

2.5 MATERIALS AND METHODS 

2.5.1 Antibodies and reagents 

The following antibodies were used: FITC-Human CD227 (Muc1) 

(559774, BD Biosciences), Human CD227 (555925, BD Biosciences) (Muc1), 

Alexa-488-Human Podocalyxin (222328, R&D Systems), Actin (sc1615, Santa 
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Cruz), Goat anti-Mouse IgG-HRP (sc-2005, Santa Cruz), Mouse anti-Goat IgG-

HRP (sc-2354, Santa Cruz). Lectins used were: Biotinylated Peanut Agglutinin 

(PNA; B-1075, Vector Laboratories), CF568 Arachis hypogaea Lectin PNA 

(29061, Biotium), CF640R Arachis hypogaea Lectin PNA (29063, Biotium), 

CF633 Wheat Germ Agglutinin (WGA; 29024, Biotium), and FITC Concanavalin 

A (ConA; FL-1001, Vector Laboratories). Biotinylated lectins were detected 

using ExtrAvidin-Peroxidase (E2886, Sigma). MAPK inhibitor was U-0126 

(70970, Cayman Chemical). To induce transactivator cell lines, doxycycline was 

used (sc-204734, Santa Cruz).  

2.5.2 Cloning and constructs 

Full details on cloning and assembly of lentiviral, piggybac, and 

transient expression vectors with SynMucins is given in the Supporting Text. 

2.5.3 Cell lines and culture 

MCF10A and HEK293T cells were obtained from ATCC. MCF10A cells 

were cultured in DMEM/F12 media supplemented with 5% horse serum, 20 

cholera toxin. HEK293T cells were cultured in DMEM high glucose 

supplemented with 10% fetal bovine serum. Cells were maintained at 37oC, 5% 

CO2, and 90% RH. MCF10A shRNA Muc1 cells were prepared by lentiviral 

transformation using Muc1 shRNA pLKO.1. MCF10A rtTA stable line was 

prepared by lentiviral transformation using pLV rtTA-NeoR plasmid as 

previously described (Paszek et al., 2012, 2014). Cells were further modified 

with the transposon system to create stable lines 

. 

These stable lines were generated using Nucleofection Kit V (Lonza) and 

HyPBase, an expression plasmid for a hyperactive version of the PiggyBac 
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transposase (Yusa et al., 2011) (kindly provided by Dr. Alan Bradley, Welcome 

Trust Sanger Institute, UK). 

SynMuc1 were sorted for expression using the FITC-Human CD227 antibody. 

were generated by further lentiviral modification of MCF10A rtTA Mu

cells with pLenti EGFP (Addgene plasmid #17446(Campeau et al., 2009)) and 

pCDH mCherry, respectively. line was created 

by lentiviral transformation of the MCF10A rtTA cell line using a pLV tetOn 

. HEK293T cells were transiently transfected using a calcium 

phosphate transfection protocol with pMAX GFP, pcDNA3.1(+) 2/3 SynPodxl, 

pcDNA3.1(+) 1/1 SynPodxl, and pcDNA3.1(+) 4/3 SynPodxl plasmids.  

2.5.4 Immunoblot analysis 

Cells were plated at 20,000 cells/cm2 and grown for 24 hours. Cells were 

-

Triton lysis buffer (Abcam). Any detached cells were included in lysates. 

Lysates were separated on Nupage 4-12% Bis-Tris gels and transferred to PVDF 

membranes. Membranes were blocked with 3% BSA TBST solutions for 2 hours 

at room temperature or overnight at 4oC. Primary antibodies were diluted 

hours at room temperature or overnight at 4oC. Secondary antibodies or 

ExtrAvidin were diluted 1:2000 in 3% BSA TBST and incubated for 2 hours at 

room temperature. Blots were developed in Clarity ECL (BioRad) substrate, 

imaged on a ChemiDoc (BioRad) documentation system, and quantified in Fiji 

(Schindelin et al., 2012). 

2.5.5 Flow cytometry 

Cells were plated at 20,000 cells/cm2 and grown for 24 hours. Cells were 
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then induced with 0.2 . Adherent cells were 

nonezymatically detached by incubating with 1 mM EGTA in PBS at 37oC for 

20 min and added to the population of floating cells, if present. Antibodies were 

L in 0.5% BSA PBS and 

incubated with cells at 4oC for 30 min. The BD Accuri C6 flow cytometer was 

used for analysis. For doxycycline-

expressing cells were plated and induced similarly with varying concentrations 

of doxycycline (0, 1, 5, 10, 25, 50, 75, 100, 200, 350, 500, 1000 ng/mL). Cells were 

nonenzymatically detached as described above, fixed with 4% 

paraformaldehyde, and GFP signal was analyzed on the BD Accuri C6 flow 

cytometer. Median GFP signal is reported.  

2.5.6 Confocal microscopy 

Cells were plated at 5,000 cells/cm2 and grown for 24 hours and 

fixed with 4% paraformaldehyde. Samples were blocked with 5% normal goat 

serum PBS for 1 hour at room temperature. Antibodies were diluted 1:200 in 5% 

normal goat serum PBS and incubated overnight at 4oC. Lectins were diluted to 

temperature. Samples were imaged on a Zeiss LSM inverted 880 confocal 

microscope using a 40x water immersion objective. 

2.5.7 Cell detachment time-course 

Cells were plated at 20,000 cells/cm2 and grown for 24 hours. All media 

was changed to remove any detached cells at this time. Cells were induced by 

. 

Detached cells were collected, stained with Sytox-Green (Thermo), and 

analyzed with a BD Accuri C6 flow cytometer. 
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2.5.8 Suspension cultures 

Cells were grown and induced wi

using adherent cell culture technique. Cells were then detached with 0.05% 

trypsin EDTA (Thermo) and resuspended at 375,000 cells/mL. Cells were grown 

in suspension using a cell-culture magnetic stirrer at 100 rpm, 37oC, 5% CO2, 

90% RH. Every 24 hours, a small sample was drawn and cells were counted 

with a hemocytometer using Trypan Blue (Thermo) to differentiate live and 

dead cells. 

added when cells were transferred to suspension. 

2.5.9 RTK screen 

Cells were grown in suspension or adherent populations and induced 

for 24 hours. Cells were then lysed per previous discussion with the addition of 

sodium fluoride and sodium orthovanadate to the lysis buffer. The PathScan 

RTK Signaling Antibody Array Kit (7982, Cell Signaling) protocol was used to 

complete the assay using 0.5 mg/mL of each lysate. 

2.5.10 EdU proliferation assay 

Click-iT Plus EdU Alexa Fluor 594 Flow Cytometry Assay Kit (Thermo) 

was used. Cells were grown in suspension for 22 hours as described above 

. Adherent cells were plated 

at 20,000 cells/cm2 

culture. The procedure was completed per the assay kit manual, and samples 

were analyzed on a BD Accuri C6 flow cytometer. 

2.5.10 Scanning angle interference microscopy 

Silicon wafers with 1900 nm thermal oxide were purchased from 

Addison Engineering and diced into 1 cm2 chips, cleaned in 5 M NaOH, rinsed 

extensively with deionized water then oxygen plasma cleaned for 60 s before 
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coating with 50 ug/mL human plasma fibronectin (Millipore) for 2 hours at 

37°C. Cells were seeded onto the prepared substrates at 5,000 cells/cm2 and 

cultured for 24 hours before the addition of doxycycline, cultured for an 

additional 24 hours then fixed in 4% paraformaldehyde at 37° C for 15 min. 

Following fixation samples were rinsed extensively in PBS, then stained with 1 

µg/mL DiI-DS (ThermoFisher) for 1 hour at RT. Samples were imaged with a 

custom SAIM microscope based on a Nikon Ti-E body with ultra-stage and 

focus lock (FocalPoint) with a 560 nm excitation laser (MFB). Experiments were 

automated with a home-made microscope controller and galvanometer 

scanning mirror (Cambridge Technology), and images were acquired over a 

series of 62 angles from 0 to 36.7° with a 60x NA 1.2 water immersion objective 

(Nikon) on a sCMOS camera (Zyla 4.2, Andor) controlled with µManager 

software (Open Imaging)(Edelstein et al., 2014). Image sequences were fit pixel-

wise in a least-squares sense according to the SAIM optical model (Paszek et al., 

2012) with a custom software application (source code available upon request) 

and the resulting reconstructions were post-processed using Fiji. For each 

condition 2-4 independent samples were imaged. Due to variability in label 

density and the effects of dye aggregates in many cells only a small portion of 

the membrane provided an adequate reconstruction. Cells with globally low 

residuals and continuous 40x50 (2k total) pixel regions in the reconstructions 

were selected from the pooled samples after reconstruction. A rectangular box 

of 40x50 pixels was drawn directly under the cell body, as the region on the 

periphery is prone to artifacts in reconstruction owing to the membrane being 

oriented roughly orthogonal to the optical axis or close proximity between the 

ventral and apical membranes. The pixels heights within these boxes were used 

for quantification of membrane height. 
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2.5.11 In-incubator microscope 

Live cell time-course imaging was carried out on a custom-built 

microscope designed to operate in a standard cell culture incubator. The 

microscope consists of a mechanical XY stage, with separate focus drive and 

filter wheel controlled by a central hub (ASI Tiger) and operated through 

µManager control software(Edelstein et al., 2014). Excitation by LED sources 

(ThorLabs) was controlled by an Arduino board through µManager. A Nikon 

10x NA 0.50 CFI S Fluor objective was used to image onto a CMOS camera 

(PointGrey). Full details on microscope design are available upon request. 

2.5.12 Live-cell time course imaging 

Glass bottom cell culture plates (Cellvis) were oxygen plasma cleaned 

for 60 s then coated with 50 ug/mL human plasma fibronectin for 2 hours at 37° 

C. Cells were seeded at 5,000 cells/cm2 and cultured for 24 hours prior to the 

addition of doxycycline. Following induction, the sample was placed on the in-

incubator microscope and allowed to equilibrate for 4 hours. Images were then 

acquired for 20 hours at multiple positions in 2 different wells for induction 

time-course series. For adhesion/detachment studies cells were initially imaged 

for 24 hours following induction, then the plate removed and supernatant 

swapped between each of 3 wells of EGFP and mCherry cell lines. The plate 

was then replaced and imaging continued for an additional 33 hours. Images 

were analyzed with custom analysis software written by the authors and 

available upon request. Briefly, in each frame circular cells and all cells are 

identified, then a mean intensity calculated for all cells in the frame. The number 

of adherent cells is then inferred as the difference between circular and total 

cells.  

2.5.13 Statistics 
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t test, two-tailed, or 

ordinary one-way ANOVA as appropriate. Statistical analysis was performed 

using Prism (GraphPad). 

 

2.6 ACKNOWLEDGEMENTS 

We thank V. Weaver for the lentiviral and transposon plasmids, as well 

as helpful discussions. This investigation was supported by the National 

Institute of General Medical Sciences Ruth L. Kirschstein National Research 

Service Award 2T32GM008267 (C.R.S, M.J.C.), Knight Family Foundation 

Graduate Research Fellowship in Nanoscience and Technology (C.R.S), Samuel 

C. Fleming Family Graduate Fellowship (C.R.S), National Science Foundation 

Graduate Research Fellowship DGE-1650441 (M.J.C.), Canadian Institutes of 

Health Research (F.K.), National Institute of Health New Innovator DP2 

GM229133 (M.J.P), and National Cancer Institute U54 CA210184 (M.J.P) and 

R33-CA193043 (M.J.P). Confocal imaging was supported through the Cornell 

University Biotechnology Resource Center (BRC) Imaging Facility (NIH 

S10OD018516). 

2.6.1 Complete author list 

Carolyn R. Shurer , Marshall J. Colville , Vivek K. Gupta, Shelby E. Head, 

FuiBoon Kai, Jonathon N. Lakins, and Matthew J. Paszek 

These authors contributed equally to this work. 

2.6.2 Author contributions 

All authors contributed to the design of the studies and the preparation 

of the manuscript. C.R.S., M.J.C., S.E.H., F.K., and J.N.L. prepared the cDNA 

vectors. C.R.S. prepared stable cell lines and performed Western and lectin blot, 

flow cytometry, live-cell microscopy, RTK screen, and EdU analysis. M.J.C. 



39 

performed SAIM experiments and time-course microscopy image analysis. 

S.E.H. performed suspension cell culture experiments. 

2.6.3 Competing interests 

Authors declare no competing interests.  

 

2.7 SUPPORTING FIGURES  
 

 
Figure 2.S1  Immunoblot. Immunoblot showing the relative molecular weight 
of each of the Podxl mutants expressed transiently in HEK293T cells, n=2. Not 
that the 2/3 length Podxl is not detected by the anti-Podxl antibody due to 
deletion of the recognition domain during cloning. 
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Figure 2.S2  RTK screen. A, Full array image of PathScan RTK antibody slide. 
Induced cells were grown for 24 hours in either adherent or suspension 
conditions before being lysed and analyzed per the kit protocol. B, Schematic 
of RTK array slide. C, Key for schematic of RTK array slide. 

 

2.8 SUPPORTING TEXT 

2.10.1 Cloning and constructs 

Muc1 CT was inserted into a second-generation lentiviral vector with a 

doxycycline inducible promoter and puromycin resistance cassette as 

previously described (Paszek et al., 2014). A lentiviral vector for stable, shRNA-

mediated knockdown of Muc1 was constructed by inserting the shRNA 

sequence 5'- CCG GGA CAC AGT TCA ATC AGT ATA ACT CGA GTT ATA 
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CTG ATT GAA CTG TGT CTT TTT G - . 

The inducible PiggyBac transposon vector pPB tetOn was created first by PCR 

provided by Dr. Alan Bradley, Welcome Trust Sanger Institute, UK) into a 

minimal backbone for bacterial propagation and selection consisting of 

ampicillin resistance gene and ColE1 origin of replication PCR amplified from 

pBluescriptII KS+ (Stratagene). Between ITRs a puromycin resistance 

expression cassette consisting of SV40 promoter puromycin acetyltransferase 

gene and SV40 polyadenylation sequence was then inserted back to back with 

a Tet regulatable expression cassette consisting of hybrid hepatamerized Tet 

operator minimal CMV promoter, chimeric -

globulin, and immunoglobulin heavy chain introns, multiple cloning site (MCS) 

and polyadenylation sequence from bovine growth hormone. To clone Muc1 

-terminus (fragment A) was amplified with 

- ACT ACT ACT AGT ACC ATG ACA CCG 

GGC ACC CAG T - - ACT ACT AGA TCT GGT CGT 

CGT CAT CCT TGT AAT CAG CA - -Muc1 construct as the 

template (kindly provided by Sandra Gendler). The central sequence of Muc1 

harboring tandem repeats (fragment B) was excised from the same construct 

using BglII and ApaLI. The C-

- ACT ACT GTG CAC AAC GGC ACC TCT 

GCC AGG GCT - se primer that introduced a stop codon 

- ACT ACT GAA 

TTC CTA GCA CTG ACA GAC AGC CAA GGC AAT -

and C were digested with SpeI/BglII, BglII/ApaLI, and ApaLI/EcoRI, 

respectively. These three fragments were subsequently cloned into SpeI/EcoRI-
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digested transposon vector. pPB tetOn SynMuc1 was prepared by inserting the 

- TCA GGC ATA CTT TAT TGG CGA AAC CCA ACG GAA 

AGT GAT AGC ATC GTT TTG GCA ATT ATC GTC CCC AGT CTG CTC CTC 

TTG CTC TGC CTG GCT TTG TTG TGG TAC ATG CGC CGA CGA AGT ATG 

TAG GG - . pPB tetOn 

Muc1 CT moxGFP was prepared by PCR of the moxGFP gene, Addgene 

plasmid #68070 (Costantini et al., 2015), - GGC ACC 

ATG GCA TGG TGT CCA AGG GCG AGG AGC TGT -

- GGC ACC ATG GGC CTT GTA CAG CTC GTC CAT GCC GTG A -

-directional insertion into the NcoI site of pPB tetOn Muc1 CT. 

For creation of pPB tetOn Podxl, the human Podxl cDNA (clone ID 

9051823, Dharmacon) was amplified via PCR with forward and reverse primers 

- GGC AGG ATC CAC GAC ACG ATG CGC TGC GCG CT - - GGC 

AGA ATT CCT AGA GGT GTG TGT CTT CCT CCT C - . The PCR product 

was subsequently inserted into the BamHI and EcoRI sites of pPB tetOn. pPB 

t

- GGC AGG ATC CAT GCG CTG CGC GCT GGC GCT CTC G - - CCG 

TCC TGA GGT TAG AGG CGC TGG TGG CAG CAG CCA TAG AGG -

insertion into the pPB tetOn vector as before. SynPodxl was created by 

amplification of the O-glycosylation rich ecto-domain from full-length human 

- GGC AGG ATC CAT GCG CTG CGC GCT 

GGC GCT CTC G - - CCG TCC TGA GGT TAG CAT GCT GAA GCG 

GTC CTC GGC C -

Bsu36I restriction sites. Following restriction digest, the ectodomain was ligated 

with the synthetic membrane proximal domain and 21-amino acid 

transmembrane domain into the pPB tetOn vector. 
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were subcloned into the BamHI and EcoRI sites of pcDNA3.1(+) vector for 

transient expression and further cloning. 

Modular SynPodxl constructs were generated by introducing Bsu36I 

restriction sites between residues T40D41 and A179E180 (relative locations at 

the end of the signal peptide and 1/3 through the O-glycosylation rich region) 

by site- - 

CCT AAG GAC TCA TCT AAC AAA ACA GC - - CGT AGT AGT 

CTG GGT TGC - - CCT AAG GAA CAT CTG ACG ACC 

CCT - - TGC CTT AGT GGA TGT GAG - . One mutant was 

generated for each new restriction site, and the resulting plasmids as well as 

pcDNA3.1(+) SynPodxl were digested with Bsu36I and BamHI to yield 2 

fragments from each mutant and the vector with transmembrane sequence from 

SynPodxl. 2/3 SynPodxl was constructed by ligation of the 129 bp fragment 

from T40D41 and 865 bp fragment from A179E180 into the vector. 4/3 SynPodxl 

was constructed in the same manner from the 537 bp fragment from A179E180 

and 1.3 kbp fragment from T40D41. 

 

  



44 

CHAPTER 3 

STABLE RECOMBINANT PRODUCTION OF CODON-SCRAMBLED 

LUBRICIN AND MUCIN IN HUMAN CELLS1,2 

3.1 ABSTRACT  

Widespread therapeutic and commercial interest in recombinant mucin 

technology has emerged due to the unique ability of mucin glycoproteins to 

hydrate, protect, and lubricate biological surfaces. However, recombinant 

production of the large, highly repetitive domains that are characteristic of 

mucins remains a challenge in bio-manufacturing likely due, at least in part, to 

the inherent instability of DNA repeats in the cellular genome. To overcome this 

challenge, we exploit codon redundancy to encode desired mucin polypeptides 

with minimal nucleotide repetition. The codon-scrambling strategy was 

applie

commercial interest: lubricin and Muc1. Stable, long-term recombinant 

production in suspension-adapted human 293-F cells was demonstrated for the 

synonymous lubricin cDNA, which we refer to as SynLubricin. Under optimal 

conditions, a 293-F sub-population produced recombinant SynLubricin at more 

than 200 mg/L of media and was stable throughout two months of continuous 

culture. Functionality tests confirmed that the recombinant lubricin could 

effectively inhibit cell adhesion and lubricate cartilage explants. Together, our 

work provides a viable workflow for cDNA design and stable mucin 

1This work was originally published in Biotechnology and Bioengineering and has been 
reproduced here under the author use and publication permission policy of Wiley. Shurer, C.R., 
Wang, Y., Feeney, E., Head, S.E., Zhang, V.X., Su, J., Cheng, Z., Stark, M.A., Bonassar, L.J., 
Reesink, H.L., and Paszek, M.J. (2019) Stable recombinant production of codon-scrambled 
lubricin and mucin in human cells. Biotechnology and Bioengineering. 
https://doi.org/10.1002/bit.26940 
 

2C.R.S. produced and analyzed recombinant SynMuc1, analyzed protein expression time-
course and effects of VPA, and optimized purification of recombinant proteins. See sections 
3.6.1 and 3.6.2 for a complete author list and specific author contributions. 
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production in mammalian host production systems.  

 

3.2 INTRODUCTION 

Mucins are membrane-bound or secreted glycoproteins containing a 

variable number of tandem repeats that are defined by their densely clustered 

sites for O-glycosylation (Hang and Bertozzi, 2005). This extensive 

glycosylation gives rise to a bottlebrush molecular structure that confers mucins 

with remarkable physical properties (Kuo et al., 2018). Mucins at biological 

interfaces can coordinate with water molecules to form hydrated layers that 

protect delicate cellular or tissue structures, deter biofouling, and resist 

pathological cellular deposition (Hattrup and Gendler, 2008). For instance, 

transmembrane mucins such as Muc1 and Muc16 are densely grafted on the 

ocular surface, where they maintain hydration, resist abrasion, and provide a 

selective barrier to macromolecules (Gipson et al., 2014; Mauris and Argüeso, 

2012) Similarly, the secreted mucin-like glycoprotein called proteoglycan 4 

(PRG4), or lubricin, can bind to cells and tissue interfaces, including the 

articular cartilage and ocular surfaces, enabling low friction lubrication and 

protection from pathological cellular deposition and biofouling (Rhee et al., 

2005; Schmidt et al., 2013).  

Alterations in mucin expression and glycosylation are observed in 

various pathological conditions, ranging from cancer and inflammatory bowel 

disease to ocular disease (Dhanisha et al., 2018). Patients with genetic mutations 

that preclude functional lubricin synthesis demonstrate symptoms of 

Camptodactyly-Arthropathy-Coxa Vara-Pericarditis (CACP) syndrome, 

including early-onset polyarthropathy as a result of pannus formation and 

impaired joint lubrication (Bahabri et al., 1998; Marcelino et al., 1999). Decreased 
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synovial fluid lubricin concentrations have also been observed in patients with 

anterior cruciate ligament injury, osteoarthritis, and rheumatoid arthritis 

(Elsaid et al., 2008; Kosinska et al., 2015). As such, there has been significant 

interest in the development of recombinant lubricin and other mucins as 

injectable therapeutics for osteoarthritis and rheumatic diseases  (Le 

Graverand-Gastineau, 2010) and as topical treatments for chronic dry eye and 

other conditions that require application of exogenous lubricants (Schmidt et 

al., 2013).  

Despite this commercial interest, recombinant production has proven 

challenging for Muc1, lubricin, and other mucins that contain a high number of 

tandem repeats. Although highly productive clones of Chinese Hamster Ovary 

(CHO) cells have been isolated for a truncated Muc1 with approximately 1/3 of 

its native tandem repeats, similar attempts to isolate clones for full-length 

recombinant Muc1 have failed (Backstrom et al., 2003). Likewise, stable clones 

for recombinant lubricin with the complete 76-78 native tandem repeats 

produced the glycoprotein at low levels (Jones et al., 2007), but a modified 

recombinant lubricin protein construct (LUB:1), which contained only 1/3 of the 

tandem repeats, was more amenable to large scale production (Flannery et al., 

2009). More recently, the production of full-length recombinant human lubricin 

expressed in suspension-adapted CHO cells has been reported and has 

demonstrated potential as an ocular lubricant for treating dry eye disease or 

hydrating contact lenses (Samsom et al., 2014). The precise details of how 

recombinant production was achieved for the full-length lubricin remain 

proprietary, and at the current time, no published strategy for large-scale 

lubricin production is available. 

The exact biology that underlies the difficulty of producing mucins at 
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high levels remains unclear. However, long, repetitive DNA sequences, such as 

those common in the cDNAs of mucin tandem repeats, are relatively unstable 

in the cellular genome (Pearson et al., 2005). The fidelity of nearly all DNA 

processing steps can be compromised by slippage and other errors linked to 

repetitive sequences (López Castel et al., 2010). Consequently, repeats can 

mutate by addition or loss of their unit nucleotide sequence up to 100,000 times 

more frequently than point mutations in non-repetitive regions (Oren et al., 

2016). The variation in tandem repeat numbers for Muc1 and other mucins in 

humans and mammals provides an evolutionary argument that these genomic 

cDNAs are mutational hotspots (Gemayel et al., 2010). Recombination and 

truncation of exogenous Muc1 cDNAs in bacteria have also been reported, 

suggesting a high level of instability for these repetitive sequences in host 

microbial cells, as well (Backstrom et al., 2003). 

Now that advances in custom gene synthesis (CGS) enable fast and cost-

effective synthesis of long cDNAs (Kosuri and Church, 2014), a new possibility 

for improved genomic stability of mucins would be to exploit codon 

redundancy to find synonymous gene sequences that are less repetitive but 

encode the same desired polypeptide. Such codon optimization algorithms 

have now been developed and successfully applied for elastin-like proteins and 

some other repetitive protein domains (Tang and Chilkoti, 2016). However, 

optimized synthetic cDNAs have yet to be designed, synthesized and tested for 

bio-manufacturing of large mucins of commercial interest.  

To date, most biologics, including mucins, have been produced in CHO 

cells due to their fast growth, adaptability to suspension culture, and capacity 

for glycosylation and other important post-translational modifications. 

However, CHO cells can generate glycan epitopes that are now suspected to 
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elicit adverse immunological responses in humans (Butler and Spearman, 2014). 

-galactosyltransferases of CHO and other non-primate cells 

produce glycans wit -Gal residues that can be immunogenic to 

humans, apes, and other old- -

galactosyltransferase activity (Bosques et al., 2010; Brooks, 2004). CHO cells also 

can generate Neu5Gc, a terminal sialic acid that is common in most mammalian 

cells but has been lost in humans and primates (Ghaderi et al., 2012). These 

glycans are of particular concern for recombinant mucins, which can consist of 

75% or more carbohydrate by mass and are often highly sialylated (Estrella et 

al., 2010). Recombinant production of the glycoproteins in human cells would 

-Gal and Neu5Gc residues; but, to our knowledge, no 

successful attempts at large-scale mucin production in a human cell host 

production system has been reported. 

Thus, our objective was to determine whether cDNA optimization 

through codon scrambling could be an effective strategy to achieve stable 

recombinant production of mucins and mucin-like glycoproteins and whether 

this strategy would be viable in suspension-adapted human 293-F cells. 

Notably, the United States Food and Drug Administration (FDA) has recently 

approved several biologics produced in 293-F cells, establishing the cell 

platform as a viable alternative to CHO and other non-human systems for 

manufacturing specialized therapeutics (Dumont et al., 2016). Here, the codon-

scrambling approach is demonstrated for Muc1 and lubricin, and the 

production strategy is further developed to achieve stable production of a 

functional, full-length recombinant lubricin.  
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3.3 RESULTS AND DISCUSSION 

3.3.1 Design and synthesis of cDNA for synonymous lubricin 

As an approach for recombinant mucin production, we applied a codon-

scrambling and optimization strategy to design synthetic mucin cDNAs within 

minimal codon repetition (Fig. 3.1A). A global codon optimization algorithm 

was applied to find the least repetitive gene sequence that encoded the desired 

mucin tandem repeats (Tang and Chilkoti, 2016). To tailor the sequences for 

production in a human host system, such as 293-F, a subsequent optimization 

was conducted to replace any codons with less than 10% usage frequency in 

humans (Fig. 3.1A). Based on previous findings with elastin-like proteins, we 

envisioned that the optimized mucin cDNAs could be synthesized through 

rapid and low-cost services for CGS (Kosuri and Church, 2014; Tang and 

Chilkoti, 2016). 

We first tested the strategy for human lubricin, which has approximately 

59 tandem repeats with a consensus sequence of KXPXPTTX, with KEPAPTTP 

being the most frequent repeat. For our synthetic lubricin, we optimized the 

codons for 59 perfect repeats of the KEPAPTTP consensus sequence (Fig. 3.1B). 

The protein sequence for the perfect repeats had approximately 88% similarity 

to the native human PRG4 repeats (Fig. 3.1C). The synthetic tandem repeats 

were flanked by additional sequences encoding the native N- and C- termini of 

human PRG4. These sequences included the native somatomedin and 

hemopexin domains of lubricin. We also included an IgK leader sequence, 6x 

histidine tag, and N-terminal SumoStar tag to aid in protein secretion and 

purification (Fig. 3.1B). We named the new semi-synthetic gene encoded by the 

codon-  

The nucleotides encoding SynLubricin were significantly less repetitive 
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than native PRG4. We analyzed the nucleotide sequences with an alignment 

algorithm that detects tandem repeats and scores their degree of repetitiveness 

based on how frequently they repeat and how closely the identified consensus 

matches the nucleotides of the queried sequence (Benson, 1999). The detected 

repeats were aligned with the queried sequence through a Smith-Waterman 

style local alignment, and the overall repetitiveness was scored by assigning +2 

for each nucleotide match and -7 for each mismatch or indel (Benson, 1999). 

Thus, a higher score was indicative of more nucleotide repetition. The tandem 

repeats of SynLubricin had a modest score of 168, whereas the native PRG4 

repeats had a much higher repetition score of 1001.  

We also aligned the amino acids of the SynLubricin tandem repeats to 

the 59 tandem repeats of human PRG4 isoform A (Fig. 3.1D). We noted that the 

perfect repeats of SynLubricin and the native repeats of human PRG4-A have 

similar compositions of alanine, glutamic acid, lysine, and threonine, while 

proline content is slightly higher in the SynLubricin repeats (37% vs 30.5%; 

Table 3.S1). We also noted that the native repeats contain small amounts of 

asparagine (0.2%), aspartic acid (0.4%), glycine (0.8%), isoleucine (0.2%), leucine 

(1.4%) and serine (2.6%), which are not contained in SynLubricin (Table 3.S1). 

The low-repetition of nucleotides in the SynLubricin gene enabled 

synthesis of the desired cDNA through standard CGS services. We also 

commissioned the generation of a cDNA for the native human lubricin/PRG4 

sequence through a specialized service for highly repetitive genes. However, 

our attempts to subsequently clone the native PRG4 cDNA sequence into a 

mammalian expression vector and recombinantly express the product in 

mammalian cells failed. Consequently, we discontinued further efforts at 

recombinant production of lubricin with the full-length, native cDNA. 
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 Efforts to produce SynLubricin in transiently transfected mammalian 

cells were successful. The SynLubricin cDNA was fused to a bicistronic copGFP 

reporter and transiently transfected into adherent human embryonic kidney 

293-T cells. The protein product of the SynLubricin gene was highly 

glycosylated, as desired, and exhibited the anti-adhesive properties that we 

expected. Transfected cells maintained large gaps between cells in the 

monolayer, particularly at locations where visible copGFP fluorescence 

reported high expression levels of the bicistronic mRNA (Fig. 3.S1A). We noted 

that these observations were consistent with the known anti-adhesive 

functionality of native lubricin (Rhee et al., 2005). In contrast, mock transfected 

cells grew to a highly confluent monolayer in culture (Fig. 3.S1A). A western 

blot of the media supernatant from the SynLubricin-transfected cultures 

revealed a high molecular weight protein of approximately 460 kDa, which was 

similar in size to the native lubricin that we detected in equine synovial fluid 

(Fig. 3.S1B). The expected molecular weight of the peptide backbone of 

SynLubricin was 145 kDa, indicating that SynLubricin was extensively 

glycosylated.  

We next considered strategies for stable production of the synthetic 

mucins in 293-F suspension cultures. Based on our previous findings that mucin 

cDNAs could be efficiently integrated into host cell genomes through 

transposition, we created a non-viral t -in-

inducible expression of mucins (Shurer et al., 2018). The vector contained a 

tetracycline-responsive promoter for inducible expression of the desired gene 

and a bicistronic copGFP reporter. The vector also contained a second cassette 

under control of an EF1alpha promoter for expression of the rtTA-M2 

tetracycline transactivator and a bicistronic neomycin resistance gene for 
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selection (Fig. 3.1E). To test the performance of the expression system, we 

cloned mCherry2 into the vector and transfected 293-F cells with cationic 

polyethylenimine (PEI) condensates following standard protocols (Boussif et 

al., 1995; de los Milagros Bassani Molinas et al., 2014; Sonawane et al., 2003). 

Stable cell populations were isolated after two weeks of selection, and 

mCherry2 production was validated by flow cytometry. Based on the flow 

cytometric analysis, we found that stable cells produced high levels of 

mCherry2, and that the fluorescence readout of the copGFP reporter was 

generally a good indicator of recombinant protein production (Fig. 3.S2). 
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Figure 3.1  Design and synthesis of synonymous lubricin (SynLubricin). A, 
Overview of the design and production strategy for synthetic, codon-scrambled 
mucins. DNA sequences for the desired protein product were optimized 
through a global optimization to minimize repetitive DNA sequences by codon 
scrambling, followed by a second optimization that reassigned codons with 
infrequent usage in the host cell system. B, SynLubricin was constructed of 59 
perfect repeats of KEPAPTTP flanked by the native human N- and C-termini of 
PRG4. An IgK signal sequence and SumoStar tag was fused to SynLubricin for 
secretion and purification. SynLubricin also retains the two somatomedin B 
domains (SMB 1 and 2) and the two Hemopexin domains of the native 
protein. C, Calculated repetition score for the nucleotides encoding the tandem 
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repeats of human PRG4 isoform A (PRG4A) and SynLubricin. D, Alignment of 
amino acid sequence of human PRG4 and SynLubricin. E, Vector map 
illustrating the tetracycline-inducible promoter, multiple cloning site (MCS) for 
cDNA of interest, bicistronic GFP reporter (IRES2 CopGFP), and second 
expression cassette for the rtTA-M2 tetracycline transactivator and neomycin-
resistance gene.  

 

3.3.2 Design and synthesis of cDNA for synonymous Muc1 

 We tested whether our strategy for mucin-type cDNAs was 

generalizable and could be applied to other mucins. We chose the mucin Muc1, 

which is important in the hydration and protection of the cornea and other 

epithelial surfaces (Mantelli and Argüeso, 2008). We noted that the native 

tandem repeats of Muc1 are polymorphic, with 42 perfect repeats being most 

frequent in humans (Nath and Mukherjee, 2014). We applied the codon 

optimization strategy to design a cDNA for 42-perfect Muc1 repeats, 

PDTRPAPGSTAPPAHGVTSA. The optimized sequence was fused to the 

codons for the native N-terminus of human Muc1. We also added the IgK leader 

sequence, 6x histidine tag, and SumoStar tag, similarly to SynLubricin (Fig. 

3.S3A). We calculated a very high repetition score of 4997 for the nucleotide 

coding sequence of the native human Muc1 tandem repeats. The repetition 

score was reduced to 220 in our synthetic cDNA, which we referred to as 

SynMuc1 (Fig. 3.S3B).  

 The optimized coding sequence for SynMuc1 was synthesized through 

standard CGS services, whereas our request to synthesize the extremely 

repetitious sequence of the native Muc1 cDNA was rejected by multiple 

commercial service providers. The custom synthesized SynMuc1 cDNA was 

transfected into 293-F cells. The recombinant protein was purified from the 

media supernatant via immobilized metal affinity chromatography (IMAC) and 
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detected by Western blot with an antibody against the native human tandem 

repeats (Fig. 3.S3C). The recombinant mucin was extensively O-glycosylated, as 

indicated by the strong signal when probed with peanut agglutinin (PNA), a 

lectin that is specific for a core-1, mucin-type disaccharide (Fig. 3.S3D).  

During purification, we noticed that a significant percentage of the 

mucin failed to bind to the IMAC resin and was detected in the flow through 

(Fig. 3.S3C, D). Western blotting confirmed the presence of the 6x-histidine 

SumoStar purification tag on the recombinant protein in the flow through and 

eluted fractions, suggesting that the N-terminus and purification tag were 

present but inaccessible to the immobilized IMAC cations as would be the case, 

for example, if the tag was buried in the random coil of the mucin biopolymer 

(Fig. 3.S3E). Since our goal was to demonstrate the production of the 

recombinant SynMuc1 and not optimize its purification, alternative 

chromatography approaches were not explored.  

 

3.3.3 Stable host production of recombinant SynLubricin 

Using our chosen transposon system, we tested its application for 

SynLubricin production (Fig. 3.2A). Unexpectedly, we found that after selection 

with G418, comparatively few cells exhibited high copGFP reporter levels 

following doxycycline induction (Fig. 3.2B). To overcome the issue, we applied 

a two-round sorting strategy using the copGFP reporter to isolate a sub-

population of cells that expressed SynLubricin at high levels. Stable cells were 

expanded and sorted for the top 5% copGFP expressers, which were then 

expanded and sorted a second time for the top 10% expressers. We found that 

the sorting strategy improved SynLubricin production 15-fold and did not 

impact the molecular weight of the glycosylated protein product (Fig. 3.2B, C). 
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The sorted cell populations displayed noticeably higher levels of the copGFP 

reporter after induction with doxycycline, indicating successful isolation of a 

polyclonal population with higher gene expression levels. 

To confirm the cDNA stability of the integrated SynLubricin gene in our 

stable 293-F cells, genomic DNA was extracted from modified 293-F cells after 

two months of continuous culture. The SynLubricin cDNA was then amplified 

by polymerase chain reaction (PCR) using primers that were specific to 

SynLubricin (Fig. 3.3). The amplified gene was approximately 4 kb in length, as 

expected for full-length lubricin, and indistinguishable in size from similarly 

amplified genes obtained using the original SynLubricin plasmid as the 

template or DNA extracted from transiently transfected cells (Fig. 3.3). Even 

after culture for 2 months, the polyclonal cell population exhibited no 

indications of SynLubricin gene application or deletion, indicating a high level 

of genomic stability (Fig. 3.3).  
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Figure 3.2  Sorting strategy to isolate stable polyclonal cell populations that 
produce high levels of SynLubricin. A, Strategy for isolation of stable cell 
populations expressing high levels of SynLubricin. B, Western blots of 293-F 
media supernatant showing relative SynLubricin production in unsorted and 
twice-sorted (2x) cell populations; 1 and 2 indicate samples from two 
independent experiments; probed with anti-PRG4 (MABT401) and SUMO 
antibodies. C, Quantification of the relative intensity of signal from anti-PRG4 
Western blots in B. D, Phase-contrast and fluorescence micrographs of unsorted 
and twice-sorted 293-F cells expressing SynLubricin.  
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Figure 3.3  Integrated SynLubricin cDNA is stable in the cellular genome. 
PCR amplification of SynLubricin coding region in genomic DNA extracts of 
wild-type and stably integrated 293-F cells cultured continuously for 2 months. 
As positive controls, PCR amplifications of SynLubricin plasmid and DNA 
extract from SynLubricin transiently transfected 293-F cells (Transient) are 
shown. The expected size of full-length SynLubricin is indicated by the star.  

 

3.3.4 Optimization of SynLubricin production 

We considered whether SynLubricin productivity could be improved 

through addition of the histone deacetylase inhibitor, valproic acid (VPA), 

which has previously been shown to drastically increase production of some 

recombinant proteins in 293-F cells (Backliwal et al., 2008). Our sorted cell 

population was induced with doxycycline in the presence or absence of 3.5 mM 

VPA, and media supernatants were sampled each subsequent day from batch 

cultures. The molecular weights of the protein products were similar, 

suggesting that VPA did not appreciably affect the total extent of glycosylation 

of the protein product (Fig. 3.4A). Interestingly, the recombinant protein levels 

peaked at approximately 2-3 days post-induction in cultures without VPA and 

declined rapidly thereafter (Fig. 3.4B). In VPA treated cultures, SynLubricin 
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levels in the media did not decline as significantly over time. We ruled out 

protein degradation as a likely explanation for the decline of recombinant 

protein in cultures without VPA, since we saw no prominent degradation 

products for lubricin on Western blots (Fig. 3.4A). We instead considered the 

possibility that the 293-F culture might consume the recombinant protein in 

conditions of reduced nutrient availability. Consistent with this possibility, we 

observed that the decline in recombinant protein levels coincided with the 

depletion of glucose in the cultures without VPA (Fig. 3.4C). Metabolic activity 

largely ceased in VPA treated cultures after 3 days, as indicated by a sharp 

decline in glucose consumption (Fig. 3.4C). Thus, VPA may prevent the loss of 

recombinant protein in batch cultures through slowing 293-F cellular 

metabolism. 

We next scaled up production to 1-liter bioreactors operated in batch 

mode and conducted two independent production runs with VPA added. Each 

production run yielded plentiful recombinant protein that was comparable in 

molecular weight to both recombinant protein isolated from transiently 

transfected cultures and native lubricin detected in equine synovial fluid (Fig. 

3.4D). An ELISA using purified bovine lubricin as a standard reported 

approximately 200 mg/L of SynLubricin in the batch runs with our stable 293-F 

lines. Less than 50% of the stable cell population showed strong expression of 

the copGFP reporter in the batch bioreactors, suggesting that increases in 

productivity could likely be achieved with clonal expansion of the production 

cell line (Fig. 3.2D). We noted that an important limitation of our ELISA-based 

quantification is the use of a bovine standard, which may over- or under-

estimate SynLubricin levels. 

Finally, we tested whether stable protein production could be achieved 



60 

with periodic media changes to avoid nutrient depletion. Conditioned media 

was harvested from doxycycline-induced cultures that were maintained for 10 

consecutive days in the absence of VPA. Media in the batch cultures was 

exchanged every 48 hrs to replenish nutrients and remove metabolic waste 

products. Viable cell concentration was also reduced to 1 x 106 cells/mL every 

48 hrs. SynLubricin production levels were stable over the 10 days of culture, 

and the SynLubricin molecular weight was constant, indicating that 

glycosylation was also stable (Fig. 3.4E). While there appears to potentially be a 

slight decrease in SynLubricin production with time, there is no significant 

difference in protein yield (Fig. 3.4F).  
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Figure 3.4  Optimization of SynLubricin production. A, Western blots 
showing relative production of SynLubricin over time in media of control cells 
and sorted 293-F cells induced with 1 g/mL doxycycline for the indicated 
number of days in the absence or presence of the histone deacetylase inhibitor 
valproic acid (VPA; 3.5 mM). B, Quantification of the relative intensity of signal 
for the blots shown in A. C, Time course for glucose consumption in sorted 293-
F cells induced at day 0 with 1 g /mL doxycycline with or without 3.5 mM 
VPA. Mean and S.D. shown, n = 3. D, Western blot showing lubricin in the 
media harvested from non-producing control cells (Mock), cells transiently 
transfected with SynLubricin cDNA (Transient), and two successive 1-L batch 
cultures of sorted 293-F cells induced for three days with 1 g /mL doxycycline 
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and 3.5 mM VPA (Batch #1 and Batch #2); equine synovial fluid (ESF) was 
loaded as a control. E, Representative Western blot of SynLubricin produced 
from stably expressing 293-F cells collected at indicated time points after 1 

g/mL doxycycline induction on day 0. F, Quantification of Western blot 
replicates represented in B, n = 3, ns  not significant. 

 

3.3.5 SynLubricin is a functional biolubricant 

Recombinant SynLubricin was effectively purified with anion-exchange 

chromatography following our previously reported strategy for isolation of 

native lubricin from equine synovial fluid, with slight modification from using 

DEAE-Sepharose® to using Q Sepharose (Reesink et al., 2016). We also 

attempted IMAC to purify the native lubricin, but the recombinant SynLubricin 

had poor affinity to IMAC resins (Fig. 3.S4). As for SynMuc1, we reasoned that 

the N-terminal histidine-tag could be buried in the large, random coil of the 

SynLubricin tandem repeats and abandoned the IMAC approach. In contrast, 

SynLubricin bound to the anion-exchange resin strongly and eluted 

continuously over high salt concentrations ranging from approximately 350 

mM to 1.5 M (Fig. 3.5A, B). The continuous elution of SynLubricin was likely 

explained by a varying frequency of anionic sialic acids in the O-glycans of the 

recombinant SynLubricin (Estrella et al., 2010). We found that a stringent wash 

step of approximately 500 mM NaCl could remove most protein contaminants 

detectable by silver stain, although some SynLubricin was inevitably lost to this 

high-salt wash (Fig. 3.5C, D). 

To ensure functionality of our recombinant SynLubricin, we tested its 

ability to lubricate cartilage and reduce friction. Recombinant SynLubricin was 

purified via anion exchange chromatography using the stringent 500 mM NaCl 

wash step to eliminate most protein contaminants (Fig. 3.5D). Following 

purification, SynLubricin was dialyzed in saline and diluted to physiological 
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concentrations. Lubrication was tested on bovine articular cartilage explants 

where the native lubricin boundary layer had been extracted using a custom 

linear reciprocating tribometer (Jones et al., 2007). Compared to a saline control, 

we found that SynLubricin-containing solutions, as well as control synovial 

fluid, significantly reduced the boundary friction of cartilage explants (Fig. 3.6; 

p < 0.001 and 0.0001, respectively).  

We also tested a small quantity of a second SynLubricin sample that was 

purified without the stringent wash of the anion exchange column with 500 mM 

NaCl. Notably, cartilage friction coefficients were markedly lower for this 

SynLubricin preparation than any of the measured friction coefficients for the 

more stringently washed SynLubricin preparations (Fig. 3.6). It should be noted 

that a low sample volume for the unwashed SynLubricin preparation precluded 

obtaining enough independent measurements for meaningful statistical 

comparisons (Fig. 3.6). However, further optimization of purification 

conditions may yield recombinant lubricin fractions with improved 

performance in biolubrication. For instance, future studies should investigate 

whether less negatively charged lubricin fractions that elute at lower salt 

concentrations (350-500 mM NaCl) are important for cartilage biolubriction 

either by acting independently or in synergy with more negatively charged 

lubricin fractions. Alternatively, studies should consider whether any 

synergistically with lubricin in cartilage lubrication. 
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Figure 3.5: Purification of SynLubricin by anionic exchange chromatography. 
A, Sliver stain and B, Western blot showed SynLubrcin eluted continuously 
from Q Sepharose® resin over a broad range of NaCl concentrations 
(concentrations indicated above lanes in mM). C, Sliver stain and D, Western 
blot showing harvested SynLubricin media supernatant (M), 10-fold diluted 
SynLubricin media supernatant (S), wild-type 293-F conditioned media (C), 
flow through (FT-1x), 10-fold concentrated flow through (FT-10x), and eluted 
fractions at indicated salt concentration (shown above lanes in mM).  
 
 

 
 
Figure 3.6: Lubrication of cartilage explants shows functionality of 
SynLubricin. Friction coefficients of NaCl-extracted cartilage explants bathed 
in saline (PBS), bovine synovial fluid, or SynLubricin eluted either without 
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washing or with a stringent 500 mM NaCl wash. Mean and S.D. are shown with 
independent measurements indicated. ***p<0.001, ****p<0.0001; NA: statistical 
testing is not applicable due to sample size. 

 

3.4 CONCLUSIONS 

Taken together, our studies provide a potential roadmap to larger-scale, 

mucin bio-manufacturing. Success in the design and synthesis of new semi-

synthetic genes for both Muc1 and lubricin, combined with our success in 

isolating highly stable, lubricin-expressing cell populations, suggests that this 

approach may be broadly applicable for recombinant mucins with long, 

repetitive domains. Also of note is the successful demonstration of recombinant 

production in a human cell system that avoids the risk of immunogenic 

-Gal and Neu5Gc epitopes. We find that the recombinant product of our 

SynLubricin gene is functional in its ability to resist cellular adhesion (Fig. 

3.S1A) and lubricate biological surfaces, such as cartilage (Fig. 3.6). Thus, 

SynLubricin may have potential for diverse applications ranging from 

injectables for osteoarthritis to topical treatments for chronic dry eye. Moreover, 

given the speed and low cost of CGS, the approach presented in this work 

could, in principle, be applied to rapidly prototype designer mucins with new 

or modified functional domains.  

  

3.5 MATERIALS AND METHODS 

3.5.1 Antibodies and reagents 

The following antibodies were used: mouse anti-human CD227 (555925, 

BD Biosciences) (Muc1), mouse anti-human lubricin (MABT401, EMD 

Millipore), goat anti-mouse IgG-HRP (sc-2005, Santa Cruz), mouse anti-SUMO 

(4G11E9, GenScript). Lectins used were biotinylated Peanut Agglutinin (PNA; 
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B-1075, Vector Laboratories). Biotinylated lectins were detected using 

ExtrAvidin-Peroxidase (E2886, Sigma). To induce transactivator cell lines, 

doxycycline was used (sc-204734, Santa Cruz). For neomycin selection, G418 

was used (10131035, Thermo Fisher). Valproic acid (VPA) was used as a histone 

deacetylase inhibitor (Sigma P4543-100G). 

3.5.2 Constructs  

A tetracycline-inducible, transposon based Piggybac expression vector 

with an integrated, co-expressed reverse tetracycline transactivator gene (pPB 

tet rtTA NeoR) was used for stable line generation (kindly provided by Dr. 

Valerie Weaver, University of California San Francisco, USA). The pPB tet rtTA 

NeoR plasmid was modified by the insertion of the internal ribosome entry site 

(IRES) of the encephalomyocarditis virus followed by the fluorescent protein 

copGFP into the NotI and XbaI sites of the plasmid (pPB tet IRES copGFP rtTA 

NeoR). Synthetic cDNA for a lubricin analog with 78 perfect repeats of 

KEPAPTTP, native N-and C-terminal domains, and an N-terminal SumoStar 

tag (lifesensors) were generated through custom gene synthesis (General 

Biosystems) and cloned into the multiple cloning site of pPB tet IRES copGFP 

rtTA NeoR using BamHI and EcoRI restriction sites. Similarly, cDNA for a 

soluble, codon-scrambled Muc1 having 42 perfect repeats of 

PDTRPAPGSTAPPAHGVTSA and a native human Muc1 N-terminus with 

SumoStar tag was generated by custom gene synthesis in the pcDNA3 plasmid. 

For construction of an mCherry2 IRES2 copGFP expression plasmid, an 

mCherry2 cDNA was isolated by EcoRI and NotI digestion of pmCherry2 N1 

and cloned into the EcoRI and NotI digested pPB tet IRES copGFP rtTA NeoR 

vector to create pPB tet mCherry2 IRES copGFP rtTA NeoR.  

3.5.3 Cell lines and culture 
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FreeStyle 293-F (293-F) cells were obtained from Thermo Fisher 

Scientific. Cells were cultured and maintained according 

guidelines in 100-ml Wheaton Celstir glass spinner flasks. Cells were 

maintained between 0.5 x 106 and 3 x 106 cells/mL at 120 rpm, 37oC, and 8% CO2 

in FreeStyle 293 Expression Medium (Thermo). 293-F transfections were 

performed using polyethyleneimine (PEI) as previously reported (Durocher et 

al., 2002). Stable cell lines were created by co-transfection of the pPB tet IRES 

copGFP rtTA NeoR plasmids described above with a hyperactive transposase 

plasmid (Shurer et al., 2018) 

for two weeks. Human embryonic kidney cells transformed with the SV40 large 

T antigen (293-T; ATCC) were maintained in high-glucose DMEM 

supplemented with 10% fetal bovine serum and penicillin/streptomycin. 293-T 

cells were transfected through a standard calcium phosphate transfection 

protocol. Cell proliferation was quantified by cell counting on a hemocytometer 

with trypan blue exclusion. 

3.5.4 Cell sorting and SynLubricin production  

293-F cells with stable incorporation of PRG4 IRES copGFP were 

expanded and induced at 1 x 106 

hours. The top 5% of copGFP-expressing cells were collected through 

Fluorescence Activated Cell Sorting (FACS) on a FACSAria Fusion (BD 

Biosciences). Cells were subsequently expanded in the absence of doxycycline 

to 1 x 106 cells/mL. Cells were induced with 1 g/mL doxycycline for 24 hours 

and sorted a second time, collecting the top 10% of copGFP-expressing cells. For 

PRG4 production, cells were transferred to a 1 L ProCulture glass spinner flask 

(Corning) and induced at 2 x 106 5 

mM VPA. Smaller scale production of lubricin was also conducted in 100-ml 
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Wheaton Celstir glass spinner flasks for measurement of lubricin production 

rates and glucose consumption rates in the presence or absence of VPA. Glucose 

levels were recorded with a GlucCell glucose monitoring system (CESCO 

BioProducts). 

3.5.5 Immuno- and lectin blot analysis  

Protein in culture supernatants or purified samples were separated on 

NuPAGE 3-8% Tris-Acetate gels (Invitrogen) and transferred to PVDF 

membranes. Membranes were blocked with 3% BSA TBST for 2 hours. Primary 

TBST and incubated on membranes overnight at 4oC. Secondary antibodies or 

ExtrAvidin were diluted 1:2000 in 3% BSA TBST and incubated for 2 hours at 

room temperature. Blots were developed in Clarity ECL (BioRad) substrate and 

imaged on a ChemiDoc (BioRad) documentation system. Fiji was used for 

image processing (Schindelin et al., 2012). 

3.5.6 Enzyme-linked immunosorbent assay (ELISA)  

A custom sandwich ELISA was used to assess the concentration of 

SynLubricin, similarly to previous descriptions. A 96-well plate (Costar) was 

incubated overnight at 4o

sodium bicarbonate buffer, pH 9.5. Plates were blocked with 3% BSA PBS for 1 

hour at room temperature. Serial dilutions of FPLC-purified bovine synovial 

fluid lubricin were used as standards. Samples were loaded at 1:200 dilution in 

DPBS for 1 hour at room temperature, followed by three washes in PBS + 0.1% 

Tween20. The primary antibody used (Millipore MABT401) binds to the native 

PRG4 tandem repeats of human and bovine lubricin, which have approximately 

90% sequence similarity to the repeats of SynLubricin. Primary antibody and 

secondary antibody (Millipore AP126P) were diluted 1:5000 and 1:2000, 



69 

respectively, and each incubated for 1 hour at room temperature, with three 

washes with PBS-T in between antibody incubations and following the 

secondary antibody incubation. The ELISA was developed at room temperature 

with 1-Step Ultra TMB (ThermoFisher) for 9-12 minutes or until a royal blue 

color appeared, at which point the reaction was stopped with 2N H2SO4. 

Absorbance was measured at 450 nm with 540 nm background subtraction on 

a Tecan Spark® 3M microplate reader, and concentrations were calculated 

using Magellan software with a four parameter Marquardt fit.  

3.5.7 Purification of recombinant SynMuc1  

293-F cells were transiently transfected using the PEI protocol previously 

described. After 24 hours, the media supernatant was collected. The media 

supernatant was diluted 1:4 in 20 mM sodium phosphate, 0.5 M NaCl, pH 7.4 

and incubated with 100 L Ni Sepharose excel resin (17371201, GE) overnight 

at 4oC. Sample flow through was collected using a gravity column (29922, 

Thermo). The resin was washed with 5 mL 20 mM sodium phosphate, 0.5 M 

NaCl, 5 mM imidazole, pH 7.4. SynMuc1 was eluted with 5 mL of 20 mM 

sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4. SynMuc1 was 

desalted into PBS using a Zeba Spin Desalting Column (87766, Thermo).  

3.5.8 Purification of recombinant SynLubricin  

SynLubricin was purified from PRG4 IRES copGFP positive 293-F cell 

culture supernatant by fast protein liquid chromatography (FPLC) with Q 

Sepharose® resin (GE). The supernatant was diluted 1:10 with 50mM Tri-HCl 

buffer, pH 7.5, and loaded onto the column. The column was washed with 

50mM Tris-HCl, 525mM NaCl, pH7.5. Purified SynLubricin was collected by 

eluting with 50mM Tris-HCl, 1M NaCl, pH 7.5. The purified SynLubricin was 

dialyzed into PBS using a Tube-O-Dialyzer (G-Biosciences) overnight at 4oC. 



70 

The final purified product was obtained by concentrating with a SpeedVac on 

the low setting. 

3.5.9 Tribology  

The performance of SynLubricin as a boundary lubricant was assessed 

using a custom linear reciprocating tribometer as previously described 

(Gleghorn and Bonassar, 2008). Briefly, cylindrical cartilage explants (6mm 

diameter x 2mm thickness) were harvested from the femoral condyles of 

neonatal bovine stifles. Endogenous cartilage-bound lubricin was extracted 

using a 30 min incubation in 1.5M NaCl, followed by a 1-hour equilibration step 

in PBS. Explants were incubated in either PBS, SynLubricin, or bovine synovial 

fluid for 15-20 min prior to loading onto a tribometer in a 1 mL bath of the 

respective fluid. Explants were compressed to approximately 30% strain against 

a glass counter-face and permitted to depressurize over the course of one hour. 

After reaching an equilibrium normal load, the counter-face was linearly 

reciprocated at a speed of 0.3 mm/s for three cycles. Simultaneously, a biaxial 

load recorded the normal and shear loads. For both the forward and reverse 

directions and at each speed, the friction coefficient was calculated as the mean 

shear force while sliding divided by the equilibrium normal load. 

3.5.10 Statistical analysis  

Statistical significance was determined by one-

t test (two-tailed) as appropriate using Prism (GraphPad). For the lubrication 

data, a one- -hoc tests were performed to 

compare mean friction coefficients across all lubricants. All graphs were 

generated in Prism (GraphPad, La Jolla, CA). 
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3.7 SUPPLEMENTAL FIGURES AND TABLE 

 

 
 
Figure 3.S1  Transient expression of SynLubricin altered adherent cell 
morphology. A, Morphology of 293-T cells mock transfected or transfected with 
cDNA for bicistronic SynLubricin IRES copGFP. Images shown are a merged 
overlay of phase contrast and fluorescence micrographs. Note the inhibition of 
cell-cell adhesion near cells expressing high levels of the copGFP reporter. B, 
Western blot of equine synovial fluid (ESF) and media supernatant from mock-
transfected and SynLubricin-transfected cells probed with MABT401 antibody 
against PRG4 tandem repeats.  
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Figure 3.S2  Validation of new transposon-based gene delivery vector. Flow 
cytometry results showing correlation of levels of mCherry2 and the copGFP 
reporter. 

 

 

 
 
Figure 3.S3  Application of the codon-scrambling strategy for Muc1. A, 
Schematic of SynMuc1 with codon-scrambled tandem repeats. B, Calculated 
repetition score for the nucleotides encoding the tandem repeats of human 
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Muc1 and SynMuc1. C, Western blot of media supernatant from 293-F cells 
transfected with SynMuc1 cDNA (+cDNA) or non-transfected cells (M), Ni-
NTA resin flow through from His-affinity purification (FT), and eluted protein 
(Elution) probed with a Muc1 antibody. D, PNA-lectin blot of C. E, Western blot 
of C, probed with a SUMO antibody.  

 

 
 
Figure 3.S4  SynLubricin has low affinity for immobilized-metal-affinity-
chromatography (IMAC) resin. A, Western blot of media supernatant and the 
IMAC purification flow throughs, washes, and eluted fractions from Fe3+ and 
Ni2+ loaded nitrotriacetic acid (NTA) resins. Elutions were performed at the 
indicated NaCl concentration. No non-specific binding of sialic acids to 
multivalent Fe3+ was observed. B, Western blot of flow through, wash, and 
eluted fractions from uncharged NTA resin.  
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Table 3.S1  Amino acid compositions in the tandem repeats of human PRG4 
isoform A and SynLubricin. 
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CHAPTER 4 

MUCIN-COATING TECHNOLOGIES FOR PROTECTION AND REDUCED 

AGGREGATION OF CELLULAR PRODUCTION SYSTEMS1,2 

4.1 ABSTRACT 

Optimization of host-cell production systems with improved yield and 

production reliability is desired in order to meet the increasing demand for 

biologics with complex post-translational modifications. Aggregation of 

suspension-adapted mammalian cells remains a significant problem that can 

limit the cellular density and per volume yield of bio-reactors. Here, we propose 

a genetically encoded technology that directs the synthesis of anti-adhesive and 

protective coatings on the cellular surface. Inspired by the natural ability of 

mucin glycoproteins to resist cellular adhesion and hydrate and protect cell and 

tissue surfaces, we genetically encode new cell-surface coatings through the 

fusion of engineered mucin domains to synthetic transmembrane anchors. 

Combined with appropriate expression systems, the mucin coating technology 

directs the assembly of thick, highly hydrated barriers to strongly mitigate cell 

aggregation and protect cells in suspension against fluid shear stresses. The 

coating technology is demonstrated on suspension adapted human 293-F cells, 

which resist clumping even in media formulations that otherwise would induce 

extreme cell aggregation and show improved performance over commercially 

available anti-clumping agent. The stable biopolymer coatings do not show 

deleterious effects on cell proliferation rate, efficiency of transient transfection 
1This work was originally published in Biotechnology and Bioengineering and has been 
reproduced here under the author use and publication permission policy of Wiley. Shurer, C.R., 
Head, S.E., Goudge, M.C., and Paszek, M.J. (2019). Mucin-Coating Technologies for Protection 
and Reduced Aggregation of Cellular Production Systems. Biotechnology and Bioengineering. 
https://doi.org/10.1002/bit.26916 
 

2C.R.S. managed the project, prepared transposon-based vectors and stable cell lines, and 
conducted imaging, flow cytometry, shear, and cell clumping experiments. See sections 4.6.1 
and 4.6.2 for a complete author list and specific author contributions. 
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with cDNAs, or recombinant protein expression. Overall, our mucin coating 

technology and engineered cell lines have the potential to improve the single-

cell growth and viability of suspended cells in bioreactors. 

 

4.2 INTRODUCTION 

 Protein therapeutic agents represent a large and rapidly growing portion 

of the pharmaceutical market (Dumont et al., 2016). Current biologics enable 

the treatment of a wide variety of human diseases, including cancer, 

autoimmune disorders, and infectious diseases (Carter, 2011; Leader et al., 

2008). The commercial success of biologics has been a major impetus for the 

development of improved manufacturing technologies that reliably produce 

the biological agents on a large scale.  

The majority of all recombinant protein pharmaceuticals are produced 

in mammalian cells at present (Wurm, 2004). Mammalian cells are preferred 

over prokaryotic organisms for production of protein therapeutics because 

eukaryote-specific post-translational modifications are often required for 

protein functionality and appropriate pharmacokinetics. As an example, 

monoclonal antibodies, a major class of protein therapeutics, must be post-

translationally modified with sugar structures called glycans in a post-

translational modification process called glycosylation (Shukla and Thömmes, 

2010; Zhu, 2012). Without glycosylation, therapeutic antibodies typically have 

poor stability and pharmacokinetics in vivo.  

Today, the majority of all recombinant protein pharmaceuticals are 

produced in the mammalian Chinese Hamster Ovary (CHO) cell line. However, 

a significant drawback CHO cells for bio-manufacturing is their capacity to 

generate glycans that are not native to humans (Ghaderi et al., 2012). These 
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glycans can produce deleterious immune responses and have been implicated 

in therapeutic resistance, which remains a significant concern for physicians 

and patients (Casademunt et al., 2012). The risk of patient immune responses 

from CHO-derived products has motivated a deeper consideration of the use of 

human cell lines for manufacturing recombinant protein therapies (Sandberg et 

al., 2012).  

Suspension adapted human embryonic kidney 293 cells (293-F) have 

become the most popular host cell line for the production of biological 

therapeutics with human glycosylation patterns (Casademunt et al., 2012; Vink 

et al., 2014). The 293-F cell system has several desirable features for recombinant 

protein production, including a fast proliferation rate, a high level of protein 

production, and ease of transient transfection (Casademunt et al., 2012; 

Durocher et al., 2002; Swiech et al., 2011; Wurm and Bernard, 1999). Recently, 

the United States Food and Drug Administration (FDA) has approved several 

therapeutic agents produced in 293-F cells (Dumont et al., 2016). However, 

compared to CHO-cell systems, 293-F cells can exhibit a higher propensity to 

form large aggregates in suspension, limiting their yield and reliability for bio-

manufacturing (Wurm and Bernard, 1999). While special medium formulations 

have been developed to reduce cell clumping (Han et al., 2006; Peshwa et al., 

1993; Tolbert et al., 1980; Zanghi et al., 2000), aggregation continues to be a 

challenge for mammalian suspension cell culture, especially at the high cell 

densities required for fast, high-yield protein production (Liu and Goudar, 

2013). Exogenous addition of anti-clumping agents also introduces additional 

molecules that must be purified away from secreted protein products (Dee et 

al.; Tsao et al.; Li et al.; Park et al.). An alternative strategy would be to 

genetically engineer production cells to have reduced adhesion, but few 
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approaches have been developed at the current time. 

A naturally occurring family of biopolymers called mucins are utilized 

in nature to reduce adhesion and fouling at biological interfaces. Mucins are 

characterized by amino acid sequences rich in serine and threonine residues, 

which are post-translationally modified with O-linked pendant glycan 

structures (Thornton et al., 2008). The bottlebrush molecular structure of mucins 

confers an anti-adhesive characteristic that is exploited in biological systems for 

diverse purposes, including antifouling coatings, lubrication, and modulation 

of cellular interactions (Jay and Waller, 2014; Kuo et al., 2018; Paszek et al., 

2014). Of the mucin family members, Mucin-1 (Muc1) has long been recognized 

as an anti-adhesive protein that can interfere with integrin- and cadherin-

mediated cell interactions (Klinken et al., 1995; Wesseling et al., 1995, 1996). The 

anti-adhesive properties of Mucl are conferred by its large ectodomain, which 

is heavily O-glycosylated during trafficking to the cell surface. Neutral and 

anionic sugar residues of the glycans can coordinate with water to form a highly 

hydrated barrier on the cell surface (Gendler and Spicer, 1995). 

In this work, we construct semi-synthetic mucin cDNAs to create a 

genetically-encoded technology for reduction of aggregation of human-cell host 

production systems. The work builds from and extends our previous work in 

developing a method for stable expression of native and engineered mucins on 

the cell surface (Shurer et al., 2018). Here, the mucin technology is further 

developed, tested, and refined specifically for use as an anti-adhesive coating 

on host-cell production systems. As a demonstration of concept, we develop 

new 293-F cell lines with stable anti-adhesive coatings and evaluate their 

performance in regards to proliferation rate, cell aggregation, resistance to shear 

stress, and efficiency of transfection with plasmid DNA. 
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4.3 MATERIALS AND METHODS 

4.3.1 Antibodies and reagents 

The following antibodies were used: Human CD227 (555925, BD 

-Actin (sc-4778, Santa Cruz), Goat anti-Mouse IgG-HRP 

(sc-2005, Santa Cruz). Lectins used were: Biotinylated Peanut Agglutinin (PNA; 

B-1075, Vector Laboratories), CF568 PNA (29061, Biotium), CF640R PNA 

(29063, Biotium), CF633 Wheat Germ Agglutinin (WGA; 29024, Biotium). 

Biotinylated lectins were detected using ExtrAvidin-Peroxidase (E2886, Sigma). 

To induce transactivator cell lines, doxycycline was used (sc-204734, Santa 

Cruz). For gentamycin selection, G418 was used (10131035, Thermo Fisher). 

4.3.2 Constructs 

A tetracycline-inducible, transposon based Piggybac expression vector 

with an integrated, co-expressed reverse tetracycline transactivator gene (pPB 

tet rtTA NeoR) was used for stable line generation (kindly provided by Dr. 

Valerie Weaver, University of California San Francisco, USA). The pPB tet rtTA 

NeoR plasmid was modified by the insertion of the internal ribosome entry site 

(IRES) of the encephalomyocarditis virus followed by the fluorescent protein 

copGFP into the NotI and XbaI sites (pPB tet IRES GFP rtTA NeoR). Synthetic 

cDNAs containing either 21 or 42 tandem repeats (TR) of the amino acid 

sequence PDTRPAPGSTAPPAHGVTSA were codon optimized with codon 

scrambler (Tang and Chilkoti, 2016), generated through custom gene synthesis 

(General Biosystems), and cloned in place of the native tandem repeats in 

pcDNA3.1 Muc1 TM21  previously described in (Paszek et al., 2014; Shurer et 

al., 2018)  using the BamHI and Bsu36I restriction sites. The Muc1 gene 

containing the engineered 21 or 42 tandem repeats was then cloned into the pPB 

tet IRES GFP rtTA NeoR plasmid using the BamHI and EcoRI sites to generate 
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Muc1 42TR TM21 pPB tet IRES GFP rtTA NeoR and Muc1 21TR TM21 pPB tet 

IRES GFP rtTA NeoR plasmids used to make the Mucin-270 and Mucin-135 

biopolymer cell lines, respectively. To produce the Mucin-0 cell line, the native 

Muc1 tandem repeats were deleted from the pcDNA3.1 Muc1 TM21 through 

Q5 site directed mutagenesis with -

TGGAGGAGCCTCAGGCATACTTTATTG- -

CCACCGCCGACCGAGGTGACATCCTG- . The Muc1 gene 

with 0TR was then cut from the pcDNA3.1 Muc1 0TR TM21 and cloned into the 

pPB tet IRES GFP rtTA NeoR plasmid via the BamHI and EcoRI sites. The 

plasmid pLV puro mRuby2 was used for transient transfection experiments 

with cytoplasmic red fluorescent protein (RFP). For secreted RFP experiments, 

SS-mScarlet-I pPB tet IRES GFP rtTA NeoR plasmid was used. To construct this 

plasmid, the backbone was linearized using BamHI-HF and EcoRI-HF. A 

dsDNA oligo encoding the Muc1 signal sequence 

(MTPGTQSPFFLLLLLTVLTVVTGS) fused by a GGGGS linker to mScarlet-I 

was ordered from Integrated DNA Technologies. This fragment was inserted 

into the linearized backbone via NEB HiFi Assembly. 

4.3.3 Cell lines and culture 

FreeStyle 293-F Cells were obtained from Thermo Fisher Scientific. Cells 

were cultured and maintained according to the man

Eppendorf New Brunswick s41i incubator in Erlenmeyer flasks. Cells were 

maintained between 0.5 x 106 and 3 x 106 cells/mL at 120 rpm, 37oC, and 8% CO2 

in FreeStyle 293 Expression Medium (Thermo). Transfections were performed 

using polyethyleneimine (PEI) as previously reported (Durocher et al., 2002). 

Genetically-encoded stable cell lines were created by co-transfection of the pPB 

tet IRES GFP rtTA NeoR plasmids described above with a hyperactive 
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transposase plasmid (Shurer et al., 2018) and subsequently selected with 750 

counting on a hemocytometer with trypan blue exclusion. 

4.3.4 Confocal microscopy 

Samples were collected, pelleted at 200 rcf for 5 min, and fixed in 4% 

paraformaldehyde for 10 minutes at room temperature. Samples were washed 

three times with PBS. Cells were labeled with 1:1000 CF568 PNA for O-glycans 

and 1:1000 CF633 WGA for the cell membrane in PBS for 30 minutes at room 

temperature. Samples were washed three times with PBS and imaged on a Zeiss 

LSM800 with a 63x water immersion objective. 

4.3.5 Flow cytometry analysis 

All samples were measured using live cells, unless otherwise indicated. 

Cells were harvested from suspension culture, pelleted at 200 rcf for 5 min, and 

cap and analyzed on a BD FACS Aria Fusion. For the doxycycline time-course, 

cultures were taken at the indicated time points, pelleted at 200 rcf for 5 min, 

and fixed with 4% paraformaldehyde for 10 min at room temperature. Samples 

were rinsed three times with PBS and stored at 4oC until flow cytometry 

analysis. Analysis of all flow cytometry data was performed using FlowJo 

software. 

4.3.6 Immuno- and lectin blot analysis 

Cells are inoculated at 0.5 x 106 cells/mL and grown overnight, 16-18 hr. 

were grown with doxycycline for an additional 48 hr. After 48 hr, a sample was 

taken for each cell line, pelleted at 200 rcf for 5 min before the supernatant was 



83 

separated, and the cell pellet was lysed by resuspending in RIPA lysis buffer 

(Abcam), vortexing the sample for 30 seconds, and heating to 98oC for 10 min. 

Lysates were frozen on liquid nitrogen and stored at -80oC. Lysates were 

separated on Nupage 3-8% Tris-Acetate gels (Invitrogen) and transferred to 

PVDF membranes. Membranes were blocked with 3% BSA TBST for 2 hr. 

Primary anti

3% BSA TBST and incubated on membranes overnight at 4oC. Secondary 

antibodies or ExtrAvidin were diluted 1:2000 in 3% BSA TBST and incubated 

for 2 hr at room temperature. Blots were developed in Clarity ECL (BioRad) 

substrate and imaged on a ChemiDoc (BioRad) documentation system. 

4.3.7 PCR amplification of Mucin-270 transgene in the transfected 293F cells 

To test for amplification or deletion of stably integrated Mucin-270 

cDNAs in 293F genomes, PCR amplification was performed with Q5 Hot start 

high-fidelity DNA polymerase (New England Biolabs Inc., Ipswich, MA) using 

extracted genomic DNA as the template. Genomic DNA was extracted with 

GeneJET genomic DNA purification kit (Thermo Scientific., Waltham, MA). A 

total of 60 ng of genomic DNA was used for PCR amplification. Primers: Mucin-

-ATGACACCGGGCACCCAGTC- - -

CTACATACTTCGTCGGCGCATGTAC-  

4.3.8 Cell clumping analysis 

Cells were inoculated at 0.75 x 106 

doxycycline after overnight growth (16-18 hr). Cells were then grown to a high 

Cell density was quantified by collecting sample of the culture, mixing 

thoroughly to dissociate large clumps, and counting viable cells with a 

hemocytometer and trypan blue exclusion. For imaging, samples were drawn 
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with wide-bore pipette tips to reduce dissociation of large clumps and diluted 

in PBS to approximately 6.75 x 104 cells/cm2 for imaging in 2D. Phase contrast 

images were acquired on an Olympus IX81 microscope with a 10x objective. Fiji 

was used for image processing (Schindelin et al., 2012). Two independent 

samples were collected and prepared as technical replicates for imaging with 

three regions of interest imaged per technical replicate. Three biological 

replicates were performed. Automated image analysis was performed using 

custom analysis software adapted from a previous publication (Shurer et al., 

2018). Briefly, the analysis software located the center of each circular object. 

function in MATLAB. The percent of single cells was calculated by counting the 

total number of cells which do not have any neighbor

dividing by the total number of cells in the image. Similarly, the percent of cells 

in various cluster sizes was calculated by binning the cells into clusters based 

 

 To evaluate resistance to calcium induced cell aggregation, cultures were 

inoculated at 0.5 x 106 

overnight growth (16-18 hr). After 48 hr, cells were resuspended at 4 x 106 

cells/mL. The culture media was then supplemented with 2 mM CaCl2, 1:300 

anti-clumping agent (Thermo Fisher, 0010057AE), or both. Still images and 

videos of the cell suspension were acquired after 24 hr of treatment by 

transferring the culture to a glass test tube. The concentration of cells in 

suspension was determined by collecting duplicate samples from each culture 

after allowing the largest aggregates to settle out of suspension for 20 seconds. 

Cell concentration was measured using a hemocytometer and Trypan blue. 

4.3.9 Shear stress experiments 
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Cells were inoculated at 0.5 x 106 cells/mL, grown overnight (16-18 hr), 

16-gauge needle connected to 6.5 in of 1.02 mm silicon tubing, cell suspensions 

were sheared by flowing thr

constant force generated by a 1 kg mass applied to a syringe with gravity. 

Samples were passed through the constriction five times. Cells were then 

CF640R PNA for 15 min at 4oC. Cells were washed with 

0.5% BSA PBS three times and then stained with Ethidium homodimer-1 (dead 

cell stain, Thermo Fisher, L3224). Three biological replicates were performed, 

with two technical replicates for each biological replicate. Percent dead cells 

was determined by measuring the fraction of cells that had taken up the dead 

cell stain on a BD FACS Aria Fusion. A control sample without shear was used 

to subtract background cell death for each cell line. For Mucin-135 and Mucin-

270 cell lines, only PNA positive cells were considered for analysis. Data 

analysis was performed using FlowJo software. 

4.3.10 Transfection experiments 

Cells were inoculated at 0.5 x 106 cells/mL, grown overnight (16-18 hr), 

 diluted to 2 x 

106 

6 cells. The next day (16-18 hr post-transfection), cells were 

transfection efficiency, cells were transfected with the pLV puro mRuby2 

plasmid and transfection efficiency was calculated by flow cytometry as the 

fraction of cells expressing RFP 72 hr post transfection. For production and 

secretion of recombinant RFP, cells were transfected with SS-mScarlet-I pPB tet 

IRES GFP rtTA NeoR. After 24 hr, secreted RFP fluorescence in the media 
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supernatant was quantified using a Tecan M1000 Pro plate reader.  

4.3.11 Statistical analysis 

Statistical significance was determined by ordinary one-way ANOVA or 

t test (two-tailed) as appropriate using Prism (GraphPad). All graphs 

were generated in Prism (Graphpad) except for boxplot which were generated 

in R.  

 

4.4 RESULTS 

4.4.1 Genetically-encoded biopolymers expressed on the surface of 293-F cell 

lines 

 Drawing inspiration from the anti-adhesive properties of naturally 

occurring mucins, we created cDNAs that encoded Muc1-like biopolymers with 

transmembrane domains for anchorage to the cell surface. The biopolymer 

domains consisted of an unstructured protein backbone with 0  42 perfect 

repeats of PDTRPAPGSTAPPAHGVTSA, which is recognized by the O-

glycosylation machinery of the endoplasmic reticulum and Golgi apparatus 

and heavily glycosylated while trafficked to the cell surface. Each biopolymer 

was targeted to the extracellular space by the native Muc1 signal sequence. The 

biopolymers were anchored to the cell membrane with a 21-amino acid 

transmembrane domain (Mercanti et al., 2010; Shurer et al., 2018). By replacing 

the native autocatalytic domain of Muc1 (Levitin et al., 2005) with the 

engineered 21-amino acid transmembrane domain, we mitigated the risk of 

ectodomain shedding from the cell surface. Our engineered constructs also 

lacked a cytoplasmic tail to avoid inadvertent transduction of biochemical or 

physical stimuli by the mucins.  

The genetic modification of the 293-F cell line was performed non-virally 
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-in-

and tetracycline-inducible expression (Fig. 4.1A). The vector included a 

tetracycline-responsive promoter for expression of the biopolymer coating and 

an additional cassette for constitutive expression of the reverse tetracycline 

transactivator (rtTA-M2) and neomycin-resistance gene (Gossen et al., 1995). A 

bicistronic green fluorescent protein (GFP) reporter was also included for visual 

confirmation of transcription of the mucin cDNA. The cDNA for the 

biopolymers was stably incorporated into the genome at random locations by 

transposon mediated integration (Li et al., 2013; Wilson et al., 2007; Woodard 

and Wilson, 2015). This approach avoided the use of any viral technology, 

which poses a serious safety concern in bio-manufacturing  (Dumont et al., 

2016). We hypothesized that the modified cells would be coated with a dense, 

inducible layer of mucin biopolymers on their surface (Fig. 4.1B).  

We tested three different biopolymers size for their effects on 293-F cell 

aggregation. Mucin-like genes with 0, 21, and 42 tandem repeats were 

constructed. The contour lengths of the polymers with 21 and 42 repeats were 

predicted to be 135 nm and 270 nm, respectively. We therefore designated the 

biopolymers Mucin-0, Mucin-135, and Mucin-270 based on the relative length 

of the biopolymer (Fig. 4.1C). Because it lacks the large, glycosylated 

biopolymer domain, the Mucin-0 construct served as a control for any effects 

related to expression of the transmembrane anchor of the biopolymer.  

We confirmed the expression and localization of the biopolymers to the 

cell surface. Fluorescent microscopy showed expression of the cDNA, reported 

by the bicistronic GFP signal, and the presence of O-glycans on the membrane 

of cells expressing the Mucin-135 and Mucin-270 semi-synthetic genes (Fig. 

4.2A). We observed a large distribution of biopolymer expression levels, which 
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we attributed to the randomized transposition of the cDNAs into the genome 

(Fig. 4.2B). Despite the broad distribution, a large portion of the cell populations 

had stably integrated the cDNA, as shown by the GFP reporter (Fig. 4.2A-C). 

The expression and size of the biopolymers was further validated by Western 

blot (Fig. 4.2D). Both the Mucin-135 and Mucin-270 could be probed with 

antibodies against the native Muc1 tandem repeats (Fig. 4.2D, left). Wild-type 

(w.t.) cells had no detectable level of endogenous Muc1 expression and no 

significant O-linked mucin-like glycosylation (Fig. 4.2D). The Mucin-135 and 

Mucin-270 were heavily glycosylated when expressed. This is shown by the 

protein bands which are detected above the protein sequence molecular weight 

when probing with anti-Muc1 antibodies (Fig. 4.2D, left; predicted molecular 

weights 81 kDa and 120 kDa for Mucin-135 and Mucin-270, respectively). O-

glycosylation is further demonstrated by the detection of the biopolymer with 

PNA which binds specifically to O-linked glycans such as those found on Muc1 

(Fig. 4.2D, right).  

No significant difference in cell proliferation rate was observed for any 

of our biopolymer-coated cell lines (Fig. 4.2E). We concluded that the additional 

protein load of our biopolymers did not adversely affect the rapid growth rate 

of parental 293-F cells. For our stable cell line, we used the well characterized 

reverse-tetracycline inducible promoter (Gossen et al., 1995) which initiates 

gene transcription upon addition of doxycycline and halts transcription on 

withdrawal of doxycycline. Our cell line responded as predicted to induction 

by doxycycline, demonstrating temporal control over expression of the mucin 

coating (Fig. 4.2F).  

Highly repetitive cDNAs, such as mucins, are reported to have higher 

frequencies of amplification and deletion in the cellular genome (Gemayel et al., 
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2010; Oren et al., 2016). The cDNAs for our Mucin-135 and Mucin-270 constructs 

were codon optimized to minimize their repetitiveness. We found that the 

optimized cDNAs were stable when integrated in the host cell genome. 

Notably, no noticeable amplification or deletion of stably integrated Mucin-270, 

the largest and most repetitive of our biopolymer cDNAs, was observed after 2 

months of cell culture (Fig. 4.2G). 

 

 
Figure 4.1  Engineering biopolymer-coated cell lines. A transposon-based 
method was used to stably integrate the DNA encoding the engineered 
biopolymers under a doxycycline inducible promoter. A, Schematic 
representation of the all-in-one vector used for producing biopolymer-coated 
cell lines showing key elements. For incorporation into the cellular genome, the 
vector includes a tetracycline responsive element (tetO), a minimal CMV 
promoter, the Muc1 signal sequence (Muc1 N-terminus), the tandem repeats of 
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the biopolymer (0, 21, or 42 repeats of PDTRPAPGSTAPPAHGVTSA), the 
transmembrane domain of Muc1 (Muc1 TM), the bicistronic green fluorescent 
protein reporter (IRES GFP), a EF-
transactivator (rtTA), and a second bicistronic neomycin resistance cassette 

repeat sequences (ITRs) required for transposon-mediated incorporation into 
the genome. For vector replication and production in bacteria, there was also 
an ampicillin resistance cassette (AmpR) and an origin of replication (ori). B, 
Schematic representation of membrane bound biopolymers expressed by the 
cells and localized to the cells surface. C, Schematic of the relative size of the 
extracellular domain of the engineered biopolymers designated Mucin-0, 
Mucin-135, and Mucin-270 for their respective length in nm. The predicted 
molecular weight of these proteins was 42 kDa, 81 kDa, and 120 kDa, 
respectively. 
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Figure 4.2  Validation of biopolymer coatings. expression and cell-surface 
localization of biopolymer coatings was validated for the new, engineered 293-
F cell lines. A, Representative confocal microscopy images of stable suspension 
adapted human embryonic kidney 293 (293-F) cell lines  wild type (w.t.), or 
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stably expressing the Mucin-0, Mucin-135, or Mucin-270 biopolymer. Images 
show the cell membrane (shown in blue, CF633 Wheat Germ Agglutinin, 
WGA), O-glycans covalently attached to the Mucin-135 and Mucin-270 
biopolymers (shown in red, CF568 Peanut Agglutinin, PNA), and green-
fluorescent protein (shown in green, GFP) which is co-expressed on the plasmid 
with the Mucin-0, Mucin-135 and Mucin-270 biopolymer. B, Representative 
flow cytometry histograms showing the polydisperse population of biopolymer 
expressing cell lines compared to w.t. cells, y-axis is scaled to show the 
population distribution of GFP positive cells. >50,000 cells per histogram. C, 
Quantification of the percent of cells which are GFP positive for each cell line. 
Cells with GFP signal above the gray line in Fig. 4.2B were considered GFP 
positive. Mean and S.D. are shown, >50,000 cells per sample, n = 4. D, 
Representative immunoblot (left) and lectin blot (right) of whole cell lysates for 
each generated stable cell line compared to w.t. cells, n = 3. E, Viable cell 
concentration determined by hemocytometer counting with trypan blue 
exclusion, n = 3. F, GFP signal of Mucin-270 cells after induction of expression 
at t = 0 hr, measured by flow cytometry, n = 3, >15,000 cells per sample. G, 
Agarose gel showing polymerase chain reaction (PCR) product of Mucin-270 
gene from DNA extracted from non-transfected cells (Mock), w.t. cells 
transiently transfected (Transient), or cells with the Mucin-270 gene 
incorporated in the genome and cultured for 2 months (2 mo.) or 12 days (12 d) 
after gentamycin selection. Star indicates the predicted molecular weight of 
Mucin-270 PCR product. #1 and #2 are biological replicates. Mean and S.D. 
shown, ns  not significant.  

 

4.4.2 Biopolymer coatings reduced cell aggregation 

 After establishing our stable populations, we set out to determine if the 

biopolymer coatings could reduce cell aggregation in suspension cell cultures. 

Phase contrast images of the cell lines qualitatively showed more cell aggregates 

in the w.t. and Mucin-0 cell lines than in the Mucin-135 and Mucin-270 lines 

(Fig. 4.3A). Quantification of the fraction of single cells in the sample showed 

an increase in the percent of single cells for the Mucin-135 and Mucin-270 

coatings compared to the w.t. cells, while the Mucin-0 line showed no difference 

compared to w.t. cells (Fig. 4.3B and 4.S1A). Correspondingly, w.t. and Mucin-
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0 coated cell lines were much more likely to form clusters of two or more cells 

than Mucin-135 or Mucin-270 cell lines (Fig. 4.3C and 4.S1B).  

Inspection of phase contrast images of our 293-F lines engineered with 

Mucin-135 or Mucin-270 revealed that the majority of cells were singlets or 

doublets with few detectable higher order aggregates (Fig. 4.3B). Because of the 

absence of higher order aggregates, we reasoned that the doublets in the Mcuin-

135 and Mucin-270 samples may be actively dividing cells or cells that have yet 

to full disassociate following cytokinesis. The appearance of doublets can also 

result from single cells randomly settling out of suspension too near each other 

to resolve in the 2D plane of the image formed on our microscope. To 

approximate the frequency of single cells which could randomly settle out of 

suspension in such a way, we created a simulated dataset of randomly placed 

centroids and conducted our clustering analysis. On average, the simulated 

centroids would be counted as singlets 66% of the time. By comparison, 57% of 

the Mucin-270 cells were singlets (Fig. 4.3B).  

To quantify the extent of cell clustering, we analyzed the spatial 

distribution statistic that counts the frequency at which neighboring particles 

are found within a given distance of any given particle. Using this statistical 

tool, we observed that the Mucin-135 and Mucin-270 biopolymers show 

decreased clustering compared to the w.t. and Mucin-0 cell lines (Fig. 4.3D and 

4.S1C).  

 



94 

 
Figure 4.3  Biopolymer coatings reduced cell aggregation. Genetically-
encoded biopolymer coatings of Mucin-135 and Mucin-270 size reduce cell 
aggregation in suspension cell culture. A, Representative phase contrast images 
for w.t. and biopolymer cell lines. Images were for cells grown at a 
concentration of 3.8 ± 0.7 x 106 cells/mL at 72 hr post-induction. B, 
Quantification of the fraction of cells in various cluster sizes from phase contrast 
images such as those shown in (A), 3 biological replicate samples, 2 technical 
replicate samples, 3 images analyzed per sample, samples (further discussion 
of replicates in Materials and Methods section). Center lines show the medians; 
box limits indicate the 25th and 75th percentiles as determined by R software; 
whiskers extend 1.5 times the interquartile range from the 25th and 75th 
percentiles, outliers are represented by dots; crosses represent sample means. 
C, Quantification of the fraction of cells which are in clusters of various sizes 
from phase contrast images such as those shown in (A). Mean and S.D. are 
shown. D, Ripleys K function versus distance calculated for the cell distribution 
acquired from phase contrast images such as those shown in (A). Mean and 
S.E.M. are shown, replicates described in (B). ns  not significant; * p < 0.05; ** p 
< 0.01; *** p < 0.005. 

 

4.4.3 Mucin-270 coatings outperformed commercially available anti-

clumping agent 

We found that the Mucin-270 biopolymer coating could reduce cell 

aggregation even in extreme pro-clumping conditions. Suspension adapted cell 
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lines have previously been shown to significantly aggregate under specific 

media conditions, such as high calcium concentrations that are known to 

promote engagement of cadherins (Dee et al., 1997; Han et al., 2006; Kim et al., 

2011; Meissner et al., 2001; Peshwa et al., 1993; Sjaastad and Nelson, 1997; 

Tolbert et al., 1980; Yamamoto et al., 2000; Zanghi et al., 2000). When cultured 

in high calcium conditions (2 mM CaCl2), the Mucin-270 biopolymer coated 

cells showed qualitatively less aggregation than w.t. cells (Fig. 4.4A). Notably, 

cultures with Mucin-270 biopolymer coatings retained their turbidity in the 

pro-clumping conditions, whereas unmodified cells assembled into large 

clusters easily visible to the naked eye (Fig. 4.4A). Mucin-270-coated cells show 

a slight decrease in concentration of cells in suspension upon calcium treatment 

while w.t. cells have essentially no cells remaining in suspension (Fig. 4.4B). 

Further, the Mucin-270 coating outperforms a commercially available 

anti-clumping agent in highly aggregating conditions. Under high calcium 

conditions, anti-clumping agent had no discernable efficacy in mitigating cell 

clumping (Fig. 4.4A). Addition of commercial anti-clumping agent to Mucin-

270 coated cells did not further enhance their resistance to clumping in our 

assays (Fig. 4.4B). Together, these results demonstrated the ability of our 

genetically-encoded biopolymer coatings to reduce cell aggregation in 

suspension. 
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Figure 4.4  Mucin-270 reduced aggregation in high calcium culture media. 
The Mucin-270 cell line out-performs commercial anti-clumping solution in 
highly aggregating conditions. A, Image of Mucin-270 and w.t. cultures grown 
in media with 2 mM CaCl2 (+ Ca2+). Mucin-270 expression significantly 
decreases cell aggregation, even compared to commercially available anti-
clumping reagent (+ anti-clump). B, Quantification of the concentration of w.t. 
or Mucin-270-expressing cells in suspension for control cultures with no 
treatment (null), with the addition of commercial anti-clumping reagent (+ anti-
clump), with the addition of 2 mM CaCl2 (+ Ca2+), or with both anti-clumping 
reagent and 2 mM CaCl2 (+ anti-clump + Ca2+). Statistical comparison is to null 
condition for each cell line. Mean and S.D. are shown, n = 3. ns  not significant; 
* p < 0.05; ** p < 0.01; *** p < 0.005. 

 

4.4.4 Biopolymer coatings provided resistance to shear stress 

 The sensitivity of suspension-adapted mammalian cells to shear stresses 

imposes a limit on the rate of mixing and mass transfer in typical bioreactors 

(Hu et al., 2011). Large volume bioreactors operated at high-cell densities 

require increased mixing to overcome mass transfer limitations (Hu et al., 2011). 

Thus, cellular sensitivity to shear places another limit on bioreactor 

productivity. Because protection of ductal epithelial cells to shear stress is a 

physiological function of mucins, we considered whether, as an added benefit, 

our biopolymer coatings might protect cells from shear stresses. To test this 
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possibility, suspended cells were sheared by passage through a narrow 

constriction and then analyzed for viability after reintroduction into culture 

(Fig. 4.5A). A 1 kg mass was applied to a vertically-oriented syringe to generate 

a constant and controlled pressure that drove the flow of suspended cells 

through a 

analyzed by flow cytometry using a live/dead cell stain. We found that the 

Mucin-135 and Mucin-270 biopolymer-coated cell lines had significantly 

greater viability after shearing compared to both w.t. and Mucin-0 cell lines 

(Fig. 4.5B), suggesting that the mucin coatings could allow for higher mixing 

rates in the bioreactor, although this possibility was not directly tested. 

 

 
 
Figure 4.5  Biopolymer coating enhanced resistance to shear stresses. 
Expression of the stably incorporated biopolymers protects cells from shear 
stresses. A, Schematic representation of the experimental setup for shearing 

 under 
a constant applied force of 1 kg in gravity before being analyzed by flow 
cytometry with a live/dead cell stain. B, Quantification of the fraction of dead 
cells after shearing the cells for the w.t. and biopolymer cell lines, Mean and 
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S.E.M. are shown, > 50,000 cells measured for each population, n = 6. ns  not 
significant; * p < 0.05; ** p < 0.01; *** p < 0.005.  

 

4.4.5 Biopolymer coated cell lines can be transiently transfected and produced 

comparable levels of recombinant protein 

 We noted that the use of transient transfection of cells for recombinant 

protein production has recently become of interest to avoid the long 

development times associated with selection and isolation of stable cell lines for 

production of new pharmaceuticals (Derouazi et al., 2004; Durocher et al., 2002; 

Swiech et al., 2011). Given the potential barrier effect of a mucopolysaccharide 

coating on the cell surface, we tested whether expression of our biopolymers 

would affect transfection efficiency of the cell lines. To test, we transiently 

transfected our cell lines with a plasmid for expression of cytoplasmic red-

fluorescent protein. We observed no statistically significant difference in the 

transfection efficiency of the Mucin-0, Mucin-135, or Mucin-270 cell lines 

compared to the w.t. cells (Fig. 4.6A). Single-cell analysis revealed similar 

distributions of recombinant protein production across the engineered and 

parental cell populations (Fig. 4.6B). Further, there is no significant difference 

in the RFP signal of transfected cells, indicating comparable expression of 

transiently transfected proteins in the different cell lines (Fig. 4.6C). We also 

tested the performance of our engineered cells for production of secreted 

recombinant proteins. As a test case, we fused a signal peptide to the fluorescent 

protein, mScarlet-I, and measured production of the secreted protein in 

medium supernatant from transiently transfected cultures. Mucin-270 coated 

cells produced the same quantities of secreted recombinant protein as w.t. cells 

(Fig. 4.7). We concluded that the biopolymer coatings did not adversely affect 

transfection efficiency and high protein production rate of the 293-F cell system. 
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Figure 4.6  Biopolymer coated cells can be transfected. Transfection was 
determined for the biopolymer coated cell lines by transfection with a 
cytoplasmic red-fluorescent protein (RFP). A, Quantification of the number of 
cells for w.t. and biopolymer coated cells transiently transfected with 
cytoplasmic RFP. The count of transfected cells was normalized to the count of 
w.t. cells transfected per experiment to account for variable transfection 
efficiency between replicate transfections. > 50,000 cells measured for each 
population, n = 3. B, Representative flow cytometry histogram showing the 
distribution of expression among transfected cell populations. The peak to the 
left of the gray line, centered around zero, represented the non-transfected 
population for each cell line which is further validated by the overlapping 
histogram of non-transfected w.t. cells (w.t.-null). C, Quantification of the 
geometric mean of RFP for positively transfected cells from B. Mean and S.D. 
shown, ns  not significant; * p < 0.05; ** p < 0.01; *** p < 0.005. 

 

 
Figure 4.7  Mucin-270 cells produced comparable levels of recombinant 
protein expression. Quantification of secreted, recombinant RFP from media 
supernatant of w.t. or Mucin-270-expressing cultures transiently transfected 
with secreted RFP, n = 3. Mean and S.D. shown, ns  not significant; * p < 0.05; 
** p < 0.01; *** p < 0.005. 
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4.5 DISCUSSION 

 The expression of engineered biopolymer coatings shows promise as a 

technology for improved suspension cell culture for bio-manufacturing 

applications. In this work, we have shown that established cell lines can be 

genetically modified to express engineered mucin biopolymers for anti-

adhesion. Expression of these biopolymers does not negatively impact the 

desirable characteristics of 293-F cells, including their fast proliferation rates 

(Fig. 4.1E) and high transfection efficiencies (Fig. 4.6A, B). Moreover, the 

expression of the biopolymers significantly reduces undesirable cell clumping 

(Fig. 4.3, 4.4, and 4.S1) and enhances resistance of the cells to shear forces (Fig. 

4.5). Our Mucin-135 coating and thicker Mucin-270 coatings performed 

similarly in head-to-head tests and should be equally well-suited for the 

applications investigated in this work. 

Our biopolymer coatings provide a significant reduction of cell 

aggregation in serum-free media formulations that are typically used for 

production in bioreactor formulations. Notably, our coatings could reduce 

aggregation further even in media formulations that were designed to minimize 

cell clumping (e.g. Invitrogen Freestyle 293-F media). Future studies could 

consider the effect of biopolymer expression on cell aggregation in media 

formulations that have historically been avoided due to issues of cell 

aggregation. For example, highly efficient transient transfections have long 

been performed with DNA-calcium phosphate precipitates (Jordan and Wurm, 

2004). However, at the high calcium concentrations required, 293-F cells are 

known to form large cell aggregates (Meissner et al., 2001; Peshwa et al., 1993). 

Based on our results (Fig. 4.4), use of the Mucin-135 or Mucin-270 coatings 

significantly reduce cell aggregation in such conditions for improved protein 
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production from transiently transfected cultures. 

Further refinement of the mucin coating technology may be achieved 

through additional optimization of the engineered mucins and their regulated 

expression. Notably, excessive over-production of highly glycosylated mucin-

like proteins could possibly compete with recombinant glycoproteins for the 

cellular glycosylation machinery and the nucleotide sugar building blocks of 

glycans. Shedding of the engineered mucins from the cell surface is mitigated 

by our choice of membrane anchor, which lacks a proteolytic cleavage site. 

Nevertheless, mucin shedding from highly over-expressed surface coatings is a 

possibility that could present challenges during downstream product 

purification. Cellular clones for production should be isolated that provide the 

desired performance enhancements of the mucin coatings, while avoiding over-

expression, which could affect downstream sample processing or compromise 

cellular growth, recombinant product quality, and overall productivity if too 

many cellular resources are dedicated to coating synthesis. 

The mucin technology coating was originally conceived as a solution for 

suspension-adapted suspension systems that tend to aggregate in the bio-

reactor. However, the ability of our coatings to protect cells and strongly resist 

clumping could also benefit current bio-manufacturing platforms, like CHO 

cells, which can still aggregate under non-ideal reactor conditions or in non-

optimal media formulations. As bio-manufacturing looks beyond CHO systems 

for next-generation production platforms that mitigate the risk of non-human 

glyco-conjugates and other antigenic epitopes, adaptation to growth in 

suspension remains a significant and time-consuming challenge for human, 

primate, and many other mammalian cell lines (Amaral et al., 2016; Rodrigues 

et al., 2013). By promoting cell viability and minimizing aggregation, our 



102 

coatings could help overcome some of the significant barriers to suspension 

adaptation.  

 Taken together, our work presents a mucin coating technology for 

improved single-cell growth of cells in suspension. Despite testing a relatively 

small number of mucin coatings, the system was largely successful in the 

primary goal of mitigating cell aggregation. Through future refinement and 

validation, the coating technology has potential as a viable solution for bio-

manufacturing with cellular production systems that have desirable features, 

but currently remain difficult to deploy in industrial practice due to poor single-

cell growth behavior in suspension.  
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4.7 SUPPORTING FIGURE 

 

 
 
Figure 4.S1  Additional data to accompany Figure 4.3 acquired 24 h prior. A, 
Quantification of the fraction of cells in various cluster sizes from phase contrast 
images such as those shown in Fig. 4.3A. Cells are grown at 3.2 ± 0.7 x 
106 cells/mL for 48 hr for all panels. Center lines show the medians; box limits 
indicate the 25th and 75th percentiles as determined by R software; whiskers 
extend 1.5 times the interquartile range from the 25th and 75th percentiles, 
outliers are represented by dots; crosses represent sample means. B, 
Quantification of the fraction of cells which are in clusters of various sizes from 
phase contrast images such as those shown in Fig. 4.3A. Mean and S.D. are 
shown. C, 
acquired from phase contrast images such as those shown in Fig. 4.3A. Mean 
and S.E.M. are shown, replicates described in Fig. 4.3B, n =3. ns  not significant; 
* p < 0.05; ** p < 0.01; *** p < 0.005. 
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CHAPTER 5 

PHYSICAL PRINCIPLES OF MEMBRANE SHAPE REGULATION BY THE 

GLYCOCAYLX1,2 

5.1 SUMMARY  

Cells bend their plasma membranes into highly curved forms to interact 

with the local environment, but how shape generation is regulated is not fully 

resolved. Here we report a synergy between shape-generating processes in the 

cell interior and the external organization and composition of the cell-surface 

glycocalyx. Mucin biopolymers and long-chain polysaccharides within the 

glycocalyx can generate entropic forces that favor or disfavor the projection of 

spherical and finger-like extensions from the cell surface. A polymer brush 

model of the glycocalyx successfully predicts the effects of polymer size and 

cell-surface density on membrane morphologies. Specific glycocalyx 

compositions can also induce plasma membrane instabilities to generate more 

exotic undulating and pearled membrane structures and drive secretion of 

extracellular vesicles. Together, our results suggest a fundamental role for the 

glycocalyx in regulating curved membrane features that serve in 

communication between cells and with the extracellular matrix.  

 

5.2 INTRODUCTION 

Tubular and spherical extensions of the plasma membrane play vital 

1This work was originally published in Cell and has been reproduced here under the 
rights policy of Cell Press. Shurer, C.R., Kuo J.C.H, Roberts, L.M., Gandhi, J., Colville, M.J., Enoki, 
T.A., Pan, H., Su, 
Kourkoutis, L.F., Moerner, W.E., Bertozzi, C.R., Feigenson, G.W., Reesink, H.L., and Paszek, M.J. 
(2019). Physical Principles of Membrane Shape Regulation by the Glycocalyx. Cell. 
https://doi.org/10.1016/j.cell.2019.04.017 
 

2C.R.S. prepared the cDNA and guide RNA vectors, conducted fluorescence microscopy, flow 
cytometry analysis and cell sorting, and produced recombinant Muc1. See sections 5.5.1 and 
5.5.2 for a complete author list and specific author contributions. 
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roles in human development and everyday cellular functions. While curved 

membrane protrusions have long been recognized to increase cell-surface area 

for secretion, absorption, and receptor-mediated communication, modern 

research has provided compelling examples of more diverse and sophisticated 

functionalities (Marshall, 2012). For instance, T-cells of the adaptive immune 

system generate a high density of tubular microvilli to engage antigen 

presenting cells, and such structures may be similarly important for the 

recognition of tumor cells by engineered immune cell therapies 

2018; Jung et al., 2016). Membrane projections also enable cell-to-cell 

communication over long ranges and at precise three-dimensional locations in 

tissues. During development, long and thin membrane projections called 

cyto

-microns away (Bischoff et al., 2013; Kornberg and Roy, 

2014). Stem cells, immune cells, and many other cell types are also known to 

bend their plasma membranes into spherical microvesicles that can deliver 

macromolecular cargoes over long distances (Tricarico et al., 2017). Curved 

membrane features also enable physical communication and cell behaviors, 

such as migration. For example, spherical membrane expansions called blebs 

are generated by primordial germ cells, tumor cells, and other cell types for 

protrusion and frictional coupling with the tissue matrix during migration 

(Paluch and Raz, 2013). 

Deregulation of membrane-shape generating processes can contribute 

directly to disease progression. As a notable example, tumor cells frequently 

extend thin, tubular structures, including microvilli for dynamic adhesion in 

the vasculature and tunneling nanotubes for long-rang intercellular 

communication with the stroma (Kramer and Nicolson, 1979; Liu et al., 2018; 
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Lou et al., 2012). Aggressive tumor cells also tend to generate microvesicles at 

high frequencies and project spherical blebs for migration (Antonyak et al., 

2011; Becker et al., 2016; Bergert et al., 2015; Friedl and Wolf, 2010). Cargoes 

carried by tumor microvesicles are now recognized to have diverse modulatory 

roles, including reprogramming of other cell types in the stroma and the 

preparation of distant metastatic niches for colonization (Becker et al., 2016). 

 Forces originating from cytoskeletal dynamics are posited to generate 

membrane curvature for the diverse spherical and tubular structures on the cell 

surface. Polymerizing cytoskeletal filaments are envisioned to push out at 

discrete points along the plasma membrane for extension of microvilli, cilia, 

filapodia and other finger-like projections (Footer et al., 2007; Gupton and 

Gertler, 2007; Mogilner and Rubinstein, 2005; Peskin et al., 1993). Moreover, 

contraction of the cytoskeleton generates the hydrostatic pressure for spherical 

expansion of the membrane during bleb formation (Charras et al., 2005). The 

physical dynamics that bend sub-regions of the plasma membrane into 

microvesicles remain poorly understood; however, reports have implicated the 

actin cytoskeleton in their biogenesis (Tricarico et al., 2017). 

While the cell-surface glycocalyx is not featured in canonical models of 

membrane shape regulation, correlations abound between glycocalyx 

composition and cell-surface morphology in both normal and disease states. In 

normal cell physiology, polypeptide and sugar co-polymers called mucins are 

frequently anchored at high densities on the surfaces of epithelial microvilli 

(Hattrup and Gendler, 2008; Kesavan et al., 2009; Kesimer et al., 2013), cilia 

(Button et al., 2012), and filapodia (Bennett Jr. et al., 2001); hyaluronan polymers 

densely coat the microvilli of oocytes and mesothelium (Evanko et al., 2007; 

Makabe, S. et al., 2006); and long chains of sialic acid and hyaluronan decorate 
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the highly curved surfaces of neuronal axons (Fowke et al., 2017; van den Pol 

and Kim, 1993; Zhang et al., 1992). T-cells and dendritic cells express cell-surface 

mucins upon activation or maturation, which coincides with often dramatic 

changes in membrane tubularization and microvilli generation (Agrawal et al., 

1998; Cloosen et al., 2004; Jung et al., 2016; Pilon et al., 2009). Aggressive tumor 

cells frequently produce an abundance of mucins and hyaluronan on their cell 

surface (Kufe, 2009; Turley et al., 2016), and the expression of these polymers 

has been anecdotally linked to their unique membrane features, such as 

extensive microvilli (Polefka et al., 1984). Mucins and hyaluronan polymers are 

also densely arrayed on the surfaces of enterocytes, reactive astrocytes, 

dendritic cells, and tumor cells that are known to secrete high levels of 

microvesicles (Cloosen et al., 2004; Gangoda et al., 2015; McConnell et al., 2009; 

Paszek et al., 2014; Pelaseyed et al., 2014; Tricarico et al., 2017). While the 

ubiquity of these correlations suggests a possible causal relationship between 

glycocalyx polymer composition and plasma membrane morphologies, a 

specific mechanism of action has not been delineated. 

Mucins and long-chain polysaccharides are anchored to the membrane 

in such a way that long polymer chains or loops are expected to extend from 

the cell surface (Hattrup and Gendler, 2008; Lee et al., 1993). The ensemble 

resembles a well-studied structure in polymer physics called a brush, where 

polymers are grafted on one end to a surface (Chen et al., 2017). Polymer brush 

theory has long recognized that steric interactions in a densely crowded brush 

restrict the number of molecular configurations each polymer can explore, 

thereby increasing the free energy of the system through reduced entropy (de 

Gennes, 1980). Similar to the thermodynamic basis of gas pressure, the entropic 

penalty associated with molecular crowding can generate pressure on the 
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anchoring surface (Hiergeist and Lipowsky, 1996; Lipowsky, 1995; Stachowiak 

et al., 2012). Experimental studies with synthetic polymers have confirmed that 

the pressures generated by these unstructured macromolecules is sufficient to 

deform flexible lipid membranes (Busch et al., 2015; Evans and Rawicz, 1997; 

Hansen et al., 2003; Kenworthy et al., 1995). However, whether biopolymers in 

the glycocalyx might regulate plasma membrane morphologies through a 

similar mechanism remains largely untested. 

 

5.3 RESULTS 

5.3.1 Glycocalyx polymers and membrane morphology 

Guided by the framework of polymer brush theory, we hypothesized 

that glycocalyx polymers may generate an entropic bending force to favor the 

formation of specific membrane forms. As a corollary to this hypothesis, we 

envisioned that emergent membrane structures could be tuned through rational 

manipulation of the glycocalyx.  

To test these hypotheses, we evaluated a genetically encoded library of 

native, semi-synthetic, and rationally designed mucin polymers of varying size, 

backbone sequence, and membrane anchorage (Fig. 5.1A). Polymers considered 

included the 42 native tandem repeats (TR) of Mucin-1 (Muc1-42TR), the serine 

and threonine-rich polymer domain of Podocalyxin (Podxl; S/T-Rich), and a 

new synthetic mucin that we rationally designed based on a consensus mucin 

O-glycosylation sequence, PPASTSAPGA (Rational) (Fig. 5.1A).  

Each polymer domain was fused to the native Muc1 transmembrane 

anchor with the cytoplasmic tail deleted ( CT) or the native mucin 

transmembrane anchor with a membrane proximal green fluorescent protein 

for imaging (GFP- CT; Fig. 5.1A). The cytoplasmic tails of the native membrane 
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anchors were deleted to limit intracellular signal transduction by the mucins. 

We also created mucin chimeras with a synthetic 21-amino acid transmembrane 

domain (TM21) to rule out that any observed effects of mucin expression could 

be attributed to the native mucin transmembrane domain and membrane 

proximal sequences (Fig. 5.1A). Each mucin expressed well on the cell surface 

(Fig. 5.S1A-C). The mucin polymer backbones were heavily glycosylated with 

O-linked sugar side chains to form the bottlebrush molecular structures that 

define mucins (Fig. 5.S1B, C). 

When expressed at high levels on the epithelial cell-surface, each of the 

long-chain mucins triggered a dramatic tubularization of the plasma 

membrane, as observed by scanning electron microscopy (SEM; Fig. 5.1B, C). 

The phenotype was observed whether the mucin polymers were tethered to the 

membrane by a native-mucin transmembrane domain or synthetic membrane 

anchor (Fig. 5. GFP-

polymer domains were expected to be unstructured due to their high proline 

content and densely clustered serine and threonine sites for O-glycosylation. To 

test whether a more rigid, folded protein construct of comparable size to the 

mucins could induce a similar phenotype, we created a chimeric glycoprotein 

through fusion of the native Muc1 transmembrane anchor with repeating units 

of highly stable, EGF-like motifs from the ectodomain of human Notch1 (Kovall 

et al., 2017; Weisshuhn et al., 2016). Although the expressed Notch1 chimera 

was similar in molecular weight to fully glycosylated Muc1, the glycoprotein 

was ineffective at inducing membrane tubularization (Fig. 5.1B, C, and S1B). We 

confirmed that our various mucin constructs and Notch1 chimera were all 

expressed at similar levels on the cell surface, ruling out that the differences 

could be explained by differential expression of the constructs (Fig. 5.S1C).  
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We tested whether enzymatic digestion of the mucin-rich glycocalyx 

would destabilize the curved membrane features and revert tubularization. 

Live Muc1-

specific mucin backbone-digesting enzyme called secreted protease of C1 

esterase inhibitor (StcE) from enterohemorrhagic E. coli (Malaker et al., 2018). 

Metabolic incorporation with N-azidoacetylgalactosamine (GalNAz) followed 

by Cu-click was used to fluorescently label O-glycans, and oxidation with mild 

periodate followed by hydroxylamine conjugation was used to label sialic acids 

of mucins and other glyco-conjugates. Cells were then fixed and subjected to 

single molecule localization microscopy, which enabled resolution of 

nanoscale-membrane morphologies (Möckl et al., 2018). Residual sialic acid 

derived fluorescent signal revealed that the tubulated morphology of Muc1-

 (Fig. 5.1D). We 

concluded that the tubulated membrane morphologies were reversible, and 

mucin on the cell surface was required for maintenance of the highly curved 

membrane features. 

The rapid reversibility of the membrane morphologies argued against 

excess membrane surface area as the underlying mechanism through which 

glycocalyx biopolymers exert control over cell-surface shapes. As an additional 

control, we conducted a standard transferrin-receptor internalization assay to 

evaluate the effects of mucin expression on endocytosis and recycling, which 

are key mechanisms of plasma membrane area regulation in cells. We found 

that Muc1 expression did not have a significant effect on transferrin endocytosis 

(Fig. 5.S1D, E). We also found that mucin glycocalyx biopolymers could induce 

spontaneous curvature in model membrane systems that lack the machinery for 

active regulation of surface area and surface tension. Notably, the S/T-rich 
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polymer domain of Podxl triggered spontaneous generation of spherical and 

tubular membrane structures when anchored to the surface of giant unilamellar 

vesicles (GUVs) (Fig. 5.1E and 5.S1F).  

 The tubularization phenomenon observed in cells was relatively 

insensitive to the length of the mucin polymer domain, provided that the 

polymers were expressed on the cell surface at moderate to high densities. We 

explored this through cDNAs for 0, 10, or 42 Muc1 tandem repeats that were 

fused with a GFP-tagged transmembrane anchor to encode cell-surface mucins 

with expected contour lengths of 0, 65, and 270 nm, respectively (Fig. 5.1F and 

5.S1G). Cell lines expressing the constructs were sorted into populations with 

similar mucin surface densities using a nanobody that probed the GFP tag of 

cell surface mucins (Fig. 5.1F). The mucin polymer domain was required for 

efficient membrane tubularization. Both 10- and 42-TR mucins induced 

significantly more plasma membrane tubules than the construct with 0 TRs (Fig. 

5.1G, H). We compared cells of similar spread area to rule out the possibility 

that changes in membrane surface tension and other effects associated with cell 

spreading could explain the morphological differences (Fig. 5.1G). 

Similar to our observations with mucins, we found that a glycocalyx rich 

in large, linear polysaccharides could also trigger dramatic changes in plasma 

membrane morphology. Notably, hyaluronic acid synthase 3 (HAS3) 

expression increased the density of high molecular weight hyaluronic acid (HA) 

polymers on the cell surface and led to the protrusion of many finger-like 

membrane extensions (Fig. 5.S1H-K), consistent with prior observations 

(Koistinen et al., 2015). Together, these results suggested that diverse glycocalyx 

polymer types and sizes might influence cell morphological states.  
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Figure 5.1  Flexible glycocalyx polymers induce membrane projections. See 
also Figure 5.S1. A, Schematic and table illustrating the genetically encoded 
biopolymers that were constructed and used throughout this work. The gene 
library encoded native and synthetic mucins comprised of a central polypeptide 
core, sugar side chains linked to serine (S) and threonine (T) residues, and a 
transmembrane anchor. B, Quantification of membrane tube density in 



113 

epithelial cells. Mucin polymers induce dramatic tubularization compared to 
wild-type (Control) cells and compared to a similarly sized biopolymer 
composed of EGF-like repeats from Notch1 and the Muc1 transmembrane 
anchor with GFP reporter (EGF-repeats GFP-
analyzed is shown on the x-axis for each condition. Box notches here and 
elsewhere indicate 95% confidence intervals. C, Scanning electron microscopy 
(SEM) images showing membrane morphologies of cells expressing the 
indicated biopolymer. D, Metabolically labelled glycans and membrane 
morphologies resolved with single molecule localization microscopy in Muc1-

cells before and after mucin backbone digestion with the 
StcE mucinase. Images are shown as 2D color-coded histograms of localizations 
with 32 nm bin width. E, Representative confocal images of GUVs with and 
without anchorage of recombinant Podocalyxin. F, (left) Cartoons of Muc1-
GFP-
repeats (TR). (right) Flow cytometry data showing similar cell-surface 
expression levels of indicated mucins using a GFP-binding nanobody, n = 3, > 
40,000 cells per population. G, Representative SEM images of cells described 
with varying number of TR. H, Quantification membrane tube density for 
mucin with various TRs, significance compared to 42TR. *** p < 0.001, ns  not 
significant (post-hoc student's two-tailed t test). 

 

5.3.2 Mucin expression predicts tumor cell morphologies 

We considered whether specific mucin glycan structures were required 

for the generation or maintenance of the curved membrane morphologies. We 

abrogated extension of mucin O-glycan chains through CRISPR/Cas9 mediated 

knockout of the Core- -T Specific Molecular Chaperone (COSMC), which is 

required for elongation of the primary O-linked, N-acetylgalactosamine 

monosaccharide into more complex Core O-glycans (Fig. 5.2A) (Stolfa et al., 

2016; Wang et al., 2010). We also targeted mucin sialylation through knockout 

of solute carrier family 35 member A1 (SLC35A1), which shuttles activated 

nucleotide sugars from the cytoplasm into the Golgi for sialic acid addition to 

glycans (Fig. 5.2A) (Riemersma et al., 2015). The expected glycan perturbations 
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were confirmed with flow cytometry using the Vicia villosa lectin (VVA) to 

probe non-extended R-N-acetylgalactosamine, peanut agglutinin (PNA) to 

probe Core-I glycans, and metabolic labelling with ManNAz to detect sialic acid 

incorporation (Fig. 5.2A).  

Disruption of O-glycan extension or sialylation did not block the strong 

induction of cell-surface tubularization by the Muc1 polymer backbone, 

although the density of membrane tubes on the cell surface was somewhat 

reduced compared to wild-type cells expressing the mucin at similar levels (Fig. 

5.2B, C). Thus, the mucin backbone and initial R-N-acetylgalactosamine 

residues were sufficient for membrane tubularization. We noted that prior 

studies had found that the structural conformation of mucin biopolymers is 

largely determined by the initial R-N-acetylgalactosamine residues of the 

mucin O-glycans (Coltart et al., 2002). 

Together, our results suggested that plasma membrane morphologies 

might be predicted simply by profiling mucins or other biopolymers on the cell 

surface. We tested this possibility in carcinoma cell lines that are known to have 

abundant levels of Muc1 in their glycocalyx. In the three tumor cell lines that 

we tested  human breast cancer T47D, human breast cancer ZR-75-1, and 

human cervical HeLa  we observed widely varying Muc1 levels across sub-

populations in each line (Fig. 5.2D). Notably, in each tumor cell line, sub-

populations were present that expressed endogenous Muc1 at comparable or 

higher levels than in the epithelial cell lines in which we ectopically expressed 

Muc1 and observed significant changes in membrane morphology (Fig. 5.1B, C, 

and 5.2D). We sorted each tumor cell line into sub-populations that expressed 

low or high levels of Muc1 (Fig. 5.2E). Cells sorted for high Muc1 expression 

showed a significant increase in membrane tube density compared to cells 
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expressing lower native levels of the mucins (Fig. 5.2F, G). Taken together, the 

results provided evidence that the well-known prevalence of tubulated features 

on tumor cells may be linked to perturbation of their glycocalyx (Kolata, 1975).

   

 
 
Figure 5.2  Mucin polymer expression levels predict tumor cell 
morphologies. A, (top) Illustration of how COSMC and SLC35A1 knockout 
(KO) effects O-glycan extension, sialylation, and lectin reactivity. (bottom) Flow 
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cytometry data showing mucin levels, lectin reactivity, and sialylation 
(ManNAz labelling) of wild-type, COSMC KO and SLC35A1 KO cells 
expressing Muc1- B, Quantification of membrane tube density on 
COSMC and SLC35A1 KO cells expressing Muc1-
the mean tube density and 95% confidence intervals from Fig. 5.1B are shown 
for wild-type cells (Control) and wild-type cells expressing Muc1-
significance compared to wild-type cells (Control) (a = p < 0.001) and 
significance compared to wild-type Muc1- -expressing cells (b = p < 
0.001). C, SEM images showing the tubulated membrane morphologies of 
COSMC and SLC35A1 KO cells expressing Muc1- D, Representative 
flow cytometry histogram showing endogenous Muc1 levels on the surface of 
various cancer cell lines and ectopic Muc1 levels on the surface of Muc1-42TR 

3, > 20,000 cells per population. E, (left) Strategy for 
sorting tumor cell lines into sub-populations with low and high surface levels 
of Muc1. (right) Flow cytometry results confirming high and low surface levels 
on the sorted sub-populations; results presented as the geometric mean of the 
Muc1 signal across the indicated sub-population. F, Quantification of 
membrane tube density on the sorted sub-populations. G, SEM images showing 
typical membrane morphologies in each sorted sub-population. *** p < 0.001 
(post-hoc student's two-tailed t test). 

 

5.3.3 Specialized cells in vivo 

Motivated by our observations in vitro, we considered whether 

glycocalyx polymers might play a role in shaping the morphology of 

specialized cell types in vivo. We elected to evaluate synoviocytes, since these 

secretory cells are known to produce large quantities of HA for joint lubrication 

and, thus, are expected to display a high density of HA polymers on their 

surface. We isolated synovial tissues from equine carpus (Fig. 5.3A) and found 

that primary synoviocytes expressing HAS3 were highly tubulated, but 

treatment with hyaluronidase (HyA) to degrade HA resulted in the rapid 

destabilization and disappearance of membrane tubules (Fig. 5.3B, C). We also 

evaluated synoviocyte morphology in tissues that were freshly extracted and 
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briefly cultured ex vivo (< 1 h). The synoviocytes in native synovial tissue 

displayed an HA-rich head that appeared highly tubulated and protruded from 

the tissue matrix (Fig. 5.3D, E). Brief treatment of the tissue with HyA ex vivo 

resulted in a dramatic retraction of synoviocyte tubules, suggesting a role for 

the glycocalyx in the maintenance of membrane projections in vivo (Fig. 5.3E). 

 

 
 
Figure 5.3  Membrane morphology of tissue synoviocytes is regulated by the 
glycocalyx. A, Experimental workflow for resected equine synovial tissues. B, 
Representative SEM images of hyaluronic acid synthase 3 (HAS3) expressing 
primary synoviocytes showing retraction of membrane tubules following 30 
minutes of hyaluronidase (HyA) treatment to digest hyaluronic acid (HA). C, 
Quantification showing tubule density was dependent on the presence of HA. 
D, Images of freshly resected synovial tissue showing the nucleus (DAPI), 
surface-anchored HA (hyaluronic acid binding protein, HABP) of a 
representative synoviocyte, and the tissue collagen (second harmonic 
generation, SHG). Depth along the z-axis is coded according to the color bar. 
Note the HA-enriched membrane extensions protruding from the synovial 
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tissue surface. Lower right panel shows a cartoon representation of the 
observed tissue synoviocyte. E, Membrane tubules are visible, by SEM, on 
synoviocytes in freshly excised equine synovial tissue. The synoviocyte head, 
pseudo-colored in orange, is protruding from the synovial tissue. HyA 
treatment to digest HA resulted in the rapid retraction of synoviocyte tubules 
(right). *** p < 0.001 (post-hoc student's two-tailed t test). 

 

5.3.4 Polymer brush framework 

To develop a more comprehensive understanding of membrane shape 

regulation by glycocalyx polymers, we considered whether the observed 

membrane shapes and their frequencies could be rationalized through the 

framework of polymer brush theory. We noted that two limiting regimes are 

classically described in polymer physics for end-grafted polymers: the 

mushroom regime, where polymers at low grafting densities have limited 

interactions with each other, and the brush regime, where crowded polymers 

can interact sterically and electrostatically with each other to exert larger 

pressures on the anchoring surface (Milner, 1991) (Fig. 5.4A). For mucins, we 

expected the transition from the mushroom to brush regime to occur at a surface 

density where the average distance between the polymers was approximately 

two times their radius of gyration in solution (Fig. 5.4A). 

To measure the radius of gyration and flexibility of individual mucins, 

we produced recombinant Muc1-42TR with a terminal purification tag in place 

of its transmembrane anchor (Fig. 5.S2A, B). Size-exclusion chromatography 

coupled to multi-angle light scattering (SEC-MALS) reported 32 nm  0.4% for 

the mucin radius of gyration in physiological buffer. Based on the estimated 

Muc1-42TR contour length of approximately 270 nm, we concluded that the 

mucin had a persistence length of approximately 7.5 nm and adopted the 
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extended random coil configuration expected for a semi-flexible polymer in 

solution.  

We next asked whether polymer brush theory could capture the physical 

behavior of mucin ensembles on the cell surface. We tested whether mucins 

stretch and extend in a predictable manner as they become progressively more 

crowded, a characteristic physical behavior originally described by Alexander 

and de Gennes in their seminal theories on polymer brushes (Alexander, 1977; 

de Gennes, 1980; Milner, 1991). We chose to evaluate mucin extension on actin-

containing tubules that resembled microvilli, since the curvature of these 

structures was highly uniform and essentially independent of the mucin surface 

density due to the rigid actin cores (Fig. 5.S2C). As such, we could approximate 

the tubule surface as a rigid cylinder of fixed radius for direct comparison to 

classical theory. A cDNA for Muc1-42TR with complimentary epitope tags 

flanking the mucin polymer domain was constructed. Following cellular 

expression, the encoded tags were labeled with fluorophore-conjugated probes 

and resolved on microvilli cross-sections using a super-resolution optical 

technique called expansion microscopy (ExM) (Fig. 5.4B and 5.S2D-F). We 

found that the mucin extension  

with fluorescence intensity, and hence surface density, with an exponent of 0.48 

± 0.10 (Fig. 5.4B). This value compared well to the theoretically derived power 

law exponent of between 0.33 and 0.5 for polyelectrolytes grafted on a rigid 

cylindrical surface at physiological salt concentrations (Zhulina and Borisov, 

1996). 

Encouraged by these findings, we created a polymer brush model to 

describe the physical behavior of a mucin-rich glycocalyx assembled on the 

plasma membrane (see Supplemental Note  for 
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full model details). In our model, the entropic pressure contributed by the 

mucin brush generated a spontaneous membrane curvature that strongly scaled 

with polymer density and weakly with polymer chain length (Hiergeist and 

Lipowsky, 1996) (Fig. 5.4C and 5.S3). The weak dependence on polymer length 

was consistent with our earlier findings that mucins with 10 and 42 repeats had 

comparable effects on cell-surface morphology despite their 4-fold difference in 

size (Fig. 5.1G, H and 5.S1G). For 10 and 42 TR mucins, our brush model 

predicted only a ~20% difference in spontaneous membrane curvature (Fig. 

5.S3). 

 

 
 
Figure 5.4  Polymer brush model of the glycocalyx and generation of 
preferred membrane shapes. See also Figure 5.S2 and 5.S3. A, Polymer model 
of membrane bending illustrating proposed spontaneous membrane curvature 
induced by the cellular glycocalyx. Low density polymers are non-interacting 

regime, polymers overlap (the average distance between polymers, D, is less 
than the twice the radius of gyration, RG) and extend to avoid each other, 
increasing the height of the polymer brush (H). Entropic pressures are the basis 
for membrane curvature generation by polymer mushrooms and brushes. B, 
Muc1 construct with SUMO and GFP tags flanking the polymer domain for 
visualization of polymer extension with expansion microscopy (ExM). Polymer 
extension versus polymer fluorescence intensity, a proportional measure of 
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surface density, showing the indicated scaling relation. Dots, squares, and 
triangles indicate measurements from three samples. The red line shows a 
linear regression through all data points. C, Theoretical prediction of 
spontaneous curvature generation by Muc1 polymer mushrooms and polymer 
brushes. Blue: estimated mushroom regime (mush.); pink: estimated brush 
regime (brush). The computational model here considers mucins of length 270 
nm having monomeric segments of length 15 nm (Kuhn length). These 
parameters were based on experimental characterization of native Muc1-42TR 
and selected for comparison to experiments below. D, (left) Theoretical 
prediction of required pressure (Pa) as a function of mucin concentration for 
blebs of radii = 250 nm. The insert shows a pressure minimum near the 
mushroom-brush transition. (right) Theoretical prediction of the required point 
force (pN) as a function of mucin concentration for maintaining membrane 
tubules.  

 

5.3.5 Preferred membrane shapes 

We tested whether the polymer model could explain the frequency of 

finger-like and spherical protrusions from the cell surface. We reasoned that 

protrusion of a specific membrane feature would be disfavored when high 

intracellular forces were required to extend or maintain the protrusion and 

favored when these force requirements were minimal. Minimizing the standard 

Helfrich free energy function for membranes with induced spontaneous 

curvature, we calculated the equilibrium cytosolic pressure required to 

maintain a spherical membrane bleb and the point force required to maintain a 

membrane tubule (Derényi et al., 2002) (Fig. 5.4D; see 5.9 Supplemental note: 

). For experimental comparison, we evaluated the 

types, sizes, and frequencies of plasma membrane features as a function of 

mucin cell-surface density. Cells expressing Muc1-42TR-GFP- CT were labeled 

with an anti-GFP nanobody and sorted into populations of varying mucin 

surface levels (Fig. 5.5A, B). The average mucin surface density in each 



122 

population was estimated by SDS-PAGE through interpolation using a 

nanobody standard curve (Fig. 5.S4). Molecular surface densities in the sorted 

populations ranged from 180 to ~50,000 mucins per 2. For reference, we 

expected the mushroom to brush transition to occur around 250 mucins per 2 

based on the measured radius of gyration of recombinant Muc1-42TR in 

solution.  

Initially, we evaluated membrane blebs. Using physical parameters 

measured for Muc1-42TR, we predicted that the pressure required for 

maintaining a bleb with a typical radius of 250 nm would be minimal at 

moderate mucin densities near the mushroom-brush transition (Fig. 5.5C, D). 

An important model prediction was that the required maintenance pressure 

would rise sharply at higher mucin densities, quickly reaching pressures that 

(Charras et al., 2008). 

Thus, theory suggested that blebbing would be supported by low mucin 

densities and suppressed by a highly dense glycocalyx (Fig. 5.5D). Our 

experimental observations showed good qualitative agreement with these 

predictions. Cells with a mucin density near the estimated mushroom-brush 

transition displayed a significant number of large, bleb-like forms with an 

average radius of 260 ± 100 nm (Fig. 5.5B-D; 180 mucins per 2). Upon 

crossover into the brush regime, the bleb frequency plummeted precipitously, 

ary bleb 

maintenance pressure (Fig. 5.5B, D).  

The glycocalyx polymer model predicted a much different dependence 

of tubule projection on mucin density. The predicted point force required for 

maintaining an extended tubule decreased progressively with high mucin 

densities and exhibited no sharp transitions (Fig. 5.4D). Accordingly, the 
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frequency of cell-surface tubules observed in our sorted cell populations 

increased steadily with mucin density throughout the mushroom and brush 

regimes until the cell was fully saturated with tubes at very high mucin 

densities (Fig. 5.5B-E). Notably, theory predicted that at these high densities, 

the required force for tubule extension is comparable to the polymerization 

force of a single cytoskeletal filament, ~1 pN (Footer et al., 2007). Based on the 

experimentally measured mucin densities, we estimated the theoretical point 

force, f, required to maintain tubules. Remarkably, the experimentally observed 

tube frequency on our sorted cell populations had a nearly perfect inverse 

correlation with the theoretical point force calculated the corresponding mucin 

density (Fig. 5.5F)

relationship between tube density and 1/f was 0.97.  

The polymer model also predicted that the spontaneous curvatures 

generated by high mucin surface densities exceeded the curvature of finger-like 

projections that we observed on the cell surface. We noted that the tubular 

membrane projections on our cells typically contained a filamentous actin (F-

actin) core and did not contain microtubules (Fig. 5.6A, B and 5.S5A-D). 

Disruption of F-actin assembly with the drug Latrunculin A (LatA) led to a 

reduction in tubule diameter by approximately 30 nm (Fig. 5.6C, D and 5.S5E, 

F), indicating that the mucin-induced spontaneous curvature exceeded the 

curvature of the stable, actin-filled projections. It should be noted that our 

measurement of LatA-treated cells likely excluded very thin and delicate 

membrane tubules that were difficult to preserve throughout the SEM sample 

preparation. Nevertheless, our results clearly indicated that spontaneous 

curvatures generated by the glycocalyx can meet or exceed the curvature 

requirements for thin, finger-like projections, such as microtubules, cilia, 
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filapodia, axons, and cytonemes, which have characteristic diameters of 

approximately 100-200 nm.  

 

 
 
Figure 5.5  Preferred membrane shape depends on cell-surface biopolymer 
concentrations. See also Figure 5.S4. A, Strategy for sorting cells into 
populations with varying levels of cell surface mucin (Muc1-42TR-
using fluorescence-activated cell sorting (FACS). B, Representative SEM images 
showing the transition of membrane morphological features of sorted cell 
populations with the indicated mucin surface density. Mucin densities were 
chosen to match the indicated points on the theoretical graphs (Fig. 5.3D). C, 
Average radius of bleb structures measured in the mushroom regime and tube 
structures measured in the brush regime. D, Observed density of membrane 
blebs on sorted cell populations having the indicated average mucin surface 
density. Significance was determined between mushroom regime and brush 
regime (*) or between the lowest brush regime density and all other brush 
mucin densities (+). E, Observed density of membrane tubes on sorted cell 
populations having the indicated average mucin surface density. Symbols 
defined in (D). F, Inverse predicted force from (Fig. 5.3D, right) versus the 
observed tube density from (E) exhibits a linear relationship and Pearson 
correlation coefficient of 0.97. Number of measurements shown on the x-axis of 
boxplots. Error bars indicate 95% confidence intervals. ns - not significant; */+ p 
< 0.05; **/++ p <0.01; ***/+++ p < 0.001 (post-hoc -tailed t test). 
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Figure 5.6  Glycocalyx-mediated membrane instabilities and microvesicle 
biogenesis. See also Figure 5.S5. A, Representative confocal microscopy images 
of epithelial cells expressing Muc1-
agglutinin) for mucins and phalloidin for actin, n = 3. B, Fluorescent intensity 
line trace from (A) (PNA image, red line). Values are normalized for their 
respective maximum intensities for phalloidin and PNA stains. C, Average 
diameter of tubules in Muc1-
with DMSO (Vehicle) or with 10 µM Latrunculin-A (+ LatA) to disrupt actin 
assembly. D, Representative SEM images of tubules in vehicle treated or LatA 
treated cells expressing Muc1- E, (left) Cartoon schematic of a 
proposed model in which the actin core resists the spontaneous membrane 
curvature driven by the glycocalyx brush. Upon actin depolymerization, 
membrane tubules are destabilized and predicted to relax into (right) various 
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pearled structures and/or thin tubes that represent minimal energy surfaces. 
Schematic drawings of these predictions are shown alongside representative 
pseudo-colored SEM images of cells expressing Muc1- F, Cartoon 
schematic of proposed mechanism where pearling and vesiculated membrane 
instabilities (left) are disrupted and lead to microvesicle shedding (right). G, 
Histogram showing the average concentration and size distribution of 
extracellular vesicles for wild-type (Control) and Muc1-
cells. Shaded area shows the 95% confidence interval for all histograms. H, 
Histogram showing the average concentration and size distribution of 
extracellular vesicles for Muc1-
Latrunculin A (+ LatA), n = 5, 5, 4, 7, respectively. I, Representative cryogenic 
transmission electron microscopy (cryo-TEM) image of a vesicle collected from 
cells expressing Muc1- -colored regions of 
interest shown on the right. J, Representative histogram showing average 
concentration and size distribution of extracellular vesicles for wild-type 
(Control), hyaluronic acid synthase 3 (HAS3) expressing human mammary 
epithelial cells, and HAS3-expressing cells treated with hyaluronidase (HyA). 
Particle concentration is normalized to the max peak for each graph, n = 4, 5, 3, 
respectively. K, Average concentration of extracellular vesicles from HeLa cells 
sorted for high or low Muc1 surface levels. Results represent the sum of all 
vesicles, independent of size, n = 3. *** p < 0.001 (post hoc two- t 
test). 

 

5.3.6 Membrane instabilities and extracellular vesicle generation 

We next considered whether other functional membrane shapes could 

be generated through actions of the glycocalyx. We noted that a progressive 

increase in spontaneous curvature has been known to trigger membrane 

instabilities and morphological changes in membrane vesicles (Campelo and 

Hernández-Machado, 2007; Tsafrir et al., 2001). Therefore, we reasoned that 

membrane instabilities could arise if the F-actin cores that physiologically resist 

the spontaneous curvatures of mucins were disrupted. Indeed, our model 

suggested that ~400 mucins per 2 or more would be sufficient to drive 

membrane instabilities in tubules. Accordingly, we observed that LatA 
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treatment triggered formation of pearled and undulating structures that are 

characteristic of membrane instabilities following reduced actin core rigidity 

(Bar-Ziv et al., 1999) (Fig. 5.6D).  

Deuling, Helfrich, and others theoretically considered instabilities in 

membrane tubules with volume to area ratio, , and found that for certain 

spontaneous curvatures, , the membrane bending energy vanished through 

 = 1/2  (Shape 

1), a smoothly varying set of unduloids for 1/2  <   < 2/3  (Shape 2), and a set 

of equal-  = 2/3  (Shape 3) (Campelo and Hernández-

Machado, 2007; Tsafrir et al., 2001). For spontaneous curvatures that exceeded 

2/3 , the lowest energy shapes that satisfied the constraints of volume and 

surface area were found to include a set of small pearls of the preferred 

curvature with one or more big pearls necessary to hold excess volume (Shape 

4) and a set of pearls with a gradient in size (Shape 5) (Campelo and Hernández-

Machado, 2007; Tsafrir et al., 2001). We evaluated whether the minimal energy 

surfaces, Shapes 1-5, would be formed on cells expressing moderate to high 

levels of mucin without exogenous treatments, and found commonplace 

examples of each expected minimal energy shape (Fig. 5.6E). The observation 

of these shapes provided a compelling argument that membrane instabilities 

can be driven by specific compositions of the glycocalyx. 

Previous theoretical and experimental studies indicated that the thin 

membrane necks connecting the pearled membrane structures on our cells 

would be expected to undergo spontaneous fissure due to the high elastic stress 

accumulated in the elastic stress accumulated in the constricted necks 

(Kozlovsky and Kozlov, 2003; Morlot et al., 2012; Snead et al., 2017). Therefore, 

we hypothesized that microvesicles would be released as a consequence of the 
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mucin-induced membrane instabilities (Fig. 5.6F). We found that the 

conditioned media from Muc1-42TR-expressing cells contained massive 

concentrations of particles ranging in size from approximately 100 nm to 400 

nm (Fig. 5.6G). Particle generation was further enhanced by LatA treatments 

that disrupted the supporting F-actin cores of surface projections. As expected, 

we found that the disruption of the F-actin cores allowed the membrane tubules 

to equilibrate into pearled forms or tubules of smaller radii (Fig. 5.6H and 

5.S5F). Cryo-transmission electron microscopy (cryo-TEM) confirmed that the 

secreted particles were membrane vesicles. Notably, the vesicles were grafted 

with a distinct glycocalyx ultrastructure on their surfaces (Fig. 5.6I). The 

removal of the glycocalyx, such as by HyA treatment to remove HA from the 

cell surface of HAS3-expressing cells, significantly reduced vesicle production 

(Fig. 5.6J).  

High numbers of microvesicle generation have been reported in many 

cancer-cell types (Menck et al., 2017; Muralidharan-Chari et al., 2010). We tested 

whether high mucin expression, which is common in tumor cells, might at least 

partially explain why these cells have a propensity to generate microvesicles. 

We sorted HeLa tumor cells into sub-populations with low and high levels of 

endogenous Muc1 on the cell surface. Tumor cells sorted for high endogenous 

Muc1 expression produced significantly more vesicles than cells with low 

endogenous Muc1 levels (Fig. 5.6K).  

Together, our results suggested a possible three-step sequence for 

microvesicle generation: (1) cytoskeletal filaments help extend and stabilize 

long and thin protrusions from the plasma membrane in a glycocalyx-

dependent manner; (2) following disassembly of the cytoskeletal core, 

spontaneous curvature imposed by the glycocalyx induces membrane 
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instabilities of the tubules; and (3) membrane pearls spontaneously fissure to 

release vesicles (Fig. 5.6E, F).  

 

5.4 DISCUSSION 

Overall, the theories and experiments presented here implicate an 

entropic mechanism through which the glycocalyx can strongly influence the 

favorability of diverse plasma membrane shapes and protrusions. The 

morphological changes regulated by the glycocalyx could, in principle, have 

broad consequences on membrane processes, ranging from absorption and 

secretion to cellular communication, signaling, and motility (Lange, 2011; 

Paluch and Raz, 2013; Sauvanet et al., 2015; Schmick and Bastiaens, 2014). The 

flexibility of mucin biopolymers is modulated by glycosylation (Coltart et al., 

2002). Given that glycosylation often changes dramatically with cell fate 

transitions (Buck et al., 1971; Freeze, 2013; Satomaa et al., 2009), and that the 

pool of monomers for construction of glycans and glycosaminoglycans is tightly 

coupled to specific metabolic programs (Dennis et al., 2009; Koistinen et al., 

2015; Ying et al., 2012), our work raises the intriguing possibility that the 

glycocalyx may serve as a conduit linking physical morphology to specific cell 

states.  

Contemporary frameworks for understanding membrane shape 

regulation largely lack a physical description of the glycocalyx. However, long-

chain biopolymers in the glycocalyx are almost universally found anchored to 

the surfaces of curved membrane features and cell-surface organelles (Bennett 

Jr. et al., 2001; Button et al., 2012; Fowke et al., 2017; Hattrup and Gendler, 2008; 

Kesavan et al., 2009; Kesimer et al., 2013; Makabe, S. et al., 2006; van den Pol 

and Kim, 1993; Zhang et al., 1992). Our work suggests that the principles and 
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theories of polymer physics can be adopted to understand, at least to a first 

approximation, the physical regulation of membrane shape generation by the 

glycocalyx. Undoubtedly, a model of end-anchored polymer mushrooms and 

polymer brushes is a simple physical representation of the glycocalyx. The 

actual glycocalyx architecture may also include additional hierarchies of 

crosslinking, entanglement, and molecular inhomogeneity (Tammi et al., 2002). 

However, the inverse relationship between the force requirements for 

membrane extension, as estimated using a relatively simple model of the 

glycocalyx, and the experimentally observed frequencies of these extensions 

argue that at least some of the physical behaviors of the glycocalyx can be 

captured using well established polymer models (Gennes, 1979; Zhulina and 

Borisov, 1996).  

Our model and analyses assume constant membrane tension, leading to 

the prediction that the lengths of tubular projections are invariant of force. In 

reality, cells have a finite reservoir of membrane (Raucher and Sheetz, 1999). 

Increasing membrane tension following depletion of reservoirs would 

ultimately limit the length of tubular forms projected from the membrane 

(Cuvelier et al., 2005; Raucher and Sheetz, 1999). Transport limitations of 

cytoskeletal monomers also likely place an important constraint limiting the 

overall length of long and thin membrane projections (Mogilner and 

Rubinstein, 2005). In our experiments, we see only a weak dependence of tubule 

length on mucin density, as might be expected if mechanisms other than mucin 

pressure on the membrane ultimately contribute to tubule length (Fig. 5.5B). 

How the glycocalyx and intracellular shape-generating processes coordinate in 

space and time to control membrane protrusions must still be fully resolved. In 

particular, the Rho family of GTPases are master regulators of cytoskeletal 
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dynamics and cell-surface morphology (Hall, 1998). Our theories and 

experimental results suggest that by modulating the barrier to membrane 

bending, the glycocalyx primes the membrane for expansion into specific types 

of spherical or tubular forms that are subject to regulation by Rho GTPases. This 

integrated view suggests that perturbation of normal cell-surface morphology 

could be achieved through deregulation of intracellular shape generating 

processes, glycocalyx polymer assembly, or both. For instance, deregulation of 

Rho GTPase signaling, cytoskeletal dynamics, and glycocalyx assembly are all 

common hallmarks of cancer cells (Paszek et al., 2014; Pinho and Reis, 2015; 

Porter et al., 2016; Yamaguchi and Condeelis, 2007) and may each contribute to 

the unique cell-surface dynamics that contribute to the lethality of metastatic 

cancer cells. 

Bending of surfaces by anchored polymers is a general physical 

phenomenon (Busch et al., 2015; Evans and Rawicz, 1997; Hansen et al., 2003; 

Hiergeist and Lipowsky, 1996; Kenworthy et al., 1995; Lipowsky, 1995; 

Stachowiak et al., 2012). As such, membrane shape regulation by the glycocalyx 

could be a universal feature in the biogenesis of curved membrane organelles 

and signaling structures. For instance, cilia, axons, cytonemes, microvilli, and 

microvesicles could all conceivably be regulated by physical forces related to 

the glycocalyx. Thus, our work argues for a more holistic model of membrane 

shape regulation that includes consideration of forces on both the intracellular 

and extracellular faces of the plasma membrane.  
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5.5.2 Author contributions 
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and scanning electron microscopy. C.R.S. conducted flow cytometry analysis 

and cell sorting. L.M.R., R.Y., and M.J.H. conducted microvesicle experiments. 

T.A.E. conducted GUV experiments. J.M.N. conducted cryogenic electron 

microscopy. K.P. and L.M designed the mucin digestion experiments. K.P. 

prepared samples for mucin digestion and L.M. conducted the localization 

microscopy and analysis. C.R.S. produced recombinant Muc1 and J.P.O 

performed the SEC-MALS analysis. J.G.G., and M.J.P. constructed the 

theoretical model. J.S. and H.L.R. prepared the primary equine synoviocytes, 

and H.L.R. harvested fresh equine synovial tissue.  
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Enable Bioscience, Redwood Biosciences, and InterVenn Biosciences and a 

member of the Board of Directors of Eli Lilly & Company. 
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5.6 KEY RESOURCE TABLE  
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
FITC Mouse Anti-Human MUC1 
(CD227) 

BD Biosciences Cat#559774, 
RRID:AB_397318 

Purified Mouse Anti-Human MUC1 
(CD227) 

BD Biosciences Cat#555925, 
RRID:AB_396226 

Human Podocalyxin Mab (Clone 
222328) antibody 

R and D Systems Cat# MAB1658, 
RRID:AB_216598
4 

Actin (C-11) antibody Santa Cruz 
Biotechnology 

Cat# sc-1615, 
RRID:AB_630835 

GFP (4B10) Mouse mAb antibody Cell Signaling 
Technology 

Cat# 2955, 
RRID:AB_119661
4 

6xHis antibody BD Biosciences Cat# 552565, 
RRID:AB_394432 

Goat Anti-Mouse IgG-HRP 
Polyclonal antibody 

Santa Cruz 
Biotechnology 

Cat# sc-2005, 
RRID:AB_631736 

Mouse Anti-Goat IgG-HRP antibody Santa Cruz 
Biotechnology 

Cat# sc-2354, 
RRID:AB_628490 

Bacterial and Virus Strains  
Stbl3 E. coli ThermoFisher 

Scientific 
Cat#C7373 

XL1-Blue E. coli Agilent / 
Stratagene 

Cat#200236 

Chemicals, Peptides, and Recombinant Proteins 
Hyaluronic Acid Binding Protein 
(HABP), Bovine Nasal Cartilage, 
Biotinylated  

Millipore Sigma Cat#385911 
 

Hyaluronic Acid Binding Protein 
(HABP), Bovine Nasal Cartilage 

Millipore Sigma Cat#385910 

Latrunculin A (LatA) Cayman 
Chemical 

Cat#10010630 

1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) 

Avanti Polar 
Lipids, Inc. 

Cat#850375P 
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1,2-dioleoyl-sn-glycero-3-[(N-(5-
amino-1-
carboxypentyl)iminodiacetic 
acid)succinyl] (nickel salt) 

Avanti Polar 
Lipids 

Cat#790404P 

-BODIPY FL C5-HPC (BODIPY PC) Thermo Fisher 
Scientific 

Cat#D3803 

Recombinant Human Podocalyxin 
Protein, CF 

R and D Systems Cat#1658-PD 

GFP Binding Protein (Nanobody) Chromotek Cat#gt-250 
Alexa Fluor 647 NHS Ester 
(Succinimidyl Ester) 

ThermoFisher 
Scientific 

Cat#A37573 

Alexa Fluor 568 NHS Ester 
(Succinimidyl Ester) 

ThermoFisher 
Scientific 

Cat#A20003 

Alexa Fluor 488 NHS Ester 
(Succinimidyl Ester) 

ThermoFisher 
Scientific 

Cat#A20000 

16% Parafomaldehyde 
(formaldehyde) aqueous solution 

Fisher Scientific Cat#50-980-487 

10% Glutaraldehyde aqueous 
solution 

Fisher Scientific Cat#50-262-13 

4% Osmic acid in aqueous solution VWR Cat#100504-822 
FreeStyle 293 Expression Medium ThermoFisher 

Scientific 
Cat#12338018 

DMEM/F12 ThermoFisher 
Scientific 

Cat#11320033 

Horse serum, New Zealand origin ThermoFisher 
Scientific 

Cat#16050122 

Recombinant Murine EGF Peprotech Cat#315-09 
Insulin solution from bovine 
pancreas 

Millipore Sigma Cat#I0516 

Hydrocortisone Millipore Sigma Cat#H0888 
Cholera Toxin from Vibrio cholerae Millipore Sigma Cat#C8052 
Penicillin-Streptomycin ThermoFisher 

Scientific 
Cat#15140122 

DMEM, high glucose ThermoFisher 
Scientific 

Cat#11965118 

Fetal Bovine Serum, qualified, 
USDA-approved regions 

ThermoFisher 
Scientific 

Cat#10437028 
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RPMI 1640 Medium ThermoFisher 
Scientific 

Cat#11875093 

FreeStyle MAX Reagent ThermoFisher 
Scientific 

Cat#16447100 

G418, Geneticin ThermoFisher 
Scientific 

Cat#10131035 

Puromycin Millipore Sigma Cat#P8833 
Hygromycin B Millipore Sigma Cat#10843555001 
Blasticidin InvivoGen Cat#ant-bl-1 
Doxycycline Hyclate Santa Cruz 

Biotechnology 
Cat#sc-204734 

Doxycycline Hyclate Applichem Cat#A2951,0025 
Clarity Western ECL Substrate Bio-Rad Cat#1705061 
Normal Goat Serum  Vector 

Laboratories 
Cat#S-1000 

StcE Mucinase (Malaker et al., 
2018) 

N/A 

Peanut agglutinin (PNA) antibody, 
biotinylated 

Vector 
Laboratories 

Cat# B-1075 

CF-568 Dye PNA Lectin (Arachis 
hypogaea) 

Biotium Cat#29061 

CF-640R Dye PNA Lectin (Arachis 
hypogaea) 

Biotium Cat#29063 

CF-633 Dye Wheat Germ Agglutinin 
(WGA) 

Biotium Cat#29024 

Biotinylated Vicia Villosa Lectin 
(VVL, VVA) 

Vector 
Laboratories 

Cat#B-1235 

ExtrAvidin Peroxidase antibody Sigma-Aldrich Cat#e2886 
Streptavidin-HRP R and D Systems Cat#DY998 
NeutrAvidin Protein, DyLight 650 Thermo Fisher 

Scientific 
Cat#84607 

Ac4GalNAz Thermo Fisher 
Scientific 

Cat#88905 

Alexa Fluor 647 Alkyne, 
Triethylammonium Salt 

Thermo Fisher 
Scientific 

Cat#A10278 

BTTAA Click Chemistry 
Tools 

Cat#1236 
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AlexaFluor-647-hydroxylamine Thermo Fisher 
Scientific 

Cat#A30632 

Apo-Transferrin human Millipore Sigma Cat#T2036 
GFP booster Atto 647N (GFP 
nanobody) 

Chromotek Cat#gba647n-100 

HisPur Ni-NTA Resin Thermo Fisher 
Scientific 

Cat#88221 

SYPRO Ruby Protein Gel Stain Thermo Fisher 
Scientific 

Cat#S12000 

Alexa Fluor 568 Phalloidin Thermo Fisher 
Scientific 

Cat#A12380 

N-azidoacetylmannosamine-
tetraacylated (Ac4ManNAz) 

Click Chemistry 
Tools 

Cat#1084-5 

AFDye 647 DBCO Click Chemistry 
Tools 

Cat#1302-1 

Acryloyl-X, SE, 6-
((acryloyl)amino)hexanoic Acid, 
Succinimidyl Ester 

Invitrogen Cat#A20770 

sodium acrylate Millipore Sigma Cat#45-408220 
40% acrylamide solution Biorad Cat#1610140 
2% bis-acrylamide solution Biorad Cat#1610142 
Ammonium persulfate Millipore Sigma Cat#A3678 
Tetramethylethylenediamine Millipore Sigma Cat#T9281 
low glucose (1.0 g/L) DMEM media Hyclone Cat#SH30021.01 
HEPES Corning Cat#25-060-Cl 
Fetal bovine serum (for primary 
cells) 

VWR Cat#97068-085 

Penicillin/streptomycin (for primary 
cells) 

Corning Cat#30-002-Cl 

Collagenase Worthington 
Biochemical 

Cat#LS004177 

DNase I Roche Cat#10104159001 
 Corning Cat#10-080-CV 

Hyaluronidase Millipore Sigma Cat#389561 
ECL substrate (for HA blot) Amresco Cat#1B1581-kit-

100ml 
Cysteamine Millipore Sigma Cat#30070 
Catalase from bovine liver Millipore Sigma Cat#C100 
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Glucose oxidase Millipore Sigma Cat#G2133-50KU 
Glucose  BD Difco Cat#215530 
Tris-HCl Thermo Fisher 

Scientific 
Cat#15567-027 

Critical Commercial Assays 
Hyaluronan DuoSet ELISA R and D Systems Cat#DY3614 
Cell Line Nucleofector Kit V Lonza Cat#VVCA-1003 
CloneJET PCR Cloning Kit ThermoFisher 

Scientific 
Cat#K1231 

Experimental Models: Cell Lines 
MCF10A ATCC Cat#CRL-10317, 

RRID:CVCL_059
8 

HEK293T ATCC Cat#CRL-3216, 
RRID:CVCL_006
3 

T-47D ATCC Cat#HTB-133, 
RRID:CVCL_055
3 

ZR-75-1 ATCC Cat#CRL-1500, 
RRID:CVCL_058
8 

HeLa ATCC Cat#CCL-2, 
RRID:CVCL_003
0 

FreeStyle 293-F ThermoFisher 
Scientific 

Cat#R79007 

Primary Equine Synoviocyte This Paper N/A 
MCF10A rtTA NeoR (Paszek et al., 

2012) 
N/A 

Freestyle 293-F rtTA NeoR This Paper N/A 
Primary Equine Synoviocyte rtTA 
NeoR 

This Paper N/A 

MCF10A rtTA NeoR Muc1-42TR 
 

(Shurer et al., 
2018) 

N/A 

MCF10A rtTA NeoR Muc1-42TR 
TM21 

(Shurer et al., 
2018) 

N/A 



139 

MCF10A r  (Shurer et al., 
2018) 

N/A 

MCF10A rtTA NeoR Rational GFP 
 

This Paper N/A 

MCF10A rtTA NeoR Muc1 0TR GFP 
 

This Paper N/A 

MCF10A rtTA NeoR Muc1 10TR 
 

This Paper N/A 

MCF10A rtTA NeoR Muc1 42TR 
 

This Paper N/A 

MCF10A rtTA NeoR Notch1 GFP 
 

This Paper N/A 

MCF10A rtTA NeoR HAS3 This Paper N/A 
Primary Synoviocyte rtTA NeoR 
HAS3 

This Paper N/A 

MCF10A rtTA NeoR SUMO Muc1-
 

This Paper N/A 

FreeStyle 293-F rtTA NeoR S6 Muc1-
42TR 10xHIS 

This Paper N/A 

Oligonucleotides 
HAS3 FWD primer: -
GGCACCTCGAGGATGCCGGTGC
AGCTGACGACA-  

This Paper N/A 

HAS3 REV primer: -
GGCAGAATTCTTACACCTCAGC
AAAAGCCAAGCT -  

This Paper N/A 

moxGFP FWD primer: - 
GGCAGCTCAGCTATGGTGTCCA
AGGGCGAGGAGCTGT-  

This Paper N/A 

moxGFP REV primer: - 
GGCAGCTGAGCCCTTATACAGC
TCGTCCATGCCGTGAGT-  

This Paper N/A 

Muc1 tandem repeat deletion FWD 
-

TGGAGGAGCCTCAGGCATACTT
TATTG-  

This Paper N/A 
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Muc1 tandem repeat deletion REV 
-

CCACCGCCGACCGAGGTGACAT
CCTG-  

This Paper N/A 

S6-tag site-directed mutagenesis 
FWD primer: -
GTTGCGACTGCTTAACGGACAG
ATCTCGATGGTGAGC-  

This Paper N/A 

S6-tag site-directed mutagenesis 
REV primer: -
AGCCAGCTCAGGGAATCCCCAG
CATTCTTCTCAGTAGAG-  

This Paper N/A 

10xHis-tag oligo 1: 5'-
TCAGGCCACCACCACCATCACC
ATCATCACCACCATTAGGG-3' 

This Paper N/A 

10xHis-tag oligo 2: 3'-
CCGGTGGTGGTGGTAGTGGTAG
TAGTGGTGGTAATCCCTTAA-5' 

This Paper N/A 

Human COSMC guide RNA: -
GAGTCTTTGGGCTGCAGTAA-  

(Stolfa et al., 2016) N/A 

Human SLC35A1 guide RNA: -
TTCTGTGATACACACGGCTG-  

This Paper N/A 

Notch1 FWD prime - 
GGCAAGATCTCTAGAGGCTTGA
GATGCTCCCAGCCA -  

This Paper N/A 

- 
GGCACCTGAGGCGTGGCACAGT
AGCCCGTTGAATTTG -  

This Paper N/A 

Recombinant DNA 
pLV rtTA-NeoR plasmid (Paszek et al., 

2014) 
N/A 

Hyperactive Transposase plasmid (Shurer et al., 
2018) 

N/A 

pPB tetOn PuroR plasmid (Shurer et al., 
2018) 

N/A 

Muc1-
plasmid 

(Shurer et al., 
2018) 

N/A 
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Muc1-42TR TM21 pPB tetOn PuroR 
plasmid 

(Shurer et al., 
2018) 

N/A 

plasmid 
(Shurer et al., 
2018) 

N/A 

Muc1 GFP CT pPB tetOn PuroR (Shurer et al., 
2018) 

N/A 

-80) pPB tetOn 
PuroR plasmid 

This Paper N/A 

PuroR plasmid 
This Paper N/A 

PuroR plasmid 
This Paper N/A 

PuroR plasmid 
This Paper N/A 

pPB tetOn PuroR 
plasmid 

This Paper N/A 

pLV tetOn HygroR HAS3 plasmid This Paper N/A 
SUMO Muc1-
tetOn PuroR plasmid 

This Paper N/A 

pLV HygroR tetOn plasmid (Paszek et al., 
2012) 

N/A 

Human Hyaluronan Synthase 
3/HAS3 (NP_005320) plasmid 

R and D Systems Cat#RDC0920 

moxGFP plasmid (Costantini et al., 
2015) 

Cat#68070, 
Addgene #68070 

S6 Muc1-42TR 10xHis pPB tetOn 
PuroR plasmid 

This Paper N/A 

6xHis SUMO pcDNA3.1, custom 
gene synthesis plasmid 

General 
Biosystems 

N/A 

custom gene synthesis plasmid 
General 
Biosystems 

N/A 

lentiCRISPR v2 Blast plasmid Mohan Babu Cat#83480, 
Addgene #83480 

lentiCRISPR v2 GFP plasmid (Walter et al., 
2017) 

Cat#82416, 
Addgene #82416 

COSMC lentiCRISPR v2 Blast 
plasmid 

This Paper N/A 
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SLC35A1 lentiCRISPR v2 GFP 
plasmid 

This Paper N/A 

pCS2 Notch1 Full Length-6MT 
plasmid 

(Schroeter et al., 
1998) 

Cat#41728, 
Addgene #41728 

Software and Algorithms 
Nanoparticle Tracking Analysis 
software 

Malvern 
Panalytical 

https://www.mal
vernpanalytical.c
om/en/products/
technology/nano
particle-tracking-
analysis 

Prism 8.0 GraphPad https://www.gra
phpad.com/scien
tific-
software/prism/ 

BoxPlotR Online http://shiny.che
mgrid.org/boxpl
otr/ 

FlowJo v10 FlowJo, LLC https://www.flo
wjo.com/solution
s/flowjo/downlo
ads 

BD FACSDiva Software 8.0.1 BD Biosciences  
CFlow Plus Analysis v1.0.227.4 BD Biosciences http://www.bdbi

osciences.com/us
/instruments/res
earch/cell-
analyzers/bd-
accuri/m/1294932
/features/softwar
e 

Image Lab v5.2.1 Bio-Rad http://www.bio-
rad.com/en-
us/product/imag
e-lab-
software?ID=KR
E6P5E8Z 

Fiji NIH https://fiji.sc/ 
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Matlab 2015b MathWorks https://www.mat
hworks.com/hel
p/matlab/release-
notes-
R2015b.html 

Adobe Photoshop CC Adobe https://www.ado
be.com/products
/photoshop.html 

Adobe Illustrator CC Adobe https://www.ado
be.com/products
/illustrator.html 

 
Table 5.1  Key Resource Table. Shows key reagents and resources used for 
experiments. 

 

5.7 STAR METHODS 

5.7.1 Contact for reagent and resource sharing 

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the Lead Contact, Matthew Paszek 

(mjp31@cornell.edu). All plasmids used in this work will be made available to 

the community through the Addgene repository or directly from the Lead 

Contact. 

5.7.2 Experimental model and subject details 

Cell lines 

Parental Cell Lines 

MCF10A cells were cultured in DMEM/F12 media supplemented with 

100 ng/mL cholera toxin and penicillin/streptomycin. HEK293T and HeLa cells 

were cultured in DMEM high glucose media supplemented with 10% fetal 

bovine serum and penicillin/streptomycin. T47D cells were cultured in RPMI 
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media supplemented with 10% fetal bovine serum, 10 µg/ml insulin, and 

penicillin/streptomycin. FreeStyle 293-F cells were maintained in Freestyle 293 

Expression Medium in spinner flasks at 37oC, 8% CO2, 120 RPM, and 80% RH 

 

Generated Cell Lines 

Stable MCF10A, primary equine synoviocyte, and 293-F cells expressing 

the rtTA-M2 tetracycline transactivator were prepared by lentiviral 

transduction using the pLV rtTA-NeoR plasmid as previously described 

(Paszek et al., 2012). Cells were further modified with tetracycline-responsive 

promoter plasmids. Stable cells expressing hyaluronan synthase 3 (HAS3) were 

prepared by lentiviral transduction using the pLV HygroR tetOn HAS3 

plasmid. For preparation of mucin expressing cell lines and Notch1 expressing 

cell line (EGF- , plasmids with ITR-flanked expression 

cassettes (i.e. pPB tetOn PuroR plasmids) were co-transfected with the PiggyBac 

hyperactive transposase using Nucleofection Kit V (Lonza) or FreeStyle Max 

knock-outs, cell lines expressing Muc1-

lentiviral transduction using either SLC35A1 lentiCRISPR v2 GFP or COSMC 

lentiCRISPR v2 Blast plasmids. Selection of stable cell lines was performed with 

 

Blasticidin. 

Primary synoviocyte isolation and culture 

Primary equine synoviocytes were obtained from the shoulder, stifle, 

carpal, tarsal and fetlock joints of a male thoroughbred yearling horse (Equus 

caballus). To isolate the fibroblast-like type B synovial cells (synoviocytes), 

synovial membrane tissues were digested with 0.15% collagenase (Worthington 



145 

Biochemical, Lakewood, NJ) supplemented with 0.015% DNase I (Roche, 

 followed by filtration and 

centrifugation at 250x g for 10 minutes as previously described (Saxer et al., 

2001). Equine synoviocytes were cultured in low glucose (1.0 g/L) DMEM media 

supplemented with 40 mM HEPES, 4 mM L-Glutamine, 110 mg/L sodium 

pyruvate, 10% fetal bovine serum and penicillin/streptomycin. Subculture of 

ys. All adherent cells were 

maintained at 37oC, 5% CO2, and 90% RH. 

Equine synovial tissue resection 

Synovial tissues were harvested from the middle carpal joint of two adult 

thoroughbred horses. The freshly resected tissues were either incubated for 30 

mi

fixed or immediately fixed for 24 h with 4% paraformaldehyde and 1% 

glutaraldehyde in PBS. Tissues were then either processed for SEM or reduced 

with 0.1 mg/mL NaBH4 for 20 min on ice and further processed for confocal 

imaging. 

5.7.3 Method details 

Cloning and constructs 

cDNAs for cytoplasmic-tail-deleted human Muc1 with 42 tandem 

repeats (Muc1- -42TR polymer domain fusion with the TM21 

synthetic membrane domain (Muc1-42TR TM21), cytoplasmic-tail-deleted 

human Podocalyxin (S/T- ned into the 

tetracycline-inducible PiggyBac expression vector (pPB tetOn PuroR) or 

mammalian expression vector pcDNA3.1 as previously described (Paszek et al., 

2014; Shurer et al., 2018). To make lentiviral vector pLV HygroR tetOn HAS3, 

the cDNA for human HAS3 (accession NP_005320) was obtained from R&D 
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-

GGCACCTCGAGGATGCCGGTGCAGCTGACGACA-

-GGCAGAATTCTTACACCTCAGCAAAAGCCAAGCT - 

protocol, and subcloned into the AbsI and EcoRI sites of pLV HygroR tetOn 

(Paszek et al., 2012)

varying number of tandem repeats, the cDNA for moxGFP (Addgene #68070; 

- 

GGCAGCTCAGCTATGGTGTCCAAGGGCGAGGAGCTGT-

- GGCAGCTGAGCCCTTATACAGCTCGTCCATGCCGTGAGT-

The PCR product was cloned into pJET1.2 and subcloned non-directionally into 

the BlpI site of Muc1- h 10 and 

42 native tandem repeats (PDTRPAPGSTAPPAHGVTSA), synthetic cDNAs for 

the desired repeat units were generated through custom gene synthesis 

(General Biosystems) and cloned in place of the tandem repeats in Muc1 GFP 

CT pPB tetOn PuroR using the BamHI and Bsu36I restriction sites. Muc1 

tandem repeats were deleted through Q5 site directed mutagenesis -

TGGAGGAGCCTCAGGCATACTTTATTG- -

CCACCGCCGACCGAGGTGACATCCTG-  

Muc1 0TR GFP CT pPB tetOn PuroR. To add a SumoStar tag to the Muc1-42TR 

GFP CT N-terminus, a cDNA encoding the IgG kappa leader sequence, 

SumoStar tag, and Muc1 N-terminus was generated through custom gene 

synthesis (General Biosystems) and inserted in place of the Muc1 N-terminus 

in Muc1 G

For construction of both COSMC and SLC35A1 vectors, we used the 

pLentiCRISPRv2 system. For generation of 
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PuroR plasmid (EGF- h1 (Addgene 

#41728) was amplified with primers: - 

GGCAAGATCTCTAGAGGCTTGAGATGCTCCCAGCCA -

- GGCACCTGAGGCGTGGCACAGTAGCCCGTTGAATTTG -

The PCR product was cloned into the BglII and Bsu36I sites of the Muc1 42TR 

roR plasmid. -

GAGTCTTTGGGCTGCAGTAA-  was cloned into the pLentiCRISPRv2 Blast 

backbone (Addgene -

TTCTGTGATACACACGGCTG-

backbone (Addgene #82416), both after BsmBI digestion. 

For recombinant production of the mucin polymer domain, 42 tandem repeats 

from Muc1 were fused to an N-terminal S6 tag (GDSLSWLLRLLN) and C-

terminal 10x-histidine purification tag to make Muc1-42TR 10X His. To insert 

-

GTTGCGACTGCTTAACGGACAGATCTCGATGGTGAGC-  (forward) and 

-AGCCAGCTCAGGGAATCCCCAGCATTCTTCTCAGTAGAG-

on a pcDNA3.1 plasmid containing the Muc1 N-terminus from Muc1-

pPB tetOn PuroR between BamHI and BglII sites. The S6 tag was subsequently 

cut at these sites and replaced in the Muc1-42TR CT N-terminus in Muc1-42TR 

-histidine tag was added by annealing the oligos, 

5'-TCAGGCCACCACCACCATCACCATCATCACCACCATTAGGG-3' and 3'-

CCGGTGGTGGTGGTAGTGGTAGTAGTGGTGGTAATCCCTTAA-5', and 

inserting in place of the Muc1-42TR CT C-terminus in Muc1-

tetOn PuroR using the Bsu36I and EcoRI restriction sites.  

Immuno- and lectin blot analysis 

Cells were plated at 20,000 cells/cm2 
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doxycycline (Santa Cruz) for 24 h before lysis with Tris-Triton lysis buffer 

(Abcam). Lysates were separated on Nupage 4-12% Bis-Tris or 3-8% Tris-

Acetate gels (Thermo Fisher) and transferred to PVDF membranes. Primary 

TBST and incubated 4 h at room temperature or overnight at 4oC. Secondary 

antibodies or ExtrAvidin were diluted 1:2000 in 3% BSA TBST and incubated 

for 2 h at room temperature. Blots were developed in Clarity ECL (BioRad) 

substrate, imaged on a ChemiDoc (BioRad) documentation system, and 

quantified in ImageJ Fiji (Schindelin et al., 2012). 

Flow cytometric analysis 

Cells were plated at 20,000 cells/cm2 and grown for 24 h. Cells were then 

labeling by ManNAz, separate cultures were plated in parallel with cells treated 

AF647 DBCO in 1% FBS PBS for 20 min at room temperature. Adherent cells 

were non-enzymatically detached by incubating with 1 mM EGTA in PBS at 

37oC for 20 min and added to the population of floating cells, if present. Affinity 

reagents: anti-Muc1, GFP nanobody, 650 Neutravidin were diluted 1:200 in 

PBS and incubated with cells at 4oC for 30 min for each stain. A BD Accuri C6 

flow cytometer was used for analysis.  

Confocal microscopy for cells and tissues 

Cells were plated at 5,000 cells/cm2 and subsequently induced with 0.2 

eing fixed with 4% 

paraformaldehyde. Antibodies and HABP were diluted 1:200 in 5% normal goat 
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serum (Vector Laboratories) PBS and incubated overnight at 4oC. For 

fluorescent HABP, HABP (Millipore Sigma) was labeled with Alexa Fluor 568 

NHS Ester (Thermo Fi

room temperature. For hyaluronic acid staining of cells and tissues, HABP was 

diluted to 0.125 µg/ml in 0.5% normal goat serum in PBS and incubated on 

samples for 24 h. Cell samples were imaged on a Zeiss LSM inverted 880 

confocal microscope using a 40x water immersion objective (NA 1.1). In 

addition to HABP, NaBH4-

for 10 min and imaged on a Zeiss 880 upright confocal microscope with a 40x 

water dipping lens. Unstained tissue collagen was visualized with second 

harmonic generation using non-descan detectors. 

Scanning electron microscopy 

All samples were fixed for 24 h with 4% paraformaldehyde and 1% 

glutaraldehyde in PBS, post-fixed for 45 min with 1% osmium tetraoxide in 

dH2O, washed and subsequently dehydrated stepwise in ethanol of 25%, 50%, 

70%, 95%, 100%, 100% before drying in a critical point dryer (CPD 030, Bal-Tec). 

Samples were coated with gold-palladium in a Desk V sputter system (Denton 

Vacuum) and imaged on a field emission scanning electron microscope (Mira3 

FE-SEM, Tescan or FE-SEM LEO 1550, Carl Zeiss Inc.). For actin 

depolymerization studies, cells were treated for 60 min with 10 µM LatA before 

fixation, where indicated.  

Mucin digestion and super-resolution imaging 

Sample prep and azido sugars incorporation  

MCF10A Muc1- were cultured in phenol red free 1:1 

DMEM:F12 supplemented as described previously. For imaging, cells were 
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seeded at a density of 10,000 cells/well on Lab-Tek II Chambered Coverglass 

(Thermo Fisher Scientific) coated with 0.01% poly-Lysine (Sigma). Media was 

supplemented with Ac4GalNAz (Thermo Fisher Scientific) 2 h post-seeding at a 

Muc1- expression, 

doxycycline (Applichem) was added to Lab-Tek wells 16 h post-seeding at 200 

ng/mL. Enzymatic de-mucination was performed 24 h post-doxycycline 

induction with 50 nM StcE in complete media for 2 h at 37 °C immediately 

before labeling and imaging (Malaker et al., 2018; Möckl et al., 2018).  

Cu-click Labeling of GalNAc 

Cells were moved to 4°C and washed three times with cold DPBS with 

Ca2+ and Mg2+. Immediately after washing, Cu-click conjugation with 

AlexaFluor-647-alkyne (Thermo Fisher Scientific) was performed. The cells 

Tools), 1 mM aminoguanidine (Sigma), 2.5 mM sodium ascorbate (Sigma), and 

-647-alkyne (Thermo Fisher Scientific) in DPBS for 5 min at 

4°C as reported previously (Hong et al., 2010). Cells were washed five times 

with cold DPBS and fixed with 4% paraformaldehyde (Thermo Fisher Scientific) 

and 0.2% glutaraldehyde (Sigma) in DPBS for 30 min at room temperature. 

Periodate-mediated labeling of sialic acids 

Sialic acids were labeled as described previously (Zeng et al., 2009). Cells 

were moved to 4°C, then washed three times with cold DPBS with Ca2+and 

Mg2+ followed by a 5-minute incubation with 1 mM sodium periodate (Sigma) 

in DPBS. The periodate was quenched by 1 mM glycerol in cold DPBS, and 

AlexaFluor-647-hydroxylamine (Thermo Fisher Scientific) in the presence of 10 

mM aniline in sterile filtered DPBS + 5% FBS pH 6.7 for 30 min at 4°C in the 
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dark with gentle agitation. Cells were washed five times with cold DPBS, and 

fixed with 4% paraformaldehyde (Thermo Fisher Scientific) and 0.2% 

glutaraldehyde (Sigma) in DPBS for 30 min at room temperature. 

Optical Setup 

The core of the setup was an inverted microscope (IX71, Olympus, 

Tokyo, Japan). The laser used for illumination (120 mW 647 nm, CW, Coherent, 

Santa Clara, CA) was spectrally filtered (ff01-631/36-25 excitation filter, 

Semrock, Rochester, NY) and circularly polarized (LPVISB050-MP2 polarizers, 

Thorlabs, Newton, NJ, WPQ05M-633 quarter-wave plate, Thorlabs). The beam 

was expanded and collimated using Keplerian telescopes. Shutters were used 

to toggle the lasers (VS14S2T1 with VMM-D3 three-channel driver, Vincent 

Associates Uniblitz, Rochester, NY). The laser was introduced into the back port 

of the microscope via a Köhler lens. The sample was mounted onto an XYZ 

stage (PInano XYZ Piezo Stage and High Precision XY Microscope Stage, Physik 

Instrument, Karlsruhe, Germany). Emitted light was detected by a high NA 

detection objective (UPLSAPO100XO, x100, NA 1.4, Olympus) and spectrally 

filtered (Di01-R405/488/561/635 dichroic, Semrock, ZET647NF notch filter, 

Chroma, Bellows Falls, VT, ET700/75m. 

Image Acquisition and Analysis for SR Microscopy 

For single-molecule localization microscopy, a reducing, oxygen 

scavenging buffer (Halpern et al., 2015) consisting of 20 mM cysteamine, 2 

-Aldrich), 10% (w/v) 

glucose (BD Difco, Franklin Lakes, NJ), and 100 mM Tris-HCl (Life 

Technologies) was added. Image acquisition was started after a short delay 

needed to convert the majority of the fluorophores into a dark state at a laser 

intensity of 5 kW/cm2. The exposure time was 50 ms and the calibrated EM gain 
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was 186. SR images were reconstructed from approx. 40000 frames using the 

ImageJ plugin Thunderstorm (Ovesný et al., 2014). The frames were filtered 

with a B-spline filter of order 3 and scale 2.0. Single-molecule signals were 

detected with 8-neighborhood connectivity and a threshold of three times the 

standard deviation of the first wavelet level. Detected local maxima were fitted 

with a 2D-Gaussian using least squares. Post-processing involved drift 

correction by cross-correlation, followed by filtering (settings: sigma of the 

fitted Gaussian < 200 nm; uncertainty of localization < 20 nm). Images were 

reconstructed as 2D histograms with bin size = 32 nm. 

Giant unilamellar vesicles 

Giant Unilamellar Vesicles (GUVs) were prepared by electroformation 

as described previously (Angelova and Dimitrov, 1986). Briefly, lipids and dye 

dissolved in chloroform were spread on glass slides coated with ITO (Indium-

Tin-Oxide). The slides were placed under vacuum for 2 h to remove all traces 

of organic solvents. The lipid films were hydrated and swelled in 120 mM 

sucrose at 55oC. GUVs were electroformed by the application of an oscillating 

potential of 1.4 V (peak-to-peak) and 12 Hz for 3 h (Busch et al., 2015). GUVs 

compositions were prepared with DOPC and increasing molar fractions of 

DOGS-Ni-NTA lipid (5, 10, 15, and 20 mol%). Bodipy-PC was used to label the 

lipids at a dye/lipid ratio of 1/2500. Recombinant His-tagged Podocalyxin was 

conjugated with Alexa Fluor 568 NHS Ester (Thermo Fisher Scientific), and the 

UVs 

were diluted in 20 mM HEPES, 50 mM NaCl, pH = 7.4 (120 mOsm) and then 

mixed with labeled Podocalyxin (~2 µM) for at least 20 minutes before imaging 

(GUVs/proteins = 1/1 by volume). GUVs were imaged on a Nikon C2plus 

confocal microscope using a 60x water immersion objective (NA 1.2). Lipids 
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(Bodipy-PC) and protein (Alexa Fluor 568) were imaged through excitation at 

 

Endocytosis assay 

Human apo-Transferrin (Sigma) was diluted to 1 mg/mL in PBS and 

labeled with Alexa Fluor 488 NHS Ester (Thermo Fisher Scientific) per 

-

type (Control) and Muc1- -

of doxycycline (Santa Cruz) for 18 h. The 488-labled transferrin was diluted 

1:1000 into fresh cell culture media with doxycycline (Santa Cruz) and 

incubated at 37oC, 5% CO2 with cells for 30 min or 60 min. Cells were then 

detached with 0.05% trypsin EDTA (Thermo Fisher Scientific). Cells were 

washed with ice cold 0.5% BSA in PBS. Fluorescent signal was measured using 

a BD Accuri C6 flow cytometer. Confocal images cells were also acquired using 

a Zeiss LSM i880. 

Analysis of HA synthesis 

Control and lentiviral transduced MCF10A and primary equine 

Cruz) for 24 h. Total levels of HA secreted into the cell culture media were 

measured via the 

protocol. Briefly, a 96-well microplate was coated with recombinant human 

Aggrecan. HA in cell culture media was captured by the coated Aggrecan and 

detected with Biotin-HABP/HRP-Streptavidin. HA concentration was 

measured using S. pyogenes HA standard (R&D Systems).  

Analysis of HA molecular size 

HA molecular mass was assayed by electrophoresis and blot analysis 

essentially as described (Yuan et al., 2013), using agarose instead of 
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polyacrylamide for gel electrophoresis. Briefly, cell culture media containing 

HA was loaded in a 0.6% agarose gel in TBE buffer. Following electrophoresis, 

samples were transferred to HyBond N+ membrane (GE Healthcare). HA was 

probed with biotin-HABP (0.125 µg/ml in 0.1% BSA-PBS, 1 h) and subsequently 

detected with HRP-Streptavidin (0.025 µg/ml in 0.1% BSA-PBS, 1 h). Blots were 

developed in ECL substrate (Amresco), imaged on a ChemiDoc (BioRad) 

documentation system, and quantified in ImageJ Fiji (Schindelin et al., 2012). 

Cancer cell line sorting 

MCF10A wild-type (Control) or Muc1- -expressing cells and 

cancer cell lines (T47D, ZR-75-1, HeLa) were plated at 10,000 cell/cm2 overnight. 

Cell lines were nonenzymatically detached using 1 mM EDTA in PBS. Detached 

cells were washed with 0.5% BSA PBS. For each cell line, FITC-conjugated anti-

Muc1 antibody was diluted 1:500 per million cells and incubated with cells on 

ice for 30 min. Cells were washed with 0.5% BSA PBS three time before sorting. 

Cells were sorted with a BD FACS Aria II onto poly-l-lysine treated 8 mm 

coverslips at 2,000 to 5,000 cells/cm2 for SEM, allowed to adhere for 4 h at 37oC, 

and fixed for SEM imaging.  

Analysis of mucin radius of gyration 

The Muc1 polymer domain with 42 tandem repeats (S6 Muc1-42TR 

10xHis) was produced recombinantly in suspension adapted Freestyle 293-F 

cells. Stable Freestyle 293-F cell lines were prepared with the Muc1-42TR 10xHis 

pPB tetOn PuroR as described above. Production of Muc1 biopolymer was 

induced with 1 

in Freestyle 293-F media. Induced media was collected after 24 h and purified 

on HisPur Ni-NTA resin (Thermo Fisher) according to standard protocols. 
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Briefly, 1 mL bed volume of Ni-NTA resin was rinsed with equilibration buffer 

(20 mM sodium phosphate, 0.5 M NaCl, pH = 7.4). Equilibrated resin was 

incubated overnight at 4oC with 10 mL harvested Freestyle 293-F media diluted 

in 30 mL of equilibration buffer. Beads were washed in equilibration buffer with 

5 mM imidazole and eluted in equilibration buffer with 500 mM imidazole. 

Eluted protein was dialyzed against PBS and analyzed by SDS-PAGE. Gels 

were stained with SYPRO Ruby Protein Gel Stain (Thermo Fisher) according to 

blotted and probed with Muc1 and His antibodies to confirm mucin identity 

and PNA lectin to confirm mucin O-glycosylation. Purified recombinant Muc1 

was dialyzed against PBS to remove imidazole. 

 The radius of gyration of the recombinant Muc1 polymer domain was 

measured with size-exclusion chromatography-coupled to multiangle light 

scattering (SEC-MALS). Purified protein (40 µL of Muc1 with a concentration 

(GE Healthcare) equilibrated in MALS buffer (20 mM sodium phosphate, 0.5 M 

NaCl, pH 7.4). The SEC was coupled to a static 18-angle light scattering detector 

(DAWN HELEOS-II) and a refractive index detector (Optilab T-rEX, Wyatt 

Technology). Data were collected every second at a flow rate of 0.7 mL/min. 

Data analysis was carried out using ASTRA VI, yielding the molar mass, mass 

distribution (polydispersity), and radius of gyration of the sample (32.0 nm ± 

0.4%). For normalization of the light scattering detectors and data quality 

control, monomeric BSA (Sigma) was used. 

Variation of mucin size and surface densities 

Mucin lengths 

MCF10As expressing Muc1 GFP with 0, 10, or 42 tandem repeats were 
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sorted for similar levels of GFP on a BD FACs Aria II using the Muc1 antibody 

first for the 42 tandem repeat population then the GFP nanobody Atto 647N 

(Chromotek) for the 0, 10, and 42 tandem repeat populations. Stable 

populations were created from these sorted lines. Cells were plated onto 8 mm 

coverslips at 10,000 cells/cm2 for 16-

doxycycline (Santa Cruz) for 24 h and fixed for SEM analysis.  

Mucin cell surface density 

Using the GFP nanobody with an approximate size of 2 nm (15 kDa) and 

picomolar affinity for GFP (GFP Binding Protein, Chromotek) and labeled with 

NHS- -nanobody, 

MCF10A cells expressing Muc1- -

nanobody for 20 min on ice to label only cell surface mucins. Cells were sorted 

with a BD FACS Aria II onto poly-l-lysine treated 8 mm coverslips at 5,000 to 

10,000 cells/cm2 for SEM, allowed to adhere for 4 h at 37oC, and fixed for SEM 

imaging. Alternatively, cells were sorted with a BD FACS Aria II into 1.7 mL 

2x RIPA lysis buffer for estimation of mucin surface densities via SDS-PAGE. 

Lysed samples were run simultaneously with 647-nanobody standards of 

known molecular concentration. 647-nanobody fluorescence in lysed samples 

and standards were imaged on a Typhoon 9400 imaging system (GE 

Healthcare). Total fluorescence in each sample or standard was quantified in 

ImageJ Fiji (Schindelin et al., 2012). A standard curve was constructed by 

relating fluorescence from nanobody standards to their known concentration. 

The number of labeled mucins in each lysate were estimated based on the 

standard curve. The mucin surface density was estimated by dividing the total 

number of mucins by the known number of cells in each sample and their 
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spherically shaped wild-type cells in suspension. A standard curve was 

constructed based on the number of mucins per area and the known mean 

fluorescence signal from the FACS collected population. This standard curve 

was then applied to calculate the number of mucins per area of populations 

collected subsequently.  

Expansion microscopy 

Expansion microscopy (ExM) was performed as described previously 

(Tillberg et al., 2016) and involved steps of anchoring fluorescent dyes and 

proteins, gelation, digestion and expansion to achieve dye retention and 

separation. Briefly, fixed and stained cells were anchored with 0.1 mg/ml 

Acryloyl-X, SE (6-((acryloyl)amino)hexanoic acid, succinimidyl ester 

(ThermoFisher) in PBS for 16 h at RT, washed twice and further incubated 1 h 

at 37°C in a monomer solution (1 × PBS, 2 M NaCl, 8.625% (w/w) sodium 

acrylate, 2.5 -methylenebisacrylamide) 

mixed with ammonium persulfate 0.2% (w/w) initiator and 

tetramethylethylenediamine 0.2% (w/w) accelerator for gelation. For digestion, 

gelled samples were gently transferred into 6 well glass bottom plates (Cellvis) 

and treated with Proteinase K (New England Biolabs) at 8 units/mL in digestion 

buffer (50 mM Tris (pH 8), 1 mM EDTA, 0.5% Triton X-100, 1 M NaCl) for 16 h 

at room temperature. For expansion, digested gels were washed in large excess 

volume of ddH2O for 1 h. This was repeated 4  6 times until the expansion 

plateaued. Samples were imaged on a Zeiss LSM inverted 880 confocal 

microscope using a 40x water immersion objective (NA 1.1) in Airyscan mode 

to optimize resolution. 

Isolation of extracellular vesicles 
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Cell were plated at 10,000 cells/cm2 in appropriate dishes. Following 

induction with 1 µg/ml doxycycline (Santa Cruz) for 18 h, cells were rinsed with 

PBS twice then serum-

(Santa Cruz). For actin depolymerization studies, cells were treated for 60 min 

with 10 µM LatA in serum free media prior to isolation. For HAS3 digestion 

studies, cells were treated with hyaluronidase for 60 min in serum-containing 

media before 6 h subsequent treatment in serum-starved media. Conditioned 

media from serum-starved cells was clarified by pelleting cellular debris 

through two consecutive centrifugations at 600x g for 5 min.  

Plunge-freezing vitrification 

From clarified media, 3- L of sample was pipetted onto holey carbon-

coated 200 mesh copper grids (Quantifoil Micro Tools, Jena, Germany) with 

immediately plunged into a liquid ethane/propane mixture cooled to liquid 

nitrogen temperature using a custom-built vitrification device (MPI, 

Martinsried, Germany). The plunge-frozen grids were stored in sealed cryo-

boxes in liquid nitrogen until used. 

Cryogenic transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo-TEM) was performed 

on a Titan Themis (Thermo Fisher Scientific, Waltham, MA) operated at 300 kV 

in energy-filtered mode, equipped with a field-emission gun, and 3838x3710 

pixel Gatan K2 Summit direct detector camera (Gatan, Pleasanton, CA) 

operating in Counted, dose-fractionated modes. Images were collected at a 

defoci of between -1 m and -3 m. Images were binned by 2, resulting in pixel 

sizes of 0.72 -1.1 nm. 

5.7.4 Quantification and statistical analysis 
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Scanning electron microscopy quantification 

Cellular tube density, diameter, and length were analyzed in ImageJ Fiji 

(Schindelin et al., 2012). For quantification of tube density per area, a ~2 m x 2 

m region of interest was drawn and the encompassed tubes counted manually 

using the cell counter plug-in. Tube diameter was measured by drawing a strain 

line through the tube cross section at its mid-point. Tube length was measured 

for tubes extending approximately parallel to the image plane, as identified by 

visual inspection, using the ImageJ line segment tool. 

Giant unilamellar vesicles quantification 

Dye fluorescent intensity was measured by taking 5 different line scans 

across the GUV in ImageJ Fiji (Schindelin et al., 2012). The intensity profile of 

each line was analyzed using Mathematica 10.3, where the integral of the 

intensity peak was calculated and averaged for 5 different lines per GUV.  

Nanoparticle tracking analysis 

Extracellular vesicles in the clarified media were analyzed using a 

Malvern NS300 NanoSight. Imaging was performed for 60 s with five captures 

per sample. Particle analysis was performed using Malvern Nanoparticle 

Tracking Analysis software. 

Expansion microscopy quantification 

Line profiles across membrane tubules in expansion images were used 

to measure the separation of GFP nanobody fluorescence from SUMO 

fluorescence. Brush height was determined by the difference of the  

the full width at half maxima (FWHM) between GFP nanobody fluorescence 

and SUMO fluorescence.  

Statistics 

Statistics were calculated in Graphpad Prism. One-way ANOVA and 
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post-hoc two- t test were used where appropriate as indicated 

by figure legends. For boxplots - center lines show the medians; box limits 

indicate the 25th and 75th percentiles as determined by BoxplotR software; 

whiskers extend 1.5 times the interquartile range from the 25th and 75th 

percentiles, and notches, where shown, indicate the 95% confidence interval. 

See individual figure legends for number of replicates and statistical testing 

details. ns - not significant; */+ p < 0.05; **/++ p <0.01; ***/+++ p < 0.001. 
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5.8 SUPPORTING FIGURES 

 

 
Figure 5.S1  Related to Figure 5.1; Validation of genetically encoded mucins. 
A, Representative confocal microscopy images showing membrane 
tubularization induced by various engineered glycoproteins compared to wild-
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type (Control) cells. The cell surface is visualized with lectin WGA (wheat germ 
agglutinin). Mucin staining with lectin PNA (peanut agglutinin) confirms 
glycoprotein O-glycosylation and surface localization on MCF10A cells. Images 
are individually adjusted for contrast, n = 2. B, Representative Western blots 
showing the relative size of various transmembrane biopolymers compared to 
each other biopolymer and the endogenous Muc1 in wild-type (Control) cells, 
n = 3. C, Representative flow cytometry histograms showing the cell surface 
level of various transmembrane biopolymers, > 2,000 cells per population, n = 
3. D, Quantification of endocytosis of Alexa Fluor 488 labeled transferrin (488 
TNF) after 0.5 or 1 h of treatment. Quantification performed with flow 
cytometry, median signal reported with background subtraction, > 10,000 cells 
per population, n = 6, error bars are S.D. E, Representative confocal microscopy 
images of endocytosed 488 TNF after 0.5 h of treatment. F, Quantification of the 
fraction of GUVs with Podocalyxin tethered to the surface with visible 
membrane tubularization, n = 25. G, Western blot showing polymer sizes 
expressed in epithelial cells, analyzed with an antibody against the green 
fluorescent protein (GFP) tag, n = 5. H, (left) Cartoon of hyaluronic acid (HA) 
extruded by the transmembrane protein hyaluronic acid synthase 3 (HAS3). 
(right) Blot of HA in lysates of wild-type (Cont.) and hyaluronic acid synthase 
3 (HAS3) expressing human mammary epithelial cells (MECs, MCF10A). Note 
that the expressed HA is a giant linear polymer in the MDa range. I, ELISA 
quantification of HA secreted by MECs into their media, normalized to the 
number of cells in the sample and the HA secretion of Control cells, n = 3.  J, 
Representative confocal microscopy images of human MECs, either wild-type 
(Control) or stably expressing HAS3. Cells are stained with Hoescht (nucleus) 
and Alexa Fluor 568 hyaluronic acid binding protein (HABP). K, Representative 
SEM images showing highly elongated membrane tubules in HAS3-expressing 
human MECs (left) and a zoomed in region on the same cell (right). ns  not 
significant, * p < 0.05, ** p < 0.01, *** p < 0.001 (post-hoc -tailed t 
test). 
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Figure 5.S2  Related to Figure 5.4; Supporting information for physical 
characterization of individual mucins and mucin ensembles. A, Western blot 
validation of recombinant Muc1-42TR production (Media + Muc1-42TR 
10xHis), Ni-NTA resin binding of the protein (Flow-through), wash off non-
specific proteins (Wash), and purified recombinant Muc1-42TR polymer 
(Elution). Samples are probed with anti-Muc1 and anti-His antibodies as well 
as PNA (peanut agglutinin) to bind O-linked glycans. B, SYPRO Ruby protein 
gel stain for samples described above. C, Quantification of epithelial microvilli 
diameter for the indicated relative mucin surface densities. Box notches indicate 
95% confidence intervals. D, (left) Mucin construct (Muc1-42TR) with SUMO 
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and GFP tags flanking the polymer domain for visualization of polymer 
extension with expansion microscopy (ExM). (right) ExM sample workflow. 
First, samples are stained and fixed. Then the proteins are chemically linked 
(anchored) to monomers which polymerize to form a gel. Proteins are then 
digested, and the gel is expanded to four times the original size. E, 
Representative flow cytometry histogram showing the geometric mean of GFP 
nanobody binding for the indicated biopolymers. The two polymers are 
expressed on the cell surface at comparable levels, > 14,000 cells per population, 
n = 3. F, (left) Representative ExM image with two regions of interest on the 
cross-section of microvilli indicated by yellow boxes. (right) Zoomed in regions 
of interest. Yellow line composite image represents a line trace which may be 
used to calculate the full-width half max value for the GFP nanobody and 
SUMO antibody signals to calculate the cell surface brush height. ns  not 
significant.  
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Figure 5.S3  Related to Figure 5.4; Additional polymer brush theory 
predictions for curvature generation by intermolecular interactions in the 
glycocalyx. A, Graph for the predicted brush thickness as a function of 
biopolymer surface density in the brush regime. Brush thickness scales 
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approximately as a power law with biopolymer concentration. B, Plot showing 
energetic contributions as functions of the biopolymer density. In the 
mushroom regime, polymers have only elastic energy, while in an extended 
brush, excluded volume and electrostatic interactions contribute to biopolymer 
free energy. C, Plot depicting variation of spontaneous curvature generated 
with biopolymer density and molecular length. D, Graph displaying trend of 
spontaneous curvature as a function of biopolymer density and Kuhn length. 
Kuhn length, equal to twice the persistence length, is directly proportional to 
polymer bending stiffness, and is referred to as the length of a monomeric 
segment in the manuscript. Plots in (A-D) are in log-log format. Plots in (A) and 
(B) use biopolymer length,  nm, and monomeric segment length, 

 nm. Plot (C) employs polymer monomer segment size of 15 nm, and (D) uses 
biopolymer length of 270 nm. E, Predicted dependence of spontaneous 
curvature on biopolymer length at high density. This graph uses polymers of 

 packed at a density of . 
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Figure 5.S4  Related to Figure 5.5; Fluorescence-activated sorting and 
quantification of Muc1 surface densities. A, Extended workflow for 
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quantitative experiments at different Muc1 surface densities. B, SDS-Page 
calibration of Alexa Fluor 647 labeled nanobody. C, Calibration curve between 
the log value for integrated density of fluorescence signal from nanobody 
dilution series (shown in (B)) versus the log value of the number of molecules 
loaded. A linear regression fit and R2 value are shown. D, Residuals for the 
linear regression fit shown in (C). E, Fluorescence-activated cell sorting (FACS) 
histogram showing the nanobody fluorescence sign

F, Representative scanning electron 
microscopy (SEM) images of wild type cells which were non-enzymatically 
detached from the substrate then re-adhered (detached control) for SEM 
imaging and cells which were non-enzymatically detached from the substrate, 
collected through the FACS, then re-adhered (FACS control). These images 
demonstrate that the method of FACS collection did not influence the 
membrane shapes observed with Muc1-  expression (shown in Fig. 
5.2F). G, SDS-Page analysis of fluorescent nanobody signal in each cell 
population, a-e, after collection and lysis of the cells. H, Table describing the 
integrated density signal from the fluorescence image shown in (G), the 
calculated number of molecules based on the calibration curve in (C), and the 
number of cells loaded in the protein gel, (G), based on the number of cells 
collected with FACS for each population, (E). I, Calibration curve between the 
log of the nanobody mean signal from the FACS versus the number of 
molecules calculated for each population. The number of molecules per sample 
was normalized by the number of cells loaded and the approximate area per 
cell. Linear regression fit and R2 values shown. J, Residuals for linear regression 
fit shown in (I). 

 

  



169 

 
Figure 5.S5  Related to Figure 5.6; Tubular membrane shapes contain 
filamentous actin cores and resemble microvilli. A, Representative confocal 
microscopy images of epithelial cells expressing Muc1-
indirect microtubule staining with anti-microtubule and Alexa Fluor 568-
labeled secondary antibodies. Mucins are labeled with Alexa Fluor 647 PNA 
(peanut agglutinin). The bottom row shows the region of interest from the 
composite image (yellow box), n = 3. B, Fluorescent intensity line trace from (A) 
(bottom row, yellow line). Values are normalized for their respective maximum 



170 

intensities. C, Representative confocal microscopy images of epithelial cells 
expressing Muc1-
phalloidin. Mucins are labeled with Alexa Fluor 647 PNA. The bottom row 
shows the region of interest from the composite image (yellow box), n = 3. This 
data repeats and elaborates on (Fig. 5.5A, B). D, Fluorescent intensity line trace 
from (C) (bottom row, yellow line). Values are normalized for their respective 
maximum intensities. E, Representative confocal microscopy images of the 
midplane of wild type (Control) or Muc1-

-A (LatA) for 1 h, n = 3. F, Representative SEM 
image of LatA treated Muc1-  

 

5.9 SUPPLEMENTAL NOTE: THEORETICAL CONSIDERATIONS 

5.9.1 Glycocalyx polymer brush model 

We propose a simple model to explain how biopolymers in the 

glycocalyx can generate entropic driving forces for membrane curvature. The 

model considers long chain polymers anchored on one end to the plasma 

membrane. Common examples of long-chain polymers in the glycocalyx 

include mucins and hyaluronic acid (HA), which we model specifically here. 

The modeling framework could be similarly applied to other types of 

glycocalyx polymers, including polysialic acid and other glycosaminoglycans. 

Hyaluronic acid is a semi-flexible linear polysaccharide comprised of repeating 

units of glucuronic acid and N-acetylglucosamine. Mucins have a more 

complex bottlebrush structure comprised of a central polypeptide backbone 

and densely clustered glycan side chains along the backbone. Although their 

structure is complex, bottlebrush polymers can be modelled as effective linear 

polymers with a monomer size on the order of the side chains (Paturej et al., 

2016). Therefore, we consider all glycocalyx polymers in our model to be linear 

or effectively linear. 

Biopolymers in the glycocalyx are anchored to the cell surface in several 
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ways, including through transmembrane anchors, covalent conjugation to 

integral membrane proteins, and non-covalently to specific transmembrane 

receptors. Cell surface mucins are anchored directly near their carboxy 

terminus by a single transmembrane domain. Hyaluronic acid is anchored to 

the cell surface through specific transmembrane receptors on the cell surface. 

While it is possible for hyaluronic acid to be anchored at multiple points along 

the polymer backbone, for simplicity, we consider all glycocalyx polymers to 

have a single membrane anchor at one end.  

The cell surface is also decorated with many types of integral and 

peripheral membrane proteins. These molecules could also contribute to an 

entropic pressure on the cell membrane, similar to a 2D gas pressure. To isolate 

the effects of glycocalyx polymers on the membrane, we neglect possible 

contributions from other cell surface proteins, as well as intracellular forces. 

However, the model could be extended to include these additional 

contributions to the system energy. 

Biopolymers have excluded volumes accounting for steric interactions 

between monomers on the same polymer as well as between monomers on 

adjacent molecules (de Gennes, 1980). Large negative charges on acidic sugars, 

such as glucuronic acid and sialic acid, give rise to intramolecular and 

intermolecular electrostatic interactions (Israels et al., 1994). Finally, the 

polymers and the brush have entropic contributions due to the elastic energy, 

which captures the stretch of the molecules (de Gennes, 1980). Embedded in a 

deformable lipid membrane, the energy of this polymer glycocalyx and that of 

the membrane can minimize to yield the equilibrium configuration (Lipowsky, 

1995; Stachowiak et al., 2012). Hence, in our model below, we perform an energy 

minimization of the glycocalyx and the underlying membrane to describe the 
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surface curvature. 

Depending on surface density, polymers tethered to a surface exhibit 

two particular regimes of physical behavior  mushroom and brush. The Flory 

radius measures the approximate size of an entire polymer, and is given by 

, where  is the number of monomers in the polymer,  is 

the size of each monomer or effective monomer,  is the fully extended length 

of the polymer chain, and  is called the Flory exponent.  for hydrophilic 

biopolymers in good solvents like water. At low densities, such that 

intermolecular spacing is larger than the polymer Flory radius, i.e. 

, where  is biopolymer concentration, biopolymers take up preferable 

conformations independent of neighbor interactions. In this regime, the flexible 

molecules can coil up to exhibit mushroom-like structures. On the other hand, 

at high surface concentrations, when the intermolecular spacing is smaller than 

the Flory radius, intermolecular interactions can dominate and stretch the 

biopolymers out into a brush-like structure. The polymer layer extension or 

thickness, the stored energy, and the generated membrane curvatures exhibit 

different scaling laws in these regimes, as described below. 

In the mushroom regime, the attachment of a biopolymer to a flat, 

impenetrable surface reduces the number of accessible molecular 

conformations, cutting down the polymer shapes that penetrate the surface. 

Curving the impenetrable grafting surface can marginally increase the 

permissible configurations, and increase the entropy of the polymer. Thus, 

flexible biopolymers tethered to a deformable membrane can generate 

curvatures, as described by Lipowsky (Lipowsky, 1995). However, the 

additional entropy due to membrane curvature is small and consequently, 

curvatures generated by polymer mushrooms are also small, relative to 
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deformations elicited by intermolecular interactions in polymer brushes. In this 

mushroom regime, the free energy due to the entropic contribution of each 

mushroom polymer tethered to a curved membrane is: 

 

 (1) 

 

where the reference configuration is the polymer tethered to a flat surface, 

 is the corresponding entropic contribution,  is the Flory 

radius of the mushroom-shaped biopolymer, and  is the radius of curvature 

of the underlying membrane. In the mushroom regime, we consider the 

formation of spherical membrane structures. The bending energy of the curved 

membrane is: 

 
 (2) 

 

where  is the bending stiffness of the membrane bilayer,  is the surface 

density of the biopolymers, and  is the area available for each polymer. 

Minimizing the total energy,  with respect to the 

radius of curvature, , as , we obtain the following scaling law 

for : 

 

 (3) 

 

where  is the size of monomeric segments and  is the number of such 

monomers in a polymer molecule. 
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At high surface densities, such that neighboring polymer molecules 

interact with each other, grafted polymers exhibit a brush-like structure (de 

Gennes, 1980). In this regime, we consider the formation of tubular structures 

from the membrane and predict the tubule curvatures generated by 

intermolecular crowding effects on the cell surface. An energy minimization 

approach elucidates the equilibrium curvature and brush extension as follows. 

For a tubule with radius , the energy of the glycocalyx per length of the tubule 

contains elastic, excluded volume, and electrostatic components (Borisov and 

Zhulina, 2002; Bracha et al., 2013; Zhulina et al., 2006): 

 

 (4) 

 

 (5) 

 

where  is the radius of the tubule,  is the thickness of the glycocalyx brush, 

 is the size of monomeric segments that form the biopolymers,  is the 

monomer concentration, and  is the area per polymer. At the tubule surface, 

the area per polymer,  is related to the biopolymer surface density, , 

as .  is the excluded volume of monomer segments,  is the 

degree of ionization of a monomer,  is the ion concentration in bulk 

solution, and  is a radial coordinate. 

Zhulina et al. (Zhulina et al., 2006) provide expressions for . Given the 

monomer length and diameter are similar (Paturej et al., 2016), we consider the 

monomeric segments to be cylinders with an aspect ratio close to 1. The energy 

per length of the underlying membrane bent into the tubular structure is 
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(Helfrich, 2014): 

 
 (6) 

 

where  is the membrane bending modulus. Thus, the total energy per tubule 

length is: 

 

 

(7) 

 

Minimizing the total energy with respect to the tubule radius 

( ) reveals the dependence of the spontaneous curvature on the 

properties of the glycocalyx and the cell membrane, including the surface 

density of biopolymers.  

We consider the implications of this theory for native Muc1, as an 

example mucin. We course-grain the bottlebrush biopolymer into  effective 

monomers of size (Paturej et al., 2016). In this work, we measure the radius 

of gyration, , of Muc1 to be 32 nm. We estimate the overall stretched length, 

, to be 270 nm based on electron micrographs of Muc1 purified from human 

HEp-2 epithelial cells (Bramwell et al., 1986). The radius of gyration is related 

to the Flory radius by . Using estimates of  = 32 nm,  

= 270 nm, and  = 0.6, we estimate the mucin to be described by  18 effective 

monomeric segments each having a size of  15 nm. We note that this 

effective monomer size is in good agreement with expectations based on 

estimates of the mucin side chain size to be 5-10 nm (Kesimer et al., 2013; 
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McMaster et al., 1999). We assume that sialic acids on mucins contribute to a 

charge density of approximately 5 e- per 20 amino acid tandem repeat. Our 

assumption is based on most mucin O-glycosylation sites being occupied with 

sialylated glycans (Bäckström et al., 2003; Müller et al., 1999). 

The scaling law for the mucin mushroom regime predicts small 

spontaneous curvatures for low biopolymer densities (Fig. 5.3C). The predicted 

spontaneous curvatures are comparable to the curvatures of the bleb-like 

protrusions observed in cells expressing low surface densities of mucins, as 

shown in Fig. 5. 2. For higher densities, where the 

biopolymers form a brush, the corresponding model above predicts the 

generation of curvatures similar or greater to those observed in the tubules on 

the cells of Fig. 5.4B, 52000 mucins 2. The curvature of such tubules is 

predicted to increase exponentially with biopolymer density. Notably, the 

continuous transition between mushroom and brush regimes predicted about 

2 accompanies a change in cell surface 

morphology from bleb-like to tubulated (Fig. 5.4B, D, E). 

Similarly, HA molecules closely resemble linear polymer chains. For 

can be modeled as a chain of 250 monomeric units approximately 10 nm long 

(Cleland Robert L., 2004; Hayashi et al., 1995). Polymer theory predicts such a 

ore than an order 

of magnitude larger than that of Muc1. Thus, HA is expected to have a much 

larger effective volume and physical presence on the cell surface than Muc1. 

The consequently stronger intramolecular and intermolecular interactions in 

HA should render it significantly more effective at bending the membrane than 

Muc1. Furthermore, considerably lower surface density of HA is expected to 
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generate the same membrane curvature as a surface densely crowded with 

Muc1. 

We also conducted numerical calculations for the specific example of 

HA. Adopting the approach of Bracha et al. on DNA, also a linear 

polyelectrolyte, we coarse grain hyaluronic acid into  cylindrical segments of 

length  and diameter  to allow application of polymer brush theory scaling 

laws (Bracha et al., 2013). The Kuhn length, , of the biopolymers is twice the 

persistence length and the length scale at which the molecule is straight. 

Hyaluronic acid is semi-rigid owing to the local stiffness that arises from 

intrinsically large size of the sugar ring monomers and the hindered rotations 

about the glycosidic linkages (Day and Sheehan, 2001). Measurements of the 

persistence length range from 5 to 9 nm. The diameter of the hyaluronic acid 

chain is about 0.6 nm (Cowman et al., 2005). In this work, we measure the 

molecular weight of hyaluronic acid produced by the hyaluronic acid synthase 

3 (HAS3) to be approximately 3 MDa. This large size corresponds to a fully 

. 

 

5.9.2 Force requirements for cell surface blebs and tubes 

To predict the relative frequencies of blebs and tubes on the cell surface, 

we perform energetic calculations for the cell membrane. The crowding 

pressure of the glycopolymers effectively increases the natural curvature of the 

cell membrane. Hence, we lump together the crowding effects of the glycocalyx 

into a spontaneous membrane curvature, . 

Intracellular forces pushing the cell membrane out, e.g. actin 

polymerization, can generate cylindrical tubes (Weichsel and Geissler, 2016). 

Here we consider a tube of length  and radius  generated due to a force 



178 

. On the other hand, a hydrostatic pressure difference  between inside and 

outside the cell can form spherical blebs of radius  (Charras and Paluch, 

2008). The energy of the membrane in these configurations includes the bending 

energy, surface tension, and contributions from the pressure  or the force  

(Derényi et al., 2002; Helfrich, 2014; Seifert et al., 1991): 

 

 (8) 

 

where  is the bending stiffness of the membrane,  and  are the principal 

curvatures,  is the spontaneous curvature of the membrane  generated due 

to the crowding pressure of the biopolymers,  is the area of the membrane, 

and  is the surface tension of the membrane. For tubes,  and  is 

the length of the tube, whereas for blebs,  and  is the bleb volume. 

A cylindrical tube of radius  has  and , which 

simplify the energy: 

 

 (9) 

 

The case of a spherical bleb with a very thin neck provides an upper limit on 

the energy of a bleb. For a bleb with radius , , and 

 

 (10) 
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At equilibrium, these energies are minimized with respect to the radii of the 

blebs and tubes (Derényi et al., 2002). The tube energy is also minimized with 

respect to the tube length  at steady state (Derényi et al., 2002). That is, 

 

 (11) 

 

 (12) 

 

at equilibrium. The equilibrium equations (Eq. 11) for the tube imply: 

 

 (13) 

 

And 

 

 (14) 

 

These equilibrium calculations predict the tube radius is completely governed 

by the mechanical properties of the lipid bilayer and the spontaneous curvature. 

These calculations do not account for the structural support of actin filaments 

widening the tubes. 

Bleb energy minimization (Eq. 12) yields the pressure requirement for a 

bleb of a given size: 

 

 (15) 
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Eq.13-15 relate the force or pressure required to maintain a tube or bleb with 

the spontaneous curvature generated by the biopolymers. Fig. 5.3C details the 

dependence of the spontaneous curvature on biopolymer concentration. We 

thus graph the force and pressure requirements against the biopolymer 

concentration (Fig. 5.3D). Comparisons with typically observed forces from 

actin polymerization and hydrostatic pressures explain the relative densities of 

tubes and blebs as a function of biopolymer density.  
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CHAPTER 6 

THE CANCER GLYCOCALYX DYNAMICALLY TUNES CELLULAR 

MIGRATION 

6.1 ABSTRACT 

Muc1 is a large, heavily O-glycosylated membrane protein that is 

overexpressed in the majority of cancers and constitutes the major structural 

element of the cancer cell glycocalyx. While the biophysical properties of the 

glycocalyx directly regulate cell-extracellular matrix adhesion, cell-cell 

interactions, and receptor spatial organization, how these properties change 

dynamically during acquisition of a metastatic phenotype is largely unknown. 

First, we evaluate how a mucinous glycocalyx impacts cellular migratory 

mode. Cellular mucins were highly rigid and mechanically disrupted integrin 

adhesion, resulting in complete dissociation of cells from the substrate. The 

cells exhibit striking and rapid 3D motility compared to wild-type cells 

without Muc1. To dissect the relationship among glycan biosynthesis, mucin 

rigidity, and the bulk properties of the cancer-specific glycocalyx, we use 

Darwinian evolution to isolate sub-populations of Muc1-expressing breast 

epithelial cells that present with distinct mucin glycophenotypes. Remarkably, 

alterations in glycosylation were associated with profound differences in 

glycocalyx structure, even in isogenic cell lines. We isolated a stable 

population of cells that expresses high levels of Muc1, but these mucins were 

apparently flexible and had no observable effect on cell adhesion. Based on 

lectin profiling, we identified specific patterns of Muc1 O-glycosylation 

associated with the two extremes in glycocalyx structures, rigid or flexible. Of 

notable significance, we discovered that metabolic reprogramming by the 

hypoxia could induce a glycophenotype consistent with mechanically rigid 
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mucins. Future studies will identify the specific glycosylation machinery 

associated with the different glycophenotypes, with the hope of identifying 

new avenues of therapeutic intervention based on normalizing the mechano-

phenotype of the cancer cell glycocalyx. 

 

6.2 INTRODUCTION 

6.2.1 Cells exhibit distinct migratory modes based on extracellular matrix 

interactions 

 Cancer cells must migrate in order to metastasize from the primary 

tumor site  first locally invading the tissue surrounding the tumor, then 

entering the bloodstream, circulating, exiting the bloodstream, and finally 

colonizing a distant site (Nguyen et al., 2009). Cells can migrate using a variety 

of distinct modes  either as individual cells (using mesenchymal-like, 

adhesion-dependent mechanisms or amoeboid-like, adhesion-independent 

mechanisms) or collectively (as coordinated groups with strong cell-cell 

 with the 

ability to switch between those modes depending on various chemical and 

physical determinants (Friedl and Wolf, 2010; Liu et al., 2015). 

 Cellular migration mode is determined by many factors related to both 

features of the extracellular matrix (ECM) and features of the cell. Cellular 

determinants of migratory mode include strength of cell-cell junctions, strength 

of cell-ECM adhesion, and cell protrusion and traction generated by pulling the 

ECM (Friedl and Wolf, 2010). Cells with strong focal adhesions that turn-over 

slowly will exhibit mesenchymal migration (Friedl and Wolf, 2010; Liu et al., 

2015).  Amoeboid migration generally refers to migration without mature focal-

adhesion formation, weak interactions with the ECM, and either a blebbing or 
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pseudopodal mechanism of leading-edge protrusion (Friedl and Wolf, 2003, 

2010; Liu et al., 2015; Yoshida and Soldati, 2006). Without focal adhesion 

interactions, these cells instead migrate by frictional coupling between the cell-

surface and the ECM. Metastatic cells may benefit from amoeboid migration 

because cells migrating in an amoeboid migratory mode can more easily fit 

through gaps in the ECM and migrate at a higher velocity than cells in a 

mesenchymal migratory mode (Liu et al., 2015). Though these determinants  

adhesion strength, cell protrusion, and cell contractility  are clear indicators of 

cellular migration mode, not all molecular determinants to migration mode are 

known. Interactions which change the strength of focal adhesion or cell-cell 

adhesion may also cause cells to switch between migratory modes. 

 

6.2.2 The glycocalyx physically separates cells from their extracellular matrix 

 Physically separating the cell from the ECM, the cellular glycocalyx  the 

sugary coating on the surface of eukaryotic cells  is uniquely positioned to 

dynamically regulate cell-ECM and cell-cell interactions. Glycosylation  the 

process of covalent attachment of polysaccharides to proteins at Asn (N-linked) 

or Ser/Thr (O-linked) residues  is the most abundant post-translational 

modification of proteins, with half of all proteins predicted to be glycosylated 

therefore glycans represent significant cellular biomass (Apweiler et al., 1999; 

Ju et al., 2013; Varki et al., 2009a). Mucins  a family of heavily O-glycosylated, 

membrane bound proteins  are a major structural element of the glycocalyx 

(Hattrup and Gendler, 2008; Kufe, 2009). Mucins normally line the apical 

surface of the secretory epithelium in the body; however, upon neoplastic 

transformation, there is a loss of cell polarity which results in mucins coating 

the entire cell surface, a feature linked to poor prognosis in metastatic disease 
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(Hattrup and Gendler, 2008; Hayes et al., 1991; McGuckin et al., 1995; Rahn et 

al., 2001). Muc1 expression level correlates with cancer aggressiveness, poor 

therapeutic response, and poor survival in many different types of cancer; and 

Muc1 is found on the surface of more than 60% of circulating tumor cells 

indicating its role in metastasis (Guddo et al., 1998; Hinoda et al., 2003; 

Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013; Joshi et al., 

2009).  More than half of the molecular weight of mucins comes from the sugar 

structures on the protein which frequently carry a negative charge due to 

sialylation of O-glycans giving mucins anti-adhesive properties (Hattrup and 

Gendler, 2008; Horm and Schroeder, 2013; Kufe, 2009; Varki et al., 2009a). The 

glycocalyx can be seen as a large, negatively charged biopolymer network 

which sterically repels intercellular interactions, specifically preventing 

adhesion molecules like integrins and cadherins from performing their 

functions therefore enabling detachment from the primary tumor and initiation 

of metastasis. 

 

6.2.3 Cellular adhesion is regulated by the cellular glycocalyx 

 Previous research has begun to explore the role of the glycocalyx in 

mediating cell-ECM interactions and cellular adhesion. Theoretical work 

studying the effect of glycocalyx thickness and stiffness on cell-surface integrins 

has indicated that the mechanical forces generated between the glycocalyx and 

ECM can alter the spatial and temporal dynamics of integrin interaction with 

the ECM through a purely biophysical mechanism, without added signaling or 

cytoskeletal-binding information (Paszek et al., 2009). Experimental work has 

validated these findings. Paszek et. al. have recently shown decreased adhesion 

rates and increased adhesion area for cells with increased glycocalyx 
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thicknesses (Paszek et al., 2014). This indicates that the glycocalyx can influence 

cellular adhesion dynamics. Others have shown that high levels of Muc1-

expression can completely block integrin-mediated adhesion (Shurer et al., 

2018; Wesseling et al., 1995) as well as blocking cadherin interactions (Wesseling 

et al., 1996). However, these experiments were performed without added 

information about cellular glycosylation status.  

 O-glycosylation of mucins impacts their structural properties. Light-

scattering experiments have shown the O-glycosylation of mucin extends the 

random coil structure of the protein and increases the stiffness of the chain 

(Shogren et al., 1989). NMR studies have shown increased glycosylation confers 

decreased conformational freedom of mucins (Gerken et al., 1989). 

-

straight out from the cell-surface. The mechanical properties of purified mucins 

depend on the glycosylation state of the protein. However, there is lack of 

studies exploring the effect of these mechanical properties on sterically 

inhibiting cellular adhesion.  

 The cancer cell glycocalyx has a distinct composition which differs from 

the glycocalyx found on healthy cells (Varki et al., 2009b). An especially thick 

or rigid glycocalyx  dictated by glycoprotein expression and extent of 

glycosylation  may directly impact the force balance between cells and the 

ECM and potentially result in complete disassociation of focal adhesion  a 

required step for initiation of amoeboid migration. It is currently unknown 

what specific cellular features are required to produce a thick glycocalyx which 

can sterically inhibit integrin adhesion and if production of excess glycocalyx  

either increased in density or another property such as charge  can promote an 

efficient amoeboid form of migration by reducing cellular adhesion.  
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6.2.4 Cancer-specific metabolic changes reshape the glycocalyx 

 Neoplastic transformation is associated with significant changes to the 

metabolic phenotype of cells. An increase in aerobic glycolysis of cells is now 

seen as a hallmark of cancer (DeBerardinis and Chandel, 2016; Ying et al., 2012). 

Cancer cells use increased glycolytic flux to generate the necessary biomass 

such as proteins, nucleic acids, and sugars, for rapid cell proliferation (Lunt and 

Vander Heiden, 2011). Hypoxia-inducible factor 1-alpha (HIF-1 ) is a master 

regulator of the metabolic switch from oxidative phosphorylation to glycolysis 

(Dibble and Manning, 2013). Hypoxia has also been shown to be an adverse 

prognostic marker with decreased disease-free survival rates among patients 

(Vaupel and Mayer, 2007). Changes to cellular metabolism such as increased 

flux through glycolysis brought on by changes in the cell microenvironment 

such as hypoxia may be linked cancer progression and aggressiveness. 

 Changes to cell-surface glycosylation are also frequently observed in 

cancer cells. Cell-surface O-glycans have been observed to be truncated and 

reduced in complexity in cancer cells (Pinho and Reis, 2015), typically thought 

to be due to a decrease or change in the expression of glycosyltransferases 

(Berois et al., 2013; Gomes et al., 2009). For example, there is an increase in 

expression of the cancer-specific O-glycan STn (Neu5Ac 2-6GalNAc ) on 

cancer cells (Fu et al., 2016; Munkley, 2016).  

 HIF-1  may specifically mediate changes to the glycocalyx to drive 

cancer progression and metastasis by changing cellular metabolism and 

glycotransferase expression levels. HIF-1  has been shown to promote changes 

to glycosyltransferase expression, sugar transporter expression, and the 

synthesis of nucleotide sugars via the hexosamine biosynthesis pathway 
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2011). The secretion of 

some mucins has been linked directly to hypoxia (Zhou et al., 2012). Muc1-

expression has both been shown to attenuate HIF-1  activity by promoting HIF-

1  degradation (Yin et al., 2007), and, conversely, Muc1 has been shown to 

stabilize HIF-1  (Chaika et al., 2012). This indicates a complex and context 

specific interplay between Muc1 and HIF-1  in cells. 

 Muc1 interferes with cellular adhesion in a manner dependent on steric 

interactions at the cell surface. Previous studies have shown that the 

conformation of the protein backbone of mucin predominately determined by 

the initial sugar residue attached by protein glycosylation (Coltart et al., 2002). 

This indicates that the glycosylation status of Muc1 may be critical to 

determining its anti-adhesive properties. Hypoxia modulates the glycosylation 

status of Muc1 and its expression level which may impact the adhesive 

phenotype and therefore the migratory phenotype of cells. Further, a migratory 

mode switch from the highly adherent collective migration mode to poorly 

adherent amoeboid migration mode has been reported for cells under hypoxia 

(Lehmann et al., 2017). More research is needed to determine the role of Muc1, 

the glycocalyx, and hypoxia-mediated glycosylation changes to the migration 

and metastasis of cancer cells. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Muc1 expression sterically blocks cell/cell and cell/extra-cellular matrix 

adhesions 

 In order to study cellular migration and metastasis, we used the highly 

metastatic mouse breast cancer line 4T1. To study the impact of a bulky, 

mucinous glycocalyx on this highly motile cell line, we updated and used the 
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previously characterized genetically-encoded toolbox developed by Shurer, 

Paszek, and colleagues (Shurer et al., 2018, 2019a, 2019b). Two Muc1 CT 

(truncated cytoplasmic tail) cDNAs were used  one with an internal ribosome 

entry site (IRES) followed by GFP and the other a Muc1 CT GFP fusion (Fig. 

6.1A). The encoded gene responded as predicted to treatment with different 

concentrations of the inducing drug, doxycycline, measured by both binding of 

a Muc1 ectodomain specific antibody and the IRES GFP signal (Fig. 6.1B). The 

protein expression kinetics of the cDNA also matched previous reports (Gossen 

et al., 1995; Shurer et al., 2018, 2019a), with expression of the cDNA saturating 

between 24 and 48 h (Fig. 6.1C). The 4T1 cell line showed non-specific binding 

of the human specific anti-Muc1 antibody tested, as predicted (Fig. 6.1D, left). 

The cell line also showed a very low 

and of the IRES GFP when cells were not induced with the doxycycline (Fig. 

6.1D, Muc1+Ab, 0 g/mL compared to 1 g/mL). The Muc1-specific antibody 

binding and IRES GFP signal were strongly correlated, indicating that the IRES 

GFP can be used as a readout for the Muc1-expression level (Fig. 6.1E). 

 Having validated the new 4T1 cell line model, we tested whether 

previous observations of Muc1 expression blocking integrin and cadherin 

interactions was reproduceable (Shurer et al., 2018, 2019a; Wesseling et al., 1995, 

1996). Indeed, cells expressing Muc1 CT IRES GFP fully detached from their 

substrate  approximately 50% of cells were detached, and detached cells were 

viable (Fig. 6.2A). The 4T1 Muc1 CT IRES GFP cells also maintained their 

surface levels of E-cadherin, despite existing in suspension as single cells (Fig. 

6.2). Taken together, these results indicate that previous findings reported by 

Shurer and colleagues should hold for the new 4T1 Muc1-expressing cell lines, 

and that Muc1-expression sterically blocks or interferes with integrin-mediated 



189 

focal adhesion to 2D substrates and E-cadherin interactions. 

 

 
 
Figure 6.1  Characterization of 4T1 Muc1 CT cell line. A, Schematic of two 
genetically-encoded Muc1 cDNAs used in these studies; TetOn  reverse 
tetracycline inducible promoter, CMV  cytomegalovirus promoter, Muc1 CT 

 human Muc1 gene with a deleted cytoplasmic tail, IRES  internal ribosome 
entry site, GFP  green fluorescent protein (top: copGFP, bottom: mOxGFP). B, 
Fold change in expression level of Muc1 CT IRES GFP was titrated using 
various concentrations of doxycycline, measured by flow cytometry after 48 h 
of doxycycline treatment with either an anti-Mu
genetically encoded IRES GFP signal (see A, top), n = 2, > 30,000 cells per sample. 
C, Fold change in expression level of Muc1 CT IRES GFP over time with 
treatment of 1 g/mL doxycycline, measured by flow cytometry. D, 
Representative flow cytometry histograms for wild-type (w.t.) or Muc1 CT 
IRES GFP-expressing (Muc1) 4T1 cells unlabeled (null) or labeled with an anti-
Muc1 antibody (+ Ab) and treated for 48 h with 0 or 1 g/mL doxycycline. E, 
Values from A show the strong linear correlation between anti-Muc1 antibody 
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binding and the IRES GFP signal. 

 

 
Figure 6.2  Muc1 CT expression blocks integrin and cadherin interactions. 
A, Representative phase contrast images for w.t. or Muc1 CT IRES GFP-
expressing 4T1 cells. B, Representative confocal image of 4T1 Muc1 CT IRES 
GFP cells labeled with an anti-E-Cadherin antibody. C, Representative flow 
cytometry histograms showing similar cell-surface levels of anti-E-Cadherin 
antibody binding for w.t., Muc1 CT IRES GFP, and Muc1 CT GFP 4T1 cells. 
Unlabeled (null) 4T1 w.t. cells are also shown. D, Representative cross-plot for 
GFP signal and anti-E-Cadherin signal, n = 2, > 9,000 cells per sample. 

 

6.3.2 Muc1-expression increases frequency of single cell migration 

 Having established that Muc1-expressing cells detach from cell-cell and 

cell-ECM adhesions, we tested if this reduced level of adhesion could impact 

the migration of these cells away from tumor spheroids in 3D collagen gels. 4T1 

wild-type (w.t.) cells have previously been shown to migrate in a collective 

fashion as large strands of cells with tight cell-cell junctions when observed as 

tumor spheroids implanted in 3D collagen gels (Lehmann et al., 2017). 
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Compared to w.t. cells, cells expressing Muc1 CT IRES GFP were observed to 

migrate less often as collective strands in 3D collagen gels (Fig. 6.3A). 4T1 Muc1 

CT IRES GFP-expressing spheroids covered a smaller 2D area in the gel 

compared to w.t. cells, most likely due to the large surface area of the collective 

strands observed in w.t. cell migration (Fig. 6.3B). Quantification showed that 

the number of single cells migrating away from the tumor spheroids 

significantly higher, approximately double, in Muc1 CT IRES GFP-expressing 

cells compared to w.t. 

 Next, we sought to determine if the migration observed in vitro in 3D 

collagen gels recapitulated the migration of Muc1-expressing cells in vivo. To 

this end, we surgically implanted an imaging window over the 4 th mammary 

fat pad of 6-8-week-old female mice (Fig. 6.4A). Tumor spheroids implanted 

into the mammary fat pad can be observed by intravital microscopy for several 

days through this implanted window (Fig. 6.4B). Preliminary results showed 

that Muc1 CT IRES GFP-expressing 4T1 cells migrated often as single cells in 

the mammary fat pad (Fig. 6.4B).  
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Figure 6.3  Muc1 CT cells migrate as single-cells in 3D. A, Representative 
phase contrast microscopy images of 4T1 w.t. or Muc1 CT IRES GFP-
expressing spheroids migrating in a 2.5 mg/mL sandwich collagen gel. B, 
Quantification of spheroid area from A, n = 3, 14 spheroids. C, Plot showing the 
distribution of data from B at Day 2, each point represents one spheroid. D, 
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Quantification of the number of single cells observed in phase contrast images 
from A, n = 2, 12 spheroids. E, Plot showing the distribution of data from D at 
Day 2, each point represents one spheroid analyzed. Mean and S.D. are shown 
for B, D; lines indicate mean and S.D. for C, E; *** p < 0.005. 
 

 
Figure 6.4  Tracking cell migration in vivo using a mammary imaging 
window. A, The mammary imaging window is surgically implanted into the 
abdomen of athymic nude mice over the fourth mammary fat pat. Individual 
spheroids are surgically implanted into the fat pad. Cells can then be imaged 
through the window over time. B, Representative stereomicroscopy images of 
a 4T1 H2B mCherry Muc1 CT IRES GFP spheroid implanted into the fat pad 
of a mouse, imaged over two days. The top row shows the brightfield image of 
the fat pad. The bottom row shows the fluorescence image of the implanted 
spheroid. 

 

6.3.3 Muc1-expression causes fast, unjammed migration of cells 

 We wanted to better characterize the migratory mode of the Muc1-

expresing cells in vitro. In order to better characterize the migratory mode of 

Muc1-expressing cells, we used confocal microscopy to observe the migration 

at a higher resolution (Fig. 6.5). Cells frequently adopted a pseudopodal 

ameboid-like morphology with a round cell body and a single long, leading-

edge protrusion (Fig. 6.5B). Cells were also able to readily escape the core of the 

tumor spheroid due to its loose packing resulting from decreased cell-cell 

adhesion. For example, a cell was observed to rapidly escape the core of the 
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spheroid, traveling multiple cell-body lengths in 28 mins, passing many other 

cells without engaging in apparent interactions (Fig. 6.5C).  

 

 
Figure 6.5  Muc1 CT cells exhibit a distinct 3D migration phenotype. A, 
Maximum intensity projection taken from a confocal z-stack movie of 4T1 H2B 
mCherry Muc1 CT IRES GFP-expressing cells migrating in a 3D sandwich 
collagen gel after 48 h. B, Expanded region of interest from A (white box, right 
side), showing the migration of a single cell over time. C, Expanded region of 
interest from A (white box, left side), showing the migration of a single cell from 
the core to the edge of the spheroids over time. 
 

6.3.4 Evolution by selective pressure changes the glycocalyx 

 The ability of Muc1 to block cell-cell and cell-ECM interactions is 

expected to be critical for Muc1-mediated migration mode. To test the 

importance of Muc1-mediated adhesion blocking, we set out to generate a cell 

line with a similar level of Muc1 expression but without the impact on cellular 

adhesion associated with Muc1 expression. Because of the complexity of the 

processes which control glycosylation, we used a top-down strategy to 

separating distinct adhesive phenotypes of Muc1-expressing cells. We hoped to 

both identify the key players in altering the biophysical properties of the 

glycocalyx and the important glycan motifs which contribute to these 

properties. Using the selective pressure of cellular adhesion, we evolved, over 

time, an isogenic cell line of Muc1-expresing 4T1 cells (Fig. 6.6A). By selecting 
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cells with continuous doxycycline treatment, we pushed the cells towards a 

more adhesive phenotype. Over time, we observed a constant level of GFP 

signal from Muc1 CT GFP-expressing cells with constant cell-surface levels of 

Muc1 CT GFP (Fig. 6.6B). However, a significant shift in binding of peanut 

agglutinin was observed (Fig. 6.6B). This demonstrates that the anti-adhesive 

properties of Muc1 were modulated by its glycan profile.  

 

 
 
Figure 6.6  Evolution by selective pressure of an isogenic Muc1 CT-
expressing cell population which is highly adhesive. A, Schematic 
representation of Darwinian evolution by selective pressure on cellular 
adhesion. Over time, fewer and fewer Muc1 CT-expressing cells detach from 
their 2D substrate. B, Representative flow cytometry histograms showing the 
signal from the GFP, an anti-Muc1 antibody, and peanut agglutinin (PNA) for 
isogenic 4T1 Muc1 CT GFP-expressing cells which have been treated with 
doxycycline for 2, 5, 8, or 11 days, >10,000 cells per sample. 
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6.3.5 Hypoxia changes the glycocalyx 

In order to determine if hypoxia-mediated glycosylation changes played 

a role in hypoxia-mediated migratory mode switching, we first evaluated the 

impact of hypoxia on the glycocalyx. Using w.t. 4T1 cells, we treated cells with 

DMOG, a chemical stabilizer of HIF-

treatment on the cell-surface glycocalyx. 4T1 cells have previously been shown 

to express cell-surface Podocalyxin (Podxl) (Snyder et al., 2015). Knock-down 

of Podxl in 4T1 has also previously been shown to change the in vitro migration 

cells in 3D gels (Graves et al., 2016). We observed that treating cells with DMOG 

to stabilize HIF-1  caused an approximately 2-fold increase in cell-surface 

Podxl expression level (Fig. 6.7A). Changes in the presentation of glycans were 

also observed by lectin binding on the surface of w.t. 4T1 cells treated with 

DMOG (Fig. 6.7B). When exposed to a hypoxic environment (2% O2), similar 

changes in lectin binding to those observed by DMOG treatment were again 

observed (Fig. 6.7C). Taken together, this data indicates that hypoxia does 

indeed change the presentation of glycans on the cell-surface. 

 

 
Figure 6.7  Hypoxia induces changes to the glycocalyx. A, Representative 
flow cytometry histogram of w.t. 4T1 cells treated with DMSO or 1 mM DMOG 
for 48 h and labeled with an anti-Podocalyxin or Isotype control antibody, > 
35,000 cells per sample. B, Fold change in lectin binding upon DMOG treatment, 
measured by geometric mean or median of flow cytometry histogram, each 
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point represents a replicate, > 10,000 cells per sample, mean and S.D. are shown. 
C, Fold change in lectin binding upon treatment with 2% O2 for the indicated 
amount of time, measured by median of flow cytometry histogram, mean for 
three technical replicates shown. 

 

6.4 CONCLUSION AND FUTURE WORK 

We have shown that Muc1-expression interferes with cellular adhesion 

(Fig. 6.2). This interference causes a migratory mode switch from collectively 

invading cells to single, amoeboid-like cells migrating from tumor spheroids in 

3D collagen gels (Fig. 6.3 and 6.5). Future work will seek to establish the 

relevance of these in vitro observation in vivo by intravital microscopy 

experiments, such as those preliminary experiments discussed here (Fig. 6.4). 

Further and more thorough characterization of in vitro migration can also be 

performed to better understand the phenotype of migrating Muc1-expressing 

cells. 

Muc1-expression alone does not interfere with cellular adhesion; rather 

certain glycan motifs are required (Fig. 6.6). Future work will evaluate if the 3D 

migration of highly adhesive Muc1-expressing cells reverts to the migratory 

modes observed in w.t. cells or another migratory mode associated with highly 

adhesive cells. We can then evaluate at a higher level of detail the specific 

glycosylation changes brought on by the evolutionary selection on adhesion 

performed in these studies. Identification of specific glycan motifs which are 

essential to Muc1-medaited migration may open new therapeutic avenues 

aimed at the mechanical properties of the cellular glycocalyx.  

Hypoxia treatment has been shown to impact the expression of the 

endogenous mucin-like glycoprotein Podxl and on the presentation of some 

glycan motifs, as indicated by lectin binding experiments (Fig. 6.7). Because 
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previous reports have shown both that Podxl knock-out (Graves et al., 2016; 

Snyder et al., 2015) and hypoxia treatment impact 3D migration from tumor 

spheroids (Lehmann et al., 2017), future researchers could knock-out expression 

of the endogenous Podxl and evaluate migration under hypoxia versus 

normoxia. These experiments may identify a direct link between hypoxia-

mediated migratory mode switching and the glycocalyx. Further, the impact of 

hypoxia treatment on Muc1-expressing cells could be evaluated in order to 

understand the role of hypoxia on Muc1-mediated migration mode, which may 

be more physiologically relevant to human carcinomas. 

 

6.5 METHODS 

6.5.1 Antibodies and reagents 

The following antibodies were used: Human CD227 (Muc1; 555925, BD 

Biosciences) (Muc1), Mouse Podocalyxin (MAB1556, R&D Systems), E-

Cadherin (3195S, Cell Signaling), Alexa Fluor 633 goat anti-rabbit (A-21070, 

Thermo Fisher Scientific), Alexa Fluor 633 goat anti-rat (A-21094, Thermo Fisher 

Scientific), and FITC-Rat IgG2b kappa Isotype Control (11-4031-82, Thermo 

Fisher Scientific). Lectins used were: CF568 Arachis hypogaea Lectin PNA 

(29061, Biotium), CF640R Arachis hypogaea Lectin PNA (29063, Biotium), 

CF633 Wheat Germ Agglutinin (WGA; 29024, Biotium), Biotinylated Soybean 

Agglutinin (SBA, B-1015, Vector Laboratories), Fluorescein labeled Soybean 

Agglutinin (SBA, FL-1011, Vector Laboratories), Fluorescein labeled Vicia 

Villosa Lectin (VVA, FL-1231, Vector Laboratories), and Fluorescein labeled 

Dolichos Bioflorus Agglutinin (DBA, FL-1021-2, Vector Laboratories. 

Biotinylated lectins were detected using NeutrAvidin Protein, DyLight 650 

(84607, Thermo Fisher Scientific). To induce transactivator cell lines, 
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doxycycline was used (sc-204734, Santa Cruz). For collagen gels, Corning 

Collagen I, High Concentration, Rat Tail (CB354249, Fisher Scientific). For 

hypoxia studies, hypoxia inducible factor alpha (HIF-1 ) stabilizer 

dimethyloxallyl glycine (DMOG, 71210, Cayman Chemical) was used. To form 

spheroids, 1.2% w/v methyl cellulose (M6385, Millipore Sigma) in DMEM was 

used. 

6.5.2 Constructs 

The Muc1 CT pPB rtTA NeoR IRES GFP plasmid was prepared by 

excision of the Muc1 CT gene using BamHI and EcoRI restriction enzymes 

from the Muc1 CT pPB TetOn PuroR plasmid (Shurer et al., 2018). The Muc1 

inserted by cutting the pPB rtTA NeoR IRES GFP plasmid 

(Shurer et al., 2019b) similarly and ligating the two pieces. Similarly, the Muc1 

(Shurer et al., 

2018) and insertion into the similarly cut pPB rtTA NeoR plasmid (Shurer et 

al., 2019b). H2B mCherry pLenti construct was provided by Peter Friedl (M.D. 

Anderson Cancer Center). 

6.5.3 Cell lines and culture 

4T1 and 4T1 H2B mCherry cells were provided by Peter Friedl (M.D. 

Anderson Cancer Center). 4T1 cells were culture in RPMI medium (R8758, 

Millipore Sigma) supplemented with 10% FBS (F0926, Millipore Sigma), 

penicillin/streptomycin, and 1 mM sodium pyruvate (11360070, Thermo Fisher 

Scientific). Cells were maintained at 37oC, 5% CO2, and 90% RH. 4T1 Muc1 

CT IRES GFP and 4T1 Muc1 CT GFP cells were prepared by co-transfection 

of the Muc1 CT pPB rtTA NeoR IRES GFP or the Muc1 CT GFP pPB rtTA 

NeoR plasmid, respectively, and the Hyperactive Transposase plasmid as 
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previously described (Shurer et al., 2019a) into the 4T1 or 4T1 H2B mCherry 

cell line using Lipofectamine 2000 Transfection Reagent (11668027, Thermo 

 Cell lines were sorted for high 

Muc1 expression after inducing with 1 g/mL doxycycline for 48 h by 

fluorescence-activated cell sorting (FACS) using a Beckman Coulter MoFlo 

Astrios. 

6.5.4 Flow cytometry 

Cells were plated at 20,000 cells/cm2 and grown for overnight. Cells were 

then induced with 1 . Adherent cells were 

nonezymatically detached by incubating with 1 mM EGTA in PBS at 37oC for 

20 min and added to the population of floating cells, if present. Antibodies were 

diluted 

incubated with cells at 4oC for 30 min. A BD FACS Canto II was used to collect 

data. For doxycycline-  IRES GFP-expressing 

4T1 cells were plated and induced similarly with varying concentrations of 

doxycycline (0.001  2000 ng/mL). Cells were nonenzymatically detached as 

described above and labeled as above. For doxycycline time-course, cells were 

plated at 20,000 cells/cm2 and grown overnight. Samples were then induced by 

adding media containing 1 g/mL of doxycycline at various timepoints (0  50 

h before analysis). Cells were nonenzymatically detached and labeled as 

described above. Geometric mean of signal is reported.  

6.5.5 Sandwich collagen gel migration assay 

Prepare spheroids per hanging drop protocol previously described 

(Lehmann et al., 2017). Briefly, detach cells with 0.05% trypsin EDTA. 

Neutralize trypsin with complete medium. Pellet cells at 200 rcf for 5 min. 

Resuspend cells to 1e6 cells/mL. Add 200,000 cells to 3.7 mL of complete 
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medium. Add 1 mL of methyl cellulose solution to the cells and medium. 

Additives may be included in this suspension, as described. Distribute 25 L 

droplets of the solution onto the inside surface of the lid of a 150 mm petri dish. 

incubator overnight. When forming spheroids for in vivo experiments, cells 

were induced by adding 1 g/mL doxycycline and treated with 1:100 dilution 

of collagen to facilitate tight spheroid aggregation. 

 Verify spheroid formation using a phase contrast or bright field 

microscope. Collect droplets containing well-formed spheroids into 1 mL of 

PBS (with Ca2+ and Mg2+). Allow spheroids to settle. Wash spheroids by 

removing the supernatant and resuspending in fresh 1 mL PBS (with Ca2+ and 

Mg2+). Repeat wash. 

 Prepare collagen gel. Combine the following reagents to the final 

concentration, in the following order, to a 1.7 mL Eppendorf tube, on ice:  

 
Reagent Stock 

Concentration 
Final 

Concentration 
Representative 

Volumes (for 100 L of 
collagen solution) 

Sterile H2O -- -- 10.64 L 
PBS 10x 1x 10 L 

Complete 
Medium 

1x 0.5x 50 L 

NaOH1 0.5 N 0.5 N 1.3 L 
Rat Tail 

Collagen 
8.91 mg/mL2 2.5 mg/mL 28.06 L 

1 Acidified rat tail collagen pH balances NaOH to maintain a constant [OH]. Use 0.046 times the 
collagen volume. 
2 Verify collagen concentration which varies batch to batch. 
Table 6.1  Collagen gel preparation calculations. Table showing the necessary 
reagents and protocol to prepare collagen gel for 3D gel experiments. 
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Always prepare only enough collagen solution to immediately use. Do not use 

collagen gel solution which has been mixed for longer than 10 minutes. Place a 

silicone divider into the bottom of a 12-well plate, pressing down to ensure a 

seal to the bottom of the plate. Dispense 25 L of prepared collagen solution 

into the silicone divider. Allow collagen to gel in the incubator for 10 min. Using 

a 10 L pipette, draw up a single spheroid and place it onto the gel. Repeat to 

place the desired number of spheroids into the gel, 2-3 per well. Add a 25 L 

droplet of collagen solution onto the spheroids. Allow the collagen to gel in the 

incubator for 30 min. Carefully remove the silicone divider from the collagen 

gel. Add medium or medium containing drug to the well. Image the spheroids 

using phase contrast or brightfield microscopy. Incubate the spheroids for the 

desired amount of time, acquiring images at regular intervals. Fiji was used for 

image processing (Schindelin et al., 2012). 

6.5.6 Confocal microscopy 

For confocal microscopy of cells on 2D substrates, cells were plated at 

5,000 cells/cm2 and grown for 24 hours and subsequently induced with 1 

of doxycycline for 24 hours before being fixed with 4% paraformaldehyde. 

Samples were blocked with 5% normal goat serum PBS for 1 hour at room 

temperature. Antibodies were diluted 1:200 in 5% normal goat serum PBS and 

incubated overnight at 4o

serum PBS and incubated for 2 h at room temperature. Samples were imaged 

on an upright Leica TCS SPE confocal microscope using a 63x oil immersion 

objective. Fiji was used for image processing (Schindelin et al., 2012). 

 For confocal microscopy of cells in 3D gels, prepare spheroids and 

sandwich collagen gels as described above in Ibidi imaging dish (81158) using 

70 L of collagen for the bottom layer. Incubate cells for 48 h. Image samples on 
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an inverted Leica SP8 confocal using 40x water objective, acquiring an image 

every 4 min for 2 h.  

6.5.7 Mammary imaging window 

Athymic nu/nu female mice (6-8 weeks) were obtained from Experimental 

Radiation Oncology. Animal procedures were conducted at M.D. Anderson 

and approved by the MD Anderson Institutional Animal Care and Use 

Committee.  

For implantation of the mammary imaging window, previously 

established protocols were used (Ilina et al., 2018). Briefly, mice were 

anesthetized with 1-2% isoflurane in oxygen. The fourth mammary fat pad 

was exposed by incision under a Leica MZ10 F microscope with an Achro 0.5x 

lens. Individual spheroids prepared via the hanging drop method described 

above were inserted into the mammary fat pad using a 30 G needle. A 10 mm 

metal window was inserted into the incision and affixed to the skin by 

tightening of purse-string like sutures in the skin. The window was closed 

with a cover glass and custom 3D printed plastic ring. Mice received carprofen 

by subcutaneous injection pre- and post-operation. Mice were treated with 200 

L of 1 g/mL doxycycline by oral gavage 24 h prior to operation and every 48 

h subsequently. Implanted spheroids were imaged through the window using 

a Leica M205 FA with a Planapo 2.0x, M-series objective.  
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CHAPTER 7 

CONCLUSION AND PERSPECTIVE 

New tools developed in this work enable the broad pursuit and 

application of research into the cellular glycocalyx. By developing a new toolkit 

for glycocalyx editing, we were able to study effect of inflating the cellular 

glycocalyx and the recreation of the cancer glycocalyx on normal cell lines 

(Chapter 2) (Shurer et al., 2018). Using insights gleaned from the development 

of the toolbox, we produced some of the first recombinant human mucins which 

have potential future therapeutic uses (Chapter 3) (Shurer et al., 2019b). We 

applied our observations of cells with a thick, mucinous glycocalyx,  such as 

having including enhanced survival in suspension and decreased adhesion, to 

develop a new technology for decreasing problematic aggregation of cells in 

suspension bioreactors (Chapter 4) (Shurer et al., 2019a). Using our unique 

perspective of the glycocalyx as a polymer network, we created a new model 

for membrane bending driven entropically by glycocalyx biopolymers (Chapter 

5). Finally, given the observed anti-adhesive impact of mucin expression and 

the established role of adhesive forces in cellular migration, we studied the 

impact of the mucinous glycocalyx on three-dimensional cellular migration 

(Chapter 6). Of note is the use of a cytoplasmic tail-deleted Muc1 throughout 

these studies. This indicates that the observations made here are primarily 

biophysical in nature and only require the polymeric, glycosylated ectodomain 

of Muc1. 

 There are essentially boundless future opportunities for research 

applying similar approaches to those discussed here. Using the tools for 

creating a dense, mucinous glycocalyx, future studies could look at how 

receptor signaling and organization are impacted by crowding in the 
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glycocalyx. A thick glycocalyx on cancer cells may play a role in immune cell 

binding and infiltration immuunotherapies. Using codon-scrambling strategies 

described here to empower synthetic biology approaches to the highly 

repetitive mucin cDNA, a new generation of mucin biopolymer tools could be 

developed which have specific mutations effecting glycosylation. Such a toolkit 

could reveal new patterns and significance in O-linked glycosylation. Insights 

into membrane shape generation could be applied to study different 

physiological structures. Perhaps other shapes or structures besides plasma 

membrane structures could be formed, in part, by contributions from the 

glycocalyx as a polymer layer. 

 Despite the overwhelming body of data showing that Muc1 is frequently 

over-expressed on the surface of cancer cells in patient samples and circulating 

tumor cells (Gendler, 2001; Hattrup and Gendler, 2008; Kufe, 2009), the majority 

of ongoing cancer research does not take the glycocalyx or Muc1 into 

consideration. One potential reason for this could be the limited tools available 

(Hang and Bertozzi, 2005). Another potential explanation is, similar to the 

evolution by selective pressure described in Chapter 6, routinely cultured cell 

lines may not recapitulate the true in vivo cancer glycocalyx. While many 

important and significant advancements have been made using cultured cell 

lines, scientists are coming to see cultured cells as a fundamentally flawed 

system with many caveats to consider, including genetic and phenotypic 

instability of cultured cell lines (Freedman et al., 2015; Geraghty et al., 2014; 

Hidalgo et al., 2014). Additionally, scientists are shifting towards using three-

dimensional rather than two-dimensional approaches to perform research, as 

three-dimensional systems more realistically capture the biomechanical and 

biochemical environments found in vivo (Duval et al., 2017). Given the 
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instability of Muc1 in the genome (Gemayel et al., 2010; López Castel et al., 2010; 

Oren et al., 2016; Shurer et al., 2019b) and the propensity of Muc1-expressing 

cells to have reduced adhesion (Shurer et al., 2018; Wesseling et al., 1995, 1996), 

it is possible that these two features combine to deplete Muc1 on the surface of 

cancer cell lines grown in two-dimensional culture. Therefore, ongoing 

researchers are not ignoring the glycocalyx, but rather working with a model 

system that does not capture a glycocalyx representative of that found in in vivo. 

Continued progress in the field of cell biology and cancer research which 

utilizes new model systems such as patient derived xenografts (Hidalgo et al., 

2014) may more accurately capture the role of the glycocalyx. 

We hope our work contributes to a new paradigm in thinking about the 

function of the glycocalyx as an important biomaterial coating on the surface of 

mammalian cells. New insights into the role of the glycocalyx may reveal new 

therapeutic avenues for the treatment of human disease including cancer, 

arthritis, and more. Further, appreciation of the glycocalyx from a physics 

perspective may reveal new roles for this biomaterial in determining cellular 

phenotypes. 
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APPENDIX A 

SOLID SURFACE STRESSES DIRECT CELLULAR BEHAVIORS THROUGH 

INTEGRIN-BASED MECHANOTRANSDUCTION1,2 

A.1 ABSTRACT 

The deformation of solids depends on both the bulk elasticity and surface stress 

of the material. Biomaterials that mimic natural extracellular matrices are 

frequently designed to have high compliance, a condition in which surface 

stresses can become dominant. We report that cells sense solid surface stresses 

through integrins and canonical mechanotransduction pathways. For soft 

materials with high surface energies, we find that surface stresses can override 

directives from the elastic modulus in controlling cell response. Strikingly, even 

when the elastic modulus of the material is vanishingly small, surface stress can 

support cell spreading, the assembly of stable focal adhesions, force-dependent 

integrin signaling, YAP/TAZ-based mechanotransduction, cell survival, and 

cell proliferation. Our findings emphasize the importance of solid surface stress 

as a design parameter for soft biomaterial scaffolds. 

 

A.2 INTRODUCTION 

Physical directives from the extracellular matrix (ECM) instruct complex 

cellular and multicellular behaviors, including proliferation (Paszek et al., 2005; 

Yeung et al., 2005), differentiation (Engler et al., 2006), migration (Lo et al., 2000; 

Pelham and Wang, 1997), and tissue assembly (Paszek et al., 2005). A major 

1A version of this manuscript is currently under review at Science Advances. Z. Cheng, et al., The 
Surface Stress of Biomedical Silicones is a Stimulant of Cellular Response. Sciences Advances (in 
review). 
 

2C.R.S. prepared the cell lines, planned and conducted the focal adhesion and YAP/TAZ 
imaging experiments and gene expression experiments. See sections A.6.1 and A.6.2 for a 
complete author list and specific author contributions. 
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challenge in designing synthetic ECMs is encoding the physical information 

necessary to elicit specific biological programs. The modulus (Paszek et al., 

2005; Yeung et al., 2005), porosity (Trappmann et al., 2012), rate of stress 

relaxation (Chaudhuri et al., 2015, 2016), ligand tethering (Wen et al., 2014), and 

degradation kinetics (Khetan et al., 2013) of the ECM all are known to influence 

cell behavior. Of these parameters, the modulus has received considerable 

attention due to its direct and well-established role in regulating cell fate and 

morphogenesis (Discher et al., 2005; Engler et al., 2004; Paszek et al., 2005). Cells 

physically probe the modulus of the ECM using integrin-based adhesion 

complexes (Geiger et al., 2009). On more rigid substrates, integrin receptors 

assemble into larger multi-molecular complexes that trigger activation of 

regulatory signaling cascades (Paszek et al., 2005; Wang et al., 2001; Yeung et 

al., 2005). In terms of biomaterials design, tuning integrin-based 

mechanotransduction is critical for programming desired cellular responses. 

While the ECM modulus typically serves as a primary physical cue from 

the microenvironment, cell behaviors that defy expectations based on ECM 

rigidity alone have been observed. For example, cells seemingly misinterpret 

silicone substrates as being rigid, even when the material is highly compliant 

(Trappmann et al., 2012; Wen et al., 2014). While some reports argue that this 

anomalous behavior is attributed to how adhesive proteins are tethered to the 

silicone substrate (Trappmann et al., 2012), others affirm that ECM stiffness 

regulates cellular behaviors independently of protein tethering (Wen et al., 

2014). Our limited understand

certain synthetic ECMs continues to remain a significant challenge in the 

rational design of cell-adhesive scaffolds and biomaterials.  

The surface of all materials has an energy penalty per unit surface area 
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called the surface energy. In a liquid, this energy penalty gives rise to a uniform 

surface stress called the surface tension, which is the only means for a liquid to 

resist deformation. For example, insects such as fishing spiders would not be 

able to walk on water if not for surface tension. In solids, surface energy also 

gives rise to surface stresses, and these surface stresses along with bulk 

elasticity resist deformation. In isotropic solids that have uniform mechanical 

properties, the surface stress is an isotropic tensor determined by a single 

parameter, . Like liquids, this parameter is often referred to as the surface 

tension of the solid. Recent studies have illustrated that solid surface tension 

can have a dominant role in the mechanical behavior of soft materials (Hui et 

al., 2015; Style et al., 2013, 2017; Xu et al., 2014) when the size of a deforming 

object is comparable or smaller than the elasto-capillary length, , where E is 

 

For soft gels, elasto-capillary lengths on the micrometer scale have been 

observed (Style et al., 2013), suggesting that solid surface tension could resist 

the micron-sized deformations induced by cells and their contractile machinery 

acting on soft biomaterials. Here we investigate the influence of solid surface 

stresses on substrate rigidity sensing through integrins and cellular adhesion 

complexes, and we evaluate how surface stresses direct downstream cellular 

programs, including cell spreading, gene expression, and survival. 

 

A.3 RESULTS AND DISCUSSION 

A.3.1 Rigidity sensing on materials of high and low surface energy 

To investigate how cellular rigidity sensing varies depending on the 

surface energy of the ECM substrate, we studied cell behavior on 

polyacrylamide (PA) and silicone substrates. These materials have been used 
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extensively as synthetic ECM to study rigidity sensing due to their 

biocompatibility and tunable mechanical properties that cover a wide range of 

biological tissue stiffnesses. These materials are also useful to investigate the 

effects of surface energy on cell behavior. PA is hydrophilic and would be 

expected to have a low surface energy in liquid growth medium, whereas 

silicone is considerably more hydrophobic and would be expected to have a 

higher surface energy. 

For our investigations we prepared a series of PA gels of varying stiffness 

by adjusting the ratio of bis-acrylamide crosslinker to acrylamide monomers 

(Fig. A.S1a) (Denisin and Pruitt, 2016; Pelham and Wang, 1997). Silicone gels of 

varying stiffness were prepared by changing the proportion of base silicone 

(part A) to curing reagent (part B; Fig. A.S1b) (Brown et al., 2005). The PA and 

silicone gels were functionalized with the ECM protein, fibronectin, at 

approximately equal surface densities (Fig. A.S2). Of note, we did not oxidize 

our silicone substrates with treatments such as gas plasma or UV/ozone, since 

these procedures are known to form a rigid silica layer on the gel surface (Li et 

al., 2014). To evaluate the surface energies of our functionalized substrates, we 

measured the contact angles formed with a liquid water droplet. As expected 

for a hydrogel, PA had a low surface energy with water (contact angle = 49.6 ± 

28.5° mean ± s.d.). The functionalized silicone substrates had a considerably 

higher surface energy in water, as indicated by a significantly reduced 

wettability (contact angle = 101.4 ± 4.2° mean ± s.d.; Fig. A.1a and A.S3). 

To test how cells perceive the rigidity of materials with differing surface 

energies, we plated MCF10A epithelial cells on PA and silicone gels with elastic 

moduli ranging from 0.1 kPa to 22 kPa. Rigidity sensing pathways were 

previously shown to regulate cell morphology and spread cell area (Dupont et 
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al., 2011). Consistent with previous reports (Engler et al., 2004; Pelham and 

Wang, 1997; Ulrich et al., 2009; Yeung et al., 2005), we observed that cells on 

compliant PA gels were rounded and had a small spread area, whereas cells on 

stiff ECM were well spread and polygonal in shape (Fig. A.1b, c). The cell 

spread area on PA substrates scaled linearly with the log of the elastic modulus 

(Slope = 396; R2 = 0.9893; Fig. A.1d). On silicone substrates, cells were relatively 

well spread and had a polygonal shape on all substrate compliances tested (Fig. 

A.1b, c). We observed no significant differences in cell spread area for 

hydrophobic silicone biomaterials with elastic moduli ranging from 0.1  1 kPa 

(Fig. A.1d). For silicone biomaterials with moduli greater than approximately 2 

kPa, we observed a modest dependence of cell area on bulk elasticity (slope = 

294; Fig. A.1d). These results clearly indicate that rigidity-sensing pathways in 

cells do not exclusively perceive the elastic modulus of ECM substrates and may 

be biased by the substrate surface energy. 
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Figure A.1  Relationships among cell morphology, substrate elastic 
modulus, and ECM substrate surface energy. a, Contact angle measurements 
on fibronectin-conjugated polyacrylamide (PA) and silicone substrates of the 
indicated elastic modulus. b, Phase contrast images of MCF10A mammary 
epithelial cells (MECs) on PA and silicone substrates of the indicated stiffness; 
PA gel soft: 0.12 kPa, stiff: 20 kPa; silicone gel soft: 0.1 kPa, stiff: 21 kPa; Scale 
bar, 50 m. c, Cell masks showing representative morphologies of cells on soft 
and stiff substrates; Scale bar, 50 m. d, Quantification of cell spread area of 
MECs on PA and silicone gels of the indicated stiffness (n 
condition). Error bars show standard error of the mean. 

 

A.3.2 Substrate surface tension can dominate in cellular rigidity sensing of 

soft materials 
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We next investigated how surface energy alters the cellular perception 

of bulk ECM stiffness. In liquid-liquid systems, it is well known that 

hydrophobic droplets are immiscible in water due to the high surface tension 

that develops at the interface of the liquids. In solid-liquid systems, analogous 

surface stresses are expected for hydrophobic materials, like silicone, that have 

high surface energies in aqueous solutions. Thus, we asked whether solid 

surface stresses could dominate in the mechanical response of compliant 

biomaterials to small deforming bodies, like cells. 

To test for the existence of surface stresses in our biomaterials, we used 

confocal fluorescence microscopy to measure the indentation of small, spherical 

steel balls into our gels. The gels were functionalized with fluorescently labeled 

fibronectin, which served as a marker of the gel surface. We coated the surface 

of the steel balls with a thin non-adhesive polymer coating to minimize 

adhesion and frictional contact with the substrate surface (Fig. A.S4). 

Indentation depth was measured on substrates whose bulk elasticity ranged 

dynamic mechanical thermal analysis. We observed that the surface indentation 

of soft silicone gels was much smaller than that of PA gels of comparable bulk 

elasticity (Fig. A.2a). We next compared these deformations to Hertz contact 

theory, which originally was developed to describe the indentation of isotropic 

elastic solids (Hertz, 1882). 

that indentation depth scales with E-2/3 (Fig. A.2b, c) (Hertz, 1882), indicating 

that the PA hydrogels behave as isotropic solids with negligible surface stresses. 

In contrast, indentation of silicone biomaterials did not follow Hertz scaling 

law, suggesting that a force in addition to elasticity resists deformation of these 

materials (Fig. A.2b, c). 



215 

To test more specifically whether surface tension resists the deformation 

of hydrophobic biomaterials, like our silicone substrates, we measured their 

surface hardness. Hardness provides a relationship between indentation force, 

F, and deformation, d, and is defined as F/( ), where a is the contact radius of 

the indenter with the substrate. The observed hardness for PA gels again 

matches Hertz contact theory for isotropic elastic solids. In contrast, the 

observed hardness of the silicone substrates was significantly greater than 

A.2d). We next asked if this increased apparent 

hardness could be explained by solid surface stresses. Surfactants are known to 

reduce the surface energy at liquid-liquid and liquid-solid interfaces (Rosen and 

Kunjappu, 2012). With the addition of the surfactant, Triton X-100, the observed 

hardness of the silicone biomaterials approached expectations for an isotropic 

elastic solid (Fig. A.2d and A.S5), strongly suggesting that solid surface tension 

is non-negligible in more hydrophobic biomaterials, such as those fabricated of 

silicone.  

We next compared our experimental measurements to theoretical 

predictions based on a modified theory of Hertz contact which accounts for the 

effect of surface stresses (Hui et al., 2015; Long and Wang, 2013). This theory 

predicts that deviation of hardness from classical Hertz theory depends on a 

single dimensionless quantity, the elasto-capillary number, a . Thus, if 

surface stresses account for the increase in apparent hardness of silicone 

biomaterials, the hardness for different indenter radii should converge on a 

single curve when plotted against the elasto-capillary number. Figure A.2e 

shows that this is indeed the case. By fitting the experimental data to the model, 

we found that our silicone biomaterials have a surface tension of 0.04 N/m and 

Triton X-100 reduced this surface tension to 0.007 N/m (Fig. A.2e and A.S5). As 
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mentioned earlier, solid surface stresses will dominate bulk elasticity when the 

elasto-capillary length, , is larger than the deforming body. For a typical cell 

size of 20 m in diameter, surface stresses should become significant in the 

deformation of our silicone biomaterials when the substrate elastic modulus is 

less than 2 kPa. This simple scaling argument agrees exceptionally well with the 

experimentally observed transition in cell spreading behavior from a flat 

response to an upward trend with increasing substrate moduli starting at 

approximately 3 kPa (Fig. A.1d). 

 

 
Figure A.2  Surface stresses in compliant ECM substrates. a, Top: Schematic 
depicting the indentation of a rigid indenter (steel ball) into an elastic substrate. 
Middle and bottom: confocal fluorescent images showing the surface profiles of 
PA gels (E=125 Pa) and silicone gels (E=100 Pa) submerged in buffer and 
indented by steel balls with radii of 254 m; horizontal scale bar, 100 m; 
vertical scale bar, 30 m. b, Indentation depth, d, of the steel ball versus 
substrate elastic modulus, E, for PA and silicone gels of the indicated stiffness. 
Steel balls used were 254 m, 175 m, 118 m in radii, as indicated; n c, 
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Slopes of the log-log scale plots shown in panel b; Hertz contact theory predicts 
a slope of -2/3; *** p<0.001 (t test); n = 4. d, Observed substrate hardness, , 
versus elastic modulus; F is the indentation force and a is the measured contact 
radius of the indenter; dashed line shows the prediction by Hertz contact 
theory; n e, Ratio of observed and predicted hardness, , versus 
the elasto-capillary number, ), for silicone gels submerged in buffer or 
buffer with surfactant; a* and d* are the Hertz predicted contact radius and 
indentation depth, respectively; experimental data converge on a theoretical 
model of contact for an elastic substrate having surface tension; best-fit surface 
tensions are 0.04 N/m and 0.007 N/m for measurements in buffer and buffer 
with surfactant, respectively. All error bars show standard error of the mean. 

 

A.3.3 Integrins sense substrate surface tension 

We next considered whether cells could sense solid surface tension 

through canonical integrin-based rigidity sensing mechanisms. It is well known 

that sufficient mechanical resistance from the ECM substrate is required for the 

force-dependent maturation of integrin adhesion structures from small, dot-like 

nascent adhesions and focal complexes to larger focal adhesions (Geiger et al., 

2009). To investigate whether solid surface tension can support adhesion 

maturation, cells were grown on PA and silicone biomaterials of varying 

stiffness. Per expectation, cells on rigid PA and silicone biomaterials assemble 

clear actin arcs and longitudinal stress fibers (Fig. A.3a) and display an 

abundance of large focal adhesions (Fig. A.3b). No discernable stress fibers or 

focal adhesions were observed on soft biomaterials with negligible surface 

tension (i.e. PA gels; Fig. A.3a, b). However, on our silicone biomaterials that 

have relatively high surface tension, the quantity of stress fibers and focal 

adhesions were comparable to those in cells on rigid substrates, suggesting that 

mechanical cues provided by solid surface stresses can override directives from 

the bulk elasticity of the ECM substrate (Fig. A.3a, b). Notably, the dynamic life 
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cycle of adhesion initiation, growth, and turnover on compliant materials with 

larger surface tension was comparable to cycles observed on rigid substrates 

(Fig. A.3c). On rigid substrates and compliant silicone biomaterials, focal 

adhesions matured on a time-scale of approximately 10 minutes, and then 

typically disassembled over the next 15 minutes (Fig. A.3c; See red arrowheads). 

We next tested whether adhesions formed on soft materials with high 

surface tension could generate intracellular signals. Phosphorylation of focal 

adhesion kinase (FAK) at tyrosine 397 is a canonical relay in integrin-based 

mechanotransduction (Shi and Boettiger, 2003). Using immunofluorescence to 

image FAKpY397, we observed robust FAK activation on compliant substrates 

with large surface stresses (Fig. A.3d). FAK was not activated on compliant 

substrates with negligible surface stresses (Fig. A.3d). Together, these results 

suggest that solid surface stresses are sufficient to trigger activation of integrin 

mechano-signaling. 
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Figure A.3  Substrate surface tension activates stress fiber formation, focal 
adhesion assembly and signaling. a, Representative images of filamentous 
actin in MECs expressing F-tractin-EGFP and grown on the indicated 
substrates; Scale bar, 5 m. b, Representative images of adhesions in MECs 
expressing Paxillin-mCherry and grown on the indicated substrates; Scale bar, 
5 m. c, Representative time-lapse sequences of focal adhesion dynamics in 
Paxillin-mCherry expressing MECs on stiff PA (top) and soft silicone (bottom) 
substrates in the regions indicated in b; red arrowheads show representative 
life cycles of adhesion complexes; Scale bar, 2 m. d, Representative 
immunofluorescence images of activated focal adhesion kinase (pY397) in 
MECs on the indicated gels. PA gel soft: 0.12 kPa, stiff: 20 kPa; silicone gel 
soft:0.1 kPa, stiff: 21 kPa; Scale bars, 5 m. All experiments performed in 
triplicate. 

 

A.3.4 Substrate surface tension drives nuclear localization of YAP 

We next tested whether solid surface stresses could induce 

transcriptional activation through integrin-based rigidity sensing pathways. 

The gene regulatory factor Yes-associated protein (YAP) is known to direct cell 

fate transitions in response to mechanical stimuli (Dupont et al., 2011). When 
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rigidity sensing pathways are activated, YAP shuttles from the cytoplasm to the 

nucleus where it complexes with the transcriptional coactivator, TAZ, to turn 

on gene expression (Halder et al., 2012). In agreement with previous studies 

(Kim and Gumbiner, 2015), we found that blocking rigidity signaling through 

pharmacological inhibition of activated FAK stunted YAP translocation to the 

nucleus (Fig. A.4a). We next tested whether induction of rigidity signaling by 

solid surface stresses could trigger flux of YAP into the nucleus. Similar to the 

potency of bulk elasticity, solid surface tension was capable of robust and 

statistically significant induction of YAP relocation to the nucleus (Fig. A.4b, c). 

YAP was mostly cytosolic in cells on soft PA gels that had negligible surface 

stresses, but localized prominently in the nuclei of cells on rigid substrates and 

compliant substrates with high surface tension (Fig. A.4b, c). We also observed 

that surface tension could induce YAP/TAZ mediated gene expression. 

Expression levels of YAP-dependent connective tissue growth factor (CTGF) 

and Ankyrin Repeat Domain 1 (ANKRD1) were each significantly induced 

through cellular interaction with biomaterials of high surface tension, even in 

cases when the bulk elasticity alone was insufficient to trigger gene activation 

(Fig. A.4d). Together, these results indicate that solid surface stresses can 

regulate gene expression through induction of rigidity sensing pathways. 
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Figure A.4  Substrate surface tension directs YAP/TAZ-mediated gene 
expression. a, Representative images of YAP localization on glass substrates; 
cells are serum starved overnight, treated with DMSO control or 5 M PF-
573228 (FAK inhibitor) for two hours, then stimulated with EGF for 20 
minutes; n = 1. b, Representative images of nuclei and YAP localization in 
MECs grown on the indicated gels; experiments conducted in triplicate. c, 
Ratio of nuclear YAP signal to cytoplasmic YAP signal. ***p < 0.001 (t test); 50-
58 cells were analyzed for each condition; n = 3. d, Relative fold change in 
CTGF and ANKRD1 gene expression on soft PA and silicone gels; n = 3. PA 
gel soft: 0.12 kPa, stiff: 20 kPa; silicone gel soft: 0.1 kPa, stiff: 21 kPa; scale bars 
are 50 m and 25 m in the ROI; error bars show standard error of the mean. 

 

A.3.5 Substrate surface tension promotes cell proliferation and viability 

We next asked whether ECM surface stresses could inform cellular 

decisions for proliferation and survival, two biological programs that are 

directly linked to rigidity sensing pathways (Geiger et al., 2009). We found that 

proliferation was significantly upregulated on compliant substrates with higher 

surface tension (Fig. A.5a). Strikingly, the proliferation rates of cells on 

compliant matrices of high surface tension were indistinguishable from the 

rates we observed for cells plated on rigid glass, hydrogel, and elastomeric 
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substrates (Fig. A.5a). We also evaluated cell survival and observed that cells 

on highly compliant hydrogels with negligible surface tension had poor 

viability. However, cells on highly compliant elastomers with significant 

surface tension were robust and had viabilities comparable to cells on rigid 

substrates (Fig. A.5b). Indeed, we observed that approximately 20% of cells 

were dead 24 hours after being cultured on soft PA gels, but less than 5% of 

cells were found dead on glass, stiff PA gels, and soft and stiff silicone gels over 

the same duration (Fig. A.5b). 

 

 
Figure A.5  Substrate surface tension promotes cell proliferation and 
survival. a, Top: Quantification of MECs growing on glass, soft and stiff 
silicone gels, soft and stiff PA gels from day 1 to day 4 after seeding; data 
normalized to day one. Bottom: Fluorescent images of MECs expressing 
nuclear located GFP on compliant PA and silicone substrates four days 
after seeding. Scale bar, 50 m. b, Percentage of dead cells among total cells 
growing on PA and silicone gels 24 hours after seeding. ** p<0.005; *** p<0.001 
(t test); 170-290 cells were analyzed for each condition. For all experiments, PA 
gel soft: 0.12 kPa, stiff: 20 kPa; silicone gel soft: 0.1 kPa, stiff: 21 kPa; error bars 
show standard error of the mean. 
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A.4 CONCLUSIONS 

Taken together, our results indicate that surface stresses of the ECM 

substrate can regulate gene expression and complex biological programs, 

including morphological changes, proliferation, and survival. The effect of 

substrate surface tension is mediated through integrin-based rigidity sensing, 

resulting in articulated focal adhesion patterns, well-organized stress fibers, 

and upregulated mechano-signaling. Given that surface tension can dominate 

the deformation of highly compliant materials and override directives related 

to bulk elasticity, our results argue that surface stresses should be strongly 

considered in the design of biomaterial scaffolds for tissue engineering. 

Substrate stiffness (Engler et al., 2004; Paszek et al., 2005), stress relaxation 

(Chaudhuri et al., 2015, 2016), creep compliance (Cameron et al., 2011, 2014), 

porosity (Trappmann et al., 2012), and ligand tethering (Engler et al., 2004; Wen 

et al., 2014) are all significant parameters in the mechano-regulation of cells. The 

current work adds surface stress to known list of ECM parameters that 

physically direct cell behavior. Consideration of surface stresses provides a 

mechanism for cell-matrix responses that have previously defied expectations 

based on consideration of bulk elasticity alone (Trappmann et al., 2012; Wen et 

al., 2014). Most notably, we provide a mechanism for why cells sense and 

respond to the bulk elasticity of some materials, like polyacrylamide, but 

largely ignore the bulk elasticity of other materials, including silicone 

elastomers.  

The effects of solid surface stresses on cell behavior can become 

significant when the elasto-capillary length, , of the material is greater than 

the cell body (Style et al., 2017). Elastomers, such as polydimethylsiloxane 

(PDMS), are becoming increasingly popular as a biomaterial scaffolds in basic 
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research and engineering due to their biocompatibility (Lee et al., 2004), ease of 

molding with micron-scale features (Whitesides et al., 2001), tunable optical 

properties (Gutierrez et al., 2011), and controllable bulk elasticity (Gutierrez et 

al., 2011). However, hydrophobic substrates can have moderate to high surface 

stresses in aqueous environments, which could mask cellular perception of the 

. Surface modification to reduce surface energy and 

improve wettability would be one avenue to tune the surface stresses of 

biomaterials. For example, treatments with gas plasma or UV/ozone are often 

used to render PDMS more hydrophilic (Efimenko et al., 2002). Unfortunately, 

these approaches are known to create a rigid surface layer on silicone and other 

materials, and this layer could also mask the underlying elasticity of the 

material (Li et al., 2014). In our experiments, we avoid plasma and UV 

treatments for this reason. Surfactants are often an excellent choice for surface 

modification (Rosen and Kunjappu, 2012), but their ability to solubilize the 

plasma membrane is a concern in biomaterials applications (Nazari et al., 2012). 

Given that biomaterial surface energy and deformability are coupled, our 

results call for exploration and development of robust and biocompatible 

methods of chemical surface modification for tuning the surface tension of 

compliant biomaterials.  

Our results also suggest important guidelines for the mechanical 

characterization of biomaterials. Nanoindentation with Atomic Force 

Microscopy (AFM), for example, is one of the most popular techniques for 

mechanical analysis of biomaterials (Dimitriadis et al., 2002). Extraction of 

mechanical parameters is typically achieved through data fitting to a Hertz 

deformation model that assumes negligible surface stresses (Dimitriadis et al., 

2002). However, if the size of the AFM or nanoindenter tip is significantly 



225 

smaller than the elasto-capillary length, , surface stresses could dominate 

over bulk elasticity in the deformation of the material (Style et al., 2013; Wen et 

al., 2014). For nano- to micro- scale analysis of biomaterials with elasto-capillary 

lengths, solid surface stresses should be considered with one of several 

appropriate models that have now been developed (Style et al., 2013, 2017). 

In conclusion, our findings indicate that the surface chemistry and 

deformability of biomaterials are inextricably connected. Tuning surface 

chemistry should be a viable strategy for controlling the nano- to micro-scale 

deformability of compliant biomaterials. Thus, surface chemistry and solid 

surface stresses are important criteria for the design of compliant biomaterials 

that are intended to physically orchestrate complex cellular and tissue-level 

behaviors. 

 

A.5 METHODS 

A.5.1 Gel fabrication 

To make polyacrylamide hydrogels, glass bottom dishes were activated 

by 2% 3-aminopropyltriethoxysilane followed by 0.5% glutaraldehyde to 

facilitate polyacrylamide gel attachment to the glass. Meanwhile, coverslips 

were treated with Sigmacote to ensure detachment of polyacrylamide gels. 

Polyacrylamide solutions with acrylamide at final concentrations of 3% or 7.5% 

and bis-acrylamide at final concentrations ranging from 0.035% to 0.35% were 

-tetramethylethylenediamine (TEMED) was added to a final 

concentration of 0.01% in solution. The PA solution was degassed for 30 min 

and ammonium persulfate was added to a final concentration of 0.01% to 

initiate the polymerization. PA solution was sandwiched between the activated 

glass bottom dish and Sigmacote-treated coverslip and left to polymerize for 
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20-30 min. The coverslip was then removed and the polymerized PA gel was 

submerged in distilled water. To prepare silicone gels, parts A and B of QGel 

310 (Quantum Silicones) were mixed in various ratios ranging from 1:0.60 to 

1:8.9 in a Thinky planetary mixer and then degassed for 15 min. The mixtures 

were cured at room temperature for 1 hour and baked at 60°C for 21 hours. 

A.5.2 Gel functionalization 

PA gels were functionalized with fibronectin using the crosslinker 

Acryloyl-X, SE, 6-((acryloyl)amino)hexanoic Acid, Succinimidyl Ester (N6, 

ThermoFisher). The PA gel functionalization was adapted from a previous 

protocol (Lakins et al., 2012). Briefly, desired amount of 0.2% bis-acrylamide, 

3% Irgacure 2959, 0.5 M HEPES pH 6.0, 0.3% N6 were mixed and applied onto 

gels, gels were overlaid with Sigmacote-treated coverslips, then placed under a 

UV source to activate photo-initiator for 10 min. The top coverslips were 

removed and the gels were gently washed with 50mM HEPES buffer for 5 min 

fibronectin in 50mM HEPES buffer overnight at 4°C. The PA gels were washed 

with PBS. For silicone gel functionalization, the cured silicone gels were 

adsorption onto the gels, and then washed with PBS. 

A.5.3 Mechanical characterization 

The elastic moduli of PA and silicone gels were measured by Dynamic 

Mechanical Thermal Analysis (DMTA) on a Q800 (TA Instruments). PA gels 

were cast into Teflon molds of 10mm in diameter and 3.5mm in depth between 

two Sigmacote-treated cover glasses. Silicone gels were cast into agarose molds 

of 10mm in diameter and ~3.8mm in depth and cured as above. Mechanical tests 

were conducted by compressing the gel samples between two compression 
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clamps along the axes of cylindrical samples with forces slowly ramping up. 

Vegetable oil was used between gel samples and compression clamps to 

prevent adhesion. Elastic moduli were calculated from the slope of the stress-

strain curves from 7.5% to 12.5% strain. 

A.5.4 Contact angle measurements 

Measurements of water contact angle were conducted on VCA Optima 

Contact Angle (AST Products). 1.5 µL of water droplets were applied onto 

fibronectin-coated PA and silicone substrates. 

A.5.5 Steel ball indentation measurements 

PA and silicone gels were cast in glass bottom dishes at a thickness of 

approximately 500 µm and conjugated with Atto488-labelled fibronectin. Steel 

balls of 254 µm, 175 µm, 118 µm in radii were coated with hydrophilic coatings 

(Coatings2Go) according to manufacturer protocol to minimize ball-substrate 

adhesion. Gel surface profiles were visualized by taking z stack images of 

Atto488 fibronectin on the indented gel-buffer interfaces using Zeiss LSM880 

Confocal Inverted Microscope with a 10x, NA 0.45 objective. 

A.5.6 Cell lines and culture 

MCF10A cells (ATCC) were cultured in DMEM/F12 media 

hydrocortisone and 100 ng/ml cholera toxin. MCF10A NLS-copGFP and 

MCF10A Paxillin-mCherry stable lines were prepared by lenti-viral 

transformation using NLS copGFP pCDH and Paxillin-mCherry pLV hygro 

tetOn plasmids, respectively. MCF10A F-tractin-EGFP stable lines were 

prepared using a transposon-based method with an F-tractin-EGFP plasmid. 

The backbone pPB puro tetOn was modified by swapping eukaryotic antibiotic 

resistance marker from puromycin to zeocin. Then the F-tractin-EGFP plasmid 
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was prepared by inserting F-tractin-EGFP from F-tractin-EGFP C1 into pPB 

tetOn using BamHI and EcoRI restriction sites. 

A.5.7 Antibodies and reagents 

The following antibodies were used: monoclonal FAK (13009S, Cell 

Signaling); FAKpY397 (8556S, Cell Signaling); YAP (sc-101199, Santa Cruz). FAK 

inhibitor was PF-573228 (14924, Cayman Chemical). 

A.5.8 Cell morphology and spreading assays 

MCF10A cells were plated on the PA and silicone gels at a density of 2600 

cells/cm2 and imaged 24 hours later with phase contrast microscopy on an 

Olympus IX81 microscope with a 20x objective. Cell area was manually 

measured and analyzed with ImageJ. 

A.5.9 Immunofluorescence imaging 

Cells were seeded at 5000 cells/cm2 and fixed directly using 4% 

paraformaldehyde at room temperature after 24 hours. For inhibitor treatments, 

5000 cells/cm2 were plated for 24 hours, serum starved for 16 hours, treated with 

inhibitors for 2 hours, and stimulated with 20 ng/mL EGF before fixation in 4% 

paraformaldehyde at room temperature. All samples were incubated with 

primary antibody followed by Alexa-conjugated secondary antibodies. Nuclei 

were stained with Hoechst or through expression of NLS-copGFP. Imaging was 

performed on a Zeiss LSM i880. Nuclear to cytoplasmic YAP signal was 

measured manually with ImageJ. 

A.5.10 Cell proliferation and viability assays 

Cell proliferation was measured over a period of 4 days after seeding 

cells with at an initial density of 2600 cells/cm2. MCF10A NLS copGFP 

proliferation was continuously monitored custom epi-fluorescence microscope 

housed in a standard tissue-culture incubator (37°C, 90% humidity, 5% CO2; 10x 
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objective; 1 hour acquisition intervals). Cell numbers were quantified manually 

every 24 hours using ImageJ. To measure cell viability, cells were seeded at a 

density of 1300 cells/cm2 on fibronectin functionalized PA and silicone gels in a 

12-well-plate and assayed after 24 hours with a LIVE/DEAD 

Viability/Cytotoxicity Kit (ThermoFisher). Fluorescent images were acquired 

using GFP and TXRED channels in Olympus IX81 with a 10x objective and 

quantified manually in ImageJ.  

A.5.11 Gene expression analysis 

Cells were grown on gels for 24 hours before harvesting with TRIzol 

(Invitrogen) for total RNA extraction. Power SYBR RNA-to-CT 1 Step Kit 

(ThermoFisher 4391178) was used for reactions. The qPCR reactions were run 

with the ViiA 7 Real-Time PCR System and analyzed with QuantStudio Real-

Time PCR Software. CTGF and ANKRD1 gene expression were calculated with 

the comparative Ct method relative to GAPDH. ANKRD1 forward 

primer: AGTAGAGGAACTGGTCACTGG; ANKRD1 reverse 

primer: TGGGCTAGAAGTGTCTTCAGAT; CTGF forward 

primer: AGGAGTGGGTGTGTGACGA; CTGF reverse 

primer: CCAGGCAGTTGGCTCTAATC; GAPDH forward primer: 

CTGGGCTACACTGAGCACC; GAPDH reverse primer: 

AAGTGGTCGTTGAGGGCAATG. 

Statistics. Statistical significance was determined by s t test, as 

appropriate.  
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A.7 SUPPLEMENTAL FIGURES 

 

 
Figure A.S1  Mechanical characterization of PA and silicone substrates. a, 
Elastic moduli of polyacrylamide (PA) gels with various acrylamide to bis-
acrylamide ratios measured by Dynamic Mechanical Thermal Analysis 
(DMTA). 7-9 independent samples were tested for each point. b, Elastic 
moduli of silicone substrates with varying proportions of base silicone to 
curing reagent measured by DMTA. 7-9 independent samples were tested for 
each point. Error bars show standard deviation of the mean. 
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Figure A.S2  Fibronectin coating on PA and silicone substrates. a, 
Representative fluorescent images of Atto488-conjugated fibronectin on PA 
and silicone substrates; Scale bar: 100 m. b, Average Atto488 intensity 
recorded on the substrate surface; n 
standard deviation of the mean. 

 

 
Figure A.S3  Contact angles of water droplets on PA and silicone 
substrates. Quantified contact angles of water droplets on fibronectin-
functionalized PA and silicone materials. ** p<0.005; *** p<0.001; ns, not 
significant (t test); More than 5 independent samples were analyzed for each 
condition. Error bars show standard deviation of the mean.  
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